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Brazil, respectively (Fig. 2.1). This set of records, consisting of five stalagmites
from Botuverd cave and one from Santana cave, describes changes in the regional
precipitation regime in subtropical Brazil over approximately the last 130,000 years
(Fig. 2.5). The 3'80 in these records shows an amplitude of more than 4%o, with
a mean resolution of 40-60 years for stalagmites Bt4a, Bt4c, Bt21a (Wang et al.
2006), ~150 years for Bt2 and St8 (Cruz et al. 2005a, 2006) and ~370 years for
Bt3a (Wang et al. 2007a, b).

All the stalagmites appear to have been deposited in approximate isotopic equi-
librium with cave drip water as indicated by the absence of significant correlations
between 5!80 and 3'3C along their long axis according to the Hendy test (Mickler
et al. 2006. Besides, the relatively large range of variation in §'30 exclude a signifi-
cant control by temperature, since the temperature-dependent fractionation between
calcite and water is relatively small, —0.24%¢/°C (Friedman and O’Neil 1977). The
8130 variations are also inconsistent with the reported cooler and warmer periods
during the last glacial and Holocene, respectively. Therefore, §!80 variations of
these speleothems are primarily related to changes in 8'30 of regional precipitation.

Figure 2.5 presents a comparison of the speleothem 8'80 time series with Febru-
ary insolation at 30°S (the scale for insolation is reversed). The calcite 8180 shows a
striking match with insolation throughout the last glacial period and is characterized
by lower 8'80 values coinciding with maxima in insolation for each precessional
cycle (periodicity of ~20 ka). However, this cyclicity is not as well defined in St8 as
in Botuverd, in particular during the positive phases of summer insolation between
70 and 20 ka. Superimposed on the insolation-driven tendency are abrupt millennial-
scale events, recognizable in all stalagmites as secondary fluctuations of 1.5-2%o.
They are nearly coincident with one another and with variations seen in North-
ern Hemisphere paleoclimate records on the same timescale, especially during the
so-called Heinrich events (NGRIP 2004). Despite the similarity of the records, the
region presents a strong isotopic gradient, characterized by mean values, which are
consistently about 2% higher at Bt2, when compared with St8.

Past changes in the oxygen isotope ratios are interpreted in terms of shifts in
the seasonal balance of precipitation between winter-extratropical versus summer-
monsoonal rainfall. This interpretation is supported by observations of the modern
isotope climatology, as discussed above. Hence the 830 of Brazilian subtropical
speleothems is thought to be primarily a function of the rainfall moisture source
during the late Pleistocene, which in turn, is connected to the regional atmospheric
circulation patterns (Cruz et al. 2005a). Lower values of 3180 therefore reflect
a greater proportion of more depleted SASM rainfall compared to the enriched
extratropical rainfall and vice-versa.

2.3.3 Speleothem Growth Intervals

Speleothems can only grow if there is enough seepage water reaching the cave.
These conditions are commonly not found in glaciated regions or in arid/semi-arid
zones, such as northeastern Brazil (Site 3 in the Fig. 2.1). In these conditions,
absence or occurrence of speleothems can be a reliable indicator of past climatic
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conditions. In semi-arid northeastern Brazil, home of South America’s most exten-
sive cave systems, profuse speleothem deposition occurred in the past. The present
semi-arid climate, in which evapotranspiration (~1,400 mm/year) largely exceeds
rainfall (~490 mm), does not allow for significant water infiltration and, con-
sequently, speleothem generation. Thus, speleothem growth phases are a clear
indicator of wetter conditions than at present at this site.

In addition to speleothems, abundant travertine deposits occur in the area.
Travertines are also relict features in the present climate. Since they were gener-
ated by bicarbonate-rich shallow spring waters, which only flow when a net regional
recharge to groundwater exists, they are also good indicators of past pluvial phases.
It should be noted, however, that travertines tend to be a more sensitive paleopluvial
feature than speleothems, since they were deposited in streams directly affected by
rainfall events. In contrast, an infiltration threshold needs to be overcome in order to
activate percolation routes responsible for drip waters forming speleothems. For this
reason, travertines might be formed in periods that are not wet enough to promote
speleothem growth.

The combined speleothem/travertine record shows a series of short-lived growth
intervals (Fig. 2.6). The large majority of speleothems grew very quickly, during
highly episodic wet phases as short as several hundred years, with some lasting up
to a few thousand years. Last glacial pluvial phases, centered at around ~15.5 ka,
39 ka, 48 ka and additional growth phases between 60 and 74 ka correlate precisely
with Heinrich Events recorded in the Northern Hemisphere as well as to high 830
recording low monsoon activity in Chinese speleothems (Wang et al. 2004) and to
peaks of low 880 depicted in southeastern Brazil speleothems (Wang et al. 2006,
2007a) (Fig. 2.6). Pluvial periods in now semi-arid northeastern Brazil are associ-
ated with the displacement of the ITCZ, probably representing times when the ITCZ
was located south of its present mean position.

2.3.4 Mg/Ca and Sr/Ca Ratios

Mg/Ca and Sr/Ca ratios measured in the Bt2 stalagmite record, presented here as
anomalies (departure from total mean), are positively correlated with one another
(r*= 0.55) and show a pattern that is coherent with southern hemisphere summer
insolation and stable oxygen isotope ratios during the last 116 ka (Cruz et al. 2005a,
Wang et al. 2007a). This pattern is characterized by a general increase in trace ele-
ment ratios and 3'80 values during low insolation phases and vice-versa. However,
there are some significant differences in the long-term variability of trace element
ratios throughout the last glaciation (Fig. 2.7). For instance, the positive relationship
between Mg/Ca, Sr/Ca and insolation is less clear during periods of lower ampli-
tude insolation changes, such as from 70 to 17 ka or during the Marine Isotope
Stages 4 to 2 (Abreu et al. 2003), similar to the 3'80 variations of St8 record (Cruz
et al. 2006a).

Elemental ratios of Bt2 have been interpreted as a proxy for local hydrologi-
cal changes based on evidence for a primary control of Mg/Ca and Sr/Ca ratios
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archives; (a) 8'80 values of Greenland ice (Grootes and Stuiver 1997); (b) Light colour reflectance (greyscale) of the Cariaco basin sediments from ODP Hole
1002C5 (Peterson et al. 2000); (c) 8!30 values of Hulu cave stalagmites (Wang et al. 2001); (d) Speleothem growth patterns in northeastern Brazil. Growth
Gray hatched vertical bars indicate possible correlations between four records. Also shown are dating errors for the GISP2 ice core 29 (black horizontal bars)

and Hulu cave speleothems (gray horizontal bars). VSMOW, Vienna standard mean ocean water. VPDB, Vienna PeeDee Belemnite. H1, H4, HS, H6, Heinrich

intervals are shown by separated gray dots or connections between dots if they are within the same phase. 20 dating errors (error bars) are typically 0.5-1%.
events

Fig. 2.6 Comparison of the growth patterns of speleothems from northeastern Brazil with events recorded in several Northern Hemisphere palaeoclimate
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by prior calcite precipitation from the modern calibration study in Santana cave.
These trace element ratios also show a coherent positive covariation during the last
116 ka and a consistent relationship with the 530 of the same stalagmite (Cruz
et al. 2007). Furthermore, comparing these ratios with the Bt2 growth rates and
813C variations suggest that both growth rates and CO, degassing mechanisms are
not a major control of the incorporation of Sr and Mg in the calcite (Huang and
Fairchild 2001; Treble et al. 2003; Johnson et al. 2006). Thus, the regional climate
variability inferred from these elemental ratios can be used as a proxy for mean
rainfall amount, which in turn complements the reconstruction of the past activity
of South American summer monsoon (SASM) and extratropical rainfall in subtrop-
ical Brazil, anchored in the speleothem 3180 records (Cruz et al. 2005a; Wang et al.
2006; Cruz et al. 2006a; Wang et al. 2007a).

2.4 Discussion

Combined oxygen isotope and trace element records suggest that the past changes
in southern Brazil rainfall were mostly led by the convective activity associated
with the South American summer monsoon (Cruz et al. 2007; Fig. 2.7). Since the
8130 of speleothems is directly affected by the isotopic composition of summer
rainfall, it can be used to infer the mean location and intensity of the SASM and
the South Atlantic convergence zone (SACZ). These features are closely linked
to the intensity and location of convective precipitation over the Amazon basin
and surrounding regions, because they influence the strengthening or weakening of
moisture transport by the Andean low-level jet (ALLJ) from the southern Amazon
to the subtropical Atlantic coast (Gan et al. 2004). On the other hand, the speleothem
growth phases in northeastern Brazil suggest a direct coupling of regional climate
to the mean latitudinal position of the ITCZ (Wang et al. 2004; Fig. 2.6).

To date, the Brazilian speleothem records suggest that past changes in tropical
rainfall are associated with climate forcing mechanisms acting on both orbital and
millennial time-scales, such as insolation precession and land- and sea-ice coverage
in the northern hemisphere (Chiang et al. 2003; Claussen et al. 2003). These mech-
anisms impact the tropical rainfall distribution by influencing the moisture transport
from the tropical Atlantic to the continent, thereby changing low-level moisture
convergence and convective activity throughout much of tropical South America.

2.4.1 Long-Term Paleoclimatic Changes

Speleothem 8'80 records have revealed that the variations in the convective intensity
within the area affected by SASM/SACZ are dominated by changes in precession-
driven solar insolation (Cruz et al. 2005a; Wang et al. 2006, 2007a; Cruz 2006).
Insolation determines the north-south displacement of continental convection over
South America by favoring moisture convergence over the continent during periods
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of increased land-sea temperature contrasts at the solstices (Biasutti et al. 2003). In
the past, periods of increased monsoon precipitation in subtropical Brazil occurred
in response to enhanced summer solar radiation following the Milankovich ~23 ka
precession cycle (Fig. 2.5). Similarly, the speleothem 8'80 records from Hulu and
Dongee caves in eastern China (Fig. 2.5) also exhibit an insolation-driven control,
which is out of phase with the Brazilian records (Wang et al. 2004; Yuan et al. 2004).

The SASM is reinforced at its southeastern border as the southern hemisphere
Hadley cell is strengthened and displaced southward during high insolation phases,
thereby increasing the relative contribution of summer monsoonal rainfall to the
region. Further evidence for such a monsoon intensification comes from lake records
in the Bolivian Altiplano, where similar wet conditions were observed during the
last glacial period (Baker et al. 2001a). The comparison between SE Brazil and
the Altiplano also holds during the Holocene, when the speleothem isotope records
become progressively more negative after 4 ky, concurrent with an increase in sum-
mer rainfall on the Altiplano (Seltzer et al. 2000; Baker et al. 2001b; Moreno et al.
2007). At the same time a southward expansion of the Amazon rainforest is observed
along its southwestern border (Mayle et al. 2000).

Although the insolation-driven paleo-rainfall, inferred from the Botuvera and
Santana speleothem records, appears to be consistent with other available records
from the region, it is still necessary to reconstruct each step of the monsoon evo-
lution during the past, in order to elucidate the causal mechanism interconnecting
the climate in southern Brazil with the center of deep convection over the Amazon
region. To do this, some aspects of the moisture advection from the tropical Atlantic
to the Amazon Basin need to be addressed in more detail for the last glacial period.

Unlike the present-day situation, it is difficult to link past low-frequency rain-
fall oscillations in South America with meridional sea surface temperature (SST)
gradients in the tropical Atlantic or SST anomalies in the equatorial Pacific. It is rea-
sonable to assume that the SASM may be intensified because of a more southerly
position of the Atlantic Intertropical Convergence Zone (ITCZ) during periods of
increased southern hemisphere insolation. However, except for the Holocene part of
the Ti-Fe record from the Cariaco Basin (Haug et al. 2001), there is no clear match
between summer insolation and hydrological (Arz et al. 1998; Peterson et al. 2000;
Jennerjahn et al. 2004) or SST records (Arz et al. 1999, Lea et al. 2003; Weldeab
et al. 2006) off the Venezuelan and Brazilian coast. Instead, both hydrological and
SST variations in these records are dominated by millennial-scale events, such as
Dansgaard-Oeschger- and Heinrich-events (see the discussion in the section below).
Thus, it appears that the southeastward displacement of deep continental convection
from the Amazon Basin to southeastern and southern Brazil is, at least partially,
decoupled from oceanic conditions in the tropical Atlantic on orbital time-scales.
Instead it appears as if changes in South American monsoon circulation during the
last glacial and the Holocene were dominated by changes in sensible and latent
heat transfer over land due to orbitally driven changes in solar radiation, rather than
by changes in moisture influx from the Atlantic Ocean, associated with a southward
displaced ITCZ (Haug et al. 2001). Indeed recent studies have shown that latent heat
release over the Amazon basin is paramount for the development of the upper-level
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monsoon circulation, including the Bolivian High (Lenters and Cook 1997), which
is associated with the southeastward extension of the SASM into the SACZ region
(Zhou and Lau 1998; Gan et al. 2004).

One question, which cannot be answered by looking solely at speleothem 3'80
records, is to what extent an intensification of the SASM increases the long-term
mean rainfall amount in southern Brazil. Since 8'30 variations in stalagmites from
the Brazilian subtropics record not just monsoonal (60% of annual accumulation
today), but also extratropical rainfall (40% of annual accumulation today), they can-
not be used to directly infer mean rainfall variations. For example, an increase in the
more isotopically depleted monsoon rainfall (today ~ —7%o) might be compensated
by a decrease in more enriched extratropical rainfall (~ —3%o) and thus create a
more negative average 8'30 without any change in the total rainfall amount.

Instead changes in rainfall amount can be inferred by the use of Mg/Ca and Sr/Ca
ratios, as reported by Cruz et al. (2007) for the last 116 ka based on the Bt2 stalag-
mite. The comparison with the §!80 record suggests that increased local rainfall
recharge occurred during periods of enhanced monsoon rainfall in the region coin-
cident with high summer insolation phases, as manifested by lower values of both
8180 and trace element ratios in Bt2 (Fig. 2.7). Conversely, relatively dry condi-
tions, as indicated by higher trace element ratios during low insolation phases, must
have been caused by a reduction in summer monsoon rainfall, since a decrease in the
isotopically-enriched extratropical winter rainfall would have resulted in more neg-
ative 830 values in the Bt2 stalagmite. Therefore, this multi-proxy study confirms
that the contribution of SASM precipitation is the dominant factor explaining pre-
cipitation variations in subtropical Brazil during the last glacial-deglacial period.
In addition, the steep north—south gradient in 580 of speleothems throughout
the region, characterized by more negative values of ST8 (—2%¢) as compared to
Bt2, indicate a higher relative contribution of SASM precipitation to the north at
Santana cave. This gradient is also observed today in cave drip waters and modern
speleothems (Cruz et al. 2005b).

There are, however, some significant fluctuations in the long-term variability of
trace element ratios from 70 to 17 ka that cannot be explained by summer insolation
forcing alone. These departures are characterized by a predominance of negative
trace element anomalies despite low-insolation phases, which suggests that rather
wet conditions persisted throughout most of the last glacial period due to longer
and more intense summertime rainfall. This notion is supported by synchronous
negative anomalies in both trace element ratios and 3180 in Bt2 and St8 (Fig. 2.7).
Hence, the weaker correspondence between trace element variations and insolation
suggests that other factors must have contributed to the excess of monsoon rainfall
during this time period.

Teleconnections from the high northern latitudes under glacial boundary condi-
tions, dominated by extensive land- and sea-ice volume buildup, are a likely factor
influencing the monsoon intensification observed in the region between 70 to 17 ka.
According to simulations by Chiang et al. (2003) high-latitude glacial conditions are
transmitted to the tropics through strengthened northeasterly trades over the North
Atlantic, which increase the latent heat flux, in turn causing a progressive cooling
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of SSTs from the subtropical (Moreno et al. 2002; Abreu et al. 2003) to the trop-
ical North Atlantic (Lea et al. 2003). As a consequence, this mechanism results in
tropical Atlantic meridional SST gradients that favor a southerly displacement of
the ITCZ. A more southerly position of the ITCZ, in turn will enhance the moisture
flux into the Amazon Basin, ultimately triggering an intensification of the SASM in
southern Brazil. This hypothesis is broadly supported by the coincidence of lower
trace element ratios in Bt2 with lower SSTs in the subtropical North Atlantic (Abreu
et al. 2003), as indicated by heavier 8'30 in planktonic foraminifera during Marine
Isotope Stages 4 to 2 (Fig. 2.7). This interpretation is also in agreement with the
wettest conditions recorded during the same period in Salar de Uyuni, an area in
the Bolivian Altiplano where precipitation equally depends on SASM activity (Fritz
et al. 2004).

2.4.2 Millennial-Scale Abrupt Changes in Climate

During the last glacial period, Greenland experienced millennial-scale abrupt cli-
mate changes (Dansgaard et al. 1993; Grootes et al. 1993; NGRIP members 2004).
As observed in the polar ice cores, temperature could change 7-12°C in decades
or less over Greenland, accompanied by dramatic fluctuations of atmospheric
methane, sea-salt and dust concentrations (Mayewski et al. 1997; Severinghaus and
Brook 1999; Blunier and Brook 2001). Since this discovery, similar events have
been identified at many locations around the world (Voelker et al. 2002). Mech-
anisms of these abrupt climate events, however, are not yet resolved (Broecker
2003). A full understanding of the causes of these climate events requires our
knowledge of the spatial and phase relationships between different paleoclimate
records.

Recently, there is steadily increasing interest in obtaining records of millennial-
scale climate events in speleothems from low-to-mid latitudes (Wang et al. 2001;
Spotl and Mangini 2002; Bar-Matthews et al. 2003; Burns et al. 2003; Genty
et al. 2003; Drysdale et al. 2007). With high-precision absolute-dated chronol-
ogy, such studies on speleothems can not only test whether the abrupt climate
events were a global phenomenon, but also help to reveal the mechanisms that
were responsible for the events. Abrupt climate events have also been identified
in different speleothem proxy records from tropical and subtropical Brazil. Indi-
cated by speleothem short growth phases, current semi-arid northeastern Brazil has
endured millennial-scale episodic wet periods in the past (Wang et al. 2004). In
southeastern and southern Brazil, the speleothem §8'30 records also successfully
capture millennial-scale events that are superimposed on the orbital-scale variations
during the last glacial period (Cruz et al. 2005a, 2006; Wang et al. 2006, 2007a). The
abrupt drop in 8'80 associated with these events is large, with up to 2%. amplitude.
Together with speleothem Mg/Ca and Sr/Ca ratios (Cruz et al. 2007), these suggest
that SASM intensity and monsoonal rainfall has undergone abrupt changes in the
region during the last glacial period.
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Using their individual chronologies, the Brazilian speleothem records can be
compared with the contemporaneous records from the northern hemisphere. Wet
periods in northeastern Brazil are synchronous with periods of weak East Asian
summer monsoons (Wang et al. 2001), cold periods in Greenland (Grootes and
Stuiver 1997) and Europe (Genty et al. 2003); Heinrich events in the North Atlantic
(Bond et al. 1993) and periods of decreased river runoff to the Cariaco basin
(Peterson et al. 2000). The comparison between the Botuverd §!30 records and the
eastern China 3'80 profile also show, within their dating errors (a typical relative 2¢
error in age of about 0.5-1%), a remarkable anti-correlation on both orbital and mil-
lennial timescales (Fig. 2.8). Throughout the whole profile, the lower Botuvers §'30
coincides precisely with the higher '80 in the eastern China speleothems. However,
the opposite is not so evident because no clear increase in the 5'30 of Brazilian
speleothems is observed during the warm periods in the northern hemisphere that
are coincident with the Daansgard-Oeschger events.

During the last glacial period, an abrupt reduction in the Atlantic overturn-
ing induces sea ice expansion in the North Atlantic and a subsequent southward
displacement of the intertropical convergence zone (ITCZ) (Chiang et al. 2003;
Chiang and Bitz 2005). This may cause an abrupt shift in the tropical hydrologic
cycle, as seen in the Cariaco Basin (Peterson et al. 2000) and northeastern Brazil
(Wang et al. 2004). Modeling efforts also indicate that weak ocean circulation
may result in a positive SST anomaly in the South Atlantic and a weaker pole-
to-Equator temperature gradient in the south (Crowley 1992) and the predictions
are confirmed by studies of ocean sediment cores (Arz et al. 1998; Riihlemann
et al. 1999). As observed today (Robertson and Mechoso 2000; Doyle and Bar-
ros 2002; Liebmann et al. 2004), a warm SST anomaly in the western subtropical
South Atlantic (WSSA) may stimulate a persistent intense South American Sum-
mer Monsoon (SASM) and strong low-level jet (LLJ), which consequently supplies
plenty of isotopically depleted precipitation into southern Brazil (Vuille and Werner
2005).

Moreover, analogous to modern seasonal observations in boreal winter (Lindzen
and Hou 1988), southward ITCZ migration during millennial-scale stadial events
may have caused a meridional asymmetry in the Hadley circulation. A southward
shift of the zonal-mean Hadley cell would change meridional moisture transport
through intense ascending air masses in the southern low latitudes and increased
subsidence in the northern tropics and subtropics. Broadly, the northern low latitudes
would be drier and the southern low latitudes wetter, which has been confirmed by
recent model results (Clement et al. 2004; Chiang and Bitz 2005). The opposite
scenario would have been true during glacial interstadial periods.

We can therefore define an index (speleothem A3'80) to monitor the displace-
ment history of the mean ITCZ position and the associated strength of the past
Hadley circulation. This index is given by the difference of calcite 8!30 values
between samples from southern Brazil and eastern China (Table 2.1). As discussed
above, low (high) calcite 8180 values in southern Brazil correspond to high (low)
calcite 5'80 values in eastern China. Thus, small (large) speleothem A3'30 values
are linked to North Atlantic cold (warm) temperature, reduced (enhanced) ocean
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Table 2.1 Speleothem A3'30 index between Southern Brazil and Eastern China

Eastern China Southern Brazil

speleothem 3'80  speleothem 830 A3'30 index
Time window (%0, VPDB) (%0,VPDB) (%0,VPDB)
Heinrich event 1 ~-49 ~—47 ~0.2
Early Holocene ~-93 ~-1.8 ~15
Today ~-173 ~-33 ~4.0

circulation, and a southward (northward) shift of the ITCZ mean position. The
North Atlantic circulation is nearly shut down during Heinrich Event 1 (H1) and
is substantially strengthened during the early Holocene (McManus et al. 2004).
Therefore, we select calcite A8'30 index values during HI and the early Holocene
as two end members that represent two extreme mean positions of the ITCZ
and asymmetries of the Hadley circulation. Today’s index value is around 4.0%o,
which is close to the average between H1 and early Holocene values of about
0.2 and 7.5%o, respectively. This approach suggests an intermediate state of the
mean [TCZ position and weak asymmetry of the Hadley circulation in the modern
world.

It is still under extensive debate whether meridional overturning circulation
(MOC) changes or tropical air-sea interactions, such as persistent El Nifio-Southern
Oscillation events (Super-ENSO), have triggered the millennial-scale climate events
(Broecker 2003). Phase relationships of these events in Brazilian speleothem records
may have implications on their mechanisms. The modern climate in both northeast-
ern and southern Brazil is sensitive to the ENSO phenomenon. For example, modern
El Nifio events induce drought in northeastern Brazil and high precipitation in south-
ern Brazil (Lau and Zhou 2003). If the modern ENSO behavior does not change
substantially with time, the Super-ENSO scenarios may result in opposite rainfall
patterns between the two regions. On the other hand, changes in the MOC would
cause a latitudinal ITCZ migration and associated changes in the Hadley circulation
(Chiang and Bitz 2005). This may cause in-phase precipitation changes in northeast-
ern and southern Brazil on millennial timescales. With their robust chronologies, the
Botuvers speleothem 8'30 record can be compared to the record of speleothem
growth periods from northeastern Brazil (Wang et al. 2007b). Although the lat-
ter may not be a complete data set, a striking positive phase relationship stands
out between the two records. For instance, northeastern Brazil speleothem resumes

<
<

Fig. 2.8 (continued) (a) February insolation at 30°S (the insolation axis is reversed); (b) 3180
anomalies for Bt2 (Cruz et al. 2005a) and St8 (Cruz et al. 2006) stalagmites; (¢) Mg/Ca and Sr/Ca
anomalies for Bt2 stalagmite; (d) 3'80 of planktonic foraminifera in the core MD95-2040 from
Iberian Margin in North Atlantic (Abreu et al. 2003). Note the predominance of low trace element
and more positive values of 3'30 of planktonic foraminifera during the MIS4 to MIS2 (marked
with rectangles)
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growth around 87 ka, 72 ka, 66 ka, 60 ka, 48 ka, 39 ka, 16 ka and 12 ka, when 3180
values are relatively low in the southern Brazil sample. As both proxies represent
regional rainfall changes, this correlation suggests that on millennial timescales,
rainfall changes in the two regions are in phase. This relationship is consistent
with shifts in the mean ITCZ position, linked to MOC changes, but not with the
Super-ENSO mechanism.

2.4.3 Broader Significance of Precipitation
Changes Based on Speleothem Records

The speleothem records suggest a new scenario for the paleoclimate in south-
ern Brazil, featuring a predominantly wet last glacial period. These findings have
important implications for the inferred paleoenvironmental changes from the pollen
records and consequently for the “refugia” hypothesis (Haffer 1997). This is still a
highly controversial matter because a considerable number of pollen records point
to a complete dominance of grasslands over forests during the last glaciation in
subtropical Brazil due to colder and drier conditions (Behling 2002), while other
records suggest that an expansion of humid forests occurred during significant parts
of this period in agreement with the precipitation changes inferred from speleothems
(Ledru et al. 2005). Therefore, the existence of forests “refugia” as a consequence
of a large-scale drying during the glacial period needs to be revised, once robust
indications of wetter conditions have been found in several areas in South America.
An alternative explanation for the changes in tropical biodiversity is the periodic
exchange between distinct forests biomes during wet events, such as indicated by
the study of paleobotanical remains preserved in travertines, which revealed a rapid
expansion of humid forests over caatinga vegetation (dry savanna) in northeastern
Brazil during the period coincident with H-events (Wang et al. 2004).

Substantial intensification of the tropical circulation system in subtropical South
America at high insolation phases in the southern hemisphere and during cold peri-
ods in the Northern Hemisphere (H-events, MIS-4 to MIS-2) recorded in Brazilian
speleothems is also important in an attempt to interpret the isotope records from
Andean ice-cores and the events of moraine deposition in terms of temperature or
precipitation changes (Ramirez et al. 2003; Zech et al. 2007), because an enhance-
ment in the moisture flux and moisture convergence in southern Brazil is likely to
affect precipitation in Andes in the same way during the South American summer
monsoon season.

2.5 Conclusions

Combined time-series of 8!30 and elemental ratios of speleothems suggest that
the long-term variations in mean precipitation in subtropical Brazil during the last
glacial period and Holocene are in general modulated by changes in the southern



2 Long-Term Changes in Precipitation in Brazil from Speleothem Records 55

hemisphere summer insolation. The South American monsoon is intensified at high
insolation phases when the transport of low-level tropical moisture from the Ama-
zon Basin to southeastern Brazil is enhanced; most likely due to a more favorable
upper-level circulation, established by enhanced latent heat release over the tropics.
However, the northern Hemisphere glacial boundary conditions probably played an
important role by modulating moisture flux and convergence into the southern hemi-
sphere tropics during austral summer. This impact is documented by the rainfall
excess in the region from 70 to 17 ka and especially at the last glacial maximum,
as indicated by rather negative anomalies of §'30, Mg/Ca and Sr/Ca during this
period.

Speleothem growth intervals and variations of 8'80 on millennial time-scales
indicate significant increases in precipitation both in northeastern and southern
Brazil, coincident with Heinrich events in the northern hemisphere. These changes
are likely controlled by latitudinal ITCZ displacements, resulting in a hemispheric
asymmetry of low-latitude precipitation, as exemplified by the anti-phased relation-
ship between Brazilian and Chinese speleothem records. Furthermore, the similar
precipitation response between NE and SE Brazil on millennial timescales implies
that abrupt changes in precipitation within tropical South America are linked to
climatic conditions in the North Atlantic, through changes in the AMOC and
subsequent tropical air-sea feedbacks.
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