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Introduction

Numerous mineral-magnetic studies of lake sediments have shown the potential of magnetic methods Ž to provide detailed records of regional climate e.g., wx . 1,2 . In maar-lake sediments from Europe, comparative studies of magnetic, pollen, and sedimentological data suggest that glacialrinterglacial changes strongly modulate the input of primary Ti-iron oxwx ides to the sediment 3 . In tropical areas, prelimi-nary studies of volcanogenic sediments from Africa also suggest close relationships between climate and wx magnetic mineral assemblages 4,5 . In contrast to middle-latitude lakes, strong contributions of hematite from highly weathered oxisols resulted in the presence of magnetic mineralogical contrasts durwx ing alternating aridrhumid climates 6 .

In this paper, we have investigated the mineralmagnetic properties of a late Quaternary sedimentary Ž X sequence from Lake Tritrivakely LT; 19847 S, Ž. . 46855 E, 1778 m , a shallow basaltic maar-lake from the Ankaratra volcanic chain in central Madagascar Ž. Fig. 1 . The aim of this study is to determine the cause of mineral-magnetic changes by comparing magnetic data to other paleoenvironmental proxies, and to compare the LT paleoenvironmental record with other regional paleoclimate data.

General setting

The LT phreatomagmatic crater consists mainly of basaltic tuff-ring products that were strongly eroded and altered during long-term weathering wx which affected most of the Ankaratra volcanics 7,8 . The volcanic rocks provide a source of detrital Ž. Ž . Fe III -oxyhydr oxides such as titanomagnetite, maghemite, hematite and goethite. Owing to shallow Ž. water depths 0.5-3 m at the interannual scale , the modern lake is occupied by a Cyperaceae peat-bog wx which has dominated since the middle Holocene 9 . Ž The regional tropical montane climate 168C mean annual temperature; 1500 and 850 mm for mean . annual rainfall and evaporation, respectively is characterized by warm, humid summers under the influence of the northwest monsoon. In contrast, winters Ž are dry and cool the rainfall from April to October . amounts to only 2-10% of the total annual rainfall wx 8 . These climatic features suggest that paleoenvironments in the LT basin may have been strongly influenced by past summer monsoon circulations.

Coring and sampling

Five piston cores were collected in 1992 at the center of the LT crater by using two manual coring transportation to the CFR core repository at Gif-sur-Yvette, France. The upper 16 m of the cored sedimentary sequence were subsampled in all cores for a wide range of studies including sedimentology, organic and isotopic geochemistry, AMS [START_REF] Weeks | Improvements in longcore measurement techniques: Applications in palaeomag-Ž. netism and palaeoceanography[END_REF] C dating, wx diatom and pollen and rock-magnetic studies 10 .

The cores were split lengthwise and sampled with plastic ''U-channels'' which were pushed into the center of each successive sub-section. Additional subsamples were taken for hysteresis measurements: 100-200 mg bulk sediment samples were collected at 5 or 10 cm intervals and were dried immediately under an argon atmosphere at 408C to minimize laboratory oxidation. Sixteen AMS [START_REF] Weeks | Improvements in longcore measurement techniques: Applications in palaeomag-Ž. netism and palaeoceanography[END_REF] C dates were obtained from organic matter: 10 on fragments of Cyperaceae leaves, Ž. 

Lithology and 14 C chronology

Magnetic mineralogy

Thermomagnetic experiments, XRD and scanning Ž. electron microscope SEM analyses were performed on magnetic mineral concentrates. Magnetic grains were extracted by pumping a sediment slurry between the poles of an electromagnet which provides a 0.8 T dc field. This extraction procedure is usually successful in isolating the dominant ferrimagnetic minerals, including greigite or pyrrhotite, if present. The extracted material was dried and directly used Ž. for XRD Philips PW 1710, Co radiation , SEM Ž. observations, and energy-dispersive X-ray EDAX analyses.

SEM observations and EDAX analyses of magnetic separates demonstrate the dominance of Al-Ti Ž. iron oxides as the main extracted minerals Fig. 4 .

Ž. Al and Ti contents are relatively high Table 2 , which indicates a detrital origin for most extracted minerals. X-ray diffractograms of four magnetic concentrates indicate the presence of magnetite and hematite as the main extracted minerals. No magnetic iron sulfides were identified by SEM, EDAX or XRD methods.

Smoothed and rounded grains, as well as grains with dissolution pits, are commonly observed and suggest that iron oxide dissolution has occurred. This is not surprising, because the occurrence of siderite and vivianite concretions is associated with dissoluwx tion of iron oxides 12,13 .

Mineral-magnetic behavior

Magnetic susceptibility, and anhysteretic and Ž. isothermal remanent magnetizations ARM and IRM were measured at 1 cm intervals on U-channel sam-Ž. ples results are in volume units . The magnetic Ž. susceptibility k was measured on a Bartington Instruments MS-2 susceptibility meter. ARMs were imparted in a 50 mT bias field, superimposed on a 70 Ž. mT alternating field Schonstedt GSD-1 . The IRMs were introduced in a 0.5 T field. All remanences Ž. mineral assemblages Fig. 5 . The Holocene peats and the siderite-rich sediments contain magnetic assemblages that are probably dominated by PSD to Ž. MD titano-magnetite. The second type of assem-Ž blage is characterized by higher coercivities and . lower S-ratio values from sediments that are en-Ž riched in ferric iron oxides oxidized magnetites, . hematite or goethite .

k, x , IRM, ARM and M are strongly depenlf s dent on the relative concentration of strongly ferrimagnetic phases like magnetite or maghemite. Additional ferrimagnetic grain size effects may covary with magnetic susceptibility, ARM and IRM, but they have no effect on M .

s

The relatively high values of magnetic susceptibility and remanences in terrigenous silty clays suggest a strong relation between erosional processes and Ž. magnetic concentration of detrital titano-magnetite. This relationship is explained by the dilution of ferrimagnetic terrigenous components by diamag-Ž netic biogenic components e.g., organic matter or . biogenic silica , as illustrated by oppositely correlated changes in TOC and magnetic concentration Ž. proxies Figs. 2 and3 . The association between ferromagnetic concentration and terrigenous inputs could also be magnified by changes of the mineralogy of iron oxides. As shown in Fig. 6 In non-sulfidic depositional environments from freshwater lakes, early diagenetic processes proceed rapidly to the anaerobic reduction of iron oxides and oxidation of organic matter. This results in high Ž. concentrations of dissolved Fe II and CO which 2 wx cause supersaturation of siderite 23,24 . Siderite formation is favoured by strong terrigenous inputs which lead to the rapid burial of detrital iron and degradwx able organic matter 13 . Low-coercivity siderite-rich Ž and laminated sediments in Lake Tritrivakely e.g., . between 6.5 and 10 m have high relative k or M s values, which is consistent with freshwater meromictic environments and relatively high terrigenous input. Such environments are thus highly favorable to Ž. the dissolution of high-coercivity-Fe III iron Ž. oxyhydr oxides.

On the basis of the above results, the LT mineral-magnetic records likely reflect changes be-Ž. tween three environmental end-members Fig. 6 which constrain the concentration and mineralogy of iron oxides in the sediment:

Ž. 1 In Holocene peats, detrital iron oxides have been diluted by diamagnetic organic matter and have been dissolved under reducing conditions. The resulting sediments contain PSD-magnetite with low k Ž 

Correlation of cores and age model

Correlation of the five sediment cores was Ž. achieved with the respective k profiles Fig. 7 . Characteristic features from each profile were easily Ž. identified from 16 to ; 4 m . The upper part of the Ž. record from ; 4 to 0 m was more difficult to correlate, probably because of significant spatial Ž. variability of deposition in this depth time interval. We performed the inter-core correlation by using wx software 25 which allows calculation of correlation coefficients between two sets of core data.

Core T-II was chosen as the ''master core'' because it contains the longest sequence. All of the Ž data k records of cores LT, T-I, T-III and T-IV, 14 . pollen records and C ages from core LT were then transferred to the core T-II depth scale by using a linear function between two successive control points from the correlated magnetic susceptibility records.

A time-scale was established by using the AMS 14 C dates from macrophyte debris and charcoal. These 14 C dates were converted to calendar ages Ž. Table 1; Fig. 8 by using the calibration curves of the German oak and pine tree-ring records down to 14 wx 10,000 C yr BP 26,27 . Between 18,000 and 10,000 [START_REF] Weeks | Improvements in longcore measurement techniques: Applications in palaeomag-Ž. netism and palaeoceanography[END_REF] C yr BP, we used the linear equation of Bard et al. 

Ž .

Beyond 18,000 [START_REF] Weeks | Improvements in longcore measurement techniques: Applications in palaeomag-Ž. netism and palaeoceanography[END_REF] C yr BP, conversion of our [START_REF] Weeks | Improvements in longcore measurement techniques: Applications in palaeomag-Ž. netism and palaeoceanography[END_REF] C ages to calendar ages was performed using the fol-Ž. lowing equation E. Bard, pers. commun 

Ž .

Although this equation is based on only two pairs of UrTh-14 C measurements older than 22 kyr, it is our best estimate for the chronology of the LT deposits.

The Ž. The bottom part of the record before ; 35 kyr contains relatively high Ericaceae pollen percentages, indicating steppe-like conditions on the watershed. This period contains high-amplitude changes in TOC and magnetic properties: three low krlow Sratio events suggest low detrital input and shallowroxic environments at ca. 45.3-42.6, 40-39 and 37.8-35 kyr, respectively. The corresponding Ž. high TOC percentages ) 20% are associated with wx increased input of autochthonous organic matter 29 . In the remaining part of this section, higher k and S-ratios indicate stronger runoff intervals and suggest Ž. Ž . increased Fe III -oxyhydr oxide dissolution in anoxic environments. Similarly high k, high S-ratios w Fig. 9. The Lake Tritrivakely paleoenvironmental proxies plotted with respect to age TOC, Cyperaceae and Ericaceae pollen percentages, Ž.

x Ž. stacked magnetic susceptibility k , interpolation: 200 yr , S-ratio and interpreted depositional environment solid line with estimated Ž. uncertainty shaded area . 1 s oxic environment, discontinuous deposition; 2 s oxic environment, ephemeral swamp; 3 s peat-bog; 4 s permanent swamp-shallow lake; 5 s meromictic lake. and siderite content between ca. 35 and 30 kyr indicate that detrital input and associated early diagenetic processes dominate the paleoenvironmental record. Evidence for greater runoff is also provided wx by the increase in allochthonous organic matter 29 . The high percentages of Ericaceae pollen suggest that cold conditions and steppe-like vegetation existed in this interval.

Between ca. 30 and 22.5 kyr, the general decrease of k and the spell of low S-ratios events at ca. 29, 27 and 24 kyr document oxic conditions and the weakening of runoff and iron oxide dissolution. Warmer and drier conditions were also suggested by the respective decrease in Ericaceae pollen, and the Ž. increase in organic matter TOC ) 10% derived wx from subaquatic macrophytes 29 .

From ; 22.5 kyr, the LT paleoenvironmental record contains more complex changes. A significant Ž drop in apparent deposition rate from ; 0.5 mmryr before 22 kyr to less than ; 0.1 mmryr at ; 16 . kyr strongly suggests that deposition was discontinuous during the Last Glacial Maximum. This is also suggested by the persistence of high-coercivity detri-Ž. tal magnetic assemblages S-ratio-0.65 which indicate oxicrshallow water depositional environments. Between ca. 22 and 17 kyr, an Ericaceae Ž. pollen maximum ) 70% of the pollen taxa suggests very cold conditions. Progressive increases in wx the silty fraction 10 and magnetic susceptibility Ž Between ca. 3.6 and 2.2 kyr, a peak of magnetic Ž. susceptibility culminating at 3 kyr documents a short runoff event, possibly associated with cooler conditions, as suggested by an Ericaceae increase Ž. up to 40% of the pollen taxa .

Although the data indicate that peat-bog environments prevailed during the last 2.2 kyr, significant increases in diatom concentrations and strong changes wx in the composition of organic debris 29 suggest relatively more open-water environments during the last millennium.

Comparison with other regional data

From ; 46 to 20 kyr, Lake Tritrivakely experienced periods of positive water balance which led to the establishment of a permanent lake from ; 39 to The LT middle to late Holocene record consists of shallow peat-bog environments, whereas open-water conditions and increased runoff probably occurred between 3.6 and 2.2 kyr and for the last millennium during cooler periods.

Our observations point out characteristic features of the lacustrine dynamics at Lake Tritrivakely. Except for the interval ca. 23-17 kyr, shallowroxic and ephemeral environments generally dominated Ž during relatively warm periods as observed in the . middle Holocene , whereas permanentranoxic lacustrine environments occurred during relatively cold periods of increased runoff such as during the ca. 35-23 kyr period. As observed today in the Madagascar highlands, past water budgets were probably highly constrained by temperature changes through evaporation processes. These LT results contrast with numerous sites located in the actual summer rainfall area from southeast tropical Africa, which experienced drier conditions before 30 kyr and wetter conditions between 23 and 10 kyr and from 7 kyr. Such differences could be associated with the pattern of atmospheric circulations in the Mozambique channel and with the activation of the Agulhas Current wx during interglacial periods 46 . Present-day climatic wx observations and models 42,47 show that wet spells in the summer rainfall area of South Africa are linked to a strong Agulhas Current. In contrast, during dry spells, the flow of the Agulhas Current decreases and the summer convergence cells shift eastward, preferentially over the Indian Ocean and Madagascar. Such apparent zonal shifts of the intertropical convergence may possibly explain the variability of water balance records observed between Madagascar and East Tropical Africa.

Conclusions

The mineral-magnetic properties of Tritrivakely maar-lake sediments are strongly controlled by erosional processes and early diagenesis of iron-bearing minerals in non-sulfidic conditions. High-coercivity Ž. ferric oxyhydr oxides are preserved during dry periods of low lake-level. In contrast, the high-coercivity component is absent in the siderite-rich laminated sediments which relate to permanent and stratified water bodies. Although further work is needed to detail the relationships between the early diagenesis of magnetic iron oxides and erosional processes in such maar lake environments, a detailed late Quaternary paleoenvironmental record in the Ankaratra mountains was provided by comparing mineral-magnetic parameters to other paleoenvironmental proxies along a 14 C calibrated timescale. Significant variability of the depositional environment was observed for the last 46 kyr. Permanent water bodies prevailed before 22 kyr, while ephemeral swamp or peat-bog environments developed during the Last Glacial Maximum and after 7 kyr.

As a consequence, contrasted water balance records are inferred between the summer rainfall region of Madagascar and the summer rainfall region of southeast Africa for the Late Glacial and the Holocene. Further studies are required to develop a better understanding of such contrasts, which suggest zonal changes of the tropical convergence on the western side of the Indian Ocean.

Fig. 1 .

 1 Location map of Lake Tritrivakely with mean annual rainfall cm . Insets show the location of Madagascar with other sites from Ž. wx southeast Africa see text , and annual rainfall and evaporation at the town of Antsirabe 8 .
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  Ž techniques: the Wright piston corer core LT, 1 m . sections to a depth of 13 m and the Wieckowski Ž piston corers 1 or 2 m sections to depths of: core T-I, 12.84 m; T-II, 40.03 m; T-III, 32.31 m; and T-IV, . 14.74 m . The cores were extruded and sealed before 14 Ž. Fig. 2. Lithology, AMS C ages from charcoal and macrophyte debris, total organic carbon TOC , Ericaceae pollen and magnetic Ž. susceptibility k for core LT. Lithologies are: a s Cyperaceaea peat; b s organic mud; c s coarsely laminated clayey mud; d s finely laminated organic-clayey mud; e s silt and sand; T s tephra layer. () D. Williamson et al.r Earth and Planetary Science Letters 155 1998 205-219 208

The upper 16

 16 m of LT sediments consist of six wx Ž. Ž . dominant facies 10 Figs. 2 and 3 : a upper Cyperaceae peat which contains ) 30% total or-Ž. Ž . ganic carbon TOC at 2.5-0 m; b organic muds Ž. up to 30% TOC near the bottom of the sequence Ž. 15.5-14.8 m; 13-12.5 m and immediately below Ž. Ž . the upper Cyperaceae peat 3.2-2.5 m ; c clayey to Ž. Ž. silty muds, partly laminated d , with e interbedded centimeter-bedded sand layers between 4.7 and 3.8 m; Ž. Ž . T a tephra layer 11.7 m .

  Fig. 3. Lithology same symbols as shown in Fig. 2 , AMS C ages and profiles of TOC, siderite content % of fraction ) 63 mm, magnetic susceptibilities x and k , ARM, IRM and S-ratio for core T-II. Numbers 1-18 indicate the main magnetic features of the T-II lf Ž.record see text for explanation .

14 .

 14 Ž.Fig.4. SEM photomicrographs of magnetic separates: a charac-Ž. teristic octahedra of titano-magnetite or maghemite TirFef 0.3 Ž. Ž from the watershed soil; and b characteristic iron oxide TirFe .Ž. f 0.46 from the lake sediment core T-II, 900-1000 cm , showing a smoothed and rounded shape and several dissolution pits.were measured using a 2 G, 3-axis, pass-through wx cryogenic magnetometer 14 . Hysteresis and backfield remanence curves were measured on ; 50 mg dry samples by using a ''Micromag'' alternating Ž gradient force magnetometer Princeton Measure-. ments Corporation , and the S -ratio Ž. yIRM rIRM was calculated for each sam-y0.3T 1T ple. The main mineral-magnetic changes in the LT sedimentary sequence closely correspond to litholog-Ž. ical changes Figs. 2 and 3 . Late Pleistocene silty clays are associated with high values of strongly concentration-dependent magnetic parameters such as k, IRM or ARM. The effect of porosity and water content on the volume-normalized changes of k, IRM or ARM was checked by comparing k with the x of dried sediments, as determined from hysteresis lf data: both parameters generally indicate the same Ž. downcore changes with the same magnitude Fig. 3 , which indicates little contribution of the water content on the observed changes. Ž. The upper Holocene peat 0-250 cm is charac-Ž y3 . terized by relatively low k -10 SI units , ARM Ž y4 y1 .Ž y3 y1 . -5 = 10 A m and IRM -7 = 10 A m Ž. values. High S-ratio values ) 0.9 and hysteresis Ž y1 parameters H -11 kA m ; H rH -4 and cc r c . M rM -0.2 indicate a low-coercivity magnetiters Ž. like signature Figs. 2 and 3 . Late Pleistocenerearly Holocene lacustrine silty Ž clays ca. 35 to 6 C kyr BP have higher k values and contain more complex magnetic signatures, as shown on Fig. 3 for core T-II. S-ratio values, which range from 0.2 to 1, suggest important changes in the Ž. relative concentration of high-coercivity Fe III minwx erals such as hematite or goethite 15 . Lower S-ratio Ž. Ž y3 . -0.7 and k values -10 SI are observed at ca. 300-380, 550-600, 1000-1280 and 1370-1540 cm. These zones likely correspond to enrichments in Ž. high-coercivity Fe III -oxide phases. Ž y3 . The higher k ) 5 = 10 SI values from the remainder of the record are generally associated with Ž. high S-ratio values ) 0.9 . The corresponding laminated sediments are enriched in authigenic siderite

Fig. 5 .

 5 Fig. 5. Binary plot of M r M and H r H . Data are from peats rs c rc Ž. Ž . black dots , laminated siderite-rich sediments open squares and Ž. oxic lacustrine sediments crosses . SDssingle domain; PSDs wx pseudo-single domain; MDs multi-domain, after Day et al. 16 .

  , plots of k vs. S-ratio and M vs. H clearly indicate that sc r Ž. low-coercivity titano-magnetite-bearing sediments correspond either to peaty sediments with low k and M or to laminated lacustrine silty clays with high k s and M . In contrast, high-coercivity hematite-or s goethite-bearing sediments generally correspond to intermediate k and M values. s Because k and M values are respectively ; 1000 s and ; 200 times higher for magnetite than for hematite, the low-temperature oxidation of magnetite Ž. Ž . into Fe III -oxyhydr oxides will decrease these parameters to lower values. At Lake Tritrivakely, the Ž. primary detrital fraction is enriched in Fe III -oxides Ž wx . from well-developed oxisols e.g., 17 . For example, S-ratio values from present-day soils do not exceed 0.85, a value which indicates at least 80% of hematite in experimental magnetite-hematite mixwx tures 18 . The high coercivity of LT sediments thus indicates the occurrence of oxic depositional environments which allow the relative preservation of Ž. Fe III -oxides. In contrast, given the detrital origin of Ti-Al magnetic oxides, the absence of a significant high-coercivity component in the LT Holocene peat Ž. or in laminated siderite-rich sediments S-ratio) 0.9 Ž. likely reflects the dissolution of Fe III -oxides. Theowx retical and experimental studies 19-21 and obserwx vations of lake sediments 13 show that iron reduction processes under anoxic conditions result in the dissolution of ferrimagnetic iron oxides, primarily Ž. Fe III -bearing particles such as goethite and hematite. In present-day eutrophic and peaty environments, dissolution processes are strong enough to remove most of the ferrimagnetic iron oxides from wx the sediment 22 . This produces very low values of k and M , as observed in the LT Cyperaceae peat. s () D. Williamson et al.r Earth and Planetary Science Letters 155 1998 205-219 212 Ž Fig. 6. Binary plot of S-ratio vs. k and H vs. M see text forcr s . explanation .

Ž. 2

 2 In slowly deposited ''oxic'' sediments from ephemeral shallow-water environments, detrital ferric oxides have been relatively preserved, resulting in Ž. Ž . high H rH values ) 4 and low S-ratios -0.9 , anoxic siderite-rich laminated sediments from permanent freshwater and meromictic environwx ments 10 , relatively strong erosional processes resulted in the rapid burial of organic matter and high concentrations of detrital iron-bearing minerals which Ž. favoured the dissolution of ferric high coercivity iron oxides and the precipitation of authigenic siderite.The resulting sediments contain relatively high concentrations of magnetite and they have high k Ž y3 .Ž 2 y1 . ) 10 SI and M ) 10 mA m kg values. s As shown in Fig. 3, nine ''high coercivityrlow susceptibility'' zones indicate periods of oxic conditions and low terrigenous inputs in the sedimentary Ž. record from core T-II odd numbers . In contrast, Ž nine ''low coercivityrhigh susceptibility'' even . numbers zones indicate periods of increased dissolution and erosion in meromictic environments. These results suggest a marked instability of the lacustrine environment throughout the late Quaternary.

  et al.r Earth and Planetary Science Letters 155 1998 205-219 213 Ž. Fig. 7. The five k records from the Lake Tritrivakely cores LT, T-I, T-II, T-III and T-IV . Cores T-III and T-IV only recover some missing intervals from the other cores. A common depth-scale, based on core T-II, was determined after correlation of the different profiles. Also Ž. shown are the correlation coefficients r between the respective sets of k data.

Fig. 8 .

 8 Fig. 8. Core T-II age vs. depth profile after correction of the 14 C ages to calendar ages. Also shown is the apparent deposition rate Ž. heaÕy line .

wx 14 28 ,

 28 as obtained from the coupling of C and uranium series measurements on the same corals: 14 calendar age s 1.24 C conventional date y 840

8 .

 8 core T-II depth scale was converted into a time-scale by assuming constant accumulation rates between two successive calibrated ages. The resulting depth-age profile indicates variable deposition Ž rates, with intermediate to high values 0.3-0.9 . mmryr . Dramatic decreases in apparent deposition Ž. rate -0.1 mmryr are suggested for core T-II Ž. between 455 and 411 cm ; 22 and 16 kyr and at Ž. ; 350 cm between ; 15 and 7 kyr , which is probably indicative of discontinuous sedimentation Ž. and erosion in these oxidized low S-ratio depth-intervals. Environmental change during the last 46 kyr Ž. k stacked and S-ratio are shown versus age in wx Fig. 9 with TOC 29 , Cyperaceae and Ericaceae wx pollen percentages 10 . The stacked k record was obtained by averaging all the susceptibility values at Ž 200 yr time intervals as projected on the T-II depth . scale .

  kyr indicate increasing contributions of the terrigenous components. These relatively ephemeral and shallowroxic depositional environments seem to culminate between and 17 and 16 kyr, as documented by maximum susceptibility Ž y2 .Ž . values ) 10 SI , low S-ratio -0.7 and mini-Ž. mum TOC content ; 4% . Low apparent deposition () D. Williamson et al.r Earth and Planetary Science Letters 155 1998 205-219 216Ž. rates -0.1 mmryr; Fig.8suggest that deposition was not continuous and that erosion may have occurred during drier sub-events. The abrupt increase of Cyperaceae in this interval indicates the development of subaquatic vegetation on the lakeshores.From ca. 16 to 15 kyr, an abrupt increase in Ericaceae suggests the occurrence of a cold and wet climatic event. The corresponding low k values Ž y4 . -5.10 SI reflect dilution of terrigenous inputs wx by biogenic components 10 . The calculated deposi-Ž. tion rate ; 0.5 mmryr is consistent with near-continuous deposition, although the persistence of high-Ž. coercivity phases S-ratio -0.7 indicates oxic environments during this period. The late PleistocenerHolocene transition at Lake Tritrivakely is defined by strong lateral changes of condensed deposition between ca. 15 and 7.2 kyr. Ericaceae percentages decrease progressively and reflect a large and general warming, as expected. This time-interval is only covered by 5 cm thick oxidized clayey sediments in cores T-II or T-1, and a similar 31 cm thick layer in core LT. The three calibrated ages from this interval in core LT indicate Ž. very low deposition rates -0.01 mmryr . This could be explained by the occurrence of several hiatuses of short, but undetermined, duration. Core Ž y3 . LT sediments with high k values ) 5.10 SI indicate a strong terrigenous contribution. The diatom flora indicate the occurrence of circumneutral swamps which tend to evolve toward an acidic bog wx between 8.1 and 6.4 kyr 10 . As shown by ex-Ž. tremely low S-ratio values -0.5 , oxic environments seem to culminate around 7 kyr. The middle to late Holocene period is characterwx ized by the dominance of peaty environments 9 , Ž. with high TOC values ) 20% and high Cyper-Ž. aceae pollen percentages ) 40% . The low mag-Ž y4 . netic susceptibilities k -5.10 SI and PSD-like Ž. hysteresis behavior H rH f 3; M rM f 0.15 of cr c r s Ž. these peats result from: 1 dilution of terrigenous Ž inputs by dominant organic components ) 50% of .Ž . the dry sediment ; and 2 from dissolution of iron wx oxides in reducing and acidic conditions 22 .

;

  30 kyr. Quantitative temperature estimates from wx palynological data in Equatorial Africa 30 inferred conditions cooler than present for the last glacial Ž. period y3 " 1.98C .The transfer of our time-scale to other sites, pollen and lacustrine records from Ž. wx Saltpan SP in South Africa 31 and from Ž. speleothems in Botswana CC and South Africa Ž. wx LOB 32,33 indicate warm and wet climates around ; 44 kyr, moderately cool and dry conditions prior to ; 35 kyr, and dry conditions until the mid-Holo-

Fig. 10 .

 10 Fig. 10. A comparison of the Lake Tritrivakely paleoenvironmental record with other paleoclimate proxies from southeast Africa Ž.X Ž. see Fig.1. LT s Lake Tritrivakely, 19847 S this study ; LM s

.
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		D		()	
	Table 2				
	EDAX probe analyses of magnetically extracted minerals		
			Ž. Fer Fe q Ti q Al	Ž. Tir Fe q Ti q Al	Ž. Alr Fe q Ti q Al
	Present-day soil	Ž. mean n s 8	0.63	0.13	0.24
		s	0.16	0.08	0.16
	Core T-II	Ž. mean n s 5	0.64	0.16	0.20
	900-1000 cm	s	0.07	0.11	0.06

  . :

	y6 calendar age sy5.85 = 10	Ž	14	C conv. date	.	2

14

q 1.39 C conv. date y 1807

  1 . LT s Lake Tritrivakely, 19847 S this study ; LM s 12 kyr 34,35 , suggesting that there is no straightforward evidence for a widespread aridity south of 88S in East Africa before ; 12 kyr. The age of 15 kyr closely matches with the major sea-ice retreat wx from the North Atlantic 38 . Neither the abrupt decrease in aridity over the Southern Hemisphere at wx 14.6 kyr 39 nor the strong increase of moisture over wx Equatorial Africa after 10 kyr 40 are observed in the LT record. Warm and dry conditions in the Ankaratra mountains persisted until ; 7 kyr, at the end of the early to mid-Holocene climatic transition wx 43 . From ; 7 kyr, the Holocene continental glaciers

	() D. Williamson et al.r Earth and Planetary Science Letters 155 1998 205-219	217
	Ž. cene Fig. 10 . No evidence for wet conditions is	
	found in this region between 35 and 32 kyr.	
	The tendency toward drier conditions in LT from	
	30 kyr contrasts with the onset of a humid period	
	which lasted until ca. 11.5 and 13 kyr in Lake	
	Ž. Ž Malawi LM 14830 S 34 and in Wonderkrater X . wx	
	Ž. Ž WK 24830 S 35 , respectively. At the end of this X . wx	
	Ž. dry period especially between 22 and 17 kyr , our	
	data document the existence of an ephemeral swamp	
	in LT. This time-interval falls in the coldest period in	
	the region, and coincides with one of the major	
	Ž. advances of mountain glaciers ; 18-16.5 kyr in	
	wx the Southern Hemisphere 36,37 .	
	Between ca. 17 and 7 kyr, our data indicate	
	discontinuous deposition and oxic ephemeral water	
	bodies, especially from 15 kyr. In contrast, relatively	
	humid conditions persisted in southeast Africa before	
	wx ; wx retreated in South Georgia Island 44 and the	
	warmest estimated air-temperatures in Antarctica oc-	
	wx curred 45 .	
	In southeast Africa, the advent of moister condi-	
	tions seem to have occurred from ; 7.8 kyr, likely	
	reflecting the orbitally induced increase of summer	
	wx insolation over the Southern Hemisphere 40 . A	
	greater proportion of summer rainfall is suggested in	
	this region from ; 5.8 kyr, especially between ca.	
	wx 3.8 and 2.6 kyr 41,42 .	

X wx X wx Lake Malawi, 9830 S 34 ; WK sWonderkrater, 24826 S 35 ; X wx X wx SP sSaltpan, 25834 S 31 ; LOBs Lobatse, 25830 S 33 ; CCs wx Cango Caves, 348S3 2 .
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