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I present the first continuous, well-dated, high resolution (~decadal), continental 

isotope (δ18O) record from the northern, lowland Neotropics that spans the Last Glacial 

Maximum and last deglaciation (25.0 - 10.0 cal ka BP). The record comes from 

measurements on ostracod shells (Limnocythere sp.) in a lake sediment sequence from 

deep Lake Petén Itzá, Guatemala. Results show a transition from the Last Glacial 

Maximum (LGM) to the deglacial period similar to paleoclimate reconstructions from 

western North America, with a cold, wet LGM and a cold and/or dry early deglacial. A 

wetter LGM in the lowlands of Central America might be explained by (1) greater 

summer precipitation due to a more northerly position of the Intertropical Converge 

Zone (ITCZ), or (2) an increase in winter precipitation due to the splitting of the jet 

stream and/or movement of moist eastern tropical Pacific air to the northeast. δ18O 

results during the deglacial period show a link between North Atlantic and tropical 

Atlantic climate. Periods of reduced Atlantic Meridional Overturning Circulation (AMOC) 

and cool sea surface temperatures in the North Atlantic coincide with a more southerly 

position of the Intertropical Convergence Zone (ITCZ), and cold and/or dry climate in the 

lowlands of northern Central America. The deglacial climate of lowland Central America, 
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reconstructed from the Petén Itzá sediment sequence, differs from climate 

reconstructions derived from ice and marine sediment cores, which show a “two-step” 

deglaciation. The Petén Itzá oxygen isotope record displays three large, abrupt climate 

transitions, at ~16.5-16.3 cal ka BP, ~15.0-14.4 cal ka BP, and ~10.6-10.3 cal ka BP. 

Individual δ18O measurements on C. ilosvayi in sediments from Lake Punta 

Laguna show that samples from core depths that have high mean δ18O values, 

indicative of low effective moisture, display lower variability, whereas samples with low 

mean δ18O values, reflecting times of higher effective moisture, display higher 

variability. Relatively dry periods were thus consistently dry, whereas relatively wet 

periods had both wet and dry years. This interpretation of data from the cores applies to 

an important period of the late Holocene, the Maya Terminal Classic. δ18O variability 

during the ancient Maya Terminal Classic Period (ca. 910-990 AD) indicates not only 

the driest mean conditions in the last 3,000 years, but consistently dry climate. 

Variability of δ13C measurements in single stratigraphic layers displayed no relationship 

with climate conditions inferred from δ18O measurements. 
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CHAPTER 1 
INTRODUCTION 

The Petén Itzá Scientific Drilling Project: A Historical Perspective 

In the early 1970s, Professor Edward S. Deevey and colleagues at the University 

of Florida (UF) initiated the “Central Petén Historical Ecology Project”. This pioneering 

project used archaeological and paleolimnological data from selected watersheds in the 

Petén region of northern Guatemala to investigate relationships between ancient Maya 

culture and the environment. Subsequently, the UF group extended paleoecological and 

paleoclimate investigations into other areas of the Caribbean region. In 1985, a 7.5-m 

sediment core was collected from Lake Miragoane, southern Haiti. Analysis of stable 

oxygen isotopes and trace metals in this core yielded a high-resolution Holocene 

climate reconstruction (Hodell et al. 1991). 

In 1993, a regional paleolimnological project was undertaken to investigate high-

resolution Holocene climate variability in continental areas around the Caribbean (Curtis 

et al. 2001; Hodell et al. 2000). One of the water bodies selected for coring was Lake 

Petén Itzá, in the heart of the Petén Lake District (Figure 1-1). A 5.45-m sediment core 

was collected in 7 m of water in the southern basin of the lake (Curtis et al. 1998). This 

sediment core provided a high-resolution climate reconstruction for the last ~9 14C ka. In 

1997, a short core was taken from the southern basin of the lake to study recent (i.e. the 

last 100 years) eutrophication (Rosenmeier et al. 2004). 

Most shallow lakes in the Yucatan Peninsula were dry during the last glacial period 

due to aridity and lowered sea level (Hodell et al. 2000). Thus, glacial-age lacustrine 

sediments are only found in a few deep lakes. In 1977 and 1978, Professor Edward S. 

Deevey and his multidisciplinary team collected sediment cores up to ~10 m long, in 



 

16 

deep Lakes Macanche and Quexil. Radiocarbon dates and pollen stratigraphy showed 

that the Kullenberg corer used to collect the cores had failed to penetrate into 

Pleistocene deposits, and basal sediments in the cores possessed high forest pollen. 

Pleistocene-age deposits were finally obtained in 1980 from deep Lakes Quexil and 

Salpeten with the help of a Guatemalan drilling company, Daho Pozos, S.A. Late 

Pleistocene sediments from both lakes contain abundant gypsum, shells, and sponge 

spicules, which indicate deposition in moderately saline, shallow water bodies (Deevey 

et al. 1983). 

Geochemical, isotopic, and pollen analysis on the core from Lake Quexil (Leyden 

et al. 1993), suggested that the last deglaciation occurred in two distinct phases, i.e. a 

“two-step” deglaciation, as seen in records from high-latitude regions. The first phase, 

starting at 14 14C ka BP, was characterized by expansion of temperate oaks and low 

δ18O values that indicated warmer, more humid conditions than during the LGM (Leyden 

1995). A second phase (12 ka – 10.3 14C ka BP), with evidence of calcite precipitation in 

sediments, a reversal of forest expansion, but continued low δ18O values, indicated a 

return to a colder (~1.5ºC), but sustained humid climate (Leyden 1995). This 

interpretation, however, was based on poor chronological control for the Lake Quexil 

core, which was likely influenced by hard-water error associated with a date on a single 

snail shell. 

Recently, an international team of scientists targeted Lake Petén Itzá for deep 

drilling (Figure 1-1). Lake Petén Itzá is the largest and deepest lake in the Petén Lake 

District and thus held water during the driest periods of the late Pleistocene. In 1999 

and 2002, seismic surveys were conducted in Lake Petén Itzá with a 3.5-kHz pinger 
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and a 1-in3 airgun, respectively, to construct a bathymetric map of the lake and identify 

potential sites for deep drilling (Anselmetti et al. 2006). Thirteen sediment cores were 

recovered at ten different sites in 2002 using a Kullenberg-type gravity corer. As in the 

1977 and 1978 coring expedition at Lakes Quexil, Macanche, and Salpeten, glacial-age 

deposits were not recovered from Petén Itzá because a dense, clay-rich sediment layer 

deposited during the late Holocene limited core barrel penetration to ~6 m. The bottom 

of the oldest sediment core retrieved was dated at 11,250 cal years BP, and therefore 

included only the terminal part of the last deglaciation (Hillesheim et al. 2005). 

Collection of late Pleistocene sediments from the basin would have to await drilling 

carried out under the Lake Petén Itzá Scientific Drilling Project (PISDP). 

The Lake Petén Itzá Scientific Drilling Project (PISDP) 

The main objective of the PISDP was to obtain complete late Pleistocene 

lacustrine sediment sequences to study: (1) the paleoclimate history of the northern 

lowland Neotropics on decadal to millennial timescales, (2) the paleoecology and 

biogeography of the tropical lowland forest, and (3) the subsurface biogeochemistry, 

including integrated studies of microbiology, porewater geochemistry, and mineral 

authigenesis and diagenesis (Hodell et al. 2006). 

Between 3 February and 11 March 2006, 1327 m of sediment were retrieved from 

seven sites in Lake Petén Itzá (Table 1-1). In most cases, multiple holes were drilled at 

each site.  Drilling was done with the Global Lake Drilling GLAD800 platform (R/V Kerry 

Kelts), operated by the Drilling, Observation and Sampling of the Earth's Continental 

Crust (DOSECC) team. A minimum of three cores was drilled at six of the seven sites to 

ensure full recovery of stratigraphic sections. Most of the sediment cores were taken 

with a hydraulic piston corer. Sediment cores were taken in 3-m sections and were 
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logged in the field for density, p-wave velocity, and magnetic susceptibility. Complete 

sediment recovery was verified with the help of Splicer, a computer program that allows 

comparison of core logging data (i.e. density, magnetic susceptibility) among different 

holes (Hodell et al. 2006).  

A complete sediment sequence that is 75.9 meters long and represents about 85 

ka of continuos sediment accumulation was recovered at site PI-6. Part of this section 

became the subject of study for this dissertation. Sediment cores were deposited at the 

National Lacustrine Core Repository (LacCore), University of Minnesota, Minneapolis, 

MN. At LacCore, sediment density and magnetic susceptibility were measured again, 

this time at 0.5-cm resolution using another GEOTEK Multisensor core logger. The 

composite stratigraphic section for site PI-6 was constructed using the magnetic 

susceptibility and density results of the three cores drilled at PI-6. Sediment cores 

comprising the composite section were subsampled and sediment was transported to 

the University of Florida for stable isotope analysis. 

Lake Petén Itzá’s Modern Limnology and Regional Climate 

Lake Petén Itzá is located at ~16° 55' N, 89° 50' W in the Department of Petén, 

northern Guatemala (Figure 1-1). It is located ~110 m above sea level and has a 

maximum depth of  >160 m (Anselmetti et al. 2006). Water is dominated by the cations 

calcium and magnesium, and the anions bicarbonate and sulfate. Its waters are now 

saturated with calcium carbonate, and pH is high (~8.0). Gypsum deposits (calcium 

sulfate) in sediment cores indicate that the water column was saturated with CaSO4 in 

the past (Hillesheim et al. 2005). Rainfall and runoff are the main sources of water input 

to Lake Petén Itzá, whereas water is lost mainly to evaporation. There can be some 

subterranean drainage at high lake stage, via an opening in the rock on the north shore, 
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but the lake is effectively a closed-basin system. Thermal stratification is persistent for 

much of the year, with the thermocline located between ~20 and 35 m (Anselmetti et al. 

2006). 

The Petén region has an average air temperature of ~25 °C. Annual rainfall varies 

from 900 to 2500 mm/year, with a regional average of ~1601 mm/year (Deevey et al. 

1980). The rainy season occurs between May and October when the trade winds carry 

moisture from the Atlantic Ocean to the Caribbean Sea (Amador 1998; Mestas-Nunez 

et al. 2007). The rainy season usually ends in late October and the dry season persists 

from January to May. During the dry season light rains generated by polar air masses 

are brought to the Yucatan Peninsula by northern winds known locally as nortes. 

Precipitation patterns in the Caribbean are closely related to variability in the position of 

the Intertropical Convergence Zone (ITCZ). Years with high precipitation in the 

Caribbean are linked to a northerly position of the ITCZ, while years with low summer 

rainfall are linked to a more southerly position of the ITCZ. 

Paleoclimate Proxies in Lake Petén Itzá Sediments 

Lithology 

Petén Itzá’s sediments consist of a mixture of inorganic and organic matter of 

autochthonous and allochthonous origin. Sediment organic matter produced within the 

lake comes from phytoplankton, higher plants, zooplankton, benthic organisms, and 

their fecal matter. Autochthonous inorganic matter comes in the form of calcite, 

dolomite, and gypsum, precipitated from the water column.  External sources of organic 

matter include leaves, twigs, and pollen grains, as well as organic matter in eroded 

surface soils.  Clay, principally montmorrillonite, constitutes the major detrital input, but 

carbonates from the watershed may also reach the lake in colluvium and alluvium. 
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Gypsum crystals are probably precipitated in the lake when evaporation rates are high 

and rainfall is relatively low. The presence of gypsum in sediments therefore indicates 

dry periods in the past, when the volume of Lake Petén Itzá was low. In contrast, 

deposition of clay indicates wet periods and higher lake levels, when runoff and the 

influx of detrital material were enhanced. 

Variations in sediment magnetic susceptibility and density reflect changes in the 

sediment lithology. Magnetic susceptibility in Petén Itzá’s sediments is generally low 

(<60 x10-6 SI), except for a number of peaks associated with layers of volcanic ash. 

Some volcanic eruptions in the highlands of Guatemala and Mexico contain magnetite, 

which has high magnetic susceptibility. Magnetic susceptibility is relatively higher in clay 

sediment layers and lower (<0 x10-6 SI) in sediments rich in gypsum or calcite. The 

density of the sediment varies between about 1 and 2 g/cm3 wet. Higher density values 

are associated with gypsum sands, whereas lower values are associated with clay-rich 

sediments. 

Alternating clay and gypsum deposition, which is recorded by variations in the 

density and magnetic susceptibility of the sediment, therefore represent wet and dry 

climate episodes, respectively. Gypsum deposited during low water levels, i.e. relatively 

dry conditions, has low magnetic susceptibility and high density, whereas clay-rich 

sediments deposited during high water levels, i.e. relatively wet conditions, have 

relatively high magnetic susceptibility and low density. 

Stable Isotopes of Oxygen 

Atoms that have the same atomic number, but different masses, are called 

isotopes (Petrucci 1997). Oxygen has three stable isotopes (O16, O17, O18). They are 

“stable,” because unlike radioisotopes, they undergo no “decay” and are destined to be 
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the same element, with the same mass, forever.  The behavior of an atom or molecule, 

as it enters physical, chemical, or biological processes, depends on its atomic mass. 

Mass differences between molecules cause them to react differently when they enter 

into physical, chemical, or biological processes. For instance, lighter isotopes diffuse 

faster than heavier isotopes and are incorporated first from the liquid into the vapor 

phase (evaporation-kinetic effect) (Faure 1986). The differential response of isotopes 

during physical, chemical, and biological transformations accounts for most of the 

isotopic “signal” recorded in the environment (e.g. in water, plants, and animal shells or 

soft tissues) that is used to interpret environmental processes.  The isotopic signature of 

environmental materials is measured by light isotope ratio mass spectrometry. 

The δ18O value of precipitation depends, in part, on the isotope composition of the 

moisture source (e.g. sea water) and the extent of moisture depletion in the air mass as 

it is transported from the source area to the rainfall region (Leng et al. 2006). There is 

progressive depletion of H2
18O with increasing latitude, altitude, distance from the coast, 

and rainfall amount (Dansgaard 1964). The relative humidity and temperature of the 

atmosphere also contribute to isotopic fractionation in precipitation, from the time water 

evaporates from the ocean to the moment a raindrop hits the ground. 

Several factors can alter lakewater isotopic composition in closed-basin lakes 

where precipitation is the main water source. Among these factors are: (1) changes in 

the isotopic composition of the source water, either through a change in the isotope 

signature of the original source, or a change in the source region from which moisture is 

derived, (2) changes in the routing of moist air masses, and (3) changes in the relative 
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humidity and/or temperature at any time from moisture formation to raindrop 

precipitation (Darling et al. 2006; Leng et al. 2006). 

In closed-basin Lake Petén Itzá, the relative amount of evaporation to precipitation 

(E/P) is the principal control on the lakewater isotopic signature, as lakewater is 

enriched with respect to regional rainfall and groundwater. Mean lakewater δ18O 

(2.62‰: Curtis et al. 1998) is greater than both the mean value for regional groundwater 

(-4‰) and annual weighted mean rainwater values in the circum-Caribbean lowlands (-

5.7‰ to -4.0‰) (Rozanski et al. 1993), indicating substantial evaporative loss of water 

from the lake. Periods of high E/P display relatively lower lake level and higher water-

column δ18O values. Conversely, during episodes of low E/P, the lake shows higher 

water level and displays lower δ18O values. 

Lachniet and Patterson (2009) investigated the variables that control surface water 

δ18O values in the Yucatan Peninsula. They analyzed δ18O of surface waters from 

Guatemala and Belize as well as data from the Global Network for Isotopes in 

Precipitation (GNIP) database. Spatially, distance from the coast (the “continentality 

effect”) and mean catchment altitude (the “altitude effect”) explain 84% of the surface 

water δ18O variability. In a given water body, the most important control on precipitation 

δ18O values through time was rainfall amount (the “amount effect”). 

Lakewater δ18O, together with water temperature, largely determines the δ18O in 

the calcium carbonate of shell-forming aquatic organisms such as ostracods, 

gastropods, and foraminifera. Colder temperatures yield greater δ18O values in 

precipitated carbonate, whereas warmer temperatures produce lower δ18O values. 

Thus, a switch from higher δ18O values to lower δ18O values in ostracod shells could 
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reflect a change in precipitation source and/or amount, as well as a change from colder 

and/or drier, to warmer and/or wetter conditions. Conversely, a switch from lower δ18O 

values to higher δ18O could reflect a change in precipitation source and/or amount, as 

well as a change to colder and/or drier conditions. 

Oxygen isotope records from lake sediment cores are usually developed using 

monospecific ostracod or gastropod shells.  This is done to avoid so called “vital 

effects.” Multiple individual monospecific ostracods or gastropod specimens from each 

stratigraphic level are composited to comprise a sample. The rationale for analyzing 

multiple individuals in a sample is that it reduces variance that might otherwise result 

from measuring a single, short-lived individual, and thus provides a reliable record of 

low-frequency climate trends (Curtis et al. 1996; Hodell et al. 2005). Few studies have 

attempted to determine how many shells or valves of individual organisms in each 

stratigraphic interval are necessary to identify low-frequency climate trends, i.e. to yield 

a reliable mean climate signal for a stratigraphic layer.  Nor has there been an effort to 

evaluate the potential for using intra-sample δ18O variability in ostracod and gastropod 

shells as a proxy measure of high-frequency climate variability. 

Chronology 

The initial age/depth model for the PI-6 core from Lake Petén Itzá was derived 

using 18 AMS 14C dates (Figure 1-2), including 10 AMS 14C dates from the LGM and 

the deglacial period (Figure 1-3), run on organic terrestrial remains from cores taken at 

the PI-6 and PI-3 sites. Dates from the PI-3 core were projected onto the PI-6 core by 

correlating their magnetic susceptibility records using the computer program Splicer. 

Dates selected for the age/depth model minimized apparent sedimentation rate 
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changes (Hodell, personal communication), but may have missed fluctuations in 

sedimentation rate that would be expected to accompany abrupt changes in lithology. 

After publication of the initial age/depth model (Hodell et al. 2008), new dates from 

drill sites PI-2 and PI-6 enabled development of a refined age/depth model for the LGM 

and deglacial period. The new core chronology was developed with a total of 52 

samples from sites PI-2, PI-3, and PI-6, including 22 samples that covered the LGM and 

deglacial period (Table 1-2). Newly obtained dates from the PI-2 core were projected 

onto the PI-6 core (Table 1-3, Figure 1-4) using the same method of graphic correlation 

used by Hodell et al. (2008). 

Sample selection and calibration for developing a new age/depth model for the 

Last Glacial Maximum (LGM) and deglacial period were accomplished using the 

computer-based calibration program Oxcal (Bronk-Ramsey 2001, 2008). Initially, the “U-

sequence” command was used to choose a set of dated depths that does not include 

age reversals. This command assumes a linear sedimentation rate between boundary 

depths that are arbitrarily set. Boundaries were set for the beginning and end of each 

lithologic unit (i.e. clay and gypsum sand units). There were very few dated depths from 

the gypsum sand units and thus the program did not run satisfactorily. The standard 

“sequence” command was then used on samples from all dated depths within the LGM 

and deglacial period. This command specifies that samples were deposited in the 

sediment in the order that they were found, but does not take into account the specific 

depth of each sample. The program ran satisfactorily and 17 samples were selected for 

the new age/depth model (Table 1-4). A linear sedimentation rate was assumed 
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between the selected dated intervals and an age was calculated for every 1-cm interval 

between dated horizons. 

Radiocarbon measurements were done at the Center for Accelerator Mass 

Spectrometry (CAMS) at Lawrence Livermore National Laboratory. All radiocarbon 

dates were measured on samples of terrestrial organic matter, thereby avoiding 

potential dating errors associated with hard-water lakes (Deevey and Stuiver 1964). 

A 45-ka Climate Record from Lake Petén Itzá 

The core obtained from site PI-6 contains an 85-ka record of terrestrial climate 

from lowland Central America. Here, I focus on the last 45 ka of that record.  Sediments 

are composed of alternating clay and gypsum strata, reflecting relatively wet and dry 

climate conditions, respectively. During the last 45 ka, increasing δ18O values coincide 

with gypsum sand units, whereas decreasing δ18O values coincide with clay deposition. 

During the latter part of MIS 3 (~46.0 to ~26.0 meters composite depth [mcd]), climate 

varied between wetter and/or warmer conditions during interstadials, and drier and/or 

colder states during stadials (Figure 1-5). The pattern of alternating clay–gypsum (wet–

dry) and changes in oxygen isotope values during the latter part of MIS 3 closely 

resembles the temperature records from Greenland ice cores and precipitation proxies 

from the Cariaco Basin. The most arid periods (i.e. gypsum sand units with relatively 

greater δ18O values) coincide with Heinrich Events in the northern North Atlantic. 

A thick clay unit during the LGM (~26.0 to ~21.0 mcd) indicates wet conditions and 

sediment deposition under high lake level conditions. A decrease in δ18O values at the 

onset of this clay unit indicates a transition to wet and/or warm conditions, whereas the 

increase in δ18O values at the end of the same clay unit indicates a return to dry and/or 

cold conditions (Figure 1-5). During the deglacial period (~21.0 to ~11.0 mcd) climate 
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varied between drier and/or colder and wetter and/or warmer conditions. The pattern of 

clay–gypsum alternation and changes in oxygen isotope values show two dry and/or 

cold periods (Oldest and Younger Dryas) preceding and following a wet and/or warm 

interval, the Bolling Allerod Period (Figure 1-5). 

Stable oxygen isotope data from a near-complete Holocene sediment record taken 

from Lake Petén Itzá (Curtis et al. 1998), together with isotope data from this study, 

indicate that the largest change in δ18O values over the entire 45-ka record occurred at 

the Pleistocene/Holocene transition. Fluctuations in δ18O values from ~45 to 10 cal ka 

BP were small compared with the large change at the Pleistocene/Holocene transition. 

A decrease in δ18O values of ~5.0‰ between the Pleistocene/Holocene transition and 

the middle Holocene indicates a switch to wetter and/or warmer conditions (Figure 1-6). 

Although there is a continuous 45-ka oxygen isotope record according to the Hodell et 

al. (2008) age model, there is not yet a refined age model that includes new dates from 

sites PI-2 and PI-6 for the MIS 3 period (~46.0 to ~26.0 mcd). Thus, this dissertation 

focuses on the Last Glacial Maximum and deglacial periods. 

Statement of Objectives 

The objectives of this dissertation were to (1) produce a high-resolution 

paleoclimate record from 25-10 cal ka BP using stable oxygen isotope measurements 

on ostracod remains, allowing comparisons with paleoclimate records from higher and 

lower latitudes, and (2) to evaluate the potential for using intra-sample δ18O variability in 

ostracod and gastropod shells as a proxy measure of high-frequency climate variability. 

To meet these objectives, this study addresses several questions: 

1. Were shifts in the position of the ITCZ a response to high-latitude North Atlantic 
climate (i.e. Atlantic Meridional Overturning Circulation [AMOC})? 
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2. Did climate (evaporation/precipitation) changes in Petén, Guatemala coincide with 
climate excursions recorded in Greenland ice cores during the Last Glacial 
Maximum and deglacial period? 
 

3. How do climate changes in Petén compare with those inferred from the Cariaco 
Basin during the Last Glacial Maximum and deglacial period? 
 

4. What is the optimum number of ostracod valves or snail shells required to infer 
low-frequency climate changes? 
 

5. Is the intra-sample δ18O variability in ostracod and gastropod shells useful as a 
proxy measure for high-frequency climate variability? 
 

Dissertation Organization 

This dissertation is presented as discrete publishable papers. Chapter 1 is the 

Introduction. A modified version of the Introduction, together with results from Hodell et 

al. (08) is in press as a book chapter, written in Spanish. Chapter 2 is titled “Climate 

conditions in the lowlands of Central America during the Last Glacial Maxium (LGM)” 

and together with Chapter 3 (“Climate change in the northern Neotropical lowlands 

during the last deglaciation”) will be submitted to Quaternary Science Reviews. Chapter 

2 contributes to the understanding of climate conditions during the LGM in the northern 

Neotropics. Results provide evidence for a wetter LGM, bracketed by two drier periods 

associated with Heinrich events. Wetter conditions recorded in the Lake Petén Itzá 

isotope record during the LGM coincide with paleoglacier data from Mexico and 

Guatemala. Glacial advances down to ~3,400 meters above sea level (masl) in Mexico 

and Guatemala suggest that the region was cooler and moister than present. Retreat of 

glaciers in the region occurred some time after the increase in Lake Petén Itzá δ18O 

values, which indicates a transition to drier conditions. Wetter conditions during the 

LGM in the lowlands of Central America may be explained by (1) an increase in summer 

precipitation due to a more northerly position of the Intertropical Converge Zone (ITCZ), 
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or (2) an increase in winter precipitation due to the splitting of the jet stream and/or 

movement of moist eastern tropical Pacific air to the northeast. 

Chapter 3, “Climate change in the northern Neotropical lowlands during the last 

deglaciation” contributes to the understanding of climate change in the lowlands of the 

northern Neotropics during the last deglaciation 18-10 cal ka BP. Results show a 

transition from the Last Glacial Maximum (LGM) to the deglacial period similar to 

paleoclimate reconstructions from western North America, with a cold, wet LGM and a 

cold and/or dry early deglacial. The results also show a link between North Atlantic and 

tropical Atlantic climate during the deglacial. Periods of reduced AMOC and cool sea 

surface temperatures in the North Atlantic (e.g. Oldest Dryas and Younger Dryas) 

coincide with a more southerly position of the ITCZ, and cold and/or dry climate in the 

lowlands of northern Central America. Evidence for a switch to colder and/or drier 

conditions near Lake Petén Itzá is recorded in the late part of the Mystery Interval (16.3-

15.0 cal ka BP). This shift to colder and/or drier conditions in the late Mystery Interval is 

also recorded in the Greenland ice core isotope record and the marine Cariaco Basin 

sediment grey-scale record. Melting of a second ice armada during the Mystery Interval 

could have brought even colder conditions to the North Atlantic and Greenland, as well 

as a more southerly mean position of the ITCZ in the Neotropics. The deglacial climate 

of lowland Central America, reconstructed from the Petén Itzá sediment sequence, 

differs from climate reconstructions derived from ice and marine sediment cores, which 

show a “two-step” deglaciation. The Petén Itzá oxygen isotope record displays three 

large, abrupt climate transitions, at ~16.5-16.3 cal ka BP, ~15.0-14.4 cal ka BP, and 

~10.6-10.3 cal ka BP. The first shift, in the midst of the Mystery Interval, appears 
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anomalous, whereas the other two shifts mark the start of the Bolling-Allerod Period and 

the end of deglacial aridity, respectively. Decreases in δ18O also coincide with lithologic 

transitions from gypsum to clay. Concurrence of the lithologic and isotopic shifts 

indicates that the lakewater chemical composition changed quickly, from a state of 

gypsum saturation to under-saturation. Synchrony between the isotopic and lithologic 

changes argues for a rapid climate transition and for the predominant role of change in 

evaporation/precipitation ratio (E/P), rather than change in temperature or moisture 

source, on the isotope record. The “three-step” deglaciation record from northern 

Guatemala reflects combined hemispheric and regional climate forcings.  

Chapter 4 is titled “Isotope measurements of single ostracod valves and gastropod 

shells for climate reconstruction: evaluation of within-sample variability and 

determination of optimum sample size” and was published in the Journal of 

Paleolimnology. Chapter 4 contributes to the understanding of “within-horizon” stable 

isotope variability (δ18O and δ13C) measured on multiple, single ostracod valves and 

gastropod shells, and the potential for using intra-sample δ18O variability in ostracod 

and gastropod shells as a proxy measure for high-frequency climate variability. Results 

show that calculated optimum sample numbers (“n”) for δ18O and δ13C in the ostracod 

Cytheridella ilosvayi and the gastropod Pyrgophorus coronatus vary appreciably 

throughout the sediment core. Individual δ18O measurements on C. ilosvayi show that 

samples from core depths that have high mean δ18O values, indicative of low effective 

moisture, display relatively low variability, whereas samples with low mean δ18O values, 

reflecting times of higher effective moisture, display relatively high variability. Relatively 

dry periods were thus consistently dry, whereas relatively wet periods had both wet and 
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dry years. This interpretation of data from the cores applies to two important periods of 

the late Holocene, the Maya Terminal Classic period and the Little Ice Age. The δ18O 

variability during the ancient Maya Terminal Classic Period (ca. 910-990 AD) indicates 

not only the driest mean conditions in the last 3,000 years, but consistently dry climate. 

Chapter 5 summarizes the main conclusions from the previous chapters. 
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Table 1-1. Location of drill sites, water depth, penetration, and core recovery at Lake 
Petén Itzá. Modified from Hodell et al. (2006). 

Site Latitude Longitude  Water depth Drilling depth Average 

  North  West  (m)     (m)     recovery 

        A B C D E  (%) 

PI-1 16° 59.9706' 89° 47.7396' 65 94.5 90.3 82.5     89.3 

PI-2 16° 59.9712' 89° 44.6850' 54 66.5 41.2 82.4 42.0 68.5 86.3 

PI-3 17° 00.2016' 89° 49.2400' 100 96.9 95.3 90.0     92.9 

PI-4 17° 00.3342' 89° 50.7720' 150 67.4 46.1 25.4     86.7 

PI-6 17° 00.0162' 89° 47.0868' 71 75.9 66.4 66.8     94.9 

PI-7 16° 59.7234' 89° 47.6844' 46 133.2 122.8 63.8     92.1 

PI-9 16° 59.4360' 89° 47.6460' 30 16.4         91.8 
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Table 1-2. Radiocarbon dates on terrestrial organic matter from Sites PI-2, PI-3, PI-6. 
Site Depth in core at site depth in core at site 6 Age  ± 
  (mcd) (mcd) (14C yr BP) (1s) 

2 0.32 0.32 425 30 
2 4.88 4.00 1715 35 
3 4.22 4.18 2140 40 
6 8.08 8.08 3905 35 
6 8.08 8.08 3920 35 
2 10.54 8.12 3705 30 
2 10.54 8.12 3775 35 
2 11.14 8.68 4280 30 
3 9.37 8.90 4590 40 
3 9.37 8.90 4550 35 
2 12.16 9.63 7455 35 
2 12.16 9.63 7480 45 
2 12.76 10.19 9855 35 
6 10.41 10.41 8630 60 
6 10.41 10.41 8655 30 
6 10.44 10.44 7985 40 
2 13.06 10.47 7835 30 
3 11.32 10.69 8625 35 
3 11.32 10.69 8675 35 
6 10.86 10.86 9040 35 
3 14.17 13.06 11210 35 
6 13.35 13.35 11290 60 
2 16.71 13.39 11135 40 
6 13.41 13.41 11380 140 
6 13.87 13.87 11390 50 
2 17.74 14.26 11880 35 
6 14.49 14.49 12460 60 
2 20.71 16.81 13095 40 
6 17.12 17.12 12280 60 
2 21.91 17.55 13480 45 
2 22.13 17.68 13505 45 
2 22.13 17.68 13560 45 
2 23.93 19.76 14810 45 
2 23.93 19.76 14850 45 
6 20.03 20.03 14130 120 
6 21.72 21.72 14630 50 
2 25.74 21.20 15355 50 
6 23.64 23.64 17650 240 
2 28.62 24.63 19740 70 
6 25.73 25.73 19990 180 
2 31.75 27.85 21940 80 
3 28.09 29.16 23210 90 
3 28.09 29.16 23040 90 
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Table 1-2. Continued. 
Site Depth in core at site depth in core at site 6 Age  ± 
  (mcd) (mcd) (14C yr BP) (1s) 

2 34.43 30.64 25540 160 
3 30.09 31.77 26560 130 
6 31.86 31.86 26660 240 
6 31.89 31.89 26820 260 
6 33.73 33.73 30700 3600 
6 33.82 33.82 30050 490 
6 33.83 33.83 29120 170 
6 33.83 33.83 29010 170 
2 38.66 34.01 32680 980 
6 34.39 34.39 28040 470 
6 35.14 35.14 31230 260 
3 33.42 37.82 32820 260 
2 44.83 40.12 34380 450 
2 46.55 40.77 39900 730 
6 41.30 41.30 39000 700 
2 47.32 41.46 38760 740 
2 48.17 41.76 41350 1020 
2 48.35 41.87 41600 900 
6 42.76 42.76 35900 1200 
2 43.66 38.98 32540 310 
6 45.31 45.31 38100 1100 
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Table 1-3. Tie points used on the magnetic susceptibility records to project dated 
intervals from site PI-2 onto site PI-6. 

Site 2 depth Site 6 depth 
(mcd) (mcd) 

4.12 3.52 
8.73 6.42 

13.39 10.78 
16.45 13.17 
18.45 14.86 
20.43 16.64 
22.65 18.00 
24.83 20.99 
30.11 26.06 
33.96 30.26 
38.86 34.17 
44.78 40.10 
46.18 40.55 
50.41 43.12 
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Table 1-4. Age-depth relations for the Site PI-6 composite core used to derive the 
chronology discussed in Chapters 2 and 3. 
 Site  Depth in core at site  Depth in core at site 6 Age  ± 
 (mcd) (mcd) (14C yr BP) (1s) 

2 13.06 10.47 7835 30 
3 11.32 10.69 8675 35 
6 10.86 10.86 9040 35 
3 14.17 13.06 11210 35 
6 13.35 13.35 11290 60 
6 13.41 13.41 11380 140 
6 13.87 13.87 11390 50 
2 17.74 14.26 11880 35 
6 14.49 14.49 12460 60 
2 20.71 16.81 13095 40 
2 21.91 17.55 13480 45 
2 22.13 17.68 13560 45 
2 25.74 21.20 15355 50 
6 23.64 23.64 17650 240 
2 28.62 24.63 19740 70 
6 25.73 25.73 19990 180 
2 31.75 27.85 21940 80 
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Figure 1-1. (A) Map of Central America showing the Location of the Yucatan Peninsula 
and the department of Petén, Guatemala. (b) Map of the Petén Lake District. 
(C). Bathymetric map of Lake Petén Itzá showing the location of primary and 
alternate coring sites. From Hodell et al. (2008). 
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Figure 1-2. Calibrated radiocarbon dates versus meters composite depth (mcd) for sites 
PI-3 (blue) and PI-6 (red) used to construct the age model used by Hodell et 
al. (2008). 



 

38 

 

Figure 1-3. Calibrated radiocarbon dates versus meters composite depth (mcd) for sites 
PI-3 (blue) and PI-6 (red) used to construct the age model used by Hodell et 
al. (2008) for the Last Glacial Maximum (LGM) and deglacial period. 
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Figure 1-4. Spliced magnetic susceptibility records from Sites PI-6 and PI-2 for the Last 
Glacial Maximum (LGM) and deglacial period. Green triangles indicate tie 
points used to project dated intervals from site PI-2 onto site PI-6. Yellow dots 
indicate dated intervals on site PI-2. 
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Figure 1-5. Magnetic susceptibility (red) and δ18O (blue) in sediment core PI-6 from 50.0 
to 10.0 meters composite depth (mcd). 
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Figure 1-6. Oxygen isotope data for Lake Petén Itzá for the last 45 cal ka. δ18O data 
indicated by blue circles (Limnocythere sp.) are from PI-6. δ18O data indicated 
by red circles (Limnocythere sp.) are from Lake Petén Itzá core 11A 
(Hillesheim et al. 2005). δ18O data indicated by purple circles (Cochliopina 
sp.), green circles (Pyrgophorus sp.), brown circles (Cytheridella ilosvayi) and 
black circles (Candona sp.) are from Lake Petén Itzá core 6-VII-93 (Curtis et 
al. 1998). Each record is plotted on its own, independent time scale. 
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CHAPTER 2 
CLIMATE CONDITIONS IN THE LOWLANDS OF CENTRAL AMERICA DURING THE 

LAST GLACIAL MAXIUM (LGM) 

Introduction 

Global climate conditions during the Last Glacial Maximum (LGM) chronozone 

(~23-19 cal ka BP: Mix et al. 2001) differed significantly from those of the late Holocene. 

Although seasonal insolation was close to modern values, sea level and ice sheet 

conditions, as well as greenhouse gas (e.g. CO2) concentrations, were not. Monin et al. 

(2001) reports a mean CO2 value of 189 ppm between 18.1 and 17.0 cal ka BP, in 

contrast to the pre-industrial value of 280 ppm (Friedli et al. 1986). The maximum height 

of the North American and Fennoscandian ice sheets was ~3,000 meters (Peltier 1994) 

and sea level was ~120 meters lower than present (Fairbanks 1989; Yokoyama et al. 

2000). These conditions influenced temperature changes and atmospheric circulation 

patterns and moisture balance around the globe. 

The earliest attempt to reconstruct climate variability during the LGM was made by 

members of the Climate: Long-range Investigation, Mapping, and Prediction (CLIMAP) 

Project. CLIMAP results for tropical oceans showed that mean sea surface 

temperatures (SSTs) were ~1-2°C cooler than today with some tropical regions 

possessing warmer conditions than present (CLIMAP 1976, 1981). New continental and 

marine data show cooler conditions than CLIMAP estimates and strong spatial 

differences in tropical cooling (Farrera et al. 1999; Ballantyne et al. 2005; Kucera et al. 

2005). Although climate reconstruction records that span the LGM have increased in 

number since the first CLIMAP results, there are still some regions in the tropics with 

sparse data.  
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Geochemical, isotopic, and pollen analysis from a core taken in Lake Quexil, 

lowland Guatemala (Leyden et al. 1993) indicated a transition from relatively cold, arid 

conditions during the LGM to warmer and moister conditions during the Holocene. This 

interpretation, however, was based on poor chronological control for the Lake Quexil 

core, which was compromised by hard-water error on a single radiocarbon date from a 

snail shell. New 14C dates on terrestrial plant fragments from Lake Petén Itzá sediment 

cores, combined with pollen (Bush et al. 2009) and high-resolution lithologic (Hodell et 

al. 2008) analyses, show that the LGM was cold and relatively wet. Clay-rich sediments 

deposited between ~24.0 and ~19.0 cal ka BP, displayed high accumulation rates (2.5 

mm/yr) and indicate high lake water levels, reflecting relatively wet climate conditions 

(Hodell et al. 2008). Pollen analysis supports the lithological interpretation. The pollen 

assemblage during the LGM reflects a scrub oak or montane pine-oak forest, consistent 

with about a 4-6 ºC cooling and moist conditions (Bush et al. 2009). Although both the 

lithologic and pollen data provide evidence for a cool, wet LGM, pollen counts were 

done at broad sampling intervals (Bush et al. 2009) and climate inferences from 

sediment lithology fail to capture subtle shifts in the evaporation/precipitation ratio (E/P), 

as such changes in lithology are a binary (“on-off”) proxy, reflecting either saturation or 

under-saturation with respect to gypsum (Hodell et al. 2008). 

Here we present the first continuous, high-resolution (~decadal), continental 

isotope (δ18O) record from the northern Neotropics that spans the transition from 

Heinrich Event 2 (H2), through the LGM chronozone (~23.0 to 19.0 cal ka BP, as 

defined by Mix et al. 2001), and into the deglacial period. The objectives of this paper 

are to 1) test the inference for relatively moist conditions and climate stability within the 
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LGM chronozone determined from lithologic and pollen data, 2) examine the detailed 

structure of climate transitions into and out of the LGM chronozone, and 3) suggest 

potential atmospheric processes responsible for changes in temperature and 

precipitation at the onset and end of the LGM in lowland Central America. 

Study Site 

Lake Petén Itzá (~16°55’ N, 89°50’ W) is located in the Petén Lake District in the 

lowlands of northern Guatemala (Figure 2-1). It has a surface area of ~100 km2, and a 

maximum water depth of >160 m (Anselmetti et al. 2006). Lake Petén Itzá is fed 

hydrologically by direct rainfall, runoff, and subsurface groundwater. It lacks surface 

outlets and although some subsurface seepage may occur, the water body can be 

considered a closed-basin lake (Hodell et al. 2008). The lake water δ18O averages 

2.62‰ (Curtis et al. 1998), greater than both the mean value for regional groundwater (-

4‰) and annual weighted mean precipitation values (-5.7‰ to -4.0‰) (Rozanski et al. 

1993), reflecting the impact of evaporation on the lake’s water budget. 

Lake Petén Itzá is situated in a climatically sensitive region. The rainy season, 

associated with the northward migration of the Intertropical Convergence Zone (ITCZ), 

occurs between June and December when easterly trade winds transport moisture from 

the Atlantic into the Caribbean Sea and the Yucatán Peninsula. The rainy season is 

followed by a pronounced dry season during northern hemisphere winter (January 

through May) as the ITCZ moves southward. During the dry season, light winter 

precipitation is brought to the Yucatán Peninsula by polar air masses carried by 

northerly winds (Hodell et al. 2008). 
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Methods 

Between 3 February and 11 March 2006, we drilled Lake Petén Itzá at seven sites 

as part of the Lake Petén Itzá Scientific Drilling Project (Hodell et al. 2006, 2008). 

Multiple cores were collected at six of the seven sites to guarantee retrieval of complete 

sediment sequences.  Three sediment cores from Site 6 (PI-6) (Figure 2-1) provide a 

continuous stratigraphic sequence to ~75.9 m composite depth (mcd), which represents 

~85 cal ka of sediment accumulation and a long-term mean sedimentation rate of 

~1m/ka. 

The first age/depth model for the LGM and deglacial period in the PI-6 core from 

Lake Petén Itzá was derived from ten AMS 14C dates on cores from drill sites PI-6 and 

PI-3 (Figure 3b and Table 3 in Hodell et al. 08). Dates from the PI-3 core were projected 

onto the PI-6 core by correlating the two using their magnetic susceptibility records.  

New dates from drill sites PI-2 and PI-6 enabled development of a refined age/depth 

model. The new chronology is based on 17 AMS 14C dates from drill sites PI-2, PI-3 and 

PI-6 (Table 2-1 and Figure 2-2) that cover the LGM and deglacial period. Radiocarbon 

measurements were done at the Center for Accelerator Mass Spectrometry (CAMS) at 

Lawrence Livermore National Laboratory and dates were calibrated using IntCal04: 

Northern Hemisphere (Reimer et al. 2004) and Fairbanks et al. (2005). All radiocarbon 

dates were measured on samples of terrestrial organic matter, thereby avoiding 

potential dating errors associated with hard-water lakes (Deevey and Stuiver 1964). 

One-cm3 sediment samples were disaggregated using a 3% H2O2 solution for δ18O 

analysis of ostracod (Limnocythere sp.) valves. Samples were then washed through a 

63-µm sieve and material was collected on filter paper and dried at 60°C. When dry, the 

material was transferred to glass scintillation vials. Adult ostracod specimens were 
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picked from the sieved, >212-µm fraction in each 1-cm sample using a binocular 

microscope. Prior to isotopic analysis, ostracod specimens were cleaned using 15% 

H2O2 to remove organic material, and then rinsed in methanol before drying. Ostracods 

were checked for impurities inside the valves, and cleaned again if necessary. 

Approximately 12-20 individual ostracod carapaces, weighing a total of ~20-60 µg, were 

combined to constitute a sample. Multiple ostracod specimens were measured from 

each 1-cm stratigraphic level to reduce the variance generated by running single short-

lived individuals (Heaton et al. 1995; Escobar et al. in press). Ostracod valves were 

loaded into glass vials and CO2 was evolved from shells with a single-aliquot acid 

digestion in a Kiel III carbonate preparation device attached to a Finnigan-MAT 252 

isotope ratio mass spectrometer at the University of Florida. 

Results 

There is an increase in δ18O (~2.6‰) from ~25.0 to 24.5 cal ka BP. This δ18O 

transition coincides with a shift to low magnetic susceptibility values and high 

concentrations of gypsum (Figure 2-3). A decrease in δ18O (~2.4‰) from ~24.5 to 24.0 

cal ka BP coincides with a shift from gypsum to clay deposition, i.e. an increase in 

magnetic susceptibility values (Figure 2-3). There is a gap in the oxygen isotope record 

between ~23.5 and ~21.5 cal ka BP. Oxygen isotope values show no substantial 

changes between ~21.5 and ~19.0 cal ka BP, with δ18O values ranging only from 5.0-

5.5‰ (Figure 2-3). Constant δ18O values coincide with steady clay deposition during this 

time period. There is an increase in δ18O (~1.3‰) from ~19.0 to 16.5 cal ka BP, marking 

the transition to the deglacial period (Escobar et al. in prep). This isotopic shift coincides 

with a switch to lower magnetic susceptibility values and the onset of gypsum deposition 

(Figure 2-3). 
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Discussion 

The δ18O value of precipitation depends, in part, on the isotope composition of the 

moisture source (e.g. sea water) and the extent of moisture depletion in the air mass as 

it is transported from the source area to the rainfall region (Leng et al. 2006). There is 

progressive depletion of H2
18O with increasing latitude, altitude, distance from the coast, 

and rainfall amount (Dansgaard 1964). The relative humidity and temperature of the 

atmosphere also contribute to isotopic fractionation in precipitation, from the time water 

evaporates from the ocean to the moment a raindrop hits the ground. 

Several factors can alter lakewater isotopic composition in closed-basin lakes 

where precipitation is the main water source. Among these factors are: (1) changes in 

the isotopic composition of the source water, either through a change in the isotope 

signature of the original source, or a change in the source region from which moisture is 

derived, (2) changes in the routing of moist air masses, and (3) changes in the relative 

humidity and/or temperature at any time from moisture formation to raindrop 

precipitation (Darling et al. 2006; Leng et al. 2006). 

In closed-basin Lake Petén Itzá, the relative amount of precipitation to evaporation 

is the principal control on the lakewater isotopic signature, as lakewater is several per 

mil enriched over regional rainfall and groundwater. Mean lakewater δ18O (2.62‰: 

Curtis et al. 1998) is greater than both the mean value for regional groundwater (-4‰) 

and annual weighted mean rainwater values in the circum-Caribbean lowlands (-5.7‰ 

to -4.0‰) (Rozanski et al. 1993), indicating substantial evaporative loss of water from 

the lake. Periods of high E/P display relatively lower lake level and higher water-column 

δ18O values. Conversely, during episodes of low E/P, the lake shows higher water level 

and displays lower δ18O values. 
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Lachniet and Patterson (2009) also investigated the variables that control surface 

water δ18O values in the Yucatan Peninsula. They analyzed δ18O of surface waters from 

Guatemala and Belize as well as data from the Global Network for Isotopes in 

Precipitation (GNIP) database. Spatially, distance from the coast (i.e. the “continentality 

effect”) and mean catchment altitude (i.e. the “altitude effect”) explain 84% of the 

surface water δ18O variability. In a given water body, the most important control on 

precipitation δ18O values through time was rainfall amount (i.e. the “amount effect”). 

Lakewater δ18O, together with water temperature, largely determines the δ18O in 

the calcium carbonate of shell-forming aquatic organisms such as ostracods, 

gastropods, and foraminifera. Colder temperatures yield greater δ18O values in 

precipitated carbonate, whereas warmer temperatures produce lower δ18O values. 

Thus, the switch from higher δ18O values to lower δ18O values in ostracod shells during 

the transition from H2 to the LGM could reflect changes in one or more of the following 

factors:  1) precipitation source, 2) isotope value of the water source, 3) atmospheric 

route of the moist air mass, and 4) a shift from colder and/or drier, to warmer and/or 

wetter conditions. Likewise, the switch from lower δ18O values to higher δ18O from the 

LGM to H1 could reflect changes in the first three factors listed above, as well as a shift 

to colder and/or drier conditions. 

Pollen counts on sediments from Lake Petén Itzá indicate dominance of a pine-

oak forest assemblage during the LGM chronozone, consistent with a cooling of ~4–6 

°C (Bush et al. 2009). Sea surface temperature reconstructions from ocean sediment 

cores in the tropical Atlantic suggest a smaller drop in temperature during the LGM than 

the temperature decreases inferred for continental areas. Schmidt et al. (2004) 
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suggested a ~2.5 °C cooling for the western Caribbean, whereas Lea et al. (2003) 

indicated a cooling of 2.6 °C ± 0.5 °C (Figure 2-1) relative to the late Holocene for the 

Cariaco Basin. 

There are no continental paleotemperature reconstructions for the transitions into 

and out of the LGM chronozone. Ocean sediment records from the northeast North 

Atlantic (Bard 2000) and the Mediterranean (Cacho et al. 1999) show clear changes in 

SSTs, with colder temperatures during Heinrich events 2 and 1 than during the LGM 

(Figure 2-1). Cacho et al. (1999) report a ~4.1 °C decline in SST from ~25.0 to ~24.0 cal 

ka BP, and Bard (2000) reports a ~8.5 °C drop in SST from ~18.0 to 17.0 cal ka BP. 

These two sites are, however, close to the Heinrich zone of influence (Hemming 2004). 

Sea surface temperature reconstructions from tropical marine regions do not show a 

significant change in temperature during these transitions. For example, SST 

reconstruction from a core taken in the Cariaco Basin, off northern Venezuela shows 

that temperatures during Heinrich event 1 are statistically indistinguishable from 

average temperatures during the LGM (Lea et al. 2003). 

If oxygen isotope changes in the Lake Petén Itzá record at the LGM chronozone 

boundaries were solely attributable to temperature, it would have required a 

temperature decrease of ~9.6 °C at the onset of the LGM, and a temperature increase 

of ~5.2 °C at the end of the LGM. Stability of SST reconstructions from tropical marine 

ocean records suggests that E/P changes, rather than temperature, account for the bulk 

of the δ18O change in Lake Petén Itzá record. Furthermore, changes in δ18O coincide 

with lithology changes. The lithologic shift is thought to have been driven wholly by E/P, 

with gypsum precipitation under dry conditions when calcium sulfate concentrations 
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reached saturation, or alternatively, clay deposition during moist periods, when the 

water column was undersaturated with respect to gypsum. A temperature-driven shift in 

isotopes would not have necessarily been accompanied by a concurrent shift in 

lithology. This synchrony between the isotope and lithologic changes argues for the 

predominant role of E/P, rather than temperature, in influencing the isotopic record. A 

shift to wetter conditions at the H2/LGM transition and a shift to drier conditions at the 

LGM/H1 transition, support previous interpretations from lithological (Hodell et al. 2008) 

and palynological (Bush et al. 2009) results. 

Paleoglacier studies from several sites in Central America also support claims for 

a cool and wet LGM (White 1986; Anderson 1969; Hastenrath 1973). Glacial advances 

down to ~3,400 masl in Mexico and Guatemala suggest that the region was cooler and 

moister than present. Glacial studies in the plateau of Altos de Cuchumatanes (3,837 

masl), Guatemala, indicate that an ice cap ~60 km2 in extent, existed above an 

elevation of 3,400 masl (Lachniet and Vasquez-Selem 2005) (Fig 2-1). There are no 

radiocarbon dates for this glacial advance/retreat in the plateau of Altos de 

Cuchumatanes, but Lachniet (2004) and Lachniet and Vasquez-Selem (2005) suggest a 

correspondence with Mexican glacier chronology. Tephrachronology, together with 32Cl 

dating, point to an age between 20.0 and 17.5 36Cl ka BP for Hueyatlaco-1 glacier 

deposits and between 17.0 and 14.0 36Cl ka BP for Hueyatlaco-2 glacier deposits on the 

extinct Iztaccíhuatl volcano, central Mexico (Lachniet and Vasquez-Selem 2005) (Figure 

2-1). Paleoglacier data from the Tancítaro volcano, central Mexico, also show glacier 

retreat between 17.5 and 15.0 36Cl ka BP (Vazquez-Selem unpublished data, cited in 

Lachniet and Vasquez-Selem 2005) (Figure 2-1). Oxygen isotope data from Lake Petén 
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Itzá are in agreement with glaciology data in Mexico and Guatemala. Wetter conditions 

recorded in the Lake Petén Itzá isotope record during the LGM would have been 

necessary for the expansion of glaciers into high-elevation terrain where no glaciers 

exist today. Furthermore, the retreat of glaciers occurred sometime after the increase in 

Lake Petén Itzá δ18O values, which indicates the onset of drier conditions (Escobar et 

al. in prep). 

An increase in summer or winter precipitation could explain the higher lake levels 

of Lake Petén Itzá between 24 and 18 ka cal yr BP. Bush et al. (2009) suggest a 

prolonged summer rainy season to explain wet conditions during the LGM. Ocean heat 

capacity, i.e. the slow uptake and release of heat, might have caused regional SST 

increases to lag changes in insolation. This lag might have decreased summer rainfall, 

but increased fall precipitation (Bush et al. 2009). McManus (04) shows a slower 

Atlantic Meridional Overturning Circulation (AMOC) during Heinrich events 2 and 1 than 

during the LGM (Figure 2-1). A more southerly position of the Intertropical Converge 

Zone (ITCZ) during Heinrich events 1 and 2 could explain the drier conditions in Petén 

during these periods, whereas a more northerly position of the ITCZ during the LGM 

could account for a wetter LGM. McManus (2004) shows AMOC strength for the LGM 

very similar to the strength seen during the Bolling-Allerod period, a time for which there 

is evidence of a northerly ITCZ position (Peterson et al. 2000). The geographic position 

of the ITCZ during the LGM is, however, still controversial (Jaeschke et al. 2007; 

Koutavas and Lynch-Stieglitz 2004). If indeed the ITCZ had a more southerly position 

during the LGM chronozone, then lower summer precipitation would be expected and 
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increased winter precipitation might best explain the wet LGM in the lowlands of 

Guatemala.  

During the LGM, the Laurentide Ice Sheet modified atmospheric circulation over 

the North America continent. Wetter climate in the American southwest and western 

Mexico during the LGM has been explained by the split of the jet stream into a dry north 

and wet south branch, due to the presence of the Laurentide Ice sheet (Kutzbach and 

Guetter 1986). Early climate models showed that a split westerly jet stream could bring 

precipitation to the western USA to at least 20° N (Kutzbach and Guetter 1986). More 

recent climate models suggest that the northern and southern branches were located 

farther south and that the splitting of the westerly jet occurred only during the winter 

months (Bromwich et al. 2004; Kim et al. 08). The model of Kim et al. (2008) shows, 

however, that although precipitation apparently increased in winter, it decreased during 

summer. In their model, annual average climate conditions during the LGM were drier 

than present. Their model results thus contradict the interpretations of the paleoclimate 

proxy data from Lake Petén Itzá sediments. The Yucatan Pensinsula however, lies at 

the southern boundary of many of these climate simulations (Bromwich et al. 2004) and 

results for Yucatan should therefore be considered carefully. Wet conditions during the 

LGM in the Yucatan Peninsula might have also been a consequence of the Mobile polar 

high (Leroux 1993). Polar outbreaks of air from the north Pacific could have reached 

lower latitudes and migrated to the west, and low pressure cells could have moved 

moister eastern tropical Pacific air to the northeast, providing winter precipitation for the 

Yucatan Peninsula (Leroux 1993). 
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An increase in winter precipitation of Pacific origin would imply changes in the 

source region from which moisture was derived and in the routing of moist air masses.  

Such changes would be expected to cause a shift in Petén Itzá lake water isotope 

values. If increased winter precipitation of Pacific Ocean origin caused for a wet LGM, 

then the exact cause and timing of the shift to a modern climate regime (i.e. summer 

rainy season) in the Petén during the deglacial period remains unknown. Differences 

between δ18O results from the LGM and the deglacial period may have been a 

consequence of not only changes in E/P but also a consequence of changes in 

moisture source region and routing of moist air masses. A change in the δ18O of the 

precipitation source and/or temperature, however, would probably not account for the 

large difference between LGM and deglacial δ18O results in the Petén Itzá record. 

Schrag et al. (2002) reports that the glacial-interglacial change in δ18O of a deep North 

Atlantic site (ODP site 981) was 0.7-0.8‰, and change in the Southern Atlantic (ODP 

site 1093) was 1.1‰. These results corroborate other studies that show the global 

average difference between seawater δ18O values in the LGM and present was 1.0 ± 

0.1‰. Modern values were probably reached by a change in temperature and ice/ocean 

volume during the deglacial period. 

Bradbury (1997) compiled results of LGM paleoclimate studies carried out in 

several regions of the southwest United States, Central America and northern South 

America. He observed a boundary at 95 °W, with a cold and dry LGM east of 95°W, and 

a cold and wet LGM west of 95°W (Bradbury 97). Lake Petén Itzá isotope data, together 

with pollen and lithology data, contribute to the understanding of regional climate 

conditions during the LGM, with the wet/dry boundary now moved eastward to 89°50’ W 
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(Figure 2-4). The causes of LGM climate change on the Yucatan Peninsula remain 

poorly understood. Central America and the Yucatan Peninsula are challenges for 

climate modelers due to the complex topography within such a small area. Future work 

should focus on developing climate models for the Yucatan Peninsula during the LGM. 

Conclusions 

Oxygen isotopes (δ18O), lithology and pollen data from a sediment core taken in 

Lake Petén Itzá provide evidence for a relatively wet LGM in lowland Central America, 

bracketed by drier conditions during Heinrich events 2 and 1. Wetter conditions during 

the LGM, inferred from the Lake Petén Itzá isotope record, are in agreement with 

paleoglacier data from Mexico and Guatemala. Glacial advances down to ~3,400 masl 

in Mexico and Guatemala suggest that the region was cooler and moister than present 

during the LGM. Retreat of glaciers in the region occurred sometime after the increase 

in Lake Petén Itzá δ18O values, which indicates a transition to drier conditions. Wetter 

conditions during the LGM in the lowlands of Central America may be explained by (1) 

an increase in summer precipitation due to a more northerly position of the Intertropical 

Converge Zone (ITCZ), or (2) an increase in winter precipitation due to the splitting of 

the jet stream and/or movement of moist eastern tropical Pacific air to the northeast. 

Factors that influenced climate change on the Yucatan Peninsula during the LGM are 

still poorly understood, but modeling efforts may provide insights into the climate forcing 

factors at that time. 
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Figure 2-1. (A) Map showing the locations of Lake Petén Itzá, northern Guatemala, and 
paleoclimate reconstruction sites discussed in this paper. Cariaco (Lea et al. 
2003 and Peterson et al. 2000), OCE 326-GGC5 (McManus et al. 2004), SU 
8118 (Bard 2002), MD95-2043 (Cacho et al. 1999) (B) Map showing the 
locations of Lake Petén Itzá and paleoglacier reconstructions discussed in 
this paper. (C) Map of Lake Petén Itzá showing the location of drilling sites PI-
2, PI-3, and PI-6. 
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Figure 2-2. (A) Calibrated radiocarbon dates versus meters composite depth (mcd) for 
sites PI-3 (blue) and PI-6 (red) used to construct the age model used by 
Hodell et al. (2008). (B) Calibrated radiocarbon dates versus mcd for sites PI-
3 (blue), PI-6 (red), and PI-2 (yellow) used to construct the age model used in 
this paper. Age model was derived by linear interpolation between selected 
age–depth points. 
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Figure 2-3. Magnetic susceptibility (red) and δ18O (blue) in sediment core PI-6. Light 
gray band represents the Last Glacial Maximum (23.0 – 19.0 cal ka BP) as 
define by Mix et al. (2001). 
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Figure 2-4. Summary map (modified from Bradbury 1997) of moisture conditions during 
the Last Glacial Maximum in the southwestern United States, Central Mexico 
and northern South America. Dashed line represents the wet-dry longitudinal 
boundary proposed by Bradbury (1997). Black line represents the new wet-
dry longitudinal boundary proposed based on results from this study. 

 



 

59 

CHAPTER 3 
CLIMATE CHANGE IN THE NORTHERN NEOTROPICAL LOWLANDS DURING THE 

LAST DEGLACIATION 

Introduction 

Central America and the Caribbean have been regions of intensive 

paleoenvironmental research in the last three decades (Brenner et al. 2002). Most 

research has focused on Holocene climate change (Hodell et al. 1991; Islebe et al. 

1996) and environmental consequences of human land use (Brenner 1983; Binford et 

al. 1987), with few records extending beyond the Holocene (Leyden 1984, 1995; 

Leyden et al. 1993). Our knowledge of Pleistocene climatic and environmental changes 

in the region is limited by the scarcity of high-resolution, pre-Holocene sediment records 

with good temporal control (Leyden 1995). Most of what is known about late Pleistocene 

climate in the continental region comes from lacustrine records from La Chonta Bog, 

Costa Rica (Hooghiemstra et al. 1992; Islebe et al. 1995), Lake La Yeguada, Panama 

(Piperno et al. 1990; Bush et al. 1992), and Lake Quexil (Deevey et al. 1983; Leyden et 

al. 1993). Some of the best regional paleoclimate records for last deglacial period come 

from marine deposits in the Gulf of Mexico (Flower et al. 2004; Aharon 2005) and the 

Cariaco Basin, north of Venezuela (Peterson et al. 2000; Hughen et al. 1996; Lea et al. 

2003). 

It was previously thought that the present interglacial represents a transition from 

relatively arid conditions during the Last Glacial Maximum (LGM), to moister conditions 

during the Holocene. Geochemical, isotopic, and pollen analysis from Lake Quexil, 

lowland Guatemala (Leyden et al. 1993), suggested that the last deglaciation occurred 

in two distinct phases, i.e. a “two-step” deglaciation, as seen in records from high-

latitude regions. The first phase, starting at 14 ka 14C BP, was characterized by 
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expansion of temperate oaks and low δ18O values that indicated warmer, more humid 

conditions than during the LGM (Leyden 1995). A second phase (12 ka – 10.3 ka 14C 

BP), with calcite precipitation in sediments, a reversal of forest expansion, but sustained 

low δ18O values, indicated a return to a colder (~1.5ºC), but sustained humid climate 

(Leyden 1995). This interpretation, however, was based on poor chronological control 

for the Lake Quexil core, which was likely influenced by hard-water error associated 

with a single date on a snail shell.  New dates on terrestrial plant fragments from the 

Petén Itzá core, combined with high-resolution lithologic analyses, indicate that, to the 

contrary, the LGM was relatively wet (Hodell et al. 2008). Pollen analysis of the Petén 

Itzá core shows that the driest period of the last glaciation was not the LGM, but 

instead, the deglacial period (Bush et al. 2009). 

Recently completed lithologic and pollen analyses do not, however, reveal a 

detailed picture of the timing, rate, or structure of the deglacial period following the end 

of the cold, moist LGM. Pollen counts were done at broad sampling intervals (Bush et 

al. 2009) and climate reconstructions inferred from lithology fail to capture subtle shifts 

in E/P, as it reflects a binary (“on-off”) proxy for water column conditions – i.e. saturation 

or under-saturation with respect to gypsum (Hodell et al. 2008). Here we present the 

first continuous, high-resolution (~decadal), continental isotope (δ18O) record from the 

northern Neotropics that spans the last deglaciation. This isotope record was generated 

using measurements on ostracod (Limnocythere sp.) valves and allows detailed 

examination of critical climate events during the last deglaciation, such as the Mystery 

interval, the Bolling-Allerod period, the Younger Dryas, and the Preboreal excursion in 
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the lowlands of Central America. Furthermore, it helps elucidate climate teleconnections 

between the northern Neotropical lowlands and high latitude regions. 

Study Site 

Lake Petén Itzá (~16°55’ N, 89°50’ W) is located in the Petén Lake District in the 

lowlands of northern Guatemala (Figure 3-1). It has a surface area of ~100 km2, and a 

maximum water depth of 160 m (Anselmetti et al. 2006). Lake Petén Itzá is fed 

hydrologically by direct rainfall, runoff, and subsurface groundwater. It lacks surface 

outlets and although some subsurface seepage may occur, it is effectively a closed-

basin lake (Hodell et al. 2008). Lake Petén Itzá’s water is dilute (11.22 meq/l) and it is 

dominated by calcium and magnesium cations and bicarbonate and sulfate anions 

(Hillesheim et al. 2005). Lakewater pH is high (~8.0) and at present the lake is saturated 

with calcium carbonate, which precipitates and accumulates in shallow zones of the 

water body (Hodell et al. 2008). The lake is probably thermally stratified throughout 

most of the year, though temperature differences between the hypolimnion (~25.4 ºC) 

and epilimnion (~30.0 ºC) are relatively small, even in summer. The lake water δ18O 

averages 2.62‰ (Curtis et al. 1998), greater than both the mean value for regional 

groundwater (-4‰) and annual weighted mean precipitation values (-5.7‰ to -4.0‰) 

(Rozanski et al. 1993), reflecting the importance of evaporation on the lake’s water 

budget. 

Lake Petén Itzá is situated in a climatically sensitive region. The amount of rainfall 

is related to the seasonal migration of the Intertropical Convergence Zone (ITCZ) and 

the Azores-Bermuda high-pressure system (Hastenrath 1984). The rainy season, 

associated with the northward migration of the ITCZ, occurs between June and 

December as easterly trade winds transport moisture from the Atlantic into the 
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Caribbean Sea and the Yucatán Peninsula. The rainy season is followed by a 

pronounced dry season during northern hemisphere winter (January through May) as 

the ITCZ moves southward. During the dry season, light winter precipitation is brought 

to the Yucatán Peninsula by polar air masses carried by northerly winds (Hodell et al. 

2008). 

Field and Laboratory Methods 

Between 3 February and 11 March 2006, we drilled Lake Petén Itzá at seven sites 

as part of the Lake Petén Itzá Scientific Drilling Project (Hodell et al. 2008). Sediment 

cores from Site PI-6 (Figure 3-1) provide a continuous stratigraphic sequence to ~75.9 

m composite depth (mcd), that represents ~85 cal ka of sediment accumulation, 

indicating a long-term mean sedimentation rate of ~1m/ka. Here we focus on the 

deglacial record from Lake Petén Itzá. 

To obtain ostracod valves (Limnocythere sp.) for δ18O analysis, 1-cm sediment 

samples were disaggregated using a 3% H2O2 solution. Samples were then washed 

through a 63-µm sieve and material was collected on filter paper and dried at 60°C. 

When dry, the material was transferred to glass scintillation vials. Adult specimens of 

Limnocythere sp. were picked from the sieved, >212-µm fraction in each 1-cm sample 

using a binocular microscope. Prior to isotopic analysis, ostracod specimens were 

cleaned using 15% H2O2 to remove organic material, and then rinsed in methanol 

before drying. Ostracods were checked for impurities inside the valves, and cleaned 

again if necessary. Approximately 12-20 individual ostracod carapaces, weighing a total 

of ~20-60 µg, were used for all samples. Multiple ostracod specimens were measured 

from each stratigraphic level to reduce the variance generated by running single short-

lived individuals (Heaton et al. 1995; Escobar et al. in press). Ostracod valves were 
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loaded into glass vials and CO2 was evolved from shells with a single-aliquot acid 

digestion in a Kiel III carbonate preparation device attached to a Finnigan-MAT 252 

isotope ratio mass spectrometer at the University of Florida. 

Proxy Interpretation: Oxygen Isotopes 

The δ18O value of precipitation depends, in part, on the isotope composition of the 

moisture source (e.g. sea water) and the extent of moisture depletion in the air mass as 

it is transported from the source area to the rainfall region (Leng et al. 2006). There is 

progressive depletion of H2
18O with increasing latitude, altitude, distance from the coast, 

and rainfall amount (Dansgaard 1964). The relative humidity and temperature of the 

atmosphere also contribute to isotopic fractionation in precipitation, from the time water 

evaporates from the ocean to the moment a raindrop hits the ground. 

Several factors can alter lakewater isotopic composition in closed-basin lakes 

where precipitation is the main water source. Among these factors are: (1) changes in 

the isotopic composition of the source water, either through a change in the isotope 

signature of the original source, or a change in the source region from which moisture is 

derived, (2) changes in the routing of moist air masses, and (3) changes in the relative 

humidity and/or temperature at any time from moisture formation to raindrop 

precipitation (Darling et al. 2006; Leng et al. 2006). 

In closed-basin Lake Petén Itzá, the relative amount of precipitation to evaporation 

is the principal control on the lakewater isotopic signature, as lakewater is several per 

mil enriched over regional rainfall and groundwater. Mean lakewater δ18O (2.62‰: 

Curtis et al. 1998) is greater than both the mean value for regional groundwater (-4‰) 

and annual weighted mean rainwater values in the circum-Caribbean lowlands (-5.7‰ 

to -4.0‰) (Rozanski et al. 1993), indicating substantial evaporative loss of water from 



 

64 

the lake. Periods of high E/P display relatively lower lake level and higher water-column 

δ18O values. Conversely, during episodes of low E/P, the lake shows higher water level 

and displays lower δ18O values. 

Lachniet and Patterson (2009) also investigated the variables that control surface 

water δ18O values in the Yucatan Peninsula. They analyzed δ18O of surface waters from 

Guatemala and Belize as well as data from the Global Network for Isotopes in 

Precipitation (GNIP) database. Spatially, distance from the coast (i.e. the “continentality 

effect”) and mean catchment altitude (i.e. the “altitude effect”) explain 84% of the 

surface water δ18O variability. In a given water body, the most important control on 

precipitation δ18O values through time was rainfall amount (i.e. the “amount effect”). 

Lakewater δ18O, together with water temperature, largely determines the δ18O in 

the calcium carbonate of shell-forming aquatic organisms such as ostracods, 

gastropods, and foraminifera. Colder temperatures yield greater δ18O values in 

precipitated carbonate, whereas warmer temperatures produce lower δ18O values. Thus 

a switch from higher δ18O values to lower δ18O values in ostracod shells could reflect a 

change in precipitation source and/or amount, as well as a change from colder and/or 

drier, to warmer and/or wetter conditions. Conversely, a switch from lower δ18O values 

to higher δ18O could reflect a change in precipitation source and/or amount, as well as a 

change to colder and/or drier conditions. 

Core Chronology 

The first age/depth model for the deglacial period (~18-10 cal ka BP) in the PI-6 

core from Lake Petén Itzá was derived from six AMS 14C dates on cores from drill sites 

PI-6 and PI-3 (Figure 3b and Table 5, Hodell et al. 08). Dates from the PI-3 core were 

projected onto the PI-6 core by correlating the two using their magnetic susceptibility 
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records.  New dates from drill sites PI-2 and PI-6 enabled development of a refined 

age/depth model. The new chronology is based on 17 AMS 14C dates from drill sites PI-

2, PI-3 and PI-6 (Table 3-1 and Figure 3-2) that cover the LGM and deglacial period. 

Radiocarbon measurements were done at the Center for Accelerator Mass 

Spectrometry (CAMS) at Lawrence Livermore National Laboratory and dates were 

calibrated using IntCal04: Northern Hemisphere (Reimer et al. 2004) and Fairbanks et 

al. (2005). All radiocarbon dates were measured on samples of terrestrial organic 

matter, thereby avoiding potential dating errors associated with hard-water lakes 

(Deevey and Stuiver 1964). 

Results 

A shift from relatively moist to more arid conditions occurred at the end of the 

LGM, ~19 ka BP (Escobar et al. in prep). The last deglaciation was marked in Lake 

Petén Itzá by three large decreases in the oxygen isotope ratio of the water, beginning 

at ~16.5, ~15.0 and ~10.6 cal ka BP (Figure 3-3).  These represent shifts to warmer 

and/or wetter conditions. Gradual increases in δ18O started ~19.0, ~16.3 and ~13.1 cal 

ka BP, indicating drying and/or cooling climate conditions (Figure 3-3). A gradual 

increase in δ18O from ~19.0-16.5 cal ka BP coincides with low sediment magnetic 

susceptibility (Figure 3-3). Low magnetic susceptibility is associated with high 

concentrations of gypsum, which precipitated from the water column as lake level 

declined, under relatively dry conditions (Hodell et al. 2008). The first large decline in 

the δ18O (2.2‰) from ~16.5-16.3 cal ka BP indicates a shift to wetter and/or warmer 

conditions (Figure 3-3). The decline in δ18O coincides closely with the cessation of 

gypsum precipitation and the onset of clay deposition. From ~16.3-15.0 cal ka BP, 

generally increasing δ18O indicates a switch from relatively warmer and/or more humid 
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conditions to increasingly colder and/or drier conditions. Midway into the increasing 

δ18O trend, clay deposition ceased and gypsum precipitation began. The second decline 

in δ18O (2.6‰) was a two-step process, with an abrupt drop from ~15.0-14.4 cal ka BP 

and a more gradual decline from ~14.4-13.1 cal ka BP. This downward turn in δ18O 

marks the onset of the Bolling-Allerod period. Clays deposited during the Bolling-Allerod 

period underlie and overlie gypsum layers that indicate relatively dry conditions. At the 

end of the Allerod period, clay deposition ceased and gypsum deposition resumed, 

indicating a return to drier conditions that mark the start of the Younger Dryas, ~13.1 cal 

ka BP. A coincident increase in δ18O indicates a switch to colder and/or drier conditions 

(Figure 3-3). The end of the Younger Dryas is marked by a gradual decline in δ18O 

(0.6‰) from ~11.5-10.6 cal ka BP, followed by an abrupt decrease (1.8‰) in δ18O from 

~10.6-10.3 cal ka BP, i.e. the end of the Preboreal period, indicating a change to 

warmer and/or wetter conditions. Unlike the isotope record, which displays a substantial 

decrease at the end of the Younger Dryas, lithology of the Petén Itzá core shows no 

change.  Gypsum precipitation did not cease until the end of the Preboreal period. 

Climate Reconstruction for the Last Deglaciation 

Strong inter-hemispheric climate coupling is seen during the last glacial period in 

studies of ice cores from Antarctica (EPICA Community Members 2006) and Greenland 

(North Greenland Ice Core Project members 04). An opposite climate response 

between the two hemispheres, i.e. a “sea-saw” response (Broecker et al. 1990; 

Broecker 1998), is evident in comparisons between large Antarctic warm events and 

stadial periods in the Northern Hemisphere (EPICA Community Members 2006). This 

“see-saw” pattern is explained by changes in the heat and freshwater flux (Bond et al. 

1997; Schmidt et al. 2004) connected to the Atlantic Meridional Overturning Circulation 
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(AMOC) (EPICA Community Members 2006). In the Atlantic Ocean, warm, saline 

waters move northward from the tropics and subtropics to the Northern North Atlantic 

region. In this region, surface waters release heat into the atmosphere, become denser, 

sink and flow southward to the southern Hemisphere. Freshwater input in the northern 

North Atlantic or subtropical North Atlantic (e.g. Gulf of Mexico) would have influenced 

the AMOC with global climate consequences (Broecker 1994, 2003; Otto-Bleisner and 

Brady et al. 09). A reduction in AMOC confines heat to the southern hemisphere with 

cooling of the Northern Hemisphere. 

A bipolar climate response, associated with AMOC changes, is also observed 

during the deglacial period (Broecker 1998; Carlson 2008), when changes in Earth’s 

orbital parameters, specifically an increase in northern hemisphere summer insolation, 

initiated the last deglaciation (Imbrie et al. 1992, 1993; Raymo 1997). Although not 

synchronous and of different magnitudes (Wunsch 2003), warming events during the 

deglacial period in Antarctica are associated with cold periods in Greenland (Oldest and 

Younger Dryas), and the Antarctic Cold Reversal (ACR) is associated with the Bolling-

Allerod warm period in the Northern Hemisphere. 

Time-series studies of instrumental climate data (Hastenrath and Greischar 1993; 

Nobre and Shukla 1996) and climate models (Chiang and Bitz 2005; Timmermann et al. 

2005; Zhang and Delworth 2005) show that the Intertropical Convergence Zone (ITCZ) 

is located in the warmer of the two hemispheres. Consequently, when AMOC 

decreases, i.e. when North Atlantic sea surface temperatures cool, the ITCZ migrates 

southward (Schiller et al. 1997; Vellinga and Wood 2002; Peterson and Haug 2006). In 

contrast, strong AMOC formation and consequent warming of the North Atlantic favors a 
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northward position of the ITCZ (Peterson and Haug 2006). Paleoclimate records show 

similarities between temperature reconstructions from high-latitude North Atlantic sites 

and changes in temperature and the hydrological cycle in the northern Neotropics 

during the last deglaciation (Hughen et al. 1996; Peterson et al. 2000; Lea et al. 2003). 

Global sea level rose by ~120 m since the LGM (Fairbanks et al. 2005; Bard et al. 

1996; Hanebuth et al. 2000). Coral records provide evidence for a gradual rise 

punctuated by a rapid sea level rise of >20m, Meltwater pulse 1A (MWP-1a), at some 

point during the last deglaciation. The causes, timing, and climatic consequences of 

MWP-1a during the last deglaciation remain topics for debate. Sea level reconstructions 

using fossil reefs from Barbados and Tahiti (Bard et al. 1996; Fairbanks et al. 2005; 

Peltier and Fairbanks 2006) place the onset of MWP 1A at ~14.2-14.0 cal ka BP. The 

Older Dryas climate event has been associated with MWP 1A (Stanford et al. 2006). 

However, Sea level reconstructions from the Sunda Shelf (Hanebuth et al. 2000), long-

chain n-alkane concentrations in cores from the northern South China Sea (Kienast et 

al. 2003), and a new record from Tahiti (Deschamps et al. 2009) place the onset of 

MWP 1A at ~14.7-14.6 cal ka BP. Clark et al. (2002) indicate that a considerable 

amount of water from MWP 1A was derived from the Antarctic Ice Sheet, with climate 

models (Weaver et al. 2003) suggesting this source as a triggering factor for the onset 

of the Bolling-Allerod Period. Regardless of the timing, rate and source of meltwaters, 

isotope values of ocean water, i.e. the source waters for rainfall, changed during the 

deglacial period, with a general trend to more depleted mean values. Thus, the Lake 

Peten Itza δ18O record might have been influenced by the change in the δ18O of the 

precipitation source. Although there is a large difference between meltwaters and ocean 
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isotope values, this effect is thought to have been small given the large differences in 

volume between the two reservoirs. 

The gradual increasing trend in oxygen isotope values from ~19.0-16.5 cal ka BP, 

and low magnetic susceptibility values associated with gypsum precipitation, indicate an 

increase in E/P and low lake levels during the early part of the “Mystery Period” (Denton 

et al. 2006). Isotope results are supported by pollen data and independent 

reconstructions of past water levels, which show that the early deglacial period was the 

time of maximum aridity (Bush et al. 2009) and lowest lake stage. Mueller et al. (in 

press) show a lake stage reduction of ~68 m, which implies a water depth at site PI-6 of 

only 3 m at that time. 

231Pa/230Th data from the Bermuda Rise (McManus et al. 2004) and a magnetic 

susceptibility record from the Eirik Drift, off the southern tip of Greenland (Stanford et al. 

2006), show an almost complete shutdown of the AMOC during the early deglacial 

interval. Furthermore, a marine sediment core from the Iberian Margin (SU8188) 

indicates cold sea surface temperatures (SST) and reduced salinity during Heinrich 

event 1 (H1) (Bard 2002). The timing of this increase in E/P in the lowlands of Central 

America thus coincides with evidence for cooling in Greenland (North Greenland Ice 

Core Project members 2004), a slowdown in the Atlantic Meridional circulation (AMOC) 

(McManus et al. 2004), and cooler sea surface temperatures in the subtropical 

northeastern Atlantic (Bard 2002) (Figure 3-4). Tropical and subtropical climate 

reconstructions during H1 show saltier waters in the Caribbean (Schmidt et al. 2004), 

and drier conditions inferred from cores taken in the marine Cariaco Basin, north of 

Venezuela (Peterson et al. 2000) (Figure 3-5). Increasing δ18O values in the Lake Petén 
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Itzá core, together with tropical and northern hemisphere climate reconstructions, 

support the idea of reduced AMOC and a southward position of the ITCZ during the 

early part of the Mystery Interval (Denton et al. 2006; Broecker et al. 2009) and Heinrich 

event 1 (Bond et al. 1992, 1993; Hemming 2004). 

The Lake Petén Itzá δ18O record shows decadal to centennial E/P fluctuations 

during the early part of the Mystery Period (Figure 3-3). Centennial climate variability 

during this time period is also seen in Greenland (North Greenland Ice Core Project 

members 2004), the North Pacific (Kiefer and Kienast 2005), and in a δ18O record from 

a speleothem collected on the Yucatan Peninsula (Gentry et al. 2008). Hodell et al. 

(1991) suggested that long-term E/P changes during the late Pleistocene and Holocene 

in the Caribbean region were a consequence of orbitally-forced (Milankovitch) insolation 

variations. Changes in the intensity of the annual cycle, for example, could explain the 

broad pattern of a dry late Pleistocene, a moister early Holocene and the drying trend in 

the late Holocene (Brenner et al. 2001). 

Orbital forcing, however, cannot explain decadal to centennial E/P fluctuations 

seen in the Lake Petén Itzá δ18O record during the early part of the Mystery Interval. 

Similar variability in the North Atlantic during H1 has been explained by the freshwater 

input from ice armadas coming into the Northern Atlantic Ocean. Grousset et al. (2001) 

found that during H1 and H2, four to six abrupt meltwater discharges happened on 

century time scales. Climate models indicate that freshwater addition to the North 

Atlantic during the last deglaciation would have influenced the strength of the AMOC. 

Otto-Bleisner and Brady (2009) simulated freshwater addition and results show that the 

shift of the ITCZ to a more northerly position after the freshwater forcing was faster 
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(decades) than the recovery of the AMOC (200-500 years), and related to changes in 

low-latitude SST (Otto-Bleisner and Brady et al. 2009). High-latitude temperatures and 

land-sea ice extent in the northern Neotropics might drive millennial variations in the 

position of the ITCZ (Chiang and Bitz 2005), whereas centennial to decadal ITCZ 

variations, such as variations seen during the first part of the Mystery Interval, might be 

more related to changes in low-latitude SST gradients (Otto-Bleisner and Brady et al. 

2009). 

The first large, abrupt decrease in δ18O from ~16.5 to ~16.3 cal ka BP occurred in 

the midst of the Mystery Interval. If the 2.2‰ decline recorded in the Lake Petén Itzá 

oxygen isotope record during this transition were solely attributable to temperature, it 

would have required a temperature increase of 8.8 °C. Although there are no 

paleotemperature reconstructions for this time interval in the lowlands Neotropics, Lea 

et al. (2003) report no change in sea surface temperature during this period for the 

marine Cariaco Basin (Figure 3-5). Furthermore, a speleothem oxygen isotope record 

from the Yucatan Peninsula also shows a pronounced and abrupt decrease in δ18O 

values at that time (Gentry et al. 2008). Synchrony between these two δ18O records, 

constructed with independent chronologies, provides strong evidence for a change in 

moisture source and/or an abrupt shift to more humid conditions in the Peten region 

during this period. There is, however, no evidence for enhanced precipitation near the 

Cariaco Basin (Peterson et al. 2000) at this time (Figure 3-5), pointing to a more local 

climate change. 

Lithologic shifts in the sediment core from Lake Peten Itza are thought to have 

been driven largely by E/P, with gypsum precipitation occurring under dry conditions 
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when ion concentrations exceeded saturation, and clay deposited during moist periods, 

when the water column was undersaturated with respect to gypsum. A switch to clay 

deposition occurred shortly after the abrupt decrease in δ18O. Evidence for fairly 

constant temperatures in the Cariaco Basin (Lea et al. 2003), together with synchroneity 

between changes in oxygen isotopes in the speleothem (Gentry et al. 2008) and 

lithological changes in the Lake Petén Itzá core, suggest a predominant role of E/P, 

rather than change in temperature or moisture source, to account for decreased δ18O in 

the lake record. The cause for this fast, but short-lived decrease in δ18O values remains 

elusive. 

From ~16.3-15.0 cal ka BP, generally increasing δ18O values indicate a switch 

from relatively warm and/or humid conditions to increasingly colder and/or drier 

conditions. Pollen assemblages also indicate dry conditions around Lake Petén Itzá 

during this interval (Bush et al. 2009). Further evidence for changes in the hydrological 

cycle comes from the Cariaco Basin core grey scale record (Figure 3-5), and lithologic 

changes in sediment core from Lake Petén Itzá (Figure 3-3). The onset of gypsum 

precipitation and cessation of clay deposition halfway into the increasing δ18O trend 

indicates a reduction in lake water level large enough to initiate gypsum precipitation. 

Furthermore, there is no evidence for significant changes in sea surface temperature 

during this time period in the Cariaco Basin (Lea et al. 2003). Thus, changes in E/P 

probably accounted for most of the shift in δ18O.  

Data compiled by Broecker et al. (2009) point to a two-part Mystery Interval. 

Paleoclimate reconstructions at paleolake Estancia, New Mexico, for example, show a 

wet LGM and a two-part Mystery Interval with a dry interval between 14.9 and 13.8 14C 
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ka BP (Allen and Anderson 2000). This two-part Mystery Interval is also evident in the 

CH4 records from Antarctica (Monnin et al. 2001), the δ18O record from Greenland 

(North Greenland Ice Core Project members 2004) and the Cariaco grey scale record 

(Peterson et al. 2000) (Figure 3-6). The lake Petén Itzá oxygen isotope record shows a 

two-part Mystery Interval with two distinct dry periods. 

Broecker et al. (2009) state that melting of two different ice armadas and further 

disruption of the AMOC could have caused the onset of the Mystery Interval and its 

division into two episodes. They used an ice-rafted debris (IRD) record off southern 

Portugal where two distinct events were identified at ~17.5 and ~16.1 cal ka BP (Bard et 

al. 2000). Melting of a second ice armada should reinforce the early dry conditions and 

thus contradicts evidence for an early, dry Mystery Interval followed by a late, wet 

Mystery Interval in the Western USA (Broecker et al. 2009). The climate impacts of a 

second ice armada, however, offer an explanation for the two-part Mystery Interval seen 

in Greenland and the Neotropics (Figure 3-6). The melting of a second ice armada 

would have brought even colder conditions to the North Atlantic and Greenland, and 

caused a more southerly position of the ITCZ in the Neotropics, with drier conditions in 

Cariaco and the Yucatan Peninsula (Figure 3-6). The Lake Peten Itza δ18O record adds 

to the growing number of paleoclimate records that show a two-part Mystery Interval. 

The second large, abrupt decreases in δ18O occur from ~15.0-14.4 and at ~14.4-

13.1 cal ka BP, with the latter episode being more gradual. This decline in δ18O 

coincides with the onset of clay deposition, and marks the second transition to warmer 

and/or wetter climate conditions of the Bolling-Allerod period. This interval coincides 

with the resumption of modern, deep ocean circulation (McManus et al. 2004). The 
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transition in Lake Petén Itzá coincides with a switch to higher sea surface temperatures 

(Lea et al. 2003), and an increase in precipitation (Peterson et al. 2000) in the 

Neotropics (Figure 3-5), as well as higher temperatures in high-latitude regions (Figure 

3-4) (North Greenland Ice Core Project members 2004). 

If the 2.6‰ decline recorded in the Lake Petén Itzá oxygen isotope record during 

this transition were solely attributable to temperature, it would have required a 

temperature increase of 10.4 °C. Although there are no paleotemperature 

reconstructions for this time interval in the lowland Neotropics, Lea et al. (2003) report 

an increase in sea surface temperature of ~3.5 °C during this period for the marine 

Cariaco Basin (Figure 3-5). Although there might be a temperature component, with 

higher temperatures reached in continental regions than the ocean, to the abrupt 

decrease in δ18O in the Lake Petén Itzá record, changes in E/P probably account for the 

bulk of the δ18O change. Furthermore, the decrease in δ18O coincides with a switch 

from gypsum to clay. This concurrent shift in lithology argues for the predominant role of 

E/P, rather than temperature, on the isotopic record during these wetter periods. 

A small return to higher δ18O values, i.e. a switch to colder and/or drier conditions 

and the onset of gypsum deposition at ~13.1 cal ka BP, marked the beginning of the 

Younger Dryas (YD) (Figure 3-3). During the YD, Cariaco also experienced a return to 

colder and drier conditions. Lea et al. (2003) report an abrupt decrease in temperature 

of 4.5 °C at ~12.9 cal ka BP and Peterson et al. (2000) show reduced precipitation 

around the same time. A decline in North Atlantic Deep Water (NADW) production 

(Hughen et al. 2000) and AMOC (McManus et al. 2004) during the YD would have 

caused a more southerly position of the ITCZ, with reduced precipitation in the northern 
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Neotropics (Peterson et al. 2000; Haug et al. 2001) and increased rainfall in the 

southern Neotropics (Baker et al. 2001). Colder and/or drier conditions in the lowlands 

of Guatemala during the YD are consistent with paleoclimate reconstructions (Haug et 

al. 2001; Baker et al. 2001) and climate model results (Schiller et al. 1997; Vellinga and 

Wood 2002). 

The termination of the YD, observed at ~11.5 cal ka BP in geographically distant 

regions (North Greenland Ice Core Project members 2004; Haug et al. 2001), is seen in 

the Petén Itzá δ18O data, but not in the magnetic susceptibility record (Figure 3-3). A 

gradual decline in δ18O from ~11.5 to ~10.6 cal ka BP, followed by the third abrupt 

decrease in δ18O from ~10.6 to ~10.3 cal ka BP, indicates a change to warmer and/or 

wetter conditions at the end of the predominantly dry deglacial. Although the pollen data 

suggest an increase in rainfall at that time (Bush et al. 2009), gypsum precipitation, 

which indicates low water levels, continued until the end of the Preboreal period at 10.3 

cal ka BP (Hodell et al. 2008). The discrepancy between the isotopic and lithologic data 

can be reconciled if we accept the notion that water levels began to increase around 

11.5 cal ka BP, inferred from the decrease in δ18O, but only attained a depth sufficient to 

reduce ionic concentration and terminate gypsum precipitation, at 10.3 cal ka BP. 

Isotope results from the Petén Itzá sediment core are in agreement with 

hydrological proxies Ti and Fe from the Cariaco Basin that show wetter conditions 

during the period 11.5 -10.5 cal ka BP (Haug et al. 2001), presumably as a 

consequence of a more northerly position of the ITCZ. Temperature in the Cariaco 

Basin (Lea et al. 2003) increased ~3.5 °C from ~11.7-11.5 cal ka BP and remained 

nearly constant thereafter (Figure 3-5). The δ18O decrease in Petén Itzá of 2.4‰ from 
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~11.5 to ~10.3 cal ka BP would have required a temperature increase of 9.6 °C had 

there been no change in E/P. Temperature changes inferred from nearby marine 

sediment records, together with the calculated temperature increase that would have 

had to occur to account for the change in the Lake Petén Itzá isotope record, point to 

the principal role of E/P on the isotope signal during the last, abrupt δ18O transition. 

Climate records from Greenland (North Greenland Ice Core Project members 

2004), the North Atlantic (Jansen and Veum 1990) and Antarctica (Jouzel et al. 1995) 

all exhibit a “two-step” behavior during the last deglaciation. Deglacial climate in the 

lowlands of Central America evidently differed from climate elsewhere. The Petén Itzá 

isotope record displays three large, abrupt climate transitions. This continental, “three-

step” deglacial record was a consequence of combined hemispheric and regional 

climate forcings.  

Conclusions 

Our results illustrate the connection between North Atlantic and tropical Atlantic 

climate during the deglacial. Periods of reduced AMOC and cool SST temperatures in 

the North Atlantic coincide with a more southerly position of the ITCZ and thus colder 

and/or drier climate in the lowlands of northern Central America (The Oldest Dryas and 

the Younger Dryas). Colder and/or drier conditions around Petén Itzá are recorded 

during the late part of the Mystery Interval. Similar trends are also seen in the isotope 

record from Greenland and the gray scale record from the Cariaco Basin. Deglacial 

climate inferred for the lowlands of Central America differed from paleoceanographic 

climate reconstructions, which show a “two-step” deglaciation. In the Petén Itzá record, 

the cause of the first shift in the midst of the Mystery Interval remains elusive, whereas 

the other two shifts mark the start of the Bolling-Allerod Period, and the end of deglacial 
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aridity. Future research will focus on trying to tease apart the relative impacts of 

temperature and E/P on the Lake Petén Itzá oxygen isotope record. 
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Table 3-1. Age-depth points used to derive chronology shown in Figure 3-2. 
   Depth  Depth     Fairbanks et al. 05 Intcal 04 
Site in site in site 6 Age 14C ± Age cal ± Age cal ± 
  mcd mcd yr B.P. (1s) yr B.P. (1 s) yr B.P. (1 s) 

2 13.06 10.47 7835 30 8603 27 8614 38 
3 11.32 10.69 8675 35 9602 46 9619 48 
6 10.86 10.86 9040 35 10213 16 10213 22 
3 14.17 13.06 11210 35 13048 43 13118 47 
6 13.35 13.35 11290 60 13125 72 13177 54 
6 13.41 13.41 11380 140 13229 154 13258 134 
6 13.87 13.87 11390 50 13236 74 13255 48 
2 17.74 14.26 11880 35 13719 48 13747 44 
6 14.49 14.49 12460 60 14396 150 14535 196 
2 20.71 16.81 13095 40 15252 109 15489 159 
2 21.91 17.55 13480 45 15693 119 16035 188 
2 22.13 17.68 13560 45 15784 119 16143 190 
2 25.74 21.20 15355 50 18595 68 18723 54 
6 23.64 23.64 17650 240 20896 321 20896 343 
2 28.62 24.63 19740 70 23589 115 23641 145 
6 25.73 25.73 19990 180 23880 217 23939 243 
2 31.75 27.85 21940 80 26399 131     
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Figure 3-1. (A) Map showing the locations of Lake Petén Itzá, northern Guatemala, and 
paleoclimate reconstruction sites discussed in this paper: Cariaco (Lea et al. 
2003 and Peterson et al. 2000), VM28-122 (Schmidt et al. 2004), OCE 326-
GGC5 (McManus et al. 2004), SU 8118 (Bard 2002), NGRIP (North 
Greenland Ice Core Project members 2004), and Dome Concordia (Dome C) 
(Monnin et al. 2001). (B) Bathymetric map of Lake Petén Itzá showing the 
location of drill sites PI-2, PI-3, and PI-6. 



 

80 

 

 

Figure 3-2. (A) Calibrated radiocarbon dates versus mcd for sites PI-3 (blue) and PI-6 
(red) used to construct the age model used by Hodell et al. (2008). (B) 
Calibrated radiocarbon dates versus meters composite depth (mcd) for sites 
PI-3 (blue), PI-6 (red), and PI-2 (yellow) used to construct the age model used 
in this paper. Age model was derived by linear interpolation between selected 
age–depth points. 
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Figure 3-3. Magnetic susceptibility (red) and δ18O (blue) in sediment core PI-6. δ18O 
data indicated by open circles are from Lake Petén Itzá core 11A (Hillesheim 
et al. 2005). Cores 11A and PI-6 were correlated using an ash layer in both 
cores at the Pleistocene-Holocene transition. Dated climate periods are 
based on Greenland Ice Core Chronology 2005 (GICC05) (Rasmussen et al. 
2006). 2bk: ages relative to A.D. 2000. 
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Figure 3-4. δ18O in sediment core PI-6 and core 11A (blue). δ18O data indicated by open 
circles are from Lake Petén Itzá core 11A (Hillesheim et al. 2005) and are 
compared to the δ18O of the NGRIP (North Greenland Ice Core Project 
members 2004) (green) and sea surface temperatures derived from 
alkenones in core SU8118 from the subtropical NE Atlantic (Bard 2002) 
(purple). Each record is plotted on its own, independent time scale. Dated 
climate periods are based on Greenland Ice Core Chronology 2005 (GICC05) 
(Rasmussen et al. 2006). 2bk: ages relative to A.D. 2000. 
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Figure 3-5. δ18O in sediment core PI-6 and core 11A (blue). δ18O data indicated by open 
circles are from Lake Petén Itzá core 11A (Hillesheim et al. 2005) and are 
compared to sea surface temperature reconstructions (Lea et al. 2003) 
(orange) and color reflectance (Peterson et al. 2000) (brown) from the 
Cariaco Basin. Each record is plotted on its own, independent time scale. 
Dated climate periods are based on Greenland Ice Core Chronology 2005 
(GICC05) (Rasmussen et al. 2006). 2bk: ages relative to A.D. 2000. 
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Figure 3-6. δ18O of the NGRIP (North Greenland Ice Core Project members 2004) 
(green). δ18O in sediment core PI-6 (blue). Color reflectance (Peterson et al. 
2000) (brown) from the Cariaco Basin. Methane data (grey) from Dome C, 
Antarctica (Monnin et al. 2001). Each record is plotted on its own, 
independent time scale. Light gray band represents the mystery Interval (17.5 
– 14.5 cal ka) as define by Denton et al. (2006). Dark grey bands represent 
ice armada events at ~17.5 and ~16.1 cal ka BP reported by Bard et al. 
(2000). 
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CHAPTER 4 
ISOTOPE MEASUREMENTS OF SINGLE OSTRACOD VALVES AND GASTROPOD 
SHELLS FOR CLIMATE RECONSTRUCTION: EVALUATION OF WITHIN-SAMPLE 

VARIABILITY AND DETERMINATION OF OPTIMUM SAMPLE SIZE 

Introduction 

Lake sediment cores from the Yucatan Peninsula have the potential to contain 

high-resolution paleoclimate records (Leyden et al. 1993; Brenner et al. 2002). The 

peninsula is composed of low-lying Tertiary limestones (Wilson 1984). Thus, most 

regional water bodies are rich in calcium carbonate and often contain abundant remains 

of calcite and aragonite shell-bearing aquatic invertebrates (i.e. ostracods and 

gastropods). Oxygen isotope (δ18O) analyses from gastropods and ostracods in 

Yucatan lake sediments have been used to infer past changes in the 

evaporation/precipitation (E/P) ratio, i.e. effective moisture availability (Curtis et al. 

1996, 1998; Hodell et al. 1995, 2005). 

Assuming oxygen isotope equilibrium is achieved during calcite precipitation, two 

principal factors control the δ18O of calcium carbonate shells in freshwater 

environments: (1) the lake water δ18O at the time of shell formation, and 2) the 

temperature at which the shell formed. We assume temperatures on the Yucatan 

Peninsula did not change appreciably during the late Holocene and, therefore, changes 

in lake water δ18O were the major control on δ18O of shell carbonate over the last ~3.5 

ka (Hodell et al. 2007). Assuming no major change in source waters entering a lake, 

δ18O of water in tropical, closed-basin water bodies is determined by the relationship 

between hydrologic input (precipitation) and output (evaporation) (Covich and Stuiver 

1974; Fontes and Gonfiantini 1967). During dry periods, when E/P is relatively high, 

lake water and shell carbonate δ18O are also high because enhanced evaporation of 
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lighter H2
16O leaves the water body enriched in H2

18O. Conversely, during wetter times, 

the lake water displays relatively low δ18O. 

The δ13C of dissolved inorganic carbon (DIC) in lake water is affected by multiple 

processes (Leng and Marshall 2004), including: (1) the carbon isotope composition of 

inflow waters (Leng et al. 1999), (2) CO2 exchange between the lake and the 

atmosphere (Talbot and Kelts 1986; Ricketts and Johnson 1996), and (3) 

photosynthesis-respiration of aquatic plants and calcium carbonate precipitation 

(McKenzie and Hollander 1993). Furthermore, processes that occur near the lake bed 

(methanogenesis, sulfate reduction, and sediment diagenesis) affect DIC values in 

profundal waters. Thus carbon isotopes undergo fractionation several times before 

being incorporated into the carbonate shells of aquatic organisms. In lakes, δ13C of 

organic matter and carbonate in sediments can be used to track changes in carbon 

cycling and lacustrine productivity. 

In previous paleoclimate studies on the Yucatan Peninsula, oxygen isotope 

records were developed using multiple ostracod or gastropod specimens from each 

stratigraphic level in lake sediment cores. The number of individual shells analyzed in 

these studies, >15 per stratigraphic level when possible, was chosen based on a study 

by Xia et al. (1997) that explored seasonal variability in the geochemistry of ostracod 

valves. Two of the taxa used in those studies, and also used here, display large 

differences in habitat preference and ecological requirements. The ostracod 

Cytheridella ilosvayi Daday is a benthic organism and its carapace is composed of 

calcite, whereas the gastropod Pyrgophorus coronatus Pfeiffer typically lives in the 

littoral zone and its shell is made of aragonite. Furthermore, the two taxa produce their 
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shells by different processes. Ostracods molt and secrete new calcareous carapaces 

within very short time periods (Peypouquet et al. 1988), whereas gastropods 

continuously accrete new shell material (Curtis et al. 1996). Assemblages of ostracods 

and gastropods within a single stratigraphic layer are thus often composed of multiple 

generations that secreted their shells at different times. The rationale for analyzing 

multiple individuals from a sample is that it reduces variance that might otherwise result 

from measuring single, short-lived individuals, and thus provides a reliable record of 

low-frequency climate trends (Curtis et al. 1996; Hodell et al. 2005). 

Few studies have attempted to determine how many shells or valves of individual 

organisms in each stratigraphic interval are necessary to identify low-frequency climate 

trends, i.e. to yield a reliable mean climate signal for a stratigraphic layer, or what 

factors influence the required sample size. Previous investigations along these lines 

used ostracods and foraminifera, but focused on trace element variability (Chivas et al. 

1985; De Deckker et al. 1988; Palacios-Fest and Dettman 2001; Holmes 2008).  A few 

such studies used stable isotopes on ostracods (Heaton et al. 1995; Xia et al. 1997). To 

our knowledge, only one study using the isotope signature of gastropods shells tried to 

address this fundamental question (Jones et al. 2002). No study has specifically 

considered the use of stable isotope variability among individuals to determine the 

required sample size. 

Heaton et al. (1995) found large variability of δ18O and δ13C in valves from modern 

monospecific ostracods taken in single sampling campaigns from lakes in Jamaica 

(Wallywash Great Pond) and Mexico (Lake Pátzcuaro). Furthermore, stratigraphic δ18O 

measurements on individual ostracod valves from a sediment core taken in Wallywash 
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Great Pond showed that variations in E/P over a period of ~100 yrs were equal in 

magnitude to changes recorded throughout the late Quaternary (Heaton et al. 1995). 

Xia et al. (1997) explored seasonal variability of ostracod valve geochemistry (δ18O, 

δ13C, Mg/Ca, and Sr/Ca) in the species Candona rawsoni Tressler from lakes of the 

American Midwest. They found high intra-annual variability in live populations. Xia et al. 

(1997) suggested that 10-15 valves might be needed from each stratigraphic interval to 

remove the influence of high-frequency variations (seasonal changes) on the low-

frequency trend (long-term climate change). Nevertheless, they did not explain explicitly 

how they arrived at these values. Jones et al. (2002) looked at intra-depth variability of 

δ18O in the gastropods Gyraulus piscinarum Bourguignat and Valvata cristata Müller 

from a small lake in southwest Turkey. They plotted the number of shells analyzed 

individually vs. the range of δ18O and concluded that, on average, six individuals 

represent 87% of the true δ18O range. 

Holmes (2008) looked at sample variability in several ostracod species from non-

marine, marginal-marine, and shallow-marine environments. He measured trace 

element chemistry (Mg and Sr) to assess how many individuals should constitute a 

sample. The statistical approach he used is also valid for determining the correct 

sample size for stable isotope analyses. Similar to earlier studies, Holmes (2008) found 

high variability among the single valves measured and concluded that variable numbers 

of ostracod valves, sometimes >10, although sometimes fewer, are necessary to 

distinguish low-frequency changes from high-frequency trends. 

Climate reconstructions inferred from stable isotope measurements on sub-fossil 

valves or shells commonly use multiple remains to constitute a sample. This approach 
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helps to distinguish low-frequency trends from high-frequency variability. Furthermore, 

many ostracod species are too small to make a reliable measurement on the mass 

spectrometer, thus requiring multiple individuals to constitute a sample. For example, 

the Kiel III carbonate preparation device attached to the Finnigan-MAT 252 isotope ratio 

mass spectrometer at the University of Florida requires a minimum of 20 µg per sample. 

Only one valve of the species C. ilosvayi is needed to achieve the required mass. As 

many as 12 valves, however, are needed when working with some species of the genus 

Lymnocythere. 

Intra-sample isotope variability, which could potentially reveal information about 

past climate, is generally neglected. Ostracods and small gastropods have life spans 

that range from months to years (Meisch 2000). The range and variance of isotope 

values measured on a suite of short-lived individuals from a single stratigraphic level 

can be used to assess climate variability within the short period of sediment deposition. 

Koutavas et al. (2006) employed this approach to quantify past El Niño Southern 

Oscillation (ENSO) variability by looking at the variance of δ18O among individual 

foraminifera from a marine core collected near the Galapagos Islands. They concluded 

that reduced variance of within-sample δ18O measures reflected attenuated ENSO 

amplitude. To our knowledge, this approach has not been used in a non-marine context 

to evaluate high-frequency continental climate variability. 

The objectives of this study were to (1) investigate “within-horizon” variability in 

stable isotope signatures of ostracod valves and gastropod shells from lake sediment 

cores collected on the Yucatan Peninsula, (2) determine the optimum sample size, i.e. 

number of individuals required to make low-frequency climate reconstructions, and (3) 
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evaluate the potential for using intra-sample δ18O variability in ostracod and gastropod 

shells as a proxy measure of high-frequency climate variability. 

Study Sites 

For this study, we used sediment cores from Lakes Punta Laguna, Chichancanab, 

and Petén Itzá (Figure 4-1). The lakes are all located on the Yucatan Peninsula, but 

display different morphometries (Table 4-1). Sediments from these lakes were chosen 

for several reasons. First, existing, well-dated (AMS 14C dates) oxygen isotope records 

from Lakes Punta Laguna and Chichancanab showed substantial low-frequency 

evaporation/precipitation (E/P) variability during the late Holocene. Second, sediments 

are replete with well-preserved ostracod and gastropod remains. Third, all lakes are 

effectively closed-basin lakes so that changes in the oxygen isotopic signature of 

ostracods and gastropods faithfully record changes in lake level fluctuations and thus 

past moisture availability in the region. Lastly, the lakes are located in the region where 

lowland Maya civilization developed, flourished and eventually collapsed (Hodell et al. 

1995, 2007; Curtis et al. 1996).  This offers the possibility of relating climate 

reconstructions to ancient Maya cultural changes detected in the archaeological record. 

Laboratory Methods 

We used sediment samples from cores collected from Lakes Punta Laguna (Curtis 

et al. 1996) and Chichancanab (Hodell et al. 1995) in 1993, and from Lake Petén Itzá in 

1999. Individual ostracod valves and gastropod shells were selected from 1-cm 

stratigraphic sediment sections that were shown to have been deposited during both 

wet and dry climate periods, represented by low and high δ18O, respectively. Individual 

valves of adult specimens of the ostracod C. ilosvayi were picked from the sieved 425-

500-µm fraction in each 1-cm sample, using a fine paint brush under a low-power 
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binocular microscope. Prior to isotope analysis, ostracod valves were cleaned using 

15% H2O2 to remove organic material, and rinsed in methanol before drying. Valves 

were then checked for impurities using a binocular microscope. Individual gastropods, 

when present, were also picked from the same stratigraphic horizons used for stable 

isotopic analysis of ostracods. Single specimens of P. coronatus were picked from the 

sieved sediment and cleaned in the same manner used for ostracods. Gastropod shells 

were individually crushed to look for impurities inside the shell, further cleaned when 

necessary, and ground to a fine powder using a mortar and pestle. Individual ostracod 

valves were weighed and loaded into glass vials. Likewise, ground carbonate from each 

gastropod was weighed and placed into a glass vial. Carbonate samples were 

measured with a single aliquot acid digestion in a Kiel III carbonate preparation device 

attached to a Finnigan-MAT 252 isotope ratio mass spectrometer at the University of 

Florida. Ground carbonate from a single gastropod in each stratigraphic horizon was run 

five times to evaluate homogenization of the carbonate powder. 

Analytical variability was measured by replicate analysis of the standard material 

NBS-19 (δ18O = 2.20, δ13C = 1.95). The mean and standard deviation of NBS-19 were 

calculated for all single-day runs as well as for the entire study. Optimum sample size, 

defined as the minimum number of individuals that achieves acceptable error for each 

stratigraphic level, was calculated using the formula: 

n = (t x s/E)2,                                                                                                      (4-1) 

where t is the student’s t value for a given level of significance, s is the standard 

deviation, and E is the acceptable error (Holmes 2008). The level of significance for all 

stratigraphic layers was set at α = 0.01. The acceptable error was chosen using the 
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variability seen in the stratigraphic sequence in its entirety and set at 10% of the total 

variability. A smaller acceptable error (e.g. 5%) generates a larger optimum number of 

individuals for a sample, whereas a larger acceptable error (e.g. 15%) generates a 

smaller optimum number of individuals for a sample. The method used in this study to 

estimate sample size was retrospective in that each sediment sequence had been 

analyzed previously. 

Comparison of stable isotope variability for the two taxa in each stratigraphic level 

(i.e. δ18O in C. ilosvayi vs. δ18O in P. coronatus) was achieved using the F test. The 

statistical approach for calculating optimum sample size and applying the F test requires 

that the statistical population is distributed normally. This requirement was verified using 

standard “goodness of fit” tests. All reported variability is 1 standard deviation (1 sd).  

Results 

Eight hundred and thirty-eight individual stable isotope (δ18O, δ13C) measurements 

from 51 stratigraphic horizons were analyzed in this study. The NBS-19 standard 

deviation on single-day runs (n = 8 for all runs) ranged from 0.02‰ to 0.12‰ for δ18O 

and from 0.01‰ to 0.11‰ for δ13C. Summary statistics on NBS-19 for the length of the 

study (n = 253) yielded a mean and standard deviation = –2.19±0.08‰ for δ18O, and 

1.96±0.04‰ for δ13C. 

In the Lake Punta Laguna core, 21 stratigraphic layers were picked for the 

ostracod C. ilosvayi and 10 stratigraphic layers for the gastropod P. coronatus. The 

number of individual measurements (n) from each stratigraphic layer ranged from 7 to 

30 for C. ilosvayi and from 8 to 30 for P. coronatus (Table 4-2). The average weight for 

an individual C. ilosvayi valve was 28 µg (n=370), and there was little correlation 

between valve weight and δ18O (r=0.16, p<0.01) and δ13C (r=0.28, p<0.01) 
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measurements. Standard deviation values within stratigraphic levels in Lake Punta 

Laguna ranged from 0.46‰ to 1.89‰ for δ18O and from 0.47‰ to 1.74‰ for δ13C 

measurements on C. ilosvayi (Tables 4-2 and 4-3). Standard deviation values on P. 

coronatus ranged from 0.19‰ to 1.47‰ for δ18O and from 0.33‰ to 1.41‰ for δ13C 

(Tables 4-2 and 4-3). Standard deviation on individual P. coronatus, which were run five 

times to check for sample homogenization, ranged from 0.02‰ to 0.10‰ for both δ18O 

and δ13C. Optimum sample size values in Lake Punta Laguna ranged from 9 to 138 for 

δ18O and from 6 to 60 for δ13C measurements on C. ilosvayi (Tables 4-2 and 4-3). 

Optimum sample sizes for P. coronatus ranged from 1 to 43 for δ18O and from 2 to 34 

for δ13C (Tables 4-2 and 4-3). 

In the Lake Chichancanab core, four stratigraphic layers were picked for the 

ostracod C. ilosvayi and 11 stratigraphic layers for the gastropod P. coronatus. The 

number of individual measurements (n) from each stratigraphic layer ranged from 9 to 

19 for C. ilosvayi and from 7 to 25 for P. coronatus (Table 4-4). The average weight for 

an individual C. ilosvayi valve was 32 µg (n=60), and there was no correlation between 

valve weight and δ18O (r=0.15) or δ13C (r=0.04) measurements. Standard deviation 

values in Lake Chichancanab ranged from 0.59‰ to 0.83‰ for δ18O and from 0.50‰ to 

0.99‰ for δ13C measurements on C. ilosvayi (Tables 4-4 and 4-5). Standard deviation 

values on P. coronatus ranged from 0.24‰ to 1.14‰ for δ18O and from 0.31‰ to 1.12‰ 

for δ13C (Tables 4-4 and 4-5). Standard deviation on the individual P. coronatus, which 

were run five times to check for sample homogenization, ranged from 0.04‰ to 0.13‰ 

for δ18O and from 0.02‰ to 0.08‰ for δ13C. Optimum sample size values in Lake 

Chichancanab ranged from 25 to 55 for δ18O and from 2 to 11 for δ13C measurements 
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on C. ilosvayi (Tables 4-4 and 4-5). Optimum sample size values on P. coronatus 

ranged from 1 to 45 for δ18O and from 2 to 32 for δ13C (Tables 4-4 and 4-5). 

In the Lake Petén Itzá core, five stratigraphic layers were picked for the gastropod 

species P. coronatus. The number of individual measurements (n) from each 

stratigraphic layer ranged from 10 to 27 for P. coronatus (Table 4-6). Standard deviation 

values in Lake Petén Itzá ranged from 0.23‰ to 0.40‰ for δ18O and from 0.41‰ to 

0.73‰ for δ13C measurements on P. coronatus (Table 4-6). Standard deviation on the 

individual P. coronatus, which were run five times to check for sample homogenization, 

ranged from 0.03‰ to 0.07‰ for δ18O and from 0.05‰ to 0.06‰ for δ13C. Optimum 

sample size values in Lake Petén Itzá ranged from 6 to 17 for δ18O and from 6 to 15 for 

δ13C measurements on P. coronatus (Table 4-6). 

Discussion 

Standard deviation on ostracod/gastropod measurements was one order of 

magnitude greater than the standard deviation measured on NBS-19 during single-day 

runs or over the entire study. Variability among individual P. coronatus measurements 

within a stratigraphic level was also one order of magnitude greater than the variability 

within a single individual P. coronatus shell used to check for sample homogenization. 

There was little mass dependency of δ18O and δ13C measurements on C. ilosvayi from 

Lake Punta Laguna and no mass dependency from Lake Chichancanab. Thus, 

variability among individuals within a stratigraphic sample is not explained by instrument 

precision, laboratory procedures (i.e. poor homogenization), or sample mass. 

Within-Horizon Variability and Calculation of Optimum Sample Size 

Calculated optimum sample sizes for both isotopes in C. ilosvayi and P. coronatus 

indicate that “optimum” numbers vary appreciably throughout the core (Tables 4-2, 4-3, 
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4-4, 4-5, 4-6). In many cases, the calculated optimum sample size value was greater 

than the number of measurements used to calculate the optimum value, creating some 

uncertainty with regard to the calculated optimum n value.  Optimum sample size 

numbers sometimes differ greatly in layers that are only centimeters apart. In Lake 

Punta Laguna, optimum sample size numbers for δ13C analysis of C. ilosvayi ranged 

from 15 to 46 valves in layers only 1 cm apart (i.e. on average, ~6 years apart). 

Similarly, optimum “n” values for δ18O analysis of P. coronatus in Lake Chichancanab 

ranged from 1 to 22 individuals in contiguous layers (i.e. on average, ~20 years apart). 

This variability may be explained by differences in the ecology and life histories of the 

two organisms, about which virtually nothing is known, as well as the oxygen and 

carbon isotope behavior within the water body, changes in lake morphometry (surface 

area/volume), and sedimentation rate. For example, during water-level high stands, 

Lake Punta Laguna possesses three connected basins with broad littoral areas. 

Biogenic calcium carbonate production occurs primarily in this extensive littoral zone. A 

reduction in water level of only 2 m isolates the three basins and reduces the littoral 

area (Hodell et al. 2007). Heterogeneous littoral areas show variable water isotopic 

compositions and may thus lead to large variability in the δ18O of individual ostracods 

and gastropods shells. 

Optimum sample size numbers are large in some cases. In Lake Punta Laguna, at 

130 cm core depth (cmcd) (~1109 AD), calculations indicate that 138 individual valves 

should be used to characterize the δ18O of the population and achieve the specified 

level of significance and acceptable error. When calculating statistical variables for 

populations, sample size is important. Large samples yield greater statistical reliability. 
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Optimum sample size, however, must achieve a balance among the number of remains 

available, statistical considerations, and practical limitations on the number of samples 

that can be analyzed. 

Cytheridella ilosvayi is a benthic ostracod, whereas the snail P. coronatus typically 

occupies the littoral zone. Mueller et al. (2008) found that sediments in Lake Petén Itzá 

are characterized by gastropod-rich carbonate silt to a water depth of ~23 m, whereas 

sediments in waters deeper than 23 m had no gastropods. Lake water variables may 

display greater variability in the littoral zone than in deeper areas, thus one might expect 

gastropod species to display higher variability in isotopic values than ostracod species. 

Our results, however, show contrary results. For stratigraphic layers in which δ18O data 

were collected for both P. coronatus and C. ilosvayi, isotopic variance between taxa 

was significantly different (F test, α = 0.05) in about half the sediment layers analyzed 

(Tables 4-2 and 4-4). In layers that displayed a significant difference, variance was 

generally greater for C. ilosvayi than for P. coronatus. Consequently, optimum sample 

size numbers were also larger for C. ilosvayi than for P. coronatus (Tables 4-2 and 4-4, 

Figure 4-2). These differences in variance are probably a consequence of the different 

processes of calcification. Ostracods moult 9 times before reaching adulthood, with 

growth of a new carapace (two valves) at each moult (Turpen and Angell 1971; Okada 

1982) over very short time periods (2–3 days) (Peypouquet et al. 1988). After the last 

molt, ostracods can live up to 3 years (Simstich et al. 2004) without any further addition 

of calcite to the shell. Gastropods, on the other hand, accrete new shell layers 

continuously and can live for more than a year. This difference in shell production 

enables ostracods to record short-duration isotopic values in lake water (i.e. days), 
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whereas gastropods record isotope values in the water continuously, over longer 

periods of time (seasonal/annual). This may account for the larger δ18O variance among 

individuals of C. ilosvayi than P. coronatus.  

In the littoral zone, macrophytes and phytoplankton discriminate against 13CO2 

during carbon fixation, thus the DIC pool in the epilimnion becomes enriched in 13C. 

This 13C-enriched DIC is incorporated into CaCO3 shells of littoral organisms. We might 

therefore expect higher δ13C values for P. coronatus than for C. ilosvayi, as P. 

coronatus is primarily confined to the littoral zone. Variance comparison (F test, α = 

0.05) between δ13C of P. coronatus and C. ilosvayi, however, shows significant 

differences only in a few stratigraphic layers, with no clear pattern as to which organism 

has higher or lower variability (Tables 4-3 and 4-5, Figure 4-2). This lack of pattern in 

δ13C variability might be explained by the complexity of the carbon isotope system 

within a lake, together with different food sources and physiological pathways for shell 

construction, as well as micro-scale variations in the carbon isotope composition of the 

DIC in the littoral zone and sediment porewaters. 

Metabolic carbon comes from the animal’s food source, which usually has a much 

lower δ13C value than DIC. Although physiological isotopic studies have shown that the 

metabolic source is <10% of the total carbon used in shell construction (McConnaughey 

et al. 1997; Shanahan et al. 2005), it could be an important factor in shell construction 

when δ13C values are lower than equilibrium values (McConnaughey et al. 1997; 

Dettman et al. 1999; Shanahan et al. 2005). High variability in δ13C values from 

ostracods and gastropods might therefore be a partial consequence of different food 

sources used by these two taxa. 
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Gradients of pore water δ13C could be another factor that influences the variability 

seen in the δ13C of ostracod valves. The δ13C of pore water is controlled by aerobic 

respiration and anaerobic degradation of organic matter (von Grafenstein et al. 1999). 

Organisms thriving in the upper, ventilated zone should display more negative values, 

as oxidation of 13C-depleted organic matter will be dominant at these depths. On the 

other hand, production of 13C-depleted methane (and the accompanying 13C-enriched, 

co-genetic CO2) under anaerobic conditions in deeper sediments would produce more 

13C-enriched δ13C values in ostracods living at these depths. The depth and thickness 

of these micro-environments in the sediment column, and thus the 13C-gradients in DIC 

of porewaters, are controlled by the amount of organic matter, the oxygen 

concentration, and the porosity of the sediments (von Grafenstein et al. 1999). The 

degree to which these variables influence the 13C-gradient in porewater DIC varies from 

lake to lake and within lakes, as a function of water depth, oxygen distribution, and 

sediment type (von Grafenstein et al. 1999). Hence, there are many causes for 

variations in the δ13C of benthic ostracods among and within lakes. 

Similar numbers of layers and similar numbers of individuals per layer were 

analyzed for P. coronatus in Lake Punta Laguna and Lake Chichancanab. Lake 

Chichancanab is larger than Lake Punta Laguna and the δ18O of water is less easily 

changed by shifts in E/P in the larger volume system. Dependency of water δ18O on the 

residence time of water may be reflected in the different δ18O standard deviations 

measured in gastropods from both lakes. Lake Punta Laguna has a larger range of δ18O 

standard deviation values (0.19-1.47‰) on snails than does Lake Chichancanab (0.24-

1.14‰). The same trend is not seen in P. coronatus δ13C variability. Lake Punta Laguna 
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displays a range of δ13C standard deviation (0.33-1.41‰), similar to that in Lake 

Chichancanab (0.31-1.12‰).  

δ18O Variability among Individuals within a Sample as a Proxy for High-Frequency 
Climate Shifts 

Paleoclimate reconstructions that rely on δ18O measurements typically use 

multiple, composited ostracods or gastropods from each stratigraphic level in a lake 

sediment core. Multiple, mono-specific individuals in a sample are used to reduce 

variability that would result from measuring single, short-lived individuals. The rationale 

for measuring multiple individuals within a stratigraphic level is that the approach 

provides a reliable record of low-frequency climate trends or that multiple individuals are 

required to attain sufficient sample mass (Holmes et al. 1997). Curtis et al. (1996) 

obtained oxygen and carbon isotope data for the Punta Laguna core by measuring δ18O 

and δ13C on samples composed of multiple (>15) C. ilosvayi, whereas in this study we 

report the mean oxygen and carbon isotope value for each stratigraphic level based on 

measurements of multiple, single ostracod valves from each level. Results from the two 

studies indicate that regardless of the approach used, average oxygen and carbon 

isotope values are very similar.  Either approach captures the low-frequency climate 

trends satisfactorily (Figure 4-3). We also compared δ18O values from composited 

gastropod samples (Curtis et al. 1996) to the mean δ18O values from multiple, individual 

gastropods removed from the same 10 depths in the Punta Laguna core.  The 

correlation between data sets is strong (r=0.71).  This indicates that, like the findings 

with ostracods, both approaches yield similar inferences with respect to low-frequency 

climate reconstructions.  
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Oxygen isotope records from Lakes Punta Laguna (Curtis et al. 1996) and 

Chichancanab (Hodell et al. 1995) provide strong evidence for climate drying coincident 

with the Classic Maya collapse. The Punta Laguna δ18O record shows two increases in 

δ18O during the Maya Terminal Classic Period, from ca. 750 to 850 AD and ca. 910 to 

990 AD, and a relatively moist period from ca. 850–910 AD (Curtis et al. 1996). These 

two increases in δ18O are greater than 2.0‰ and 1.5‰, respectively, for the C. ilosvayi 

δ18O record. Calculation of the optimum sample size for these two dry intervals, with 

acceptable error of 1.5‰ and a 99% level of significance, yielded sample sizes of <10 

individuals per stratigraphic level. In their high-resolution (each cm, on average = ~9-yr 

sample spacing for this part of the record), low-frequency climate reconstruction, Curtis 

et al. (1996) used >15 ostracod valves per stratigraphic level. We thus conclude, with 

statistical certainty, that these two increases in δ18O during the Maya Terminal Classic 

Period reflect significant (p=0.01) climate shifts. 

High-frequency climate information can also be obtained by looking at δ18O 

variability among single shells/valves from a stratigraphic horizon. This approach 

provides information on climate variability within the time of sediment deposition. In 

other words, mean δ18O, along with measures of variability, can provide information on 

both low- and high-frequency climate trends. For closed-basin lakes on the Yucatan 

Peninsula, low δ18O variability about the mean, based on multiple measurements of 

individual valves, indicates low variability in the evaporation/precipitation ratio. On the 

other hand, high variability about the mean indicates relatively greater climate 

fluctuations during the period of sediment accumulation. 
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Results from our study show that there are three stratigraphic layers in which the 

δ18O variability of C. ilosvayi is larger than the variability of the mean values seen in the 

entire Punta Laguna record (Figure 4-4). If we assume that the variability of δ18O 

measurements on individual valves within a stratigraphic layer reflects climate variability 

within the time of sediment deposition, we can argue that climate variability during that 

very short time period was larger than the climate variability seen in the entire sediment 

sequence. Heaton et al. (1995) also report larger variability within stratigraphic layers 

than variability throughout the entire sequence. Stratigraphic δ18O measurements on 

individual ostracod valves from a sediment core taken in Wallywash Great Pond, 

Jamaica showed that variations in E/P over a period of ~100 yrs were equal in 

magnitude to changes recorded throughout the late Quaternary (Heaton et al. 1995). 

Data from the Punta Laguna core show that high mean δ18O values are associated 

with low variability, whereas low mean δ18O values are associated with high variability 

(Figures 4-4 and 4-5). These results indicate that sub-decadal (on average, 1 cm = ~6 

yr for the entire core), relatively dry periods were constantly dry, whereas relatively wet 

periods consisted of wet and dry times. This interpretation of high-variability climate is in 

agreement with historical precipitation records from the Yucatan Peninsula (Giddings 

and Soto 2003). Periods of protracted precipitation deficit are relatively common, 

whereas extended periods of excessive rainfall are not as evident (Giddings and Soto 

2003). Furthermore, one might expect relatively larger fluctuations in δ18O during dry 

times when lake level is low. During such episodes, when lake stage is low, small 

variations in rainfall can generate rather substantial fluctuations in lake volume and the 
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δ18O of water. The low variability during the dry episodes is thus indicative of persistent 

dry conditions, uninterrupted by periods of higher precipitation. 

The mean and variability of δ18O data for the time period of the Classic Maya 

collapse (Figures 4-4 and 4-5) yield the same inference. That is, high mean δ18O 

values, indicating dry conditions, are mostly associated with low δ18O variability, 

whereas low mean δ18O values, indicating moister conditions, are associated with high 

δ18O variability. Thus, the Terminal Classic period from ca. 910 to 990 AD was not only 

the driest period in the last 3,000 years (Curtis et al. 1996), but also a persistently dry 

period. 

The δ18O record from Aguada X’caamal (Hodell et al. 2005), in the northwestern 

sector of the Yucatan Peninsula, revealed that climate became drier at the start of the 

Little Ice Age (LIA). High-frequency climate reconstruction during that period for the 

Lake Punta Laguna sediment record (Figure 4-4) shows, once more, that high mean 

δ18O values are typically associated with low δ18O variability, whereas low mean δ18O 

values are associated with high δ18O variability. This suggests that the beginning of the 

LIA was persistently dry and probably uninterrupted by periods of higher precipitation. 

Regional drying during the beginning of LIA is also recorded in pre-Conquest 

documents from Yucatan (Gill 2000). The Book of Chilam Balam, a Maya chronicle, 

describes cold climate conditions, starvation and the destruction of the city of Mayapan 

during Katun 8 Ahau (AD 1441–1460) (Craine and Reindorp 1979). 

Although this method for high-frequency climate reconstruction has been used on 

ocean sediment records (Simstich et al. 2004; Koutavas et al. 2006), its validity in 

continental records needs further verification. Our high-frequency climate interpretation 
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based on δ18O measurements of single ostracod valves could be influenced by several 

variables, including number of valves analyzed per stratigraphic horizon, changes in 

sedimentation rate and spatial variability of lake water δ18O. 

The standard deviation of a population is a measure of the variability or dispersion 

within that population. Thus, the standard deviation is influenced by the number of data 

points. A high mean δ18O, with a low standard deviation, might not reflect a consistently 

dry period.  Instead, it may simply reflect the fact that insufficient valves were analyzed 

to estimate the true distribution of values in the population. Ideally, the same number of 

valves should be analyzed individually in all stratigraphic horizons. This, however, is 

seldom possible, as the number of valves available varies throughout the core. Results 

from this study show that there is no relation between the number of valves analyzed 

per stratigraphic level and the standard deviation of isotopic values (Figure 4-6). For 

example, in Lake Punta Laguna, several stratigraphic layers had 19 individual valves of 

C. ilosvayi analyzed, but show a broad range of standard deviations (Figure 4-6).  

Sedimentation rate may influence δ18O variability within a single stratigraphic level. 

If the sedimentation rate within a given sample interval, e.g. 1-cm thick, was slow, 

climate may have changed during the relatively long time period. Thus, during periods 

of slow sediment accumulation, one might expect to find greater isotope variability. 

Results from this study, however, suggest there is no relation between sedimentation 

rate and variability of isotopic measures (Figure 4-7). Indeed, the core section 

encompassing the Classic Maya collapse has the lowest sedimentation rate among all 

layers (Table 4-2) and the lowest oxygen isotope variability. These results support the 

claim for a persistent dry period. Nevertheless, the data must be evaluated critically. For 
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instance, age/depth relation for the Lake Punta Laguna core, and hence sedimentation 

rates, were derived by linear interpolation between AMS 14C dates, but sedimentation 

rate may have fluctuated between dated intervals (Curtis el al. 1996). 

Spatial variability in lake water δ18O could override any high-frequency climate 

signal inferred from individual δ18O measurements. Ostracods and gastropods live and 

produce their shells in different areas of the lake that have different water δ18O values. 

Changes in E/P influence lake water levels and spatial variability of lake water δ18O. A 

shallower lake is more prone to mixing and thus to have more homogenous δ18O water 

values throughout the water column. On the other hand, a deep, thermally stratified lake 

could display marked isotopic differences between the epilimnion and hypolimnion, with 

ostracods thriving at all water depths and in the littoral zone. Thus, variability in the δ18O 

measures on single ostracod valves from a horizon could reflect high-frequency climate 

changes, but may also be attributable to spatial variability in lake water δ18O over short 

time spans. Few calibration studies have looked at δ18O variability in modern ostracods 

from different areas within a lake (von Grafenstein et al. 1999), and there are no such 

studies from the Yucatan Peninsula. A modern calibration study in Yucatan lakes is 

needed to validate and test our high-frequency climate interpretation. 

These data contribute to our understanding of paleoclimate on the Yucatan 

Peninsula and its relation to ancient Maya culture. Our findings confirm the 

interpretations of Hodell et al. (1995, 2007) and Curtis et al. (1996), that there were 

persistent dry climate episodes associated with the Terminal Classic Maya Period. 

Nevertheless, an important question that remains is whether reductions in rainfall came 

at critical times in the annual agricultural cycle (Brenner et al. 2002). Further information 
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on the life history, especially the seasonality of the ostracod species used in these 

studies might help answer this question. Unfortunately, few studies have addressed the 

seasonal behavior of ostracods (Ferguson 1944; McGregor 1969; Mclay 1977; Xia et al. 

1997) and nothing is known about the life history of C. ilosvayi.  

Conclusions 

We calculated the optimum number of individuals that should be used to constitute 

a sample for measurement of δ18O and δ13C in C. ilosvayi and P. coronatus in 

paleoclimate studies. Our results indicate that the optimum value varied throughout the 

cores we studied. The number of shells/valves needed to reconstruct low-frequency 

climate trends is probably influenced by (1) the ecology and life history of the organisms 

measured, (2) lake morphometry, in conjunction with inter-annual climate variability in 

the study region, (3) sedimentation rate, bioturbation, and sampling interval, and (4) the 

statistical confidence level set by the researcher. 

Ideally, pilot studies should be undertaken prior to using multiple ostracods or 

gastropods in paleoclimate reconstructions. These studies should evaluate modern 

isotope variability by measuring multiple individual shells or valves, as well as past 

variability, using several stratigraphic layers. If information is available from other 

paleoclimate proxy variables, the stratigraphic layers selected for initial evaluation 

should be chosen to reflect contrasting E/P conditions. Otherwise, preliminary 

measurements should be made on stratigraphic layers distributed evenly over the 

length of the sediment record. Results from the pilot study allow calculation of mean 

isotope values and thus provide a rough estimate of the low-frequency variability over 

the entire sediment sequence. The range of variability is necessary to establish the 

acceptable error needed to calculate the optimum sample size. Calculated optimum 
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sample sizes will vary throughout the core and can only be determined retrospectively. 

We therefore recommend the use of the largest optimum sample size calculated for the 

entire sequence. 

Intra-sample isotope variability might reveal important high-resolution climate 

information. The range and variance of isotope measures on ostracods from a single 

stratigraphic level can be used to assess climate variability within the short period of 

sediment deposition. Results from this study indicate that relatively dry periods were 

persistently dry, whereas relatively wet periods were composed of wet and dry times. 

Paleoclimate investigations in regions with marked summer and winter precipitation, 

such as the Yucatan Peninsula, will benefit from detailed knowledge of the ecology and 

life histories of the ostracod and gastropod species used for climate reconstructions. 
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Table 4-1. Morphometric characteristics for the study lakes. 
  Punta Laguna Chichancanab Petén Itzá 

Latitude 20º 38’ N 19º 52’ N 16º 55’ N 
Longitude 87º 37’ W 88º 46’ W 89º 50’ W 
Area (km2) 0.9 5.3 100 
max depth (m) >20 15 160 
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Table 4-2. Summary statistics for single-valve ostracod and single-valve gastropod δ18O 
datasets from Lake Punta Laguna. cmcd: centimeters core depth, SD: 
standard deviation, var: variance, *variance between P. coronatus and C. 
ilosvayi is significantly different (α=0.05). 

Punta Laguna 
   Pyrgophorus coronatus  Cytheridella ilosvayi  Var 
Depth Age  sed rate δ18O  n n  δ18O n n   
cmcd  (yr) mean SD Var   optimum  mean SD Var   optimum   

75 1414 AD 8       1.48 0.46 0.21 10 9   
77 1399 AD 8       -0.85 1.32 1.75 24 55   
81 1368 AD 5       1.50 0.67 0.45 7 25   
88 1331 AD 5 -0.30 0.96 0.92 18 17  -0.84 1.69 2.84 17 97  * 

130 1109 AD 5       -2.94 1.89 3.56 12 138   
140 1056 AD 5 1.01 0.19 0.04 8 1  0.61 0.52 0.27 9 12  * 
141 1051 AD 5       0.70 0.97 0.94 9 42   
148 1003 AD 9       0.85 0.89 0.79 19 26   
150 986 AD 9       0.95 0.56 0.31 19 10   
152 968 AD 9       1.14 0.61 0.38 14 14   
158 915 AD 9 0.50 0.84 0.70 21 13  0.43 1.38 1.91 18 64  * 
159 906 AD 9       0.60 1.10 1.21 24 38   
160 897 AD 9       -0.51 1.28 1.63 22 53   
161 888 AD 9       0.01 1.44 2.09 12 80   
180 720 AD 9 -1.23 0.64 0.42 10 10  -0.83 1.31 1.72 19 57  * 
195 587 AD 9       0.76 0.90 0.81 10 34   
277 122 AD 6 -1.54 1.05 1.11 15 22  -0.78 1.26 1.58 14 57   
318 108 BC 6 -1.37 1.20 1.44 15 28  -1.13 0.94 0.88 19 29   
342 243 BC 6 -1.96 0.64 0.41 14 8         
387 487 BC 5 -1.48 1.14 1.30 15 26  -0.32 0.90 0.81 19 27   
574 1342 BC 5 0.83 0.59 0.35 30 6  0.76 0.68 0.46 19 15   
592 1424 BC 5 -1.14 1.47 2.15 15 43   -0.94 0.98 0.96 30 29   * 
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Table 4-3. Summary statistics for single-valve ostracod and single-shell gastropod δ13C 
datasets from Lake Punta Laguna. cmcd: centimeters core depth, SD: 
standard deviation, var: variance, *variance between P. coronatus and C. 
ilosvayi are significantly different (α=0.05). 

Punta Laguna 
   Pyrgophorus coronatus  Cytheridella ilosvayi  Var 
Depth Age  sed rate δ13C n n  δ13C  n n   
cmcd  (yr) mean SD Var   optimum  mean SD Var   optimum   

75 1414 AD 8       -3.17 0.48 0.23 10 6   
77 1399 AD 8       -5.19 1.74 3.01 24 56   
81 1368 AD 5       -4.05 0.47 0.22 7 7   
88 1331 AD 5 -2.82 0.88 0.77 18 13  -4.91 1.41 1.98 17 40  * 

130 1109 AD 5       -5.42 1.62 2.63 12 60   
140 1056 AD 5 -1.98 0.47 0.22 8 5  -3.14 0.75 0.56 9 15   
141 1051 AD 5       -3.17 1.32 1.73 9 46   
148 1003 AD 9       -2.53 0.96 0.92 19 18   
150 986 AD 9       -2.56 1.13 1.28 19 25   
152 968 AD 9       -2.62 0.83 0.69 14 15   
158 915 AD 9 -2.44 0.47 0.22 21 3  -3.17 0.80 0.64 18 13  * 
159 906 AD 9       -2.81 1.04 1.08 24 20   
160 897 AD 9       -3.30 1.19 1.41 22 27   
161 888 AD 9       -2.87 1.11 1.22 12 28   
180 720 AD 9 -3.23 0.90 0.80 10 16  -3.50 1.02 1.04 19 20   
195 587 AD 9       -1.47 1.35 1.82 10 45   
277 122 AD 6 -3.06 0.80 0.64 15 11  -3.25 1.51 2.27 14 49  * 
318 108 BC 6 -2.30 0.84 0.70 15 12  -2.84 0.71 0.50 19 10   
342 243 BC 6 -3.34 0.33 0.11 14 2         
387 487 BC 5 -2.55 1.20 1.44 15 25  -2.84 0.94 0.89 19 17   
574 1342 BC 5 -2.53 0.64 0.42 30 6  -3.77 0.61 0.37 19 7   
592 1424 BC 5 -3.59 1.41 1.98 15 34   -3.98 1.18 1.39 30 25     
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Table 4-4. Summary statistics for single-valve ostracod and single-shell gastropod δ18O 
datasets from Lake Chichancanab. cmcd: centimeters core depth, SD: 
standard deviation, var: variance, *variance between P. coronatus and C. 
ilosvayi are significantly different (α=0.05). 

Chichancanab 
   Pyrgophorus coronatus  Cytheridella ilosvayi  Var 
Depth Age  sed rate δ18O  n n  δ18O  n n   
cmcd  (yr) mean SD Var   optimum  mean SD Var   optimum   

62 962 AD 17 2.55 1.01 1.02 16 22         
63 945 AD 16 2.85 0.24 0.06 13 1         
69 830 AD 21 2.73 0.33 0.11 16 2         
72 768 AD 20 2.59 0.36 0.13 10 3         

132 465 BC 20 1.40 1.06 1.13 21 23  2.31 0.75 0.56 9 55   
142 670 BC 21 1.57 0.58 0.33 22 7  2.11 0.59 0.35 19 25   
149 814 BC 21 1.22 0.73 0.53 25 10  1.71 0.83 0.69 16 52   
151 855 BC 21 1.56 0.52 0.27 24 5  1.72 0.83 0.68 16 52  * 
371 5376 BC 21 1.25 0.74 0.55 18 12         
381 5582 BC 20 1.61 1.14 1.29 7 45         
410 6178 BC 20 3.47 0.58 0.33 21 7                 
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Table 4-5. Summary statistics for single-valve ostracod and single-shell gastropod δ13C 
datasets from Lake Chichancanab. cmcd: centimeters core depth, SD: 
standard deviation, var: variance, *variance between P. coronatus and C. 
ilosvayi are significantly different (α=0.05). 

Chichancanab 
   Pyrgophorus coronatus  Cytheridella ilosvayi  Var 
Depth Age  sed rate δ13C n n  δ13C n n   
cmcd  (yr) mean SD Var   optimum  mean SD Var   optimum   

62 962 AD 17 -0.87 1.12 1.27 16 32         
63 945 AD 16 -0.28 0.53 0.29 13 8         
69 830 AD 21 -0.89 0.31 0.09 16 2         
72 768 AD 20 -0.86 0.33 0.11 10 3         

132 465 BC 20 -0.63 0.90 0.81 21 19  -2.48 0.99 0.98 9 11   
142 670 BC 21 -0.57 0.64 0.41 22 9  -1.72 0.66 0.44 19 4   
149 814 BC 21 -0.49 1.05 1.11 25 25  -1.91 0.50 0.25 16 2  * 
151 855 BC 21 0.06 0.59 0.35 24 8  -1.84 0.55 0.31 16 3   
371 5376 BC 21 -1.90 0.91 0.82 18 20         
381 5582 BC 20 -0.87 0.65 0.43 7 17         
410 6178 BC 20 -3.01 0.77 0.60 21 14                 

 



 

112 

Table 4-6. Summary statistics for single-shell gastropod δ18O and δ13C datasets from 
Lake Petén Itzá. cmcd: centimeters core depth, SD: standard deviation, var: 
variance. 

Petén Itzá 
  Pyrgophorus coronatus 
Depth Age δ18O n n  δ13C n n 
cmcd  mean SD Var  optimum  mean SD Var  optimum 

95 6354 BC 0.71 0.40 0.16 15 17  -2.00 0.66 0.44 15 12 
215 9061 BC 2.75 0.23 0.06 10 7  -0.54 0.41 0.17 10 6 
241 9809 BC 2.80 0.26 0.07 27 6  -0.20 0.57 0.32 27 8 
244 10106 BC 2.98 0.31 0.10 14 11  -0.44 0.73 0.53 14 15 
250 10699 BC 2.67 0.38 0.15 12 17  0.10 0.44 0.20 12 6 
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Figure 4-1. Map of study area showing the location of the three study lakes. 
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Figure 4-2. Optimum sample size (i.e. number of ostracod valves or gastropod shells) in 
Lake Punta Laguna (squares) and Lake Chichancanab (circles) for P. 
coronatus (open symbol) and C. ilosvayi (closed symbol) for (a) δ18O and (b) 
δ13C measurements. 
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Figure 4-3. Intra-sample variability as a proxy for high-resolution climate 
reconstructions. (3a) δ18O values from composite samples, reported by Curtis 
et al. (1996) vs. average δ18O values calculated from measurements made on 
multiple, individual valves in this study. Dashed line indicates a 1-1 line. r = 
0.95 (3b) δ13C values from composite samples, reported by Curtis et al. 
(1996) vs. average δ13C values calculated from measurements made on 
multiple, individual valves in this study. Dashed line indicates a 1-1 line. r = 
0.94. 
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Figure 4-4. (A) Oxygen isotopic composition of the ostracod C. ilosvayi in the sediment 
core from Lake Punta Laguna, Mexico (Curtis et al. 1996). The oxygen 
isotope data were not smoothed as in Curtis et al. (1996). Horizontal lines at 
several stratigraphic horizons represent the range of δ18Ο measurements on 
individual C. ilosvayi valves. Dates are based on the chronological model 
constructed on samples obtained from the sediment core (PL 22-VI-93) 
recovered in 1993 in 6.3 m of water column from the central basin of Punta 
Laguna (Curtis et al. 1996). (B) Detail of the Classic Maya collapse time 
period. Horizontal lines at several stratigraphic horizons represent the range 
of δ18O measurements on individual C. ilosvayi valves. (C) Detail of the Little 
Ice Age period. Horizontal lines at several stratigraphic horizons represent the 
range of δ18O measurements on individual C. ilosvayi valves. 
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Figure 4-5. Intra-sample variability as a proxy for high-resolution climate 
reconstructions. (5a) mean δ18O values vs. standard deviation of δ18O values 
for C. ilosvayi in Lake Punta Laguna. (5b) mean δ18O values vs. standard 
deviation of δ18O values for C. ilosvayi in Lake Punta Laguna for the wet and 
dry periods during the time of the Classic Maya collapse. Numbers in the 
figure indicate years AD/BC. Dates are based on the chronological model 
constructed on samples obtained from the sediment core (PL 22-VI-93) 
recovered in 1993 in 6.3 m of water column from the central basin of Punta 
Laguna (Curtis et al. 1996). 
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Figure 4-6. Number of individual ostracod valves and gastropod shells analyzed vs. 
δ18O (closed circle) and δ13C (open circle) standard deviation per stratigraphic 
level. (A) C. ilosvayi in Lake Punta Laguna. (B) P. coronatus in Lake Punta 
Laguna. (C) C. ilosvayi in Lake Chichancanab. (D) P. coronatus in Lake 
Chichancanab. 
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Figure 4-7. Sedimentation rates vs. δ18O (closed circles) and δ13C (open circles) 
standard deviation per stratigraphic level. (A) C. ilosvayi in Lake Punta 
Laguna. (B) P. coronatus in Lake Punta Laguna. (C) C. ilosvayi in Lake 
Chichancanab. (D) P. coronatus in Lake Chichancanab. 
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CHAPTER 5 
CONCLUSIONS 

Late Pleistocene and Holocene Climate Change in the Maya Lowlands: An 
Overview 

Between 3 February and 11 March, 2006, we retrieved 1327 m of sediment from 

seven sites in Lake Petén Itzá. A complete sediment sequence that is 75.9 meters long 

was recovered at site PI-6, and was the subject of study in this dissertation. The 

composite stratigraphic section for site PI-6 was constructed using the magnetic 

susceptibility and density results of the three cores drilled in PI-6. Sediment cores 

comprising the composite section were subsampled and sediment was transported to 

the University of Florida (UF) for stable isotope analysis. 

The age/depth model for the LGM and deglacial period in the PI-6 core from Lake 

Petén Itzá was derived from 17 AMS 14C dates from drill sites PI-2, PI-3 and PI-6. Dates 

from the PI-2 and PI-3 core were projected onto the PI-6 core by correlating their 

magnetic susceptibility records. Radiocarbon measurements were done at the Center 

for Accelerator Mass Spectrometry (CAMS) at Lawrence Livermore National Laboratory 

and dates were calibrated using IntCal04: Northern Hemisphere (Reimer et al. 2004) 

and Fairbanks et al. (2005). All radiocarbon dates were measured on samples of 

terrestrial organic matter, thereby avoiding potential dating errors associated with hard-

water lakes. 

Oxygen isotopes (δ18O), lithology and pollen data from a sediment core taken in 

Lake Petén Itzá provide evidence for a relatively wet LGM in lowland Central America, 

bracketed by drier conditions during Heinrich events 2 and 1. Wetter conditions during 

the LGM, inferred from the Lake Petén Itzá isotope record, are in agreement with 

paleoglacier data from Mexico and Guatemala. Wetter conditions during the LGM in the 
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lowlands of Central America may be explained by (1) an increase in summer 

precipitation due to a more northerly position of the Intertropical Converge Zone (ITCZ), 

or (2) an increase in winter precipitation due to the splitting of the jet stream and/or 

movement of moist eastern tropical Pacific air to the northeast. Factors that influenced 

climate change on the Yucatan Peninsula during the LGM are still poorly understood, 

but modeling efforts may provide insights into the climate forcing factors at that time. 

Oxygen isotopes (δ18O), lithology and pollen data from a sediment core taken in 

Lake Petén Itzá illustrate the connection between North Atlantic and tropical Atlantic 

climate during the deglacial. Periods of reduced AMOC and cool SST temperatures in 

the North Atlantic coincide with a more southerly position of the ITCZ and thus colder 

and/or drier climate in the lowlands of northern Central America (The Oldest Dryas and 

the Younger Dryas). Colder and/or drier conditions around Petén Itzá are recorded 

during the late part of the Mystery Interval. Similar trends are also seen in the isotope 

record from Greenland and the gray scale record from the Cariaco Basin. Deglacial 

climate inferred for the lowlands of Central America differed from paleoceanographic 

climate reconstructions, which show a “two-step” deglaciation. In the Petén Itzá record, 

the cause of the first shift in the midst of the Mystery Interval remains elusive, whereas 

the other two shifts mark the start of the Bolling-Allerod Period, and the end of deglacial 

aridity. Future research will focus on trying to tease apart the relative impacts of 

temperature and E/P on the Lake Petén Itzá oxygen isotope record.  

Oxygen isotopes (δ18O) from sediment cores taken in Lakes Petén Itzá, Punta 

Laguna, and Chichancanab indicate that the optimum value needed to reconstruct low-

frequency climate trends varied throughout the cores. The number of shells/valves 
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needed is probably influenced by (1) the ecology and life history of the organisms 

measured, (2) lake morphometry, in conjunction with inter-annual climate variability in 

the study region, (3) sedimentation rate, bioturbation, and sampling interval, and (4) the 

statistical confidence level set by the researcher. Intra-sample isotope variability might 

reveal important high-resolution climate information. Results from this study indicate 

that relatively dry periods were persistently dry, whereas relatively wet periods were 

composed of wet and dry times. Paleoclimate investigations in regions with marked 

summer and winter precipitation, such as the Yucatan Peninsula, will benefit from 

detailed knowledge of the ecology and life histories of the ostracod and gastropod 

species used for climate reconstructions. 
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