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Abstract

Precipitation in the South American Andes is derived from Atlantic Ocean evaporation which is modified by passage over
lowland South America. The isotopic composition of Andean precipitation reflects evaporation conditions over the Atlantic Ocean,
moisture recycling during advection across the South American lowlands and uplift to the Andes. Records of the oxygen isotope
composition of precipitation in the Venezuelan Andes, derived from lake sediment diatom 6'®0 measurements, show a 2.4%o
decrease during the past 10,000 yr. A simple model of the evaporation, advection and uplift processes is used to understand the
cause of the isotope shift. The data and model suggest that the decreasing 6'%0 reflects a decrease in the fraction of moisture
entering South America that reaches the Andes. Ice cores from Peru and Bolivia exhibit similar isotope trends indicating that the
shift occurred in both hemispheres. An isotopic record of Amazon River discharge is consistent with the Andean records, indicating
increasing continental runoff was associated with the decreasing export of water vapor. Orbital changes in solar insolation cannot
explain the synchronous trends in both hemispheres. Changing climate in the tropical Pacific is an attractive explanation for the
trends because modern interannual variability in this region has similar effects in both hemispheres.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction 40-50% of the annual precipitation is lost as runoff and
the remaining moisture returned to the atmosphere by

The tropical rainforests of South America flourish evaporation and transpiration [1,2]. Transpiration
because of the abundant precipitation they receive. accounts for most of the recycled water vapor [3],
Water balance calculations indicate that approximately intimately linking the hydrologic balance of lowland

South America to the vegetation. This interplay be-
tween vegetation and climate creates an internal feed-
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of the lowlands and their susceptibility to land-use
changes and global warming are topics of considerable
interest and debate [4—7]. Accordingly, proxy records of
past changes in the hydrologic balance of lowland
South America are valuable for understanding the eco-
logical and climatic sensitivity of the region.

The isotopic composition of precipitation and atmo-
spheric water vapor is a sensitive indicator of moisture
recycling and the atmospheric water balance [8]. Unfor-
tunately there are no long proxy records of the isotopic
composition of precipitation in lowland tropical South
America. However, atmospheric flow from east-to-west
(Fig. 1) transports water vapor from the low elevation
tropics to the high Andes where it falls as precipitation,
leading to the potential for reconstructing the lowland
water balance from proxy records in the Andes. The
composition of Andean precipitation integrates the iso-
topic effects of oceanic evaporation, lowland moisture
recycling and orographic uplift. If the impacts of oce-
anic evaporation and orographic uplift can be con-
strained, it is then possible to solve for the lowland
moisture balance. We explore this potential by recon-
structing the isotopic composition of precipitation in the
Venezuelan Andes from the oxygen isotope composi-
tion of diatom opal preserved in lake sediments. The
water balance of northern South America is recon-
structed for the past 10,000 yr through modeling the
isotopic evolution of water vapor as it is transported
from the Atlantic Ocean to the high Andes. The recon-

struction is compared to ice core and marine isotope
records from tropical South America.

2. Methods and data
2.1. Study site

Laguna Verdes Alta (LVA, 8° 51.17' N, 70° 52.45’
W, 4215 m) and Baja (LVB, 8° 51.49' N, 70° 52.42" W,
4170 m) are small lateral-moraine dammed lakes in the
Venezuelan Andes (Fig. 1). Both lakes are groundwater-
fed with overland flow contributing water only during
heavy precipitation events. LVA has a small outflow
stream while LVB has no surface outflow suggesting
LVA is hydrologically open while LVB is hydrological-
ly closed. This inference is supported by isotopic anal-
yses of modern surface water samples from the region.
On a plot of dDy,, vs. 5'80,,, both lakes fall along an
evaporative trend below the meteoric water line, how-
ever LVB is significantly more enriched than LVA (Fig.
2). The proximity of the lakes means they are subjected
to the same climate (humidity, temperature and wind
speed) and thermal regime, only differing significantly
in their hydrologic balance. There is no evidence for
past changes in the strength of the LVA outflow.

Sediment cores were retrieved from the deepest lo-
cation in LVA (3 m water depth) and LVB (5 m water
depth) using a modified square-rod Livingstone corer
[9]. Sequential drives were overlapped 10 cm to ensure

Fig. 1. Location of Laguna Verdes Alta and Baja (LV), Cuevo Zarraga (CZ), Lake Valencia (Va), the Cariaco Basin (CB), Nevados Huascaran (Hs),
Sajama (Sj) and Illimani (Ill), and the Amazon Fan (AF). Arrows indicate the direction and magnitude of surface winds (annual average, 1000—

850 mb, [28]).
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Fig. 2. Oxygen-18 vs. deuterium content of surface waters and pre-
cipitation from the Cordillera de Mérida, Venezuela. Precipitation
samples (triangles, collected June, 2002), springs (crosses) and hydro-
logically open lakes (circles) fall along the global meteoric water line
(GMWL). Water samples from LVA (filled squares) and LVB (open
squares, collected 1999-2002) lie along an evaporative trend below
the meteoric water line.

a complete sediment record. Undisturbed sediment/
water interface cores were retrieved from both lakes,
extruded and sectioned in the field. Variations of total
organic carbon (TOC), total nitrogen (TN), 6"*Croc,
0Ny, atomic C/N ratios and bulk density were
used to match sediment depths between the Livingstone
and surface cores. Composite sediment records for LVA
and LVB were then developed using both the surface
and Livingstone cores. The composite core lengths for
LVA and LVB are 348 and 373 cm, respectively.

2.2. Sediment chronology

Accelerator mass-spectrometry (AMS) radiocarbon
dates from both lakes and an excess *'°Pb profile

from LVA constrain the age—depth relationship for
the cores (Fig. 3; [10]). Radiocarbon ages were con-
verted to calendar ages with the CALIB 4.2 dataset
[11,12]. Age models were constructed using the mid-
point of the '*C calibration age range with the largest
relative area under the probability distribution. Polyno-
mial spline curves were used to interpolate ages be-
tween radiocarbon dates. Ages were calculated using
the sediment mass accumulation rate and tie points to
the LVA record as additional constraints because LVB
lacked macrofossil material for '*C dating at most
sediment levels. The transition from inorganic glacial
material to organic sedimentation occurs at ~15.5 ka
BP in both lakes.

2.3. Diatom isotope analyses

Organic matter was removed from sediments with
perchloric/nitric acid and diatoms were separated from
other oxygen bearing phases by sieving, heavy-liquid
density separation and differential settling [13]. Con-
trolled isotope exchange [14] followed by high temper-
ature recrystallization was used to minimize the isotopic
effect of opal-bound water. Oxygen was liberated by
reaction with BrFs, released O, quantitatively converted
to CO, and the isotopic composition analyzed via dual-
inlet by an upgraded Finnegan MAT 250. The results
are calibrated versus NBS-28 quartz international stan-
dard and are reported on the VSMOW scale using the
standard delta notation:

R
3" Ogample = <ﬂ—1) 10° (1)
Rysmow

where R is the ratio of '*0/'°0. Each sample measure-
ment represents the average of two to four analyses. The
median standard deviation of replicate measurements is
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Fig. 3. Age—depth models (thin black line) derived from calibrated AMS radiocarbon ages (solid squares) and >'°Pb ages (thick gray line) [10]. Open
squares indicate radiocarbon ages not used in age models. The model for LVB is also based upon tie-points (gray circles) with LVA (see Section 2.2).
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0.13%0 (n=80) with a range of 0.01-0.53%o. The long
term reproducibility is 0.14%o.

2.4. Reconstructing precipitation 6'°0 from lake
sediments

The isotopic composition of lake water reflects the
composition of input water (in this case groundwater)
and its modification by evaporative enrichment and
atmospheric exchange (governed by the hydrologic bal-
ance of the lake). The approach in this paper is to
reconstruct the oxygen isotope composition of input
water from sediment opal using two lakes with different
hydrologic balances to remove the effect of individual
lake hydrology. Modern water samples from the study
area show that groundwater and non-evaporated surface
waters are identical in composition and reflect precipi-
tation without significant modification, therefore,
reconstructed input water is used as a proxy for precip-
itation composition through time.

The steady-state isotopic composition of a lake is
described by:

3k 17
02— 0in + % + (Th) Ck
o 2)

P (1-h
1+ —kf —
+3k(5)

where J,e, 02 and d;, are the isotopic composition of
lake, atmospheric and inflow waters, /4 is the relative
humidity, e* is the equilibrium liquid-vapor fraction-
ation factor [15], Cy the kinetic fractionation factor
[16], P/E is the regional precipitation/evaporation
ratio and & a constant relating P/E to the input/evap-
oration ratio (Fi,/E) of a specific lake (‘% = k£, mod-
ified from Gat [16]). Assuming atmospheric water
vapor is in isotopic equilibrium with precipitation
(0,=9;,— €*, a reasonable assumption in tropical South
America as shown by Matsui et al. [17]), Eq. (2) sim-
plifies to:

Olake =

(1-h)(e* + Cy)

S 3)
B+ (1—h)§k

Olake =

It can be seen from Eq. (3) that diatom 6'*0 (6'%04)
records from two lakes will vary in a 1:1 relationship if
they both experience the same input water variations
(0;n), regardless of the hydrologic balances of the lakes
(Z£k). Variations of P/E or h will affect hydrologically
closed lakes more than open lakes (kcjosed < kopen) and
result in unequal 8'®*Oy variations. The only other mech-
anism for a 1:1 variation of 6'304 records from two

lakes is when the denominator term (lfh)g in Eq. (3)
remains constant. The evaporation rate from a water
surface is approximately proportional to the gradient
in relative humidity between the saturated boundary
layer directly above the water surface (humidity=1)
and the free atmosphere (#) which is (1 —#4) [18]. Con-
sequently, the evaporation term in § is approximately
proportional to (1 —#), and the term (1-4) £ can remain
constant only if precipitation does not change. Varia-
tions in evaporation alone (driven by changes in relative
humidity) could potentially cause a 1:1 change in
6'804 records from two lakes. However it is likely
that a change in evaporation would be accompanied
by changes in precipitation and result in unequal shifts
in the 8'®0y4 of the two records [19].

The diatom opal used to reconstruct lake water 6'*O
is subject to a temperature dependent fractionation dur-
ing formation. Estimates for the magnitude of the tem-
perature fractionation range from —0.2%0/°C to
—0.5%0/°C [20—22]. Regardless of the correct value, if
two lakes have similar temperature regimes and experi-
ence similar temperature variations then changes in
6804 will be identical in both lakes. Located 500 m
from each other, LVA and LVB are shallow and unstrat-
ified, suggesting they have comparable temperature
regimes. Hence, 6'%0y shifts driven by temperature
change should be equal in both lakes. The Holocene
trend in the 6'*04 record from both lakes could be
explained by a +5 to +14 °C increase in temperature.
However, a pollen record from LVA suggests that tem-
peratures were relatively stable during the Holocene
with a possibility for slightly cooler temperatures 8000
to 4500 yr BP [23]. The 6'®04 could be slightly higher
during the Middle Holocene because of this temperature
change, however, the Holocene trend is probably not
due to temperature change.

The preceding discussion shows that 1:1 variations
of the 6'"%0y records from LVA and LVB occur with
input water (J;,) and lake water temperature changes.
However, lake water temperature changes were likely
minimal during the Holocene and the component of the
6'®04 variations shared by the two lake records is
primarily due to changes in the 6'%0 of precipitation
(6'%0,) feeding the lakes.

2.5. Modeling "0 of precipitation in the Andes

In the tropics, solar heating of the land and ocean
leads to a surface low pressure trough, moisture con-
vergence and abundant precipitation. This inter-tropi-
cal convergence zone (ITCZ) migrates north and
south of the equator following the annual cycle of
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solar declination and controls the atmospheric circula-
tion and tropical seasons. Moisture is fed to the ITCZ
by nearly zonal (easterly) trade-wind flow close to the
trough and more meridional flow at higher latitudes.
The easterly trade winds transport air and moisture
from the Atlantic Ocean across tropical South Amer-
ica (Fig. 1; see also Fig. 3 in Trenberth [24]). The
water vapor content and isotopic composition of this
air is modified by precipitation, re-evaporation and
runoff during transport across the continent and is
further modified during orographic uplift into the
Andes (Fig. 4). Predicting the isotopic composition
of precipitation in the high Andes involves under-
standing the processes which occur during evapora-
tion over the Atlantic Ocean, transport across the
South American continent and uplift to the high
Andes [25,26]. These three steps will be discussed
in the following sections.

2.5.1. Oceanic evaporation
At steady state, the isotopic composition of atmo-
spheric water vapor over the ocean is described by:

Oatm = 5ocean_(3* + (l_h)ck) (4)

where e¢* and Cy are the equilibrium and kinetic isotope
effects [18] and # is the boundary layer relative humid-
ity normalized to the ocean water temperature. The key
parameters needed to predict d,, are the ocean water
isotopic composition, relative humidity and temperature
(which controls &¢*). Values for the oceanic mixed layer
6'®0 are available from the NASA/GISS Global Sea-
water Isotope Database [27]. In the region near tropical
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South America (30—60° W, 15° S—20° N) the average
ocean '%0 is +1.00+0.15%o (average of data in 5° x 5°
bins). Average oceanic boundary layer temperature and
humidity are constrained by data from the NCEP/
NCAR reanalysis project [28]. Oceanic sea-surface tem-
peratures from the NODC (Levitus) World Ocean Atlas
[29] can be used to normalize boundary layer relative
humidity to ocean temperature. Fig. 4 illustrates the
effect that large changes in relative humidity have on
the 6'0 of marine precipitation.

2.5.2. Lowland recycling

Several authors have described the isotopic evolution
of water vapor as it is transported across lowland South
America [8,17,30,31]. In its simplest form this process
can be described by a Rayleigh equation:

Sout = (0in -+ 1000)7 " =1000 (5)

where d;, and ., are the isotopic composition of water
vapor entering and leaving the basin, fis the fraction of
incoming moisture that leaves the basin (export frac-
tion, f=F ./ F;,) and o* is the equilibrium vapor—liquid
fractionation factor. In a true Rayleigh process all vapor
lost from the atmosphere as precipitation would be
removed from the system as runoff. However in a
real-world model some of the precipitation must be
added back to the atmosphere through evapotranspira-
tion from the land surface. The parameter /' in Eq. (5)
describes the effect of moisture export on the isotopic
composition of atmospheric water vapor. The effect of
less efficient moisture recycling and export (lower f) is
to decrease the '®O content of water vapor leaving the
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Fig. 4. Schematic of the evaporation, transport and uplift of water vapor from the Atlantic Ocean to the South American Andes (upper panel). The
lower panel illustrates variations in the isotopic composition of precipitation expected from changes in the marine boundary layer humidity (right),
the fraction of evaporated moisture exported to the Andes (f, center) and the uplift elevation (left). Also shown is the isotopic composition of water

lost as runoff.
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lowlands (Fig. 4) and increase the amount of incoming
moisture (F},) leaving the continent as runoff.

The recycled water is a mixture of transpired and
evaporated waters which differ in their isotopic compo-
sition: transpiration is non-fractionating (dr=4,) while
water vapor derived from evaporation is isotopically
more negative than the precipitation (g <d,). Because
transpired water is isotopically equivalent to the atmo-
spheric moisture from which it is derived, it has no
isotopic effect in the Rayleigh formulation above and
can be ignored. Isotopic studies indicate that transpira-
tion accounts for 60—80% of the total evapotranspira-
tion in the lowlands [3,32]. In this work we assume that
all return flux to the atmosphere is via transpiration
(non-fractionating). This assumption simplifies the cal-
culation to a modified Rayleigh equation, but leads to a
small systematic underestimate of the export fraction
from isotopic data. This bias (discussed below) is small
compared to the uncertainty of the evaporation/transpi-
ration ratio in the past and other aspects of the isotope
model.

A hidden variable in Eq. (5) is temperature, through
its effect on the fractionation factor (o*). We assume
that the fractionation occurs at a temperature of 20 °C,
which roughly corresponds to the average lifting con-
densation level in lowland Venezuela (1200—1500 m).
The incoming water vapor (d;,) is assumed to have an
isotopic composition equal to the steady-state ocean
evaporation 6'*0 from Eq. (4).

2.5.3. Orographic uplifi and precipitation

Uplift of the air mass to the high Andes is an
extension of the Rayleigh distillation process with a
variable, temperature dependent fractionation factor.
We use the formulation proposed by Pierrehumbert
[26] and detailed in Rowley et al. [33], where altitude
gradients in temperature and specific humidity are
derived from standard meteorological formulae. The
isotopic gradient with altitude is then calculated from
these values and numerically integrated with height to
yield the altitude-isotope relationship. Following Pier-
rehumbert [26], the liquid—vapor isotopic fractionation
factor [15] and saturation vapor pressure relative to
water was used for temperatures above 273 K. The
ice-vapor fractionation factor and saturation vapor
pressure relative to ice were used for temperatures
below 253 K. Between 253-273 K, values for the
saturation vapor pressure and isotopic fractionation
factor were linearly interpolated from the values at
253 and 273 K. This formulation accounts for the
coexistence of ice and supercooled water at these
temperatures in the deep convective systems typical
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Fig. 5. Altitude—8'®0 gradients for a precipitation integration height
0-1000 m above the ground surface. Each line represents a different
lowland recycling ratio (f). Precipitation data from two altitude trans-
ects of the eastern slope of the Bolivian Andes (open triangles and
circles) and Mt. Cameroon (gray circles) are plotted for comparison
[35]. The black diamonds are groundwater (400 m a.s.l. near Lake
Valencia, [36]), precipitation (Maracay, 442 m and Bocono, 1500 m,
[37]) and non-evaporated surface water (4200 m a.s.l., [10]) samples
in Venezuela. Gradients were calculated using initial temperature and
relative humidity values (24.5 °C, 79%) which provide the best match
to surface temperatures in the Venezuela Andes [76].

of tropical precipitation. Kinetic effects during snow
formation were ignored but are likely insignificant be-
cause most precipitation at the elevation of the lakes in
this study falls as rain. Fig. 5 illustrates the vertical
gradient of 6180p for different values of the boundary
layer water vapor 6'%0 (a function of the lowland recy-
cling ratio and oceanic evaporation).

The boundary conditions which must be known to
calculate the altitude—water vapor 8'*O relationship are:
the lowland boundary layer temperature, humidity and
water vapor 8'°0. The boundary layer 6'%0 is taken as
the output from the Rayleigh fractionation in the low-
lands (Eq. (5)). Temperature and humidity are con-
strained by modern climate data. For past climates we
assume that the boundary layer temperature and humid-
ity are determined in the oceanic boundary layer (con-
sistent with the modern data). The effect of variations in
temperature and humidity on precipitation 6'*0 were
investigated in a series of sensitivity experiments de-
tailed below.

Predicting the precipitation 6'%0 from the vertical
gradient in vapor 6'%0 involves and additional variable:
precipitation height [26,34]. Precipitation reaching the
ground surface does not form at the ground elevation,
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rather it originates at some elevation range above that
surface. Following Rowley et al. [33], we calculated
precipitation weighted averages of 6180p for several
elevation ranges above the ground surface (0—1000 to
2000-3000 m at 100 m intervals). We tested these
different precipitation height ranges against modern
precipitation, surface and groundwater 6'*0 data
from tropical mountains in Cameroon, Bolivia, Peru
[35] and Venezuela [10,36,37]. The optimal fit for the
vertical precipitation 6'®0 gradient was for precipita-
tion elevations 0-1000 m above the land surface,
independent of the absolute 6180p values. When the
lowland boundary layer 8'*0 is calculated from Eq.
(5) using modern climate data, precipitation elevations
greater than 0—1000 m give precipitation §'*0 values
which are too depleted for the modern precipitation
data. We chose therefore to use an integrated precip-
itation elevation 0—1000 m above the ground surface.
The conclusions we draw in this paper are insensitive
to the choice of precipitation height if the height has
remained constant through time. This is because the
isotope shifts we discuss are very similar for all
precipitation heights even though the absolute isotope
values are different.

3. Discussion

The isotopic records from LVA and LVB have similar
Holocene trends towards more negative 8'°04 values
(Fig. 6). The absolute difference in 6'%04 between LVA
and LVB is the result of greater evaporative enrichment
of LVB and can be used to infer past variations in the
regional moisture balance [10]. Here, we concentrate on
the long-term trend shared by both isotope records. This
pattern is the result of a change in the isotopic compo-
sition of input water (not P/E) and suggests a shift of
—2.7%o in the 6'®0 of precipitation during the last
10,000 yr. Changes in the oceanic ¢'%0, evaporation
conditions, the lowland recycling ratio and orographic
uplift conditions could all contribute to this shift. The
jump from 28.2%o to 29.3%o in the isotope values for the
upper three data points in LVA appears anomalous given
the similarity between the LVA and LVB records prior to
these points. It is difficult to hypothesize a climatic
process that would cause such a change in LVA and
not LVB. We do not have a satisfactory explanation for
the shift and do not use these data points in this paper.
As a final note, both the short-term shifts and long-term
trends in the 6'®04 records do not correspond to floristic
changes in the diatom assemblage. This observation is
in accord with previous work showing no inter-species
effects on 6804 [21,22].
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Fig. 6. Diatom 880 records from LVA (circles) and LVB (squares)
illustrating the trend towards depleted values through the Holocene
(A). The dashed line shows how the melting of Pleistocene ice sheets
and resulting change in the whole ocean 6'30 would affect the lake
isotope records [77,78]. Subtracting the ocean 'O change from the
6'804 (B) provides an estimate of the Holocene shift in precipitation
0'%0 (2.39% 10" *%o/yr). The upper three data points from LVA are
omitted in (B) because they probably do not represent precipitation
0'%0 precipitation changes (see Section 3.).

3.1. Ocean evaporation and 550

The oceanic 6'*0 has decreased by 0.3%o during
the Holocene due to addition of '®O-depleted water
from melting Pleistocene ice sheets (Fig. 6). Correct-
ing the diatom 6'®0 records for the change in the
oceanic reservoir decreases the isotopic shift during
the Holocene, however a it leaves a —2.4%0 6'°0
decrease (Fig. 6). Changes in the oceanic surface
temperature and/or relative humidity could also affect
the 6'%0 of moisture advected to South America, and
ultimately the 6180p in the Andes. However, an in-
crease in temperature of several tens of degrees would
be required to cause a 2.4%o decrease in the water
vapor entering South America (Fig. 7, Table 1), mak-
ing temperature an unlikely cause of the shift. Cor-
roborating this, sea-surface temperature (SST) records
from a number of tropical Atlantic and Caribbean
sites show less than 1.5 °C changes during the Holo-
cene [38,39,40]. Alternatively, a decrease of ~16% in
the relative humidity of the atmospheric boundary
layer would also be sufficient to cause a 2.4%o de-
crease in the precipitation 6'*0 (Fig. 7). The
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Fig. 7. Frequency distribution of oceanic relative humidity and temperature (left), and the effect of these variables on the 8'*0 of marine atmospheric
water vapor (right). The frequency distribution (n=199) was calculated from annual average Atlantic surface air temperature and relative humidity in

the region 20° S—-20° N, 285-340° E, excluding land areas [28].

clustering of relative humidity and temperature values
in the oceanic source region for S. American water
vapor (Fig. 7a) suggests that this is at most a minor
cause of isotopic changes over S. America. Given the
homogeneity of modern relative humidity and temper-
ature values over the tropical Atlantic even large displa-
cements in atmospheric circulation patterns over the
ocean would not have a significant effect.

The inference that changes in oceanic conditions did
not cause the isotope shift in the Andes is supported by a
speleothem record from coastal Venezuela. The 6'%0 of
speleothem calcite from Cuevo Zarraga (11° 10.51" N,
69° 37.68’ W, 960 m; Fig. 2), indicates that the 6'*0 of
coastal precipitation has been relatively constant during
the Holocene (Fig. 10, [41]). This provides empirical
support for little or no change in the isotopic composi-
tion of water advected into Venezuela during the Holo-

cene (except for the 6180p change due to melting ice-
sheets).

3.2. Changing lowland export and precipitation height

Changes in the water balance of the lowlands has a
large impact on the isotopic composition of moisture
reaching the tropical Andes. We can estimate the mod-
ern f ratio (the lowland export fraction) using surface
water, ground water and precipitation data from Vene-
zuela (black diamonds in Fig. 5). These data cluster
around the altitude—élgoIJ line for f=0.8 suggesting
the fratio in lowland Venezuela is in this range today.
Fig. 8 shows the range of precipitation 6'%0 values at
the elevation of LVA and LVB calculated with different
precipitation heights and f ratios. As discussed above,
the best fit to modern data puts the precipitation height

Table 1
The sensitivity of Venezuelan Andean precipitation 6'0 at 4200 m to changes in isotope model variables
Variable Modern value Sensitivity of 6'804200 m Holocene uncertainty Effect on
in Andes® (%o) or change 3804200 m (%0)
Ocean §'°0 +1.0%0 +1/%o0 ~0.3%o -0.3
Evaporation (7) 26 °C +0.083/°C +1°C +0.083
Evaporation (rh) 80% +0.150/% +2% +0.3
Lowland export ratio (f) 79% +0.122/% —20% -2.4
Lowland temperature 20 °C +0.021/°C +1°C +0.021
Lowland evaporation/ evapotranspiration 0% —0.005 to —0.01/% +10% +0.1
Orographic uplift (7) 24.5°C +0.359/°C +1°C +0.359
Orographic uplift (r/) 79% +0.018/% +2% +0.036
Precipitation height 0-1000 m —0.228/100 m +100 m +0.228
Wet season/ annual precipitation 80% —0.040/% +10% +0.4

% These represent the sensitivity near the modern values. Many equations are nonlinear and the sensitivity changes away from the modern

values.
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Fig. 8. Oxygen isotopic composition of precipitation at the elevation
of LVA and LVB as a function of the elevation above the land surface
where the precipitation is derived. The modern precipitation ¢'%0
indicates a lowland fratio between 0.76 and 0.82.

at 0—1000 m above the ground surface. Using this range
and the modern precipitation §'*0 at LVA-LVB
(—10.6%0 to —11.4%o0), the modern f ratio is between
0.76 and 0.82. The same calculation for the f ratio
10,000 yr ago yields a range of 0.97 to 1.0. A modern
fratio that is ~78% that of the f ratio 10,000 yr ago is
needed to account for a —2.4%o shift in precipitation at
the elevation of LVA-LVB (—2.7%0 corrected for a
—0.3%o change in the oceanic 6'®0). This is further
illustrated in Fig. 9, which shows the change in the f
ratio required to cause a given isotope shift.

Changes in precipitation height have been invoked
to explain shifts in the isotopic composition of high-
altitude tropical precipitation [34]. It is possible that
changes in the precipitation height were responsible
for the isotope shift observed in LVA and LVB. An
increase in the precipitation height of 945 m would be
necessary to cause an isotope change of —2.4%o during
the Holocene. However, the modern precipitation
height appears to be just above the surface, requiring
the Early Holocene precipitation height to lie below
the ground surface. Additionally, it is difficult to jus-
tify large changes in precipitation height for the oro-
graphically driven upslope precipitation which
characterizes the region. Although precipitation height
changes cannot be ruled out, the available data sug-
gests they were not the cause of the precipitation 6'0
changes.

3.3. Evapotranspiration and seasonality
In addition to a change in the runoff ratio (f), the

decrease of 6'°0, observed in the Venezuelan Andes
could be caused by an increase in the amount of evap-

oration relative to transpiration in the lowlands. Evapo-
ration returns water to the atmosphere which is depleted
in 'O compared to transpired water. Increasing the
ratio of evaporation to transpiration would result in a
decrease of the 6180p in the Andes. Two lines of evi-
dence suggest this was not an important factor in the
decrease. First, a change of evaporation from 0% to
100% of the lowland evapotranspiration can only ex-
plain approximately —1.0%o (calculated using Eq. (7a)
in Gat and Matsui [3]) of the —2.4%o shift in the 'O of
atmospheric water vapor leaving the lowlands. Clearly
this change is unrealistic. Second, vegetation cover
(grasslands vs. forest) has a marked impact on the
ratio of evaporation to transpiration [42]. However, a
lowland pollen record from Lake Valencia, Venezuela
(Fig. 1) shows minimal changes in the vegetation cover
during the Holocene [43]. Absent vegetation change, it
is difficult to explain a large shift in the evaporation/
transpiration ratio. These arguments suggest that an
increase of the evaporation/transpiration ratio was not
a primary cause of the isotopic shift.

The seasonality of precipitation is another factor
which may affect the average 6180p. At inland tropical
locations, precipitation 6'*0 during the wet season is
more negative than during the dry season. An increase
in the contribution of wet-season precipitation to the
total precipitation would result in more negative annual
averages. Limited data in Venezuela suggests the range
of monthly average 6180p is ~8%o [37] and that the
wet season accounts for 80-95% of the annual precip-
itation near the study site [44]. If the average dry
season minus average wet season difference is 8%o,
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Fig. 9. Changes in the 6'%0 of precipitation at the altitude of LVA and
LVB expressed as a function if the initial export fraction (f,) and the
fractional change in the export fraction (f/f;). Although an integration
height of 0—1000 m was used for this plot, other integration heights
yield nearly identical results. Cross-hatching encompasses fo—f/f,
pairs which will result in /> 1.
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the LVA and LVB records (see Section 4.). The dashed line over the Cuevo Zarraga record shows the expected 6180p trend from the ocean

A0, for this coastal location.

isotopic mass-balance calculations indicate that during
the Early Holocene the wet-season contribution to the
total precipitation would need to be 50—-65% to explain
the isotope shift. A more realistic scenario, where the
difference in the seasonal averages is ~4%o requires that
the Early Holocene wet-season precipitation contribute
only 20-35% to the annual total (the smaller wet/dry
6'®0 difference better represents the average dry and
wet season values compared to the total range of 5'%0).

Are such changes in the seasonality of precipitation
realistic? In order to produce the isotope shift, dry-
season precipitation would have been a dominant
source of moisture during the Early Holocene. A lon-
ger wet season cannot be invoked because the isotopic
composition of this precipitation is more negative,
therefore a significant enhancement of dry-season pre-
cipitation would have to occur without the ITCZ cir-
culation which provides most precipitation at present.
It is difficult to suggest any mechanism which could
explain such a shift, and pollen histories from both
low-and high-elevation sites in Venezuela do not sup-
port a major change in the seasonality of precipitation
[23.43].

3.4. Combined effects from several variables

Up to this point only the effects of individual vari-
ables on the 6'®0 of precipitation in the Andes have
been discussed. It is possible that a combination of
modest changes in several variables could be responsi-
ble for the isotope shift observed in the Venezuelan
Andes. Table 1 lists the sensitivity of precipitation
680 to all the variables which affect the isotopic com-
position of Andean precipitation. The 6'0 changes
from a combination of all variables sum to =+1.5%o,
excluding the ocean 6'®0 and the lowland export
ratio. Accordingly, reasonable changes in all the vari-
ables can only account for ~63% of the isotope shift if
they all act in the same manner on the precipitation
6'®0. However, there is no a priori reason to suspect
that all these variables change in the same manner
during the Holocene. Although some variables may
have changed together (such as temperature over the
ocean, lowlands and during uplift) it is possible that
fluctuations in other variables opposed the resulting
6'®0 change. Although the uncertainty in the variables
affecting precipitation §'*O increases the uncertainty of
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the isotope change explained by the lowland export
ratio, the combined uncertainty is considerably less
than the total isotope change. Hence, the magnitude of
the shift in the lowland export ratio is impacted by the
above concerns, but the direction of the change is not in
doubt.

4. Reconstructing the continental hydrologic
balance

The preceding discussion indicates that a likely
cause for the negative shift in 6180p of the Venezuelan
Andes lake-isotope records is a decreasing export ratio
(f=F out/ Fin) of northern South America. The implica-
tion is that the fraction of water vapor entering the
continent (F;,) which is lost as runoff (R=F,(1—f))
has increased during the Holocene. This conclusion
indicates changes in the partitioning of moisture be-
tween the lowlands and Andes, independent of the
absolute intensity of the hydrologic cycle (proportional
to F,). In this section we address three questions which
arise from this conclusion. First, is the LVA-LVB iso-
tope record a local signal, or does it capture large-scale
variations in S. American hydrology? Second, how has
the intensity of the hydrologic cycle changed in con-
junction with the lowland export ratio? Third, what
factor(s) could be responsible for the change in lowland
moisture export?

Isotope stratigraphies from three high-altitude ice
cores in the tropical Andes are available to compare
with the LVA-LVB record (Fig. 1). These isotope
records primarily reflect changes in the composition of
precipitation, similar to the LVA-LVB data. The data
from Huascaran, Peru ([45] with age scale from Thomp-
son [46]) and Illimani, Bolivia [47] bear a striking
resemblance to the LVA-LVB record (Fig. 10). Both
stratigraphies are dominated by trends that are nearly
identical to the LVA—LVB data. In contrast, the isotope
record from Sajama, Bolivia (not shown, [48]) shows
little trend during the Holocene and is dominated by
century-scale variability. Contributions from locally de-
rived water vapor [47] combined with variable wind
ablation of surface snow [49] may explain why the
Sajama history is so different from the Illimani and
Huascaran records. Given the greater proximity of Illi-
mani and Huascaran to the Amazon Basin, we concen-
trate on the stratigraphies from these sites as more
faithful recorders of the isotopic composition of water
vapor exported from the lowlands.

The changes of the f ratio during the Holocene in-
ferred from the lake isotope records in the Venezuelan
Andes could also explain the isotope shifts observed at

Nevados Illimani and Huascaran. To illustrate this we
modeled the isotope shifts expected at Illimani and
Huascaran if the LVA-LVB record is assumed to be a
faithful recorder of changes in the export of lowland
moisture to the high Andes. First, the Holocene evolu-
tion of the f/f, ratio was constrained by the 5180p7f/ fo
relationship in Fig. 9 and a linear fit to the isotope shift
in LVA and LVB (Fig. 6). Next, the isotope shift at the
elevation of each record was calculated using these f/f,
ratios and the f, value which provides the best fit to the
absolute values of Holocene isotope history (the choice
of f, affects the absolute value, not the shape of the
modeled curve). Finally, the AS'20,,, was added to the
modeled isotope values. The results from this modeling
exercise fit the ice core isotope records very well
(dashed lines, Fig. 10). This fit suggests that the LVA—
LVB data is capturing variations in the lowland hydrol-
ogy which occurred throughout tropical S. America.

As an additional exercise, the isotopic composition of
Amazon River water was calculated using the f/f; his-
tory inferred from the LVA—-LVB record and compared
to an isotope record of Amazon River discharge during
the Holocene. The calculation used a value for £, (0.45)
which provides the correct isotope signature for the
modern Amazon River (—5% VSMOW, [50]). This
calculated runoff record was then corrected for the
A8"80y,, and the amount of runoff was assumed propor-
tional to (1 —f) (from mass balance). Finally, the isotopic
composition of a mixture of Amazon River and ocean
water (A6'®0) was calculated for comparison to a
A&"0 record from the Amazon Fan [50]. This mixing
calculation was scaled to the modern ratio of ocean to
river water at the coring site (5: 1) by using the equation:

s (1) 1/ (1)
A5mix - <Sbocean + l_fo 5nver>/<5 + 1_fo )
(6)

where f{7) is the fratio at time ¢ (derived from the LVA—
LVB record). Comparison of the modeled and measured
isotope shifts shows a strong correspondence (Fig. 10).
This exercise suggests that the increase in Amazon River
discharge inferred from the Amazon Fan record [50]
could be the result of a shift in the partitioning of
moisture between the Andes and the Amazon Basin.
Additionally, the A3'®0 shift observed in the Amazon
Fan record is consistent with the Andean records of
6180p, without invoking any change in the intensity of
the hydrologic cycle.

Similarities between the Holocene 5180p records
from both hemispheres of tropical S. America intimate
that there might be a single underlying cause.
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Possibilities include changes in the oceanic source
regions, continental temperature changes, vegetation
changes in the lowlands (moisture recycling) and circu-
lation shifts driven directly by orbital variations of solar
insolation or indirectly through teleconnections with
other regions. As discussed previously for the LVA—
LVB record, there is no evidence for Holocene changes
in the oceanic source regions which could explain the
isotope shifts observed in the Andes. Additionally, al-
though continental temperatures could affect the isotope
records by altering the vapor/liquid fractionation during
precipitation, the required temperature changes are quite
large and no paleoclimate evidence supports such
changes. A shift from forest to savanna in the tropical
lowlands during the Holocene would decrease transpi-
ration and increase evaporation and runoff, possibly
decreasing the export ratio (f) and the 6180p in the
Andes. However, pollen records from lowland tropical
S. America do not support the large change in vegeta-
tion coverage which would be required to cause the
isotope shifts [43,51,52]. Finally, orbitally caused inso-
lation changes could be invoked to directly explain
either the northern or southern hemisphere isotope
records. However the effect of precessional insolation
forcing is opposite in the northern and southern hemi-
spheres suggesting that direct insolation forcing of cli-
mate changes is not a likely source of the similar isotope
trends in the Andes of both hemispheres.

Shifts in tropical S. America atmospheric circulation
driven by changes in the equatorial Pacific SST may
provide a unifying explanation for the isotope trends
observed in the Andean records. Interannual variations
of SSTs in the eastern equatorial Pacific have an impor-
tant effect on the moisture transport and the amount and
isotopic composition of precipitation in tropical S.
America (based upon instrumental records). Warmer
SSTs and stronger latitudinal temperature gradients in
the eastern equatorial Pacific cause westerly anomalies
in upper tropospheric winds over S. America leading to
decreased precipitation during the austral summer in the
southern hemisphere Andes [53—55]. Precipitation in
the lowlands also decreases [53,56] leading to less rain-
out, higher fratios and a higher 6'%0 of precipitation in
the Andes [35,57—-60]. In Venezuela and northern S.
America, higher SSTs in the eastern equatorial Pacific
also lead to reduced precipitation during the boreal
summer [53,61,62]. Climate model experiments suggest
the relationship between eastern equatorial Pacific SST
variability and 6180p in northern S. America is similar
to the southern hemisphere tropics [63] making eastern
equatorial Pacific variability an attractive explanation
for the synchronous changes in both hemispheres.

Applying the relationship between modern interan-
nual variability of Pacific SSTs and the 'O of Andean
precipitation to the observed changes in the Holocene
isotope stratigraphies from the tropical Andes suggests
that higher isotope values during the Early Holocene
resulted from warmer temperatures in the eastern equa-
torial Pacific. However, this does not agree with pa-
leoclimate data and global climate model (GCM)
experiments which suggests that the eastern equatorial
Pacific was generally cooler during the Early Holocene
[64—67]. However, the relationship of interannual vari-
ability and the mean conditions of eastern equatorial
Pacific SSTs to the S. American water cycle on millen-
nial time scales is probably not straightforward. The
interannual variability which dominates SSTs in the
eastern equatorial Pacific today may not be a good
model for millennial-scale shifts in the mean state of
the tropical Pacific. Additionally, asymmetric response
of the continental water cycle to warm and cold events
(c.f. [68]) could cause a directional response to in-
creased variability, even if the mean remains un-
changed. Although paleoclimate data and climate
models suggest that interannual SST variability in the
eastern equatorial Pacific was lower during the Early
Holocene (e.g., [69—73]), there is some evidence to the
contrary [67]. It should also be noted that some records
from the eastern equatorial Pacific do indicate warmer
conditions during the Early Holocene [74,75], consis-
tent with the Andean isotope histories.

While acknowledging the complexities which link
SST variations in the equatorial Pacific to the hydrologic
cycle of tropical S. America, we suggest that it is difficult
to explain the similarity of precipitation isotope records
north and south of the equator by another mechanism.
Better understanding of how changes in the Pacific Ocean
affect S. American climate on millennial time scales may
strengthen or weaken this interpretation of the Andean
isotope records. Additional records of the isotopic com-
position of precipitation in S. America during the Holo-
cene may also shed light by revealing regional differences
which are not apparent in the available data.

5. Summary and conclusions

Diatom isotope records from two lakes in the Vene-
zuelan Andes indicate a —2.4%o shift in the §'*0 of
Andean precipitation during the Holocene. This shift
could be caused by changes in ocean evaporation con-
ditions, transport across lowland S. America or oro-
graphic uplift to the Andes. However, several lines of
evidence suggest that a change in the efficiency of water
vapor transport across the lowlands is responsible for
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the shift. Ice cores from Nevados Huascaran, Peru and
Illimani, Bolivia exhibit isotope trends which are very
similar to the Venezuelan record suggesting the changes
occurred in both hemispheres of tropical S. America.
The interhemispheric similarity of the isotope records
makes orbitally driven trends in solar insolation an
unlikely primary cause for the shifts. Modern interan-
nual variability in the equatorial Pacific Ocean has
similar climate effects in both hemispheres of tropical
S. America making variability in this region an attrac-
tive explanation for the isotope trends. However, the
interpretation of the millennial scale isotope histories
based upon the modern teleconnections between the
tropical Pacific and S. America does not agree with
available paleoclimate evidence from the tropical Pacif-
ic. This may reflect additional complexity in the rela-
tionship between tropical Pacific interannual and
millennial scale variability and its effects on the hydro-
logic cycle of S. America. We favor a tropical Pacific
source for the isotope trends but better understanding of
the teleconnection between the Pacific and S. America
are needed to test this theory.
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