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Drill cores from Lake Petén Itzá, Guatemala, contain a ~85,000 year (85 ka) 

record of terrestrial climate from lowland Central America. Variations in sediment 

lithology suggest rapid, pronounced changes in precipitation during the last glacial and 

deglacial periods. Previous work in nearby Lake Quexil demonstrated the utility of using 

the carbon isotopic composition of leaf wax n-alkanes to infer changes in terrestrial 

vegetation (Huang et al., 2001). Forty-nine samples were taken from one composite 

Petén Itzá core (PI-6) to record carbon isotopes of bulk organic and long-chain 

n-alkanes. Changes in 13C values indicate shifts in the relative proportion of C3 to C4 

biomass. The record shows largest 13C variations in association with Heinrich Events. 

Carbon isotopic values in the Last Glacial Maximum (LGM) sediment indicate 

environmental conditions with relatively moderate precipitation and little variability. The 

deglacial was a period of pronounced climate variability (e.g. Bolling-Allerod and 

Younger Dryas), and arid times of the deglacial were inferred from samples with the 

greatest 13C values in organic matter, i.e. the largest proportion of C4 plants. Such 
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inferences were supported by isotope measurements on ostracods and analysis of 

pollen from the same sample depths in core PI-6. 
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CHAPTER 1 
INTRODUCTION 

Objective 

Lake Petén Itzá, in the lowlands of northern Guatemala, was targeted in this study 

to explore pre-Holocene, Neotropical paleoclimate and paleoenvironment. The lake’s 

great depth (>160 m) suggested a likely source for continuous, terrestrial sediment 

records spanning the last glacial period. In 2006, a suite of cores was recovered from 

seven sites in the lake (Hodell et al. 2008). Cores from one site, PI-6, were found to 

span the last 85 ka based on dates obtained from radiocarbon and tephra analyses. I 

took samples throughout composite core PI-6 and measured 13C of bulk organic 

carbon (13CTOC) and compound-specific, long-chain n-alkanes (13Cn-alk). My objective 

was to discern climate-driven shifts in local vegetation using the changing isotopic 

signature of organic matter in the sediments. The 13C values indicate the relative 

abundance of C3/C4 plants in the watershed because the two plant types possess 

different photosynthetic pathways and discriminate differentially with respect to their 

carbon source, i.e. carbon dioxide. Because C3 and C4 plants thrive in different 

environments, stratigraphic changes in 13C values reveal paleoclimate variation, 

especially with respect to precipitation. I compared my results to previous findings 

inferred from pollen (Leyden 1984; Bush et al. 2009; Correa-Metria et al. 2012), density 

and magnetic susceptibility (Hodell et al. 2008), lithology (Mueller et al. 2010), and 

stable isotope measures (13C and 18O) in ostracods (Escobar et al. 2012). I used my 

carbon isotope data in sediment organic matter as an alternate line of evidence to 

evaluate the timing and magnitude of vegetation response to changes in regional 

precipitation. 
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Background 

Vascular plant leaves contain waxes on their epicuticular surface that are 

constantly ablated and deposited in the immediate and regional environment (Eglinton 

and Hamilton 1967; Schess 2003). One component of leaf wax is n-alkanes, 

hydrocarbons that record the 13C signature of environmental carbon at the time of 

primary growth. The highly refractory nature of n-alkanes enables them to be well 

preserved in lake sediment. Two main means of carbon fixation have been identified in 

plants, the C3 (Calvin-Benson) and the C4 (Hatch-Slack) pathways (O’Leary 1981). 

Because of differences in plant physiology and carbon fixation, the 13C signatures of 

the two plant groups fall into distinct ranges: C3 plants typically have 13C values 

between -35‰ and -20‰, whereas C4 plants have less negative values, between -14‰ 

and -10‰ (Bender 1971; Farquhar et al.1982). Tropical grasses and sedges, including 

maize, are C4 plants, which outcompete C3 plants in dry conditions. Most trees, shrubs, 

and cool-season grasses and sedges are C3 plants, which dominate in wetter 

environments (Cerling et al. 1993). Stratigraphic changes in 13C values of organic 

matter in lake sediment cores have been used to infer past shifts in the relative 

abundance of C3 versus C4 plants in the surrounding watershed. Because the two types 

of plants display different preferred growing conditions, the carbon isotope signature of 

organic carbon in sediments can be used to infer past climate, especially regional aridity 

(Collister et al. 1994; Hughen et al. 2004). Whereas atmospheric carbon dioxide 

concentration (pCO2), temperature, and aridity all influence the ratio of C3 to C4 plants, 

previous research showed that aridity may be the main factor influencing vegetation 

type (Huang et al. 2001; Castañeda et al. 2007). 
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The isotope signature of bulk organic carbon in lake sediments can be used to 

evaluate past changes in drainage basin vegetation (O’Leary 1981) and infer shifts in 

lake trophic status (Brenner et al. 1999; Gu et al. 1996). Organic carbon in lake 

sediment, however, comes from multiple sources, both terrestrial and aquatic. Hence, 

the 13C value of bulk organic carbon provides a single signature for the mixed carbon 

sources, often making it difficult to distinguish between past changes on land and in the 

water. Selective diagenesis of organic compounds in the water column and sediment is 

also a concern for using bulk 13C values to reconstruct paleo-environmental conditions 

(Meyers 1994). Measurement of compound-specific stable carbon isotopes, using GC-

IRMS, enables investigators to isolate and analyze molecules of known provenience, 

thereby making it possible to independently track terrestrial and aquatic changes. Long-

chain n-alkanes, specifically C29, C31, and C33, are found almost exclusively in terrestrial 

plants (Lichtfouse et al.1994b), whereas short-chain alkanes (C15-- C19) are produced 

largely by algae (Chikaraishi and Naraoka 2003). Aquatic macrophytes typically show 

intermediate values, between C23-C25 (Ficken et al. 2000). Although compound-specific 


13C analysis enables one to distinguish between terrestrial and aquatic carbon sources 

in lake sediments, the approach is costly and time-consuming. To justify use of the 

compound-specific approach, it must be demonstrated that the same information cannot 

be obtained from the bulk carbon 13C record.   

I addressed two main questions in my carbon isotope study of sediments from 

Lake Petén Itzá core PI-6. First, I compared 13C results from bulk organic carbon and 

specific compounds to determine whether extraction and measurement of n-alkanes is 

warranted in Petén Itzá sediments. Second, I compared my results to other lines of 
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paleoclimate evidence and inferred shifts in vegetation and climate in the area over the 

last ~85,000 years.  

Study Site 

Lake Petén Itzá (16°55’N, 89°50’W) is a large (100 km2), effectively closed-basin 

lake in central, lowland Guatemala. Variation in lake level is closely associated with the 

seasonal migration of the Intertropical Convergence Zone (ITCZ) (Hodell et al. 2008). 

Wetter conditions are associated with more northward migration of the ITCZ, whereas 

drier conditions reflect a southward position of the ITCZ.  Members of the Lake Petén 

Itzá Scientific Drilling Project (PISDP) recovered 1,327 meters of lake sediment core 

from seven sites in Lake Petén Itzá during February and March 2006, using the GLAD 

800 drilling system. Site PI--6, the focus of my study, was located at a water depth of 

71 m (Fig. 1-1). Three holes were drilled at PI--6, primarily using a hydraulic piston 

corer, to a maximum depth of 75.9 mblf (meters below lake floor). Cores were taken in 

3-m sections and the average recovery rate was 94.9% (Hodell et al. 2008). 

 

Figure 1-1.  Location of Lake Petén Itzá, Guatemala and site PI-6 (Hodell et al. 2008)
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CHAPTER 2 
MATERIALS AND METHODS 

Sample Preparation 

Forty-nine samples of 20 cc each were sampled along the length of core PI-6 at 

the LacCore facility at the University of Minnesota. Sample depths for my carbon 

isotope study were selected using the lithology, magnetic susceptibility and density 

records of composite core PI--6. Samples were collected at 3-m intervals to obtain a 

general, albeit relatively low-resolution 13C profile for the core, and then additional 

samples were taken at transitions between lithologic units (Fig. 2-1). I ran preliminary 

analyses to determine the minimum amount of sediment needed to obtain sufficient 

organic carbon. Solvent-rinsed metal tools were used for sampling to avoid 

contamination with organic materials. To avoid contamination, sediment in direct contact 

with the polycarbonate core liner was not sampled. Solvent-rinsed, ashed (450 ºC for 

5-hours) glassware was used to store sediment samples. Samples were shipped 

overnight to the University of Florida in 20-ml glass scintillation vials. Upon arrival, 

samples were freeze-dried, and repacked into glass vials in preparation for further 

analysis. 

Geochemical and Compound-Specific Stable Carbon Isotope Analyses 

Approximately 1 g of freeze-dried, ground sediment from each sample was 

reserved for bulk geochemical measurements. Total carbon (TC) and total nitrogen (TN) 

were measured on a Carlo Erba NA 1500 CNS elemental analyzer. Total inorganic 

carbon (TIC) was measured using a UIC (Coulometrics) 5011 CO2 coulometer coupled 

with an AutoMate automated carbonate preparation device (AutoMateFX.com). 

Approximately 15 mg of sample was weighed into septum-top tubes and placed into the 
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AutoMate carousel. A double needle assembly was used to purge the sample vial of 

atmospheric gas, using CO2-free nitrogen carrier gas. Acid was injected into the sample 

vial and evolved CO2 was carried through a silver nitrate scrubber to the coulometer 

where TIC was measured. Percent CaCO3 was calculated by using a standard curve 

constructed using CO2 evolution measurements from pure Ca carbonate standards. 

Percent organic carbon (OC) was calculated by subtracting IC from TC. The organic 

carbon to total nitrogen ratio (C:N) was determined from the calculated OC and 

measured TN values. 

For bulk stable organic carbon and nitrogen isotope measurements, approximately 

200 mg was placed in a container with ~250 ml HCl to remove sediment carbonate. 

After 48 h the material was processed through a cellulose fiber filter with the aid of a 

vacuum pump. Remaining sediment was oven-dried, separated from the filter, and 

stored in 20-ml glass scintillation vials. These de-carbonated samples were analyzed for 

bulk 15N and 13C on a Thermo Finnigan Delta Plus XL isotope ratio mass 

spectrometer with a ConFlo III interface linked to a Costech ECS 4010 Elemental 

Combustion System (elemental analyzer). Carbon and nitrogen stable isotope results 

are reported as per mil (‰) in standard delta notation relative to Vienna PeeDee 

Belemnite (VPDB) and atmospheric N2, respectively. Precision for 13C bulk samples 

was ±0.21‰ based on nine analyses of UFCS, an internal lab standard.  

Methods for compound-specific isotopic analyses used in my study follow the 

protocols described in Newell (2005). Because of the high potential for contamination 

from organic materials, such as plastics, strict handling and storage guidelines were 

observed. Only solvent-rinsed, ashed glassware and metal instruments were used. All 



 

16 

solvents were stored in glass containers. Lipids were extracted into a solution of 2:1 

dichloromethane (DCM)/methanol using an Accelerated Solvent Extractor (ASE). 

Approximately 15 µg of a standard (C34 alkane) was added to each sample prior to 

extraction to verify n-alkane recovery. Lipids were solvent-exchanged into hexane by 

evaporation under a N2 stream in a warm water bath. Silica gel chromatography was 

then used to separate long-chain n--alkanes from branched and cyclic alkanes. Urea 

adduction was completed three times for each sample to isolate the n--alkanes before 

injecting into a gas chromatograph (GC) to check for purity and to determine the dilution 

amount needed for isotopic analysis. Samples were then transferred to 1 ml glass crimp 

vials and diluted with hexane to a pre-determined volume. Compound-specific carbon 

isotope ratios were measured on a Thermo Finnigan MAT Delta Plus XL isotope ratio 

mass spectrometer with a GC/C III interface linked to an Agilent/HP GC. Samples in 

hexane dilutions of <10 ml were run manually, while those >10 ml were processed using 

an autosampler. A laboratory standard, University of Florida Internal Standard (UFIS), 

was calibrated to a set of standard n-alkanes, Mix B, with known 13C values.  Duplicate 

analyses had a standard deviation of approximately ±0.61‰. Results are reported per 

mil (‰) in standard delta notation relative to Vienna PeeDee Belemnite (VPDB). 
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Figure 2-1.  Lithology, magnetic susceptibility and carbon isotope sample locations by 
depth (mcd) for PI-6 (Mueller et al. 2010) 
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CHAPTER 3 
RESULTS 

Chronology 

Magnetic susceptibility and gamma-ray attenuation bulk density were recorded in 

Guatemala on whole cores using a GEOTEK multi-sensor core logger. Cores were 

shipped to LacCore, University of Minnesota, Minneapolis, and were split into working 

and archive halves during sampling efforts in summers 2006 and 2007. Exposed 

surfaces were scraped clean and photographed with a calibrated GEOTEK high-

resolution digital color linescan camera. The chronology of the top 45-m composite 

depth (mcd) (~38.1 ka) of PI-6 was determined by 44 AMS-14C dates on terrestrial 

material that yielded 36 age-depth points. Hodell developed the chronology, in part, 

from dates on material in cores from sites PI-2 and PI-3, which were projected to 

stratigraphically equivalent depths in the PI-6 section by correlation of magnetic 

susceptibility records and utilization of the software program Splicer (Escobar et al. 

2012). 

Lithology 

Lithology of the PI-6 core was described by Mueller et al. (2010) (Fig. 2). Sediment 

from the top 10.8 m composite depth (mcd), Unit I, consists of organic-rich clay-silt, with 

gray clay and carbonate clay mud. Unit II begins at 10.8 mcd with a sharp transition to 

gypsum sand that is interbedded with clay mud, and continues to 21.2 mcd. This unit is 

associated with the last deglacial. From 21.2 to 25.4 mcd, a unit of homogenous gray 

clay mud, Unit III, is dated to the Last Glacial Maximum (LGM). Unit IV/V consists of 

gypsum sand interbedded with clay mud, and green clay mud ranging from 25.4 to 

50.3 mcd. Unit VI is gray clay mud and ranges from 50.3 to 55 mcd. From 55 to 
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67.25 mcd, the sediment is composed of organic-rich, light and dark carbonate mud, 

Unit VII. Unit VIII is course carbonate sand ranging from 67.25 to 71.8 mcd and directly 

overlies bedrock (Table 3-1). 

Geochemistry 

Total carbon (TC) values range from 1.3 to 11.5%. Values <3% occur primarily in 

the gypsum-rich layers of the deglacial, Unit II. Total nitrogen (TN) values were 

generally very low, ranging from 0.0 to 0.45% throughout the core. Inorganic carbon 

(TIC) values ranged from 0.4 to 9.4%. The majority of low TIC values, i.e. <1%, also 

occur in Unit II. Organic carbon (TOC) ranges from 0.1 to 8.4%. Values <1% are found 

mainly in Unit II. The TOC to TN ratios, reported as C:N in atomic weight, ranged from 

5.8 to 187.4 (Table 3-2). 

The 15N values range from -1.2 to 10.0‰ throughout the core. Values in Unit I 

range from 0.9 to 2.5‰. Unit II values range from 3.0 to 10.0‰. Unit III results range 

from -1.2 to 7.6‰. Unit IV/V values range from -1.2 to 8.0‰ (Table 3). Bulk 13CTOC 

varies from -29.4 to -18.5‰. Unit I values range from -28.9 to -24.1‰. Unit II 13CTOC 

values are generally higher, with a range of -27.2 to -18.5‰. Unit III results range from 

-26.1 to -19.9‰. Unit IV/V values range from -26.8 to -21.8‰ (Table 3-3). 

Compound-specific 13C values for long-chain n-alkanes C29 and C31 are very 

similar, whereas C33 values follow the same trend, but are generally higher. Results for 

C29 range from -35.4 (Unit VIII) to -25.5‰ (Unit II). C31 values range from -35.5 (Unit VII) 

to -27.3‰ (Unit II), whereas C33 results range from -34.8 (Unit VII) to -25.8‰ (Unit II). 

(Table 3-3). 



 

20 

Table 3-1. Section ID, depths, ages, and units for PI-6 

UF ID section ID depth in 
section (cm) 

mcd Peten-Itza 
composite 
age-model 
v. 1.0 
(cal yr BP) 

Unit 

1263 GLAD9-PI06-6B-2H1 90.2 2.925 1292 I 

1264 GLAD9-PI06-6B-3H1 81 5.791 3052 I 

1265 GLAD9-PI06-6C-3H2 53.8 8.689 4868 I 

1266 GLAD9-PI06-6C-4H1 47.1 10.317 8554 I 

1267 GLAD9-PI06-6C-4H1 53.6 10.382 8578 I 

1268 GLAD9-PI06-6C-4H1 134.1 11.187 10648 II 

1269 GLAD9-PI06-6C-4H1 139.1 11.237 10713 II 

1270 GLAD9-PI06-6C-4H1 145.6 11.302 10792 II 

1277 GLAD9-PI06-6C-4H2 25.8 11.596 11187 II 

1278 GLAD9-PI06-6B-5H1 118.7 12.821 12792 II 

1279 GLAD9-PI06-6B-5H2 67.2 13.696 13260 II 

1280 GLAD9-PI06-6C-5H2 3.8 14.416 14312 II 

1281 GLAD9-PI06-6C-5H2 13.8 14.516 14582 II 

1282 GLAD9-PI06-6C-5H2 54.3 14.921 14805 II 

1289 GLAD9-PI06-6B-6H1 129.3 15.99 15403 II 

1290 GLAD9-PI06-6B-6H2 85.5 17.045 16113 II 

1291 GLAD9-PI06-6C-6H2 2 17.43 16514 II 

1292 GLAD9-PI06-6B-7H1 57.1 18.27 17100 II 

1293 GLAD9-PI06-6B-7H2 43.9 19.651 18053 II 

1294 GLAD9-PI06-6C-7H1 143.9 20.351 18326 II 

1301 GLAD9-PI06-6C-7H2 56.8 20.93 18520 II 

1302 GLAD9-PI06-6B-8H1 104.7 21.747 19141 III 

1303 GLAD9-PI06-6A-8H1 68.3 22.381 19749 III 

1304 GLAD9-PI06-6A-8H1 131.8 23.016 20367 III 

1305 GLAD9-PI06-6A-8H2 3.7 23.245 20589 III 

1306 GLAD9-PI06-6A-8H2 51.2 23.72 21178 III 

1307 GLAD9-PI06-6C-8H2 79 24.375 22927 III 

1308 GLAD9-PI06-6B-9H1 134.3 25.087 23718 III 

1309 GLAD9-PI06-6A-9H1 151.1 26.12 24355 IV 

1310 GLAD9-PI06-6B-10H2 65.7 29.026 27831 IV 

1311 GLAD9-PI06-6A-10H2 54.2 29.711 28880 IV 

1312 GLAD9-PI06-6B-11H1 136.5 31.312 30820 IV 

1314 GLAD9-PI06-6B-11H2 45.2 31.929 31291 IV 

1315 GLAD9-PI06-6C-11H2 15.7 32.944 32605 IV 

1316 GLAD9-PI06-6B-12H1 111.7 34.12 34205 IV 

1317 GLAD9-PI06-6A-12H1 99 34.838 35302 IV 

1318 GLAD9-PI06-6A-13H1 85 37.729 37382 IV 
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Table 3-1. Continued 

UF ID section ID depth in 
section (cm) 

mcd Peten-Itza 
composite 
age-model 

v. 1.0 
(cal yr BP) 

Unit 

1319 GLAD9-PI06-6B-14H1 145.1 40.622 39757 V 

1320 GLAD9-PI06-6A-15H1 63 43.522 41435 V 

1321 GLAD9-PI06-6B-16H1 113 46.426 nd V 

1322 GLAD9-PI06-6B-17H1 114.9 49.345 nd V 

1323 GLAD9-PI06-6B-18E1 122.1 52.341 nd VI 

1324 GLAD9-PI06-6B-19E1 98.4 55.061 nd VI 

1325 GLAD9-PI06-6C-20X1 69.5 57.739 nd VII 

1326 GLAD9-PI06-6C-21X1 120.7 60.583 nd VII 

1327 GLAD9-PI06-6C-22X2 83.9 63.263 nd VII 

1328 GLAD9-PI06-6C-23X2 50.8 66.02 nd VII 

1329 GLAD9-PI06-6A-23E2 142.2 68.903 nd VIII 

1330 GLAD9-PI06-6A-24E2 132.5 71.825 nd VIII 
nd. no data was collected 

 

Table 3-2. Bulk geochemical results for PI-6 

UF ID %C (total) 
measured 

%N (total) 
measured 

atomic
Corg:N 

%Corg (total C - 
Inorganic C) 
calculated 

%CaCO3 

measured 
%Inorganic 
C (CaCO3/ 
8.333) 
calculated 

1263 5.2 0.12 37.1 1.9 27.6 3.3 

1264 5.3 0.17 26.7 2.2 25.8 3.1 

1265 8.7 0.25 30.0 4.1 38.9 4.7 

1266 11.5 0.45 22.0 8.4 26.4 3.2 

1267 11.4 0.40 24.3 7.8 30.0 3.6 

1268 2.2 0.03 65.3 1.1 9.1 1.1 

1269 3.2 0.03 90.0 1.5 13.5 1.6 

1270 1.3 0.02 54.4 0.6 5.9 0.7 

1277 1.3 0.09 12.8 0.6 5.8 0.7 

1278 1.5 0.02 63.9 0.6 7.8 0.9 

1279 6.23 0.11 48.7 2.1 35.0 4.2 

1280 8.7 0.21 35.5 3.9 40.3 4.8 

1281 8.0 0.18 38.1 2.9 42.4 5.1 

1282 2.6 0.06 36.4 1.9 5.7 0.7 

1289 1.3 0.07 16.2 1.0 3.0 0.4 

1290 1.5 0.03 44.0 0.7 6.7 0.8 

1291 1.3 0.06 18.7 0.8 4.1 0.5 
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Table 3-2. Continued 

UF ID %C (total) 
measured 

%N (total) 
measured 

atomic
Corg:N 

%Corg (total C - 
Inorganic C) 
calculated 

%CaCO3 

measured 
%Inorganic 
C (CaCO3/ 

8.333) 
calculated 

1292 1.4 0.02 60.9 0.78 5.4 0.7 

1293 1.8 0.02 76.7 0.6 9.6 1.2 

1294 1.4 0.20 5.8 0.7 5.3 0.6 

1301 3.1 0.03 87.4 0.3 23.2 2.7 

1302 6.0 0.25 20.6 2.6 28.1 3.4 

1303 5.7 0.26 18.9 2.9 24.0 2.9 

1304 5.3 0.22 20.8 2.2 26.2 3.1 

1305 7.4 0.34 18.8 4.1 28.2 3.4 

1306 5.6 0.27 17.7 2.9 22.7 2.7 

1307 5.8 0.32 15.5 3.4 20.0 2.4 

1308 2.8 0.08 30.1 1.7 9.2 1.1 

1309 8.0 0.34 20.0 4.8 25.9 3.1 

1310 4.1 0.17 20.8 2.4 14.4 1.7 

1311 3.9 0.08 41.4  nd 37.9 4.6 

1312 1.3 0.00 nd 0.1 9.9 1.2 

1314 6.3 0.12 45.1 1.7 38.8 4.7 

1315 3.6 0.09 30.0 1.4 14.5 1.8 

1316 1.5 0.03 42.0 0.8 5.5 0.7 

1317 9.3 0.34 23.6 4.3 41.7 5.0 

1318 2.9 0.10 24.9 1.4 12.5 1.5 

1319 9.8 0.24 34.9 3.3 54.1 6.5 

1320 4.3 0.09 41.1 1.0 27.9 3.4 

1321 8.2 0.28 23.0 3.9 35.7 4.3 

1322 1.4 0.03 41.1 0.7 5.9 0.7 

1323 6.7 0.17 33.7 1.1 46.3 5.6 

1324 4.9 0.23 18.4 1.3 30.1 3.6 

1325 6.8 0.19 30.5 1.2 46.1 5.5 

1326 7.8 0.28 23.9 3.9 32.8 3.9 

1327 7.9 0.31 21.7 4.4 29.2 3.5 

1328 7.2 0.16 38.6 1.3 48.9 5.9 

1329 6.2 0.25 21.3 2.6 30.0 3.6 

1330 10.9 0.05 187.4 1.5 78.7 9.4 
nd. no data were collected 
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Table 3-3. Bulk and compound-specific carbon results 
UF ID δ

15
N 

(‰ vs. 
air) 

δ
13

CTOC 
(‰, 
VPDB) 

δ
13

C29 n-
alk (‰, 
VPDB) 

δ
13

C31 n-
alk (‰, 
VPDB) 

δ
13

C33 n-
alk (‰, 
VPDB) 

Predom-
inant 
chain 
length 

a
 

CPI 
 b
 ACL

c 
 OEP

d
 

1263 3.7 -25.7 nd nd nd nd nd nd nd 

1264 2.2 -24.1 -30.1 -29.1 -26.6 31 2.51 26.79 4.13 

1265 0.9 -27.8 -32.5 -33.9 -32.4 29 2.59 28.62 4.71 

1266 1.4 -28.9 -32.0 -33.5 -33.6 29 4.97 29.19 9.34 

1267 2.5 -28.8 -30.7 -33.2 -34.2 29 4.10 27.29 7.16 

1268 8.7 -18.5 -30.4 -29.7 -27.0 29 1.40 26.58 2.05 

1269 7.4 -18.5 -27.9 -28.9 -26.7 29 2.07 28.41 3.36 

1270 8.2 -18.5 -30.6 -30.9 -29.3 23 3.52 25.27 2.50 

1277 10.0 -19.3 -29.6 -29.1 -27.4 29 3.73 30.79 7.19 

1278 7.6 -19.8 -29.7 -28.9 -25.8 31 3.66 31.74 8.12 

1279 7.3 -26.8 -32.4 -33.8 -29.9 29 8.88 28.92 18.46 

1280 5.6 -26.7 -32.0 -33.9 -30.9 31 8.69 29.37 18.19 

1281 6.4 -27.2 -32.2 -34.2 -31.3 31 12.25 28.97 30.38 

1282 3.0 -21.0 -30.7 -32.9 -29.6 31 7.63 28.69 15.91 

1289 3.6 -19.1 -25.5 -30.0 -28.0 33 7.03 30.16 13.57 

1290 8.3 -19.8 -26.1 -27.3 -26.2 31 8.70 29.66 15.16 

1291 7.6 -21.4 -25.6 -28.1 -27.5 nd 6.58 30.22 12.11 

1292 6.3 -20.3 -29.3 -31.9 -31.0 33 8.87 29.22 21.79 

1293 6.6 -22.5 -29.5 -31.3 -29.7 31 7.27 30.43 14.01 

1294 7.3 -21.6 -27.8 -30.2 -28.5 31 7.06 30.22 14.04 

1301 5.5 -23.3 -31.0 -31.2 -28.1 31 9.32 29.52 17.50 

1302 5.0 -26.1 -32.1 -32.2 -30.6 31 8.50 30.19 17.78 

1303 1.9 -25.3 -31.0 -31.9 -29.8 29 5.89 28.52 11.53 

1304 -1.2 -26.0 -30.9 -31.5 -29.5 31 5.45 28.98 10.94 

1305 0.7 -25.8 -30.9 -30.9 -29.6 31 5.72 28.62 11.34 

1306 3.4 -25.8 -32.6 -33.1 -30.5 31 8.18 30.13 18.35 

1307 2.5 -25.7 -30.9 -31.9 -30.3 31 6.34 29.34 13.13 

1308 7.6 -19.9 nd nd nd 31 nd nd nd 

1309 2.7 -25.7 -31.3 -31.9 -29.2 31 6.32 27.93 12.40 

1310 7.7 -21.9 -33.2 -33.2 -30.4 31 9.75 29.95 22.36 

1311 5.5 -23.7 -32.5 -33.4 -31.3 31 9.85 30.50 22.36 

1312 6.0 -21.8 -32.4 -32.6 -30.0 31 8.00 30.30 16.57 

1314 5.5 -24.2 -33.1 -33.5 -32.1 31 9.79 29.78 20.99 

1315 8.0 -24.1 -32.3 -32.4 -29.3 31 9.20 30.12 20.15 

1316 7.6 -24.4 -33.3 -33.6 -32.0 31 10.46 30.30 23.32 

1317 2.8 -25.3 -32.5 -32.6 -28.5 31 6.66 28.57 14.55 
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Table 3-3. Continued 
UF ID δ

15
N 

(‰ vs. 
air) 

δ
13

CTOC 
(‰,VPD
B) 

δ
13

C29 n-
alk (‰, 
VPDB) 

δ
13

C31 n-
alk (‰, 
VPDB) 

δ
13

C33 n-
alk (‰, 
VPDB) 

Predom-
inant 
chain 
length 

a
 

CPI 
 b
 ACL

c 
 OEP

d
 

1318 nd -23.7 -32.3 -32.6 -29.6 31 7.84 29.99 18.76 

1319 4.5 -25.4 -32.1 -32.1 -31.0 31 9.05 29.80 21.34 

1320 7.8 nd -29.7 -30.4 -25.9 31 9.07 29.45 20.55 

1321 -1.2 -26.8 -32.3 -33.3 -32.2 31 6.74 27.98 16.64 

1322 6.8 -23.2 -32.7 -30.9 -31.8 31 10.35 29.74 21.26 

1323 2.9 -23.2 -30.4 -29.2 -26.8 31 6.27 29.78 14.11 

1324 4.4 -22.8 -30.4 -28.9 -26.0 31 6.16 29.73 13.30 

1325 3.1 -27.2 -34.9 -34.0 -32.7 31 7.92 30.47 17.42 

1326 1.6 -29.4 -33.6 -33.9 -32.9 31 6.62 27.46 14.85 

1327 1.6 -29.2 -33.7 -34.3 -33.8 31 nd nd nd 

1328 2.0 -28.2 -34.7 -35.5 -34.8 31 7.00 29.47 16.69 

1329 2.9 -29.4 -35.4 -35.4 -33.9 31 6.54 27.29 15.02 

1330 0.9 -27.6 -34.2 -35.1 -34.5 31 12.86 30.06 27.18 

nd. no data were collected 
a. Carbon number of the homologue with highest abundance 
b. CPI=1⁄2*Σ(Xi+Xi+2+..+Xn)/Σ(Xi-1+Xi+1+..+Xn-1)+0.5*Σ( Xi+Xi+2+..+Xn)/Σ(Xi+1+Xi+3+..+Xn+1), with i=25, n=33 
c. Average chain length= Σ(i*Xi)/ΣXi, where X is abundance and i ranges from 25 to 35 
d. OEP= [C27+6(C29+C31)]/(4xC28+4xC30) 
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CHAPTER 4 
DISCUSSION 

Carbon Isotopes Upcore by Unit 

The 13CTOC record closely tracks shifts in the magnetic susceptibility and 


13Costracod records, variables that are linked to climate conditions (Hodell et al. 2008; 

Escobar et al. 2012) (Fig. 4-1; Fig. 4-2). This strongly suggests that stratigraphic 

changes in 13CTOC record the shifting relative abundance of the two main vegetation 

types (C3/C4) and are associated with wet and dry climate periods reflected by clay and 

gypsum deposition, respectively. The 13C values from long-chain n--alkanes generally 

track the 13CTOC record closely, with a few exceptions. 

Units VIII, VII, and VI 

Eight samples were taken from the bottom ~20 m of composite core PI-6 (Units 

VIII, VII, and VI). Unit VIII consists of course carbonate sand and has relatively low 

TOC, low %N and high %CaCO3 values. The 13CTOC values average -29‰ and 13Cn-alk 

range from -35.5 to -33.8‰. Unit VII, an organic-rich carbonate mud, has an average 

TOC of 7% and 13CTOC and 13Cn—alk remain generally unchanged, suggesting little 

change in C3/C4 composition between Units VIII and VII. Sediment from 55 to 50 mcd 

(Unit VI) consists of a gray, clay mud with lower C:N values, indicative of a higher 

proportion of algal material. The 13CTOC and 13Cn-alk values increase by ~5‰, 

indicating an increase in the proportion of C4 plants in the region. Pollen data also 

indicate expansion of grasses at the expense of forest, with a core high of 45% 

Poaceae (grasses) at the transition from Unit VII to Unit VI. Carbon isotope data for 

ostracods are not yet available beyond 43 ka. 
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Units V and IV 

Units V and IV date from ~43 to ~23 ka and consist of alternating bands of 

laminated clay mud and gypsum-rich sand. The 13 samples collected from these units 

for carbon isotope analysis show 13CTOC and 13Cn-alk values vary little (1-2‰), 

averaging -24‰ and -32‰, respectively. The observed variation is associated with 

changes in core lithology, but there does not seem to be a correlation between high 

isotope values (i.e. high C4 input) or high percentage Poaceae in the gypsum layers, as 

expected. It is likely that the low number of isotope samples in these units preclude 

identification of short-term climate shifts during a period of high climate variability. A 

higher-resolution record of climate events is seen in the oxygen and carbon isotopes 

from ostracods, permitting identification of Heinrich Events 4, 3, and 2 (Escobar et al. 

2012). The relatively high ostracod 18O values probably reflect both colder 

temperatures and low lake-water levels, i.e. greater evaporation/precipitation ratios 

(Escobar et al. 2012; Hodell et al. 2012). 

Pre-LGM Chronozone 

Just prior to the onset of the LGM chronozone at 24 ka, 13CTOC values record a 

6‰ positive excursion, indicating a large increase in abundance of C4 plants, and hence 

aridity (Fig. 4-4). Comparison with 13Cn-alk values is not possible because there was 

insufficient organic carbon for n-alkane isotope measurement. This time period 

coincides with Heinrich Stadial 2 (Hemming 2004), when gypsum deposition increased 

in Lake Petén Itzá (Mueller et al. 2010; Hodell et al. 2012; Escobar et al. 2012). My 

isotope-based inference for grass (C4) expansion is supported by a >10% increase in 

Poaceae pollen, from 5.9 to 16.5% (Correa-Metrio et al. 2012). 
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Unit III: LGM Chronozone 

Unit III, representing the LGM chronozone, is dated from ~24 to ~19 ka and 

records moderate 13C values averaging -25.8‰, -31.4‰, -31.9%, and -30.1‰ for 


13CTOC, 13C29, 

13C31, and 13C33, respectively. The 13CTOC values change throughout 

Unit III by <1‰. The 13Cn-alk values show slightly greater variability, fluctuating by ~2‰.  

Previous pollen research on a core from nearby Lake Quexil (Leyden 1984; Leyden et 

al. 1993, 1994) suggested that the LGM environment was exceedingly dry and cold, 

however dating of the section was compromised by a lack of terrestrial organic matter 

and relied on a single measure on a gastropod shell. Correlation of the well-dated pollen 

record from Lake Petén Itzá with the Quexil record shows that the purported LGM 

deposits of the Quexil section are in fact of deglacial age. Lithologic (Hodell et al. 2008), 

palynological (Bush et al. 2009; Correa-Metrio et al. 2012), and ostracod isotope data 

(Escobar et al. 2012) from Petén Itzá core PI-6 indicate cold, but relatively wet 

conditions during the LGM. My 13CTOCand δ13Cn-alk values support this interpretation 

for a relatively moist LGM, as the isotope values are lower compared to during late 

MIS3 and the deglacial (Fig. 4-3). 

Unit II: Deglacial 

Unit II consists of alternating layers of gypsum sand and laminated clays similar to 

Units V and IV. The 13CTOC record shows a >7‰ increase from -26 to -19‰. This large 

isotopic shift is indicative of increased aridity associated with Heinrich Stadial 1 (HS1) 

(Fig. 4-6). Compound-specific 13C values also show large positive excursions, with 

increases of 6, 5 and 4‰ for 13C29, 
13C31 and 13C33, respectively. The climate shift to 

colder and/or drier conditions at ~18 ka, identified by Escobar et al. (2012) using oxygen 
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isotope measures in ostracods, and cold conditions documented by simultaneous 

measures of gypsum hydration water and oxygen isotopes in gastropods and ostracods 

(Hodell et al. 2012), is also detected in my 13C records, confirming a vegetation 

response to climate change at this time. The transition from HS1 to the Bolling-Allerod 

at 15 ka is marked by a negative shift in 13C values in the isotope records. A return to 

pre-Bolling-Allerod 13C values occurs at the onset of the Younger Dryas at 13 ka. 

These large carbon isotope shifts, reflecting changes in vegetation type, are also 

detected in the pollen record, as changes between mesic/dry forests and dry scrub and 

xeric shrublands (Correa-Metrio et al. 2012). 

Deglacial/Holocene Transition 

The transition from the Pleistocene to the Holocene at 10.5 yr BP shows the 

largest excursion in the 13CTOC record, a shift from -18‰ to -28‰. The latter value is 

the lowest 13CTOC measure recorded in core PI-6 and indicates an unprecedented 

increase in C3 vegetation, and hence warmer and wetter conditions. This transition also 

marks the timing of the most extreme change in vegetation recorded in the pollen 

record. Percent Poaceae falls from ~20% to ~3.5% (Correa-Metrio et al. 2012). C:N 

values fall from 65.3 to 24.3, but still indicate a largely terrestrial organic matter signal.   

Unit I: Holocene 

Early Holocene (~8,550 yr BP) low 13CTOC values reflect relatively warm, moist 

conditions, with abundant C3 plants. This finding is consistent with previous research 

that indicated increased precipitation and high water levels in Lake Petén Itzá (Curtis et 

al. 1998; Hillesheim et al. 2005). This period was characterized by enhanced 

seasonality in the northern hemisphere tropics and probably by extreme northward 
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migration of the ITCZ during the summer rainy season (Hodell et al. 2001, 2005). By the 

middle Holocene, however, there is evidence for climate drying around Petén Itzá, as 

well as from sites in northern South America (Haug et al. 2001) and northern 

hemisphere Africa (Mueller et al. 2009). Higher carbon isotope measures support this 

inference and indicate greater abundance of C4 plants. 

Comparison of Compound-Specific and Bulk Carbon Isotope Values 

Although 13C values for carbon chain lengths ranging from C14 to C35 were 

obtained from GC-IRMS measurements, the three long-chain n-alkanes selected for 

analysis were C29, C31, and C33 because they are found almost exclusively in terrestrial 

plants (Rieley et al. 1991; Collister et al.1994). With few exceptions, the C29, C31, and 

C33 
13C values trend very well together (Fig.4-5). The C29 and C31 

13C values agree 

within 1-2‰ and are more negative than the C33 
13C values. This may indicate another 

possible source to the C33 record, such as certain algal species (Lichtfouse et al.1994a). 

It may also simply be a consequence of higher variability in the C33 record. This pattern 

is observed in other isotope research where C29 and C31 are generally the most 

depleted values of all long-chain carbons, whereas C33 and C35 are isotopically enriched 

relative to C29 and C31 (Schefuss et al. 2003). 

Preservation of n-alkanes can be determined by calculating carbon preference 

index (CPI) values. High CPI values indicate living plant matter, whereas lower values 

signify diagenetically degraded organic matter (Hedges and Prahl 1993; Collister et al. 

1994). Leaf waxes have CPI values >5 (Eglinton and Hamilton 1967). CPI values in PI-6 

are >5 from the base of the core to 12.82 mcd/12,790 yr BP during the Younger Dryas, 

where the value drops to 3.66 (Fig. 4-8). Values continued to decrease throughout the 
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remainder of the deglacial, indicative of an increase in the abundance of mature, detrital 

input to the organic matter source, reaching a minimum of 1.40 just prior to the 

Holocene transition. CPI can be used if the predominant source of organic matter can 

be determined. In the Petén Itzá core, the predominant n-alkanes are long-chain and 

come from land plants (Ficken et al. 2000). Gas chromatographs for the PI-6 core 

identified the dominant n-alkane as C31 for the bottom portion of the core, up to the late 

LGM at 22.38 mcd (19.75 yr BP), after which the C29 chain length dominated (Fig. 4-8). 

The dominant n-alkane returned to C31 and varied between C29 and C33 throughout the 

early deglacial. These values are all well within the range of vascular land plants. The 

only deviation from these values occurs at ~10,800 yr BP, where a sharp decrease to 

C23 is observed, indicating an increase in algae and macrophytes to the source material.  

This finding is in agreement with C:N values, which fall to ~12.8, indicative of a larger 

aquatic plant contribution to the organic matter pool (Fig. 4-7). These findings confirm 

that the 13C bulk values reflect dominance of terrestrial vegetation (Chikaraishi and 

Naraoka 2003; Ficken et al. 2000). 

The Holocene transition at ~10.33 mcd shows an unusual discrepancy in the three 

compound-specific 13C values. A large shift in 13C values from the gypsum sand in the 

late deglacial, indicating dry conditions, to the more organic deposits of the warmer 

wetter early Holocene, was expected. The C33 record does reflect that with a negative 

7.2‰ shift in 13C value. The C31 record decreases <4‰, and the C29 record shows no 

significant change in values. 

Throughout the length of core PI-6, compound-specific and bulk 13C records track 

well, with C29 and C31 generally 1-2‰ more negative than C33. Large shifts in the 
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deglacial correspond with more positive 13C values for both compound-specific and 

bulk 13C records, reaching maximum values during arid periods when gypsum sand 

was deposited and there was maximum relative abundance of C4 plants. Unit III, the 

LGM chronozone, displays relatively low variation in both the compound-specific and 

bulk 13C records, consistent with the fairly homogenous nature of the gray clay mud 

deposited at that time. 

Because the compound-specific and bulk 13C records from Petén Itzá yielded 

similar inferences about past vegetation, the additional effort and cost required to 

prepare samples for compound-specific δ13C analysis may not be justified. This is 

probably the case for the Petén Itzá core because sedimented organic carbon is 

overwhelmingly from terrestrial sources. In other situations, compound-specific 13C 

analyses may be necessary to discern past vegetation changes. Initial studies, looking 

at the relative abundances of n-alkane chain lengths, provide insights into whether such 

detailed isotope measures are necessary. 
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Figure 4-1. Composite core PI-6 magnetic susceptibility (red line) and 13CTOC (green 
line with triangles) by meter composite depth (mcd) show tightly coupled 

variation indicating an agreement between lithology and 13CTOC values. 

 

Figure 4-2. Values of 13CTOC (red line with triangles) and 13Costracod (blue line) through 
the deglacial are likely representing the same carbon source. 
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Figure 4-3. PI-6 13CTOC (green line with triangles) and 13C33 (orange line with circles) 
during the deglacial show general agreement indicating bulk and compound-
specific measurements show similar trends. 

 

Figure 4-4. Percent Poaceae (green line with circles at left), percent total organic carbon 

(red line with triangles in center, note scale direction), and 13CTOC (blue line 
with circles at right) by meter composite depth (mcd) show agreement 
throughout length of core indicating positive relationship between amount of 
grass, amount of carbon and relative percentage of C4 plants in environment. 
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Figure 4-5. Bulk and compound-specific carbon isotopes: 13CTOC (green line with 

circles at left) 13C29 blue line with squares second from left) 13C31 red line 

with diamonds second from right) and 13C33 (purple line with triangles at 
right) by meter composite depth (mcd) values show good fit indicating 

possible use of 13CTOC to demonstrate 13Cn-alk trend. 

 

Figure 4-6. Bulk and compound-specific carbon isotopes show largest shifts at climatic 
boundaries. Values shown from 0-43 ka BP; climatic events in grey bars: 
A=Holocene, B=Younger Dryas & Preboreal C=Bolling-Allerod, D=Heinrich 
Stadial 1, E=LGM, F=Heinrich Stadial 2, G= MIS3. 
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Figure 4-7. This scatter plot delineates the source of organic matter using 13CTOC and 
C:N (carbon to nitrogen ratio). The resulting plot shows a dominance of C3 
plants in the source material. 

 

Figure 4-8. The dominant n-alkane values and carbon preference index (CPI) by meter 
composite depth (mcd) for PI-6 show largest variations during the deglacial 
just prior to Holocene transition. 
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CHAPTER 5 
CONCLUSION 

Forty-nine subsamples from a 85-ka sediment core were analyzed for carbon 

isotopes in bulk carbon and compound-specific, long-chain n-alkanes. Changes in 13C 

are closely associated with shifts in other climate proxy data, including magnetic 

susceptibility, lithology, pollen, and oxygen and carbon isotopes in ostracod shells. The 


13C values in bulk carbon and long-chain n-alkanes serve as proxies for shifts in the 

relative abundance of C3 and C4 plants, which are indicative of past changes in 

precipitation. Periods of gypsum deposition in the lake, associated with arid conditions, 

correspond with higher 13C values, the latter indicating an increase in C4 plants, i.e. 

grasses. The high degree of variation in the 13C bulk record during Heinrich Stadial I is 

a result of extremes in E/P and other regional climate events, such as the Bolling-

Allerod, Younger Dryas (Hodell et al. 2012; Escobar et al. 2012). These results show 

that changes in vegetation type in the lowland Neotropics were probably affected by 

large shifts in both precipitation and temperature during the last glacial cycle. Because 


13C results from bulk organic carbon and specific n-alkane compounds show similar 

trends and the bulk organic carbon source has been identified through C:N as 

predominantly allochthonous in Petén Itzá sediments, 13CTOC values are sufficient to 

infer climate-driven shifts in vegetation type. 
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