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CHAPTER |

INTRODUCTION

The Mababe Depression is located in northern Botswana on the northeast
distal end of the Okavango Delta (Fig. 1). While the region is currently arid,
and the Mababe Depression is dry, geological evidence such as beach ridges
and thick accumulations of lacustrine deposits indicate that the Mababe
Depression once contained a large lake (Grove, 1969; Cooke, 1979). Past
research aimed to understand why the landscape of northern Botswana is
dominated by low relief aeolian, fluvial, and lacustrine landforms related to the
Okavango Delta and a large paleolake system (Grey and Cooke, 1977; Shaw,
1985). Beach ridges are found at discrete elevations (945 m and 936 m
above sea level (asl)) in and around the Mababe Depression, providing direct
evidence for cycles of static lake levels at those elevations. Two similar
geomorphic features in Lake Ngami and the Makgadikgadi Pans, are believed
to be part of the same paleolake system. These features have corresponding
beach ridges along their northwestern edge at elevations equivalent to the
ridges found in the Mababe Depression (Shaw, 1997).

At present, water flow into the Mababe Depression occurs intermittently
via the Mababe and Savuti channels (Burrough and Thomas, 2008) which
enter the depression and form the Mababe and Savuti swamps (Fig. 2). In the
past, the Guatumbi and Ngwezumba Rivers (Fig. 2) have contributed inflow to
the basin along its eastern edge. Currently, northern Botswana receives most
of its surface water as riverine input from the tropics, specifically the highland
areas of central Angola, but past periods of increased local precipitation may
have directly influenced the spatial extent of the lake occupying the Mababe
Depression (e.g., Burrough and Thomas, 2008). The internal paleo-
hydrodynamic processes of Lake Paleo-Mababe must be resolved to better
understand the physical controls that influenced the dramatic shifts in the
surface-hydrology of northern Botswana.



Previous geomorphic and chronological studies of the Mababe Depression
have focused on the interpretation of preserved beach ridges (Du Toit, 1926;
Grove, 1969; Cooke and Verstappen, 1984; Shaw, 1985; Burrough et al.,
2007; Burrough and Thomas, 2008). The early work on the geomorphology
of the region has provided evidence that the hydrology of the region has
drastically changed. These changes primarily include the dessication of large
lakes and the disappearance and alteration of fluvial systems (Cooke and
Verstappen, 1984). Recent studies based on the chronology of the beach
ridges use **C, thermoluminescence (TL), and optically stimulated
luminescence (OSL) dating techniques to constrain temporal changes that
occurred to the elevation and extent of the lakes in northwestern Botswana
(Shaw, 1985; Burrough and Thomas, 2008). These chronologies from the
beach ridges date periods of ridge building through wave action and therefore
are a discontinuous record of the lake history and do not provide a complete
understanding of processes that occurred between these different high water
events (Burrough and Thomas, 2008).

The present research hypothesizes that biological productivity data in the
sediment record of the Mababe Depression records changes in the hydrology
driven by climate and/or tectonics. Sediments collected from the paleolake
basin provide a sedimentary record and the opportunity to reconstruct the
paleo-chemistry, and the lacustrine and terrestrial paleo-productivity
associated with responses to temporal variations in the overall water balance.
This involves employing several biogeochemical proxies, such as sediment
leach chemistry, carbon, phosphorus and biogenic silica concentrations and
the stable carbon isotopic compositions of the organic matter, to elucidate
changes in lake water chemistry and biological productivity, and ultimately,
infer the mechanisms responsible for those changes. The sediments were
sampled from a 560 cm-deep trench in the southeast Mababe Depression
(Fig. 2). The sediment leach chemistry provides information on the salinity
and solute fraction of water in the lake that induced precipitation in the
sediments. The phosphorus speciation data is used to understand erosion in
the watershed, as well as nutrient availability for productivity of plankton in the
lake. Changes in biological productivity are determined using biogenic silica,
total organic carbon concentrations (Corg), carbon-to-nitrogen ratios (C:N),
and the stable carbon isotopic composition of organic carbon (Slscorg).
Studies in Lake Ngami by Huntsmann-Mapilla et al. (2006) have
demonstrated that changes in sediment chemistry provide information on
changing chemical conditions that in turn, affect biological productivity in
lacustrine settings. Inferences can be made from biological productivity and
sediment chemistry about the processes influencing the lake i.e., climate



change and tectonic effects. Optically stimulated luminescence dates of
several horizons are used to place the history of Paleolake Mababe within a
regional context, and to further explore the relative importance of climate
versus tectonic processes on the stability of a lacustrine system.

This study provides information on how the environment and hydrologic
regime responded to changes in the climate and lithospheric/surface
interactions. Historical environmental response is a key to understanding
how future changes in the environment will affect the hydrology in
northwestern Botswana. The study relates to the natural response of climate
change and may prove to be valuable when trying to evaluate anthropogenic
influences to the regions climate and the associated environmental response
(e.g., Andersson et al., 2006). An understanding of the environmental
sensitivity to anthropogenic changes will influence decisions in the water
management of the Okavango Delta especially in regards to responsibly
addressing the growing strain on the region’s water supply due to population
growth (e.g., Kgathi et al., 2006).



CHAPTER 2

STUDY SITE

The Mababe Depression serves a unique setting for an investigation of
paleolacustrine environmental history in northern Botswana. The Depression is
located in a region characterized by a complex set of landforms from both arid
(dunes, salt pans, and deposits of calcretes and silcretes) and humid (beach
ridges, swamplands, lake strandlines and beds) environments (Grey and Cooke
1977). Evidence suggests that lacustrine conditions were present in the
Depression from early as the late Pleistocene and extend through most of the
Holocene (Grey and Cooke, 1977; Burrough and Thomas, 2008; Burrough and
Thomas, 2009). This paleolake is unique in that it existed in a region that has
experienced a largely arid climate, and thus is particularly sensitive to water
budget fluctuations. Water budget changes can be caused by both local climate
changes (e.g., changes in precipitation and/or evaporation rates) and distal
events in the African tropics, where the headwaters of the Okavango River are
located. Additionally, Paleolake Mababe has also been affected by tectonic
events (Gamrod, 2009; Ringrose et al., 2005). Studies indicate that the Savulti
River is an underfit channel because in the past large quantities of water entered
the Mababe Depression via the Savuti from the Kwando River that has been
diverted away from the depression due to tectonic activity (Shaw, 1988; Gamrod,
2009). The changes in local and distal climate and regional tectonics are
reflected in the biogeochemical proxies, as the ecosystem responded to
variations in lake chemistry and water depth.

2.1. Mababe Depression morphology

The Mababe Depression is a heart-shaped, 3,000 km? depression in
northern Botswana, located east of the Okavango Delta between 18°and 19°



30’ S and 24°and 24°30’ E (Shaw, 1985; Fig. 2). The Depression is a terminus
for the Okavango drainage system, along with Lake Ngami and the
Makgadikgadi Pans.

The Mababe Depression is bounded on the west by the Magikwe Ridge, a
large complex of beach ridges extending 75 km from the Mababe River in the
south to the Goha Hills in the north (Fig. 2). Beach ridges form during a standstill
in lake levels, when sediments begin to aggrade at the stabilized elevation
thresholds (DeVogel et al., 2004; Burrough and Thomas, 2008). The beach
ridges in the Mababe Depression indicate stable lake levels persisted at 945 m
and 936 m asl. The Magikwe Ridge consists of one or two ridges at an elevation
of 940-945 m asl, but at the southern end of the Magikwe Ridge and between the
Goha Hills and the Savuti River, a parallel ridge was formed at 936 m asl (Shaw,
1985). The Magikwe Ridge is tilted to the south as a result of tectonic activity
post ridge formation (Burrough and Thomas, 2008). The 936 m asl beach ridge
also is apparent in the eastern portion of the Mababe Depression paralleling the
escarpment from the Mababe River to the Gautumbi delta, and again appearing
as two ridges at the mouth of the Ngwezumba River (Burrough and Thomas,
2008).

In the Mababe Depression, other features such as strandlines and river
terraces also correspond to elevations of stable water levels. The 930 m asl is
the most widespread of these elevation thresholds with terraces located both in
the Mababe and Savuti Rivers and strandlines at the Ngwezumba and
Ghautumbi deltas. The Mababe Depression sump level is clearly defined at 919-
923 m asl by a change in the vegetation from Mopane scrub to Acacia dominated
parkland (Shaw, 1985).

The beach ridges and strandlines in the Mababe Depression can be
traced to other geomophological similar features including Lake Ngami and the
Makgadikgadi Pans. These remnant beaches of the Mababe Depression are
correlated to ridges found in Lake Ngami, the Makgadikgadi Pans, and the Lake
Caprivi and indicate the presence of an extensive paleo-lacustrine system that
dominated the past landscape. The presence of such a large lake up to 120,000
km? (Shaw, 1988) in this now arid environment requires drastic changes in the
water balance. The change from an environment that supported the once
extensive lake system to the current arid environment could have been driven by
climatic variations (e.g., decreased precipitation) or changes in the fluvial
systems draining into the region.



2.2. Hydrology and climate of the Mababe Depression

The Mababe Depression is located in the middle Kalahari Desert, and at
present, this region is a semi-arid environment (Passarge, 1904 in Shaw, 1985).
Northern Botswana is located in the southern African Summer Rainfall Zone and
is influenced by both the position of the Inter-Tropical Convergence Zone (ITZC)
and by anti-cyclonic conditions in southern Africa (Huntsmann- Mapila et al.,
2006; Burrough et al., 2007). The average annual precipitation is about 500
mm/yr (McCarthy et al., 2000), while the mean average evaporation rate of 2200
mm/yr exceeds the rate of precipitation (McCarthy et al., 1998).

The inflow into northern Botswana is controlled by local precipitation and
runoff from the Angolan tropical catchment. A significant portion of the inflow in
northern Botswana is derived from the rivers flowing from the tropical highlands
of Angola via the Okavango and Kwando River systems (Fig. 1). Inflow from the
tropical catchment is dependent upon the position of the ITZC and the Congo Air
Boundary (CAB) (Huntsmann- Mapila et al., 2006). The river inflow from the
Angolan highlands is out of phase with local precipitation that falls mainly
between November and March (Shaw, 1986). Four rivers have contributed water
to the Mababe Depression throughout the late Pleistocene and Holocene: the
Mababe, Savuti, Ngwezumba, and Gautumbi (Fig. 2). The Mababe River is a
confluence of the Thamalakane and Kwai Rivers that flow east from the
Okavango Delta. The Savuti River flows east from the Kwando River into the
Linyanti swamp, before flowing southeast into the Mababe Depression. The
Ngwezumba and Gautumbi Rivers delivered water to the Mababe Depression
from catchments to the east that drain the area along the Botswana-Zimbabwe
border (Shaw, 1986). Water that flows into the Mababe Depression from the
Angolan highlands along the rivers pass through either the Okavango Delta
located to the west of the Mababe Depression or through the Linyanti swamp to
the north of the Depression. Both the Okavango Delta and the Linyanti swamp
are wetland environments that contrast the surrounding semi-arid Kalahari. The
majority of the water that enters the Okavango Delta and Linyanti swamp is lost
to evapo-transpiration because the Okavango and Kwando Rivers slow and
spread laterally after entering the low lying Okavango graben. Only 2% of the 15
km? of water that enters the Okavango Delta each year exits as surface flow
(McCarthy et al., 1988). The interaction of the semi-arid desert and the wetland
environments of the Okavango Delta and Linyanti swamp make the study area
unique. The endoreic Okavango River and the Kwando River have resulted in a
network of wetland conditions that extend to the Mababe Depression where the
Mababe and Savuti swamps remain active despite the seasonal nature of
hydrological input and high evapo-transpiration rates.



The Mababe Depression has not continuously contained water during the
past 200 years that written records have been kept (Shaw, 1986). However, oral
tradition indicates that a lake existed during the 18™ century (Shaw, 1986). Water
has not been historically recorded in the Gautumbi River, but the Mababe,
Savuti, and Ngwezumba all have been recorded to flow in the last 200 yrs into
the Depression, during years of record flooding (Shaw, 1985). It has also been
noted by Shaw (1985) that the Thamalakane River that contributes to the
Mababe River can flow both into and away from the Mababe Depression due to
the low relief of the region.

2.3 Geology of northwestern Botswana

The Mababe Depression is situated in the Okavango Rift Zone (ORZ).
The ORZ is a half-graben structure bound by normal faults with downthrow of up
to 300 m (Modisi et al. 2000). The ORZ is a seismically active rift trending NE-
SW and is bounded by the Gomare, Kunyare, and Thamalakane faults (Milzow et
al., 2009). Tectonics along the ORZ caused uplift of the Zimbabwe-Kalahari axis
during the late Pliocene and resulted in the impoundment of the proto Okavango,
Kwando, and upper Zambezi drainage and the development of the Mababe,
Ngami, and Makgadikgadi subbasins (Haddon and McCarthy, 2005; Ringrose,
2005).

The surficial geology of northern Botswana is dominated by a thick
accumulation of Cenozoic sands and silts that compose the Kalahari beds
(Thomas and Shaw, 1991; Milzow et al., 2009). The thickness of the Kalahari
bed sediments can be up to 300 m thick in areas around the faults (Shaw, 1985;
Milzow et al., 2009). Duricrust formation is found associated with the deltaic and
aeolian sands and silts of the Kalahari beds (Milzow et al., 2009). Calcrete-
silcrete integrade duricrusts are common to the Kalahari environment and occur
both at the subsurface from groundwater saturation and at the surface as a result
of evapotranspiration (McCarthy and Ellery, 1995; Kampunzu et al., 2007).



CHAPTER 3

METHODOLOGY

3.1 Sediment sampling

Lake sediments were sampled in the southeast portion of the Mababe
Depression near the terminus of the Mababe River in June 2007 (Fig. 2). A
trench was excavated at location MABX (E 24°05’ 04.8”, S 19°06’ 19.8"). The
depth of trench MABX was 560 cm. Samples were collected at 5 cm intervals
except at 545 cm and 555 cm due to difficulty of sampling. Samples were placed
in labeled sample bags and transported back to the laboratory for further
analyses. While in the field the sediments on the trench face were described on
the basis of their color, grain size and observed mineralogical content. Back in
the laboratory Munsel color descriptions were assigned to dried samples.

Boulder sized samples were taken from the trenche for optically stimulated
luminescence (OSL) dating in the MABX trench at the depths of 45, 135, 380,
and 500 cm. These samples were retrieved from the trench face from sediments
that were well consolidated to ensure that the core of the sample was not
exposed to light. The samples were then wrapped in aluminum foil and taped for
transportation to the laboratory.

3.2 Sample analyses
3.2.1 Dry bulk density

The dry bulk density was determined by gravimetric analysis. Containers
with known volume were filled with sediment samples that had been air dried.
The sediment was packed in the pre-weighed containers by tapping the exterior
of the container. The sediment mass was determined. The mass was then
divided by the known volume of the container to estimate the dry bulk density.



3.2.2 Sediment leaching

Sediments were leached with deionised water and the electrical conductivity, pH,
and major cations and anions were measured from the solution. A portion of the
sample was removed from the plastic storage bag and crushed using a mortar
and pestle. Approximately 100 mg of sample was weighed and placed in a 50 mi
centrifuge tube. Fifty ml of deionised water (18 QOhm) was dispensed into each
centrifuge tube using a repipetter. The samples were allowed to leach for 24
hours while being continuously shaken by a mechanical shaker. After 24 hours,
the samples were centrifuged for 10 minutes at 4000 rpm. A 10 ml aliquot of the
liquid sample was poured into a 15 ml centrifuge tube. The rest of the liquid was
used to measure the electrical conductivity using a conductivity meter (Fisher
Scientific) and pH using a pH meter (Metler Toledo). The conductivity and pH
meters were calibrated using standards according to the manufacturer’s
instructions. The alkalinity was determined by acid titration (Hach, 1993). The
10 ml aliquot samples were used to measure anions (Cl, SO4, NO3) and cations
(K, Na, Ca, Mg) by a Dionex ICS 3000 ion chromatography.

3.2.3 Biogenic silica

Biogenic silica was analyzed following the molybdate-blue
spectrophotometry method outlined by Mortlock and Froelich (1989). Briefly, 25
to 100 mg samples were weighed in 50 ml centrifuge tubes and reacted
sequentially with 30% H,0O, and 1N HCL to remove organic matter and
carbonates. Silica was then extracted from the sediment by reacting with 40 ml
of 2M Na,COg3 in an 85 °C water bath for 5 hours. After 5 hours, the samples
were centrifuged and an aliquot was poured into 30 ml plastic containers. Silica
concentrations were determined by a UV-Visible Spectrophotometer (Aquamate)
at a wavelength of 812 nm. The calibration standards were prepared by
dissolving variable amounts Na,SiFs in deionised water. Calibration standards
used for determining the concentration of silica ranged from 0.24 mM to 7.2 mM
and had a correlation coefficient of 0.9998. Duplicate of select samples were
measured and the average and standard deviation determined. The formula
weight is determined by multiplying the weight percent silicon by 2.4 assuming a
10% water content which is typical of air-dried sediment (Mortlock and Froelich,
1989).



3.3.4 Stable carbon isotopes and carbon:nitrogen ratios

The stable carbon isotope ratios (5*°C) of the total organic carbon and the
carbon to nitrogen ratios (C:N) were measured from decarbonated sediments.
Decarbonation consisted of fumigating approximately 2 g of sediments in plastic
Petri dishes with 50 ml of 12 N HCI placed in a closed large plastic container for
24 hours. The samples were dried at 50 °C for another 24 hours and were then
transferred to glass vial for storage. The samples were analyzed using a NC
2500 Elemental analyzer coupled to a Finnigan Delta Plus mass-spectrometer by
Finnigan Conflo 11l device at the Andrew W. Breidenbach Environmental
Research Center Librarary/ U.S. Environmental Protection Agency in Cincinnati,
Ohio. The Elemental analyzer was set to 1020° C and the reduction furnace to
700° C. The stable carbon isotope values are reported in § units in per mil (%o)
relative to Vienna Pee Dee Belemnite (VPDB) standard for carbon. The
precision of the analysis is better than 0.1%eo.

3.3.5 Phosphorus

Samples were analyzed for phosphorus at Indiana State University using
a five-step extraction procedure (SEDEX) outlined by Ruttenberg (1992) and
modified by Anderson and Delaney (2000) and Latimer et al. (2006). A
Shimadzu scanning UV-Visible Spectrophotmeter was employed to determine
oxide-associated P, authigenic P, detrital P, and organic P colorimetrically using
molybdate blue. Total P was determined after the samples were ashed at 550°C
and extracted with 2 M HCI. The authigenic and detrital P concentrations were
summed and are referred to as mineral P (Pmineral)-

3.3.6 Inorganic and organic carbon

Sample analysis for total inorganic (Cinorg) and organic carbon (Corg) Was
perfomed on the samples using a UIC CM5014 Coulmeter with a CM5130
Acidification Module and a CM5300 Furnace Module. To determine the Cinorg
CO, was released and electronically titrated from a pre-weighed sample by
reacting with 2N H,SO,4. The total carbon was measured by combusting a pre-
weighed sample at 950°C in the furnace module. The Cyg was determined from
the difference between the total carbon and Cinorg.

10



3.3.7 Optically stimulated luminescence dating

Optically stimulated luminescence (OSL) dates were obtained at the
Oklahoma State University Radiation Dosimetry Laboratory. Samples were
prepared under controlled red light conditions. The samples were sieved and
then treated with HCL and H;0O, to isolate the quartz fraction. The outer surface
of the quartz grain was cleaned and etched with 40% HF for 50 min and then re-
treated with HCI to remove the fluoride precipitates. Density separation using
sodium polytungstate separated out the quartz from heavier minerals and the
feldspars. Measurements were obtained from a Risg TL/OSL-DA-15 reader
(Risg National Laboratory) with a bialkali PM tube (Thorn EMI 96350QB) and
Hoya U-340 filters (290-370 nm). The built-in *°Sr/*°Y beta source gives a dose
rate of 105.7 mGy/s (error 4.1 %). Blue LEDs (470 nm), were used for optical
stimulation, delivering 45 mW/cm? to the sample; IR stimulation was from an IR
LED array at 875 +80 nm with 36 mW/cm? power at the sample. The heating
rate used was 5 C/s.

The single aliquot regenerative-dose (SAR) measurement procedures are
outlined by Murray and Wintle (2000) and Wintle and Murray (2006). A 5% error
was assumed for the cosmic dose rate and an average water content of 10%
was assumed. An error of 6% was used for the dose rate calculation. The
sample ages in calendar years (referring to 2008) were calculated by dividing the
dose by the dose-rate.

11



CHAPTER 4

RESULTS

4.1. Lithology

The lithologic section from the MABX trench is divided into 5 Units based
on lithologic changes (Fig. 3). The Munsell color descriptions of the sediments
composing the lithologic units are presented in Appendix Al. The Units are
defined as packages of clay- and silt-dominated sediments overlain by intervals
with high concentrations of diatomaceous sediment. Unit 1 extends from the
base of the lithologic section at 560 cm to 520 cm depth. This unit is capped by
a diatom-rich layer of 10 cm thickness. The lower 50 cm of Unit 1 is identified as
a light brownish gray sandy clay silt (560 to 530 cm). The overlying diatomite
consists of two 5 cm layers of light brownish gray silty diatomite and gray clayey
diatomite.

In Unit 2 (520-375 cm) the sandy -clay -silt sediments at the base of the
unit account for only 35 cm of the total thickness and consist of light brownish
gray clayey silt (520-505 cm) and a light brownish gray sandy -clay -silt (505-485
cm) (Fig. 3). Unit 2 has 145 cm thick accumulation of diatomite (485-375 cm).
The diatomite is separated into five intervals. The lower most diatomite interval
is light brownish gray diatomite between 485 and 480 cm, the next is a light gray
diatomite between 480 and 470 cm. This is overlain by a 50 cm of a white
diatomite (470-420 cm) and then another light gray diatomite (420-395 cm). The
final interval is 20 cm of white diatomite (395-375 cm). Two OSL dates obtained
in Unit 2 give ages of 64.8 £ 4.7 ka at the base of the Unit (500 cm depth) and of
41.31 + 2.7 ka for the top of the Unit (380 cm depth).

Unit 3 extends between 375 cm to 195 cm depth (Fig. 3). Light brownish
gray clayey silt (375 and 350 cm) is overlain by a sandy layer. Unit 3 has 145 cm
of accumulation of diatomaceous sediments the thickest in the lithologic section.
Light gray clayey- silty- diatomite is at 335 to 310 cm and is overlain by 10 cm of
light brownish gray diatomite (310-300 cm). Above the diatomaceous clayey-silt
is another light gray diatomite (300-280 cm) and a white diatomite (280-240 cm)
interbedded with is a thin clayey-silt interval at 255-250 cm and then another
white diatomite. A light gray clayey silty diatomite between 240-195 cm is
interrupted by an interval of light brownish gray clayey silty diatomite (230-215
cm).
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Unit 4 is 85 cm thick (195-110 cm) and has an OSL age of 26.9 + 2.0 ka at
135 cm depth in a diatomite layer (Fig. 3). Between 195 and 150 cm is a light
gray to gray silty interval with clay clasts. Above this interval is dark gray clay
(150-140 cm). The 30 cm-thick diatomaceous interval in Unit 4 is thinner than
that of Unit 2 and Unit 3. The diatom rich sediments in Unit 4 includes light gray
diatomite (140-120 cm), and light gray diatomaceous clayey-silt (120-110 cm).

Unit 5 (110-5 cm) is the only unit that does not have significant
accumulation of diatomaceous sediments (Fig. 3). Unit 5 consists of 35 cm of
gray clayey-silt (110-75 cm) that is overlain by a 75 cm-thick layer of dark gray
organic-rich sediments that extends from 75 cm to the top of the sedimentary
column. The organic-rich sediments have an OSL age date of 11.70 + 0.9 ka at
45 cm depth (Fig. 3).

4.1.1 Dry bulk density

The dry bulk density values are presented in Appendix A2 and shown in
Fig. 3. The values range from 0.36 t01.20 g/cm®. Dry bulk density values that
correspond to layers with higher diatomite content in Unit 2 and Unit 3 have
values in the range of 0.36 - 0 .40 g/cm®. Intervals without a significant
occurrence of diatomite have dry bulk density values above 0.90 g/cm?®.

Unit 1 has high dry bulk density values that range from 1.05 to 0.92 g/cm?®
between 560 and 530 cm depth. Between 525 cm and 520 cm depth, the values
slightly decrease to 0.83 g/cm? in the diatom-rich interval.

In Unit 2, the dry bulk values generally increase between 515 and 480 cm
(0.96 to 1.02 g/cm®). The values then decrease between 480 and 465 cm (0.78
and .037 g/cm®) concomitant to the presence of diatomaceous sediments. The
values from 465 through 420 cm remain about the same, averaging 0.38 £ 0.02
g/cm®. From 420 to 390 cm, the dry bulk density values increase from 0.41 to
0.714 g/cm?® and are then followed by a decrease in the values between 385 and
370 cm to 0.34 g/cm®.

In Unit 3 the dry bulk values are increased from 370 cm to 340 cm and the
values range from 0.69 to 1.10 g/cm®. The values decrease between 340 and
325 cm from 0.90 to 0.54 g/cm®. Between 325 and 195 cm the dry bulk density
can be divided into three distinct intervals (325 to 285 cm, 285 to 240, and 240 to
195 cm). Between 325 to 285 values average 0.64 + 0.13 g/cm?, values
decrease between 280 and 240 cm averaging 0.38 + 0.15 g/cm®, and finally
values increase between 240 and 195 cm averaging 0.75 + 0.08 g/cm?.

In Unit 4 the dry bulk density values are increasing from 190 cm to 145 cm
(from 0.72 to 1.13 g/cm®). The values then decrease from 1.13 g/cm?® at 145 cm
to 0.511 g/cm® at 130 cm. There is then a general increase to the top of the unit
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(130 to 110 cm) from 0.511 to 0.90 g/cm®. The dry bulk density values generally
increase throughout Unit 5 from 0.90 g/cm®at 110 cm to 1.17 g/lcm>at 5 cm.

4.1.2 Inorganic Carbon

The inorganic carbon (Cinorg) results are presented in Appendix A2 and
shown in Fig. 3. Overall the Ciyog varies little (0-0.12 wt. %). The Cinorg record is
dominated by three increases in Cinorg. The first of the increases is at 390 cm
depth where Cinorg increases from 0.02 wt. % at a depth of 395 cm to 3.24 wt. %
at 390 cm followed by a decrease to 0.00 wt. % at 385 cm depth. The next
increase in Cinorg Is between 270 cm and 230 cm depth from 0.24 to 3.49 wt. %.
The Cinorg Values decrease to a low for 10 cm (230-220 cm; ranging between
0.01 and 0.06 wt. %) before increasing between 220 cm and 200 cm depths.
This spike in the inorganic carbon (0.91 wt. %) is smaller in magnitude than the
first two.

4.2 Chemistry of the sediment leachate
4.2.1 Electrical conductivity and pH of sediment leachate

The results of electrical conductivity and pH of the sediment leachates are
presented in Appendix A2 and shown in Figure 4. The electrical conductivity
values change little in Unit 1. The values range between 2.2 and 3.2 (mS/cm)/kg
except for an increase at 520 cm to 7.6 (mS/cm)/kg. In Unit 2 the electrical
conductivity values are high between 520 and 505 cm with values between 5.3
and 10.1 (mS/cm)/kg; with the exception being 510 cm where values decrease to
2.9 (mS/cm)/kg. Above this interval of relatively high values is a decrease that
remains generally unchanged between 500 and 410 cm averaging 2.2 £ 2.9
(mS/cm)/kg. The electrical conductivity values fluctuate between 405 and 375
cm ranging from 1.8 (mS/cm)/kg at 390 cm to 18.3 at 3800 cm. The interval at
the beginning (370 to 325 cm) of Unit 3 has relatively low and unchanging
electrical conductivity values (average; 2.1 £ 1.6 (mS/cm)/kg). Following this
depth interval of 370 to 325 cm, the electrical conductivity values begin to
increase up to 205 cm depth (23.7 (mS/cm)/kg). The increasing values (320-205
cm) fluctuate frequently and the values range from 3.6 (mS/cm)/kg at 220 cm
depth to 23.7 (mS/cm)/kg at 205 cm depth. At the top of Unit 3 and into Unit 4
the electrical conductivity values overall decrease (200 to 145 cm depth; 15.5to
2.2 (mS/cm)/kg)). At top of Unit 4 (140 to 130 cm depth) the electrical
conductivity values fluctuate between high and low, with the maximum at 130 cm
depth (16.9 (mS/cm)/kg) and the minimum at 135 cm depth (2.9 (mS/cm)/kg).
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Unit 5 has generally low electrical conductivity values (2.3 = 2.3 (mS/cm)/kg)
except at 105 cm depth (8.4 (mS/cm)/kg), 85 cm depth (7.6 (mS/cm)/kg) and 10
cm depth (5.7 (mS/cm)/kg).

The pH in Unit 1 is relatively low and unchanging between 560 and 530
cm depth (7.7 £0.1). The pH values then increase slightly through the rest of
Unit 1 (525-520 cm-depth) and range from 8.16 at 525 cm to 8.77 at 520 cm
depths. In Unit 2 the values are in generally relatively high for this unit between
515 and 480 cm depth (average; 8.07 £ 0.8). The pH values then decrease from
8.39 at 480 cm depths to 7.18 at 470 cm depth. The pH values generally
increase in Unit 2 from 470 to 390 cm depths (7.18 to 9.44, respectively).
Between 385 and 375 cm depths, the pH values decrease to 8.18 and then
increase to 8.84. In Unit 3 the pH values are relatively low for the unit between
370 and 345 cm depth where the values average 8.0 + 0.4. The pH values then
begin to increase between 340 and 205 cm depth from 7.98 to 9.47. In Unit 3 the
pH values fluctuate with a range of 7.75 at 110 cm depth to 9.45 at 130 cm
depth. The pH values overall are decrease slightly in Unit 1 (averaging 7.69 +
0.9) except the pH values increase at 85 and 80 cm depths (8.67 and 8.57,
respectively).

4.2.2 Cation concentrations

The major cations Ca, Mg, Na, and K are presented in Appendix A2 and
are shown and shown in Figure 4. The Ca and Mg concentrations show
synchronous variations with depth, and also shift in-phase with the electrical
conductity and pH values. Ca and Mg concentrations vary little throughout Unit 1
and Unit 2. However, two intervals (520 to 510 cm depth and 400-385 cm depth)
show marked increases in Ca and Mg concentrations. The increase between
525 and 520 is at the top of Unit 1 (0.21 to 0.98 mg/kg and 0.05 to 0.19 mg/kg,
respectively). The increase in Ca and Mg concentrations from 400-385 cm depth
(0.17 to 2.80 and 0.4 to .27 mg/kg, respectively) is paralleled by increases in the
electrical conductivity and pH values. At the base of Unit 3 (375-325 cm) Ca and
Mg concentrations are low averaging 0.20 £ 0.1 and 0.05 = 0.03 mg/kg,
respectively. Values increase generally for most of the remainder of Unit 3 (325-
210 cm depth) with the minimum for Ca concentrations 0.19 mg/kg and 0.04 for
Mg concentrations at 325 cm depth and the maximum for Ca concentrations 3.04
at 220 cm depth and 0.30 Mg concentrations at 215 cm depth. In Unit 4, the Ca
and Mg concentrations decrease from 2.48 to 0.21 mg/kg and 0.21 to 0.05
mg/kg, respectively upsection to 150 cm depth, where the clay interval ends.

The concentrations of Ca and Mg then increase slightly to 2.47 and 1.18 mg/kg,
respectively to the top of the Unit. In Unit 5 there is little variation in the Ca and
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Mg values (averaging; 0.17 = 0.19 mg/kg for Ca and 0.05 + 0.05 mg/kg for Mg)
except for an increase at 85 cm depth (0.98 and 0.14 mg/kg, respectively).

Na and K concentrations vary upsection. Unlike the Ca and Mg
concentrations, variations in Na and K concentrations do not closely mirror the
variations in the electrical conductivity and pH values. In Unit 1 Na
concentrations remain relatively unchanged, from 0.05 to 0.07 mg/kg. In Unit 2
(520 to 375 cm depth) Na varies minimally averaging 0.04 + 0.03. In Unit 3 the
Na concentrations fluctuate but are increasing overall from 0.03 to 0.13 mg/kg
(375-210 cm depth). The Na concentrations decrease in Unit 4 from 295 to 415
cm depth (0.05 to 0.01 mg/kg, respectively). The concentrations then increase
from 0.01 to 0.13 mg/kg throughout the rest of the Unit into Unit 1 at 85 cm
depth. The Na concentrations then systematically decrease to 0.00 mg/kg at 10
cm depth before an increase to 0.07 at 5 cm depth.

The K concentrations vary little ranging from 0.18 to 0.23 mg/kg except for
an increase to 0.29 mg/kg at 520 cm depth in Unit 1. In Unit 2 the K
concentrations fluctuate between 520 and 460 cm depth but overall the
concentrations are decreasing from 0.29 to 0.13 mg/kg. The K concentrations
increase through the rest of the unit with the maximum value (0.24 mg/kg) at 395
cm depth. The K concentrations in Unit 3 are increasing in general, but fluctuate
frequently. The minimum K concentration occurs at 345 cm depth (0.09 mg/kg)
and above this depth, the concentrations increase to 0.38 mg/kg at 200 cm
depth. In Unit 4 the K concentrations continue to fluctuate but overall decrease
from 0.36 mg/kg at 190 cm depth to 0.23 mg/kg at 110 cm depth. In Unit 5 K
concentrations increase from 0.19 mg/kg at 95 cm depth to 0.39 mg/kg at 80 cm
and then decrease to 0.19 mg/kg at 70 cm depth. K concentrations again
increase depth from 50 cm depth (0.20 mg/kg) to 10 cm depth (0.57 mg/kg) and
decreases sharply at 5 cm depth.

4.2.3 Anion concentrations

The results of the major anions HCO3, SO4, and Cl are presented in
Appendix A2 and shown in Figure 5. In Unit 1 the HCO3 concentrations very little
and range between 1.60 and 4.22 mg/kg. In Unit 2 HCOg3 is elevated between
520 cm depth and 475 cm depth (values range from 2.14 to 4.22 mg/kg), and
then decrease between 470 and 400 cm depth to relatively lower HCO3 values
ranging from 0.99 to 2.27 mg/kg. There is a marked increase in HCOj3 values
between 400 and 380 cm that peaks at 8.06 mg/kg at 390 cm depth. This spike
at 390 cm depth is at the same depth as the spike in the the Cj,og and Ca and
Mg concentrations (Fig. 3, and Fig. 4). In Unit 3 there is a large increase in
HCO3 values between 325 cm and 250 cm depth that ranges from 1.88 to 12.06
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mg/ kg. Below 325 cm depth, the HCO3 concentrations vary little and have small
range (1.88 to 2.27 mg/kg). After the dramatic increase in the HCO3
concentrations, there is an overall decrease that continues to 145 cm depth (1.64
mg/kg) in Unit 4. In Unit 4 the HCO3 values decrease from 195 to 145 cm depth
and then are higher between 145 and 110 cm depths. The increased
concentrations of HCOj fluctuate from high to low between 145 and 110 cm
depths and range from 1.57 to 8.17 mg/ kg. In Unit 5 the HCOj3 varies little.
There is a small spike in the HCO3 concentrations from 2.02 to 4.71 mg/kg at 85
cm depth. The range in concentrations of HCO3 in Unit 5 is 1.34 to 4.71 mg/kg.

The SO4 concentrations also exhibit little change in Unit 1 (4 to 5 mg/kg x
10®). The SO, concentrations in Unit 2 remain low at values from 2 to 7 mg/kg x
10 except for two spikes at 465 cm and 405 cm depths (26 and 22 mg/kg x 107
respectively). The SO, concentrations increase up in Unit 3 to 285 cm (4 mg/ g X
10 at 375 cm to 20 mg/kg x 102 at 285 cm), and then decreases to 225 cm
depth (4 mg/kg x 10%). At the top of Unit 3, SO, concentrations again increase
between 225 to 215 cm depth (4 to 20 mg/kg x 10°) and decreases to 7 mg/kg x
10 at 185 cm depth in Unit 4. The SO, concentrations in Unit 4 increases from
185 to 125 cm depths but fluctuate between higher and lower values (5 to 25
mg/kg x 10). Unit 5 shows an increase in SO4 between 95 and 60 cm depths
that varies from 5 to 18 mg/ kg x 10~ and another increase at the top of the Unit
1 between 20 cm depth (4 mg/ kg x 10°%) and 15 cm depth (11 mg/kg x 107).

Cl concentrations increase in Unit 1 and unit 1 fluctuate from 1 to 4 mg/kg
x 107, and show no consistent variations. In Unit 3 Cl in general remains
unchanged, ranging from 1 to 4 mg/kg x 10” with the exception of an increased
spike at 315 cm depth (8 mg/kg x 10°). The noticeable variation in the Cl data is
a spike at 155 cm depth (7 mg/kg x 10°3). Although the CI concentrations
fluctuate frequently, there is a general increase upward in Unit 5 and values
range from 4 mg/kg x 10°to 9 mg/kg x 10°°.

4.3. Phosphorus

The results of the P measurements are presented in Appendix A2 and
shown in Figure 6. The phosphorus record is dominated by elevated values
between 290 and 190 cm depths in Unit 3. The P concentrations increase from
1.00 pmol/kg*10° to 37.29 umol/kg*10°® at 210 cm depth. This increase in Pl
concentration is a result of a large increase in the P minera COMponent from 0.99 to
37.29 pmol/kg*10° between 210 and 190 cm depth. The magnitude of the values
in Unit 3 suppresses smaller scale changes in the rest of the P record. Graphs of
Piotal and Prinerar in Figure 6 have been expanded to exclude the section between
290 and 190 cm depths in order to emphasize these changes. The expanded
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graph sections show that there is no change in the phosphorus values in Unit 1
(~1.00 pmol/kg*10®). The Py values increase in Unit 2 between 520 and 460
cm depths to 5.48 umol/kg*10%. The values decrease to a range of ~2.5-3.0
umol/kg*10® between 460 and 380 cm depths. There are two spikes in the Py
concentrations in this Unit at 420 and 390 cm depths (4.12 and 7.98 pmol/k*103,
respectively). The increases in Pia in Unit 2 are associated with increases in
the Pmineras COMponent (470 cm: 2.87 umol/kg*los, 420 cmdept; 3.22
umol/kg*103, and 390 cm depth; 5.91 umol/kg*10°). The spike at 390 cm depth
occurs at the same depth as observed increases in the electrical conductivity and
pH values, and Ca, and Mg concentrations (Fig. 4). Pt CcOncentrations in Unit 4
are decreasing overall from 5.75 pmol/kg*10°® at 190 cm depth to

2.19 umol/kg*10°® at 125 cm depth. The Py cONcentrations then increase into
Unit 1 at 80 cm depth (6.06 pmol/kg*10%). The values for Py above 80 cm
depth decrease to 20 cm depth (0.87 umol/kg*10°) and then increase in the last
15 cm to a maximum of 5.40 (3.79 umol/kg*103 at 15 cm depth. The Phjineral
concentrations decline from 80 cm depth (2.43 umol/kg*10®) to the top of the
core at 5 cm depth (3.43 pmol/kg*103)

Normalized abundances of the three P phase components mineral-,
organic-, and oxidized-P) are also shown in appendix A2. Mineral- and organic-P
are inversely related. Generally, oxide-bound P is not a significant component of
the total P.

4.4 Opal

The opal results are presented in Appendix A2 and shown in Figure 7.
Opal concentrations closely correspond to the sediment lithologies. Opal
concentrations are highest in the diatom-dominated intervals (Fig. 3 and Fig. 7),
with values ranging between 26 and 58 wt. % in these intervals. Lithologic layers
that are dominated by silt or clay tend to have opal concentrations that range
between 8 and 10 wt. %. The organic-rich sediments have opal values ranging
from 9 to 17 wt. %.

In Unit 1 opal concentrations do not vary and are from about 14 to 17 wt.
%. Unit 2 the opal concentrations remain relatively low, concomitant with the
clayey-silt and sandy clay silt interval. Concentrations increase above 485 cm
depth in Unit 2 from 14 to 53 wt. % at 450 cm depth and are relatively high until
360 cm depth at the top of Unit 2. The opal concentrations decrease from 360 to
345 cm depth (47 to 10 wt. %) in Unit 3. The opal concentrations again increase
above 345 cm depth and are relatively high throughout the rest of the Unit (195
cm depth). The opal concentrations decrease in Unit 4 to 9 wt. % at 145 cm
depth from 40 wt. % at 190 cm depth. Opal concentrations increase to 38 wt. %

18



from 145 to 125 cm depths. The opal concentrations then decrease to 22 wt. %
at 110 cm depth. In Unit 5 opal concentrations continue to decrease to the top of
the unit and range from 27 to 10 wt. %.

4.5 Organic matter, carbon to nitrogen ratios, and the stable isotope composition
of organic matter

The organic matter (Cog), C:N ratios, and 3"3C, results are presented in
Appendix A2 and shown in Figure 7. Unlike opal concentrations, Cog
concentrations do not systematically vary with lithology. Organic carbon
concentrations are generally low throughout most of the lithologic section,
ranging between 0.08 and 0.42 wt. % from 560 to 240 cm depth. There is a
spike in Unit 3 at 265 cm depth where the Cyg values increases to 1.47 wt. %.
Within Unit 4 and Unit 5, Coq generally increases upsection. There are three
distinct increases upsection separated by slight decreases in the Corq. The first of
these three sections is from 195 to 145 cm depth where C,q increases from 0.16
to 0.93 wt. %, the second section is between 140 and 105 cm depth where Cgyg
increases from 0.43 to 1.26 wt. %, and the third increase in the Cyg 0ccurs from
100 to 10 cm depth where Cqq increases from 0.61 to 2.58 wt. %.

The C:N ratios exhibit little variation at depths below 250 cm (Unit 1, Unit
2, and Unit 3), ranging between 0 and 5 (Fig. 7). The only exception is a spike in
the values is 22 which occur between 435-420 cm depths. From 240 to 210 cm
depth, C:N ratios increase from 3 to 9, coincident with observed high values in
the electrical conductivity, pH, Mg, and Ca in the sediment leachate(Fig. 4) and P
mineral (Fig.6). In Unit 4 and Unit 5, C:N ratios increase from 200-145 cm, 140-105
cm, and 100-10 cm depths. From 200-145 cm depths the values increase from 2
to 12. This interval is concurrent with the silty and clayey layers in the lithologic
record (Fig. 3). The values between 140-105 cm depths increase from 3 to 15.
The lower values in this interval correspond to an increase in the diatom rich
sediments. The 100-10 cm depth interval begins with low C:N ratios (100-55 cm
depth at ~8) which then increase to 25 in the top 10 cm. The lower C:N values
correspond to the clayey-silt rich sediments and the higher values at the top of
the unit are rich in organics.

The isotopic composition of the organic carbon (813C0rg) does not vary with
lithology. 813Corg values in Units 1 and Unit 2 vary between —21.6 and —17.7 %o,
but no discernable trend with depth is evident in Unit 1; however, values overall
decrease in Unit 2. 813Corg values generally decrease in Unit 3, but become more
negative from —18.9 to —23.6 %o t0 —18.9 %o from 265 to 210 cm depth within Unit
3. This shift occurs concomitant to the thin clayey silt interval and the thick
clayey silty diatomite of Unit 3 (Fig. 3). At the depth of 265-210 cm, the electrical
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conductivity, pH, Mg, Ca, HCOg3, inorganic carbon, and Pnineral Values are
relatively high (Fig. 3, Fig. 4, Fig. 5, and Fig. 6). The §"°C, values shift to less
negative values (-23.5 to —17.0 %o) at the top of Unit 3, and remain high (-18 to
—17%o) throughout the silt- and clay-dominated layers in Unit 4. The 8"*Coyq
values then decrease from —17.09 %o to —22.0 %o from 145 to 90 cm depth in Unit
5. From 90 cm depth to the surface, 813Corg values shift to less negative values
(—=22.0 %o to —16.1 %o), which also corresponds to the slight increase in Corg
concentrations.
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CHAPTER 5

DISCUSSION

5.1. Sedimentation and relative lake levels in Paleolake Mababe

The sedimentation record indicates that lacustrine conditions have
persisted in the Mababe Depression for the past ~65 ka. Lake sedimentation
was cyclic for the majority of the record, with accumulations of diatomaceous
sediments nested within intervals dominated by sands, silts, or clays (Fig. 3).
The sands, silts, and clays were delivered into Paleolake Mababe by four main
rivers (Fig. 2). The Mababe River linked to the Okavango and the Savuti River
linked to the Kwando, both of which drain distal watersheds in the Angolan
highlands in the tropics. The Ngwezumba and Guatumbi Rivers drain local
watersheds in the Kalahari Basin to the northeast of the Mababe Depression.
Variations in the mineralogical composition of the detrital sediments are
attributed to a change in the relative contribution from the different watersheds.
The sands derived from local watersheds are eolian and belong to the Kalahari
Group (McCarthy et al., 2002; Gamrod, 2009). The silt and clay are thought to be
dominated by sediments eroded from watersheds in the Angolan highlands
(Gamrod, 2009). In contrast, diatomaceous sediments accumulated from the
remains of diatom blooms in the paleolake, so the preservation of thick
accumulations indicates that the lake remained relatively stable for extended
periods of time. Unit 2 and Unit 3 represent the longest time intervals of stable
lacustrine conditions, because of the thick diatom deposits (Fig. 3 and Fig. 7).
The diatomaceous intervals have low amounts of mineral sediments, especially
sand. The absence of sand is telling, as this suggest that the river discharge
sustaining lake levels during the accumulation of diatoms was likely sourced from
the Angolan highlands (Gamrod, 2009). The composition of the sediments and
diatom abundance indicate that relatively stable lake conditions occurred from 65
ka to about to slightly younger than 27 ka, when the last accumulation of diatoms
in the sedimentary record is observed in Unit 4. The lack of diatom
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accumulation in Unit 5 suggests generally shallow lake levels or low nutrient
conditions that limited diatom growth.

5.2. Chemistry of Paleolake Mababe waters

Sequential leaching of sediments is often used to constrain the sources of
different elements preserved in the sedimentary record (Eugster and Jones,
1979; Lent et al., 1995). Water soluble solute composition of the leachate can be
used to infer the composition of the mineral salts from theoretical reactions
induced by evaporative concentration of lake waters (Sonnefeld, 1984).
Changes in the concentration of the different solutes indicate variations in the
chemistry of lake water from such processes as rainfall, river discharge, and
weathering in the drainage catchment (Eugster and Jones 1979). The salinity of
lake water increases and mineral precipitation occurs when evaporation exceeds
recharge and the concentration of dissolved ions increases beyond the solubility
threshold for different evaporite minerals (Sonnenfeld, 1984).

The electrical conductivity of the leachate can be used to infer salinity
variations in Paleolake Mababe, because the electrical conductivity is controlled
by the concentrations of solute ions derived from evaporite minerals in the
sediment. Increasing salinity in Paloelake Mababe water is recorded as
increases in the electrical conductivity values. The first increase in salinity
occurred 41 ka ago at the top of Unit 2 between 405 cm to 390 cm depth (Fig. 4).
This increase in salinity is concomitant with marked increases in pH and in the
Ca and Mg concentrations. In Unit 3 another period of increased salinity is
observed over a much longer duration between 41 ka and 26 ka. The electrical
conductivity, pH, and Ca and Mg concentrations of the sediment leachate begin
to increase steadily from 340 cm until 245 cm depth (Fig. 4). A relatively short
(245-230 cm depth) increase in Na lags the increase in Ca and Mg
concentrations. There is an appreciable increase in the electrical conductivity at
100 cm to 85 cm depth in Unit 5 between 27 and 12 ka which is accompanied by
modest increases in pH, and the Ca and Mg concentrations (Fig. 4). Fluctuations
from high to low electrical conductivity in Unit 4 occur between 140 cm and 120
cm depth around 27 ka. The increases in the salinity occur during periods when
diatoms are accumulating within the sediments. These results suggest that
during the time periods with significant diatom accumulation within the sediment
record, lake levels had to be stable to supported extensive diatom growth.

Although the solute concentrations of lakes in the middle Kalahari can
increase from groundwater recharge as described by Nash (1997), previous
studies suggest that paloelakes in the middle Kalahari were sustained by river
discharge (Shaw, 1988; McCarthy and Ellery, 1986; Huntsman-Mapila et al.,
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2006; Burrough and Thomas, 2008). Thus, the increase salinity of Paleolake
Mababe was the result of evaporative concentration of solutes leading to
evaporite formation similar to the evaporite formation during modern climate
conditions.

The chemical composition and the relative concentration of solutes in the
water recharging the lake ultimately determines the types of minerals precipitated
and order of mineral precipitation from evaporative concentration (Sonnefeld,
1984; Eugster and Jones 1979). Also, if the recharge water is depleted with
respect to a particular element, then the residence time required for the
concentration of the element to the point of saturation to induce precipitation will
be longer. Although it is not possible to determine the concentration of water that
recharged the lake in the past, it must have varied between that of water from the
distal Angolan and from local Kalahari watersheds. River discharge from
watersheds in the Angolan highlands is probably similar to that of the modern
day Okavango and Kwando Rivers. In the upper panhandle of the Okavango
Delta, river water at Mohembo contains 2.5 mg/l of Ca, 2.3 mg/l of Mg, 1.8 mg/I
of Na, 1.3 mg/l of K, 0.61 mg/l of Cl, and 0.51 mg/l of SO, (E. Atekwana,
unpublished). Once in the Okavango Delta, the water becomes preferentially
concentrated as a result of evaporative concentration. After the water is
evaporated as it passes through the delta, it then contains a solute load
represented by the concentrations 10.5 mg/l of Ca, 3.7 mg/l of Mg, 11.6 mg/| of
Na, 3.6 mg/l of K, 0.57 mg/l of CI, and 0.1 mg/l of SO, from the Thamalakane
River near Maun (E. Atekwana, unpublished). McCarthy and Metcalfe (1990)
found that in the Okavango Delta chemical precipitation is limited to bicarbonate
minerals with the initial precipitation of Ca bicarbonate and the co-precipitation of
Mg and then later in the cycle of brine formation the Na and K bicarbonates
precipitate out of the solution. The same study by McCarthy and Metcalfe (1990)
indicates that chlorides and sulfate precipitation is absent in the Okavango Delta
because of low concentrations in the source waters. Therefore, if the Mababe
Depression evaporites are consistent with those observed in the Okavango
Delta, the Mababe Depression evaporites should be dominated by bicarbonate
minerals and contain minimal Cl and SO,.

A modern analogue to the brine development of the Mababe Depression
is found in the Makgadikgadi Pans to the south. The brine of the Makgadikgadi
Pans is predominantly bicarbonate, but is evolving toward a more sulfate rich
brine consistent with low initial sulfate concentration in the Okavango River
source water (Eckardt et al., 2008). In the Makgadikgadi Pans CaCO3 (calcite;
solubility: 0.00014 m/L), MgCO3 (magnesite; solubility: 0.001 m/L) are
precipitating out of lake water (Warren, 2006; Eckardt et al., 2008). Na is
conserved longer than the Ca and Mg and in the Makgadikgadi Pans; the Na is
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precipitated in the shallow littoral zone because the water has become more
depleted in Ca and Mg in this zone. The Na is precipitates as NaCl (halite;
solubility: 6.15 m/L), Na,SO410H,0 (mirabilite; solubility: 1.96 m/L), and NaHCO3
(nahcolite; solubility: 1.22 m/L) (Warren, 2006; Eckardt et al., 2008).

The Ca proportion in the cations leachate from the sediment from the
Mababe Depression increase up section while the K proportion decrease
concomitantly with increase in Ca (Fig. 8). The proportion of Mg is nearly
constant at 20% throughout the section and the Na remains nearly steady at
~10% from the bottom to 80 cm depth, where a slight decrease in the
concentration occurs to the top of the section (Fig. 8). The relative proportions of
the cations suggest that the bulk of the highly soluble evaporite minerals in the
sediment are composed of Ca salts. The anion proportions in the dissolved
evaporite minerals show little depth variations in Cl and SO,4, suggesting that
HCOg3, which also varies little throughout, is the dominant anion (Fig. 9). There is
a positively correlation between Ca and HCO3 given by the least squares
regression equation: Ca®* = 0.9xHCOj3 - 0.02 (R2 = 0.97) indicating that about
90% of the HCOg in the solution forms minerals with Ca (Fig. 10). The chemical
composition of the evaporite is Ca(HCO3),. Also, the formation of Ca(HCO3); is
an indication that evaporative concentration in Paleolake Mababe stayed mostly
within the saturation point of carbonates. In the upper 80 cm of Unit 1, there is
an appreciable decrease in Ca and Na, while K increases in the sediment
leachate from below 40% to about 60%. The relative increase in K is likely due to
precipitation of K-evaporites such as sylvite (KCI). Although the main evaporites
in the sediment leachate are Ca salts, evaporites with composition of Ca-Mg-
(HCO3), and Ca-Na-HCO3 types could be precipitated in the shallow littoral
margins of the lake (e.g., Eckardt et al., 2008).

There are three anomalous increases in inorganic carbon and Py, Values;
at 390 cm depth, from 290 cm to 240 cm depth, and from 220 cm to 120 cm
depth (Fig. 3 and Fig. 6). Although the carbonate can be explained by
precipitation from lake water saturated with carbonate, the chemical saturation of
the lake water does not explain the concomitant increase in Pia. The bulk of the
Piotal IS Pmineral derived from weathering of apatite in drainage catchments
(Anderson and Delaney, 2001; Latimer et al., 2006). If the anomalous increases
in Pmineral CONCenNtrations indicate increased weathering in the catchment from
wetter climate, then its delivery into the lake would also signify increase river
discharge from the local Kalahari watersheds or the distal watersheds in the
Angolan highlands. Gamrod (2009) suggests that increased Ciyorg in the
sediment record could have resulted from the erosion of calcretes in middle
Kalahari watersheds during locally wet climate. Nash (1997) suggests that
dissolved Si, Ca, and Mg form carbonates dissected from pre-existing clacretes
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can be transported by fluvial systems in the middle Kalahari as dissolved or
suspended loads.

The increased values in Pninera cOuld be the result of calcrete erosion.
Eckardt et al. (2008) found that some of the calcretes in the Sua Pan to the south
of the Mababe Depression contain low levels of P and Kampunzu et al. (2007)
found low levels of P,Os (up to 0.04 %) in calcretes in the region. It is suggested
that the sediment intervals with anomalously high carbonates are likely a result of
erosion of calcrete layers from increased local precipitation and that the
increased Phineral IS sourced locally from calcrete. The deposition of the mineral
salts from increased inflow into Paloelake Mababe is at odds with other mineral
salts being deposited in the lake during a negative hydrologic budget caused by
evaporative concentration. It has been suggested that during the deposition of
the sediments between 290 and 240 cm depth, there was a dramatic alteration in
the regional hydrology that caused high levels of fluvial erosion in the local
watersheds. The increased erosion can be attributed to increased local
precipitation due to a local wet event. Gamrod (2009) suggests that a local
increase in precipitation is concurrent to the onset of tectonic activity, and during
sedimentation at this depth interval, there was also altered fluvial input into the
middle Kalahari lakes by re-direction of the Kwando River along the Linyanti fault
and also the initiation of the formation of the modern-day Okavango Delta. If the
tectonic activity resulted in uplift and a change in base level of the rivers, then it
could have led to increased fluvial incision and erosion of subsurface layers of
calcrete. The sediments at depth intervals with anomalously high carbonates are
also associated with an increase in silt and clay, but there is an unexplained lack
of sand that should accompany sediment erosion from local watersheds
(Gamrod, 2009). Sand may not be observed in the trenched location where
samples were collected because it could have been deposited in the deltas of the
rivers. At 360 cm depth, the lake is fresh interpreted from the low concentrations
of evaporite minerals (Fig. 4 and Fig. 5) indicating that water input and lake levels
were most likely high. During sedimentation at 325 cm depth, the concentration
of Ca, Mg, and HCO3 began to increase, suggesting that the inflow into
Paleolake Mababe was less than the water being lost to evaporation (Fig. 4 and
Fig. 5). For sediment erosion to be occurring locally and for sand to not be
associated with the calcrete and P, the lake would need to be full enough during
sediment deposition at 290 cm depth. This would allow the heavier sand to be
deposited nearshore in the deltas and the disseminated calcretes basinward.
The lake would have to be full enough prior to sedimentation at 325 cm depth so
that evaporation would not desiccate the lake to a level too low for differential
deposition of the sediments.
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Overall, the data from the sediment leachate chemistry indicates that the
water in Paloelake Mababe was less saline during the time interval of Unit 4 and
Unit 5. The sedimentary characteristics of Unit 5 are markedly different from the
lower units. Here, the cyclicity between mineral sediments and diatoms is
interrupted, and the sediment section is mainly silts and clays rich in organic
matter. The leachate chemistry shows a continuous decrease in the proportion
of Ca and Na, relatively no change in Mg, and enrichment in K. Although the
decreasing Ca and Na concentrations are consistent with freshwater, the
increase in K is unexplained. It is probable that the residence time of the water in
the paloelake during this time was short and evaporative concentration of lake
waters did not occur perhaps because the short residence time. Overall, the lake
water during this period shows no evaporative enrichment except in the top 10
cm depth where the proportion of Ca and Na increase consistent with the
complete desiccation of the lake to the present modern day conditions.

The electrical conductivity, pH, and the cations and anion proportions in
the sediment leachate and Pninera data can be used to develop three distinct
models of lake water chemical conditions for Paleolake Mababe. The first model
represents a lake with freshwater and low solute concentrations. This freshwater
and low solute signature is observed in Paloelake Mababe in Unit | and Unit 2 up
to 400 cm depth and Unit 3 between 370 and 325 cm depths (Fig. 4 and Fig. 5).
The lake hydrology under model 2 has negative lake water balance. This model
requires a relatively wet climate in watersheds in the Angolan highlands to
maintain river discharge, while locally dry conditions evaporate lake water
concentrating ions in solution. The evaporative concentration causes
precipitation of evaporites in the sediments. Conditions under model 2 are
observed mainly in Unit 3 between depths of 325 cm to 295 cm and in Unit 4
between depths of 150 cm and 135 cm (Fig. 4 and Fig. 5). In model 3, recharge
water has a high solute concentration. The high solute concentration of lake
water is due to river recharge high in solutes dissolved from the evaporites in
soils in the local watersheds. The high solute concentrations in the recharge
water eventually led to precipitation of evaporites minerals from evaporative
concentration as observed in sediments depths between 395 cm and 385 (Fig. 4
and Fig. 5). River recharge in evaporites and calcretes also causes
disproportionate increases in evaporties and inorganic carbon in sediments
between 285 cm to 200 cm depths.
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5.3. Lacustrine productivity

5.3.1. Biogenic silica

The opal record of Paleolake Mababe sediment reflects extended periods
of diatom accumulation in Unit 2, Unit 3, and Unit 4. Deposition of diatomaceous
layers of considerable thickness would require the persistence of a stable lake
and bottom-water conditions conducive to opal preservation. This suggests that
between 60 ka and shortly after 26 ka, lake water conditions were favorable to
promote both the growth and preservation of diatoms. Diatom accumulation in
Unit 3 and Unit 4 occurred in a lake with elevated salinity deduced from
increasing electrical conductivity, pH, and Ca and Mg concentration in sediments
(e.qg., Fig. 4). Based on the preservation of diatomaceous sediments during
these time periods, diatom communities in Paloelake Mababe appear to thrive
when lake salinity was high and P (Fig. 6) was not limiting. In Unit 2, however,
high opal concentrations occur in a lake water of low salinity. The diatom
accumulation begins at 485 cm depth and remains relatively high until about 380
cm depth (Fig. 7). Whereas an increase in the electrical conductivity, pH, and Ca
concentration and Mg concentrations from the sediment leachate (Fig. 4) and the
Pmineral CONcentrations (Fig. 6) only occur between 390 and 395 cm depth. There
is a slight increase in the Pineral cONcentrations at 520-465 cm depth which
decreases to around 1 umol/Kg-10° when the opal concentrations are the highest
(465-430 cm depth). The decrease in P is due to utilization by the diatoms.
Phosphorus becomes incorporated in the diatom tests and is only released when
the tests are dissolved (Kroger et al., 2002). A study by Latimer et al. (2006)
found that in some marine sediment with high concentrations of diatoms, the total
P could be increased as much as 767 % when opal associated P was accounted
for. The low concentrations of Pio between 465-430 cm depths do not
necessarily mean that there was not a high influx of phosphorus into the lake
during this time interval. Because the decrease in P corresponds to the
highest levels of diatom preservation, it suggests that diatom productivity was
high enough during this period to extract and incorporate the P into the silica
tests. The Pita cONcentrations peaks after opal concentrations decline slightly at
420 cm and 390 cm depths, and suggest the important role of P in the growth of
diatoms in the Paloelake Mababe.

The lithology of Unit 2 records an increase in the contribution of water
from the watershed into Paleolake Mababe. This inference is made based on the
assumption that P concentrations were elevated in the lake but were low in the
sediment record because P was sequestered in the diatom tests. The steady
increase in Pmineras between the depths of 520 cm to 500 cm subsequently
declines during rapid diatom growth. Saline conditions are not observed in
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progressively younger sediments in Unit 2 until 390 cm depth, suggesting that
the lake recharge exceeded evaporation and the diatoms were not dependent on
the saline conditions observed in Unit 3 but instead relied more on the availability
of P (Fig. 6).

In general, the record from Paloelake Mababe shows a decrease in the
opal concentrations above 110 cm depth. This is possibly the result of lake
shallowing and change in nutrient levels, making lacustrine condition inhospitable
for diatom growth. The low concentration of soluble evaporite minerals in the
sediment leachate data suggested that during sedimentation in this upper 110
cm, the residence time of water in the lake was shortened prohibiting the
evaporative concentration of ions. If this shorter residence time also
corresponded to shallower lake conditions, then diatom growth may have been
inhibited. This would indicate that in Paleolake Mababe, significant diatom
accumulation was dependent on the depth of the water and the availability of P.

5.3.2. Organic matter

The Corg, 8"°Corg, and C:N ratios indicates that a major shift in lacustrine
organic matter productivity and/or preservation in the sedimentary record
occurred around 260 cm depth (Fig. 7). Overall, the accumulation of organic
matter in sediments begins to increase steadily at ~260 cm depth all the way to
the surface. In lacustrine sediments, most of the organic matter persevered is
derived from the particulate detritus of aquatic vegetation from terrestrial
vegetation growing in the littoral regions, or from the lake catchment brought to
the lake by river discharge (Meyers and Ishiwatari, 1993). Higher organic matter
concentrations are usually observed in shallower lakes (Wetzel, 2001).
Disproportionately higher organic matter from wetlands and the littoral regions is
readily preserved in sediments because the organic matter is relatively resistant
to bacterial degradation during burial, and there is less time for oxidation to occur
while sinking in a shallower water column (Meyers and Ishiwatari, 1993; Wetzler,
2001). Although there is an overall increase in organic matter concentration up
section from 260 cm depth, there are four prominent increases in the record
between depths of 260 cm to 210 cm, 200 cm to 145 cm, from 140 cm to 105 cm,
and 90 cm to 5 cm (Fig. 7). The decreases in organic matter concentration that
interrupt the otherwise continuous increases in organic matter represent periods
of significant lake deepening. A brief deepening of the lake will eliminate mash-
and littoral-type vegetation and submerged aquatic vegetation. Although the
predominant vegetation in the deeper lakes is phytoplankton, the rate of
accumulation and preservation is lower in the sediment record.

28



Variations in the C:N ratios with depth closely follow similar increases and
decreases observed for organic carbon concentrations. The C:N ratios are <10
for the sedimentary record below 260 cm depth (Fig. 7). The C:N ratios of
aquatic plants are low and range from 4 to 10, while the C:N ratios of terrestrial
vegetation is = 20 (Meyers and Ishiwataric, 1993), due to differences in cellulose
contents. Land plants contain lignin in their cellulose structure which provides
structural support, and can contain up to 0.5 wt. % N (Hunt, 1990). Lakes that
receive a large proportion of organic matter from wetland or marsh plants have
higher organic matter in the sediments, and the C:N ratios will be high, reflective
of shallower lake conditions or lakes with a large carbon contribution from the
terrestrial settings. Wang et al. (2007) report C:N ratios of 9.9 +0.2 for the areas
under vegetation canopies and 9.1 * for inter-canopy areas at the Tshane site
with acacia savanna vegetation similar the acacia parkland in the Mababe
Depression (Shaw, 1985). Thus, the C:N ratios from Wang et al. (2007) provide
terrestrial end-member values for C:N ratio that represent the current
environmental conditions of the Mababe Depression.

Variations in 813Corg values are a result of the preferential incorporation of
either **C or *3C into organic carbon through the C3 Calvin-Benson pathway or
the C4 Hatch-Slack pathway, respectively (O’Leary, 1981; Meyers and Ishiwatari,
1993; Krishnamurthy et al., 1998; Beuning et al. 2003; Muzuka et al., 2004). The
incorporation of the isotopically heavier *3C shifts the carbon isotopes values
more positive relative to the VPDB standard (O’Leary, 1981). The mean §°Cyyq
values for C3 plants are ca -28%o0 and for C4 plants is ca -14%. (O’Leary, 1981;
Meyers and Ishiwatari, 1993). Positive shifts in 813Corg represent an increase in
the amount of organic carbon derived from C4 plants. Since C4 plants dominate
in arid environments, this shift is usually interpreted as evidence for a climatic
shift toward a more arid climate (Meyers and Ishiwatari, 1993; Muzuka et al.,
2004).

The sediment record from the 560-260 cm depth shows that the values for
the 813C0rg in the sediments from the lower 260 cm depths ranges from ~ -22 to -
18 %o and from -23.5 %o t0 -16 %o in the sediments of the upper 260 cm depths
(Fig. 7). The wider variation in the '°C, values in sediments above 260 cm
depths indicated a much greater variation in the source of the organic matter
compared to deeper depths. Also, the periodic increases in the organic matter
described for the upper 260 cm depths do not all correspond to the same shift in
the 81300,9 (Fig. 7). The increase in organic matter concentration between depths
of 260 cm to 210 cm is accompanied by negative shift in §*3Corg, 200 cm to 140
cm depth by a positive shift in 813Corg, 135 cm to 105 cm by a negative shift in
8"Corg, and 90 cm to 5 cm by a positive shift in §*Coq. Wang et al. (2007)
measured the 813C0rg values of a vegetation community in the middle Kalahari
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that is similar to that of the Mababe region and report §'C,4 values that range
from -12.8 £0.6 %o t0 -18.5 £1.1 %o. Shifts to more positive values in the organic
carbon isotope record are consistent with more arid environmental conditions
arid similar to the present. The shifts to higher 813C0rg values may also be the
result of a shift to increased C4 plants in the wetlands of the watersheds.
Mladenov et al. (2007) reports that in the Okavango Delta, C4 plants like the
Cyperus papyrus and Panicum repens are found in the permanent and seasonal
swamps.

The variation in organic matter can be interpreted in the sediment record
above 260 cm depths. From 260 cm to 210 cm depths, the Coq and C:N ratios
increase and the §'°C,q values decrease (Fig. 7). The organic matter preserved
in Paleolake Mababe during this interval is increasing from vascular plants and
the proportion of C3 to C4 plants is increasing. This interval represents the first
significant increase in organic material and C:N ratios in the record. At this
depth, there is also a significant increase in Cinorg, P, and evaporite mineral
deposition (Fig. 5, Fig 6, and Fig. 7). The increase in the deposition of the Ciyeg,
P, and evaporite minerals is attributed to increased erosion in the watershed due
to tectonic activity and locally increased precipitation. The increase in organic
matter and C:N is also a result of the increased transport of organic matter from
vascular plants into the lake. Gamrod (2009) suggested that at this depth
interval, the Okavango Delta began to form. The formation of the Okavango
Delta could provide a source for the vascular plants. The locally wet climate and
high lake levels supported an environment dominated by C3 vegetation.

Between 210 and 200 cm depths, the Cqg and C:N ratio decrease
indicating a shift to a more aquatic system, but §'3C,4 values sharply begin to
increase indicating more C4 vegetation typical of a more arid vegetation shift.
During this interval, it is likely that C4 plants are a large component of the
wetland vegetation. The values of 813C0rg increase to around -16 %o (Fig. 7). The
C. papyrus, and P. repens found in the Okavango Delta have §'*C values of -
11.6 %0 and -12.2 %o respectively (Mladenov et al., 2007). Overall the Cqgand
C:N ratios indicate a decrease in the amount of vascular material entering
Paleolake Mababe, but C4 plants like C. papyrus, and P. repens are likely to be
the vascular plants that are being deposited into the lake. If the interval
represents a more arid climate, then the decrease in vascular plants in the
sediment record could in part be the result of decreased fluvial transport of
vascular plants.

The next time interval in for increased organic matter is from 200 to 145
cm depths. The top of this interval is near 27 ka and is characterized by
increasing Corg Values and C:N ratios, and high, but relatively unchanging 613C0rg
values. The interval represents an increase in vascular plants that are
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predominantly C4. These variations are consistent with the modern signature of
the Mababe Depression and could represent a shallowing of the lake. This
increase in the Coq and C:N would be the result of increased vascular vegetation
from the littoral regions of the lake and the development of marsh/wetland
vegetation on the lake margins. The C4 vegetation indicates the climate may
have been more arid and this could account for the shallower lake conditions.

At 145 cm depth, the Corq values, C:N ratio, and the §'3C, all begin to
decrease. The Cyq and C:N ratios remain low until 120 cm depth and then begin
to increase (Fig. 7). The Coyg values and C:N ratios increase from 120 cm to 105
cm depth (Fig. 7). The 813Corg values decrease throughout the interval (145-105
cm depths). The initial decrease and low Coq concentrations and C:N ratios
reflects a decline in vascular plants and signifies a possible deepening of the
lake. The decrease in the Slscorg indicates that C3 type plants are becoming
more abundant then the C4 type plants. This could be the result of increased
aquatic productivity and vegetation in the watershed being preferentially C3 type
plants. A deepening of the lake is also apparent in the biological productivity
data. This decrease in the organic productivity data is concomitant to an
increase in the % opal data which is interpreted as result of deeper stable lake
conditions (Fig. 7).

The increase in the Cyg and C:N ratios at 120 cm depth indicates more
organic matter from vascular plants are being deposited in the Paleolake Mababe
(Fig. 7). This organic matter is dominated by C3 type plants as reflected in the
continued decrease in the 5'° C,q values. Paleolake Mababe deepened between
145 and 120 cm depth according the organic matter proxies, and then began to
shallow between 120 and 105 cm depths. The shallower lake probable saw the
encroachment of marsh and wetland vegetation into Paleolake Mababe that is
dominantly C4 type vegetation.

After this cycle of deepening and shallowing there is again another
decrease in the Cqg and C:N ratios. Between 105 and 90 cm depths, the Cog
and C:N ratios decrease, and the 8"*C,q continues to decrease indicating that
less organic matter is being sourced from vascular vegetation to Paleolake
Mababe, and that the organic matter deposited is dominated by C3 plants (Fig.
7). This could be an indicator of deeper water conditions and less littoral
vegetation or a decrease in the organic matter input from the watershed because
of decreased fluvial transportation of vascular detritus. The decrease in the C:N
ratio is around 9 which is consistent with values given by Wang et al. (2007) for
environments in Botswana similar to those of the present day Mababe
Depression. Because the C:N ratios remain relatively high, it is more likely that
the decrease is due to less vascular plant material being delivered to Paleolake
Mababe instead of a deepening of the lake.
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The sediment record between 90 and 5 cm depths indicate that the Cyg, C:N
ratios and Slscorg values are all increasing overall to the present day values. This
reflects an increase in the deposition of vascular organic matter and an increase
in the proportion of C4 plants to C3 plants. This is thought to be a steady decline
in lake levels of Paleolake Mababe and the final desiccation of the lake. This
time interval probably represents a transition from a shallow aquatic setting to a
widespread marsh/wetland, and finally to an acacia parkland environment. There
are possible shifts toward wetter climate and/or deeper lake conditions in the
intervals from 70-60 cm, 50-40 cm, and 30-20 cm depths. However, these
fluctuations are comparatively small to other changes that have occurred in the
basin.

5.4 Paleolacustrine history

The sediments from the Mababe Depression in this study can be
interpreted as a record of a dynamic lacustrine system, where the lake spatial
extent and depth and water chemistry have changed several times in the
preceding ~64,000 years. Overall, the variations in the sediment record indicate
the persistence of a large, stable relatively deep body of water. The lake was
fresh between sedimentation from 560 and 400 cm, 380 to 325 cm, 175 t0145
cm sediment depths (Fig. 4 and Fig. 5). The freshwater lake event between 560
and 400 cm depth is associated with a period of beach ridge building that ceases
at about 60 ka (Fig. 11) (Burrough and Thomas, 2009). The beach ridge records
the interval of ridge duration but the data from this study indicates the high lake
levels are temporally more extensive. The freshwater lake event between 380
and 325 cm depths is OSL dated to begin at 41.31 ka and corresponds to high
lake levels found in other studies in northwestern Botswana. A similar interval is
recognized in the Makgadikgadi Pans and Lake Ngami. Ringrose et al. (2007)
report a paleolake event from >41-43 ka, and Huntsmann-Mapila et al. (2006)
reports lacustrine conditions from 42 ka until ca. 40 ka. This is also in agreement
with earlier ages from **C dating that gave high lake levels in Makgadikgadi at
this time interval (Cooke and Verstappen; 1984, Shaw and Thomas; 1988;
Thomas and Shaw, 1993).

Below 200 cm sedimentation depths, there is evidence for a long-term
(~30,000 years) drying of the lake. During deposition of Unit 3, a major event
occurred that led to the deposition of Ca, Mg, HCO3, Cinorg, and Prineral in
concentrations much greater than elsewhere in the sediment record (Fig. 3, Fig.
4, and Fig. 5). This is thought to be the result of increased erosion in the
catchment due to a locally wet climate and tectonic activity that may have
increased erosion in the local river catchment. When compared to paleo-mega
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lake stages identified by Burrough and Thomas (2009) (Fig. 11) this event is not
recognized as a time interval of high lake levels, but instead corresponds to a
period of calcrete deposition. The increase in P concentrations between 290 and
190 cm depths suggest that this interval is a period of increased inflow of water
into Paleolake Mababe; however, the lack of correspondence to the beach ridge
records suggest that water levels did not increase enough to aggrade the beach
ridges.

Amid this large influx in solute material to the basin, there appears to be a
shift in the Paleolake productivity. The lower 260 cm of the lacustrine record is
dominated by the productivity of diatoms, but in the upper 260 cm, diatom
productivity overall declines while organic matter concentrations generally
increase (Fig. 7). Itis evident that a significant shift occurred in the lake above
260 cm that resulted in the slow dessication of the lake. The increased
abundance of organic matter and decreased diatom accumulations indicate that
the lake was shallowing possibly a result of increased outflow. If tectonic events
tilted the basin to the south, as suggested by the variation in the elevation of the
Magikwe Ridge (Burrough and Thomas, 2008), then when water levels rose
above the 927 m asl level, it would flow out of the Mababe Depression along the
Mababe River.

A deepening of Paleolake Mababe is interpreted from the productivity data
between 145 cm and 120 cm sediment depths (Fig. 7). An OSL date at 135 cm
(Fig. 3) gives an age in this interval of 26.96 ka. This date corresponds to high
lake water conditions in Tsodilo Hills located to the northeast of the Okavango
Delta (Thomas et al., 2003). The presence of a lake in the Tsodilo Hills is
evidence of a locally wet climate, because the lake is not fed by any outside
water source (Thomas et al., 2003). The record from Tsodilo Hills suggests that
the local wet clime prevailed from 27 to 12 ka with a possible drying at 22-19 ka
associated with the Last Glacial Maximum (Thomas et al., 2003). The event may
also correlate with the paleo-mega lake identified by Burrough and Thomas
(2009) that occurs between 20 and 30 ka (Fig. 11).
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CHAPTER 6

CONCLUSIONS

The sediment record from trench MABX provides information on the
biogeochemical evolution of Paleolake Mababe. Variation in proxies like pH,
sediment electrical conductivity, ion concentration, opaline silica, Corg, C:N ratios,
and §'°Coq can be used to infer changes in water balance, which is controlled by
both climate and tectonic events. The sediment record extends to ~ 65,000
years ago and includes multiple intervals with significant diatom accumulation
that suggests water levels were stable for long periods of time. There is a shift in
the sediment record between 260 cm and 240 cm depth. Prior to this interval,
Paleolake Mababe is thought to be a large stable lake. This interval marks a
destabilization of the lake that led to the eventual dessication of Paleolake
Mababe in the upper 15 cm of the lithologic record. The explanation provided for
the destabilization of the lake is renewed tectonic activity in the region that alters
the basin morphology of the Mababe Depression.

The sediment leachate data suggests that evaporite minerals were
deposited in the Paleolake Mababe sediments as a result of increased solute
concentration from evaporative concentration. Evaporative concentration was
enhanced in Paleolake Mababe by increasing the solute load of the source water
through the erosion of calcretes in the local watersheds. Ca(HCO3); is the main
mineral phase of the evaporative concentration of the lake water and the
absence of Na, K, SO4, and Cl mineral phases suggest that the lake was not
saturated to the late stages of brine development until the last 15 cm in the
sediment record. Deposition of an anomalously high carbonate in the sediment
record along with increases in the concentration of P at 390 cm and between 290
cm and 240 cm, 220 cm, and 120 cm depths suggest that the high
concentrations of Ca in the sediment at these intervals is not solely the result of
evaporative concentration. During this time period Ca is transported into the
Paleolake from local watershed erosion.
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The lacustrine bioproductivity data indicates that diatoms growth was
dependent on the availability of nutrients especially the availability of P. The
diatoms begin to decline in the upper 240 cm of the sediment record and are not
tied to a decline in nutrient availability, suggesting that the diatoms concentration
decreases as a result of a decrease in the water depth. In the upper 240 cm of
the sediment record, diatom growth does increase between 145 cm and 120 cm
around 27 ka and corresponds to an increase in lake water level.

The organic matter does not begin to accumulate in Paleolake Mababe in
significant amounts until the upper 260 cm of the sedimentary record. This
increase in the organic matter productivity is attributed to shallower lake
conditions that led to the development of marsh/wetland vegetation. The
development of the Okavango Delta could also provide a source for increased
supply of organics into the Mababe Depression. Higher percent of organic
matter from vascular vegetation was entering Paleolake Mababe in the upper
260 cm because of the development of wetland/marsh conditions and this is
recorded in the increase in C:N ratios. An increase does not have to be indicative
of shallow conditions only. This is seen in sediments between 260 cm and 210
cm depths where it is suggested that a large quantity of the organic matter is
being delivered to Paleolake Mababe from the watersheds. The §'°C, data
indicates that during the time period of sedimentation below 260 cm, there was
overall a steady shift to more negative values in the 813C0rg indicating aquatic
conditions. Above sedimentation depths of 260 cm, the 83C,q begins to
fluctuate as the water levels fluctuate and submerged and emergent wetland
vegetation becomes more significant, due to fluctuating climate conditions.
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CHAPTER 7

FUTURE RESEARCH

The study area is uniquely suited for investigating lithospheric/surface
interactions and how these interactions alter the hydrology of a region. To
understand the control that tectonics has on the surface processes of northwest
Botswana a better understanding of the ORZ Rift is needed. Also, more
research is necessary to understand the role that natural climate variations has
had on the region. The Mababe Depression and other paleolake basins in the
region remain a prime location to further the research into the paleo-hydrology
and paleo-climate of northwestern Botswana.

Future research investigating the diatom communities in the Mababe
Depression would provide valuable information about paleolimnological
conditions. The abundance, preservation, and sensitivity of diatom species to
variations in their environment make diatom taxa studies ideal indicators of minor
changes in paleolake conditions (Bradbury, 1986; Smol and Cumming, 2000).
Diatom taxa may indicate minor changes in Paleolake Mababe not resolved in
the current study. Diatoms are abundant in the sediments collected from the
Mababe Depression creating an ideal study location for diatom communities.
The study looking at the diatom speciation would provide a more definitive
understanding of the paleolake levels and possibly provide confirmation of a
drastic change in water depth. A diatom community study would also provide
information on changes in pH, water salinity, and trace metal concentrations
(Reed, 1998; Peinerud et al., 2000). This information could be used to confirm
the sediment leach analysis from the current research and the trace metal
analysis from Gamrod (2009). Diatoms in sediment from trench MABX and
elsewhere in the Mababe Depression provide the key to reconciling the water
depths and lake conditions of Paleolake Mababe.

Even with a more complete understanding of the paleolake levels from
diatom communities it is imperative to further constrain the timing of events in
Paleolake Mababe by increasing the number of age dates for Trench MABX. *4C
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dates on bulk organic material in the sediment samples would be valuable for
determining sedimentation rates in the Mababe Depression. Increasing the age
constraints would make the current study easily comparable to other studies in
the region. A more accurate comparison would make deciphering the influence
of regional climate on the hydrology of northwestern Botswana verses possible
lithospheric controls on the hydrology.

Future trenching may also prove to be valuable when investigation
changes in the hydrology of northern Botswana. Trench MABX currently is
located in the southwestern portion of the Depression near the Mababe River
and Mababe swamp. The current location likely records sediment influx and
changes that occurred locally in this part of the Depression. Trenches further to
the north near the Savuti swamp and Ngwezumba Delta would provide
information on the influence of the Linyanti River and local precipitation and
drainage from the west along the Ngwezumba River.
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Depth
cm

Munsel Color I.D.

Munsel Color Description

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235

7.5YR4/1
7.5YR4/1
10YR4/1
10YRA4/1
10YRA4/1
10YR4/1
10YRA4/1
10YR4/1
10YR4/1
10YR4/1
10YR4/1
10YR4/1
10YR4/1
10YR4/1
10YR4/1
10YR5/1
10YR5/1
10YR5/1
10YR5/1
10YR5/1
10YR5/1
10YR5/1
10YR5/1
2.5YR7/1
2.5YR7/1
2.5YR7/1
2.5YR7/1
2.5YR7/1
10YR4/1
10YRA4/1
10YR5/1
10YR5/1
2.5YR6/1
2.5YR5/1
2.5YR6/1
2.5YR6/1
2.5YR7/1
2.5YR7/1
2.5YR7/1
2.5YR7/1
2.5YR7/1
2.5YR7/1
2.5YR7/1
2.5YR6/2
2.5YR6/2
2.5YR6/2
2.5YR7/2

60

dark gray
dark gray
dark gray
dark gray
dark gray
dark gray
dark gray
dark gray
dark gray
dark gray
dark gray
dark gray
dark gray
dark gray
dark gray
gray

gray

gray

gray

gray

gray

gray

gray

light gray
light gray
light gray
light gray
light gray
dark gray
dark gray
gray

gray

gray

gray

gray

gray

light gray
light gray
light gray
light gray
light gray
light gray
light gray
light brownish gray
light brownish gray
light brownish gray
light gray



Depth
cm

Munsel Color I.D.

Munsel Color Description

240
245
250
255
260
265
270
275
280
285
290
295
300
305
310
315
320
325
330
335
340
345
350
355
360
365
370
375
380
385
390
395
400
405
410
415
420
425
430
435
440
445
450
455
460
465
470

2.5YR7/2
2.5YR8/1
2.5YR7/2
2.5YR8/1
2.5YR8/1
2.5YR8/1
2.5YR8/1
2.5YR8/1
2.5YR8/1
2.5YR7/2
2.5YR7/2
2.5YR7/2
2.5YR7/2
2.5YR6/2
2.5YR7/2
2.5YR7/2
2.5YR7/2
2.5YR7/2
2.5YR7/2
2.5YR7/1
2.5YR6/2
2.5YR6/2
2.5YR6/2
2.5YR6/2
2.5YR6/2
2.5YR6/2
2.5YR6/2
2.5YR6/2
2.5YR8/1
2.5YR8/1
2.5YR8/1
2.5YR7/2
2.5YR7/2
2.5YR7/2
2.5YR7/2
2.5YR7/2
2.5YR8/1
2.5YR8/1
2.5YR8/1
2.5YR8/1
2.5YR8/1
2.5YR8/1
2.5YR8/1
2.5YR8/1
2.5YR8/1
2.5YR8/1
2.5YR7/1

61

light gray

white

light gray

white

white

white

white

white

white

light gray

light gray

light gray

light gray

light brownish gray
light gray

light gray

light gray

light gray

light gray

light gray

light brownish gray
light brownish gray
light brownish gray
light brownish gray
light brownish gray
light brownish gray
light brownish gray
light brownish gray
white

white

white

light gray

light gray

light gray

light gray

light gray

white

white

white

white

white

white

white

white

white

white

light gray



Depth Munsel Color I.D. Munsel Color Description
cm

475 2.5YR7/2 light gray

480 2.5YR6/2 light brownish gray
485 2.5YR6/2 light brownish gray
490 2.5YR6/2 light brownish gray
495 2.5YR6/2 light brownish gray
500 2.5YR6/2 light brownish gray
505 2.5YR6/2 light brownish gray
510 2.5YR6/2 light brownish gray
515 2.5YR6/2 light brownish gray
520 2.5YR6/2 light brownish gray
525 2.5YR6/1 gray

530 2.5YR6/2 light brownish gray
535 2.5YR6/2 light brownish gray
540 2.5YR6/2 light brownish gray
545 2.5YR6/2 light brownish gray
550 2.5YR6/2 light brownish gray
555 2.5YR6/2 light brownish gray
560 2.5YR6/2 light brownish gray
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Electrical

Depth  Dry Bulk Density  Cinorg ~ conductivity pH Ca Mg Na K HCO3 Cl SO,

cm glem® wt. %  (mS/cm)/kg SuU mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mglkg

5 1.17 0.002 4.0 7.00 0.184 0.052 0.069 0.317 1.685 0.006 0.008
10 1.10 0.005 57 6.80 0.148 0.057 0.001 0.575 1.774 0.009 0.003
15 1.18 0.002 3.4 7.13 0.120 0.044 0.002 0.404 1.600 0.008 0.011
20 1.19 0.003 2.2 774 0.114 0.043 0.011 0.367 1.575 0.003 0.004
25 1.15 0.000 2.1 7.70 0.113 0.039 0.016 0.284 1.399 0.002 0.003
30 1.19 0.001 24 7.73 0.097 0.035 0.021  0.309 1.861 0.002  0.004
35 1.23 0.002 2.1 7.81 0.113 0.037 0.036 0.230 1.341 0.001  0.003
40 1.18 0.003 2.1 7.68 0.119 0.041 0.044 0.247 1.462 0.006  0.005
45 1.09 0.010 2.2 7.74 0.109 0.034 0.048 0.211 1.443 0.002  0.004
50 1.13 0.002 2.1 7.82 0.124 0.038 0.060 0.197 1.350 0.002 0.003
55 112 0.001 1.9 7.77 0.157 0.047 0.072  0.200 1.733 0.002  0.005
60 1.15 0.001 2.2 7.86 0.136 0.038 0.076  0.187 1.603 0.002 0.018
65 1.09 0.000 2.1 7.97 0.158 0.047 0.083 0.193 1.796 0.007 0.008
70 1.08 0.000 1.9 785 0.141 0.037 0.087 0.185 1.340 0.002 0.008
75 1.03 0.002 1.8 7.89 0.187 0.043 0.091 0.199 1.781 0.003 0.015
80 0.97 0.007 33 8.57 0.363 0.085 0.125 0.392 2.191 0.002 0.008
85 0.90 0.020 7.6 8.67 0.976 0.142 0.126 0.335 4.713 0.004 0.005
90 0.82 0.003 2.8 8.03 0.335 0.065 0.079 0.258 2.018 0.002 0.011
95 0.88 0.001 2.1 7.81 0.197 0.043 0.084 0.194 2022 0.001  0.005
100 0.91 0.000 1.7 779 0.175 0.040 0.049 0.191 1710 0.002 0.004
105 0.92 0.002 8.4 797 0.180 0.038 0.079 0.213 1.740 0.002 0.004
110 0.89 0.004 3.0 7.75 0294 0.043 0.063 0.226 1.846 0.001  0.003
115 0.90 0.006 2.9 792 0286 0.054 0.092 0.244 2748 0.001  0.005
120 0.64 0.029 11.1 9.04 1567 0.140 0.084 0.308 4.622 0.001  0.005
125 0.74 0.002 3.1 8.04 0.256 0.047 0.080 0.240 1.481 0.001  0.005
130 0.51 0.086 16.9 9.45 2473 0.164 0.044 0.283 8.167 0.002 0.007
135 0.69 0.004 2.1 8.49  0.206 0.027 0.041 0.223 1.568 0.001 0.020
140 0.87 0.076 15.2 9.44  2.199 0.184 0.049 0.264 7.000 0.002 0.006
145 1.13 0.001 2.2 8.40 0.208 0.045 0.013 0.303 1.624 0.002 0.009
150 1.02 0.003 1.8 8.19 0.200 0.049 0.055 0.234 1.954 0.000 0.016
155 0.97 0.004 2.7 795 0.233 0.054 0.034 0.272 1.762 0.007 0.009
160 0.97 0.015 3.9 861 049 0.097 0.036 0300 2420 0.001 0.025
165 0.96 0.010 3.0 842 0371 0.074 0.030 0.306 1.945 0.002  0.007
170 0.89 0.046 43 851 0549 0.099 0.046 0.360 2.619 0.001  0.006
175 0.93 0.002 2.9 8.24 0419 0.070 0.028 0.283 1.842 0.002  0.005
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Electrical

Depth  Dry Bulk Density  Cinorg ~ conductivity pH Ca Mg Na K HCO3 Cl SO,
cm glem® wt. %  (mS/cm)/kg SuU mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mglkg
180 0.94 0.073 115 9.26 1.722 0.176 0.043 0.399 6.530 0.002 0.006
185 0.82 0.008 2.8 8.59 0.578 0.066 0.071 0.299 1.477 0.001 0.007
190 0.72 0.056 14.7 9.35 2478 0.208 0.052 0.362 7.694 0.003 0.007
195 0.76 0.008 2.7 8.56  0.389 0.064 0.049 0.292 2.185 0.002 0.009
200 0.83 0.107 155 9.33 2434 0.218 0.094 0.377 6.822 0.004 0.007
205 0.77 0.910 23.7 947 2736 0.278 0120 0.345  9.329 0.004 0.014
210 0.81 0.645 19.6 948 3.042 0.292 0129 0.364 9.252 0.001  0.008
215 0.67 0.110 18.1 943 2639 0304 0134 0374 81267 0.003  0.020
220 0.76 0.009 3.6 8.64 0450 0.079 0.102 0.287 1.740 0.002  0.007
225 0.77 0.059 11.9 924 1701 0.248 0.117 0.343  6.403 0.003  0.004
230 0.71 0.041 7.2 894 1086 0.205 0.128 0.331 3.704 0.002 0.006
235 0.70 0.754 19.8 948 3.053 0.343 0.111 0318 9.833 0.002 0.011
240 0.53 3.343 19.2 9.52 3.028 0.259 0.060 0.186 11.062 0.001 0.009
245 0.36 1.387 20.0 9.50 3.030 0.292 0.100 0.268 9.135 0.002 0.009
250 0.36 3.490 19.1 9.54  3.436 0.267 0.051 0.180 12.058 0.002 0.005
255 0.34 2.626 18.8 951 2816 0.242 0.052 0.179 9.406 0.002 0.010
260 0.40 1.139 20.8 955 2.888 0.279 0.054 0.187 8.417 0.002 0.008
265 0.36 0.498 19.5 951 2.884 0.273 0.062 0.215 9.252 0.003 0.009
270 0.36 0.239 18.6 949 2900 0.289 0.090 0.255 8670 0.003 0.009
275 0.34 0.059 8.9 911 1.103 0.189 0.078 0.237  4.653 0.002 0.011
280 0.36 0.138 15.9 936 2379 0.283 0.070 0.263  7.188 0.004 0.017
285 0.59 0.049 6.6 893 0804 0.162 0.076 0.245  3.682 0.004  0.020
290 0.59 0.018 3.6 8.67 0384 0.085 0.074 0.222 2610 0.002 0.012
295 0.65 0.024 55 876 0706 0.131 0.058 0.215 3.217 0.002  0.005
300 0.77 0.072 9.5 9.13 1213 0.217 0.076 0.259  4.636 0.002 0.013
305 0.61 0.028 12.5 8.72  0.547 0.126 0.106 0.323 3.416 0.003 0.013
310 0.70 0.010 4.1 8.51 0.383 0.104 0.070 0.287 2.760 0.002 0.006
315 0.68 0.030 7.2 8.87  0.906 0.191 0.065 0.293 3.700 0.008 0.010
320 0.63 0.127 13.3 9.25 1.737 0.270 0.068 0.284 6.411 0.002 0.006
325 0.54 0.004 2.0 8.53 0.191 0.044 0.055 0.198 1.879 0.002 0.010
330 0.60 0.003 1.9 8.25 0.170 0.047 0.049 0.196 2.020 0.001 0.004
335 0.75 0.004 2.3 8.07 0241 0.074 0.050 0239 2274 0.002 0.004
340 0.90 0.001 15 798 0.148 0.045 0.027 0.181 2000 0.001 0.005
345 1.10 0.003 15 761 0119 0.032 0.007 0.087 1.319 0.001  0.008
350 0.72 0.010 3.1 799 0330 0.069 0.033 0.181 2539 0.002  0.003
355 0.69 0.016 3.0 825 0.286 0.066 0.071 0.253 2391 0.001  0.007
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Electrical

Depth  Dry Bulk Density  Cinorg ~ conductivity pH Ca Mg Na K HCO3 Cl SO,
cm glem® wt. %  (mS/cm)/kg SuU mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mglkg
360 0.71 0.008 2.3 8.10 0.165 0.041 0.041 0.205 2.180 0.001 0.008
365 0.76 0.003 2.0 8.05 0.139 0.034 0.043 0.209 1.876 0.001 0.004
370 0.78 0.013 1.7 7.83  0.200 0.032 0.040 0.195 1.427 0.001 0.006
375 0.44 0.008 7.1 8.84 0.886 0.144 0.027 0.166 3.371 0.004 0.004
380 0.34 0.007 1.8 8.21 0.165 0.043 0.023 0.124 1.826 0.002 0.005
385 0.34 0.003 35 8.18 0.387 0.082 0.028 0.146 2690 0.001 0.004
390 0.71 3.245 18.3 944 2799 0.269 0.035 0.204 8064 0.001 0.005
395 0.61 0.020 5.7 884 0646 0.121 0.051 0.239  4.099 0.001  0.007
400 0.59 0.003 2.1 8.18 0.174 0.040 0.049 0.199 1.751 0.001  0.003
405 0.61 0.003 9.7 811 0.118 0.031 0.060 0.186  2.065 0.001  0.022
410 0.56 0.006 25 8.08 0.180 0.050 0.048 0.204 2.124 0.002 0.003
415 0.52 0.005 2.7 8.07 0277 0.063 0.042 0.191 1.945 0.006  0.002
420 0.41 0.003 2.1 7.92 0.159 0.041 0.043 0.176 1.878 0.001 0.001
425 0.39 0.004 1.7 7.60 0.113 0.028 0.043 0.164 1.521 0.001 0.004
430 0.39 0.005 1.7 7.42 0.116 0.033 0.041 0.162 2.268 0.001 0.007
435 0.40 0.002 1.7 7.36 0.104 0.029 0.047 0.164 2.135 0.003 0.003
440 0.36 0.002 1.6 7.61 0.097 0.026 0.046 0.157 1.757 0.001 0.003
445 0.38 0.012 1.4 756 0.084 0.023 0.041 0.147 1.517 0.001 0.003
450 0.36 0.001 1.7 730 0.110 0.027 0.041 0.146 1.054  0.005 0.005
455 0.39 0.002 15 7.27 0117 0.029 0.047 0.160 1.214  0.003 0.001
460 0.37 0.001 15 710 0.094 0.027 0.030 0132 0990 0.001 0.004
465 0.37 0.003 2.1 7.42 0.144 0.035 0.038 0.164 1.602 0.003  0.026
470 0.49 0.003 1.9 7.18 0.166 0.043 0.040 0.179 2.048 0.001  0.015
475 0.78 0.017 3.7 798 0369 0.090 0.048 0.228  3.498 0.001  0.003
480 1.02 0.021 43 839 0582 0.117 0.046 0.234 2954 0.002 0.003
485 0.95 0.002 2.3 8.20 0.264 0.065 0.058 0.237 2.526 0.002 0.003
490 1.12 0.023 3.8 8.44  0.488 0.113 0.034 0.216 2.137 0.002 0.003
495 1.03 0.003 2.2 7.98 0.243 0.061 0.036 0.189 2.356 0.001 0.003
500 1.00 0.002 2.4 7.77 0.258 0.069 0.039 0.211 2.712 0.003 0.002
505 0.97 0.002 10.1 7.88 0.261 0.074 0.065 0.224 2.220 0.001 0.002
510 0.92 0.003 29 7.65 0.297 0.081 0.059 0.216 2.307 0.004 0.003
515 0.96 0.158 5.3 8.28 0617 0.140 0.070 0.277 3.073 0.002  0.003
520 0.87 0.116 7.6 877 0978 0191 0.071 0291 4219 0.002  0.003
525 0.83 0.004 2.6 8.16 0211 0.046 0.052 0.184 2201 0.003  0.003
530 1.00 0.010 2.2 771 0208 0.052 0.055 0.194 2312 0.001  0.003
535 0.99 0.006 2.3 7.74 0224 0.057 0.046 0.181  2.058 0.004  0.003
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Electrical

Depth  Dry Bulk Density  Cinorg ~ conductivity pH Ca Mg Na K HCO; Cl SO,
cm glem® wt. %  (mS/cm)/kg SuU mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mglkg
540 0.92 0.003 2.4 7.65 0.209 0.052 0.047 0.186 1.899 0.001 0.004
550 1.05 0.007 25 7.62 0.240 0.059 0.056 0.215 1.603 0.001 0.003
560 0.96 0.006 3.2 7.76  0.323 0.074 0.055 0.227 2.002 0.001 0.005

NA = Not determined
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Total

Depth Extractable P Prinoal  Poganc  Podde  Pmin Poganic  Poide Opal  Cog  8°Cog CiN
cm umol/g umol/g umol/g  umol/g % % % wt. % wt. % %0
5 4723.9 34331 25988 13080 173 277 550 173 15 -16.1 182
10 5391.1 32470 3540.8 6222 228 115 657 135 26 -162 252
15 5401.7 21296 32362 1050.1 206 19.4 599 132 13 -169 8.9
20 868.1 17175 255 0.0 971 00 29 128 14 -169 93
25 3835.6 990.8 2536.3 1428 302 37 661 111 12 171 9.1
30 4325.4 1162.1 29414 3833 231 89 680 113 1.2 -164 86
35 4079.1 22552 27883 457.8 204 112 684 108 1.2 -165 13.8
40 3750.4 23515 25264 501 313 13 674 119 11 -176 6.8
45 3874.0 24518 2186.6 0.0 436 00 564 95 1.1 -175 102
50 4742.8 1968.9 2577.0 6235 325 131 543 143 1.0 -164 127
55 2236.8 21472 1869.9 0.0 164 00 836 176 1.0 -175 7.9
60 4635.4 1795.8 25040 872 441 1.9 540 164 1.0 -182 7.4
65 5183.6 1620.7 2584.8 2234 458 43 499 104 1.0 -169 7.4
70 4383.5 1507.7 17248 0.0 607 00 393 150 1.0 -165 7.2
75 5534.2 828.0 23414 4207 501 7.6 423 146 09 -176 6.4
80 6059.7 242.6 23081 6695 509 11.0 381 172 09 -176 75
85 6030.5 614.9 24609 7326 470 121 408 246 08 -186 8.2
90 5466.8 1153.7 23865 3848 493 7.0 437 253 09 -220 83
95 4338.9 1605.9 2199.6 0.0 493 00 507 213 11 -206 83
100 3406.3 11555 15558 0.0 543 00 457 266 06 -202 6.2
105 4946.7 1390.5 26029 1950 434 39 526 198 1.3  -21.9 1438
110 3694.4 1042.3 1856.6 0.0 497 00 503 217 05 -195 36
115 3207.3 746.2 15085 0.0 530 00 470 191 05 -208 6.8
120 4100.1 783.6 3085 0.0 925 00 75 323 03 -193 25
125 2194.7 5914.8 0.0 00 1000 00 00 379 05 -193 40
130 1976.3 1569.1 0.0 5083 773 257 -3.0 454 03 -188 3.7
135 3150.0 988.2 13725 2967 470 94 436 324 03 -190 34
140 2773.3 898.1 1282.0 1851 471 67 462 191 04  -17.7 3.1
145 4157.5 1220.4 20020 0.0 518 00 482 86 09 -168 120
150 4714.4 927.6 21181 390 542 08 449 181 09 -174 95
155 5912.4 32227 2002.3 12465 451 211 339 250 06 -183 5.0
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Total

Depth Extractable P Prinoal  Poganc  Podde  Pmin Poganic  Poide Opal  Cog  8°Cog CiN
cm umol/g umol/g umol/g  umol/g % % % wt. % wt. % %0
160 4459.4 11545 17146 0.0 616 00 384 186 06 -180 95
165 4011.7 1126.3 1400.7 0.0 651 00 349 240 05 -181 45
170 5151.0 1137.4 13712 3000 676 58 266 235 04 -181 4.1
175 3987.3 12449 13219 391 659 1.0 332 229 03 -176 4.4
180 6305.9 1090.9 1507.0 3471 706 55 239 221 03 -185 34
185 3461.7 1268.3 951.4 0.0 725 00 275 308 02 -179 3.3
190 5752.7 1064.5 741.1 0.0 871 00 129 396 03 -194 18
195 4802.1 1179.3 1399.2 3225 641 67 291 349 02 -170 6.0
200 7620.6 1368.9 10655 0.0 860 00 140 361 01 -181 20
205 18091.5 28724 11901 4789 908 26 66 411 05 -202 3.6
210 37290.9 1656.5 1053.8 207.4 966 0.6 28 445 03 -235 87
215 7750.9 23726 11623 0.0 850 00 150 589 04 -236 48
220 8346.2 1889.4  789.8 0.0 905 00 95 383 05 -215 84
225 26250.5 27622 11998 776 951 03 46 383 04 -21.7 33
230 18722.1 21559 13929 7275 887 39 74 423 04 -213 46
235 18863.2 1757.1 16117 11309 855 60 85 388 02 -19.7 26
240 14383.5 1373.7 630.1 5439 918 3.8 44 409 03 -193 17
245 20810.8 1932.4 10843 9966 900 48 52 475 04 -233 40
250 13398.4 1231.9 6158 1529.6 840 114 46 329 02 -198 21
255 14100.3 9424 5224 8159 905 58 37 472 04  -195 1.1
260 11368.5 9705 6221 6642 887 58 55 511 03 -193 1.1
265 10039.5 922.3 7437 8424 842 84 74 434 15 -189 1.0
270 5883.7 780.5 8828 1567.7 583 266 150 499 01  -195 1.8
275 4548.1 9345 8993 4018 714 88 198 583 02 -198 1.6
280 2769.5 995.2  639.9 0.0 769 00 231 555 01 -208 0.7
285 3758.1 1314.4 12117 8289 457 221 322 398 02 -202 15
290 999.4 0.9908 8.6 0.0 991 00 09 408 02 -204 15
295 23285 1.1621 11664 0.0 499 00 501 354 02 -206 16
300 2435.2 22552 107 1694 926 7.0 04 266 02 -203 1.6
305 4569.8 2.3515 20823 1360 515 3.0 456 381 04 -194 1.8
310 3817.6 2.4518 1365.8 0.0 642 00 358 302 03 -21.3 20
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Total

Depth Extractable P Prinoal  Poganc  Podde  Pmin Poganic  Poide Opal  Cog  8°Cog CiN
cm umol/g umol/g umol/g  umol/g % % % wt. % wt. % %0
315 3561.2 1.9689 1317.3 2750 553 7.7 370 293 03 -202 26
320 4622.7 2.1472 16363 839.2 464 182 354 311 02 216 50
325 3163.9 1.7958 1368.1 0.0 568 00 432 360 02 -203 20
330 3593.5 1.6207 17121 2607 451 7.3 476 339 02 -187 16
335 2983.9 15077 14762 0.0 505 0.0 495 262 03 215 4.0
340 1815.1 0.8280 987.2 0.0 456 00 544 189 03 -209 3.0
345 848.8 0.2426 5540 522 286 61 653 95 02 -197 1.9
350 1939.1 0.6149 13242 0.0 31.7 00 683 253 04 -183 24
355 2844.4 1.1537 14922 1984 406 7.0 525 320 04 -194 41
360 3042.9 1.6059 12424 1946 528 64 408 310 04 -199 43
365 3264.2 1.1555 15368 5719 354 175 471 264 04  -193 28
370 3528.8 1.3905 1829.6 3087 394 87 518 257 04 -205 4.2
375 2411.3 1.0423 11085 2605 432 108 460 469 03 -21.0 29
380 1662.5 0.7462 577.3 3391 449 204 347 483 02 -205 23
385 1757.0 0.7836 9489 246 446 14 540 456 0.2 NA  NA
390 7984.8 59148 1016.3 10537 741 132 127 309 04 -188 22
395 2704.3 15691 720.3 4149 580 153 266 417 03  -202 3.2
400 2758.2 0.9882 15963 173.7 358 63 579 361 03 -181 23
405 2507.7 0.8981 1609.6 0.0 358 00 642 331 03 -180 20
410 2682.7 1.2204 10858 3765 455 140 405 365 03  -182 29
415 2681.6 0.9276 1554.4 1996 346 74 580 372 02 -180 20
420 4121.9 3.2227  899.2 0.0 782 00 218 448 02 -216 28
425 2694.2 1.1545 14780 617 429 23 549 516 02 -187 6.3
430 2059.5 1.1263 933.2 0.0 547 00 453 512 02 -191 217
435 2543.4 1.1374 1369.1 370 447 15 538 488 02 -186 18
440 2597.2 1.2449 13523 0.0 479 00 521 526 02 -189 25
445 2537.2 1.0909 14463 0.0 430 00 57.0 479 02 -192 36
450 2528.0 1.2683 1259.6 0.0 502 00 498 525 02 -204 3.1
455 2623.6 1.0645 1067.0 4919 406 188 407 491 02  -207 27
460 2497.3 1.1793 11200 1980 472 7.9 448 438 02 -211 33
465 2051.8 1.3689 296.8 3861 667 188 145 393 02 -192 23
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Total

Depth Extractable P Prinoal  Poganc  Podde  Pmin Poganic  Poide Opal  Cog  8°Cog CiN
cm umol/g umol/lg  umol/lg pmol/g % % % wt. % wt. % %0
470 4386.7 2.8724 13536 1606 655 3.7 309 398 02 -198 28
475 3740.3 1.6565 1897.7 1862 443 50 507 231 02 -191 14
480 4160.3 23726 1787.8 0.0 570 00 430 257 03 -186 25
485 3758.2 1.8894 1868.8 0.0 503 0.0 497 141 02 -180 27
490 5478.6 2.7622 11858 1530.6 504 279 216 130 02 -194 25
495 4170.6 2.1559 1642.8 3719 517 89 394 118 02 -17.8 2.1
500 3754.1 1.7571 18969 100.1 468 2.7 505 172 02 -180 1.9
505 3739.8 1.3737 1856.7 509.4 367 136 496 179 02 -19.0 25
510 3130.0 1.9324 11976 0.0 617 00 383 133 03 -188 20
515 3283.8 1.2319 1687.1 3648 375 111 514 171 02  -187 26
520 3096.9 0.9424 19217 2328 304 75 621 157 02 -185 23
525 2605.6 0.9705 16351 0.0 372 00 628 170 03 -17.7 36
530 2451.6 0.9223 14922 372 376 15 609 171 03 -196 5.2
535 21425 0.7805 1362.0 0.0 364 00 636 141 03 -193 26
540 2402.3 0.9345 13935 743 389 31 580 162 02 -182 NA
550 2533.9 0.9952 14625 763 393 30 577 153 03 -185 27
560 2272.7 1.3144 958.3 0.0 578 0.0 422 192 03 -193 3.2

NA = Not determined
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