
 

EFFECTS OF PRECESSIONAL FORCING IN THE EARLY STAGES OF THE 

100-k WORLD 

 

 

 

 

 

 

By 

 

MOLLY KINGSTON 

 

B.S., Florida Institute of Technology 

 

 

 

 

 

 

A thesis submitted to the Department of Ocean Engineering and Marine Sciences 

of Florida Institute of Technology in partial fulfillment of the requirements for the 

degree of  

 

 

 

MASTER OF SCIENCE 

In 

ECOLOGY 

 

 

 

 

 

 

 

Melbourne, Florida 

May 2021 

  



 

EFFECTS OF PRECESSIONAL FORCING IN THE EARLY STAGES OF THE 

100-k WORLD  

 

 

 

A THESIS 

 

By 

 

MOLLY KINGSTON 

 

 

Approved as to style and content by: 

 

 

 

 

________________________________ 

Mark Bush, Ph.D., Chairperson 

Professor 

Department of Ocean Engineering and Marine Sciences 

 

 

 

________________________________ 

Robert van Woesik, Ph.D., Member 

Professor 

Department of Ocean Engineering and Marine Sciences 

 

 

 

________________________________ 

Steven Lazarus, Ph.D., Member 

Professor 

Department of Ocean Engineering and Marine Sciences 

 

 

 

________________________________ 

Richard Aronson, Ph.D. 

Professor and Department Head 

Ocean Engineering and Marine Sciences 

 



iii 

ABSTRACT 

 

 

EFFECTS OF PRECESSIONAL FORCING IN THE EARLY STAGES OF THE 

100-k WORLD 

 

by Molly Kingston, B.S., Florida Institute of Technology 

 

Chairperson of Advisory Committee: Mark B. Bush, Ph.D.  

 

 

 

 Much of what we know about the Andes today comes from studying a 

heavily human-manufactured landscape. However, before the presence of human 

modification in this system (~13,000 years ago), past interglacial and glacial cycles, 

influenced by changes in Earth cycles (eccentricity, obliquity, and precession), 

were the cause of major landscape re-organization. The variability in intensity and 

duration of these events and the probable response of the plant community is not 

well understood. Very few records in South America extend far enough back in 

time to capture these changes. Those records that do exist, lack an independent 

chronology and instead rely on wiggle-matching, creating a potentially circular 

argument in the interpretation of the data. 

 In 2015, a 125 m sediment record was raised from Lake Junín, Peru. 

Preliminary analysis of the lake data showed that Uranium-Thorium (U-Th) dating 

was possible, allowing an independent chronology to be developed. The dating 

indicated that the sediment column spanned the last 700,000 years or seven glacial-

interglacial cycles. This dating technique, used in conjunction with radiometric tie 
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points, allowed a completely independent chronology to be developed, and thereby 

a more accurate record of what was happening so long ago. 

 This study focuses on the interglacials of MIS 13 and 15, the first 

interglacials of the ‘100-k world,’ and the coolest of the interglacials since then. 

Fossil pollen abundance, charcoal, sediment chemistry, magnetic susceptibility, and 

bulk density were all analyzed to investigate whether precessional amplitude and 

number could predict vegetation change, and whether fire was predictably linked to 

drought events.  

 It was determined that the Junin area always supported a grassland, albeit 

one that varied in productivity. Eccentricity and obliquity did not have a marked 

effect on vegetation although precession did. It was the strength of the precessional 

cycle, however, rather than the number of cycles that had the strongest effect on 

productivity. The presence of two drought periods were evident in MIS 15, aligning 

with the wet season (December to March) insolation minima. These droughts did 

not cause major vegetation change, however between the dry events, inferred wet 

events were floristically distinct.  

 Fire was so rare in the landscape during MIS 13 and MIS 15 that it seems 

unlikely that the native flora was adapted to fire. A finding that highlights how 

different modern, fire-prone systems, are to those that evolved in the Andes.  
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INTRODUCTION 

 

 

 

 Humans have been living in the Andes for ~13k years (Rademaker et 

al.2014, and Rozas-Davila et al.2016). As human presence precedes the onset of 

the Holocene, 11,700 years ago, for the entirety of this interglacial people have 

been altering Andean landscape through hunting and fire (Raczka et al.2019). Later 

in the Holocene, cultivation (Bush, Piperno, and Colinvaux, 1989), and landscape 

modification such as drainage, irrigation (Sherbondy, 1998), and terracing (Shadik, 

pers. comm) continued this transformation to a manufactured landscape (Sarmiento 

2012). Consequently, our perception of what is natural in the Andes is potentially 

biased by this long history of alteration. With few studies (Funza: van’t Veer and 

Hooghiemstra 2000; and Titicaca: Fritz et al.2007) extending into the early 

interglacials, we don’t have a clear understanding of what the natural history of the 

Andes without this human influence.  

 Past interglacials, even when not as extreme as more recent ones, such as 

MIS 5e and 11 (Past Interglacials Working Group, 2016), still contributed to major 

re-organizations of the landscape. How variable these interglacials were and 

whether there is a predictability of plant community re-organizations driven by 

orbital forcing is still uncertain. From studies of Earth’s orbital cycles (i.e., 

obliquity, eccentricity, and precession), we know that interglacials have varied in 
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length and intensity through time, providing a natural laboratory to investigate the 

interaction of plant communities, fire, and climate. 

 

ORBITAL FORCING 

In the past million years, the Earth has gone through approximately 22 

glacial-interglacial cycles (Elderfield et al.2012), which are thought to be caused by 

the orbital cycles of Earth around the sun: obliquity (axial tilt), eccentricity (shape 

of the orbit), and precession (rotational axis); also known as Milankovitch cycles 

(De Boer 2009, and Imbrie 1989). These interacting variations in Earth’s orbit 

cause changes in insolation, and influence the climate on Earth by altering the 

seasonal inputs of energy. 

 Precession of the equinoxes is a 19,000 to 23,000-year orbital cycle that 

affects whether the tilt of Earth in the Northern Hemisphere’s summer is during the 

part of the orbit that is closest to, perihelion, or furthest from, aphelion, the sun. 

This tilt changes how the sun warms the Earth and the cycles of incident solar 

radiation (Short 1986). Precession is thought to be particularly influential in 

tropical latitudes (Tuenter et al.2003).  

Obliquity, a 41,000-year cycle, describes the variation in tilt of Earth upon 

its axis. Ranging from 22.1 to 24.5 degrees, the modern tilt is ~23.4o (Spiegel et 

al.2009). Milankovitch theorized that Earth would be in an interglacial state when 

it experienced both high obliquity and a precession that aligned Northern 

hemispheric summer with perihelion (Huybers 2011). Uemura (2018) associated 
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the asynchrony of temperature and CO2 in the Antarctic with obliquity dating back 

720,000 years and found the pattern to be enhanced by eccentricity.  

 Eccentricity, which is a 100,000-year cycle, relates to the transition from a 

more circular to more elliptical orbital path that follows a 100,000-year rhythm. 

Although widely cited, whether eccentricity underlies the apparent 100,000-year 

cycles of the last five glacial-interglacial cycles has been called into question 

(Cheng et al.2016).  

 Around 1.5 million to 700 thousand years ago (hereafter ka) there was a 

distinct change in the way these cycles modulated ice-ages (Elderfield et al.2012) 

as Earth flipped from a predominately 40,000-year (40-k world) cycle to a 100,000-

year (100-k world) cycle (Lisiecki and Raymo 2007). The transition from the 40-k 

world to the 100-k world is known as the mid-Pleistocene transition.  

 Glacial-interglacial cycles were first described in marine records (e.g., 

Emiliani 1955, and Shackleton 1984) and therefore a standard description of these 

records is in terms of marine isotope stages (MISs). MISs with even numbers 

represent glacials or stadials (cooler periods), whereas MISs with odd numbers 

represent interglacials or interstadials (warmer periods). This study focuses mainly 

on interglacials, MISs with odd numbers.  

 Proxy records derived from ocean and lake sediments, ice sheets, and caves, 

provide the best empirical histories of long-term climate change. Such records can 

inform us about changes in the amount of atmospheric CO2 (Legrand & Mayewski 

1997, and Bar-Matthews & Ayalon 2011), precipitation (Thompson et al.1998, 
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Cheng et al.2012, and  Cruz et al.2009), temperatures (Legrand & Mayewski 

1997), and environmental responses to those three factors (Legrand &Mayewski 

1997, Neftel et al.1985, and Mayewski et al.1986). 

 Many records use what is called orbital tuning (or wiggle-matching) as a 

way to provide a chronology for their data. This type of dating matches peaks in a 

record to known peaks in the orbital cycles. The SpecMap stacked dO18 isotopic 

record from the oceans was orbitally tuned and is used as the defining chronology 

of the Quaternary (Shackleton et al.2000, and Lisiecki & Raymo 2005). The long-

ice cores from Antarctica, e.g., Vostok (Jouzel et al.1996) and EPICA (Wolff et 

al.2004) were wiggle-matched (or tie-points?) to the SpecMap record.  

 A recently dated Chinese speleothem record that documents the strength of 

the monsoon for the last 640,000 years (Fig. 1; Cheng et al.2016) is extremely 

important. The chronology of this record is based on 196 230Th dates and provides 

the most detailed empirically-dated, independent Quarternary age model yet 

available, one that can be used to refine the age models from prior records. 

 An emerging insight from this independently-dated dataset was that the 

shift from the 40-k world to the 100-k world was not a change from obliquity (40-k 

cycle) to eccentricity (100-k cycle) as the pacemaker of ice ages but, instead, a 

change in the number of precessional cycles that constitute a glacial cycle. The ’40-

k world’ was made up of glacials that had two precessional cycles, whereas the 

glacials of the ‘100-k world’ have 4-5 precessional cycles, averaging out to be c. 

100-k years (Fig. 1).   
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Figure 1. Speleothem record from Cheng et al.(2016). Asian monsoon variability 

through the last 640,000 years showing (a) obliquity, (b) eccentricity, and 

(c) precession; (d) insolation (at 65o N) compared with the dO18 record 

from Sanbao Cave, China. (e) shows the glacial terminations and 

duration; (f) shows the composite sea level. 

  



 6 

 

 Looking at MISs 15 and 13, two of the earliest interglacials of the 100-k 

world, we can see that MIS 15 has four strong precessional cycles while MIS 13 

has five precessional cycles. Because of the orbital geometry, these two 

interstadials also differed in the range of energy entering the upper atmosphere. 

MIS 15 had a total range of about 100 kw per m2, whereas MIS 13 was less 

variable with a total range of about 70 kw per m2 (Fig. 1). To put this difference in 

perspective, we can use more recent changes in Lake Titicaca as an example. The 

mid-Holocene dry event, which caused the lake level of Titicaca to drop by 90 m 

(D’Agostino et al.2002), was similar in amplitude to MIS 13, whereas MIS 5e, 

which caused Lake Titicaca to drop by 180 m (D’Agostino et al.2002) had a similar 

amplitude to that of MIS 15. These events are not considered as analogs for MIS 13 

and 15 respectively, however, because the interglacial periods differ in duration and 

the amplitude of the glacial period that preceded them. Even so, the disparity in the 

orbital forcing provides an opportunity to look at some basic ideas and expectations 

surrounding MIS 1 and 5e, such as, do insolation peaks induce lowered lake levels 

in all interglacials or were some interglacials wet events in central Peru?    

 The range of the insolation peaks in MIS 15 will allow us to look at another 

aspect, the possibility of the insolation peaks causing two intense droughts in MIS 

15 as might be expected from the comparison with Lake Titicaca. Falling lake 

levels and a drying of the landscape may be evident in pollen, X-Ray fluorescence 

(XRF) and charcoal data. Based on insolation, the droughts may have occurred c. 

600 and 575-580 ka. 
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PREVIOUS QUARTERNARY STUDIES IN SOUTH AMERICA 

 Thus far, very few fossil pollen records provide an in-depth view of glacial-

interglacial variability in the Neotropics (e.g. van der Hammen and Gonzalez 1960, 

van der Hammen 1974, Hooghiemstra 1984, Bush et al.1990, Bush and Silman 

2004, Ledru et al.2005, 2009, D’Apolito et al.2017, Shadik et al.2017, Cárdenes-

Sandí et al.2019). Indeed, the only set of records that covers the entirety of the 100-

k world comes from the High Plain of Bogotá. These records consist of two long 

drill sequences from Lakes Funza and Fúquene (van der Hammen and Gonzalez 

1960, van der Hammen 1974, Hooghiemstra 1984, Hooghiemstra and Ran 1994 a 

and b). A reconstruction of the fossil pollen indicates that most glacials were of 

similar magnitude throughout the last 2 million years (Ma). The major difference in 

transitioning from the 40-k world to the 100-k world was in the increasing warmth 

of the interglacials (van’t Veer 2000). The transition into the 100-k world was not 

abrupt in terms of these temperature differentials as modeled insolation data 

suggest that the first MISs, MIS 15 and 13, appeared less extreme than later cycles 

(insolation peaking at 450-480 W/m2 compared with 475 and 500 W/m2 

respectively) (Kotov and Päelike, 2018). In high Andean fossil pollen records, cool 

interglacials may be represented by lower proportions of forest (i.e., a warm 

indicator) in MIS 15 and 13 than during later interglacial events.  

 Two factors complicate the interpretation of the Funza/Fúquene records. 

First, both records use wiggle-matching to align the peaks in forest taxa pollen with 
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the peaks in insolation. This aligning of data means that they were orbitally tuned, 

and not empirically dated. Wiggle-match dating contains an element of subjectivity 

and can induce large interpretive errors. For example, the initial age estimate for 

the base of the Bogotá record was 3.5 Ma (Hooghiemstra et al.1984), whereas in 

more recent papers a basal age of 1.5 Ma is assigned (Andriessen et al.1993). 

However in some instances, such as Lisiecki and Raymo (2005), orbitally tuning 

data is the best solution available. They tuned their d18O data that had several U/Th 

dates to obliquity. This subjectivity in the age model raises concerns about circular 

reasoning when the data are used to infer the effects of orbital forcing on the 

system (Bogotá-A. 2016).  

 The second complicating factor in the Funza/Fúquene records is the 

invasion of Quercus (oak) into the system about 350 ka (van’t Veer and 

Hooghiemstra. 2000). Quercus is a heavy pollen producer, which when introduced 

into the system increases the arboreal (forest) signature. Therefore, using the 

arboreal signature to determine paleotemperatures pre- and post- Quercus arrival, 

contains a natural bias toward warmth as interglacials are thought to be getting 

warmer.  

 Those limitations notwithstanding, the Funza record showed that MIS 15 

was a long and relatively constant event, showing little internal variability, whereas 

MIS 13 had a distinctly warmer (subandean-rich) phase near its onset, followed by 

a much cooler phase in which Paramo grassland expanded, before warming 

noticeably late in the interglacial (van’t Veer and Hooghiemstra, 2000). 
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Figure 2. Funza pollen record from van’t Veer and Hooghiemstra (2000). The fossil 

pollen record from Funza-1, Colombia, covering the period from 620-420 

ka. 
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FIRE 

 Fire in the high Andes can be an anthropogenic or natural process. People 

use fire to keep warm, cook, make tools, and clear land for agriculture. In some 

places, usually settings that are hot and dry, fire can be started naturally by 

lightning strikes. Some other natural factors that can influence fire are topography, 

vegetation type and fuel load, seasonality, relative humidity, and precipitation 

(Armenteras-Pascual et al.2011, and Weise 1993). In a modern wet and cold 

system, such as the Junín Plateau, the presence of charcoal in the sediment usually 

reflects people setting fires in the area (White 2013). Because the study period 

presented here, MIS 15 and 13, is long before a human presence in the Americas, if 

charcoal is found, it can be inferred that the area was burning naturally. Fire can 

also be used to infer the possibility of droughts in MIS 15; the peaks being 

associated with dry periods, any charcoal would most likely be found during or 

around the peaks in insolation during the dry season or during insolation minima 

for the wet season (December to March).  

 

The main research questions that will be discussed in this thesis on the 

analysis of the Lake Junín sediment record are: 

Research Question 1: How do the amplitudes of precessional cycles, and therefore 

the effects of insolation, affect the landscape? 

In answering this question, I will test hypothesis 1 and 2: 
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Hypothesis 1: Orbital extremes produced two peaks of intense drought at 575-580 

ka and 600 ka. 

Hypothesis 2: Orbital extremes are reflected in stronger vegetational change in 

MIS 15 compared to MIS 13. 

 

 

Research Question 2: Was fire a natural process that occurred during extreme dry 

times in the Andes during previous interglacial cycles? 

In investigating this question, I will test hypothesis 3: 

Hypothesis 3: Due to the higher insolation range, fire will be more frequent in MIS 

15 than in MIS 13.  
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SITE DESCRIPTION 

 

 

 

 Lake Junín is a high-altitude tropical Andean lake sitting at approximately 

4085 m asl in Peru. The antiquity of the lake is indicated by the occurrence of the 

endemic flightless Junín Grebe (Podiceps taczanowskii) that is now considered 

endangered (Dinesen, 2019). This large lake (300 km2), whose center lies at about 

12 oS, is relatively shallow, with most of the lake not exceeding depths of 3–4 m 

but contains pockets that are 11–12 m deep (Fig. 3). 
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Figure 3. A Bathymetric map of Lake Junín. Seismic profiles of Lake Junín, Peru 

showing a bathymetric map (courtesy of Dr. Don Rodbell). 

 

 

 

 Previous mapping of the moraines around Lake Junín suggested that past 

glaciers reached the lake edge but did not cover the lake (Wright 1983). Because 

Lake Junín was never glaciated (Smith et al.2005), it allowed the deposition of 

undisturbed sediments for at least the last 700 ka (Chen et al.2020). This longevity 

of record established Lake Junín as an important site, well-suited for studying past 

climate and glacial cycles. 
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Figure 4. Moraine map around Lake Junín. A map of the moraine ages from the last 

glacial period surrounding Lake Junín (Smith et al.2005). 
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CLIMATE AND VEGETATION OF LAKE JUNÍN 

 On the Junín Plateau, the mean annual temperature is about 10 oC, with a 

diurnal range that can exceed 20 oC (Hijmans et al.2005). Somewhat seasonal, 

during the wet-season months of December through March (the austral summer), 

the plateau receives approximately 1000 mm of rainfall (Delman 2012).  

Lake Junín lies above modern tree line, and is surrounded by grazed 

grasslands, with some woody genera such as Polylepis (Rosaceae), Gynoxys 

(Asteraceae), and Berberis (Berberidaceae) growing around the lake. Other forest 

elements, e.g. Alchornea, Acalypha, Podocarpus, and Alnus, which Hansen et 

al.(1984) found as fossil pollen in the sediments of Junin are very unlikely to have 

ever grown near the lake. Indeed, modern tree line forms at c. 3700 m in this 

section of the Andes, almost 400 m downslope of the lake.  

Dense strands of Totora, Schoenoplectus californicus, grow at the water’s 

edge, with a broad up to 5 km wide, marshland surrounding the lake (Seltzer et 

al.2000). These marshlands are embedded in a puna landscape, containing a 

mixture of grasses and woody shrubs, i.e., Asteraceae, Ericaceae, Melastomataceae, 

and Ephedra. A terrestrial-aquatic community, called a bofedale, which occurs 

where there are springs, seeps, and impaired drainage, is an important resource for 

grazing animals as it is rich in palatable species, e.g., Apiaceae and 

Caryophyllaceae, especially Plantago (Fonkén 2014; Polk et al.2019). 
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PREVIOUS STUDIES OF LAKE JUNÍN 

 The first paleoecological analysis of Lake Junín was in 1970 when two 

cores were examined that were raised from the margin of the lake using a piston 

corer. The first core (core A), on the edge of the peat mat, was about 30 m in 

length, spanned 50,000 years, and provided a fossil pollen record (Hansen et 

al.1984). The second core (core B), taken further offshore, was used to supplement 

core A and was 50-cm long (Hansen et al.1984). The lake was cored a second time 

in 1996 by G.O. Seltzer and D.T. Rodbell, also using a piston corer. This core, also 

raised from the edge of the lake, yielded a fossil pollen, charcoal, and Sporomiella 

record detailing changes in the last 24,000 years (Rozas-Davila 2020). Hansen et 

al.(1984) was the first to study the fossil pollen of Lake Junín. The 5-m long core 

raised from the edge of the lake provided a 39,000-year history. Analysis showed 

that the core was stratified into 5 distinct pollen zones. Angela Rozas-Davila 

worked to describe the last 20,000 years in detail using the core raised in 1996, and 

showed that her core was stratified into 3 distinct pollen zones (Rozas-Davila 

2020). Jacob Schiferl is studying the same cores described in this study, but his 

research focuses on the major interglacials of MIS 1, 5, 9, and 11.  

 Cumulatively, these studies have shown that Lake Junín collects both air-

borne pollen from a large area to the east of the lake and stream-borne pollen from 

the eastern Andean cordillera above the Junín Plateau (Hansen et al.1984). Because 

of this mix of pollen sources, Junín sediments contain a blend of local Puna 

vegetation and long-distance dispersed pollen from the Andean forest, the balance 
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of which changes as climates change. These studies also revealed that during 

glacial periods, pollen production on the Junín Plateau was very low, and long-

distance derived pollen dominated the pollen deposited in the lake. Interglacials 

provide higher pollen concentrations and enough locally derived pollen to infer 

vegetation change on the plateau. Hence, this study focuses on the interglacials, not 

the pollen-poor glacials.  
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MATERIALS AND METHODS 

 

 

 

CORE COLLECTION 

 In 2015, a consortium of researchers funded by the International 

Continental scientific Drilling Program (ICDP) and the National Science 

Foundation (NSF) used the GLAD200-drilling vessel (Fig. 5) to raise cores from 

the center of the lake. The vessel operated continuously between July 30th and 

August 14th, 2015, raising a total of 569.2 m of core. Three major drilling sites 

formed a transect across the lake (Fig. 6). A composite core (Fig. 7), established 

using the cores from sites C, D, and E, provided a 125 m-long sedimentary 

sequence (Hatfield et al.2020) that spanned ~700,00 years (Chen et al.2020).  
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Figure 5. The GLAD2000 drilling barge. A tug boat towing the GLAD200 drilling 

barge into position on Lake Junín. Photo www.icdp-online.org. 

  

https://www.icdp-online.org/
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Figure 6. Location of the coring sites on Lake Junín. The locations of the 

GLAD200 drill sites on Lake Junín (picture courtesy of Dr. Don Rodbell). 

The cores in this study are from hole C, D, and E.  
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Figure 7. Photos of the cores used in this study. Images of the composite core 

collected at Lake Junín. Photographs courtesy of the Junín working group 

on the OSF website. 
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AGE MODEL 

 Chronologies of most lake records are based on radiocarbon dating. This 

dating technique accurately provides ages inferred from the ratio of 14C:12C in 

organic matter (Fig. 8), and has a maximum effective range of c. 50,000 years (Goh 

1991). Lake records from two other lakes located in the Andes, Lakes Fúquene and 

Titicaca, had their uppermost sections dating using 14C (Van der Hammen 1974, 

Fritz et al.2007). 
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Figure 8. Hatfield et al.2020 14C age model diagram. Hatfield et al.’s (2020) 

interpretation of the existing Bacon-derived radiometric-based age-depth 

model (blue line) based on 79 radiocarbon dates and 18 U-Th age 

constraints for the Lake Junín splice (Woods et al., 2019; Chen et al., 

2020) with 2-sigma uncertainty (blue shading) and calculated mean 

sedimentation rate (black line). The 79 radiocarbon and 6 U-Th age 

constraints from the last 50 k years are not shown on the age-depth plot 

for clarity. Marine Isotope Stages (MIS) are indicated with glaciations 

shaded gray and interglaciations shaded yellow as defined in LR04 

(Lisiecki and Raymo, 2005). 
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 Sediments older than 50,000 years often have chronologies that rely on 

wiggle-matching and orbital tuning (e.g., Hooghiemstra et al.1994). Bogotá used 

cyclostratigraphy (i.e., wiggle-matching) to align the Fúquene record to orbital 

variations (Bogota-A 2016). In this method, peaks of forest growth were aligned 

with warm intervals. An empirical dating tool for these older sediments is U/Th 

(Fig. 9). Although applied to records such as Lake Titicaca (Peru/Bolivia; Fritz et 

al.2007) and El Valle (Panama; Shadik et al.2017), detrital thorium reduced the 

accuracy of U-Th ages, resulting in unacceptably large error bars. Junín is the first 

Andean Lake in which U-Th dating offers accuracy comparable with that of 14C 

dating (Fig. 10; Chen et al.2020). 
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Figure 9. U-Th dating. A plot showing the samples that passed U-Th criteria and 

those that did not (Chen et al.2020). Ind. in the top left-hand corner 

indicates samples that produced indeterminate ages.  
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Figure 10. Comparing U-Th and 14C values. A comparison of 14C and U-Th dating 

of samples from Lake Junin (courtesy of Dr. Christine Y. Chen and Dr. 

David McGee) 
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 The chronology of Lake Junín based on 14C was published in June 2020 

(Hatfield et al.2020). A parallel chronology was developed using U-Th values and 

was found to replicate the 14C chronology (Fig. 10; Hatfield et al.2020, Chen et 

al.2020). As the U-Th is shown to be a reliable dating tool at this lake, a 

chronology was developed for the deeper portion of the core, for sediment older 

than 50,000 years, using the U-Th technique. An age model was created using the 

Bacon algorithm in R (Blaauw and Christen 2011), from which ages for all depths 

could be inferred.  

 Radiocarbon and U-Th dating can provide robust chronologies (Chen et 

al.2020). The errors associated with these techniques can be large. In an attempt to 

reduce the error in U-Th dates, remnant paleomagnetism, in the form of relative 

paleointensity (RPI) was also used to refine the age model (Hatfield et al.2020). It 

was the initial U-Th model, and later the RPI corrected age model, that was used to 

select samples analyzed in this study (Fig. 11). With a steady deposition rate and 

long core (125 m) the paleoarchive formed by cores C, D, and E from Lake Junín 

provided a basis sub-millennial scale analyses of ancient sediments. 
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Figure 11. Lake Junín chronology using paleomagnetic tie points. The chronology 

of Lake Junin corrected using remnant paleomagnetic data. The 

integration of the radiocarbon, U-Th, and RPI dating techniques applied 

to lake Junin sediments; using 79 radiocarbon dates (not shown) 

(Woods et al.2019), 18 U-Th age constraints (blue symbols) (Chen et 

al.2020), and 17 paleomagnetic tie points (orange symbols). Figure 

taken from Hatfield et al.(2020). 
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POLLEN PREPARATION AND ANALYSIS 

 Each sediment sample taken from the core for pollen analysis was 0.5 cm3. 

Processing of samples followed the procedures of Faegri and Iversen (1989; Table 

1) and included the addition of microspheres as a means to calculate pollen 

concentrations. Samples were mounted in glycerol and pollen grains were counted 

using a Zeiss Microscope at x400. Each sample was counted until either 300 pollen 

grains (at least 100 non-grass grains) or 2,000 microspheres were counted. Pollen 

was identified using pollen atlases (Hooghiemstra 1984; Markgraf and D’Antoni 

1978), as well as the Neotropical Pollen Key and Database (Bush and Weng 2007).  
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Table 1. Pollen Preparation Steps. The Pollen Processing Instructions developed in 

the Paleoecology Laboratory at Florida Tech 

 

Step  Procedure  (* = Centrifuge: 5 min at 2500 RPM) 

1 Sub-sample 0.5 cm3 at desired depths and transfer to a centrifuge tube, 

then add 180 µl of microspheres to each tube 

2 Add 3 ml of HCl and stir. Once settled, add 6 ml and stir, heat on hot 

plate for 10 min. Centrifuge* and decant 

3 Wash with 10 ml of distilled water. Centrifuge* and decant 

4 Add 10 ml of 10% KOH, stir and heat on hot plate for 25 min. 

Centrifuge* and decant 

5 Wash samples with 10 ml of water 4 times (or until clear) 

6 Add 10 ml of 0.1M Na4P2O7, stir and heat on hot plate for 1 hour. 

Centrifuge* and decant 

 While waiting, make an extra set of tubes and place glassware for 

acetolysis in the oven 

7 Wash samples with 10 ml of distilled water. Centrifuge* and decant 

8 Repeat steps 6 and 7, washing samples 5 times 

9 Place tubes in an ultrasonic bath for 30 seconds. Centrifuge* and decant 

10 Add 3-4 ml of 100% CH3COOH. Centrifuge* and decant 

11 Add 2-3 ml of acetolysis solution 9:1 (CH3CO)2O: H2SO4, heat on hot 

plate for 5-7 min. Centrifuge* and decant 

12 Wash samples with 3-4 ml of 100% CH3COOH. Centrifuge* and decant 

13 Wash samples with 10 ml of distilled water. Centrifuge* and decant 

 Before starting the next step, make sure the metatungstate is at a density 

of 2.1 

14 Add 2-3 ml of metatungstate to each tube. Centrifuge* DO NOT 

DECANT 

15 Using a pipette, carefully transfer the top layer in the tube to your original 

sample tube. Repeat if needed 

16 Using a vortex, remove the residual from the tubes and put in new tubes 

to keep. 

17 Add the pipetted-off sample back to the centrifuge tube 

18 Wash with 10 ml of distilled water until none of the sample is floating.  

You may need to pipette off the metatungstate for the first couple of 

washes 

19 Once the sample is sticking in the bottom of the tube (the metatungstate is 

gone), use a vortex to transfer samples back to original sample tubes 

20 Fill to same level with distilled water. Centrifuge* and decant 

21 Add 1-4 drops of glycerol to each tube depending on how much sample is 

present 

22 Leave in oven to evaporate the water 
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CHARCOAL PREPARATION AND ANALYSIS 

 Sampling for charcoal included the depths of all pollen samples, plus some 

additional samples. Charcoal samples were 0.5 cm3 and were disaggregated with 

sodium hydroxide (10% KOH) and then filtered using 180 µm mesh. The material 

remaining on the filter was transferred to a petri dish and a stereoscope was used to 

scan the sample for charcoal fragments. If fragments were found, they were 

photographed and then analyzed in ImageJ (Rasband 1997-2016) to determine the 

area of the charcoal present. All data were recorded in Excel spreadsheets. 

 

STATISTICAL ANALYSIS 

 The following statistical analyses were performed on percentage pollen 

data. Because of its location, a majority of the pollen in the samples from Lake 

Junín is Poaceae, or grass pollen. Including Poaceae in the total pollen count might 

mask signals in the other taxa (Bush 2002). To reduce this masking effect, the 

percentages were calculated both with and without Poaceae in the total pollen sum. 

Diagrams and statistical analyses were completed both with and without Poaceae. 
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MULTIVARIATE ANALYSIS - In this study, constrained hierarchical clustering 

using the program CONISS (Constrained Incremental Sum of Squares cluster 

analysis; Grimm 1987) was first used to identify local pollen zones. However, this 

can create the issue of circular arguments, which are when a data set is used to set 

zones and those zones are then used to interpret the data. In order to reduce using 

such arguments in analyzing the pollen data, a Bayesian Change Point (BCP) and a 

Change Point (CPT) analysis were both used to produce zones based on the 

Titanium data from the XRF analysis. This was accomplished by using the R 

program “bcp” for BCP and “changepoint” for CPT (Erdman and Emerson 2007, 

and Killick and Eckley 2014) 

A detrended correspondence analysis (DCA; Hill 1979) was used to identify 

changes in the pollen spectra relative to underlying environmental gradients. A 

DCA approach is preferred over NMDS as it has few prior assumptions that affect 

the interpretation of the results (Correa et al.2014). When run on fossil pollen, the 

DCA also preserved the relative ecological distance between samples (Gauch 1982) 

and thereby provided a basis for measuring Euclidean distance between samples 

through time. This distance metric provided a quantification of ecosystem stability 

over time. Nonmetric multidimensional scaling (NMDS) (Kruskal 1964) has been 

argued to be less brutal in pre-processing (detrending) data than DCA (Kenkel and 

Orlóci 1986) and may be preferred when ecological gradients are relatively short 

(Minchin 1987). Both NMDS and DCA were run on the fossil pollen data. A 

principal components analysis was used to analyze XRF, bulk density, and 
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magnetic susceptibility values. Although not suitable for analyzing fossil pollen 

data, because of the prevalence of zero values in the data set (Birks and Gordon 

1985), PCA provides a way to identify the main axes of variance among the data 

that might otherwise show strong autocorrelation, e.g., cations measured with XRF, 

and identifies key variables and outliers (Lever et al.2017).  

 A canonical correlation analysis (CCA) is used to show correlations 

between two data sets (González et al.2008). In this study, the XRF data and the 

pollen concentrations were run in a CCA to determine if there are correlations 

between the pollen and the environmental factors.  
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RESULTS 

 

 

 

DATA CLEANING 

 Initially, the XRF, Bulk Density, and Magnetic Susceptibility data were 

graphed using box plots to determine any outliers in the data set (appendix Fig. 1). 

Once the outliers were identified using the third quartile of the box plots, they were 

removed from the data set and the boxplots were graphed again (appendix Fig. 2). 

This process was repeated until outliers had been removed. A PCA was run on the 

XRF data each time the outliers were removed and did not show a difference in the 

plot between outliers removed once or four times, therefore, the data set with 

outliers removed only once was used in further analysis. 

 

XRF, MAGNETIC SUSCEPTIBILITY, AND BULK DENSITY DIAGRAMS 

 The XRF, magnetic susceptibility, and bulk density data are shown in 

stratigraphic diagrams below (Fig. 12). Because high magnetic susceptibility (MS) 

values represent the in-wash of sediments of clays rich in iron, these values have 

previously been shown to align with clastic material washing in from active 

glaciers (Rodbel et al.2009). Thus, MS inputs can indicate the initiation and 

termination of glacials. Similarly, XRF and bulk density data provide insights into 

runoff, sources of in-washed sediment, and environmental factors influencing 

sediment accumulation (Jenkins 1999). XRF data were collected at (5 mm) 

intervals, and to show trends rather than noise, a 50-point running mean was 
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calculated and plotted in C2 (Juggins, 2003). The zones are those calculated from 

the change point analysis (CPT; below) on the Ti concentrations obtained from the 

XRF data (JU-1 through JU-5). 

 

 

 

 

Figure 12. XRF, Magnetic Susceptibility, and Bulk Density diagrams. Stratigraphic 

diagrams showing the running means of XRF, magnetic susceptibility, 

and bulk density data from Lake Junin. Pollen zones derived from 

CONISS (excluding Poaceae are shown: Zone JU-1 (650-589 k cal BP), 

Zone JU-2 (589-538 k cal BP), Zone JU-3 (538-509 k cal BP), and Zone 

JU-4 (509-468 k cal BP). 
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CHANGE POINT ANALYSES 

 Sedimentary zones were defined by rapid changes in the Ti concentration 

measured by the XRF analysis. To address significant change in Ti, Bayesian 

change point (BCP) analysis, and Change Point analysis (CPT) were applied to the 

Ti data (Fig. 13). Woods and Schiferl (pers. comm.) are using Ti to refine the Junin 

chronology in their dissertations. The rationale for the use of Ti is that it is a 

sensitive erosion indicator (Kempter 1997) and high concentrations would have 

washed into the lake when glaciation was active, and low concentrations during 

interglacials. The BCP and CPT were run on the Ti data and produced 5 distinct 

zones, of alternating high and low concentrations of Ti. The zone boundaries were 

locally defined and represent the MIS stages (JU-1: 650 – 592 ka; JU-2: 592 – 534 

ka; JU-3: 534 – 520 ka; JU-4: 520 – 478 ka; and JU-5: 478 – 466 ka; Fig. 12). 

However, there was a gap in the titanium data that might change the zone barrier 

between JU-4 and JU-5.  Because this zonation reduced the potential for circularity 

of inferring causal changes in vegetation relative to orbital cycles, it is used in 

preference to pollen-based zonation, i.e. CONISS.  
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(a)  

(b)  

Figure 13. Bayesian Change Point and Change Point Analyses. A) A Bayesian 

Change Point Analysis of the Ti data showing where there is most likely 

to be a change (increase or decrease) in the Ti concentration. (B) A 

Change Point Analysis showing where the major change points are 

located, thereby indicating the zones as determined by Ti concentration. 
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REFINING THE CHRONOLOGY - One of the greatest strengths of the Lake 

Junín Research project is that the sediment can also be empirically dated (Chen et 

al.2020, and Hatfield et al.2020). The Ti-based analysis identified five zones that 

represented the MIS stages (Fig. 13; JU-1 (MIS 16): 650 – 592 ka; JU-2 (15): 592 – 

534 ka; JU-3 (14): 534 – 520 ka; JU-4 (13): 520 – 478 ka; and JU-5 (12): 478 – 466 

ka). From here on, the zones will be referred to by the MIS stages that they 

represent.  
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 Although based on empirical data that appear to be robust, every age model 

has issues of precision as we extend deeper in time; the older the sediment, the 

greater the uncertainty in the actual age. The Sanbao speleothem record (Fig. 1) 

puts the start of MIS 15 (627 ka) and 13 (533 ka) ~30,000 and 15,000 years 

respectively before the ages determined from the paleomagnetic/U-Th dating of the 

Junín sediments (Table 2). The Junín data have a 95% confidence interval of 

approximately +12/-26 k yr for the inception of MIS 15 and +/-34 k yr for MIS 13. 

If the environmental data, such as magnetic susceptibility or Ti inputs are used to 

determine the start dates of these periods, they would be manifested at 592 ka and 

520 ka respectively (Fig. 12). In order to account for this, the age model can be 

tweaked within its error range.  
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Table 2. Glacial and interglacial age comparisons. A comparison of the ages for 

MIS 12-16 determined from (a) Lieseki and Raymo 2005, and Rodrigues 

et al.2011, (b) Cheng et al.2016), (c) CPT analysis of Ti, (d) the 95% 

confidence interval on the RPI dates (Hatfield et al.2020), and (d) by how 

much the CPT dates were corrected. 

MIS 

Stage 

Lieseki and 

Raymo 

2005 and 

Rodruigues 

et al.2011 

Ages (ka) 

Cheng et 

al.2016 

ages (ka) 

Dates 

inferred 

from CPT 

of Ti data 

(ka) 

95% 

confidence 

interval on age 

model 

(interglacial 

termination/gla

cial inception) 

(ka) by 

Hatfield et 

al.2020 

How much 

ages were 

corrected  

MIS 12 X – 478  X – 478 +31/-17 0 ka 

MIS 13 478 – 533 X – 532.3  478 – 520 +35/-33  13 ka 

MIS 14 533 – 563  520 – 534 +35/-36  20 ka 

MIS 15 563 – 621 X - 627 534 – 592 +12/-26  32 ka 

MIS 16 621 – X  592 – X   

  

 

 

The sedimentary proxies are consistent and the predicted onset and the 

inception of glacials lies within the error range (c. +12/-26 k yr at 600 ka; Fig. 11, 

Hatfield 2020). The only exception to this is the termination of the MIS 16 glacial, 

which was outside the models error range by 20,000 years. Using this knowledge, 

the age model can be refined using environmental data, without generating a 

circular argument when the pollen data are then interpreted (Fig. 14). 
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Figure 14. Age corrections based on Ti. The Titanium data plotted by using the RPI 

age model (Hatfield et al.2020) and the refined age model corrected 

based Ti concentrations (indicating glacial termination and inception). 

The red dotted lines show the four-tie points that were used to refine the 

age model.  
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POLLEN AND CHARCOAL 

 A total of 68 samples were analyzed for pollen, with 41 different taxa being 

identified. Percentages were calculated for both assemblages including Poaceae 

(Fig. 15) and excluding Poaceae (Fig. 16). For charcoal, 174 samples were 

analyzed (Fig. 17). 

 

PALEOCOLOGICAL ZONES 

 The following zonation is based on major changes identified in Ti inputs by 

CPT analysis (Fig. 13).  

 MIS 16 (683 – 624 k cal BP). If Poaceae were to be included in this zone, it 

would represent ~49% of the pollen in the zone. Pollen concentrations ranged from 

990 to 21,197 grains/cm3. When Poaceae is excluded, Polylepis and Alnus are the 

most abundant of the woodland species. Asteraceae makes up the majority of the 

Puna species. 

 MIS 15 (624 – 563 k cal BP). If Poaceae were to be included in this zone, it 

would represent ~64% of the pollen in the zone. Pollen concentrations ranged from 

2,508 to 193,548 grains/cm3. With Poaceae excluded, there is a large increase in 

Podocarpus (from 3% at the top of Zone JU-1 to 71% peak in JU-2) is evident, and 

Puna species (Asteraceae, Amaranthaceae, Melastomataceae, and Caryophyllaceae) 

decrease, with an increase in Asteraceae towards the top of the zone. This zone 

shows an increase in pollen concentration (Fig. 17). The only charcoal found 

during this analysis was in this zone at c. 575 ka (Fig. 17). Sporomiella was also 
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found in this zone at c. 577 ka. The sample from 589 ka only contained Poaceae 

and an algal moss spore. 

 MIS 14 (563 – 533 k cal BP). If Poaceae were to be included in this zone, it 

would represent ~52% of the pollen in the zone. Pollen concentrations ranged from 

1,589 to 56,752 grains/cm3. When Poaceae is excluded, the amount of both 

woodland taxa (mainly Alnus and Polylepis) increase, while that of Podocarpus 

decreases. Puna taxa (Asteraceae, Amaranthaceae, Melastomataceae, and 

Caryophyllaceae) stay relatively steady. 

 MIS 13 (533 – 478 k cal BP). If Poaceae were to be included in this zone, it 

would represent ~70% of the pollen in the zone. Pollen concentrations ranged from 

930 to 300,833 grains/cm3. When Poaceae is excluded, this zone shows an increase 

in the amount of puna vegetation (Asteraceae, Amaranthaceae, Melastomataceae, 

and Caryophyllaceae), while the amount of forest taxa decreases. Alnus was the 

least abundant in this zone compared with the others.  

 What would be considered the last zone only contains one data point, which 

had a pollen concentration of 4,059 grains/cm3. Not much can be inferred about this 

zone based on the pollen as it only contains one sample. 
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Figure 15. Pollen abundance diagram and sample concentration. Pollen abundance 

of Junín pollen of taxa >1%, at Lake Junín from c. 683-468 ka cal BP, 

with pollen abundance based on pollen percentages excluding Poaceae 

from the total, except for the Poaceae percent abundance which does 

include Poaceae in the total. Concentration of the samples is shown in 

the last column as grains/cm3. Zones shown are those produced by rapid 

changes in Ti concentrations.  
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MULTIVARIATE ANALYSIS 

DCA - The DCA was run on all genera in the fossil pollen spectra (Fig. 18). 

Eigenvalues for DCA (Axis 1= 0.2207, Axis 2= 0.07549, Axis 3= 0.05066, Axis 4= 

0.04995) provide an indication of the relative strengths of the axes and revealed 

rather uniform results. The NMDS did not show the zonations as well as the DCA, 

therefore the DCA will be used in the analysis. 

 

 

 

Figure 16. DCA plot. A DCA plot of Junín pollen including Poaceae using the 

BCP/CPT identified zones to show the separations. MIS 12 is show in 

light blue, MIS 13 in orange, MIS 14 in dark green, MIS 15 in red, and 

MIS 16 in dark blue. 
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Figure 17. Pollen sum with DCA axes 1 and 2. Pollen summary diagram showing 

Poaceae in percent abundance with Poaceae included in the total; local, 

and regional taxa in percent abundance excluding Poaceae from the 

total; and the axes for DCA 1 and 2.  
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PCA - A principal components analysis (PCA) was run on the XRF data after 

outliers were removed to interpret how the soil elements were influencing the 

system (Fig. 19). Work is still being done on the composite cores to close any gaps 

that there may be in the XRF, so this plot may change slightly in the future. 

 Sulfur (S) and Calcium (Ca) are strong influencers of MIS 15, while 

Zirconium (Zr), Iron (Fe), Rubidium (Rb), Titanium (Ti), Potassium (K), Silicon 

(Si), and Aluminum (Al) have a strong influence on MIS 16. Samples in MIS 14 

and MIS 13 show no correlation with any of the elements. 
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(a)  

 

(b)  

 

Figure 18. PCA plots. The PCA results Junín XRF data, using the BCP/CPT zones 

showing (a) PC1 vs. PC2 and (b) PC1 vs. PC3. MIS 12 is show in light 

blue, MIS 13 in orange, MIS 14 in dark green, MIS 15 in red, and MIS 

16 in dark blue. 
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CCA - A canonical correspondence analysis (CCA) was run on the pollen 

assemblage data against the XRF, magnetic susceptibility, and bulk density data 

sets to determine the relationship between the pollen samples and the 

environmental data. This analysis again showed that MIS 16 was strongly 

influenced by Iron (Fe), Titanium (Ti), Rubidium (Rb), Potassium (K), Silicon (Si), 

Aluminum (Al), and Zirconium (Zr). The CCA also showed that Manganese (Mn) 

also influenced MIS 16. MIS 15 was still influenced by Calcium (Ca) and slightly 

by Sulfur (S), and now included the influence of Strontium (Sr), total inorganic 

content (TIC), and calcium carbonate (CaCO3). The arch effect, apparent in Fig. 20, 

meant that the second axis should not be interpreted (Gauch 1982). 
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Figure 19. CCA plot. The CCA results from Junín pollen excluding Poaceae, CCA1 

vs. CCA3 samples, shown as site numbers, vs. environmental data using 

the BCP/CPT zones. MIS 12 is show in light blue, MIS 13 in orange, 

MIS 14 in dark green, MIS 15 in red, and MIS 16 in dark blue. 
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DISCUSSION 

 

 

 

 The RPI based chronology for the Lake Junin sediments (Hatfield et 

al.2020) provided a robust starting point for the analysis of the sediment cores. 

Even at a range of 420 ka, no correction was required to reconcile the boundary 

between MIS 13 and 12 based on independent Ti evidence. However,  the age 

model was not quite as accurate at the boundary between MIS 16 and 15. Even here 

at 620 ka, the correction only needed to be 20 ka outside of the estimated error 

range.  

 Glacials and interglacials proved to be readily separable both based on the 

XRF data and also on the MS data, which were derived independently. The PCA of 

the XRF data provided a clear separation of MIS 15, with all of the points having 

positive scores, from the glacial material of MIS 16 and 12, which had primarily 

negative scores. The glacial material was characterized by elements that represent 

erosion of terrigenous material, i.e., Zr, Fe, Ti, Si, Rb, K, and Al (Davies, Lamb, & 

Roberts 2015). These elements would be part of the original glacial debris and rock 

flour that would wash into the lake when glaciers and their outwash streams are 

contributing large amount of clastic material to the lake. Magnetic susceptibility is 

strongly correlated with these inputs as it is an independent proxy measure for iron 

content. Contrastingly, S, Ca, and Sr characterize the interglacials. Ca is likely to 

represent evaporative deposition of carbonates. Sr often weathers out with Ca 

where it can replace Ca in carbonate compounds, and both are found to co-occur in 
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XRF analyses of lake sediment (e.g. Giguet-Covex et al.2011). Sulfur is likely to 

be associated with an increasingly organic sediment (Mora and Hinnoy, 2005). 

These data are consistent with using Ti to identify glacial vs. interglacial episodes, 

and Axis 1 (Fig. 18)  is inferred to represent a gradient of increasing temperature. 

Samples from MIS 13 also cluster on the positive side of PC Axis 1, but have a 

greater range of score on Axis 1 than those of MIS 15, suggesting thermal 

variability. MIS 16, MIS 14 and MIS 12 (glacials) are all characterized by high 

inputs of terrigenous elements, though samples from MIS 14 overlap with the 

cooler sample from MIS 13 suggesting that this glacial was not as strong as the 

others. This finding is consistent with the observation that MIS 14 had the lowest 

ice volume of any glacial since the transition to 100-k world (Wu et al.2005). 

 

FOSSIL POLLEN 

 The fossil pollen analysis revealed that between c. 683 and 465 ka, the area 

around Lake Junín was always a grassland. Although, the productivity of the 

habitat ranged between a glacial foreland and a productive Puna. Axis 1 of the 

DCA of the fossil pollen has a length of one and a half standard deviations of 

species turnover, suggesting that there was not substantial changes in vegetation 

composition taking place within the study period. When the Ti-based zonation is 

applied to the data, the separation of the pollen zones shows some similarity with 

the PCA of the XRF data. In both analyses, zone MIS 15 shows the strongest 

clustering, whereas although MIS 13 has some samples that overlap with MIS 15, 
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its samples also overlap with those of the warmer glacial stages. This data set only 

includes one fossil pollen sample from MIS 12, precluding a separation of MIS 13 

from MIS 12.  

The CCA provided the opportunity to align the XRF and fossil pollen data. 

The first axis of the CCA accounted for 27.46% of the variance and, as expected 

from the preceding discussion, confirmed that terrigenous erosive indicators were 

aligned with glacial pollen samples, whereas the interglacial samples were most 

strongly aligned with S and Ca.  

During interglacial periods, the landscape was generally more productive, 

which resulted in a higher concentrations of pollen in the samples (Fig. 17), with a 

peak of over 300,000 grains/cm3 in MIS 13. The pollen concentrations can also be 

used as identifiers of interglacial inception as there is a sharp increase in the 

concentration and therefore a sharp increase in the productivity of the landscape. 

This concentration spike is quite evident at the inception of MIS 15. 

The presence of Alnus in the system may be an indicator of a glacial period 

getting colder (Rozas-Davila, 2020). Alnus produces large amounts of wind-

dispersed pollen and is part of the long-distance pollen dispersal to setting above 

tree line (Bush 2000, and Reese & Liu 2005). This tree has a modern upper 

elevational limit of c. 3200 m, but accounts for an average of 30% of the pollen 

during glacials at Junín. In general, Alnus representation increases towards the end 

of the glacial period. This trajectory matches the declining temperature as glacials 
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proceed (Liesecki and Raymo 2005), and the reduction in local pollen production 

as more extreme conditions limit productivity near the glacier.  

Podocarpus is indicative of a wet montane forest, and Hansen and Rodbell 

(1995) found that a high percentage of Podocarpus marked the beginning of the 

Holocene, which had warmer and moister conditions than today. As a result, we 

would expect to see an increase in Podocarpus abundance during interglacial 

inception following this species moving up slope. This pattern is reflected by a 

broad peak of Podocarpus pollen in MIS 15. Other Andean forest taxa do not move 

upslope at this time, but as Podocarpus can grow in very sheltered locations around 

the modern lake (Bush, pers comm.), this may indicate a population expansion 

during warm, wet climatically stable conditions that lacked fire. A small spike is 

also seen in zone MIS 13, however due to MIS 14 not being an extreme glacial 

period, the spike is not as dramatic as that of MIS 15. 

 

ORBITAL FORCING 

 The first hypothesis of this research was that “orbital extremes produced 

two peaks of intense drought at 575-580 ka and 600 ka.” MIS 15 had a total range 

of about 100 kw per m2, whereas MIS 13 only had a total range of about 70 kw per 

m2 (Fig. 1). We know that when Lake Titicaca experienced a range similar to that 

of MIS 13, lake levels dropped by 90 m and when it experienced a range similar to 

that of MIS 15, lake levels dropped by 180 m (D’Agostino et al. 2002). Due to this 



 55 

 

similarity in ranges, we would expect MIS 15 to show two peaks of intense drought 

at each of the insolation peaks.  

The pollen samples from MIS 15 have two samples that stand out as being 

somewhat unusual at ages of 589 ka and 609 ka. These are single samples in which 

almost all forest pollen disappears and only (589 ka) or almost only (609 ka) 

Poaceae is recorded. It is notable that these two peaks align with wet-season 

December-March insolation maxima and would be the time that is typically 

predicted to become unusually wet. It is unlikely that this was genuinely a Poaceae-

only landscape, and so these peaks probably speak to unusual taphonomic or 

preservational conditions. Explaining the almost pure presence of Poaceae is not 

easy, but it has been suggested that when floating mats of grass break free and sink, 

they can provide unusually high Poaceae pollen signals (Collinvaux et al.2003).  

The Ca/Ti ratio is a proxy for drought (Rodysill et al.2013). It is notable 

that only two periods have very high Ca/Ti ratios within this study. These occur 

alternating with the very wet, Poaceae-dominated events of December-March 

insolation minima. These are times when wet-season rains would be minimal and 

the evaporative power of dry season insolation would peak (Fig. 21).  
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Figure 20. Pollen abundance summary, charcoal amount and counted, Ca/Ti curve, 

insolation, and precession. Poaceae pollen abundance from the total that 

included Poaceae, pollen summary with abundances from total 

excluding Poaceae, with the charcoal, Ca/Ti curve, and insolation from 

December to March and precessional curve using AnalySeries (Paillard 

et al.1996). The pink lines show the instances where the Ca/Ti curve 

indicates drought. Note the sample at 590 ka consisted of 116 Poaceae 

pollen grains, no other type was found.  
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 I find evidence for a strong drought in MIS 15, based on the XRF data. 

During these events, Podocarpus decreases in abundance, but there was no 

indication of widespread desiccation of the environment similar to that seen at 

Titicaca. Indeed, there is no evidence of a sediment discontinuity, suggesting that 

the lake remained and continues to accumulate sediment. While drought is apparent 

in MIS 15, there is no evidence for a thermal anomaly consistent with an ice 

advance in either the XRF data or the pollen data. In ordination, samples belonging 

to MIS 15 are grouped together. This apparent unity does not support the 

suggestion of an independent glacial stage within MIS 15 as suggested by Cheng et 

al.2016 and by the interglacial working group (PAGES Interglacial Working Group 

2016).   

 

FIRE 

 As previously noted, the Junín Plateau today is a naturally wet system. In 

modern times if charcoal is found in the system it can be associated with humans, 

either clearing the land or creating fires to keep warm and cook with. In MIS 15, 

because of the age of the system (i.e., no humans present) it can be determined that 

this fire occurred naturally. However, to find a single sample out of 174 samples 

analyzed to contain charcoal, is strong evidence that these fire events were rare, and 

probably the result of extreme drought conditions. It is important to note that 

charcoal was present at the same time as the insolation was indicating a dry period 

and is consistent with the inference that the system was dry enough to burn 
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naturally and may be one of the hypothesized droughts. Although unsampled 

portions of the core could have contained charcoal, it is probable that fire occurred 

on multi-centennial to millennial scales at a time. While my findings suggest that 

fire could occur naturally and do not contradict the hypothesis that fire was more 

likely in MIS 15 than in MIS 13, to only find one sample versus none, does not 

suggest a system adapted to fire. Indeed, a more important conclusion that might be 

drawn is that such rarity may indicate that there was a lack of adaptation to 

withstand fire among the plants and animals of the high Andes.  

 Preliminary data for the occurrence of the dung fungus, Sporomiella, 

indicated that megafauna were present in the area during this dry event. The 

Sporomiella record has only begun to be analyzed, with only 4 samples completely 

counted, so an interpretation of the record at this time is far from complete. 

However, it should be noted that this first presence of Sporomiella was found at 

605 ka, around the peak of insolation indicating a wet period, suggesting that 

megafauna may have been accessing the improved grazing during a climatic wet 

cycle. 
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CONCLUSIONS 

 

 

 

 MIS 15 and 13 are thought to have been the “coldest” interglacial periods of 

the 100-k world. The record from Lake Junín provides an important look into these 

interglacials. Because of the rarity of such long records, the 620,000 year long 

record obtained from Lake Junín is an important contribution to paleoecological 

knowledge. The empirically derived age model, even when tuned with Ti, provides 

an independent chronology of the pollen data and allows community-climate-

response arguments to be developed without circularity. While the age model still 

needs some adjustment, the modifications applied here were mostly within modeled 

error-ranges, which is a major accomplishment.  

 When comparing the record to the orbital cycles, it was shown that 

eccentricity and obliquity did not have much of an effect on the Andean 

communities or lake level, while precession did. The early stage of the 100-k world 

were comprised of interglacial cycles that were influenced by 4 or 5 precessional 

cycles, and in this analysis I investigated MIS 15, which had 5 cycles, and MIS 13 

which had 4. The interglacial warmth of MIS 15 was found to be lengthened by the 

additional cycle, but it was the scale of the cycle rather than their number that had 

the strongest effect on the system. 

 The analyses of this study supported initial hypotheses derived from 

precessional variability. The presence of two periods of drought was evident in the 

Ca/Ti curve, aligning with the wet season (December-March) insolation minima in 
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MIS 15 that were unparalleled at any other time in the 200,000 year study window. 

These droughts did not, however, cause a major vegetation change. Surprisingly, 

the fossil pollen history appears to reveal a stronger response to the intervening wet 

events. The single presence of charcoal in the entire sequence follows an 

exceptionally wet period when fuel may have accumulated, but fire only occurred 

when there was a drought event; the absence of fire throughout the remainder of the 

drought period may indicate that the fuel has been exhausted. It appears likely that 

high-precessional variability can produce extreme events in which fire may occur. 

This leads to a prediction that other high-precessional periods may produce a record 

of fire.   

While there is still much to be learned about how the environment was 

being influenced before the presence of humans in this landscape, this record 

provides some insights on natural landscapes of the Andes under a range of 

interglacial conditions. 
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APPENDIX A – SUPPLEMENTAL FIGURES 

 

 

 

 
 

Figure A- 1. Broken Stick model for CONISS including Poaceae. The broken stick 

model for pollen abundance that includes Poaceae, indicating there are 

4 significant CONISS zones.  
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Figure A- 2. Broken Stick model for CONISS excluding Poaceae. The broken stick 

model for pollen abundance excluding Poaceae, indicating 4 

significant CONISS zones. 
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Figure A- 3. CONISS diagram for pollen abundance including Poaceae. CONISS 

results from Junín Pollen, including Poaceae (grass) from 468-650 k 

cal BP. Four separate zones were identified, shown here in black, red, 

green, and blue. Zone JUN-IP-1 (black): 650-585 k cal BP, Zone 

JUN-IP-2 (red): 585-502 k cal BP, Zone JUN-IP-3 (green): 502-467 k 

cal BP, and Zone JUN-IP-4 (blue): 466 k cal BP. 
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Figure A- 4. CONISS diagram for pollen abundance excluding Poaceae. CONISS 

results for Junín pollen excluding Poaceae (grass) from 468-650 k cal 

BP. Four separate zones were identified, shown here in black, red, 

green, and blue. Zone JU-1 (black): 650-589 k cal BP, Zone JU-2 

(red): 589-538 k cal BP, Zone JU-3 (green): 538-509 k cal BP, and 

Zone JU-4 (blue): 509-466 k cal BP. 


