
 

 
 

A 40,000 year geochemical record from Lake Chalco, Mexico 
 
 
 

A THESIS 
 

SUBMITTED TO THE FACULTY OF THE GRADUATE SCHOOL OF 
THE UNIVERSITY OF MINNESOTA 

BY 
 
 

Megan Leigh Pierce 
 
 
 
 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 
FOR THE DEGREE OF 
MASTER OF SCIENCE 

 
 
 

Dr. Erik T. Brown and Dr. Josef Werne 
 
 
 

March 2012 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© Megan Leigh Pierce, 2012



 i 

ACKNOWLEDGMENTS 
 

Foremost, I would like to thank my advisors, Dr. Erik Brown and Dr. Josef 

Werne; and committee member, Nigel Wattrus, for granting me the opportunity to be 

able to work on such an interesting project, providing insight on science and sometimes 

not science, and their continual willingness to impart their experience and knowledge to 

me. 

 Much of the data presented in this thesis is a result of laboratory work done by 

Julia Halbur, the interpretations and collection of data presented here would truly have 

not been possible without her.  Sarah Grosshuesch’s direction and assistance was also 

integral to the completion of this project. I also want to thank Koushik Dutta for running 

the samples on the IRMS and his assistance with the methods portion of this thesis. 

Thank you to all the other residents of our organic geochemistry laboratory: Martijn 

Woltering, April Abbott, Melissa Berke, Sergio Contreras Quintana, Brittany Kruger, and 

Prosper Zigah for being such great people to work with and to work around. I’d also like 

to thank Amy Radakovich whose motivation to “thesis-ize” is incredibly contagious. 

Thank you, as well, to my other fellow graduate students who have journeyed with me.  

Finally, I am most grateful for a visit to Duluth, MN, in which a walk through 

Chester Bowl in the midst of autumn convinced me in a moment of clarity that I had to 

move to this wonderful city and study geology. 

           



 ii 

ABSTRACT 
 
 

Water balances of Southwestern North America and of northern South America 

are dependent on positions of the North American (Mexican) Monsoon and the ITCZ 

respectively. The North American Monsoon leads to significant summer rainfall across a 

broad swath of the continent, and constitutes the major source of annual precipitation 

over the southwestern United States and northern Mexico. The position of the ITCZ and 

the strength of the accompanying monsoon are affected by variability in insolation. 

Northern hemisphere cooling results in a southerly displacement of both the ITCZ and 

North American Monsoon, whereas northern hemisphere warming results in a more 

northward position. The Basin of Mexico can be potentially impacted by both of these 

systems. A new geochemical climate record from Lake Chalco, Mexico, which couples 

inorganic (X-ray fluorescence) and organic (biomarkers and stable isotopes) geochemical 

proxies, reconstructs external forcings of volcanism and aridity over the past 40,000 

years, as well as ecosystem responses to these forcings.  The Basin of Mexico is a high 

altitude closed lacustrine basin (20ºN, 99ºW; 2240 m.a.s.l.) in the Trans Mexican 

Volcanic Belt.  The relict paleolake, Lake Chalco, is located near Mexico City in the 

southern sub-basin, and has an area of 120 km2 and a catchment of 1100 km2. Though the 

present-day lake has been reduced to a small marsh due to historic diversion of its 

incoming rivers; over longer timescales the lake has been a sensitive recorder of 

hydroclimatic variations in the neotropics.  Low Ca concentrations indicate greater aridity 

during the late glacial relative to the last interstadial or early Holocene.  Peaks in Fe 

concentrations indicate volcanism and the deposition of tephra throughout the last 40ka, 
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with more frequent episodic volcanism occurring in the most recent 23ka. N-alkane 

biomarkers, compound specific carbon isotopes, and XRF data provide evidence for 

ecosystem responses to both aridity and volcanism. The extent to which both of these 

external forcings affected ecosystem is assessed; and the extent to which global or local 

external forcings affect the Basin of Mexico is addressed. 
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1.0 INTRODUCTION 

 
Holocene and Late Pleistocene paleoclimate conditions are well constrained 

through much of the southwestern United States (Asmerom et al., 2010; Wagner et al., 

2010) and northern South America (Peterson et al., 2000); however less is known about 

paleoclimate conditions in Mexico (Metcalfe et al., 2000).  Early investigators of 

Mexican climate primarily focused on the Basin of Mexico and the interplay between 

paleoclimatic change and cultural development (Huntington, 1913; Deevey, 1944; Sears 

and Clisby 1955). Subsequent studies extend as far back as the Late Pleistocene and 

investigate paleoenvironmental conditions from diatom (Bradbury, 1971, 1989; Watts 

and Bradbury, 1982; Lozano Garcia et al., 1993. Caballero Mirando 1995; Caballero 

Miranda and Ortega Guerrero, 1998) and pollen assemblages (Sears and Clisby, 1955; 

Gonzalez Quintero, 1986; Ortega Guerrero, 1997) in lacustrine sediments.   Longer 

records of the Basin of Mexico are not as comprehensively explored, especially with 

respect to external forcings, factors that impact the landscape and ecosystem, in the 

region. 

Several studies have correlated Mexican climate with global scale phenomena 

(Street-Perrott and Perrott, 1990; Galindo and Mosino, 1992; Heine, 1994; Leyden et al., 

1994; Stahle et al., 1998).  However, these have most extensively focused on ENSO 

variability on shorter timescales. Linkages between longer term global climatic 

variability and Mexican climate proxies are less common.  

To develop a longer record comparable to adjacent regions we investigate 

paleoenvironmental conditions in the Basin of Mexico utilizing both inorganic and 

organic geochemical proxies.  Comparison of these proxies provides a general framework 
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for understanding the relationship between abiotic and biotic processes and the external 

forcings affecting the Basin of Mexico over the past 40,000 years.  The data are collected 

from lacustrine sediment cores from Lake Chalco, a lake within the southern portion of 

the Basin of Mexico.  These results will be compared to records in adjacent regions to 

piece together how climatic conditions throughout the Holocene and Late Pleistocene 

compare to other sites’ paleoenvironmental conditions in the neotropics. 

Many factors have influenced neotropical climate over the time period of interest; 

however there are complexities in interpreting these factors. Foremost, it has been 

suggested that the magnitude of changes in Mexico has been less dramatic than in other 

parts of northern hemisphere tropics (Street-Perrott and Perrott, 1993).  Another difficulty 

in deciphering records of central Mexico’s climate throughout the past 40,000 years is the 

lack of continuous climate archives with robust chronologies.  In climate archives of 

more recent times (i.e. since 10ka) chronologies may be compromised by anthropogenic 

disturbances, which contributes to mixing of old carbon into more recent sediments, as 

well as greater erosion of top soils due to agriculture.  Furthermore, it appears that central 

Mexican climate may respond to regional or local processes; even within the Basin of 

Mexico various records are not entirely consistent with one another.  Discrepancies 

among sites and records are even more pronounced prior to human occupation and 

cultural development in the region, so anthropogenic disturbances cannot be the sole 

reason for these differences (Metcalfe et al., 2000). 

Regardless of difficulties in interpreting climate data, the external forcing and 

resulting feedback that impacts the southwestern United States, Central America, and 

northern South America through the Late Pleistocene likely affects central Mexico as 
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well. In the broadest sense Milankovitch cycles impact the tropics on orbital time scales; 

however the frequency of these events is lower than can be demonstrated in a 40,000 year 

record.   

Although central Mexico contains a large number of sites where paleoclimate 

studies have been undertaken, the diverse records are difficult to piece together.  One of 

the difficulties in interpreting the influence of glacial-interglacial cycles is determining 

the relative importance and controls on temperature and moisture conditions during 

glacial conditions (Metcalfe et al., 2000).  In the Basin of Mexico pollen records from the 

last glacial maximum (LGM) support conclusions of drier and colder glacial conditions 

(Boturina, 2006), as well as temperate and humid conditions (Gonzalez Quintero, 1986). 

Glacial records and diatom records also support various moisture regimes during the last 

glacial. For example, Bradbury (1997) suggested that enhanced moisture conditions 

during the LGM within the Basin of Mexico, and Vazquez Selem (1997) suggested that a 

cool, moist climate is required for glacial expansion.   

Variability within and among individual records suggests that glacial and 

interglacial regimes do not occur on simple glacial and interglacial boundaries, instead 

they are complicated with intermediate fluctuations. Regional variability accompanying 

the last glacial may be a manifestation of far field influences from the North Atlantic 

such as Heinrich and Dansgaard-Oeschger events.  Heinrich events are marked by the 

termination of gradual coolings and massive iceberg discharges into the North Atlantic 

(Heinrich et al., 1988). Interspersed between these events are the Dansgaard-Oeschger 

(D-O) rapid warmings occurring at a periodicity of ~2kyr from 20-70ka (Oeschger et al., 

1984; Dansgaard et al., 1993). 
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Heinrich events occurred when the Laurentide ice sheet grew to an unstable size 

resulting in ice surges and input of large amounts of freshwater into the North Atlantic. 

These surges caused abrupt salinity decreases from freshwater influx, thereby reducing 

the formation of North Atlantic Deep Water (NADW) and thermohaline circulation, and 

ultimately causing the North Atlantic to cool. As salinity increased over time 

thermohaline circulation and North Atlantic Deep Water (NADW) formation were less 

sluggish and could resume the transportation of heat poleward.  This may be linked to 

sharp increases in temperature and initiation of D-O interstadial periods.  Evidence of D-

O events is increasingly being identified in far field records in ice core, deep sea records, 

and continental records as periods of increased warming. Continental records from the 

neotropics have identified linkages between high and low latitudes in the northern 

hemisphere, which may serve to act as an important moderator of Atlantic circulation 

(Broecker et al., 1990; Peterson et al., 2000; Schmidt et al., 2004, 2006).  Well-dated 

records from lacustrine sediments in lowland Guatemala (Hodell et al., 2008) and from 

the Cariaco Basin of the coast of Venezuela (Peterson et al., 2000; Werne et al., 2000), as 

well as continental speleothem records from the southwestern United States (Asmerom, 

2010; Wagner, 2010) all propose strong linkages between lower-latitude hydrologic cycle 

and temperature in the high-latitude northern Atlantic. 

The linkages between the hydrologic balance of the neotropics and temperatures 

in the northern Atlantic may also be influenced on a more regional level, resulting in even 

greater spatial and temporal variability superimposed on glacial/interglacial conditions.  

The Mexican (North American) monsoon is important to the hydrologic balance of the 

western United States and parts of (western and northwestern) Mexico.  It is experienced, 
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in present-day conditions, as an increase in rainfall from July through mid-September 

followed by a drier regime.  The areas affected by the Mexican monsoon receive the 

majority of the rainfall during this time period via moisture from the eastern tropical 

Pacific, Gulf of California, and Gulf of Mexico. Enhanced moisture conditions in 

northern Mexico and the southwestern United States at the LGM are associated with the 

collapse of the Mexican monsoon from a southward displacement of the westerlies due to 

the increased expanse of the Laurentide ice sheet.  Monsoon collapse, resulting in a 

southerly displacement, would have resulted in greater winter precipitation (Adams and 

Comrie, 1997) and the wetter LGM conditions in the western United States. However, 

whether or not the Mexican monsoon was displaced as far south as the Basin of Mexico 

is debatable.  Maximum southerly displacement of the Mexican monsoon into the Basin 

of Mexico would have occurred at the greatest extent of the Laurentide ice sheet, if it 

occurred at all.  Therefore this would correlate with the increased LGM winter 

precipitation and moister conditions as proposed by Bradbury (1997) and Vazquez Selem 

(2000).  Displacement of the Mexican monsoon into the Basin of Mexico could explain 

variability between glacial conditions and glacial maximum conditions.  

 The location of the Basin of Mexico in the Trans-Mexican Volcanic Belt (TMVB) 

creates an additional factor in the interpretation of paleoclimate records from this region.  

Volcanic activity in the TMVB is ongoing as evidenced strongly by numerous tephra 

layers in the lacustrine sediments. Tephra cannot only aid in deciphering a chronological 

framework for the lacustrine record, but also has profound environmental effects.  One of 

the largest Plinian-type eruptions occurred just at the advent of the LGM (~23ka), adding 

complexity to central Mexican paleoclimate records, and potentially contributing to the 
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spatial variability noted among sites during this time period. Volcanic activity and even 

distal tephra deposition has been shown to influence climate both spatially (locally 

affecting biological processes in a lake or the depression of global temperature) and 

temporally (immediate impacts on the order of hours to volcanically active regions 

lasting millions of years) (Lucht et al., 2002).  A wide variety of environmental responses 

in both terrestrial and aquatic ecosystems have been recorded in volcanic regions of 

Mexico (Telford et al., 2004).  Evaluation of the response to the 23ka volcanic event 

within the Basin of Mexico found that diatom assemblage composition and 

concentrations shifted following the major eruption (Caballero Miranda, 1995; Lozano 

Garcia and Ortega Guerrero, 1997).   

On more recent timescales, which are not addressed in this study, human and 

cultural developments can impact environmental conditions and even obscure the climate 

record.  The Basin of Mexico has a long history of human occupation that has resulted in 

manipulation of lacustrine environments by human lakeshore populations.  The Aztec’s 

ambitious cultural center, Tenochtitlan, was built within the chain of lakes in the basin.  

Early sedentary agriculture manipulated the wetter basin regions by creating chinapas 

style farming, floating islands, in the lowlands.  Beginning in the 17th Century, the 

Spanish dammed incoming rivers that brought fresh water into the basin, thereby 

reducing the size of the lakes (Palermo, 1973).  Today human influence on the Basin of 

Mexico continues. Mexico City and surrounding urban and rural areas are built atop the 

paleolakes. Furthermore, the influence of this large population has created serious aquifer 

drawdown issues within the basin. 
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 The general objective of this thesis is to provide a more comprehensive view of 

paleoclimate conditions in the Basin of Mexico, and to evaluate linkages to climate 

conditions in adjacent regions and in a global context.  More specifically, this thesis will: 

• Identify external forcing mechanisms (e.g. global climate forcings and volcanism) 

that are detectable in the lacustrine record and evaluate ecosystem responses to 

variation in forcing 

• Compare proxy records of hydrologic balance in the basin to proxy records of 

ecosystem response (e.g. n-alkanes, biogenic silica, compound specific carbon 

isotopes)  

• Compare pre-existing pollen and diatom assemblage data from Lake Chalco and 

other Basin of Mexico sites to the datasets developed in this thesis. 

• Compare data collected in adjacent regions (southwestern United States and 

northern South America) with data from Lake Chalco to understand how the 

climate in the neotropics compare with those in adjacent areas climate, and 

furthermore, how global scale phenomena are recorded in Lake Chalco over the 

past 40 ka. 



 8 

 

1.1 Geography 
 

In a broad sense, Lake Chalco (19° 15’ N, 98° 58’ W, 2240 m ASL) is a northern 

hemisphere sub-tropical lake and is the northernmost extent of the neotropics.  More 

specifically, Lake Chalco is located in central Mexico within the Basin of Mexico, a 

highland basin that contains present-day Mexico City.  The Basin of Mexico (9600 km2) 

is surrounded by mountain and volcanic ranges at a considerable altitude, and is located 

on the southern edge of the Trans-Mexican Volcanic Belt (TMVB), which trends west to 

east across central Mexico (Fig. 1).  

 

 

Figure 1. Location map. 

A larger scale contour map of the Basin of Mexico, and a smaller scale map depicting the 
Basin of Mexico’s relative location within Mexico. Adapted from Caballero and Ortega 
Guerrero, 1998; Lozano Garcia, 1993. 
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Lake Chalco is one sub-basin of a lake system in the Basin of Mexico, a large 

lacustrine depression, which also includes the sub-basins of Zumpango, Xaltocan, 

Texcoco, and Xochimilco and numerous wetland areas.  The system is aligned in a north-

south orientation with Lake Chalco and Lake Xochimilco at the southernmost extent. In 

the northern extent of the basin are Lake Xaltocan and Zumpango, which are connected 

to Lake Chalco and Xochimilco through the centrally located and lowest elevated lake, 

Texcoco.  During times of highest lake level all five lakes were connected and span an 

area of 1500 km2.  Moderate desiccation of the lake system left Lake Chalco and Lake 

Xochimilco connected to each other, but did not allow for the lakes to spill northward 

into Lake Texcoco. Lake Xochimilco and Lake Chalco were historically fresher lakes 

than the northern three lakes due to greater precipitation in the south of the basin, two 

incoming rivers, and a concentration of freshwater springs (Deevey, 1944; Sears, 1952; 

Sears and Clisby, 1955). 

Volcanic ranges surround the Basin of Mexico and form an amphitheatre to the 

south, east, and west of Lake Chalco with more distant ranges to the north.  To the east 

rises the Sierra Nevada range with two of the three highest peaks in Mexico, Iztaccihuatl 

and Popocatéptl (at 5,465 m and 5,230 m, ASL respectively), which are included in Lake 

Chalco’s watershed and maintain active glaciers at their summits.  These glaciers 

sustained the headwaters of two incoming rivers, the Amecameca and Tlamanaco, prior 

to their diversion.  The influx of glacial water into Lake Chalco established it as a 

considerably fresher lake than the other lakes within the Basin of Mexico.  

To the south of the lake system is the Chichinautzin volcanic field, part of the 

Sierra del Ajusco-Chichinautzin range. It contains 200 or more cinder cones and 10 lava 
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domes over 90 kilometers trending east-west.  Fifty of these cinder cones and associated 

lava flows are within Lake Chalco’s watershed (Bloomfield, 1975).  The Chichinautzin 

provides a topographic barrier that was tectonically created in the Pliocene (780ka) 

resulting in the hydrologic closure of the Basin of Mexico and rapid sedimentation rates 

thereafter (Bradbury, 1980).  The barrier extends from the western flanks of Iztaccihuatl 

to the eastern edge of another major stratovolcano, Nevado de Toluca, eighty kilometers 

west in the Las Cruces mountains. Also within the Sierra del Ajusco-Chichinautzin range 

to the south of the basin is the Pleistocene age Ajusco lava dome (3,930 m ASL). 

To the west of the Basin of Mexico is the Sierra de Las Cruces range with the 

highest peaks just below 4,000 m ASL.  To the north the basin is bounded by a series of 

smaller ranges including the Los Pitos, Patlachique, and Tepotzotlan.  

 

1.2 Cultural Development and Lake Chalco 
Present-day Lake Chalco is a smaller, saline marsh, confined to the south-eastern 

portion of the former lacustrine basin.  Lake Chalco is somewhat seasonally ephemeral 

with the present-day marsh not exceeding 1-2 meters of depth, with its greatest extent 

achieved during the summer rainy season.  The reasons for the reduction in lake size are 

not completely climatic.  Cultural developments as early as 4ka (Palerm, 1973) are 

thought to have had significant impacts on the basin’s environment.  Aztec and Spanish 

archaeological sites are abundant in the area, attesting to the history of human civilization 

dating back many thousands of years.  In the 16th Century in the neighboring sub-basin of 

Texcoco, the Aztec capital of Tenochtitlan was built on an island in the lake.  During this 

time the Aztec culture began chinampas style agriculture, which resulted in the dredging 

of the lake to form canals and floating islands. Therefore, in many areas of the lake the 
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uppermost lacustrine sediments have been disturbed.  In the 17th Century, after the fall of 

the Aztec Empire, Lake Chalco was drained by the Spanish and its main incoming rivers, 

the Tlamanaco and Amecameca, were diverted. Thereby, the lake ecosystems were 

further reduced and evaporation along with continued diversion projects created the 

present-day size of the lake. Today, Lake Chalco is currently located in an “urban rural” 

setting on the outskirts of Mexico City (Fig. 2) where the land is heavily devoted to 

agricultural purposes including chinampas farming in the more temperate southern 

portion of the basin and rangeland in the more arid northern portion. 

 

Figure 2. Location of Lake Chalco within Mexico City and surrounding area.  

The view of the aerial photograph is oriented with north to the left. Iztaccihuatl 
and Popocatéptl are in the upper right corner in the southeast. Lake Chalco is circled in 
the photograph with Mexico City surrounding it. (Adapted from Google Earth image, 
2011) 
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1.3 Climate 
The present-day climate of the Basin of Mexico is influenced by two major wind 

belts: the easterly trade winds and the westerlies (Metcalfe et al., 2000).  In the summer 

the easterly trade winds dominate, whereas in the winter the westerlies are the dominant 

meteorological pattern.  This seasonal reversal in wind direction is responsible for the 

North American monsoon, which is expressed as increased summer precipitation that 

lasts until mid-September during which the region receives the majority of its 

precipitation (Adams and Comrie, 1997; Hales, 1974).  Through meridional flow 

conditions cold air masses deriving from the Great Basin are capable of bringing colder 

conditions and occasionally snow into the Basin of Mexico. In the summer months, as the 

intertropical convergence zone (ITCZ) is pushed northward, a high pressure belt in the 

mid-latitudes brings easterly flow over the Basin of Mexico. It is generally accepted that 

moisture from the monsoon is sourced from the eastern tropical Pacific Ocean and the 

Gulf of California with the Gulf of Mexico contributing smaller amounts of upper-level 

moisture (Adams and Comfrie, 1997). Annual variability in the Mexican monsoon may 

be impacted by surges of low-level moisture from the Gulf of California with a 

moderately high variability (Bryson and Lowry, 1955).   

Factors that attenuate the variability of the monsoon may include the seasonal gulf 

surges and the position of the mid-tropospheric subtropical ridge. Atmospheric controls 

on the paleomonsoon are likely similar to that of the modern day North American 

monsoon.  The strength and position of tropical highs and location of the westerlies or the 

ITCZ may contribute to the intensity of the monsoon even on long-term scale. Due to the 

unimodal distribution of annual rainfall, Lake Chalco is an ephemeral waterbody, with a 

much greater extent during summer precipitation from the Mexican monsoon (Fig. 3). 



 13 

 

 

 

Figure 3. Climate patterns affecting Mexico. 
Distribution of a) winter and b) summer precipitation patterns. 
From Metcalfe et al. 2000. 
 



 14 

Precipitation deriving from the Mexican monsoon is supplemented by convective 

storms initiated by heating over the higher altitudes in the basin (Metcalfe et al., 2000).  

The two sources combine to create an average of 400 millimeters of precipitation 

annually in the northeast, increasing to 700-800 millimeters in the south of the basin 

(Garcia, 1966). The highlands are moister and cooler with up to 1000 millimeters of 

precipitation; historically much of this precipitation was transported by rivers into Lake 

Chalco.  Average annual temperature in the basin is 15°C to 16°C with little seasonal 

variability.  Maximum summer temperatures are around 25°C. 

A steep climatic gradient is pronounced even within Lake Chalco’s basin itself, 

thereby exemplifying the sensitivity of this basin of climatic changes.  In the northern 

portion of the basin persists a semi-arid landscape and preserved evaporative deposits in 

the paleolake basin (Fig. 4).  In the southern portion of the basin greater precipitation 

promotes wetlands and temperate vegetation (Fig. 5). A number of springs in the 

southern portion of the basin are also important to maintaining the relict lake. 
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Figure 4. Northern basin 
The northern, more arid portion of relict Lake Chalco. 
 

 
Figure 5. Southern basin 
The southern, more temperate portion of relict Lake Chalco. 
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A climate control worth mentioning, but not relevant on timescales in the Lake 

Chalco record, are the effects of El Nino – Southern Oscillation (ENSO).  El Nino years 

are associated with a northerly position of the mid-tropospheric subtropical ridge 

(Carleton et al., 1990) and therefore higher rainfall  in northwestern Mexico; however, its 

effects in eastern and central areas are not as clear (Galindo, 1992). 

1.4 Vegetation 
Mexico is one of the most biologically diverse areas of the world owing to its wide 

physiographical range, latitudinal expanse, influence of two oceans, and location near the 

Tropic of Cancer (a delimiter between semi-arid and arid climates) (Garcia, 1981; 

Mittermeier, 1988; Ramamoorthy et al., 1993).  As a result of these factors, a wide 

variety of vegetation types exist within Mexico and specifically within the Basin of 

Mexico owing to the TMVB as a boundary between the neartic and neotropical 

biogeographic regions. Climate in the Basin of Mexico is affected by larger scale 

variability, but local topographic effects can also cause local variation.  The variations in 

topography can affect precipitation patterns, temperature variability, and thereby 

vegetation patterns (Fig. 6).  The Basin of Mexico contains a variety of species ranging 

from semi-arid desert plants to more temperate tropical plants with gradients persisting 

both with north-south direction and with elevation. 
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Figure 6. Major vegetation regimes in Mexico 
 
Major Mexican vegetation gradients presented with rainfall in mm and temperature 
represented by elevation change.  TRF=tropical rainforest, SCF=subtropical caducifolius 
forest, CF=caducifolius forest, S=shrubland, SAG=subalpine grassland, TS=thornshrub, 
OF=oak forest, CF= cloud forest, FF= fir forest, PF= pine forest, AG= alpine grassland, 
IC= nival zone. Lake Chalco’s catchment contains many different vegetation 
communities including: S, SAG, TCF, TS, OF, and PF. Figure from Rzedowski, 1995. 

 

Interestingly, a strong constituent of more northern fauna exists in Mexico as 

compared to other neotropical regions.  This may be linked to the last glaciation in which 

expansion of the Laurentide ice sheet promoted the southward movement of many 

northern species (Ferrusquia-Villafranca, 1993).  This is illustrated in the TMVB where 
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oak, pine, fir, and alder are present in the mountains above the basin.  This pattern is 

strongly apparent with neartic vegetation dominating north of the TMVB and neotropical 

fauna south.  The TMVB forms the boundary that separates these distinct 

biogeographical regions (Rzedowski, 1993). 

Despite the great biological diversity within the TMVB and Basin of Mexico, the 

transformation of vegetation patterns and even the radical elimination of whole 

ecosystems have occurred since the advent of human occupation in the Basin of Mexico 

(Niederberger, 1987). Therefore, present day vegetation patterns differ significantly from 

those prior to human influence. However, surveys to classify vegetation in the Basin of 

Mexico has been undertaken. Sanders (1976) and Sanders, Parson, and Santley (1979) 

identified nine major environmental regimes and their vegetation with respect to 

elevation: lake system, aquatic and subaquatic species; saline lakeshore, halophyllous 

plants; deep soil alluvium, sedges, swamp, and cypress; thin soil alluvium, grasses and 

agaves; upland alluvium, oaks and acacia; lower piedmont, low  oak forests; middle 

piedmont, broadleaf  oak forests; upper piedmont, oaks, tepozanes, and alders; and the 

sierras, pines, firs, and junipers. 

 Common plant species in the Basin of Mexico with respect to elevation change 

were detailed by Redowski (1975) and Sanders (1972).  Common aquatic and 

macrophytic species include cattails (typha latifolia), bulrush (scirpus spp), saw grass 

(eleocharis spp), pennywort (hydrocotyle spp), water grass (echinochloa spp), nutsedge 

(Cyperus spp), hyacinth (Eichhomia crassipes), arrowhead (Sagittaria spp), and 

duckweed (Lemna spp). Halophytic grasses near the lakeshore occupy saline or alkaline 

shorelines and poorly drained soils in paleolakes. After desiccation of the lakes, 



 19 

revegetation of dry lakebeds has been primarily pioneered by halophyllous grasses and 

sedges.  These areas include a concentration of salt grass (Distichlis spp. and Eragrostis 

obtusiflora), cattail (Typha spp.), and saltbush (Atriplex spp.).  In deep alluvium flat 

terrain surrounding the lakes xerophyllous scrub dominates the landscape.  Common 

species include mimosa (Mimosa biuncifera), prickly pear cactus (Opuntia 

streptacantha), Hechtia podantha and other species of the Bromeliaceae family. 

 Diverse grass species are the primary constituents of thinner soil alluvium and are 

secondary communities dominated by diverse grass species (Hilaria cenchroides, 

Buchloe dactyloides, Bouteloua simplex, Festuca spp., and others) and may also coexist 

with shrubs and scrub oak communities.  Upland alluvium is characterized by scrub oak 

forest (Quercus spp) and Acacia spp.  Lower and middle piedmont regions are also 

characterized by various oak species, tepozanes (Buddlea spp.), alder (Alnus sp.), and 

madrones (Arbutus xalapensis).  In some moderately high altitude locations (1000-

3000m) cloud forests persist composed of flowering trees (Clethra mexicana and Prunus 

brachybotrya), pines, and oaks. At altitude in the Sierras in the upper piedmont, juniper 

forest Juniperus depeana comprises the under-story as a secondary community.  Together 

pines (Pinus spp) and firs (Abies religiosa) form the timberline in the Sierras and occupy 

steep slopes. Pinus hartwegeii forms the timberline of the highest volcanoes and is the 

only tree species growing above 3600 meters.   

 

1.5 Previous paleolimnological studies in Central Mexico 
 Paleoclimate reconstructions in central Mexico and the Basin of Mexico usually 

only cover the late Holocene and are limited in scope.  Sediment cores have been 

extracted from several lakes in the Basin of Mexico including: Lake Chalco (Caballero 
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and Guerrero, 1998; Gonzalez Quintero, 1986; Guerrero et al., 2000; Lozano-García et 

al., 1993; Lozano-García and Ortega Guerrero, 1994; Watts and Bradbury, 1982), 

Texcoco/Cruz de Lago (Bradbury 1971, 1989; Lozano-García and Ortega Guerrero, 

1997; Sears and Clisby, 1955; Bradbury, 1989), Tlapacoya (Bradbury, 1989; Gonzalez 

Quintero, 1986), and Reforma Havre (Bradbury, 1989).  The reconstructions on each of 

these lakes are all based on diatoms and/or pollen.  Glacial records on Iztaccihuatl and La 

Malinche have also been used for paleoclimate reconstructions. 

1.5.1 Pollen 
 Pollen records from central Mexico and the Basin of Mexico provide a generally 

consistent view of climatic conditions during the late Holocene with only a few records 

extending into the Late Pleistocene.  However, some discrepancies among records and 

the almost singular use of pollen as a proxy suggest that more work is necessary for a 

comprehensive record in the Basin of Mexico.   

Among records that extend back to Late Pleistocene the interpreted environmental 

conditions are not in good agreement.  One of the longest pollen records in the Basin of 

Mexico is from the Tlapacoya archaeological site on the shores of Lake Chalco 

(González Quintero, 1986).  Pollen records here suggest temperate, humid conditions 

with annual precipitation around 1500 mm and mean annual temperature around 20°C 

between 33,000 and 23,000 yr. B.P. as indicated by the presence of a Taxodium tree 

trunk.  In contrast, just to the north of Lake Chalco in the Lake Texcoco sub-basin, an 

abundance of Pinus from 26,500 to 24,000 yr. B.P. indicates cold and dry conditions 

(Gonzalez Quintero and Fuentes Mata, 1980).  A more recent study at Lake Texcoco 

(Lozano García and Ortega Guerrero, 1998) indicates differing conditions as well:  from 
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34,000 to 23,000 yr. B.P. the high abundances of Pinus and Isoetes pollen suggest cool 

and humid conditions.   

Interpretations of environmental conditions during the LGM vary considerably 

among records; however, records agree that around 23,600 to 22,000 years B.P. there was 

a major Plinian-type eruption of Popocatépetl. Furthermore, most records from the Basin 

of Mexico spanning from 22,000 yr. B.P. to at least 14,000 yr. B.P. are interpreted as cool 

and dry conditions. 

After the eruption of Popocatépetl, the Tlapacoya record transitions from humid 

and temperate conditions to cooler and drier conditions (mean annual air temperature of 

18°C and 500 mm of precipitation annually) at 23,000 yr. B.P. and remained at these 

conditions until 14,000 yr. B.P.  Similarly, in the Lake Texcoco record (Lozano García 

and Ortega Guerrero, 1998) conditions from 23,000 to 10,000 yr. B.P. were dry and cold 

as indicated by low pollen diversities and concentrations dominated by Pinus. 

A core from Lake Chalco extending to ~20,600 years B.P. was studied by Lozano 

García et al. (1993) and Lozano García and Ortega Guerrero (1994).  At the base of the 

record Pinus pollen dominates with lower abundances of associated pollens, which is 

interpreted as the existence of a large pine and oak forest with extensive grasslands 

prevailing under cool and dry conditions until 19,000 years B.P.  These conditions are 

synchronous with conditions interpreted by pollen in both the Tlapacoya and Lake 

Texcoco cores.  A shift in pollen types until 16,500 years B.P. suggests a trend towards 

slightly warmer and drier conditions.   

After ~14,000 yr. B.P. the Basin of Mexico experienced another episode of 

intense volcanism; leading to a hiatus in the record from ~11,600 to 6,100 yr. B.P. 
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(González Quintero and Fuentes Mata, 1980; Bradbury, 1989; Lozano García and Ortega 

Guerrero, 1998). However, the Tlapacoya cores, due to their location on the paleoshore 

of Lake Chalco, record conditions other than intense volcanism.  An increase of pine 

pollen suggests a slight shift towards a wetter and milder climate at around 14,000 yr. 

B.P. lasting until 8,000 yr. B.P.  From 7,500 to 4,800 yr. B.P. the presence of sub-tropical 

pollens is interpreted as a temperate and humid climate with a precipitation greater than 

1400 mm and a mean annual temperature of about 20°C (González Quintero, 1986).  

These conditions are similar to those interpreted from Lake Chalco, which indicate a 

temperate and sub-humid climate from 10,000 to 5,000 yr. B.P.  The Lake Texcoco 

record also indicates a wetter period with higher concentrations of non-arboreal pollen 

(Quercus) and water present in the lake during this period (Lozano García and Ortega 

Guerrero, 1998).   

After 5,000 yr. B.P. the presence of humans and deforestation is apparent in the 

record.  A core from Lake Pátzcuaro (Bradbury and Saporito, 1973) in central Mexico 

records a decrease in alder abundances around 5,000 yr. B.P. and an increase in 

Chenopodiaceae-Amaranthaceae, which could be interpreted as either drier conditions or 

the advent of human occupation in the region (Watts and Bradbury, 1982).  Lake Zacapu, 

(Xelhuantzi Lopez, 1994) also in central Mexico, records a decrease in alder abundances 

at this same time period. Lake Texcoco (Brown, 1985) and Lake Chalco records also 

show a reduction in arboreal pollen and an increase in Chenopodiaceae-Amaranthaceae 

beginning around 5,000 yr. B.P. 
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1.5.2 Diatoms 
 Diatom records from the Basin of Mexico and central Mexico are not as extensive 

as pollen records.  However, a well-dated record from Lake Chalco spanning the last 

glacial uses the diatom record to infer lake level and salinity from the relative abundance 

and species of diatoms present (Lozano García et al., 1993; Caballero 1997; Caballero 

and Ortega Guerrero, 1998). Caballero and Ortega Guerrero (1998) infer that a deep lake 

persisted by 45,000 yr. B.P. until ~39,000 yr. B.P.  After the interval of high lake level, 

the lake transitioned into a shallow saline-alkaline lake until 22,500 yr. B.P. when 

environmental conditions abruptly changed coinciding with the eruption of Popocatéptl.  

The shallow saline-alkaline lake became a freshwater system and alternated between 

fresh and alkaline conditions during a period of relative instability until 14,000 yr. B.P.  

This period is also marked by numerous volcanic events that likely were associated with 

the abrupt and rapid fluctuations.  Diatom assemblages then indicate that Lake Chalco 

expanded from a shallow marsh into an open pond; this transition corresponds with a 

decrease in volcanic activity in the region and a greater stability in lake level.  After 

10,000 yr. B.P. the diatom record indicates that more arid conditions until 5,000 yr. B.P. 

 A diatom record from Lake Texcoco and Chalco sub-basins by Bradbury (1989) 

supports the interpretation that major hydrologic changes did not occur during the past 

30,000 yr. and that only minor fluctuations in lake level occurred.  Lake expansion was 

concomitant with the glacial advances of Iztaccihuatl and Popocatéptl approximately 

33,000 to 27,000 yr. B.P. and 14,000 to 9,000 yr. B.P.; however these dates are not 

completely synchronous with glacial records as reported by Heine (1988) or White (1984, 

1986).  Other records from central Mexico do little to verify the certainty of the Basin of 

Mexico records.  The diatom record is interpreted at Lake Pátzcuaro as indicating a 
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shallow lake from 44,000 to 37,000 yr. B.P. (Bradbury, 1997) during which Lake Chalco 

is interpreted to be a relatively deep water lake. 
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2. METHODS 
 

2.1 Core Collection and Recovery 
 The sediment cores sampled for this project were collected in 2008 by researchers 

at Universidad Nacional Autonoma de Mexico.   Two separate boreholes were drilled in 

the dry lakebed in an area near the center of historic Lake Chalco (Fig. 7).  The first 

sediment core was collected in March 2008 using a Usinger modified Livingston piston 

corer.  Core sections from this borehole, (hereafter referred to as CHA08-II; 19° 15' 13.6" 

N, 98° 58' 38.7" W) are 8 to 5 centimeters in diameter and 1 to 2 meters in length.  The 

CHA08-II borehole extends from the surface down to 26.74 meters.  Sediment cores 

collected from this site via the Livingston corer method have moderate to poor recovery 

with large gaps in between sections. 

The second borehole (19° 15' 13" N, 98° 58' 39" W) was drilled in August 2008 a 

few meters from the original CHA08-II site and contains cores CHA08-III, CHA08-IV, 

and CHA08-V.  Recovery of the core was accomplished using a Shelby corer resulting in 

cores that are 4 inches in diameter with 1.10 meter sections.  Although the total length of 

the core extends from the surface down to 122.50 meters, only the top 30 meters from 

CHA08-III are considered here. Upon recovery the lower 10 centimeters of each section 

was sub-sampled and removed from the core, despite this the recovery of these cores is 

more complete than that of the CHA08-II core.  Following recovery all cores were then 

stored in cool rooms at the Universidad Nacional Autonoma de Mexico until they were 

later shipped to cool rooms at the Lacustrine Core Repository (LacCore) at the University 

of Minnesota Twin Cities and the Large Lakes Observatory at the University of 

Minnesota Duluth. 
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Figure 7. Borehole location. 
Photograph of Lake Chalco looking north. Red star denotes 2008 drilling location. 

Present-day lake Chalco is in background. (Photograph by: Josef Werne) 
 
 

2.2 Preliminary Analysis 
 

Preliminary analysis was completed at LacCore.  Each core section was scanned 

using a Geotek Multi-Sensor Core Logger, which detects and records magnetic 

susceptibility (1 cm resolution), wet bulk density, and natural gamma emissions.  The 

cores were then split in half longitudinally into a working half and an archive half.  Next, 

high resolution (100 micron) digital images were taken of each archive core half with a 

DMT CoreScan Color system.  Visual core descriptions were also completed and 

recorded.  The images were later used for the construction of a composite core and core 

identification.   
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2.3 Sediment core sub-sampling 
 

Sixty sub-samples of 7 to 10 g wet sediment spanning approximately 2 

centimeters of core length were selected from the cores at intervals of approximately 35 

to 37 centimeters (~400 to ~600 years) except in intervals of poor recovery. Sampled 

sediments were transferred into ashed glass containers with cold acid washed caps. (See 

Fig. 8) 

 

Figure 8.  Methods flow chart. 
 
A flow chart of organic biogeochemistry methods beginning with collected sub-samples. 
Only the apolar fraction from the alumina columns is discussed in this thesis. 

 

The samples were then transported to the Large Lakes Observatory where the 

samples were freeze dried, baked overnight at 60°C, homogenized by mortar and pestle, 
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and then stored in a dessicator.  Bulk sediment dry weights averaged between 2 and 3.5 

grams. 

2.4 Biomarker Extraction and Quantification 
 

Extraction of the sediments was undertaken using a Dionex Accelerated Solvent 

Extractor (ASE).  A mixture of 9:1 DCM/methanol was flushed through the samples 

three times at a temperature of 100°C and a pressure of 7.6x106 Pa.  The resulting total 

lipid extracts (TLEs) were condensed in 9:1 DCM/methanol and split in half into two 

TLE fractions.  One half was designated the working half, whereas the other half was 

archived for future reference.  Sulfur was removed from the working half through the 

addition of cleaned copper beads.  Extracts were then separated over an activated Al2O3 

column into apolar, polar 1, and polar 2 fractions by using mixtures of 9:1 hexane/DCM, 

1:1 DCM/methanol, and methanol as eluents, respectively. 

Apolar fractions were separated into saturated and unsaturated hydrocarbons by 

eluting the samples with hexane and , respectively through a silver impregnated silica 

pipette column. The unsaturated hydrocarbon fraction was archived for future reference.  

The saturated fractions, which contained the n-alkanes, were dried and condensed into 

vials and inserts suitable for gas chromatography.  20ng of 5α-androstane was added to 

each of the fractions as an internal standard and then dried down.   Next, samples were 

brought up in 100㎕ of hexane; 1㎕ of each sample was then auto-injected on an Agilent® 

6890 series gas chromatograph (with HP-1 column, 30 m length, 0.32 mm ID, 0.25 μm 

film thickness) with flame ionization detector (FID).  The GC oven temperature program 

exposes samples to 50°C and increases at a rate of 10°C/min until reaching 130°C. 

Temperature then increases at a rate of 4°C/minute until reaching 320°C where 
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temperature is held for 10 minutes.  Peaks from the chromatograms were integrated with 

ChemStation software to calculate relative abundances of compounds. Compound 

concentrations were calculated using the 5α-androstane internal standard as a 

quantifiable reference and relating it to the peak area.  The n-alkane compounds were 

then identified by interpretation of mass spectrometry using an Agilent® 6890 series GC 

coupled to an Agilent 5973 mas spectrometer (MS) and by relative retention times. GC 

conditions for GC/MS were the same as for GC-FID. 

2.5 Compound specific carbon isotopes 
 

Compound specific carbon isotope analysis of n-alkanes was performed by 

isotope ratio monitoring gas chromatography mass spectrometry (GC-C-IRMS) on an 

Agilent 6890N GC (with HP-1 column, 60 m length, 0.32 mm ID, 0.25 μm film 

thickness) interfaced to a Thermo Finnigan DeltaPlus XP mass spectrometer, through a 

modified Thermo Combustion III unit.  The GC oven temperature program started at 

50°C and increased at a rate of 3°C per minute from 100°C to 320°C and was held at the 

final temperature for 6 minutes.  The n-alkanes separated by the GC were passed through 

a combustion column containing activated Cu, Ni, and Pt wires at 950°C using He 

(99.999% pure) as the carrier gas.  Oxidation of the column was maintained uniformly by 

oxygen fed into the gas stream. Carbon isotope values (δ13C) are reported relative to V-

PDB (Coplen et al., 2006) and were quantified relative to CO2 (δ13C = -40.55 ‰) using 

certified standards. Isotope compositions are presented in conventional delta notation as 

per mil deviations from the V-PDB standard.  Standardization was also achieved by 

analyzing mixtures of n-alkanes with certified δ13C values (provided by Arndt 

Schimmelmann, Dept. of Geology, Indiana University).  Monitoring of the 
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reproducibility for the samples was based on the co-injection of squalane (δ13C= -

20.49%) with the samples and replicate runs of each of the samples. 

Peaks were identified and quantified from comparison with GC chromatograms 

and their relative retention times using the Isodat computer program.  

 

2.6 XRF 
 

Archived core halves were scanned to determine variations of a suite of elements 

using a COX ITRAX x-ray fluorescence (XRF) core scanner at the Large Lakes 

Observatory.   Scanning XRF allows rapid acquisition of high resolution geochemical 

data by using x-rays to excite electrons into higher energy orbitals.  When electrons move 

back down into their original orbital, energy that is released is characteristic of a given 

element, leading to fluorescence that is recorded by a multichannel detector. Bulk 

elemental composition data was scanned with 1-cm resolution using a Mo-tube x-ray 

source set to 30 kV and 20 mA with an exposure time of 60 seconds. 0.2 mm resolution 

x-radiograph images were measured under a voltage of 60kV and a current of 50mA. 

Although the XRF scanner is capable of detecting elements ranging from Al (Z=13) to U 

(Z=92), the relative abundances of only 22 elements were reliably above detection limits 

for these sediments.  A subset of these 22 elements is particularly useful as elemental 

proxies for paleoclimate reconstructions of the Chalco basin (Table 1).  
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Elements Detected Focus of this study 
Al  
Si X 
P  
S  
Cl  
Ar  
K X 
Ca X 
Ti X 
V  
Cr  
Mn  
Fe X 
Ni  
Cu  
Zn  
Se  
Br  
Rb  
Sr  
Y  
Zr  

 

Table 1. Elements detected by XRF 
 
 A list of the 22 elements detected by the XRF. Those that are analyzed further in this 
study are marked by an X. 

 

2.7 Age Model 
 A composite core was developed from cores CHA08-II and CHA08-III in order to 

minimize intervals of poor recovery. Unambiguous visual stratigraphic correlations were 

developed from high-resolution digital images. Abundant tephra layers and the proximal 

distance between cores facilitated correlation. Very little depth offset separated the two 

cores. 
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 An age model (Fig. 9) was then developed for the composite core from both direct 

ages derived from sub-samples and from correlations between other well-dated cores in 

Lake Chalco (Table 2). Direct dates on cores CHA08-II and CHA08-III are from 

radiocarbon measurements on pollen (Herrerra, 2010). These dates are concentrated in 

the middle section of the composite core. 

 Indirect ages were correlated to the composite core through matching either 

tephra layers, or magnetic susceptibility (Caballero and Ortega Guerrero, 1998) from 

well-dated cores to Fe XRF counts from the composite core. Fe XRF counts and 

magnetic susceptibility data were very similar throughout the whole core.  Matching 

either tephra layers or magnetic susceptibility or both to the composite allowed for 

extrapolation of radiocarbon dates from well-dated cores to the composite core. 

Extrapolated dates are concentrated in the most recent section of the composite core. 

Lastly, the Laschamps magnetic reversal (Ortega Guerrero, 2010) dated at 40 ka marks 

the termination of the composite core developed for this study. 

 The age model developed here is not as robust as desired. One limitation of the 

age model is that directly dated sediment is present in the middle section to the earliest 

sections of the composite core, whereas indirectly dated sediment is concentrated in the 

most recent sediments. This is particularly a concern if there are variable sedimentation 

rates between the well-dated core used to extrapolate dates and this study’s composite 

core.  If directly dated sediment and indirectly dated sediment were intermixed along the 

depth of the core there would likely be less error associated with this age model. The 

apparent sedimentation rate change occurs at this boundary between the directly and 

indirectly dated portions of the core; an intermixing of direct and indirect dates may 
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exaggerate this rate change. Despite this discrepancy the age model seems to adequately 

fit the data and conclusions that are presented here. 

 The depth to age correlation can be expressed by the polynomial, y=4.3062x3-

215.71x2+4078.1x+3843.9.  This polynomial reflects lower sedimentation rates in the 

earliest sediments, and then a drastic increase in sedimentation rate beginning at 23ka and 

continuing through the most recent sediments. 
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Figure 9. Age in ka versus composite core depth. 
 
The age model developed from the composite core (CHA08-II and CHA08-IIII). 
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Age model dates 
Core 

Depth 
(m) Method 

yr. 
B.P. 

Error 
(yr.) Source Notes 

CHA08-II-
tr2 1.81 

tephra/mag sus 
matching 10500 85 

Caballero & Ortega Guerrero, 
1998 

matched to C14 pollen 
dates 

CHA08-III-5 4.85 
tephra/mag sus 
matching 18942 336 

Caballero & Ortega Guerrero, 
1998 

matched to C14 pollen 
dates 

CHA08-II-
6sup 7.33 

tephra/mag sus 
matching 24039 1361 

Caballero & Ortega Guerrero, 
1998 

matched to C14 pollen 
dates 

CHA08-II-
7inf 10.09 C14 pollen 27664 369 Herrerra Thesis, 2011   
CHA08-III-
16 16.5 C14 pollen 30257 241 Herrerra Thesis, 2011   
CHA08-III-
15 15.31 C14 pollen 32470 168 Herrerra Thesis, 2011   
CHA08-II-
15sup 25.61 C14 pollen 38271 856 Herrerra Thesis, 2011   
CHA08-II-
15inf 24.61 C14 pollen 39462 278 Herrerra Thesis, 2011   
CHA08-II-
14inf 24.7 mag excursion 40000   Beatriz Ortega Guerrero Laschamp 

 

Table 2.  Age model data. 
 
A compilation of data and their respective sources used to develop the age model. 
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3.0 RESULTS 
 

Inorganic geochemistry results 
 

3.1 Ca XRF counts results 
 Based on Ca XRF counts the record is divided into five zones (Fig. 10).  Each 

zone defines a variation in precipitation and differences in environmental setting. 

40 ka – 34 ka 

Ca XRF counts are relatively high from 40 to 27 ka with brief, yet large peaks 

occuring during the 34ka to 41ka interval. The basal 1 ka shows extreme, yet short-lived 

fluctuations.  These fluctuations are similar to those 36.5 to 34 ka, where there is extreme 

variability in Ca XRF.  Poor core recovery in between these sections of great variability 

from 40 ka to 36.5 ka limits interpretation through this interval.  The highest number of 

Ca counts and the greatest variability in the 40 ka record occur during the 34 ka to 40 ka 

time interval. 

34 ka-27 ka 

A sharp, yet short drop in Ca counts occurs at 34 ka followed by an immediate 

recovery in Ca counts to the baselevel of Ca XRF counts found in the previous interval. 

Relatively steady and high Ca counts continues with a slight increase until 27 ka. 

27 ka-20 ka 

 At 27 ka a dramatic decrease in Ca XRF counts occurs.  During this interval the 

largest sustained decrease in Ca counts in the record occurs for 7 ka.  This interval also 

marks the lowest Ca level in the record. 

20 ka-11 ka 
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Centennial scale fluctuations in Ca XRF are short lived, yet signficantly longer 

intervals than the 36.5 to 34 ka interval.  These data may represent short lived recoveries 

in lake level persisting on a centennial timescale.  The fluctuations occur four times 

throughout the 9ka in this interval.  Counts vary from the minimum in the 27 ka-20 ka 

interval to as high as the Ca baselevel in the most basal interval. 

11 ka-4 ka  

Ca counts steadily rise beginning at 11 ka and persists from ~10 ka to 7 ka.  

Thereafter the previously discussed issues of poor core recovery and reworked sediments 

limit data interpretation. 
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Figure 10. Ca XRF counts 
 
Ca XRF counts are a proxy for aridity in Lake Chalco’s catchment.  Relatively high XRF 
counts with high variability exist until 33 ka. High XRF counts and low variability 
persists until 27 ka when a sharp decrease in Ca XRF counts occurs. Lower Ca XRF 
counts persist until 19 ka until a steady increase at 11 ka marks the termination of the 
glacial and an increase to higher Ca XRF counts at 10 ka. 
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3.2 Fe XRF counts results 
 
 Based on Fe XRF counts the record is divided into three different regimes based 

on the patterns of the results (Fig. 11). Fe is a proxy for incoming terrigenous material 

and volcanic events.  

40 ka – 23 ka 

Fe XRF counts are relatively high during this time interval and are highest 

between 34 ka and 31.5 ka. During this interval two high peaks, at 32.5 ka and 31.5 ka, 

dominate the signal. These peaks record the highest Fe XRF counts in the record. A slight 

decrease in Fe XRF counts occurs at 31.5 ka and persists until 28.5 ka when a slight 

recovery back to pre-31.5 ka levels occurs. Fe XRF counts again increase at 27 ka and 

remain high until a hiatus in the record at 23.5 ka.  

23 ka -20 ka 

This section is marked by poor recovery and generally lower XRF counts except 

for an isolated peak. The hiatus in the record is followed by a high peak in Fe; one of the 

highest peaks in the record. The peak does not record the highest Fe counts, but 

originates from lower Fe XRF counts. Another hiatus in the record from 22 ka to 21 ka 

further limits interpretation. At ~20 ka there is a small peak after the hiatus.  

20 ka-7 ka 

 After 20 ka there is a pattern of high isolated peaks followed by lower XRF 

counts. High peaks occur at 18.5 ka, 17 ka, 15.5 ka, 12.5 ka, 12 ka, and 10 ka. Poor 

recovery and reworked sediments after 10ka limits the results. 
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Figure 11. Fe XRF counts. 
 
Fe XRF counts and age in ka. Fe XRF counts are a proxy for terrigenous material and 
volcanic products. Relatively high XRF counts with high variability persists until 33 ka. 
Steady, stable conditions with high XRF counts continues from 33 ka until 25 ka when 
there is a sharp decrease in Fe XRF counts. Lower XRF counts punctuated with higher, 
frequent peaks dominate the record until 11 ka. 
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3.2.1 Comparison of Ca and Fe XRF records 
In some respects, the Fe and Ca XRF records are similar. In both records, higher 

XRF counts persist prior to >23 ka with high variability ~35 ka. Lower XRF counts occur 

in the middle portion of the records until the most recent sediments. However, unlike the 

Ca XRF record the Fe XRF record has greater variability with high, isolated peaks 

throughout the 40 ka. 
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Biogenic geochemistry results 

3.3 N-alkane biomarkers 
 

N-alkane biomarkers were divided into three different vegetation types: aquatics, 

macrophytes, and terrestrials.  Aquatic n-alkane chains ranged from C17-C21, 

macrophytes from C23-C27, and terrestrials from C29-C33. The chain lengths were 

grouped in one of the three vegetation categories based on the similarities among the 

trends of each chain length. 

Macrophyte and terrestrial abundances co-vary throughout the record, whereas 

aquatic abundances seem to vary somewhat independently. Terrestrial and macrophyte 

vegetation dominate the record, with aquatic derived chain lengths generally at lower 

abundances. Relative abundance plots in all three vegetation types shows high variability 

prior to 25ka.  This variability may also reflect the higher resolution due to a lower 

sedimentation rate prior to ~25ka. 

First, presented here are the relative abundances of each of three types of 

vegetation (Fig. 12) as well as an area plot summarizing the relative changes between 

vegetation types (Fig. 13). 

 

3.3.1 Short chain n-alkanes 

 
40 ka-25 ka 

The interval from 40 ka to 25 ka represents the highest variability in the record. A 

gradual increase in the relative abundance of short chain n-alkanes is observed from 40 
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ka to 35 ka, marked at ~35 ka with the highest aquatics abundance. Thereafter a gradual 

stepped decrease in short chain n-alkanes occurs until 25ka. 

25 ka – 15 ka 

The lowest relative abundance of short chain n-alkanes is throughout the 25 ka 

until 15 ka interval. There is also the minimum amount variability in the record except for 

a small peak just prior to 15 ka. 

15 ka – 4 ka  

 There is a decrease in sampling resolution throughout this interval due to 

sampling technique, poor core recovery, and higher sedimentation rates. An increase to 

higher relative abundances of ~40% occurs ~11 ka. A decrease thereafter to steady, stable 

abundances terminates the record. 

3.3.2 Mid-chain n-alkanes 
 

40 ka-23 ka 

 The interval from 40 ka to 23 ka is primarily marked by extreme variability 

except for the most basal portion of the record from 40 ka to 37 ka. From 40 ka to 37 ka 

there is little change in the relative abundances of mid-chain n-alkanes. After 37 ka there 

is a stepped trend towards a greater relative abundance of mid-chain n-alkanes until 23 

ka. Fluctuations are as large as 40% during this interval. The highest relative abundances 

of mid-chain n-alkanes occurs during this portion of the record around 25 ka. 

23 ka – 17 ka 

 The most abrupt and significant decrease in mid-chain n-alkanes occurs at ~23 ka 

where there is a 50% decrease in relative abundance. A trend of low but steady relative 
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abundance of persists until 17 ka when the minimum relative abundance of mid-chain n-

alkanes occurs. 

17 ka -4 ka 

Following the minimum at 17 ka, n-alkanes remain relatively abundant until the 

termination of the record at 4 ka. N-alkane relative abundances increase from 17 ka until 

15 ka. At 15 ka a sharp decrease in relative abundance occurs. After the sharp decrease a 

recovery in relative abundance persists until the termination of the record. 

3.3.3 Long chain n-alkanes 
 
40 ka -23 ka 

 The long-chain n-alkane record shows many similarities with the mid-chain n-

alkane record through this interval. Abundances are steady from 40 ka to 37 ka. At 37 ka 

there is high variability in the record with relative abundances varying up to 40%. The 

relative abundances co-vary with mid-chain abundances during this interval. At 23 ka a 

sharp increase of 60% in long chain n-alkanes is the most pronounced change in the 

record. 

23 ka – 17 ka 

 After 23 ka this interval’s conditions are steady and stable. There is minimum 

fluctuation in the relative abundances. The highest relative abundances of long chain n-

alkanes occurs during this interval in the record 

17 ka-4 ka 

  A sharp decrease occurs at 17 ka, but relative abundances do not nearly decrease 

to pre-23 ka levels. Following the decrease, there is an increase in relative abundances at 

15 ka followed by a decrease at 11 ka to the same relative abundances at 17 ka.   
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Thereafter, there is a gradual trend towards greater relative abundances until the end of 

the record at 4 ka. 

 

 

Figure 12. N-alkane relative abundances 
 
N-alkane relative abundances plotted against age in ka for aquatic, macrophyte, and 
terrestrial vegetation communities. 
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3.3.4 N-alkane absolute concentrations 
 
 N-alkane concentrations are measured in ng of compound per g of sediment. Here 

total n-alkane ng/g sediment is presented (Fig. 14). Total n-alkane concentrations range 

from ~10 ng/g sediment to ~650 ng/g sediment. 

40 ka-25 ka 

 The interval from 40 ka through 27 ka is marked by high frequency variability 

similar to changes observed in the early portion of the record for all chain length relative 

abundances. During this interval changes in both the total quantity of n-alkanes in the 

samples and the relative abundances of n-alkanes are varying. The largest fluctuations in 

the record occur on centennial timescales, the greatest total concentration change during 

this interval also corresponds to the second highest total concentration at ~33 ka. Here n-

alkane concentration decreases from ~600 ng/g sediment to ~50 ng/g sediment. There is a 

slight decrease in the magnitude of variability after 33 ka until 25 ka. As an overall trend, 

aside from high frequency variability, total n-alkane concentrations are trending towards 

lower n-alkane quantities. 

25 ka -11 ka 

 Less variability is representative of this interval, which may partially be due to 

sampling resolution. This portion of the record is dominated by broad, large magnitude 

asymmetric peaks, which develop on millennial timescales in contrast to the less than 

centennial timescales earlier in the record. From 15 ka to 11 ka there is a particularly 

broad and high peak with a maximum concentration of ~500 ng/g sediment. 

11 ka – 4 ka 
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 This interval of the record represents stable and steady conditions marked by 

lower n-alkane concentrations. N-alkane concentrations are largely static and are ~75 

ng/g sediment. 
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Figure 13 Total n-alkane concentrations. 
 
N-alkane concentrations for chain lengths C17-C35 in ng/ g sediment plotted versus age. 
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Figure 14. All n-alkane chain lengths.  
 
Absolute concentrations of all n-alkane chain lengths are shown here. The units for these 
graphs are: on the x-axis ng of compound/ g of sediment and on the y-axis ka. 
 

 

3.4 δ13C results 
 
 The δ13C values of C17-C33 n-alkanes indicate vegetation transitions and or 

productivity changes in plant communities. Here δ13C values are shown as the weighted 

mean from n-alkane chain lengths of C17-C33 (Fig. 15). δ13C weighted mean was 

developed from categorizing n-alkane chain lengths into short, mid, and long chains. 

Within each category chain length was weighted based on the amount of each n-alkane 

chain length in the sample, so that δ13C values from chain lengths with greater 

abundances are weighted more heavily than chain lengths with lower abundances. 

3.4.1 Short chain δ13C 
 
40 ka – 25 ka 

 High variability marks this portion of the record. Within the high variability broad 

scale trends of more positive δ13C values are present in the earliest part of the record. The 

most positive δ13C values occur here in two peaks at ~35 ka and ~34 ka. A relatively 

sharp trend towards more negative δ13C values begins at 34 ka and continues to become 

steadily more negative until 25 ka. However, the trend towards more negative values is 

marked by high variability. 

25 ka – 7 ka 

Less variability is evidenced in the record after 25 ka. At 25.5 ka there is a sharp -

10‰ drop in δ13C values until 23ka from -20‰ to -30‰. There is a very gradual shift 
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from 23 ka to 17 ka to even more negative δ13C values. The most negative δ13C value, -

33‰, in the δ13Cshort chain record is at ~17 ka. From 17 ka until 7 ka, at the end of the 

record, there is a gradual increase from -33‰ to -19‰. 

3.4.2 Mid-chain δ13C 
 
40 ka – 25 ka 

 The δ13Cmid-chain record has similarities with the δ13Cshort chain record; in both 

records there is variability from 40ka to 25ka and in a broad sense comparatively positive 

δ13C values, however the frequency of the variability in the δ13Cmid-chain record is much 

lower. The most positive δ13C values are in this interval in the record, with the most 

positive at ~35 ka with a δ13C value of -15‰. At ~33ka, corresponding to localized 

minima in the δ13Cshort chain record is a locally negative δ13C datapoint. A transition to 

more positive δ13C values occurs thereafter reaching a local maximum at 27 ka. A 

gradual transition to more negative δ13C values commences following the 27 ka peak. 

25 ka –13 ka 

The gradual transition to more negative δ13C values is followed by the most pronounced 

change in the δ13Cmid-chain record whereby values transition from -22‰ to -30‰. 

Relatively steady conditions persist until the end of the record with a transition to more 

negative δ13C values until 17 ka. The most negative δ13C value in the record is -34‰ at 

~17 ka, which corresponds to the aquatics minimum. After 17 ka a slight trend towards 

more positive δ13C values commences until the end of the record at 13 ka. Instrument 

error on subsequent samples dated after 13 ka limits interpretation in the most recent part 

of the record, therefore these data were not included. 
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3.4.3 Long chain δ13C 
 
40 ka – 27 ka 

 Less variability marks the early portion of this record than the δ13Cshort chain or 

δ13Cmid-chain record. The terrestrial record varies between -25‰ and -30‰ during this time 

interval. The most positive δ13C value in the record is at 27 ka. 

27 ka – 7 ka 

A steep trend towards more negative δ13C values occurs following the 27 ka peak where 

values transition from -25‰ to -34‰ at 24 ka. The trend is drastic and similar to that in 

the mid-chain record. δ13C values are stable and negative until 15 ka when a trend to 

more positive δ13C values begins. A lack of data points after 15 ka limits interpretations 

beyond a linear trend to more positive values. The most positive δ13C value, -21‰ 

terminates the record at 7 ka. 
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Figure 15. δ13C values of vegetation communities. 
 
δ13C values for aquatic, macrophyte, and terrestrial communities. Higher variability in all 
communities occurs from the basal end of the record to 33ka. Shifts in all communities 
trend to more negative values at 33ka, ultimately making a transition by 23ka to more 
negative δ13C values. A transition towards more positive δ13C values occurs between 
19ka to 17ka depending on vegetation community. 
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3.5 Si/Ti XRF counts results 
 

 Si/Ti XRF counts are a ratio between elemental silica and titanium. (Fig. 

16).  

40 ka – 23 ka 

 Si/Ti XRF counts appear static in this earlier interval of the record from 40 ka to 

23 ka. Si/Ti XRF counts are below 0.5 during this interval.  Compared to the later portion 

of the record there is minimal variability. 

23 ka – 4 ka 

 A significant and abrupt increase in Si/Ti XRF counts occurs at 23 ka from 0.5 to 

~2 Si/Ti XRF counts. There is high variability in this interval of the record with peaks 

occurring at a high frequency. The transitions between the brief, but drastic peaks to 

lower XRF counts are cuspate to curved in shape. The greatest Si/Ti XRF counts, ~6.0, 

occurs at ~17.5 ka. After ~12 ka there is a decrease in Si/Ti XRF counts, however poor 

recovery through the most recent sediments renders interpretations difficult. 
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Figure 16. Si/Ti XRF counts 
 
Si/Ti ratio of XRF counts is a reliable proxy for biogenic silica, and thereby an estimation 
of diatom concentration. Low Si/Ti XRF counts and steady conditions occur through the 
early part of the record at 23 ka there is a drastic increase in Si/Ti counts. After 23 ka 
there is high variability. 
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4.0 DISCUSSION: External forcings and ecosystem responses 
 

This section presents biogenic and inorganic proxies used for paleoenvironmental 

reconstruction and the environmental conditions interpretable from these proxies. First, I 

will discuss the biogenic record; this will include a traditional interpretation of the proxy 

data and their trends. Next, I will discuss the inorganic geochemical record which will 

also include an interpretation of the proxy data and their trends. Then, this section will 

focus on how the inorganic geochemical data may be an expression of the external 

forcings on the landscape and how this impacts the biogenic record and Lake Chalco’s 

ecosystem. Finally, I will hypothesize on which external forcing has impacted the 

ecosystem around at different times and attempt to determine the relative impact of the 

forcings on the ecosystem.  

 

4.1 Biogenic proxy data and interpretations 

4.1.1 N-alkanes and δ13C 

The biogenic data compiled here is a record of the vegetation and aquatic biota in 

Lake Chalco’s watershed. N-alkane abundances and their isotopic signatures describe 

vegetation communities in terms of aquatic, macrophyte, and terrestrial ecosystems; and 

C3, C4, and CAM plant species, respectively. An understanding of vegetation 

communities in paleoenvironments can be used for reconstructing not only vegetation 

histories but its response to aridity changes. 

The relative abundances of n-alkanes (Fig. 17) are one such useful parameter. A 

record of plant communities during different intervals during the past 40 ka provides an 

understanding of hydrologic budget, therefore plant leaf waxes identified from the Lake 
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Chalco cores were divided into three vegetation types:  aquatic (short-chain), macrophyte 

(mid-chain), or terrestrial (long-chain) abundances. The n-alkane chain lengths in this 

study vary from C17 through C33. Aquatically-derived n-alkanes are assumed to be 

represented by C17-C23, macrophyte abundances by C23-C27 , and terrestrial abundances by 

C29-C33. Classification of n-alkanes into these classes was based upon similarities in 

relative trends among homologues (Fig. 14). 

A comparison of terrestrial plant communities during different intervals provides 

a better understanding of how aridity affects vegetation communities, their relative 

abundances, and metabolism.  Compound specific carbon isotopes on n-alkanes can lead 

to a better understanding of how C3/C4 vegetation communities respond to changes in the 

hydrologic balance. 

C3 plants utilize the Calvin-Benson cycle metabolic pathway for carbon fixation 

during photosynthesis.  Use of this pathway causes C3 plants to be most efficient in 

regions with plentiful moisture availability, moderate to cool temperatures, moderate 

atmospheric CO2 concentrations, and moderate exposure to sunlight. C3 vegetation 

comprises the majority of vegetation. The carbon isotopic fractionation of C3 plants is 

greater than C4 plants, so that molecules derived from C3 plants have δ13C values between 

-20% and -35‰, with an average of about -26‰ (Collister et al., 1994). 

C4 vegetation utilizes the Hatch-Slack pathway, which increases water use 

efficiency (and CO2 fixation efficiency) in arid and semi-arid conditions.  The Hatch-

Slack pathway of C4 plants is present in corn, some grasses, and many shrubs in arid and 

semi-arid regions. The carbon isotopic fraction of C4 plants is less than C3 plants, so that 
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molecules derived from C4 plants have δ13C values between -10‰ and -20‰ (Collister et 

al., 1994). 

Crassulacean acid metabolism, or CAM vegetation, complicates traditional  

interpretations that can be gathered from compound specific carbon isotopes. CAM 

plants, mostly succulents, comprise only a small portion of the plant community. They 

are relatively abundant in arid and semi-arid regions. CO2 uptake occurs during the night 

and photosynthesis occurs during the day via the Calvin cycle, this strategy reduces water 

loss in warmer, drier climates by separating C4 and C3 cycles temporally.  

Isotopic fractionation in CAM vegetation varies across the whole spectrum of 

fractionation observed in C3 and C4 plants (Bender et al., 1973).  The large variation in 

isotopic fractionation in these plants can undermine the interpretation of 

paleoenvironments from C3 and C4 plants if they are abundant in the record.  In the Basin 

of Mexico, CAM plants make up a considerable constituent of the terrestrial vegetation 

community (Sanders, 1972; Redowski, 1975).  CAM species present in the Basin of 

Mexico include agaves, epiphytic bromeliads, and some halophytic vegetation that 

displays weak CAM under salt-stress. 

A compound specific stable carbon isotope record from the Basin of Mexico is 

often interpreted to indicate a greater proportion of C3 plants occuring in moister 

environments and more C4 plants in drier environments. Baturina et al. (2006) 

investigated the distribution of C3/C4 plant communities through the past 30 ka at a site 

near the ancient Aztec city of Teotihuacan. C3 plants were found to dominate the record 

prior to 27 ka, which correlates with other Basin of Mexico records suggesting more 

temperate and wetter conditions existed at the transition to the Late Pleistocene. C4 plants 
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dominated the record from 27 ka to 15 ka, supporting numerous other 

paleoenvironmental records suggesting an increase in aridity in the Late Pleistocene 

(Baturina, 2006).  Thereafter C3 vegetation communities suggest a wetter early Holocene; 

in the mid-Holocene vegetation again transitions to C4 communities (Baturina, 2006).  

These data support a traditional interpretation of terrestrial vegetation, however C3, C4, 

and CAM plants in arid and semi-arid regions vegetation communities can have greater 

complexity. 
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Figure 17. An area plot of n-alkane relative abundances.  
 
High variability marks the early portion of the record from 40ka through to 23ka. Large 
scale, broader changes then occur after 23ka. A large increase in relative abundance of 
terrestrial material occurs at ~23ka, ~15ka, and ~10ka. 
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4.1.2 Si:Ti, a proxy for diatom productivity 

The ratio of Si/Ti XRF counts approximates the preserved biogenic silica, and 

therefore is a reliable proxy for diatom abundance (Francus et al., 2009).  Since Si is 

divided by Ti, the ratio represents the abundance of silica in the lacustrine record that is 

not sourced terrigenously or rather is not the same material with a Ti signature. Si/Ti, 

therefore, are a proxy for the relative productivity in Lake Chalco whereby greater Si/Ti 

ratios indicate greater diatom productivity and lower ratios indicate lower diatom 

productivity. Greater productivity in Lake Chalco may indicate an ecosystem response to 

nutrient loading the lake. Si/Ti ratios show some similarities to diatom records from Lake 

Chalco. 

4.1.3 Summary of biogenic proxy data 

The relative abundance of a vegetation type over another in a paleoenvironmental 

record is traditionally interpreted as the dominance of the more abundant vegetation type 

on the landscape. In the record developed here terrestrially derived n-alkanes dominate 

the majority of the record. Terrestrial vegetation and macrophyte vegetation co-vary 

strongly in the early portion of the record. This covariance between plant communities 

may be representative of water budget changes in Central Mexico 

 

4.2 Inorganic Proxy Data and Interpretations 

4.2.1 Calcium, a proxy for aridity 

 Ca XRF counts are a reliable proxy for precipitation in Lake Chalco’s 

watershed throughout this time interval. Calcium carbonates are constantly been 
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precipitated in Lake Chalco throughout the 40 kyr period of this study. Since Lake 

Chalco is a closed basin lake, dissolved constituents brought into the lake basin must 

ultimately be precipitated and buried. Therefore, calcium delivery is the limiting factor 

for the precipitation of calcium carbonates. 

More calcium carbonates precipitate when there is greater calcium delivery to the lake 

basin.  During wetter intervals there is greater riverine delivery of calcium into Lake 

Chalco, and consequently greater preservation of calcium in the geologic record. 

Conversely, lower riverine delivery during drier intervals results in less calcium delivery 

into Lake Chalco, and less preservation of calcium in the geologic record (Henderson et 

al., 2010).  Therefore, calcium preservation in Lake Chalco’s sediments is a reliable 

proxy for aridity where high Ca counts indicates more precipitation and lower Ca counts 

indicates less precipitation. 

4.2.2 Fe, a proxy for volcanism and terrigenous material 

 Iron is present in both terrigenous material and tephras. Tephra layers in the Lake 

Chalco record were visually identifiable from digital images.  Visually identified layers 

were correlated to both magnetic susceptibility and Fe XRF counts. Spikes in Fe counts 

matched with the tephra layers (Fig. 18), despite the various genetic compositions of the 

deposited tephra layers.  Potassium XRF counts also provided a reliable proxy for tephra 

layers in the Lake Chalco record (data not shown).  

Numerous tephra layers have been preserved in the Lake Chalco (CHA08-II and 

CHA08-III cores) sediments over the past 40ka.  Here only layers >1 centimeter in 

thickness are mentioned due to limited correlation/identification ability of tephra layers 

from the DMT digital images. Moreover, tephra layers <1 centimeter have been shown to 
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have little to no noticeable ecological impact recorded in the geologic record in lacustrine 

settings (Telford et al., 2004). The data not containing large peaks can be attributed to 

incoming terrigenous material washed in from the landscape, therefore it can be expected 

that Fe sourced from terrigenous material may have similar trends as the Ca data.   
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Figure 18.  Fe XRF counts and tephra 
 
Fe data is a proxy for incoming sedimentary material.  Large peaks correlate to visually 
identifiable tephra layers >1 centimeter.  Tephra layers are indicated by red lines.  The 
thicker shaded region indicates the relative location of the 23ka Plinian-type Popocatéptl 
eruption.
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4. 3 Comparison of Biogenic and Inorganic Geochemical Data 

 Comparison of the biogenic and inorganic datasets shows both similarities and 

differences (Fig. 19). Interpreting the datasets in a traditional framework leaves some 

discrepancies and inconsistencies. Here I will address the similarities between datasets 

and attempt to explain differences and why some traditional paradigms may not be 

appropriate for the Lake Chalco record presented here. 

 Three major changes in the datasets will be the primary focus of this discussion; 

these changes occur at 27 ka, 23 ka, and 11 ka.  

4.3.1 27 ka event 

The earliest large scale change, at 27 ka, is primarily expressed in the Ca data. 

Previously relatively wet conditions change abruptly to a more arid environment as 

indicated by a decrease in calcium delivery to the basin. A shift to more arid conditions 

should be concurrent with a vegetation change to more drought tolerant species, however 

isotopic values on terrestrial n-alkanes shift towards C3 rather than C4 vegetation. N-

alkane abundances also do not show a significant shift towards any one vegetation 

community at 27 ka. The discrepancy between arid conditions and strongly C3 vegetation 

communities does not follow traditional paleoenvironmental interpretations well, such as 

the δ13C record investigated by Boturina (2006). 

 Other proxy datasets do not show significant shifts in trends at 27 ka. Aridity is 

not traditionally associated with increased C3 plant populations therefore other 

mechanisms or ecosystem responses must be invoked in order to explain the shift towards 
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lighter δ13C coincident with heightened aridity. The broad range of isotopic fractionation 

among CAM plants is one hypothesis to account for the shift to lighter δ13C values. 

4.3.2 23 ka event 

 Another paleoenvironmental change is pronounced at 23 ka. The most drastic 

changes within the record occur at this time, and is primarily apparent in the biogenic 

datasets. A shift  beginning at 33 ka from heavier δ13C values to lighter δ13C is completed 

at 23 ka, so that the lightest δ13C values in the record occur at 23 ka. An abrupt shift to n-

alkanes that are primarily of terrestrial origin also occurs at this time. An abrupt and 

drastic increase in Si/Ti indicates an increase in diatom productivity at 23 ka.  Biological 

proxy data suggests that environmental conditions spurred an increase in terrestrial C3 

vegetation communities, as well as increased diatom productivity; this could imply an 

increase in precipitation. This interpretation of the biological proxies is inconsistent with 

inorganic geochemical proxy results. Ca XRF counts still indicate low precipitation and 

the most arid conditions in the record. Ca data shows little change from 27 ka, therefore it 

would not be able to explain the abrupt change in the ecosystem at this time interval. At 

23 ka poor recovery in the sedimentary record renders interpretations ambiguous. A 

traditional interpretation of this data would propose that the decreased aridity conditions 

are moving the ecosystem towards greater diatom productivity, more terrestrial plant 

communities, and increased C3 plant communities. However, this interpretation does not 

correspond well, since a shift towards more C3 communities and greater diatom 

productivity does not correlate with arid conditions or the absence of a forcing from the 

Ca signal. Since, these interpretations do not explain the paleoenvironmental conditions 

well another explanation is necessary. 
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4.3.3 11 ka event 

 A steady, directional increase in precipitation begins at 11 ka, perhaps in 

association with the termination of the last glacial, as indicated by an increase in calcium 

delivery to the basin. This period is also marked by increased macrophyte and aquatic n-

alkanes, which could indicate greater water availability in the Basin of Mexico. This shift 

may have begun as early as 15 ka, which is consistent with a stepped, but eventual 

increase in calcium delivery to Lake Chalco. A pronounced shift towards heavier δ13C 

values is also apparent at this time. The heaviest δ13C values in the record occur after 11 

ka, but are not clearly representative of C3 or C4 vegetation communities. The 

intermediate δ13C values may instead represent the presence of CAM communities; 

however it is unclear why wetter conditions would favor CAM vegetation. 

 Si/Ti ratios decrease after 11 ka, which may be due to wetter conditions and less 

focusing of nutrients in the basin. The decrease in Si/Ti ratios is also concurrent with a 

decrease in visually identifiable ash layers > 1 centimeter and a decrease in Fe XRF 

peaks.  
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Figure 19. Summary figures. 
 

Dark green:  27ka - The Basin of Mexico begins to trend toward more arid conditions at 
27ka as identified by an abrupt decrease in calcium delivery by rivers.  Halotolerant 
plants begin to colonize the increasing saline paleolakeshore as evidenced by a trend 
towards more negative δ13C values. Climate dynamics here are dominated by external 
forcing by aridity with possible linkages to a cooler Northern Hemisphere. 
 
Light green: 23ka – A Plinian-type eruption stimulates diatom growth (Si/Ti).  Increased 
relative abundance of terrestrial material into the basin is inhospitable to macrophyte 
populations.  Diatoms may also have outcompeted macrophytes for nutrients, also 
possibly contributing to their decrease in relative abundance. Very negative δ13C values 
represent the dominance of halotolerant C3 plants colonizing an expanded saline 
paleoshoreline.  The magnitude with which arid conditions affected the Basin of Mexico 
may have been magnified due to mock aridity from the eruption of Popocatéptl. 
 
Purple: 11ka – A steady directional increase in lake level begins at 11ka possibly in 
response to the termination of the last glacial. Less volcanic events result in more stable 
conditions marked by less variability in ecosystem response. Si/Ti fluctuations decrease 
in conjunction with a rise in macrophytes, possibly indicating more nutrient availability 
for emergent plants. An increase towards more positive δ13C values indicates less arid 
conditions with possibly an increase in intermediate CAM communities. 
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5.0 External Forcings and Ecosystem Responses 

Here I discuss how external forcing—aridity and volcanic activity—may have 

prompted ecosystem shifts within the Basin of Mexico over the past 40 kyr. The Lake 

Chalco records of Ca and of Fe provide insight on the magnitude of these external 

forcings, while the organic geochemical and biological indicators may be used to 

examine the resulting ecosystem responses. Changing rainfall patterns are caused by 

regional to global scale fluctuations with teleconnections to regions outside of the Basin 

of Mexico, while volcanism is typically a local to regional process. Changes in volcanic 

activity and rainfall occurred over similar time periods, so it is difficult to separate their 

effects on the system. Instead this discussion will highlight ways by which these 

mechanisms may have contributed to the changes observed in the Lake Chalco sediments 

and may have led to some of the inconsistencies among previous studies of Basin of 

Mexico climate histories. 

Aridity is an important driver of ecosystem change. In fact, in semi-arid and arid 

landscapes water availability is the limiting factor on vegetation success and growth, and 

can be the main component that limits primary productivity.  Biomass production in 

semi-arid regions can therefore be limited during dry seasons or short drought periods in 

which water is scarce (Turner, 1973, 1974). As discussed earlier, Ca XRF data 

approximate precipitation trends in the Basin of Mexico and therefore can be a proxy for 

aridity in this study. 
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 However, Ca data does not always change in concert with the biogenic data that 

are proxies for ecosystem response. The 23 ka event, identified by significant shifts in all 

biogenic datasets, is one such example. Since Ca data does not have any significant 

trends at 23 ka other forcing mechanisms must be invoked to explain the drastic shifts in 

biogenic data at this time. Peaks in Fe XRF data precede many large scale fluctuations in 

biogenic data, indicating the potential for strong ecosystem responses to tephra deposition 

into Lake Chalco or in its watershed. 

 Recognizing aridity and volcanism as drivers of ecosystem change provides a 

framework in which apparent discrepancies among datasets can be resolved. The next 

sections of this thesis will be used to resolve these discrepancies evolved from 

interpreting the dataset in a traditional framework through several hypotheses. 

 

5.1 External Forcing: Aridity 
 

Far field climate variability can result in fluctuations in hydrologic balance in the 

Basin of Mexico. Changes in hydrologic budget are reflected in lacustrine basins in a 

myriad of ways.  Here I identify several possible ecosystem and landscape responses to 

the external forcing of aridity that may be reflected in the lacustrine sediments of Lake 

Chalco and the Basin of Mexico in the past 40ka. Earlier I presented a proxy for the 

hydrologic budget of Lake Chalco, expressed as calcium delivery via riverine runoff from 

precipitation changes. Here I will explain how the ecosystem in the Basin of Mexico 

responds to aridity changes.  Expressions of wet or dry conditions in the Basin of Mexico 

will be addressed.  Variables that may be affected by aridity and the hydrologic budget 

include lake level changes, relative abundances of different vegetation communities, 
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compound specific carbon isotopes on vegetation derived n-alkanes, and sedimentation 

rates.  How each of these variables may be expressed during different hydrologic 

conditions will be considered and interpreted in a framework that provides consistencies 

between all datasets.  Lastly, this chapter will focus on possible climatic mechanisms in a 

global contex that may be important for initiating aridity in the Basin of Mexico. 

5.1.1 Complex vegetation responses to aridity 
  In semi-arid and arid landscapes water availability is the limiting factor on 

vegetation success and growth, and can be the main component that limits primary 

productivity.  Biomass production in semi-arid regions can therefore be limited during 

dry seasons or short drought periods in which water is scarce (Turner, 1973, 1974).  

Limited water availability can influence plant metabolism (Smith and Nowak, 1990), 

which is one of the important factors the influence isotopic fractionation (Hayes, 1993).  

Several studies have shown that water availability, measured as rainfall, is the most 

influential factor in the determination of isotopic fractionation of plants growing in semi-

arid and arid regions (Stewart et al., 1995; Amundson et al., 2003; Hartman and Danin, 

2010). 

Ideally, the isotopic fractionation of terrestrial vegetation communities can be a 

reliable assessment of hydrologic budget. However, despite differences in metabolic 

pathways attributing to the isotopic composition of vegetation, other factors also can 

affect isotopic fractionation. Therefore, the traditional assumption that C3 plants grow in 

only temperate regions and C4 plants in arid regions is not the only interpretation that can 

be gained from δ13C values. 

A dataset on the prairie-forest boundary in Minnesota from the middle-Holocene 

(Nelson et al., 2004) exemplifies alternate interpretations for compound specific carbon 
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isotopes.  Climate variations in the middle-Holocene on the sensitive prairie-forest 

boundary would predict that C4 plants would be more tolerant than C3 plants when the 

drier prairie conditions dominated the site. Contrastingly, C4 plants did not dominate in 

the warmest and driest part of the middle-Holocene, but the climatic conditions may have 

led to the creation of barren ground which was easily colonized by C3 species.  When 

middle-Holocene temperatures cooled, the previously outcompeted C4 plants increased in 

relative abundance. This was also demonstrated during the Dust Bowl of the 1930s when 

C3 species colonized exposed ground previously occupied by C4 plant communities 

(Weaver and Anderson, 1943). 

A study in the Atacama Desert may demonstrate the limits to interpreting δ13C in 

arid environments. Interestingly, C3 plants rather than C4 plants dominated the hyper-arid 

landscape of the Atacama Desert; only a single species of C4 vegetation was identified 

(Ehleringer 1998).  Interestingly, CAM plants were also largely absent from the desert 

region, although many intermediary species, species that are capable of switching 

between pathways, were identified.  Lower temperatures due to the higher elevation of 

the plateau and only seasonal precipitation may favor the establishment of C3 plants over 

C4 or CAM plants. 

Saline lakes or salt marshes are also often found in semi-arid and arid 

environments due to the evaporative potential of these regions.  CAM plants commonly 

dominate shallow, saline waterbodies, and often present difficulties in interpreting the 

paleorecord in saline marshes (Chmura, 1995). Vegetation in saline lakes and marshes is 

of particular interest in Lake Chalco, since xeric and halophytic vegetation (Sanders, 

1972) comprise a significant portion of vegetation in Lake Chalco’s catchment. 



74 
 

In order for the terrestrial vegetation communities to transfer between a C3 

dominated environment and a C4 dominated community or vice versa there must be a 

considerable ecosystem shift or transformation.  This is not always the case.  In 

catchments where a wide range of species and ecosystems can exist, this requires a large 

restructuring of ecological communities.  In Lake Chalco the variety of ecological 

communities is vast since the catchment contains a large elevation profile from the peak 

of the stratovolcano, Popocatéptl (5465 m ASL), to the basin’s arid lowlands (2240 m 

ASL).  The breadth of vegetation in the catchment is immensely diverse. Therefore, in 

order to identify significant changes in vegetation communities in geologic samples large 

shifts on long timescales in paleoclimatic conditions are required.  The plants may instead 

adapt through smaller-scale differences in isotopic fractionation rather than through a 

community shift from C3 to C4 plants.  Other less drastic than whole ecosystem shifts are 

adaptations to a plant species that may reduce evapotranspiration such as: temporarily 

reducing the surface area of their leaves, changing leaf orientation to limit evaporation, 

accumulating deeper root systems, or only producing leaves during times of heavy 

rainfall (Bender et al., 1971). 

Some plant species even adapt as intermediaries between C3, C4, or CAM plants 

and are able to switch photosynthetic pathways depending on aridity (Sternberg, 1986).  

Furthermore, temperature, drought, and salinity may play a considerable role (Osmond et 

al., 1973). The isotopic fractionation of these intermediaries or facultative species can 

therefore be varied. CAM plants or plants displaying weak CAM are subject to broad 

fluctuations dependent on environmental conditions (Bender et al., 1973).   
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Guy et al. (1980) investigated salt-stress in C3 halophytes and the resulting 

isotopic fractionation.  Comparatively large fluctuations in δ13C values in salt-stressed C3 

halophytes were measured to be up to 10.8‰ (Fig. 20).  The species that displayed the 

most isotopic fractionation under salt-stress was Puccinellia nuttalliana, a non-succulent 

perennial grass, also displaying significant isotopic fractionation was Salicornia 

europaea rubra, a succulent member of Chenopodiaceae.  Perennial halophytic grasses 

(Sanders, 1972) and Chenopodiaceae (Lozano Garcia et al., 1993) (Fig. 21) are common 

in the saline paleo-lakeshores around Lake Chalco. 
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Figure 20. Carbon isotope discrimination in halophytes ψsoltn  (102 kPa) 
 
 Carbon isotope discrimination values of cultured Puccinellia nuttaliana with varying 
NaCl conc. Isotope discrimination in Chenopodioideae subfamily displays similar isotope 
discrimination with varying NaCl concentrations. Figure adapted from Guy et al., 1980. 
 



77 
 

 
 

Figure 21. Chenopodiodeae. 
 
An example of a common abundant halophyte in the Basin of Mexico, Atriplex (saltbush) 
of the Chenopodioideae subfamily. Chenopodioideae spp. show isotopic discrimination 
like that investigated by Guy et al., (1980) under saline conditions. 

 

Furthermore, high concentrations of NaCl, KCl, Na2SO4, or K2SO4 are effective 

at promoting CAM in C3 vegetation (Bloom, 1979; Winter, 1973). C3 vegetation using 

the CAM pathway can have broader fluctuations in δ13C values since CAM uses the full 

range of isotopic fractionation.  Furthermore, greater fractionation of halophytes may 

indicate that salinity rarely reduces photosynthesis in halophytes.  C3 halophytes using 

weak CAM may indicate that halophyte plants rarely are limited by water use efficiency, 

since greater fractionation of CAM plants indicates greater water use efficiency (Bender, 

1971). 
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For comparison, inducing salt related stress on the halophytic C4 grass, Distichlis 

(Tiku, 1976), which is present in the Basin of Mexico, had no noticeable effect on light 

compensation, whereas C3 halophytes were affected. In another study on C4 halophytic 

vegetation by Shomer-Ilan and Waisel (1973) a halophyte in an environment where salts 

were lacking showed CO2 fixation by the C3 pathway. 

As discussed earlier, δ13C values never indicate dominance of C4 plant 

communities despite evidence from numerous paleoenvironmental records in the Basin of 

Mexico that suggest aridity from the Late Pleistocene to the early Holocene (Bradbury, 

1971; Caballero and Ortega Guerrero, 1998; Metcalfe et al., 2000; Baturina et al., 2006).   

Plant communities in the earliest part of the record have intermediary δ13C values 

suggesting isotopically light C3 plant communities.  A gradual shift to increasingly 

negative δ13C values beginning in the Late Pleistocene (~33 ka to ~27 ka) is coeval with a 

decrease in precipitation and therefore potentially lake level.  A decrease in lake level 

assumes drier conditions at this time period and an expansion of the paleo-lakeshore. The 

xeric and halophytic vegetation communities inhabiting the paleo-lakeshore may have 

colonized the expanded paleo-lakeshore resulting in the perception of normal C3-type 

plant communities in the isotopic record. Instead, increased expansion of halo-tolerant 

species beginning at 33 ka may instead indicate a shift to greater aridity as suggested by 

the Ca results. 

5.1.3 Aridity and sediment focusing 
 Understanding how sediment accumulates in a lake basin is important, 

particularly if only one core is available, as it may not be representative of the whole lake 

basin. Sediment focusing is one mechanism by which sedimentation rates can seem to be 

variable (Bryan Davis and Ford, 1982). Depending on the location of the core in the lake 
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basin sediment focusing can be expressed differently.  In deeper waters an increase in 

sedimentation rate will be reflected. In contrast, in shallower waters or in desiccated 

lakes, sedimentation decreases or even become discontinuous. 

Reductions in lake size can be accompanied by water turbulence moving material 

from shallower to deeper parts of the lake (Likens and Davis, 1975). This could result in 

turbidity, sediment re-suspension, discontinuous sedimentation, biological mixing, or a 

combination of all of these (Blais and Kalff, 1995). 

In the Lake Chalco record sediment focusing could explain an increase in 

sedimentation rate at 23 ka, which occurs in conjunction with a transition to an arid 

landscape. Other possible mechanisms for an increase in sedimentation rate include an 

increase in the production of autochthonous material, an increase in the input of 

allochthonous material, or a decrease in the biodegradation of organic matter (Likens and 

Davis, 1975). Discrepancies in the current age model may also attribute to the apparent 

increase in sedimentation rate at 23 ka (See Sec. 2.7). While greater inputs of 

allochthonous material seem unlikely in an arid landscape due to a decrease in riverine 

delivery, sediment focusing could contribute to the increase in sedimentation rate in an 

arid landscape. 
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5.2 Aridity in a global context 
 

We do not yet have a comprehensive understanding of the history of central 

Mexico’s hydrologic budget in a global context.  Understanding how the hydrologic 

budget and changes in aridity are expressed in Mexico and Mesoamerica would provide 

valuable tiepoints between records in the southwestern United States and northern South 

America. 
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Fig. 22 Locations of global context studies. 

Symbols mark the location of Cave of the Bells (red circle), Fort Stanton (blue 
circle), Lake Chalco (green circle), and Petén Itza (black circle). 

 
 
Comparison of records from these regions and the Lake Chalco record suggests a 

coherent regional climate response. Two cave speleothem records, Fort Stanton Cave 

(Asmerom et al., 2010) and Cave of the Bells (Wagner et al., 2010), investigate 

hydrologic variations through δ18O of speleothem calcite.  The datasets show increased 

winter precipitation in the southwestern United States in association with northern 

hemisphere cooling, and decreased winter precipitation in the southwestern United States 

at times of Northern Hemisphere warming.  This is attributed to a latitudinal 

displacement of the polar jet stream over the Pacific Ocean due to cooling and warming 

excursions in the North Atlantic. Periods of cooling in the North Atlantic Ocean, such as 

stadials and Heinrich events, correspond to increased moisture delivery to the 

southwestern United States due to a more southerly storm track. Periods of warming in 

the North Atlantic Ocean, such as interstadials and Dansgaard-Oeschger events lead to a 

decrease in moisture delivery to the southwestern United States due to a more northerly 

storm track. 

Lake Chalco and both the Cave of the Bells and Fort Stanton Cave (Fig. 23) 

records display some similarities and some differences with both speleothem records in 

relatively good agreement with each other. The most pronounced linkage between the 

Lake Chalco and these speleothem records is an anti-phase correlation to aridity. The 

southwestern United States is relatively wet during the LGM, whereas Lake Chalco is 

more arid.  During interstadials the southwestern United States experiences relatively arid 
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conditions, while Central Mexico is more temperate. Cave of Bells and Lake Chalco 

transition out of the last glacial to more arid conditions and more temperate conditions, 

respectively, at ~14ka.  
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Figure 23. COB and Fort Stanton 
 
Comparing Cave of the Bells and Fort Stanton to the Lake Chalco record show some 
similarities and some differences. Cave of the Bells and Fort Stanton show that climatic 
linkages in the southwestern United States and Basin of Mexico are anti-phase. Wetter 
conditions in the southwestern United State in the last glacial are coupled with more arid 
conditions in the Basin of Mexico during the last glacial. Similarly, more arid conditions 
in the southwestern United States in the interglacial are coupled with wetter conditions in 
the Basin of Mexico. Cave of the Bells data is from Wagner et al., 2010 and Fort Stanton 
data is from Asmerom et al., 2010. 
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Another possible climatic linkage is millennial scale variability during the last 

glacial, both the Cave of the Bells and Fort Stanton records show millennial scale 

variability that corresponds to records from North Atlantic during MIS 3. The meltwater 

pulses associated with Dansgaard-Oeschger and Heinrich events is the inferred 

mechanism for this variability. Heinrich events in the North Atlantic are recorded in the 

southwestern United States as periods of aridity, while Dansgaard Oeschger events are 

recorded in the southwestern United States as periods of increased precipitation. If the 

records are anti-phase with respect to North Atlantic SSTs, then the opposite would be 

expected for central Mexico. At present chronology control for the Lake Chalco core is 

insufficient to allow correlations between high frequency variability, however similar 

fluctuations over the same timeframe are apparent in the Lake Chalco record. 

The broad anti-phase relationship between the southwestern United States and 

central Mexico provides further insight on the southerly extent of the winter storm track 

over North America.  Arid conditions in central Mexico during stadials provides evidence 

that the polar jet stream did not migrate as far south as central Mexico during the LGM. 

Central Mexico is latitudinally closer to Central America than the southwestern 

United States, therefore precipitation patterns may be more in-phase between Central 

America and central Mexico. Much of the neotropical region is geographically located 

between the westerly and the ITCZ precipitation belts, so comparing the Lake Chalco 

record with a dataset also between the two major storm tracks provides insight to the 

degree that aridity is a regional forcing.  A record from Petén Itza, Guatemala (Hodell et 

al., 2008) reconstructs hydrologic changes in the neotropics through the last glacial cycle 
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from magnetic susceptibility data. The two records also show some similarities and some 

differences (Fig. 25).  
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Figure 24. Comparing Petén Itza with the Lake Chalco record shows some similarities 
and some differences. Comparison of these two records shows that climatic linkages in 
Central America and the Basin of Mexico are often in-phase with one another. Climatic 
linkages during the LGM however may be regionalized at each location. This time period 
at Petén Itza during the LGM can be attributed to localized effects and does not 
necessarily correlate to other records in Central America. 
Petén Itza data is from Hodell et al., 2008. 
 

Comparison of the Lake Chalco record and Petén Itza (Fig. 24) shows that at 

some time intervals the two records respond similarly to global climatic events. However, 

the two precipitation records also likely correspond to local to regional scale forcings, 

possibly in part due to their intermediate locations between the fluctuations of the 

Westerlies and ITCZ. The greatest discrepancy between the records is during the LGM 

from 25 ka to 18 ka. During this time period it is wetter at Petén Itza and more arid at 

Lake Chalco. This discrepancy may be due to a proposed localized warm regional effect 

at Petén Itza (Hodell et al., 2008) and the localized forcing of volcanism at Lake Chalco. 

A similar expression in both records may be Dansgaard-Oeschger variability that 

could explain the high variability in the Lake Chalco record from 33 ka to 36 ka.  

Continental records from the neotropics have identified climate linkages between high 

and low latitudes in the northern hemisphere and linkages even with respect to 

Dansgaard-Oeschger and Heinrich events (Broecker et al., 1990; Peterson et al., 2000). 

The chronology of the Lake Chalco record is not as robust as the Petén Itza record that 

has been reliably compared to the Greenland δ18O ice core. However, the paleoclimate 

record from Petén Itza indicates arid periods that coincide with Heinrich events in the 

North Atlantic (Hodell et al., 2008). It is likely that the Basin of Mexico would have 

similar linkages to the North Atlantic, whereby fluctuations in sea surface temperatures 



87 
 

impact the temperature gradients in the Gulf of Mexico and Pacific resulting in 

differences in the frequency of convective storms with millennial scale variability. 

Despite the LGM discrepancy, the two records are in-phase with one another on 

the scale of glacial cycles. However, both records are likely strongly influenced by 

localized climatic forcings. Another reason for differences in between the two records 

may represent a lack of constraint in either age model. Alternatively, differences between 

the two sites may indicate interesting unexplored regional to local scale climatic forcings 

that have not yet been considered. 
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5. 3 External Forcing: Volcanism 

 
Intense volcanic activity in the TMVB throughout the Quaternary has resulted in 

the deposition and preservation of many tephra layers in lacustrine settings throughout 

the Basin of Mexico.  Identification of these layers has provided a reliable regional 

stratigraphic tool.  However, tephra layers do not merely exist as passive isochrones in 

the lacustrine record.  The deposition of tephra in aquatic ecosystems and their 

watersheds can result in environmental changes on a variety temporal and spatial 

magnitudes (Lucht et al. 2002).   

This section addresses the identification of the tephra layers within the record and 

describes some of the well-dated and larger scale eruptive events.  It then considers 

possible ecosystem responses to volcanic events recorded in other volcanically active 

areas, and evaluates the Lake Chalco record in the context of volcanic events of the 

TMVB that may have been capable of creating the three hypothesized landscape 

evolution and ecosystem changes of various magnitudes. These hypotheses will provide 

consistency among all datasets analyzed here. 

 

5.3.1 Major eruptions of interest 

   
One of the largest eruptions in the 40ka record is that of the stratovolcano 

Popocatéptl at ~23ka.  In the CHA08-II and CHA08-III cores this tephra layer and 

associated debris are not well-represented, perhaps due to poor recovery of this coarse 

ashy material. However, this tephra is ubiquitous throughout the Basin of Mexico and the 

Puebla Basin (Siebe, 1996).  The thickest examples of the tephra layer are preserved in 

the Puebla Basin, just to the east of the Basin of Mexico.  The two basins are separated by 
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the Sierra Nevada Range and its stratovolcanoes, Popocatéptl and Iztaccihuatl. Since the 

lateral explosion occurred on the southeast slope, the majority of the debris washed into 

the Puebla Basin and its lake systems. 

The 23 ka Popocatéptl eruption was a Plinian-style or Bezymianny eruption. This 

eruption is similar to the in 1980 Mount St. Helen’s eruption, the first Plinian-style 

eruption to be scientifically monitored in detail.  The eruption of Popocatéptl occurred on 

the southeast flank when a lateral eruption destroyed the pre-existing cone.  After the 23 

ka eruption the present-day cone began to form from lava flows and pyroclastics of 

dacitic and rhyodacitic compositions that built the summit to its current height.  The 23 

ka eruption of Popocatéptl was undoubtedly a major volcanic event in the TMVB.  Siebe 

et al. (1995) estimated that ash 15 meters thick covered an area of approximately 600 

km2, this would have been 9 km3of total ejected material.  Furthermore, debris avalanches 

were found 80 kilometers from their source, which likely moved within a matter of 

minutes. 

  An eruption of this scale would have created drastic ecosystem and landscape 

changes for a radius of 50 kilometers from the blast zone. The deposits of this eruption 

have been found on both sides of Popocatéptl by travelling down drainages and rivers 

with headwaters on the summit. 

5.3.2 Volcanism affects landscapes in a variety of ways 
 
 Deposition of hot tephra proximal to a volcano has an immediate impact on the 

local ecosystem.  For example, the eruption of the Katmai volcano in Alaska had an 

immediate adverse affect on aquatic populations (Eicher and Roundefell, 1957; 

Kurenkov, 1966). Terrestrial vegetation communities are also drastically affected by hot 



90 
 

proximal tephra as recorded in the 1980 eruption of Mt. St. Helens when destruction of 

terrestrial vegetation resulted in a barren and xeric landscape (del Moral and Wood, 1993; 

del Moral and Jones, 2002; Saucedo et al., 2002).  Hot tephra also greatly impacts 

geomorphology and landscapes in a very obvious way, as evidenced by many historic 

eruptions. 

 Despite the highly destructive nature of hot proximal tephra and its ability to 

revolutionize landscape dynamics, the deposition of distal tephra has greater geographic 

relevance and occurs with much greater frequency.  However, less is known about how 

and to what degree distal tephra impacts either aquatic or terrestrial communities.  A 

present-day understanding of how volcanism affects aquatic and terrestrial communities 

requires continual monitoring over decades.  Griggs (1920) recorded plant growth in 

areas affected by ash fall, and found that although terrestrial plant growth is significantly 

depressed immediately following volcanic eruptions, abrupt increases in plant growth 

occurs thereafter.  Numerous paleolimnological studies have identified tephra deposition 

correlated to surges in diatom concentration and assemblage changes (Lotter et al., 1995; 

Eastwood et al., 2002).  However, current understanding of the effects of tephra on 

aquatic and limnologic communities is inadequate to understand feedback between distal 

tephra on aquatic communities (Telford et al., 2004; Eicher and Roundefell, 1957). 

 In some circumstances, volcanic eruptions are capable of impacting global 

climate dynamics.  Major eruptions are capable of depressing global temperatures by 0.2-

0.3°C for several years (Zielinski, 2000).  On geologic scales Miocene sedimentary units 

record long-term volcanically active regimes on Rusinga Island in alkali-volcanogenic 

units (Harris and van Couvering, 2011). 
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 Recent work on understanding volcanically active landscapes and the ecosystem 

responses on various timescales provides insight into how the numerous volcanic events 

preserved as tephra layers in Lake Chalco affected the surrounding landscape and biotic 

communities. Although volcanic eruptions and ecosystem responses to them may seem 

geologically instantaneous, present-day ecological monitoring in aquatic environments 

supports conclusions in paleolimnologic studies whereby brief, yet tremendous 

environmental events have profound effects on a catchment’s environmental history. 

These effects, as demonstrated, occur on a variety of temporal and spatial 

timescales from immediate impacts to millions of years. The resolution of the Lake 

Chalco record is primarily concerned with centennial to millennial scale volcanic 

forcings from cold, distal tephra.  This section will focus on how responses to volcanism 

may be reflected. Since each watershed and lake system presents different morphologies, 

biology, chemistry, and physical properties of the ecosystem, responses to volcanism are 

not all uniform. The following ecosystem responses will be considered here: 

1)  Mock aridity can be expressed in volcanically active areas where volcanic 

events influence the landscape, so that the preserved evidence of volcanism in the 

lacustrine record appears to indicate that it was instead arid. 2)  Depending on the 

chemistry of the tephra fall and the lake, volcanism can also interact so as to provide 

valuable nutrients for biology resulting in positive rather than negative feedbacks. 3)  

Lastly, the effects of volcanism may be expressed upstream of a waterbody, so that 

lacustrine sediments record morphological changes in landscape and drainage patterns.   
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5.3.3 Mock aridity and volcanism impacts on terrestrial landscapes 
 

Harris and van Couvering (1995) identified various volcanically active areas with 

extreme environmental conditions that mimicked aridity.  In the geologic record volcanic 

activity may mimic the effects of climatically induced aridity through the production of 

barren landscapes. Harris and van Couvering were first to term this concept mock aridity, 

in which they identified modern and geologic settings that experienced mock aridity.  

These landscapes may include processes and features that are traditionally produced by 

arid conditions, but can also be produced in volcanically active regions.   

On Quaternary timescales these processes and features may include fanglomerates 

or alluvial fans (Fisher and Smith, 1991), landslides (Palmer et al., 1991; Smith, 1991), 

braided stream deposits (del Moral and Wood, 1993), clay rimmed particles (Hay and 

Reeder, 1978), carbonate nodules and calcrete deposits (Hay and Reeder, 1978), and 

saline or alkaline lakes (Hay and Reeder, 1978).  

Furthermore, barren landscapes can be maintained for significant periods of time 

due to landslides or material that buries vegetation and covers nutrient rich developed 

soils.  Since ash fall has a high porosity and lacks organic material, the environment 

necessary to support vegetation may be compromised due the ash’s inability to hold 

water and its lack of nutrients (Anderson and MacMahon, 1985).  Evaporation and 

desiccation of the ash further drives xeric conditions, so that barrenness can be 

maintained for longer timescales (del Moral and Wood, 1993).  

Of particular interest with respect to mock aridity in the Basin of Mexico are 

volcanic eruptions resulting in alkaline or saline lake conditions.  Portions of Lake 

Chalco are surrounded by alkaline soils, and at times the lake has been saline. When 
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distal or hot proximal alkaline ash dissolves in water the nearby surface and groundwater 

can develop alkaline and carbonate rich chemical signatures.  These conditions can 

thereby impact vegetation and soils that utilize the water source (Hay and Reeder, 1978).  

Carbonate nodules and calcrete are sedimentary products often associated with aridisols 

or mollisols; however they may also be associated with calc-alkaline volcanism.  Ash 

deposition of a calc-alkaline chemical composition would allow for precipitation of 

calcium carbonate products.  For this reason, Ca XRF counts where tephra layers are 

present were omitted from the record, so that the record reflects lake level and hydrologic 

budget rather than volcanic events. 

One example of a mock aridity landscape is the slopes of Mt. St. Helens after the 

1980 eruption.  When Mt. St. Helens erupted it created the unprecedented opportunity to 

study these ecological disturbances and responses in a natural laboratory on decadal 

scale. It remains the best studied volcanically impacted landscape, and provides a useful 

analog to paleolandscapes also affected by volcanism.  The major Plinian-style eruptions 

of Popocatéptl are similar to the 1980 eruption of Mt. St. Helens. Today the effects of 

volcanism on the terrestrial landscape near Mt. St. Helens are still apparent.  The 

barrenness of the surrounding landscape exemplifies the degree of physical disturbance 

of terrestrial ecosystems (Means et al., 1982; Bishop, 2005) and mock aridity (Harris and 

van Couvering, 1995). 

The region surrounding Mt. St. Helens suffered from extreme physical 

disturbance of the landscape and ecosystem (Fig. 25), which led to xeric conditions that 

are still apparent today. Following the eruption, a barren landscape persisted with areas 

with even distal ash fall experiencing extreme disruption in overall vegetation cover as 
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compared to pre-eruption conditions (del Moral and Wood, 1993; Bishop, 2005). The 

Mount St. Helen’s eruption has shown that on at least decadal scale volcanic activity can 

have extreme and long-lasting effects on biota.  Specifically, that the recovery patterns of 

biotic communities vary inversely with the degree of landscape vegetation disturbance 

(del Moral and Wood, 1993).  

 

Figure  25.  Mock aridity 
 
The barren and xeric landscape in 1983, three years after the Mount St. Helen’s eruption. 
Present-day studies of such landscapes are useful analogs to paleo-landscapes. 
(Photograph from: Pacific Northwest Research Station) 
 

5.3.4 Ash as a nutrient and volcanism impacts on aquatic environments 
 

Diatom assemblages and their aquatic ecosystems are sensitive to changing 

environmental conditions, most notably nutrient and light availability. Responses include 

variation in diatom growth rates, assemblage composition, and relative abundances 
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(Reynolds, 1975).  Diatom assemblage compositions and relative abundances provide 

valuable insight on paleoenvironments and paleoclimates (Bradbury, 1975).  However 

deposition of volcanic material can impact nutrient concentrations, light availability, and 

temperature in lacustrine settings.  Individual tephras deposited in lacustrine 

environments carry diverse chemical signatures depending on the volcanic provenance, 

so ecosystem responses may vary considerably (Lucht et al., 2002). 

For example, in proximal lakes hot tephra deposition may result in chronic and 

acute destruction of aquatic habitats, as documented in the Mount St. Helen’s eruption 

(Baross et al., 1982; del Moral and Jones, 2002; Saucedo, 2002).  However, many 

paleoenvironmental studies have linked volcanic events to positive feedback resulting in 

increased diatom concentrations and assemblage change on a variety of timescales 

(Lotter et al., 1995; Abella, 1988; Hickman and Reasoner, 1994; Caballero and Ortega 

Guerrero, 1998; Barker et al., 2000; Eastwood et al., 2002).  Yet, other studies have not 

shown tephra deposition in lacustrine settings to have any noticeable effect or forcing on 

aquatic processes (Telford and Lamb, 1999).  Therefore, a great variety of factors may 

impact the magnitude of aquatic ecosystem response to tephra deposition, which may 

include: proximity to the eruption, geochemical composition of the tephra, pre-existing 

lake chemistry, catchment size and morphology, and diatom composition/abundance 

prior to the eruption. 

Changes in diatom assemblages and abundances following a volcanic event are 

likely a response to the increased influx of silica from a lake’s catchment.  Silica is not 

immediately available to the biotic community, but rather it dissolves slowly (2.8×10-14 

molcm-2s-1) (Gislason and Eugster, 1987).  After a volcanic event rapid sedimentation of 
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tephra and incoming material may not allow for immediate dissolution of silica. 

However, mixing processes may reduce the rate of settling and enable dissolution of 

tephra within the water column, thereby making it available to diatoms more quickly 

(Abella, 1988; Haberyan, 1998).  Furthermore, catchment size may also affect the length 

of time in which increased silica influx into the lake can occur, whereby larger 

catchments may bring in greater amounts of silica over time. Silica dissolution is higher 

with a pH above 8 (Brady and Walther, 1989), so that the dissolution of silica would be 

greater in more alkaline waters.  Considering that dissolution of silica will occur and be 

available to biota until sedimentation covers the tephra, more alkaline lake settings would 

lead to more silica dissolution.  Once the silica is in the biotic community and utilized by 

diatoms a recycling of silica from dissolution of exported diatoms may cause positive 

feedback resulting in prolonged long-term abundance increases in the diatom community. 

In this way, centennial-scale responses in a biotic community to a volcanic event 

are possible. One example of a long-term response in a diatom community to an ashfall 

event is preserved in the sediment record of Lake Washington in southern Oregon 

(Abella, 1988).  Diatom assemblages and abundances were investigated below and above 

a 5 cm thick tephra layer.  Species abundances increased after the ashfall and then 

continued to have relatively high abundances for ~300 years. 

Another response to tephra deposition in lacustrine settings is the reduction of 

light availability for macrophytes and photosynthesizing algae (Abella, 1988).  

Destruction of aquatics and macrophytes by light reduction may have occurred over 

many years.  During summer wet seasons when growth conditions are optimal for these 

vegetation communities, intense rainfall can result in an influx of tephra from the 
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catchment and other terrigenous and terrestrial matter.  Tephra influx into the lake may 

decrease the depth of light penetration enough to not allow aquatics or macrophytes to 

sufficiently outcompete diatom communities for nutrients.  Ultimately, these feedbacks 

would cease as the terrestrial landscape re-vegetated and tephra on the landscape 

decreased. In an open basin with adequate flow-through, pre-volcanism conditions would 

likely be established more quickly than in a closed basin.  Although tephra runoff into a 

lake basin would ultimately decrease in both conditions, the recycling of nutrients would 

be more long-term in a closed basin setting where outflow cannot transport nutrients 

outside of the basin.  Therefore, nutrients in a closed basin setting are forced to be 

recycled or be preserved in sediments.  

High suspended sediment loads and turbidity in waterbodies have been monitored 

in the present-day setting at Mt. St. Helens. Even thirty years after the eruption high 

sediment flux into waterbodies continues (PNW and USFS, 2010).  Measurements of 

suspended sediment loads in nearby streams after rain events were between 252 and 1970 

mg l-1 (Olds, 2002) twenty years after the initial eruption. Due to the high turbidity in 

waterbodies proximal to Mt. St. Helens, permanent sediment retention traps were built 

upstream to protect salmon habitat and the developed lower reaches of streams.   

Terrigenous matter sourced from the blast zone would also impede light 

availability. At Mt. St. Helens the surrounding forest was leveled by the blast, so that logs 

and trees were strewn into and across streams. Moreover, all streams within a 350km2 

radius from the blast zone received pumice and ash, as well as an influx of terrestrial 

vegetation from the leveling of proximal forests.  Precipitation and storms caused a large 
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influx of terrigenous material throughout the first decade by mobilizing landslides and 

terrestrial material in the watershed and into nearby waterbodies (Dale et al., 2005).  

 

5.3.5 Disruption of pre-existing drainage patterns 
 

Volcanic eruptions are also capable of drastically altering the geomorphology of 

pre-existing drainage patterns and watersheds (Ouchi, 1985; Keller and Pinter, 1996; 

Burbank and Anderson, 2001).  The 1980 eruption of Mount St. Helens is one such well-

studied example of a volcanic eruption that greatly affected the drainage patterns of the 

area.  

Within hours of the explosion hundreds of square kilometers of the landscape 

were instantaneously transformed into a debris avalanche.  Massive debris flows an 

average of 150 feet thick within the first 14 miles of North Fork of the Toutle River filled 

the riverbed (Lehre et al., 1985; Dale et al., 2005b). Other tributaries surrounding the 

blast were also inundated and/or dammed with mudflows and thick ash.  Secondary 

disturbances, such as surface erosion, floods, and landslides, were also significant in 

affecting the lateral shifting of river channels even decades after the initial disturbance 

(PNW and USFS, 2010). 

The most profound changes though occurred from the debris avalanche that 

flowed down the North Fork Toutle River.  The damming and filling of the valley lead to 

the formation of two new lakes and approximately 150 new ponds.  The ponds formed in 

the hummocky topography and rocky debris and were filled from groundwater and rain.  

Many of these shallow ponds are warm, ephemeral pans that were quickly recolonized by 

biota. (PNW and USFS, 2010) 
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5.3.6 Ecosystem responses in Lake Chalco 
 

Each of the three landscape and ecosystem responses to volcanic events are ways 

of interpreting the paleoenvironmental record instead of attributing these changes to far 

afield climatic forcings.  In the Lake Chalco record all three of these responses may have 

played a role in the regional climate following the 23ka Popocatéptl eruption.  The extent 

of forcing from the Popocatéptl event is debatable.  However, the drastic changes that 

occur in almost all of the proxy records around 23ka should be discussed in reference to 

the 23 ka volcanic eruption. 

Clearly, a large climatic/environmental shift significantly affected the aquatic and 

terrestrial environments around Lake Chalco at this time.  A shift in the aquatic 

community during this time was first identified in Lake Chalco by Caballero and Ortega 

Guerrero (1998) through investigation of diatom assemblages.  A sharp change in diatom 

stratigraphy from alkaliphilic and halophilic species prior to 23 ka to the dominance of 

circumneutral varieties such as Fragilaria spp., Navicula veneta, and Cocconeis 

placentula after 23ka was identified. The shift to high abundances of Fragilaria spp. and 

other circumneutral diatom varieties remained at higher abundances on millennial 

timescales (Fig. 26), so that pre-eruption diatom varieties do not again dominate the 

record until 15 ka.  Whether the volcanic eruption is coincident with climatic changes or 

whether this shift is purely a response to volcanism is a question of interest. 
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Figure 26. Diatom assemblages 
 
Diatom assemblages and abundances from Lake Chalco. The drastic change in 
circumneutral varieties at 23 ka is highlighted in blue.  A decrease to levels prior to 23 ka 
does not occur until ~15 ka. Figure is modified from Caballero and Ortega Guerrero, 
1998.  
 

However, this ecosystem response in Lake Chalco is not unique to the 23ka 

Popocatéptl eruption. Interestingly, other lacustrine diatom records from Mexico identify 

similar shifts in diatom assemblages after volcanic events that do not return to pre-
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eruption population dynamics (Davies et al., 2004).  In Lake Zirahuen located in the 

Michoacan-Guanajuato Volcanic Field in Central Mexico a two-fold increase in diatom 

abundance occurred immediately after a compositionally rich silica tephra layer.  

Fragilaria dominated the diatom assemblage (Telford et al., 2004), and like the Lake 

Chalco diatom record, the Lake Zirahuen record did not return to pre-eruption conditions. 

A volcanic event at Lake Patzucuaro, a moderately alkaline lake in the Lerma Basin of 

Central Mexico, exemplifies diatom response to distal tephra deposition.  Prior to tephra 

depositon pre-eruption assemblages of A. granulate and Stephanodiscus spp. dominate 

the diatom assemblages. Immediately above the tephra layer diatom abundances increase 

10-fold and the assemblage is dominated by Fragilaria spp. with only minor quantities of 

pre-eruption assemblages. 

 The ratio of Si/Ti XRF counts approximates the preserved biogenic silica in Lake 

Chalco, and therefore is interpreted as a proxy for diatom abundance. Like diatom 

assemblages from Lake Chalco, the Si/Ti ratio clearly and quite dramatically exhibits a 

shift around 23 ka. 

Prior to 23ka low, yet steady levels of Si/Ti are present in the lacustrine 

sediments; after 23ka there is up to a six-fold increase in Si/Ti.  An abrupt and significant 

increase in silica at this time can be best explained by an increase in nutrient availability 

to the system.  Whether this availability of nutrients is sourced from volcanic material 

derived from the Popocatéptl eruption or another means is not completely understood. 

Like the diatom assemblage record, Si/Ti also does not return to the pre-eruption 

state shortly after the volcanic event.  Telford et al. (2004) outlined criteria for identifying 

whether tephra could be attributed to ecosystem changes in a lacustrine record.  One of 



102 
 

the criteria is that a recovery of the ecosystem response to pre-tephra state be achieved at 

some time following the eruption. Si/Ti ratios do appear to eventually decrease gradually 

beginning at ~15 ka and decreasing until ~8 ka.  However, poor core recovery limits 

interpretation at ~8 ka. Considering that most studies identify tephra induced 

environmental changes lasting on centennial scale rather than millennial scale, there 

should be a decrease in Si/Ti ratio and/or diatom assemblages on a shorter-timescale than 

over the span of 8,000 years; otherwise influences by other external climatic events 

occurring in conjunction with the deposition of tephra may be contributing to the signal. 

Therefore the ecosystem shift following the 23 ka tephra layer may not solely be forced 

by the 23 ka volcanic event. 

Since responses to tephra are most often documented on the scale of centuries, 

and rarely reflected on millennial timescales as they are in Lake Chalco it is reasonable to 

assume that there may be other factors contributing to the sustained increase in biogenic 

silica present in the basin.  Although numerous other volcanic events occur with a high 

frequency following the 23 ka Popocatéptl eruption (Ortega Guerrero and Newton, 1998), 

levels of Si/Ti do not completely recover to a pre-tephra state, but they do fluctuate.   

Interestingly, it could be argued that Si/Ti ratios co-vary with Fe XRF counts with 

Fe spikes preceding Si/Ti spikes (Fig. 26).  In this case, the many tephra layers deposited 

after 23 ka may have continued to contribute to the silica budget of Lake Chalco. The 

continual influx of silica into the basin does not allow the amount of available silica to 

return to the pre-23 ka level. The time between volcanic events may have been too brief 

for diatom communities to decrease to pre-23 ka populations.  The alkaline conditions 

and closed basin could also aid in the recycling of silica on longer timescales than in an 
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open fresher flow-through basin.  In this case, volcanic events could be assumed to be 

driving diatom productivity in Lake Chalco. Moreover, arid conditions enhancing the 

alkaline conditions in the lake would extend the influence of tephra fertilization for 

several thousands of years. 
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 Figure 26. Fe XRF counts and Si/Ti XRF counts.  
 
Si/Ti XRF count increases may lag Fe XRF counts, therefore volcanic events (tephra 
deposition) may be a modulator of diatom concentration. Si/Ti counts specifically 
increase with tephra deposition as opposed to increases in chemical weathering. 
 
 

It may be relevant to note that an increase in sediment accumulation rate (See Sec. 

2.7) coincides with the drastic Si/Ti ratio increase and therefore biogenic silica may be a 

significant contributor to the increased rate. Another contributor to the increase in 

sedimentation rate at 23 ka may be a large influx of terrestrial material.  This could result 

from clearing of the landscape after the eruption and the delivery of terrestrial vegetation 

into Lake Chalco via the Rio Amecameca and Rio Tlamanaco.  Terrestrial n-alkane 

abundances level out shortly after the initial spike, but spike again ~15 ka.  This spike 

could correlate to another large scale eruption of Popocatéptl. 

The increase in terrestrial biomarkers may also correspond with an increase in the 

magnetic susceptibility record produced by Caballero and Ortega Guerrero (1998) (Fig. 

27).  Magnetic susceptibility is a proxy for volcanic events, or changes in vegetation, 

erosion, hydrologic balance, and deposition (Thompson et al., 1980). Greater magnetic 

susceptibility measurements indicate more incoming terrigenous material possibly 

corresponding to wetter intervals, and contrastingly lesser magnetic susceptibility 

measurements indicate less incoming terrigenous material possibly corresponding to drier 

intervals. The highest magnetic susceptibility peaks correspond to volcanic ashes. The 

most noticeable non-volcanic peak in the record is found in all Chalco cores collected and 

measured for magnetic susceptibility (Ortega Guerrero, 1992; Caballero and Ortego 

Guerrero, 1998). The peak has been identified as ɛ and occurs between pollen 
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radiocarbon dates of 21,600±1,050 and 22,720±250 a.  This correlates loosely with the 

approximate time of the Popocatéptl eruption. 

 
 

Figure 27. Magnetic susceptibility 
 
Magnetic susceptibility on cores from Caballero and Ortega Guerrero (1998). The peak, 
ε, is the most pronounced non-volcanic peak in the record and corresponds to roughly the 
same time as the 23ka Popocatéptl eruption. 
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The blast zone of Popocatéptl in the 23 ka event occurred on the southeast flank 

of the volcano, facing the Puebla Basin instead of the Basin of Mexico. Therefore, the 

majority of material transported into Lake Chalco was likely terrestrial in nature rather 

than the direct deposition of a thick tephra layer. If the high magnetic susceptibility peak 

is associated with this eruption it may signal the increase in inorganic terrestrial matter 

being washed off the volcanically denuded landscape.   

Furthermore, the increase in sedimentation rate developed from the age model 

discussed previously coincides with the increases in inorganic and organic terrigenous 

material. Unlike the spike in magnetic susceptibility or terrestrial n-alkanes, the increase 

in sedimentation rate does not decrease to pre-eruption levels, but instead maintains the 

same rate until the top of the record. A more rigorously produced age model with 

radiocarbon dates directly sampled from the top ten meters of the core would provide a 

better chronology and understanding of the relationship between sedimentation rate and 

the other proxy records. 

The influx of terrestrial n-alkanes contrasts with the decrease in macrophyte 

derived n-alkanes at this same interval.  Throughout much of the record the two vary 

inversely, however not to the magnitude recorded at 23 ka.  The incoming inorganic and 

organic terrestrial material may have reduced the light availability or altered lake 

chemistry to levels unsuitable for macrophyte survival.  The documented decrease in 

macrophytes following an eruption is similar to the dataset presented by Abella (1988), 

where decreases in macrophyte populations vary inversely with suspended sediment load 

and turbidity. The larger diatom communities may have also outcompeted macrophyte 

communities for nutrients during this time interval. 
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Although not necessarily apparent in the sampling resolution of this study, the 

denudation of the landscape within Lake Chalco’s catchment may have been similar to 

other Plinian-type eruptions.  Popocatéptl’s slopes would have been similar to the 

conditions observed at Mt. St. Helens (Siebe et al., 1995, 1996).  Nutrients, weathering, 

and bioturbation of the soils on these slopes and the newly developed landscape were 

essential prior to biota recolonization (Anderson and MacMahon, 1985).  In the 

intervening time the ecosystem could have mimicked arid conditions due to minimal 

terrestrial vegetation. In light of this, the large influx of terrestrial biomarkers into Lake 

Chalco can be interpreted as a denudation of the landscape rather than a productive time 

period. 

The large quantity of ash that was ejected from Popocatéptl, as well as secondary 

geomorphological changes such as landslides and erosive events likely had a significant 

impact on the hydrology of the region. Bradbury (1989) investigated diatom assemblages 

from Lake Chalco, and noticed large assemblage shifts to circumneutral varieties around 

22.5 ka, interpreted as indicating a reduction of lake level. Siebe (1996) mapped debris 

avalanches up to 80 km long extending into the Rio Amecameca drainages. The volume 

of these avalanches would have been sufficient enough to alter drainage patterns and alter 

incoming water to Lake Chalco.  The damming of the Amecameca, the incoming source 

of water into the paleolake, by debris avalanches would be a sufficient explanation for the 

reduction in lake level. 

Interestingly, as discussed previously, Caballero and Ortega Guerrrero (1998) also 

identified diatom assemblage shifts to circumneutral varieties at ~23 ka.  These shifts, 

however, were interpreted as indicating a deepening of lake level rather than a shallowing 
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as interpreted by Bradbury (1989).  In light of recent work by Telford et al. (2004), 

circumneutral varieties, such as Fragilaria spp. commonly dominate diatom assemblages 

following volcanic events.  So, rather than interpreting the rise of circumneutral varieties 

at 23ka as an indicator of higher lake levels these diatom assemblages can be interpreted 

as the colonizers following volcanic eruptions. Therefore a reduction in lake level 

resulting from damming of the Rio Amecameca from the debris flow is plausible. 

5.3.7 Limitations 
 
 The primary limitation on deciphering the response of the ecosystem and 

landscape to the impact of volcanism is the resolution of the record. A finer scale dataset, 

particularly with respect to n-alkane biomarkers, would allow for more in-depth analysis 

of ecosystem responses to tephra deposition. Differing resolution between XRF data and 

organic geochemistry data makes interpretations difficult to reconcile in some cases. 

 Furthermore, a systematic sampling of data points rather than data collected at 

preset intervals would facilitate an understanding of ecosystem response. This could be 

accomplished by collecting samples immediately prior to tephra deposition and 

immediately after tephra deposition.  Another sample collected sometime after the post-

tephra deposition would provide a control to compare to as a marker of recovery to pre-

tephra conditions.  These sampling techniques would provide a better control for 

understanding the dynamics of volcanism and ecosystem responses.  

Sampling resolution in the current record is limited to ~450 a to ~650 a, therefore 

only millennial scale events may appear to have significance. The large degree of 

destruction associated with the 23 ka Plinian-style eruption and its proximity to the lake 

allow for this event to show up on the resolution scale of the record.  
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Telford et al. (2004) establishes that a system ecologically influenced by 

volcanism should have more than one event indicating ecosystem response to tephra 

deposition.  Other volcanic events and ecosystem responses to them are not explored in 

this record, which also limits interpretations on the magnitude to which volcanism affects 

Lake Chalco.  The sampling technique discussed above would provide the data necessary 

to resolve this issue. 



110 
 

 

6.0 A 40 KA CHRONOLOGY OF EVENTS 

 
This discussion has focused on volcanism and aridity as two external forces that 

have affected the Basin of Mexico throughout the last 40 kyr and on ecological responses 

to these two forces. Next, I will address how these events occurred chronologically and 

propose a paleoenvironmental reconstruction of Lake Chalco’s basin. Ecosystem 

response may vary depending on interaction between aridity and volcanism, lending 

complexity to this system. Since these responses may be a product of both aridity and 

volcanism, here I aim to present a chronological record, which may include multiple 

hypotheses for mechanisms that lead to responses in the paleoenvironment as recorded in 

Lake Chalco. A summary of figures is also included (Fig. 26). 

6.1 Summary of paleoenvironment 
 

The basal end of the record, from 40 ka to 36 ka, suggests relatively high 

precipitation and stable conditions. Evidence for an expanded and deep lake is reflected 

in other Basin of Mexico records. These pollen and diatom records indicate that lake 

level was high until at least 33 ka (Gonzalez Quintero, 1986; Bradbury, 1989).  

Proxy datasets are highly variable beginning at ~36 ka. Higher Ca XRF counts 

suggests greater precipitation amounts despite the drastic variability in Ca XRF counts. 

Large fluctuations in n-alkane vegetation relative abundances are present, with a strong 

co-variance among n-alkanes nominally sourced from terrestrial and macrophyte 

communities. The largest fluctuations in concentration occur in macrophyte communities. 

This may represent the colonization by macrophytes during greater precipitation and 
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unsuitable habitat for macrophytes during less precipitation. This would correspond with 

lower abundances of terrestrial n-alkanes.  

 The δ13C values of all terrestrial, macrophyte, and aquatic vegetation 

communities also experience shifts in the degree of isotopic composition.  The largest 

shifts in δ13C occur in aquatic communities, possibly representative of significant 

changes in carbon reservoir or algal communities in response to the large variability in 

lake level. In the terrestrial communities intermediate δ13C may represent high 

proportions of vegetation exhibiting CAM. The high variability in the record extends 

from 36 ka to at least 33 ka, and possibly even until 23 ka. The variability during this 

time period may be recording Dansgaard-Oeschger events, which suggests linkages 

between Central Mexico and the North Atlantic. 

At 33 ka the high variability in precipitation ceased, although high variability in 

the vegetation n-alkanes and δ13C is still apparent.  The continued variability after 33 ka 

may be an artifact of sampling resolution and changing sedimentation rate rather than real 

fluctuations.  If this were the case the high variability in the record spanned only from 36 

ka to 33 ka.  If the variability is indeed on a longer timescale, from 36 ka to 23 ka, a 23 

ka termination of variability coincided with the termination in DO cycles at 23 ka in the 

North Atlantic. However, the chronology is insufficiently robust for anything more than 

speculation about possible millennial scale teleconnections between central Mexico and 

the North Atlantic (Oeschger et al., 1984). Furthermore, volcanism at 23 ka likely altered 

the ecosystem regardless of the climatic oscillations that occurred in the North Atlantic at 

this time. Finally, complications exist due to the intermediate location of Lake Chalco 

between the latitudinal oscillations of the ITCZ and westerlies. Mechanisms relating 
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fluctuations in North Atlantic SSTs and precipitation in the Basin of Mexico are complex. 

Due to the absence of tephra and considering the high variability climatic events 

occurring in the North Atlantic, the highly variable early portion of the record is likely 

the result of external forcings due to aridity rather than volcanism. 

At 27 ka lake level dropped significantly.  As discussed previously many Basin of 

Mexico records (Bradbury, 1981; Watts and Bradbury, 1982; Gonzalez Quintero, 1986; 

Caballero and Ortega Guerrero, 1998; Metcalfe et al., 2000; Boturina et al., 2006) support 

a drying of the basin that may have begun as early as 33 ka (Lozano Garcia, 1993). 

Decreased precipitation was likely derived from weaker continental convection, resulting 

from less insolation and cooler sea surface temperatures during the last glacial. A 

reduction in available precipitation decreased incoming water to Lake Chalco. 

Evaporation exceeded incoming water and lake levels dropped. Furthermore, less 

precipitation resulted in less chemical weathering on the landscape.  

Recent drying of Lake Texcoco resulted in an increase in halophytic shrubs and 

grasses colonizing the relict lakebed (Sanders 1972). Similarly, a drying of Lake Chalco 

in the Late Pleistocene would have resulted in a greater abundance of halophytes 

colonizing the saline soils.  Increased salinity resulted in greater isotopic fractionation by 

halophytic grasses and possibly a shift in some species, such as Chenopodicaea, to weak 

CAM. Diatom assemblages also indicate more arid conditions from an increase in 

abundance of alkaliphilic and halophilic species (Caballero and Ortega Guerrero, 1998). 

The reduction in lake level and accompanying ecosystem response can be attributed to 

aridity.  Since reduction in lake level is nearly ubiquitous across central Mexico, 

reduction in lake level and the accompanying ecosystem response can be attributed to 
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aridity. The absence of tephra or a record of volcanic activity around 27ka in the TMVB 

supports the conclusion that regionalized aridity caused ecosystem responses during this 

time period. 

The major Plinian-style eruption of Popocatéptl occurred at ~23ka. Large shifts in 

all proxies occur at this time period. The eruption altered the distribution of diatom 

communities from alkaliphilic and halophilic varieties to circumneutral varieties, such as 

Fragilaria spp. (Caballero and Ortega Guerrero, 1998).  Nutrient requirements of 

Fragilaria allow the species to successfully colonize Lake Chalco following the increase 

in silica to the basin. This response has been identified in several other Mexican lakes 

(Telford et al., 2004). This corresponds with as much as a six-fold increase in biogenic 

silica preserved in the lacustrine record. A drastic increase in terrestrial biomarkers is 

deposited into the lake corresponding with a decrease in macrophyte biomarkers. A 

combination of sediment focusing into a smaller lake basin, as well as an increase in 

incoming terrigenous material from the denudation of the landscape could have increased 

the turbidity and reduced light availability to macrophytes resulting in a decrease in the 

vegetation community. 

Although terrestrial material was being deposited in a greater relative abundance 

in the lake basin during this time, there is only a minor increase in total n-alkane 

biomarkers deposited into the lake. Likely, arid conditions at this time limited plant 

growth, so that biomass was less significant than at wetter intervals in the basin. This is 

coincident with a six-fold increase in sedimentation rate, which can be attributed to the 

large amount of biogenic silica preserved, as well as terrigenous sediments being washed 

off a volcanically denuded landscape. This is in slight contradiction of a drop in base 
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level of Fe XRF counts, which may signal a dilution of terrigenous material by biogenic 

silica. 

The highest magnetic susceptibility, a proxy for terrigenous material and tephra 

layers, loosely corresponds to 23 ka, supporting this hypothesis. Terrestrial vegetation is 

still dominated by halophytic plant species in saline soils with the most negative δ13C 

values in the record. Likely, Popocatéptl erupted during the most arid interval of the 40ka 

Lake Chalco record, roughly correlating with the glacial maximum.  A combination of 

arid conditions and volcanism resulted in the paleoenvironmental conditions around 23 

ka.  

The high biogenic silica and high sedimentation rate that occurred at the 

Popocatéptl eruption do not return to pre-eruption state. Numerous volcanic eruptions 

continued to occur throughout the early Holocene. Biogenic silica base level remained 

high, but large fluctuations occurred, possibly in response to the ongoing volcanic events. 

Lake levels fluctuated between low and moderate on centennial variability. There may 

have been a slight increase in precipitation or incoming water to Lake Chalco’s 

hydrologic budget as evidenced by increased calcium delivery to the basin. A steady rise 

to less negative δ13C values in terrestrial vegetation beginning at 19 ka also supports less 

halophytic vegetation due to an expansion in lake size. 

The large variability in total n-alkane biomarkers preserved in the lacustrine 

record and the strong co-variance between terrestrial and macrophyte communities is 

evidence of variability in the hydrologic budget during this time interval. Large influxes 

of terrestrial material occur around 19 ka and 14.5 ka.  A notable eruption of Popocatéptl 

of almost similar magnitude to the 23ka eruption (Siebe, 1995) occurred between 14.5ka 
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and 15ka (Ortega Guerrero and Newton, 2000).   The pollen record from Lerma Basin 

(Lozano Garcia et al., 2005) 25 kilometers to the west of Lake Chalco (Lozano Garcia, 

1993) is mainly comprised of herbaceous and grassy taxa, which is consistent with cooler 

and drier conditions during the last glacial. 

Melting of glaciers atop Popocatéptl and Iztaccihuatl may have also contributed to 

greater runoff and variability of runoff into Lake Chalco (Heine, 1994). Heine (1994) 

suggests that glacial retreats and advances in central Mexico were not synchronous with 

higher latitude glacial chronology and that more regional forcing influences glacial 

fluctuations. If the central Mexican glacial history is indeed independent of higher 

latitudes, volcanism may have played a role in the advance and retreat of glaciers. 

Diatom assemblages show variability in acidophilic species, which may also be an 

indicator of episodic volcanic events being an important forcing on Lake Chalco 

(Caballero and Ortega Guerrero, 1998) due to variability in the water chemistry. 

Regardless, the many volcanic events and lake level fluctuations complicate the record 

through the interval from 23 ka to ~15 ka.  Whether fluctations in diatom abundance were 

a result of episodic volcanism, glacial advance and retreat, or increasing and decreasing 

quantities of precipitation remains unclear. The increase in ice sheet expanse in higher 

latitudes would have depressed the westerlies and the ITCZ both to the south. Central 

Mexico’s location mid-way between these two phenomena may have resulted in variable 

precipitation, but it is more likely considering other neotropical records (Hodell et al., 

2000) that climatic variability during this time period is to be interpreted in a more local 

or regional context. 
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The period from 14 ka to 10 ka is marked by transition to wetter conditions. As 

insolation increased and a greater sea to land temperature gradient was established at the 

Late Pleistocene to early-Holocene transition, more convective mixing could have 

resulted in increased precipitation to the Basin of Mexico. Lake level steadily increases 

throughout this interval. 

 More positive δ13C values signal a reduction in halophytic vegetation. Terrestrial 

δ13C values change by ~10‰ during this transition period from 31‰ at 14 ka to 21‰ at 

10 ka. The transition from C3 communities to almost an intermediary or even C4 

community may signal an increase in epiphytic bromeliads or other CAM communities as 

water availability increases. The more 13C-enriched δ13C values in aquatics and 

macrophytes may represent greater productivity or efficiency in these vegetation 

communities as the region becomes wetter. 

 A decrease in halophytic vegetation is supported by the pollen record whereby 

low Chenopodioideae and Amaranthaceae concentrations mark this transition period.  

The pollen record from a valley on Iztaccíhuatl is interpreted as a transition to open 

woodlands due to an increase in arboreal pollen, particularly within Pinus species 

(Lozano Garcia and Vázquez Selem, 2005). At Lake Chalco, Typha and other 

macrophytes also increase in abundance at this time (Lozano Garcia et al., 1993). 

Macrophyte relative abundance increases steadily with increasing precipitation; this may 

represent the transition to more suitable habitat for macrophytes in and expanding lake, 

and a resultant decrease in turbidity. Low magnetic susceptibility correlates with an 

increase in organic matter preservation. It also supports a higher lake level, whereby 
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coarser terrigenous material present prior to this interval does not get deposited in the 

now deeper waters at the site. 

 After 14 ka is also marked by a decrease in volcanic activity.  Instead of large, 

brief fluctuations in the proxy data, datasets trend in one direction.  This portion of the 

record is marked by much less variability, and instead by a directional change towards 

wetter conditions. A change towards wetter conditions in central Mexico is anti-phase to 

records in the southwest United States (Wagner et al., 2010) where a transition to drier 

conditions occurred at ~14 ka. 

Poor core recovery of Holocene sediments limits interpretations. At ~10 ka there 

is a trend toward increased precipitation. Abundances of n-alkane biomarkers are 

relatively low, which correlates with a reduction in pollen concentrations (Lozano Garcia, 

1993). Biogenic silica lowers to the pre-23 ka levels. The decrease in organic matter and 

biomarkers may be representative of the increase in lake level. An increase in lake level 

may also represent a dilution of organic matter in the sediments in a larger sedimentation 

basin.This is followed by a decrease in lake level at approximately 7 ka at the termination 

of this record.  



118 
 

 

7.0 CONCLUSIONS 
 

The 40 ka Lake Chalco geochemical record is one of the longest and highest 

resolution records from Central Mexico.  This study has utilized both organic and 

inorganic geochemical proxies for interpreting paleoenvironmental conditions and 

comparing climate, landscape, and ecosystem dynamics. The use of these proxies to 

interpret the paleoenvironmental conditions in the Basin of Mexico during the past 40 ka 

exemplifies the importance of analyzing records with an understanding of site-specific 

conditions.  

Interpretation of the Lake Chalco record recognizes both aridity, a global to 

regional forcing, and volcanism, a local forcing, as processes that result in environmental 

changes within the Basin of Mexico. The effects of volcanic activity can be difficult to 

separate from those of aridity since volcanism can often leave barren and xeric 

landscapes that mimic arid conditions. Another degree of complexity is the interaction 

between volcanism and aridity, which can further complicate interpretation when both 

processes act on a landscape or ecosystem in concert. Attributing ecosystem responses to 

one or the other is a task that requires exact chronologies and a comparison among 

records.  

This record also demonstrates the importance of understanding site-specific 

conditions with respect to complex vegetation communities. Vegetation may not solely 

shift between C3 and C4 plant communities in response to aridity changes, but instead 

vegetation response can have greater complexity. In arid to semi-arid sub-tropical regions 

CAM plants may play an important role in the δ13C signal preserved in lacustrine 
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sediments. Flexible metabolic pathways due to changing environmental conditions in 

plant species may also result in changes in the preserved δ13C signal.   

In the Lake Chalco record the terrestrial δ13C signal never recorded the 

dominance of C4 plant communities over C3 communities despite abundant evidence of 

aridity throughout the 40 kyr record. Instead, the expansion of halophytic vegetation 

displaying flexible metabolic pathways and/or the expansion of CAM vegetation during 

arid conditions recorded depletion in 13C rather than 13C enrichment, as typical in C4 

vegetation response. 

Re-evaluating interpretations of lacustrine records in central Mexico in light of 

possible environmental responses to localized volcanism may aid in resolving some of 

the discrepancies between paleo-records. Considerable care in understanding the 

lacustrine setting and complex ecosystem response and climate dynamics are important in 

interpretation of pale environmental records from Mexico and beyond. 
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8.0 APPENDIX OF TABLES 
 
 
Table 3. Organic geochemistry samples. 
 

Sample # Sample name composite depth Sample # Sample name 
composite 
depth 

1 III-M1-8-10 0.085  34 II-tr2-44-46 1.45
2 II-tr2-10-13 1.095  35 III-M4-11-13 3.32
3 II-tr2-10-13 1.825  36 III-M4-42-44 3.63
4 III-M3-57-59 2.68  37 III-M4-89-91 4.1
5 III-M4-6-8 3.27  38 III-M5-42-44 4.73
6 III-M5-5-7 4.35  39 III-M6-60-62 7.11
7 III-M5-66-68 4.97  40 III-M8-43-45 8.04
8 III-M6-30-32 5.71  41 III-M9-3-5 8.74
9 III-M7-22-24 6.73  42 III-M9-68-70 9.39

10 III-M8-83-85 7.67  43 III-M10-45-47 10.26
11 III-M9-35-37 8.44  44 III-M11-3-5 10.94
12 III-M10-8-10 9.06  45 III-M11-48-50 11.39
13 III-M10-8-10 9.89  46 III-M11-81-83 11.72
14 III-M10-85-87 10.66  47 III-M12-44-46 12.45
15 III-M11-40-42 11.3  48 III-M13-8-10 13.19
16 III-M12-7-9 12.08  49 III-M15-44-46 15.75
17 III-M12-84-86 12.85  50 III-M16-18-20 16.79
18 III-M13-45-47 13.56  51 III-M16-86-88 17.27
19 III-M14-22-24 14.43  52 III-M17-43-45 17.94
20 III-M15-4-6 15.35  53 III-M18-10-12 18.61
21 III-M15-81-83 16.12  54 III-M18-84-86 19.35
22 III-M16-55-57 16.96  55 II-12inf-3-6 19.78
23 III-M17-6-8 17.57  56 II-tr12inf-45-47 20.2
24 III-M17-82-84 18.33  57 II-tr12inf-84-86 20.59
25 III-M18-47-49 19.08  58 III-M20-44-47 21.25
26 III-M20-5-7 20.86  59 III-M21-14-16 22.05
27 III-M20-82-84 21.63  60 III-M21-87-89 22.78
28 III-M21-49-51 22.4  61 III-M23-9-11 24.2
29 III-M22-3-5 23.04  62 III-M24-5-7 25.26
30 Method Blank   63 III-M24-50-52 25.71
31 Method Blank   64 Method Blank  
32 Method Blank   65 Method Blank  
33 Method Blank   66 Method Blank  
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