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ABSTRACT 
  

 Instrumental and observational records of climate in West Africa suggest that this 

region may be susceptible to abrupt, decades-long drought events, with potentially 

catastrophic impacts for the people living in this region.  However, because of the dearth 

of long, continuous and high quality climate records from sub-Saharan Africa, little is 

known about the long-term frequency and persistence of drought events in this region.  It 

is also unclear whether observed 20th century droughts are natural or due to human 

impacts.  In the present study, we use several complementary approaches to develop a 

high-resolution record of paleoclimatic changes in West Africa from the geological 

record preserved at Lake Bosumtwi, Ghana.   

Our results suggest that West Africa has undergone significant hydrologic 

variations over the last ca. 10,000 years.  The dominant influence on hydrologic changes 

over this interval was changes in northern hemisphere summer insolation and the 

associated feedback processes acting in the oceans and on land. This led to a more 

northerly position of the Intertropical Convergence Zone (ITCZ) and increased 

precipitation during the early to mid-Holocene.  In the late Holocene, a second increase in 

precipitation occurred along the Guinea coast as a result of the southward migration of 

the ITCZ from its northern position.  This maximum was followed by an abrupt decrease 

in precipitation at ca. 2.5-3 kyr. 

  The West African monsoon also varies on timescales from millennia to decades.  

Millennial and century-scale variations appear to be partly paced by changes in solar 
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irradiance, either directly or indirectly.  On decadal timescales, variability appears to be 

dominated by changes in Atlantic sea surface temperatures.  The dominant mode is a ca. 

40 year oscillation, which in strongly coherent and in phase with the Atlantic 

Multidecadal Oscillation (AMO). It is unclear from this study, however, if drought 

conditions over the last century are related to this multidecadal oscillation, or if they are 

forced by anthropogenic changes. 
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1. INTRODUCTION 
 
 

In recent years, studies of the monsoon tropics, where millions of people rely on 

rain-fed agriculture for survival, have highlighted the sensitivity of these regions to 

abrupt and dramatic changes in precipitation (e.g., Agnew and Chappell, 1999; Foley et 

al., 2003; Hoerling et al., 2006; Hulme et al., 2001; Nicholson et al., 2000).  The 

vulnerability of the West African monsoon to abrupt shifts in climate is evidenced over 

the instrumental record by the severe drought in the Sahel region, which began suddenly 

in the 1970s following several decades of average to above average rainfall throughout 

West Africa (Hastenrath, 2000; Hulme et al., 2001; Long et al., 2000; Nicholson et al., 

2000; Figure 1a).  The persistence of drought conditions over the subsequent several 

decades has resulted in widespread famine, mass human migration and political 

instability in the region (Benson and Clay, 1998; Findley, 1994).  Because of the high 

profile of these impacts, the causes of the “Sahel drought” and its notable persistence has 

received a great deal of attention from climatologists (e.g., Giannini et al., 2003; 

Hastenrath, 2000; Hoerling et al., 2006; Hulme et al., 2001; Long et al., 2000; Nicholson 

et al., 2000).  Less often noted is the fact that this drought also affected the more humid 

coastal zone and was therefore not simply limited to the northern reaches of the monsoon 

(Moron, 1994; Paeth and Friederichs, 2004) (Figure 1b). 

Numerous hypothesizes have been posited to explain both the length and the 

severity of the West African drought. Although the cause of its persistence may be the 

combined result of land surface feedback effects (Charney et al., 1975; Clark et al., 2001; 

Douville et al., 2001) and remote forcing, most authors now attribute the dominant modes 
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of variability in West African rainfall to changes in local and remote sea surface 

temperature (SST) (e.g., Giannini et al., 2003; Hoerling et al., 2006; Vizy and Cook, 

2001).  On inter- and intra-annual scales, the dominant forcing mechanism is believed to 

be SSTs in the tropical Atlantic, which drive monsoon variability through changes in 

latent heat fluxes over land (Camberlin et al., 2001).  On seasonal timescales, local SSTs 

in the Gulf of Guinea and the equatorial Atlantic have a strong influence on West African 

monsoon precipitation.  Warm SST anomalies in the Gulf of Guinea tend to increase 

rainfall over the coastal region and decrease rainfall in the Sahel to the north (Vizy and 

Cook, 2001).  

 On interannual and longer timescales, rainfall over west Africa is dominated by 

two modes of tropical Atlantic SST variability: the equatorial and the meridional modes 

(Camberlin et al., 2001; Chang et al., 2000; Fontaine and Janicot, 1996; Fontaine et al., 

1998; Moura and Shukla, 1981).  The equatorial or zonal mode is related to changes in 

equatorial SSTs and are analogous to El Niño phenomena in the tropical Pacific, though 

much weaker (Camberlin et al., 2001; Chang et al., 2000; Fontaine et al., 1998).  When 

they do occur, they take the form of positive SST anomalies in the eastern equatorial 

Atlantic associated with deepening of the thermocline and negative easterly wind 

anomalies at the equator, analogous to the Pacific, but less intense. Warm (cold) 

anomalies are associated with anomalous southerly (northerly) position of the 

Intertropical Convergence Zone and increased (decreased) precipitation over the coastal 

region (Camberlin et al., 2001; Chang et al., 2000; Fontaine et al., 1998).     
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The meridional mode reflects a north-south interhemispheric gradient in tropical 

Atlantic SSTs (the Atlantic SST dipole) and appears to be important for decadal-scale 

variations in precipitation over both West Africa and in NE Brazil (Chang et al., 1997; 

Fontaine et al., 1998; Moura and Shukla, 1981).  Although the existence of a physical 

dipole has been questioned (Houghton and Tourre, 1992), modeling studies of the 

impacts of SST variations on West African rainfall show a strong relationship between 

cross equatorial SST gradients and the strength of the West African monsoon circulation 

(Chang et al., 1997; Chang et al., 2000; Fontaine et al., 1998; Vizy and Cook, 2001).  The 

causes of the variations in this meridional mode are also unclear, though several 

mechanisms have been suggested, including feedbacks between the SST gradients, 

evaporation and the strength of cross equatorial winds, or the rate of deepwater formation 

in the North Atlantic (Chang et al., 1997; Yang, 1999).  

 More recently, several modeling studies have highlighted the possibility of remote 

forcing of West African rainfall by warming SSTs in the Indian Ocean and throughout 

the southern hemisphere tropics (Giannini et al., 2003; Hoerling et al., 2006). Using 

NASA’s NSIPP1 atmospheric general circulation model, Giannini and coworkers (2003) 

showed that West African precipitation is extremely sensitive to global oceanic SSTs.   

According to their modeling results, the recent (1960-1980) drying trend in the Sahel is 

controlled primarily by the warming trend in the Indian Ocean, as well as more frequent 

Atlantic Niños both of which result in a dampening of the land ocean temperature 

contrast and a weakening of the West African monsoon (Giannini et al., 2003).  This 

connection between tropical SSTs and rainfall over West Africa is readily apparent in 
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maps of the correlations between SSTs and mean annual rainfall in both the Guinea 

coastal zone and the Sahel (Figure 1 c,d). 

El Niño events can also reduce precipitation over much of West Africa through 

remote warming of the troposphere and changes in the Walker circulation.  However 

these connections are weak and inconsistent (Chang et al., 2006; Nicholson, 2001).  The 

inconsistent relationship between Pacific and Atlantic Nino’s is the result of destructive 

interference between the reduction in convection caused by warming of the troposphere, 

and easterly wind anomalies, which induces shoaling of the thermocline in the eastern 

Atlantic; resulting in cooling (Chang et al., 2006).   Whether a Pacific ENSO event 

manifests itself as an Atlantic Niño depends on the mean state of the upper ocean in the 

equatorial Atlantic prior to the event, a factor that may have changed in the 1970s (Chang 

et al., 2006).  

   

Insights from the paleoclimate record 

High-resolution paleoclimatic records offer the potential to extend our knowledge 

about climate variability beyond the relatively short instrumental record, providing 

insights into the causes of both natural and anthropogenic climate change.  In conjunction 

with modeling efforts, such efforts offer the opportunity to greatly expand our 

understanding of the climate system, both locally and in a global framework. This type of 

approach is particularly important in regions where the timescales of variability can be 

very long.  For example, the Atlantic Multidecadal Oscillation, AMO appears to have 

roughly a 65 year period (Enfield and Mestas-Nuñez, 1999), which is difficult to study 
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using the relatively short (75-100 year) instrumental record.  The short period of 

observational data is also particularly problematic in that it makes it difficult to separate 

natural variations in the climate system from those forced, at least in part, by 

anthropogenic influences. 

Existing paleoclimate records provide evidence thatclimate systems vary on a 

variety of timescales in both the high and low latitudes, and that the range of variability is 

substantially greater than that of the instrumental record.  Dominant timescales of climate 

variabilities reconstructed from the geological record include: orbital (e.g., Berger, 1978; 

Imbrie et al., 1992), millennial (Dansgaard-Oeschger cycles, Heinrich events; e.g., 

Dansgaard et al., 1993; Bond et al., 1999) and decadal and century scales (Cole et al., 

1993; Diaz and Markgraf, 1992; Mann and Park, 1994; Schlesinger and Ramankutty, 

1994; Sutton et al., 2000).  Understanding the range of natural variability in the climate 

system, and the forcing mechanisms and feedbacks involved, is critical to understanding 

how the climate system functions, and how it may change under future, anthropogenic 

changes. 

As some of the most dynamic atmospheric and hydrologic systems on earth, the 

African and Asian monsoons likely play key roles in triggering, propagating and 

enhancing past climate changes on glacial and millennial timescales.  A number of 

studies from the Asian and African monsoon regions show that millennial-scale 

precipitation shifts occurred in-phase with pronounced millennial-scale temperature 

changes in the high latitudes of the northern hemisphere (Arz et al., 2001; Schulz et al., 

1998; Wang et al., 2001; Burns et al., 2003) (Figure 2), though the evidence for these 
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events in records from tropical Africa is less well established (Gasse, 2000).  Regardless, 

the widespread tropical hydrologic response to abrupt changes at the high latitudes offers 

an opportunity for understanding how the earth’s climate systems are linked.  Clement 

and Cane (1999) suggested that changes in the regions of tropical convection may be 

induced directly through hemisphere-wide reorganizations of atmospheric circulation.  

Alternatively, changes in the strength and location of the Atlantic meridional overturning 

circulation (MOC) due to changes in the salinity and temperature structure of the North 

Atlantic may also impact strength and position of the ITCZ through linkages with the 

SSTs in the tropical oceans, and monsoon systems may help to amplify or propoagate 

these effects through the tropics (e.g., Broecker, 2003; Overpeck and Cole, 2006; 

Stouffer et al., 2006). 

The Holocene interglacial period offers another opportunity for studying the 

response of monsoon systems to external forcing.  There is abundant evidence from both 

archaeological and paleoclimate studies showing a dramatic northward expansion of the 

African monsoon during the early Holocene climatic optimum (Gasse, 2000; Gasse and 

Campo, 1994; Gasse et al., 1990; Hoelzmann et al., 2001; Prentice and Jolly, 2000; 

Street-Perrott and Perrott, 1990).  This observation is consistent with the increased 

northern hemisphere summer insolation (Berger, 1978) and the expected strengthening of 

the monsoon in response to the increased land-ocean temperature contrast (Braconnot, 

2000; Joussaume et al., 1999; Kutzbach and Otto-Bliesner, 1982; Kutzbach and Street-

Perrot, 1985).  Despite these consistencies, general circulation models were not able to 

simulate the magnitude of these changes correctly until feedbacks for soil moisture, 
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ocean circulation and vegetation changes were included (Levis et al., 2004; Otto-Bliesner 

et al., 2006), illustrating the extreme sensitivity of the African monsoon to external 

forcing and the potential for large nonlinear feedbacks. 

Paleoclimate records also suggest that the African monsoon was characterized by 

a number of large, abrupt hydrologic changes (Gasse, 2000; Gasse, 2005; Street-Perrott 

and Perrott, 1990) (Figure 3).  One of the most dramatic examples of the nonlinear 

response of the African monsoon to climate forcing comes from a record of aeolian dust 

flux off the coast of Northwest Africa (deMenocal et al., 2000).  This record shows 

abrupt changes in dust flux at both the beginning and end of the Holocene humid period, 

and has been interpreted as indicating a nonlinear response of the monsoon to gradual 

changes in insolation (deMenocal et al., 2000).  Subsequent modeling efforts using low-

resolution atmosphere-ocean model provided additional support for this hypothesis 

(Claussen et al., 1999).  Additional support for this abrupt response has been difficult to 

obtain, in part because of the scarcity of continuous records encompassing the entire 

Holocene (many are discontinuous because of the mid Holocene drying) (Hoelzmann et 

al., 2001) and because of difficulty in assessing the relative abruptness of this shift from 

indirect proxy evidence.  However, there is growing evidence that there may be spatial 

differences in the timing and abruptness of this transition (e.g., Elenga et al., 2004; 

Kuhlmann et al., 2004; Russell et al., 2003; Vincens et al., 1998). 

 Similar questions exist about millennial-scale climate fluctuations in Africa 

during the Holocene.  Compilation of records from the literature suggests that major 

drying events occurred at sites across Africa at around 8.5-7.8, 7-6.6 and 4.5-3.5 ka (ka = 
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1000 years ago), and may correlate with events outside of the tropics (Gasse, 2000; 

Gasse, 2005; Street-Perrott and Perrott, 1990) (Figure 3).  However, the evidence for 

these events and their characteristics varies widely across Africa (Gasse, 2000; Johnson 

et al., 2002; Maley and Brenac, 1998; Peck et al., 2004; Stager et al., 1997; Thompson et 

al., 2002).  Furthermore, many of these records lack the necessary chronological control 

to examine the relative timing of these events. 

 Over the last several years, the development of high-resolution records from 

tropical Africa has allowed for the examination of century-scale to decadal modes of 

climate variability in tropical Africa and across the monsoon region (Figure 4).  

Verschuren and coworkers (2000) generated a 1200 year long record of lake level 

variations from East Africa, which showed that distinct wet and dry intervals correlated 

with century-scale periods of lower and higher solar radiation (e.g., Maunder, Spörer and 

Wolf solar minima) (Verschuren et al., 2000b). Similar intervals of climatic change have 

been noted in other high resolution records from East Africa including wind-driven 

upwelling proxies from Lake Malawi (Johnson et al., 2001), diatom-inferred salinity from 

Lake Victoria (Stager et al., 2005), percentage magnesium (% Mg) in Lake Edward 

(Russell and Johnson, 2005) and oxygen isotopes in ice cores from Kilimanjaro 

(Thompson et al., 2002), though the quality of chronological control on these records is 

variable.  In the Asian monsoon region, a growing number of records also show striking 

similarities to reconstructed solar intensity variations on millennial, centennial and 

decadal timescales (Hodell et al., 2001; Gupta et al., 2003; Jung et al., 2004; Morrill et 

al., 2003; Morrill et al., 2006; Neff et al., 2001; Wang et al., 2005).  Perhaps most 
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convincing are the striking decadal-scale similarities between lake sediment proxies in 

the Yucatan (Hodell et al., 2001), the speleothem record at Hoti cave (Neff et al., 2001) 

and isotopic varations in Arabian Sea cores (Jung et al., 2004), and the record of 

atmospheric ∆14C variations (a proxy for solar intensity) through the Holocene. 

  Understanding the nature and cause of decadal to millennial climate variations in 

the African monsoon will require the generation of more high-resolution records from the 

geological record.  There is a need for records with good chronological control, the 

ability to resolve high frequency changes in climate, and the potential for providing 

quantitative estimates of past changes.  There is also a need for high-resolution 

continuous records from outside of eastern, central and southern Africa, and in particular, 

in the west and in the north, in order to better understand the spatial patterns of past 

changes. 

 

Establishing a benchmark paleoclimate record for West Africa 

A potentially extremely valuable source of information about long-term variations 

in the climate of West Africa is Lake Bosumtwi.  Lake Bosumtwi (6° 30’ N, 1° 25’ S) is 

formed in a 1.07 myr meteorite impact crater in southern Ghana (Koeberl et al., 1997) 

(Figure 5).  The present-day lake has a diameter of approximately 8 km, a surface area of 

around 52 km2 and a catchment area of 75 km2.  It is hydrologically closed, with no 

external drainages, and the only surface water outlet is a spillway notch ca. 120 m above 

the present lake surface (Turner et al., 1996).  These characteristics make it highly 

sensitive to small changes in the water balance; in particular precipitation, cloudiness and 
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temperature (see Appendix 2).  Lake Bosumtwi’s depth (76 m), warm tropical location 

and sheltering by the steep crater walls result in limited seasonal mixing and continuous 

bottom water anoxia, which allows the formation of annual sediment varves (Appendix 

1).  The presence of annual sediment laminations offers the unique potential for high-

resolution climate reconstructions in a region currently lacking other long, high-

resolution paleoclimatic archives (tree rings, ice cores).  In addition, Lake Bosumtwi’s 

sensitivity to hydrologic changes suggest that it should provide an excellent record of 

hydrologic variations in West Africa. 

The modern climatology of the Bosumtwi region of Ghana is dominated by the 

West African monsoon and the seasonal migration of the ITCZ.  In contrast to the 

monsoonal climate of the Sahel region to the north, which has only a single rainy season 

during July, August and September, Lake Bosumtwi falls within the Guinea coastal 

region (Moron, 1994) and receives abundant rainfall from April through October 

(Appendix 2, Figure 6) (Opoku-Ankomah and Cordery, 1994). The annual rainy season 

in the Guinea coast is separated into three periods, the early rains (April-June) when the 

majority of the summer precipitation occurs, the little dry season (July-August) when 

summer precipitation is reduced appreciably, and the short rainy season (September - 

November) (Moron, 1994; Opoku-Ankomah and Cordery, 1994).  During the spring and 

summer, the migration of the ITCZ northward across the continent brings moisture-laden 

winds to West Africa. At the height of the summer, when the ITCZ is located at its most 

northerly position, intense southeast winds induce upwelling of cold water in the Gulf of 

Guinea reducing evaporation and stabilizing the atmosphere over the coastal zone, 
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reducing precipitation in July and August (Moron, 1994 ; Opoku-Ankomah and Cordery, 

1994).   In the fall, as the monsoon retreats and Gulf of Guinea temperatures warm, a 

secondary maximum in precipitation occurs.  Very little precipitation occurs during the 

winter months, as the winds reverse and warm, dry and stable air from the northeast 

inhibits the formation of precipitation. 

Sediment and geochemical studies from Lake Bosumtwi have already shown its 

potential as a paleoclimatic archive of changes in the West African monsoon (Brooks et 

al., 2005; Maley, 1991; Russell et al., 2003; Talbot and Delibrias, 1977; Talbot and 

Johannessen, 1992 ).  Seminal work by Talbot and coworkers (1977) on terraces and 

stratigraphic sections exposed in river cuts revealed that Lake Bosumtwi underwent 

several extremely large (tens of meters) lake level fluctuations since the last deglaciation 

(Talbot and Delibrias, 1977).  Elemental (C, N) and isotopic measurements on bulk 

organic matter from sediment cores provided further support for dramatic and abrupt 

changes in sedimentation over the last 30 ka (Talbot and Johannessen, 1992). These data 

support the lower-resolution pollen studies of the crater sediments which indicate that the 

lowland forest of coastal Ghana was replaced by grassland-savanna vegetation during the 

glacial period (Maley, 1991).  Particularly notable in these records is the evidence for a 

rapid and dramatic transition from dry, glacial conditions to extremely wet conditions at 

ca. 10 ka (Maley, 1991; Talbot and Johannessen, 1992).   

More recently, Peck and coworkers (2004) examined the mineral magnetic 

characteristics of Lake Bosumtwi and noted the increased abundance of iron sulfide 

minerals (greigite) centered at ca. 12,470, 17,290 and 22,600 cal yr, coincident with the 
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timing and duration of the Younger Dryas and Heinrich events 1 and 2 (Peck et al., 

2004). These data provide unequivocal evidence for a connection between processes 

occurring in the higher northern latitudes and the strength of the West African monsoon.  

However, the mechanisms by which the West African monsoon is tied to variations at 

higher latitudes are poorly understood and require further attention. 

 

Current research 

During visits in 1999, 2000 and 2004, a variety of sediment cores (freeze cores, 

piston cores, GLAD-800 drill cores) were collected from the central part of Lake 

Bosumtwi with the goal of producing long, high-resolution paleoclimatic records for this 

region of West Africa.  The primary focus of this thesis is the Holocene portion of the 

record, the upper ca. 3,000 years of which are annually laminated (varved), along with a 

secondary focus on the crater stratigraphy and hydroclimatological modeling of the basin.  

 A variety of sedimentological and geochemical analysis are used to reconstruct 

past environmental and hydrological changes at Lake Bosumtwi.  Among them are 

changes in the elemental (carbon and nitrogen) and isotopic ( δ13C and δ15N) composition 

of bulk organic matter, the stable isotopic composition of authigenic carbonates (δ18O 

and δ13C), the grain size parameters of the sediments, the composition of major and trace 

elements (Al, Si, Ti Ca, K, Fe, Mn) and the thickness of annual laminae.  The suitability 

of each of these for reconstructing past environmental conditions is described in the 

chapters and manuscripts contained in this dissertation. 
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Interpretation of the geological reconstructions described here is enhanced 

through the forward modeling of both the isotopic and water balances of Lake Bosumtwi.  

These approaches allow us to place quantitative constraints on the magnitudes of 

hydrological changes during specific, well-constrained intervals of time.  In the future, 

linking these results with those of GCM simulations should provide improved insights 

into the nature and causes of hydrological changes in West Africa. 
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Figure 1.1.  A comparison between the instrumental record of annual precipitation 
for the Sahel region of West Africa and the Guinea Coast where Lake Bosumtwi is 
located.  Although there are differences between the two areas, both show elevated 
precipitation in the 1950s through 1960s and a dramatic drop in precipitation at 
around 1970. Correlation maps with sea surface temperature fields show broadly 
similar patterns, suggesting a similar cause.  (a) The Sahel (averaged over the 
interval 15°N -20°N, 15°W -0°E) and (b) the Guinea coast at the latitude of Lake 
Bosumtwi (averaged over the interval 5°N -7°N, 15°W -0°E).  (c) Correlation plot of 
Sahel precipitation in (a) with global sea surface temperatures (SST) (d) same as (c) 
but for the Guinea coast (b) region.  Boxes in c, d indicate approximate locations of 
averaged areas in a, b.  Precipitation data obtained from the CRU TS 2.1 0.5° 
gridded dataset (Mitchell and Jones, 2005).  SSTs obtained from the NCDC v2 
ERSST reconstruction (Smith and Reynolds, 2004).  Correlation plots were 
produced using the KNMI Climate Explorer (Oldenborgh et al., 2004).   

d
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Figure 1.2.  Comparison of the millennial scale climate changes identified in the oxygen 
isotopic composition of Greenland ice cores (NGRIP Members, 2004), a proxy for high 
latitude temperature, and millennial-scale variations in the Asian monsoon reconstructed 
from oxygen isotope variations in speleothems from Hulu Cave, China (Wang et al., 
2001). Numbers indicate Dansgaard-Oeschger cycles as identified in Greenland Ice cores. 
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Figure 1.3.  Proxy records of hydrologic changes in Africa during the last 
16 kyr. The records appear to show synchronous millennial scale 
hydrologic events with timing that is similar to events seen at high 
latitudes. (a) Changes in terrigenous dust flux in marine cores off the 
coast of Mauritania (deMenocal et al., 2000).  Red line shows changes in 
solar insolation at 20° N for the boreal summer, from Berger, (1978). (b) 
Variations in the level of Lake Abhe, Ethiopia (Gasse, 1977; Gasse and 
Campo, 1994)(c) Changes in lake level reconstructed for Lake Ziway 
Shala, Ethiopia (Street, 1979). (d) Lake level changes at Lake Bosumtwi, 
from (Talbot and Delibrias, 1980) and updated in this dissertation 
(Shanahan et al., accepted) (Appendix 2).
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Figure 1.4. Late Holocene paleoenvironmental records from Africa. (a) Changes in the 
accumulation of biogenic silica, a proxy for windiness, from Lake Malawi (Johnson et 
al., 2001). (b) Changes in lake level reconstructed from lithological changes at Lake 
Naivasha (Verschuren et al., 2000a). (c) Changes in the oxygen isotopic composition of 
ice cores from Kilimanjaro (Thompson et al., 2002). (d) Reconstruction of solar 
variability from red line: (Bard et al., 2000) and grey line: (Wang et al., 2005b). 
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Figure 1.6.  Climatology of the Bosumtwi region. Grey bars indicate 
monthly precipitation totals, solid line indicates monthly sunshine 
duration (a proxy for cloudiness), dashed line is windiness.  Data 
represent 1961-2000 mean values measured at the Kumasi 
meteorological station, 30 km from Lake Bosumtwi.  Data obtained 
by TMS from the Ghana Meteorological Services Office, Legon, in 
2004.  
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2. PRESENT STUDY 
 

The manuscripts, results and conclusions of this study are presented as a series of 

papers formatted for publication in professional journals and are appended to this 

dissertation.  Each appendix is formatted according to the specific formats of the 

particular journal. All articles are coauthored, though I am the senior author on all 

documents herein.  

This dissertation is a compilation of work focused on developing a 

paleoenvironmental record for the late glacial and Holocene period in West Africa, based 

on sediment geochemical data from Lake Bosumtwi, Ghana.  The first study (Appendix 

A) focuses on understanding the processes behind the formation and preservation of 

sediment laminae in Lake Bosumtwi and their potential as annual chronometers.  We first 

developed a detailed record of laminations covering the last ca. 3 kyr using a variety of 

coring techniques focused on capturing the most recent portion of the records.  

Traditional (visual thin section analysis, scanning electron microscopy) and novel 

(scanning-µ-XRF mapping) techniques provide a better understanding of the mechanisms 

of varve formation and to develop a varve-based chronology.  Radiometric dating 

techniques confirm the varve counts and the annual nature of the laminations.  These 

results suggest that although changes in laminae type accompany paleoenvironmental and 

palaolimnological changes, the laminae likely remain annual and may be used as a 

chronometer for the deeper portions of the sediment record. This Appendix contains 

significant material also produced by C.W. Wheeler prior to my joining the project and I 

am indebted to him for his efforts and careful work. 
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The second study (Appendix B) examined the hydrologic controls on recent lake 

level variations at Lake Bosumtwi as a means of improving our understanding of the 

processes controlling lake level changes in the geological record.  To do so, we 

developed a water balance model for the lake, which is based on a mass balance 

approach.  We tested several models for estimating evaporation and found, based on a 

comparison between simulated and observed lake level changes, that the most effective 

approach was an energy balance model.  Sensitivity tests showed that the most important 

factors in controlling lake level are precipitation and temperature though other factors 

could also be important under very different climate regimes. 

Appendix C describes the results of a field study undertaken to examine the 

evidence for and reconstruct the history of past lake level fluctuations at Lake Bosumtwi, 

Ghana.  Because streams within the crater deeply incise old lacustine sediments deposited 

during past highstands, stratigraphic studies of these sediments offer an opportunity to 

reconstruct the history of lake level changes.  Previous work (Talbot et al., 1977; Talbot 

et al., 1980) provided a framework for this study.  During a site visit in 2002 

(accompanied by C.W. Wheeler), we were successful in reexamining the stratigraphic 

evidence and providing improved constraints on the chronology of past highstands via 

numerous additional radiocarbon dates.  Surprisingly, much of the chronology and 

interpretations of previous authors held up to scrutiny, despite the limited chronological 

control in this earlier work.  Among the findings of this study are that the late glacial and 

Holocene period was subject to a number of abrupt and large climate events, the timing 

of which is similar to abrupt events in the high latitudes of the northern hemisphere.  By 
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identifying the paleobeaches associated with each stand we also estimated the relative 

response of the lake to each event.  We used these results in Appendix D to model 

paleoprecipitation changes during these abrupt climate changes. 

Appendix D describes the application of the model described in Appendix B to 

simulate the hydrologic conditions associated with the paleolake stands identified in 

Appendix C.  Additional paleostands identified by other workers (Brooks et al., 2005; 

Peck et al 2004) and in this study (Appendix G) were also modeled.  Our model suggests 

that the precipitation changes associated with apparently large lake level changes in the 

geologic record were generally relatively small. Estimates of precipitation changes were, 

for the most part, consistent with existing estimates for northern hemisphere Africa from 

general circulation model (GCM) simulations and other paleolake modeling studies.  

However, GCM results typically infer changes that are too small or in the opposite 

direction observered for coastal locations, possibly indicating some problems in 

simulating the spatial patterns of hydrologic changes over West Africa.   

These results highlight the sensitivity of Lake Bosumtwi to changes in the water 

balance and the danger of not considering the physics behind the hydrologic changes 

observed in the geological record.  Furthermore, variations in other factors such as 

temperature and cloudiness also have a significant influence on lake level (mostly as 

positive feedbacks) and may tend to lead to overestimates of the degree of hydrologic 

changes.  However, our model also suggests that the recent success of GCM simulations 

in reproducing hydrologic changes in the Sahara during the Holocene may not be 

completely accurate.  Future studies may need to consider the spatial patterns of 

37



 

paleoenvironmental changes when interpreting their effectiveness. In particular the 

simulated decreases in precipitation in coastal west Africa are difficult to reconcile with 

our results from Lake Bosumtwi. 

Appendix E provides a high-resolution record of hydrologic changes at Lake 

Bosumtwi over the last 3 kyr from geochemical measurements on annually laminated 

sediment cores.  Our study focused on using δ18O, C/N and scanning XRF elemental 

variations as proxies for paleohydrological changes.  Support for our record is based on a 

comparison of geochemical records and geomorphological evidence of past lake stands.  

The data suggest that the climate of west Africa has been subject to long, persistent 

droughts on decadal and century timescales throughout the late Holocene.  Decadal and 

multi-decadal droughts appear to be driven by processes operating on in the Atlantic, 

such as the Atlantic meridional mode (an internally forced oscillation of the cross-

equatorial SST gradient which varies on a 11-12 year timescale) and the Atlantic 

Multidecadal Oscillation (AMO), a multi-decadal mode of variability in the northern 

Atlantic.  Our record suggests that such modes have operated throughout the late 

Holocene.  We also identify several longer, century-scale modes (210, 350, 550 year 

periods).  The frequencies of these modes resemble those in reconstructions of solar 

intensity variations, implicating changes in the sun for century-scale climate variability in 

west Africa (as it has been suggested for the Asian and Indian monsoons).   However, 

these variations are neither in phase nor coherent with variations in solar irradiance, and a 

visual examination reveals little apparent correlations between the records.  This indicates 

that at least during the late Holocene, century-scale changes in the West African monsoon 
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were either not controlled by changes in solar irradiance, or if they were the influence 

was indirect and probably weak. 

In Appendix F, the record of West African hydrologic variability is extended to 

the beginning of the Holocene, in order to examine the evolution of the monsoon under 

changing conditions through the Holocene.  To do this we merged the data presented in 

the previous Appendix (E) with additional high resolution scanning XRF measurements 

on the unlaminated unit covering the interval between ca. 2.6 and 9.5 kyr BP.  The most 

significant finding from this study is the length and relative stability of the record over 

most of the Holocene.  Although clear variations are apparent, there is no evidence for a 

lake level recession until after ca. 3500 years ago, significantly later than at sites to the 

north (e.g., 5500 yr BP).  The timing and abruptness of this transition,in comparison with 

the gradual changes in insolation forcing, provide strong support for the importance of 

oceanic feedback mechanisms in controlling the timing of changes in the West African 

monsoon.  Our data also highlight the evidence for several abrupt droughts in the early 

Holocene. However, the timing of these events often differs from those seen elsewhere in 

the tropics and in the high latitudes, raising questions as to whether large, millennial 

events seen in records around the globe during the Holocene are actually synchronous.  

Finally, the longer Bosumtwi record presented here allows us to further examine the 

evidence for solar forcing of climate changes during the Holocene.  As with the late 

Holocene data, it is not clear how much of a role solar irradiance plays in controlling 

century-scale climate changes in Africa.  However, our data suggest that its influence 

may have been greater during the early Holocene. 
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The final Appendix G of this dissertation describes the application of scanning 

XRF compositional mapping to the study of laminated sediments. As part of the NSF-

funded Varves workshop (Institute for the Study of Planet Earth, University of Arizona, 

Tucson, AZ; May, 2006), we were able to obtain samples of varved sediments from a 

number of contributers that provided a wide range of sediment types.  After developing 

protocols for the measurement and postprocessing of elemental map data, a large number 

of example sediments were mapped (using resin embedded pucks).  The results of this 

study indicated that compositonal mapping can be an exceptionally valuable tool in 

determining the makeup of individual varve components and the processes surrounding 

their formation.  In many cases, XRF maps provided evidence for geochemical 

components that may be important for reconstructing the paleoenvironmental history of 

the lake system but were not previously identified.  Thus, compositional mapping 

provides a valuable, complementary tool for studying laminated sediment records. 
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THE FORMATION OF BIOGEOCHEMICAL LAMINATIONS IN LAKE 
BOSUMTWI AND THEIR USEFULNESS AS INDICATORS OF PAST 

ENVIRONMENTAL CHANGES 
 
T.M. Shanahan, C.W. Wheeler, J.T. Overpeck,  J.W. Beck, J. Peck, J.King,  C. Scholz 
 
 
Abstract 

The sediments from Lake Bosumtwi, Ghana contain a unique record of fine-scale (mm to 
sub mm) laminations, which will provide a valuable annual chronometer for 
reconstructing paleoenvironmental changes in West Africa, potentially over the last 1 
Ma.  Comparisons of laminae counts to independent 210Pb dates and the depth of the rise 
in anthropogenic “bomb” radiocarbon support the annual nature of the sediment 
laminations.  Although bulk organic radiocarbon dates of deeper sediments are 
potentially unreliable because of sediment reworking, radiocarbon dates of in-situ fish 
bone collagen are in agreement with varve counts, further supporting the annual nature of 
our varve chronology. Over the instrumental period (1925-1999), varve thickness 
measurements are weakly correlated with local rainfall (r= 0.54) but appear able to 
resolve decadal scale changes in precipitation and support our interpretation of the 
mechanism of varve formation.  Downcore, varves undergo significant microstratigraphic 
and geochemical variations, but retain the same pattern of alternating clastic and organic-
rich lamainae, suggesting that the laminae may provide annual time markers for 
reconstructions of the deeper part of the chronology.  
 
 
1.0 Introduction 

 Insights into the potential susceptibility of environmental systems to climate 

change requires an understanding of the natural and anthropogenic causes of these 

changes and the sensitivity of the system to change.  The limited instrumental data 

available for tropical west Africa suggest that coupled atmospheric and ocean circulation 

systems in this region can respond abruptly, and potentially catastrophically (i.e., the 

recent Sahel drought) to climate change (Hulme, 1992; Nicholson, 1993).  However, a 

key limitation in understanding the causes of environmental variability in this region is 
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the lack of long, reliable instrumental records.  Natural recorders of past climate 

variability with high temporal precision such as ice cores, tree rings and annually 

laminated sediments offer the potential for expanding our knowledge about longer term 

variations, but are typically rare, and virtually absent from tropical Africa, with few 

exceptions (e.g., Johnson et al., , 2001; Thompson et al., 2002; Verschuren et al., 2000).  

Understanding the causes of persistent catastrophic drought such as that of the Sahel 

between the 1960’s and 1990s will require the identification and development of high 

resolution geological recorders of past climate change to fill these gaps in our knowledge. 

 A potentially valuable archive for developing long, continuous and high 

resolution records of paleoenvironmental change for west Africa is the sediment records 

from Lake Bosumtwi, Ghana.  Previous studies have suggested that the lake sediments 

are nearly continuously laminated over much of the last ca. 30 kyr, and therefore may 

provide a record of past environmental changes for this data-sparse region with 

unprecendented resolution (Talbot and Johannessen, 1992).  Furthermore, a recent 

expedition funded jointly by the Intercontinental Drilling Program (ICDP) and the US 

National Science Foundation (NSF) recently recovered nearly 3 km of sediments from 

the crater, including several duplicated sites where the entire million-year sediment 

record was recovered.  Preliminary examination suggests that most of this record is 

laminated and may allow a high-resolution palecenvironmental reconstruction covering 

much of the late Pleistocene (Peck et al., 2005).  Here we focus on the origin of the 

sediment laminations and the potential for utilizing them to develop high-resolution 
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reconstructions of past climate conditions in West Africa, based on a high-resolution 

analysis of the uppermost sediments. 

 

2.0 Study area 

Lake Bosumtwi is a meromictic, tropical lake occupying a meteorite impact crater 

in southern Ghana (6° 30’ N, 1° 25’ W)  (Figure 1).  The impact crater was formed 1.07 ± 

0.05 Ma in Precambrian greenschist and intruding granite bedrock (Koeberl et al., 1998).  

At present, the lake is 75 m deep with a diameter of ca. 8 km and an catchment area of 75 

km2.  Previous studies have suggested that the lake is hydrologically closed, with no 

external surface or subsurface water sources. (Turner et al., 1996a) This makes the lake 

level extremely sensitive to changes in the balance between precipitation and evaporation 

and a potentially sensitive recorder of past hydrologic conditions (Appendix B). 

The climate of the Lake Bosumtwi region is controlled by the West African 

monsoon and the seasonal migration of the Intertropical Convergence Zone (ITCZ).  

Long-term monitoring at the Kumasi meteorological station (30 km from Lake 

Bosumtwi) indicates that the region receives ca. 1400 mm of rainfall annually (average 

1935-2000), though amounts have varied significantly over the last 70 years (Ghana 

Meteorogical Services Office, Legon).  The largest proportion of the rainfall occurs 

during the months of April-October, with a slight decrease during the height of the 

summer (June-August) when convective precipitation is inhibited by the upwelling of 

cold water in the Gulf of Guinea and the ITCZ is located to the north of Lake Bosumtwi. 

Very little precipitation occurs during the winter (November -March), when the ITCZ is 
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south of the lake and the climate is dominated by the warm, dry northeasterlies. 

Temperatures at the site vary slightly (±1.5°C) around a mean of 26 °C, with a minimum 

between June and October, when cloudiness over the site is at a maximum (Figure 2).   

Surface water temperature varies seasonally between ca. 27.5 and 32.5 °C and 

lake pH ranges from 9.1 to 9.6 (Turner et al., 1996b).  A well-developed oxycline is 

present at a depth of 15 m, below which oxygen decreases from 5.5 mg L-1 to 0.2 mg L-1 

(Almond and Hecky, 2001), temperatures decreases to 26.6 °C and a pH falls to 8.1-8.5 

(Turner et al., 1996b).  Diurnal temperature variations in surface waters (measured in 

January, 2000) are small, and range from 1-1.5°C (Almond and Hecky, 2001).   

Comparison between Cl concentrations in surface water (2578-2583 mol L-1) and deep 

water (2625-235 mol L-1) indicates that lakewaters do not mix below 35 m seasonally 

(Almond and Hecky, 2001).  However, infrequent, localized overturning events resulting 

in massive fish kills at the lake have been reported, though the only two confirmed 

accounts occurred in the early 1970s (Talbot personal communication, 2004) and during 

a visit to the lake in the summer of 2004.   

 
3.0 Materials and methods 

3.1 Core collection and storage 

Surface sediments at Lake Bosumtwi are organic-rich and highly flocculent, 

making it difficult to collect surface sediment samples intact.  To do so, we first collected 

freeze cores from the deepest part of the basin using a box type corer with a freezing 

agent slurry (solid carbon dioxide and methyl alcohol) (Hughen et al., 1996; Wright, 
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1980).  However visual inspection of the frozen slabs suggested that these cores did not 

completely capture the sediment water interface because of melting during transit through 

the water column.  A second set of surface samples was collected by carefully lowering a 

small (16x16x23 cm) Ekman dredge into the sediments to minimize sediment disturbance 

and avoid overpenetration.  Dredge samples were then subsampled using a small length 

of PVC pipe (10-15 cm) for transport back to the University of Arizona.  Visual 

comparison of laminae from the dredge samples and freeze cores suggests that the second 

approach preserved the surface sediments intact. 

Piston cores (3-10 m in length) were also collected from the deepest parts of Lake 

Bosumtwi (Figure 1) using the RV Kilindi. Additional shorter cores (1-2 m in length) 

were collected using a modified Kullenberg corer (developed by J. King at the University 

of Rhode Island) that utilizes a supporting stand to settle on unconsolidated surface 

sediment prior to gravity penetration. The settled release of the corer produced nominal 

disturbance to the uppermost sediment, and allowed us to tie the near-surface freeze core 

and Ekman records to the longer piston cores.  After coring, piston cores were transported 

to the University of Rhode Island where they were stored under dark, cold  (4°C) 

conditions.  In combination, these different coring approaches provide a nearly complete 

record of the last ca. 25-30 kyr of sedimentation at Lake Bosumtwi. 

 

3.2 Sampling and laminae analysis  

The piston cores and Ekman sample cores were split lengthwise, scraped clean 

with a glass slide to expose the laminations and photographed with a high-resolution 
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digital camera prior to sampling.  The surfaces of freeze cores were prepared by planing 

and photographed in the same manner. Several of the cores were sampled immediately 

for loss on ignition (LOI) measurements at 60°C (water content) and 550°C (TOC).  

Cores with the best preserved laminations were also sampled for preparation of thin 

sections.  Thin section preparation was performed following the acetone-resin exchange 

procedure described previously Pike and Kemp, (1996).  This procedure first employs 5-

10 acetone exchanges to replace the pore water in the samples, and then uses 5-10 

additional acetone-epoxy resin exchanges to completely replace the acetone with resin 

prior to curing.  For optical analysis, thin-sections were cut and polished down to a 30µm 

thickness and examined under transmitted light.  Additional thin sections were also 

ground to a 1mm thickness and highly polished to a ±1µm surface for analysis on a 

Hitachi S-2460N scanning electron microscope (SEM).   

Cores were correlated on a 5-10 cm basis over the length of the piston and freeze 

cores by identificaton of discernible marker laminae, which are discernable in both 

photographs and thin sections.  Despite being collected from sites accross the basin, all of 

the cores from the deep part of the lake exhibited striking uniformity in the presence of 

distinctive fine laminae.   Additional marker laminae were then added using the thin 

section photographs, permitting mm-scale correlation of individual layers between 

several of the cores over the upper 2 meters of record.  

Analysis of sublaminae features was conducted using scanning electron 

microscopy (SEM) backscattered electron imagery (BSEI) and scanning µ-x-ray 

fluorescence (µ -XRF) elemental mapping.  Previous studies have illustrated the 
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usefulness of BSEI in identifying and describing fine-scale laminae features (Dean and 

Kemp, 1999).  µ -XRF analysis is a complementary approach that permits the 

examination of the spatial patterns of major and trace element distributions between and 

within individual laminae.  It is particularly useful in laminated sediments containing a 

variety of clastic, biological and chemical phases that may be difficult to distinguish 

SEM.  In conjunction with µ -XRF mapping, scanning µ -XRF elemental line scans can 

be used for developing high-resolution time-series of past environmental changes (Haug 

et al., 2001; Jansen et al., 1998). 

 

3.3 Chronological development 

 The varve-based chronology is based on the identification and counting of annual 

laminae in thin section photographs.  Laminae couplets typically consist of a light and a 

dark layer, though the former may be missing or difficult to identify in certain years.  

Laminae identifications were thus made on the basis of identification of the dark layer 

and a clearly identifiable break in sedimentation that occurs during the dry winter season, 

when productivity and sediment transport are at a minimum.  Varve identifications were 

checked by optical microscopy and confirmed with multiple cores, where possible.  

Comparison of core photographs and thin sections suggest very few of the sediment cores 

recovered captured the most recent sediments. For this reason, varve counts covering the 

last 50 years are based entirely on thin sections from the Ekman samples (DS-2, DS-5, 

DS-8) with confirmation from thin sections of overlapping freeze cores. Because of 

disturbance in the uppermost sediments, counts were not performed independently for 
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each core.  Instead, individual layers were identified across cores in the same manner as 

marker bands, and counts are based on a comparison between individual laminae counts 

in the overlapping Ekman and freeze cores.  Below the sediments corresponding to 1950, 

disturbance is significantly reduced and varve counts are based on thin sections from 

several combinations of overlapping piston cores. 

 Support for the varve chronology is provided by independent dating with 210Pb, 

radiocarbon and identification of the anthropogenic radiocarbon bomb-pulse.  A profile 

of 210Pb activities was assayed via isotope-dilution alpha mass spectrometric 

determinations of 210Po at 21 sample depth intervals.  As a solid uranium-series decay 

product of radon-222 gas and its short-lived daughter products, 210Pb (half-life = 22.3 

years) is naturally deposited on land and water at an effectively constant rate (Eakins and 

Morrison, 1978).  Thus, assuming lake sediment deposition is mechanistically consistent; 

sediment accumulation rates can be calculated by relating interval 210Pb concentrations to 

characteristic radioactive decay for the last 100 years (Appleby et al., 1979).  Based on 

secular radioactive equilibrium, the short-lived decay product, 210Po is assumed to be a 

valid proxy for 210Pb (pers. comm. Flett Research Ltd, 2004).   

Samples for 210Pb analysis were collected in graduated tubes, thawed, settled (2 

minutes on a 900 rpm centrifuge), and volumetrically recorded.  Corresponding dry 

weights were measured after freeze-drying.  Dry bulk density (g·cm-3) was calculated for 

each sample as function of this dry mass per volume. Then, the samples were treated with 

a dilute solution of HCl and spiked with a polonium-209 yield tracer.  Po was distilled by 

volatilization of the solution at 500° C, digested with HNO3, and plated onto silver disks 
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for alpha spectrometry (Eakins and Morrison, 1978).  Measurements of Po activities were 

performed by Flett Research Ltd., Winnipeg, Canada.   

To confirm these ages, the uppermost sediments were independently dated 

through the identification of the 14C bomb-pulse in the sediments.  Production of 14C due 

to nuclear weapons testing during the 1950s and 1960s resulted in a dramatic increase in 

atmospheric 14C concentrations, peaking in 1963 with approximately double the 14C 

concentration of the pre-bomb atmosphere (Dai et al., 1992).  Identification of this pattern 

of increasing 14C concentrations in a sedimentary record can therefore provide an exact 

time marker.  Although it has been suggested that meridional atmospheric mixing of the 

bomb radiocarbon signature may impart a significant latitudinal dependence on the peak 

of the bomb pulse (Dai and Fan, 1986), studies of the initial increase in the bomb pulse 

record suggest that this is unaffected by latitude and should therefore provide a robust 

time marker (Tauber, 1967).  We therefore focused on identification of this inflection 

point between 1952 and 1953 (Dai et al., 1992).  

Additional age constraints on deeper parts of the sediment record were performed 

by radiocarbon dating of bulk organic material throughout the upper 1.7 m of sediment, 

and by radiocarbon dating of collagen from well-preserved fish skeletons.  Only fish 

skeletons that appeared to be complete or nearly complete were used for radiocarbon 

dating to avoid reworking. This criterion, however, severely limited the depth interval 

covered by this method.   

To assess the potential for lake radiocarbon reservoir effects to alter radiocarbon 

dates, we performed additional radiocarbon measurements on dissolved inorganic carbon 
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(DIC) in water from the surface and at 75 m water column depth, as well as on 

stromatolitic coatings on nearshore cobbles (ca. 0.25 m water depth). Water samples were 

collected using a Niskin bottle, and immediately precipitated as SrCO3 in an airtight 

amber bottle. 

All bulk organic radiocarbon samples were processed following standard acid-

base-acid (ABA) pretreatment (Devries and Barendsen, 1954). Fish bone collagen 

extraction was performed by decalcification in a small amount (5-6 ml) of 0.5N HCL for 

24 hours, followed by an alkali treatment (5 ml of 0.1N NaOH) to remove humic acids 

and hydrolyzation (pH=3 at 70°C for 8 hours).  Stromatolite samples were pretreated 

with a weak acid to remove surface material prior to analysis.  Bulk organic and collagen 

samples were converted to CO2 by combustion, and carbonate (stromatolite and SrCO3) 

samples were converted by hydrolysis.  CO2 samples were then graphitized and measured 

by accelerator mass spectrometry (AMS) at the University of Arizona AMS facility. 

 

3.4 Varve thickness analysis 

 Thicknesses of individual varve components were measured for the interval 

covering the historical period (ca. 1900-present) using digital images of sediment thin 

sections photographed under transmitted light.  Measurements were made in the image 

analysis software NIH Image (1.0) with an accuracy of 0.05 mm.   However, because of 

the wavey nature of the individual laminae and the gradational nature of the varve 

boundaries, the accuracy of the measurements depends most heavily on the preservation 

quality of the varves.  To avoid these problems, measurements of individual light and 
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dark varves were repeated between 3-5 times.  Measurements are reported as the average 

of these individual estimates. 

  
4.0 Results and discussion 

4.1 Generalized lithology  

 A generalized lithology of the sediments is shown in Figure 3 (updated from 

Talbot et al., 1984).  The uppermost 1.7 m sedimentary sequence is characterized by 

finely laminated sediment, compositionally analogous to the previously described 

stratigraphic unit A (Dibb et al., 1992; Talbot et al., 1984).  Laminations are continuous 

throughout this unit, with the exception of several distinct 1-2 cm thick turbidites near the 

base.   

This laminated unit overlies an unlaminated to poorly laminated homogeneous 

and algae rich unit, which is dominated by the presence of filamentous blue green algae 

(Anabaena ) (Talbot et al., 1984).  The sharp transition between these units has been 

described previously by a number of authors (Dibb et al., 1992; Russell et al., 2003) and 

is believed to represent the transition from a highly productive, stable, deep and 

overflowing lake to a much shallower system.  Although mostly unlaminated, this unit 

contains a number of distinct “packets” of bright yellow laminae in some cores, which we 

interpret as indicating intervals of intense seasonal overturning followed by precipitation 

of redox-sensitive mineral species.   

Below the ~1.5 m unlaminated unit, the sediments are finely laminated 

continuously to the base of the piston cores (10.8 m), which, based on radiocarbon dating, 

appears to extend to at least ca. 25-30 kyr (Peck et al., 2004 ; Talbot and Johannessen, 
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1992).  For the most part, the sediments are composed of relatively organic rich, brown 

muds, finely interlaminated with grey microturbidites.  At several intervals there are large 

concentrations of carbonate mineral phases, which form distinct laminae bundles (see 

Figure 3), indicative of lake level lowstands. Preliminary examinations of 100 m long 

drill cores collected in 2004 suggests that significant portions (>80%) of the deeper 

sediments are also laminated, and have been so since the initial lake formed after impact 

at 1.09 Ma (Peck et al., 2005).   

 

4.2 Laminae microstratigraphy and formation 

The laminae from the uppermost ca. 1.5 m consist of alternating light brown and 

dark olive brown layers and appear to be originate as alternating organic rich and clastic 

rich layers (Fig 4a, b).  Varve thicknesses vary but are commonly in the 0.5 - 1 mm 

range.  Sporadic gray microturbidites (1 to 3 mm thick) are also present, indicative of the 

irregular occurrence of density flows in the lake.  Observations using smear slides and 

thin sections indicate that the upper laminated unit is composed largely of amorphous 

organic matter (gyttja) and very fine grained (<30 µm), clastic material.  Clastic material 

is primarily quartz, feldspar and mica.  Sediments were found to contain very few 

diatoms and no ostracods or readily identifiable terrestrial macrofossils, except in the 

most recent surface sediments. 

SEM BSEI of the individual laminae reveals that the lighter laminae have 

relatively higher concentrations of clastic material, predominantly clays, than the darker 

laminae, which are composed mostly of organic matter (Figure 4c).  In general, the 
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clastic material is inhomogeneous and poorly sorted and the relatively mineral-rich 

laminae contain significantly more of the fine fraction than do the relatively mineral-

poor, organic-rich laminae.  However, in most cases it is visually difficult to reliably 

separate the light and dark laminae in the BSE images. 

Elemental maps produced by scanning XRF analysis provide improved insights 

into the structure of the individual laminae (Figure 4d).  Dark laminae yield much higher 

intensities of elements derived from terrigenous matter (e.g., Al, Si, Ti, K), whereas the 

lighter laminae are dominated by Ca and Cl.  Ca concentrations reflect the presence of 

calcium carbonate that is produced in the water column during periods of high 

productivity as a result of the drawdown of CO2 in the surface waters.  We interpret the 

Cl as representative of the Cl-based epoxy resin used to embed the sediments.  This 

assumption is supported by the high Cl concentrations recorded in scans of raw epoxy, 

and in the virtual absence of Cl in measurements of nonembedded sediments (not shown).  

The high Cl concentrations in the light laminae therefore represent the higher water 

content of the organic-rich layers, when compared with the clastic layers. 

Alternating periods of fluvial transport of terrigenous material to the basin and 

increased productivity and deposition of organic material is consistent with our 

understanding of the seasonal evolution of climate and productivity at Lake Bosumtwi.  

Comparison of rainfall seasonality with Secchi disk transparency (biweekly data, 1991-

2004) suggests that the greatest reductions in water column visibility occur in the fall 

(Figure 4e, note inverted axis; data obtained by TMS from the notes of Mr. Adu 

Brempong, official gauge monitor in the lakeside town of Abono).  We suggest that this 
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reduction in the depth of the photic zone is caused by algal blooms, which occurs 

following the main rainy and windy season, and possibly as a result of localized mixing 

of deeper water, which brings nutrients into the mixed layer.  This process of high runoff 

and transport of terrigenous material to the basin in the spring and summer, followed by 

increased productivity and deposition of organic matter in the fall, is consistent with our 

observation of alternating clastic and organic rich laminae comprising individual varve 

couplets. 

 
 
4.3 Chronology 

4.3.1 The last century 

210Pb concentrations display a fairly regular exponential drop in alpha decay 

activity with increasing cumulative mass of dry sediment (i.e. depth) in core BOS 99-11 

(Figure 5).  Between 3 and 9 g cm-2 of accumulated sediment, 210Pb activity approaches 

an asymptotic value of 1.4795 dpm g-1.  This value is assumed to represent a background 

amount of 210Pb supported by the decay of 226Ra in the deeper sediments.  Assuming a 

Constant Rate of Supply (CRS) model (Appleby and Oldfield 1978), the model indicates 

a sedimentation rate of 2.98-0.70mm/yr over the depth range sampled (7.03-51.64 cm).   

14C measurements on bulk organic matter show an abrupt increase in fraction 

modern carbon (0.95 to > 1.1 fraction modern carbon: Fm) over the interval from 6.7 to 

12.7 cm depth, which can be attributed to the onset of anthropogenic 14C production 

(Figure 5).  The rate of change in Fm over this interval exceeds that over the previous 

12.7-19.2 cm by ~7.0 to 47.8 times.  Above 6.7 cm, all samples yield Fm >1, indicating 
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the influence of bomb-produced 14C.   The initial rise in 14C is clearly visible and can be 

used to estimate the onset of atmospheric testing in 1952-1953 (Dai et al., 1992) at a 

depth of 12.716 cm (red line).   

 Visual inspection of the uppermost sediments during collection and in thin section 

suggested that a few years of deposition might have been lost from the top of the 

sediment record during collection.  Comparison of varve counts with the independent 

210Pb and bomb-14C dating results indicates that the uppermost varve identified in the 

sediment record is 1999, indicating the loss of 4 years from the top of the varve 

chronology (cores were collected in 2004).  With this adjustment to the varve 

chronology, varve ages are in agreement with the 210Pb age model to within +3, -1 years. 

Counts from the sediment water-interface to the inflection in the 14C record at 12.72 cm 

are within 1.8 years of the expected 1952-1953 AD age for the onset of bomb testing, 

indicating a 3.8% error for the counts above 1952. 

 

4.3.2 The last 2.5 kyr 

 In contrast to the close agreement between independent dating methods and varve 

counts over the upper 20 cm of the record, there exist large discrepancies between 

radiocarbon dates on bulk organic matter and varve counts over the remaining upper ca. 2 

m of sediment (Figure 6). Down core, a large, systematic increase in the radiocarbon age 

anomaly is observed to a maximum offset of 3043 ± 82 years, followed by an age 

reversal.  Similar problems in dating the upper 2 m of sediments from Lake Bosumtwi 
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were encountered by Russell and coworkers (2003), with age reversals of up to 1100 

years in the uppermost laminated interval.   

 Radiocarbon dates on the skeletal remains of fish (bones and scales), however, 

agree with varve counts within the errors of the radiocarbon measurements.  These results 

support the varve-based chronology and suggest that the bulk organic 14C dates are 

unreliable for this varved portion of the record.   Radiocarbon ages on modern water and 

carbonate samples indicate that the reservoir effect is negligible (see below).  We 

therefore hypothesize that the anomalous bulk organic dates are attributable to the 

reworking of older material from the crater walls.  This is supported by the observation 

that tens of meters of lacustrine material was deposited on the crater margins during the 

Holocene humid phase, when lake Bosumtwi overflowed the crater (Shanahan et al., 

accepted-b; Talbot and Delibrias, 1980), and since that time, internally draining streams 

have deeply incised this material, transporting it back into the center of the lake.  

 

4.3.3 Modern samples 

 Radiocarbon measurements on modern samples (DICwater, submerged 

stromatolites) provide ages that are consistent with incorporation of modern carbon 

(Table 2).  This result is in agreement with previously reported values for gastropod 

shells (Bulinus sp.) collected live from a stream entering the lake (Talbot and Delibrias). 

There is a small but significant offset between the calibrated ages and the time of 

sampling (5-7 years) that could indicate the incorporation of old carbon into the lake 

water DIC.  However, we note that there is no difference between radiocarbon ages of the 
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surface and deepwater samples, indicating that the offset is not caused by episodic mixing 

of older, radiocarbon depleted, deep waters into the mixilimnion.  The age differences are 

also too small to account for the large (101-103 cal yr) differences between varve counts 

and radiocarbon ages downcore and provide support for the reliability of in-situ fish bone 

collagen 14C ages. 

 
4.4 Varve thicknesses-climate relationships 

 Varve thickness measurements from all the piston and Ekman cores covering the 

last 100 years were composited to examine the reproducibility of the measurements 

(Figure 7).  The agreement is good for dark laminae thickness data, but is poor for most 

of the light laminae thickness data. We attribute the poorer agreement between cores for 

the light laminae to the greater susceptibility of these sublayers to disturbance and 

compression.  This is consistent with the higher water content and organic matter 

composition of the light laminae, and with visual observations of substantial disturbance 

of these layers in the upper ca. 25 -30 cm of the sediment record. 

 Both the light and dark laminae decrease in thickness with depth throughout the 

upper part of the record (Figure 7).  Although this may in part be the result of gradually 

increasing rainfall and productivity, this feature is also consistent with an overprint of 

sediment compaction and dewatering on the varve thickness record.  To assess this, we 

computed the bulk density from water content and LOI data (Figure 8).  The large 

majority of the data is derived from water content measurements on samples taken from 

freeze cores, whereas only a few sets of samples were collected from wet sediment cores 

(1 Ekman core, 2 piston cores).  Both piston and freeze cores indicate that sediment 
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compaction is important over the upper ca. 40 cm of the sediment record, and are in 

broad agreement about the magnitude and rate of change in compaction over the interval 

below ca. 15 cm.  However, above that, the Ekman core shows a dramatic leveling off at 

a bulk density of 0.8 over the upper 10 cm of sediments whereas the freeze core data 

continue to decrease to values of 0.2-0.3 over the same depth.  The plateau at the top of 

the wet sediment record may be due to packing the core tops with a sponge to prevent 

mixing of the highly flocculent uppermost sediments during transport.  Since the wet 

sediment cores were used for varve thickness measurements, we fit a curve to the wet 

sediment data and used this depth-bulk density relationship to correct the varve thickness 

record for compaction (yellow curve in Figure 8). 

 The corrected dark laminae thickness record (Figure 9a) shows a clear rise from 

the turn of the century to several large peaks in the mid 1960s and an abrupt shift to 

narrower varves at ca. 1970.  Our model for varve formation suggests that the dominant 

influence on dark laminae thicknesses should be clastic sediment transported to the basin 

by monsoon precipitation.  A comparison between corrected dark laminae thicknesses 

with annual precipitation for Kumasi, the nearest meteorological station to the lake, 

shows many similar broad-scale features are shared, supporting the hypothesis that dark 

laminae thicknesses are controlled by precipitation (Figure 9a,b; r= 0.54, P75 <0.001).  

 There are several explanations for the poor correlations between laminae 

thicknesses and precipitation on interannual timescales.  First, the precipitation in this 

region is known to be highly heterogeneous, and correlations between annual rainfall 

records near the lake also show relatively weak correlations with one another (Shanahan 
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et al., accepted-a; Turner et al., 1996a).  The Kumasi meteorological station is 30 km 

from the lake, and therefore may not be providing a good representation of year-to-year 

variations in precipitation at the lake.  Second, the upper portion of the record does show 

a significant amount of disturbance, both in terms of sediment compaction downcore and 

in the laminae themselves.  At greater depths this disturbance is minimized and both the 

identification and measurement of lamiae are easier and more accurate.  In the upper 

portions of the cores, however, these effects may introduce errors in the varve 

measurements that significantly affect the ability to resolve interannual variations in 

precipitation.  Finally, nonclimatic factors may have a significant impact on varve 

thicknesses, particularly over the last 100 years.  Although census data are not available, 

observational data suggests that, even over the last 70 years significant deforestation of 

the basin has occurred, particularly in the floodplains of small streams.  Enhanced 

deforestation is likely to change altered the climate -sediment transport relationship in a 

nonlinear fashion, potentially adding noise to the varve data and further reducing the 

significant correlations with instrumental data over recent decades. 

 Despite these potential complications, the data suggest that the dark laminae may 

be adequate for reconstructing longer-term (decadal to century scale) changes in 

precipitation.  It may also be possible to reconstruct higher frequency climate variability 

using varves from the deeper parts of the cores (>ca. 100-150 years) where visual 

examinations of the varves suggest that coring disturbances are reduced and 

anthropogenic alterations of the basin are minimized.  
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4.5 Changes in varve microstratigraphy and geochemistry 

 In conjunction with the observed changes in lithology downcore (Figure 3), there 

are significant variations in the visual character of the sediment varves, which 

presumably reflect changes in the hydrology and limnology of the lake in response to 

changing paleoenvironmental conditions.  Based on a preliminary investigation of the 

sediment core stratigraphy, supported by thin section examinations, we have identified 

four main varve types present over the last ca. 30 kyr of sedimentation (Figure 3 and 8).  

To understand the implications of these changes better, we combined our visual analysis 

of the sediment microstratigraphy with XRF elemental mapping to examine examples 

from each of the varve types (Figure 10). 

 

4.5.1 Laminae type A1, A2: 

Sediments covering the most recent portion of the sediment record (described above) are 

classified as type A and have been described in an earlier section of this paper.  However, 

the laminae undergo significant visual changes towards the “Anabeana” boundary (varve 

type A.2) and warrant a separate discussion here.   

In contrast to the laminations at the top of the core, A2 sediments are much more 

finely laminated (ca. 0.05 to 0.2 mm) and they generally lack the light-colored 

organic/carbonate rich laminae component (Figure 10).  Instead, they are composed of 

dark, terrigenous rich laminae, separated by thin bands of opaque organic material.  

Elemental mapping of the sediments supports this interpretation, with the thicker dark 

brown laminae components rich in Al, Si, Ti (not shown) and Fe. Ca (presumably present 
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as calcite), though present, occurs at very low concentrations (<1%) and does not appear 

to make up any part of the annual laminae.  Distinct low concentrations of major 

elements occur in conjunction with the dark bands, supporting the suggestion that they 

are composed of organic matter. 

Visually and compositionally distinct laminae of Ca, (along with Mn and Fe) 

occur episodically throughout this section of the sediment record.  Previous work 

suggests that the Mn and Fe in these sediments are contained primarily in 

manganosiderite, and are likely the result of changes in redox conditions, perhaps related 

to mixing depth (Talbot et al., 1984). The occurence of Ca with Mn and Fe is inconsistent 

(e.g., some Mn laminae contain Ca, some do not) and it is unclear what the association 

between Ca (presumably in calcite) and the redox metals might be.  

The association of laminae type A2 with the dramatic mid-late Holocene lake 

level lowering and the resulting shift from a blue-green algae dominated biological 

system (Talbot et al., 1992;Russell et al., 2003) indicates that laminae of this type are 

indicative of dramatic changes in the lake water budget.  Among the most significant 

changes in the type A2 laminae is the reduction in the size of the organic rich layer.  It is 

possible that the increased salinity associated with the drop in lake level may have driven 

significant decreases in lake productivity and oxidation of organic matter, decreasing 

both the size of the organic layer and the production of authigenic calcite.  Salinity driven 

changes in the water column density structure may have also allowed for more frequent 

overturning events, resulting in the precipitation of authigenic Mn and Fe mineral layers.    
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4.5.2 Laminae type C 

Below the unlaminated unit, several intervals containing laminae which we have 

classified as type C (Figure 3).  In general, these laminae are associated with lowstands 

reconstructed by previous workers on the basis of sediment geochemical evidence (Peck 

et al., 2004; Street-Perrott and Perrott, 1990; Talbot and Johannessen, 1992). They are 

also associated with a variety of authigenic carbonate and phosphate mineral phases, 

including at some depths, aragonite and dolomite.  Visually and compositionally, these 

laminae are very similar to type A2, and could possibly be lumped together.  Laminae 

couplets consist of a dark, terrigenous-rich layer and an opaque, organic layer.  The 

primary difference is the more wavey and boudinaged character of these laminae, 

indicating greater sediment disturbance, perhaps as a result of even lower lake level 

conditions and increased seasonal oxidation of bottom waters.  As with type A.2, the 

alternating organic and terrigenous components suggests the same seasonal mechanism of 

formation, though associated with a reduction of clastic sediment transport and decreased 

production and preservation of organic material. 

 
4.5.3 Laminae type D 

 Type D laminae are composed of both a dark, opaque layer of varying thickness 

(with little inorganic elemental signature), and lighter, clastic-rich laminae (Figures 3,7).  

In this way they are similar to type C laminae.  However, both the dark and their light 

laminae are much thicker with clearer, less disturbed boundaries than the type C laminae.  

Furthermore, Mn and Fe rich laminae are absent, suggesting reduced mixing and possibly 

deeper lake conditions.  There is carbonate present in the sediments but it is greatly 
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reduced and is not clearly associated with the organic layer, as was the case in the 

modern (type A.1) sediments.  Smear slides of these sediments indicate that the dark 

sublaminae contain abundant terrestrial macrofossils, particularly charred grass 

fragments.  Pollen analysis suggests that at this time the catchment was dominated by 

savanna type vegetation (Maley, 1991), and it the opaque layers may signal the seasonal 

transport of grass charcoal to the lake.   

 
4.5.4 Laminae type E 

 Type E laminae are very similar to the type D laminae, except that they are 

distinguishable by the size and continuity of the opaque bands.  In the type E laminae, the 

opaque bands are faint, thin and often discontinous, though they still form layers that are 

traceable across thin sections and can be matched between cores.  The opaque bands 

appear to be composed primarily of grass charcoal, as was the case for the type D 

laminae.  The faintness of the dark laminae makes it more difficult to identify individual 

varves in these intervals.  This is even more true for most of the elemental maps, in which 

individual laminae are barely distinguishable.  An exception is Fe intensities, which show 

the laminae boundaries clearly.  The most likely explanation for this is that there are 

changes in the proportions of aquatic organic and terrigenous clastic fractions between 

the layers, but that they are less clearly separated than elsewhere in the core.  At the low 

count rates used for elemental mapping, these differents are indistinguishable in most of 

the elemental records.  For Fe, however, there are extremely high count rates in most 

mineral rich layers, and therefore, even with short measurement times the changes in the 

proportions of terrigenous to organic matter between layers are detectable. 
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4.6 Paleoenvironmental significances of laminae variability 

Changes in laminae type are consistent with interpretations of the generalized 

lithology in Figure 3 and with previously reconstructed paleoenivronmental changes at 

Lake Bosumtwi (Peck et al., 2004; Shanahan et al., accepted-b; Talbot and Delibrias, 

1980; Talbot and Johannessen, 1992; Talbot et al., 1984).  Deposition of carbonate and 

redox mineral phases interpreted as reflecting rapid, extreme drying events, are 

characterized by laminae type C, with very narrow clastic layers.  In this case, decreasing 

varve thickness must reflect a reduction in both the amount and the intensity of monsoon 

rainfall during these periods, which would reduce the transport of terrigenous material to 

the basin.  Conversely, the deposition of laminae type D, with thicker clastic laminae, 

sharper more well-preserved boundaries, and without evidence for geochemical 

deposition of redox metals, are consistent with deposition in a deeper lake with higher 

rates of precipitation and transport of terrigenous material to the basin during the 

interveneing time periods.  

Explaining the differences between laminae type D and type E is more difficult.  

The primary difference between these laminae types involves the thickness and 

continuity of the dark, terrestrial macrofossil-rich layer.  Typically, the clastic portion of 

the type E laminae are thicker than those of the type D laminae. It is therefore unlikely 

that the changes in the terrestrial component reflect changes in the transport of this 

material to the basin.  An alternative is that the differences reflect changes in fire 

frequency in the basin.  During wetter periods, fires are less frequent and more 
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terrigenous clastic material is washed into the basin but the production of grass cuticle 

charcoal is reduced.  During drier periods, fires are more frequent and the monsoons 

wash this material into the basin.  An alternative possibility is that the changes in 

charcoal amount reflect changing basin catchment area, and lower amounts of charcoal 

are the result of decreases in the vegetated area contributing charcoal to the lake 

sediments as the lake level rises. Ongoing work on the biogeochemistry of the lake will 

help to resolve these issues. 

The most puzzling difference is that of the laminae deposited below the 

unlaminated section (>10 kyr) and those deposited afterwards (<3 kyr), particularly the 

most recent sediments (Type A1).  Geochemical data indicate that there is very little 

difference in the %C in the lake sediments (Talbot and Johannessen, 1992), despite the 

appearance in the XRF data of decreases in the size of the organic-rich layers.  C/N ratios 

(a proxy for terrestrial versus aquatic organic matter) are higher below the unlaminated 

unit (Talbot and Johannessen, 1992), consistent with our observations of abundant 

terrestrial macrofossils, but it seems unlikely that this amount of terrestrial organic 

material can account for the distinct differences in the size of the organic rich layers 

between the upper and lower sediments.  One possible  explanation is that there is a 

significant change in either the timing of rainfall or aquatic productivity, with the system 

becoming more seasonal during the last ca. 3 kyr.  More work on the paleobiology and 

geochemistry of the lake is needed to address these questions.  Unfortunately, until the 

patterns and seasonality of depositional processes for these earlier time periods are better 

understood, it may be difficult to know for certain whether laminae types C-E are annual.  
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However, the pattern of sedimentation, with alternating clastic and organic-rich laminae 

is consistent with the modern mode of annual deposition. Furthermore, a reduction in the 

intensity of the hydrologic cycle during periods of large northern hemisphere ice sheets is 

consistent with expectations of a southward migration of the Intertropical Convergence 

Zone (Chiang et al., 2003) and may explain the reduction is varve “seasonality” in our 

record. 

 
5.0 Conclusions 

 The present study illustrates that the Lake Bousmtwi sediments are annually 

laminated back to at least 1050 yr BP and very likely back to ca. 2660 yr BP.  The 

dominant control on varve formation over this interval is the delivery of terrigenous 

sediments to the basin during the summer monsoon, and organic productivity combined 

with precipitation of carbonate in the water column during the fall.  The climate-varve 

connection over this time interval is supported by the good visual correlations between 

dark varve thickness (terrigenous deposition) and monsoon precipitation over the 

instrumental period.  Though the statistical correlations are relatively high (r = 0.54), on 

interannual timescales they are poor, in part because of the heterogeneity of monsoonal 

rainfall and also as a result of the difficulties in obtaining undisturbed sedimentary 

records from the most flocculent, uppermost sediments.   Anthropogenic influences may 

also play a role in changing or obscuring the influence of climate on sediment transport to 

the basin over the last 100 years, dimininshing the ability to resolve interannual climate 

changes from the most recent varve record. However, the varved record shows promise 

for reconstructing decadal-scale variations in precipitation 
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 Beyond ca. 10 kyr BP (below 3 m depth), the sediments of Lake Bosumtwi show 

a variety of laminae types, composed of clastic, biogenic and geochemical laminae 

components.  Significant changes in the visual appearance and geochemical makeup of 

the laminations make intuitive sense within the framework of changing 

paleoenvironmental conditions at the lake and suggest that they can still be relied upon 

for use as an annual chronometer.  Future work at Lake Bosumtwi will take advantage of 

this unique sedimentary framework for developing long paleoenvironmental records of 

climate change.  
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TABLE 1. RADIOCARBON DATES ON FISH BONE AND SCALE COLLAGEN

Sample Depth 13C Radiocarbon age Calibrated age Varve Age AA#
ID m permil 14C yr BP cal yr BP1  yr BP2

N2-1-A 0.883 - 0.89 -19.7 ± 0.1 1,136 ± 45 959 - 1172 931 - 940 AA63815
5N-A 0.908 - 0.918 -19.0 ± 0.1 1,195 ± 31 923 - 979 960 - 975 AA71066
7N-A 0.831 - 0.84 -19.0 ± 0.1 1017 ± 31 724 - 913 728 - 735 AA71067
3N-A 0.627 - 0.655 -25.0 ± 0.2 679 ± 40 556 - 686 544 - 573 AA71065
1 - Radiocarbon dates were calibrated using CALIB 4.3 (Stuiver and Reimer, 1993; Stuiver et al., 1998)
2 - yr BP is years from 1950 AD

δ
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TABLE 2. RADIOCARBON DATES ON MODERN SAMPLES

Sample Sample type 13C Fraction modern C Calibrated age 1 AA#
ID permil cal yr AD
BOS-W-1 water -0.4 1.1121 ± 0.007 1996.2 ± 4.3 AA51906
BOS-W-2 water -1.5 1.1021 ± 0.006 post-bomb AA51907
BOS-C-1 mod stromatolite 2.3 1.0731 ± 0.004 post-bomb AA51909
BOS-C-2 mod stromatolite 2.8 11061 ± 0.004 post-bomb AA51910
1 - Radiocarbon dates were calibrated using CALIB 4.3 (Stuiver and Reimer, 1993; Stuiver et al., 1998)
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Figure. 1. Site map of the Lake Bosumtwi crater.  Bathymetry (solid
grey lines, 10 m contour) from Brooks et al., (2005).  Dashed
line indicates crater rim. Inset shows the location of Lake Bosumtwi
in southern Ghana, West Africa.
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Figure 2. Climate data for the Kumasi meteorological station obtained from
the Ghana Meteorological Services Office, Legon, in 2004 (by TMS).  Grey
bars indicate precipitation (cm).  Solid line indicates monthly windspeed (m/s).
Dashed line indicates sunshine duration (hours sunshine/day), an indicator of
relative cloudiness.
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Figure 3.  Generalized lithology and varve types for the uppermost 12 m of sediments for Lake Bosumtwi, Ghana.
The X-ray diffraction mineralogy data is taken directly from Talbot et al., (1984).    Radiocarbon tie points are based 
on the chronology of Peck et al., (2004).  The core stratigraphy is updated from the work of Talbot et al., (1984), but 
is based on piston cores collected in 2000 and 2004.  Laminae types are based on continuous thin sections of 
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appear in thin section - in sediment cores light laminae appear as dark and 
vice versa).  c. SEM backscatter image of a sediment lamina.  Dashed lines 
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scale to highlight the spatial patterns. e. Comparison between monthly 
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Figure 5.  Chronological constraints on the uppermost sediments from Lake 
Bosumtwi.  (a) Samples used in dentification of the radiocarbon "bomb" 
pulse. (b) the 210-Pb depth profile used to derive the age estimates. (c) 
compares the radiocarbon dates on bulk organic matter used to identify the 
1952 rise in bomb-radiocarbon red circles and red line.  Varve counts are 
shown in small black circles.  Green circles are 210-Pb dates. Red line 
shows the location of the 1952 "bomb" pulse. All chronological data are in 
agreement supporting the annual nature of the laminae counts
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Figure 6. Comparison of full varve count chronology (represented here 
in YR AD/BP) with independent radiocarbon dates on bulk organic 
matter (black circles), fish bone collagen dates (red circles) and 210-Pb 
dates (blue circles).  Error bars indicate 2-σ uncertainties in calibrated 
ages. 

Y R  

0300600900120015001800210024002700300033003600

d
e

p
th

 (
cm

)

0

20

40

60

80

100

120

140

160

180

varve counts
210 P b
F ish bone collagen
B ulk organic 

E nd of 
varved 
section

88



YR AD

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

Li
gh

t v
ar

ve
 th

ic
ke

ns
s 

(m
m

)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2N
4N
7N
DS-5
DS-8
DS-2

YR AD

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

D
ar

k 
va

rv
e 

th
ic

ke
ns

s 
(m

m
)

0.0

0.5

1.0

1.5

2.0

2.5

2N
4N
7N
DS-5
DS-8
DS-2
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Figure 9 a. Comparison of average dark varve thickness 
(corrected for compaction, black line) with precipitation at Kumasi 
(red line).  b.  Scatterplot of z-scores of dark varve thickness (x-
axis) versus z-scores of Kumasi precipitation.  The regression 
(solid line) yields r=0.54. Dashed lines are confindence intervals.
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Lake Bosumtwi laminae types

A.1. (modern) see Figure 4

A.2 Very finely laminated clastic and geochemically precipitated laminae (above sapropel)

thin section AlSi Ca FeMn

C. Alternating clastic and geochemically precipitated laminae -appear partially disturbed (glacial-deglacial)

thin section

E.  Distinct clastic-biogenic laminae with very thin, faint and often discontinuous dark lamine (glacial deglacial)

Si Al K Ca Fethin section

FeAlSi CaK

D.  Distinct clastic-biogenic laminae with very distinct dark lamine and laminae boundarys (glacial-deglacial)

AlSi Ca FeMnthin section

Figure 10.  Examples of sediment varve types deposited over the last ca. 30 kyr at 
Lake Bosumtwi. Letters refer to the laminae tpyes refered to in Figure 3.  Shown are, 
thin section photographs (left) and XRF elemental maps covering the same region. 
The XRF elemental maps are based on normalized elemental abundances and are 
shown in  colorized grey-scale intensity to highlight the spatial patterns.
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SIMULATING THE RESPONSE OF A CLOSED BASIN LAKE TO RECENT 

CLIMATE CHANGES IN TROPICAL WEST AFRICA (LAKE BOSUMTWI, 

GHANA) 

ABSTRACT 

Historical changes in the level of Lake Bosumtwi, Ghana have been simulated using a 
catchment-scale hydrological model in order to assess the importance of changes in 
climate and land-use on lake water balance on a monthly basis for the period 1939-2004.  
Several commonly used models for computing evaporation in data sparse regions are 
compared, including the Penman, the energy-budget, and the Priestley-Taylor methods.  
Based on a comparison with recorded lake level variations, the model with the energy-
budget evaporation model subcomponent is most effective at reproducing observed lake 
level variations using regional climate records.  A sensitivity analysis using this model 
indicates that Lake Bosumtwi is highly sensitive to changes in precipitation, cloudiness 
and temperature.  However, the model is also sensitive to changes in runoff related to 
vegetation, and this factor needs to be considered in simulating lake level variations. Both 
interannual and longer-term changes in lake level over the last 65 years appear to have 
been caused primarily by changes in precipitation, though the model also suggests that 
the drop in lake level over the last few decades has been moderated by changes in 
cloudiness and temperature over that time period.  Based on its effectiveness at 
simulating the magnitude and rate of lake level response to changing climate over the 
historical record, this model offers a potential future opportunity to examine the 
paleoclimatic factors causing past lake level fluctuations preserved in the geological 
record at Lake Bosumtwi. 
 
1. INTRODUCTION 

In the African tropics, the hydrologic cycle is known to have been characterized 

by substantial decadal variability over the last 50 -100 years, with profound societal and 

economic impacts.  For example, the multidecadal droughts in the Sahel and Northern 

Africa during the 1970’s and 1980’s both had substantial effects on the political and 

economic stability of these regions and resulted in catastrophic losses of life (Hulme, 

1992; Nicholson, 2001).  Unfortunately, long-term climate variability in the African 
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tropics is less well understood than in the higher latitudes of the northern hemisphere 

because of the dearth of long-term meteorological records from African nations. 

Tropical lakes offer an important archive of past hydrological conditions in 

regions where past data is limited, and may provide valuable insights into long-term 

hydrologic variability critical to resource management and planning.  Lakes can act as 

regional integrators of past precipitation through catchment-scale runoff processes, 

effectively averaging the effects of small-scale climate heterogeneities that may be a 

problem for sparse data networks in spatially variable climate zones like West Africa.  

Lake level records can also potentially be extended back to prehistoric time using 

geological evidence, permitting a more complete understanding of long-term climatic 

variability than possible using temporally limited meteorological data.   Lakes inevitably 

record not only the influence of climate variations on hydrological systems, but they also 

reflect the impact of human influences, such as land use change and groundwater 

withdrawal, which may be important in understanding changes in the long-term 

availability of water resources. 

In this study, we develop a model to simulate lake level fluctuations at Lake 

Bosumtwi, Ghana.  Lake Bosumtwi is unique in that it contains a mostly continuous 

sedimentary record of the past 1 Ma, a substantial portion of which is annually laminated 

(Koeberl et al., 2005; Wheeler et al., submitted).  Paleolimnological studies can thus 

potentially provide annual to near-annual records of past hydrological conditions not only 

over the recent few centuries to millennia, but also during past periods with different 

radiative forcing (e.g., solar insolation, greenhouse gases) that may provide insights into 
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the effects of anthropogenic forcing on the hydrology of this region.  The historical lake 

level record suggests that major changes in the water balance of the lake have occurred 

over the last 50-60 years, and offer an excellent opportunity to both examine the 

suitability of this model for reconstructing lake level changes and to provide insights into 

the factors controlling recent hydrological changes. 

A previous study of the hydrology of Lake Bosumtwi provided insights into the 

mechanisms controlling the annual water balance of the lake (Turner et al., 1996).  

However, the model of Turner and coworkers (1996) appeared to severely overestimate 

lake level increases between 1938 and 1980.  These overestimates raise the possibility 

that the model does not appropriately address all of the factors controlling historical lake 

level changes, and may not be suitable for simulating lake level changes recorded in the 

geological record.  The present study builds on this previous work by:  (a) examining the 

influence of seasonal and monthly changes in the water budget on lake level, (b) 

providing a more detailed and flexible physical parameterization of hydrological 

processes which is more easily applied to prehistoric periods, (c) evaluating the 

effectiveness of different evaporation models in lake level simulations, (d) providing 

more detailed insights into the controls on lake level fluctuations, (e) expanding the 

model simulation to the present day (1938-2004).   
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2. SITE DESCRIPTION 

2.1 Site geography, geology and hydrology 

 Lake Bosumtwi fills a meteorite impact crater that was formed in dense 

crystalline rock at approximately 1.07 Ma (Jones et al., 1981; Koeberl et al., 1998). The 

crater diameter is 10.5 km at the rim, where there is a well-defined spillway that formed 

when the lake overtopped the crater sometime during the Holocene.  Under current 

hydrologic conditions, the lake is ca. 8 km across and is located ca. 110 m below the 

crater rim.  The crater is internally drained with no present surface outlet, and is believed 

to be isolated from the regional aquifer by the bedrock of the crater walls (Turner et al., 

1996).  The area of the drainage basin is 106 km2 of which the lake occupies 52 km2.  

The majority of the catchment area is vegetated by tropical dry forest, though some 

portions have been converted to cultivation (primarily casaba, plantain and maize) in 

recent decades.  Maximum water depth is ca. 80 m, and occurs across a broad zone in the 

center of the lake (Figure 1).  The lake is meromictic, with a relatively shallow oxycline 

at10 to 15 meters water depth.  Infrequent, localized overturning events resulting in mass 

fish kills at the lake have been reported, though the only two confirmed accounts 

occurred in the early 1970s (Talbot personal communication, 2004) and during lake 

drilling operations in the summer of 2004.   

2.2 Climate 

Lake Bosumtwi is located in the moist, semideciduous tropical lowland forest 

zone of southern Ghana (Gill, 1969), and receives a mean annual precipitation of 1450 

mm yr-1.  The climate of this region is strongly influenced by the seasonal migration of 
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the Intertropical Covergence Zone (ITCZ) and the effects of sea surface temperatures on 

moisture sources traveling from the Gulf of Guinea and the eastern tropical Atlantic 

(Nicholson and Grist, 2001; Opoku-Ankomah and Cordery, 1994; Vizy and Cook, 2001; 

Wagner and Silva, 1994; Ward, 1998).  Upwelling in the Gulf of Guinea, which is 

controlled by changes in zonal wind stress in the equatorial Atlantic (Verstraete, 1992), is 

particularly important in controlling seasonal and interannual variations in rainfall.     

Based on long-term meteorological measurements made in Kumasi a generalized 

description of the seasonal climate cycle for the Bosumtwi region can be made.  Mean 

annual temperatures vary seasonally by about 4-5 °C, around a mean of 26 °C (Ghana 

Meteorological Services Dept., unpublished data obtained by TMS in August 2004).  

Minimum temperatures occur between June and October, when the Intertropical 

Convergence Zone (ITCZ) is located at or to the north of the site (Figure 2).  The slightly 

cooler temperatures during the summer monsoon season result from decreased incoming 

shortwave radiation due to increased cloudiness.  This is evident in the data for hours of 

bright sunshine, which are highest during the winter months (average ca. 6 hours daily) 

and decrease to ca. 3 hours daily throughout the summer months.  A similar but opposite 

pattern is evident in relative humidity, which is lowest in the winter months (ca. 65%) 

during the dry, northeastern Harmattan and increases to 84% during the summer 

monsoon period.  
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3. DATA 

3.1  Historical lake level record 

Monthly measurements of lake level have been conducted nearly continuously 

since 1932, when the director of the Ghanaian Geological Survey initiated regular 

observations and established benchmarks around the lake.  In 1977 the responsibility for 

monthly lake level monitoring was shifted to the Architectural and Engineering Services 

Corporation (AESC).  A full record of lake level fluctuations was first compiled by one 

of the authors (W.E.S.) and has been reported previously (Kesse et al., 1993; Turner et 

al., 1996).  The monthly lake level record has been updated to August, 2004 for the 

present study (Figure 3). 

The complete monthly lake level record is presented in Figure 3.  Lake level 

shows a relatively rapid rate of rise from the beginning of the record (0.2 m yr-1) until 

about 1970, when the lake appears to level off at 6 meters above the initial gauge 

measurement.  The lake level then undergoes a rapid drop of around a meter in the early 

1980’s before stabilizing again until 1990, when it resumes its descent.  Another change 

occurs after 2000, when the rate of lake level decrease slows noticeably. 

Gaps in both the monthly and daily lake level records exist due to delays in 

resetting the gauge because either the lake level fell below the base of the gauge or 

because the lake level rose and fully submerged the gauge. (arrows in Figure 3).  In the 

event that large temporal gaps exist, we have attempted to account for these by 

extrapolating between known values of the lake level and taking into account the 

observed changes in precipitation over these time intervals. 
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3.2 Meteorological data 

The longest continuous records of climatological data collected at Lake Bosumtwi 

are the daily rain gauge records of Mr. Adu-Brempong, a resident of the lakeshore town 

of Abono, who has maintained and recorded rain gauge measurements at the lake on a 

daily basis since 1996.  More extensive, but punctuated climatological data for this region 

is available from meteorological stations maintained by the Ghana Meteorological 

Service.  During a visit in July, 2004, we obtained a full suite of monthly climatological 

data for Kumasi (1945-2000: max, minimum, mean monthly temperature, monthly 

rainfall totals; 1961-2000: relative humidity 0600 hours, relative humidity 1500 hours, 

mean monthly windspeed, and mean daily duration of bright sunlight).  For comparison, 

additional data were obtained for the stations at Bekwai (1961-2000: monthly rainfall; 

1965-1998: minimum and maximum daily temperatures), Konongo (1939-2004: monthly 

rainfall; 1939-2000: minimum and maximum daily temperatures) and Bobiri (1971-1993: 

monthly rainfall; 1981-2000: relative humidity 0600 hours, minimum and maximum 

daily temperatures 1981-2000).  The locations of these three sites are shown in Figure 1b.  

The meteorological stations are located approximately 35 km (Kumasi), 20 km (Bekwai), 

30 km (Konongo) and 30 km (Bobiri) from Lake Bosumtwi. 

The data obtained from the Ghana Meteorological Service shows significant 

station to station variability (Figure 4).  This variability is most likely due to the 

combined effects of regional-scale heterogeneities in the climate system (e.g., highly 

localized rainfall) and local factors (e.g., land use changes) on individual stations. One 

example is that of temperature (Figure 4a), which should show coherent variations over 
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distances of 10’s of kilometers.  The majority of the stations show the same general 

trends and patterns of variability, though the magnitude of the year-to-year variations 

differs.  Konongo is the exception, with a sharp drop in temperature over the past few 

decades that must be attributed to non-climatic factors such as changes in the landscape 

near the meteorological station.  It is therefore excluded from our analysis. 

Precipitation data also varies significantly between stations (Figure 4b), with 

correlation coefficients between stations of less than 0.5 (Turner et al., 1996).  Unlike 

temperature, however, these intra-site variations in precipitation are expected because of 

the heterogeneous nature of rainfall producing storms in the region (Turner et al., 1996). 

This has important implications for modeling transient lake level fluctuations using data 

from remote sites, especially on very short (e.g., monthly to annual) timescales, because 

it is not possible to know for certain which of the rainfall events recorded in the various 

meteorological stations reached the lake catchment.  To address this problem, we average 

the two longest precipitation records (Kumasi and Konongo) and use these as input to our 

model.  This record is extended to the present using the rainfall record from Abono.   

Despite the large degree of heterogeneity in the climate data, a number of 

important trends can be identified.  Temperature shows a significant and regular increase 

of approximately 1.5 to 1.75 °C over the study period (Figure 4a).  All of the rainfall 

records also show a decrease of around 200 mm (1500 to 1300 mm yr-1), with an 

apparent shift in rainfall amount in the early 1970s (Figure 4b). This decrease is 

accompanied by an apparent drop in windspeed and cloudiness (as reflected in hours of 

bright sunshine) but with little change in relative humidity (Figure 4c).  
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4. METHODOLOGY 

4.1 Generalized water budget model 

The water balance for Lake Bosumtwi can be expressed as a balance between the 

hydrological inputs and outputs in the basin: 

∆V = P + R  - E  - D    (1) 

where ∆V is the change in the lake volume, P is the precipitation directly over the lake, R 

is the runoff from the surrounding catchment, E is the evaporation over the lake and D is 

the discharge from the basin.  Changes in lake volume may also be expressed in terms of 

the relative changes in the elevation of the lake level ∆H by taking the ratio of the change 

in volume to the water depth dependent surface area of the lake (∆A): 

( ) ADERPAVH ∆−−+=∆∆=∆    (2) 

4.2 Lake surface area estimation 

In this study we use the lake area (A) -depth (d) relationship recently computed by 

Scholz and coworkers at Syracuse University (Scholz, personal communication, 2004) 

using a digital elevation model of the basin (Figure 5).  This model is based on data from 

digitizing of topographic maps obtained from the Ghana Map Service (10 m contours) 

and from bathymetric data collected in 2000 by Scholz and coworkers (Scholz et al., 

2002).   
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4.3 Discharge 

It has been argued that Lake Bosumtwi is a hydrologically closed-basin lake 

(Turner et al., 1996).  Thus, the hydrological budget is controlled by a balance between 

the two sources of input (P, R) and a single means of removal of water from the basin 

(E).  At present, there is no surface water discharge from the lake, though there is an 

overflow spillway located ca. 120 m above the present lake surface.  Previous studies also 

suggested that groundwater outflow was minimal because of:  (a) the observation that the 

regional groundwater table is located several hundred meters above the lake surface, 

implying that the groundwater and the lake are hydrologically disconnected, (b) the 

physical characteristics of the lake (a meteorite impact in consolidated bedrock) which 

would thus require outflow to occur via typically sluggish fracture flow, and (c) the clear 

sensitivity of lake level to minor changes in precipitation. (Turner et al., 1996).  

Furthermore, elevated lake water Cl concentrations (23 mg l-1) reported by previously 

workers suggest that Lake Bosumtwi has been evaporatively concentrating dissolved 

solids, with minimal groundwater seepage, for at least several hundred years (Turner et 

al., 1996). 

4.4 Evaporation 

Determination of evaporation rates is challenging, because direct measurement of 

evaporation is difficult and unreliable (Shuttleworth, 1992), and because there exist a 

number of possible approaches for empirically estimating evaporation; the most suitable 

method may not be immediately evident.  Since each of the empirical approaches relies 

on different combinations of input variables (e.g., temperature, humidity, wind speed, 

103



 

cloudiness), these differing approaches may be more or less accurate, depending on the 

characteristics of the lake and its sensitivity to different climatological factors.  In order 

to fully assess the sensitivity of this lake to various factors, we have performed 

simulations using several of the most commonly employed approaches to determine 

which performs best in reconstructing the recorded levels of Lake Bosumtwi.  As input to 

each of these models, we used data from nearby meteorological stations (see section 4.6 

for a description). 

 

4.4.1 Energy Budget approach 

Probably the most commonly used approach for estimating evaporation is the lake 

energy balance method (Rosenberry et al., 1993; Vallet-Coulomb et al., 2001; Winter et 

al., 1995). In this approach, the energy balance at the surface of a lake may be written: 

SEHR vn ∆++= λ     (4) 

where Rn is the net radiation (the difference between the shortwave and longwave 

radiation), H is the outgoing sensible heat flux, λvE is the energy lost to evaporation and 

∆S is the change in energy stored in the lake (all terms in W m-2).  Equation 4 can be 

rearranged to solve for evaporation from the lake surface (Budyko, 1974): 

v

n SHR
E

λ
∆−−

=     (5) 

Details on the calculation of Rn can be found in section 4.5.  It depends on cloudiness 

over the site, water temperature and the saturation vapor pressure (es).   Changes in the 

energy stored in the lake (∆S) can be neglected because seasonal and interannual changes 
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in temperature are small.  The latent heat of vaporization of water (λv) can be calculated 

from the water temperature (λv= 597.3 - 0.564 Tw).  The sensible heat flux can be 

estimated from: 

( aw
a

airDatmo TT
RT

UCCP
H −= )    (6) 

where Patmo is the atmospheric pressure at the site, CD is the surface drag coefficient, U is 

the wind speed (m s-1), Cair is the heat capacity of dry air (0.24 cal g-1 °C), R is the gas 

constant, and Ta and Tw are the air and water temperatures (°C).   

The surface drag coefficient (CD) can be computed by the following expression 

(Hartmann, 1994): 

2

0

2 ln
−









=

z
z

C r
D κ     (7) 

The constant κ has a value of around 0.40.  zr is the reference height at which the wind 

speed is measured (2 m).  z0 is the height above the surface where the wind speed is zero 

(for water, z0 = 6 × 10-5 m) (Shuttleworth, 1992).  Based on these calculations, we 

estimate that CD = 7.3 × 10-4 for the present study. 

Water temperature is an important parameter in all the evaporation models.  

However, there is almost no available data describing the seasonal or interannual 

variability in water temperature and its relationship to air temperature.  We therefore 

follow the bulk transfer approach suggested by previous workers (Blodgett et al., 1997). 

This method estimates the water temperature by simultaneously solving the evaporation 
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equation (in this case: the Penman, Priestley-Taylor or energy budget methods) and a 

bulk transfer estimate of evaporation (Brutsaert, 1982): 

( )()(
622.0

asws
a

D TRHeTe
RT

UfC
E −= )  (8) 

Where es is the saturation vapor pressure computed at the air or water temperature (Ta, 

Tw),  f is the moisture availability function (1 for a saturated surface), and RH is the 

relative humidity.   

4.4.2 Penman combination approach 

This approach is based on the formulation for calculating potential evaporation 

(Penman, 1948).  It combines a term to describe the energy required for evaporation and 

a term to describe the removal of energy from the lake surface by advection 

(Shuttleworth, 1992): 

γ
γ

γλ +∆
+

+∆
∆

= a
v

n E
R

E     (9) 

where Rn/λv is the component of evaporation due to heating by solar radiation (mm day-1), 

Ea is the component of evaporation due to wind (mm day-1), ∆ is the slope of the 

saturation vapor pressure versus air temperature curve, and γ is the psychrometric 

constant.  γ  can be computed using the following expression: 
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∆ can be computed:  
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The drying power of the air (Ea) is estimated by the empirical expression in (Brutsaert, 

1982): 

( )( )asa eeUE −+= 254.0126.0    (12) 

where U2 is the wind speed measured at two meters above the lake surface and es - ea is 

the saturation vapor deficit.   

4.4.3 Priestley-Taylor approach 

Another commonly used approach for estimating evaporation is the Priestley-

Taylor method (Priestley and Taylor, 1972).  This method is a simplification of the 

Penman approach that is based on the observation that the first term in eq. 9 is typically 

much larger than the second term.  It suggested that evaporation can be related to 

radiation using an empirical constant called the Priestley-Taylor constant αP-T  (αP-T  = 

1.26).    It has the advantage of not requiring wind or relative humidity data, and 

therefore, may be more useful for data sparse regions.  According to this method, 

evaporation is calculated as: 

sTP EE 







+∆
∆

= − γ
α     (13) 

Although this formulation is very sensitive to the value of αP-T, previous workers have 

shown relatively good agreement between it and estimates based on measured values (de 

Bruin, 1983).  A slightly higher value of αP-T  = 1.74 has been suggested for arid 

locations which have a relative humidity lower than 60 percent during the period of peak 

evaporation (Shuttleworth, 1992).  
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 4.5 Radiation calculations 

These approaches require knowledge of both the shortwave and longwave 

radiative fluxes.  The incoming shortwave radiation (Rsw) is a function of the radiation at 

the top of the atmosphere (I0), decreased by the surface albedo (α) and the effective 

atmospheric transmissivity (t). 

( ) tIRsw α−= 10     (14) 

Although the albedo of a water surface depends on the altitude of the sun, resulting in 

large annual cycles at high latitudes, this is not as issue near the equator.  In this study, 

we use a constant value of 0.06 from equatorial measurements (Budyko, 1974). 

The transmissivity can be estimated using the Savinov-Angstrom equation 

(Budyko, 1974): 







 +=

N
n

bat      (15) 

where n is the daily number of hours of bright sunshine, N is the maximum possible 

hours of sunshine and a and b are empirical constants.  In this study we use the constants 

a = 0.23 and b = 0.38 determined for Onne, Nigeria (Akpabio and Etuk, 2003), which has 

a similar climate cycle to Ghana.  

The net longwave radiation is estimated from the Beriland formula (Berliand and 

Berliand, 1952; Budyko, 1974): 

( )( )24 54.01058.039.0 teTR satwlw −−= εσ    (16) 

where ε = emissivity of water (0.96), σ is the Stefan-Boltzmann constant (5.67 × 10-8 W 

m-2 K-4), Tw is the temperature of water and esat is the saturation vapor pressure. 
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4.6 Runoff 

The second most difficult to estimate parameter required in equations 1 and 2 is 

the catchment runoff (R).  R is a critical component of the water balance of the lake 

because has a significant impact on the amount of water received by a lake during rainfall 

events.  Several approaches have been used previously to model runoff in water balance 

model studies.  Some (e.g., Turner et al., (1996), Yin and Nicholson, (1998)) relied upon 

empirically-based rainfall-runoff relationships.  Although this method produces excellent 

results in many cases, it requires extensive monitoring data for both precipitation and 

runoff, which are often not available.  Additionally, this method assumes that rainfall-

runoff relationships are invariant, or are strictly a function of catchment area, which may 

not be valid for periods with large lake level fluctuations.  Another, more recent study 

developed a rigorous, catchment-scale hydrological model to physically model rainfall-

runoff relationships (Legesse, 2003).  This approach may be critical for large, 

heterogeneous catchments, but requires detailed information about vegetation and soil 

properties, which are also often not available.  Other studies have assumed that runoff 

represents the total rainfall on the catchment reduced by on-land evapotranspiration 

(Blodgett et al., 1997; Morrill, 2004; Shuttleworth, 1992). This method is probably most 

appropriate for sites with a limited catchment area, where subsurface storage and 

transport are minimized, and in where data on runoff and soil properties are lacking.  The 

drawback to this method is that it is extremely sensitive to estimates of 

evapotranspiration and to the assumption of minimal groundwater seepage.   
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In this study we use a simplified rainfall-evapotranspiration balance model to 

estimate catchment runoff.  In part, this is because there is no data on either rainfall-

runoff relationships or on soil and vegetation properties.  However, because the 

catchment area is small, the influence of infiltration and storage on the long-term water 

balances is minimized.  The omission of these factors in the model will have the impact 

of overestimating the short-term (monthly) response of the lake to individual rainfall 

events by assuming that runoff is immediately transferred from the catchment to the lake.   

Because the majority of the catchment area is occupied by a tropical forest, 

standard methods for computing evaporation from agricultural or grasslands e.g., 

(Brutsaert, 1982; Monteith, 1965; Shuttleworth, 1992) are inadequate for this site.  This is 

in part because the surface resistence of forests is much higher than that of grasslands, 

resulting in transpiration rates that are ca. 80 ± 10% of those computed using eq. 9 

(Shuttleworth, 1989).  This reduction is balanced, however, by much larger evaporation 

rates of water intercepted by the canopy of the forest (typically 10-30% higher than for an 

open water body (Shuttleworth, 1992).   

To account for these factors, we compute the monthly runoff from the Bosumtwi 

catchment using the formulation of (Shuttleworth, 1992): 

( )PEPR i
forest

ETcatchmentforest α+−= 8.0    (17) 

Where Pcatchment is the precipitation falling directly on the catchment, αi, the fractional 

interception loss and is a function of canopy type and the intensity of rainfall.  Since daily 

rainfall data is available for the lakeside between 1996 and 2004, we use this data to 
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compute (on a monthly basis) the fractional interception loss using the equation 

(Shuttleworth, 1992): 

( )
d

ss
i N

tSN
P

2.095.0 +
=α     (18) 

where Ns and Nd are the number of storms and number of days per month, respectively, S 

is the storage capacity of the canopy (0.8 mm for a broadleaf canopy in full leaf 

(Shuttleworth, 1989) and ts is the duration of storms.  For simulating periods where 

information on Ns and ts are unavailable, we assume that the value of αi is 

invariant. , the forest transpiration rate in eq. 14, is computed using the Penman 

equation (eq. 9), which is the method most recommended for estimating evaporation from 

a reference crop (Shuttleworth, 1992).  Adjustments are made to account for the 

differences in albedo between open water and a forest in calculating the energy fluxes in 

eq. 9.  

forest
ETE

An advantage of this model over a purely empirical model is that it allows us to at 

least crudely account for the influence of deforestation on catchment runoff over the 

course of our simulations.   This can be accomplished by by shifting between eq. 14, 

which describes rainfall-runoff processes in a forested catchment, to eq. 9, which can be 

used to compute evaporative losses in grassland or agricultural plots. The net result of the 

shift from forest to grassland is a substantial (ca. 8% annually) increase in the amount of 

water reaching the lake.  To estimate the amount of grassland versus forest in the 

catchment we used aerial photographs taken in the late 1950’s.  Based on these photos, 

we estimated that at least 20% of the catchment was grassland at that time.  At present, 
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the proportion is potentially higher because of extensive agricultural development, 

particularly over the past few decades.  However, without precise time series of 

deforestation, it is not possible to accurately incorporate this into the model.  We have 

therefore chosen to maintain a constant 20% deforestation for the modeled time interval. 

According to our model, runoff ranges from 155 mm yr-1 for an annual rainfall of 

1300 mm yr-1  (12%) to 425 mm yr-1 for an annual rainfall of 1750 mm yr-1 (24%).  As 

expected, runoff is highly seasonal, and smaller rain events (<100 mm month-1) do not 

result in runoff that reaches the lake.  Runoff estimates are also very sensitive to the 

parameters used in equations 14 and 15.  For example, a 10% change in the reduction of 

forest evaporation (from 0.8 to 0.7 or 0.9) results in a 30% change in estimated runoff at a 

precipitation of 1500 mm yr-1.   Similarly, a 10% change in αi (eq. 15) results in a 15% 

change in runoff. Thus, errors in our parameterizations of runoff may potentially result in 

significant errors in our computations.  At low rates of precipitation, these errors will 

induce small errors in our water balance because the total contribution of runoff is only 

ca. 10% of that of precipitation.  At higher rates of precipitation, however, the 

contribution of runoff to the water balance is much larger (25% at P = 1800 mm yr-1) and 

these uncertainties could have a significant impact on our simulations. 

To test our model, we can compare our estimates of catchment runoff to rainfall-

runoff data from the Pra River Basin in southern Ghana over the period 1945-1966 (data 

from Turner et al., 1996). As pointed out by Turner and coworkers, the climate, 

vegetation and land use in the Pra River Basin are similar to those at Lake Bosumtwi, and 

rainfall-runoff relationships are also likely to be reasonably similar (Turner et al., 1996).  
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Estimated runoff values for the present study overlap with but are generally slightly 

higher than those of the Pra River Basin (Figure 6).  In part, this may be the result of 

differences in the hydrology of the basins, with the Pra River losing at least some portion 

of its catchment runoff to groundwater infiltration, whereas the subsurface losses at 

Bosumtwi are expected to be minimal.  The broad similarities between the estimates, 

however, provide support for the validity of the approach outlined here.  

4.7 Transient and equilibrium lake level simulations 

Simulations are conducted in order to assess the effectiveness of the model under 

transient and equilibrium lake level conditions.  For the transient simulations, the water 

balance of the lake is computed at a monthly time step over the period starting in January, 

1939 and ending in April, 2004 (when the gauge was last removed).  The initial lake level 

was set to a value of 72.25 m based on measured values.    For each month, components 

of the water balance (runoff, evaporation, total on-lake precipitation) are computed and 

used to estimate a change water balance.  These values are then used to compute a change 

in lake level over that month, and the computations are repeated for subsequent months to 

derive a transient lake level curve.  Simulations are made separately using each of the 

three previously described evaporation model subcomponents.  The monthly inputs to the 

model include: the lake level computed for the previous month, total precipitation, 

average temperature, average hours of daily sunlight, average relative humidity and 

average windspeed.  Because there are no meteorological stations at the lake, we used 

data obtained from nearby meteorological stations in our calculations.  Duration of 

sunshine, relative humidity and windspeed records were all taken from the Kumasi 
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meteorological station.  For temperature, we used also used the Kumasi dataset because it 

is the longest continuous record, and because it agrees with the majority of the other 

available records.  An adjustment for the difference in elevation between the Kumasi 

meteorological station and Lake Bosumtwi was made using a lapse rate of 6.5°C km-1.  

For precipitation, we use a monthly average of the Konongo and Kumasi records.   

We also computed steady-state, equilibrium lake levels using the model in order 

to assess the sensitivity of the model to input parameters.  To do so, we computed the 

long-term (1939-2004), average monthly value for each climate parameter and used these 

as input to the model.  Sensitivity to the input parameters was then assessed by adjusting 

the mean annual value of each parameter separately, while at the same time preserving 

the seasonal (month to month) variations in climate.  While changes in seasonality might 

also be expected to occur during periods of climate change and the long-term mean 

seasonality we have imposed on the model may not be realistic, without additional 

information we had no choice but to assume this as most realistic modeling scenario.   

 

5. RESULTS AND DISCUSSION 

5.1 Estimates of evaporation 

Evaporation estimated using the Energy Budget, the Penman and the Priestley-

Taylor methods yield mean annual evaporation rates (based on Kumasi meteorological 

station data between 1945 and 2000) of 1570, 1520 and 1530 mm, respectively. 

Evaporation varies seasonally between a minimum in August (E: 110, P: 105 P-T: 104 

mm) and a maximum in March (E: 152, P: 151, P-T: 149 mm).  Although we were unable 

114



 

to obtain data on measured evaporation rates for locations near Lake Bosumtwi, we can 

compare computed values using our three methods with published monthly pan 

evaporation rates from Muni-Pomadze Ramsar, which is located near the coastal city of 

Accra, Ghana (Gordon et al., 2000).  The mean annual pan evaporation rate for this site is 

1650 mm, with a monthly minimum of 105 mm in August and a maxmimum of 168 mm 

in March (Figure 7).  The pan evaporation data show similar seasonal variations to our 

simulations, suggesting that the models correctly simulate seasonal variability in 

evaporation.  Although differences between the mean annual evaporation rates at Muni-

Pomadze Ramsar and those simulated by the models may reflect slight inaccuracies in the 

model calculations, several other factors also complicate these comparisons. First, the 

discrepancies between modeled and pan evaporation rates could reflect real differences 

between the evaporation at Lake Bosumtwi and at Muni-Pomadze Ramsar, since the 

latter site is located much closer to the coast.  In addition, the measurement period for the 

pan evaporation data is unknown, and the differences between simulated and measured 

evaporation may reflect temporal variations in factors such as temperature, cloudiness, 

windiness and humidity rather than inaccuaracies in the evaporation estimates. 

Alternatively, differences may reflect biases in pan evaporation measurements.  Typical 

corrections for pan evaporation data (under the conditions at Muni-Pomadze Ramsar) 

range from 0.65 to 0.81 (Doorenbos and Sellers, 1977; Shuttleworth, 1992) and would 

result in mean annual evaporation rates (1079-1340 mm) that are substantially smaller 

than estimated by our method.  However, without local calibration of the correction 

factors, there are large uncertainties in this correction.  Regardless of these uncertainties 
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in comparisons of the absolute magnitude of evaporation rates at the two sites, the 

comparison between measured and estimated evaporation rates suggest that the models 

are able to simulate the timing and relative magnitude of seasonal changes in evaporation. 

 The three evaporation models show relatively similar, but small sensitivities to 

changes in input parameters.   A 10% change in sunshine duration results in changes in 

evaporation of 132 mm (8.4%), 100 mm (6.6 %) and 130 mm (8.4 %) for the three 

models (EB, P, PT), respectively.  Changes of 10% in air temperature have 

approximately twice as much of an influence on evaporation from the Penman (13.4%) 

and Priestley-Taylor (13.8%) methods as they do on the energy budget method results 

(6.8 %), because of their inclusion in ∆, the slope of the saturation vapor pressure curve.  

The Penman method also shows significant sensitivity to changes in relative humidity 

showing a change of ca. 10 % from a 10% in RH.  Varying windiness by the same 

magnitude results in very small (2%) changes in evaporation in the Energy Budget and 

Penman methods.   

5.2 Lake level reconstruction 

Measured and simulated transient lake level changes over the interval 1939-2004 

are displayed in Figure 8.  The three simulated lake level curves differ in the method used 

to calculate the on-lake evaporation (i.e., Energy budget, Penman and Priestley-Taylor).  

Each employs existing meteorological data (i.e., humidity, air temperature, windspeed, 

cloudiness and precipitation) obtained from the Kumasi and Konongo meteorological 

stations as input. All the models reconstruct the general shape of the actual lake level 

curve, with a steady rise in lake level between 1938 and ca. 1970, and a slow decrease in 
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lake level until around 2000.  The models also produce many of the shorter-term (annual 

to multiannual) oscillations apparent in the lake level curve.  These consistencies between 

the models reflect the dominant influence of precipitation on the water balance of Lake 

Bosumtwi. 

However, there are clear differences between both the simulated results and the 

measured lake level curve, and between the simulated results using different evaporation 

parameterizations.  Clearly, the Energy-budget method by far does the best in 

reproducing the measured lake level record.  Both the Priestley-Taylor and the Penman 

method strongly underestimate evaporation rates, resulting in a more rapid lake level rise 

over the period 1939-1970, and maximum lake levels in the 1970s and 1980s that are 

several meters higher than actual maximum lake levels.  Similar overestimates of lake 

level were also produced by Turner and coworkers (1996) in their study of Lake 

Bosumtwi. On the other hand, the Energy Budget method reproduces the rate of lake 

level change over this period (prior to 1970) remarkably well.   

The differences between the reconstructed lake level curves may reflect 

differences in the magnitude of evaporation estimated by the three methods.  Both the 

Penman and the Priestley-Taylor methods yield mean annual evaporation rates that are 

only 2.5-3 % lower than that of the Energy Budget method.  However, this small 

difference results in a more positive water balance, causing the lake to rise more rapidly 

to a higher maximum level.  Although the exact physical cause of the differences in 

evaporation rates from the Penman and the Energy Budget methods are unclear, 

underestimates by the Priestley-Taylor method may be attributed to an incorrect choice 
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for the Priestley-Taylor coefficient (here, 1.26).  Sensitivity tests indicate that a small 

change in the value of this coefficient (to 1.35) results in a lake level record that is 

practically indistinguishable from that produced by the Energy Budget method.  Previous 

studies have also suggested that the Priestley-Taylor coefficient needs to be adjusted for 

low latitude sites (Shuttleworth, 1992).  However, the Priestley-Taylor coefficient is 

generally increased for arid regions and decreased for humid areas (Shuttleworth, 1992), 

in opposition to the findings presented here.   

Several other differences are also apparent between the results of the simulations 

and observed lake levels.  Minor, relatively short-lived divergences between simulated 

and recorded lake level curves occur in the beginning of the 1940’s and the later part of 

the 1950s, and are likely the result of small, regional rainfall heterogeneities. A more 

significant divergence occurs around 1968, when the model indicates that a substantial, 

rapid rise in lake level should have occurred (Figure 8).  Because all of the models 

compute lake level as a cumulative function of the previous months lake level and the 

current months calculated water balance, overestimates of lake level increases during 

these years are carried over into subsequent years, leading to the large observed offset 

between actual and the simulated lake levels throughout the 1970s.  The abrupt shift in 

lake level appears to be a direct consequence of anomalously high precipitation during 

the summer (May-Sept) of 1968 (1774 mm; compared with a long term average of 934 

mm).  

The anomalous precipitation values cannot be attributed to incorrect rain gauge 

measurements or localized rainfall anomalies because they are seen in all of the rainfall 
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records.  The possible explanations for these discrepancies are: (a) the lake level gauge 

was moved without the knowledge of the recorder, (b) the rainfall at the rain gauge 

locations was not representative of rainfall at the lake during these anomalous rainfall 

episodes, (c) the model overcompensates for the influence of large rainfall events on lake 

level.  The first suggestion is unlikely, since absolute lake gauge records suggest that the 

lake was significantly below the top of the gauge at this time, so there would be no reason 

to move it.   

An alternative explanation is that the runoff subcomponent of the model 

overestimates the contribution of the catchment to the lake water balance.  The runoff 

model computes the amount of catchment rainfall reaching the lake by assuming that it is 

only reduced by evapotranspiration and forest interception.  In reality, however, there is 

certainly some infiltration and storage of catchment runoff in the subsurface.  Some of 

this may remain in the subsurface, while other portions may take significantly longer to 

reach the lake, increasing their susceptibility to evapotranspiration and reducing the 

eventual net flux of runoff to the lake.  The importance of subsurface transport is evident 

in the large monthly variations in the simulated lake level when compared with the more 

subdued measured lake level fluctuations. The agreement between the longer-term 

Energy Budget model simulation and the measured lake level record suggest that over 

longer time periods, the runoff model is effective at simulating rainfall runoff-processes.  

This is seemingly supported by the Pra River runoff data.  However, the results of the 

other two evaporation models compute a water balance that is too positive.  An 

alternative explanation is that the runoff model overestimates the rainfall-runoff 
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relationship and that the evaporation estimates from these methods are correct (and the 

Energy Budget Model is overestimating evaporation).    Unfortunately, at this time, it is 

not possible to distinguish between these two possibilities. We therefore assume for the 

purposes of this paper that the runoff model is correct and use the Energy Budget model 

to assess the importance of precipitation and other climate variables on lake level 

variationsover the last 60 years. 

5.3 Sensitivity analysis 

Understanding the controls on lake level variations is important for interpreting 

paleo-lake levels as indicators of climate change.  Here we examine the sensitivity of 

steady-state lake level to a number of input parameters by varying each parameter 

separately and keeping all other inputs at the long-term mean values.  Because the 

Energy-budget model produces a record of lake level variations that is most similar to the 

observed record, we focus on this model.  However, we have included the results of the 

other two models for comparison. 

All three methods show similar sensitivity to changes in precipitation (Figure 9a).  

The degree of sensitivity of the models to precipitation is in large part due to the 

geometry of the catchment, which because of its steep-sidedness results in small changes 

in lake area (and consequently, evaporation) per unit amount of lake level increase.  

Thus, lake level changes are not as effectively countered by increases in evaporation as 

they would be in lake systems with shallow slopes, and larger lake level increases per 

unit change in precipitation are observed.   

120



 

The extreme sensitivity of lake level to even small changes in precipitation can be 

shown through an analysis of known precipitation changes over the last 65 years. Mean 

annual precipitation since 1939 has ranged from 1963 mm yr-1 to 998mm yr-1, with a 

mean of 1430 mm yr-1.  According to the models, if maintained for a several hundred 

years, the upper range of these values would have been sufficient to result in an overflow 

of the crater.  Conversely, equilibrium lake level for the lower end of this range would 

have been very close to drying the lake out completely.  While maintaining such 

conditions for long enough periods to reach equilibrium lake level would require 

dramatically different climate conditions than today, the transient lake level modeling 

results presented in Figure 8 suggest that even short-lived precipitation anomalies such as 

the one in the early 1970’s can have dramatic impacts on the water budget of Lake 

Bosumtwi.  

Air temperature can also have an influence on lake level, though the magnitude of 

this influence is clearly model-specific (Figure 9b).  For the Energy budget model, the 

model predicts a drop of 14.8 m in lake level for every degree of temperature increase.  

Because this is a tropical locality, temperature fluctuations are expected to be small, and 

their impact on lake level less important than precipitation and other factors.  However, 

over the time interval examined in this study, temperature has increased systematically by 

1.5 to 1.75 °C (Figure 4).  This suggests that temperature may have played an important 

role in controlling recent lake level fluctuations. 

Cloudiness can also have a major impact on lake level though its influence on 

incoming shortwave solar radiation.  A plot of the relative sunshine index (a proxy for 
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how clear the sky is based on hours of bright sunshine) versus calculated equilibrium lake 

level suggests that a change in the sunshine index of just 10% can cause a change in lake 

level of around 50 m (Figure 9c).  Measured annual sunshine index at Kumasi ranged 

from 0.38 - 0.49 over the period between 1939 and present.  If maintained over a long 

enough period, the minimum observed sunshine conditions would have been sufficient to 

result in the lake overflowing the basin.  Conversely, maximum sunshine conditions 

would have resulted in a lake that is 93 m deep.  These results suggest that cloudiness 

cannot be discounted when interpreting records of past lake level fluctuations. 

Our modeling exercises have found that lake level is also highly sensitive to 

catchment runoff.  Lake Bosumtwi is an especially unique system because of the small 

size of the catchment relative to the lake itself.  Because there are no external sources of 

water (e.g., groundwater, rivers originating outside the basin), changes in lake level have 

a major influence on the catchment area, and thus, the amount of runoff being received 

by the lake.  Because of this geometric constraint, runoff and lake level are extremely 

sensitive to processes that affect the proportion of catchment rainfall that actually reaches 

the lake. 

Among the most important factors in controlling runoff is vegetation.  In our 

model, we account for the differences between forested and grassy (or agricultural 

vegetation using an empirical expression that accounts for interception losses, and 

differences in rates of evaporation.  Changing the catchment from forest to grassland has 

a dramatic influence on the amount of runoff and consequently, the equilibrium lake level 

(Figure 9d).  For this reason, changes in catchment vegetation need to be considered 
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when using lake levels to interpret paleoclimate conditions during periods with known 

vegetation changes, such as the last glacial maximum, when this region was occupied by 

savanna (Talbot et al., 1984; Maley, 1987).  

5.4 Factors controlling recent lake level changes 

The energy budget model also provides an opportunity to assess the relative 

importance of the climate input variables in controlling recent lake level changes.  To do 

so, we have run the model under a number of conditions, progressively replacing the 

input climate records by their long-term averages. The resulting series of lake level 

reconstructions allows us to examine how changes in each of these variables have 

controlled lake level (Figure 10).   

Our results suggest that by far the dominant factor in controlling changes in lake 

level over the past 65 years is changes in precipitation.  Forcing the model only with 

changes in precipitation results in both the pre-1970 rise and the post-1970 drop in lake 

level.  Precipitation also appears to be the dominant factor in controlling the rapid, 

several-year variations in lake level that are superimposed on the long-term trend.  This 

observation supports the possibility that many of the observed differences between our 

simulated lake level reconstruction and the gauge record (Figure 8) are due to regional 

heterogeneities in rainfall rather than problems with the model itself.   

However, the precipitation-only simulation underestimates the magnitude of 

observed maximum lake level change, and predicts a much more rapid lake level 

decrease than seen in the gauge record.  Only when both temperature changes and cloud 

cover are included does the model accurately simulate the system.  Cloud cover changes 
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produce a greater maximum in lake level, whereas temperature changes are critical in 

both moderating the effects of cloud cover on the magnitude of this change and reducing 

the rate of lake level drop in the latter part of the record.  

 

6. SUMMARY AND CONCLUSIONS 

Lake Bosumtwi is a highly sensitive recorder of paleoclimatic and 

paleoenvironmental conditions in West Africa.  The results of this study suggest that 

recent transient changes in the level of Lake Bosumtwi can be accurately reproduced 

using a water balance model with an energy budget model-based evaporation 

subcomponent.  Other approaches to estimating evaporation such as the Penman and the 

Priestley-Taylor models do not perform as well, apparently underestimating evaporation 

rates and overestimating lake levels for the same time period.  The cause of these 

differences in performance are not clear, though the highly parameterized Priestley-

Taylor method can be improved substantially by increasing the Priestley-Taylor 

coefficient slightly.  Sensitivity analyses show that Lake Bosumtwi is most sensitive to 

changes in precipitation, cloudiness and temperature.  Results based on a simplified 

vegetation-runoff model suggest that catchment vegetation changes could also have a 

major impact on lake level, and also need to be considered. 

Recent lake level changes, including the dramatic rise in lake level between the 

1930’s and the early 1970’s, the plateau in the 1970s and 1980’s, and the regression 

beginning in the late 1980’s, as well as many of the more rapid and short-lived excursions 

in the lake level record, can be directly attributed to changes in input climate parameters.  
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The most important factor controlling both long and short-term lake level variations is 

precipitation.  At least during the recent past, parameters such as cloud cover and 

temperature appear to be of secondary importance, modifying the magnitude and rate of 

changes in lake level forced by precipitation. 
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Figure 1. a. Bathymetric map of Lake Bosumtwi showing drainage divide 
(dashed line) and major tributaries within the catchment. Bathymetric 
contour interval is 10 m.  Topographic contour interval is 150 m above sea 
level. b. Area map showing the locations of meteorological  stationa around 
the lake.  Shaded relief topography obtained from US Geological Survey 
Shuttle Radar Topography Mission dataset http://srtm.usgs.gov.
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Figure 2. Long term (1938-2000) averaged monthly data for precipitation 
(bars), windspeed (solid line) and sunshine duration (dashed line) at the 
Kumasi meteorological station
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Figure 3. The monthly lake level record from Abono 1938-2004.  Data 
are reported in meters above lake bottom.  Arrows indicate dates when 
the rain gauge was moved (according to the gauge records).  The 
magnitude and direction of the displacement of the gauge relative to its 
previous position (+ shallower; - deeper) are also indicated.
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Figure 4.  Climate data from meteorological stations at Kumasi (black circles),  Konongo 
(grey circles), Bekwai (black triangles) and Bobiri (grey triangles). (a) annually averaged 
air temperature; (b) annual rainfall totals; (c) annually averages of: (i) hours of sunshine 
(a proxy for cloudiness), (ii) relative humidity and (iii) windspeed from the Kumasi 
station.  Data was obtained from the Ghana Meteorological Services Office, Legon. 
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Figure 5.  Relationship between lake surface area and depth for Lake Bosumtwi.  
Based on digitization of topographic maps and bathymetric data. 
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Figure 6.  Comparison between Pra River Basin rainfall-runoff data (black circles) 
and estimated runoff computed using the rainfall-runoff model developed in this 
study.  Pra River data is based on data in Turner (1994). 
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Figure 7. Comparison between monthly measured pan evaporation rates at 
Muni-Pomadze Ramsar (Gordon, 2000) and rates estimated for the period 
1938-2004 made using the Penman, Priestley-Taylor and energy budget 
methods.
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Figure 8. Comparison between measured monthly lake level variations at 
Abono from 1938-2004 and simulated lake level variations made using the 
Penman, Priestley-Taylor and Energy Budget evaporation methods.  
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Figure 9.  Sensitivity of simulated equilibrium lake levels to changes in input 
climate parameters.  Each simulation was performed by varying the annual means 
values of (a) precipitation; (b) temperature; (c) hours of sunshine, while holding 
all other input variables constant at their long-term means.  For comparison, (d) 
shows the effects of converting catchment landscape from forest to grassland on 
equilibrium lake level.
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Figure 10.  Model simulations using the energy budget model illustrating 
the relative influence of input climate records on observed lake level 
variations.  Original: the simulated lake level record from Figure 6 using 
all the input climate data (precipitation, temperature, windspeed, sunshine 
duration); No sun: all climate variables used except sunshine duration 
which is held at long-term mean; No temp: all climate variables used 
except temperature which is held at the long-term mean; No precip: all 
climate variables used except precipitation which is held at the long-term 
mean; Precip only: both sunshine and temperature held constant, only 
precipitation is allowed to vary.  
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APPENDIX C:  LATE QUATERNARY AND HOLOCENE HIGHSTANDS OF LAKE 

BOSUMTWI 
 
 
Reprinted from Palaeogeography, Paleoclimatology, Paleoecology, Vol. 242, Timothy 
M. Shanahan, Jonathan T. Overpeck, C. Winston Wheeler, J. Warren Beck, Jeffrey S. 
Pigati, Michael R. Talbot, Christopher A. Scholz, John Peck and John W. King, Late 
Quaternary and Holocene highstands of Lake Bosumtwi, Pages 287-302. 
Copyright (2006), with permission from Elsevier. 
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LATE QUATERNARY AND HOLOCENE HIGHSTANDS OF LAKE BOSUMTWI 

 
Timothy M. Shanahan, Jonathan T. Overpeck, J. Warren Beck, Michael R. Talbot, 
Jeffery Pigati, John Peck, John King, Christopher Scholz 
 
 
Abstract 

A detailed investigation of geomorphological evidence of paleoshorelines and exposed 
stratigraphic sections of lake deposits, combined with a chronology based on radiocarbon 
dated charcoal and in-situ 14C dating of wave polished bedrock, provide important new 
constraints on lake level changes of Lake Bosumtwi, Ghana. Thick sequences of 
laminated silts, alternating with transgressive sands and deltaic gravels, attest to a long 
history of climatically controlled lake level variations.  The post-glacial rise in lake level 
began sometime after 16.3 ka, reached stable levels first at 14.5±0.6 ka and then rose 
again after ca. 14.3 ka.    A significant lake level regression spanned the interval 
from12.6±0.3 - 11.6±0.5 ka, synchronous with the Younger Dryas. Deep lake conditions 
were reestablished after ca. 11 ka, at which time the lake overtopped the crater.  Overflow 
continued until 8.8±0.5 ka, when another significant but short-lived regression occurred.  
Deep, but probably not overflowing conditions were again reestablished by >7.2±0.3 ka 
and continued until around 3.2±0.1 ka, when lake level dropped precipitously. 
Multicentury late Holocene highstands occurred at 2.2±0.1 and 1.7±0.2 ka, although 
these were significantly lower than those registered in the late glacial and early Holocene.  
The timing of late glacial events is similar to those recorded elsewhere in Africa and the 
higher latitudes, and likely reflects the dominant control of high latitude northern 
hemisphere conditions on the African tropics during the times of large northern 
hemisphere ice sheets.  Mid- to late-Holocene variations appear to be less coupled with 
changes across Africa and elsewhere, suggesting that regional forcing may be more 
important during warmer periods. 
 
 
   
1. Introduction 

 For West Africa, probably the most often cited record of glacial to interglacial 

terrestrial climate change is the lake level reconstruction from Lake Bosumtwi, Ghana 

(Talbot and Delibrias, 1977; Talbot and Delibrias, 1980), a record that shows striking 

similarities with the timing of millennial scale lake level fluctuations elsewhere in 
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northern Africa (Street-Perrott and Perrott, 1990). Because of its depth (75 m), and 

closed-basin character, Lake Bosumtwi has the advantage over other lakes from the 

region in that it preserves an extremely long record of lake level variations. However, 

because of the challenges in getting enough material for conventional radiocarbon dating, 

there is very limited chronological control on most of the most critical lake level changes 

in the Talbot and Delibrias (1977,1980) reconstruction.  Other geomorphologic and 

stratigraphic evidence of lake level fluctuations were left undated because of a lack of 

sufficient datable material.  

 In this study, we present new observations on the stratigraphy of exposed 

lacustrine sediments and well-defined paleolake terraces, and provide additional 

chronological data using both targeted radiocarbon dating of charcoal from critical 

lacustrine features.  We also present the application of novel in-situ cosmogenic exposure 

dating techniques to provide additional constraints on past lake highstands at Lake 

Bosumtwi.  Our results provide a more detailed and longer record of paleolake stands 

than presented previously, and provide new constraints on the timing of Late Pleistocene 

and Holocene lake level variations in data-poor West Africa. 

 

2. Background 

2.1 Site Description and Present-day Climate 

Lake Bosumtwi (6° 30’ N, 1° 25’ W) occupies a meteorite impact crater in 

southern Ghana, which was formed ca. 1.07 Ma (Koeberl et al., 1998). The modern lake 

has a maximum depth of 76 m; 99 m above sea level; a diameter of approximately 8 km 

142



 

and a surface area of around 52 km2.  It is hydrologically closed, with no connection to 

the regional groundwater aquifer, no river or stream inflow originating outside of the 

crater, and no surface water outflow except when the lake reaches a spillway located 110 

above the present lake surface (Turner et al., 1996) (Figure 1a). 

Lake Bosumtwi is located in the lowland forest zone of southern Ghana(Talbot 

and Johannessen, 1992).  Mean annual temperatures are ca. 26.7 °C, and the lake receives 

1260 mm of annual rainfall (based on 1990-2000 averages at Kumasi), with most 

occurring during the two rainy seasons in April-July and September-October.  The mean 

climatology has changed significantly over the last half century, with substantial 

decreases in precipitation and increases in temperature resulting in dramatic lake level 

fluctuations (Turner et al., 1996).  These results suggest that the level of Lake Bosumtwi 

is a highly sensitive indicator of changes in climate. 

 The climate of southern Ghana is controlled primarily by the north-south 

movement of the Intertropical Convergence Zone (ITCZ), the associated West African 

monsoon circulation, and sea surface temperatures in the Gulf of Guinea and the tropical 

Atlantic (Nicholson and Grist, 2001; Opoku-Ankomah and Cordery, 1994; Vizy and 

Cook, 2001; Wagner and Silva, 1994; Ward, 1998), Of particular importance for seasonal 

and interannual rainfall variability is upwelling in the Gulf of Guinea, which is forced by 

changes in zonal equatorial wind stress and shallowing of the thermocline in the eastern 

tropical Atlantic (Verstraete, 1992).  

Rainfall in southern Ghana is strongly seasonal with rainfall maximums occurring 

between April and June (long rains) and September-October (short rains) (Figure 2).  The 
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spring-summer rainy period results from the northward migration of the ITCZ, which 

brings moist southeasterly winds to the Guinea coast.  A short dry season occurs during 

July and August when the ITCZ is located to the north and stable, non-precipitating, 

stratiform clouds are generated over the coast by wind-induced upwelling in the Gulf of 

Guinea (Maley, 1989).  Increased rainfall during autumn results from the southward 

retreat of the ITCZ and a reduction in upwelling. In the winter (Nov.-March), the ITCZ is 

displaced to the south of Lake Bosumtwi and the northeasterly monsoon winds (the 

Harmattan) bring hot dry and stable air to the region, suppressing precipitation.  Lake 

level variations respond directly to both seasonal and annual changes in precipitation 

(Shanahan et al., submitted), and therefore provide a potential recorder of long-term 

changes in the climate of West Africa. 

 

2.2 Prior work 

The original Lake Bosumtwi lake level curve of Talbot and coworkers (1977, 

1980, 1981) was based on radiocarbon dating of exposed lacustrine deposits present in 

river gullies throughout the crater. The reconstruction indicates that the lake was lower 

than present prior to 12,690 14C yr BP (14,090-15,580 cal yr BP), after which a major 

lake level transgression occurred.  Rising lake levels were briefly interrupted by another 

regression, which lasted until 10,460 14C yr BP (11,750-12840 cal yr BP).  After this, a 

dramatic shift to deep stable lake conditions occurred, recorded as thick sequences of 

turbidite silts.  This highstand was interrupted by another short lived but more significant 

lake level regression at ca. 7,800 14C yr BP (8,290 – 9,090 cal yr BP), after which deep 
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lake conditions returned.  A well developed terrace at ca. 110 m above present lake level 

(apll) and an associated overflow notch in the eastern rim of the crater, are hypothesized 

to be related to this period of high lake level, although Talbot and Delibrias (1980) were 

unable to provide chronological constraints for these features.  The end of the interval of 

maximum lake levels is also poorly constrained, but dates on beach sands 0.5 m apll 

indicate that the regression occurred sometime before 3,620 14C yr BP (3,640 – 4,240 cal 

yr BP).  Radiocarbon dates on stromatolitic coatings from a well developed terrace, as 

well as on shells of the gastropod Melanoides tuberculata from associated beach deposits 

record a final lake level highstand ca. 25 m apll between ca. 2,950 and 1,850 14C yr BP 

(3,630 – 1,540 cal yr BP). 

Results from these studies have been supplemented by more recent work on 

profundal sediment cores from Lake Bosumtwi.  Lithologic, geochemical and magnetic 

studies of sediment cores reveal several significant, millennial scale droughts (Peck et al., 

2004; Talbot and Johannessen, 1992; Talbot et al., 1984) that are apparently synchronous 

with short-lived cold events reconstructed at high latitudes, and which potentially 

correlate with decreased lake levels before ca. 14,500 –15,500 cal yr and before 11,000 

cal yr in the Talbot and Delibrias (1980) lake level reconstruction.  Vegetation 

reconstructions based on pollen and grass cuticle studies do not show these short lived 

excursions, but do indicate a dramatic transition from cold arid, grassland dominated 

vegetation to warm, drought-intolerant forest vegetation types at around 9,500 cal yr, 

broadly consistent with the transition to permanent deep lake conditions in the early 

Holocene part of the lake level reconstruction (Maley, 1989; Maley, 1991; Maley, 1997).  
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This transition is also coincident with a shift from carbonate-bearing, finely laminated 

sediments to a more massive, blue green algae unit (termed the “sapropel”) (Talbot et al., 

1984).  This unit has been interpreted as indicating a highly stratified, eutrophic, deep 

lake, also consistent with the lake highstand reconstruction (Talbot et al., 1984).  

Despite the general consistencies between the lake sediment and highstand 

records, a number of uncertainties remain in the late Quaternary and Holocene evolution 

of Lake Bosumtwi. The onset of wet conditions at the beginning of the lake level 

reconstruction, and the rate of lake level increase following the initial desiccation event 

(Peck et al., 2004) are poorly constrained in the existing Talbot and Delibrias (1980) 

reconstruction.  Similarly, the timing, duration and magnitude of the millennial scale 

drought events in the lake high stand reconstruction are constrained by very few dates 

and locations. Proxy data from sediment cores do not provide unequivocal support for the 

existence of these events, with their presence in some records, and their absence in 

others.  Although it is a large event in the Talbot and Delibrias (1980) lake level 

reconstruction, no evidence for the early Holocene lake regression at 8,000-9,000 cal yr 

has been observed in any of the previous sediment core investigations (Maley, 1991; 

Peck et al., 2004; Talbot and Johannessen, 1992; Talbot et al., 1984).  

Along the same lines, the Holocene evolution of Lake Bosumtwi is poorly 

understood.  Although the transition from grassland to forest and the transition from 

varved to unlaminated, blue-green algae rich sediments during the early Holocene clearly 

correlates with increasing lake levels, limited chronological constraints on the highstand 

record and the apparent homogeneity of the unlaminated deposits preclude a more 
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thorough understanding of the Holocene lake level history. The present highstand record 

lacks any constraints on the period of deepest lake conditions and when, and if, the 

overflow was reached during the Holocene wet phase. There are also notable 

discrepancies between the end of wet conditions in the mid-to-late Holocene in the lake 

sediment core reconstructions (3,200 cal yr) (Russell et al., 2003) and in the lake 

highstand record (3,900 cal yr) (Talbot and Delibrias, 1980).  Resolving this issue is 

critical to assessing the relative phasing of the end of the so-called “African Humid 

Period” (AHP) across the continent. 

 

2.3 Field Methods  

 Stratigraphic units were mapped and correlated during visits in July, 2002 and 

July-August, 2004. Where available, charcoal samples were collected for AMS 

radiocarbon dating from cleaned stratigraphic sections, and their positions relative to unit 

boundaries were measured. For consistency, we use the same terminology as Talbot and 

Delibrias (1980) in identifying sediment facies (Table 1).  However, we focused on 

obtaining dates associated with either beach deposits or major facies transitions. 

 To date the maximum highstand, a ca. 2 m deep soil pit was dug in a flat portion 

of the highest terrace.  At the base of the soil pit, we were able to identify the boundary 

between the overlying sandy terrace unit and the lacustrine clay unit below. Charcoal 

samples were collected from as near to the sand – clay unit as possible for AMS 

radiocarbon analysis.  Additional constraints on the timing of overflow were obtained by 

surface exposure dating of bedrock outcrops in the overflow notch by in-situ 14C surface 
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exposure dating. This dating method is based upon the accumulation of comsogenic 14C 

in rock surfaces that are exposed to the incoming flux of galactic cosmic radiation 

(GCR).  Since buried or submerged surfaces are shielded from GCR, the accumulated 

inventory of cosmogenic nuclides in a rapidly exposed surface provides a means of 

estimating the time since the surface was first exposed (for a detailed description of this 

technique, see (Gosse and Phillips, 2001)).   

Samples for exposure dating were collected from the tops of two clearly polished 

quartz bedrock outcrops located on the flattest part of the center of the overflow notch.  

The outcrops stand approximately 0.5 m above the surrounding land surface and are 

considered unlikely to have been exhumed by erosion during the period since the notch 

was cut.  Visual inspection of the notch itself suggests that enough material was probably 

removed during the overflow episode to fully reset the exposure clock (i.e., no 

“inheritance” of cosmogenic nuclides).  Because the samples are located ca. 200 m apart, 

they are unlikely to have been affected by identical surface processes; a comparison of 

their individual ages provides a check on potential exposure history problems. 

2.4 Dating methods 

 Charcoal samples for radiocarbon dating were subjected to acid/base/acid 

pretreatment to remove residual carbonate and organic acids prior to analysis by AMS 

University of Arizona. 14C dates were calibrated using CALIB 5.0 and are reported as 2-σ 

ranges in Table 1 (Stuiver and Reimer, 1993; Reimer et al., 2004).   Where reported, 

individual radiocarbon dates are calculated as weighted averages using the probability 

distribution functions output by CALIB 5.0.  The ages of stratigraphic features with 
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multiple radiocarbon determinations were using the pooled mean radiocarbon age of the 

individual samples. 

 In situ 14C samples were processed following methods described previously 

(Lifton et al. 2001). Surface exposure ages were computed using an in situ 14C production 

rate of 15.5±0.5 atoms g-1 yr-1, assuming only production by high-energy neutron 

spallation (Pigati, unpublished data). Production rates were scaled to the site latitude and 

elevation using the most recently updated scaling factors (Desilets and Zreda, 2003).  

Because the site is located at low-latitude (high geomagnetic field intensity), a correction 

for temporal variability in production rates was made using the procedure outlined in 

(Pigati and Lifton, 2004).  

 

3. Results  

3.1 Stratigraphic evidence for lake level change 

We developed a composite stratigraphy for the exposed lacustrine deposits based 

on 26 described sections in 7 stream valleys. The outcropping lacustrine sections consist 

of alternating units of fluvial-deltaic gravels and beach sands, and thick sequences of 

lacustrine silts and clays.  In combination with the results of previous studies (Talbot and 

Delibrias, 1977; Talbot and Delibrias, 1980), we have developed a more detailed and 

significantly improved record of Late Pleistocene and Holocene lake level variations at 

Lake Bosumtwi.  A generalized composite stratigraphy is shown in Figure 3.  

Chronological results from radiocarbon dating of lacustrine units are reported in Table 1 

and Figure 4.  
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3.2 Lake level changes prior to the Last Glacial Maximum 

Exposures from the base of the profile are generally not accessible in most stream 

valleys, and where exposures were accessible, it was difficult to find charcoal for 14C 

dating.  The best exposures were found in the Abono, Obo and Pipiakuma drainages, at 

elevations around 5-10 m apll.  In these drainages, the lowermost unit was composed of a 

highly oxidized, fluvial-deltaic gravel (unit B-1), unconformably overlain by a ca. 1-2 m 

thick unit of coarsely laminated, interbedded turbidite silts (L-1).  We interpret this unit 

as being formed in water of moderate depth (>10 m). This unit is capped by a second 

oxidized, deltaic gravel unit (B-2).  Only one radiocarbon date was obtained from these 

units, and it yielded an age of 20,900 ± 410 14C yr BP (2-σ: 24,550 - 25,590 cal yr BP) 

for the lower portion of the turbidite silt (14 cm from the basal gravel layer B-1), in a 

section from the Pipiakuma drainage. While the lack of better chronological constraints 

prevent us from drawing too many conclusions from these deposits, they do indicate that 

lake levels likely exceeded 15-20 m above present lake level (apll) before 25 ka. The 

deposition of at least two stratigraphically distinct gravel units bracketing the turbidite silt 

suggests that deep lake conditions were interupted by at least two lake level regressions, 

though the age and magnitude of these lake level regressions are not known.  

These results are consistent with previous work on sediment cores, which suggest 

that Lake Bosumtwi was relatively wet prior to the last glacial maximum (LGM) (Maley, 

1991; Talbot et al., 1984).  Evidence for millennial scale droughts in this portion of the 

sediment core record is limited, though a significant, short-lived drop in lake level has 

been recognized at around 22,600 cal yr (Peck et al., 2004).  Additional work developing 
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proxy data and chronological constraints for sediment cores is needed to better 

understand this portion of the record. 

3.3 Post-glacial hydrologic changes 

 Stratigraphically above these units, the next sequence that can be unambiguously 

identified begins with a basal soil developed on fluvial-deltaic sands and muds (here 

renamed S-1).  This is the oldest of the units previously identified by previous workers 

(Talbot and Delibrias, 1977; Talbot and Delibrias, 1980).  14C dating of organic matter 

from this unit yielded an age of 13,400 ±150 14C yr BP (15,380-16,460 cal yr BP).  This 

age is similar to that of the low stand (60 m bpll) identified previously in shallow water 

sediment cores (16,300 cal yr BP) (Brooks et al., 2005; Peck et al., 2004), and which was 

correlated with Heinrich event 1(Peck et al., 2004).  Unit S-1 therefore probably 

represents a period of soil formation on exposed lacustrine deposits during this late 

Quaternary low stand. 

Both mineral magnetic and δ13C data from sediment cores indicate an initial rise 

in lake level at ca. 16,800 cal yr, representing the recovery from a millennial scale dry 

event synchronous with Heinrich event 1 (H1) rather than the initial postglacial rise in 

lake level (Talbot et al., 1992; Peck et al., 2004).    The timing of the lowstand is 

consistent with the sediment core chronology, likely indicating that they are the same 

event.   

S-1 is unconformably overlain by a continuous transgressive sequence consisting 

of fining upward sands at 16 m apll (unit B-3).  We interpret this unit as a paleobeach, 

indicating a standstill during a rapid postglacial rise in lake level. Radiocarbon dates on 
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charcoal from the unit B-3 transgressive beach deposits yield ages ranging from 12,290 to 

12,720 14C yr BP (13,940-14,710 to 14,480-15,400 cal yr BP).  This age range is 

consistent with the date of 12,690 ± 230 14C yr BP (14,090-15,580 cal yr BP) reported 

previously for this unit (Talbot and Delibrias, 1980).  

The sand unit B-3 is conformably overlain in several locations by an organic rich, 

finely laminated deep lacustrine unit (L-2). Two dates from the base of unit L-2 indicate 

that the deposition of these finely laminated sediments began abruptly at 11,720 ± 160 

and 11,740 ± 80 14C yr BP (13,416 to 13,752 cal yr BP). A third date, 5 cm below the 

upper boundary of unit L-2 yields a stratigraphically consistent, younger age of 11,530 

14C yr BP (13,115-13,725 cal yr BP).  This estimated age range for unit L-2 (13,260 –

14,000 cal yr BP) is in agreement with a single date on this unit (12,060 ± 130 14C yr BP; 

13,410-14,780 cal yr BP) reported by previous workers (Talbot and Delibrias, 1980).  

The deposition of organic-rich, varved sediments 16 m above the present lake level, and 

directly overlying transgressive beach sands indicates that the lake rose very rapidly after 

ca. 14,500 cal yr, reaching depths that were significantly (10’s of meters) deeper than 

today.  In sediment cores, there is no evidence for a large increase in lake level at this 

time, with the largest apparent increases in humidity occurring at around 12,000 cal yr 

(Peck et al., 2004).  We tentatively hypothesize that the notable lack of a response in the 

sediment record at this time may be due to nonlinearities in the response of this proxy to 

hydrologic changes during deeper lake phases.   One potential cause of these 

nonlinearities may be the hypsometric curve for the lake, which steepens rapidly above 

the 20-25 m terraces (Shanahan et al., submitted). 
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Finely laminated unit L-2 sharply transitions to unit L-2a at its upper boundary.  

L-2a is also finely laminated, but is substantially reduced in organic carbon, is highly 

oxidized, and contains abundant Fe-oxides and Fe and Mn carbonates.  In some locations, 

L-2a is also associated with large numbers of fish remains, which suggests that it 

represents a period of intense and regular seasonal overturning.  In the modern system, 

overturning events occur very irregularly, and are associated with massive fish die-offs, 

but are not characterized by the same degree of sedimentary Fe-oxide and carbonate 

deposition.  While the continuous deposition of varves throughout unit L-2a suggests that 

at least seasonally anoxic conditions must have been maintained at this time, the 

geochemical characteristics of the uppermost sediment varves indicate that the 

overturning must have been more regular and that the lake may have been shallower than 

during the preceding interval of varve deposition.   

Radiocarbon dates on samples from the uppermost portion of unit L-2a in the 

Abono sections yielded ages ranging from 10,530 to 10,040 14C yr BP (12,800 – 11,270 

cal yr BP), in agreement with previously reported dates on this unit (10,460 - 10,000 14C 

yr BP; 12,840 -10,710 cal yr BP) (Talbot and Delibrias, 1980).  However, Talbot and 

coworkers argued for a significant drop in lake level (to 20 m apll) at this time, based on 

the association of the older of these two ages with a single highly oxidized deltaic unit at 

16.5 m apll.  These results are in direct conflict with the appearance of varved sediments 

at this elevation, which suggest that at least seasonally anoxic conditions must have been 

present.   
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Highly oxidized sand units with dates ranging from 10,720 – 10,030 14C yr BP 

(12,880 – 11,240 cal yr BP) were found at elevations of ca. 30 m apll during this study.  

We suggest that these may represent the beach or near shore sedimentary units associated 

with the drop in lake level during the deposition of unit L-2a.  This would mean that the 

highly oxidized varves of L-2a identified at 16 m apll would have been formed at ca.15 m 

water depth.  Although previous workers have suggested that the modern zone of 

permanent anoxia is located at 40 m depth (Talbot and Delibrias, 1980), limited 

monitoring of the oxycline suggests that at least seasonally anoxic waters are present at a 

depth of 15 m (Shanahan, unpublished data), potentially allowing for the preservation of 

unbioturbated but highly oxidized sediments.  

Evidence for a millennial-scale drying event at this time is also visible in 

geochemical, magnetic and lithologic evidence from sediment cores. Based on the most 

recent sediment core chronology of Peck and coworkers (2003), this event occurred 

between 12,000 and 12,900 cal yr, beginning and ending slightly earlier than the event in 

our highstand record. However, these slight differences in timing may be a function of 

uncertainties in the sediment core chronology.  Additional work is ongoing to improve 

the chronology of the sediment cores. 

3.4 Holocene hydrologic changes 

L-2a is conformably overlain by extremely thick (10’s of meters) sequences of 

lacustrine turbidite silts (L-3) indicative of extremely deep lake conditions.  Although not 

visibly varved, they show clear bedding planes and sedimentary structures consisting of 

<5 mm thick, graded silt laminae and carbonaceous mud partings (Talbot and Delibrias, 
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1980).  In some sections, leaf fossil impressions accentuated by diagenetic Fe-oxide 

precipitation are visible in the clay partings, but little organic material has survived, 

making it difficult to date this sedimentary unit (Talbot and Delibrias, 1980). The fine-

grained sedimentary structures suggest that deposition occurred in >10 m of water, while 

the lack of fine-grained, organic rich varves may indicate that the sediments were 

deposited above the zone of permanent anoxia. Talbot and Delibrias (1980) radiocarbon 

dated four charcoal and one humus sample from unit L-3, and obtained ages ranging from 

10,000 to 9,190 14C yr BP (12,620 to 9,930 cal yr BP). Based on the relative depths of the 

radiocarbon dates from unit L3, they estimated an accumulation rate of ca. 1 cm yr-1 for 

the turbidite silts. Thicknesses of this unit are as great as 35 m, which at this rate of 

deposition would require 3,500 years, placing the top of this unit at ca. 8,300 yr. Within 

the errors of these accumulation rate estimates, this age is supported by our field 

observations at Apewu and Banso, where the lake highstand terrace T-1 (dated to 8,840 ± 

420 cal yr BP - see below) appears to sit directly on the turbidite silt unit. 

Although unit L-3 is highly oxidized, there is abundant grass cuticle charcoal in 

the lowest portion of this unit, directly above the boundary with the laminated unit L-2a. 

The presence of grass charcoal in the lower portion of unit L3 is important, in that it 

suggests that the shift from a grass-dominated to a forested catchment lagged the increase 

in lake level and the deposition of the L-3 turbidite silts.  This finding is consistent with 

the pollen based interpretations of Maley (1991), which indicate that the catchment 

vegetation was dominated by grasses until ca. 9,500 14C yr, several hundred years after 

the most dramatic rise in lake level. 
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Combined dating of charcoal from the 110 m terrace (T-1) (210 m above sea 

level) and surface exposure dating of fluvially polished bedrock from the crater spillway 

notch suggest that the lake overflowed the crater during the deposition of unit L3.   Two 

radiocarbon dates on charcoal from the terrace yield a mean calibrated age of 8,640 – 

8,988 cal yr.  The two in-situ 14C dates on the polished quartzite outcrops yield an age of 

9,500 ±1,500 cal yr BP. Within their dating uncertainties, the two features are 

indistinguishable, and suggest that the highest terrace was probably formed during a 

period of overflow, and therefore provides a minimum estimate of the lake water budget 

prior to 8,810 ± 250 cal yr. They also suggest that the deepest conditions during the last 

ca. 16,300 cal. yr were reached between ca. 11,600 and 8,810 cal. yr, and that during 

subsequent periods of increased lake level, the lake did not overflow.  Thus, despite the 

relatively homogeneous lithologic and geochemical characteristics of the algae-rich 

unlaminated unit, the lake was certainly not overflowing throughout the entire deposition 

of this unit. 

Previous work suggested that the lake high stand associated with the deposition of 

thick sequences of leaf-bearing turbidite silts (unit L-3) was abruptly terminated by a lake 

level regression at ca. 7,800 14C yr BP (8,210 – 9,110 cal yr BP) (Talbot and Delibrias, 

1980).  This date is based on a single charcoal sample taken from a sand unit located 23.5 

m apll in the Obo River drainage.  Additional support for this lowstand is difficult to 

obtain because of the extensive erosion of these and subsequent deposits during late 

Holocene lake level lowstands. However, during our study, we did identify an additional 

correlative sand unit (B-4) located at 25 m apll in the Pipiakuma drainage and dated it to 
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8,140 14C yr (8,610 – 9,470 cal yr BP).   These two dates yield a pooled mean age for this 

lowstand of 8,530 – 9,250 cal yr which is slightly earlier, but broadly consistent with the 

date of 8,300 cal yr for the top of unit L-3 estimated from sediment deposition rates 

(Talbot and Delibrias, 1980).  Comparison of the timing of this lowstand with the age of 

terrace T-1 indicates that they are statistically indistinguishable at 95% (t = 0.05 from a 

Chi-squared test), suggesting that they represent the same event.  

Despite the magnitude of this event (equivalent to a lake level drop of >80 m), 

previous workers did not recognize any evidence for this in sediment cores.   Similar 

discrepancies between paleohighstands and sediment core data have been noted for 

correlative events in Ethiopian lakes (Gasse, 2000).  The discrepancies with sediment 

core records may reflect a lack of sensitivity of deep sediment core records, or existing 

proxy measurements, to lake level changes when the lake is initially very deep.  A similar 

hypothesis was noted earlier to explain the absence of a lake level increase after 14,500 

cal yr in the sediment cores. Alternatively, the lack of a clear signal of this event in Lake 

Bosumtwi sediments may be a function of the reduced sampling resolution during the 

Holocene because of the dramatic decreases in sedimentation rate.  Recent reanalysis of 

the unlaminated blue-green algae rich unit by our group shows a 5 cm wide interval 

between ca. 8,000-9,000 cal yr, with a distinct change in color and reduced organic 

carbon concentrations, which may correlate with this lowstand event (Shanahan et al., 

2005).  Work is ongoing to investigate this possibility. 

Additional sequences of leaf-bearing turbidite silts lie stratigraphically above the 

transgressive sand unit in both the Obo and Pipiakuma drainages (unit L-4).  These fine-
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grained muds were likely deposited at depths of greater than 10 m, but, as pointed out 

previously cannot represent overflowing lake conditions. Although subsequent erosion of 

this unit and difficulties in finding datable material prevented us from accurately 

determining the full duration of this mid to late Holocene wet period, two dates obtained 

from this unit indicate that deep lake conditions were maintained between at least 6,300 

14C yr BP (7,020 – 7,420 cal yr BP) and 5,000 14C yr BP (5,470 – 5,990 cal yr BP).   

The existing lake level reconstruction of Talbot and Delibrias (1980) report two 

dates which constrain the end of the Holocene humid period, deposition of the turbidite 

silt sequences (L-4) and presumably, deposition of the blue-green algae-rich unlaminated 

unit in the deepest part of the basin.  The first is a radiocarbon date of 3,620 14C yr BP 

(3,640 - 4,340 cal yr BP) on a carbonized root killed during rising lake level. The second 

is from charcoal in a transgressive beach unit at 15.5 m apll, dated to 3,020 14C yr BP 

(2,890 – 3,450 cal yr BP) (here renamed unit B-5).  The older sample suggests that the 

lake was at or below modern level prior to 3,640 cal yr, at the latest and is in conflict with 

more recent dating of sediment cores, which indicate that deep, eutrophic lake conditions 

associated Anabeana deposition ended at 3,200 cal yr BP (Russell et al., 2003).  One 

possible explanation for this discrepancy is that the carbonized root sample was 

contaminated or stratigraphically misinterpreted.  In this case, the other date from unit L-

4 is consistent with the dates on the end of the unlaminated unit reported by Russell and 

coworkers (2003). Alternatively, the dates obtained by Russell and coworkers (2003) for 

the transition from unlaminated to laminated sediments could be incorrect.  They 

document substantial evidence for problems in obtaining accurate dates from sediment 
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cores, and required a large suite of dates in order to reach a consensus age for the end of 

this unit.   

Over the course of this study, we were unable to identify any deposits that would 

allow us to resolve this issue.  Although we attempted to locate and date the unit 

containing the carbonized root dated previously by Talbot and Delibrias (1980), all of the 

radiocarbon dates on these deposits yielded ages that were near modern (radiocarbon 

“post-bomb”, dates not reported here for brevity).   The absence of any deposits dating to 

near 3-4,000 cal yr at the elevation of the carbonized root described previously by Talbot 

suggest that this date may be anomalous, but it is not possible to know absolutely whether 

the same deposits were examined here as in previous studies.  However, preliminary 

varve counts on the uppermost sediments from the lake (Shanahan, unpublished data) 

support a later date for the onset of varve formation (ca. 3,000 cal yr), consistent with the 

findings of Russell and coworkers (2003). 

Talbot and Delibrias (1980) identified a final lake highstand dated to between 

1,900 and 2,500 cal yr based on radiocarbon ages of stromatolitic coatings and shells 

from a well-developed terrace at 15-25 m apll. We argue that this bench is actually a 

composite of two closely spaced highstands rather than a single phase of deposition 

(Table 2).  This hypothesis is based on abundant evidence that the stromatolites found 

between 15-19m apll represent reworked material from the 25 m terrace. For example 

stromatolites form ubiquitous surface coatings on rocks at 24 - 25 m, but are 

discontinuous and much less common on the lower terrace unit, suggesting that they are 

not in growth position and were mobilized from the upper surface. Additional evidence 
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for reworking comes from stromatolites found just above the modern lake surface, which 

also date to ca. 2,150 - 2,710 and 1,610 - 2,110 cal yr and are indistinguishable from the 

stromatolites at 20-25m.  Since modern day stromatolites yield modern radiocarbon ages 

with negligible reservoir effects (Shanahan, unpublished data), the anomalously old dates 

on stromatolites collected just above the modern lake level can only be attributed to 

erosion and redeposition. Furthermore, our observations of modern stromatolites suggest 

that they grow only in <1 m of water, and certainly not at depths of 7m.  It is therefore 

unlikely that the stromatolites found at elevations between 15 and 25m apll could have 

been formed at the same time. 

Assuming that the stromatolites were reworked from the 20-25m highstand, a 

comparison of the ages of shells found between 15-18 m apll and all of the stromatolites 

suggest two phases of deposition.  Shell samples from the 20-25m bench, and all 

stromatolite samples (excluding the anomalously young GIF4307) yield a pooled average 

age of 2,140 –2,340 cal yr.  Shell samples collected from the 15-18 m unit yield a slightly 

younger pooled age of 1,530 - 1,810 cal yr BP. While the 2-s ranges of these pooled ages 

do not overlap, the oldest sample from the lower bench overlaps with the youngest 

sample from the upper bench.  Thus we cannot say with any statistical certainty whether 

the two benches represent discrete events or a gradual drop in lake level over that 

interval.     Regardless, their presence suggests that the lake was relatively stable at 

between 18-20 m apll for at least several centuries between 1,500 and 2,500 cal yr. 

Mineral magnetic data also suggest an event at this time (Peck et al., 2004) (Figure 4), 

but evidence for an event around this time is less obvious in other proxy data (Maley, 
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1991; Talbot and Johannessen, 1992).  Higher resolution (century to decadal scale) data 

from analysis of sediment cores are needed to better understand these events. 

4. Discussion 

4.1 Hydrological and paleoenvironmental change over the last 25 kyr 

Across north Africa, the deepest lake levels of the last ca. 25,000 cal yr BP were 

achieved during the early Holocene, when subtropical insolation was near its maximum 

(Gasse, 2000; Overpeck et al., 1996; Street-Perrott and Perrott, 1990) (Figure 5). This 

continent-wide event has been related to the reactivation and enhancement of monsoon 

circulation, caused by a nonlinear response to gradual increases in solar insolation at this 

time (Claussen et al., 1999; deMenocal, 2000).  Although earlier initial increases at 17-

18,000 cal yr have been noted at some sites, the majority of sites indicate that the largest 

postglacial increase in African lake levels occurred sometime between 14-15,000 cal yr 

(Gasse, 2000; Hoelzmann et al., 2004; Street and Grove, 1979; Street-Perrott and 

Harrison, 1984).  Well-dated records from humid tropical West and Central Africa are 

limited, but seem to agree broadly with a onset of wet conditions at 14-15,000 cal 

yr(Lezine et al., 2005; Maley and Brenac, 1998; Marret et al., 2001; Pastouret et al., 

1978).  The Bosumtwi highstand record is consistent with these results, suggesting that a 

dramatic lake level increase occurred after 14,500 cal yr.  The timing and abruptness of 

this event in the highstand record lends further support to the hypothesis of deMenocal 

and coworkers (2000) that the African monsoon responded abruptly to gradually 

increasing insolation when it reached a threshold achieved at 14,800 cal yr.   
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According to the lake highstand record, the deepest lake conditions achieved since 

the LGM occurred during the early Holocene, between 11,600 and 8,800 cal yr, when 

Lake Bosumtwi overflowed.  Although deep lake stages were also achieved during the 

mid-to-late Holocene, combined cosmogenic and charcoal dating of the highstand 

indicates that they were smaller and did not reach the crater rim. The timing of this 

humidity maximum also matches that which would be predicted from linear forcing of 

the monsoon by summer (June-August) insolation at 20° N (which reached its maximum 

at 10,000 yr). 

Humid conditions ended abruptly during the mid to late Holocene, possibly as a 

nonlinear response of the African monsoon to changing insolation, as suggested 

previously (deMenocal, 2000). However, the timing of late Holocene drying of Africa 

appears to be spatially heterogeneous, with sites across Africa dating this transition to 

anywhere between 6,000 – 3,000 cal yr BP across Africa ((Kuhlmann et al., 2004) and 

see also data in the reviews of (Hoelzmann et al., 2004) and (Marchant and 

Hooghiemstra, 2004)).  Records from the humid forest zone of West Africa also provide 

variable estimates for the timing of late Holocene abrupt drying in this region, though 

most seem to show some evidence of two phases of abrupt drying at 4,000-3,500 and ca. 

2,500 cal yr BP (Elenga et al., 1994; Maley and Brenac, 1998; Vincens et al., 1999).  At 

Lake Bosumtwi, the timing of the late Holocene transition to dry conditions has been 

dated to 3,200 cal. yr (Russell et al., 2003) or 3,700 cal yr (Talbot and Delibrias, 1980).  

Both estimates suggest a delayed (1,800 to 2,300 yr) drying compared to that of sites to 
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the north (e.g., deMenocal et al., 2000), though the earlier estimate (3,800 cal yr BP) is 

consistent with that of other sites in West Africa.   

 Differences in the timing of this transition between sites on the Guinea coast and 

inland are potentially important for understanding the controls on abrupt climate change 

in West Africa.  The delay may be related to important differences in the cause of the 

drying event in the Sahel and Sahara, when compared with the coastal region. In the 

north, changes in moisture during the Holocene are believed to be related to the 

northward extension of the ITCZ and moisture-bearing equatorial winds.  Near the coast 

(<7° N), the cause of precipitation changes is less clear, as an equatorial contraction of 

the ITCZ might be predicted to result in enhanced precipitation because moisture bearing 

rainbelts are located over this region for longer periods of time.  One possible explanation 

is that Holocene precipitation changes near the coast were controlled by changes in wind 

driven upwelling in the Gulf of Guinea, a mechanism that is important for regulating 

precipitation today during July and August (Maley, 1991).   

Alternatively, the nonlinear response to changing summer (June-August) 

insolation at 20° N, proposed by deMenocal and coworkers (2000) for northern sites, may 

be inappropriate for sites to the south.  At coastal sites, the rainy season begins much 

earlier (March-April) and ends much later (October), and is actually greatly reduced 

during the summer months (July-August) as a result of coastal upwelling.  Insolation 

controls on the timing of the beginning and end of the monsoon may therefore be much 

more important for annual rainfall totals in this region, decoupling the timing of late 

Holocene moisture decreases in coastal and more northerly locations.  These differences 
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in timing may be enhanced by the decreased sensitivity of southern sites to changes in 

vegetation and soil feedbacks, which are much more extreme at arid sites in the north. 

Existing general circulation models are inadequate to answer these questions 

because they do not appropriately simulate rainfall changes in coastal West Africa. This 

is most apparent in simulations of the Holocene maximum in rainfall (actually simulated 

for 6 kyr), where efforts have primarily focused on the inclusion of soil moisture and 

vegetation feedbacks necessary to produce sufficient rainfall in the present-day Sahara to 

match paleovegetation data (Levis et al., 2004).  Increased moisture to the north appears 

to come at the expense of decreased precipitation in coastal sites south of ca. 7° N.  The 

development of this precipitation dipole appears to be a consistent feature of model 

simulations (Levis et al., 2004).  However, it is inconsistent with the paleorecord from 

Lake Bosumtwi, which displays enhanced moisture at that time, similar to that of sites to 

the north. 

 

4.2 Millennial-scale dry events in Africa tied to Northern Hemisphere climate 

change 

 The updated lake level record presented here supports the interpretations of 

previous workers that Lake Bosumtwi was subject to millennial-scale drought events that 

were synchronous with droughts elsewhere in Africa (Gasse, 2000; Street-Perrott and 

Perrott, 1990) (Figure 5).  Previous workers have also attempted to correlate these events 

with abrupt, millennial-scale climate events in the high latitudes of the northern 

hemisphere related to freshwater induced perturbations of the Atlantic thermohaline 
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circulation (e.g., Heinrich Event 1, the Younger Dryas and the “8200 event”) (Gasse, 

2000; Peck et al., 2004; Street-Perrott and Perrott, 1990).  

To assess the statistical likelihood that the events at Lake Bosumtwi overlap in 

timing with abrupt events from the North Atlantic, we employ Bayesian statistical 

techniques, as implemented in the program Bcal (Buck et al., 1999; Buck et al., 1996).  

Where known, events were ordered according to known stratigraphic relationships.  Our 

method takes advantage of the probabilistic nature of the radiocarbon age calibration to 

estimate the likelihood that two calibrated age distributions overlap. The results of our 

analysis suggests that the Lake Bosumtwi event at 16,300 cal yr and one centered on 12 

kyr are statistically indistinguishable from the timing of Heinrich event 1 and the 

Younger Dryas, respectively.  For the later event, there is a strong statistical probability 

that the lowstand began sometime after the Younger Dryas (>99%).  Similarly, the 

radiocarbon date on the end of the lowstand event (10,030 14C) is statistically 

indistinguishable from the end of the Younger Dryas (10,000 14C).  Its estimated duration 

(ca. 1560 yr) is also very similar to that of the Younger Dryas (1,500 yr).  These findings 

support the possibility that these events represent a tropical hydrologic response to 

millennial-scale events in the northern hemisphere. 

In contrast, our analysis suggests that the age of the early Holocene lowstand at 

8,600 cal yr may have preceded that of the Northern Hemisphere “8200” event. There is a 

very strong probability (>99% for both radiocarbon ages) that this event occurred prior to 

the oxygen isotope excursion at 8,200 cal yr in Greenland ice cores (Alley and 

Agustsdottir, 2005).  Using the more conservative estimate of 8,600-8,000 cal yr for this 
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event, as proposed by (Rohling et al., 2002), our analysis still indicates that there is a 

significant probability (68 and 97% for the two radiocarbon dates) that the drought at 

Lake Bosumtwi began prior to changes recorded at higher latitudes around this time. 

These analysis do not take into account the possibility that reworking of older 

charcoal may have biased the dating of this event, This cannot be completely disregarded, 

since there are only two dates on the lowstand feature at Bosumtwi and because evidence 

for reworking has been noted in the case of the stromatolite dates on the 1500-2000 yr 

terrace.  However, there is no evidence for reworking problems producing anomalous 

charcoal dates on the other paleolake stands, and in particular, the one at 12,000 cal yr.  

The possibility that the event at 8,600 cal yr is not in fact driven by the perturbation of 

thermohaline circulation at ca 8,200 cal yr is also consistent with its large magnitude 

compared with other millennial-scale events (e.g., the Younger Dryas) which are of 

similar magnitude at Lake Bosumtwi but which resulted from much larger northern 

hemisphere forcing. 

 Additional insights into the cause of these millennial scale events come from the 

ocean.  Modeling efforts using mesoscale climate models have shown that tropical 

Atlantic SSTs play a strong role in controlling precipitation over coastal West Africa (up 

to 10° N) (Vizy and Cook, 2002).  In the modern system this is also true, with the 

strongest correlations occurring between tropical Atlantic and Gulf of Guinea SSTs in 

July and August and precipitation reductions during the short dry season on the coast 

(Opoku-Ankomah and Cordery, 1994).  Comparison between a record of Mg/Ca based 

SST estimates from the eastern Gulf of Guinea (Weldeab et al., 2005) and the record 
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presented here do show similarities that are broadly consistent with this mechanism (cold 

SSTs = low precipitation) (Figure 5). However, this finding is inconsistent with GCM 

simulations of freshwater perturbations of the thermohaline circulation (THC) in the 

Atlantic.  Most GCM simulations indicate that freshwater perturbations to the THC result 

in a reduction in cross equatorial heat flow and a subsequent buildup of warm water in 

the tropical and subtropical southern hemisphere Atlantic Ocean (Dahl et al., 2005; 

Zhang and Delworth, 2005).  While models do simulate a reduction in precipitation over 

most of North Africa due to a weakening of the monsoon circulation at this time, most 

also simulate the formation of a precipitation dipole, with increases in coastal regions 

resulting from the warmer waters and enhanced evaporation over the oceans (Dahl et al., 

2005; Zhang and Delworth, 2005). Both the precipitation data from Lake Bosumtwi and 

the SST data from the Gulf of Guinea are in disagreement with these model predictions. 

 The results from this study suggest that while there may be a connection between 

slowdowns in thermohaline circulation of the Atlantic and at least some millennial scale 

droughts in Africa, observed changes are inconsistent with the mechanisms suggested by 

GCM simulations.  Our results suggest that not all large, millennial-scale drought events 

in the African tropics are caused by events occurring in the North Atlantic.  In particular, 

the abrupt drought event at 8,600 cal yr appears to have been both too early and too large 

to have been produced by the relatively small “8200 event”.  This raises the possibility 

that large, abrupt hydrologic changes in the tropics may be important drivers of climate 

during the Holocene, and that during warm climate intervals, tropical sources of climate 

variability should be considered in addition to those derived from the North Atlantic.  
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Improvements in both the dating and quantification of paleodata from this region, as well 

as in modeling efforts are needed to better understand the role of the West African 

monsoon in these abrupt climate changes. 

5. Conclusions 

A longer and more detailed chronology of lake level variations at Lake Bosumtwi 

has been developed from numerous additional descriptions and radiocarbon dating of 

lacustrine sediments and paleobeaches exposed in the catchment area.  The revised lake 

level history indicates that an abrupt rise in lake level occurred synchronously with that 

seen in higher latitude Africa as a result of gradually increasing insolation, prior to the 

onset of the Holocene.  Late Holocene decreases in lake level, however, lagged those of 

sites to the north by as much as 2,300 years, indicating that regional climate was more 

important for declining precipitation controls in coastal West Africa at that time.  A 

number of large, millennial-scale lake level drops are superimposed on the late Glacial to 

Holocene lake level evolution.  Although the cause of these changes is unknown, their 

similarity in timing to freshwater perturbations of the Atlantic thermohaline circulation 

(e.g., Heinrich events) suggests that they may be connected via changes in oceanic heat 

transport.  However, an early Holocene event, visible in records from across Africa and 

dated here to ca. 8,600 cal yr, appears to have preceded the North Atlantic climate event 

with similar timing (the “8200 event”), indicating that at least some of these millennial-

scale tropical megadroughts may not be driven by changes at higher latitudes. 
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TABLE 1 Summary of radiocarbon dated samples from Lake Bosumtwi stratigraphic sections

Lab No. Locality Material Facies 14C age Calib. age  (2-! ) elev. Ref
 yr BP cal yr BP m

Oldest turbidite silts (L-1)
AA52241 Pipikuma charcoal turbidite silt 20,900 ± 410 24,206 - 25,980 5 A

Basal soil  (S-1)
GIF4816 Obo charcoal soil on silts 13,400 ± 150 15,383 - 16,455 21 B

Transgressive beach, 16 m (B-3)
AA52230 Obo charcoal beach sand 12,290 ± 87 13,937 - 14,710 16.5 A
AA52231 Obo charcoal beach sand 12,310 ± 100 13,952 - 14,803 16.5 A
AA52232 Obo charcoal beach sand 12,720 ± 110 14,477 - 15397 16.5 A
GIF4607 Banso charcoal beach sand 12,690 ± 230 14,093 - 15577 16 B

Organic rich varved sediments (L-2)
AA52240 Old Konkoma charcoal lam. silt 11,740 ± 78 13,410 - 13,763 4 A
AA52244 Pipie charcoal lam. silt 11,720 ± 160 13,261 - 13,885 10 A
AA52251 Apewu charcoal lam. silt 11,530 ± 160 13,115 - 13,725 15 A
GIF4818 Obo charcoal lam. silt 12,060 ± 130 13,412 - 14,783 8 B

Fe, Mn rich oxidized layer (L-2a)
AA52253 Old Konkoma charcoal oxidized sand 10,720 ± 84 12,408 - 12,879 30 A
AA52228 Abono charcoal lam. silt 10,530 ± 110 12,128 - 12,801 16 A
GIF4609 Pipie charcoal lam. silt 10,460 ± 180 11,752 - 12,836 16.5 B
AA52227 Abono charcoal lam. silt 10,020 ± 110 11,238 - 11,974 16 A
AA52245 Old Konkoma charcoal oxidized sand 10,353 ± 79 11,833 - 12,619 30 A
AA52229 Abono charcoal lam. silt 10,037 ± 80 11,266 - 11,958 16 A
AA52248 Apewu charcoal oxidized sand 10,030 ± 110 11,243 - 11,975 27 A

Turbidite silts (lower) (L-3)
GIF3991 Banso charcoal lam. silt 10,000 ± 220 10,709 - 12,624 1.5 B
GIF3650 Banso charcoal turbidite silt 9,880 ± 220 10,661 - 12,130 2.5 B
GIF4606 Banso charcoal turbidite silt 9,330 ± 170 10,200 - 11,121 5 B
GIF4909 Banso charcoal turbidite silt 9,250 ± 170 9,933 - 10,885 12 B
GIF4817 Obo humus turbidite silt 9,190 ± 110 10,180 - 10,660 24 B
AA52247 Apewu charcoal turbidite silt 8,820 ± 160 9,537 - 10,233 29 A

Beach, 25 m (B-4) 
GIF4815 Obo charcoal fluvitile/deltaic 7,800 ± 180 8,292 - 9,091 23.5 B
AA52243 Pepiakuma charcoal sand 8,140 ± 170 8,627 - 9,468 22 A

Turbidite silts (L-4)
AA52252 Old Konkoma charcoal turbidite silt 6,302 ± 58 7,024 - 7,415 8 A
GIF4306 Pepiakuma charcoal turbidite silt 5,000 ± 120 5,473 - 5,990 1.5 B

High stand termination
GIF3992 Banso  root turbidite silt 3,620 ± 110 3,638 - 4,244 3.0 B
GIF3996 Old Konkoma charcoal beach 3,020 ± 110 2,889 - 3,447 15.5 B

Reference:
A - This study
B - Talbot  and Delibrias (1980)
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TABLE 2 Summary of radiocarbon dated samples from Lake Bosumtwi high stand terraces

Lab No. Locality Material Facies 14C age Calib. age range (2-! ) Elev. Ref

 yr BP cal yr BP m

Overflow terrace ( 110 m) (T-1)
AA51289 Apewu charcoal beach 7,921 ± 57 8,603 - 8,980 110 A
AA51290 Apewu charcoal beach 8,021 ± 95 8,596 - 9,196 110 A

20-25 m stromatolite terrace (T-2)
GIF4312 Old Brodekwano stromatolite terrace 2,180 ± 100 1,924 - 2,356 24 B
GIF4309 Amakom stromatolite terrace 2,210 ± 100 1,945 - 2,458 20 B
GIF4308 Amakom stromatolite terrace 2,200 ± 100 1,925 - 2,436 25 B
GIF3651 Abono M. tuberculata terrace 2,950 ± 200 2,623 - 3,633 21 B
GIF3652 Abono M. tuberculata terrace 2,370 ± 300 1,701 - 3,161 22 B
GIF4610 (1) Ejeman charcoal delta 2,150 ± 100 1,923 - 2,345 15 B
GIF3997 (1) Ejeman stromatolite terrace 2,250 ± 100 1,989 - 2,685 10 B
GIF3993 (1) Ejeman stromatolite terrace 2,350 ± 100 2,152 - 2,714 5 B

18-20 m terrace (T-3)
GIF4310 Ejeman oncolite gravel terrace 2,020 ± 100 1,729 - 2,304 18 B
GIF3998 Pipie M. tuberculata terrace 2,080 ± 100 1,865 - 2,327 19 B
GIF4311 Ejeman M. tuberculata terrace 1,850 ± 100 1,541 - 1,996 15 B
GIF3994 (1) Ejeman stromatolite terrace 1,910 ± 100 1,610 - 2,114 2.5 B
GIF3995 (2) Old Konkoma M. tuberculata terrace 1,130 ± 90 833 - 1,277 17.5 B
GIF4307 (2) Amakom stromatolite terrace 610 ± 90 501 - 699 18 B

(1) reworked sample
(2) contaminated
Reference:
A - This study
B - Talbot  and Delibrias (1980)
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TABLE 3  In-situ  14C age data for quartzite bedrock samples in the overflow

Sample ID Latitude Longitude Elevation St
(1) Thickness Density Production rate(2,3) In situ  14C conc.(3) Exposure age (3)

(¡N) (¡E) (m ASL) (cm) (g cm3) (103 atoms g-1 yr-1) (103 atoms g-1) (ka B.P.)

BOS02-2 6.522 1.366 320 1.0 2.0 ± 1.0 2.6 ± 0.1 10.2 ± 0.6 55 ± 5 9.1 ± 2.1

BOS02-3 6.522 1.366 320 1.0 2.0 ± 1.0 2.6 ± 0.1 10.3 ± 0.6 58 ± 5 9.9 ± 2.1

(1) Topographic shielding factor.
(2) Integrated over the duration of exposure based on a sea level, high geomagnetic latitude production rate of 15.5±0.5 atoms g-1 yr-1 (1! ) 

for modern geomagnetic conditions (1945.0 Definitive Geomagnetic Reference Field) and production only by neutron spallation.

Corrected for variations in production over space (Desilets & Zreda, 2003) and time (Pigati & Lifton, 2004).
(3) Uncertainties in the in situ  14C production rates, concentrations, and exposure ages are reported at the 1s (68%) confidence level.  
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Figure 1.  a. The location of Lake Bosumtwi in southern Ghana.  
Dark lines represent the approximate location of the 
Intertropical Convergence Zone (ITCZ) in summer and winter. 
b. Bathymetric map of Lake Bosumtwi, redrawn from Brooks 
and coworkers, 2005. Letters indicate the locations of sites 
referred to in the text and in Figure 4: A. Gulf of Guinea SST 
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Figure 2.  Long-term average (1945 - 2000) meteorological data from Kumasi, 35 
km northwest of Lake Bosumtwi.  Vertical bars: monthly precipitation totals; 
solid dark line: air temperature; grey solid line: wind speed; dotted line: duration 
of sunshine in hours (* an indicator of cloudiness).  The data illustrates the 
characteristic double peaked rainfall maximum in the early summer and fall 
associated with the passage of the ITCZ and the associated seasonal variations in 
other meteorological variables.
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L-4: leaf-bearing laminated silts
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Figure 3.  Composite stratigraphic section for late Quaternary and Holocene 
lacustrine deposits.   The revised stratigraphy presented here updates that 
which was presented previously in Talbot and Hall (1981). 

179



el
ev

at
io

n 
(m

 a
bo

ve
 la

ke
)

0

20

80

100

120
turbidite silts 
sand/gravel 
laminated silts 
oxidized sands 
oxidized silts 
stromatolite
m. tuberculata
soil 

-60 m
(16.3ka)

16 m

?

finely
laminated

?

overflow
lake 

30 m
23 m

?

0.6

0.2

0.4

calendar yr BP

0 2000 4000 6000 8000 10000 12000 14000 16000

δ13
C 

 

-40

-30

-20

-10

0

M
rs

/M
s

a.

19 m 20-25 m

stable lake stand

b.

c.
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data from this study, and from Talbot and Delibrias (1980). Symbols indicate the 
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above modern lake level. Solid line shows the reconstructed lake level curve, 
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Abstract 

Understanding the causes of tropical climate variability requires an understanding of not 
only the temporal patterns of these changes, but their spatial extent and magnitude.  Often 
reconstructions of past climate conditions from proxy climate records provide only 
relative estimates of paleoenvironmental variability.  Although these records yield 
important insights into past climate change, quantitative estimates are also needed in 
order to provide more unambiguous understanding of the mechanisms behind these 
changes.  In the present study, we employ a water balance modeling approach to simulate 
the magnitude of hydrologic changes associated with the geologic record of past lake 
stands at Lake Bosumtwi, West Africa.  Our results indicate that lake level lowering 
during the late glacial (16 ka) was likely the result of a ~20% decrease in precipitation, 
consistent with general circulation modeling (GCM) results and existing 
paleohydrological estimates in Africa.  In contrast, our estimate of hydrologic change 
during the early Holocene is at odds with the magnitude and direction of hydrologic 
changes predicted by GCM results, suggesting that the models may not adequately 
reproduce the processes associated with large-scale changes in the West African 
monsoon.  Our results are more difficult to interpret for apparent megadroughts at 12 and 
8.5 kyr, but also appear inconsistent with GCM predictions of a precipitation dipole over 
West Africa.  The water balance model also indicates that significant hydrologic changes 
occurred in response to relatively short-lived or small forcing at ca. 75 kyr possibly 
associated with the Toba eruption, and during the late Holocene event that is broadly 
coeval with the “Little Ice Age”.  These results suggest that the West African monsoon 
has the potential to respond in a highly non-linear way to forcing involving changes in 
the solar radiation budget over Africa. 
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1. Introduction 

Although the dominant influence on post-glacial climate changes in tropical 

Africa has been shown convincingly to be related to orbitally-induced changes in the 

African monsoon (Gasse, 1977; Gasse, 2000; Kutzbach and Otto-Bliesner, 1982; 

Kutzbach and Street-Perrot, 1985; Street and Grove, 1979; Street-Perrott and Harrison, 

1984 ), a number of records also show large, abrupt millennial-scale droughts 

superimposed on these longer-timescale orbital variations (Gasse, 2000; Gasse et al., 

1990; Overpeck et al., 1996; Street-Perrott and Perrott, 1990).  Comparisons of lake level 

records from several sites across Africa suggest that during the deglaciation and early 

Holocene, these events were continent-wide phenomena and correlate well with abrupt 

climate events initiated in the North Atlantic (Gasse, 2000; Street-Perrott and Perrott, 

1990).  Also striking are the sizes of these lake level variations, with events during the 

Holocene apparently reaching similar magnitudes as earlier episodes.  The recent 

extension of records through the previous interglacial using seismic data and long drill 

cores recovered from several of the largest African lakes (e.g., Bosumtwi, Malawi, 

Tanganyika) provides additional evidence for earlier regionally synchronous 

megadroughts that are not likely driven by events in  the Northern hemisphere (Scholz et 

al., in preparation).  Understanding the relationship between these major hydrologic 

events in the African tropics and at higher latitudes will require a better understanding of 
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their timing, as well as their mechanisms.  In this study, we use forward modeling of lake 

highstands to provide new constraints on the magnitude of hydrologic changes in West 

Africa since the last deglaciation and for select, well-characterized major hydrologic 

events back in time. 

 

2. Geologic evidence for paleolake stands in West Africa 

Abundant evidence for hydrologic changes in West Africa is preserved in the 

form of ancient lacustrine sediments, paleobeach deposits and paleosols surrounding lake 

basins across West Africa.  One of the most well cited records of postglacial climate 

change in West Africa is based on descriptions and radiocarbon dating of the exposed 

lake sediments and terraces surrounding Lake Bosumtwi, Ghana (Talbot and Delibrias, 

1977; Talbot and Delibrias, 1980).  Recent work updating and improving upon the 

chronological and stratigraphic constraints on paleolake stands, makes the Lake 

Bosumtwi record one of the most well-constrained, quantitative lake level reconstructions 

in Africa (Brooks et al., 2005);(Peck et al., 2004; Shanahan et al., accepted-b). 

The revised lake level reconstruction (Figure 2) (Appendix C) suggests that Lake 

Bosumtwi was at its minimum elevation of the last ca. 17 kyr, 60 m below present lake 

level (bpll), at around 16.3 kyr (based on a desiccation surface in sediment cores at a 

depth of 60 m (Peck et al., 2004)).  Lake level then rose abruptly to ca. 16 m above 

present lake level (apll) by 14.6 ± 0.6 kyr, and, after a brief period of stable lake level, 

continued to increase until ca. 12.6 kyr.  Varved lacustrine sediments deposited at 18m 

apll suggest that the lake reached an elevation of >70 m apll during this interval.  
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Significant lake level regressions occurred between 12.6±0.3 to 11.6±0.5 kyr, when well-

developed beach sands were deposited at ca. 30 m apll, as well as at ca. 8.7±0.6 kyr, 

when the lake dropped precipitously to an elevation of 27 m apll (Shanahan et al., 

accepted-b). During the intervening time period, stratigraphic evidence suggests that the 

lake reached its maximum depth, overtopping the crater rim.  Following the second lake 

level regression at 8.7±0.6 kyr, the lake deepened and remained deep until the 

termination of humid conditions at ca. 2.5-3 kyr (Russell et al., 2003), Appendix C). A 

second, smaller lake level regression at ca. 2-1.5 kyr is evidenced by a well-developed 

terrace 15 m above the present lake. 

A high-resolution seismic reflection survey performed in 2000 also provides 

evidence for three older erosional surfaces at depths of 92±3, 102±3 and 107±4 meters 

below present lake level (Brooks et al., 2005) and work is in progress to verify their ages.  

Based on extrapolated sedimentation rates, these erosional surfaces were formed at 

around 65, 86 and 108 cal kyr (Brooks et al., 2005).  The younger of these three events 

appears to correspond to an erosional surface identified in deep drill cores from the center 

of the lake, indicating the complete desiccation of the lake at that time.  This horizon has 

been dated to ca. 75 kyr using a combination of optically stimulated luminescence, 

extrapolation of shallower radiocarbon ages and identification of paleomagnetic 

excursions (Peck et al., 2005).  Mineral magnetic and core logging data from sediment 

cores suggest that this may have been one of the few periods of complete lake desiccation 

over the entire 1 Ma history of the lake.  Similar timing and magnitude for this event have 
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also been identified in large East African lakes, suggesting that this may have been an 

Africa-wide event (Scholz et al., in preparation). 

There also exists evidence for several late Holocene lake low stands.   A recent 

high-resolution varve-based reconstruction of climate over the last three millennia at 

Lake Bosumtwi indicates that the two most significant lowstands over that interval 

occurred at ca. 900-1000 and ca. 300 yr BP (Appendix E).  The former is broadly 

consistent in timing with a low stand at 31 m below present lake level, identified in the 

seismic data (originally dated to 700 yr BP by (Brooks et al., 2005)).  The second 

correlates with the radiocarbon ages on submerged trees that were presumably killed by 

rising lake waters.  Based on the depths of these trees, the lake was at least 20m lower at 

that time. 

 

3. Study Area 

Lake Bosumtwi (6° 30’ N, 1° 25’ S) is formed in a 1.07 myr old meteorite impact 

crater in southern Ghana (Figure 1).  The depth of the lake (76 m), its warm tropical 

location and sheltering by the steep crater walls result in limited seasonal mixing and 

continuous bottom water anoxia, which allows the formation of annual sediment varves 

(Shanahan, unpublished data).  It is hydrologically closed, with no external drainages, 

and the only surface water outlet is a spillway notch ca. 120 m above the present lake 

surface (Turner et al., 1996).  These characteristics make it highly sensitive to small 

changes in the water balance (Shanahan et al., accepted-a), Appendix B).   
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Interannual climate variability in southern Ghana is controlled by the seasonal 

position and strength of the Intertropical Convergence Zone (ITCZ), and upwelling 

induced sea surface temperatures (SSTs) in the Gulf of Guinea (Vizy and Cook, 2001); 

(Opoku-Ankomah and Cordery, 1994). As a consequence, the hydrological cycle is 

strongly tied to ocean circulation changes and SST variations in the tropical Atlantic 

(Janicot, 1992; Janicot et al., 1998; Moron, 1994; Servain et al., 1999; Wagner and Silva, 

1994).  Rainfall reaches a maximum in both April-June and September-October when the 

ITCZ is near the coast.  During the height of summer (July-August) when the ITCZ is 

located to the north and SSTs in the Gulf of Guinea are at their minimum, rainfall 

undergoes a small decrease (the short dry season).  Minimum rainfall occurs in the boreal 

winter, when warm, dry NE winds prevail over the region.   

On decadal to century timescales, rainfall variability in the Guinea coastal zone is 

likely dominated by SST variations in the Gulf of Guinea, which primarily effect rainfall 

during July and August, and cross equatorial SST gradient in the tropical Atlantic, which 

is tied to the strength of southeasterly flow in summer (Vizy and Cook, 2001).  Recent 

modeling studies have also recently highlighted the possible influence of remote tropical 

and southern hemisphere SSTs on rainfall variability in West Africa, particularly over the 

last century (Giannini et al., 2003; Giannini et al., 2005; Hoerling et al., 2006). 

 

4. Water balance modeling 

 To provide paleoclimatic interpretations of the lake level chronology, we utilized 

a water balance model previously developed for interpreting the instrumental record of 
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lake level fluctuations at Lake Bosumtwi (Shanahan et al., accepted-a) and Appendix B) .  

This model displays an excellent degree of skill in reproducing observed lake level 

fluctuations for the last 65 years (Shanahan et al., accepted-a) and Appendix B).  It 

computes the change in lake level in a given month (∆H) from the balance of inputs 

(precipitation (P) and runoff (R)) and outputs (evaporation (E) and discharge (D)) and the 

depth dependent changes in lake surface area (∆A) and volume (∆V): 

( ) ADERPAVH ∆−−+=∆∆=∆        (1) 

A full description of the model is described elsewhere (see Supplementary data or 

Appendix B).  Because there are no surface outlets and the crater is isolated from the 

regional groundwater table (Turner et al., 1996), changes in lake level are controlled 

primarily by the balance between precipitation and evaporation.  During high stands, the 

surface area of the lake surface increases, increasing evaporation (negative balance) and 

simultaneously also increasing the ratio of direct on-lake precipitation to catchment 

precipitation (positive balance). The reverse occurs during low stands.   

Based on this relationship, the water balance model can be used to compute the 

precipitation needed to balance the evaporation for any known lake stand elevation.  

However, calculation of the evaporation term depends on several variables that are likely 

to have varied in the past: temperature (T), relative humidity (RH), windiness (W) and 

fractional cloudiness (fc).  To assess the impact of these variables on simulated lake 

levels, we computed the equilibrium lake level as a function of both precipitation and 

each variable separately (Figure 3).  Our results indicate that the model is most sensitive 

to changes in precipitation, but that it also responds significantly to changes in T, RH and 
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fc.  For past time periods, T can be broadly constrained using published proxy data to 

within a few °C (especially for tropical sites; see Table 1 for paleotemperature estimates 

and references).  However, it is difficult or impossible to constrain RH and fc from 

existing paleorecords. 

Of these two factors, variations in fc are likely to have the greatest influence on 

precipitation estimates.  Over the instrumental period (Kumasi meteorological station 

1961-2000), interannual changes in RH at the Kumasi meteorological station have 

changed by less than +2/-6%.  On the other hand, fc displays interannual variations of 

±10% and even larger changes are seen seasonally.  Correlations between fc and local 

precipitation are low (r2
adj = 0.24) suggesting that these variations cannot be directly tied 

to monsoon rainfall. Since we cannot constrain the magnitude of changes in fc in our 

simulations, we account for its influence using Monte Carlo techniques, assuming a 

±10% in fc, and simultaneously incorporating the uncertainties into our temperature 

estimates (see Supplementary materials for a description of the modeling procedure).   

 

5. Simulated changes in precipitation over West Africa 

5.1 Late glacial conditions 

 Water balance modeling of the 16.3 kyr lowstand at Lake Bosumtwi suggests 

precipitation rates dropped by between 280 ± 34 to 190 ± 39 mm (19.9-13.4%) compared 

to modern during that lowstand (Table 1).  We assume that this interval was similar to the 

full glacial based upon the range of ages for the lowstand (ca. 16-18 kyr) (Brooks et al., 

2005) and the lack of evidence for an earlier, more significant glacial maximum 

190



 

lowstand.  Provided that conditions were similar to those of the full glacial, they are in 

general agreement with previous attempts to estimate glacial precipitation changes based 

on water balance modeling of Lake Tanganyika (-11 to -17%; (Bergonzini et al., 1997)), 

and Ziway-Shalla (-9 to -31%; (Street, 1979; Street and Grove, 1979)) but are in 

disagreement with the much more substantial precipitation changes estimated from the 

evidence for drying out of Lake Victoria during the glacial (-75%; (Broecker et al., 

1998)).  The cause of these discrepancies is unclear, though they may suggest that 

modeling of lake basins like Victoria, which are large enough to effect their own climate, 

require more advanced water balance models (Yin and Nicholson, 1998).  We cannot 

discount the possibility, however, that these differences reflect substantial spatial 

variability in glacial rainfall across Africa.  General circulation modeling of full glacial 

conditions also predict reductions in precipitation over West Africa at this time, as a 

result of cooler SSTs in the tropical Atlantic and a southward shift of the ITCZ (e.g., 

(Chiang et al., 2003)).  Published estimates are in broad agreement with our estimates 

(Table 2), with most predictions falling in the range of -12 to -30% reductions in 

precipitation (Braconnot et al., 2000a; Chiang et al., 2003; Crucifix and Hewitt, 2005; 

Ganapolski et al., 1998; Kitoh et al., 2001; Otto-Bliesner et al., 2006; Shin et al., 2003). 

 

5.2 The Holocene maximum 

 During the early Holocene precipitation maximum (ca. 9 kyr), water balance 

model estimates for Lake Bosumtwi indicate that precipitation increased by at least 6.4 to 

8.2 % compared to modern (Table 1).  This is equivalent to a glacial-Holocene increase 
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in precipitation of 280 ±68.6 to 395 ±66.5 mm (20-28%). However, because Lake 

Bosumtwi overflowed the crater during the maximum highstand, we can only place 

minimum constraints on the magnitude of these changes.  Water balance model results 

for Holocene lake highstands elsewhere in Africa vary widely, yielding precipitation 

increases of several hundred mm yr-1 in the semi-arid to arid desert regions of the Sudan 

and the Sahel (Hoelzmann et al., 2000; Kutzbach, 1980; Mees et al., 1991) to values of 

between 14 and 50% for the lakes in East Africa (e.g., Naivasha, Turkana, Nakuru, 

Victoria, Ziway-Shala) (Bergner et al., 2003; Street, 1979; Swain et al., 1983; Vincent et 

al., 1989).   The larger changes in arid regions are consistent with evidence for a 

northward extension of the monsoon during the early Holocene; with much more extreme 

shifts in arid zones presently outside the influence of monsoon precipitation.  

 Most GCM simulations of the mid-Holocene (i.e., 6 kyr) produce a precipitation 

dipole, with enhanced precipitation in the Sahara and Sahel consistent with paleodata, 

and decreased precipitation near the coast, including over Lake Bosumtwi (Bonfils et al., 

2001; Braconnot et al., 2000b; Joussaume et al., 1999; Levis et al., 2004; Liu et al., 2003; 

Otto-Bliesner et al., 2006; Su and Neelin, 2005; Zhao et al., 2005).  This coastal drying 

effect is linked to an inferred and simulated more northerly mean position of the ITCZ 

and is in conflict with the results of our study.  Incorporation of land surface feedback 

effects, which have been found to be critical for generating sufficient precipitation at 

higher latitudes (Levis et al., 2004), further enhances the coastal drying effect by 

drawling even more moisture from the coast. These effects cannot be explained by 

changes in water balance model parameterizations.  Even accounting for enhanced, 
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sustained cloudiness and assuming minimum temperature estimates for that time does not 

reduce evaporation sufficiently enough to increase modeled lake level to overflow 

conditions.  These discrepancies also cannot be explained by the differences in timing of 

the GCM simulations (6 ka) and the Bosumtwi highstand ( 9ka) because sedimentological 

evidence indicates that Bosumtwi remained high, though perhaps not overflowing, until 

after 6 ka (Talbot and Johannessen, 1992).    The discrepancies between our findings, and 

those results generated by GCM experiments, suggests that either we have greatly 

underestimated the changes in paleoenvironmental conditions (e.g., temperature, 

cloudiness or seasonality) during these events, or an important aspect of the processes 

controlling monsoon variability is not being adequately addressed in the GCM 

simulations. 

 

5.3 Abrupt droughts during the deglaciation and early Holocene 

 The paleobeaches at 30 and 27 m apll, associated with significant, millennial scale 

droughts centered on 12 and 8.5 kyr, offer an opportunity to assess the magnitudes of 

precipitation changes during the two most severe, short-lived hydrologic events in Africa 

since the last deglaciation. Our modeling results indicate that precipitation during these 

dry events was very similar to that of today, though the potential influence of changing 

cloud cover has a significant impact on both the magnitude and direction of the estimates.  

When compared to the mean state during the late glacial and early Holocene, however, 

these events represent significant hydrologic shifts. For example, with respect to the 

estimated precipitation rates needed for the lake to overflow during the Holocene, the 12 
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kyr and 8 kyr events require precipitation changes of as much as 175 mm (12%) and 145 

mm (10%), respectively.  Since the absolute magnitude of the early Holocene highstand 

and lake conditions preceding the 12 kyr event are not known, there are some 

uncertainties associated with these estimates.  However, absolute rainfall amounts are 

likely to have been somewhat lower during the earlier event, since temperatures are 

believed to have been at least somewhat depressed at that time, when compared to the 

Holocene, reducing evaporation from the lake surface and necessitating lower 

precipitation totals to achieve the same water balance. 

 Both the timing and duration of the 12 kyr event suggest that it is the tropical 

equivalent of the northern hemisphere Younger Dryas (YD), an abrupt cooling event in 

the mid to high latitudes of the northern hemisphere, hypothesized to have been caused 

by a meltwater-induced slowdown in the Atlantic meridional overturning circulation 

(Broecker, 2003; Overpeck and Cole, 2006; Stouffer et al., 2006).  Similarly, the early 

Holocene event centered on 8.5 kyr is close in timing to the most significant Holocene 

abrupt climate change the North Atlantic (the so-called 8,200 event), also believed to be 

related to a freshwater perturbation of the THC in the North Atlantic, caused by an 

outburst flood from Lake Agassiz (Alley and Agustsdottir, 2005; Alley et al., 1997; 

Barber, 1999; LeGrande et al., 2006; Overpeck and Cole, 2006).    

A number of studies have utilized GCMs to investigate the influence that a 

freshwater perturbation in the North Atlantic would have on the THC and climate (Alley 

and Agustsdottir, 2005; Bauer et al., 2004; Dahl et al., 2005; Fawcett et al., 1997; 

LeGrande et al., 2006; Manabe and Stauffer, 1995; Renssen et al., 2001; Schiller et al., 
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1997; Stouffer et al., 2006; Vellinga and Wood, 2002; Zhang and Delworth, 2005).  

However, the results of different simulations are sensitive to the model, the boundary 

conditions, and the forcing used in the experiment, yielding large uncertainties (e.g., 

(Stouffer et al., 2006)).  In a comparison of models, Stouffer and coworkers (2006) found 

that the most coupled atmosphere-ocean GCMs simulate a reduced rainfall over West 

Africa and increased rainfall along the equator (a reverse of the Holocene maximum 

dipole) in response to freshwater “hosing” in the North Atlantic.  The primary control on 

these changes is a southward shift in the ITCZ and the development of an 

interhemispheric SST dipole in the tropical Atlantic.  Based on this and other studies, 

precipitation changes range from 0 to -28% of modern for perturbations similar in size to 

the Younger Dryas and -10 to -16% for the 8200 event, at least when most of West Africa 

is considered (Table 1). However, because of the development of a precipitation dipole, 

many models show very small decreases or even increases in precipitation in coastal 

West Africa.  Magnitudes of the precipitation changes around Lake Bosumtwi in GCM 

simulations are therefore extremely sensitive to the magnitude of the southward shift in 

the ITCZ, and the development of SST patterns in the tropical Atlantic.  Our results 

indicate that significant precipitation deficits occurred event in the Guinea coastal zone, 

implying that either a precipitation dipole did not develop, or that it was displaced farther 

south. Because of the coarse resolution of simulated and reported model output, strict 

comparisons between our results and those of GCMs are difficult to make at this time but 

may be useful in the future for teting the effectiveness of models in simulating the impact 

of these abrupt freshwater forcing events. 
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5.4 Pre-LGM lowstands 

 Older, late Pleistocene lowstands evident in seismic profiles from Lake Bosumtwi 

provide evidence for substantial decreases in the water balance of West Africa during the 

past ca. 120 kyr.  Although the seismic data do not provide sufficient data on the 

paleobathymetry and water depth to reconstruct the water balance of the event at ca. 85 

kyr, there is sufficient data to simulate the oldest (ca. 107 ka) and youngest (65-75ka) 

events.  Based on bathymetric and lake depth reconstructions, we estimate that the older 

event resulted from precipitation decreases of -185±35 to -275±34 mm (13-20%). These 

estimates are similar to those of the late glacial (16 ka), indicating that hydrologic events 

during these two events were similar. The event at 65-75 ka, which is presumed to have 

resulted in complete desiccation of the lake based on sedimentological evidence(Peck et 

al., 2005), was caused by larger, sustained decreases in precipitation of at least -471±26 

to -393±27 mm  (-38 to -24%). 

 Because of the uncertainties in the ages of these events (at least a few kyr), it is 

difficult to correlate these lake level events with climate variations elsewhere in the 

tropics or in the high latitudes.  The current age estimate for the older event is similar to 

that of the first full stadial event (GIS 25 ~110 kyr) in the ice core oxygen isotope record 

from North Greenland (NGRIP, 2004) and may indicate a linkage between the onset of 

glaciation and the collapse of the African monsoon during this dry event.  Ongoing work 

on the chronology and geochemical records of deep lake sediment drill cores from Lake 

Bosumtwi will improve or abilities to examine this connection in the future.    
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Preliminary evidence from optically stimulated luminescence (OSL) dating and 

correlations with paleomagnetic excursions suggests that the younger event dates to ca. 

75 ±5 kyr (John Peck, U. Akron, and John King, University of Rhode Island, personal 

communication). The timing of the later event is similar to that of the Toba eruption (~72 

kyr), the largest known volcanic eruption (Oppenheimer, 2002; Rose and Chesner, 1990; 

Zielinski et al., 1996).  This event is estimated to have been 10 times larger than the next 

largest historic eruption (Tambora) and 100 times larger than the Pinatubo eruption in 

1991(Rose and Chesner, 1990; Scaillet et al., 1998; Zielinski et al., 1996).  Estimates of 

atmospheric aerosol and sulphate loadings from this event are on the order 100-10,000 

Mt and potentially resulted in several degrees of cooling and the disruption of 

atmospheric circulation systems, at least for the months following the eruption with some 

muted but still significant effects lasting several decades (Jones et al., 2005).  Although 

evidence now suggests that this event did not trigger the last glaciation (Zielinski et al., 

1996), as previously posited (Rampino and Self, 1992), it is possible that the event still 

may have had dramatic consequences on global climate.   

Simulations of the Toba event with a coupled AOGCM estimate that the 

immediate impact of the Toba would have been large decreases in global temperature (up 

to 10 K), with severe temperature depressions (2 K) continuing for up to a decade (Jones 

et al., 2005).  Changes in precipitation are most significant over the first few years, as 

reduced evaporation from the oceans and the decreased atmospheric water vapor result in 

changes of up to 90% over South East Asia, the Amazon and tropical Africa (Jones et al., 

2005). The impact is reportedly similar to that of a freshwater perturbation of the THC, 
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causing a southward shift and a reduced annual N-S migration of the ITCZ (Jones et al., 

2005). However, model simulations predict that these precipitation changes returned to 

normal after only two years, too short-lived an event to have caused an event of the 

magnitude seen at Lake Bosumtwi.  Differences between the simulated and observed 

events may be a function of the durations of estimated stratospheric sulphate and aerosol 

loadings that may be underestimated in the Jones (2005) model simulations 

(Oppenheimer, 2002).  Based on its timing, the Toba event also appears to be embedded 

within a cold (stadial) event, and it is uncertain what differences changes in the mean 

climate state might have on the impact of a volcanic forcing event.  At least in the West 

African monsoon domain, ocean and land surface feedbacks are important in enhancing 

and maintaining climate anomalies (Carrington et al., 2001; Claussen et al., 1999; 

Kutzbach et al., 1996; Levis et al., 2004; Xue and Shukla, 1993; Zhao et al., 2005) and 

could potentially provide a mechanism for intensifying the tropical response to such an 

event. 

 

5.5 Late Holocene lowstands 

 The Lake Bosumtwi lake level reconstruction indicates that a late Holocene 

highstand, ca. 15 m above the modern lake, occurred at ca. 1,500 to 2,000 years ago.  

This was followed by two large drops in lake level at ca. 1,000 and 300-500 yr ago, 

equivalent to ca. 1/3 and 1/2 the size, respectively, of the changes that occurred during 

the glacial maximum.  Our water balance modeling based precipitation estimates are 

sensitive to uncertainties in temperature and cloudiness changes during these events. 
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Unfortunately, there are limited data on temperature changes for this time period.  

Assuming small temperature changes for the earlier two events (±1°C), our results 

indicate that the lake level highstand at ca. 2,000 yr BP was the result of precipitation 

changes that were only slightly greater (0.1-2.4%) than today, and thus likely 

representative of a relatively minor late Holocene climate oscillation.   

 In contrast, the two lowstands were potentially caused by relatively large 

decreases in precipitation of -2 to -5.6 % and -1 to -4 %, even assuming a small possible 

range in temperature (±1°C).  However, marine SST records suggest that during the most 

recent lowstand a more substantial temperature depression may have occurred.  Tropical 

Atlantic sites (Nyberg et al., 2002; Wantanabe et al., 2001; Winter et al., 2000) provide 

estimates of temperature depressions that are on the order of 2 °C during this time period.  

Taking into account these temperature changes, precipitation reductions during between 

ca. 1400-1650 AD were as large as -2 to -7 %, and suggest that the change in 

precipitation during the -20 m lowstand was as large, if not larger than the earlier, -31 m 

lowstand.  However, the temporal evolution of SST changes differs between these sites 

(Nyberg et al., 2002; Wantanabe et al., 2001; Winter et al., 2000), and suggests that this 

interval was not characterized by persistent temperature depressions as large as 2 °C and  

that precipitation changes were similar in magnitude during the two late Holocene 

lowstands.   

 In comparison with the results of other workers, however, our estimates of 

tropical late Holocene precipitation change are relatively small (Polissar et al., 2006).  

Polissar and coworkers (2006) used a combination of palynological data and glacial mass 
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balance modeling to estimate combined temperature and precipitation changes during the 

an event dated to ca. 1300-1700 AD (similar in timing to the  -20 m lowstand) (Polissar et 

al., 2006) in the Venezuelan Andes.  They estimate that observed glacial responses 

require precipitation changes on the order of 20%, even taking into account temperature 

reductions on the order of -3 °C.  These changes in precipitation are as large as those 

estimated for the glacial maximum at sites in Africa, including Lake Bosumtwi.   

Climate changes during this time interval (e.g., the “Little Ice Age”) have been 

previously attributed to small changes in solar intensity and volcanic aerosol forcing 

(e.g., (Crowley, 2000).  Although the small changes in solar intensity that occurred 

during the late Holocene are expected to produce similarly minor changes in global 

temperatures, modeling efforts suggest that they may produce significant changes 

regionally (Shindell, 2001).  It has also been suggested that small changes in irradiance 

may have significant impacts on the seasonal migration of the ITCZ over the Indian 

Ocean through changes in stratospheric heating, which may serve to change the locus of 

convection, restricting the annual range and intensity of the ITCZ (Kodera, 2004).  

However, it remains unclear why such large differences in precipitation changes might 

occur between sites in Atlantic tropical South America and Africa.  One possibility is that 

precipitation over Lake Bosumtwi is less sensitive to changes in the seasonal migration of 

the ITCZ because of its more southerly location, whereas precipitation changes are much 

larger in northern Venezuela because it is nearer to the northernmost limit of the seasonal 

migration of the ITCZ.  An improved understanding of these processes awaits additional 
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quantitative data from locations influenced by the ITCZ as well as the results of future 

modeling experiments. 

 

6.0 Summary and conclusions  

 The quantitative water balance modeling approach applied here provides a 

number of new insights into the nature and causes of hydrologic changes in West Africa 

during the late Pleistocene and early Holocene.  In contrast to the large apparent size of 

the hydrologic changes observed in the lake level record (e.g., the 12 kyr and 8 kyr 

events), the actual changes in precipitation during these events were relatively small 

(<10%).  This finding highlights the importance of understanding the sensitivity of the 

proxy response to climate forcing when attempting to reconstruct past climate conditions.  

In comparing lake records from across Africa, the evidence for these events, and in 

particular, the early Holocene dry period is inconsistent (Gasse, 2000).  In part, this may 

relate to the insensitivity of certain proxy types (e.g., pollen) to century-scale tropical 

precipitation deficits. It may also be the result of differences in the response of the system 

(e.g., the lake water balance) to hydrologic changes, because of its bathymetric and 

catchment characteristics.  We hypothesize that this later effect may explain the amplified 

response to short-lived hydrologic changes in crater-lake systems such as Bosumtwi 

(Appendix C), and the Ziway-Shala basin in Ethiopia (Gasse, 1977,Gillespie, 1983 #249).  

While these lakes are sensitive recorders of past hydrologic changes, it is critical to 

understand the importance of these amplifying mechanisms in interpreting records 

derived from these lakes.   
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Our modeling results also suggest that factors such as changes in cloudiness and 

temperature cannot be ignored when interpreting paleoenvironmental records derived 

from lake archives, even when quantitative estimates of hydrologic changes are not 

required. Cloudiness and temperature exert a significant influence on rates of 

evaporation, thereby directly impacting the lake water balance.  For many events, 

variations in cloudiness and temperature are not only potentially important in determining 

the magnitudes of hydrologic changes, but their direction as well.   Although in many 

cases it is likely that large-scale temperature and hydrologic variations are in some ways 

coupled, it is also possible that in some cases changes in temperature will cause shifts in 

the relative size of lacustrine events. When possible, independent estimates of these 

possibly confounding factors should be considered when interpreting records of 

hydrologic change from lake systems. 

 Our results suggest that changes in precipitation during the late glacial in West 

Africa were on the order ~20%.  This value is consistent with estimates from paleodata 

and from GCM simulations of the glacial maximum, and suggests a broadly coherent 

response of the African hydrological cycle to glacial boundary conditions during the 

LGM (see data and references in Table 1). In contrast, across northern Africa, the 

changes appear to have been much more heterogeneous during the mid-Holocene 

maximum, with much greater increases in precipitation in regions that are arid or semi-

arid today (e.g., the Sahara, Sahel).  This result highlights the greater responsiveness of 

marginal areas to changes in climate which makes them useful test areas for simulations 
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of past climate change, particularly in spatial heterogeneous systems like the African or 

Asian monsoon. 

 However, the disagreement between the early Holocene record from Lake  

Bosumtwi, and inferences of hydrologic changes in West Africa from GCM simulations 

suggests that understanding the hydrological response of the system as a whole requires 

the reconstruction of the spatial patterns of hydrologic variability.  The development of a 

dipole pattern in precipitation (dry coast - wet Sahel) over West Africa due to the 

northward migration of the ITCZ during the Holocene maximum or a reverse dipole (wet 

coast - dry Sahel) during periods of thermohaline slowdown, may represent a 

oversimplification tropical precipitation systems within the models, or an inadequate 

characterization of the factors controlling precipitation variability. For example, a number 

of climatological studies have recently shown that precipitation along the coast and in the 

Sahel region are caused by very different mechanisms, with the primary driver of 

precipitation in the north being disturbances generated by African Easterly Waves, rather 

than by the position or intensity of the ITCZ (Grist and Nicholson, 2001; Gu and Adler, 

2004; Nicholson and Grist, 2001).  In the south, meanwhile, both the seasonal movement 

of the ITCZ and tropical SSTs have a significant influence on precipitation amounts 

(Moron, 1994; Opoku-Ankomah and Cordery, 1994; Vizy and Cook, 2001).   

An additional problem is the focus on summer (July-August-September: JAS), 

rather than mean annual, precipitation.  In the modern climatology, JAS is the critical 

season for rainfall in the Sahel.  In the south, however, precipitation occurs from April-

October, with a short dry season in JAS occurring when upwelling of cold water in the 
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Gulf of Guinea stabilized the atmosphere near the coast (Moron, 1994). This leads to a 

north-south dipole in precipitation variability during JAS (strong JAS Sahel precipitation 

leads to weak JAS precipitation along the coast).  The focus, therefore, on the summer 

months in both studies of modern climatology and in simulating past climate regimes, 

may be not fully addressing important factors like lengthening of the rainy season in the 

south, which would have an important impact on the latent heat fluxes over land, and 

potentially, the evolution of the African monsoon. 

Late Pleistocene hydrologic changes, like the one that occurred at ca. 75 kyr, 

provide evidence that much larger hydrologic changes are possible and have occurred 

since the last interglacial.  Although understanding the cause of these changes will have 

to wait for improved chronological constraints, existing chronological constraints suggest 

that this event was not associated with a significant period of cooling in the Northern 

Hemisphere, and is likely to have been forced by changes originating in the tropics.  The 

Toba super-eruption is one intriguing possibility, and the fact that the immediate impact 

of the eruption was likely felt most strongly over the African continent (Jones et al., 

2005) is consistent with the growing evidence for a mega-drought at this time over Africa 

(Scholz et al., in preparation).   However, it is unclear how such a severe albeit relatively 

short-lived event might generate sustained hydrologic changes across the African 

continent.  Interestingly, late Holocene hydrologic droughts may also suggest relatively 

large hydrologic changes in response to small forcing (e.g., solar and volcanic forcing of 

climate change over the past few centuries).   
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These findings highlight the sensitivity of tropical circulation, and in particular, 

the ITCZ to external forcing.  The magnitudes and timing of hydrologic changes indicate 

that although some events are clearly linked to those in the high latitudes, some events 

appear to be magnified when compared with expectations, and others seem to have their 

origins in the tropics.  This emphasizes the potential importance of the tropical 

hydrological cycle in propagating, feeding back on and even generating large-scale 

climate disturbances.  However, our water balance model results suggest that GCM 

simulations of the West African monsoon may not adequately capture the spatial 

characteristics of changes in the hydrologic cycle under past climate conditions.  In order 

to understand the role of tropical circulation in the climate system, both the temporal and 

spatial scales of variation need to be addressed by both paleoclimatologists and modelers 

in the future. 

Supplementary Material 

Water Balance Model description 

Changes in the volume (∆V ) of the water in the lake can be computed from the balance 
between inputs to (P - precipitation over the lake, R = runoff from the catchment) and 
outputs from (E = evaporation, D = discharge) the lake 
 
∆V = P + R  - E  - D         1.0 
 
The change in lake level can then be computed using the depth-dependent lake surface 
area (∆A): 
 
∆H = ∆V ∆A = P + R − E − D( ) ∆A       1.1 
 
∆A depends on the lake bathymetry and for Lake Bosumtwi, can be computed using the 
following empirical expression: 
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For Lake Bosumtwi the discharge is assumed to be zero, because there are no surface or 
groundwater outlets from the lake basin.  The only output from the lake, therefore, is 
evaporation.  
 
A comparison between model output and historical lake level variations showed that 
evaporation can best be approximated using an energy balance approach: 
 

v

n SHR
E

λ
∆−−

=          1.2 

 
Where Rn is the net radiation (the difference between the shortwave and longwave 
radiation), H is the outgoing sensible heat flux, λvE is the energy lost to evaporation and 
∆S is the change in energy stored in the lake (all terms in W m-2).  Details on the 
calculation of these parameters can be found in (Shanahan et al., accepted-a). The model 
depends on inputs of air and water temperature, windspeed over the lake relative 
humidity and cloudiness. 
 
Runoff from the catchment to the lake is determined using a semi-empirical expression 
(Shuttleworth, 1992).  It accounts for interception of rainfall by the forest and 
evaporation over land.  For the present time period, it produces reasonable results (within 
a few %) for observed relationship between precipitation and runoff in similarly 
vegetated catchments in Ghana.  The runoff expression is: 
 
Rforest = Pcatchment − 0.8EET

forest + α iP( )       1.3 
 
Where Pcatchment is the precipitation falling directly on the catchment, αi, the fractional 
interception loss and is a function of canopy type and the intensity of rainfall.   
 
Steady state lake level calculations 

 
In modeling paleolake stands, we assume that the stands identified in the geological 
record represent relatively long-lasting (>100 years), invariant conditions.  Our argument 
for this assumption is that the preservation of the observed units in the geologic record 
requires extended time intervals under those conditions.  Over the observational period, 
dramatic changes in lake level have been observed (such as the 1970’s highstand), but 
lasted a decade or less.  Stratigraphic evidence from the level of that recent highstand is 
limited, supporting our hypothesis that only significant, long-lived events will be 
preserved in the geologic record.  The assumption is also partly practical, as modeling 
transient changes in lake level is possible, but only when continuous records are 
available.  The reason for this is the persistence inherent in lake level changes.  Because 
the amount of evaporation depends on the current lake level (and area) the change in lake 
level over consecutive time intervals depends heavily on what happened in the previous 
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year.  Thus, a transient model could be used to estimate the change in precipitation 
required to produce an observed lake stand, but the answer would be nonunique.  
Unfortunately, this is a limitation of our any lake modeling approach when only 
discontinuous records are available. 
 
Monte-Carlo precipitation estimates 

 
Lake level changes depend on both changes in precipitation and evaporation.  In order to 
compute evaporation for past time periods, estimates of changes in windiness, relative 
humidity, temperature and cloudiness must be determined.  Changes in temperature are 
estimated from the published literature.  For windiness, we use modern estimates because 
the model is relatively insensitive to changes in this parameter. Although the model does 
show some sensitivity to changes in relative humidity, changes in the vicinity of the lake 
are expected to be relatively small and are assumed to be insignificant when compared 
with changes in temperature and cloudiness.   
 
Because cloudiness shows no relationship with rainfall amount (R2 = 0.25), we cannot 
derive cloudiness from rainfall. We therefore perform a Monte-Carlo test, in which 
rainfall is estimated for known lake level stands under a variety of temperature and 
cloudiness conditions.  We assume a potential ±10% change in cloudiness in our estimate 
of precipitation rates.  This number is based on available instrumental data, which shows 
that annual cloudiness changed by less than this amount over the last 50 years.   
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Fig. 1. Site map of the Lake Bosumtwi crater.  Bathymetry (solid 
grey lines, 10 m contour) from Brooks et al., (2005).  Dashed 
line indicates crater rim. Inset shows the location of Lake 
Bosumtwi in southern Ghana, West Africa
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Abstract 

Precipitation over West Africa is controlled by variations in the Intertropical 
Convergence Zone and tropical sea surface temperatures. The instrumental record also 
suggests that this climate system is susceptible to persistent, multidecadal drought, 
though the cause, natural or anthropogenic, is not well understood. A high-resolution, 
multiproxy geochemical record produced from the annually laminated sediments of Lake 
Bosumtwi, Ghana, is used to reconstruct the long-term variability of West African 
monsoon precipitation over the last 2660 years.  The change from early Holocene humid 
conditions occurred close to 2660 yr BP, more than 2,500 years after changes in northern 
Africa, consistent with existing records from coastal West Africa.  Precipitaion continued 
to decrease throughout the late Holocene, until ca. 1,000 yr BP.  A positive water balance 
was not established until after 500 BP, when lake level began to rise rapidly.  
Superimposed on this long-term orbitally-forced variability are a series of well-defined 
modes of variability, ranging from multiannual (2-4 yr), decadal (8.5-11.5 yr), 
multidecadal (30-40 yr) and century (200, 330, 500yr) timescales.  Although interannual 
variability is probably linked to remote forcing in the tropical Pacific (ENSO), decadal 
and multidecadal climate variability is more likely controlled by SST variability from the 
tropical and north Atlantic. This suggests that persistent, multidecadal droughts in West 
Africa can be driven by variations in Atlantic SSTs, and probably do not require land 
surface feedbacks or forcing from remote ocean basins. Although the century-scale 
modes of variability in West African precipitation have similar timescales to solar 
variability, we find no evidence for a direct relationship between the two, suggesting that 
either solar variability does not likely control century-scale changes in the monsoon, or 
the link between solar forcing, or the monsoon is indirect at best. 
 
 
 
Introduction 

 Instrumental, historical, and paleoclimate data all provide strong support for the 

susceptibility of the West African Monsoon (WAM) system to abrupt and persistent 
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droughts (deMenocal, 2000; Gasse, 2000; Hastenrath, 2000; Hulme, 1992; Long et al., 

2000a; Nicholson, 2000; Street-Perrott and Perrott, 1990; Talbot and Johannessen, 1992).  

The potential for such droughts to have disasterous social, political and economic 

consequences on timescales important to human populations is highlighted by the recent 

Sahel drought, which began in the 1970s and resulted in mass mortality and human 

migrations from the semi-arid Sahel (Benson and Clay, 1998).  Modeling efforts and 

studies of instrumental data have sought to characterize the cause of this drought and its 

persistence, but it remains unclear whether this event represents a natural phemonenon, or 

whether it was the indirect result of human-induced changes to global climate over the 

last century (e.g., Giannini et al., 2003; Hastenrath, 2000; Hoerling et al., 2006; Hulme et 

al., 2001; Long et al., 2000b; Nicholson et al., 2000).   

 The dearth of long instrumental and continuous high-resolution paleoclimate 

records from West Africa limits our ability to tackle questions of causality in this recent 

WAM variability.  This situation is particularly complicated because the multidecadal 

persistence of climate changes make it difficult to resolve quasi-periodic behavior from 

long-term trends in the relatively short (75-100 year) instrumental dataset.  Elsewhere in 

the East African and Asian monsoon systems, paleoclimate studies have recently pointed 

to the potential importance of natural external forcing by changes in solar irradiance for 

generating wet and dry events (Fleitmann et al., 2003; Gupta et al., 2005; Neff et al., 

2001; Stager et al., 2005a; Verschuren et al., 2000; Wang et al., 2005). However it is 

unclear why such a relatively minor forcing (~0.19 W m-2) would have such significant 

and widespread paleoenvironmental impacts.  Understanding the nature of these potential 

222



 

connections requires an understanding of the spatial pattern of these changes, the large-

scale teleconnections between the tropical monsoon systems, and the potential for these 

systems to propagate these changes to higher latitudes via the critical role of tropical 

circulation in the Earth’s energy budget.  In the present study, we have generated a 

unique, annually resolved record of past changes in the WAM from sediment 

geochemical parameters in Lake Bosumtwi, a varved crater lake located in the Guinea 

coastal zone of West Africa.  This record allows us to examine the timing and nature of 

hydrologic variability in West Africa over the last 3 millennia, and to examine the 

relative phasing and connections with other tropical and high-latitude climate systems.  

 
Geology and hydrology 

Lake Bosumtwi (6° 30’N, 1° 25’ W) fills a meteorite impact crater that was 

formed ca. 1.09 million years ago in southern Ghana (Koeberl et al., 1998) (Figure 1).  Its 

depth (75-80 m), warm temperatures, and sheltering by the steep crater walls reduce 

horizontal mixing of the water column, allowing for the preservation of sediment 

laminations (Appendix B).  Detailed physical, geochemical and chronostratigraphic 

analysis of the laminations supports the hypothesis that the laminations are annual in 

nature, thereby providing a unique, annually resolved record for tropical West Africa 

(Appendix A).  Elemental mapping of the laminated sediments indicates that the varve 

couplets are composed of alternating intervals of terrestrial input as indicated by 

enhanced aluminosilicate elemental concentrations (e.g., Al, Si, Ti, Fe, K) and intervals 

of high biological productivity and formation of calcium carbonate (identified by 

increased Ca concentrations (Appendix A).   
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Modeling of Lake Bosumtwi suggests that it responds sensitively to changes in 

climate via its influence on the water balance of the lake (Appendix B, (Turner et al., 

1996).  Because the catchment size is relatively small (75 km2) in comparison the lake 

surface area (52 km2), a large proportion of the rainfall contributing the lake water 

balance falls directly on the lake surface.  Furthermore, the lake is hydrologically closed, 

with no external surface or subsurface sources or sinks (Appendix B).  As a result, the 

lake water balance is a direct reflection of changes between precipitation and 

evaporation.  Because of the steep hypsometry of the basin, this can result in rapid and 

large changes in lake level in response to even relatively small changes in the balance 

between precipitation and evaporation (Chapter B). 

 

Climate setting 

Lake Bosumtwi is situated in the Guinea coastal zone (Moron, 1994), south of the 

semi-arid Sahel and close (300 km) to the Gulf of Guinea.  As a consequence of its 

proximity to the equatorial Atlantic, the site is extremely humid, currently receiving over 

1400 mm of precipitation annually, with >80% concentrated in the summer monsoon 

season (May-Sept).   Seasonal changes in precipitation are controlled primarily by the 

WAM, the seasonal north-south migration of the Intertropical Convergence Zone (ITCZ) 

and tropical Atlantic sea surface temperature (SST) (Moron, 1994; Opoku-Ankomah and 

Cordery, 1994; Vizy and Cook, 2001).  The onset of monsoon rains in the spring and 

early summer is a consequence of the northward migration of the ITCZ, which carries 

moisture-bearing winds to coastal West Africa from the tropical Atlantic.  A decrease in 
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rainfall during the mid-summer is the result of cold Gulf of Guinea SSTs induced by 

wind driven upwelling at the height of the monsoon season.  A secondary increase in 

rainfall occurs in the early fall as the ITCZ shifts southwards and SSTs in the Gulf of 

Guinea warm. During the winter, the ITCZ is located to the south and warm, dry stable 

northeasterlies reach the coastal zone, resulting in low precipitation. 

 Precipitation variability in West Africa is controlled by changes in the 

position and the strength of the ITCZ (e.g., Adedokun, 1978; Buckle, 1996; Fontaine and 

Janicot, 1992; Nicholson, 2000). Changes in the ITCZ, in turn, have been linked to SST 

anomalies in the tropical Atlantic, the Pacific and the Indian Oceans and land surface 

conditions over northern West Africa. In the tropical Atlantic, two dominant modes of 

variability have been linked to rainfall fluctuations in West Africa: the equatorial mode 

(“Atlantic Niños”) (Zebiak, 1993) which are similar to that of the Pacific, but damped, 

and the meridional mode, which is related to a cross equatorial gradient in SSTs 

(Camberlin et al., 2001; Chang et al., 2000; Fontaine and Janicot, 1996; Moura and 

Shukla, 1981).  Warm phases of the equatorial mode are characterized by a southward 

shift of the ITCZ, weakening of the trades and enhanced (reduced) precipitation over the 

coast (Sahel), varying on interannual timescales (Moron et al., 2001).  The meridional 

mode is the dominant decadal scale mode of variability, and significantly impacts the 

strength and northward migration of the ITCZ, with more northerly (southerly) mean 

ITCZ position during periods with warmer northern (southern) tropical Atlantic SSTs 

(Fontaine and Janicot, 1996).  El Niño Southern Oscillation (ENSO) variability also 

impacts rainfall over West Africa, with warm (cold) events in the eastern Pacific 
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correlated with reduced (enhanced) rainfall via tropospheric warming and anomalous 

Walker circulation (Janicot et al., 1998).  However, the Atlantic response to El Niño is 

inconsistent and appears to depend on the state of the tropical Atlantic (Chang et al., 

2006).  Remote forcing of West African precipitation by SST conditions in other tropical 

basins (e.g., the Indian Ocean) are supported by both modeling efforts and precipitation-

SST correlations, and may be linked to the influence of the land-ocean temperature 

gradient on the strength and northward migration of the ITCZ (Giannini et al., 2003; 

Giannini et al., 2005; Hoerling et al., 2006). 

 On longer timescales, changes in the ITCZ can be controlled by both 

changes in ocean circulation and land surface conditions over West Africa.  Modeling 

experiments simulating a pertutbation to the deep ocean circulation of the Atlantic (the 

meridional overturning circulation, MOC) suggest that this can cause a buildup of warm 

water in the equatorial or southern tropical Atlantic, similar to the negative phase of the 

meridional mode, resulting in a weakening and southward displacement of the ITCZ with 

reduced precipitation over most of West Africa.  We note however, that the degree of 

drying near the coast is model-dependent, and in some cases models may actually predict 

wetter coastal areas as a result of the southward shifts (e.g., Bauer et al., 2004; LeGrande 

et al., 2006; Renssen et al., 2001; Stouffer et al., 2006).  Enhanced heating and 

development of low pressure over the African continent, such as at 11,000 years ago, 

during the early Holocene northern hemisphere insolation maximum, can also influence 

precipitation over West Africa by driving the seasonal migration of the ITCZ to a more 

northerly mean position and producing wetter conditions over most of West Africa (e.g., 

226



 

Braconnot, 2000; Joussaume et al., 1999; Kutzbach et al., 1996).  This process is likely 

enhanced and maintained by positive feedback interactions between the ITCZ and 

vegetation, soil moisture and wetlands over the continent, and SST conditions in the 

northern tropical Atlantic (Levis et al., 2004; Texier et al., 2000; Zhao et al., 2005). 

 

Materials and methods 

Chronology 

 The chronology for the uppermost varved sediment sequence at Lake 

Bosumtwi is reported elsewhere (Chapter 1).  It is based on the identification of 

numerous, distinct marker laminae that are easily traceable in cores throughout the basin, 

and on replicate varve counts on thin sections from overlapping sediment cores.  The use 

of marker bands is critical in that it allowed us to isolate and reassess varve counts in the 

intervals where deviations in the chronologies fro separate cores occur.  Support for the 

varve chronology is based on the identification of the 1953 increase in anthropogenic 14C 

and 210Pb dating of the uppermost 110 years of sediment accumulation, and radiocarbon 

dating of collagen extracted from fish bones identified in the sediment cores.   

210Pb dating was performed isotope-dilution alpha mass spectrometric 

determinations of polonium-210 (210Po) and fitted using a constant rate of supply (CRS) 

model, assuming that the deepest sample represents unsupported 210Pb (Appleby, 2001; 

Eakins and Morrison, 1978).  Measurements of Po activities were performed by Flett 

Research Ltd., Winnipeg, Canada.  Fish bone collagen extraction was performed by 

decalcification in a small amount (5-6 ml) of 0.5N HCL for 24 hours, followed by an 
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alkali treatment (5 ml of 0.1N NaOH) to remove humic acids and hydrolyzation (pH=3 at 

70°C for 8 hours).  Bulk organic samples used to identify the radiocarbon bomb pulse 

were petreated following standard acid-base-acid (ABA) pretreatment (Devries and 

Barendsen, 1954).  All samples for radiocarbon analysis were converted to CO2 by 

combustion, graphitized and measured by accelerator mass spectrometry (AMS) at the 

University of Arizona AMS facility. 

Geochemistry 

We collected samples from frozen and wet sediment cores at 0.2 cm intervals over 

the upper ca. 20 cm and at 0.5 cm intervals over the remaining portion of the sediment 

record for geochemical analysis. Additional samples were also collected at ca. 1-3 year 

resolution from the upper ca. 100 years of sedimentation.  Samples collected from 

different cores were composited into a single standardized depth framework using marker 

bands and laminae identifications from the varve chronology.  We estimate that this 

produces an error of < ±10-15 varve years on the estimated ages of our individual 

measurements. Age uncertainties and sampling resolution are significantly poorer near 

the base of the cores however, because the laminae size decreases (from ca. 1 mm over 

most of the core lengths down to as low as 0.15 mm).  However, our sampling interval 

was not altered because these changes were not readily apparent in the wet sediment 

cores. 

Determination of the elemental (C, N) composition of bulk organic matter was 

performed in the Stable Isotope Laboratory at the University of Arizona Department of 

Geosciences.  Carbonate was removed by treatment with sulfurous acid (10%) in silver 
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boats and heating for 2-3 hours at 60°C.  Treatments were repeated at least three times to 

ensure complete removal of carbonate from the sediments. Preliminary tests indicated 

that repeated acid treatments were necessary to fully remove the carbonate, but did not 

influence the bulk elemental (or isotopic, not shown here) values, provided the oven 

temperature was kept at or below 60° C. After pretreatment, samples were combusted 

using an elemental analyzer (Costech) coupled to a continuous-flow gas-ratio mass 

spectrometer (Finnigan Delta PlusXL). Standardization of elemental analysis is based on 

acetanilide with a precision of 0.15%. 

Bulk sediment samples for carbonate oxygen isotope analysis were first dried, 

powdered and pretreated by baking under vacuum at 100° C in a temperature-controlled 

furnace to remove any volatiles prior to measurement.  Bulk sediment samples were then 

measured for carbonate δ18O and δ13C using an automated carbonate preparation device 

(KIEL-III) coupled to a gas-ratio mass spectrometer (Finnigan MAT 252). Samples were 

reacted with dehydrated phosphoric acid under vacuum at 70°C. The isotope ratio 

measurement is calibrated based on repeated measurements of NBS-19 and NBS-18 and 

precision is ± 0.1 ‰ for δ18O and ±0.06‰ for δ13C (1-σ). 

Inorganic major and trace element concentrations were evaluated by scanning µ -

XRF analysis of resin-embedded sediment pucks.  Resin-embedded pucks were produced 

using the standard acetone-SPUR epoxy exchange approach (Pike and Kemp, 1996).  

Overlapping pucks were scanned continuously (step = 20-40 µm, t = 20 sec) under 

vacuum, with a 20 µm Rh x-ray beam (30 mA, 500 KV) at the University of Arizona.   
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Although the analysis of wet sediment cores is possible, we chose to perform our 

measurements on embedded sediment pucks because of the analytical advantages of 

measuring under vacuum (increased precision and range of identifiable elements, reduced 

measurement time) and the ease of correlating with thin sections.  The high resolution 

sampling achieved with this instrument allows the identification of individual laminations 

in the geochemical record via peaks and troughs in the major elements, allowing us to tie 

the XRF record to our varve counts (because of the inherent noise in the XRF 

measurements, however, varve counting by XRF was not possible; Figure 2).  The annual 

geochemical signatures are then reported as the mean of each element between 

consecutive troughs in Si intensity.  Analysis with other possible techniques for 

annualizing the records (e.g., median, maximum, minimum, mean of siliciclastic sub 

laminae) yielded similar conclusions.  Measurements were not converted to elemental 

weight percent because of the semiquantitative nature of this method and uncertainties in 

the influence of the epoxy of quantification. 

 

Paleolake stands 

 Support for our interpretations of the sediment geochemical data comes from the 

identification and dating of two paleolake lowstands.  The first lowstand was previously 

identified as a truncation surface (TIV) in high-resolution seismic data at 31 m below the 

present lake surface (Brooks et al., 2005).  Although gas features make it difficult to trace 

all the seismic features from the basin margins to the center of the lake where the 
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sediment cores were collected, this feature is unusually clear, allowing a depth correlation 

with sediment cores.  

 A second lowstand is indicated by a large number of submerged trees found in 10-

20m water depth around the basin.  Many of these trees are massive, rising 3-5 m above 

the modern water surface and 0.5 to 1 m in diameter where they are emergent (and likely 

much larger at their base).  We hypothesize that these trees grew during a period of 

sustained low lake levels, and were killed off at some point during the late Holocene rise 

in lake level.  To test this hypothesis one of us (JTO) collected 5 tree core samples with a 

saw and an increment borer, and we generated a series of sequential radiocarbon dates, 

following standard acid-base-acid (ABA) pretreatment.  These sequences of radiocarbon 

ages were then visually “wiggle-matched” to the record of atmospheric radiocarbon to 

determine the death age and the duration of tree growth.  For this approach, we assumed a 

constant growth rate and varied our estimate until we achieved the best visual fit to the 

standardized radiocarbon curve.  The centers of the trees were typically rotten and eroded 

away, and therefore the earliest wood dates underestimate the initiation of tree growth.  

 

Results and interpretation 

Sediment core chronology 

Varve counts from the uppermost sediments are in excellent agreement (+1,-3 

years) with 210Pb dates over the last ca. 110 years, as well as with the depth of the 

initiation of the anthropogenic radiocarbon “bomb-pulse” in 1953, supporting the annual 

nature of the varve chronology and the accuracy of our varve counts over this time period 
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(Figure 3a).  Anomalous radiocarbon ages on bulk sediments and macrofossils make it 

difficult to confirm the varve counts throughout the entire sediment section.  We attribute 

this mismatch to contamination with older material that was remobilized from the basin 

margins (Figure 3b; Appendix A). However, radiocarbon dates on collagen extracted 

from whole fish skeletons preserved in-situ in the sediment cores agree within 2-σ 

calibrated ages with varve counts back to 960 cal yr BP (Table 1).  The agreement 

between the fish bone radiocarbon ages and the varve counts downcore suggests that our 

varve chronology provides an accurate chronometer over the length of the sediment 

record. 

According to our varve chronology, the base of the laminated interval, where it 

transitions to Anabeana-rich, unlaminated sediments, occurred at 2660 cal yr BP (BP = 

Before 1950 AD).  Visual examination of the laminae thicknesses suggests that the 

sedimentation over this laminated interval varies widely, ranging from 2 mm yr-1 near the 

top of the section, to as low as 0.15 mm yr-1 near the base of the varved unit.  Although 

sedimentation rates appear to decrease exponentially with depth and consequently the 

depth-age relationship resembles a profile typical of sediment compaction, our water 

content measurements suggest that compaction is minimal below ca. 45 cm depth, and 

the changes in sedimentation must be related primarily to changes in the sedimentation in 

the lake over this time period (Appendix A). 
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Dating of the lowstands 

In this paper, we use the reported correlations of Brooks et al., (2005) to estimate 

the age of the late Holocene truncation surface. Based on the depth of this feature, and 

using a preliminary age model for the sediment cores, the age of this lowstand was 

previously estimated to be ca. 700 yr BP (Brooks et al., 2005).  Adjustments to the age 

model based on varve counts presented here (and in Chapter 1) indicate that the age of 

this surface is slightly older, ca. 900 yr BP. Based on uncertainties in correlations 

between seismic profiles of the basin margins and sediment cores in the deepest portions 

of the basin, this age estimate has an error of at least ± 200 yr. 

 Results from the radiocarbon dating of the submerged trees (Milicia 

excelsa) are presented in Table 2 and Figure 4.  Estimated growth rates based on optimal 

correlations between the measured radiocarbon ages and the atmospheric radiocarbon 

curve range from 3.3 to 1.85 mm yr-1 for the five trees that were studied.  Although we do 

not have independent estimates for the growth rate of these trees, these values are within 

reasonable expectations from modern tropical forest growth rate studies in Ghana (Baker 

et al., 2003).  Based upon this chronology, the trees grew between at least 350 and 135 yr 

BP.  Most of the trees appear to have perished at a similar time, consistent with drowning 

as an abrupt cause of the tree death (Figure 4).  Because the piths of the trees were not 

recovered, we our estimates for the onset of tree growth are minimum estimates. 

However, our results suggest that the individual trees grew for at least several decades, 

and that the lake remained low for more than 150 years. 
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Geochemistry 

 The hydrological and limnological response of the lake to climate should 

be recorded in physical, biological and chemical changes in the lake system.  We employ 

a variety of complementary geochemical proxy techniques here to reconstruct these 

responses and to provide insights into the possible climatic and hydrologic forcing 

responsible. 

Bulk organic elemental concentrations 

 Bulk organic elemental concentrations (e.g., %Carbon, %Nitrogen) and 

their ratios (e.g., C/N) provide insights into changes in the source and amount of organic 

matter preserved in the sediment record (Meyers, 1994; Meyers and Ishiwatari, 1993; 

Tyson, 1995).  Organic matter sources in lake sediments are typically a combination of 

both aquatic and terrestrial sources, and vary as a function of lake status and terrestrial 

inputs.  As a result, total organic carbon concentrations will depend not only on aquatic 

productivity, but on terrestrial sources as well.  C/N ratios of bulk organic matter are 

commonly used to distinguish the relative proportion of aquatic and terrestrial sources 

(Meyers, 1994; Meyers and Ishiwatari, 1993; Tyson, 1995).  Because nitrogen is most 

commonly found in proteins and nucleic acids, which are found in lower plants such as 

aquatic phytoplankton or bacteria (Talbot, 2004), aquatic organic matter usually has low 

C/N ratios (<10).  Conversely, terrestrial plants are comparatively nitrogen-poor, with 

organic matter C/N ratios ranging from 20-200 (Meyers and Ishiwatari, 1993). Because 

C/N ratios of organic matter mixtures will depend on both the endmember ratios of the 

two sources (which may vary significantly) and their relative proportions, they are 
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difficult to interpret quantitatively.  But in combination with other sources of information, 

variations in the C/N ratio can provide valuable insights into changes in the lake system.   

 Because N is primarily concentrated in aquatic material, which is typically 

much more labile than terrestrial organic matter and therefore potentially more 

susceptible to diagenesis, caution should be exercised in interpreting C:N ratios (Talbot, 

2004).  Typically, diagenesis occurs in the uppermost portion of the sediment column, 

and inspection of the upper part of the record for systematic increases in the C:N ratio is 

critical for addressing this issue. At the same time, unsupported inorganic N derived from 

the degradation of organic material may artificially reduce C:N ratios, and in some warm 

humid climates, can have a significant effect in biasing records towards lower values 

(Talbot, 2004). If the supply of inorganic nitrogen changes over time, this can be even 

more of a problem. 

In our data, there is a slight, but not significant, increase in C/N down the upper 2-

3 cm, potentially indicative of these effects.  However, the uppermost ca. 100 years of 

data as a whole are extremely variable and do not appear to show any relationship to 

climate or lake status.  An alternative, probable explanation for the lack of proxy-climate 

correlations over this interval is that changes in catchment land use  (which are known to 

have occurred over the last ca. 100 years from oral histories) are complicating the most 

recent part of the signal.  

 To assess the influence of inorganic nitrogen on our record, we followed 

the example of Talbot (2004) and plotted the relationship between TOC and TN in our 

sediment record (Figure 5).  A non-zero positive intercept indicates the presence of 
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inorganic N, whereas a negative intercept would indicate significant post depositional 

losses.  To address the concerns over potential temporal changes in inorganic nitrogen, 

we grouped the data into 100-year intervals.  Figure 5 suggests that the data have a 

relatively small, but significant positive intercept.  However, there is also a distinct 

difference between the data from the interval ca. 1700-present and the older data.  To 

address this we divided the data into two groups and computed the intercept for each.  

 Our results indicate that for the most recent sediments, the intercept is 

small, and not significantly different from zero (intercept = 0.003%).  However, for the 

older data, the intercept is a factor of 10 higher (intercept = 0.03%). Within the scatter of 

the data, it is uncertain whether these differences represent real differences in the 

proportion of inorganic nitrogen in the sediments.  If real, they suggest that the proportion 

of inorganic nitrogen has been decreasing over the past few centuries.  Examination of 

the time series of carbon, nitrogen and C/N ratios in the cores suggests that these changes 

may correspond to a period of increasing %TOC and decreasing C/N ratios (decreasing 

terrestrial organic matter) (Figure 6).  To further examine the influence of these changes 

in inorganic N, we adjusted our C/N data by removing the inorganic N and recalculating 

the C/N ratios (Figure 6; C/Nadj).  Because the quantities of inorganic N are small, these 

changes do not significantly impact the record and do not explain the observed 

relationship with recent decreases in C/N.  It may be possible, however, that the 

decreases in inorganic flux to the basin may be related to the same hydrological or 

limnological changes that are causing the recent variations in TOC and C/N. 
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 The 2700 yr record shows a number of distinct intervals with increased 

C/N ratios, indicating periods of relatively higher terrestrial organic matter input. The 

most pronounced intervals (grey bars in Figure 6) are centered on 2400, 1750, 1400, 1000 

and 500 yr BP (BP = before 1950).  The events between 500 and 1750 are particularly 

large and imply long intervals with anomalously high terrestrial input.  Virtually all of 

these intervals of higher C/N correspond to periods of increased TOC.  A slight increased 

response is also apparent in TN, but is less clear.  This suggests that the observed changes 

in TOC are strongly impacted by the delivery of terrestrial organic matter to the basin 

rather than changes in aquatic productivity.  As pointed out previously by Talbot (1992), 

the importance of terrestrial sources on sediment chemistry is consistent with the steep 

slopes of the basin, which promotes transport of terrestrial material to the center of the 

lake. There is little long-term trend in the C/N data suggesting that either the lake has not 

undergone any systematic changes that would have influenced the C/N ratios (which we 

argue against below), or this proxy is only responsive to relatively abrupt, transient 

paleoenvironmental changes in the Bosumtwi basin.  We note here that the organic data 

does not provide unequivocal answers regarding the lake status.  Increasing terrestrial 

OM could be caused by decreasing lake level (effectively bringing the shoreline closer to 

the coring sites in the center of the lake) or changes in the effectiveness or amount of 

transport of terrestrial OM into the lake. Supporting data from other proxy 

paeloenvironmental indicators is needed to provide unequivocal interpretations of the 

data.   
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Stable isotopes 

In hydrologically closed lakes with small catchments, such as Lake Bosumtwi, the 

δ18O of lake water is controlled primarily by changes in the balance between precipitation 

and evaporation (P-E) (Gonfiantini, 1986).  Evaporation preferentially removes the 

lighter isotope (16O), leaving the heavier isotope (18O) behind. Increases (decreases) in 

the amount of evaporation relative to precipitation result in isotopically enriched 

(depleted) lake water.  Authigenic carbonates produced in the water column incorporate 

oxygen from the lake water with a temperature-dependent offset, thereby preserving a 

record of past changes in P-E (Talbot, 1990).  Although the influence of temperature on 

isotopic fractionation is a significant factor at high latitudes, in the tropics where 

temperature changes are generally small, changes in hydrology are the dominant 

environmental factor controlling δ18Ocarb (Gonfiantini, 1986). 

Changes in carbonate mineralogy can obscure the isotopic record because the 

isotopic offsets between carbonate and water differ between the carbonate minerals and 

depend on the proportion of Mg substitution (Leng et al., 2006).  Previous studies at Lake 

Bosumtwi have shown that a wide variety of diagenetic and authigenic carbonate 

minerals exist in the crater sediments (Talbot and Kelts, 1986). These include calcite and 

high-Mg calcite, aragonite, Mn-siderite and well-ordered dolomite.  Both primary and 

diagenetic carbonates show a trend towards heavier isotopic values with increasing Mg 

content, consistent with formation in increasingly evaporative lake water (Talbot and 

Kelts, 1986).  Because the influence of mineralogy and evaporation influence isotopic 

fractionation in the same direction, the effect of mineralogy will be to enhance the 
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isotopic signal, complicating quantitative estimates of hydrologic change, but not the 

qualitative interpretation.  Fortunately, existing x-ray diffraction work suggests that the 

uppermost varved sediments are composed almost entirely of low-Mg calcite and these 

factors should not be an issue (Talbot and Kelts, 1986).  An exception is the 10-15 cm 

just above the base of the record, where sporadic Mn and Fe bearing carbonates are 

present in discrete layers.  Although we attempted to avoid these laminae, it is possible 

that some of this material was sampled unintentionally and isotopic values from the 

oldest section of the record (e.g., 2200-2700 BP) may overestimate the magnitude of P-E 

variations. 

Comparison of high-resolution δ18O measurements on Lake Bosumtwi carbonate 

with instrumental climate data from Kumasi (the nearest meteorological station, ca. 30 

km from the lake) between 1925 and 1996, shows that the records are similar (Figure 7).  

In particular, the isotopic record has the same abrupt decrease in δ18O over the 1960s that 

is seen in the Kumasi precipitation record.  This suggests that the isotopic record at Lake 

Bosumtwi is a sensitive recorder of past changes in the water balance of the lake, and 

likely the regional water balance as well. 

The full record of stable isotope variations in the sediments from Lake Bosumtwi 

indicates that significant changes in the water balance have occurred throughout the last 

ca. 3 millennia (Figure 8). Between the base of the varved section and ca. 2000 yr BP, 

isotopic values are variable but show no evidence of any long-term trend.  However, after 

2000 yr BP, isotopic values begin to steadily increase to a maximum at around 1000 yr 

BP.  We interpret this gradual isotopic enrichment of lake waters as indicting a long-term 
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trend towards lower lake levels.  Superimposed on this trend are alternating humid-arid 

intervals which visually appear to occur on both centennial and decadal timescales.   The 

most distinct, century scale events center on ca. 2500, 2300, 1900, 1700, 1400, 1000 and 

400 yr BP (shaded bars in Figure 8), though additional, more rapid excursions to drier 

conditions are also visible in the record.   

 

Inorganic major and trace element data 

 Compositional mapping of the annual laminae from Lake Bosumtwi (see 

Chapters 1,7) show that individual light-dark sediment couplets are composed of 

alternating organic/carbonate-rich and clastic-rich laminae.  Changes in the 

concentrations of major siliciclastic elements (e.g., Al, Si, Ti ,K) are interpreted here as 

reflecting changing fluxes of terrigenous material to the lake and are closely tied to 

changes in hydrology, vegetation and lake status.  Interpretation of Fe is more 

complicated because, although it forms an important constituent of the terrigenous 

fraction, it is also a redox-sensitive metal and may be affected by changes in mixing and 

the oxidation of anoxic bottom waters.  The association of Fe with other redox sensitive 

metals (e.g., Mn) supports this interpretation.  Ca concentrations are likely a function of 

authigenic calcite produced in association with productivity blooms, though it is unclear 

whether Ca variations can be strictly interpreted as changing production, or if other 

factors may also be important.   

 Profiling XRF data for several of the elements (Ti, Fe, Mn, Ca) are 

displayed in Figure 9 (the other aluminosilicate components are not shown because they 
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are similar to Ti).  Major terrigenous mineral concentrations (Al, Si, K, Ti) increase from 

the base of the section to a maximum at ca. 900 yr BP, after which they rapidly decrease 

in concentration towards the top of the core.  Superimposed on this long-term trends are 

regular and distinct oscillations between periods of enhanced and depleted elemental 

concentrations.  A very similar signal is visible in the record of Fe concentrations, though 

the data at the bottom ca. 700 years of the core do not show as clear an increasing trend.  

This may be the result of the precipitation of authigenic Fe-bearing minerals from the 

water column at this time, resulting from more frequent overturning of the water column.  

This is consistent with the appearance of another redox sensitive element (Mn) in the 

record at this time.  The transition at the base of the varved section has previously been 

attributed to an abrupt drop in lake level (Russell et al., 2003; Talbot and Johannessen, 

1992), and the increased deep mixing of the water column may relate to evaporation or 

temperature driven changes in the density structure of the water column as a result of 

these changes.  However, this does not explain why these conditions persisted for at least 

700 years before abruptly changing, or why significant intervals of Mn deposition do not 

appear again over the remaining portion of the record.  It is possible that only during the 

preceding ca. 6 kyr, when the lake is believed to have been very well stratified, Mn 

slowly built up in the anoxic part of the water column.  Regular mixing over the last ca. 

2000 years has prevented the buildup of sufficient Mn in the anoxic zone to provide 

sufficient soluble Mn for the formation of such thick laminae. 

The abrupt end of Mn deposition is accompanied by an equally dramatic rise in 

Ca.  Because of the very low solubility of both Fe and Mn under normal conditions, 
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carbonate (and other authigenic mineral) phases will preferentially take up these elements 

over Ca when they are available.  When Mn and Fe availability was reduced at around 

2000 yr BP, carbonate species again began incorporating significant Ca in their 

structures.  Closer examination of the Mn record suggests that several switches between 

Mn and Ca deposition occurred within the Mn-rich interval, indicating that the 

availability of redox sensitive metals varied on at least decadal timescale within this 

interval, suggesting that water column stability varied throughout this interval. 

From the initial rise at ca. 2000 yr BP until ca. 750 yr BP, Ca concentrations in 

the sediment rapidly decrease.  After ca. 500 yr BP Ca concentrations increase up to 

present. Although their trends are in the opposite direction, based on the magnitudes and 

timing of changes in the two records, it is unlikely that these changes are caused by 

dilution of calcite by terrigenous sediments (or vice-versa). However, the general 

antiphase behavior of these components is also apparent on century scales, suggesting 

that there is a strong relationship between the processes controlling erosion and transport 

of terrigenous clastic material to the basin and those controlling the formation of 

authigenic carbonates. 

 

Proxy data comparison 

 A comparison of the geochemical data from Lake Bosumtwi provides a 

framework for reconstructing the hydrological evolution of West Africa over the past 

3000 years.  An abrupt shift at 2000-1800 BP is apparent in both the δ18O and XRF 

records, followed by a gradual change between 1800 and 750 yr BP, and a reversal 
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towards the present (Figure 10). Based upon the isotopic data, we interpret these 

variations as reflecting the long-term evolution of lake status, with gradually decreasing 

P-E over the first ca. 1.5 millennia followed by an increase over recent centuries.  In the 

terrigenous XRF indicators (Al, Si, Ti, K; hereafter XRFterr), this trend is manifested as 

an increase in concentrations during the interval of drying and decreasing concentrations 

during wetter conditions.  A reasonable explanation for this relationship is that decreasing 

lake level increases the amount of potentially erodable material (by increasing catchment 

area) and decreases the distance between the sources of terrigenous material (streams 

entering the basin) and the center of the basin where sediment cores were collected.   

The opposite behavior in the Ca record is puzzling, however, because it says that 

carbonate precipitation occurred during the periods of highest lake level, in conflict with 

the expectation that increasing salinities should promote the formation of authigenic 

carbonates by increasing the aqueous Ca2+ ion activity.  It is possible that some other 

mechanism is more important for the formation of carbonate, such as changing 

productivity, through the drawdown of aqueous CO2 levels and increases in pH.  

Increased productivity could be related to changes in nutrient fluxes to the lake, or 

mixing of the water column.  Increases in mixing and runoff are likely tied to 

precipitation and could therefore explain the relationship between rising lake level and 

increased carbonate precipitation.  

Interestingly, the long-term trend is not apparent in the earlier part of the C/N 

record, but is visible in both the 2000-1800 BP shift and as a decrease (increase in the 

proportion of aquatic material) from ca. 600 yr BP to present, suggesting a differing 
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response of this proxy during intervals of rapid hydrologic change (Figure 10).  One 

possibility for this might be that the long-term trend is controlled primarily by changes in 

aquatic productivity.  Although this may be an indication of real differences between the 

proxy response during wet and dry periods, the evidence for differences in the C-N 

relationships over the last 200-300 years of the lake’s history (Figure 9) make it difficult 

to evaluate this possibility from existing data.  

Superimposed on this long-term trend are a number of abrupt wet-dry climate 

transitions seen most prominently in both the C/N and δ18O records (Figure 10).  Based 

on our interpretation of the δ18O results, dry periods occurred at ca. 300-500 , 850-1050, 

1250-1450, 1800-1650 and possibly 2250-2400 yr BP.  Also visible are several decadal 

to multi-decadal abrupt events, including ones at ca. 250 and 100 yr BP, though it is 

difficult to resolve many of these events due to the noise in the records.  Similar to the 

trends discussed above, periods with enriched isotopic values indicative of drier 

conditions are accompanied by higher C/N ratios indicating greater proportions of 

terrestrial organic matter.  It is unclear from this data alone whether the changes in C/N 

are a function of changing terrestrial or aquatic deposition or both, though the 

relationship appears consistent on multi-decadal and century scales.   

There are significant differences in the timing and magnitudes of the events 

recorded by the two proxies (Figure 10).  Changes in C/N are more abrupt and often seem 

to lead changes in δ18O.  These differences likely reflect real differences between the 

proxies.   Chronological uncertainties cannot explain the differences because the samples 

were either taken simultaneously from the same cores, or were correlated on a varve scale 
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(mm).  In most cases, the apparent leads in C/N over δ18O appear to reflect primarily the 

abrupt shifts in C/N when compared to the gradual nature of the δ18O changes.  This is 

consistent with the buffering of changes in δ18O by the volume of water in the lake.  

However, during certain intervals, most notably the recent onset of humid conditions 

after ca. 300 yr BP, the rise in C/N precedes the rise in δ18O, and it is unclear why such 

differences occur.   

 The XRFterr data also provides evidence for numerous, distinct hydrologic 

changes over the last 2660 yr BP (Figure 10).  However, in contrast to the positive 

correlations between XRFterr and water balance apparent in the long term trend, on 

century timescales, the relationship appears to be opposite, with decreasing (increasing) 

terrigenous fluxes during dry (wet) events.  The opposite relationship between XRFterr 

concentrations over the long-term trend and in the centennial and decadal fluctuations is 

probably the consequence of differences in rainfall intensity. Increases in rainfall 

intensity on century and decadal scale timescales would have resulted in more efficient 

mobilization and transport of terrigenous sediments to the basin, consistent with higher 

concentrations of XRFterr.  During the drought intervals, weaker precipitation events may 

not have been sufficiently intense to transport terrigenous material to the basin.  In 

contrast, the long-term trend in the data, which shows increasing XRFterr with decreasing 

lake level, may show long-term changes in water balance related to insolation forcing of 

the WAM, which changes the seasonal position of the ICTZ (and therefore the length of 

the rainy season) but not the intensity of convection.   Modeling studies of the Holocene 

evolution of the WAM support this possibility (e.g., Otto-Bliesner et al., 2006). 
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Comparison with the timing of lowstands from the seismic and drowned tree data 

(Figure 10 bottom), supports our interpretation of the century-scale intervals of positive 

δ18O, increased C/N and decreased XRFterr as dry periods, at least at ca. 1000 and 400 yr 

BP.   Age estimates for the later lowstand lags the sediment core age estimates by at least 

25-50 yr, which is larger than would be expected from chronological uncertainties alone.  

Because it is unlikely that the trees lived for more than a short period of time once their 

roots were submerged, it is likely that their depth (15 m) underestimates the depth of the 

lowstand at that time.  It is more probable that they were killed during the more rapid 

change in lake level that occurred at ca. 200-150 yr BP.   

 

Discussion 

An asynchronous end of the “African Humid Period” 

 During the early- to mid-Holocene, increased Northern Hemisphere 

insolation resulted in an intensification and northward migration of tropical convection 

associated with the African, Asian and Indian monsoons, which was subsequently 

enhanced by positive feedback mechanisms on land and in the oceans  (the “African 

Humid Period”; AHP) (Claussen et al., 1999; Kutzbach et al., 1996; Kutzbach and Liu, 

1997; Zhao et al., 2005).  Numerous paleoenvironmental records suggest that climate 

changed from wet to dry across Africa abruptly at ca. 4000 yr BP (e.g., (Gasse, 2000; 

Marchant and Hooghiemstra, 2004), potentially resulting in widespread socioeconomic 

impacts (Cullen et al., 2000; deMenocal, 2001; Weiss, 1997).  In contrast, records for the 

southern, coastal parts of West Africa suggest this region dried either much later than 
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elsewhere in tropical Africa, or that it dried at 2 steps (Elenga et al., 2004; Elenga et al., 

1994; Giresse et al., 1991; Maley, 1989; Maley, 2002; Sowunmi, 2002; Vincens et al., 

1999).   

At Lake Bosumtwi, the timing of this lake level drop has been controversial 

(Chapter 3), with estimates varying from 3800 (Talbot and Delibrias, 1980) to 3200 yr 

BP (Russell et al., 2003). The former estimate is based on stratigraphic evidence in 

stream cuts, but relies on only two potentially suspect radiocarbon ages (Chapter 3).  The 

later estimate is based on numerous radiocarbon dates on material at the transition from 

unlaminated, Anabeana-rich sediments to the finely laminated sediments studies here.  

Presuming that the onset of laminae formation occurred at or very near to the end of the 

AHP, these dates are in agreement with the other sites from coastal West and central 

Africa in suggesting a delayed response to insolation forcing.  Varve counts support this 

hypothesis, but indicate an even later aridification of the coastal region (ca. 2660 yr BP) 

(Figure 3, see also Chapter 8).   

The oxygen isotope data presented here also provides some indications of a lake 

level plateau during the earliest ca. 500 years of the record, consistent with evidence for a 

stable lake stand ca. 10-15 m above the modern lake level at that time (Talbot and 

Delibrias, 1980, and Chapter 3), with a subsequent gradual drying until ca. 1000 yr BP 

(Figure 10).  This is consistent with the 2-step drying of west Africa at 3500-4000 and 

3000-2500 yr BP suggested from sites elsewhere in coastal West Africa and in the Congo 

(Maley and Brenac, 1998).  At present, it is unclear why this pattern of hydrologic 

changes may have occurred.  In part, the delayed response of the African monsoon to 
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decreasing insolation may reflect either land surface or ocean feedbacks, which 

maintained the ITCZ at a more northerly location over Africa, causing a delayed retreat 

(Braconnot, 2000; Ganapolski et al., 1998; Kutzbach et al., 1996).  However, the large 

time lags observed when compared to the drying of north Africa (ca. 2000 years) would 

seem to require a system with large inertia such as the oceans.    An oceanic control on 

the response of the ITCZ is consistent with the evidence from elsewhere in the tropical 

Atlantic, such as the Cariaco Basin and Lake Miragoane, Haiti, where delayed changes in 

aridity occurred at ca. 3400-2800 yr BP (Curtis and Hodell, 1993; Haug, 2001). 

 

Regionally synchronous century-scale African megadroughts? 

 Broad similarities in the timing of existing century-to millennium-scale 

African paleclimate records have lead to the suggestion that periods of sustained 

hydrologic drought during the late Holocene were regionally synchronous events (Brown 

and Johnson, 2005; Russell and Johnson, 2005; Verschuren, 2004).  Similarities between 

the timing of these events and distinct periods of climate variability elsewhere on the 

globe (e.g., the Little Ice Age, Medieval Climate Anomaly, Maunder Minimum) has 

prompted the suggestion that these events may be linked to larger-scale tropical or 

hemispheric climate changes (Brown and Johnson, 2005; Russell and Johnson, 2005; 

Stager et al., 2005b; Thompson et al., 2002; Verschuren et al., 2000).  However, nearly 

all high-resolution African paleoclimate records are from sites in East Africa and the 

continental or tropical significance of these events is not well known. 
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African hydrologic changes: 0-1500 BP  

 Visual comparisons between existing high-resolution climate records from 

East Africa, and the West African record from Lake Bosumtwi over the last 1500 years 

show broad similarities during some phases, but differ in timing and magnitude during 

others (Figure 11).  The Bosumtwi record indicates that one of the driest intervals of the 

last 2000 years in West Africa occurred between 200-500 yr BP (1450-1750 AD), with a 

large oscillation at the end of this interval, with a return to dry conditions at ca. 225-300 

BP (1650-1725 AD).  Following the return to wetter conditions, another multidecadal 

scale oscillation occurs at the beginning of the 19th century.  The timing and structure of 

this period of enhanced drought is consistent with that of the  “Little Ice Age”, the 

interval of overall coldest northern hemisphere temperatures in at least the last 

millennium (Jones et al., 2001; Mann et al., 1998).   A similar dry period is also visible in 

a salinity record from Lake Edward (Russell and Johnson, 2005) between 300-500 BP 

(1650-1450 AD) and has been suggested from ostracode assemblages in Lake 

Tanganyika 500-700 BP (1250-1450 AD; Alin and Cohen, 2003).   Although its record 

is, in part, tuned to the record from Lake Naivasha, enriched isotopic values are also 

found in ice cores from Kilimanjaro at around this time 200-550 BP (1400-1750 AD) 

(Thompson et al., 2002).  At Lake Malawi, increases in biogenic silica, a proxy for wind 

driven diatom productivity, suggest that northeasterly winds were intensified, consistent 

with a more southerly mean ITCZ and reduced rainfall in the northern hemisphere tropics 

(Johnson et al., 2001), though the structure and timing of changes in %BiSi are not 

obviously linked to the other records.  Records from lakes Naivasha and Victoria, suggest 
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a drought during this period (at around 225-450 BP (1500-1675 AD) and 250-350 BP 

(1600-1700 AD), respectively) but they appear shorter and delayed with respect to the 

other sites, raising the question of whether they correlate (Stager et al., 2005a; 

Verschuren, 2001) (Figure 11). In fact, the record from Lake Victoria could be 

interpreted as out of phase with the record from Bosumtwi during this time period. 

Nearly all of the records also show evidence for one or both of the decadal events in the 

15th and 17th centuries, and in particular the rapid rise in lake level at ca. 250 BP (1700 

AD), though it is unclear whether the slight offsets in the timing of these events can be 

explained by age model uncertainties in these studies. The strong correlations between 

the Lake Victoria record and records of solar intensity on decadal timescales during this 

interval would seem to indicate that the records are indeed, out of phase (Stager et al., 

2005a). 

African hydrologic changes: 500-1500 BP 

Prior to 450 BP, and as far back as ca. 850 BP, conditions at Lake Bosumtwi were 

wetter, though the isotopic data suggest that this period was characterized by a gradual 

rise to a peak at ca. 550-600 BP (1350-1400 yr AD) before steadily dropping off at ca. 

450 BP (1500 AD), rather than a sustained low stand (Figure 11).  This earlier lowstand 

at Lake Bosumtwi is broadly consistent with the record from Lake Victoria during this 

period (Stager et al., 2005a), but is in disagreement with virtually all other records.  Lake 

Edward records a lowstand at ca. 750-950 BP (1000- 1200 AD) (Russell and Johnson, 

2005), which is nearly identical to a lowstand at Lake Naivasha and also visible in 

records from Turkana (Ricketts and Johnson, 1996) and Tanganyika (Alin and Cohen, 
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2003).  A slight isotopic enrichment is also registered in the ice cores from Kilimanjaro at 

this time (Thompson et al., 2002).  In fact, the majority of the East African records (with 

the exception of Lake Victoria) indicate that during the peak drought conditions at Lake 

Bosumtwi, East Africa was wet, suggesting a east-west out of phase behavior at this time.  

This is in conflict with the conclusions of previous authors, who have suggested an 

Africa-wide drought at this time (Russell and Johnson, 2005; Verschuren et al., 2000). 

African hydrologic changes: 1000-2650 BP 

  Earlier droughts at Lake Bosumtwi, such as the ones centered on 1750 and 

1450 BP, have potentially correlative events in the other records, but the timing is slightly 

different between sites, making it hard to draw concrete conclusions about their linkages.  

The earlier drought event at Lake Edward occurs at ca. 1850 BP (Russell and Johnson, 

2005), preceding the drop in precipitation at Lake Bosumtwi by a century, and the later 

event, though starting at approximately the same time as Bosutmwi, is several hundred 

years longer.  At Lake Victoria, the older event also appears to precede the event in Lake 

Bosumtwi by at least 100-200 years (Stager et al., 2003), though the later event is similar 

in timing.  At Lake Naivasha, the timing of the later drought event is close to that of 

Bosumtwi 1400- 1250 BP (550-700 AD) (Verschuren et al., 2000) but the earlier one is 

more similar to Lake Edward 1850 BP.  Kilimanjaro ice cores show little indication of a 

drought at either this time, but indicate a large sustained drought occurred at 1100-1400 

BP (550-850 AD), synchronous with the highstand at Lake Bosumtwi (Thompson et al., 

2002). Lake Turkana also shows a slight precipitation deficit synchronous with West 

African drought at ca. 1350 BP (600 yr AD) (Ricketts and Johnson, 1996), and earlier dry 
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periods that are synchronous with both the event at Lake Bosumtwi 1750 BP and the 

drought in East Africa at 1900 BP. 

 The timing of late Holocene hydrologic droughts do not provide any 

indications of a consistent phasing between wet and dry events in West and East Africa.   

Although there indications that there may be phase differences at times, the phase offsets 

are not the same for all events.  Age model uncertainties in the Bosumtwi record are 

likely small and cannot explain these discrepancies, but are potentially more significant 

in the records from East Africa.  However, the similarity in the timing of many of the 

East African records argues against age model errors as the cause of apparent offsets 

relative to the Bosumtwi record.  It is most likely that the linkages between East and 

West Africa are complex, and that the idea of Africa-wide climate anomalies during the 

Holocene is generally not supported by the data.  Millennial-scale climate records 

spanning the Holocene in Africa also show regional differences in the timing and 

direction of climate changes, even during intervals of much larger inferred forcing 

(Maley, 2002; Marchant and Hooghiemstra, 2004). Modern climate controls in East and 

West Africa are also different, with East Africa responding more strongly to the influence 

of the Indian Ocean (Nicholson, 1996), and West Africa linked to processes in the 

tropical Atlantic (Vizy and Cook, 2001).  Although precipitation in both regions are 

linked to the seasonal migration of the ITCZ, it appears that regional controls on climate 

variability are also important and should be considered before ascribing reconstructed 

paleoclimate changes directly to changes in the migration or strength of the ITCZ (e.g., 

Russell et al., 2003). 
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Decadal to century-scale controls on WAM variability 

 The absence of clear linkages between the climate reconstruction from 

Lake Bosumtwi and those from elsewhere in Africa suggest that the climate of Northern 

Hemisphere Africa did not change synchronously during the late Holocene.  This 

indicates that regional controls played an important role in decade to century-scale 

climate variability of Africa during this period.  However, it is likely that even this 

regional scale variability reflects in part larger scale tropical climate changes, and 

therefore provides valuable insights into not only the controls on local climate variability, 

but also larger-scale tropical climate interactions.   

 To assess the controls on decadal- to century-scale WAM variability in 

our record, we performed spectral and coherency analysis on the high resolution XRF 

data using the multitaper method (MTM) and statistical significance is tested against an 

autoregressive red noise null hypothesis using a smoothed median adaptively weighted 

background spectrum (Mann and Lees, 1996; Mann and Park, 1993).  Spectral analysis of 

the isotope and C/N data was not performed because of their comparatively low temporal 

resolution as well as the inherent problems in obtaining reliable spectral estimates from 

unevenly sampled data.  However, the visual relationships between the high frequency 

variations in the complementary geochemical data support our interpretation of elemental 

variations as indicators of changes in monsoon strength or precipitation.   

 To take full advantage of the multispectral data available from the XRF analysis, 

the MTM spectral analysis was performed on the spline-detrended first principal 
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component (DPC1) of the XRF dataset.  Detrending was necessary because the original 

record was very red, making it difficult to identify the higher frequency spectral peaks.  

Principal components analysis is useful in this case as a means of dimensionality 

reduction, which allows us to separate the variability due to noise from the common 

variance among the elemental signatures (see Appendix G).  The dominant loadings on 

DPC1 are Al (-0.48), Si (-0.47), Ti (-0.41) and K (-0.48) with slightly lower loadings on 

Fe (-0.36) (Figure 12).  These loadings suggest that DPC1 reflects the influence of 

changing terrigenous fluxes to the lake sediments.   

Spectral analysis shows spectral peaks that are significant (at the 99% level) in the 

subdecadal (2.4-4.3 yr), decadal (8.6, 11.5, 33-46 yr) and century (180-505 yr) bands 

(Figure 13).  The higher frequency components are remarkably similar to those of the 

dominant tropical ocean and atmospheric processes that have been suggested to influence 

West African precipitation based on instrumental data.  Significant peaks in the 2-5 year 

range may be analogous to ENSO (typically 2-7 yr, (Cane, 1986), and Atlantic Niños (2-

2.5 yr; Chang et al., 2006), though these must be interpreted with caution because of te 

noisiness of the data.   

The origin of the 8.6 yr peak is also ambiguous, and may correspond to a longer 

decadal mode of ENSO variability previously identified in instrumental data (e.g., 2-11 

year, (Allan, 2000).  Although present, this peak has low spectral power in climate data 

from the tropical Pacific region, and is not at all significant in tree-ring-based ENSO 

reconstructions (Cook, 2000; d'Arrigo et al., 2005).  A test of coherency with the 500-

year tree ring based ENSO reconstruction of D`Arrigo (2005) does reveal strong 
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coherency in the 8 year band (not shown), but because of the lack of a strong spectral 

peak in the ENSO record at this frequency, a relationship between WAM variability at 

this band must be viewed with caution.   

Alternatively, decadal patterns of variability in the Lake Bosumtwi record (e.g., 

8.5, 11.5 yr) may relate to SST changes in the Atlantic.  A key feature of tropical Atlantic 

variability is the existence of a strong, decadal component of variability (11-13 years) 

that is associated with the meridional SST gradient centered around 5°N; the mean 

position of the ITCZ (Chang et al., 1997; Mehta, 1998; Servain et al., 1999; Wagner, 

1996).   Modeling studies have shown that this mode (ca. 11-12 years) may be internally 

generated by air sea evaporation feedbacks in the tropical Atlantic (Chang et al., 1997). 

Changes in the meridional gradient have been inferred to have a strong influence on 

precipitation in the Sahel via anomalous displacements of the ITCZ (e.g., Lamb, 1978; 

Wagner, 1996; Zhang and Delworth, 2006).  This ‘quasi-decadal’ oscillation appears to 

influence the whole Atlantic basin (Folland et al., 1986; Hurrell, 1995; Mann and 

Bradley, 1999), though it is not clear whether it is generated in the tropics as suggested 

by Chang and coworkers (1997), the high latitudes, or possibly even the atmosphere 

(Seager et al., 2001). 

The possibility that over long timescales, the tropical Atlantic variability may be 

composed of several decadal modes of variability (e.g., 8.5, 11.5), as indicated in the 

Bosumtwi record, is supported by the record of G. bulloides abundance in sediments 

from the Cariaco basin (a record of ITCZ variability; (Black, 1999), which shows very 

similar power at 12.5-13 and 8.7-9 years.  Previous studies of instrumental data have 
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suggested that the Atlantic meridional SST gradient is actually a combination of SST 

variability on both sides of the meteorological equator, and ranges between a frequency 

of 8-12.5 years for the northern tropical Atlantic and 14 years for the southern tropical 

Atlantic (Melice and Servain, 2003).  The appearance of 2 modes at 8.5 and 11.5-12 

years may thus reflect the superposition of these influences on the meridional temperature 

gradient and the ITCZ. 

Similarities in the timing of this mode with the 11-year solar cycle have led to the 

suggestion that the two may be linked (Labitzke and vanLoon, 1988; Salby and 

Callaghan, 2006).  However, there is no statistically significant correlation between the 

two in the instrumental record, except possibly over the last few decades (Mann and Park, 

1999; Mann et al., 1995).  The 11.5 year spectral peak in the Bosumtwi data does not 

show significant coherency with the 11-year cycle of sunspot variations over the last ca. 

300 years (Wang et al., 2005), suggesting that if these recent correlations are real, they 

are not indicative of the long-term relationship between decadal solar variability and 

similar frequency climate behavior in the tropical Atlantic sector.  However, both the 

Cariaco and Bosumtwi records are indirectly related to tropical Atlantic variability 

through shifts in the ITCZ, which depend on both variations in the tropical north and 

south Atlantic (Mehta, 1998).  The lack of coherency with the 11-year solar variability 

may therefore reflect these indirect connections. 

The presence of multidecadal modes of precipitation variability in West Africa is 

more difficult to determine from the instrumental record because the majority of 

historical precipitation records from this region are limited to ca. 75-100 years.  However, 
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the recent multidecadal drought across Northern and West Africa in the 1970’s-1990’s, 

which followed several decades of above average precipitation (i.e., the ‘Sahel drought’, 

Nicholson, 2000), suggests that lower frequency climate oscillations may be an important 

mode of climate variability in West Africa.  However, because of the confounding 

influences of anthropogenic changes to the environment, it is uncertain from this example 

whether multidecadal droughts occur naturally in this region, or whether recent 

precipitation deficits are the result of rising temperatures in the southern oceans and land 

surface changes (Giannini et al., 2003; Hastenrath, 2000; Hoerling et al., 2006; Hulme et 

al., 2001; Long et al., 2000b; Nicholson et al., 2000).   

Our MTM spectral analysis suggests the presence of a highly significant 

multidecadal mode of variability with a peak at 33 years (99%) but spanning a slightly 

larger interval (33-46 years).  Confirmation of the importance of this mode in our West 

African precipitation record comes from singular spectrum analysis (SSA), which 

produces a ca. 40 year mode as its fifth and sixth component of PC1 (the first four are 

century-scale modes; see Table 3). While it is unclear from our data whether the present 

long-lasting drought in the Sahel is part of this mode of variability, these data indicate 

that wet-dry oscillations of similar length to the one occurring in the latter part of the 20th 

century are an important feature of the long-term climate variability in West Africa.   

A number of studies have previously attributed recent drought conditions in the 

Sahel to low frequency SST variability in the northern hemisphere Atlantic, primarily on 

the basis of statistical correlations and modeling (Folland et al., 1986; Rowell et al., 1992; 

Rowell et al., 1995; Zhang and Delworth, 2006).  This low frequency mode of Atlantic 
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variability, termed the Atlantic Multidecadal Oscillation (AMO: defined by an index of 

mean SSTs in the region between 0-70° N; Enfield et al., 2001), has a period of 65-80 

years over the instrumental record and may be tied to changes in the meridional 

overturning circulation of the Atlantic (Delworth and Mann, 2000; Folland et al., 1986).  

Verification and extensiton of this mode comes from a circum Atlantic network of long 

tree ring chronologies, selected to produce a long (350 year) reconstruction of the AMO 

(Gray et al., 2004).  This reconstruction is highly coherent with the instrumental record of 

the AMO at a period of between 35-60 years, with the strongest peak centered on 42.7 

years (Gray et al., 2004).  This is similar, though perhaps slightly longer, than the 

frequency of multidecadal drought events at Lake Bosumtwi, suggesting that there may 

be a relationship between low frequency variations in the Atlantic and rainfall in West 

Africa.   

The MTM frequency spectra from the the overlapping portions of the Bosumtwi 

record and the Gray (2004) AMO reconstruction are both coherent and in phase, 

providing strong support for a direct relationship between the AMO and changes in West 

African precipitation (Figure 14).  To confirm this finding, we compared the 30-50 year 

band reconstructed components (RCs) for the Bosumtwi DP1 and the Gray et al., (2004) 

data, derived from the SSA analysis (Table 3; Figure 15).  The relationship between the 

two proxy records is not perfect, and they seem to diverge over the intervals and around 

1650 and 1750 yr, when the variability in the AMO reconstruction decreases, while the 

timescale of variability in the Bosumtwi record remains virtually unchanged (though the 

variance is obviously subdued).  These differences between Gray’s (2004) AMO 
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reconstruction and the record from Bosumtwi suggest one of the following three 

possibilities: (a) there is an unknown source of error in either the Bosumtwi or the Gray 

et al., (2004) reconstructions which causes the observed differences, (b) the decrease in 

the magnitude of AMO variability during this period was significant enough to make the 

tree ring network insensitive to the AMO forcing; or (c) the processes controlling 

variability in the WAM (presumably tied to the ITCZ and tropical Atlantic SSTs) became 

decoupled from variations in higher latitude SSTs.  If the latter explanation is correct, it 

suggests that the WAM continued to vary on a very similar timescale, without 

commensurate variations in the AMO.  This implies that the multidecadal variability seen 

in our tropical climate record is not driven primarily by changes in the higher latitudes.  

This raises the possibility that the AMO is forced by processes in the tropics, rather than 

the high-latitudes.  Work is ongoing to further evaluate this possibility. 

On century timescales, the MTM analysis indicates a broad region of significant 

low frequency variance, with broad periods of significance centered around 180-205 

years, 290-320 years and ca. 505 years (Figure 13).  As with the multidecadal signals, the 

presence of these modes of variation were confirmed by SSA (See Table 3), which 

produced reconstructed components with similar mean periods (RC3-4: 205-220; RC1-2: 

360-390).  Although not identified as a dominant mode in any of the components, a 500-

year period was also apparent in RC2. 

Though the cause of these multicentury modes of variability is poorly known, a 

number of previous paleoclimate studies have noted similar statistically significant bands 

of spectral power in records from the tropics (Black, 1999; Fleitmann et al., 2003; 
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Peterson et al., 1991; Wang et al., 2005).  As previously suggested by Black et al., (1999) 

and Hodell et al., (2001) for sites in the tropical Americas, these data indicate that 

century-scale variability plays an important role in the climate of the tropical Atlantic, 

distinct from the long-term trend. Roughly similar modes of variability are identified in 

speleothem records from the Indian and Asian monsoon regions (e.g., 240, 380 yr in 

Qunf Cave, Oman; Fleitmann et al., 2003; 206, 558 yr in Dongge Cave, China; Wang et 

al., 2005).  It is difficult to say whether these spectral peaks are identical because of the 

high frequency noise and the chronological uncertainties in the data.  However the broad 

similarity in the timing of these peaks suggests that century-scale variability is not limited 

to the tropical Atlantic, and provided they are the same peaks, may be the consequence of 

broader scale changes in the tropical circulation, perhaps associated with changes in the 

ITCZ.   

A number of studies have suggested that this century-scale climate variability 

may be, at least in part, forced by small changes in solar irradiance (Black, 1999; Gupta 

et al., 2003; Gupta et al., 2005; Neff et al., 2001; Wang et al., 2005).  The modes of 

century scale variability in our record are similar to that seen in the record of atmospheric 

∆14C, a proxy for past solar variability (Stuiver et al., 1998) (Figure 16a).  However, with 

the exception of the spectral peak at ca. 330 years, there is no coherency between the 

Bosumtwi and the ∆14C record, suggests that the records are not directly related (Figure 

16b).  A visual comparison between the Bosumtwi record and the ∆14C record supports 

this conclusion and suggests that if a relationship between climate variability in West 

Africa solar irradiance exists, it must be indirect and probably weak (Figure 17).  The 
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records from Donnge Cave (Wang et al., 2005) and the Cariaco Basin (Black, 1999) 

show some century scale variations that resemble the ∆14C record, but also have 

significant differences, suggesting that if they exist, the solar-climate linkages are weak 

and indirect.  Interestingly, it has been suggested from paleoevidence that the Sun-climate 

linkages in the Indian monsoon region were stronger during the early Holocene when 

variations in ∆14C were larger (Fleitmann et al., 2003). Thus, the poor visual correlations 

between the Bosumtwi record and ∆14C variations may be in part due to the insensitivity 

of the climate system to solar forcing over the late Holocene period of record. Regardless, 

it is clear from our data that at least in the West African monsoon region, changes in solar 

irradiance did not influence precipitation via direct stratospheric forcing of the ITCZ, as 

has been suggested for the Indian monsoon (Kodera, 2004). 

 

Conclusions 

 A unique, high-resolution record of West African monsoon variability has 

been developed from the varved sediments of Lake Bosumtwi, Ghana.  This record 

suggests that the climate of West Africa is susceptibility to large, persistent changes in 

rainfall on timescales ranging from just a few years, to decades and centuries.  For the 

most part, changes in West Africa appear decoupled from those in the eastern part of the 

continent, probably reflecting regional differences in the climate forcings in these two 

areas.   

 Changes in West Africa precipitation appear linked to a number of decadal 

to multidecadal, quasi-periodic modes of variation in the Atlantic.  Spectral analysis 
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suggests that at least two modes of climate variability in operation today have a 

significant influence on long term variability in the West African monsoon system:  (1) 

the decadal “dipole” mode in the tropical Atlantic; and (2) the multidecadal (AMO) in the 

north Atlantic.  Our data suggest that the latter mode has had a significant control in 

generating multi-decade-long droughts in West African region for at least the last 2.5 

millennia.  Although it is not possible to say whether the recent “Sahel drought” of the 

1970s-1990s was associated with this natural mode of variability, the paleorecord 

suggests that persistent droughts of this type are a common occurrence in this region, and 

are driven mainly by variations in Atlantic SSTs.   

 Multi-century droughts are also a robust characteristic of the West African 

monsoon system, although it is unclear from our record how and why they originate.  Our 

analysis reveals little evidence for a linkage between the solar variability and West 

African climate.  What is clear, however, is the impact of these century scale droughts 

can be dramatic, as evidenced by the drowned forest in Lake Bosumtwi, which grew 

during a multi-century drought prior to ca. 200 years ago.  Lake Bosumtwi dropped by at 

least 20 m, and potentially more, during this event.  Considering that the magnitude of the 

lake level change during the most Sahel drought of the 1970s was only ca. 6 meters, this 

suggests that the instrumental record does not provide an accurate picture of the range of 

natural variability in the West African monsoon.  This most recent drought had 

disasterous impacts on people living in the Sahel region to the north.  Provided the 

relative magnitudes of hydrologic variability experienced by Lake Bosumtwi are 
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representative of events seen farther north, it is likely that the even larger drought and 

potentially more catastrophic West African droughts will occur in the future.  
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TABLE 1. RADIOCARBON DATES ON FISH BONE AND SCALE COLLAGEN

Sample Depth d13C Radiocarbon age Calib. age Varve Age AA#

ID m permil 14C yr BP cal yr BP yr BP*

N2-1-A 0.88 - 0.89 -19.7 ± 0.1 1,136 ± 45 959 - 1172 931 - 940 AA63815
5N-A 0.91 - 0.92 -19.0 ± 0.1 1,195 ± 31 923 - 979 960 - 975 AA71066
7N-A 0.83 - 0.84 -19.0 ± 0.1 1017 ± 31 724 - 913 728 - 735 AA71067
3N-A 0.63 - 0.66 -25.0 ± 0.2 679 ± 40 556 - 686 544 - 573 AA71065

*yr BP is years from 1950 AD
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TABLE 2. RADIOCARBON DATES ON SUBMERGED TREES
Sample ID Depth from 

center (cm)
13C 

(permil)
Fmodern

14C age BP

BOS 00-1 (6.478N, 1.398W, 18.24m)
00-1-5 0.0 -26.0 0.9751 ± 0.004 203 ± 35
00-1-4 1.4 -25.6 0.9817 ± 0.005 148 ± 37
00-1-3 2.6 -25.8 0.9820 ± 0.005 148 ± 26
00-1-2 3.9 -25.2 0.9889 ± 0.005 89 ± 40

Estimated growth rate: 2.0 mm yr-1

BOS 00-2 (6.4742N, 1.425W, 15.6m)
00-2-5 0 -26.2 0.9630 ± 0.004 303 ± 36
00-2-4 6.8 -26 0.9766 ± 0.004 190 ± 35
00-2-3 10.6 -25.8 0.9799 ± 0.005 163 ± 39
00-2-2 18 -27.4 0.9813 ± 0.006 151 ± 49
00-2-1 26.2 -27.4 0.9877 ± 0.004 100 ± 35

Estimated growth rate: 3.0 mm yr-1

BOS 00-3 (6.4781N, 1.433W, 17.23m)
00-3-5 0 -25.8 0.9795 ± 0.005 166 ± 39
00-3-4 5.47 -25.9 0.9845 ± 0.003 125 ± 26
00-3-3 7.07 -26.3 0.9777 ± 0.007 181 ± 61
00-3-2 10.97 -25.4 0.9698 ± 0.005 247 ± 45
00-3-1 15.24 -26.9 0.9779 ± 0.003 180 ± 23

Estimated growth rate: 2.2 mm yr-1

BOS 00-9 (6.478N, 1.403W 16.46m)
00-9E-5 0 -27.0 0.9645 ± 0.004 291 ± 26
00-9E-6 0 -26.6 0.9757 ± 0.004 198 ± 37
00-9E-7 0.2 -26.6 0.9775 ± 0.005 182 ± 43
00-9E-4 2.2 -27.3 0.9701 ± 0.005 244 ± 43
00-9E-3 5.15 -27.0 0.9733 ± 0.004 218 ± 36
00-9E-2 8.15 -28.1 0.9731 ± 0.004 219 ± 36
00-9E-1 10.9 -29.7 0.9774 ± 0.005 184 ± 39

Estimated growth rate: 3.3 mm yr-1

BOS 00-11 (6.275N, 1.392W, 14.71m)
00-11-5 0 -25.5 0.9551 ± 0.004 369 ± 37
00-11-4 7.1 -27.2 0.9601 ± 0.005 327 ± 39
00-11-3 23.1 -26.5 0.9784 ± 0.005 175 ± 37
00-11-2 30.9 -26.3 0.9721 ± 0.005 227 ± 38
00-11-1 37.4 -26.3 0.9799 ± 0.004 163 ± 29
00-11-6 37.4 -26.5 0.9671 ± 0.005 269 ± 42

Estimated growth rate: 1.85 mm yr-1

δ
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P = 600 yr, M = 600 yr P = 300 yr, M = 300 yr P= 200 yr, M = 200 yr
Component Period Component Period Component Period
RC 1+2 300-380, 500-550 RC 1+2 196-220 RC 1-4 35-42
RC 3+4 196-240 RC 3-6 35-42
RC 5+6 35-42
RC 7+8 196-240
RC 9+10 35-42
RC 11+12 15-20
P = spline parameter (period)
M = embedding dimension (e.g., window)
RC = SSA reconstructed component
All spectra reported were significant at 99% based on a Monte Carlo significance test (Ghil et al., 2001)

TABLE 3. SINGULAR SPECTRUM ANALYSIS OF THE DETRENDED XRF PC1
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Fig. 1. Site map of the Lake Bosumtwi crater.  Bathymetry (solid
grey lines, 10 m contour) from Brooks et al., (2005).  Dashed
line indicates crater rim. Crosses indicate approximate locations
of sediment cores used in this study.Inset shows the location of 
Lake Bosumtwi in southern Ghana, West Africa.
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 Figure 2. a. Example thin section photograph of Lake Bosumtwi 
sediments and XRF elemental maps showing distribution of 
calcium and silicon in the sediments XRF data are plotted as 
normalized intensities in colorized greyscale to highlight 
the spatial patterns. b. XRF line scan of Si showing the clear 
annual banding in the sediments.  Red squares and shaded bars are 
independently estimated locations of light laminae from a thin 
section photograph.

279



Figure 3.  Chronological constraints on the uppermost sediments from Lake 
Bosumtwi. Top: Primary plot compares the radiocarbon dates on bulk organic matter 
used to identify the 1952 rise in bomb-radiocarbon (red circles and red line), varve 
counts (small black circles) and Pb-210 dates (dark blue circles). Inset shows the 
radiocarbon depth profile used to derive the onset of omb radiocarbon. All 
chronological d are in agreement supporting the annual nature of the laminae counts. 
Bottom: Comparison of full varve count chronology (represented here in YR AD/BP) 
with independent radiocarbon dates on bulk organic matter (light blue circles), fish 
bone collagen dates (red circles) and 210-Pb dates (blue circles).Error bars indicate 2-
σ uncertainties in calibrated ages. 
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Figure 4. Matching of sequential radiocarbon dates from wood that was 
sampled from submerged trees (colored circles, squares and triangles) with the 
INTCAL-98 radiocarbon calibration curve (black circles).  The match is based 
on the best fit between the tree sample radiocarbon dates and the calibration, 
optimizing the estimates of growth rates.  The data indicate that most of the 
trees ied at the same time, ca. 140-150 yr BP, and that the lowstand lasted at 
least 100 years.
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Figure 5. Estimation of inorganic nitrogen in the sedient record.  a. Plots comparing 
total weight % nitrogen (TN wt%) and total weight % organic carbon (TOC wt%) 
measured on bulk organic matter from the varved sediments of Lake Bosumtwi. 
Colors and symbols refer to groupings of sample measurements based on age.  b. 
Data from the period 1700-present has a small intercept, indicating little inorganic 
nitrogen. c. TN-TC plot for the rest of the data.  These also have a small intercept but 
one that is  ca. 10x larger than the uppermost sediments.
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Figure 6. Elemental carbon and nitrogen rescults for bulk organic matter from 
Lake Bosumtwi. Shown from top to bottom are: total weight % carbon, weight 
% nitrogen carbon: nitrogen ratio and carbon:nitrogen ratio with the correction 
for inorganic nitrogen (note inverted scales).  No difference is apparent 
between adjusted and unadjusted C:N ratios, suggesting that inorganic 
nitrogen sources do not bias the results.  Shading highlights regions with high 
C:N ratios which is interpreted as indicating greater proportions of terrestrial 
material.  In almost all cases higher C:N ratios are associated with increases in 
TOC, indicating that terrestrial organic material must contribute significantly 
to the observed increases in carbon during these intervals.
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Figure 7.  Comparison between oxygen isotope measurements on authigenic 
carbonates from the uppermost 100 years (cores DS-5: red line, DS-2: green 
line), with precipitation anomalies for the Kumasi meteorlogical station 
(1920-1999). The clear visual correlations betwen the isotopic and rainfall 
data support the use of isotopic measurments as a proxy for hydrologic 
changes.  Data obtained from the Ghana Meteorolgical Services Office, 
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Figure 11.  A comparison between hydrologic changes at Lake Bosumtwi and other 
high resolution sites (from East Africa) does not show a consistent phasing of wet and 
dry periods, even during the most extreme events.  This suggests that during the late 
Holocene, wet and dry events were not controlled by the same factors in East and 
West Africa. Shown are (a) Lake Bosumtwi C/N, (b) Lake Bosumtwi δ18O, (c) Lake 
level reconstructions for Lake Victoria from Stager et al., (1997,2005), (d)% Mg from 
lake Edward (Rusell and Johnson, 2005), (e) Lake Naivasha Level (Verschuren et al., 
2001), (f) δ18O in ice from Kilimanjaro (Thompson et al., 2002) and (g) biogenic 
silica in lake Malawi (Johnson et al., 200)  
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(2004) (window=35-40yr) and the Bosumwi DP1 (window 35-42 yr). In both cases, 
reconstructed components 3-6 were used to generate the curves.Over much of the record, the 
two signals are in phase and coherent.  A notable exception are the intervals around 1650 and 
around 1750 when the AMO reconstruction seems to show a slightly longer period of 
variability, while Lake Bosumtwi remains the same.

292



10-2 10-1
0

0.1

0.2

0.3

0.4

0.5

0.6

co
he

re
nc

e

frequency (1/decade)

10-2 10-1
-150
-100
-50

0
50

100
150

frequency (1/decade)

ph
as

e

0.00 0.06 0.11 0.17 0.22 0.28 0.33 0.39 0.44 0.5

Frequency (1/decade)

101

101

102

Po
w

er

103

104

99%

330
520

240
210

87

45-46 30 24

a

b

c

Figure 16. (a) MTM spectral analysis of the INTCAL98 atomspheric ∆14C curve, a 
proxy for solar variability.  b) coherency and (b) phase between the INTCAL98 
spectra and the Bosumtwi DP1 spectra (Figure 13).  Only the peak at 330 is coherent.  
INTCAL98 data obtained from Stuiver (1998).

330

293



Figure 17.  A comparison between proxy climate records from the tropics and 
the (a) record of atmospheric ∆14C variations (Stuiver, 1998), a proxy for 
solar variability. (b) Donnge cave isotope record,  a proxy for the Asian 
monsoon (Wang et al., 2005). (c) G. bulloides abundances at Cariaco Basin 
(Blak et al., 1999). (d) The Bosumtwi XRF record (DP1).  Age is in years 
before 2000 AD (B2K).
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Timothy M. Shanahan, Jonathan T. Overpeck, J. Warren Beck, Kevin J. Anchukaitis, 
David Dettman, C. Winston Wheeler, John A. Peck, Christopher Scholz, John King 
 
 
Abstract 

A high-resolution geochemical record of past changes in lake level is developed from 

scanning XRF elemental analysis of sediment cores from Lake Bosumtwi, Ghana, 

spanning the last ca. 11 ka.  Low concentrations of terrigenous clastic elements (e.g., Al, 

Si, Ti, K) in the early- to mid-Holocene indicate a high, and possibly overflowing, lake at 

that time, in agreement with previous work.  A late Holocene increase in lake level, 

between 4.5-3.5 ka, followed by a rapid lake level regression, is attributed to the 

southward migration of the mean ITCZ position over coastal West Africa in response to 

gradually decreasing insolation.  After an abrupt regression at ca. 2.6 ka, lake level 

continued to decrease over most of the late Holocene, in agreement with monsoon 

records from Asia and India.  Superimposed on these long-term changes are significant 

millennial to century-scale variations, at least some of which may be linked to variations 

in solar activity. 

 
 
1. Introduction 

 The transition from the last deglaciation to the Holocene was characterized by 

warming and an intensification of the tropical monsoon systems as a result of a maximum 

in northern hemisphere solar insolation at ca. 10-11 kyr (Kutzbach and Guetter, 1986).  

The impact of these changes was most dramatic in North Africa, where currently 

hyperarid regions like the Sahara received sufficient precipitation to support annual 

grasses and shrubs, abundant lakes and wetlands, and allowed the expansion of human 

and animal fauna in areas that are today almost uninhabitable (Street-Perrott and Perrott, 
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1990; Gasse et al., 1990; Gasse and Campo, 1994; Gasse, 2000; Prentice and Jolly, 2000; 

Hoelzmann et al., 2001).  Although there is no question that large changes in the 

hydrologic cycle over Africa occurred during this period, reconstructing the evolution of 

these changes has proven difficult because of the scarcity of continuous, high-resolution 

records from West Africa.  One exception is a record of terrigenous dust flux produced 

from marine sediments off the coast of Mauritania (deMenocal, 2000).  This record 

suggests that the monsoon responded abruptly to both gradually increasing and 

decreasing insolation during the Holocene, implicating some non-linear feedback 

mechanism (deMenocal, 2000). One such mechanism might be positive biogeophysical 

feedbacks among vegetation, precipitation and land surface albeo, according to studies 

(Claussen et al., 1999).  More recent efforts using models with improved spatial 

resolution have at least broadly confirmed the highly nonlinear nature of humid to arid 

transitions in North Africa, but they disagree with paleoclimate evidence for abrupt 

changes in more humid West Africa (Renssen et al., 2003; 2006). These discrepancies 

raise questions about our understanding of the feedback mechanisms controlling 

hydrologic variability in West Africa and the potential for abrupt climate change in the 

future. 

 The nearly complete lack of continuous, well-dated, decadal to centennial 

resolution paleoclimate records from West Africa also obscures the nature and causes of 

climate variability in this region.  Paleoclimate records from the Asian, Indian and East 

African monsoon systems all show evidence for strong, quasi-periodic variability on 

multidecadal to century timescales, which have been linked, at least in small part, to 
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hypothesized changes in solar irradiance (Fleitmann et al., 2003; Jung et al., 2002; Neff et 

al., 2001; Thompson et al., 2002; Verschuren et al., 2000; Wang et al., 2005).  The 

susceptibility of West African climate to multidecadal drought events has been 

highlighted in recent years by the Sahel drought, during which average to above average 

rainfall conditions prior to ca. 1965-1970 were abruptly terminated by a multidecadal 

drought over much of West Africa, inside and outside the Sahel (Hastenrath, 2000; 

Hulme et al., 2001; Long et al., 2000; Nicholson et al., 2000).  The cause of this drought 

and its persistence have been the subject of numerous observational and modeling 

studies, but its origin and the potential for future occurrences are still uncertain (e.g., 

Giannini et al., 2003; Hastenrath, 2000; Hoerling et al., 2006; Hulme et al., 2001; Long et 

al., 2000; Nicholson et al., 2000; Held et al., 2005).   

 To examine these issues, we have developed a high-resolution, continuous 

paleoclimate record spanning the Holocene using sediment geochemical data from Lake 

Bosumtwi, Ghana, a meteorite impact crater lake located in humid, southern West Africa.  

Previous studies at Lake Bosumwi and elsewhere in this region have been used 

previously to suggest that abrupt hydrologic changes in humid West Africa occurred as 

abruptly as in the arid regions, both on millennial timescales and during the termination 

of the African Humid Period, and that these changes lagged those changes in North 

Africa by several thousands of years (Appendix C, Maley, 2002; Marchant and 

Hooghiemstra, 2004; Marret et al., 2006; Russell et al., 2003; Talbot and Delibrias, 

1980). 
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2. Lake Bosumtwi, Ghana 

 Lake Bosumtwi (6° 30’N, 1° 25’ W) is located in the lowland tropical forest zone 

of southern Ghana, West Africa (Figure 1). The lake fills a meteorite impact crater that 

was formed at ca. 1.09 Ma (Koeberl et al., 1998).   At its modern elevation the lake has a 

mean diameter of 8 km, a maximum depth of 76 m, a surface area of 52 km2 and a 

catchment area of 75 km2.  As a consequence of the large lake area: catchment area ratio, 

the majority of rainfall (ca. 80%) reaching the lake falls directly on the lake surface 

(Turner, 1994; Appendix B).  Lake Bosumtwi is hydrologically closed, with no surface or 

groundwater inputs or outputs, and as a result is extremely sensitive to changes in the 

balance between precipitation and evaporation (Turner, 1994; Appendix B). 

Lake Bosumtwi is meromictic, with a well-developed oxycline at ca. 20m 

(Turner, 1994; Turner et al., 1996). Stable stratification is probably the result of the sharp 

temperature gradient in the uppermost water column, which induces a sufficent density 

difference to inhibit large-scale mixing of the water column (Almond and Hecky, 2001).  

Nutrient and pH profiles reflect this stratification, with the upper ca. 10 m of surface 

waters exhibiting higher pH (ca. 9.3) and lower nutrient (phosphate, ammonium, nitrate) 

concentrations as a result of high primary productivity in the photic zone (Turner et al., 

1996).  Below 10 m, pH steadily declines to a minimum of ca. 8.5 at the lake floor while 

nutrients increase, reflecting the decomposition of organic matter at depth (Turner et al., 

1996).  Profiles of major elements are vertically homogeneous (Turner et al., 1996), 

however, and suggest that regular mixing of surface and deep waters must occur.  This 

inference is supported by isotopic and radiocarbon measurements on surface and deep 
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water samples, which are also identical, and indicate that the lake mixes at least every 

few years (Turner et al., 1996; Shanahan, unpublished data).  Although the mechanism 

for regular mixing of the water column is unclear, episodic overturning events have been 

observed during late August, when summer cloudiness has cooled the lake surface 

sufficiently to destabilize the water column and to allow water column overturning 

(Beadle, 1981). 

 Despite the regular mixing of the water column, sediments from across the central 

portion of the basin are finely laminated, suggesting that bottom water anoxia is 

pervasive enough to prevent bioturbation (Appendix A).  Laminae are composed of dark-

light couplets (in transmitted light thin section), reflecting deposition of dark terrigenous 

material during the summer monsoon season and laminae rich in carbonate and organic 

matter deposited during the fall period of high aquatic productivity (Figure 2; Appendix 

A).  Previous work on these laminae suggests that they are annual in nature (varves; 

Appendix A).  The sediments also contain episodic, Mn and Fe-rich layers which are 

predominantly composed of either carbonate or phosphate minerals. These minerals 

presumably indicate periods of intensive overturning, which causes the precipitation of 

these redox-sensitive metals.  Below 1.6 m depth in the sediment cores, the sediments 

become abruptly unlaminated (Figure 2) and are characterized by very high abundances 

of Anabeana (blue green algae) and several distinct intervals containing vivianite (Fe, Mn 

phosphates) (Talbot et al., 1984).    This Anabeana-rich unit has previously been 

interpreted as reflecting very high, eutrophic lake conditions during which the lake likely 

overflowed the crater rim (Russell et al., 2003; Talbot and Johannessen, 1992; Talbot et 
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al., 1984).  Although previously termed a “sapropel” (Talbot and Johannessen, 1992) this 

term is not strictly appropriate and is avoided here. 

  Long-term (1925-1999) instrumental data rainfall from meteorological stations 

near Lake Bosumtwi indicate that rainfall in this region averages ca. 1400 mm yr-1 

(though significant declines have occurred in recent decades; data obtained by TMS from 

the Ghana Meteorological Services Office, Legon).  Rainfall occurs predominantly in the 

spring-fall and is associated with the development of the summer West African monsoon 

(WAM), and the annual northward migration of the Intertropical Convergence Zone 

(ITCZ).  Rainfall during this period is highest in the spring and early summer and in the 

fall, and is decreased during the height of the summer (JA).  Decreased summer rainfall 

occurs when the ITCZ is to the north of the site, and wind-driven upwelling in the Gulf of 

Guinea cools surface waters and stabilized the atmosphere over near-coastal West Africa 

(Opoku-Ankomah and Cordery, 1994).   

 Precipitation variability in West Africa is controlled by changes in the 

position and the strength of the ITCZ (e.g., Adedokun, 1978; Buckle, 1996; Fontaine and 

Janicot, 1992; Nicholson, 2000). Changes in the ITCZ, in turn, have been linked to sea 

surface temperature (SST) anomalies in the tropical Atlantic, the Pacific and the Indian 

Oceans and land surface conditions over northern West Africa. In the tropical Atlantic, 

two dominant modes of variability have been linked to rainfall fluctuations in West 

Africa: the equatorial mode (“Atlantic Niños”) (Zebiak, 1993) which are similar to that of 

the Pacific, but damped, and a meridional mode, which is related to a cross equatorial 

gradient in SSTs (Camberlin et al., 2001; Chang et al., 2000; Fontaine and Janicot, 1996; 
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Moura and Shukla, 1981).  Warm phases of the equatorial mode are characterized by a 

southward shift of the ITCZ, weakening of the trades and enhanced (reduced) 

precipitation over the coast (Sahel), varying on interannual timescales (Moron et al., 

2001).  The meridional mode is the dominant decadal mode of variability, and 

significantly impacts the strength and northward migration of the ITCZ, with more 

northerly (southerly) mean ITCZ position during periods with warmer northern 

(southern) tropical Atlantic SSTs (Fontaine and Janicot, 1996).  The El Niño Southern 

Oscillation (ENSO) also impacts rainfall over West Africa, with warm (cold) events in 

the eastern Pacific correlated with reduced (enhanced) rainfall via tropospheric warming 

and anomalous Walker circulation (Janicot et al., 1998).  However, the Atlantic response 

to El Niño is inconsistent and appears to depend on the state of the tropical Atlantic 

(Chang et al., 2006).  Remote forcing of West African precipitation by SST conditions in 

other tropical basins (e.g., the Indian Ocean) is supported by both modeling efforts and 

precipitation-SST correlations, and may be linked to the influence of the land-ocean 

temperature gradient on the strength and northward migration of the ITCZ (Giannini et 

al., 2003; Giannini et al., 2005; Hoerling et al., 2006). 

 On longer timescales, changes in the ITCZ can be controlled by both 

changes in ocean circulation and land surface conditions over West Africa.  Modeling 

experiments simulating a perturbation to the deep ocean circulation of the Atlantic (the 

meridional overturning circulation, MOC) suggest that this can cause a buildup of warm 

water in the equatorial or southern tropical Atlantic, similar to the negative phase of the 

meridional mode, resulting in a weakening and southward displacement of the ITCZ, and 
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correspondingly with reduced precipitation over most of West Africa (we note however, 

that the degree of drying near the coast is model-dependent, and in some cases models 

predict wetter coastal areas as a result of the southward shift) (e.g., Bauer et al., 2004; 

LeGrande et al., 2006; Renssen et al., 2001; Stouffer et al., 2006).  Enhanced heating and 

development of low pressure over the African continent, such as in the early Holocene 

northern hemisphere insolation maximum, can also influence precipitation over West 

Africa by driving the seasonal migration of the ITCZ to a more northerly mean position 

and producing wetter conditions over most of West Africa (e.g., Braconnot, 2000; 

Joussaume et al., 1999; Kutzbach et al., 1996).  This process is likely enhanced and 

maintained by positive feedback interactions between the ITCZ and vegetation, soil 

moisture and wetlands over the continent, and SST conditions in the northern tropical 

Atlantic (Levis et al., 2004; Texier et al., 2000; Zhao et al., 2005). 

 

3. Materials and Methods 

 
3.1 Chronology 

 The sediment core chronology is based on a combination of varve counts, 210Pb 

dating and radiocarbon dating of fish bone collagen for the upper ca. 1.6 m  and 

radiocarbon dating of bulk organic material for the unvarved, anabeana-rich portions of 

the sediment record below 1.6 m.  The results for the varved portion of the record are 

presented elsewhere (Appendix A).  For the development of the deeper chronology, 1cc 

samples of bulk sediments were collected at ca. 4 cm intervals over the length of core 

PC3.  Although this section of the sediment record is unvarved, we were still able to 
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match distinct marker laminae in core 3P with marker bands in other cores to produce a 

standardized reference chronology to which all the cores could be matched.  This allowed 

us to use multiple cores to bridge the breaks between sediment core sections. 

Pretreatment of radiocarbon samples followed standard acid-base-acid procedures 

(Devries and Barendsen, 1954). Combustion and graphitization was conducted at either 

the US Geological Survey Desert Laboratory, or at the University of Arizona Accelerator 

Mass Spectrometry (AMS) facility, and measurement of radiocarbon samples was 

performed at the University of Arizona AMS facility. 

 

3.2 Geochemical analysis 

 Sediment bulk elemental concentrations were measured nearly continuously, at 40 

µm resolution using a scanning x-ray fluorescence (XRF) analyzer at the University of 

Arizona.  This technique allows high resolution, continuous and nondestructive analysis 

of major and trace element concentrations directly from sediment records (Jansen et al., 

1998; Rohl et al., 2000).  Although measurements on wet sediment cores is possible with 

this technique, we chose to perform our measurements on resin-embedded sediment 

pucks that were generated during the production of thin sections because (a) this allowed 

the record to be more precisely tied to the sediment varves, and (b) the emedded pucks 

could be measured under vaccum, which allows greater analytical precision and 

improved detection of lighter elements.  Interferences resulting from matrix effects, 

surface geometry and sediment characteristics can produce some artifacts in XRF 

analysis of unprepared wet or embedded sedimentsas used here (as opposed to pelletized 
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or glass beaded samples), and are therefore considered semi-quantitative (Jenkins et al., 

1995). However previous studies have shown that they remain reliable indicators of 

spatio-temporal variations in downcore elemental concentrations (Haug et al., 2003; 

Haug, 2001; Rohl et al., 2000).  Measurements were performed with a EDAX Eagle III 

µ-XRF equipped with a molybdenum tube at the University of Arizona, Department of 

Geosciences. 

 
4. Results and discussion  

 
4.1 Chronology 

 The chronology for the upper 1.6 m laminated section of the record is reported in 

detail elsewhere (Appendix A).  Varve counts, 210Pb dates and the depth of the 

radiocarbon bomb pulse all agree within age uncertainties over the most recent 110 years 

of sedimentation.  Bulk organic dates are unreliable in the deeper portion of the varved 

section, but radiocarbon dates on fish bone collagen are within 2-σ calibrated errors of 

the varve counts, supporting our varve-count based chronology back to the Anabeana 

sediments at 2660 BP (Figure 3).  Sedimentation rates range from up to 2 mm yr-1 near 

the top of the section to as low as 0.15 mm yr-1 near the base, and show an exponential 

rate of increase in sedimentation towards present.  Although the changes in sedimentation 

rates resemble sediment compaction curves typically seen in near surface sediments, 

water content measurements suggest that compaction is minimal below ca. 45 cm depth, 

and that the changes in sedimentation rate must be related to changes in sediment fluxes 

during this time period. 
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 In contrast to the large radiocarbon age anomalies in bulk organic samples for the 

upper 1.6 meters of sediment, dates produced during this study from bulk organic 

material in the anabeana-zone are generally stratigraphically consistent and yield a 

geologically reasonably depth-age relationship through this zone (Figure 3).  The cluster 

of anomalous dates near the upper boundary of the unlaminated unit are from a previous 

study, which attempted to radiocarbon-date a variety of materials (terrestrial 

macrofossils, pollen, bulk sediment) in order to estimate this transition accurately 

(Russell et al., 2003).  These dates were excluded from our age model because (a) we 

lacked high-resolution core photographs needed to accurately place these dates within our 

stratigraphic framework; (b) they showed large age reversals and anomalous scatter, 

which are not seen in our new chronology, possibly indicating that the coring sites used 

in the previous study may have been more susceptible to sediment redeposition; and (c) 

they were inconsistent with both the radiocarbon and varve based age models for the 

sediment cores produced during this study.  The gap in the age-depth curve at 220-230 

cm depth is related to a section break in core 3P.  A single anomalous date within the 

unlaminated unit at 308 cm is excluded on the basis of its obvious disagreement with 

surrounding ages.  Several dates below this unit were also excluded, and our decision to 

draw the age model where it is, is based on the locations of a suite of additional dates 

located downcore (not shown).  Additional work to improve the deglacial portion of the 

chronology is ongoing. 
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5.2 Geochemistry 

 Most of the major elements (e.g., Al, Si, K, Ti) show nearly identical changes 

over the record, suggesting that they reflect a common source of variability (Figure 4).  

These elements comprise some of the dominant components of the aluminosilicate 

minerals, suggesting that they are derived from catchment source rock material.  Because 

Ti should be relatively insensitive to chemical weathering and redox conditions, the 

similarity between these components suggests that they predominantly reflect changes in 

the flux of clastic mineral material to the lake.  Similar but not identical variations in Fe 

concentrations likely reflect the combined influence of Fe-bearing clastic material being 

transported to the lake and episodic deposition of redox-sensitive Fe-bearing minerals 

(e.g., phillipsite, siderite).  The presence of episodic intervals containing high 

concentrations of Mn-bearing phases also supports this possibility.  

 In contrast to the other elements, Ca occurs only after ca. 4 ka, and mostly in the 

laminated interval, excepting a few discrete intervals within the Anabeana unit (Figure 

4).  X-ray diffraction and detailed examinations of the sediment laminations (Appendix 

A) suggest that Ca is mostly contained in authigenic calcite formed during the high 

productivity season. The origin of the calcite, and the reason for its association with the 

laminated intervals is unclear.  In part, its presence may reflect changes in salinity 

associated with the transition from a deep, well-stratified lake to a more saline one. 

Alternatively, increases in calcite may indicate increases in deep mixing and upwelling of 

nutrients into the photic zone.  Destabilization of the water column could be induced by 

decreasing surface water temperatures, evaporative increases in surface water density or 
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enhanced windiness.  Finally, the source of the Ca may be related to the transport of dust 

from the Sahel/Sahara, which is known to have become more arid after ca. 5.5 kyr 

(deMenocal et al., 2001).  This is beyond the scope of the present article and will be 

addressed elsewhere.   

 Abundances of the terrigenous components are very low throughout most of the 

Anabeana unit (Figure 4).  They show a general decrease from the beginning of the 

record at ca. 11 ka to a minimum at around 7-8 ka.  Relatively low values continue untl 

ca. 5.5 ka, when they begin to increase.  By ca. 5 ka, they have decreased again, and 

continue to decrease until they reach their minimum values at ca. 3.6 ka.  Between 3.6 

and ca. 0.7 ka, values increase rapidly, with a particularly large jump near the boundary 

with the varved sediments.  Over the last ca. 0.7 ka, elemental concentrations show a 

reversal in trend towards decreasing values.  Superimposed on these long-term trends are 

a number of abrupt shifts to higher elemental concentrations, which we interpret here as 

indicating intervals of increased erosion of clastic material in the basin. Variations occur 

over millennial to decadal time-scales and appear to be associated in many cases with 

large changes in Fe-abundance.  Visual inspection of the sediment cores (supported by 

XRD results, e.g., Talbot et al., 1984) indicates that these intervals contained bundles of 

very fine redox minerals. The largest variability in the clastic element concentrations 

occurs in the interval between ca. 0.7 and 3.5 ka, when the total concentrations were 

increasing most rapidly.   

 To take advantage of the multispectral nature of the XRF data, and to reduce the 

noise in the dataset, we used principal components analysis to extract the most significant 
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components of the variance.  In the present dataset, the dominant component (explaining 

53.4% of the variability) was weighted almost entirely on the terrigenous elements 

discussed above (e.g., Al, Si, K, Ti), with lesser weightings from Fe and insignificant 

contributions from the other elements.  This is visible in the plot of PC1 (Figure 4), which 

is visually almost indistinguishable from the individual elemental records.  The 

significance of PC2 (20%) is less clear, but appears heavily weighted by the redox 

component of Fe.  However, as with the Ca variations, a detailed discussion of redox-

related geochemical variations is beyond the scope of this paper and will be discussed 

elsewhere.  

We interpret the extremely low amounts of clastic components in the lake 

sediments during the early- and mid-Holocene as indicating reduced terrigenous runoff 

and sediment starvation during periods when the lake was at or near overflowing level 

and nearly the entire catchment was underwater (Figure 5). The subsequent rise in 

elemental concentrations during the later part of the record reflects decreasing lake level 

and increasing sediment supply in the late Holocene.  Support for this interpretation 

comes from our previously reported lake level reconstructions, which are based on 

stratigraphic evidence for paleolakestands (Appendix C, E).   

Radiocarbon dates on basal sands from the high terrace indicate that the lake had 

established itself at or near the overflow level (120 m) by ca. 9 kyr.  This is similar to the 

timing of the first highstand as interpreted from the XRF record (Figure 5).  A subsequent 

regression at 8.6, during which the lake dropped ca. 80 m, is also apparent as a significant 

pulse of higher terrigenous flux in the XRF record.  Between 8.6 and 4 kyr, there is no 
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chronological control on the magnitude or timing of lake level changes from the 

stratigraphic record, though radiocarbon dates on thick sequences of lacustrine muds 

deposited on the walls of the crater indicate that the lake was near its highest level 

throughout this interval. 

The end of the high lake stand is controversial, and has been argued to have 

occured abruptly at either 3.7 kyr (Talbot and Delibrias, 1980) or at 3.2-3.0 kyr (Russell 

et al., 2003).  The earlier date is based on “carbonized rootlets” and is considered suspect.  

Attempts to reproduce this age were unsuccessful, with radiocarbon dates on sedimentary 

units from near the same location yielding ages that were all close to modern (Appendix 

C).  The dates of Russell and coworkers are also suspect because the large distribution of 

ages indicate significant problems with sediment reworking.  Furthermore, these dates 

were obtained from the unlaminated-laminated transition in sediment cores and may not 

exactly match the time of the lake level regression.  As discussed below, the data 

presented here provide greatly improved constraints on the timing of this transition and 

the lake level regression. 

Several other late Holocene benches were also identified in stratigraphic and 

seismic data, and match the timing of stable stands in the sediment core record.  The first 

is a bench ca. 20 m above present lake level, which has been dated to 2000-1800 yr BP. 

In both the XRF and the isotopic data, there is a relatively stable interval at this time, 

with values near or above modern, consistent with the interpretation of the highstand. 

Two lowstands, one at ca.800 yr BP and the other at ca. 300-150 yrBP were identified as 

a truncation surface in the seismic data and as a drowned forest, respectively. In the 
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sediment cores, these are also identifiable as peaks in XRF concentrations. Although it is 

unlikely that the XRF data can be interpreted as a linear response to hydrologic changes, 

the relative sizes of these lake stands seem to match the sizes on the changes in the XRF 

(and isotope) data. 

 A discrepancy between the previously reported lake level reconstruction and the 

XRF data involves the timing of overflow.  Previously, we used surface exposure dating 

techniques to estimate the age of downcutting of the spillway notch as ca. 9 kyr.  While 

this is not inconsistent with our data, we previously suggested that the comsogenic ages 

give the time at which overflow stopped.  The XRF data suggest that lake level reached 

its highest level much later (ca. 3.5-4.5 kyr) and must have been overflowing at that time 

as well.  Either the XRF data is incorrect, or the cosmogenic dates need to be 

reinterpreted.  Because of the good match between the other lake level data and the XRF 

data, we suggest that the cosmogenic dates do not record the end of the overflow.  The 

early date is consistent with the onset of terrace formation and the initiation of high lake 

conditions in the XRF record.  Perhaps the erosion of the overflow was initially rapid, 

removing the unconsolidated material and exposing the bedrock quickly.  Subsequent 

overflow did not provide significant shielding the cover the bedrock samples or to 

significantly erode them.  Thus the exposure ages record the initial stabilization of the 

overflow spillway rather than the end of overflowing lake conditions. 

Additional support for our interpretation of the elemental data comes from oxygen 

isotope analysis of authigenic carbonate in the lake sediments (Appendix 6).  Although 

the record lacks carbonate in the unlaminated unit, carbonate oxygen isotope 
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measurements on the varved portion of the record show changes that appear to mimic 

those in the XRF record, with lower elemental concentrations (e.g., higher lake levels) 

occurring with depleted isotopic values (e.g., more positive precipitation-evaporation 

balance) (Figure 5).  Although there are some inconsistencies on decadal and century 

timescales, the relationship between the isotopic and elemental results appears to be 

robust on at least centennial to millennial timescales.  Based on this evidence, it seems 

unlikely that the reduced elemental concentrations during the ca. 2.5 ka prior to the 

transition to laminated sediments could be attributed to anything other than higher lake 

level. 

 
6. Hydrologic changes in West Africa during the Holocene 

In contrast to records from North Africa, which suggest that the so-called 

“African Humid Period” ended abruptly at 5.5 ka (deMenocal, 2000), the Lake Bosumtwi 

record suggests that the lake began to rise again after 5 ka, reaching its highest levels 

(lowest elemental concentrations) at 3.6 ka (Figure 6).  These data suggest that Lake 

Bosumtwi underwent a secondary lake level maximum after the monsoon had already 

collapsed at sites to the north (deMenocal, 2000; Kuhlmann et al., 2004) (Figure 6).  The 

shift to drier conditions, as shown in the elemental data, did not occur until 3.5 ka.  This 

onset of dry conditions clearly precedes the transition from the Anabeana-rich zone to the 

finely laminated sediment interval at the top of the record, suggesting that the physical, 

geochemical and biological changes associated with the visual transition to varved 

sedimentation represent a threshold response to hydrologic changes (e.g., salinity or 

changes in mixing) rather than the initiation of dry conditions, as has previously been 
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proposed (Russell et al., 2003).   However, this transition does represent the most 

significant and abrupt change in the trend towards decreasing lake level (Figure 6). After 

this abrupt decrease, the water balance decayed gradually over the following 2.2 ka, 

before returning to a positive water balance over the last ca. 0.7 ka.   

Sites from elsewhere in southern West Africa also indicate that changes in 

precipitation lagged those at higher latitudes by at least 1.5 ka (Elenga et al., 2004; 

Elenga et al., 1994; Giresse et al., 1991; Maley, 1989; Maley, 2002; Sowunmi, 2002; 

Vincens et al., 1999;Marret et al., 2006), and that aridification probably occurred in two 

steps, at 4-3.8 ka and at 2.8-2.5 ka (Marret et al., 2006).  The latter period of drying 

appears to have been most dramatic (Stager and Anfang-Sutter, 1999) and particularly 

widespread in the south (Marret et al., 2006).  In equatorial and West Africa, this dry 

period is generally associated with significant changes in the composition of the 

rainforests and the expansion of savannah vegetation (Maley, 2002; Marret et al., 2006; 

Reynaud-Farrera et al., 1996).  The timing of this late drying event (2.8-2.5 ka) is 

consistent with the abrupt transition to laminated sediments at Lake Bosumtwi (2.6 ka).   

In contrast, the evidence for wetter conditions at ca. 4 ka associated with a 

secondary lake level maximum at Lake Bosumtwi disagrees with studies to the north, 

which suggest an initial phase of aridification at around 4-3.8 ka (Maley, 2002).  One 

possible explanation for these discrepancies is that the anomalous wet conditions reflect 

the southward migration of the mean latitude of the ITCZ during the Holocene.  A more 

southerly ITCZ would be associated with a longer rainy season at the southerly sites 

because it would likely be positioned at or near the coast for more of the year.  
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Additionally, because the seasonal migration of the ITCZ to its northernmost limit in the 

modern system is associated with a short dry season in the south as a result of increased 

upwelling in the Gulf of Guinea (Moron, 1994; Opoku-Ankomah and Cordery, 1994), the 

duration and severity of the mid-summer dry period would have also been reduced.  

However, as the ITCZ continued to retreat southward, the amount of time that it spends 

to the south of the site would have also increased, increasing the length and duration of 

the winter dry season. It is possible that as the ITCZ retreated southward, an optimum 

balance between these factors was achieved at around 4-3 ka. A comparison of records 

from throughout the northern hemisphere monsoon region (Figure 6) provides a 

suggestion that there may indeed be a time-transgressive nature to mid-Holocene 

precipitation changes, with lower latitude sites displaying precipitation changes later in 

the Holocene consistent with the equatorward retreat of the ITCZ through the Holocene.  

However, a conclusive argument for such a progression will require the development of 

more continuously resolved records, particularly from the Atlantic sector. 

Additional insights come from a closer examination of the Cariaco Basin titanium 

record, interpreted as an indicator of precipitation in northern South America at the 

seasonal limit of the ITCZ (Haug, 2001; Peterson et al., 2000) (Figure 6).  At the same 

time as the 4.5-3.5 ka increase in lake water balance at Lake Bosumtwi, there is a distinct 

shift in the rainfall regime in northern South America towards large, century-scale 

variations in precipitation (Haug et al.,2001; Figure 6).  Several large dry events are 

clearly visible in the two records (e.g., 3, 3.4, 3.8 ka), suggesting that the century-scale 

hydrological changes at the two sites are linked during the period 4.5-3.5 ka.  Similarities 
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in the timing of century-scale events over this interval indicate that the delayed climate 

response at Lake Bosumtwi (compared to sites elsewhere in West Africa) cannot be 

attributed to chronological errors.  Analysis of planktonic foraminifera compositions 

from this interval also suggest increased upwelling, as a result of increases in trade wind 

strength, possibly as a result of a more southerly mean ITCZ (Tedesco and Thunell, 

2003).  .   

Haug and coworkers (2001) attribute the changes seen in Cariaco Basin runoff to 

a southward migration of the ITCZ.  They also argue that the changes in South American 

precipitation between 3.5 and 2.6 ka may be linked to the increased frequency of El Niño 

events (Haug, 2001), which is supported by the similarity between the Cariaco Basin 

record with a record of El Niño driven rainfall events in an Ecuadorian lake (Lago 

Pallcachoca; (Moy et al., 2002; Figure 6 bottom).  In the modern system, El Niño events 

exert a significant control on the seasonal migration of the ITCZ over South America 

through its influence on SST in the equatorial Pacific (Haug, 2001). Increased 

frequencies of El Niño events would be expected to result in a more southerly and 

variable mean position of the ITCZ.  However, because the position of the ITCZ is 

controlled both by processes in the Atlantic and in the Pacific, it is difficult to say 

conclusively which ocean basin is controlling the migration of the ITCZ . 

The Bosumtwi record adds an important piece to this puzzle.  The striking 

similarity between century-scale variability in the Cariaco, Bosumtwi and Pallcachoca 

records over this interval suggests that all three sites are linked (Figure 6).  However, in 

the period between 3.5 and 2.6 ka, more El Niño events are accompanied by wetter 
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conditions at Lake Bosumtwi, not drier ones, as would be expected from the modern 

relationship between El Niño and West African precipitation (and as seen in the Cariaco 

Basin record).  As discussed previously, wetter conditions at Bosumtwi were probably 

caused by a southward migration of the ITCZ over the site, in response to gradually 

decreasing insolation seasonality in the late Holocene.  Here we suggest that the 

Pallcacocha record may in fact be reflecting this influence, and the wetter conditions 

between 3.5 and 2.6 ka were the consequence of a more southerly mean position of the 

ITCZ, which generated more precipitation in both equatorial South America and West 

Africa.  Although this does not preclude feedbacks generated by changes in the frequency 

of El Niño events at this time, the covariance of records around the Atlantic at this time 

suggests that the changes were driven by the Atlantic, rather than the Pacific.   

This still does not, however, explain the nonlinear response of the African 

monsoon to a gradual decline in northern hemisphere summer insolation during the 

Holocene.  In this way the African monsoon system is fundamentally different from the 

Indian and Asian monsoon systems, which show a more linear response to decreasing 

insolation forcing (Gupta et al., 2003; Gupta et al., 2005; Wang et al., 2005) (Figure 6).  

Modeling studies have suggested that the delayed maximum in rainfall over Africa, when 

compared with the earlier maxima in precipitation over Asia and India and the northern 

hemisphere insolation maximum (10 ka), is at least in part because of the slow response 

time of the ocean to warming ( Kutzbach, 1997; Braconnot, 2000; Braconnot, 2004).  

However, the nonlinear response of the monsoon in the mid Holocene, as seen in north 

African records (deMenocal, 2000; Kuhlmann et al., 2004), has been generally attributed 
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to land surface feedback effects, which enhanced the sensitivity of the system to 

gradually changing summer insolation (Claussen et al., 1999).  The importance of 

biogeophysical feedbacks has also been supported by more recent work, which showed 

that these feedbacks can generate unstable climate conditions in North Africa, with the 

potential for abrupt nonlinear shifts in vegetation and climate between arid and  “green” 

states (Renssen et al., 2003; Renssen et al., 2006).  However, these studies suggested that 

only the northernmost parts of West Africa would have been susceptible to these 

feedbacks and that the more southern sites should have responded more gradually to 

changing insolation during the Holocene (Renssen et al., 2006). 

 The record from Lake Bosumtwi suggests that in the coastal region of West 

Africa, the appearance of an abrupt transition from wet to dry conditions was at least in 

part the consequence of the ITCZ gradually migrating over the site, rather than an abrupt 

southward shift.  This is highlighted by the length of the second precipitation maximum, 

which lasted at least 1500 years (4500-3000 yr) (Figure 6).  Furthermore, the Bosumtwi 

record suggests that precipitation continued to decrease until ca. 700-800 years BP, in 

agreement with the evidence for gradually decreasing late Holocene precipitation in 

records from the Asian and Indian monsoon sectors (Gupta et al., 2003; Gupta et al., 

2005; Wang et al., 2005).  In part, the wide range of reported dates for the end of the 

humid conditions in Africa may reflect the spatial heterogeneities associated with this 

southward migration of the ITCZ, though the lack of distinct regional patterns in African 

records (Gasse, 2000; Marchant and Hooghiemstra, 2004; Marret et al., 2006) suggests 

that the response of the monsoon was complex.  More high-resolution records from 
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across West Africa are needed to address these issues.  However, the data from Lake 

Bosumtwi indicate that a singular, abrupt drying of Africa during the mid-Holocene did 

not occur, and was likely restricted to only the most arid regions in the north. 

 

7.0 Century to millennial-scale variations in the West African monsoon 

Although the long-term changes in elemental concentrations are probably caused 

by changes in the mean position of the ITCZ, due to gradually decreasing Northern 

Hemisphere insolation and ocean and land surface feedbacks, the Bosumtwi record also 

displays a significant degree of variability on timescales of centuries to millennia (Figure 

6, 7).  During the early to mid-Holocene, the most significant dry events recur 

approximately every 1000 years, with major, century long events at ca. 8.6, 7.5, 6.5, 5.2, 

4.5 and 3.5 ka (Figure 6).  After ca. 3 kyr, the duration of these events increases from ca. 

100 years to around 200 years and they appear more frequently, with events occurring at 

about every 400 years (3, 2.6, 2.2, 1.8, 1.5, 1.2, 0.8, 0.4. 0.2 ka) and with much higher 

amplitudes (Figure 6).  Changes that occur after ca. 3 ka may be a function of long-term 

changes in lake level during this interval and its influence on the transport of sediment to 

the basin, rather than changes in the climate system itself, although the two cannot be 

unambiguously separated at this time.   

Previous studies of marine sediment and speleothem records from the NE African, 

Asian and Indian monsoon regions (Fleitmann et al., 2003; Gupta et al., 2003; Gupta et 

al., 2005; Wang et al., 2005) have suggested that the timing of millennial changes in their 

records are similar to the timing of ice-rafting events in the North Atlantic (Bond, 2001; 
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Bond et al., 1997).  These are shown as yellow bars in Figure 6; IRD data and shading are 

shown in Figure 7.  Although the cause of these events is still subject to debate, Bond and 

coworkers (2001) suggested that they were the result of small changes in the net solar 

irradiance on the basis of similarities between century-scale and millennial events in the 

ice rafting debris (IRD) records and proxies of solar irradiance (e.g., ice core 10Be and 

atmospheric ∆14C reconstructions).  Spectral analysis of the monsoon records also 

showed significant and coherent peaks with the atmospheric ∆14C reconstruction 

irradiance (Stuiver et al., 1998) at a number of common solar irradiance periods (e.g., 

980-1000, 500, 208, 130 years) supporting the hypothesis of a solar origin for at least 

some of these century-scale events (Fleitmann et al., 2003; Gupta et al., 2003; Gupta et 

al., 2005; Wang et al., 2005). 

A visual comparison of the raw data from these studies (Fleitmann et al., 2003; 

Gupta et al., 2005; Wang et al., 2005), the Cariaco Basin record (Haug, 2001) and the 

Bosumtwi record (Figure 6) shows some century-scale and millennial events that appear 

to be in common, whereas others are either not consistently apparent, or are even out of 

phase.  A similar conclusion comes from an examination of the detrended data (Figure 7), 

suggesting that there is not a clear relationship between variations at all the locations.  

Furthermore, the relationship between these records and the ice rafting events also 

appears weak and inconsistent, though this visual appearance may be significantly 

affected by the high frequency variability in the records.  A similar conclusion could be 

made with regard to the relationship between monsoon records and changes in 

atmospheric ∆14C (Figure 7), though the spectral analysis reported by these authors 
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supports an underlying solar irradiance forcing of climate change, at least in Asia, India 

and NE Africa (Fleitmann et al., 2003; Gupta et al., 2005; Wang et al., 2005).  

The dissimilarity between the millennial events in the record from Bosumtwi and 

elsewhere in the tropics suggests that climate changes in these areas may not be directly 

linked on these timescales.  At Lake Bosumtwi, the earliest of the large dry events occurs 

at ca. 8.6 ka.  This date is identical to the dates on paleoshorelines from the lake that 

show a lake level drop of at least 90m at that time (8.6 ka; Appendix C).  Although the 

timing of this mega-drought is similar to the “8200 event”, the most significant Holocene 

cold event in records from the North Atlantic (Alley and Agustsdottir, 2005; Alley et al., 

1997), the similarity in the dates from our sediment core chronology and our paleolake 

stands indicates that drought in Africa preceded the event in the North Atlantic.  

Paleolake level reconstructions from elsewhere in Africa also indicate an earlier timing 

for this event, but lack sufficient chronological control to distinguish between a timing of 

8.2 and 8.6 ka for the drought event (Gasse, 1977; Gasse, 2000; Street, 1979).  In 

contrast, the monsoon records from both China and Oman both show the largest early 

Holocene event centered on 8.2 ka, in agreement with a direct linkage to the cold event in 

the North Atlantic, possibly through changes in seasonal snowpack over Asia (Fleitmann 

et al., 2003; Wang et al., 2005)(Figure 7).  The cause of the 8.6 ka drought at Lake 

Bosumtwi is unclear, but may be related to a slightly earlier event, which started at ca. 

8.4-8.5 ka, possibly forced by changes in solar irradiance (Rohling and Palike, 2005).  

More high-resolution records from Africa and throughout the tropics are needed to assess 

the possible existence of a widespread 8.6 ka event, and its cause.   
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Other millennial-scale events evident in the Bosumtwi record seem to correlate 

with features in the other records, though the correlations are inconsistent and have some 

slight offsets that seem difficult to explain given our chronology (Figure 7).  The 

Bosumtwi megadrought at ca. 7.5 ka appears to precede the ice rafting event and the 

synchronous increase in solar irradiance at ca. 7.3 ka.   However, the large amplitude 

event at 6.2 ka is very similar in timing to a large event in both the Wang et al., (2005) 

and the Fleitmann et al., (2003) records, but which does not appear as either a ice rafting 

event or in the ∆14C record.  The megadrought at 5.2-5.5 ka in the Bosumtwi record 

appears to correlate with another ice rafting event and a strong ∆14C maximum at 5.2 ka.  

This event is also coincident with a significant drought recorded at Lake Ziway-Shala, 

Ethiopia (Gasse and Campo, 1994), isotopically enriched values in the Kilimanjaro (East 

Africa) ice core δ18O record (Thompson et al., 2002) and at other sites across Africa 

(Street-Perrott and Perrott, 1990) and the Arabian peninsula (Weiss, 1997).  However, it 

is unclear why this event seemingly lasted so much longer at Lake Bosumtwi (at least 

200-300 years) than at other locations (<100 years). The Lake Bosumtwi drought at 4.4 

ka may be associated with another widespread climate anomaly at 4.2 ka (Cullen et al., 

2000; Drysdale et al., 2006; Gasse, 2000), though our chronology suggests that it started 

slightly earlier.  As mentioned previously, a series of droughts between 4-3 ka appear to 

match events in the Cariaco Basin, and may have correlative events in Qunf Cave, Oman 

(Fleitmann et al., 2003) and possibly in the ∆14C record, but are not clear in the record 

from Dongge Cave, China (Wang et al., 2005). 
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Spectral analysis of the ca. 11 ka record from Lake Bosumtwi (multi-taper 

method (MTM) spectral analysis performed on detrended first principal component (PC1) 

of the elemental data) shows periods of 1100, 570, 342, 238 and 70 years above the 99% 

confidence level (Figure 8a), supporting the visually apparent century scale variability 

(Note: the modes are not strictly periodic, but we use the term period here to refer to the 

quasi-periodic variations identified in the MTM spectral analysis).  Within the 

uncertainties of our radiocarbon-based age model, these modes are similar to several 

well-known periods of solar variability that have been documented in the long-term 

record of atmospheric ∆14C (Stuiver et al., 1998) and are reproduced here (Figure 8b: 

significant periods at 900, 555, 350,240-202, 120-150, 106, 87 years).  Although the ∆14C 

undoubtedly contains some influence from changes in ocean circulation on the global 

carbon cycle, similarites between 14C and 10Be records suggest that these changes were 

minimal (Bond et al., 1997).   

Similar dominant periods are also present in the Asian (957, 558, 206, 159, years 

Wang et al., 2005), Indian (986, 226-209, 150-132, 87.5 years; Gupta et al., 2005) and 

NE African (910, 380, 240, 140 years; Fleitmann et al., 2003) records.  Furthermore, 

these spectral peaks are strongly coherent with variations in the ∆14C record, suggesting a 

close linkage between solar variability and monsoon climate.  Cross-spectral analysis of 

the Bosumtwi and the ∆14C records suggests that they have significant (significant at 

90%) coherence only the 570 and the 300 year bands, and are weakly coherent 

(significant at 80%) at the other dominant solar periods (e.g., 210, 120 years) (Figure 8c).  

The lack of strong coherence in all the solar bands does not preclude the possibility that 
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solar forcing is driving century-scale climate variations at Lake Bosumtwi.  In fact, the 

similarities in the dominant frequency bands seen in the ∆14C record, the Asian, Indian 

and NE African monsoon records and the record from Lake Bosumtwi suggest that 

century-scale variability in these systems are linked in some way.  However, the low 

coherency between the Bosumtwi record and the record of solar variability indicates that 

either these linkages are weak, indirect or that the Bosumtwi record suffers from some 

nonlinear artifacts in the climate-proxy relationship. 

The origin of the phase offsets are also unclear, and though they may indicate that 

the Bosumtwi record lags changes in solar activity slightly (e.g., 60 years), the spacing of 

radiocarbon dates in our chronology (on average, 250 years) may not be adequate the 

resolve such small differences in phasing.  For this reason, we do not attempt to draw any 

significant conclusions from the phasing determined from our analysis. 

To examine whether the results from Lake Bosumtwi are related to dominant 

periods in the circum-tropical Atlantic, we also performed a spectral analysis on the 

Cariaco Ti record (Haug, 2001) (Figure 9).  The Cariaco record also shows significant 

spectral peaks at many of the dominant solar periods (e.g.,500, 280-320, 200, 132 years) 

and are similar to those seen at Lake Bosumtwi.  The Bosumtwi and Cariaco records are 

significantly coherent at 495-520 and ca. 232 years and in a broad band between 135 and 

155 yr (Figure 9).   

The consistent spectral periods in records from the tropical Atlantic, the Indian 

Ocean and changes in solar irradiance imply a possible solar influence of the century 

scale variations in tropical rainfall.  However, it remains unclear how small changes in 
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solar irradiance (on the order of 0.1 to 0.25%) can have such a widespread and dramatic 

influence on tropical climate, and whether the solar-tropical climate link is indirect or 

direct (Fleitmann et al., 2003; Neff et al., 2001).  Modeling studies suggest that the small 

changes in solar irradiance may directly influence temperatures in both the troposphere 

and the stratosphere, primarily though UV-induced changes in stratospheric ozone, 

resulting in changes in atmospheric (Shindell, 2001) and ocean circulation patterns 

(Cubach et al., 199; Weber et al., 2004).   Feedbacks with ice sheets and snow cover may 

also play a role, in propagating and intensifying these effects (Bond, 2001), though the 

potential influence of these factors during the late Holocene, when ice sheets had 

significantly retreated, is less clear.   

Recently, it was argued that such feedbacks are not necessary in the Asian/Indian 

monsoon region on the basis of observational evidence for a direct influence of changes 

in solar irradiance on the migration of the ITCZ in this region (Gupta et al., 2005; 

Kodera, 2004).  According to this model, increased stratospheric warming at the equator 

during solar maximum suppresses convection at the equator, but intensifies precipitation 

in the Asian and Indian monsoons (Kodera, 2004).   However, it is less clear how such 

mechanisms would work in the tropical Atlantic sector, since the same north-south sea 

saw in convection does not occur there.   

One mode that is statistically significant and coherent with changes in ∆14C in all 

of the records is the ca. 210-year solar cycle.  Other studies have also shown this to be a 

dominant and coherent mode in sites in the tropical Atlantic (Hodell, 2001).  It is not 

clear however, why this mode is seen so consistently, while other frequencies are seen in 
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some records but not others.  Differences in the dominant modes of variability between 

sites likely reflect the complex interactions between changes in solar activity and the 

climate system, and the varying importance of direct and indirect forcing of climate 

changes in different regions.  Future investigations into the cause of these differences ma 

yield further insights into the solar-climate connections. 

 
7. Conclusions 

A new high-resolution geochemical record of past hydrologic changes at Lake 

Bosumtwi provides new insights into both the long term variability of the West African 

monsoon through the Holocene, and millennial to century-scale changes in monsoon 

strength.  Elemental data suggest that Lake Bosumtwi was high during the early 

Holocene and remained high until ca. 3.5 ka.  A distinct late Holocene lake level 

maximum at 4.5 ka -3.5 ka, followed by an abrupt precipitation decrease probably 

indicates the southward migration of the ITCZ over southern West African in the late 

Holocene.  A continued, gradual decrease in water balance through the late Holocene 

agrees with a relatively gradual decrease in monsoon strength over this interval, in 

response to decreasing northern hemisphere summer insolation.  

 Millennial to century-scale climate variations are variable in magnitude, extent 

and timing across the tropics.  The cause of this inconsistent climate response may in part 

reside in regional differences in the timing and strength of superimposed century-scale 

hydrologic changes, chronological uncertainties, differences in the sensitivities of proxy 

indicators to climate forcing, or some combination of these factors.  However, a 

comparison of existing high-resolution tropical climate data covering the Holocene does 
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not yield a clear, coherent and synchronous millennial-scale climate signature.  More 

work using multi-proxy approaches at more sites, and with a focus on improved 

chronological control, are needed to resolve the timing and nature of millennial scale 

climate changes in the tropics. 

 Century-scale variability in the West African monsoon appears to be tightly 

coupled to other sites in the circum-tropical Atlantic, suggesting that variations on these 

timescales are likely tied to either changes in tropical Atlantic SSTs, the ITCZ or both. 

Modes of century-scale variability also appear related to changes in the Asian and Indian 

monsoon, and atmospheric ∆14C, indicating that century-scale variability may be linked 

are driven both directly and indirectly, to changes in solar activity.  Although the exact 

nature of these connections is not yet clear, the growing number of high resolution 

paleoclimate records from the tropics provide convincing evidence for the pacing of low 

latitude, century-scale  climate changes in the Holocene by small changes in solar 

irradiance. 
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TABLE 1
Radiocarbon dates on Lake Bosumtwi sediment cores
AA# Core Depth (cm 14C Age Median calibrated 13C Fm

(14C yr BP) Age (cal. yr BP)

63816 3P 316.9 9285 ± 61 10460 ± 270 -32.1 0.315 ± 0.002
63818 3P 230 5861 ± 57 6648 ± 208 -30.4 0.482 ± 0.003
70572 3P 241.8 6118 ± 36 6966 ± 95 -29.0 0.469 ± 0.002
70573 3P 313.85 9125 ± 68 10323 ± 177 -13.1 0.328 ± 0.003
70574 3P 232.35 5869 ± 40 6701 ± 122 -29.0 0.483 ± 0.002
70575 3P 277 7525 ± 43 8334 ± 84 -30.7 0.393 ± 0.002
70576 3P 268.2 7097 ± 45 7923 ± 115 -29.0 0.415 ± 0.002
70577 3P 319.25 9321 ± 60 10346 ± 227 34.7 0.314 ± 0.002
70578 3P 310.25 9051 ± 39 10215 ± 51 -31.3 0.325 ± 0.001
70579 3P 236.95 5994 ± 42 6841 ± 149 -29.6 0.475 ± 0.002
70580 3P 295.75 8378 ± 45 9389 ± 143 -30.4 0.354 ± 0.002
70582 3P 283.6 7936 ± 48 8809 ± 250 -29.0 0.374 ± 0.002
70583 3P 264.2 7180 ± 43 7701 ± 91 -31.1 0.410 ± 0.002
70584 3P 259.2 6780 ± 36 7628 ± 67 -29.0 0.432 ± 0.002
70585 3P 303 8687 ± 47 9661 ± 172 -30.7 0.340 ± 0.002
70586 3P 287.2 8009 ± 45 8865 ± 211 -30.7 0.370 ± 0.002
70587 3P 209 5493 ± 42 5484 ± 66 -28.6 0.506 ± 0.003
70588 3P 299.4 8568 ± 41 9540 ± 83 -29.0 0.346 ± 0.002
70589 3P 164.4 2958 ± 35 3124 ± 175 -30.3 0.692 ± 0.003
70590 3P 306.6 8900 ± 56 9428 ± 223 -28.4 0.332 ± 0.002
70591 3P 173.25 3336 ± 36 3557 ± 120 -29.5 0.661 ± 0.003
70592 3P 254.8 6428 ± 41 7350 ± 105 -28.6 0.451 ± 0.002
70593 3P 292.1 8119 ± 46 9080 ± 114 -30.5 0.365 ± 0.002
70594 3P 250.75 6528 ± 44 7208 ± 70 -30.8 0.445 ± 0.002
70595 3P 207.25 4630 ± 37 5384 ± 88 -31.3 0.562 ± 0.003
70661 3P 383.1 11322 ± 39 13197 ± 113 -27.1 0.244 ± 0.001
70662 3P 457.5 12124 ± 39 13968 ± 175 -14.9 0.221 ± 0.001
70663 3P 258.2 7210 ± 31 7470 ± 74 -30.8 0.408 ± 0.002
70664 3P 639.15 9723 ± 40 11161 ± 103 -25.0 0.298 ± 0.001
70665 3P 538.9 12373 ± 44 14412 ± 434 -13.0 0.214 ± 0.001
70666 3P 427.2 12011 ± 42 13875 ± 154 -25.0 0.224 ± 0.001
70667 3P 360 10392 ± 35 12240 ± 219 -32.6 0.274 ± 0.001
70668 3P 398.45 11658 ± 38 13517 ± 176 -18.2 0.234 ± 0.001
70851 3P 441.7 13345 ± 41 15859 ± 522 -10.2 0.190 ± 0.001
70853 3P 372.3 11562 ± 52 13418 ± 196 -30.2 0.237 ± 0.002
70855 3P 339.25 10255 ± 48 11967 ± 282 -30.0 0.279 ± 0.002
70863 3P 409.25 12739 ± 53 15030 ± 353 -10.5 0.205 ± 0.001
70866 3P 179.05 3698 ± 37 3980 ± 150 -23.3 0.636 ± 0.003
70867 3P 185.55 4043 ± 33 4504 ± 115 -29.0 0.606 ± 0.002
70868 3P 194.2 4364 ± 37 4922 ± 94 -29.9 0.582 ± 0.003
70869 3P 203.15 4515 ± 39 5125 ± 112 -30.0 0.571 ± 0.003
70870 3P 216.55 4988 ± 50 5749 ± 202 -29.0 0.539 ± 0.003

median ages are reported in calendar years B.P. (B.P. = BEFORE 1950)

δ
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Fig. 1. (a) Site map of the Lake Bosumtwi crater.  Bathymetry (solid
grey lines, 10 m contour) from Brooks et al., (2005).  Dashed
line indicates crater rim. Inset shows the location of Lake Bosumtwi
in southern Ghana, West Africa.(b) locations of sites discussed in the
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Figure 2.  Left: core photograph showing the transition from the upper 
laminated unit  into the unlaminated unit, rich in blue-green algae. Right: 
thin section photograph showing an example of laminae in the upper 
section of the sediments. Also shown are XRF maps of the thin section 
showing the spatial distribution of elements with respect to the lamiane.
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Figure 3. Depth-age model for the Lake Bosumtwi sediment record.  The dark
circles from core 3P are the bulk organic radiocarbon dates from this study.
The lighter, red circles are the dates on the fish bone collagen.  The thin dark line
indicates the varve chronology and the red line indicates the interpolated age
model used in this study.  The hatched area indicates the depth of the anabea
rich zone.  Also shown are previously reported dates from the study of Russell
 and coworkers (2005) and their estimate for the onset of varve formation (blue 
dashed line). Our estimate based on varve counts (red dashed line )is 
slightly younger.  Ages are reported in kyr BP = 103 years before 1950 AD.
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Figure 4.  (a) Raw XRF elemental data from line scans of sediment pucks from Lake 
Bosumtwi.  Very similar downcore variations are seen for the aluminosilicate 
elements (Al, Si, K, Ti) confirming that their variability is primarily derived from 
deposition of clastic terrigenous materials (note more positive abundances plotted 
downward).  We interpret the differences between the Fe and the other major 
elements as indicting redox-related components of the Fe inventory.  This is 
supported by x-ray diffraction results showing the presence of Fe-bearing authigenic 
mineral phases. Mn deposition (higher abundance plotted upward) is also 
presumably the result of redox effects, likely related to density or wind-driven 
destabilization of the water column.  Changes in Ca (higher abundance plotted 
upward) represent intervals containing authigenic Ca-carbonate mineral phases.  
These only occur during the finely laminated intervals, suggesting a relationship 
between calcite and varve formation.   Data are reported in counts per second (cps).  
From top to bottom are aluminum (red), silicon (green), potassium (dark blue), 
titanium (pink), iron (light blue), manganese (gold), calcium (purple). (B) Principal 
components 1 and 2 from the XRF data.  PC1 represents the terrigenous components 
and explains 53.4% of the variance in the data.  PC2 represents the
redox components and explains 20.3% of the variance.
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Figure 6.  Comparison of continuous, high-resolution climate records from 
the tropics.  Dongge Cave (Wang et al., 2005); Arabian sea core (Gupta et 
al., 2005); Qunf Cave, Oman (Fleitmann et a., 2003); ODP 658 (deMenocal 
et al., 2000); Cariaco Basin (Haug et al., (2001); Lake Bosumtwi (this study) 
note: red curve indicates oygen isotope values of authigenic carbonates; 
Lago Pallcacocha, Ecuador (Moy et al., 2002). Yellow shading indicates  
pulses of hematite-stained grains in marine sediment cores from the North 
Atlantic (Bond et al., 2001).
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Figure 7. High resolution climate records from the tropics compared with 
proposed solar and high latitude forcings.  All records were detrended 
with a 3000 year spline and smoothed at a 50 year interval.  (a) Dongge 
Cave, China (Wang et al., 2005); (b) Qunf Cave, Oman (Fleitmann et al., 
2003); (c) Cariaco Basin %Ti (Haug et al., 2001); (d) Bosumtwi PC1 (this 
study); (e) INTCAL04 atmospheric ∆14C - a proxy for changes in solar 
activity (Stuiver et al., 1998); (f) % hematite stained grains in sediments 
from the North Atlantic (Bond et al., 2001). Yellow bars and red numbers 
at top of diagram indicate ice rafting events.
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Figure 8. Spectral analysis of the PC1 of XRF data from Bosumtwi shows 
similar peaks with ∆14C (Stuiver et a., 1998), a proxy for solar activity.  (a) 
MTM spectral analysis of the Bosumtwi PC1, detrended with a 2000 year 
spline. (b) MTM spectral analysis of the INTCAL04 atmospheric ∆14C 
record.  (c) Coherency and phase relationships between the Bosumtwi and 
the INTCAL04 data. Blue numbers indicate significant periods. Spectral 
analysis was performed using the multi-taper method (MTM) and confidence 
intervals were compted from the red noise spectrum (Mann and Lees, 1996). 
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Figure 9. Spectral analysis of the PC1 of XRF data from Bosumtwi shows 
similar peaks with %Ti from the Cariaco Basin (Haug et al., 2001), a proxy 
for coastal runoff in northern South America.  (a) MTM spectral analysis of 
the Cariaco % Ti record detrended with a 2000 year spline.  (b) MTM spectral 
analysis of the Bosumtwi PC1, detrended with a 2000 year spline.  (c) 
Coherency and phase relationships between the Bosumtwi and the Cariaco 
data. Blue numbers indicate significant periods.  Spectral analysis was 
performed using the multi-taper method (MTM) and confidence intervals 
were compted from the red noise spectrum (Mann and Lees, 1996). 
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APPENDIX G: SCANNING µ-XRF ELEMENTAL MAPPING: A NEW TOOL FOR 
THE STUDY OF LAMINATED SEDIMENT RECORDS  

To be submitted to the journal: Journal of Paleolimnology 
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SCANNING µ-XRF ELEMENTAL MAPPING: A NEW TOOL FOR THE STUDY OF 
LAMINATED SEDIMENT RECORDS 

 
 
Abstract 

The utility of elemental mapping by scanning x-ray fluorescence (XRF) in the study of 
annual laminated sedimentary records was investigated on eight different annually 
laminated sediment types. The examples were chosen to illustrate the potential of this 
approach in depositional environments dominated by terrigenous, biological and 
chemical precipitation.  Individual laminae were identifiable in elemental maps of all 
sediment types, though they were most difficult to interpret in fully clastic systems with 
no seasonal change in sediment source.  There are indications however, that this approach 
may be used to distinguish individual storm events or changing sediment source areas.   
In biologically-dominated systems, seasonally alternating biological production and 
fluxes of clastic material are apparent as distinct zones of differing elemental 
composition.  Identification of laminae substructures as well as the separation of the 
biological from the terrigenous component, are assisted through the use of data reduction 
techniques (e.g., principal components transformation).  Our results also indicate that 
chemically precipitated components of laminated structures were more prevalent than 
expected, and may provide an underutilized paleoenvironmental signature of changing 
limnological conditions in many environments.  Rapid elemental mapping offers a 
valuable tool for the study of laminated records that complements existing techniques 
(e.g., SEM, digital image analysis).  In combination with high resolution elemental line 
scans, reconstruction of annually resolved records of geochemical variations may be 
possible in both marine and lacustrine settings. 
 
 
 
Introduction 

Annually laminated (varved) sedimentary records can provide an invaluable 

source of annual to seasonal-scale paleoenvironmental changes over timescales of 

hundreds to thousands of years.  Understanding the nature of varve formation is crucial 

for appropriately utilizing finely laminated sediments for both chronological development 

and extracting paleoenvironmental information.   Although the study of modern 

sedimentation processes through techniques such as sediment traps may provide the most 
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ideal method for understanding how sedimentary structures are formed and preserved 

(Dean, 2002; Teranes and Bernasconi, 2000; Thunell et al., 1995), it is often logistically 

and financially impractical to do such modern calibration studies at remote sites.  

Furthermore, at many sites the formation and preservation of sediment laminations may 

be discontinuous or may change with time.  In such cases, it is necessary to develop an 

understanding of the processes of laminae formation from the sediments themselves.  

 Growing interest in the development of high-resolution records of past climate 

changes has led to the development of numerous techniques for studying sediment 

laminations including x-radiography, digital image analysis, and scanning electron 

microscopy (SEM) (Dean and Alan E.S. Kemp, 1999; Francous et al., 2004; Principato, 

2004; Schimmelmann and Lange, 1996).  In particular, backscatter electron imagery 

(BSEI) has become a widely used and valuable technique for studying the sedimentary 

fabrics associated with varve formation.  A number of studies have illustrated the 

usefulness of this technique in resolving the physical and biological components of the 

annual cycle of sedimentation (Burke et al., 2002; Dean and Kemp, 2004; Hughen et al., 

2000 ; Hughen et al., 1996b ; Kemp, 2003; Schiefer, 2006; Tiljander et al., 2002 ).  

A complementary approach presented here is elemental mapping by scanning 

micro-x-ray fluorescence (µ-XRF).  This method allows for the identification of changes 

in elemental abundances associated with sediment laminations at moderate spatial 

resolution (20-100 µm), which can provide insights into inter- and intra-annual changes 

in sediment composition and geochemistry.  X-ray maps can also be readily compared to 

visually identifiable sedimentary structures associated with annual bands to assist in 
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interpreting varve components and the processes leading to their formation.  Coupled 

with downcore µ-XRF line scans (Jansen et al., 1998), variations in elemental 

abundances can also potentially be used for confirmation of visual varve counts and 

identification of changes in sedimentation processes. 

This paper provides an introduction to the use of µ-XRF mapping for the study of 

laminated sediments.  The basic analytical procedures behind µ-XRF analysis of 

sediment records are described, and a number of examples illustrating the utility of this 

method are presented.  Examples were chosen from a variety of lacustrine and marine 

settings known to preserve annual sediment laminations via differing physical, biological 

and geochemical processes. 

 

Methods 

Instrumental setup 

Measurements were made using an EDAX Eagle III tabletop scanning µ-XRF 

analyzer located in the Geosciences Department at the University of Arizona.  This 

instrument is equipped with an x-ray tube with a Mo target that is capable of generating 

incident x-rays with energies of up to 50 KeV and 1-1000 mA.  This permits the potential 

identification of elements from Na to U in low-density samples.  Measurements are made 

with an energy dispersive LN cooled Si(Li) detector with a 10µm Be window.  The Eagle 

III uses a monolithic polycapillary optical x-ray focusing tube with an effective beam 

spot of 20 µm at the optimal focusing distance.  The use of polycapillary focusing optics 

is critical because it enables the machine to achieve very small beam sizes, and 
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consequently small measurement areas, without sacrificing beam intensity and 

sensitivity.  The effective spot size increases moderately for higher energy x-rays (to 

about 40µm) because of the greater penetration depths of the primary x-rays contributing 

to the fluorescence of heavier elements.  Sample location is recorded by two CCD 

cameras (10x and 100x), which allow for precise location of the x-ray beam on the 

sample.   

 
Preparation of samples  

Measurements may be made either under vacuum or in air, allowing for 

measurement of either wet sediment cores with clean surfaces or resin embedded 

sediment pucks prepared following standard procedures described elsewhere (e.g.,(Pike 

and Kemp, 1996).  In our experience, we have found that much better results may be 

obtained using embedded pucks, under vacuum, particularly for high-resolution (<100 

µm) studies.  This is because microscale surficial effects, such as variations in surface 

roughness and the formation of water on the sample surface can produce scatter through 

absorption and scattering of x-rays.  Furthermore, many of the lighter elements of interest 

(e.g., Al) are difficult or impossible to measure accurately in air, and are more sensitive 

to surface and matrix effects due to the low energy of their fluorescing x-rays.  Finally, 

we have observed that during the long measurement periods (hours) needed for the 

production of x-ray maps, condensation tends to develop on the surface of the sediment 

core, potentially posing a problem for even semi-quantitative XRF analysis.  An 

advantage of using resin embedded pucks is that a direct comparison can be made 

between the elemental maps and investigations of thin sections from the same material.  
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Unfortunately, however, direct XRF measurement on thin sections is problematic because 

the depth of the fluorescing x-rays (100-150 um) may exceed the sample thickness, 

resulting in a potentially significant contribution from the underlying glass slide. 

 
Scanning µ-XRF analysis of sediments 

X-ray fluorescence (XRF) analysis is a very common analytical tool for the 

accurate and quantitative determination of major and trace element concentrations in a 

wide variety of materials.  It has the advantage over other techniques in that it requires 

relatively little sample preparation, moderately rapid measurement times, is non-

destructive, and can measure a wide range of elements (Na to U) simultaneously, and 

over a wide range of concentrations.   

Energy-dispersive XRF analysis is typically performed by exciting a sample with 

a well-characterized, primary x-ray source (Rh, Mo).  This results in the emission 

(fluorescence) of secondary x-rays with energies that are characteristic of the elements in 

the sample.  Elemental concentrations can then be determined from the intensities (count 

rates) of the x-rays at each energy level.  Quantification is performed using known 

standards, or by theoretical calculations (e.g., the method of fundamental parameters) or 

some combination of the two (Jenkins et al., 1995).   

Conventional, quantitative XRF analysis requires strict sample preparation 

guidelines.  The two most accepted approaches for XRF sample preparation are the fused 

bead and the pressed pellet techniques (e.g.,(Blank and Eksperiandova, 1998; Jenkins et 

al., 1995).  Both approaches attempt to minimize the effects of sample inhomogeneities, 

packing and particle size effects, all of which may produce significant errors in 
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quantitative XRF results.  Over the last several years, a number of studies have employed 

in-situ µ-XRF scanning techniques to the development of long, continuous 

paleoenvironmental records by in-situ line-scan analysis of sediment cores (Haug et al., 

2001; Peterson et al., 2000; Rohl et al., 2000; Street-Perrott and Perrott, 1990).  In this 

approach, spatio-temporal patterns of elemental variations are produced by scanning the 

length of wet sediment cores directly.  While this technique lacks the accuracy of more 

conventional quantitative approaches, it offers the potential for rapid, high-resolution 

results without the need for high-resolution sampling or time-consuming sample 

preparation. 

Recently, a number of studies have also begun to utilize the potential to use 

scanning XRF technology for mapping of biological and geological materials, in order to 

understand the spatial, as well as the temporal variations in the elemental composition of 

geological materials (Civici, 1997; Fukumoto et al., 1999; Vekemans et al., 1997; Worley 

et al., 2001).  The primary limitation to the XRF mapping approach is the time required 

to produce the map.  In comparison with a simple 1-dimensional line scan, the number of 

locations in a map (and therefore, the time) increases by time2.  Typical measurement 

times for semiquantitative sediment line scans are ca. 30-60 seconds per location.  

Depending on the length of the scan and the measurement beam spot size (0.02 - 1.0 

mm), producing detailed quantitative maps of sediments may therefore be prohibitively 

time-consuming.  However, semiquantitative maps are possible when measurements are 

made rapidly (ca. <2-5 seconds per location) by taking advantage of the autocorrelation 

of concentrations at closely spaced locations. Further decreases in mapping time may be 
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made by increasing the distance between measurements by taking into account the size of 

the sedimentary structures of interest.  

 

Multidimensional analysis of XRF maps  

Although visual examination of XRF sediment maps can provide valuable 

insights into the geochemical makeup and origin of sedimentary structures, methods 

which have been previously utilized for dimensionality reduction and segmentation of 

elemental images (Bonnet et al., 1997; Vekemans et al., 1997) can provide additional 

information.  These methods can be particularly valuable in noisy datasets like the ones 

generated here.  Because sediment structures such as laminations can be considered to be 

composed of a series of sequential, quasi-homogeneous phases, in many cases it may also 

be possible to segment the multi-dimensional elemental maps into a limited number of 

phases reflecting discrete periods of deposition (Bonnet et al., 1997). 

A number of methods have been developed for identifying the dominant phases 

from elemental maps in a variety of materials and have shown some success in 

automating image segmentation e.g., (Bonnet et al., 1997; Vekemans et al., 1997).  In the 

present study, we apply a procedure similar to that described in Vekemans et al (1997) in 

which principle components analysis (PCA) is used to reduce the large arrays of 

multspectral data into a few primary components explaining the majority of the variation 

in the dataset.  Data reduction of multispectral elemental maps into their principle 

components serves several purposes.  First, it increases the efficiency of the analysis by 

removing redundancy in the datasets.  In addition, restricting analysis to those principle 
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components accounting for largest proportion of the variance effectively serves as a noise 

filter, critical for elemental data produced with short measurement times. Finally, PCA 

provides a means of understanding the relationships between the different spectral bands 

(elements) in the sample.  In the present study, we use a version of PCA that is well 

suited to the analysis of multispectral two-dimensional images (termed the Principle 

Component Transformation (PCT), or the Karhunen-Loeve or Hotelling transformation), 

to derive two-dimensional maps of the PCT loadings, their eigenvalues and eigenvectors 

(Schowengerdt, 1997). 

 
Laminated sedimentary records 

Although a wide variety of sediment varve types have been recognized (e.g., 

(Anthony, 1977; Kelts and Hsu, 1978; Saarnisto et al., 1977 ; Sturm and Matter, 1978), 

most can be categorized into three main types, or some combination of these, based on 

their process of formation:  physical, biological and chemical (O'Sullivan, 1983).  To 

examine the potential usefulness of XRF elemental mapping in the study of laminae 

formation, we have mapped thin section pucks of laminated sediments from a variety of 

sedimentary systems, encompassing each of these categories (see Table 1). Our examples 

include two clastic-dominated glacial lake systems (Lake Hvitarvatn, Iceland, and Lake 

Linne, Norway) and three biological systems, two of which are controlled by seasonal 

diatom blooms (Soper Lake, Steel Lake) and a third marine site (Cariaco Basin) which is 

dominated by seasonal planktonic foraminifera blooms. A third set of examples come 

from sites with sediments that are known to be composed of a variety of combinations of 
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clastic, biological, and geochemical laminations (Fayetteville Green Lake, New York, 

Pettaquamscutt River basin, Rhode Island, and Lake Bosumtwi, Ghana). 

 

Results and discussion 

Clastic-dominated systems 

 
Lake Hvitarvatn  

Lake Hvitarvatn is a glacier-dominated lake located in the central highlands of 

Iceland.  It has an area of 29.4 km2 and a maximum depth of 84 m (Black et al., 2005).  

Hvitarvatn is fed primarily by Langjokull, the second largest ice cap in Iceland.  One 

outlet glacier from the glacier calves into the lake, a second withdrew at around 1940.  

Annual sedimentation rates are high (ca. 1 cm yr-1) and consist of a visually distinct clay 

cap deposited in winter, a mixture of silt and clay in the spring, and coarser, meltwater 

derived glacial sands in the summer.  The bedrock surrounding the lake is entirely basalt 

and hyaloclastite.  Diatoms and authigenic carbonate are scarce or absent in the sediments 

and organic productivity is low (Black et al., 2005).  Because of the lack of evidence for 

either biological or geochemical components in the sediments, Lake Hvitarvatn provides 

a strict endmember case of a clastic-dominated system. 

 Sediment thin sections from Lake Hvitarvatn clearly show the distinct, alternating 

coarse-fine sediment progression that make up the annual interval of sediment deposition 

(Figure 1a).  XRF elemental maps of the same sediments show little change in the 

composition of the laminae substructure, as predicted from the lack of changes the 

mineralogy of sediments deposited throughout the year.  The lack of a strong annual 
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signal in these results is not improved upon using the PCT technique.  However, visual 

inspection suggests that the coarsest material yield higher intensities for the heavier 

elements (e.g., Ti, Fe) and lower intensities for the lighter elements (Al, Si, Ca) than the 

silty-clay sub laminae.  Because the mineralogy does not change, and there is little 

biological influence on the lake, some other factor must be causing this relationship.   

One possibility is that the changes in elemental intensities reflect variations in 

sediment grain size.  There are two ways in which grain size may alter the elemental 

intensities.  The first relates to the packing of sediments, which should be inversely 

proportional to grain size.  This is consistent with our observation that the finer grained 

(e.g., more tightly packed) material yields higher element intensities than the coarser 

material.  An alternative explanation, is that the lower XRF intensities associated with 

coarser grain sizes are caused by sample self-absorption of fluorescing x-rays. In large 

grain-sized samples, where the size of individual grains approaches the x-ray attenuation 

length for low energy x-rays, these x-rays will be preferentially under-represented 

because they lack sufficient energy to escape from the sample and are reabsorbed.  As a 

consequence, low energy x-ray intensities will be reduced for the larger grain sizes in 

comparison with the finer grain sizes.  More detailed studies of grain size variations and 

laminae scale changes in sediment density are required to assess these two possibilities.  

These result suggest however, that caution should be used in interpreting elemental 

intensity records from clastic dominated sediments, especially on a laminae scale. 
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Lake Linne 

Lake Linne is a small (15 km diameter) glacial-fed lake located in the mouth of 

Isfjord, Norway (Snyder et al., 2000).  Inflow to the lake is provided by melting of the 

Linne Glacier and several smaller, cirque glaciers.  Sedimentation is primarily 

glaciofluvial, and originates from the Linne River, which carries sediment-laden glacial 

meltwater from the Linne glacier.  Fine sand and silt are delivered to the lake during 

spring runoff events while summer ablation of the glacier results in the deposition of fine 

silt and clay laminae.  Large summer precipitation events appear to be associated with 

coarse layers within the finer clay-silt summer sediments.  Two distinct lithologic 

terranes are present in the catchment.  Sediments from the first area are composed of 

quartz, feldspar, muscovite, chlorite and kaolinite whereas the sediments from the second 

terrane are predominantly dolomitic (Snyder et al., 2000). 

Based on a comparison between laminae stratigraphy and independent dating 

methods, annual varves are composed of numerous fine laminations, possibly reflecting 

individual precipitation runoff events (Figure 1b). Although the elemental distributions 

do not appear to provide any insights into identification of the annual interval of 

sedimentation, XRF maps suggest that the individual sub-laminae have distinct elemental 

compositions, and may represent different source regions contributing sediment during 

different events.  This is supported by the PCT analysis, which reveals distinct variations 

between laminae dominated by calcium (and usually at least one other element) and the 

aluminosilicate elements.  In the absence of evidence for authigenic carbonate production 

in the lake, we propose that the Ca-rich layers represent intervals of runoff from the 
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dolomite portion of the catchment, and the Al, K and Fe rich laminae represent runoff 

from the aluminosilicate-dominated portion of the catchment (PC 1,2).  Ongoing work 

using sediment traps and studies of sediment cores may provide more insights into these 

processes in the future.  Provided the sources of these individual sublaminae can be 

separated and identified, and their deposition tied to paleoenvironmental changes within 

the catchment over the historical period, the XRF mapping results indicate that rapid 

elemental scanning could be a potential means of identifying individual runoff events, 

and their sources within the catchment. 

 

Biological  systems 

Steel Lake, MN  

Steel lake fills a kettle-hole in the Itasca moraine in north-central Minnesota.  It 

has a relatively small surface area (0.23 km2) compared to its depth (21 m), resulting in 

anoxic bottom waters and the preservation of annual sediment laminations (Tian et al., 

2005; Wright et al., 2004).  Annual sedimentation is composed of three laminae couplets: 

a light colored calcite and diatom-dominated lamina deposited during the growing 

season, a thin brown lamina of diatoms and iron oxides deposited during autumn 

overturning, and a dark, organic rich layer deposited in winter (Figure 2a). The two 

darker layers are usually visually indistinguishable without microscopic assistance (Tian 

et al., 2005 ; Wright et al., 2004). 

 In contrast to the purely clastic varved systems described above, the alternating 

deposition of clastic and biological material, which differ significantly in their elemental 
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signatures, provides a much clearer indicator of annual sedimentation (Figure 2a).  From 

the XRF maps, it is clear that the dominant elemental signature making up the varves is 

alternating bands of Ca (from authigenic carbonate) and silicate minerals (derived from 

terrigenous material washed into the lake: Fe, K, Si, Al).  This relationship is most 

apparent as PC1 in Figure 2a.  The second principle component (PC2) is dominated by 

the diatom-rich layers (Si) deposited at roughly the same time as the carbonate.  Distinct 

changes in the Si intensity within certain laminae (years) suggest that the scanning XRF 

approach might be used to obtain rapid estimates of changes in diatom productivity.  The 

dominant loading of Si on PC2 supports this possibility.  However, Si also makes a 

significant contribution to the terrigenous component of PC1, and it may be difficult or 

impossible to separate the diatom-based signature from that of the terrigenous fraction.  

These difficulties are also apparent in PC2, which lacks the distinct banding in the 

positive Si loading that is present for Ca in PC1.  In part, the inability to distinguish the 

biological and inorganic Si sources in this method may reflect the noise due to short 

measuring times in the mapping dataset.  The appearance of thin distinct bands of 

positive loading in PC2 that are difficult to discern in the original images may be a sign 

that the clastic and biological signatures may be separated, provided higher resolution 

data is obtained.  Work is ongoing to examine the possibility of resolving biogenic and 

terrigenous Si sources using principle components analysis on more accurate XRF line 

scans performed with longer (ca. 30 second) measurement interals. 

 Interestingly, there is no evidence for the deposition of redox-related Fe-oxides in 

the XRF maps, as described by previous workers (Tian et al., 2005; Wright et al., 2004).  
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It may be that either this process occurs more episodically than noted before, or that the 

Fe-oxide signature just cannot be distinguished from the terrigenous sources of Fe in the 

dark colored bands. However, XRF maps do contain evidence for the deposition of a 

manganese-rich band during one of the years measured (the dominant signature of PC3).  

Mn is a redox-sensitive metal, and we interpret it as reflecting an episodic overturning 

event during which the anoxic bottom waters were temporarily oxidized.  This event was 

not accompanied by the deposition of Fe-oxides, suggesting that perhaps the dark colored 

compounds identified previously as Fe-oxides were primarily Mn-oxides.  The presence 

of the Mn layer also occurs during a year that seems to lack a prominent Si layer. The 

relationship between Si and Mn concentrations is unclear, though it could indicate that 

diatom productivity is reduced or dissolution is increased during intervals when 

overturning occurs and the water column becomes oxidized.  Regardless, the data 

presented here suggest that the scanning XRF approach may be valuable in identifying 

the frequency of episodic overturning events in lake systems. 

 

Soper Lake, Canadian Arctic 

Soper Lake is located on Baffin Island within the tidal zone of the Hudson Strait.  

It has a surface area of 0.8 km3, a maximum depth of 30 m and obtains freshwater inputs 

from several streams in its catchment (Hughen et al., 2000).  It is separated from the 

Hudson Strait by an emergent sill, which is flooded during high tides with dense saline 

water. The density differences between the fresh and saline waters in the lake induce 

stratification and promote bottom water anoxia. Annual sediment couplets are composed 
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of alternating dark and light layers (Figure 2b).  Dark layers are composed primarily of 

silt and clay particles derived from glacial meltwater runoff in the spring and summer 

whereas lighter layers are rich in diatoms deposited during periods of high productivity 

(Hughen et al., 2000). 

 Elemental maps of thin sections from Soper Lake are unexpectedly high in Fe.  

Positive loadings for Fe and negative loadings for the other major elements (Al, Si, Ca, 

Ti, K) (and the opposite relationship for PC2) suggest that the Fe is contained in a 

geochemically precipitated phase, such as pyrite. In modern euxinic water bodies, pyrite 

can form in either the water column or diagenetically in the sediments (Suits and Wilkin, 

1998 ; Wilkin and Barnes, 1997). The abundance of the Fe-phases in annual laminations 

is consisten with either possibility and additional geochemical and water column studies 

are needed to address the mechanisms behind pyrite formation. 

 Interestingly, the elemental maps from Soper lake do not show a Si-dominated 

phase, which we expected based on reported seasonal diatom productivity.  Instead, PC3 

is associated with distinct Ca layers, which we attribute to the deposition of authigenic 

calcium carbonate as a result of CO2 drawdown in the mixed layer during high 

productivity periods.  The lack of a diatom Si signal may be the result of high terrigenous 

Si inputs, which make it difficult to resolve the seasonal cycle of Si deposition from the 

XRF map data. Unfortunately, this finding highlights a significant limitation of the XRF 

scanning technique, which can resolve differences in elemental compositions but not the 

form (e.g., biological Si, aluminosilicate minerals) in which those elements are deposited. 
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Cariaco Basin, coastal Venezuela 

 The Cariaco Basin is a deep (up 1400 m), anoxic marine basin located off the 

coast of Venezuela (Peterson et al., 1991).  A shallow sill isolates the deep water from the 

rest of the ocean, minimizing deepwater mixing and transport of oxygen to bottom 

waters.    Annual laminations in the Cariaco Basin are composed of a light, formainifera-

rich carbonate layer (and a second diatom lamina in portions of the record) formed during 

the winter when mixing and productivity are at their highest, and a dark terrigenous layer 

formed during the summer, when rainfall is highest over northern South America (Haug 

et al., 2001; Hughen et al., 1996a). Previous work using scanning XRF techniques to 

develop long, high-resolution records of past terrigenous input have provided some of the 

most valuable records of hydrologic changes in South America, to date (Haug et al., 

2003; Haug et al., 2001; Peterson et al., 2000). These studies showed, convincingly, that 

the light layers are composed primarily of Ca (in carbonate) and the dark layers are 

contain significant amounts of Fe and Ti.  On the basis of the similarities in the depth 

profiles of these two elements, they argued that neither was diagnetically altered. 

 XRF elemental maps support previous work. Not surprisingly, the dominant 

component in the sediments is Ca, which is derived from the calcium carbonate tests of 

foraminifera deposited during periods of high productivity (Figure 2c).  The annual light-

dark alternating layers in the thin section photograph are most visible in the intensities of 

the major siliciclastic elements (especially Al, and K) and PC1.  Finer-scale variations in 

elements such as Si and Fe indicate that annual layers are composed of numerous 

individual layers, possibly representative of individual storm events.  Over the interval 
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mapped here, these layers show both changes in concentration and in frequency. This 

suggests that variations in siliciclastic elements in Cariaco Basin sediments are a function 

of both the intensity and the frequency of runoff generating storms.  The absence of a Ti 

signal shows the difficulty in obtaining accurate maps using short measurement times 

when elemental concentrations are low.  This problem is more acute for marine 

sediments, which have lower concentrations of terrigenous materials in comparison with 

lacustrine sediments. 

 

Chemical-biological 

Fayetteville Green Lake, New York 

Fayetteville Green Lake (FGL) is a small (0.3 km2 area), deep (52m) meromictic 

lake located ca. 15 km east of Syracuse, New York.  The lake is believed to have 

originated as a glacial meltwater plunge-pool basin (Hilfinger et al., 2001).  Permanent 

stratification is maintained by a salinity- induced chemocline at 18 m water depth, which 

allows for the preservation of annual varves (Hilfinger et al., 2001 ; Ludlam, 1981; 

Ludlam, 1984; Thompson et al., 1997 ).  The salinity and chemical differences between 

surface and deep waters are caused primarily by the discharge of Ca2+ and SO4
2- rich 

groundwaters into the lake from the gypsum bearing Silurian Vernon Shale.  Sediments 

deposited in the basin consist of light-dark annual laminae couplets. The pale, calcite rich 

laminae are chemically precipitated in association with photosynthetic blooms of the 

cyanobacterial picoplankton Synechococcus in the summer (Hilfinger et al., 2001; 

Thompson et al., 1997).  Darker laminations reflect organic- and terrigenous-rich 
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deposition in the winter.  The post-depositional formation of diagenetic pyrite in the 

sediments of FGL has also been reported (Suits and Wilkin, 1998). 

The elemental maps from FGL are similar to those from Cariaco, with most of the 

material in the sediments containing Ca in the form of calcium carbonate, consistent with 

previous observations (Figure 3a).  Interestingly, despite the changes in color and texture 

of the lighter portion of the varve couplets, XRF mapping suggests that this material is 

also nearly entirely composed of carbonate.  The thin dark layers contain significant 

amounts of terrigenous material, as evidenced by the clear bands of Si, Al, Fe and Ti.  

These bands are relatively restricted spatially in comparison to the carbonate layers, 

suggesting their deposition is confined to a single season or depositional period.  It is 

likely that this is the late spring and summer period of snowmelt, when large quantities of 

terrigenous material are washed into the basin.  Significant differences in the thicknesses 

and intensities of these layers occur from year to year, and potentially provide an 

indicator of winter snowmelt runoff.   The XRF maps do not show any indications of 

widespread formation of diagenetic pyrite as suggested by (Suits and Wilkin, 1998).  

Either the total quantity of diagenetic pyrite formed in the sediments small, or it does not 

involve any translocation in the sediments that might be visible in elemental maps.  

 

Pettaquamscutt River basin, Rhode Island, USA 

The Pettaquamscutt River is a 9.7 km long estuary, located in southern Rhode 

Island, USA, which drains into Naragansett Bay.  The primary perennial freshwater 

source to the site is the Gilbert Stewart Stream.  Stable water stratification is produced 
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locally in deep bottom waters by density differences between the less saline stream 

waters of the Gilbert Stewart and the brackish tidal waters of the Naragansett Bay (Lima 

et al., 2005).  These conditions result in permanently anoxic conditions, preventing 

bioturbation allowing for the preservation of annually laminated sediment structures.  

Annual sediment laminations are composed of a light colored carbonate rich layer 

produced during the summer when productivity is high and a dark organic and 

terrigenous layer deposited from runoff to the basin from heavy winter rains (Hubeny et 

al., 2006).  Pyrite formation in both the water column (syngenetic) and the sediments of 

the Pettaquamscutt estuary have been reported by previous workers (Wilkin and Barnes, 

1997).  There is also evidence for the formation of magnetite by photosynthetic anoxic 

bacteria that reside at the chemocline (Hubeny, unpublished data). 

 The elemental distributions in the laminated sediments from the Pettaquamscutt 

are composed primarily of alternating Ca-rich (carbonate) layers, which also contain the 

highest annual amounts of Al, Ti and K, with darker, Fe-rich layers.  The observation that 

the light layers contain abundant concentrations of Ca is consistent with previous studies.  

Major siliciclastic element concentrations suggest, however, that transport of terrigenous 

material occurs throughout the year, even during period of carbonate growth an 

accumulation.  The elemental data also indicate that the dark layers have high 

concentrations of one of the Fe-bearing phases (i.e., pyrite or magnetite) and indicate that 

there is a strong seasonal control on the deposition of one or both of these compounds.  It 

is unclear what factors might cause seasonal changes in the formation of the Fe-bearing 

compounds.  If related to the magnetotactic bacteria, increases in magnetite formation 
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may relate to changes in the stability of the water column, or the depth of the photic zone.  

The latter explanation is consistent with the increases in Fe production occurring out of 

phase with periods of high productivity, when the water column is likely to be more 

turbid and the photic zone restricted.  Alternatively, if the Fe is geochemically 

precipitated, it may relate to seasonal changes in the availability of reactive Fe species 

and redox conditions. 

 

Lake Bosumtwi, Ghana 

Lake Bosumtwi is a small (8 km diameter), deep (80 m) tropical lake occupying a 

meteorite impact crater in tropical West Africa.  A steep temperature profile in the upper 

part of the water column inhibits overturning and maintains anoxic conditions below 10-

15 m, throughout the year, though dramatic overturning events, resulting in massive fish 

kills are reported to occur episodically (Appendix 1,(Talbot et al., 1984)).  Annual 

sediment couplets are made up of a lighter colored, clastic rich layer deposited during 

most intense the spring and early summer monsoon rainfall period, and a darker organic 

rich layer deposited during the late summer and early fall (Appendix 1). Sediments also 

typically contain at least a few percent carbonate formed during the period of high 

productivity, though no distinct carbonate layer is easily identifiable. In some portions of 

the sedimentary record, distinct orange-red bands are observed that are presumed to be 

geochemically precipitated during episodic overturning events.   

XRF maps support the hypothesis that the annual laminae at Lake Bosumtwi are 

composed of a single layer enriched in siliciclastic elements (e.g., Fe, Si, Al, Ti, K) which 
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are deposited during the rainy season (dark laminae) and a lighter laminae composed 

primarily of organic matter deposited during the productive season.  The elemental data 

indicates that the productive layer contains significant amounts of Ca, which we attribute 

to authigenic CaCO3 precipitated from the water column during periods of high 

productivity.  The highest concentrations of siliciclastic elements in the maps are 

confined to a turbidite layer (right hand side of the maps). Distinct bands of both Fe and 

Mn are also present, and are interpreted here as indicating the occurrence of episodic 

overturning events, which resulted in the precipitation of these elements geochemically.  

During one of the largest of these events, discrete, fine-grained Fe-bearing particles are 

evident and appear to be frambules of pyrite.  However, XRD analysis indicates that 

pyrite is overall not a common constituent in the sediments and for the most part, the Fe 

and Mn are present in other mineral phases, including vivianite (Mn, Fe phosphate) and 

manganosiderite (Mn,Fe carbonate). 

Principle components analysis indicates that the elemental variations are 

dominated by the seasonal deposition of terrigenous material, as seen primarily through 

Al, K, Si and Ti.  Negative loadings for the redox sensitive metals (Fe, Mn) and Ca 

indicate that these elements are not deposited at the same time as maximum runoff.  Mn 

and Fe are most likely deposited during the late summer, when temperatures are cooler 

and wind is at its maximum decreasing lake stability and allowing overturning to occur.  

Our observations suggest that Ca is likely deposited immediately afterwards in fall, when 

productivity is at a maximum.  This mechanism may explain the opposite loadings for the 

redox metals and Ca in PC2.  These results suggest that downcore changes in Ti, Si and 
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Al should provide good proxies for summer monsoon runoff from the catchment, Ca may 

indicate variations in lake productivity and Fe and Mn should be useful in reconstructing 

long term changes in lake stability and overturning events. 

 

Conclusions 

In-situ µ-XRF analysis provides a potentially valuable new tool for the analysis 

and interpretation of fine scale sedimentary structures in sedimentary archives, which 

complements existing approaches such as scanning electron microscopy.  In varved 

sediment records, elemental patterns can be related to seasonal changes in biology, 

geochemistry or sedimentary fluxes, providing insights into the nature of sedimentation 

processes.  Our results here suggest that studies based on visual methods alone may not 

completely characterize the varve components, and can be significantly enhanced through 

complementary in-situ geochemical techniques like the one presented here. Although the 

acquisition rate of elemental maps is relatively rapid in comparison with other methods of 

geochemical analysis produced at similar spatial resolutions, the production of large-scale 

maps using this method is currently too slow for entire sediment cores.  However, they 

may assist in the interpretation of sub-annual resolution elemental variations observed in 

µ-XRF line scans of sediment cores and with data produced by visual microscopy and 

SEM, providing a valuable paleoenvironmental tool for varve-based analysis. 
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Table 1.  Varve examples used in this study
Site Location Varve type Contributor
Hvitarvatn Iceland Clastic G. Miller, J. Black, INSTAAR
Linne Svalbard Clastic A. Werner, Mt. Holyoke College
Steel Lake Minnesota Biological (diatomaceous) F.S. Hu, University of Illinois
Soper Lake Arctic Biological (diatomaceous) J.T. Overpeck and K. Hughen
Cariaco Basin Venezuela (marine) Biological (foraminifera) U. Arizona, Woods Hole Oceanographic Inst.
Fayetteville Green LNew York Chemical (carbonate) Brad Hubeny and John King, U. Rhode Island
Pettaquamscutt RI (estuary) Chemical (magnetite, pyrite) Brad Hubeny and John King, U. Rhode Island
Lake Bosumtwi Ghana Chemical (Fe, Mn minerals) T. M. Shanahan, J.T. Overpeck, U. Arizona
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Clastic varve examples
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Figure 1.  Examples of clastic varves: (top) Lake Hvitarvatn, (bottom) Lake Linne.  Upper left: transmitted 
light thin section photograph of sediment showing distinct sediment laminations. Center: XRF elemental 
intensity maps measured on a resin embedded sediment puck. Only the elements with significant intensity 
variations are shown.  Data are plotted as normalized grey-scale intensity that is colorized to make 
variations in grey scale more visually apparent.  Because of inaccuracies as a result of short measurement 
times, concentrations are reported as intensities rather than weight %.  The ranges of individual intensities 
measured for each element within the maps are reported in the lower left corner of the figure.  Right: 
Results of the principle component transformations of the elemental intensity data, plotted in the same 
manner as the raw XRF data.  Also reported are the eigenvalues for the elements with the strongest 
weightings for each of the PCs (subscripts).

Figure 2. (next page) Same as Figure 1, except for biogenic varve examples (top) Steel Lake, (middle) 
Soper Lake (bottom) Cariaco Basin.

Figure 3.(2 pages forward)  Same as Figure 1, except for combined clastic-biogenic-chemical varve 
examples. (top) Fayetteville-Green Lake, (middle) Pettaquamscutt River Basin, (bottom) Lake Bosumtwi.
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Biological varve examples
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Biological-chemical varve examples
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