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Abstract

A 1,500-year record of late Holocene temperature variability and recent
warming from Laguna Chingaza, Colombia

Curtis William Bixler, M.S. Geo. Sci.
The University of Texas at Austin, 2012

Supervisor: Timothy M. Shanahan

Rapid tropical glacier retreat over the last 50 years has been well documented, and
has received significant media attention. Many studies suggest these changes are due to
rising global surface air temperatures, however disentangling the effects of temperature
and precipitation has hampered scientific consensus. Furthermore, because of the
shortness of the instrumental record, it is difficult to assess the larger significance of the
climate changes associated with the decline of tropical glaciers. Here, we present a
locally calibrated, independent temperature reconstruction for the past 1,500 years from
Laguna Chingaza, Colombia based on distributions of branched Glycerol Dialkyl
Glycerol Tetraethers (brGDGTs) in order to assess the controls on long term temperature
variability in the tropical Andes, and their relationship with growth and demise of
Andean glaciers. Comparison of reconstructed temperatures with the instrumental record
suggests that our proxy record faithfully records decadal to century scale trends in
temperature. The largest temperature decline over the last 1,500 years was a decrease of
2.5 ± 0.3 °C during the Little Ice Age (LIA), reaching lowest temperatures during the
v

mid-17th century, and is broadly consistent with terrestrial temperature reconstructions
throughout the tropics and the higher latitudes. The structure and timing of temperature
changes at Laguna Chingaza are remarkably similar to recent terrestrial temperature
reconstructions from elsewhere in the tropics, including sites in the tropical Pacific and
equatorial Africa, suggesting that these changes are widespread in the tropics. Together,
these records suggest that warming over the last few decades is unprecedented over the
last 1,500 years, including the Medieval Climate Anomaly (800-1150 AD). Comparison
of these temperature changes with records of Andean glacier limits suggests that
temperature is the dominant driver of glacial retreat, particularly over the past few
decades.

Additionally, paleotemperatures inferred from LIA and recent glacial

equilibrium line altitudes (ELAs) underestimate past changes in temperature when
compared with brGDGTs reconstructions, suggesting that changes in precipitation
complicate the use of glacier ELAs to reconstruct past temperatures. The coupling of
temperature and ice extent in South America suggests that with projected future warming,
the health of tropical glaciers could be in jeopardy, significantly impacting the
communities and ecosystems that depend on them.
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1. INTRODUCTION
Rapid retreat of tropical glaciers during the last several decades has been well
documented (Paul et al., 2004; Zemp et al., 2006; Kaser et al., 2006; Jacob et al., 2012;
Diolaiuti et al., 2011), and largely attributed to recent climate change (Thompson et al.,
2003; Bolch, 2007; Vuille et al., 2008; Shrestha and Aryal, 2010). In particular,
significant effort has been directed towards understanding the implications of observed
retreat of glaciers on Mount Kilimanjaro, Kenya and their relationship with recent global
warming (e.g., Thompson et al., 2002; Kaser et al., 2004; Mölg et al., 2010; Thompson et
al., 2010). Although evidence does exist for some ice loss throughout the Holocene tied
to precipitation change, Thompson et al. (2002) contend that recent unprecedented ice
loss at Kilimanjaro is primarily driven by increasing temperature over the past century.
However, other workers have suggested that local climatological effects, most
significantly decreased available moisture, are driving recent losses (Kaser et al., 2004).
The debate over the relative effects of precipitation and temperature change on glacier
health at Kilimanjaro has persisted and remains contentious (Mölg et al., 2010;
Thompson et al., 2010), and is hampered by a lack of nearby instrumental meteorological
data and high-resolution, independent proxy data at longer timescales (Thompson et al.,
2009; Kaser et al., 2010).
Although large scientific focus has been given to tropical African glaciers,
glaciers in South America comprise the majority (99%) of tropical glaciers worldwide
(Jomelli et al., 2007). Andean glaciers are vital sources of water and stable hydroelectric
power for communities (Bradley et al., 2006; Vuille et al., 2008) and support unique
páramo ecosystems, endemic to the Andes (Myers et al., 2000; Pabón and Hurtado,
2002). Observed declines of South American glaciers over the past 50 years, particularly
1

since 1980, have also been attributed to increasing air temperatures related to global
climate change (Ceballos and Euscategui, 2006; Rabatel et al., 2012). However,
interpretations of the late 20th century Andean glacier retreat are complicated by the
effects of precipitation on glacier mass balance (e.g., Poveda and Pineda, 2009). The
period of instrumental temperature and precipitation data at these sites is typically short,
making conclusive interpretations about tropical ice response to global climate change
difficult (Francou et al., 2007). Furthermore, little is known about the long-term
variability and relationship between climate and glacial health, making it difficult to
assess whether the recent changes in Andean glaciers are anomalous. Here, we attempt to
resolve these issues by using a novel biomarker approach to reconstruct mean annual air
temperature (MAAT) at high temporal resolution over the last 1,500 years from an alpine
lake in the Eastern Cordillera of Colombia. We compare this record to other South
American and tropical records of temperature variability, Andean glacial extent changes,
and the modern instrumental record, allowing recently observed changes to be placed in a
longer context of independent, quantitative temperature reconstructions, improving our
understanding of recent climate variability in the tropics.
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2. STUDY AREA
Climatology
Seasonal climate variability in the eastern Andes of Colombia is dominated by the
north-south migration of the Intertropical Convergence Zone (ITCZ) and the locus of
convection over north central South America. Precipitation is unimodal, with wet and dry
seasons during May-July and December-February, respectively, associated with shifts in
this band of convection and changes in associated wind patterns and moisture sources.
Annual precipitation averages 1811 mm/yr, most of which falls as rainfall, except at the
highest elevations (Figure 1; Gaviria, 1993). During the wet season, moisture derived
from the tropical Atlantic and recycling within the northern Amazon Basin is transported
by low to mid-level easterly flow to the Andes, where orographic lifting induces
convection (Poveda et al., 2006). Although the western and central ranges of Colombia
receive moisture via the low-level, westerly Choco Jet, this air is normally weak and dry
by the time it reaches the Eastern Cordillera, and does not contribute significantly to
regional precipitation (Mapes et al., 2003). Because of its equatorial location, seasonal
temperature variability in Colombia is typically less than 1°C and is primarily associated
with convective cooling during the rainy season.
Interannually, fluctuations in the El Niño Southern Oscillation (ENSO) exert a
large influence on hydroclimatic variability in Colombia, explaining >50% of variance
(Poveda et al., 2011). There is broad coherence in anomaly patterns across Colombia,
with cold (warm) ENSO events resulting in wet (dry) precipitation anomalies (Figure 2).
Anomalies generally propagate from west to east over a period of 4-6 months due to
weakening of the Choco Jet and teleconnected feedbacks in Amazonia and the tropical
Atlantic (Poveda, 1997). This pattern of increased (decreased) moisture during La Niña
3

(El Niño) events is evident in peak river discharge data from the Eastern Cordillera,
which can vary by as much as 250% on interannually (Figure 3; Poveda et al., 2011).
On decadal timescales, the hydroclimatology of Colombia is influenced by the
Atlantic Multidecadal Oscillation, a 20-40 year variation in the sea surface temperature
(SST) gradient between the north and tropical Atlantic Oceans (Kushnir, 1994). During
the warm phase of the AMO, the Atlantic ITCZ is shifted north due to warmer north
tropical Atlantic SSTs, resulting in a negative moisture anomaly over the northern
Amazon basin due to less convective activity (Knight et al., 2006). The lack of available
moisture in this source region propagates negative precipitation anomalies to the eastern
Andes. During negative AMO phases, positive moisture anomalies in northern
Amazonian lead to positive precipitation anomalies in the Eastern Cordillera. On
interannual to interdecadal timescales the majority of hydroclimate variability at Laguna
Chingaza is governed by the complex interactions between ENSO and the AMO (Poveda
et al., 2006; Poveda et al., 2011; Arias, 2011).
On longer timescales (e.g., millennial, orbital) changes in rainfall over Colombia
are believed to be driven by changes in the mean position of the ITCZ (Groot et al., 2011;
Helmens et al., 2010; Baker et al., 2001). Changes in the latitude of maximum summer
insolation due to the Earths precessional cycle are believed to shift the mean annual
position and seasonal meridional extent of the ITCZ by changing zonal hemispheric
temperature gradients in the ocean and on land (Peterson and Haug, 2006; Wang et al.,
2007). For example, during the early Holocene, a maximum in northern hemisphere
summer insolation is hypothesized to have driven a northward shift in the ITCZ,
increasing moisture delivery to the northern Andes (Haug, 2010). A north-south
antiphased response to Heinrich stadials in the high-latitude NH, with Heinrich events
shifting the ITCZ southward and resulting dry (wet) moisture anomalies over northern
4

(southern) South America (Helmens et al., 2010), further supports mean ITCZ position as
the primary driver of large scale hydroclimate variability in tropical South America.

Regional setting
Laguna Chingaza is a small, oligotrophic alpine lake located in a glacial valley in
the páramo region of the Eastern Cordillera of Colombia (3250 m above sea level (asl),
4.52N, 73.75W). The lake fills a depression formed during the last glacial maximum
(LGM) and is dammed by a significant LGM terminal moraine complex (Figure 4).
Immediately up valley of the lake is a secondary moraine complex presumed to be of
Younger Dryas age. Currently, there is no ice in the catchment, though several small
moraines up-valley from the lake suggest glaciers were present at some point during the
Holocene.
The lake has a maximum depth of 24 meters a surface area of 0.88 km2, and
volume of 2.024 × 106 m3. The deepest part of the lake is located in the north-central
basin and is protected on 3 sides by steeply sloping basin margins (Figure 4), which
shield the lake from winds and inhibit deep mixing. Inflow to the basin comes primarily
from the Rio Frio, which drains a catchment (21,800 km2) of mainly Devonian black
shales and Cretaceous sandstones with a small amount of carbonates (Parra et al., 2010).
The lake has a natural overflow spillway on the northeast shore, which gives the system a
regulated, stable lake level. Water residence time in the lake is very short (less than one
year) because of the large catchment area and high annual precipitation compared to the
relatively small lake volume (2.024 x 106 m3).
Primary productivity is minimal during the wet season (12 mg C m-2 d-1) and
peaks during the dry season (45 mg C m-2 d-1) (Gaviria, 1993). Surface water temperatures
5

range from 9-17 °C seasonally (Gaviria, 1993). The depth-temperature gradient is
typically 1-4.5 °C (Gaviria, 1993). The lake is seasonally strongly stratified, with partial
mixing during the rainy season, when the depth-temperature gradient reaches a minimum
due to the large influx of cold water (7-8 °C) from the Rio Frio (Figure 5; Gaviria, 1993).
Additional physical and chemical limnological parameters can be found in Table 1.
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3. METHODS
Core collection and processing
Sediment cores were collected from the deepest part of Laguna Chingaza in
August 2011 using a modified percussion piston corer (Nesje, 1992). Approximately 5
meters of continuous sediment were recovered. Surface sediments (upper 10-15 cm) are
highly flocculent, making preservation of the sediment-water interface difficult when
piston coring. Therefore, in February 2012 undisturbed surface sediments were collected
by freeze coring (Wright, 1980) and transported frozen to The University of Texas at
Austin where they are stored below freezing (-8 °C) in the dark, and vacuum-sealed to
prevent sublimation. Piston cores are stored wrapped with cellophane under cold (4°C),
dark conditions in a refrigerated container at The University of Texas at Austin.
Cores were split into working and archive halves for destructive and nondestructive analysis. Images were obtained using a line-scanning camera at the Integrated
Ocean Drilling Project facility at Texas A&M University. Freeze cores were polished and
imaged using a Sony A-100 digital camera on a stable stand. Prior to investigation of
freeze cores and thin sections, the cores were thought to be characterized entirely by
relatively homogenous dark mud due to relatively low contrast between light and dark
layers. However, continuous, fine (mm-scale) alternating dark and light laminations are
evident in the freeze cores. Further investigation using epoxy resin embedded thin
sections from both piston and freeze cores demonstrated that continuous, fine laminations
are preserved downcore. For subsequent analyses, piston cores were subsampled at 0.5
cm resolution, taking care to avoid edges of the core tube where sediment could have
been transported from younger sections. Individual laminations in freeze cores were
sampled wherever possible using a razor blade along laminae boundaries. All subsamples
7

were freeze-dried in an organic-specific freeze dryer. Water content by mass was
calculated for the freeze cores by weighing before and after freeze-drying. Thin sections
were prepared by freeze-drying and resin-embedding freeze core slabs and acetone-resin
exchange (Lamoureux, 2001) for freeze cores and piston cores, respectively.
A composite core was constructed based on correlation of distinct overlapping
macrolaminations evident in piston and freeze cores (Figure 6). One very clear marker
was an interval of distinctly lighter laminae believed to be associated with road
construction around Laguna Chingaza beginning in late 1968 and continuing through
most of the 1970’s (Figure 4) (Empresa de acueducto y Alcantarillado de Bogota, 1991).
The composite core totals 4.8 meters. The current study focuses on the upper two meters
of this record.

Laminae Analysis
Observations from high-resolution digital images, thin sections, and scanning
electron microscopy suggest that laminations form couplets in Laguna Chingaza,
consisting of very dark organic material and lighter lithic terrestrial material (Figure 7ac). Dark laminations contain abundant fecal pellets and bacteria (Figure 7d) deposited
during the late autumn primary productivity peak. In contrast, light laminations contain
abundant terrigenous lithic fragments (Figure 7e) transported to the basin during the
summer rainy season. Due to the nature of the annual cycle at Laguna Chingaza, with
single peaks in primary productivity and precipitation during the year, a dark and light
couplet likely represents one year, suggesting they may be varves.

8

Chronological Control
The chronology for cores CNG-6 and CNG-8 is based on a combination of
lamination counting, stratigraphic tie points, excess

210

Pb activities and 14C dating.

210

Pb

activities of freeze-dried sediment interval aliquots were sealed to prevent 222Rn loss, and
allowed to ingrow to secular equilibrium for 210Pb for at least three weeks. Samples were
then counted for 1-2 days on a well-configuration, low-energy germanium gamma
spectrometer (Canberra, Inc.). Excess

210

Pb activity (Table 2) was calculated by

correcting for supported activity by simultaneously measuring gamma emissions from
total 210Pb and 226Ra and subtracting the latter from the former. Detectors were calibrated
using a natural matrix standard (IAEA-300) at each energy of interest. Activities are
corrected for self-adsorption using a direct transmission method (Cutshall et al., 1983).
Several activities with excessively large errors (>60% of measured activity) were
excluded. A simple model (Appleby, 2001) where mass accumulation (g cm-2) is plotted
against excess

210

Pb activity (dpm g-1) was used, resulting in a linear mass accumulation

rate of 0.07 g cm-2 y-1 using a coretop age of 2012 and road construction horizon age of
1968. The linear mass accumulation rate was then converted to depth scale, establishing a
chronology over the past ca. 100 years which equates to a measurement limit of about 4-5
half lives (Figure 8).
We also constructed a preliminary varve chronology for the past 100 years for
core CNG-8. Varve counts were primarily based on high-resolution digital images of the
freeze core surface. Thin sections were employed when useful, however the majority of
the freeze core thin sections lacked interpretability due to ice crystal expansion during the
coring process. X-ray images were also used as supporting evidence for boundaries in the
uppermost flocculent and diffuse sediments. Couplet selection was based on the
9

identification of significant traceable light and dark laminations. Because of the difficult
to identify nature of some laminae, varve counts were performed 3 separate times in
different locations on CNG-8. These 3 counts were combined into a final age model
(Figure 8). Agreement within error between varve counts and modeled

210

Pb ages

suggests they are annual in nature, and can be used as a robust chronological tool.
Furthermore, they appear to be preserved over at least the last ca. 2,000 years and may be
used to construct a long, high-resolution, robust chronology. Additional work extending
the chronology beyond the 20th century is in progress.
Prior to the AD 1900, the age model is based on a radiocarbon chronology. Cores
from Laguna Chingaza lack easily identifiable organic macrofossils, and therefore small
charcoal and plant fragments were picked from sieved subsamples of the core. Samples
were pretreated using standard acid-base-acid pretreatment procedures (Olsson, 1986)
and were measured at the W.M. Keck Carbon Cycle Accelerator Mass Spectrometry
Laboratory, University of California, Irvine (UCIAMS). Several samples contained
exceedingly small amounts of organic carbon (<40 μg), and were excluded. Five organic
macrofossil and 2 bulk, reservoir-corrected (for contributions of old carbon from
Cretaceous and Devonian sedimentary rocks in the catchment) dates were retained for the
age model (Table 3).
A final age model (Figure 9) was constructed using

210

Pb and 14C dates in the

Bayesian age-depth modeling software Bacon (Blaauw and Christen, 2011). The Bacon
program iterates multiple age model splines using the probability density function of each
dated interval and prior estimates of mean sedimentation rates in the core. It then outputs
a posterior probability density function for each depth interval of the core based on the
range of the splines in that interval. The age model suggests the upper 2 meters of
continuous sediment span the last ca. 2,200 years. Recent sedimentation rates range
10

between 2.5-6.5 yrs/cm (Figure 8). Before ca. AD 1300, sedimentation rates average 19.5
yrs/cm (Figure 9).

Branched GDGT Paleotemperatures
Introduction
Recently, studies of the distributions of branched glycerol dialkyl glycerol
tetraethers (brGDGTs) have shown promise as powerful tools for paleoenvironmental
reconstructions in terrestrial and lacustrine settings (Powers et al., 2005; Zink et al., 2010;
Tierney, Russell, et al., 2010; Tierney et al., 2012; Weijers et al., 2007; Weijers et al.,
2011; Damste et al., 2008; Loomis et al., 2011). brGDGTs are ubiquitous bacterial
membrane lipids (Figure 10), likely produced by anaerobic Acidobacteria in soils
(Weijers et al., 2006; Damsté et al., 2011) and lakes (Tierney and Russell, 2009; Tierney
et al., 2012). Weijers et al. (2007) first demonstrated that distributions of branched
GDGTs in soils are empirically related to primarily temperature and pH changes. Using a
global soil dataset, they developed calibrations for pH and MAAT derived from a
methylation index (MBT) and cyclisation index (CBT) of brGDGTs:

CBT = 3.33 – 0.38*pH (R2=0.70)

MBT = 0.122 + 0.187*CBT+0.020*MAAT (R2=0.77)
11

Although MBT/CBT has been utilized to reconstructed temperatures in marine and
lacustrine settings (e.g., Weijers et al., 2009; Fawcett et al., 2011) and recent studies of
lake surface sediment calibration datasets generally support the relationship between
MBT/CBT and temperature and pH in lakes, a growing body of work suggests that the
optimal relationships between brGDGTs may be different between soils and aquatic
sediments (Tierney et al., 2010; Sun et al., 2011). A fundamental assumption of the use
of MBT/CBT in lakes is that the brGDGTs found in sediments are largely sourced from
terrestrial organic matter (Damste et al., 2009). This assumption is contradicted by a
growing body of literature that suggests brGDGTs may be produced in situ in lacustrine
environments in addition to catchment soils (Bechtel et al., 2010; Blaga et al., 2010;
Loomis et al., 2011; Tierney and Russell, 2009; Tierney et al., 2012). Further, empirical
temperature calibrations using lake surface sediments from wide-ranging geographic
settings result in significantly cooler air temperature estimates compared to actual
temperatures when using the soil-based MBT calibration (Pearson et al., 2011; Tyler et
al., 2010; Zink et al., 2010). Although it appears the soil-based MBT/CBT proxy is not
appropriate for use in lacustrine settings, recent calibrations from large, environmentally
diverse lake datasets using multiple regression techniques are promising (Tierney et al.,
2010; Pearson et al., 2011). Of particular interest to this study, Tierney et al. (2010)
produced a regression model using a set of well-characterized East African lakes:
MAAT = 50.47 – 74.18 * f[GDGT III] – 31.60 *f[GDGT II] – 34.69*f[GDGT I]
The coefficient of determination in this model is very high (R2 = 0.94) and the root mean
squared error (RMSE) is 2.2 °C. The fairly large RMSE likely reflects differences in the
relative contributions of allocthonous versus in situ brGDGTs in each individual lake in
the calibration dataset. In a proxy reconstruction from an individual lake, variations in the
relative amounts of allocthonous versus in situ production could potentially introduce
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errors in temperature estimates through time, a potential limitation of this method.
Furthermore, since the Tierney et al. (2010) calibration used only a small subset of lakes,
it is possible that this relationship may not be valid when used in lake systems with very
different characteristics. However, subsequent calibrations using similar methods
(Pearson et al., 2011; Sun et al., 2011) have generated similar relationships, suggesting
that the Tierney et al. (2010) calibration may be more widely applicable.
Surface Sediment Dataset
To test the validity of the Tierney et al. (2010) calibration in Colombia, we
collected surface sediments from 14 lakes in the Eastern Cordillera and Llanos Basin of
Colombia (Figure 11). These lakes range in elevation from 400 to 4350 m asl and MAAT
from 5.7 to 25 °C (Table 4), providing a wide range of temperature conditions against
which to compare brGDGT distributions. To assess the error of down core temperature
estimates, we compared calibrated brGDGT temperatures to instrumental, lapse-rate
corrected temperatures over the last 60 years (National Federation of Coffee Growers of
Colombia).
Analytical Method
For GDGT analysis, 1.5 – 2 g of freeze-dried, homogenized sediment were
extracted in 20 mL of methylene chloride/methanol (9:1 v/v) using a CEM MARS
microwave (100 °C, 10 min), yielding a total lipid extract (TLE). TLEs were separated
into alkane, sterol/GDGT, and fatty acid fractions by open column chromatography
(aminopropyl) using hexane, methylene chloride/acetone (9:1, v/v), and 2% formic acid
in methylene chloride. Alkane and fatty acid fractions were archived for later analysis.
Aliquots (50%) of the sterol/GDGT fraction were split for separate analysis of GDGTs
and sterols. The GDGT fraction was dried under N2 gas, then redissolved in
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hexane/isopropanol (99:1, v/v). Samples were analyzed using high performance liquid
chromatography/atmospheric pressure chemical ionization mass spectrometry on an
Agilent 1200 LC coupled to an Agilent 1200 series MSD at The University of Texas at
Austin following the analytical procedures of Schouten et al. (2007). Single ion
monitoring (SIM) was performed on the following ions: m/z 1292 (IV), m/z 1050 (III),
m/z 1048 (IIIb), m/z 1046 (IIIc), m/z 1036 (II), m/z 1034 (IIb), m/z 1032 (IIc), m/z 1022
(I), m/z 1020 (Ib), m/z 1018 (Ic) (Figure 11). Manual peak integration for the 9 ions of
each sample was conducted following the method of Weijers et al. (2007). Relative
brGDGT abundances were calculated as a fraction of the total abundance of all analyzed
compounds. Internal analytical reproducibility and manual integration reproducibility on
a subset of duplicate samples was 0.3 °C, similar to the calibration root-mean squared
error.
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4. RESULTS
Colombian GDGT Paleotemperature Calibration
brGDGT distributions from lake surface sediment data (Table 4) were calibrated
using both MBT/CBT and fractional abundance regression methods for comparison.
Consistent with past observations (Tierney et al., 2010), the MBT/CBT soil calibration
appears to underestimate actual MAAT for lakes in this study (e.g., ~5 °C lower for
Laguna Chingaza). However, observed MAAT closely matches reconstructed MAAT
when using the fractional abundance regression method developed from the East African
lake dataset (Figure 10; Tierney et al., 2010), suggesting this calibration is also valid for
lakes in the Eastern Cordillera of Colombia. Although additional tropical sites with a
wide range of environmental conditions are needed to rigorously test this hypothesis, the
similarities between these two datasets give us confidence in the use of this calibration
for down core reconstructions at Laguna Chingaza.
The large RMSE (2.2 °C) of the Tierney et al. (2010) surface sediment calibration
suggests that factors other than temperature are complicating the observed temperaturebrGDGT relationships. Lakes in this diverse data set have wide-ranging chemical (e.g.,
pH, dissolved oxygen, conductivity) and physical (e.g., depth, surface area, catchment
area, volume) characteristics and limnological conditions (e.g., oligotrophic, meromictic),
all of which may influence brGDGT distributions, independent of temperature.
Additionally, surface sediments recovered from each individual lake potentially integrate
different time periods and therefore, temperature histories. For example, at Laguna
Chingaza, brGDGT temperatures vary by ca. 0.8 °C in the upper 10 cm of sediment
(Figure 13), suggesting that different integration depths of surface sediment samples in
calibration lakes could be a significant source of scatter in the calibration dataset. In
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addition, the surface sediment calibrations compare brGDGT temperatures to modern
observed temperatures. However, in most of these lakes, modern temperatures are
estimated using a lapse rate model, potentially further contributing to scatter in the
surface sediment calibration dataset and a high RMSE.
In contrast, the majority of the above factors contributing the the high RMSE in
the surface sediment calibration dataset are unlikely to be a factor in downcore
reconstructions. Errors in lapse rate estimates will be constant, and the physical and
chemical characteristics of the lake system are unlikely to change significantly,
particularly in an overflowing system like Laguna Chingaza. Furthermore, the use of a
laminated lake record means that the age interval of the sediment sample measured can
also be well constrained and compared against the instrumental record, providing a more
robust means of evaluating the errors in the temperature reconstruction. Therefore, to
assess the error in down core brGDGT temperature estimates from Laguna Chingaza, we
compared instrumental, lapse-rate corrected temperatures over the last 60 years against
brGDGT temperatures calculated using the Tierney et al. (2010) surface sediment
calibration (Figure 13). This results in a 0.38 °C RMSE in temperature reconstructions
down core (Figure 13b), similar to previous estimates of temperature-only error in
isoprenoid GDGT-based lake surface temperatures from Lake Tanganyika (Tierney et al.,
2010). This result suggests that a significant portion of the estimation error in the surface
sediment calibration may be due to the limitations of calibrations based on surface
sediments. While the best-fit line of the correlation differs from the 1:1 line, they are
statistically indistinguishable within the 95% confidence interval, and likely leveraged by
outliers. At least some of these are likely the result of slight mismatches between the
instrumental and GDGT records due to 1-3 year errors in the existing chronology.
Ongoing work with additional

210

Pb dating, laminae identifications and GDGT analysis
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over the instrumental interval should help to resolve these issues and are anticipated to
further reduce the RMSE of the temperature estimate.

GDGT Paleotemperature Reconstruction
Reconstructed MAAT in the Chingaza watershed ranges from 8.4 to 11.7 °C over
the past 1500 years (Figure 14). Prior to AD 800, temperatures are low, between 8.5 and
9 °C, then rise to ~9.5 °C during the Medieval Climate Anomaly (MCA, AD 800-1150).
Temperatures decrease slightly between the MCA and Little Ice Age (LIA) during the
period AD 1150-1400. Early in the LIA (AD 1400-1500), temperatures rise to a peak of
~10.4 °C followed by a mid-LIA (AD 1500-1800) that is characterized by average
temperatures of ~9.4 °C with high variability in temperatures ranging from 8.4-10 °C on
decadal time scales. During this time, the coldest temperatures in the past 1500 years are
recorded. A late LIA peak, reaching up to 11 °C occurs during the early 1800’s, followed
by a temperature plateau to ~10.3 °C before drastic warming from the late 1960’s to
present temperatures that is unprecedented in the last 1500 years (Figure 13). Warm
temperatures during the 1970’s are coincident with the road horizon in the cores. These
temperatures appear anomalous in context of the record, and suggest that drastic
variations in sedimentation at that time may bias the GDGT reconstruction towards
higher temperatures.
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5. DISCUSSION
Coherent late-Holocene South American temperature variability
The expression of temperature variability throughout the last 1,000 years in
tropical and extratropical South America is remarkably similar in proxy records from
studies conducted to date. Records of MAAT at Laguna Chingaza and SST in the Cariaco
Basin (Black et al., 2007) exhibit much of the same multidecadal to centennial-scale
structure, most notably the early and late LIA temperature increases (Figure 14). The
most striking similarity between all the South American records is the expression and
timing of the LIA temperature minimum, which is centered on the mid-16th century.
Furthermore, the largest moraine complex of the last 1000 years in Cordillera Blanca,
Peru (Solomina et al., 2007) is also dated around this time (Figure 14), providing
additional evidence for the regional to continental scale, synchronous nature of LIA
cooling. The nature of the temperature expression of the LIA in records from diverse
geographic settings and reconstructed using different proxies suggests this was a regional
scale event. Furthermore, the 17th century similarities between South America and NH
multi-proxy temperature depressions (Moberg et al., 2005; Jones and Mann, 2004)
supports the notion that LIA temperature change was not limited to the high latitudes, but
had significant and dramatic effects in the tropics and extratropics. This result suggests a
large-scale, similar forcing mechanism on temperature.
Attributing these spatially coherent temperature changes over the last few
millennia to a dominant forcing mechanism has been challenging. Changes in solar
activity have been previously suggested, because its radiative forcing was generally lower
during the LIA, and included a minimum (the Maunder Minimum, AD 1645-1715)
during the period of most significant cooling in tropical and higher latitude temperature
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records (Bard et al., 2000). However, the reconstructed irradiance change results in a
radiative forcing of less than -0.2 W m-2 compared to present, and cannot explain the full
magnitude of the temperature decrease (Jansen et al., 2007). Increased volcanic activity
has also been broadly attributed to LIA climate cooling as it reduces the amount of
incoming solar radiation (Robock, 2000, Miller et al., 2012). While studies suggest
volcanic forcing reached ca. -3 W m-2 periodically during maximum LIA temperature
depression in South America, it has reached similar, or even greater forcing at other times
(e.g., mid-1400’s, early 1800’s; Miller et al., 2012, Jones and Mann, 2004), with a
dissimilar response in temperature reconstructions (Figure 14), suggesting volcanic
forcing may not be a first-order control on LIA temperature. Broecker (2000) suggested a
weakened Atlantic Meridional Overturning Circulation (AMOC) may be implicated in
NH cooling, which would then be propagated to the tropics. Further work supported a
broad slowdown of the AMOC during the LIA, and suggested that high-latitude cooling
likely leads the tropics (Trouet et al., 2012). Chronological uncertainties hinder the
evaluation of this hypothesis, however. Ruddiman (2003) proposed that reductions in
greenhouse gas concentrations due to widespread abandonment of farms (and subsequent
reforestation of farm land) due to an extended sequence of plagues during the LIA led to
a 10 ppm reduction in atmospheric CO2 observed at Law Dome, Antarctica (Etheredge et
al., 1996). A 10 ppm decrease in atmospheric CO2 concentrations, broadly coincident
with the maximum temperature depression in our record, suggests that this may likely
contribute to LIA cooling, although the radiative forcing is small: -0.2 W m-2 and would
require nonlinear feedbacks to generate such large changes in temperature (Ruddiman,
2003). Other workers suggest that the LIA was a product of undefined internal climate
variability superimposed on a long term cooling trend related to decreasing NH insolation
(Kaufman et al., 2009), however data suggest that this internal variability cannot
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reproduce the magnitude of LIA cooling, and likely worked in concert with one or more
of the external forcing mechanisms detailed above (Hunt, 2006). Overall causes of LIA
climate anomalies remain unclear, and further work is required to identify the drivers of
these temperature changes.
Regardless of forcing mechanism, the nature of late Holocene temperature
anomalies suggests the LIA was a global-scale event (deMenocal et al., 2000; Oppo et al.,
2009; Yang et al., 2002; Helama et al., 2012; Chu et al., 2011; St. Jacques et al., 2008;
Langdon et al., 2011; Brown and Johnson, 2005) with significant impacts in South
America (Thompson et al., 2000; Kellerhals et al., 2010; Black et al., 2007). However,
the expression the MCA in South America is less clear. Records from both Laguna
Chingaza and Quelccaya Ice Cap (Thompson et al., 2000) do not show significant
warming during the MCA and post MCA interval when records from the NH suggest
positive temperature anomalies (Moberg et al., 2005). Only the temperature
reconstruction using ammonium in ice cores from Nevado Illimani (Kellerhals et al.,
2010) indicates significant, though not unprecedented warming at this time. Overall, this
suggests that the MCA warming was not as strong throughout South America as the NH
(Moberg et al., 2005). The lack of resolution in our record during this limits insights into
the internal structure of temperature variability during this time period, but does not
affect the conclusion that the MCA in South America was likely not a period of
unprecedented warmth.

Recent warming in the context of the last 1500 years
There are also remarkable similarities between temperature records on a pantropical scale over the last 1,500 years (Figure 15), especially considering their different
geographic settings: small alpine glacial lake (Chingaza), small oceanic island crater lake
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(El Junco; Conroy et al., 2008), and continental rift lake (Tanganyika; Tierney et al.,
2010). Further, these records are reconstructed using different proxies: Chingaza MAAT
is based on brGDGTs, El Junco on a empirical diatom index of eastern equatorial Pacific
SSTs, and Tanganyika based on the TEX86 index from aquatic GDGTs (Powers et al.,
2010). Despite these differences, centennial-scale temperature patterns in these records
exhibit many common characteristics, particularly during the last 6 centuries. Maximum
temperature depression during the LIA occurs during the mid-1600’s in Colombia,
Galapagos, and East Africa. Northern Hemisphere (NH) temperature reconstructions
show minimum temperatures at the same time period, further suggesting that major
climatic events in the last half millennium were not limited to the NH, but were
significant in the tropics as well. Records of temperature are less coherent before AD
1400, implying that external forcing mechanisms during the MCA were much less
significant than during the LIA, and perhaps that the changes are more local in nature,
influenced by regional climatic variability.
The most notable part of the 1500-year record is the rapid warming to present
found at each site (Figure 15). Again, despite geographic and proxy differences between
sites, the variability and magnitude of warming during the last 150 years is remarkably
similar. The structure of the warming trend, with a late LIA peak in temperatures, mid1800 drop, and a two-step rise in temperatures from the early to mid-1900’s to present,
(Figure 15), supports the notion of a pan-tropical response to climate forcing at this time.
The similarity between NH and tropical temperature trends suggests that unprecedented
warming extends from the high northern latitudes to the tropics, which have also reacted
in a sensitive fashion over the last several decades.
The high sampling and chronological resolution during the last 150 years of the
proxy record from Laguna Chingaza permit comparison with the instrumental record.
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However, long-lived, continuous instrumental observations near Laguna Chingaza are
lacking, largely due to violence associated with domestic rebel activity (Gleick, 2006).
Therefore, we use a 1° x1° grid from the 20th century NOAA-CIRES reanalysis dataset
spanning 1871-2008 (Compo et al., 2011) and lapse-rate corrected instrumental
temperatures from Cenicafé over the period 1950-2011 (5N, 75.6W; National Federation
of Coffee Growers of Colombia). Our proxy reconstruction exhibits a range of
interannual temperature variability (ca. 1 °C), that is similar to that of the instrumental
record from the late 1800’s to 1950 (Figure 13), though, the timing of individual swings
do not line up, likely because of a combination of chronological errors, local
heterogeneities in temperature variability that are not captured in reanalysis data, and the
limitations on the brGDGT temperature calibration. However both reanalysis,
instrumental, and brGDGT temperatures show a significant inflection toward warmer
temperatures beginning in the late 1960’s, indicating that the most significant warming in
Colombia has occurred within the last 5 decades. The absolute magnitude of warming in
the last decade is slightly larger in the proxy reconstruction than the instrumental data,
suggesting that either the instrumental data does not capture the most recent (i.e., last 1-2
years) warming at our site or our proxy data may exaggerate the warming of the last
decade. However, observations of global temperature change suggest a moderate
warming rate from the late 1800’s to 1975, followed by accelerated warming of 0.2 °C
per decade to present (Trenberth et al., 2007). Regardless, even if the last two years
(above 11.5 °C) are not considered, recent warming in the Laguna Chingaza proxy record
is unprecedented in the context of the last 1,500 years.
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The coupling between tropical glaciers and temperature change over
the past 4 centuries
Changes in maximum glacial extent (MGE) and equilibrium line altitudes (ELA)
since the LIA have been well documented in the central and northern Andes (Rabatel et
al., 2008; Polissar et al., 2006; Jomelli, Grancher, et al., 2007; Solomina et al., 2007;
Ceballos and Euscategui, 2006). These records span a wide range of latitudes (10N to
16S) and, taken together, reflect regional patterns of high alpine glacial variability in the
tropical Andes over the last millennium. In general, the timing of the MGE of Andean
glaciers is similar over these latitudes, between ca. AD 1640-1700. In Bolivia, the MGE
of the Charquini and Huayana Potosi glaciers in the Cordillera Real was reached between
AD 1650-1690 (Rabatel et al., 2008). To the north, MGE in the Cordillera Blanca in Peru
occurs slightly earlier, ca. AD 1630 (Solomina et al., 2007). In Ecuador, maximum ELA
depression occurs at AD 1660 in the Cordilleras Oriental and Occidental (Jomelli,
Grancher, et al., 2007). Schubert and Clapperton, (1990) report a basal peat 14C date of
AD 1650 for the MGE of Sierra Nevado del Santa Marta, Colombia. Additionally, in
Venezuela two glacial advances are recorded in lake sediments between AD 1640 and
1730 (Polissar et al., 2006).
The LIA MGE has been broadly attributed to a combination of increased moisture
availability and decreased temperatures (Jomelli et al., 2009). The interval of highest
MGE occurrence in the tropical Andes coincides with the maximum temperature
depression at Laguna Chingaza (Figure 15) allowing a direct comparison of the climate
inferences made from glaciological mass balance modeling with independent quantitative
temperature depressions. The Chingaza record suggests that the maximum temperature
depression during the LIA at Laguna Chingaza was 2.5 ±0.3 °C. Rabatel et al. (2005,
2008), using modeling of glacier mass balance in Bolivia, estimated that glacial advances
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at this time are a function of temperature decreases of 1.1-1.2 °C and precipitation
increases of 20-30%. Similarly, Jomelli et al. (2007), using reconstructed equilibrium line
altitudes ELA, estimated LIA temperatures to be 0.8-1.1 °C cooler and precipitation 30%
greater than present. The brGDGT temperature depression recorded at Laguna Chingaza
suggest that either the amount of cooling was significantly less in the central Andes when
compared with the northern Andes, or that ELA-based methods underestimate the
magnitude of temperature changes over this time interval.

Reconstructions of LIA

precipitation, such as that of Cascayunga Cave, Peru (Reuter et al., 2009) indicate LIA
precipitation changes were around 10%, much less than that assumed in the ELA
calculations. Lower precipitation would presumably require colder temperatures to
produce glaciers of the same size, suggesting that methods based on glacial ELAs may be
underestimating the magnitude of LIA cooling in tropical South America, consistent with
our findings.
In contrast to sites in the central Andes, ELA based reconstructions from the
northern Andes of Venezuela suggest much larger decreases in temperature (3.2 ± 1.4 °C)
(Polissar et al., 2006), that are more consistent with estimates based on brGDGTs.
However, these reconstructions also suggest that LIA glaciers would have also required
precipitation increases of ca. 22%, which is inconsistent with the broad-scale aridification
of the Venezuelan Andes suggested by decreases in terrigenous titanium fluxes to the
Cariaco Basin at that time (Haug et al., 2001). The origin of these discrepancies in LIA
precipitation changes are uncertain, but have been variously attributed to either: (1)
antiphasing of precipitation anomalies between alpine and coastal Venezuela, as observed
in the instrumental record (Polissar et al., 2006), or (2) steepening of the tropospheric
lapse rate, causing increased snow and ice (and limited erosion) in the major source area
of Ti – the high Venezuelan Andes (Reuter et al., 2009). The similarity in the estimated
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LIA temperature depression at Laguna Chingaza and in the ELA-based temperature
depressions from Venezuela suggests that one (or both) of these explanations may be
correct. However, more records of LIA paleoprecipitation from this region are needed in
order to fully address these discrepancies.
The rate of glacial decline since the LIA has been reconstructed using
lichenometric dating of recessional moraine sequences and areal mapping of repeat
photography in Bolivia and Ecuador (Solomina et al., 2007; Rabatel et al., 2008). These
records show progressive, gradual decline in glacier extent from the LIA to present
(Figure 15). Although the response of each individual glacier exhibits some variability on
decadal scales, multidecadal to centennial changes in the rates of glacier retreat are
similar, especially during the second half of the 20th century, and appear to be consistent
with reconstructed warming at Laguna Chingaza (Figure 15). Accelerated glacier ice loss
occurs between 1750-1850 AD, coincident with the accelerated post-LIA warming at our
site. During the middle 1800’s to early 1900’s ice loss rates decline and even stabilize.
Finally, during the last 50 years when the rate of reconstructed temperature change is
greatest, ice loss rates accelerate drastically. These data present a clear relationship
between ice loss rates and temperature since the mid-17th century. The relationship
supports the hypothesis that temperature has been the first-order control on tropical
glacier variability over at least the last 4 centuries.
Temperature as a dominant control on tropical ice variability is also supported by
a comparison of recent satellite and historical observations of ice loss in Colombia’s
glaciers and paleotemperature reconstructions in the uppermost sediments, which are tied
to a high-resolution varve chronology (Figure 16). Although our brGDGT-based
paleotemperature reconstructions from the 1970’s may be obscured by anomalous
conditions in the catchment (road construction), the record suggests that temperatures
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increased most drastically after 1960-1980. In records of areal extent of 5 Colombian
glaciers (Ceballos and Euscategui, 2006; Morris et al., 2006; Poveda and Pineda, 2009),
an abrupt switch to rapid ice loss also occurs at around 1980, further supporting
temperature as the primary driver of glacial ice loss in the tropical Andes.
Poveda and Piñeda (2009) calculated a linear ice area loss rate of 3 km2 yr-1 for
total glacial ice in Colombia over the past decade, which when extrapolated, suggests that
all Colombian glaciers will disappear by 2022. If temperatures continue to generally rise,
as suggested by the 2007 IPCC report (Core Writing Team, 2007), this timing seems
highly likely. Further, if rates of warming increase, Colombian glaciers could be gone in
less than a decade, with significant socioeconomic and environmental impacts.
Communities throughout the Andes depend on glacial melt as an essential water resource
during both seasonal and prolonged dry periods (Bury et al., 2010). Reductions in this
vital resource places strain on the local populations, power generation, and agriculture
that depend on it (Pouyaud et al., 2007). Further, glacial retreat creates significant natural
hazard risks in nearby communities from avalanches and glacial lake outburst floods
(Carey, 2005). Glaciers support the páramo ecosystem, a unique environment endemic to
the tropical Andes and identified as one of the worlds most important biological
‘hotspots’ for conservation efforts (Myers et al., 2000). However, increased temperatures
and decreased water availability threaten the unique páramo ecosystems (Pabon and
Hurtado, 2002; Foster, 2001). Moreover, páramos provide vital water resources to major
cities: for example, Chingaza National Park is the primary water supply for Bogotá
(Empresa de acueducto y Alcantarillado de Bogotá, 1991). Continued glacial ice loss in
the tropical Andes is likely to have wide-ranging social, economic, and environmental
impacts. As our data suggest that ice could be completely absent in Colombia within a
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decade, challenging public policy decisions lie ahead for Andean communities (Orlove,
2009).
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6. CONCLUSIONS
A continuous, high-resolution temperature record produced using a novel
biomarker approach from Laguna Chingaza reveals dynamic late Holocene temperature
variability and suggests that this approach has the potential to produce additional high
temporal resolution paleoclimate records. Preliminary sedimentological work confirms
the presence of annually deposited couplets, and ongoing work seeks to extend the varve
chronology to at least the past 2,000 years. brGDGT distributions from a diverse suite of
Colombian lakes support the use of a multiple regression calibration technique for
paleotemperature reconstruction (Tierney et al., 2010), and indicate the potential pantropical nature of the calibration as a powerful paleoclimate tool.
Reconstructed brGDGT-based paleotemperatures from Laguna Chingaza,
combined with several other South American temperature records, demonstrate that the
LIA was a widespread, significant (ca. 2.5 ±0.4 °C cooler compared to present) climate
anomaly in the region. Further, similarity with NH temperature anomalies suggests a
common, yet unconstrained, forcing mechanism. Expression of the MCA is not consistent
between records, implying that it did not exert large influence over South American
climatology. Recent warming in Colombia is unprecedented in the context of the last
1,500 years. Comparison with diverse tropical records suggests that NH warming has
extended from the high latitudes to the tropics. Temperature variability over the last 100
years closely tracks instrumental variability, and suggests drastic warming from the mid1960’s to present. Rates of retreat of Andean glaciers since the LIA covary with rates of
temperature change in the Laguna Chingaza record. Additionally, recent changes in
Colombian glacier extent over the last 100 years are tied to rates of temperature change.
These observations suggest a tight coupling between temperature and Andean glacier
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extent, and suggest that with projected future warming, tropical glacier health is under
serious threat, with significant socioeconomic and environmental consequences for the
communities who depend on them.
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7. FIGURES

Figure 1: Modern climatology of in the Eastern Cordillera of Colombia. 1a,b: June
precipitation maxima are experienced via easterly transport of tropical
Atlantic and Amazonian moisture. Laguna Chingaza is represented by the
red dot. 1c: Temperature range is less than 1 °C annually. (1a,b created at
IRL/LDEO Climate Library (http://iridl.ldeo.columbia.edu/) using NCEPNCAR CDAS-1 (Kalnay et al., 1996). 1c created at Climate Explorer
(http://climexp.knmi.nl) using 20th century reanalysis data (Compo et al.,
2011).)
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Figure 2: Map of TRMM precipitation anomalies in northern South America during La
Niña events (Kummerow et al., 1998). Colombia tends to experience
positive anomalies in precipitation during La Niña events. El Niño events
display opposite anomalies.

Figure 3: Log-normal probability distributions of discharge at Rio Negro (5.05N,
74.57W) over 1960-2006 demonstrating the increased precipitation and
extreme discharge events during La Niña years. Modified from (Poveda et
al., 2011).
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Figure 4: Bathymetric map of Laguna Chingaza (Gaviria, 1993). Roads, constructed
during 1968-1979, are shown in red (Empresa de acueducto y Alcantarillado
de Bogota, 1991). Black arrows indicate inflow and outflow from the Rio
Frio. All cores were collected within the large, red circle. Depths listed are
in meters.
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Figure 5: Example temperature and dissolved oxygen profiles showing (a) mixing during
a strong rainy season, (b) weak stratification during a rainy season, and (c)
strong stratification during the winter dry season (Gaviria, 1991). Note:
these profiles do not reach maximum depth.

Figure 6: Examples of freeze core (a) and piston core (c) images and correlation of
freeze core and piston core based on road construction marker horizon. The
horizon, as well as other laminations, are not visible in the piston core, but
are apparent in the thin section (center). Note: thin section was taken from
red box in (b).
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Figure 7: Example of laminations in Laguna Chingaza. (a) Thin section image at 35 cm
core depth. (b) Petrographic thin section image from white box in (a).
Couplets of light terrigenous and dark organic layers are clearly visible. (c)
Backscatter scanning electron microscope (SEM) image of light and dark
layers in (b). Terrigenous layers are visible as brighter intervals in the
image. Secondary electron SEM images of (d) angular clastic grains in the
light terrigenous layer and (e) fecal pellets and bacteria in the dark organic
layer.
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Figure 8: 210Pb and varve age model for the last century of record at Laguna Chingaza.
Displayed varve counts were carried out using the suite of multiple highresolution freeze core images, thin section and x-rays (Shanahan et al.,
2008), and are represented here on one image as a final, combined count.
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Figure 9: Full age model for the 2 meter long Laguna Chingaza record. Above 40 cm,
chronology is based on varve counting. Below 40 cm, the chronology is
based on a radiocarbon age model using Bacon Bayesian analysis software
(Blaauw and Christen, 2011).

Figure 10: (a) Structural formulas of brGDGTs and isoprenoid GDGT (IV) used in this
study. (b) Example total ion chromatogram of Laguna Chingaza sample
displaying excellent chromatographic separation of compounds of interest.
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Figure 11: Locations of lakes used in Colombia surface sediment dataset. Laguna
Chingaza is shown as a green dot.
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Figure 12: Calibration dataset for GDGT temperature reconstructions. Hollow circles
indicate lakes in the (Tierney et al., 2010) dataset. Lakes from this study are
displayed as filled circles.
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Figure 13: (a) Recent brGDGT temperature reconstructions from Laguna Chingaza (red
line) compared with 20th century reanalysis temperatures for the Chingaza
National Park area (black line; Compo et al., 2011) and instrumental, lapserate adjusted temperatures for Cenicafé (blue line; 5N, 75.6W; National
Federation of Coffee Growers of Colombia). Road construction horizon is
denoted by the black box on the horizontal axis. (b) Correlation of brGDGT
temperatures to instrumental temperatures from Cenicafé. Solid blue line
represents best linear fit, dashed blue lines are 95% confidence intervals.
Dashed brown line is 1:1. Road horizon samples are shown in red, and were
not used for the RMSE calculation.
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Figure 14: Comparison of temperature records from South America. (a) Cordillera
Blanca, Peru moraine complexes indicating LIA MGE timing (Solomina et
al., 2007), (b) ammonium-based ice core temperature reconstructions from
Nevado Illimani, Peru (Kellerhals et al., 2010), (c) ice δ18O temperature
record (‰, VSMOW) from the Quelccaya Ice Cap, Peru (Thompson et al.,
2000), (d) Cariaco Basin, Venezuela G. bulloides Mg/Ca SST reconstruction
(Black et al., 2007), and (e) brGDGT-based MAAT from Laguna Chingaza,
Colombia (this study). Radiocarbon dates are shown as filled polygons, and
the 210Pb-varve chronology is represented as a red box.
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Figure 15: Reconstructed brGDGT temperatures from (d) Laguna Chingaza compared
with (c) tychoplanktonic to epiphytic (T/E) diatom index from El Junco
Lake in the Galapagos Islands (Conroy et al., 2008), (b) TEX86 lake surface
temperature from Lake Tanganyika, East Africa (Tierney, Mayes, et al.,
2010), and (a) Northern Hemisphere temperature anomalies (with respect to
1961-1990) (Moberg et al., 2005). Glacial extent records are based on
moraine dating from the (e-1) Huyuana Potosi and (e-2) Charquini Glaciers
in Bolivia and glaciers from the (e-3) Cordilleras Oriental and Occidental in
Ecuador (Rabatel et al., 2008; Solomina et al., 2007). Note inverted axis on
glacier extents. Radiocarbon dates are shown as filled polygons, and the
210
Pb-varve chronology is represented as a red box.
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Figure 16: Recent temperature reconstructions from Laguna Chingaza (red line)
compared with recent glacial ice areal extent losses from historical and
satellite observations at Sierra Nevada del Santa Marta, Volcan Nevado del
Tolima, Sierra Nevada del Cocuy, Volcan Nevado de Santa Isabel, and
Volcan Nevado del Ruiz (Poveda and Pineda, 2009; Morris et al., 2006;
Ceballos and Euscategui, 2006). Road construction horizon is denoted by
the black box on the horizontal axis. Note inverted axis on glacier extents.
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8. TABLES
Conductivity
Alkalinity
Dissolved Oxygen
pH
Total Nitrogen
Primary
Productivity
Secchi Depth
Water Temperature
Range
Depth-Temperature
Gradient

35 µS cm-1 (20°C)
0.34 meq l-1 as CaCO3
7.4 mg l-1
6.9
683 µg l-1
12 (May), 45 (November) mg C m-2 d-1
3.5-9 m
9-17 °C
1-4.5 °C

Table 1: Physical and chemical limnological parameters for Laguna Chingaza surface
waters, with the exception of depth-temperature gradient. From Gaviria
(1993).
Depth (cm)

Excess 210Pb
(dpm/g)

Error

4.4
8.7
15.9
24.3
28.75
32.6
34.5
35.5
39.4

8.73
6.98
4.85
3.49
4.17
4.84
3.54
3.95
2.52

2.93
4.04
1.76
1.73
2.14
2.26
1.7
1.49
2.1

Table 2: Excess 210Pb values for core CNG-8.
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UCIAMS
108319
110289
108320
100937
110291
108321
100938

Type
Charcoal
Charcoal
Plant
Bulk OM
Charcoal
Charcoal
Bulk OM

Depth
(cm)
20
104
120
134
150
181
197

14

C age
(BP)
-190
350
705
5680
1375
2010
6670

14

±
30
25
30
20
20
25
25

C
Reservoir

Corrected
14
C Age

4475

1205

4475

2195

Calibrated
Age (AD)
1941.665
1587.5
1282.5
877
654
-2
-236

±
0.47
47
25
40
20
59
43

Table 3: 14C dates for core CNG-6
Lake
La Plaza
La Pintada
Gaujaro
Lomalinda
Santa Helena
Siecha
El Medio
Iguaqe
Fausto
Chingaza
Ubaque
Sochagota
Suesca
Palmar

Lat
DD
6.36
6.36
4.48
3.30
4.48
4.77
4.52
5.69
4.76
4.53
4.50
5.76
5.19
5.96

Lon
DD
-72.28
-72.33
-73.74
-73.36
-73.73
-73.85
-73.75
-73.44
-73.85
-73.75
-73.94
-73.12
-73.78
-73.26

Depth
m
55.8
7.9
4.9
3.0
4.3
33.8
4.9
4.6
19.8
24.0
13.7
3.0
3.0
18.0

Elevation
m
4350
4000
3750
400
3600
3650
3500
3570
3580
3250
2080
2500
2870
2280

MAAT
meas. (°C)
5.7
7.8
9.3
25.0
10.2
9.9
10.8
10.3
10.3
12.3
19.3
16.8
14.5
18.1

Table 4: Lakes used in surface sediment calibration dataset
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MAAT calc
(°C)
7.9
11.0
10.0
19.8
12.5
8.9
11.5
9.6
8.1
12.3
19.8
16.0
16.7
17.3

Collection
Date
1/11/11
1/10/11
1/2/11
1/15/11
1/2/11
1/6/11
1/2/11
12/31/10
1/7/11
1/3/11
1/8/11
2/15/12
2/15/12
2/16/12
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