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ABSTRACT

LAKE RECORDS OF HOLOCENE CLIMATE CHANGE, CORDILLERA DE
MERIDA, VENEZUELA

SEPTEMBER 2005
PRATIGYA J. POLISSAR, B.A., HAMPSHIRE COLLEGE
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Raymond S. Bradley

Multi-proxy sediment records from four lakes in the Venezuelan Andes
document changes in tropical climate over timescales of decades to millennia. The
results are grouped into three topics: the Little Ice Age, the Holocene climate history,
and atmospheric moisture balance of South America from oxygen isotopes.

A 1500-year reconstruction of climate history and glaciation indicates four
glacial advances occurred between 1250 and 1810 A.D. These advances are coincident
with solar activity minima. Temperature declines of 2.3 to 3.4° C and precipitation
increases of 25 to 70% are required to produce the observed glacial responses. These
results highlight the sensitivity of high-altitude tropical regions to relatively small
changes in radiative forcing‘, implying even greater responses to future anthropogenic
forcing.

On longer timescales, the Venezuelan Andes were generally wetter during the
early Holocene. The middle Holocene was a time of low lake levels and reduced
moisture balance whereas the late Holocene was wetter, with the wettest period

occurring during the Little Ice Age. The pattern of millennial climate variability in

vi



Venezuela appears to be either a wet-dry-wet (Andes) or dry-wet-dry (lowlands)
sequence. Comparison with climate records from North, Central and South America
suggests this pattern is widespread near the northern and southern edges of the tropical
monsoon climate regime and along the Andes near the equatorial Pacific.

The isotopic composition of Andean precipitation reflects evaporation
conditions over the Atlantic Ocean, moisture recycling over the South American
lowlands and uplift to the Andes. The isotopic composition of precipitation in the
Venezuelan Andes, reconstructed from lake sediment diatom oxygen isotope records,
show a 2.4 %o decrease during the Holocene. This decrease reflects a reduction in the
moisture entering South America which reaches the Andes. Ice cores from Peru and
Bolivia exhibit similar isotopic trends.

Direct orbital changes in solar insolation cannot explain the synchronous trends
in both climatic and isotopic histories throughout the neotropics. However, sea surface
temperature variation in the tropical Pacific may explain these trends because modern

interannual variability in this region has similar effects in both hemispheres.
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CHAPTER 1
INTRODUCTION AND BACKGROUND
Introduction

The tropics are an important component of the global climate system. Defined
as the area between 23.5° north and south latitude, they cover 40% of the globe, receive
47% of the earth’s potential solar insolation and contain 35% of the earth’s population
(Fig. 1.1). More energy is gained than lost in the tropics, thus there is a net surplus of
heat which is exported to higher latitudes in both the atmosphere and oceans. In the
atmosphere this energy is transported to the mid-latitudes by the Hadley circulation,
much of it as latent heat derived from evaporation over the tropical oceans. The oceans
are responsible for the remainder of the heat transported to high latitudes. Through the
export of heat and moisture the tropics have a direct link to the climates of mid- and
high-latitude regions. In turn, high-latitude processes such as deep-water production,
sea-ice formation and ice-sheet growth can affect the sinks for exported tropical heat
and change global and tropical climates.

Despite their importance in the global climate system, significant gaps exist in
our understanding of the causes and consequences of tropical climate variability at
different timescales. At periods of 10* to 10° years, significant tropical cooling and
regional changes in the precipitation/evaporation balance (P/E) have accompanied the
growth and decay of high-latitude ice sheets (e.g. Haberle and Maslin, 1999; Peterson et
al., 2000). In contrast, interannual to decadal climate variability such as the El Nifio-
Southern Oscillation has a large effect on extratropical climate (Ropelewski and

Halpert, 1987). At intermediate periods of 107 to 10° years, the cause of tropical climate



variability and the extratropical influences are less clear. These timescales encompass
changes in solar irradiance and insolation forcing which might directly affect tropical
climate. However, the extra-tropical response to the same forcing may also impact
tropical climate. Variation at these (and greater) timescales extends beyond the period
of instrumental measurement. Thus, proxy records of climate are essential to
understand the variables which control tropical climate and the interaction of the tropics
with higher latitudes.

In this dissertation I address the nature and regional patterns of climate change
in the tropics by focusing on climate variability in the Venezuelan Andes during the
past 10,000 y. Two facets of this dissertation represent a contribution to our
understanding of tropical and global climate variability. First, by adding to the global
collection of paleoclimate data this research furthers our understanding of the timing
and spatial variability of climate change. Second, I try to understand the regional
pattern of climate change and the possible mechanisms responsible for these changes by
comparing the records from the Venezuelan Andes with other tropical records. Three
broad questions are addressed in this dissertation:

1. How has climate in northern South America varied during the past
10,000 years?

2. How does climate variability in northern S. America correlate with
records from other tropical locations?

3. What are the important causes of past climate variability in northern S.

America at different timescales?



I concentrate on the past 10,000 years because the boundary conditions are similar to
the present, thus drastic changes such as the growth and decay of continental ice sheets
are not a confounding factor.

The dissertation is written as a series of manuscripts. This chapter serves as an
introduction to the study region. In chapter two, glacier advances, temperature and
moisture variability during the past 1,500 y are reconstructed at decade to century
resolution. Chapter three documents the nature of climate variations during the
Holocene (10,000 y-present) and examines regional correlations and potential forcing
mechanisms. This chapter also puts the higher resolution record of chapter two into the
context of variability during the last 10,000 y. The fourth chapter discusses how
variations in the isotopic composition of precipitation in the Andes (reconstructed from
lake sediment records) can be used to understand the evolution of low elevation
atmospheric moisture during the Holocene. The final chapter summarizes the findings
of the earlier chapters and attempts to put them into a broader context.

Modern Climate in Venezuela

Significant seasonal changes in precipitation are characteristic of Venezuela and
the subtropical Andes (7-11°N), with wet season precipitation (April-October or
November) accounting for 80-85% of the annual precipitation in the Cordillera de
Meérida (Bradley et al., 1991). The pronounced seasonality in precipitation is caused by
the annual cycle of solar declination; maximum solar insolation occurs in April and
August and minimum insolation in November-February (Fig. 1.2. Berger and Loutre,
1991). Maximum insolation in the northern hemisphere summer causes a trough of low

pressure to develop ~10°N (the intertropical convergence zone or ITCZ), leading to



wind convergence and atmospheric instability. Daily solar heating of the earth's surface
then drives deep atmospheric convection and intense precipitation (Fig. 1;3). During
minimum northern hemisphere solar insolation, the ITCZ moves into the southern
hemisphere and the northern hemisphere tropics are under the influence of the northeast
trade winds. Strong vertical wind shear and lower insolation suppress convection and
lead to an annual minimum in precipitation.

It should be noted that the ITCZ is generally considered a marine phenomenon
and the organized convection that represents the rainy season in Venezuela is located in
a relatively narrow latitude band which forms an extension of the Atlantic ITCZ proper
(Fig. 1.3). Likewise, the southern hemisphere wet season corresponds to the
development of the south American summer monsoon (SASM, Zhou and Lau, 1998).
Thus, variables which control the development, strength and dissipation of precipitation
over the continents may be different from the controls on the ITCZ. This distinction
should be kept in mind when discussing the effects of changes in ITCZ migration on
continental climate (c.f. Bush and Silman, 2004).

“Interannual Variability

There is considerable spatial and temporal variability in precipitation throughout
the Venezuelan Andes. These variations result from both the large-scale circulation and
local circulation effects due to topography (Pulwarty et al., 1998). Shown in Fig. 1.4 is
precipitation (1967-76) and pan evaporation (1970-76) recorded at Laguna Mucubaji.
This station is located near several of the study lakes and should provide information on
regional climate. The annual precipitation regime at Mucubaji is generally unimodal,

with a maximum in June-July and a minimum in Dec-Mar (Fig. 1.2). However, some



years show a bimodal regime with a mid-summer minimum occurring sometime
between June and August (Fig. 1.4). The mid-summer minimum is common in several
regions of Venezuela and is the principle factor in interannual precipitation variability
(Pulwarty et al., 1992; Pulwarty et al., 1998). Evaporation is generally constant
throughout the year, with slightly higher values in Feb-April (Fig. 1.2). The P/E
balance is positive (>1) April-November and negative December-March.

During the period 1967-76, interannual changes in both precipitation and
evaporation occurred at L. Mucubaji (Fig. 1.4). Annual evaporation was higher in 1970
and 1973 while precipitation was lower in 1971 and 1973-1975. Positive evaporation
anomalies tended to occur during spring (February-May) while negative anomalies were
less intense and more likely to occur during the rainy season. Interannual variability in
evaporation is principally associated with variability in February-May. Correlation
between monthly evaporation and precipitation is high and negative during these
months, indicating lower precipitation in any of these months is generally associated
with higher evaporation in the same month. Precipitation variability in Venezuela is
primarily associated with changes in the mid-summer drought (Pulwarty et al., 1998).
This is apparent in the Mucubaji data when principle components analysis is used to
group months with similar variability. Annual precipitation variations are closely
associated with June-July precipitation anomalies (Fig. 1.5). Interestingly, precipitation
anomalies in the transition months of March-April and August-September are
anticorrelated, and both are uncorrelated with annual precipitation.

Precipitation variability in Venezuela is affected by conditions in the tropical

Pacific, Atlantic and Caribbean regions. Pulwarty (1992) found that conditions leading



to a wetter than average rainy season in Venezuela are: a positive Southern Oscillation
Index (La Nifia conditions), below normal sea-surface temperatures (SSTs) in the east
Pacific and tropical south Atlantic, above normal SSTs in the Caribbean and deep
easterlies (850-250mb) 10°-20° N. The precipitation record from L. Mucubaji shows
similar correlations with the climate variables investigated in Pulwarty (1992).
Correlation of L. Mucubaji precipitation with tropical SSTs shows that more June-
August precipitation is associated with negative SST anomalies (SSTa) in the tropical
south Atlantic and positive SSTa in the tropical north Atlantic and Caribbean (Fig. 1.6).
In contrast, precipitation in March-May is positively associated with a pattern of SSTa
in the equatorial Pacific which resemble a warm El Nifio-Southern Oscillation (ENSO)
event. Evaporation anomalies at L. Mucubaji are also strongly associéted with ENSO.
The EI Nifio events in 1969 and 1972 led to greatly increased evaporation in the spring
following El Nifio onset (Fig. 1.4).
Previous Research

Paleoclimate research in Venezuela indicates there have been significant
changes in hydrology and climate on glacial-interglacial timescales. Late Pleistocene
glaciers were extensive in the Cordillera de Mérida, occupying ~200 km? (Schubert,
1984) compared with 3 km? today (Schubert and Fritz, 1985). Radiocarbon dates
indicate that the Mérida Glaciation ended approximately 15,500 calendar y BP
(Salgado-Labouriau et al., 1977). Palynologic evidence from Lake Valencia (situated at
a low elevation east of the Cordillera de Mérida) suggests conditions were drier than
present 15.6-12.0 ky BP (Bradbury et al., 1981; Curtis et al., 1999). Rapid filling of

Lake Valencia 12.0-11.7 ky BP, indicating an increase in effective moisture, was



followed by relatively saline lake conditions until 9.7ky BP. Evidence from Lake Los
Lirios in the Venezuelan Andes indicates very cold conditions 13.3-10.5 ky BP
suggesting the increased moisture may have been associated with lower temperatures
(Weingarten et al., 1991). In Lake Valencia, overflowing conditions with low salinity
were established between 9.7-7.9 ky BP, but by 7.9-6.8ky BP low lake levels had
returned. Lake Los Lirios shows warmer conditions during this interval (10.5-8.0 ky
BP). In contrast, the pollen record from Laguna Mucubaji, located at 3,500m a.s.l. in
the Cordillera de Mérida, shows establishment of modern paramo vegetation occurring
by 9.2 ky BP and relatively little change in the vegetation up to modern times (Salgado-
Labouriau et al., 1992). Between 6.8-3.5ky BP Lake Valencia was overflowing and
decreasingly saline. During this period peat deposits began to grow in the Guayana
highlands (Schubert and Fritz, 1985) suggesting that this was a period of higher
moisture balance throughout Venezuela. Lake Los Lirios indicates generally cooler
conditions throughout this interval (8.0-2.8 ky BP). Between 3.5-0.5ky BP, Lake
Valencia was still overflowing, but with increasing salinity. Warmer conditions
prevailed in Lake Los Lirios between 2.8-2.0 ky BP with the establishment of modern
conditions 2.0 ky BP. Rapid glacial retreat has occurred during the last 100 years, with
three glaciers disappearing since 1972 (Abbott and Stafford, 1996).

Previous work on lake sediment records in the Venezuelan Andes (Weingarten
etal.,, 1991; Salgado-Labouriau et al., 1992; Rull and Vegas-Vilarribia, 1993) has
relied on palynology, clay mineralogy and the sedimentary geochemistry of iron and
manganese from several locations to reconstruct climate. However these sites and/or

proxies may not be sensitive to climate fluctuations during the Holocene. For example,



the only continuous Holocene pollen record comes from L. Mucubaji and shows little
regional changes in vegetation during the Holocene. However, the lake is currently
located near the middle of the Paramo vegetation zone, thus relatively large fluctuations
in the elevation of ecological zones may have occurred without any significant change
in the pollen assemblage at L. Mucubaji. Likewise, clay mineralogy and iron
geochemistry may not be sensitive to climate fluctuation on shorter timescales such as
the Holocene. As an additional note, the chronology for the previous research has relied
on radiocarbon dating of bulk sediments. The organic carbon in sediments can
represent a mixture of various sources and ages (Abbott and Stafford, 1996), thus bulk
radiocarbon dates add an element of uncertainty to the reconstruction of past climate
changes. In some of the lakes studied as part of this dissertation research, there are
significant and variable differences between bulk and terrestrial macrofossil
radiocarbon ages of up to several thousand years. These differences could lead to
reconstruction of climate events with significant offsets from their true calendar age.
Previous work in the Venezuelan Andes has provided a valuable contribution to our
understanding of the regional climate history however there is a need for additional

paleoclimate studies.
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Figure 1.1 — Global distribution of annual average solar insolation, surface area and
population by latitude. Population data is for 1995 (CIESIN et al., 2000). Horizontal
dashed lines delimit the tropics.
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Figure 1.2 — Average monthly climatology of precipitation, evaporation, P/E balance
and insolation for L. Mucubaji. The precipitation climatology is calculated for the full
record (1967-76) and for the period 1970-76 for comparison with the evaporation and
P/E data. P/E (1970-76) is plotted on a log scale so that the magnitude of anomalies is
linear above and below 1. Shown in the bottom panel are monthly values of potential

insolation at 10°N (Berger and Loutre, 1991).
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Figure 1.3 — Average monthly values of outgoing longwave radiation (OLR) over South
America in June and December. Data is averaged from the period 1970 to 1995
(Liebmann and Smith, 1996). Regions of low OLR (dark) are indicative of cold cloud
tops and deep convection. Image provided by the NOAA-CIRES Climate Diagnostics
Center, Boulder Colorado from their web site at http://www.cdc.noaa.gov/.
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Figure 1.4 — Precipitation and evaporation at Laguna Mucubaji, 1967 to 1976.
Precipitation is shown in black and pan evaporation in gray (Azocar and Monasterio,
1980). Monthly southern oscillation index (SOI) values are plotted in the top panel
along with El Nifio and La Nifia events.
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Figure 1.5 — Principle components analysis of monthly precipitation at Laguna
Mucubaji. Precipitation z-scores were calculated relative to monthly means for 1967-
76. Axis 1 and 2 explain 25 and 21% of the total variance, respectively.
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Figure 1.6 — Seasonal correlation between L. Mucubaji precipitation and gridded SST
for the period 1967-1976. Solid and dashed lines indicate positive and negative
correlation, respectively. Heavy lines indicate areas of correlation above the 95 %
confidence level (degrees of freedom are uncorrected for both spatial and temporal
correlation). (Data provided by the NOAA-CIRES Climate Diagnostics Center,
Boulder Colorado from their web site at http://www.cdc.noaa.gov/.

14



CHAPTER 2
SOLAR MODULATION OF LITTLE ICE AGE CLIMATE IN THE TROPICAL
ANDES
Introduction

During the past millennium, significant climate fluctuations have occurred.
Prominent among these is the Little Ice Age (LIA), recognized in historical records (e.g.
Pfister, 1992) and documented in proxy climate records from many locations (Jones and
Mann, 2004). Although the LIA was a significant global event (Mann et al., 1999), its
causes and regional differences in the timing and climate response remain unclear
(Crowley, 2000; Jones and Mann, 2004). This is particularly true in the tropics where
well dated records with sufficient temporal resolution to resolve decadal changes in
climate are sparse (Jones and Mann, 2004). Better knowledge of tropical climate during
the LIA will help determine its causes and aid in the prediction of future climate
change.

It is hypothesized that variations in the sun’s energy output played a role in
climate change during the LIA (Crowley, 2000). However, although the tropics receive
47% of the planetary insolation, their response to solar irradiance variability is
uncertain. Here we present evidence that climate change in the Venezuelan Andes is
linked to changes in solar activity during the LIA. Venezuela is situated near the
northern limit of the annual migration of the intertropical convergence zone (ITCZ, F ig.
2.1). The annual displacement of the ITCZ between hemispheres leads to pronounced
seasonality in rainfall at the latitudinal extremes of this migration. Thus, Venezuela is

particularly sensitive to changes in the position and strength of the ITCZ (Enfield,
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1996), which are expressed as changes in the amplitude of the annual cycle (Hastenrath,
1984). The annual cycle is a function of the intensity and zonal migration of maximum
insolation receipts at the earth’s surface. Therefore, variations in solar energy can be
expected to cause changes in the strength of the ITCZ, leading to precipitation and
temperature anomalies in Venezuela.

Tropical glaciers respond rapidly to precipitation and temperature variations,
and hence are useful recorders of climate variability (Thompson et al., 1985; Kaser,
2001; Seltzer et al., 2002). In this study we use glacier fluctuations and paleoclimate
records of precipitation and moisture balance to reconstruct Venezuelan climate during
the past 1,500 y. Previous glacial geologic study in the Cordillera de Mérida,
Venezuela indicates that glaciers were widespread during the Last Glacial Maximum
and rapidly retreated at the beginning of the Holocene (Schubert, 1984; Stansell, 2005).
During most of the past 10,000 years, glaciers were absent from all but the highest
peaks in the Cordillera de Mérida (Stansell, 2005). Evidence for recent glacier
advances comes from unweathered moraines and other glacial landforms. These
features have been correlated with the LIA (Schubert, 1992), however, they have not
been dated and thus the timing of recent advances remains unknown.

Here, we present continuous, decadal-scale, lake-sediment records of glacier
activity and moisture balance in the Venezuelan Andes during the past 1,500 years. The
continuous nature of the glacial record allows us to resolve multiple advances and
determine the timing of these events. This represents a significant development over
previous studies that have relied upon dating glacial landforms which represent a single

point in the glaciers time-position map. Additionally, because glaciers are sensitive to
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both temperature and precipitation changes, we have developed independent proxy
records of precipitation and moisture balance that allow a more accurate determination
of the climate during the LIA. Mapping of the paleoglacier and modeling of the glacier
response to precipitation and temperature variations provides a quantitative estimate of
the climate change during the LIA. Comparison of these glacier and climate records
from Venezuela with regional and global proxy data as well as probable forcing
variables allows us to infer potential causes for the glacier advances.
Materials and Methods
Study Sites

Sediment records from two watersheds were analyzed to reconstruct the timing
of glacial advances and regional changes in precipitation/evaporation (P/E) balance for
the past 1,500 years. Laguna Mucubaji (Fig. 2.1) is situated in a north facing catchment
with a maximum elevation of 4616 m. By comparison, the only four remaining
glaciated peaks in Venezuela have elevations of 4979 m (Pico Bolivar), 4922 m (Pico
La Concha), 4942 m (Pico Humboldt) and 4883 m (Pico Bonpland). Establishment of
glaciers in the L. Mucubaji watershed increased the flux of inorganic sediment to the
lake, producing a continuous record of glacier activity. We corroborate climate changes
during glacial advances with sediments from Laguna Blanca (Fig. 2.1), a small, closed-
basin lake at 1620 m in unglaciated terrain. During wet periods the transport of
inorganic material to the lake is increased, leading to higher concentrations in the
sediments compared with drier periods. The records of glacier activity and climate
change are also compared with nearby pollen records of floristic changes which

document greater moisture and lowering of tree line during the LIA (Rull et al., 1987).
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Sediment Chronology

In 1999 we recovered sediment cores from Lagunas Mucubaji and Blanca using
percussion and square-rod coring systems (Wright et al., 1984). Duplicate cores and
undisturbed sediment/water interface cores were retrieved from L. Mucubaji and the
interface core was extruded at 0.5 cm interval in the field. A composite sediment record
for L. Mucubaji was constructed from the two long cores and the interface core by
matching visual stratigraphy and variations in volume magnetic susceptibility, total
organic carbon (TOC), total nitrogen (TN), §"*Croc, 8 *°Nty and C/N ratios. A
composite sediment record for L. Blanca was developed by matching visual stratigraphy
and variations of TOC, magnetic susceptibility and bulk density between sediment
sections.

Accelerator mass-spectrometry radiocarbon dates and excess 2'°Pb profiles
constrain the age-depth relationship for the cores. Excess 2!°Pb profiles were converted
to calendar ages using the constant rate of supply model (Appleby and Oldfield, 1978)
and the 1964 *’Cs nuclear testing peak. Radiocarbon ages were converted to calendar
ages using the CALIB 4.2 dataset (Table 2.1, Stuiver et al., 1998a; Stuiver et al.,
1998b). Age models (Fig. 2.2) were constructed with polynomial spline curves to
interpolate ages between radiocarbon dates. A single radiocarbon date at 72.5 cm in L.
Mucubaji was excluded from the age-depth model because it produced sedimentation
rates which were anomalous in the context of the complete 8000 y record.

Sediment Geochemistry
Clastic material represents the non-biogenic component of sediments and can be

used as an indicator of sediment supply from the catchment. In Laguna Mucubaji,
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clastic sediment content was calculated as the total minus the sum of biogenic silica and
organic matter content (no carbonates were present in these sediments). Biogenic silica
was analyzed by time-dissolution experiments (DeMaster, 1979; DeMaster, 1981)
following the recommendations of (Conley, 1998). Dissolved silica from the
dissolution experiments was determined by ICP-AES (Carter and Colman, 1994). Total
organic carbon (TOC) was measured with a Carlo-Erba CHNS elemental analyzer
connected via a ConFlo-1II interface to a Finnegan MAT 252 mass-spectrometer. Total
organic matter (TOM) was calculated as 2.05*TOC based upon 8 samples where TOM
was measured by loss-on-ignition (Dean Jr., 1974; Heiri et al., 2001) and compared
with TOC values. In cores from both Lagunas Blanca and Mucubaji, magnetic
susceptibility (MS) was measured on sediment immediately after splitting the cores
using a Tamiscan automated sediment track and a Bartington high resolution surface
scanning sensor connected to a Bartington susceptibility meter.
Glacier Reconstruction

We use the equilibrium line altitude (ELA, the elevation of the dividing line
between the glacier accumulation and ablation areas) as a climatically-sensitive measure
to document variations in glacier extent. The Mucubaji valley paleoglacier ELA was
calculated by reconstructing the glacier topography and applying the accumulation area
ratio (AAR) method (Meirding, 1982). Glacier topography was reconstructed by
defining the glacial limits, calculating ice thickness along the glacier centerline and
contouring the glacier surface. Glacier limits were drawn from field data, visual
observations of aerial photographs and 1:24,000 topographic maps. The glacier

centerline was then defined by connecting the lowest points in topographic cross-
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sections of the glacier area. The surface slope along the glacier centerline was
reconstructed assuming a basal shear stress (t,) of 100 kPa (Paterson, 1981). (Alternate
constructions with ©,=50 and 150 kPa did not alter the contours significantly.) The
surface slope was then integrated along the glacier centerline, starting at the glacier
terminus, to give the ice elevation. The glacier surface was contoured by connecting
reconstructed centerline elevations and bedrock contour lines at the glacier margin. A
hypsometric curve of glacier area vs. elevation was then developed from the contour
plot and used to construct a normalized cumulative area versus elevation profile. If the
glacier accumulation area ratio (AAR, the ratio of accumulation area to total glacier
area) is known, these profiles can be used to determine the ELA. For comparison with
the Mucubaji paleo-ELA, the ELA of modern glaciers in the Cordillera de Mérida was
determined by constructing cumulative elevation profiles from the maps of (Schubert,
1972).
Results and Discussion
Chronology of Glacial Advances

Increased catchment glacierization enhances clastic sedimentation in proglacial
lakes, leading to higher concentrations of fine-grained magnetic minerals that can be
identified visually by color changes and quantified by MS measurements (Rosqvist,
1995; Seltzer et al., 2002). In L. Mucubaji, the clastic sediment concentration is
significantly correlated with the MS of the sediment throughout the past 6000 years
(=0.74 p<0.0001) and yields a high-resolution record of clastic sediment concentration
(continuous 0.25 cm samples representing 2 to 6 years per sample). The MS record has

low values prior to 1150 A.D., followed by four peaks (1180 to 1350, 1450 to 1590,
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1640 to 1730 and 1800 to 1820 A.D.) and decreasing values from 1820 A.D. to the
present (Fig. 2.3A). The onset and cessation of recent glacial activity in L. Mucubaji
(1180 and 1820 A.D., respectively) occurs at a similar time to other late Neoglacial
advances and retreats throughout the South American Andes (Seltzer, 1990; Rosqvist,
1995; Glasser et al., 2002) and corresponds to the Andean expression of the LIA. The
peaks and troughs in the susceptibility records match fluctuations of solar irradiance
reconstructed from '°Be (Bard et al., 2000) and A'C (Stuiver et al., 1998a)
measurements (Fig. 2.3E). Spectral analysis shows significant peaks at 227 and 125
years in both the irradiance and MS records, closely matching the de Vreis and
Gleissberg oscillations identified from solar irradiance reconstructions. The LIA period
in Mucubaji occurs during an extended interval of low solar activity (Bond et al., 2001;
Solanki et al., 2004) which likely promoted the growth of permanent ice in the
watershed. Based upon the L. Mucubaji sediment record, the establishment of an active
glacier occurred around 1150 A.D. The lack of sediment MS response to the irradiance
minima at 750 and 1050 A.D. is likely attributed to the absence of an active glacier in
the watershed.

Although the shielding effect of volcanic aerosols may have contributed to
glacier growth, it is difficult to differentiate the effects of solar and volcanic forcing
because they are correlated during the past 1000 y (Crowley, 2000). However solar and
volcanic forcing are uncorrelated between 1500 and 1650 A.D. and the magnetic
susceptibility record follows the solar irradiance reconstruction during this interval (Fig.
2.3F). This suggests solar forcing is the principal cause of variations in glacier activity

during the LIA.
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Climatic Inferences from Glaciers

The response of glaciers to both temperature and precipitation changes must be
assessed to fully interpret the glacial record (Kaser, 2001). This is accomplished by
reconstructing changes in glacial extent and then calculating the temperature and
precipitation changes needed to support the new glacier size. Figure 2.4 shows the
modern and reconstructed LIA glacier extent. From these maps, cumulative area-
elevation curves for the LIA and modern glaciers were developed (Fig. 2.5A). The
vertical difference between these curves, a measure of the LIA-modern ELA depression
(AELA), is shown in Fig. 2.5B. Theoretical AAR values for tropical glaciers are ~0.82
(Kaser and Osmaston, 2002) while an average AAR from 78 modern tropical glaciers is
0.69 (Klein et al., 1999). The AELA does not change significantly with the AAR, thus
values of 0.69 to 0.82 give an estimated AELA of around -300 m. However, modern
glaciers on Pico Bolivar have been rapidly retreating since at least 1870 A.D. (Schubert,
1992), thus -300 m represents a minimum estimate of the AELA. Accelerated melting
since 1972 A.D. has caused two glaciers to disappear completely (Schubert, 1992)
suggesting late 20™ century ELAs are actually nearer to the elevation of Pico Bolivar
(4979 m) and the AELA may be as much as —500 m.

The temperature and precipitation changes associated with this ELA lowering
can be calculated by combining equations for the mass and heat balances of a glacier.
This method is more accurate than simply multiplying the atmospheric lapse rate by the
change in ELA because the elevation gradients of precipitation and humidity cause
changes in the sensible and latent heat transfers at the glacier surface and affect the

magnitude of the estimated temperature depression. The relationship between
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temperature depression, precipitation and ELA lowering was calculated using the
combined energy-balance and mass-balance model of (Kuhn, 1989) after (Seltzer,
1992). Vertical gradients in temperature, atmospheric humidity and precipitation were
calculated from data in Bradley et al. (1991), Kalnay et al. (1996) and Pulwarty (1998)
respectively. Transfer coefficients for sensible and latent heat are from Kuhn (1989).
The uncertainty in the temperature estimate is largely related to uncertainty in the
estimated ELA depression. This method suggests that an ELA lowering of -300 to -500
m is equivalent to a temperature depression of 2.6 to 4.3° C using the modern annual
precipitation of 950 mm (Fig. 2.6).

Pollen evidence from two nearby sites (Fig. 2.1) documents the expansion of the
superparamo (alpine tundra) ecotone and a lowering of tree-line by 200 m during the
glacial advances in L. Mucubaji (Fig. 2.3C, Rull et al., 1987). The temperature and
precipitation change associated with tree-line movement is calculated from the
climatology at the modern forest/sub-paramo ecological boundary and the vertical
gradients of temperature and precipitation. The effect of precipitation on the forest/sub-
paramo ecological boundary can be estimated from modern climate data. Compared to
the NW slopes of the Venezuelan Andes the modern forest/sub-paramo ecological
boundary is higher on SE-facing slopes, with a mean annual temperature that is 2.9 °C
lower. This is primarily a function of the precipitation difference between the slopes
(+1225 mm y™') and provides an estimate of the effect precipitation has on the
temperature of the forest/sub-paramo boundary (k= -0.0024 °C y mm™). Thus, the
temperature (T) and precipitation (P) combinations which define the modern and LIA

forest/sub-paramo boundary are:
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Eq.2.1 T, ,-k'P =T, -k'P,,
The temperature depression during the LIA can then be written as:
Eq.22 Ty, -T,=k(P, -P)
This equation can be re-written to include a change in the elevation of the forest/sub-
paramo boundary (Az) using the vertical gradients in P and T and solved for the

temperature change (AT):

P JT
Eq.2.3 AT = kAP + Az(k——-——-)
q LIA -M LIA -M 7 o

Eq. 2.3 gives the relationship between precipitation and temperature change when the
elevation shift of the forest/sub-paramo boundary is known. Vertical gradients in
temperature and precipitation were calculated from data in (Bradley et al., 1991) and
(Pulwarty et al., 1998) respectively and used to determine the climate changes
associated with the 200 m lowering of the forest/sub-pdramo boundary during the LIA.
The intersection of the ELA and pollen estimates indicate that during the Little Ice Age
the Venezuelan Andes were both cooler (-2.3 to —3.4° C) and wetter (+230 to +680 mm
v, 425 to +73 %) than present (Fig. 2.6).

Our reconstructed LIA temperature depression in the high altitudes of the
Venezuelan Andes is greater than that inferred for Caribbean sea-surface temperatures
(~2° C, Winter et al., 2000; Watanabe et al., 2001; Nyberg et al., 2002). This is likely a
consequence of changes in adiabatic lapse rates due to cooling. Cooler tropical SST’s
would reduce the absolute humidity of the lower troposphere and steepen the slope of
the moist adiabat above the condensation level. This would lead to cooling at 4500 m
a.s.l. which was ~1.5 times that at sea-level, in agreement with our glacier and pollen

temperature estimates (Fig. 2.7).
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Sediment Record of Moisture Balance

Laguna Blanca (Fig. 2.1) contains a non-glacial record of catchment erosion
associated with increased precipitation. The MS of the sediments reveals a low
concentration of clastic sediment prior to 1250 followed by high values 1300 to 1550,
1640 t01710, 1730 to 1750, 1780 to 1790, and 1795 to 1820 A.D (Fig 2B). These peaks
indicate greater precipitation and erosion during the glacial advances identified in L.
Mucubaji. The wetter conditions during the LIA inferred from the sediment record at
the non-glacial L. Blanca site verifies that the change in climate that caused renewed
glacial activity in the Mucubaji valley was not only a response to lower temperatures.
This conclusion is also supported by higher abundances of Cyperaceae (sedge) pollen in
a nearby peat bog (Fig. 2.1) during the glacial period. Maxima of Cyperaceae occur
during glacial advances (Fig. 2.3D, Rull et al., 1987) indicating a marshy environment,
corroborating the L. Blanca MS record and supporting the moisture changes inferred
from the ELA reconstruction.

Intuitively it would seem that cooler temperatures and lower absolute humidity
would lead to less precipitation in the Venezuelan Andes during the LIA. However, this
view may be reconciled with the paleoclimate data for increased precipitation in the
Venezuelan Andes by recognizing that it is the transport of moisture to high elevations,
which most likely controls the precipitation amount as has been clearly documented for
the Bolivian/Peruvian Andes (Garreaud, 2000). During the LIA, a steeper latitudinal
temperature gradient induced stronger easterly trade-winds (Black et al., 1999) which

may have actually enhanced the transport of moisture to the Venezuelan Andes. Thus,
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greater moisture flux may have more than compensated for the reduced atmospheric
water vapor concentration.

Paleoclimate records from other tropical sites support our interpretation of the
glacier and sedimentary records in Venezuela. P/E changes on the Yucatan Peninsula,
Mexico are coherent with solar irradiance over the past two millennia (Fig. 2.3G,
Hodell et al., 2001). Trade-wind strength off the Venezuelan coast was also higher
during solar minima (Fig. 2.3H, Black et al., 1999). These changes are in phase with
the Venezuelan records indicating the P/E shifts were geographically extensive,
involving both the ITCZ and subtropical high pressure.

A notable exception to the regional picture of wetter LIA conditions in northern
South America is the record of terrigenous sediment input to the Cariaco Basin (Haug et
al., 2001). Lower concentrations of titanium were found in Cariaco sediments during
the LIA, suggesting decreased terrestrial sediment delivery to the basin. One possible
explanation for this difference is an antiphasing of precipitation between the coastal
Venezuela (near the Cariaco Basin) and the Venezuelan Andes. For example, 20"
century Venezuelan climate records show that rainy-season precipitation anomalies
have opposite signs in coastal and Andean regions (Pulwarty et al., 1992). This
suggests the possibility that, during the LIA, positive rainfall anomalies in the Andes
were accompanied by negative anomalies in coastal drainages entering the Cariaco
Basin. Alternately, catchments draining the Venezuelan Andes may not directly
influence the sedimentology of the Cariaco Basin, as they are either filtered by Laguna

Maracaibo, or drain to the Orinoco River.
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Conclusions

The data presented here suggest that solar activity has exerted a dominant
control on century-scale tropical climate variability, modulating both precipitation and
temperature. Surface cooling is enhanced at high altitudes by feedbacks involving
water vapor, ultimately depressing temperatures in the Venezuelan Andes by 2.3° to
3.4° C during the LIA. It is likely that this mechanism may also serve to amplify the
effects of warming trends, irrespective of their origin, which raises concern that global
warming will adversely affect high-altitude tropical montane regions (Bradley et al.,
2004). Supporting this concern, 20™ century temperature increases have raised the
ELAs of tropical glaciers leading to accelerated ablation and disappearance in many
cases (Hastenrath and Kruss, 1992; Schubert, 1992; Kaser, 1999; Ramirez et al., 2001).
We have demonstrated considerable sensitivity of tropical climate to small changes in
globally averaged radiative forcing from solar irradiance variability. Conservative
estimates of net anthropogenic greenhouse-gas radiative forcing during the next 50 y are
equal or greater than the solar forcing in previous centuries (Hansen et al., 2000),

implying that profound climate impacts can be predicted for tropical montane regions.
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Tables

Table 2.1 — Accelerator mass spectrometry radiocarbon ages on L. Mucubaji and L.
Blanca sediments.

Lab Code* Lake  Core Material Composite '°C Age lo calibrated age ranges (y A.D.)
Depth (v A.D.)
(cm)

CAMS-96809 L. Mucubaji 99A  wood 44.5  1620+40 1495 to 1500, 1508 to 1532, 1541 to 1600,
1614 to 1636

AA-35204 L. Mucubaji 99C aq macrot 542 1315445 1299 to 1325, 1349 to 1391
CURL-4959 L. Mucubaji 99C aqmacro 662 770430 782 to 791, 809 to 845, 846 to 891
CAMS-96810 L. Mucubaji 99A agqmacro  72.5 585430 645 to 685%
CURL-4960 L. Mucubaji 99C agmacro 858  -160+35 -194 t0 -193, -172 to -89, -74 to -59

CURL-4973  L.Blanca 99A  wood 64.5  1820+£35 167910 1708, 1719 to 1739, 1805 to 1822,
1827 to 1885, 1912 to 1935

CURL-4974 L.Blanca 99A  leaf 103.5 1290+35 1290 to 1312, 1354 to 1387
CAMS-73134 L.Blanca 99A  wood 123.5 97040 1002 to 1012, 1016 to 1045, 1088 to 1121

CAMS-96802 L.Blanca 99A wood 188.6 -170+35 -197 t0 -187, -180 to -91

*  CAMS, Center for Accelerator Mass Spectrometry, Lawrence Livermore National Labs;
AA, Accelerator Mass Spectrometry Lab, University of Arizona,;
CURL, National Ocean Sciences Accelerator Mass Spectrometry Facility, Woods Hole
Oceanographic Institute

T  aquatic macrophyte

1 notincluded in age model
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Figure 2.1- Map showing the location of L. Mucubaji, L. Blanca and other locations
mentioned in the text. L. Mucubaji (8° 47°N, 70° 50°W, 3570 m a.s.1.); L. Blanca (8°
20°N, 71° 47°W, 1620 m a.s.1.); Punta Laguna, Mexico (PL); Cariaco Basin (CB).
Pollen records are from the Piedras Blancas peat bog and L. Victoria (15 and 1 km from
L. Mucubaji respectively). The dashed line on the inset map shows the approximate
position of the intertropical convergence zone during the northern hemisphere summer.
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Figure 2.2- Age-depth curves for Laguna Mucubaji and Laguna Blanca. Laguna
Mucubaji is shown in (A) and Laguna Blanca in (B). Calibrated 1 o radiocarbon age
ranges are indicated by the horizontal bars. The thick black line in (A) represents *°Pb
ages.
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Figure 2.3 — Lake sediment records from the Venezuelan Andes compared with indices
of solar activity and additional tropical paleoclimate proxies. Glacial advances,
indicated by increases of sediment magnetic susceptibility in L. Mucubaji (A, vertical
gray shading) coincide with an increase in precipitation, shown by higher magnetic
susceptibility in L. Blanca (B) and higher abundances of Cyperaceae (sedge) pollen in
the Piedras Blancas peat bog located near to L. Mucubaji (D, Rull et al., 1987).
Decreased abundance of tree pollen (C, sum of Podocarpus and Hedyosmum, the best
indicators of tree-line in the Venezuelan Andes) indicate lowering of ecological zones
and colder/wetter climate during glacial advances. The tree pollen decrease lags the
onset of glacial activity in L. Mucubaji and does not increase between glacial advances
because tree-line position involves plant community changes which occur on timescales
longer than individual glacial advances. (E) Minima in reconstructed solar irradiance
(black line, Bard et al., 2000) using the scaling of (Lean et al., 1995) or maxima in A1*C
(gray line, inverted scale, Stuiver et al., 1998a) are coeval with glacier advances. The
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A™C record reflects solar modulation of the *C production rate and is scaled to the
reconstructed irradiance curve of Bard (2000). (F) Annual record of latitude weighted
volcanic aerosol forcing (gray bars and left scale, Crowley, 2000) and 50 y averages
(line and right scale, multiplied by four to scale with the reconstructed solar irradiance
and plotted at youngest age of the 50 y window). Wetter conditions are supported by
the Punta Laguna, Mexico 8'°0 record of higher P/E during Mucubaji glacial advances
(G, Hodell et al., 2001). Abundances of the foraminifer G. bulloides in Cariaco basin
sediments (H) are higher during glacial advances indicating stronger trade winds (Black
et al., 1999).
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Figure 2.4 — Maps of modern glaciers on Pico Bolivar and the reconstructed LIA glacier
in the Mucubaji watershed. The modern glaciers are from mapping by (Schubert, 1972)
and represent the glacier extent circa 1972 A.D. Accelerated melting since 1972 have
caused Las Hermanas and Timoncito glaciers to disappear completely (Schubert, 1992).

33



0

100
E 200 &,
§ F-300 >
é 1a 5 M:—-4oo~3f
4100 prrrrprerrprrr - -500
0O 02 04 06 08 1 O 02 04 06 08 1

Accumulation area ratio Accumulation area ratio

Figure 2.5 — Altitude profiles of normalized cumulative glacier area (accumulation area
ratio, AAR) for the Mucubaji LIA glacier and modern glaciers on Pico Bolivar.
Numbers refer to different glaciers on Pico Bolivar, glaciers 2 and 3 are the best

comparison with the Mucubaji glacier because these cirques have aspects and
morphologies similar to the Mucubaji cirque. The ELA depression (AELA) of the LIA
glacier from the modern glaciers on Pico Bolivar(B) is the difference between the AAR
profiles of the Mucubaji and modern glaciers in (A).
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Figure 2.6 - Relationship between temperature change and precipitation in the
Venezuelan Andes during the LIA from glacier ELA and pollen data. The small arrow
indicates the modern precipitation amount. The intersection of ELA and tree-line
estimates (gray ellipse) indicate the LIA was at least ~2.3° C (-300 m) and more
probably —2.8 to —3.4° C cooler (-400 to —500 m) and wetter by 230 mm y' to 680 mm
y”! precipitation.
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Figure 2.7 - Vertical profiles of temperature change and enhancement of surface cooling
at high elevations. Vertical temperature profiles were calculated using standard
meteorological formulae and a surface relative humidity of 80%. Temperature change
(A) is the difference from the 26° C surface temperature vertical profile. Average
tropical Atlantic surface temperature and humidity are 26° C, 80% (Kalnay et al., 1996).
The cooling enhancement is the magnitude of the temperature change at a given altitude
divided by the temperature change at sea level. Cooling enhancement is independent of
the magnitude of the temperature change (overlapping curves in B are for the -0.5 to -
2.0° C temperatures changes plotted in A).
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CHAPTER 3
LAKE RECORDS OF HOLOCENE CLIMATE IN THE TROPICAL ANDES,
VENEZUELA
Intreduction
The tropics are an important component of the climate system. They cover 40%
of the earth, receive 48% of the earth’s potential insolation and export heat and moisture
to the extratropics. Despite their importance, we still do not fully understand all the
variables which control tropical climate at different timescales. At periods of 10* to 10°
years, significant tropical cooling and regional changes in the precipitation/evaporation
balance (P/E) have accompanied the growth and decay of high-latitude ice sheets. In
contrast, interannual to decadal climate variability such as the El Nifio-Southern
Oscillation has a large effect on extratropical climate (Ropelewski and Halpert, 1987).
At intermediate periods of 10 to 10° years, the cause of tropical climate variability and
the extratropical influences are less clear. These timescales encompass changes in solar
irradiance and insolation forcing which might directly affect tropical climate. However,
the extra-tropical response to the same forcings may also impact tropical climate.
Variation at these (and greater) timescales extends beyond the period of instrumental
measurement. Thus, proxy records of climate are essential to understand the variables
which control tropical climate and the interaction of the tropics with higher latitudes.
Atmospheric circulation in the tropics is driven by the annual cycle of solar

insolation. Maximum heating of the earth surface at the latitude of solar declination
leads to wind convergence, uplift, low pressure and precipitation. Annual migration of

this band of low pressure (the intertropical convergence zone or ITCZ) leads to
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pronounced wet and dry cycles which define the tropical seasons. Because solar
heating drives tropical circulation, it is a logical step to hypothesize that variations in
the amount and seasonality of solar insolation could change tropical climate. Extensive
work in the southern hemisphere tropical Andes has documented a pattern of humid and
arid intervals during the past 10 ka. The timing of these wet and dry periods matches
predictions based upon orbitally driven variations of solar insolation (e.g. Abbott et al.,
1997; Thompson et al., 1998; Seltzer et al., 2000; Baker et al., 2001a; Abbott et al.,
2003), and bolsters the idea that direct insolation forcing of tropical climate is the
dominant factor on millennial timescales.

Direct insolation forcing should produce climate changes in the northern and
southern hemispheres which are opposite in sign but occur at similar times. Thus,
comparison between records north and south of the equator provides a natural test of the
direct insolation hypothesis. Climate reconstructions from the northern neotropics are
equivocal in their support of direct insolation forcing. Some records agree with
insolation predictions (Hodell et al., 1991; Hodell et al., 1995; Haug et al., 2001), while
others do not show the expected pattern (Bush et al., 1992; Hughen et al., 1996; Curtis
et al., 1999; Vélez et al., 2003). These differences could result from uncertainties in the
chronology of different records (unlikely), changes in the proxy-climate relationship
through time (possibly), and/or regional complexity in the patterns of climate change
(likely).

The goal of this paper is to add to our knowledge of the tropics by
reconstructing climate variability in northern South America. Multiproxy climate

records from lakes in the Venezuelan Andes were developed to better understand the
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spatial pattern of climate change in the northern neotropics. The wet season in
Venezuela occurs during boreal summer when the ITCZ is at the northern limit of its
annual migration. Thus, the study location is particularly sensitive to changes in the
position and strength of the ITCZ (Enfield, 1996), and inter-annual climate variability is
related to the strength of the annual cycle (Hastenrath, 1984). In turn, the annual cycle is
a function of the intensity and zonal migration of maximum insolation receipts at the
earth’s surface. Therefore, variations in solar energy are expected to cause changes in
the strength of the ITCZ, leading to precipitation and temperature anomalies at the study
location. The sites chosen for study are high-altitude and have similar atmospheric
circulation and physiographic settings to locations in the southern hemisphere Andes,
allowing comparison with these records. Focusing upon the past 10 ka removes the
effects of the large continental ice sheets and sea-level changes on the climate record.
Thus, orbitally-induced insolation changes are the largest external factor affecting
climate during the study interval.
Study Sites

Laguna Blanca is a small shallow lake in Venezuelan Andes (Table 3.1, Fig.
3.1). The lake water is acidic, moderately conductive and anoxic within 0.5 m of the
sediment/water interface. The lake has no surface inflow and lake level is currently
greater than 5 m below a dry outflow channel. The watershed is forested and contains a
dry lake which would drain into L. Blanca during very wet intervals. The stable oxygen
and hydrogen isotopes of the lake water are significantly enriched relative to modern
precipitation and groundwater, and lie on an evaporation trend distinct from the local

and global meteoric water line (Table 3.1). The low watershed/lake area ratio, lack of
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surface outflow and enriched lakewater isotopes indicate the lake is hydrologically
closed and loses most inflow waters via evaporation.

Lagunas Verdes Alta (LVA) and Baja (LVB) are small lateral-moraine dammed
lakes in the Venezuelan Andes (Table 3.1, Fig. 3.1). The watersheds of both lakes are
steep, small and covered by bare rock, wet soil and dry Paramo vegetation. Both lakes
are currently fed by groundwater although during exceptionally wet periods LVB may
recetve some water from L. Verdes Medio (located between LVA and LVB; Fig. 3.1).
LVA has a small outflow stream while LVB has no surface outflow and the
watershed/lake area ratio is higher in LVA than LVB (Table 3.1). Isotopic analyses of
modern lake waters show that both lakes fall along an evaporative trend distinct from
the meteoric water line with LVB significantly more enriched than LVA. This indicates
that LVA is hydrologically open with minimal evaporative water loss while LVB is
hydrologically closed and evaporation is a significant component of the water balance.
The proximity of LVA to LVB (<500m) means that they have similar input waters,
climates (humidity, temperature, wind speed) and thermal regimes and differ only in
their hydrologic balance.

Methods
Coring and Chronology

In 1999 we recovered sediment cores from Laguna Blanca, LVA and LVB using
a square-rod coring system (Wright et al., 1984). Duplicate cores or a single core with
overlapping drives were retrieved from each lake to prevent gaps in core recovery.
Undisturbed sediment/water interface cores were retrieved from LVA and LVB and

extruded and sectioned in the field due to their unconsolidated consistency. Composite
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sediment records for each lake were constructed from the long cores and interface cores
by matching the visual stratigraphy and variations in volume magnetic susceptibility,
bulk density, total organic carbon (TOC), total nitrogen (TN), 8"*Croc, 8"*°Nry and C/N
ratios.

Accelerator mass-spectrometry (AMS) radiocarbon dates (all lakes) and excess
219pp profiles (LVA) constrain the age-depth relationship for the cores. Excess *'°Pb
profiles were converted to calendar ages using the constant rate of supply model (CRS)
and the 1964 *'Cs nuclear testing peak. Radiocarbon ages were converted to calendar
ages using the CALIB 4.2 dataset (Table 3.2, Stuiver et al., 1998a; Stuiver et al.,
1998b). All ages in the text are in calendar years BP unless specifically noted. Age
models (Fig. 3.2) were constructed using a polynomial spline between the midpoint of
the '*C calibration age ranges with the largest relative area under the probability
distribution. Because LVB lacked macrofossil material for '*C dating at most sediment
levels, ages were calculated using the sediment mass accumulation rate and tie points to
the LVA record as additional constraints. Plotting accumulated sediment mass versus
calendar age yields a linear relationship for the past 10,000 years which gives a better
estimate of sediment age for LVB than simple interpolation by depth.

Sediment properties and geochemistry

Immediately after opening cores, 1 cm® samples for sediment density were
removed and stored at 4° C. Density samples were dried at 60° C for 24 h and weighed
to determine dry density. Volume magnetic susceptibility (MS) was measured at 0.25
cm intervals on split cores using a Tamiscan automated sediment track and a Bartington

high resolution surface scanning sensor connected to a Bartington susceptibility meter
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(reported in 10°® SI units). Total organic matter (TOM) and carbonate content were
measured by loss-on-ignition at 550° C and 1000° C (Dean Jr., 1974; Heiri et al., 2001).
Calculated carbonate contents were very low (maximum 5 wt. % with average values
below 2 wt. %) and thus LOI, 090 represent water loss from clay minerals rather than
CO; loss from carbonate minerals. This inference is supported by the absence of CO,
evolution when sediments were treated with concentrated nitric acid during preparation
of diatom slides.

Total organic carbon (TOC), total nitrogen (TN) and §'*Croc and 8*Nqy were
measured with a Carlo-Erba CHNS elemental analyzer connected via a ConFlo-11
interface to a Finnegan MAT 252 mass-spectrometer. Sediments were acid treated to
remove carbonates prior to analysis. Total organic matter was calculated from TOC
measurements based on the ratio of TOM/TOC. This ratio was calculated using a
subset of samples from each core where TOM and TOC were measured on aliquots of
the same sample. The TOM/TOC ratios were generally ~2.

Diatoms

Species abundance

Sediment samples for diatom species analysis (10-100 mg dry weight) were
freeze dried and organic matter was removed by reaction with hot concentrated nitric
acid and 40% hydrogen peroxide. Diluted aliquots of the digested sediments were dried
onto glass coverslips and mounted to slides with Naphrax©. Diatoms were counted at
1000x magnification using oil immersion lenses on an Olympus research microscope
equipped with differential interference contrast optics. At least 400 valves were

counted on transects which started at the N, S, E or W edge and ended at the center of

42



the coverslip. Diatom counts were tallied using the program MacCount v2.42 (Johnson,
1998).

Species identification was based upon examination of valves at 1000x
magnification and was supplemented by scanning electron microscopy of selected
samples. The taxonomy of South American diatoms is not particularly well-described
although several recent publications have begun to fill the void (Lange-Bertalot, 1998).
The primary texts used for taxonomic identification were descriptions of the North
American (Patrick and Reimer, 1966; Patrick and Reimer, 1975) and European flora
(Krammer and Lange-Bertalot, 1986; Krammer and Lange-Bertalot, 1988; Krammer
and Lange-Bertalot, 1991a; Krammer and Lange-Bertalot, 1991b). These works were
supplemented by descriptions of the diatom flora of lowland tropical south America
(Lange-Bertalot, 1998). Appendix A lists all species identified in modern and core
sediments.

The relative frequencies of diatoms from modern and fossil sediments of Laguna
Verdes Alta, Verdes Baja and five other high altitude Venezuelan lakes were analyzed
by direct ordination methods to determine species-environment relationships.
Canonical correspondence analysis (CCA, Ter Braak and Prentice, 1988) was used to
relate the physical and chemical characteristics of modern sample locations with the
diatom abundances. Fossil assemblages were treated as passive samples in the CCA,
allowing their projection into the modern species/sample/environment space. Only taxa
with relative abundances greater than 1% in at least two samples were included in the
analysis. The effects of square-root transformation of diatom frequencies and down-

weighting of rare species on CCA analyses were examined and found to be
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insignificant. Likewise log transformation of environmental variables with
concentration units (e.g. total phosphorus) in the CCA analyses had no significant effect
on the results. Based upon these observations untransformed species relative
abundances and environmental variables were used for CCA. Analyses were run under
the CANOCO computer program.
Diatom 370

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 (Shemesh et al., 1995). Controlled isotope
exchange (Juillet-Leclerc and Labeyrie, 1987) followed by high temperature
recrystallization was used to minimize the isotopic effect of opal-bound water. Oxygen
was liberated by reaction with BrFs, and quantitatively converted to CO,. The oxygen
isotopic composition analyzed via dual-inlet by an upgraded Finnegan MAT 250. The
results are calibrated versus NBS-28 quartz international standard and are reported on
the VSMOW scale using the notation: é‘)lSOsamp}e = (Rsample/Rvsmow—1)*1000, where R is
the ratio '*0/'°0. Each sample 5'°0 value represents the average of two to four
analyses. The median standard deviation of replicate measurements was 0.13%o (n=80)
with a range of 0.01-0.53%o. The long-term reproducibility is 0.14%o. Although the
diatom 8'%0 (8'*04) measurements could include contributions of opal from other
sources (e.g. phytoliths, chrysophyte cysts or sponge spicules) visual inspection of all
cleaned samples indicated negligible contributions. Variations of 8'*0y4 in Laguna
Verdes Alta and Baja do not directly coincide with floristic changes in the diatom

community indicating minimal species effects on the 5'°0 values.
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Reconstructing moisture balance from diatom 629_

The oxygen 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 balance of the lake). The lakewater
8'30 is then recorded in the opal frustules of diatoms growing in the lake (modified by a
fractionation factor which depends on temperature). Typically, reconstructing the
precipitation/evaporation balance (P/E) from a single lake requires assumptions about
how lake input water 8'*0 and temperature have changed through time. However, the
uncertainty of the P/E reconstruction can be greatly reduced when isotope records from
two lakes with end-member hydrologic balances are compared. In this study, the record
from LVA (open-basin) is sensitive to input water '30 and temperature whereas the
LVB record (closed-basin) is also influenced by humidity and P/E. Similar features in
the LVA and LVB 6180d records indicate changes in the input water 530 or
temperature. The difference between the 8'*0y4 records from LVA and LVB (ABISOd) is
primarily controlled by the regional P/E balance. The A8'304 was calculated by linearly
interpolating LVA 8'%0, at the sample ages of LVB and then subtracting the LVB 8'%04
from the interpolated LVA §'%04.

Results & Holocene Climate History
Laguna Blanca

The age-depth model for Laguna Blanca is shown in Fig. 3.2. All radiocarbon
ages are 1n stratigraphic order except the samples at 172 and 175 cm. The sediment
composition does not change near these samples thus the sedimentation rate likely

remained constant across this interval. The 172 cm age produces sedimentation rates
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more consistent with nearby samples and was retained in the age-model. The deepest
radiocarbon sample in the age model was on bulk sediment rather than terrestrial
macrofossils and thus is a maximum limiting age (Abbott and Stafford, 1996). The
sedimentation rate derived from this age represents a minimum estimate.

In Laguna Blanca, sediments from the past 10,000 y vary between organic poor,
clay rich lake sediments and rooty aquatic and terrestrial macrophyte rich shallow
lake/bog sediments. Six sediment units can be delineated based upon the visual
appearance, magnetic stratigraphy, bulk density, TOM and sediment accumulation rates
(Fig. 3.3). These units are primarily the result of different lake levels (LL). During
periods of high (probably overflowing) LL, dense, organic poor, high MS, mineral rich
sediments were deposited. In contrast, low lake levels were associated with low-
density, low MS and high TOM sediments with abundant macrophyte remains.

The lowest unit (I) is characterized by high MS, high dry density and low TOM.
Faint color banding is visible in the sediments of Unit I and reveals disturbances such as
intermittent micro-faulting, cm scale folds and vertical boundaries between sediment
colors. The disturbance in these bands as well as their indurate texture indicates they
have been reworked. The sediment accumulation rate is moderately high in this unit
(Fig. 3.3). The sediment composition and evidence of re-working in Unit I suggest a
lake highstand followed by a period of lake desiccation and possibly deflation. The
radiocarbon date on bulk sediments from the top of Unit I suggests that desiccation
started after 9470 y BP. Extrapolation of the sedimentation rate in Unit II indicates 8550

y BP as the end of the desiccation event.
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Unit II (423-185 cm, 8220-2050 y BP) has low MS, dry density and high TOM.
The sediment in Unit II is a dark black color composed of fine sediment, twigs, leaves
and aquatic plant remains. Within Unit II are many 0.5 to 2.0 cm tan layers of dense,
high MS and low TOM sediment. A subset of these layers were sampled for dry
density and TOM analysis, the rest were identified visually. The frequency of these
events is greatest between 8250 to 7000 y BP and 4000 to 1000 y BP (Fig. 3.3). Both
organic and inorganic sediment accumulation rates are ~10% those in Unit I and
increase slightly towards the top of the unit. Unit II represents a period of shallow lake
conditions extending from 8550 to 2000 y BP. The abundance of leaves and woody
macrofossils suggests that LL. was low enough to allow terrestrial vegetation to grow
near the coring site (5.5 m water depth today). The intercalated tan layers in this unit
probably represent short periods of high LL.. The frequency of these layers imply an
early wet period (8550 to 8000 y BP), an extended dry interval 8000 to 4000 y BP
(driest 7000 to 4000 y BP) and increasingly wet conditions 4000 to 2000 y BP.

There is an abrupt transition from Unit II to Unit III (185-103 cm, 2050-700 y
BP) where the dry density increases, TOM decreases, the MS slightly increases and
organic and inorganic sediment accumulation rates rise. This transition occurs within a
single coring drive (as do all other major lithologic transitions) and is thus not an
artifact of the coring method. In Unit III the macrophyte content is much lower
compared with Unit II and sediment accumulation rates are similar to Unit I. The

sediment composition and sediment accumulation rates suggest an increase of LL

around 2000 y BP and high LL 2000 to 700 y BP.
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The Unit III/IV boundary represents another abrupt transition. Visually there is
a sharp change from black to laminated tan/gray sediments and macrofossils become
very sparse. In Unit IV (103-40 cm, 700-45 y BP) the MS dramatically increases, bulk
density nearly doubles and TOM decreases to the lowest values in the core. Unit IV
sediments represent the highest LL in the record (700 to 45 y BP) and probably include
fluvial sediment transported by the currently dry inflow stream. The LL was probably
high enough to allow water to overflow through the currently dry outlet valley. Unit V
(40-0 cm, 45 y BP to present) has a composition intermediate between Unit III and IV
with more TOM, lower dry density and MS than Unit IV. The sediments in Unit V are
similar to Unit III and indicate a return to lower lake conditions 45 y BP to the present.

Laguna Verdes Alta and Baja

The sediments of LVA and LVB are nearly uniform in composition during the
Holocene. They contain 25-35 % TOC, have low MS and dry density. The age-depth
relationships for LVA and LVB are shown in Fig. 3.2. In LVA, the uppermost
radiocarbon age was not used in the age model because it is inconsistent with the excess
219pp chronology. The LVB age model is not well constrained during the Holocene,
however the similarity of LVA and LVB sedimentation rates lends support to the LVB
ages.
Diatoms

The diatom flora of the modern and fossil assemblages examined from
Venezuela total 81 identified taxa (Appendix A). Raphid and araphid pennate taxa are
well represented while the only centric diatom present is Aulacoseira alpigena.

Canonical correspondence analysis (CCA) of 28 surface sediments from seven lakes in
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the Venezuelan Andes exposes two dominant ecological gradients (Fig. 3.4). The
strongest gradient (Axis 1) captures variability associated with lake conductivity.
Specific conductivity (SpC), total alkalinity (Alk::) and silicon are all positively
correlated with Axis 1. Lake depth and total phosphorus are negatively correlated with
Axis 1, reflecting the tendency for deeper lakes to have higher total P and lower
conductivities. The second axis captures the variability associated with lake elevation.
High altitude lakes are colder, more acidic and transparent (allowing benthic
macrophyte growth).

The CCA results show that SpC and/or correlated variables are the most
important control on diatom taxa abundance. A measure of the SpC optima for
individual diatom species, or estimated specific conductivity of a sample (SpC score)
can be determined by calculating the orthogonal projection of species or site scores onto
the specific conductivity vector in Fig. 3.4 (Ter Braak and Prentice, 1988). When
sample scores are calculated from species abundances, the SpC scores of these samples
are proportional to a weighted-averaging estimate of the specific conductivity of the
sampling site (Ter Braak and Prentice, 1988). The SpC scores for modern sites increase
with the measured water conductivity indicating a good relationship between these
variables in the modern samples (Fig. 3.4). This relationship is supported by
comparison of species’ SpC scores with conductivity optima determined in the
NAWQA calibration project. Species in the NAWQA dataset (Potapova and Charles,
2003) which also occur in the Venezuelan samples (»=27) have specific conductivity
optima that are significantly correlated with the SpC scores calculated from the CCA

analysis (r=0.60, p<0.002). Figure 3.5 shows the modern distribution of the 15 diatom
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species which are dominant in the fossil data. The species are arranged by their SpC
scores (optima) while the samples are arranged by specific conductivity and water
depth. It is apparent from this diagram that species with low (high) SpC scores are
much more likely to occur in low (high) conductivity lakes. Again, this underscores the
impact of SpC on diatom distributions and provides a framework for interpreting
variations in fossil diatom species abundances.

Fig. 3.6 shows the stratigraphic variation of diatom relative abundances in LVB
during the past 12,000 y. In diatom zone A (12,000 to 10,500 y BP) the flora is
primarily composed of moderately low SpC species such as Encyonema sp. #3 and
Achnanthes minutissima (all var.). The zone A/B transition marks the introduction of
several higher SpC species (Sellaphora pupula var. capitata, Nitzschia gracilis and
Navicula laevissima var. perhibita). During zone B (10,500 to 8,000 y BP) abundances
of Encyonema sp. #3 decline and the higher SpC taxa Navicula podzorskii increases and
then decreases. At the beginning of Zone C (8,000 to 3,800 y BP) the lower SpC
species Aulacoseira alpigena, Encyonema lunatum and Nitzschia perminuta have peaks
in their abundance. These species are then replaced by the higher SpC Encyonema sp.
#4 which has greater abundances throughout zone C. Zone D (4,000 to 750 y BP) has
higher abundances of low SpC species such as Aulacoseira alpigena, Gomphonema
gracile and declining amounts of Encyonema sp. #4. The youngest diatom zone (E, 750
y BP to present) contains decreasing followed by increasing amounts of Achnanthes
minutissima (all var.) and the opposite pattern for Sellaphora sp. #1, Navicula minima

and Nitzschia gracilis. 1t is important to note that the only obligate planktonic diatom
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(Aulacoseira alpigena) does not appear until ~8,500 y BP and has abundance maxima
8,500 to 7,500 and 3,000 y. B.P. to the present.

Evaporation will concentrate the dissolved material in a lake leading to higher
specific conductivities. Thus, periods of higher conductivity inferred from LVB SpC
scores can be interpreted as low P/E and dry conditions (and vice versa). Higher
inferred SpC 10,000 to 8800, 6500 to 4000, 1500 to 800 and ~100 y BP to present
indicate lower P/E and dry conditions (Fig. 3.6). Lower SpC 8800 to 6500, 4000 to
1500 and 800 to 100 y BP indicate wet conditions. The LVB SpC scores are also low
prior to 10,000 y BP which would indicate wet conditions. However, the diatom
assemblage in this interval does not have an analogue in the modern surface sediments
and these SpC scores should be interpreted with caution.

Diatom isotopes

Further evidence for Holocene changes in the P/E balance comes from the 8'*Oq
records in LVA and LVB. The primary difference between LVA and LVB is their
hydrologic balance (Table 3.1), therefore changes in the regional P/E balance or
atmospheric relative humidity will cause unequal 8'%04 changes in the two lakes. The
identical long-term Holocene trend in the 8'%04 records from LVA and LVB primarily
reflects changes in the isotopic composition of precipitation and/or temperature (Fig.
3.7A). Changes in the 8'°0 of the ocean due to melting of continental ice sheets
accounts for a small part of the trend (Fig. 3.7B). The remainder is caused by
precipitation 8'®0 changes due to a decrease in the efficiency of water vapor transport
from the Atlantic Ocean to the Venezuelan Andes (see Chapter 4). Removal of the

ocean 8'°0 change and the linear trend due to precipitation 8'%0 highlights millennial-
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scale variations present in both records (Fig. 3.7C). Although these variations could
reflect both changes in the regional P/E balance and precipitation 8'%0, the scaling of
isotope shifts between the records argues for P/E as the primary factor. Changes in P/E
balance have a larger impact on lakes such as LVB which lose more of their water
through evaporation. Thus larger magnitude shifts in the LVB vs. LVA record agrees
with predictions from the modern hydrology. This feature is highlighted when the
difference between the isotopic records from LVB and LVA (A8'%0, Fig. 3.7D) is
examined. The A8'®0 record is unaffected by changes in precipitation §'°0, thus the
coincidence of changes in both 8'*04 and A8'®0y is strong evidence that P/E variability
is driving the isotope changes.

An exception to this interpretation is the jump in 8'®04 in LVA at ~2200 y BP.
Several observations suggest this jump is not caused by regional climatic variability and
results from processes endemic to LVA. First, the similarity of 6180d variations in LVA
and LVB prior to 2200 y BP and the correspondence between 8'04 and A5'04 changes
indicate the two records are responding to the same forcing factors. In this context the
shift appears anomalous. Second, the shift would imply a A8'%04 <3.5 %o, the lowest
values in the Holocene and significantly lower than the modern AélSOd of 4.1 to 4.9 %o.
The modern A3'%04 was calculated using the modern lakewater 8'%0, temperature, and
the water-opal fractionation factors from (Shemesh et al., 1992; Brandriss et al., 1998).
Evidence from other lakes in the region does not support a large shift towards drier
climate at 2200 y BP or such a large difference between the present climate and the past
2000 y. Third, the similarity between the long-term 8'%04 trends in LVA above and

below the shift suggests that the lake is still responding to precipitation 8'*0 changes

52



and the offset is the result of a within-lake change in the hydrologic balance. Although
the cause of the shift in LVA is not known, the preceding arguments suggest it is
unrelated to climate. We have tentatively corrected the data by adjusting the youngest
three points in LVA so they continue the trend defined prior to 2200 y BP. This
correction is not completely satisfactory and these data points are not emphasized in our
reconstruction.

The 8'%04 and A8'%04 records suggest wettest conditions 10,000 to 6500 y BP,
drier average conditions 6500 to 3000 y BP, wet periods 2,000 to 1,000 and 600 to 200
y BP and modern conditions slightly drier than the Holocene average. Between 10,000
and 2,000 y BP the timing of these wet and dry periods is similar to the diatom inferred
specific conductivity changes in LVB indicating the A5'®0q and diatoms are both
responding to evaporative enrichment of the lake water due to moisture balance
changes. After ~2,000 y BP the diatom conductivity continues to vary with the LVB
6180d curve however the absolute value of the SpC scores increases. The difference in
scaling between the SpC and LVB 8'°0, records after 2,000 y BP may reflect the
influence of nutrient availability on the SpC scores. Lower nutrient availability and
nitrogen limitation, indicated by higher sedimentary 8'°N values after 2,000 y BP (see
data tables in Appendix), would force a secular shift in the SpC scores towards higher
values with specific conductivity variations superimposed (Fig. 3.4). Periods of higher
P/E inferred from the 8'®Oq records also coincide with greater abundances of the only
obligate planktonic diatom found in LVB (4ulacoseira alpigena) indicating higher lake

levels and supporting the isotope record.

53



Discussion

Comparison of the L. Blanca, LVA and LVB records with climate
reconstructions from Lake Valencia (10° 10' N, 67° 45' W) and the Cariaco Basin (10°
42'N, 65° 10" W, Fig. 3.8) reveals a strong correspondence. The period of high lake-
level (LL) in L. Blanca at ~10,000 to 9,500 y BP corresponds to the onset of early
Holocene high P/E in LVA and LVB (Fig. 3.9). At the same time, L. Valencia LL was
lower, and hydrographic changes in the Cariaco Basin suggest a seasonality skewed
towards the summer wet season. This period also corresponds with a second phase of
deglaciation identified in the Venezuelan Andes (Stansell et al., in prep). Very low or
dry LL in L. Blanca between 9,500 and 8,500 y BP corresponds with a period of
reduced P/E in LVB-LVA and higher L. Valencia LL. Between 8,500 and 8,000 LL
was high in L. Blanca, P/E was at its highest early-Holocene values in LVB-LVA and
L. Valencia experienced a pronounced lowstand. There is also evidence for dry
conditions in Costa Rica at this time (Lachniet et al., 2004).

Between ~8,000 and 6,000 y BP, L. Blanca LL and LVB-LVA moisture balance
decreased to mid-Holocene values, Cariaco Basin hydrology became dominated by dry-
season upwelling and L. Valencia LL increased to its high mid-Holocene levels. Also,
basal ages for peat deposits on the table mountains (fepuis) in the Guayanas highlands
of Venezuela cluster in this interval (Fig 8, Schubert and Fritz, 1985). During the
middle Holocene (~6,000 to 4,000 y BP) low moisture balance and LL occurred in the
Venezuelan Andes, dry-season upwelling continued to dominate annual conditions in
the Cariaco Basin, and LL was high in L. Valencia. Between 4,000 to 2,000 y BP LVB-

LVA moisture balance was variable but increased over low mid-Holocene values, L.
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Blanca experienced more wet episodes, wet-season conditions became more important
in the Cariaco Basin and LL in L. Valencia started to decrease. At 2,000 y BP there is
an abrupt increase in L. Blanca LL and a transition to consistently higher P/E in LVB-
LVA. These conditions are maintained between 2,000 and 1,000 y BP and correspond
with decreasing LL in L. Valencia. A sharp drop in LVB P/E occurs after 1000 y BP,
with a small corresponding drop in L. Blanca LL. During the last 700 y BP, L. Blanca
LL reaches the highest levels since the early Holocene and LVB-LVA moisture balance
is high. This wet interval corresponds with Little Ice Age glacier advances in the
Venezuelan Andes (see Chapter 2). Modern conditions are established by
approximately 100 y BP.

A significant exception to the pattern of climate change discussed above has
been documented in geochemical records from the Cariaco Basin. Decreasing titanium
concentration in Cariaco Basin sediments during the Holocene have been interpreted to
indicate a southward shift in the ITCZ and reduction in coastal rainfall in response to
decreasing insolation seasonality (Haug et al., 2001). In contrast, sediment grayscale
reflectance (a proxy for the relative amounts of dark colored terrigenous vs. light
biogenic material) suggests an increase in the terrigenous sediment concentration and
increasingly humid conditions during the Holocene (Hughen et al., 1996). The glacial-
interglacial interpretation of these records agree (Hughen et al., 1996; Peterson et al.,
2000; Haug et al., 2001). However, the Holocene shifts in these proxies require
opposing climate trends: decreasing terrigenous sediment and increasing biogenic
sediment (Haug et al., 2001) vs. increasing terrigenous sediment and decreasing

biogenic sediment (Hughen et al., 1996). In fact, the titanium and grayscale records are
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inversely correlated during the Holocene (+*=0.43, p<0.0001). Several alternative
explanations for the titanium and grayscale trends are possible. For example, rising sea-
level has increased the area of submerged coastal shelf available to trap terrigenous
sediment which could decrease the titanium contribution to the sediment. Alteration of
the chemistry of terrigenous sediment such that the titanium/terrigenous sediment ratio
decreases during the Holocene could also explain the titanium trend. Changes in the
relative contribution of different organisms (zooplankton, diatoms, dinoflagellates,
coccolithophorids) to biogenic sedimentation (Werne et al., 2000) could alter the
relationship between grayscale reflectance and terrigenous vs. upwelling sediment
composition. An important constraint on any explanation is that sedimentation rates are
reasonably constant through the Holocene. As noted by (Haug et al., 2001) this
constraint favors mechanisms such as ITCZ migration which inversely alter the
terrigenous and biogenic flux. At this time it is not possible to resolve the differences
between these records. Here we rely upon the isotope records of water column structure
and upwelling (Lin et al., 1997) with the caveat that additional research my show them
to be incomplete recorders of Cariaco Basin climate variability.

The preceding comparison between climate records in Venezuela indicates that
the sign of climate changes in L. Valencia and the Guayanas highlands is reversed from
the Venezuelan Andes and Cariaco Basin. An explanation for this regionally complex
pattern of Holocene cIimaté change may be found in studies of modern Venezuelan
rainfall variability. Pulwarty (1998) noted that precipitation in the Andes is correlated
with other parts of Venezuela except during the July-August period, when higher

rainfall amounts in the Andes are accompanied by drier conditions in the central
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lowlands. This finding suggests that the opposite sign of climate records from L.
Valencia and the Andes represents a fundamental feature of Venezuelan climate.
Supporting this conclusion, several climate model simulations for the mid-Holocene
also exhibit a pattern of wet/dry anomalies similar to the paleoclimate data (Valdes,
2000, Ruter et al., 2004). Pulwarty (1992) could not determine the cause of this pattern
and further research is needed.

Despite the heterogeneous sign of climate shifts in Venezuela the similar timing
of these shifts implies a common cause. One possibility is that changing solar
insolation had a direct effect on atmospheric circulation and moisture balance in
Venezuela. Calculation of changes in solar insolation at the latitude of Venezuela (10°
N) indicate that seasonality was at a maximum during the early Holocene and decreased
to the present (Fig. 3.10, Berger and Loutre, 1991). Thus, direct insolation forcing
would indicate wettest conditions during the early Holocene and increasingly drier
conditions to the present. This pattern is not observed in the climate records from the
Venezuelan Andes, Venezuelan lowlands or Cariaco Basin hydrography. However ,it is
possible that insolation during the transition months is responsible for the observed
changes in Venezuela. Reduced March-May insolation during the middle Holocene
(Fig. 3.10) may have delayed the onset of the wet season. This change would resemble
a modern El Nifio event, where March-May precipitation is reduced, evaporation
greatly enhanced and P/E strongly negative. This explanation also requires that the
climate effects of reduced March-May insolation outweigh those from increased
September-November insolation. This could be possible if greater cloudiness during

the wet-dry transition reduces the impact of increased September-November insolation.
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Thus, unlike climate records from the equatorial neotropics (Lago Junin, Amazon River
discharge, see Chapter 5), it appears that decreasing insolation seasonality during the
Holocene did not directly affect Venezuelan climate. However, the timing of climate
shifts in Venezuela is similar to records located near the southernmost edge of tropical
monsoon circulation in the southern hemisphere neotropics (e.g. Bolivian altiplano) and
may indicate an effect from insolation forcing during transition months.

Another explanation for Holocene P/E change is found in the spatial correlation
pattern of tropical SST and modern Venezuelan precipitation timeseries. The
correlation pattern of modern rainfall anomalies in Venezuela with Atlantic and
Caribbean SSTs is generally positive or negative throughout the country. In contrast,
the correlation pattern with ENSO or eastern tropical Pacific SSTs exhibits a
longitudinal pattern of positive and negative associations (Pulwarty et al., 1992) which
generally correspond to the Andes/Valencia/Cariaco regions. This correlation pattern
makes tropical Pacific SST change an attractive explanation for Holocene P/E
variability in Venezuela. During the middle Holocene, lower SSTs in the eastern
tropical Pacific would lead to drier conditions in the Andes and coastal regions while
central and southeastern Venezuela were wetter. Conditions during the early and late
Holocene would be reversed. A lake-level record from Bainbridge Crater lake in the
Galéapagos archipelago (-1° N, 90° W) shows a pattern of Holocene P/E change which is
similar to the records in the Venezuelan Andes (Fig. 3.9). High lake levels during the
early Holocene gave way to an extended period of low lake level between 7,000 and
3,300 y BP, followed by high lake levels to the present (Colinvaux and Schofield,

1976a). Seasonal precipitation in the Galapagos is closely tied to regional SST
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variations (warm SSTs during the wet austral summer), thus this lake-level record
indicates cooler SSTs during the middle compared to the early or late Holocene. Three
different climate modeling studies also exhibit cooler SSTs in the eastern Pacific during
the middle Holocene (Bush, 1999; Clement et al., 2000; Kitoh and Murakami, 2002),
consistent with the record from Brainbridge Crater lake. These data suggest that
millennial scale P/E change in Venezuela may be a response to eastern equatorial
Pacific SST variability. The changes are independent of ENSO variability, which
generally shows increasing amplitude during the past 5,000 y (Sandweiss et al., 2001;
Tudhope et al., 2001; Andrus et al., 2002; Moy et al., 2002; Riedinger et al., 2002)and is
consistent with the observation that Pacific SSTs affect Venezuelan rainfall independent
of the SOI sign (Pulwarty et al., 1992).

Climate records from Panama, and Columbia also exhibit a pattern of Holocene
moisture balance change similar to Venezuela and the Galapagos (Fig. 3.8). A record
from Lake La Yeguado, Panama (8° 27’ N, 80° 51° W, 650 m) documents a period of
reduced lake level between 6,600 and 3,200 y BP (Bush et al., 1992). A similar pattern
is also present in Lake Faquene, Columbia (5° 27° N, 73° 46° W, 2580 m) (Vélez et al.,
2003). In contrast, a pollen record from Laguna Las Margaritas, Columbia (3° 23’ N,
73°26° W, 290 m) indicates forest expansion and wetter lake conditions 7,300 to
~3,000 y BP (Wille et al., 2003). The similarity between the high-elevation sites in
Columbia and Venezuela with the records from Panama and the Cariaco basin suggests
moisture balance changes in the high elevation Andes correspond with changes of

opposite sign in low elevation foothills (Laguna Las Margaritas and Lake Valencia).
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Although insolation forcing or eastern Pacific SST changes are attractive
explanations for Holocene P/E change in Venezuela, other factors may have been
important during specific intervals. As noted above, the period of low LL in L.
Valencia and high LL in L. Blanca between ~8,500 to 8,000 y BP corresponds with the
‘8,200 y’ cold event identified in climate records from the North Atlantic, and
increasingly from tropical sites (Stager and Mayewski, 1997; Gasse, 2000; Lachniet et
al., 2004). This event has also been identified in Cariaco sediments as a time of
enhanced upwelling and stronger trade winds (Hughen et al., 1996). The association of
stronger trade winds over the Cariaco basin and wet conditions in the Venezuelan
Andes is also proposed for Little Ice Age glacial advances (see Chapter 2), and thus
may be a stable pattern of Venezuelan climate. The opposite sign of moisture balance
changes in L. Valencia vs. the Andes and Cariaco Basin is maintained during this wet
interval suggesting that this feature is present regardless of the cause of climate change.

Conclusions

Multi-proxy climate records from three lakes in the Venezuelan Andes
document regional changes in moisture balance during the Holocene. During the early
Holocene, the Andes were generally wetter although there were short periods of aridity
and a distinct wet interval which probably corresponds to the 8,200 y BP cooling event
in the N. Atlantic. The middle Holocene was a time of low lake levels and reduced P/E
balance while the late Holocene was wetter, with the wettest period occurring during the
Little Ice Age. The timing of moisture balance changes in the Venezuelan Andes is
similar to Lake Valencia and some records from the Cariaco Basin. However, the sign

of P/E changes in L. Valencia is opposite to the Andes and Cariaco Basin. This pattern
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of positive and negative anomalies is similar to modern rainfall anomalies, suggesting it
represents a stable feature of Venezuelan climate. The cause of P/E change in the
Andes does not appear to be insolation forcing during the peak of the wet and dry
seasons. However, lower insolation during the March-May transition from dry to wet
season may explain the mid-Holocene aridity. Alternatively, changes in eastern tropical
Pacific SSTs could produce both the spatial and temporal pattern of P/E change in
Venezuela. Evidence for cooler SSTs in the eastern tropical Pacific during the middle

Holocene are consistent with this theory.
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Tables

Table 3.1 — Study site characteristics.

Lake |Watershed |Watershe 7z a0 &
Lake Location area area (10° |d/ lake T (%o
(10° m*)|m?) area (m) VSMOW)"
L. Blanca {8°20°N, 71°47°'W, 50.8 857 16.9 55 |-1.7
1620 m
L. Verdes [8°51'N, 70° 52°W, 10.0 139 13.9 3.1 |-9.3
Alta 4220 m
L. Verdes [8°51'N, 70° 52°'W, 17.4 116 6.7 55 |-3.9
Baja 4200 m

*Oxygen isotope composition of lake water relative to VSMOW, expressed as 30 = (Rsample/RVSMOW'l)*103 where
R is the '*0/'%0 ratio. Average modem precipitation near L. Verdes Alta and Baja is —12.5%e, near L. Blanca ~ -7%o.
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Table 3.2 - Radiocarbon ages (AMS) from sediment cores.

Lab # Lake-Core Depth (cm)  Material 14C yr cal yr B.P.
B.P. (median)
CAMS-73090 LVA GL- 33.50 terr. 820 +40 715
99A macrofossil
CAMS-73091 LVA GL- 46.50 terr. 1780 +£40 1640
99A macrofossil
AA-35201 LVA 99A 110.50 terr. 4170110 4700
macrofossil
CAMS-96816 LVA 99A 256.25 terr. 9720 +£180 10890
macrofossil
AA-35203 LVA 99A 316.50 terr. 12270 14240
macrofossil +150
CAMS-73203 LVB 99A 45.20 terr. 750 £50 685
macrofossil
CAMS-73092 LVB 99A 302.20 terr. 12740 15400
macrofossil +130
OS-CURL-4973 Blanca 99A 64.50 terr. 130 £35 104
macrofossil
OS-CURL-4974 Blanca 99A 103.50 terr. 660 +35 580
macrofossil
CAMS-73134  Blanca 99A 123.50 wood 980 +40 924
CAMS-96801  Blanca 99A 175.00 wood 2700 £60 2780
CAMS-96802  Blanca 99A 188.58 wood 2120 £35 2120
CAMS-96803  Blanca 99A 271.74 wood 3480 +40 3800
CAMS-96804  Blanca 99A 310.70 wood 4200 +£35 4830
CAMS-96805  Blanca 99A 388.30 wood 7055 +£40 7900
OS-CURL-4975 Blanca 99A 419.88 terr. 7370 +45 8180
macrofossil
CAMS-96806  Blanca 99A 431.27 terr. 7550 +45 8370
macrofossil
CAMS-96807 Blanca 99A 445,62 bulk sed. 8430 +50 9470
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Figure 3.2 — Age-depth relationships for Lagunas Blanca, Verdes Alta and Verdes Baja.
Age-depth models (thin black line) are derived from calibrated radiocarbon ages (solid
squares) and *'°Pb ages (thick gray line). Open squares indicate radiocarbon ages not
used in age models. The model for L. Verdes Baja is also based upon tie-points (gray
circles) with L. Verdes Alta (see text).
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Figure 3.3 — Laguna Blanca sediment properties and magnetic susceptibility. The total
mass accumulatlon rate (MAR) was calculated by multlplymg the linear sedimentation
rates (cm y™', derivative of Fi ig. 3.2) and dry density (g cm™). The mineral+biogenic
silica MAR was calculated by subtracting the organic sediment MAR (TOM*total
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radiocarbon ages used in the age model. Arrows on the right indicate sediment layers
discussed in the text and the histogram shows the frequency of these layers.
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Figure 3.4 — Results from CCA analysis of Laguna Verdes Baja and modern lake
sediment diatom assemblages. (Top) Biplot of the environmental variable and modern
sample scores for the first two CCA axes. The modern sample scores are calculated
from species abundance data and shaded by the sample site conductivity (uS).
Environmental vectors are shown at 3x scaling (clockwise from top the variables are
elevation, presence of macrophytes, silicon concentration, total alkalinity, specific
conductivity, pH, temperature, lake depth, total phosphorus and water depth). The
eigenvalues of the first and second canonical axes are 0.253 and 0.181 while the total
inertia is 1.636 and the sum of all canonical eigenvectors is 0.738. (Bottom) SpC scores
for modern sample sites plotted against the measured conductivity.
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Figure 3.5 — The relative frequencies of the dominant diatom taxa in surface sediments
of seven Venezuelan lakes. The specific conductivity and water depth of samples are
shown in the two histograms. The taxa are arranged by increasing specific conductivity
maxima determined from CCA (see text).
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Figure 3.6 — Stratigraphic variations of the relative frequencies of the 15 most abundant
diatom taxa in the Laguna Verdes Baja core. The SpC sample scores are calculated
from the fossil data using the modern species-environment relationships from CCA

(thick line is 500 y running average). Diatom zones discussed in the text are defined to

the right.
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Figure 3.7 — Diatom 8'®0 records from Laguna Verdes Alta and Baja. The dotted line
shows the isotopic change in the oceanic reservoir due to melting Pleistocene ice sheets
(Adkins et al., 2002; Peltier, 2002). Subtraction of the oceanic reservoir trend yields
climate related diatom 8'0 changes (B). Detrending the ocean corrected diatom 8'30
records in (B) highlights the similar millennial scale variability (C). The difference
between the records in A (A8'*0) is primarily a measure of the regional hydrologic
balance (D).
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Figure 3.8 — Location of sites near the Venezuelan Andes with Holocene climate
records. (Site codes are: LLY, Lake La Yeguada; CAR, Cariaco Basin; VAL, Lake
Valencia; LVA & LVB, Lagunas Verdes Alta and Baja; LBL, Laguna Blanca; FUQ,

Lake Faquene; LLM, Lake Las Margaritas; TEP1, Guaiquinima Massif-Tepui; TEP2,
Churi-Tepui.) Light shading indicates elevations above 500 m and dark shading above
3000 m.
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Figure 3.9 — Comparison of Holocene climate change in the Venezuelan Andes with
nearby sites. Laguna Blanca ‘LL’ is a qualitative record of lake-level, constructed using
sediment dry density, magnetic susceptibility, frequency of wet events and the elevation

of the lake bottom, modern lake level and outlet sill. The G. ruber (white) 80
‘seasonality’ is the isotopic difference between G. ruber (white) — G. ruber (pink)
normalized to the difference G. bulloides — G. ruber (pink) (calculated from data in Lin
etal., 1997). G. ruber (white) grows year-round while the pink variety primarily grows
during the summer wet season and G. bulloides is most abundant during the winter
upwelling season (Lin et al., 1997). Thus, ‘seasonality’ indicates whether annual
average conditions are more similar to the winter (100) or summer (0). (Note the x-axis
break for samples above ~1500 y.) L. Valencia CaCO; concentrations (Curtis et al.,

1999) track Holocene lake-level changes (Bradbury et al., 1981; Leyden, 1985) with

low carbonate corresponding to low lake levels. See text for description of climate

events at right.

72



m— w—anom DJF
- 6.0 1 = = = -anom MAM
g —cNOM JJA
-} 4.0 anom SON
£
®2.0 -
2
g 00
g ~ =
8-2.0 E \~‘__,_/’
£ -~
3401 _ 7
c
-6.0 4 -
P emm— /
-8.0 T T T T T T T T T
10 9 -8 -7 6 -5 -4 -3 -2 -1 0
Time (ka BP)
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CHAPTER 4
HOLOCENE HYDROLOGIC BALANCE OF TROPICAL SOUTH AMERICA
FROM OXYGEN ISOTOPES OF LAKE SEDIMENT OPAL, VENEZUELAN
ANDES
Introduction
The tropical rainforests of South America flourish because of the abundant
precipitation they receive. Water balance calculations indicate that approximately 40-
50% of the annual precipitation is lost as runoff and the remaining moisture returned to
the atmosphere by evaporation and transpiration (Salati, 1985; Costa and Foley, 1999).
Transpiration accounts for most of the recycled water vapor (Gat and Matsui, 1991),
thus the hydrologic balance of lowland South America is intimately linked to the
vegetation. This interplay between vegetation and climate creates an internal feedback
that makes it difficult to predict the impact of external perturbations such as orbital
insolation cycles, solar variability and increasing carbon dioxide on the climate of the
region. Indeed, the Quaternary evolution of the lowlands and their susceptibility to
land-use changes and global warming are topics of considerable interest and debate
(Curtis and Hastenrath, 1999; Colinvaux et al., 2001; Bush et al., 2002; Henderson-
Sellers et al., 2002). Thus proxy records of past changes in the hydrologic balance of
lowland South America are valuable for understanding the ecological and climatic
sensitivity of the region.
The 1sotopic composition of precipitation and atmospheric water vapor is a

sensitive indicator of moisture recycling and the atmospheric water balance (Gat, 2000).

Unfortunately no long proxy records exist of the isotopic composition of precipitation in
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lowland tropical South America. However the east-to-west atmospheric flow (Fig. 4.1)
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
isotopic effects of oceanic evaporation, lowland moisture recycling and orographic
uplift. If the impacts of oceanic evaporation and orographic uplift can be constrained, it
1s then possible to solve for the lowland moisture balance. We exploit this potential by
reconstructing the isotopic composition of precipitation in the Venezuelan Andes from
the oxygen isotope composition of diatom opal in lake sediments. The water balance of
northern South America is then reconstructed for the past 10,000 years through
modeling the isotopic evolution of water vapor as it is transported from the Atlantic
Ocean to the high Andes. The reconstruction is then compared to ice core and marine
isotope records from tropical South America.
Methods and Data
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. 4.1). 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 hydrologically closed. This inference is supported by isotopic analyses of
modern surface water samples from the region. On a plot of 8Dy, vs. 6'801W, both lakes

fall along an evaporative trend below the meteoric water line, however LVB is
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significantly more enriched than LVA (Fig. 4.2). The proximity of the lakes means that
they have similar climates (humidity, temperature and wind speed) and thermal
regimes, only differing significantly in their hydrologic balance.

Sediment cores were retrieved from the deepest location in LVA (3 m water
depth) and LVB (5 m water depth) using a modified square-rod Livingstone corer
(Wright et al., 1984). Sequential drives were overlapped 10 cm to ensure 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), 613CT0C, 615NTN, 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 cm and 373 cm
respectively.

Sediment Chronology

Accelerator mass-spectrometry (AMS) radiocarbon dates from both lakes and an
excess 2!°Pb profile from LVA constrain the age-depth relationship for the cores (Fig.
4.3, see also Chapter 3). Radiocarbon ages were converted to calendar ages using the
CALIB 4.2 dataset (Stuiver et al., 1998a; Stuiver et al., 1998b). Age models were
constructed using the midpoint of the '*C calibration age range with the largest relative
area under the probability distribution. Polynomial spline curves were used to
interpolate ages between radiocarbon dates. Because LVB lacked macrofossil material
for '*C dating at most sediment levels, ages were calculated using the sediment mass

accumulation rate and tie points to the LVA record as additional constraints. The
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transition from inorganic glacial material to organic sedimentation occurs at ~15.5 ka
BP in both lakes.
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 (Shemesh et al., 1995). Controlled isotope
exchange (Juillet-Leclerc and Labeyrie, 1987) followed by high temperature
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 standard and are reported on

the VSMOW scale using the standard delta notation:

R
Eq. 41 &8%0 =(Lf”e—1)-1o3

sample
VSMOW
where R is the ratio of '30/'°0. Each sample measurement represents the average of
two to four analyses. The median standard deviation of replicate measurements is 0.13
%o (n=80) with a range of 0.01-0.53 %o. The long term reproducibility is 0.14 %eo.
Reconstructing precipitation 8'0 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 balance 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
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groundwater and non-evaporated surface waters are identical in composition and reflect
precipitation without significant modification, thus reconstructed input water is used as
a proxy for precipitation composition through time.

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

6a—6in+'%*+(']jh)ck _
L+ £ k(15)

Eq 4.2 Otake = Oin

where ke, 6, and &, are the isotopic composition of lake, atmospheric and inflow
waters, / is the relative humidity e* is the equilibrium liquid-vapor fractionation factor
(Horita and Wesolowski, 1994), C; the kinetic fractionation factor (Gat, 1995), P/E is
the regional precipitation/evaporation ratio and & a constant relating P/E to the
input/evaporation ratio (Fi/E) of a specific lake (Fin/E = k P/E, modified from Gat,
1995). Assuming atmospheric water vapor is in isotopic equilibrium with precipitation
(82 = din-¢ , a reasonable assumption in tropical South America as shown by Matsui et
al., 1983), Eq. 4.2 simplifies to:

- *
Eq.43  Owe = SoMETHC) o
h+(- ek

It can be seen from Eq. 4.3 that diatom 5'°0 (5'%0y) records from two lakes will vary in
a 1:1 relationship if they both experience the same input water variations (8;,),
regardless of the hydrologic balances of the lakes (£ k). Variations of P/E or h will
affect hydrologically closed lakes more than open lakes (kcio5ea<< kopen) and result in
unequal 8'%0q variations. The only other mechanism for a 1:1 variation of 8'*04 records
from two lakes is when the denominator term (1 - £)£ in Eq. 4.3 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
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(humidity = 1) and the free atmosphere (%) which is (1-4) (Craig and Gordon, 1965).

Thus, the evaporation term in £ is approximately proportional to (1-4), and the term
(1- k)% can remain constant only if precipitation does not change. Thus variations in

evaporation alone (driven by changes in relative humidity) could potentially cause a 1:1
change in 8'°04 records from two lakes. However it is highly likely that such a change
would be accompanied by changes in precipitation and result in unequal shifts in the
8'%04 of the two records (Shemesh and Peteet, 1998).

The diatom opal used to reconstruct lake water 8'%0 is subject to a temperature
dependent fractionation during formation. Estimates for the magnitude of the
temperature fractionation range from -0.2 to -0.5 %0/°C (Shemesh et al., 1992; Brandriss
et al., 1998; Moschen et al., 2005). Regardless of the correct value, if two lakes have
similar temperature regimes and experience similar temperature variations then changes
in 8'®04 will be identical in both lakes. LVA and LVB are shallow, unstratified and are
located 500 m from each other, suggesting they have comparable temperature regimes.
Thus, 5'%04 changes due to temperature change should be equal in both lakes. The
Holocene trend in the 8'%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
temperatures were relatively stable during the Holocene with a possibility for slightly
cooler temperatures 8000 to 4500 y BP (Rull et al., 2005). Thus, the 8'*04 would be
slightly higher during the middle Holocene due to temperature changes but the long-
term trend during the Holocene is probably not due to temperature changes.

The preceding discussion shows that 1:1 variations of the §'*0q4 records from

LVA and LVB will occur with input water (§;,) and lake water temperature changes.
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However, lake water temperature changes were likely minimal during the Holocene.
Thus, the component of the 8'*0q variations shared by the two lake records is primarily
due to changes in the 5'°0 of precipitation (6180p) feeding the lakes.
Modeling 8'%0 of Precipitation in the Andes

In the tropics, solar heating of the land and ocean leads to a surface low pressure
trough, moisture convergence and abundant precipitation. This inter-tropical
convergence zone (ITCZ) migrates north and south of the equator following the annual
cycle of solar declination and controls the atmospheric circulation 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 America (Fig. 4.1, see
also Fig. 3 in Trenberth, 1999). 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. 4.4).
Predicting the isotopic composition of precipitation in the high Andes thus involves
understanding the processes which occur during evaporation over the Atlantic Ocean,
transport across the South American continent and uplift to the high Andes (Grootes
and Stuiver, 1989; Pierrehumbert, 1999). These three steps will be discussed in the
following sections.

Oceanic Evaporation

At steady state, the isotopic composition of atmospheric water vapor over the
ocean is described by:

Eq 44 6afm = 6ocean - (8 * +(1 - h)Ck)
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where ¢ and Cy are the equilibrium and kinetic isotope effects (Craig and Gordon,
1965) and 4 is the boundary layer relative humidity normalized to the ocean water
temperature. The key parameters needed to predict 8am are thus the ocean water
isotopic composition, relative humidity and temperature (which controls ¢'). Values for
the oceanic mixed layer 8'°0 are available from the NASA/GISS Global Seawater
Isotope Database (Schmidt et al., 1999). In the region near tropical South America (30-
60° W, 15° S-20° N) the average ocean 8'°0 is +1.00£0.15 %o (average of data in 5°x5°
bins). Average oceanic boundary layer temperature and humidity are constrained by
data from the NCEP/NCAR reanalysis project (Kalnay et al., 1996). Oceanic sea-
surface temperatures from the NODC (Levitus) World Ocean Atlas (NODC, 1998) can
be used to normalize boundary layer relative humidity to ocean temperature. Figure 4.4
illustrates the effect that large changes in relative humidity have on the 8'%0 of marine
precipitation.
Lowland Recycling

Several authors have described the isotopic evolution of water vapor as it is
transported across lowland South America (Salati et al., 1979; Matsui et al., 1983;
Martinelli et al., 1996; Gat, 2000). In its simplest form this process can be described by
a Rayleigh equation:

Eq.45 8, =(8, +1000)F“ " ~1000
where 8, and 8, are the isotopic composition of water vapor entering and leaving the
basin, fis the fraction of incoming moisture that leaves the basin (export fraction,
F=Fou/Fin) 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
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system as runoff. However in a real-world model some of the precipitation must be
added back to the atmosphere through evapotranspiration from the land surface. The
parameter fin Eq. 4.5 thus describes the effect of moisture export on the isotopic
composition of atmospheric water vapor. The effect of less efficient moisture recycling
and export (lower /) is to decrease the '*0 content of water vapor leaving the lowlands
(Fig. 4.4) and increase the amount of incoming moisture (Fi,) leaving the continent as
runoff.

The recycled water is a mixture of transpired and evaporated waters which differ
in their isotopic composition: transpiration is non-fractionating (81=0p) while water
vapor derived from evaporation is isotopically lighter than the precipitation (3g<3;).
Because transpired water is isotopically equivalent to the atmospheric moisture from
which it is derived, it has no isotopic effect in the Rayleigh formulation above and can
be ignored. Isotopic studies indicate that transpiration accounts for 60-80 % of the total
evapotranspiration in the lowlands (Gat and Matsui, 1991; Victoria et al., 1991). In this
work we make the assumption that all return flux to the atmosphere is via transpiration
(non-fractionating). This assumption simplifies the calculation 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/ transpiration ratio in the past and other aspects of the isotope model.

A hidden variable in Eq. 4.5 1s 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 condensation level in lowland
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Venezuela (1200-1500 m). The incoming water vapor (8;,) 1s assumed to have an
isotopic composition equal to the steady-state ocean evaporation 8"%0 from Eq. 4.4.
Orographic Uplift and Precipitation

Uplift of the airmass 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 (1999) and detailed in Rowley et al. (2001),
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 Pierrehumbert (1999), the liquid-vapor isotopic fractionation
factor (Horita and Wesolowski, 1994) and saturation vapor pressure relative to water
was used for temperatures above 273K. The ice-vapor fractionation factor and
saturation vapor pressure relative to ice were used for temperatures below 253K.
Between 253-273K, values for the saturation vapor pressure and isotopic fractionation
factor were linearly interpolated from the values at 253 and 273K. This formulation
accounts for the coexistence of ice and supercooled water at these temperatures in the
deep convective systems typical of tropical precipitation. Kinetic effects during snow
formation were ignored but are likely insignificant because most precipitation at the
elevation of the lakes in this study falls as rain. Figure 4.5 illustrates the vertical
gradient of 6180p for different values of the boundary layer water vapor 8'%0 (a function
of the lowland recycling ratio and oceanic evaporation).

The boundary conditions which must be known to calculate the altitude-water

vapor 8'%0 relationship are: the lowland boundary layer temperature, humidity and
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water vapor 8 °O. The boundary layer 5'%0 is taken as the output from the Rayleigh
fractionation in the lowlands (Eq. 4.5). Temperature and humidity are constrained by
modern climate data. For past climates we assume that the boundary layer temperature
and humidity are determined in the oceanic boundary layer (consistent with the modern
data). The effect of variations in temperature and humidity on precipitation 8'°0 were
investigated in a series of sensitivity experiments detailed below.

Predicting the precipitation 8'°0 from the vertical gradient in vapor 8'%0
involves and additional variable: precipitation height (Pierrehumbert, 1999; Thompson
et al., 2000). Precipitation reaching the ground surface does not form at the ground
elevation, rather it originates at some elevation range above that surface. Following
Rowley et al. (2001) we calculated precipitation weighted averages of 6180p for several
elevation ranges above the ground surface (0-1000, 500-1500, 1000-2000 and 1500-
2500 m). We tested these different precipitation height ranges against modern
precipitation, surface and groundwater 'O data from tropical mountains in Cameroon,
Bolivia, Peru (Gonfiantini et al., 2001) and Venezuela (Seiler, 2000; IAEA/WMO,
2001). The optimal fit for the vertical precipitation 8'*0 gradient was for precipitation
elevations 0-1000 m above the land surface, independent of the absolute 8'°0, values.
When the lowland boundary layer 8'%0 is calculated from Egs. 5-6 using modem
climate data, precipitation elevations greater than 0-1000 m give precipitation 8'°0
values which are too depleted for the modern precipitation data. We chose therefore to
use an integrated precipitation 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
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discuss are very similar for all precipitation heights even though the absolute 1sotope
values are different.
Discussion

The isotopic records from LVA and LVB have nearly identical long-term trends
towards more negative 8'°0q values during the Holocene (Fig.4.6). The absolute
difference in 8'®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 (see Chapter 3) Here, we concentrate on the long-term trend shared by both
isotope records. This pattern is the result of a change in the composition of input water
(not P/E) and suggests a shift of -2.4 %o in the 8'*0 composition of precipitation during
the last 10,000 years. Changes in the oceanic 8'°0, evaporation conditions, the lowland
recycling ratio and orographic uplift conditions could all contribute to this shift. It is
important to note the jump in isotope value for the upper three data points in LVA.
Given the similarity between the LVA and LVB records prior to these points, this shift
appears anomalous and it is difficult to hypothesize a climatic process which would
cause such a change in LVA and not LVB. At this point we do not have a good
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 5'%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 804 (Brandriss et al., 1998; Moschen et al.,

2005).
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Ocean Evaporation and §"°0

The oceanic 8'%0 has decreased by 0.3 %o during the Holocene due to addition
of "0-depleted water from melting Pleistocene ice sheets (Fig. 4.6). Correcting the
diatom 8'®0 records for the change in the oceanic reservoir decreases the isotopic shift
during the Holocene, however it does not account for the majority of the observed 8'*0
decrease (Fig. 4.6). Changes in the oceanic surface temperature and/or relative
humidity could also affect the 8'30 of moisture advected to South America, and
ultimately the 8'°0, in the Andes. However, an increase 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. 4.7), making temperature an unlikely cause of the shift.
Corroborating this, sea-surface temperature (SST) records from a number of tropical
Atlantic and Caribbean sites show only small changes during the Holocene (Rithlemann
et al.,, 1999; Lea et al., 2003; Schmidt et al., 2004). Alternatively, a decrease of ~16 %
in the relative humidity of the atmospheric boundary layer would also be sufficient to
cause a 2.4 %o decrease in the precipitation 8'°0 (Fig. 4.7). However, the tight
clustering of relative humidity and temperature values in the oceanic source region for
S. American water vapor (Fig. 4.7) suggests that this is at most a minor cause of
isotopic changes over S. America. Given the homogeneity of modern relative humidity
and temperature values over the tropical Atlantic even large displacements 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 8'°0 of

speleothem calcite from Cuevo Zarraga (11° 10.51' N, 69° 37.68' W, 960 m; Fig. 4.1),
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indicates that the 8'°0 of coastal precipitation has been relatively constant during the
Holocene (Fig. 4.10, Gonzalez and Gémez, 2002)). This provides empirical support for
little or no change in the isotopic corhposition of water advected into Venezuela during
the Holocene (except for the 61801, change due to melting ice-sheets).
Changing lowland export and precipitation height

Changes in the water balance of the lowlands can have a significant impact on
the isotopic composition of moisture reaching the tropical Andes. We can estimate the
modern f'ratio (the lowland export fraction) using surface water, ground water and
precipitation data from Venezuela (gray diamonds in Fig. 4.5). These data cluster
around the altitude-élgOp line for /=0.8 suggesting the fratio in lowland Venezuela is in
this range today. Figure 4.8 shows the range of precipitation §'%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 at 0-1000 m
above the ground surface. Using this range and the modern precipitation §'*0 at LVA-
LVB (-10.6 to -11.4 %o), the modern fratio is between 0.76 and 0.82. The same
calculation for the fratio 10,000 years ago (when precipitation was +2.4 %o from
modern) yields a range of 0.97 to 1. Thus, a modern f'ratio that is ~78 % that of the f
ratio 10,000 years ago is needed to account for a —2.4 %o shift in precipitation at the
elevation of LVA-LVB. This is further illustrated in Fig. 4.9, which shows the change
in the fratio 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 (Thompson et al., 2000).

Thus, it is possible that changes in the precipitation height were responsible for the
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isotope shift observed in LVA-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, thus the
early Holocene precipitation height would need to lie below the ground surface.
Additionally, it is difficult to justify large changes in precipitation height for the
orographically driven upslope precipitation which characterizes the region. Thus,
although precipitation height changes cannot be ruled out, the available data suggests
they were not the cause of the precipitation 3'®0 changes.
Evapotranspiration and Seasonality

In addition to a change in the runoff ratio (f), the decrease of 6180p observed in
the Venezuelan Andes could be caused by an increase in the amount of evaporation
relative to transpiration in the lowlands. Evaporation returns water to the atmosphere
which is depleted in '80 compared to transpired water. Increasing the ratio of
evaporation to transpiration would thus cause a decrease of the 5'%0, in the Andes.
However, two lines of evidence suggest this was not a significant factor in the decrease.
First, a 2.4 %o shift in the 8'*0 of atmospheric water vapor leaving the lowlands would
require that evaporation change from approximately 0 % to almost 100 % of the
lowland evapotranspiration (Fig. 8 in Gat and Matsui, 1991). Clearly this is an
unrealistically large change. Second, the type of vegetation cover (grasslands vs. forest)
has a marked impact on the ratio of evaporation to transpiration (Moreira et al., 1997).
However a lowland pollen record from Lake Valencia, Venezuela (Fig. 4.1) shows
minimal changes in the vegetation cover during the Holocene (Bradbury et al., 1981).

Absent the vegetation changes, it is difficult to explain a large change in the
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evaporation/transpiration ratio. These arguments suggest that an increase of the
evaporation/transpiration ratio was not a significant cause of the isotopic shift.

The seasonality of precipitation is another factor which may change the average
6180p. In inland tropical locations, precipitation 8'*0 during the wet season is more
negative relative to the dry season. Thus, an increase in the contribution of wet-season
precipitation to the total precipitation would result in more negative annual averages.
The limited data in Venezuela suggests that the range of monthly average 6'°0, is ~8 %o
(IAEA/WMO, 2001) and that the wet season accounts for 80-95 % of the annual
precipitation near the study site (Azocar and Monasterio, 1980). If the average dry
season minus average wet season difference is 8 %o, isotopic mass-balance calculations
indicate a +2.4 %o change of the average 61801, (to give the early Holocene value)
requires that the wet season contribution to the total precipitation decrease from 80-95
% to 50-65 %. A more realistic scenario, where the difference in the seasonal averages
is ~4 %o yields a decrease to 20-35 %. (The smaller wet/dry 8'°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 to become a dominant
source of moisture during the early Holocene. An increase in the duration of the wet
season cannot be invoked because the isotopic composition of this precipitation is more
negative. Thus, a significant enhancement of dry-season precipitation would have to
occur without the ITCZ circulation which provides most precipitation at present. It is

difficult to suggest any mechanism which could explain such a shift, and pollen
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histories from both low- and high-elevation sites in Venezuela do not support this
scenario (Bradbury et al., 1981; Rull et al., 2005).
Reconstructing the Continental Hydroelogic Balance

The preceding discussion indicates that a likely cause for the decreasing 6180p in
the Venezuelan Andes lake isotope records is a decreasing export ratio (f=Fou/Fin) of
northern South America. The implication is that the fraction of water vapor entering the
continent (Fi,) which is lost as runoff (R=F,(1-)) has increased during the Holocene.
This conclusion indicates changes in the partitioning of moisture between the lowlands
and Andes, independent of the absolute intensity of the hydrologic cycle (proportional
to Fi,). In this section we address three questions which arise from this conclusion.
First, is the LVA-LVB isotope 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 conjunction with the lowland export ratio? Third, what factor(s) could
be responsible for the change in lowland moisture export?

Isotope histories from three high-altitude ice cores in the tropical Andes are
available to compare with the LVA-LVB record (Fig. 4.1). These isotope records
primarily reflect changes in the composition of precipitation, similar to the LVA-LVB
data. The data from Huascaran, Peru (Thompson et al., 1995; Thompson, 2001) and
Illimani, Bolivia (Ramirez et al., 2003) bear a striking resemblance to the LVA-LVB
record (Fig. 4.10). Both histories are dominated by trends which are nearly identical to
the LVA-LVB data. In contrast, the isotope record from Sajama, Bolivia (not shown,
Thompson et al., 1998) shows little trend during the Holocene and is dominated by

century-scale variability. Contributions from locally derived water vapor (Ramirez et
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al., 2003) combined with variable wind ablation of surface snow (Hardy et al., 2003)
may explain why the Sajama history is so different from the Illimani and Huascaran
records. Given the greater proximity of Illimani and Huascaran to the Amazon basin,
we concentrate on the histories from these sites as more faithful records of the isotopic
composition of water vapor exported from the lowlands.

The changes of the fratio during the Holocene inferred 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 Huascarén 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 evolution of the f7f, ratio was constrained by the 6180p-j7f0 relationship in Fig.
4.9 and a linear fit to the isotope shift in LVA and LVB (Fig. 4.6). Next, the isotope
shift at the elevation of each record was calculated using these /71, 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
AélSOSW was added to the modeled isotope values. The results from this modeling
exercise fit the ice core isotope records very well (dashed lines, Fig. 4.10). This fit
suggests that the LVA-LVB data is capturing variations in the lowland hydrology which
occurred throughout tropical S. America.

As an additional exercise, the isotopic composition of Amazon River water was
calculated using the ff; history 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 f, (0.45) which provides the correct isotope signature for the modern Amazon
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River (-5 % VSMOW, Maslin and Burns, 2000). This calculated runoff record was
then corrected for the A8'®Og, and the amount of runoff was assumed proportional to (1-
/) (from mass balance). Finally, the isotopic composition of a mixture of Amazon River
and ocean water (A8'°0) was calculated for comparison to the A3"0 record from the
Amazon Fan (Maslin and Burns, 2000). This mixing calculation was scaled to the

modern ratio of ocean to river water at the coring site (5:1) by using the equation:

o468 by =[S0 00, ) (54 52)

ocean -7, 1-f,

where f(?) is the fratio at time 7 (derived from the LVA-LVB record). Comparison of
the modeled and measured isotope shifts shows a strong correspondence(Fig. 4.10).
This exercise suggests that the increase in Amazon River discharge inferred from the
Amazon Fan record (Maslin and Burns, 2000) could be the result of a shift in the
partitioning of moisture between the Andes and the Amazon Basin. Additionally, the
A8'%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.

The similarities between the Holocene 8'°0, records from both hemispheres of
tropical S. America intimate that there might be a single underlying cause. Possibilities
include changes in the oceanic source regions, continental temperature changes,
vegetation changes in the lowlands (moisture recycling), circulation 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, although continental temperatures

could affect the isotope records by altering the vapor/liquid fractionation during
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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 transpiration 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 vegetation
coverage which would be required to cause the isotope shifts (Haberle and Maslin,
1999; Mayle and Beerling, 2004). Finally, insolation changes due to orbital variations
could be invoked to directly explain either the northern or southern hemisphere isotope
records. However the effects of this insolation forcing are opposite in the northern and
southern hemispheres which suggests that direct insolation forcing of climate changes
are not a likely source of the isotope trend in the Andes.

Shifts in the atmospheric circulation of tropical S. America driven by changes in
the equatorial Pacific may provide a unifying explanation for the isotope trends
observed in the Andean records. Interannual variations of sea-surface temperatures
(SSTs) in the eastern equatorial Pacific (EEP) have a significant 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 EEP cause westerly anomalies in upper tropospheric winds
over S. America leading to decreased precipitation during the austral summer in the
southern hemisphere Andes (Aceituno, 1988; Vuille, 1999; Garreaud et al., 2003).
Precipitation in the lowlands also decreases (Aceituno, 1988; Lyon, 2004) leading to
less rainout, higher fratios and a higher 'O of precipitation in the Andes (Gonfiantini

et al., 2001; Bradley et al., 2003; Hoffmann et al., 2003; Vuille et al., 2003; Hastenrath
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et al., 2004). In Venezuela and northern S. America, higher SSTs in the EEP also lead
to reduced precipitation during the boreal summer (Aceituno, 1988; Pulwarty et al.,
1992; Enfield, 1996). Climate model experiments suggest the relationship between
EEP SST variability and 6'%0, in northern S. America is similar to the southern
hemisphere tropics (Vuille et al., 2001) making EEP variability an attractive
explanation for the synchronous changes in both hemispheres.

Applying the relationship between modern interannual variability of Pacific
SSTs and the "0 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 EEP. However, this
suggestion does not agree with paleoclimate data and global climate model (GCM)
experiments which suggests that the EEP was generally cooler during the early
Holocene (Bush, 1999; Kitoh and Murakami, 2002; Liu et al., 2003; Carré et al., 2005).
The relationship of interannual variability and the mean conditions of EEP SSTs to the
S. American water cycle on millennial timescales is probably not straightforward. The
interannual variability which dominates SSTs in the EEP 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.
Poveda and Mesa, 1997) could cause a directional response to increased variability,
even if the mean remains unchanged. Although paleoclimate data and climate models
suggest that interannual SST variability in the EEP was lower during the early Holocene
(e.g. Clement et al., 2000; Sandweiss et al., 2001; Tudhope et al., 2001; Moy et al.,

2002; Koutavas and Lynch-Stieglitz, 2003), there is some evidence to the contrary
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(Carré et al., 2005). It should also be noted that some records from the EEP do indicate
warmer conditions during the early Holocene (Lea et al., 2000; Loubere et al., 2003),
consistent 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 timescales may strengthen or weaken
this interpretation of the Andean isotope records. Additional records of the isotopic
composition of precipitation in S. America during the Holocene may also shed light by
revealing regional differences which are not apparent in the available data.

Summary & Conclusions

Diatom isotope records from two lakes in the Venezuelan Andes indicate a +2.4
%o shift in the 8'%0 of Andean precipitation during the Holocene. This shift could be
caused by changes in ocean evaporation conditions, transport across lowland S.
America or orographic 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 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 interannual variability in the equatorial

Pacific Ocean has similar climate effects in both hemispheres of tropical S. America
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making variability in this region an attractive 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 Pacific. This may reflect
additional complexity in the relationship between tropical Pacific interannual and
millennial scale variability and its effects on the hydrologic cycle of S. America. At this
time, a tropical Pacific source for the isotope trends is still favored but better
understanding of the teleconnection between the Pacific and S. America are needed to

test this theory.
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Figure 4.1 — Location of Laguna Verdes Alta, Baja and other South American isotope
histories. Sites are: Laguna Verdes Alta and Baja (LV), Cuevo Zarraga (CZ), Lake
Valencia (Va), the Cariaco Basin (CB), Navados Huascaran (Hs), Sajama (Sj) and

[Mlimani (Il1), and the Amazon Fan (AF). Arrows indicate the direction and magnitude

of surface winds (annual average, 1000-850mb Kalnay et al., 1996).
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Figure 4.2 - Oxygen-18 vs. deuterium content of surface waters and precipitation from
the Cordillera de Mérida, Venezuela. Precipitation samples (triangles, collected June,
2002), springs (crosses) and hydrologically 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 (dashed line).
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Figure 4.3 — Age-depth models for LVA and LVB derived from calibrated AMS
radiocarbon ages and *'°Pb ages. Thin black line denotes age-depth model while solid
squares are radiocarbon ages and the thick gray line represents 21%pp ages. 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 text).
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Figure 4.4 — Schematic of the evaporation, transport and uplift of water vapor from the
Atlantic Ocean to the South American Andes. 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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Figure 4.5 — Altitude-8'%0 gradients for a precipitation integration height 0-1000m
above the ground surface. Each line represents a different lowland recycling ratio (f).
Precipitation data from two altitude transects of the eastern slope of the Bolivian Andes
(open triangles and circles) and Mt. Camaroon (gray circles) are plotted for comparison
(Gonfiantini et al., 2001). The black diamonds are groundwater (400 m a.s.l. near Lake
Valencia, Seiler, 2000)), precipitation (Maracay, 442 m and Bocono, 1500 m,
IAEA/WMO, 2001) and surface water (4200 m a.s.1., data from this study) 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 (Bradley et al., 1991).
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Figure 4.6 — Diatom §'%0 records from LVA and LVB illustrating the trend towards
depleted values through the Holocene. Square data points are from LVB and circles are
from LVA. The dashed line shows how the melting of Pleistocene ice sheets and
resulting change in the whole ocean 8130 would affect the lake isotope records (Adkins
et al., 2002; Peltier, 2002). Subtracting the ocean 8'%0 change from the 8'°04 (B)
provides an estimate of the Holocene shift in precipitation 6180 (2.39%10™ %o/y). The
upper three data points from LVA are omitted in (B) because they probably do not
represent precipitation 5'%0 precipitation changes (see text).
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Figure 4.7 — Frequency distribution of oceanic relative humidity and temperature, and
the effect of these variables on the '°0 of marine atmospheric water vapor. The
frequency distribution (n=199) was calculated from annual average Atlantic surface air

temperature and relative humidity in the region 20S-20N, 285-340E, excluding land
areas (Kalnay et al., 1996).
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LVB as a function of the elevation above the land surface where the precipitation is
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Figure 4.9 — Changes in the 5'%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
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Figure 4.10 — Isotope records from tropical South America. Materials analyzed include
diatom (d) water (w) and calcite (cc) which are reported on either the VSMOW or
VPDB international isotope scales. Isotopic shifts are nearly equal on the two scales.
The 8D record from Illimani was scaled using the ratio of the 8'*0/sD equilibrium
fractionation factors for vapor-liquid transition (~8). This scaling is validated by
measurements of the 8'*0 and 8D of precipitation and surface waters near Illimani
(Gonfiantini et al., 2001; Abbott et al., 2003). The isotopic shift expected due to
changing seawater isotopic composition (18'®04y) is shown on the left. Dashed line
overlay on each record (except Cuevo Zarraga) indicates an isotopic shift modeled from
the LVA and LVB records (see text). The dashed line over the Cuevo Zarraga record
shows the expected 8'%0,, trend from the ocean A8'*Oy, for this coastal location.
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CHAPTER 5
SUMMARY AND CONCLUSIONS
The significant findings of this dissertation are summarized in the following
chaptér. Unresolved questions and directions for further research are also discussed.

Decadal Climate Variability 1,000 A.D. to Present

During the past 1,000 years significant changes in climate occurred in the
Venezuelan Andes. The record of clastic sedimentation in Laguna Blanca (Fig. 5.1)
indicates a period of wetter climate between 1300 to 1820 A.D. This wet period is
corroborated by increased abundance of Cyperaceae (sedge) pollen in a nearby peat
core from the Paramo de Las Piedras Blancas (Fig. 5.1, Rull et al., 1987). Decreased
abundance of tree pollen during this interval indicates a lowering of tree line by
approximately 200 m. Associated with the wet period identified in L. Blanca, four
glacier advances occurred in the Laguna Mucubaji watershed (Fig. 5.1). The
combination of lower tree line and glacier advances indicates cooler climatic conditions.
The permutations of precipitation and temperature change which explain the glacier
advances is obtained by calculating the equilibrium line altitude (ELA) depression and
modeling the heat and mass-balance changes necessary to sustain the glacier at the
lower ELA. The precipitation and temperature changes which could explain the lower
tree-line are calculated from the modern relationship between tree line and these
variables. The intersection of the glacier and tree-line temperature-precipitation
relationships indicates a temperature depression of —2.3 to —-3.4° C and 25 to 73%

increase of precipitation during the glacial advances.
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The glacier advances and climate change during the past millennium
documented in the Venezuelan Andes correspond with climate variability in nearby
tropical locations. The onset and cessation of recent glacial activity in L. Mucubaji
occurs at a similar time to late Neoglacial advances and retreat throughout the South
American Andes (Seltzer, 1990; Rosqvist, 1995; Glasser et al., 2002). Higher P/E
values on the Yucatan Peninsula (Punta Laguna, Curtis et al., 1996) and stronger trade
winds over the Cariaco Basin (Black et al., 1999) correspond with the moisture
fluctuations identified in L. Blanca and the glacier advances documented in L.
Mucubaji. Cooler sea surface temperatures in the Caribbean (Winter et al., 2000;
Watanabe et al., 2001; Haase-Schramm et al., 2003) have also been documented during
the period of glacial advances in L. Mucubaji.

Variations in solar irradiance provide one possible explanation for the glacier
advances in the Venezuelan Andes. Each glacier advance identified in L. Mucubaji
corresponds with a minima in reconstructed solar irradiance. However, prior to the late-
Holocene advances there is no evidence of glacier activity or higher P/E associated with
irradiance minima suggesting that irradiance variations may provide a second-order
control on climate fluctuations. It is possible that global cooling during the Little Ice
Age provided the primary control by decreasing evaporation (higher P/E balance) and
allowing glaciers to grow in the Mucubaji watershed. Within this period of global
cooling, variations in solar irradiance were able to cause changes in the P/E balance and
possibly temperature which led to the variations around the mean state. This theory
could be tested with sediment records from proglacial lakes on the Pico Bolivar massif

in the Cordillera de Mérida. These peaks are currently glaciated and thus more likely to
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have supported glaciers prior to the LIA. Reconstruction of glacier activity prior to the
LIA would shed light on both cause of climate fluctuations within the LIA and the
circumstances which led to the establishment of glaciers during the LIA.

Millennial Climate Variability, 10,000 y B.P. to Present

Proxy data from sediments in Lagunas Verdes Alta, Baja and Laguna Blanca
(Fig. 5.1) indicate large changes in the climate of the Venezuelan Andes during the last
10,000 years. The sediment record from L. Blanca shows a wet interval during the
early Holocene followed by significantly drier conditions during the middle Holocene.
Increased P/E during the late Holocene culminated in maximum wetness during the
LIA. Diatom species and isotope composition of sediments in L. Verdes Alta and Baja
suggest a similar patter of P/E change. During the early Holocene, lower diatom
inferred salinity and a more negative isotopic composition of lake water indicates a
higher P/E balance and wetter climate. The middle Holocene situation was essentially
the reverse: higher salinity and more positive isotope composition point to lower P/E
conditions and a drier climate. During the late Holocene, slightly more negative
isotopes along with generally lower salinity signify wetter conditions.

Comparison of the sequence of wet early-, dry middle- and wet late-Holocene
climate in the Venezuelan Andes with other locations in Venezuela reveals an
interesting correspondence. The timing of changes in the paleoclimate records from L.
Valencia (Fig. 5.2) is very similar to the Andean records. However, the sign of the
changes is reversed such that L. Valencia is drier when the Venezuelan Andes is wet
and vice versa. The antiphasing of climate in the Andes and L. Valencia region is also

present in anomalies of modern rainfall (Fig. 5.2, Pulwarty et al., 1992) implying this is
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fundamental feature of Venezuelan climate. The limited paleoclimate records from the
tepuis tablelands of eastern Venezuela (Fig. 5.2) suggest this region behaves similarly to
the L. Valencia region (Schubert and Fritz, 1985). An indication of the spatial extent of
mid-Holocene aridity in the Andes comes from the record in marine core M35003-1
(Fig. 5.2) of terrigenous sediment flux from the Orinoco River (Vink et al., 2001).
Although the flow in the Orinoco River is derived from both eastern and western
Venezuela, nearly all of the suspended sediment in the river is supplied by the
Venezuelan and Columbian Andes (Edmond et al., 1996). Thus, reduced terrigenous
sediment in M35003-1 during the middle Holocene may indicate widespread aridity in
the northern hemisphere Andes.

Another important comparison is to paleoclimate studies of the Cariaco Basin
(Fig. 5.2). This site provides a high-resolution record of both terrestrial and marine
changes during the Holocene. During the dry season, strong easterly trade winds cause
upwelling and deposition of a light colored layer rich in biogenic calcite. During the
wet season, terrigenous input leaves a dark layer of inorganic sediment. A number of
studies have produced records of sediment properties during the Holocene which are
thought to record variations in the dry versus wet season sediment contribution (Hughen
et al., 1996; Hughen et al., 1998; Peterson et al., 2000; Haug et al., 2001; Piper and
Dean Jr., 2002). However, these records do not agree with each other and it is not
obvious which sediment property is the best proxy for climate. Perhaps the most
detailed study of the sediment geochemistry is that of Piper and Dean (2002). Their
work indicates minimum terrigenous sediment flux during the middle Holocene relative

to the early and late Holocene. Although this could indicate a local reduction of
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terrigenous sediment, the terrigenous fraction in Cariaco Basin sediments is a
combination of local sources and long-distance transport from the Orinoco and Amazon
rivers (Clayton et al., 1999). Thus, reduced siliciclastic flux during the middle
Holocene could reflect greater aridity in the coastal region near the basin or less
sediment from the Orinoco or Amazon Rivers. An aridity signal from local sources is
supported by records of Cariaco Basin hydrology. The oxygen isotopic composition of
foraminifera tests (Lin et al., 1997) and sea-surface temperatures inferred from
foraminifer calcite Mg/Ca ratios (Lea et al., 2003) indicate annual average conditions
during the middle Holocene were more similar to the dry upwelling period. In contrast,
early- and late-Holocene conditions were more similar to the wet season. These data
are consistent with a shorter wet season and coastal aridity during the middle Holocene.
Although there is disagreement between different proxy records from the Cariaco Basin,
the work of Piper and Dean (2002) is generally consistent with the sediment reflectance
records of Peterson et al. (2000) and Hughen et al. (1996; 1998). Further work is
necessary to evaluate whether these records are the best indicators of terrestrial climate.
The pattern of millennial climate variability in Venezuela appears to be either a
wet-dry-wet or dry-wet-dry sequence during the Holocene, the sign depending upon
location. Comparison with climate records from North, Central and South America
suggests that this pattern is widespread in the neotropics (Fig. 5.3). Records from Haiti,
Panama, Venezuela, Columbia, the Galapagos Islands (eastern equatorial Pacific),
Bolivian/Peruvian altiplano and northern Argentina (Fig. 5.3, Table 5.1) contain this
pattern while a few locations show the same pattern but the sign is reversed (dry-wet-

dry). The locations which exhibit these patterns group either near the northern and
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southern edges of the tropical monsoon climate regime or along the Andes near the
equatorial Pacific. In contrast, sites in equatorial Amazonia and the central Peruvian
Andes exhibit monotonic trends of decreasing aridity during the Holocene (Fig. 5.3).

The similar timing and sign of Holocene climate anomalies north and south of
the equator makes direct insolation forcing a doubtful cause of the changes. During the
last 10,000 years, precession of the equinoxes was the primary reason for changes in the
seasonality and latitudinal distribution of solar radiation. The sign of precessional
changes is reversed in the two hemispheres, thus climate shifts in the northern and
southern hemispheres should be opposite in sign if direct insolation forcing were the
cause.

An alternative explanation for the similar climate change in both the northern
and southern hemisphere of S. America may be from the effects of the tropical Pacific.
Although precipitation in most of tropical S. America is derived from water vapor over
the Atlantic Ocean, conditions in the tropical Pacific exert a substantial control on the
transport of moisture across lowland South America to the Andes. At least in the
southern Andes it is actually the transport of water vapor from the adjacent lowlands
which controls precipitation variability (Garreaud, 2000). In the Venezuelan Andes,
there is a negative correlation between wet season precipitation and equatorial Pacific
SSTs (Pulwarty et al., 1992). Thus, variations of SSTs in the tropical Pacific Ocean
may be able to explain synchronous changes in both hemispheres.

Evolution of H and O Isotopes in Andean Precipitation 10,000 v B.P. to Present

The similarity of precipitation isotope records from both hemispheres of the

tropical Andes is intriguing. The trend towards more negative isotope values during the
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Holocene may indicate a gradual decrease in the fraction of water vapor entering
lowland S. America which is exported to the Andes (the export fraction). Intuitively
this might suggest that the lowlands became wetter during the Holocene while the
Andes became drier. However, it is difficult to relate the changing export fraction
directly to lowland and Andean climate variability. It seems likely that the isotope
signal reflects the moisture balance of the tropical lowlands and is decoupled from local
climate effects. This is a logical hypothesis because, at least on the Bolivian altiplano,
precipitation variability is controlled by the atmospheric circulation which brings
moisture to the Andes. Thus, the local climate signal is decoupled from the lowlands
and will only agree with the isotope signal to the degree that the local (Andean)
moisture balance is correlated with the lowland moisture balance. Consistent with this
idea, the monotonic isotope trend is recorded in locations where the regional climate
signal is actually wet-dry-wet during the Holocene (Venezuela, Bolivia). This indicates
that the isotope signal reflects the moisture balance history of the airmass which
precipitated at the proxy site rather than local climate. The trend towards negative
isotope values during the Holocene would thus be construed as an indicator of wetter
conditions in the lowlands.

Directions for Further Research

1. The Little Ice Age stands out as a unique climate event in Venezuela during the last
several thousand years. Solar irradiance changes may have caused variations in glacter
activity during this interval, however, solar variations similar to those during the LIA
have occurred during the Holocene and did not lead to glacier advances. Perhaps the

local response to solar irradiance variation is P/E change while global cooling is
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necessary to establish glaciers. Sediment records from watersheds which are currently
glaciated (and which presently receive glacial meltwater) would improve our
understanding of the timing and cause of glacier fluctuations and climate. These sites
are more likely to contain a record of pre-LIA glacier fluctuations which would extend
the results from this work.

2. Antiphasing of climate change in the Andes and Lake Valencia appears to occur at
interannual to millennial timescales. This was an unexpected finding which highlights
the complexity of regional climate. Additional paleoclimate records distributed in
different climate zones of Venezuela would provide a valuable contribution to
understanding this pattern.

3. Proxy records from the lowland tropics of South America could improve our
understanding of the spatial variability associated with Holocene climate trends. A
majority of the paleoclimate records from the Amazon Basin have used pollen analysis
as their primary tool. Although palynology can provide significant information about
changes in terrestrial and aquatic ecosystems, the relationship between vegetation and
climate is not always straightforward. It would be a valuable contribution to develop
paleoclimate records from lowland tropical sites which use proxies which may be more
easily interpreted in terms of climate.

4. The reconstructions of Holocene climate from different proxy records in the Cariaco
Basin need to be reconciled. Better understanding of the source of terrigenous material
deposited in the basin, the changes in terrigenous flux during the Holocene and its
climate interpretation would be a valuable addition to regional and global climate

records.
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Tables

Table 5.1 — Paleoclimate records in the neotropics which were compared to climate
records in Venezuela.

# Site Country Lon. Lat. Elev. Reference
(m)
1 LagunaTaypi  Bolivia 291° 39 -16° 12 (Abbott et al., 1997)
Chaka Kkota
2 LagunaPotosi Bolivia 294° 19' -19° 38 (Abbott et al., 2003)
2 LagunaPaco Peru 288° 8 -13° 54 (Abbott et al., 2003)
Cocha
3 Lake Titicaca Bolivia/ 290° 30’ -15° 45 3800  (Baker etal., 2001b)
Peru
4  Lago Calado Brazil 299° 25 -3° 16 23 (Behling et al., 2001)
5  Lake Valencia  Venezuela 292°1% 10° 10' 400 (Bradbury et al., 1981)
6 Cuencade Mexico 261°0' 19° 30’ 2240  (Bradbury, 1989)
México
7 Lakela Panama 279°9' 8°27 650 (Bush et al., 1992)
Yeguado
8 Cuencade Mexico 261° 0 19° 30’ 2240  (Caballero and Guerrero,
Mexico, Lake 1998)
Chalco
9  ElJunco Lake  Galapagos 270° 15 -1°0 500 (Colinvaux and Schofield,
Islands 1976b)
10 Lake Ecuador 281° 55 0° 23 2201  (Colinvaux et al., 1988)
Yaguarcocha
11 Lake Titicaca Bolivia/ 290° 30 -15° 45’ 3800  (Cross et al., 2000)
Peru
12 Botuvera Cave Brazil 310°50.77  -27° 134 230 (Cruz Jr. et al., 2005)

continued on following page
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Table 5.1 — Continued.

# Site Country Lon. Lat. Elev. Reference
(m)

13 Lake Valencia  Venezuela 292°15' 10° 10 400 (Curtis et al., 1999)

14 BR319 Brazil 296° 29' -8° 10.5' (de Freitas et al., 2001)
(highway, soil
samples)

15 Sio Francisco  Brazil 316° 47 -10° 24’ 480 (De Oliveira et al., 1999)
River peat bog

16 Laguna Ecuador 280° 46' -2° 46 4060  (Hansen et al., 2003)
Pallcacocha

16 Laguna Ecuador 280° 50.5' -2°45.5 3700  (Hansen et al., 2003)
Chorreras

17  Cariaco Basin 294°49.9' 10°42.7 -893  (Haugetal., 2001)

18 Lake Mexico 271° 15 19° 50’ 15 (Hodell et al., 1995)
Chichancanab

19 Lake Haiti 286° 0 18° 0 (Hodell et al., 1991)
Miragoane

20 Lago de las Costa Rica 276° 31 9°29' 3480  (Horn, 1993)
Morrenas

21 Cariaco Basin  Venezuela 294°49.9" 10°42.7 -893 (Hughen et al., 1998)

22 Argentine 315°0 -42° 30’ (Jones, 1994)
Basin

23 Lagoado Cagd Brazil 316° 45 -2° 50 120 (Ledru et al., 2002)

24  Lake Valencia  Venezuela 292° 15 10° 10' 400 (Leyden, 1985)

continued on following page
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Table 5.1 — Continued.

# Site Country Lon. Lat, Elev. Reference
(m)

25 Cuencade Mexico 261°0' 19° 30’ 2240  (Lozano-Garcia and
México Ortega-Guerrero, 1994)

26 Amazon Fan 310° 54 5245 -3346  (Maslin and Burns, 2000)

27 Laguna Bolivia 298° 56' -13° 28 ~750  (Mayle et al., 2000)
Chaplin

28 Rondonia Brazil 293° 53" -12° 42 (Pessenda et al., 1998)
State

29  Maranhao Brazil 315°30 -3°0 110 (Pessenda et al., 2004)
State

30 Cariaco Basin 294°49.8'  10°42.7 (Piper and Dean Jr., 2002)

31 Lake Aricota Peru 289° 6' -16° 54' 2800  (Placzek et al,, 2001)

32 LagunaBlanca Venezuela 288°12.9' 8°20.1' 1500  This study

32 Lagunas Las Venezuela 289°7.6' 8°51.2 4200  This study
Verdes

33 Gulfof 264°282" 23°( (Poore et al., 2003)
Mexico

34  Gulfof 269° (' 28° ¢ (Poore et al., 2005)
Mexico

35 Nevado Bolivia 292° 14 -16° 37 6350  (Ramirez et al., 2003)
Hlimani

36 Lake Titicaca Bolivia/ 290° 30’ -15° 45 3800 (Rowe et al., 2003)

Peru

continued on following page
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Table 5.1 — Continued.

# Site Country Lon. Lat. Elev. Reference
(m)

37 Laguna Junin Peru 285° 0 -11°0' 4250  (Seltzer et al., 2000)

38 Nevado Peru 282° 30" -9° 0 6050  (Thompson et al., 1995)
Huascaran

39 Nevado Bolivia 291° 7T -18°¢' 6542 (Thompson et al., 1998)
Sajama

40 Lake Fiquene  Columbia  286° 14 527 2580  (Vélez et al., 2003)

41  Atlantic Ocean 298¢ 45" 12° 5 (Vink et al., 2001)
(M35003-4)

42  Lake Tulane US.A. 279° Q' 27° 0 36 (Watts and Hansen, 1994)

(Florida)

43 Lagunalas Columbia  286° 34’ 3°23 290 (Wille et al., 2003)

Margaritas
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Figures
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Figure 5.1 — Study locations in the Cordillera de Mérida, Venezuela.
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Figure 5.2 — Location of Holocene paleoclimate records in Venezuela. TEP1 and TEP2
refer to the Guaiquinima Massif-tepui and Churi-tepui. Dark lines and plus or minus
signs indicate the longitudinal pattern of precipitation anomalies identified by Pulwarty
(1992). The location of boundaries between zones is approximate and varies in location
and extent between years. Light and dark shading indicates elevations above 500 and
3000 m respectively.
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Figure 5.3 — Map of Holocene climate records from the tropical and subtropical
Americas. Black and gray filled circles indicate a dry-wet-dry or wet-dry-wet sequence
of moisture balance change respectively while black and gray open circles indicate a
dry-to-wet or wet-to-dry trend during the Holocene (inset). Numbers correspond to the
entries is Table 5.1.
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APPENDIX A
DIATOMS IDENTIFIED IN MODERN AND FOSSIL SEDIMENTS FROM THE

VENEZUELAN ANDES.

Achnanthes chlidanos Hohn & Hellerman

Achnanthes minutissima Kiitz

Achnanthes minutissima var. jackii (Rabenhorst) Lange-Bertalot
Achnanthes spp.

Achnanthes ventralis (Krasske) Lange-Bertalot
Aulacoseira alpigena (Grunow) Krammer

Brachysira arcoborealis REF

Brachysira brebissonii R. Ross in Hartley

Brachysira vitrea (Grun.) R. Ross in Hartley

Caloneis silicula (Ehrenb.) Cleve

Cavinula pseudoscutiformis (Hust.) Mann & Stickle
Cocconeis placentula var. lineata (Ehrenb.) Van Heurck
Craticula cuspidata (Kutz.) Mann

Cymbella amphicephala Naegeli ex Kutz.

Cymbella aspera (Ehrenb.) H. Perag. in Pell.

Cymbella cymbiformis Ag.

Cymbella muellerii Hustedt 1938

Cymbella naviculiformis Auersw. ex Heib.

Denticula keutzingii Grunow

Encyonema lunatum (W. Sm. in Grun.) V.H.

Encyonema minutum (Hilse in Rabenhorst) Mann
Encyonema neogracile Krammer

Encyonema perpusillum (Cleve) Mann

Encyonema silesiacum (Bleisch in Rabenhorst) Mann
Encyonema sp. #3 (aff. Cymbella cesatii)

Encyonema sp. #4 (aff. Cymbella falaisensis)

Encyonema sp. #4a (aff. Cymbella microcephala)
Encyonema sp. #6 (aff. Encyonema sublanceolatum)
Eunotia incisa Gregory 1854

Eunotia intermedia (Hust) Norpel, Lange-Bertalot & Alles
Fragilaria angustissima-Sippen (S. ulna complex in K.&L.-B.)
Fragilaria construens var. exigua (W. Sm.) Schulz
Fragilaria oldenburgiana Hust.

Fragilaria pseudoconstruens Marciniak

Gomphonema angustatum ssp. #1

Gomphonema angustatum var. aequalis Greg.
Gomphonema gracile Ehrenb.,

Gomphonema pumilum (Grunow) Reichardt & Lange-Bertalot
Gomphonema sp. #1 (aff. Gomphonema bohemicum)
Gomphonema sp. #5

Gomphonema sp. #6

Gomphonema variostriatum Cambern & Charles 2000
Hantzschia amphioxys (Ehrenb.) Grun.

Hantzschia elongata (Hantzsch) Grun,

Navicula absoluta Hust.

Navicula jaagii Meister

Navicula laevissima var. perhibita (Hustedt)Lange-Bertalot
Navicula minima Grun. in Van Heurck

Navicula podzorskii Lange-Berialot
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Navicula pseudoventralis Hust.

Navicula schoenfeldii Hust.

Navicula seminuloides var. sumatrana Hustedt
Navicula sp. #1 (aff. Navicula minima)

Navicula sp. #6

Navicula sp. #9

Navicula subrotundata Hust.

Neidium ampliatum (Ehrenberg) Krammer 1985
Neidium hercynicum A. Mayer

Neidium sacoense Reim.

Neidium sp. #2

Nitzschia bryophila (Hust.) Hust.

Nitzschia gracilis Hantzsch

Nitzschia perminuta (Grun. in Van Heurck) M. Perag.
Nitzschia sp. #2

Nitzschia sp. #3

Nupela lesothensis (Schoeman) Lange-Bertalot
Pinnularia aestuarii Cleve

Pinnularia brebissonii var. diminuta (Grun. in Van Heurck) Cleve
Pinnularia microstauron (Ehrenb.) Cleve
Pinnularia sp. #1

Pinnularia sp. #6

Pinnularia subcapitata Greg.

Pinnularia viridis (Nitzsch) Ehrenb.

Sellaphora pupula var. capitata Hust.

Sellaphora sp. #1

Stauroneis anceps f. gracilis Rabenh.

Stauroneis phoenicenteron (Nitzsch) Ehrenb.
Staurosirella leptostauron (Ehrenb.) Williams & Round
Staurosirella pinnata (Ehrenb.) Williams & Round
Stenopterobia curvula (W. Smith)Krammer 1987
Tabellaria flocculosa (Roth) Kutz.
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APPENDIX B

EVOLUTION OF 8"®0sw SINCE THE LAST GLACIAL MAXIMUM

Introduction

The large volume of ice present during the Last Glacial Maximum (LGM,
~21,000 y BP) represents a substantial transfer of water from the oceans to land. This
transfer had several effects on the global ocean: sea level was lower during the LGM,
average ocean salinity was higher, and the average ocean 180/"0 ratio (5'%0gy) was
greater relative to the present. Of particular interest to paleoclimatologists is the ocean
180/'%0 change. The !0 composition of marine carbonates are a function of both the
precipitation temperature and the local seawater 8'%0 composition. Local sea water
8'%0 reflects the average seawater 8'%0 modified by local processes. Thus,
understanding local 8'°0s, and temperature changes requires knowing the global 8" 04w
through time. In addition, water which falls out of the atmosphere as rain or snow is
ultimately derived from the surface ocean. Thus the isotopic composition of
precipitation will reflect secular shifts of 8'%04 (in addition to other isotope effects).

Constraining shifts in the average 8'%0yy requires knowing the amount and
isotopic composition of water stored outside the ocean. Methods for determining these
values will be discussed in the following sections and an LGM to modern 8"8 04w record
presented.

Volume of water removed from the oceans

The volume of water removed from the oceans which should be used to

calculate the isotopic composition of sea water is the sum of any water that does not

physically mix with global sea water. This sum includes ice (both grounded and
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floating), groundwater and surface water. This sum has been reconstructed by two
different methods.

The first method involves modeling the volume of ice sheets from geomorphic
and geophysical methods. These ice sheet models rely on the fact that loading of the
lithosphere by ice sheets results in deformation of the solid earth. The magnitude of this
deformation can be related to the mass (volume x density) of ice present at a give
location through time. Thus by measuring the magnitude of the deformation at many
locations once covered by ice, the mass of past ice sheets can be estimated. Glacial
geologic features help these estimates by providing constraints on the spatial coverage
of the ice sheets through time. Floating ice does not load the lithosphere and is not
included in these calculations. In theory this method is also sensitive to changes in
surface and groundwater storage. However, the volume change of these reservoirs
through time is considered small relative to the ice sheets and is ignored. This method
generally provides a single estimate of ice volume at the LGM.

The second method attempts to determine the volume of water removed from
the ocean basins by reconstructing sea-level through time. This method provides a
continuous estimate of ice volume and is more useful for calculating 6’803w variations
through time. The relative sea-level change recorded at a given location on the earth
reflects both the removal of water from the ocean basins (eustatic sea level) and
associated deformation of the lithosphere. The lithospheric deformation includes the
effects of crustal loading by ice sheets, the corresponding unloading of the ocean basins
and continental margins, and deformation of the geoid due to changes in the rotation of

the earth caused by the redistribution of mass (Fleming et al., 1998; Milne et al., 2002;
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Peltier, 2002). The effect of ice sheet loading dominates relative sea-level changes at
sites located near to ice sheets. These near-field sites are not good recorders of eustatic
sea-level but have been used to constrain ice sheet mass. Sites located away from the
local effects of ice sheets (far-field sites) are better recorders of eustatic sea level (ice
volume). However, there are significant non-eustatic sea-level changes which still
affect these locations. Several authors have modeled the effects of eustatic and non-
eustatic sea-level changes on relative sea-level curves at far-field sites (Fleming et al.,
1998; Milne et al., 2002; Peltier, 2002). These models indicate that the relative sea-
level changes at Barbados (13.2°N, 59.5°W) are quite close to the global eustatic sea-
level curve for the period LGM to present (Peltier, 2002). The similarity between
relative and eustatic sea-level at this location results from cancellation between the
different non-eustatic effects. This situation is not true for other far-field sites such as
Tahiti (18.0°S, 149.5°W) and Huon Peninsula, Papau New Guinea (6.0°S, 147.5°E)
which have been used to reconstruct eustatic sea-level. Thus, based upon these
modeling studies, the relative sea-level variations at Barbados are a better
approximation of the eustatic sea-level curve (ice-volume) than other far-field sites
(Peltier, 2002).

Fig. B.B.1 shows relative sea-level data from the far-field sites of Barbados,
Huon Peninsula and Tahiti. A continuous LGM-Holocene record is obtained by
splicing the Holocene record from Tahiti into the Barbados curve. Using the Holocene
Tabhiti data is justified because the non-eustatic effects are quite small in this interval

(Peltier, 2002). As a final constraint, it is assumed that melting of ice sheets had ceased
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by 4,000 calendar years BP (Peltier, 2002). Together, these data provide a continuous
record of eustatic sea level during the past 19,000 years.
Ocean 3'%0,,, at the LGM

The 1sotopic composition of water removed from the oceans during the LGM
has been estimated by several methods. The first method uses estimates of the excess
volume and isotopic composition of the different ice-sheets present during the LGM to
calculate an average 8'°0 for the removed water. A simple mass-balance equation then
relates this value to the 8'°Os, change. There is significant uncertainty in both the
volume and isotopic composition of LGM ice sheets resulting in a wide range of
estimates from this method. The available data suggests a 6'°0 shift of +0.84 to
+1.47%o between the present and LGM (Duplessy et al., 2002).

The second method uses measurements of the 5'*0 composition of benthic
foraminifera to constrain the magnitude of 8804y changes. The LGM-modern
difference in benthic 8'%0 records (A8'%0) reflects both 5'®04y and bottom water
temperature changes. However, bottom water temperatures cannot be lower than the
freezing point of seawater (corrected for adiabatic warming as water descends from the
surface to the ocean bottom). Thus, the difference between the modern and freezing
point temperature at benthic sites is an estimate of the maximum temperature change
possible. Subtracting this effect from the A3'°0 value results in a minimum estimate of
the 8% 0y change. It is important to note that the estimated 8'30gy change is only valid
for the water over a particular site. Bottom waters in the modern ocean have different
1sotopic compositions, thus a number of sites from different locations are needed to

reconstruct the global change in 8'®Oy,. Using this method, the best estimate of the

127



minimum global 8'*0g, change between the present and LGM is +0.85%o (Duplessy et
al., 2002).

The third method uses measurements of pore-water isotopic composition from
deep-ocean sediment cores to calculate the 8"%04y of the LGM ocean. Changes in the
isotopic composition of sea water bathing a particular site propagate down into the
sediment pore water by diffusion. Thus by measuring pore-water isotope profiles and
modeling the effects of diffusion on these profiles it is possible to determine changes in
8"%04y during the LGM. (This process is quite similar to the propagation and
attenuation of surface temperature variations into the subsurface and the inversion of
borehole temperature profiles to determine past temperature change.) Measurements
from a number of locations which are bathed by different bottom waters suggest the
LGM to modern '°0 shift was +1.0£0.1%o (Adkins et al., 2002; Schrag et al., 2002).

Summary and Conclusions

The pore-water method appears to provide the best constraint for LGM to
modern 8'%0gy change and is consistent with the benthic foraminifera A5'%0
calculations and ice-sheet models. Combining the +1.0+0.1%o shift calculated by this
method with an estimated +120 m eustatic sea-level change over the same interval
yields a slope of —0.0083+0.0008 %o/m of eustatic sea-level rise (Fig. B.2). This value
provides the best estimate given available data. Applying these slopes to the Barbados
sea-level curve discussed above yields a record of global ocean 8'®Ogy variations during
the past 20,000 y (Fig. B.3). There are several caveats which must be noted:

1. Recent studies have suggested that LGM eustatic sea-level could have been

below —120 m at the LGM and —120 m at 19,000 calendar years BP (Clark et
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al., 2004). Using a range of —115 to -135 m (Yokoyama et al., 2000) and
+1.0+0.1%o yields a slope of 0.008+0.001 %o/m. This would change the
reconstructed A8'%0yy, curve in Fig. B.3 but, at this time, the data are
insufficient to adopt these values.

. The curve in Fig. B.3 assumes that the isotopic composition of melting ice
sheets is invariant with time. However, melting of different ice sheets at
different rates undoubtedly violated this assumption. It is difficult to assess
the impact this effect would have on the reconstructed §'*Og.

. New sea-level records may show that the relative sea-level curve from
Barbados is not a good estimate of eustatic sea-level. If this occurs, the
shape of the curve in Fig. B.3 will change, although the absolute magnitude

of the LGM-modern A8'*0,, would not change.
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Figure B.1 — Relative sea-level and inferred eustatic sea-level changes. Relative sea-
level histories from Barbados (Fairbanks, 1989; Bard et al., 1990a; Bard et al., 1990b;
Bard et al., 1990c; Bard et al., 1993), Huon Peninsula (Papau New Guinea) (Edwards et
al., 1993) and Tahiti (Bard et al., 1996). All dates are U/Th (and thus calendar) ages
except the Holocene samples from Tahiti. Radiocarbon AMS ages on these samples
were corrected for the ocean reservoir effect and converted to calendar ages using the
Calib4.4 data set (Stuiver et al., 1998a; Stuiver et al., 1998b). Replicate ages on the
same sample have been averaged and plotted as a single data point. The records have
been corrected for tectonic uplift or subsidence (+0.34 mm/y, +1.9mm/y, -0.2 mm/y for
Barbados, Huon Peninsula and Tahiti respectively). Error bars represent the depth
range of the sampled coral species. The dashed line is a cubic spline curve through the
Barbados and Tahiti (Holocene) splice discussed in the text.
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Figure B.2 — Constraints on the modern-LGM change in eustatic sea-level and 8804
The filled circle with vertical line is the best estimate from pore-water A8'*0 constraints
(Schrag et al., 2002) and the various sea-level records (Peltier, 2002). The box
represents the range of estimates from ice models and relative sea-level curves
(Duplessy et al., 2002; Milne et al., 2002).
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Figure B.3 — Inferred changes of 8'%04y since the Last Glacial Maximum calculated
from the Barbados-Tahiti (Holocene) spliced sea-level curve and a slope of
0.0083+0.0008 %o/m. Thin lines indicate the range of uncertainty due to this slope.
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APPENDIX C
ANALYTICAL METHODS

Modern Lake Water Chemistry

Physical and Chemical Limnologic Measurements

Water depth profiles of each lake (simultaneous GPS position and acoustic
water depth measurements) were acquired with a Garmin GPS-Fishfinder Model 168
every 10 horizontal meters. Hydrocasts of pH, temperature, dissolved oxygen and
conductivity were measured in the deepest part of the lake using a Hydrolab Minisonde
and Surveyor 4a. Measurements were taken at 0.1m, 0.2m, 0.3m, 0.4m, 0.5m, 1.0m and
every subsequent meter to the lake bottom. Water clarity was measured by recording
the depth at which the Ekman bottom sampler disappeared from view when lowered.

Water Sample Collection and Storage

Plastic sample bottles were rinsed three times with sample water, filled and
capped 30-40cm below the water surface. Alkalinity samples were refrigerated at 3°C
and analyzed within 36 hours. Dissolved nitrogen/phosphorus samples were frozen
after sampling and thawed for 12 hours before filtering. Cation samples (125ml) were
stored at room temperature and acidified with three drops of concentrated nitric acid
within one week of sampling. Water isotope samples were stored at room temperature
in the field. Once returned to the University of Massachusetts, all samples were

refrigerated at 2°C until analysis.
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Chemical Analysis of Water Samples

Alkalinity

Alkalinity was determined using the GRAN titration method. Samples were
titrated with 0.16N sulfuric acid using a Hach digital titrator. If the initial sample pH
was above 8.3, the sample was titrated to a pH of 8.3 and the amount of acid added was
recorded (phenolphthalein alkalinity). Samples were then titrated to a pH 0f 4.9,
recording the pH and volume of acid added at several points along the way. At this
point, acid was added 2-3 units at a time and the pH recorded after each addition until a
pH of ~4.3 was reached. Total alkalinity was determined using a plot of the amount of
acid added vs. hydrogen ion concentration (x- and y-axis respectively). The total
alkalinity was calculated from the x-intercept of a regression line fit to the linear portion
of the data with a hydrogen ion concentration greater than pH 4.9. Bicarbonate,
carbonate and hydroxide alkalinity were calculated from the phenolphthalein and total
alkalinity using the procedure outlined in Standard Methods for the Examination of
Water and Wastewater (APHA, 1992).
Cations

Cations were analyzed at the University of Massachusetts using a Perkins Elmer
Spectroflame E inductively coupled plasma-atomic emission spectrophotometer (ICP-
AES). A working stock standard was prepared from ICP primary standards. Working
standards were diluted from the working stock solution using 18MQ deionized water.
Table I lists the elements analyzed for, along with the standard concentrations, emission
lines and approximate analytical detection limits. Prior to each days run, a check

solution (near the Std. 3 concentration) was used to scan all the analytical emission
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lines, ensuring that the predefined peak and background wavelengths were correct. The
same check solution was run every eight samples to ensure the continued validity of the
instrument calibration. The analytical detection limits were calculated by averaging the
standard deviations of the three measurements made for each sample and multiplying by
three. The distribution of the standard deviations of the replicate samples with sample
concentration was used to determine which subset of the samples would give the best
estimate of the detection limit (check standard & samples, samples only, low
concentration samples only).

Total and Dissolved Phosphorus and Nitrogen

Samples for dissolved phosphorus and nitrogen were frozen after sampling.
Before shipping to the University of Massachusetts, the samples were thawed and
filtered into new sample bottles through 0.45um nitrocellulose filters (Fisherbrand)
using a 60ml syringe and filter holder attachment. Following filtration of the dissolved
samples, both dissolved and total samples were treated identically. Potassium
persulfate digestion of phosphorus and nitrogen compounds yields orthophosphate and
nitrate as products. The digested product was then analyzed using the automated
molybdate blue colorimetric method (phosphate) and the sulfanilamide colorometric
method (nitrate) on a LACHAT instruments Quik-Chem 8000 flow injection analyzer at
Hampshire College, Amherst Massachusetts. Standards run through the digestion were
used for calibration. Samples were corrected for reagent blank. Dissolved P samples

were corrected for contribution of cellulose phosphate filters (less than a ppb).
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Diatom Species Analysis

Sediment samples (10-100mg dry weight) for diatom species analysis were
freeze dried to disagregate them. Concentrated nitric acid (4-5ml) was added to the dry
sediment and heated in a waterbath for 3 hours at 65°C. Forty percent hydrogen
peroxide (4-5ml) was then added to the nitric acid/sediment mixture and heated until
vigorous bubbling ceased (a minimum of 1 hour, typically 2-3 hours). The nitric acid,
hydrogen peroxide, sediment mixture was centrifuged, the supernatant decanted and de-
ionized water added. Sediments were rinsed 4-5 times in de-ionized water until neutral.
After the final washing, de-ionized water was added to the 10ml mark on the 15ml
polypropylene centrifuge tubes and the tubes labeled with the sample name and
"primary slurry."

Aliquots of the primary sturry (100-1000p1) were transferred to a second 15ml
centrifuge tube using an Eppendorf variable volume calibrated syringe. The transferred
slurry was diluted to 5 ml and 0.4 ml of this secondary slurry pipetted onto a glass
coverslip. The secondary slurry was then diluted to 10ml and 0.4 ml of this solution
pipetted onto a second coverslip. Coverslips were dried overnight in a closed chamber
using a 15 watt light bulb as a gentle heat source. Dried coverslips were cemented to
glass slides using Naphrax.

Diatom coverslips were counted at 1000x magnification using an oil immersion
lens under differential interference illumination on an Olympus BH-2 microscope.
Valves were counted along transects which started at either the north, south, east or
west edge and ended at the center of the coverslip. At least 400 valves per slide were

counted and only full transects were counted. Counting full transects minimizes
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counting biases due to uneven distribution of diatoms between the edge and center of
the coverslip and any species specific sorting which occurs during the drying process.
Diatom counts were tallied using the freeware program MacCount
(http://www.bgsu.edu).

Sediment diatom concentration was calculated using pollen marker grains and
Battarbee trays. A solution of eucalyptus pollen (1.0 g pollen in 100ml de-ionized
water) was calibrated by pipetting aliquots of the solution onto a hematocytometer slide
and counting the pollen deposited on the slide. Two-hundred microliters of the
eucalyptus solution were added to the secondary diatom slurry prior to the addition of
de-ionized water. When the diatom coverslips were counted, eucalyptus pollen grains
were enumerated along with the diatom species. The concentration of diatoms in the
sediment was then calculated as:

pollen _jom}
Vpollen

ml Vprjmm—y

sediment(g)

Zvalves
#pollen

diatoms(#/g)=

where # valves and # pollen are the counted diatom frustules and pollen grains, Violien 18
the volume of the pollen solution added to the secondary shurry, pollen/ml is the
concentration of pollen in the slurry (#/ml) and Vprimary is the volume of the primary
slurry diluted in the secondary slurry. A subset of samples were analyzed using
Battarbee trays (Battarbee, 1973) to determine the diatom concentration. For these
samples, the diatom concentration determined by eucalyptus pollen and Battarbee trays
were linearly correlated indicating the robust nature of the diatom concentration

measurements.
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Appendix A lists all the species identified in the Venezuelan lakes along with
the authority and reference (where applicable). Several undescribed species were found

and have been given temporary designation as sp. #1, #2 etc.
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Tables

Table C.1 — Standard concentrations, emission lines and detection limits for cation
analyses by ICP-AES.

emission detection Standard Concentration (mg/L)

Element line (nm) limit Blnk  Stdl Std2 Std3 Std4 StdS Std6

Ca 315 0.017*¢ 0.0 0.5 1.0 2.0 4.0 10.0 20.0
317 0.019*¢

K 766 0.005 ¢ 0.0 0.3 0.5 1.0 2.0 5.0 10.0

Mg 280 0.004 ¢ 0.0 0.3 0.5 1.0 2.0 5.0 10.0
285 0.005 ¢

Na 589 0.008 *¢ 0.0 0.3 0.5 1.0 2.0 5.0 10.0

Si 251 0.017 ¢ 0.0 0.3 0.5 1.0 2.0 5.0 10.0
288 0.026 **

Al 167 0.4%¢ 0.000 0.025 0.050 0.100 0.200 0.500 1.000

B 182 3.1°¢ 0.000 0.025 0.050 0.100 0.200 0.500 1.000

Ba 455 0.1%¢ 0.000 0.025 0.050 0.100 0.200 0.500 1.000

Cr 267 2.6°%¢ 0.000 0.025 0.050 0.100 0.200 0500 1.000

Cu 324 2.7 0.000 0.025 0.050 0.100 0.200 0.500 1.000

327 5.4°¢

Fe 259 2.2%¢ 0.000 0.025 0.050 0.100 0.200 0.500 1.000

Li 670 0.1°¢ 0.000 0.025 0.050 0.100 0.200 0500 1.000

Mn 259 0.5%¢ 0.000 0.025 0.050 0.100 0200 0500 1.000

Pb 168 14.5°¢ 0.000 0.025 0.050 0.100 0.200 0500 1.000
182 17.5°%¢

Sr 407 0.2 0.000 0.025 0.050 0.100 0200 0.500 1.000

Ti 334 1.1°¢ 0.000 0.025 0.050 0.100 0200 0500 1.000

Zn 213 0.6°¢ 0.000 0.025 0.050 0.100 0.200 0500 1.000

(a)- determined from average of the standard deviations of three replicate measurements on low

concentration samples (lower 50%);
(b)- determined from average of the standard deviation of three replicate measurements on all samples;
(c)- determined from average of the standard deviation of three replicate measurements on all samples
and higher concentration check standard;
(d)- parts per million
(e)- parts per billion
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APPENDIX D
DATA TABLES
Modern Lake Samples
The depth, water chemistry and H and O isotopic composition were determined
for 24 modern lakes in the Venezuelan Andes. These lakes are listed in Table D.1 their
locations shown if Fig. D.1. The water chemistry and isotopic composition of lake
water are listed in Table D.2.

Precipitation and Surface Water H and O Isotopes

Oxygen and hydrogen isotope analyses were carried out on precipitation, lake,
stream and groundwater samples from the Venezuelan Andes. These data are tabulated
in Table D.3 and the sample locations shown in Fig. D.2.

Sediment Dating

Table D.4 lists all of the radiocarbon age determination on lake sediment cores
from the Venezuelan Andes. The calibrated ages were determined using the CALIB 4.2
dataset (Stuiver et al., 1998a; Stuiver et al., 1998b). Tables D.5 and D.6 contain 210py,
and "*’Cs analyses on surface sediment core GL-99A from Laguna Mucubaji. Table
D.7 tabulates *°Pb results for the surface sediment core GL-99A from Laguna Verdes
Alta.

Sediment Geochemistry

Table D.8 lists the geochemistry of modern sediments, plants and soils from

Lagunas Verdes Alta, Baja and Laguna Mucubaji. Tables D.9 through D.17 tabulate

the geochemistry of sediment cores from Laguna Blanca, Laguna Mucubaji, Laguna
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Verdes Alta and Laguna Verdes Baja. Diatom 8'0 measurements on Laguna Verdes

Alta and Baja sediments are listed in Table D.18 and D.19.
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Tables

Table D.1 — Lakes in the Venezuelan Andes sampled for water chemistry.

# Lake Name Code Latitude Longitude Fz::‘)’
1 Laguna Blanca {(nr. Tovar) LBLAO1 N8 20.105 W71 47.072 1620
2  LagunaBrava LBRAO1 N8 18.355 W71 50.356 2399
3 Laguna de La Pata (nr. Gavidia) LPATO2 N8 39.200 W70 56.041 3982
4 Laguna Grande de los Patos LBANI10 N8 48.820 W70 56.926 4190
(Paramo El Banco)
5 LagunaLa Cura LBAN24 N8 48.776 W70 57.175 4220
6 LagunaLa Posita LBAN23 N8 48.757 W70 57.069 4225
7  Laguna Los Lirios LLIRO1 N8 18.452 W71 49.594 2305
8 Laguna Los Locos (Piedras LPBLO1 N8 51.772 W70 53.845 4371
Blancas Lake 1)
9  Laguna Michurao Alto LMICO02 N8 43.823 W70 51.766 3738
10 Laguna Michurao Bajo LMICO09 N8 44.156 W70 52.000 3718
11 Laguna Misteque LMIS03 N8 43.345 W70 53.128 3803
12 Laguna Mucubaji LMUCO1 N8 47.795 W70 49.701 3573
13 Laguna Negra (nr. Mucubaji) LNEGO03 N8 47.175 W70 48.301 3462
14 Laguna Negra (Paramo El LBANO3 N8 48.655 W70 56.940 4205
Banco)
15 Laguna Parche LPARO2 N8 38.814 W70 55.682 3894
16 Laguna Royal "A" LROY0!1 N8 42.979 W70 52.302 3827
17 Laguna Royal "C" LROYO07 N8 43.308 W70 52.227 3824
18 Laguna Royal "D" LROY13 N8 43.696 W70 52.361 3763
19 Laguna Verdes Alta LVESO0S N8 51.165 W70 52.449 4215
20 Laguna Verdes Baja LVES24 N8 51.488 W70 52.420 4170
21 Laguna Verdes Medio LVES09 N8 51.337 W70 52412 4193
22 Laguna Victoria LVICO01 N8 48.782 W70 47.997 3223
23 Piedras Blancas Lake 2 LPBLO5 N8 51.656 W70 54.281 4403
24  small pond nr. L Misteque LMIS08 N8 43.481 W70 53.062 3817
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Table D.2 — Temperature, conductivity, dissolved oxygen and pH of modern lakes.

Lake # 1 2 3 4 5 6
Laguna
Laguna : Lagunade Grandede . .
Lake Name Blan%a (nr. Igrg;, r;a La ]%ata (nr.  los Patos LagclllﬁzLa Lagg ?i?al‘a
Tovar) Gavidia) (Paramo El
Banco)
Sample Date  6/12/02 6/12/02 6/14/02 6/6/02 6/7/02 6/7/02
Za (m) 6 14 13 10 6 2
Temp. 0-50cm (°C)  20.1 19.5 9.8 11.7 10.9 11.1
Temp. Z,,.x (°C) 175 16.4 9.9 11.1 10.6 10.9
SpC 0-50cm (uS)  57.94 37.26 2.10 38.00 11.28 1.64
SpC Znux (1s) 32130 55.20 2.10 37.80 11.30 1.60
DO (ppm) 0-50cm  2.87 7.67 5.81 6.07 6.04 5.66
DO (ppm) Z,.,  0.12 0.14 5.63 5.91 5.84 5.63
DO (% sat) 0-50cm  38.4% 111.4% 82.8% 93.0% 91.0% 85.7%
DO (% sat) Zoew  1.5% 1.9% 80.3% 89.2% 87.3% 84.9%
pHO0-50cm 5389 8.76 6.65 7.52 6.47 5.82
pHZ,.. 556 5.79 6.54 7.55 6.57 5.58
= phenolphthalein 0 1.8 0 0 0 0
E> hydroxide
8= ydrox 0 0 0 0 0 0
2 S carbonate 0 3.6 0 0 0 0
» R bicarbonate  26.6 10.0 26 195 6.7 0.9
<L total 26,6 13.6 2.6 19.5 6.7 0.9
Al(ug/y 426 18.37 11.42 6.14 15.17 64.40
B (ng/l) 9.10 18.96 below det.  below det.  below det.  below det.
Ba(ug/)  12.00 1.44 0.92 0.57 0.26 1.37
Ca(mg/l) 451 1.62 0.57 6.15 1.68 0.35
Fe (ug/)  629.00 33.16 29.40 10.78 76.10 10.68
K(mg/!l) 245 1.74 0.13 0.04 0.23 0.10
Li(png/)  0.406 0.879 0.349 1.216 0.387 0.360
Mg (mg/) 245 1.35 0.15 0.19 0.32 0.11
Mn (ug/l)  132.200 5.260 3.482 1.580 37.280 3.073
Na(mg/l) 321 3.19 0.30 2.76 0.92 0.44
Si(mg/l)  3.820 5.041 0.356 0.037 0.938 0.096
Sr(pg/M)y  33.56 1572 276 21.39 15.08 4.00
Zn (pg/ly 1237 below det.  below det.  below det.  below det. 0.93
total P (pg/l) 236 18.8 5.4 73 55 8.7
dissolved P (ug/l) 10.3 9.7 4.2 5.3 4.5 3.9
particulate P (ug/l) 13.3 9.1 1.0 2.0 1.0 4.8
80 0-50cm (%o _j 69 -0.50 -6.63 -1.23 -7.05 -1.56
VSMOW)
0D 0-50cm (%o
vSM O(W) -15.8 -12.8 -55.1 -34.1 62.0 -38.5
d-excess (%o) 2.3 -8.8 2.0 =243 -5.6 -26.0

Table continued on next page
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Table D.2 — Continued

Lake # 7 8 9 10 11 12
Laguna Los
Locos Laguna Laguna \ .
Lake Name Lagqn_a Los (Piedras Mici;lurao Miclglurao ngu na Lagu l’; a
Lirtos Blancas Alto Bajo Misteque  Mucubaji
Lake 1)
Sample Date  6/12/02 6/9/02 6/4/02 6/4/02 6/5/02 6/18/02
Zpax (m) 7 4 45 12 20 14
Temp. 0-50cm (°C)  20.0 9.7 12.1 125 13.2 12.1
Temp. Z,... °C) 175 9.5 10.7 12.0 11.6 11.5
SpC 0-50cm (uS)  23.50 12.90 22.94 24.14 22.16 8.70
SpC Zpux (us)  27.10 13.10 27.10 23.80 2230 8.60
DO (ppm) 0-50cm  7.19 6.33 6.17 6.16 5.78 6.09
DO (ppm) Z,,,  0.32 6.15 0.51 5.71 478 5.33
DO (% sat) 0-50cm  104.4% 94.5% 90.0% 90.5% 87.2% 87.1%
DO (%osat) Z,.e  4.4% 91.4% 7.2% 83.0% 69.5% 75.2%
pHO0-50cm  8.70 6.94 7.06 7.15 7.00 6.35
pPHZ.. 5.64 6.91 6.05 7.15 6.70 6.12
= phenolphthalein 0.8 0 0 0 0 0
§ E’ hydroxide 0 0 0 0 0 0
28 carbonate 1.6 0 0 0 0 0
» & Dbicarbonate 85 7.3 11.1 11.4 9.9 5.1
ERS) total 10.1 73 11.1 11.4 9.9 5.1
Al(ug/y 3577 11.01 6.25 8.99 6.34 34.70
B(ug/) 630 below det. 7.39 8.11 9.12 5.95
Ba(ug/) 097 0.25 1.12 1.16 4.11 1.27
Ca(mg/h)  0.54 1.41 343 3.48 251 1.04
Fe(ug/l) 4269 178.60 10.65 17.31 19.07 69.50
K (mg/l) 1.51 0.64 045 0.49 0.82 0.35
Li(ug/h 0321 0.897 0.375 0.352 0.353 0.393
Mg (mg/l) 073 0.57 0.36 0.37 047 0.29
Mn (ug/)  1.368 96.100 3.519 3.231 4.456 9.250
Na(mg/!l) 282 0.93 1.22 1.27 1.43 0.80
Si(mg/l) 3412 0.734 2.383 2.187 2.425 1.755
Sr(ug/)y 389 5.43 8.00 8.28 19.32 4.72
Zn (pg/l) 2.45 0.94 below det. below det.  below det. 1.07
total P (pg/)  23.0 95 3.4 3.9 4.5 4.7
dissolved P (ug/l) 137 5.4 4.2 34 3.8 3.9
particulate P (ug/) 93 4.0 0.0 0.5 0.7 0.6
8"00-50cm (%0 .1 01 -4.20 -8.66 -7.86 -8.27 -9.65
VSMOW)
8D 0-50cm (%o '
vSh O(W) -16.6 474 -66.3 -62.4 -64.4 -68.1
d-excess (%o) -8.6 -13.8 3.0 0.5 1.7 9.1

Table continued on next page
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Table D.2 — Continued

Lake # 13 14 15 16 17 18
Laguna Iﬁfurr;a Laguna Laguna Laguna Laguna
Lake Name I]:I/Iegra (’?¥- (Paraxio El Pa%che Royil "A" Royil "C" Roygl "D"
ncubaji) B
anco)
Sample Date  6/17/02 6/6/02 6/14/02 6/3/02 6/3/02 6/3/02
Zux (M) 17 1.5 5 6.4 12 12
Temp. 0-50cm (°C)  10.2 11.5 9.0 12.0 12.8 14.9
Temp. Z,, (°C) 9.6 113 9.0 10.5 114 1.5
SpC 0-50cm (uS)  8.26 15.64 11.40 14.06 19.08 27.60
SpC Zpx (HS) 930 16.20 11.50 13.40 19.40 30.90
DO (ppm) 0-50cm  6.68 5.67 6.00 6.21 6.28 6.18
DO (ppm) Z,,x 542 5.31 5.70 5.88 5.66 5.44
DO (% sat) 0-50cm  90.0% 86.4% 82.9% 91.4% 94.2% 96.4%
DO (%sat) Zne  72.1% 80.6% 78.7% 83.4% 82.1% 78.5%
pHO0-50cm 6,09 6.78 6.72 6.80 6.93 7.20
PHZm  5.82 6.75 6.74 6.77 6.88 6.85
. ,&\D phenolphthalein 0 0 0 0 0 0
o & hydroxide
8 g ydro 0 0 0 0 0 0
238 carbonate 0 0 0 0 0 0
~ @  bicarbonate 40 8.0 5.4 6.9 9.5 115
S Q total 4.0 8.0 54 6.9 95 11.5
Al(ng/y 3547 92.00 23.67 32.01 11.03 22.06
B (ug/h 6.30 below det. 7.10 below det. 8.16 13.09
Ba(ugl) 098 0.68 1.06 0.87 0.87 1.83
Ca(mg/) 1.14 1.58 1.83 1.78 2.60 3.38
Fe (ug/l)  46.01 42.89 53.20 47.22 39.23 33.58
K(mgl) 031 0.78 0.29 0.39 0.45 0.77
Li(ug/) 0451 0.395 0411 0.334 0.377 0.345
Mg (mg/!l) 026 0.31 030 0.31 0.40 0.56
Mn(ug/l)  4.544 11.360 3.396 4.840 2.755 4381
Na(mgl) 067 1.77 0.63 0.98 1.21 1.65
Si(mg/) 1773 0.933 1.687 1.888 2.035 2.953
Sr(ug/y 397 13.04 5.29 5.86 8.71 14.37
Zn (Lg/l) below det. below det.  below det. 1.32 below det.  below det.
total P (pg/h) 5.0 93 6.1 52 3.8 5.1
dissolved P (ug/l) 3.7 5.9 45 4.7 4.1 5.7
particulate P (ug/i) 13 34 14 0.5 0.0 0.0
80 0-50cm (%o .11 34 -7.89 -9.95 9.56 -8.59 9.54
VSMOW)
8D 0-50cm (%o
VSMO(W) -78.6 711 73,7 2.1 -66.0 723
d-excess (%)  12.1 7.9 5.9 44 2.7 4.0

Table continued on next page
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Table D.2 — Continued

Lake # 19 20 21 22 23 24
» Laguna " Piedras small pond
LakoName (LS80 (CSEMA Ve (SN0 Bl nerl
Medio Lake 2 Misteque
Sample Date  6/8/02 6/8/02 6/8/02 6/2/02 6/9/02 6/5/02
Loy (m) 2.5 5.5 9 2 3 0.5
Temp. 0-50cm (°C)  11.5 134 11.7 13.8 9.9 16.0
Temp. Z,,, °C) 115 12.3 9.8 10.6 9.5 15.9
SpC 0-50cm (uS)  72.18 37.00 26.12 10.78 5.50 17.74
SpC Zyux (ps)  72.00 36.90 28.70 11.20 5.50 17.80
DO (ppm) 0-50cm  6.00 6.06 6.55 6.67 6.27 5.52
DO (ppm) Z,.x  5.96 6.08 0.18 6.81 6.23 5.44
DO (% sat) 0-50cm  91.7% 96.3% 100.2% 94.9% 94.3% 89.0%
DO (% sat) Znw  91.2% 94.2% 2.7% 90.0% 92.9% 87.6%
pH0-50cm 798 7.87 8.62 7.36 6.86 7.57
pPHZ,..  7.99 8.12 6.11 6.92 6.81 7.57
& phenoiphthalein 0 0 0 0 0 0
£ hydroxid
S g ydroxide 0 0 0 0 0 0
28 carbonate 0 0 0 0 0 0
o R bicarbonate 363 183 10.9 8.1 3.7 8.3
s O total 363 18.3 10.9 8.1 3.7 8.3
Al(pg/l)  19.84 11.23 9.11 29.90 13.31 51.30
B(ug/l)  4.68 below det.  below det. 8.27 below det.  below det.
Ba(ug/l)  55.00 1.93 5.36 1.02 0.29 8.17
Ca(mg/) 1381 7.12 5.08 1.31 0.89 1.94
Fe(pg/l) 2563 35.49 137.00 47.18 462.20 11.83
K(mgl)  0.58 0.16 0.60 0.36 0.45 0.84
Li(ug/) 1338 0.547 0.466 0.480 0.382 0.328
Mg (mg/) 096 0.32 031 0.30 0.23 0.41
Mn (ug/)  3.501 6.750 82.900 2.257 29.000 0.000
Na (mg/l) 1.48 1.21 0.87 0.88 0.46 1.52
Si(mg/l)  2.010 0.176 0.387 2.057 0.086 0.273
Sr(pg/)  57.90 27.83 21.08 4.80 2.78 17.16
Zn (pg/l) 226 below det.  below det. 0.61 below det.  below det.
total P (ug/l) 104 9.6 18.2 6.2 9.9 6.6
dissolved P (ug/l) 6.4 6.0 7.9 6.4 6.0 5.1
particulate P (pg/l) 40 3.6 10.3 1.5 39 1.5
80 0-50cm (%0 _5.94 -0.79 -0.83 -10.83 2.15 -5.73
VSMOW)
0D 0-50cm (%o
vSM O(W) 57.5 -30.8 -30.9 745 37.8 -56.9
d-excess (%o)  -10.0 24.4 242 12.1 -20.6 -11.0
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Table D.6 ~ Cesium-137 analyses of L. Mucubaji surface core GL-99A.

137
Sample Accum. dry Sample Depth (cm) acti\(ljisty
# Drywt (g) wt(g/om’) top  bottom (Bg/g) =1o
1 1.089 0.0338 0.0 0.5
2 1.580 0.0829 0.5 1.0
3 1.662 0.1346 1.0 1.5
4 1.488 0.1809 1.5 2.0 0.0000
5 1.841 0.2381 2.0 2.5
6 1.579 0.2872 2.5 3.0 0.0000
7 1.653 0.3386 3.0 3.5
8 1.713 0.3918 3.5 4.0 0.0000
9 1.541 0.4397 4.0 4.5
10 1.741 0.4938 4.5 5.0
11 1.974 0.5552 5.0 5.5 0.0000
12 1.999 0.6173 5.5 6.0
13 1.993 0.6793 6.0 6.5 0.0127 0.0041
14* 2.318 0.7513 6.5 7.0 0.0265 0.0106
15 2.158 0.8184 7.0 7.5 0.0200 0.0040
16 2.423 0.8937 7.5 8.0 0.0000 0.0000
17 2.710 0.9779 8.0 8.5
18 2.677 1.0611 8.5 9.0 0.0000

*137Cs peak
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Table D.§ —~Geochemistry of modern plants, sediments and soils.

” Sample water  Coy  Ngw 0°Coy (%o 8"Nyu CON
Lake date Descrpition  depth (wt. %) (wt. %) VPDB) (% AIR) (atomic)

1 L.Mucubaji  Jan-99 surf sediment 140 1224 0962 -25.32 1.78 14.85
2 L.Verdes Alta Jan-00 surf sediment 0.1 2529 2701 -17.09 5.72 10.93
3 L. Verdes Alta Jan-00 surf sediment 0.2 29.12 1911 -24.04 5.44 17.78
4 L. Verdes Alta Jan-00 surf sediment 2.0 3448 3.198 -16.73 4.29 12.58
5 L. Verdes Alta Jan-00 surf sediment 22 3655 3.675 -15.15 3.26 11.60
6 L. Verdes Alta Jan-00 surf sediment 23 3734 3892 -14.61 293 11.19
7 L. Verdes Alta Jan-00 surf sediment 25 3496 3.753 -15.15 2.71 10.87
8 L. Verdes Alta Jan-00 surf sediment 2.6 3735 3869 -14.46 3.20 11.26
9 L.Verdes Alta Jan-00 surf. sediment 2.0 2873 2807 -16.23 2.80 11.94
10 L. Verdes Alta Jan-00 surf. sediment 1.5 31.15 3.168 -17.85 37 11.47
11 L. Verdes Alta Jan-00 surf sediment 02 6.60 0512 -22.23 8.02 15.03
12 L. Verdes Baja Jan-99 surf. sediment 5.5 2945 2914 -12.74 5.59 11.79
13 L. Verdes Alta Jan-00 aq. macrophyte 0.2 42.17 2959 -22.20 344 16.63
14 L. Verdes Alta Jan-00 aq. macrophyte 0.2 46.10 2659 -25.39 1025  20.22
I5 L. Verdes Alta Jan-00 ag. macrophyte 0.2 4647 2.794 -24.54 9.72 19.40
16 L. Verdes Alta Jan-00 ag. macrophyte 0.2 27.74 1.625 -25.06 9.55 19.92
17 L. Verdes Alta Jan-00 aq. macrophyte 02 4997 2974 .-25.77 10.93 19.60
18 L. Verdes Baja Jan-99 aq. macrophyte 0.2 3833 1808 -26.92 5.90 24.73

19 L. Verdes Alta Jan-00 soil - 1483 1.055 -24.98 4.84 16.40
20 L. Verdes Alta Jan-00 soil - 1457 0999 -24.74 6.18 17.02
21 L. Verdes Alta Jan-00 soil - 506 0301 -26.14 597 19.64
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Table D.9 — Sediment geochemistry of L. Mucubaji surface core GL-99A.

top depth bottom depth Median age Dry density Cog N B’SCW Ok "N, CN

-

(cm)’ (cm)* (cal. y AD) (g/em’) (wt. %) (wt.%) VPDB) (%o AIR) (atomic)

1 0.0 0.5 2001 0.0677 832 0773 -25.24 2.36 12.62
2 0.5 1.0 1998 0.0982 835 0725 -25.02 1.86 1345
3 1.0 1.5 1997 0.1033 981 0.841 -25.39 2.00 13.51
4 1.5 2.0 1995 0.0925 1022 0.883 -25.74 1.81 13.50
5 2.0 2.5 1992 0.1144 980 0.848 2534 1.98 13.48
6 2.5 3.0 1990 0.0982 1034 0906 -25.49 1.98 13.24
7 3.0 35 1987 0.1028 1095 0956 -25.83 1.84 13.36
3 35 4.0 1984 0.1065 11.17 0965 -25.58 2.18 13.49
9 4.0 4.5 1981 0.0958 11.39 0983  .25.67 1.75 13.52
10 4.5 5.0 1978 0.1082 1098 0917 -25.53 2.03 13.97
11 5.0 55 1975 0.1227 1091 0911 -25.30 2.16 13.97
12 5.5 6.0 1972 0.1243 10.66 0.871 -25.45 2.39 14.29
13 6.0 6.5 1968 0.1239 1026 0.860 -25.43 2.45 13.91
14 6.5 7.0 1964 0.1441 9.36 0.770 -25.17 2.55 14.18
15 7.0 7.5 1960 0.1342 8.66 0.711  -25.18 2.72 14.22
16 7.5 8.0 1957 0.1506 782 0.622 2529 3.25 14.63
17 8.0 8.5 1954 0.1685 8.10 0.655 -25.14 3.25 14.43
18 8.5 9.0 1949 0.1664 7.81  0.635 -25.22 2,97 14.35
19 9.0 9.5 1944 0.1918 7.99 0.653 -25.51 3.19 14.27
20 9.5 10.0 1939 0.1822 6.88 0.546 -25.29 2.89 14.68
21 10.0 11.0 1930 0.1486 7.99  0.643 -25.34 3.11 14.50
22 11.0 12.0 1918 0.1628 8.25 0622 -25.24 3.39 15.48
23 11.8 12.8 1909 0.1688 7.80  0.598 -25.24 3.60 15.22
24 13.0 14.0 1902 0.1961 7.60  0.565 -25.26 342 15.69
25 14.0 15.0 1895 0.1860 7.57 0.567 -25.12 3.48 15.29
26 15.0 16.0 1888 0.2033 7.73  0.570  -25.18 3.42 15.81
27 16.0 17.0 1880 0.2250 727 0535 -25.08 3.22 15.84
28 17.0 18.0 1872 0.2071 727 0.542 -25.20 3.84 15.64
29 18.0 19.0 1864 0.1950 717 0.527 -25.21 3.16 15.87
30 19.0 20.0 1855 0.2120 9.03 0.665 -25.25 2.93 15.85
31 20.0 21.0 1847 0.1898 7.66 0.575 -25.03 3.73 15.70
32 21.0 22.0 1837 0.2037 7.95 0.582 -25.17 3.67 15.94
33 22.0 23.0 1828 0.2055 894 0.662 -25.26 3.83 15.75
34 23.0 24.0 1818 0.1905 846 0615 -25.12 3.76 16.04
35 24.0 25.0 1808 0.2142 9.12  0.675 -25.09 3.69 15.77
36 25.0 25.5 1798 0.1984 9.19 0.676 -25.15 3.14 15.85

{a) Core and composite depths are identical for this core
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Table D.10 — Sediment geochemistry of L. Verdes Alta surface core GL-99A.

4 top depth bottom depth Median age Dry density
(cm)* (cm)? (cal. yBP) (g/em’)
1 0.0 0.5 -50 0.0062
2 0.5 1.0 -49 0.0155
3 1.0 1.5 48 0.0168
4 1.5 2.0 -47 0.0200
5 2.0 25 -46 0.0203
6 25 3.0 -45 0.0200
7 3.0 35 -44 0.0217
8 3.5 4.0 -42 0.0196
9 4.0 4.5 41 0.0190
10 4.5 5.0 -40 0.0160
11 5.0 5.5 -39 0.0185
12 55 6.0 -38 0.0192
13 6.0 6.5 -36 0.0200
14 6.5 7.0 -35 0.0203
15 7.0 7.5 -34 0.0210
16 7.5 8.0 -32 0.0191
17 8.0 8.5 -30 0.0236
18 8.5 9.0 -28 0.0201
19 9.0 9.5 -27 0.0204
20 9.5 10.0 -25 0.0210
21 10.0 11.0 -22 0.0145
22 11.0 12.0 -19 0.0213
23 11.8 12.8 -16 0.0155
24 13.0 14.0 -9 0.0240
25 14.0 15.0 2 0.0265
26 15.0 16.0 5 0.0219
27 16.0 17.0 13 0.0324
28 17.0 18.0 24 0.0365
29 18.0 19.0 34 0.0268
30 19.0 20.0 41 0.0254
31 20.0 21.0 49 0.0306
32210 220 59 0.0331
33 220 23.0 70 0.0372
34 230 24.0 85 0.0564
35 240 250 109 0.0596
36 250 26.0 130 0.0323
37 260 27.0 150 0.0373
38 270 28.0 176 0.0252
39 28.0 29.0 266 0.0378
40 290 300 355 0.0351
41 30.0 31.0 445 0.0347
42 31.0 320 535 0.0392
43 320 33.0 624 0.0358
44 330 34.0 714 0.0398

Table continued on next page
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Table D.10 —~ Continued

top depth bottom depth Median age Dry density

(cm)? (cm)* (cal. y BP)  (g/lem®)
45 340 35.0 785 0.0411
46 350 36.0 857 0.0368
47 360 37.0 928 0.0353
48 370 38.0 1000 0.0395
49 380 39.0 1071 0.0484
50 390 40.0 1143 0.0376
51 40.0 41.0 1214 0.0410
52 410 42.0 1286 0.0435
53 420 43.0 1357 0.0432
54 43.0 440 1429 0.0405
55 440 45.0 1500 0.0524
56 450 46.0 1572 0.0386
57  46.0 47.0 1643 0.0540
58  47.0 48.0 1691 0.0534
59 480 49.0 1739 0.0614
60 490 50.0 1786 0.0508
61 50.0 51.0 1834 0.0664
62  51.0 520 1882 0.0518
63 520 53.0 1930 0.0392
64 530 54.0 1977 0.0556
65  54.0 55.0 2025 0.0621
66 55.0 56.0 2073 0.0548

(a) Core and composite depths are identical for this core
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Table D.11 — Sediment geochemistry of L. Verdes Baja surface core GL-99A.

top depth bottom depth Median age Dry density Cor N §]3Corg o 8°N,, CN

I+

(cm)* (cm)  (calyBP) (g/em’) (Wt %) (wt.%) VPDB) (%o AIR) (atomic)
1 00 0.5 -50 00012 3531 6.172 -1833  -142  6.67
2 05 1.0 -51 3642 6096 -1887 386 697
310 1.5 -50 00022 3588 5747 -1866  0.75 7.8
4 15 2.0 49 0.0041 3502 5870 -1669 072 696
5 20 25 47 0.0086 3039 5223 -1544 180 679
6 25 3.0 44 00100 2848 4.067 -1484 266 817
7 30 35 41 00147 2776 3639 -1434 377 890
8 35 4.0 38 00159 2740 3.103 -1402 555 1030
9 40 45 -34 00179 2673 3.128 -13.87 471 997
10 45 5.0 -30 00158 2745 3.112 -13.71 471 1029
11 50 55 -26 00187 2729 3067 -13.50 5.1 1038
12 55 6.0 21 0.0204 2665 2996 -1348 503 1038
13 60 6.5 17 00221 2604 2975 -13.38 503 1021
14 65 7.0 -12 00265 2568 2782 -13.29 625 1077
15 70 7.5 -8 0.0209 2646 2943 -1333 527 1049
16 75 8.0 3 0.0268 2572 2764 -1331 639 1086
17 80 8.5 2 00241 2557 2817 -13.66 585  10.59
18 85 9.0 7 00305 2573 2946 -1423 628  10.19
19 9.0 9.5 11 00210 2844 3.163 -13.41 645 1049
20 95 10.0 16 00200 30.09 3.059 -11.90  7.60 1147
21 100 10.5 21 00205 3137 2910 -11.09 868 1258
2 105 11.0 26 0.0139
23 110 115 30 0.0013 3165 2832 -1058 923 1278
24 115 12.0 35 0.0338
25 120 12.5 40 00234 3038 2790 -1024  9.00 1270
26 125 13.0 45 0.0082
27 130 13.5 50 00270 3044 2736 -1020 994 1298
28 135 14.0 55 0.0129
29 140 14.5 60 00252 3167 2871 -1040 961  12.87
30 145 15.0 65 0.0251
31 15.0 16.0 72 00207 3077 2753 -10.13  10.18  13.04
32 160 17.0 83 0.0228
33 170 18.0 94 00261 3168 2740 -1031  9.89  13.49
34 180 19.0 106 0.0360
35 19.0 20.0 119 00299 3138 2646 -1026 980  13.84
36 200 21.0 132 00249 2970 2482 -1044 999  13.96
37 210 22.0 146 00345 2794 2221 -1046 1043  14.68
38 220 23.0 162 0.0413
39 23.0 24.0 178 0.0316 2970 2.500 -10.30 9.96 13.86
40 240 25.0 195 0.0366
41 250 26.0 214 00431 2447 1821 -1096 830  15.68
42 260 27.0 233 0.0361
43 270 28.0 254 00601 2241 1677 -11.33 818  15.60
44 280 29.0 275 0.0614

Table continued on next page
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Table D.11 — Continued

top depth bottom depth Median age Dry density Cog  Npw 07°Coy(%o 0°Nyw CN

(cm)* (cm)’ (cal. y BP) (g/em’) (wt. %) (wt. %) VPDB) (%o AIR) (atomic)
45 290 30.0 297 0.0438 2347 1745 -11.70 7.42 15.69
46 300 31.0 320 0.0427
47  31.0 32.0 343 0.0440  22.12 1.630 -11.82 7.47 15.82
48 320 33.0 367 0.0582
49 330 34.0 391 0.0527 21.87 1658 -11.94 7.39 15.56
50 340 35.0 416 0.0582
51 350 36.0 440 0.0531 21.61 1.667 -11.97 7.95 15.12
52 360 37.0 464 0.0559
53 370 38.0 489 0.0428 2207 1.845 -11.76 7.13 13.96
54 380 39.0 513 0.0538
55 390 40.0 536 0.0497 23,63 2.191  -12.00 6.68 12.59
56 40.0 41.0 560 0.0589
57 410 42.0 583 00543 2173 1898 -11.77 7.19 13.36
58 420 43.0 607 0.0591
59 430 44.0 630 0.0589 2226 1.878 -11.71 7.03 13.83
60 440 45.0 654 0.0500
61  45.0 46.0 684 0.0522 2348 1943 -11.76 6.17 14.10
62  46.0 47.0 727 0.0465
63 470 48.0 771 0.0466 2473 1983 -11.72 4.91 14.55
64 480 49.0 814 0.0472
65 490 50.0 857 0.0543 2569 2044 -11.66 5.10 14.66
66  50.0 51.0 901 0.0532
67  51.0 52.0 944 0.0539 2344 1915 -11.60 5.64 14.28
68 520 53.0 987 0.0526
69 53.0 54.0 1031 0.0574 2345 1.891 -11.48 6.11 14.47
70 54.0 55.0 1074 0.0524
71 55.0 56.0 1117 0.0574 2232 1846 -11.73 5.98 14.11
72 56.0 57.0 1161 0.0587
73 57.0 58.0 1204 0.0640 2167 1834 -11.71 5.89 13.94
74 580 59.0 1247 0.0632
75 590 60.0 1291 0.0650 2199 1855 -11.93 5.01 13.83
76 60.0 61.0 1334 0.0632
77 61.0 62.0 1377 0.0636 2338 1879 -11.40 5.59 14.52

(a) Core and composite depths are identical for this core
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Table D.12 — Sediment geochemistry of L. Blanca square-rod core 99A.

Drive Drive COMposite ne .0 o ge Dry density Organic matter

#  Depth depth (cm)’ (cal. y BP)  (g/em’) (wt. %)°
1 5 5.0 -37 0.4134 21.5
1 10 10.0 25 0.4535 24.9
1 15 15.0 -13 0.5437 227
I 20 20.0 2 0.5055 25.8
1 25 25.0 10 0.5380 26.9
1 30 30.0 22 0.4945 34.8
1 35 35.0 34 0.5041 33.1
1 40 40.0 46 0.4513 24.6
1 45 45.0 58 0.6187 17.1
1 50 50.0 70 0.4275 29.5
1 55 55.0 81 0.5493 20.3
1 60 60.0 93 0.5495 19.1
1 65 65.0 110 0.5184 226
1 70 70.0 171 0.6819 16.1
1 75 75.0 231 0.7377 133
1 80 80.0 292 0.8080 11.5
1 85 85.0 353 0.7179 14.1
1 90 90.0 414 0.6473 16.4
1 95 95.0 474 0.7080 13.7
2 5 95.0 474 0.7566 14.0
2 10 100.0 535 0.8097 14.3
2 15 105.0 604 0.4515 39.2
220 110.0 691 0.3790 433
2 25 115.0 778 0.4544 424
2 30 120.0 865 0.4160 425
2 35 125.0 953 0.3726 49.4
2 40 130.0 1045 0.2029 69.0
2 45 135.0 1136 0.3786 64.8
250 140.0 1227 03710 68.0
2 55 145.0 1319 0.3566 72.1
2 60 150.0 1410 0.4083 62.8
2 65 155.0 1502 0.4421 55.8
270 160.0 1593 0.4172 574
275 165.0 1684 0.4368 58.6
280 170.0 1776 0.4159 52.3
2 85 175.0 1867 0.4358 59.6
3 7 184.4 2038 0.4553 21.1
3 10 187.5 2096 0.0764 95.1
3 15 192.8 2200 0.1004 89.7
320 198.1 2306 0.1259 63.8
3 25 203.3 2413 0.0801 98.2
330 208.6 2519 0.1037 81.6
3 35 213.8 2625 0.1322 76.1
340 219.1 2732 0.1280 424

Table continued on next page
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Table D.12 — Continued

Drive Drive COMPOSIte proqi. o ge Dry density Organic matter

#  Depth depth (cm)" (cal. yBP) (g/em’) (wt. %)°
3 45 224.4 2838 0.0633 98.9
3 50 229.6 2944 0.1429 69.3
3 54 233.8 3029 0.3245 26.8
3 60 240.2 3157 0.0664 96.0
3 65 245.4 3263 0.0939 86.4
3 70 250.7 3370 0.1334 90.0
3 75 2559 3476 0.1203 45.1
3 80 261.2 3582 0.6097 16.4
3 85 266.5 3689 0.1082 84.2
3 90 271.7 3795 0.0612 82.3
4 7 282.6 4082 0.0892 85.5
4 13 294.2 4389 0.0997 84.3
4 175 3029 4620 0.1163 74.5
4 23 313.6 4940 0.2682 314
4 30 327.2 5478 0.1129 82.8
4 35 336.9 5862 0.1330 72.4
4 40 346.6 6247 0.0957 78.7
4 46 358.2 6708 0.0900 87.3
5 5 370.0 7175 0.1348 85.7
5 13 379.6 7555 0.1021 93.3
5 17 384.4 7745 0.3375 40.9
5 20 388.0 7888 0.1166 70.8
5 25 394.0 7950 0.1207 88.3
5 30 400.0 8002 02117 58.9
5 35 406.0 8054 0.1100 84.0
5 40 412.0 8106 0.1107 75.4
6 55 413.4 8119 0.1189 86.4
6 10 4179 8158 0.1107 88.1
6 15 4229 8226 0.1767 77.9
6 17 4248 8260 0.8343 16.0
6 21 428.8 8328 0.4160 36.8
6 25 432.8 8395 0.4929 326
7 30 437.7 9156 0.9018 14.7
7 36 443.6 9392 0.8513 153
7 40 4476 9548 1.0553 11.0
7 45 452.6 9745 1.1095 104

(a) Depth below sed. water interface, corrected for overlap
between drives and stretching/compression during coring
(b) Determined by loss-on-ignition at 550 °C
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Table D.13 — Sediment geochemistry of L. Mucubaji percussion core 99A.

Core Composite Median

depth 9P oo (cal, Drydensity ¢ N sBC, (% 8New ON
(cm) {cm)* y BP) (g/em’)  (wt. %) (wt. %) VPDB) (%o AIR) (atomic)
3 26.5 202 0.2760 9.29 0.653 -25.12 3.70 16.60
5 27.6 215 0.3230 833 0.604 -25.00 3.77 16.10
7 28.7 228 0.2495 7.09 0499 2494 3.50 16.62
9 29.8 241 0.2691 10.58 0.744  -25.07 323 16.58
11 30.9 255 0.2732 1025 0.742 -24.96 3.73 16.10
13 31.9 268 0.2817 8.83 0.641 -24.88 332 16.06
15 330 281 0.2737 9.67 0.681 -25.20 3.23 16.56
17 34.5 298 0.3365 6.99 0502 -25.09 3.77 16.24
19 36.0 317 0.4551 5.72  0.403 -25.13 4.09 16.58
21 37.5 336 0.5020 417 0292 -25.07 3.57 16.62
23 394 358 0.4068 7.65 0.532 -24.88 3.60 16.73
25 41.3 384 0.3528 839 0.580 -25.16 3.03 16.87
27 42.8 424 0.4056 7.03  0.503 -25.27 3.46 16.28
30 45.0 484 0.3819 7.80 0564 -24.76 3.63 16.14
315 46.1 514 0.3331 9.34 0.649 -25.02 3.53 16.79
33 47.2 543 0.2211 10.56 0.798 -24.54 3.33 1545
35 48.6 584 0.1765 13.22  0.983 -25.14 3.13 15.6%
37 50.1 642 0.2883 641 0517 -24.53 344 14.47
38.5 51.2 684 0.2214 11.18 0.849 -24.30 3.06 15.36
40 52.3 727 0.2158 1096 0.828 -24.19 3.00 15.46
43 54.7 822 0.2262 10.85 0.831 -24.64 2.91 15.24
46 57.8 946 0.2441 10.88 0.804 -24.60 291 15.78
49 61.0 1070 0.2206 11.29 0819 -24.75 2.81 16.09
52 64.2 1152 0.1372 1222 0.909 -25.16 3.11 15.68
55 67.3 1231 0.2098 11.21 0.784 -25.84 3.30 16.94
58 70.5 1318 0.1756 11.59 0952  -24.55 3.02 14.21
61 73.6 1424 0.2391 10.26 0.822 -24.29 2.74 14.56
65 77.8 1566 0.2539
68 81.0 1672 0.2148
71 84.2 1779 0.2214
74 87.3 1885 0.2214
77 90.5 1992 0.2308
80 93.6 2105 0.2188
83 96.8 2257 0.2337
86 99.9 2408 0.2395

89 103.0 2554 0.2418
92 105.7 2684 0.4863
95 108.4 2903 0.5934
96.5 109.8 3075 0.2741
98.25 111.2 3255 0.3081
100 112.4 3356 0.2545
103 114.5 3417 0.2839
106 116.6 3477 0.3376
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Table D.13 — Continued

Core Composite Median

depth

depth age (cal. Dy density ¢ N 8°C., (% 0'"Nyy CN
{cm) (cm)* y BP) (glem’)  (wt. %) (wt. %) VPDB) (%o AIR) (atomic)
109 118.7 3538 0.3307
112 120.8 3598 0.3619
114.5 122.6 3649 0.3143
117.5 126.1 3752 0.3103
120 129.5 3849 0.4340
123 1335 3966 0.2849
126 137.2 4206 0.2988
128 138.1 4274 0.3128
130 139.0 4341 0.3458
132 140.1 4420 0.3970
135 142.3 4565 0.4480
137 1437 4617 0.6008
140 147.0 4738 0.3338
142 1494 4826 0.4472
144 151.8 4915 0.3553
146 155.7 5057 0.3316
147.5 158.7 5169 0.3789
149 159.7 5207 0.2942
151.5 161.8 5284 0.3838
153.5 163.5 5347 0.2729
157 168.5 5516 0.3270
160 171.5 5614 0.3519
163 174.0 5729 0.3105
165 1757 5808 0.3401
167 177.3 5883 0.4630
169 178.9 5958 0.5646
171 180.5 6033 0.7083
173 182.4 6121 0.5421
176 185.6 6270 0.5084
179 188.9 6413 0.4826
182 192.1 6556 0.3529
184 1939 6635 0.4137
186 195.5 6705 0.6358
188 197.0 6775 0.6857
190.5 199.0 6862 0.6027
192 200.2 6914 0.4965
194 201.8 6984 0.4271
196 2034 7054 0.5556
199 205.7 7158 0.4097
202 208.4 7275 0.3234
204 212.1 7442 0.3779
206 2158 7571 0.4506
209 221.2 7691 0.5027
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Table D.13 — Continued

Core Composite Median

depth PR ggo(cal, Drydemsity ¢ N sC, (% 8Ny ON
{cm) {cm)” y BP) (g/cm’)  (wt. %) (wt. %) VPDB) (%o AlIR) (atomic)
212 226.3 7805 0.6594
215 229.0 7865 0.5474
218 231.6 7923 0.4569
220 232.8 7948 0.4652
222 2339 7973 0.4517
224 235.0 7998 0.5358
226 236.1 8023 0.6645

(a) Depth below sed. water interface corrected for stretching/compression
during coring and for overlap between all L. Mucubaji cores
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Table D.14 —- Sediment geochemistry of L. Mucubaji square-rod core 99C.

. , Dry biog.
Drive . Median ! .
Drive depth Composite age (cal. density C, Now  8°Cog (%0 8"Ngw  C/N 810, (wt.

(cm) depth (cm)® yBP) (g/em®) (wt. r‘%) (wt. %) VPDB) (%o AIR) (atomic) %)

2 19.0 109 02921 11.80 0810 -26.33 3.80 17.00 8.8
6 23.0 159 02694 1280 0.890 -24.83 3.34 16.78 44
10 27.1 208 03095 1L.70 0810 -2533 3.55 16.85 94
15 32.1 270 02627 12.50 0.870 -25.62 3.04 16.76 5.8
18 355 312 03204 12.1°

20 379 340 04221 7.00 0470 -25.90 3.54 17.38 3.0
23 41.1 380 02885 1040 0.700 -25.82 3.77 17.33 6.9
27 45.6 501 03282 10.00 0.670 -25.82 3.43 17.41 7.4
32 50.5 658 02719 1050 0.720 -26.69 2.68 17.01 5.1
35 535 775 0.0809 1650 1.300 2.69 14.81 18.5
40 57.7 941  0.1851 1870 1.090 -26.24 276 20.02 16.8

45 61.5 1086 0.1770 18.00 1.180  -26.36 2.82 1780 158
50 65.2 1178 0.1330 19.10 1.290 -26.82 250 1727 158
55 71.1 1339 0.1345 17.80 1210 -26.70 234 17.16 8.8
60 81.0 1671 0.1814 21.00 1.180 253 20.76 8.0
63.5 85.2 1815 02320 21.0°

67 89.2 1950 02630 1230 0820 -25.90 266 1750 243
72 93.8 2113 0.1718 1560 0980  -26.65 264 1857 137
76 97.2 2279  0.1941 21.80 1.320 282 1927 173
80 101.2 2468 02410 1620 0980 -27.33 240 1929 124
85 104.7 2634 02064 1650 1.000 -26.18 270 19.25 9.6
90 107.9 2831  0.1994 20.10 1.090 3.06 2151 11.1
94 1123 3351 0.2742 13.90 0950  -26.10 260 1707 169
3 97.9 2310 02095 1830 1.110 -27.51 2.83 19.23 9.7
6 100.9 2455 0.2279 20.9°

8 102.3 2521  0.1784 18.10 1.060 -25.83 271 1992 144
11 104.5 2626 02362 13.50 0.930 -25.90 2.88 1694 223
17 108.3 2892 04223 670 0420 -25.41 320 1861 3.0
20 111.9 3342 0.3037 1050 0.640 -26.89 254 19.14 55
22.5 114.5 3417 0.3048

25 116.6 3477 0.2296 11.90 0.730  -26.46 3.03 19.02 9.8
30 120.8 3597 0.2657 1380 0910 -24.88 287 1769 123
35 126.4 3759 02773 1290 0880  -25.41 260  17.10 102
39 131.8 3916 03481 12.60 0.780  -25.83 328 1885 4.0
41.5 134.3 3986 0.2279 1240 0830 -26.30 2.65 17.43 3.5
45 137.8 4249  0.2595 5.6
47.5 140.5 4455 03141 13.9°

50 143.3 4600 04079 1500 0.960 -25.37 2.86 18.23 3.4
55 148.0 4773 02400 8.10 0490  -25.65 3.15 19.29 5.5
60 153.3 4969 02364 1530 1.020 -25.76 276 1750 193
65 159.4 5194 02927 1450 0870 -26.75 3.16  19.44 5.0
70 164.5 5384  0.2456 1270 0.770  -26.49 294 1924 143
75 170.0 5564  0.2832 1432 0960 -24.96 306 1740 163

NNI\)NNMNNNNI\JMNNNNN[\J[\)N»—»—-—-‘s—‘s-ap—-»—t»-—t»—-—;—‘»—a;—ly-a;—--n—ﬂb—»op—‘n—ab—ls——n——:u:
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Table D.14 — Continued

Drive . Median DY .blog.
Drive depth Composite age (cal. density Cog  Niw 08°Coy (%o 8Ny CON Si0; (wt.
#  (cm) depth(cm)® yBP) (g/em’) (wt. %) (wt. %) VPDB) (%o AIR) (atomic) %)°

2765 1715 5615 0.2686 14.8°

2 80 174.7 5759 02733 1565 1.040 -25.87 2.84 17.56 6.5
2 85 180.4 6029 0.5311 698 0460 -25.10 3.07 17.70 22
2 90 187.1 6336 0.5234 7.67 0470 -25.33 3.12 19.04 5.5
2 94 192.2 6559 04596 9.56 0.560 -26.27 2.77 19.92 7.9
3 2.5 182.6 6131 04521 842 0550 -24.83 2.81 17.86 6.0
3 6.5 188.8 6409  0.3955 594 0370 -25.80 2.88 18.73 7.6
3 9.5 192.2 6559 0.3478 13.66 0930 2.96 17.14 7.9
3 12.5 195.0 6686 0.5943 577 0350 -25.58 3.00 19.23 2.9
3 15.5 198.2 6825 03822 1032 0.680 -25.36 2.74 17.71 4.5
3 19.5 202.8 7027 04214 1041 0.680 -25.38 2.73 17.86 48
3215 205.0 7128  0.3487 1324 0890 -25.57 2,73 17.36 11.8
3 245 209.3 7316  0.3850 11.96 0790 -25.54 2.85 17.66 5.1
3 27 2157 7568 03014 14.12 0910 -25.34 2.77 18.10 134
3 295 219.7 7657 04185 11.22 0.730 -25.68 2.77 17.93 9.6
3 325 2245 7764  0.5304 5385 0360 -25.72 2.98 18.96 5.9
3 355 229.0 7864 04768 9.1°

3 38.5 2334 7961 04795 964 0610 -2536 2.86 18.44 83

(a) Depth below sed. water interface corrected for stretching/compression
during coring and for overlap between all L. Mucubaji cores

(b) determined by time-dissolution experiments and measured by ICP-AES

(c) Calculated as 0.728 x loss-on-ignition at 550° C
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Table D.15 — Sediment geochemistry of L. Mucubaji square-rod core 02F.

Drive Drive Composite Median age Dry density Organic matter
Depth depth (cm)* (cal. y BP)®  (g/em’) (wt. %)°

3 2 186.4 6304 0.4233 15.3
3 5 1894 6437 0.4206 16.3
3 8 1924 6569 0.2793 235
3 10 194.4 6658 0.3847 14.9
3 12 196.4 6746 0.6376 9.7

3 16 2004 6923 0.3623 18.6
3 19 2034 7055 0.4231 15.6
3 22 206.4 7188 0.3527 18.6
3 25 209.4 7320 0.2935 231
3 27 2114 7409 0.3275 20.4
3 29 2134 7497 0.3622 17.2
3 31 215.4 7562 0.3238 214
3 35 2194 7651 0.3813 17.8
3 39 2234 7740 0.4410 14.8
3 42 2264 7807 0.5808 10.5
3 45 2294 7873 04393 14.6
3 49 2334 7962 0.3914 19.0
3 51 2354 8007 0.4396 16.2
3 53 2374 8052 0.4948 14.1
3 54 238.4 8074 0.5605 113
3 56 2404 8118 0.3623 8.1

3 58 2424 8163 0.3870 18.2
3 61 2454 0.3945 17.0
3 64 248.4 0.3423 20.8
3 67 251.4 0.3487 205
3 70 254.4 0.3241 22.6
3 73 2574 0.3427 20.7
3 76 260.4 0.3689 211
3 79 263.4 03716 20.6
3 82 266.4 04114 19.7
3 85 269.4 0.4874 18.6
3 88 272.4 0.3693 15.2
3 91 275.4 0.4084 19.0
3 94 2784 0.3503 21.9
3 97 281.4 0.3962 18.0
3 99 2834 0.4050 16.8
4 2 286.8 0.4048 20.5
4 5 289.8 0.4318 16.6
4 8 292.8 0.5218 14.5
4 I 295.8 0.4220 17.0
4 14 298.8 0.3073 17.3
4 16 300.8 0.4453 14.3
4 18 302.8 0.4488 15.9

Table continued on next page
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Table D.15 — Continued

Drive Drive Composite Median age Dry density Organic matter

Depth depth (cm)* (cal. y BP)’  (g/em’) (Wt. %)°
4 20 304.8 0.4911 14.4
4 21.5 306.3 0.5655 11.0
4 24 308.8 0.4753 14.6
4 27 311.8 0.5502 11.8
4 30 314.8 0.5603 11.9
4 32.5 3173 0.6059 10.3
4 35 319.8 0.5444 13.1
4 38 322.8 0.4292 18.3
4 41 325.8 0.4972 14.0
4 44 328.8 0.6815 9.0
4 47 331.8 0.7725 7.4
4 50 334.8 0.6039 10.8
4 53 337.8 0.5096 14.0
4 56 340.8 04173 19.5
4 59 343.8 0.5692 13.0
4 62 346.8 0.6982 9.6
4 65 349.8 0.6911 9.5
4 68 352.8 0.5548 11.9
4 71 355.8 0.7095 9.9
4 74 358.8 0.5792 124
4 77 361.8 0.7024 9.2
4 80 364.8 0.5949 10.5
4 33 367.8 0.5405 11.2
4 86 370.8 0.6296 12.5
4 89 373.8 0.5708 114
4 92 376.8 0.7449 9.3
4 95 379.8 0.5636 134
4 98 382.8 0.6309 10.8
5 7 392.6 0.6932 9.1
5 10 395.6 0.6281 9.2
5 12.5 398.1 0.4574 11.5
5 14 399.6 0.6338 8.8
5 16 401.6 0.9742 4.7
5 18 403.6 0.9764 5.0
5 21 406.6 0.9591 5.2
5 24 409.6 1.1192 4.6
5 27 412.6 1.0363 42
5 30 415.6 1.1832 3.07
5 33 418.6 0.9173 4.14
5 36 421.6 0.8022 6.60
5 39 424.6 0.9700 4.64
5 41 426.6 0.9876 4.32
5 43 428.6 0.6900 9.91
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Table D.15 — Continued

Drive Drive Composite Median age Dry density Organic matter
Depth depth (cm)* (cal. y BP)°  (g/em’) (wt. %)°

5 46 431.6 0.6104 10.23
5 48 433.6 0.9632 4.18
5 51 436.6 1.1039 3.38
5 54 439.6 0.9317 4.66
5 57 442.6 1.1215 3.13
5 60 445.6 0.9837 4.46
5 63 448.6 0.8902 5.28
5 66 451.6 0.9116 4.81
5 69 454.6 0.9025 4.81
5 72 457.6 0.7625 6.38
5 75 460.6 0.7812 6.10
5 78 463.6 1.0961 3.43
5 81 466.6 1.1967 2.70
5 84 469.6 1.2661 2.50
5 87 472.6 1.1326 220
5 90 475.6 1.0008 3.70
5 92 477.6 1.1171 2.99
5 94 479.6 0.8485 5.27
5 96 481.6 0.7584 6.16
5 98 483.6 0.9754 4.07
6 1.5 488.0 1.1226 3.20
6 3 489.5 1.1698 3.01
6 6 492.5 1.0451 3.33
6 7.5 494.0 0.8283 5.01
6 10 496.5 0.7537 591
6 12 498.5 0.7032 6.62
6 14 500.5 0.6844 4.82
6 16 502.5 0.7524 293
6 19 505.5 1.2651 2.07
6 22 508.5 1.3100 1.66
6 26 512.5 1.3204 1.91
6 30 516.5 1.2248 2.03
6 35 521.5 1.1113 0.55
6 40 526.5 1.0231 3.26
6 45 531.5 1.1685 2.7
6 50 536.5 1.1394 272
6 55 541.5 0.9871 420
6 60 546.5 0.9089 471
6 65 551.5 0.8917 5.25
6 70 556.5 0.9373 5.04
6 75 561.5 0.9483 5.81
6 80 566.5 1.3286 2.05
6 85 571.5 1.0757 3.33
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Table D.15 — Continued

Drive . Composite Median age Dry density Organic matter
Depth depth (cm)* (cal. y BP)®  (g/cm’) (wt. %)°
6 89 575.5 1.2865 2.47

(a) Depth below sed. water interface corrected for stretching/compression
during coring and for overlap between all L. Mucubajt cores

(c) Missing ages are deeper than the oldest radiocarbon age in age model

(b) Determined by loss-on-ignition at 550 °C
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Table D.16 — Sediment geochemistry of L. Verdes Alta core 99A.

Drive C .. Median dD y
Drive depth “OMPOSUE 400 (cq) GENSIY 0 Ny 8%Coy %o 8"Nw CN
#  (cm) depth(cm)® yBP) (g/lem’) (wt. %) (wt. %) VPDB) (%o AIR) (atomic)

5 10.0 -24  0.0504 3079 2750 -16.52 3.83 13.06
10 15.0 2 0.0435 3022 2460 -16.20 2.87 14.33
14 19.0 38 0.0481 31.55 2290 -16.20 2.82 16.07
20 25.0 120 0.0488 2930 2300 -16.52 3.28 14.86
25 30.0 400  0.0520 3320 2200 -16.59 2.63 17.61
30 35.0 821  0.0530 26.00 1.800 -16.32 320 16.85

35 40.0 1179 0.0592 3935 2220 -14.54 3.15 20.69
40 45.0 1536 0.0411 38.88 2.100 -14.76 248 21.63
45 50.0 1810 0.0630 30.60 2.100 -17.63 2.85 17.00
49 54.0 2001 0.0696 2930 2300 -16.79 3.35 14.86
55 60.0 2288 0.0664 27.00 1900 -16.83 2.89 16.58
60 65.0 2527 0.0642 30.50 2200 -16.40 3.57 16.17
65 70.0 2766  0.0689 27.30 2.100 -16.56 3.26 15.17
70 75.0 3005 0.0701 28.10 2.100 -16.09 4.46 15.61
75 80.0 3243  0.0732 3030 2000 -16.63 342 17.68
80 85.0 3482  0.0758 29.00 2100 -16.77 3.78 16.11
85 90.0 3721 0.0711 3230 2200 -17.04 4.36 17.13
90 95.0 3960  0.0752 3320 2300 -17.05 434 16.84
95 100.0 4199  0.0775 3040 2100 -17.62 4.06 16.89
2 97.0 4056  0.0855 30.80 2200 -17.24 3.85 16.33
5 100.0 4199 0.0987 27.30 2.000 -17.57 4.05 15.93
10 105.0 4438  0.0960 29.40 2.000 -17.58 4.17 17.15
15 110.0 4677  0.0972 29.90 2100 -17.53 5.15 16.61
19 114.0 4849  0.0927 28.00 1900 -17.96 5.59 17.19
21 116.0 4934  0.0849 2980 2.000 -17.16 3.56 17.38
25 120.0 5104 0.1020 3530 2200 -16.92 324 18.72
31 126.0 5358 0.1194 2580 1.700 -17.84 3.05 17.71
35 130.0 5528 0.0971 3200 2100 -16.68 3.60 17.78
40 135.0 5740 0.1016 29.10 2.100 -17.05 4.48 16.17
45 140.0 5952 0.0990 26.70 2.000 -18.41 3.89 15.58
50 145.0 6164 0.0917 2990 2.100 -18.40 3.71 16.61
53 148.0 6292  0.0975 2090 1.600 -17.91 5.71 15.24
56 151.0 6419  0.0979 2940 2200 -17.79 6.48 15.59
60 155.0 6589  0.0955 2590 2100 -17.43 6.59 14.39
65 160.0 6801 0.1111 2080 1.600 -17.74 593 15.17
70 165.0 7013 0.0970 2480 1900 -17.57 5.66 1523
74 169.0 7183 0.1056 2540 1900 -17.95 5.63 15.60
76 171.0 7268 0.0988 2590 1900 -16.53 3.97 15.90
80 175.0 7437 0.0992 27.40 2100 -16.71 4.63 15.22
85 180.0 7649 0.0955 31.72 2390 -17.33 5.53 15.48
90 185.0 7862  0.0897 3233 2440 -17.64 6.46 15.46
95 190.0 8074 0.0853 3213 2330 -16.93 6.68 16.09
3 188.0 7989  0.0862 32.18 2470 -17.47 6.68 15.20
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Table D.16 — Continued

Drive C .. Median dD Ty
Drive depth “OMPOSIE a0 (cal. MY Nyw 8°Coy (% 8°Ngw ON
(cm) depth(cm)* yBP) (g/em’) (wt. %) (wt. %) VPDB) (%o AIR) (atomic)

W

7 192.0 8159 0.0935 2955 2240 -17.44 6.68 15.39
11 196.0 8328 0.0875 33.10 2580 -16.94 6.48 14.97
15 200.0 8498 0.0918 3243 2510 -16.80 6.10 15.07
20 205.0 8710 0.1168 2596 1.890 -16.98 4.63 16.03
22 207.0 8795 0.1292 20.68 1.620 -17.10 3.59 14.89
27 2120 9007 0.1062 2457 1950 -16.99 4.91 14.70
30 215.0 9135 0.0971 3026 2470 -16.39 5.17 14.29
345 2195 9326 0.1083 2545 2.130 -16.22 6.50 13.94
37 2220 9432 0.0941 2844 3790 -16.59 4.72 8.76
41 226.0 9601 0.1032 2622 3280 -15.42 6.24 9.34
45 230.0 9771  0.1059 3299 4240 -1596 5.86 9.08
50 2350 9983 0.1072 2642 2320 -14.78 6.37 13.29
55 240.0 10195 0.1220 17.82 1.540 -15.14 5.14 13.50
60 2450 10408 0.1750 13.01 1.090 -14.31 5.27 13.93
65 250.0 10620 0.1366 2037 1.710 -13.80 4.00 13.90
71 256.0 10874 0.1176 17.11 1.540 -14.20 4.24 12.96
73 258.0 10982 0.1635 1241 1.000 -12.48 3.17 14.55
77 262.0 11204 0.1927 1059 0.850  -12.55 1.88 14.61
82 267.0 11483 0.1824 14.03 1.150 -12.14 2.51 14.30
88 273.0 11817 0.1762 16.51 1.560  -11.78 2.30 12.31
93 278.0 12095 0.1615 18.85 1.740 -11.32 2.13 12.64
97 282.0 12318 0.1460 1856 1.980 -10.50 1.07 10.96
11 286.0 12540 0.1798 9.67 0930 -13.12 1.40 12.13
15 290.0 12763 02099 11.03 1.140 -12.81 -0.01 11.29
20 295.0 13041 0.2001 9.64 0.840 -13.72 -0.32 13.39
26 301.0 13375 02721 653 0520  -12.85 0.19 14.65
31 306.0 13654 0.1822 12.71 1210 -11.63 -2.16 12.26
36 311.0 13932 0.2125 17.65 1330 -10.06 -1.48 15.46
385 3135 14071 09654 034 0.030 -20.24 2.65 11.93
41 316.0 14210 0.5300 195 0.140 -19.18 -0.22 16.62
45 320.0 14433 02532 7.81 0570 -13.46 -1.40 15.99
50 325.0 14711 03262 722 0570 -12.13 -1.72 14.78
54 329.0 14934 03869 7.29 0440 -14.73 -1.56 19.33
60 335.0 15268 1.2077 1.18 0.100  -23.17 1.40 13.26
65 340.0 15546 1.1206 0.72  0.03 -30.74 1.01 30.307

S B R R DR R DR D DR DD WWWWW W W W W W W LW W W W WL W W W W W

(a) Depth below sed. water interface, corrected for overlap
between drives and stretching/compression during coring
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Table D.17 — Sediment geochemistry of L. Verdes Baja core 99A.

Drive .. Me Dry Organic
Drive depth COMPOSIE 400 (cal, density  matter Cug  Ngw 08°Coy (%o 8Ny CN
(cm) depth (cm)® yBP) (g/em®) (wt. %)° (wt. %) (wt. %) VPDB) (%o AIR) (atomic)

7 17.2 91 0.0418 56.4

8 18.2 102 3006 2573 -10.94 9.88 13.63
10 20.2 128 29.78 2312 -10.65 9.80 15.04
12 222 157 27.85 2104 -11.14 9.33 15.44
14 242 150 2682 1972 -11.25 8.40 15.82
15 252 208 00523 595

16 26.2 227 2490 1837 -11.97 7.88 15.81
18 28.2 269 2373 1727 -11.90 7.60 16.02
20 30.2 313 0.0637 472 2303 1675 -12.16 8.02 16.04
22 322 360 2126 1595 -12.15 7.19 15.58
25 352 433 0.0644 353 21.06 1.637 -12.05 7.53 15.01
27 372 481 21.50 1.689  -12.07 7.21 14.86
29 39.2 529 2274 1750 -11.97 7.84 15.16
30 40.2 553 0.0606 25.0

31 412 576 2258 1.725 -11.95 7.36 15.27
34 44.2 647 2244 1759  -12.02 6.46 14.99
35 452 672  0.0654 497

37 472 758 2489 1950 -12.03 4.80 14.89
40 50.2 888  0.0637 514 2459 1956 -11.88 5.09 14.67

45 552 1104 0.0671 482 2294 1843 -11.88 6.09 14.53
50 60.2 1321 0.0705 482 2246 1.796  -12.13 5.20 14.59

55 65.2 1538 0.0710 521 2425 1904 -11.61 5.42 14.86
60 70.2 1754 0.0811 463 2282 1767 -11.84 4.98 15.07
65 75.2 1971  0.0835 48.1 2285 1736  -11.86 4.38 15.35

70 80.2 2188 0.0819 503 2463 1886 -11.60 525 15.24
75 85.2 2404  0.0900 447 2246 1722 -11.78 5.84 1522
80 90.2 2621 0.0918 433 2040 1522 -11.96 5.96 15.64
85 952 2838  0.1047 41.2 19.77 1405 -11.77 6.56 16.42
90 100.2 3054 0.0932 437 2137 1719 -12.03 6.41 14.50
5 110.2 3488 0.1274 40.1 19.82 1.506 -11.47 6.27 15.35
10 115.2 3704 0.1019 489 2062 1.652 -11.43 4.53 14.56
15 120.2 3921 0.1052 489 2417 1843 - 1146 3.80 15.31
20 125.2 4138 0.1139 440 2206 1757 -10.93 5.48 14.65
25 130.2 4354 00985 447 2273 1813 -10.95 5.14 14.62
30 135.2 4571  0.1112 479 2271 1810 -10.88 5.05 14.63
35 140.2 4788 0.1040 47.8 2284 1760 -11.37 4.62 15.14
39 1442 4961 0.1158 475 2391 1.787 -10.98 6.37 15.61
44 149.2 5178 0.1366  39.7 1844 1267 -11.40 6.34 16.98
50 155.2 5438 0.1197 489 2247 1.687 -11.27 4.75 15.54
55 160.2 5654 0.1135 507 2258 1.645  -11.61 6.40 16.02
60 165.2 5871 0.1247 458 2157 1566 -11.74 6.21 16.08
65 170.2 6088 0.1359 450 2082 1.569 -12.05 5.77 15.48
70 175.2 6304 0.1220 472 2224 1.659 -11.99 6.78 15.64

NNNNNNNNMNNNI\)N'—‘»—‘H»—nr-‘-—-»—-»———“-—\u—p—n-»—an—r-—p—»—»-an—.—‘»db—-m—-‘»—a——a»-»-A:u:
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Table D.17 — Continued

Drive .. Median Dry Organic

Drive depth COMPOSIE o0 (cq) demsity matier ¢ = N §°Cp (%0 "Ny CN

(cm) depth{cm)" yBP) (g/em’) (wt. %)° (wt. %) (wt. %) VPDB) (%o AIR) (atomic)
75 180.2 6521 0.1418 389 1849 1.287 -12.74 5.01 16.77
80 185.2 6738 0.1268 443 2054 13509 -12.83 437 15.87
85 190.2 6954 0.1236 468 2137 1630 -12.32 6.07 15.29
90 195.2 7171  0.1144 496 2301 1.698 -11.98 6.42 15.81

5 200.2 7388 0.1989 388 1886 1311  -12.55 4.17 16.78
10 205.2 7604 01606 449 2221 1.650 -12.24 431 15.70
15 210.2 7821 0.1483 429 2092 1618 -12.14 3.97 15.08
20 2152 8038 0.1268 50.9 2396 1815 -11.89 3.83 15.40
25 220.2 8254 0.1336 453 2275 1717 -11.97 3.64 15.46
30 2252 8471 0.1421 425 2145 1607 -12.17 2.73 15.57
35 230.2 8688 0.1254 474 2395 1.844 -11.55 442 15.15
40 235.2 8904 0.1459 400 20.12 1571 -12.02 2.95 1495
45 240.2 9121 0.1246 374 1990 1560 -12.24 3.29 14.88
50 245.2 9338 0.1255 420 20.00 1617 -12.09 2.42 14.43
55 250.2 9554 0.1458 43,6 2122 1.714 -12.45 2.24 14.44
60 255.2 9771 0.1514 399 2134 1.751 -11.75 2.23 14.22
65 260.2 9983 0.1698 389 2018 1649 -11.75 2.42 14.28
70 265.2 10195 0.1659 340 1675 1285 -11.16 3.40 15.46
75 270.2 10408 02647 215 1139 0880 -11.26 3.03 15.10
80 275.2 10980 02908 21.8 1191 0998 -10.95 2.48 13.69
85 280.2 11552 02422 257 1321 1.140 -12.03 1.19 13.52
90 285.2 12125 02276 268 12.85 1.127 -12.42 1.13 13.29

4 289.2 12583 14.17 1261 -12.88 0.91 13.10
5 290.2 12697 02260 263

6 291.2 12812 1560 1389 -13.41 1.31 13.09
10 295.2 13270 0.1894 247 1283 1.129 -12.14 0.72 13.26
12 297.2 13499 1281 1464 -13.82 -0.51 10.21

14 299.2 13728 0.1806 268 1330 1330 -13.73 -0.14 11.80
17 302.2 14071 0.5511 9.5

18 303.2 14252 1521 1416 -12.64 -0.39 12.54
19 304.2 14433 02595 175

20 305.2 14484 836 0776 -12.03 -1.23 12.61
23 308.2 14639 9.26 0.563 -10.74 -0.39 19.34
25 310.2 14742 03046 17.1 898 0541 -10.92 -0.68 19.37
28 3132 14897 977 0549 -10.92 -0.90 19.38
30 315.2 15000 983 0565 -11.27 -0.78  20.30
32 3172 15103 0.3946 139

33 318.2 15133 552 0558 -17.71 -0.18 11.56

35 320.2 15149 0.6315 59
38 323.2 15172 0.5868 89
45 330.2 15228 1.6165 2.2
50 335.2 15268 1.8368 1.8
55 340.2 15308 1.6602 2.0

A-b-.b-b-b-b.-b-bAbbbbhhhab-&bhwwwwuwuumwwwwwwwwwwwwm:n:
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Table D.17 — Continued

Drive .. Median Dry Organic
Drive depth Composite age (cal. density matter Con Not 6’3C,,,g % "N,y CN
#  (cm) depth(cm)® yBP) (gem®) (wt.%)° (wt. %) (wt. %) VPDB) (%o AIR) (atomic)
4 60 3452 15347 1.7051 1.8
4 65 350.2 15387 15534 2.0
4 70 355.2 15427 1.6548 2.0
4 75 360.2 15467 1.5436 1.6
4 80 365.2 15506 1.4486 2.3
4 85 370.2 15546 14782 20

(a) Depth betow sed. water interface, corrected for overlap
between drives and stretching/compression during coring

(b) Determined by loss-on-ignition at 550 °C
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Table D.18 — Diatom 830 of L. Verdes Alta core 99A.

bottom C it
Drive topdrive drivedepth “9"POSM® Medianage 8O guom
depth (cm) (cm) depth (ecm)* (cal. y BP) (% VSMOW) =zl o

I

1 28.0 31.0 345 785 28.98 0.09
1 38.0 41.0 44.5 1500 29.18 0.13
1 49.0 52.0 555 2073 2931 0.19
1 595 62.5 66 2575 28.15 0.21
1 68.0 71.0 74.5 2981 28.17 0.02
1 77.7 81.0 84.35 3451 28.27 0.10
1 89.0 92.0 95.5 3984 28.68 0.29
2 8.5 11.5 105 4438 28.55 0.23
2 17.0 20.0 113.5 4828 28.30 0.17
2 26.0 29.2 122.6 5214 28.41] 0.15
2 36.0 39.0 132.5 5634 28.69 0.10
2 45.0 48.0 141.5 6016 28.61 0.32
2 55.5 58.5 152 6461 28.91 0.18
2 68.0 71.0 164.5 6992 29.44 0.18
2 78.0 81.0 174.5 7416 29.36 0.35
2 88.5 91.5 185 7862 29.28 0.28
3 8.5 11.5 195 8286 29.37 0.08
3 18.0 21.0 204.5 8689 29.58 0.07
3 28.5 315 215 9135 29.95 0.15
3 39.5 42.5 226 9601 30.22 0.18
3 52.0 55.0 238.5 10132 30.20 0.02
3 60.5 63.5 247 10492 30.21 0.19

(a) Depth below sed. water interface, corrected for overlap
between drives and stretching/compression during coring
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Table D.19 — Diatom 8'%0 of L. Verdes Baja core 99A.

bottom

Ad l 8Odiatom LVB-

Drive topdrive drive depth Composite \reqian age  8"Ouom

#  depth (cm) (cm) depth (cm)* (cal. y BP) (% VSMOW) zlo LVA (%)
1 7.5 10.5 19.2 115 32.39 0.24

1 10.5 13.5 222 157 31.67 0.04

1 13.5 16.5 25.2 208 31.92 0.10

1 16.5 19.5 28.2 269 3147 0.33

1 19.5 22.5 312 336 31.68 0.46

1 22.5 25.5 342 408 32.48 0.09

1 28.5 320 40.45 559 32.29 0.31

1 38.0 39.5 47.95 790 33.04 0.13

1 39.5 41.5 50.7 909 32.97 0.12

1 435 46.5 55.2 1104 31.79 0.03

1 48.5 51.5 60.2 1321 31.84 0.10

1 53.5 56.5 65.2 1538 32.22 0.11

1 58.5 61.5 70.2 1754 32.25 0.05

1 63.5 66.5 75.2 1971 32.33 0.09

1 68.5 71.5 80.2 2188 33.28 0.15 5.14
1 73.5 76.5 85.2 2404 32.19 0.06 4.05
1 78.5 81.5 90.2 2621 3291 0.11 4.76
1 88.5 91.5 100.2 3054 32.28 0.05 4.09
2 35 6.5 110.2 3488 33.24 0.07 4.94
2 7.5 10.5 114.2 3661 32.83 0.29 4.39
2 13.5 16.5 120.2 3921 33.32 0.21 4.69
2 18.5 215 1252 4138 32.88 0.11 424
2 23.5 26.5 130.2 4354 32.94 0.08 4.36
2 28.5 31.5 135.2 4571 33.44 0.32 4.98
2 33.5 36.5 140.2 4788 3295 0.06 4.62
2 68.5 71.5 143.7 4939 32.48 0.16 4.15
2 38.5 41.5 145.2 5004 33.33 0.06 498
2 78.5 81.5 148.7 5156 33.85 0.03 5.46
2 43.5 46.5 150.2 5221 32.96 0.11 4.55
2 48.5 51.5 155.2 5438 33.04 0.07 4.48
2 53.5 56.5 160.2 5654 32.81 0.03 4,12
2 58.5 61.5 165.2 5871 33.24 0.02 4.60
2 63.5 66.5 170.2 6088 33.28 0.12 4.62
2 73.5 76.5 180.2 6521 33.24 0.11 4.27
2 83.5 86.5 190.2 6954 33.51 0.15 4.11
2 88.5 91.5 195.2 7171 33.39 021 3.98
3 3.5 6.5 200.2 7388 33.72 0.15 4.36
3 8.5 115 205.2 7604 33.08 0.21 3.76
3 8.5 115 205.2 7604 3341 0.11 4.09
3 13.5 16.5 210.2 7821 33.28 0.08 3.99
3 18.5 215 215.2 8038 32.82 0.33 3.50
3 235 26.5 220.2 8254 33.55 0.13 4.19

Table continued on next page
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Table D.19 — Continued

bottom

Ad"*Oyiyom LVB-

Drive topdrive drive depth Composite predian age 8" Oiuom

#  depth(cm) (cm) depth (cm)® (cal. y BP) (% VSMOW) =zl o LVA (%0)°
3 28.5 315 225.2 8471 33.78 0.17 432
3 335 36.5 230.2 8688 33.64 0.21 4.06
3 385 415 235.2 8904 33.38 0.26 3.62
3 435 46.5 240.2 9121 34.45 0.13 4.50
3 485 515 245.2 9338 33.97 0.53 3.90
3 53.5 56.5 250.2 9554 34.83 0.04 4.64
3 58.5 61.5 2552 9771 33.97 0.17 3.76
3 63.5 66.5 260.2 9983 35.03 0.11 4.83
3 68.5 71.5 265.2 10195 35.39 0.21 5.19
3 78.5 81.5 275.2 10980 3497 0.01

3 88.5 91.5 280.2 11552 34.49 0.09

3 88.5 91.5 2852 12125 34.38 0.07

4 3.5 6.5 290.2 12697 34.60 0.34

4 8.5 115 295.2 13270 34.16 0.17

4 12.5 15 298.95 13699 34.48 0.11

4 31.5 325 317.7 15129 35.51 0.34

(a) Depth below sed. water interface, corrected for overlap
between drives and stretching/compression during coring

(b) Calculated from linearly interpolated LVA 8"*Oyiom
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Figure
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Figure D.1 — Location of modern lake samples.
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Figure D.2 — Location of surface water and precipitation isotope samples.
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