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Abstract

We here report a reconstruction of hydrologicabhek variations in Northern Brazil
for the last 20 ka deduced from th® values of aquatic and land plant molecules etarthc
from the sediment infill of Lake Cacd. Our reconsted precipitation, lake water isotope
ratio and evaporation-evapotranspiration isotodecefallow us to obtain an estimate of
moisture balance, and, to a lesser extent, pratigit amount and seasonality changes.
During the end of the Last Glacial Maximum (LGM,tlween ca. 20 and 17.3 ka), higb
values and smaller fractionation of leaf waxesdath an arid to semi-arid climate with a long
lasting dry season. An abrupt change towards muettenconditions occurred within ca. 500
years from 17.3 to 16.8 ka, as shown by a 50 %«edeerin D/H ratios and a marked increase
in H isotopic fractionation of leaf waxes. This apt isotopic change coincides with a major
transformation from savanna-dominated vegetatiorhumid rain forest around the lake,
based on pollen data. Comparisons with other pateoipitation records from South
American sites indicate that late glacial humiddibans were controlled by intensification of
the ITCZ and/or a southward shift of its mean positicross our study site. Our isotope data
show only a small rise in aridity during YoungeryBs event (13 to 11.5 ka). Although the
Holocene was not screened in details, D/H ratiotewgstrial and aquatic compounds show
near constant offsets, suggesting stable and velathumid climate conditions during this

period.

Keywords. hydrological balance, relative humidity, seasogalfouth America, hydrogen

isotope ratios, lake sediments, Lake Cago, D/H.



1. Introduction

The tropics are key areas for past and presentatdintlynamics because this region is
the main heat engine and water vapour source oE#mh. Recent studies indicate that past
variations in the water vapour cycle over tropisalth America are closely related to oceanic
and atmospheric circulation patterns at globales¢@eterson et al., 2000; Wang et al., 2004,
Cruz et al., 2005). Nonetheless, there is not ydéar consensus on the role of the tropics in
driving global climate variability and on the pdssi extratropical feedbacks (Stoecker et al.,
2003). An important atmospheric system that costtbe tropical climate variations is the
InterTropical Convergence Zone (ITCZ). Previousdss have indicated that the mean
positioning of the ITCZ has shifted significantlp seasonal, decadal and longer timescales
(Martin et al., 1997; Ronchail et al., 2002; Waricak, 2004). In order to track past ITCZ
shifts and changes in intensity, we have explohedsedimentary infill of Lake Cacoé. This
lake is located in Northern Brazil, on the easttge of Amazon rain forest, where the ITCZ
shifts from its winter to summer position (Fig. 1i).is therefore highly sensitive to mean
positioning of the ITCZ.

There are major controversies remaining on the roenge of wet/dry episodes in
South America and their impacts on continental gstesns, biological diversity and
biogeochemical cycling (CKH CO, and HO). For example, a globally drier climate is
suspected for the LGM. The extent to which this pagedly dry episode impacted the
Amazon rainforest surface is strongly debated (@alux et al., 2000; Turcq et al., 2002).
Similar to the LGM, the tropical extension and ugfhce of the Younger Dryas (YD) cold
reversal, as defined in the Northern Hemispheneoidully elucidated in the South American
tropics.

Most of these controversies arise from the laclpertinent parameters allowing the

guantitative estimate of humidity changes. For ansé, broadly defined pollen classes



include several taxa that can colonize various ththiFurthermore, pollen data are
interpreted as changes in vegetation distributioet are affected by atmospheric pCO
temperature, humidity and soil properties, thusidiag any quantitative reconstruction.
Similarly, marine sedimentary cores record regiooahditions inland and buffer spatial
discrepancies.

In order to address the question of humidity vaotet in Southern America since the
last deglaciation, we apply for the first time ietSouth American tropics the combination of
hydrogen isotopic compositio®D)? of aquatic and land plant molecules preserved lake
sediments. As it has recently been shown,dbevalues of sedimentary palmitia@;s) and
behenic KCy,) acids as well as short chamalkanes capture th8D of meteoric waters
(Huang et al., 2002, 2004; Sachse et al., 2004;dd@l, 2006), that is related to precipitation
amount in the tropics (Dansgaard, 1964). ®bBeof leaf wax lipids produced by land plants,
such as triacontanic acieh@zg) and other long chain fatty acids (Eglinton andmiieon,
1967), although dependent on @i2 of meteoric waters (Sachse et al., 2006), is affected
by evaporation and transpiration processes (Saual,€001; Liu and Huang, 2005). As a
matter of fact, théD of leaf wax lipids has been recently used tokitagmidity changes in
tropical Africa from marine sediments (Scheful let 2005). In a first approximation, the
fractionation factor between tl® values of lipids from land plants and the caltedadD
values of water allows us to estimate evapotraaspir. Here, we present the first hydrogen
isotopic record from Lake Cagd sediments in Nodhktern Brazil covering the last 20,000
cal. yr, which brings new insights into the internecting mechanisms between ocean-

atmosphere-continent in the tropics.

3D = [D/Hsampie/ D/Hstandara- 1] X 1000. VSMOW is the standard D, expressed as permil (%o).



2. Settings

The study site (Lake Caco, Maranhad State, Brazilpcated about 80 km from the
Atlantic coast and close to the Equator (Fig. &S, 43°25'W and 120 m above sea-level).
The local present-day climate is tropical humidhwitonounced seasonality. Average rainfall
annually reaches 1500 mm and mostly occurs duhiegrainy season, from November to
May (see Ledru et al., 2006). Rainfall distributiand river discharge in this region are
impacted by the seasonal migration of the InteritapConvergence Zone (ITCZ; Figure 1;
Hastenrath, 1990). ModeBD of precipitation in Sao Luiz (the closest IAEA/WD station),
range from -10 %o (during austral summer) to 0 %difty austral winter). The mean annual
temperature is 26 °C. The lake (surface: ca. 2.5 kolume: 8.6 1®0m®) occupies a former
river valley within a dune field and collects watdrom a watershed of ca. 15 km2. The
maximum water depth recorded is 12 m during the seeison and ca. 11 m during the dry
season. The lake is river charged during the raggson and both river and groundwater
charged during the dry season. The outflow rategen average 0.4 s, the calculated
turnover time of waters is ca. 0.65 year. Modermgetation that is governed by dune
dynamics and topography ranges from littoral stepgugetation festingd to sandy savanna
“cerrado” with “restingd species admixed (Ledru et al., 2001). Most of tmemary

production from terrestrial and aquatic plants es@uring the rainy season.

b |AEA/WMO : International Atomic Energy Agency/Worldeteorological Organization (2004). Global

Network of Isotopes in Precipitation. The GNIP Dtse. Accessible at: http://isohis.iaea.org



3. Sample collection and lipid analyses

Core MA-98-3 (6m long) was collected in 1998 in thildle of the lake (10 m depth)
with a vibracorer (Martin et al., 1995) and keptlan5°C until analysis. We have observed
some compaction in the first meter of sediment thet water-sediment interface has been
preserved. 31 two centimetre thick samples welects for this study. The samples were
oven-dried at 50°C for 12 hours before crushing.

The method for lipid preparation is the same asriesd in Huang et al. (2002) and
Hou et al. (2006). Two grams of powdered sedimasrewsed for free lipids extraction using
an accelerated solvent extractor (ASE200, Dionexph wCH,Cl,:CH;OH (1:1). The
carboxylic acids were separated from the total aettrusing solid phase extraction on
Aminopropyl Bond Elute© cartridges according to Hgaet al. (1999). Then, they were
converted into fatty acid methyl esters using ambys 2 % HCI in CHOH. Hydroxyl acids
were removed using silica gel column chromatograpitly CH,Cl, in order to further purify
the fatty acid methyl esters and avoid chromatdgagoelution.

The dD andd'*C measurements of individual fatty acid methyl esteere performed
by GC-C-IRMS according to Huang et al. (2002) arau k¢t al. (2006). A Hewlett Packard
6890 GC interfaced to a Finnigan Delta+ XL staldetope spectrometer through high-
temperature pyrolysis and combustion reactors weesl for hydrogen and carbon isotopic
analysis. Ultra high purity hydrogen and carborxitie gas with knowdD and&"°C values
were pulsed three times at the beginning and endach analysis. The sHactor was
determined daily.

The accuracy of hydrogen isotope measurements walgated using a mixture of
four n-alkane standardsnCis, NCis, NCy, and nCsp) with offline measureddD values
(acquired from Arndt Schimmelmann, Indiana Univg)siThis mixture was analysed every

6 injections and the standard deviation for theséopic standards was on average less than +



4.5 %o during the course of this study. Becauseethiesults were satisfactory, we did not
proceed to a normalization 8D results.

The reporteddD and 3C values for fatty acids methyl esters were coegdby
mathematically removing the isotopic contributioh carbon and hydrogen atoms added
during methylation. Th&D (-123 %o) andd™>C (-35.62 %o) values of the added methyl group
were determined by acidifying and then methylatimg disodium salt of succinic acid with a
predeterminedD and 5'°C values (using TC/EA-IRMS). Triplicate (for dedten) and
duplicate (for>C) analyses of the samples resulted in an overatligion better than + 3 %o

(3D) and + 0.35 %{3"°C) for nCy¢, NC,, andnCso fatty acid methyl esters.

4. Results
4.1. Age mode

The age model (Figure 2) is constrained by sixaeatibon ages (Table 1) that have
been performed on bulk organic matter by accelamatass spectrometry (AMS) at the Beta
Analytic Laboratory (Florida, USA). Due to the pawil cover presently found in the region,
and the globally dry climate experienced in thaaegluring the last 20 ka, we consider that
few or even no aged organic carbon contributetiécsediment. In addition, the substratum is
exclusively made of inorganic sand dunes (quartz kaolinite) and, locally, laterites, in the
region. This excludes a contribution from fossigamic matter. Interpolated ages were
calculated using the intercept of the mean conwgaatiage interval with the calibration curve
of **C (CALIB version 4.3, Stuiver and Reimer, 1993;i@u et al., 1998). In combination
with radiocarbon dates obtained on other corededriin the lake centre (Sifeddine et al.,
2003; Ledru et al., 2005) we assume the sedimentatintinuous over the record with mean
sedimentation rates from 0.15 to 0.24 cm/yr in ltweer half of the core and from 0.01 to

0.05 cm/yr in the upper half of the core.



4.2. Downcor e variations

The dD variations for palmitic Dpa), behenic §Dga) and triacontanicdDra) fatty
acids as well as thed*>C values are plotted against time in Figure 3. dmvenience, the
3D values (% VSMOW) and'*C values (%o VPDB) are given as %o (per mil) in thgtt

The 8"°C values fomCys fatty acid start at ca. -24 %o in the oldest sampled then
decrease down to -32 %0 around 12 ka before ingcrgasp to -29 %. at 8 ka and then
remaining stable. The general tredepicted by behenic acitl’C values is comparable to
that of palmitic acid. However, a mean isotopiciémment of ca. 6 %o for behenic acid as
compared to palmitic acid is recorded in samplesnger than 17 ka.dC values for
triacontanic acid average -31 %o in the 20-19 karirdl, reaches up to -29 %. between 19 and
17 ka and then remains around -32 %o until present.

0Dpa values range from -240 to -160 %.. The 20-19 kerirgl shows strong variations
in dDpa between -240 and -190 %o. Thépa values remain around ca. -190 %o between 19
and 17 ka and around -180 %o from 17 to 13.58¥a values become lower between 13.5
and 11.8 ka (-190/-200 %o) before slightly incregsup to -180 %0 at ca. 11.5 ka. For more
recent samples, the values progressively decrease-180 %o, down to -200 %&Dga shows
a comparable trend &PDpa With @ mean enrichment of ca. 40 %.. The detailégrénces
between the two records will be discussed in paggr5.3. ThedDra values are higher
during the 20-17 ka time interval as compared tonger samples (average -128 %o, compared
to -157 %o, respectively), the highest values begwprded around 17 ka. A slight increase in
0Dta values up to -150 %o occurs around 12-13 ka andetdffthe YD. This increase is
followed by a minima oBDra (-170 %o) at 11 ka. From 10 ka to the present, B@th, and

0Dpa slightly increase up to ca. -160 and -190 %o, respely.



5. Discussion

5.1. Origin of palmitic, behenic, and triacontanic acids

Previous results acquired from bulk and moleculeocpemistry attest to a large
contribution of higher plant organic matter to gediment (Jacob, 2003; Jacob et al., 2004,
2005). However, the use of molecular markers alléovsdistinguishing between different
source organisms within a complex organic matter.

Triacontanic acid, as other long chawalkyl lipids, originates from leaf epicuticular
waxes (Eglinton and Hamilton, 1967). High’C values (ca. — 30 %o) recorded from 20 to 17
ka for this compound attests to a great contrilboutcd C4 plants and/or lower stomatal
conductance of C3 plants due to dryer conditioreydhar et al., 1989). After 17 ka, the
vegetation mainly consists of C3 plants as attelsterhther lowd™C values for triacontanic
acid.

Behenic acid, as well as other mid-length chaailkyl lipids, is mainly derived from
aquatic macrophytes (Ficken et al., 2000). In thsecof Lake Cacd, emergent aquatic
macrophytes are abundant and mainly considklebcharis sp(spike-rush), a Cyperaceae
that develops around the lake between 1 and 3 i déacob, 2003).

Palmitic acid is produced by most organisms. Néwtetss, it has been shown that this
compound is rapidly degraded in leaves or litteremvproduced by higher plants (Marseille
et al., 1999; Bourdon et al., 2000; Disnar et a005). Therefore, higher plant-derived
palmitic acid is unlikely to reach the sedimentdéminantly aquatic origin for palmitic acid
in lake sediments is further supported by the that dD values of this compound found in
lake surface sediments track lake waiBrvalues in 33 lakes in the Eastern North America
(Huang et al., 2002). Furthermore, the evolutiondbf and 3*°C values for palmitic and

behenic acids show comparable trends, distinct ftbowse of triacontanic acid, hence



indicating a common reservoir different from thagehigher plants both for hydrogen and
carbon.

The difference in carbon isotopic discriminationoeled between the end of the LGM
and more recent samples by both palmitic (ca. 305%9 and behenic acids (ca. -24/-36 %o)
is coherent with a similar shift displayed by &éC of phytoplanktonic lipids in an African
tropical lake (Sacred Lake, Kenya; Huang et al99)9Increased™C values for palmitic and
behenic acids at the end of the LGM are attribtweldwer atmospheric pCGQand higher pH
leading to inorganic carbon limitation (low dissed CQ) in the lake waters. Lower lake
level and smaller volume may have also induced ienttr concentration and higher
productivity, causing further draw down of dissalvend CQ and highe®"*C values of algal
biomass. During the late glacial and after, higf@©,].q due to higher dissolved GO
favoured the isotopic discrimination by aquaticamigms, leading to lowey*C values. This
isotopic effect was enhanced by a stronger carbpntifrom C3 plants to the lake that
entailed a lowering of th&C values of DIC in the lake waters, via reminegiian of

organic carbon.

5.2. Uncertaintiesin linking D of lipidswith environmental parameters

The complex way allowing an isotopic signal depagdon a given set of climatic
parameters to be preserved in sedimentary lipidsimsmarized in Figure 4. Although non-
exhaustive, this diagram allows understanding tifferdnt factors that influence the final
isotopic signal in sedimentary archives, and tleeefthe sources of uncertainty. These can

be divided into environmental, biological and gepidal factors.
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5.2.1. Environmental factors

Environmental factors controlling the hydrogen agt composition of water used by
organisms for lipid biosynthesis are the same asettaffecting th&'°0O composition of water
used for carbonate precipitation. These factorseHasen reviewed recently in Leng and
Marshall (2004). ThéD of rainfall for a given region is dependent oe 8D of the source
water (the ocean), isotopic effects due to tempezadnd latitude, continentality and altitude
but also the amount of rainfall and the seasonafifyrecipitation. Since Lake Caco is located
in the tropics, close to the Atlantic Ocean anc dbw altitude, thedD of precipitation is
mostly dependent on the amount and seasonalityiofatl. Then, meteoric waters suffer
runoff, infiltration and recharge of aquifers. Tisetopic composition of soil water is affected
by evaporation and transpiration processes thainéteenced by wind speed, insolation and
vegetation cover. If théD of lake waters is considered, the limnology o thke must be
taken into account (von Grafenstein, 2002: Leng ®tadshall, 2004) Wherever the lake
waters are in steady state (i.e. reflect the isotopmposition of rainfall) depends on the ratio
between the watershed and the lake surfaces, thever time of water in the lake and

evaporation processes.

5.2.2. Biological factors

The soil or lake water is then used by organismgHeir biosynthesis. The isotopic
fractionation between plant water and environmewiter depends on physiological factors
affecting water uptake, transport and evapotraaspir, considering aerial plants for this
latter (Sessions et al., 2006; Smith and Freem@66)2 The main isotopic fractionation
occurs during lipid biosynthesis, depending on yndisetic pathwaysnalkyl lipids versus

isoprenoids for example) and compartmentalizatidnwater use. This leads to net a

11



biological fractionation of more than 150 %. betweenvironmental waters and lipids

(Sessions et al., 2006 and references therein).

5.2.3. Geological factors

Organic matter produced from different sources witthe watershed is then
transported towards the lake and suffers diffeaéntlegradation. It is mixed with
autochthonous organic matter within the water colubefore entering the sediment.
Considering these phenomenon, it is worthwhile antiag for the residence time of organic
matter within each compartment, inducing a delasgabrd of the sedimentary archive to
climatic variations. In conclusion, the sedimentegrates organic-derived paleoclimatic

information in both time and space.

Despite these numerous pitfalls, one can assumeotiginal isotopic signals are
preserved within sedimentary organic matter, hat the correlation between thB values
of sedimentary lipids and theD values of past environmental waters is dependantew
variables that can be constrained by using lipfddisiinct origins. The challenge remains to
deconvolute these different effects and to rectrtstipast climate variability. It is what we

tried in the following discussion.

12



5.3. Paleocenvironmental inter pretation of compound-specific isotopic trends

Interpretation of our isotopic records from Lakec@as based on a number of
established relationships and/or assumptions:

(i) Consistent with surface sediment calibratioonir eastern North American lakes,
oD values of palmitic dDpp) and behenicdDga) acids record the lake water isotope ratios
(Huang et al., 2002, 2004; Hou et al., 2006). Tévastant D/H fractionation factor is 0.829 +
0.014 between palmitic acid and lake waters (Huetrad., 2002) and 0.8681 between behenic
acid and lake waters (Hou et al., 2006). For thisrlan error of = 0.0414 is assumed. This
value corresponds to the maximum discrepancy ferhenic acid/lake water fractionation
factor between the slope and the intercept of didbration curve described by Hou et al.
(2006). The hydrogen isotopic composition of thkelavaters is calculated fro®Dpa as
follows:

SDuwaipa = (3Dpa + 170) / 0.829
and fromdDga as follows :

SDyatsa= (BDea + 136.4) / 0.8681
The reconstructed hydrogen isotopic evolutionshef lake waters are reported in Figure 3.
Considering for each value the analytical erf®ra andAdDga) and the error affecting the
isotopic fractionation factor (0.014 for palmiticid and 0.0414 for behenic acid), the
resulting errors are calculated as follow:

ABDyapa = (ASDpax 0.829 + 0.014 3Dpyp) / 0.8292

and

A5DWmBA = (AéDBA x 0.8681 + 0.0414 6DBA) /0.86812

ODwaipa Values between 20 ka and 17 ka are highly varialilein a -85 / -20 %o

range. Then, and up to ca. 13.5 &,..pa Values are relatively constant above -20 %o. After

13



the 13.5-11.8 interval characterized by values folvan -20 %0,0Dyatpa Values raise at ca. -
15 %o in a single sample before decreasing dow%50%. and then increasing towards -20

%o0. The variations 0dDasa Values are less marked except in the 20-17 kavate

Although dDyaipa anddDyatsa records are in general agreement, again indicatiag
palmitic and behenic acids both record the isotapioposition of the lake waters, the best fit
between the two curves occurs for samples belonginghe 17-13 ka interval, that
corresponds to the most humid conditions recoraiethé region for the last 20 ka (see
paragraph 5.3.2.). Higher valuesdsa relative todDyapa recorded in the other intervals
are not well understood although they could reBoln an enrichment in deuterium due to
evapotranspiration affecting emerged plants (th@pssed producers of behenic acid), when
lake level lowers. Therefore, we use Bi&,,: derived fromdDpa (dDwatps) @s an estimate of
the 8D values of the lake waters. In the tropics, thennparameter that controls tl® of
meteoric waters is the amount of precipitation (@amt effect”; Dansgaard, 1964). This
parameter is therefore used as an estimate ofgiaan, with highdDapa Values indicating

reduced precipitation and reversely.

(i) We assume that lake water fnean annual precipitation) represents the waksl us
by land plants, since there is currently no alteveao reconstruct groundwater used by land
plants. The variations iarawat, the fractionation factor betwe@®ra anddDyatpa (ATamwat =
[8D1a+1000]/[dDwatpat1000]), result from the enrichment of leaf wat@msdeuterium as
compared to meteoric waters. Higherawa: Values result from higher soil evaporation and
leaf transpiration (Huang et al., 2004; Sachsd.ef@04, 2006; Hou et al., 2006). Error bars
displayed on therawat CUrve in Figure 3 are calculated by combiningdhalytical error on

ODta and the calculated error @D atpa as follow:
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AOTamat = (AaDwatpr (6DTA + 1000) + 6DwatPA+ ]_OOO)X AéDTA)/ (6DwatpA+ 1000)2

Otawat Values are high (between 0.9 and 0.94) during thh@ 2ka period. After a
sudden decrease down to 0.86awat Values remain stable around 0.85 up to 13.5 ka. Th

13.5-11.8 ka interval is characterized by slightlgher coefficient (ca. 0.867) that remain

around this figure in more recent samples, exaapsihgle points.

(iif) The dDta parameter is affected both P, and by soil evaporation and leaf
transpiratiorthat cause a deuterium enrichment of plant leaExvdience the value is higher
under low relative humidity conditions and reveys@fapp and Epstein, 1982). In order to
decipher relative changes in relative humidity, w@nverted differences i®Dta into
differences in relative humidity, using the equatiof Yapp and Epstein (1982)Draa -
ODtap = 124 (h-hp). dD1aa anddD1ap are thedDra values during periods a and b andahd
hy are the relative humidity that prevailed duringés a and b. If this relationship, which was
established for a single species at a given tirae,be directly applied to a whole ecosystem
(without taking account differences in evapo-trarsgn due to forest/savanna successions
for example) and remains valid over longer periatisallows us obtaining an order of
magnitude for humidity changes. Since this appraacdes a large number of uncertainties,

we did not report any uncertainty estimate.
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5.4. Evolution of climatic conditionsin theregion

5.4.1. Theend of Last Glacial Maximum

High dD+1a values (mean = -129 %o) during the 20-19 ka inte(zagure 5a) result
from a reduced hydrological balance (i.e. lessipr@tion and more evaporation leading to
dry conditions). Using the equation of Yapp and tBips (1982), the relative humidity is
reduced by ca. 30 % at this time, when referrinthelate glacial interval (e.g., 15 ka), taken
as a reference (100 %). The rather BYIC for palmitic acid at this time most probably résu
from carbon limitation in the lake waters due tg/drid conditions in the surrounding area.
The highly variabl&@Dyaipa (~ from -84.87 to -19.49 %o; Fig. 5b) and@awa: Values (~ from
0.89 to 0.94) during this interval indicate thaggdb conditions result from a combination of
high evaporation and severe rainfalls (Figure 5ph-8t fact, we interpret the |oWDyatpa
values during the 20-19 ka phase as resulting fepmsodic rainfalls. Sporadic but strong
showers during a short rainy season allowed thsteaxie of ephemeral lakes within sand
dunes (Jacob et al., 2004). Within these ephemakas, opportunistic phytoplanktonic
communities developed during the short rainy seaswhcaptured an isotopic signal attesting
to high precipitation. This short rainy season Va®wed by a long dry season with strong
evaporation rates, as indicated by the high figofesawat.

The 19-17.3 ka period is characterized by lowecipration than previouslydDwatra
increases up to ~ -34 %0) accompanied by still lgapotranspiration (meanramwa: ~ 0.91).
This suggests slightly drier conditions than befardh a maximum around 17.3 kéd{ra ~
104 %o). The calculated average relative humiditgrathis time period is reduced by 40 %
with respect to the late glacial period. We intetpghese results as a decrease of the rainy

season length and still high evapotranspiratioestat

16



Our results are in agreement with previous worlcores collected in the same lake (Figure
5d-e). The very low AP/NAP ratios (arboreal agaimgrbaceous pollens) during the
considered time span indicate sparse vegetationindded by grasses, typical of semi-arid
climate (Ledru et al., 2001; 2002). This is alspideed by low3"**C values for triacontanic
acid that attest to a strong contribution of Cdaand/or lower stomatal conductance of C3
plants (Figure 3). Increased quartz fluxes into sediment at these times result from the
intensification of eolian dune transport, a phenoomethat only occurs when the dry season
lasts more than four montfSifeddine et al., 2003). The presence of sandyhsuizontal to
oblique parallel laminations confirms the occureof flash floods during events of heavy

rainfalls.

5.4.2. The abrupt climate change at late glacial

Between 17.3 and 16.8 ka, a rapid transition freit/semi-arid conditions to humid
conditions is reflected in the large decrease®li, values. Then, during the late glacial
period (from 16.8 to 13.5 ka), the enhanced pr&atiph @Dyarra ~ -15 %0) and lower soil
evaporation and leaf transpiratiootfwat ~ 0.85) enables the establishment of humid
conditions §Dta ~ -160 %0). During this period, pollen results shaw increase of forest
percentages dominated by Myrtaceae (Figure 5d a froviding evidence for the
development of a humid forest, in agreement witlelofigures of triacontanic acid*C

values that reflect a stronger contribution of CGhs.

5.4.3. The Younger Dryas and the Holocene
Climatic conditions appear slightly drier duringeti3.5-11.8 ka time period, with
d0Dta values reaching -158 %o indicating relative moistteduced by 7 % as compared to the

late glacial. ThedDyapa Values exhibit a shift toward -21 %o coupled toh#tsof the aramwar
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values (maximum 0.87). These figures are intergrete sporadic showers during a shorter
rain season coupled with enhanced evaporationyr@sgdthe 20-19 ka interval, but to a lesser
extent. In the meantime lower AP/NAP ratios indéctite replacement of the humid forest by
open vegetation. It is worthwhile noting that toatanic acicdd*C does not exhibit a stronger
contribution of C4 plants at this time, as opposethe end of LGM. A sedimentary hiatus in
a marginal core is noted and corresponds to theriog of the lake level (Sifeddine et al.,
2003). This episode is also characterized by higjuartz fluxes, probably of eolian origin,
that point to a longer dry season (Sifeddine et24l03). During the period dated between
11.8 to 10 ka (PreboreabD1a, dDwatpa andaramwat Values reach similar figures as during the
late glacial, indicating similar hydrological cotidns and accompanied by a discrete increase
in arboreal pollen percentages. Then, &8s values slightly increase through the early

Holocene up to -161 %, illustrating a drying trend.

5.5. Regional integration within South American records

The changes in humidity evidenced in the sedimegichl sequence of Lake Cagd
provide the first continuous continental recorcharthern South America for the last 20 ka. It
allows improved chronostratigraphic correlation @her paleoenvironmental time-series
(e.g., vegetation changes) with our well-dated mr@od reconstructed paleohumidity.

Our results suggest that drier conditions prevadethe end of the LGM in the region
and attest to a probable reduction of the easterdeb of the rainforest. They are consistent
with the pattern of vegetation distribution propbder the LGM (Adams and Faure, 1998).
The drier mean climate probably originates fromeakening of the ITCZ and of the global
hydrological cycle during the LGM. Moreover, theosiger seasonality would indicate a
northward shift of the ITCZ due to a stronger petgrator temperature gradient in the North

hemisphere. The heavy rainfalls at the end of LGbuM be related to interannual climate
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variability during episodes when ITCZ, which was average at a northernmost position,
occasionally reached its present-day southerniposit

The late glacial humid period, which is marked Inyadorupt increase of precipitation
and humidity at ca. 17 ka around Lake Caco, is edsorded in the north-eastern region by
travertine and speleothem active phases (AulerSmdrt 2001, Wang et al., 2004; Figure
5g). It is also synchronous with the increase i fe/Ca ratio in a sediment core from the
north-eastern Brazilian continental margin, whichresponds to increased terrigenous inputs
related to more humid conditions in the hinterldRayure 5f; Arz et al., 1998; 1999). This
paleoclimate change is interpreted as a warmeswwgdace temperature episode that began
with Heinrich event 1 (Arz et al., 1998). This gitlxlimatic event provoked changes in
Atlantic Ocean circulation resulting in the intdtsition of the ITCZ and an increased
moisture transport to the north-eastern South Aradrinterlands.

The reinforcement of these humid conditions fromtd513.5 ka (e.g. the Bglling-
Allerad period), marked by the stability of moisturcorresponds to the beginning of
lacustrine sedimentation in Lake Carajas (Sifeddihel., 2001) and in several Brazilian
records (Sifeddine et al., 1998, Auler and Sma&®13. It is explained by a southward shift of
the ITCZ which could be related to a cold revensdahe Northern hemisphere while Antarctic
temperature remained stable (Fig. 5i, j).

The YD is marked by a weak decrease of precipitaéiod relative humidity that can
be attributed to more intense evapotranspiratiomerDconditions are also reported in the
Bolivian cordillera (van't Veer et al., 2000) A naction of 60 % of the Amazon discharge, as
compared to the modern flow, is noticed from theakon fan sediments (Figure 5h, Maslin
and Burns, 2000) and reduced precipitations inheont Amazonia (Peterson et al., 2000)
accompanied by the development of a dry savannanéged from the Cariaco Trench

(Haug et al., 2001; Hughen et al., 2004). Oppositdle YD has been interpreted as more
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humid from marine cores from northern Brazil (Figuf, Arz et al., 1999; Behling et al.,
2000). These results indicate a southern positioiT@Z which probably reached higher
Southern Hemisphere latitudes during the summahisf hemisphere than its present-day
shift. Based oD data, we interpret this period as resulting framshorter humid season,
which agrees with a southern position of ITCZ inthern Hemisphere summer.

The Preboreal period is characterized by reducedigtation and even more reduced
evaporation leading to more humid conditions in e.&acd region. This episode coincides
with active phases of speleothems and travertinestf in the State of Bahia (Figure 59,
Wang et al., 2004) that attest to a rapid returhwhid conditions in the north-eastern tip of

Brazil.
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6. Conclusion

Our results provide an estimate of the humidityiateons in a South American
tropical lake since the last deglaciation. By cammyy hydrogen isotope measurements on
aquatic and terrestrial lipids, we show the potgrf this approach to deconvolute the effects
of precipitation (amount and seasonality) and etrapspiration on the humidity. In addition,
this approach would allow in certain cases thenegtion of changes in seasonality of
precipitation, a parameter that remains hard taridisnate in paleorecords. Despite the
numerous approximations involved in our study @nétion in time and space of hydrological
processes, few controls on intimate physical, chamand biological mechanisms), the
outstanding correlation of our hydrogen isotopeords with independent data shows the
potential of this approach to track past hydrolafichanges in the tropics. Our ability to
track more sensible hydrological changes will depen future work on calibration that are
now required in the tropics.

The comparison with other proxy records for the esgrariod underlines the role of
ITCZ position in climate changes. ITCZ positionciantrolled by interhemispheric gradients
of temperature, insolation and ocean dynamics. aia suggest that abrupt changes in
regional climate in the tropics can be due to shiftthe ITCZ position. The sharp increase in
humidity at ca. 17 ka is thought to coincide witkiktich event 1. High humidity levels are
maintained up to ca. 13.5 ka and may be related ¢ooling of the Northern Hemisphere
while Antarctic temperature remained quite stal@ech conditions should push ITCZ
southward. The still high Southern Hemisphere sumingolation at that time also

contributed directly to this humid climate phase.
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Figurelegends

Figure 1: Location of Lake Cacéd site within the ot of present day potential vegetation types
encountered in northern Brazil. Open circles indidhe sites discussed in the text. The Lake Qagdr a
shrub savanna (cerrado) corridor inserted betwkerdty savanna (caatinga) to the east and the humid
rainforest to the west. The Present day positidrieeInterTropical Convergence Zone (ITCZ) durthg
austral summer (DJF) and austral winter (JAS) amgialed with a dotted black line. The trajectory of

moisture advection during austral summer is ilkistl with a white arrow.

Figure 2: Age model for core MA-98-3 and sedimeatatrates. The error bars represent the range of

calibrated ages.

Figure 3: Variations ob™C (a) anddD values (b) for palmiticdDpa), behenic §Dga) and triacontanic
(6D+,) acids along the 20 ka sedimentary record of Laked. The error bars correspond to the standard
deviation for duplicate &3C) and triplicate D) analyses. (c) Reconstructed hydrogen isotopic
composition of the lake waters frodDpp (ODwars) anddDga (ODywaa) @s calculated in paragraph 5.2.
Lower values are interpreted as higher precipma#od reverse. (d) Evolution of the fractionatiactbr
between lake water®D,.pp calculated fromdDpa) and triacontanic acidifaway). Higher values indicate
stronger evapotranspiration. VSMOW is Vienna Stashddean Ocean Water. VPDB is Vienna Pee Dee

Belemnite. PA is palmiticnCie) acid; BA is behenicnC,,) acid and TA is triacontanicnCsg) acid.

Figure 4: Sketch diagram illustrating the sourdesnzertainty when attempting to relate an isotggmal

measured on organic molecules retrieved form satdiamg archives with paleoclimatic parameters.

Figure 5: Comparison of the variations of paleotdityiin Lake Caco with other proxy records for thet
20 ka.a, The dDra is the 8D value for triacontanic acid, synthesised by trial higher plants. It is

interpreted as a proxy of relative humidity. Highratues correspond to drier conditions and revédxséhe

ODyatpa (8D of meteoric waters) is calculated from thg of the palmitic acid Dpp) using a constant

fractionation factor of 0.829 (see text and Huabglg 2002). Low figures odDyatpa correspond to
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abundant precipitatiort, OTawat is the coefficient of isotopic fractionation of hpgien between leaf wax

lipids and meteoric waters. High valuesoaoh/wat correspond to intense evapotranspiration and revers

Percentages of Myrtaceae pollen measured on anathrer from the same lake (MA-97-1). High

percentages of Myrtaceae pollen indicate the dewedmt of a humid and warm forest. The AP/NAP

ratio reflects the relative abundance of arbore#ieps (AP) and non-arboreal pollen (NAP) in thenpke

(Ledru et al., 2001; Sifeddine et al., 2003). Low Aalues reflect the development of a savana wherea

high values attest to the presence of a humid tidregariations of the normalized Fe/Ca ratios obtdion

several marine cores from north-eastern Brazil @&ral. 1998; Arz et al., 1999). Increased Fe/@asare

interpreted as enhanced moisture supply over thth reast of Brazilg, Speleothems (white bars) and

travertines (blackbars) growth phases in northeeadBrazil, reflecting humid periods (Wang et 2004).

h, Variations of the Amazon River outflow calculattdm the oxygen isotopic compositiod*Q) of

planktonic foraminifera in the sediments of the A&wma fan (Maslin and Burns, 2000)3™0 in GRIP ice

core (North Greenland Ice Core Project members4RQ0 Deuterium in Vostok ice core (Petit et al.,

1999). The location of the sites from whitim records were obtained is indicated in Figure 1. i$D

Younger Dryas and LGM is Last Glacial Maximum.

Table captions

Table 1: Radiocarbon ages of total organic mattnfcore MA-98-3.

Sample Measured ages Conventional ages Calibrated ages Intercept

Code dep?h “Cyrs BF% 5°C “c BP ) yrs BP ’ yrs BPp
Beta— 162661 73-75 4930450 -27.2 %o 890+50 5720 to 5580 5610
Beta — 162662 196-198 9850+70 -28.9 %o 9790+70 11270to 11120 11200
Beta — 162663 286-288 14450480 -27.8 %o 14400480 17680 to 16830 17250
Beta — 162664 354-356 15620480 -19.9 %o 15700480 19230 to 18290 18750
Beta — 162665 426-428 16100480 -22.9 %o 16130480 19740 to 18770 19240
Beta — 162666 574-576 16670+100 24.3 %o 16670+100 20410 to 19330 19860
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Figure 4
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