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ABSTRACT

The late Paleozoic era (∼360-250 Ma) witnessed the vegetated Earth’s only known

transition from an icehouse to a greenhouse climate. This transition brought Earth

from the Phanerozoic’s most severe glaciation, the late Paleozoic ice age (LPIA), into

a greenhouse climate that would dominate the next 220 million years of Earth history.

Developing an understanding of the late Paleozoic icehouse climate and the mech-

anisms that drove Earth into a protracted greenhouse state are fundamental to the

study of climate dynamics in both the distant past and the near future. The tradi-

tional understanding of late Paleozoic climate contends that massive continental-scale

ice sheets formed when the southern hemisphere land masses were located near to the

austral pole and repetitively waxed and waned due to orbital insolation variations.

A recent re-analysis of the temporal and geographic distribution of glacial deposits,

in conjunction with a re-examination of glacioeustasy records, indicates that LPIA

climate was much more dynamic. In addition to ice sheets waxing and waning on

orbital time-scales, the emerging view of LPIA climate contends that icehouse condi-

tions were episodic, divided by multiple intervals (∼10 Myrs) of ice-free greenhouse

conditions. This newfound variability in the LPIA climate state has been hypothe-

sized to result from fluctuations in atmospheric pCO2 concentrations. To constrain

the climatic dynamics discussed in these disparate LPIA views, this dissertation em-

ploys numerical climate-modeling techniques to explore the interactions of the late

Paleozoic atmosphere, biosphere, cryosphere, hydrosphere, and lithosphere.
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In this dissertation, we utilize the GENESIS General Circulation Model (GCM)

asynchronously coupled to a three-dimensional thermomechanical ice sheet model

in a series of sensitivity experiments that seek to determine the influence of atmo-

spheric pCO2 and orbitally-forced insolation variations on LPIA climate. In Chapter

2, results from the first late Paleozoic coupled GCM-ice sheet modeling experiment

are presented. In this chapter we verify the model-coupling scheme by simulating ice

sheets in equilibrium with a suite of pCO2 concentrations at multiple steady-state

orbital configurations. We find that similar to simulations of ice sheets in other

geologic time periods late Paleozoic ice sheet mass balance is highly dependent on

summer temperatures as determined by pCO2 concentration and orbitally-controlled

seasonal insolation distributions. In Chapter 3, we apply transient orbital insolation

changes to our coupled GCM-ice sheet modeling scheme in an attempt to simulate

glacial-interglacial cyclicity. Our results again indicate that summer temperatures

play a large role in determining ice sheet mass balance, but also demonstrate that

the cooling effects of ice albedo and ice height feedbacks render continental ice sheets

insensitive to periods of increased orbital insolation, indicating that changes in or-

bital insolation alone are insufficient to drive cyclic ice accumulation and ablation.

In Chapter 4, we apply the same transient-orbit modeling scheme to the LPIA cli-

mate, but we include a dynamic ecosystem model, BIOME4, to the GCM-ice sheet

model coupling. In this chapter, we demonstrate that within a narrow pCO2 range

(840>pCO2>420), ecosystem changes at the ice sheet margins amplify orbitally-

driven temperature changes and facilitate the advance and retreat of continental ice

sheets. In Chapter 5, we expand on the results presented in Chapter 4 by discussing

both high-latitude glacial-interglacial cyclicity and low-latitude climate change. We

find that changes in the eccentricity of Earth’s orbit about the Sun drive both high-

vii



latitude ice accumulation and ablation cycles as well as low-latitude precipitation,

wet-season length, and vegetation distribution fluctuations. Based on these results,

we develop an orbitally-paced model of cyclic low-latitude sediment deposition con-

sistent with climate dynamics and field-based observations.
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CHAPTER I

Introduction

The late Paleozoic ice age (LPIA; ∼360-250) has long been regarded as the

Phanerozoic’s most-prolonged interval of icehouse climate. Studies of this period

in Earth history have facilitated the development of fundamental geologic concepts

and more recently have informed efforts to understand the consequences of anthro-

pogenic climate change. LPIA glacial deposits from the Gondwanaland continents

were instrumental in the reconstruction of the Pangaean supercontinent and were a

critical line of evidence used in the development of the theory of continental drift

(Wegener, 1915; Du Toit, 1937). More recently, the evolution of climate throughout

the LPIA has garnered increased attention because it represents vegetated-Earth’s

last transition from an icehouse to a greenhouse climatic state (Gastaldo et al., 1996;

Cleal and Thomas, 2005; Montañez et al., 2007). In this, the introductory chapter

of my dissertation, I will briefly (i) summarize the current state of thinking on the

nature of the LPIA, (ii) discuss near-field, far-field, biotic, and geochemical evidence

pertaining to the LPIA, (iii) present the climate-modeling tools and techniques used

throughout this study, and (iv) outline the results chapters (2-5) with an emphasis

on my contributions to our understanding of LPIA climate dynamics.

Traditionally, the LPIA has been interpreted as a period of protracted super-

1
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continental glaciation (Crowell, 1978; Frakes and Francis, 1988; Frakes et al., 1992;

Veevers and Powell, 1987; Veevers et al., 1994). Massive ice sheets were hypothesized

to have formed due to the amalgamation of the Gondwanaland continents (Africa,

Antarctica, Australia, Arabia, India, and S. America), about the austral pole. Over

long time periods (107 yrs), the volume of ice sequestered on land was thought to be

determined by the tectonic drift of Gondwanaland relative to the South Pole (Ca-

puto and Crowell, 1985); when Gondwanaland was located over the pole, ice sheet

volumes were thought to be relatively large, whereas when Gondwanaland drifted

into higher latitudes away from the pole, ice sheet volumes were thought to decrease.

Evidence of long-lived continental glaciation was pieced together from both near-

field (ice-proximal) and far-field (ice-distal) deposits. Near-field evidence, including

tillites, diamictites, and striated pavements were found distributed throughout the

Gondwanaland continents, suggesting supercontinental-scale glaciation. Evidence

from far-field deposits, particularly those found in the paleo-equatorial basins of Eu-

ramerica, consist of rhythmic sedimentary sequences that were interpreted to be the

result of repetitive (104-105 yrs) changes in sea-level. It was hypothesized that these

sea-level fluctuations were driven by the waxing and waning of the Gondwanaland

ice sheets (Wanless and Shepard, 1936). Due to the wide distribution of Gondwana-

land glaciogenic deposits and the long record of low-latitude glacioeustatic change

preserved in rhythmic low-latitude sedimentary deposits, the LPIA has traditionally

been viewed as a period of protracted continental-scale glaciation.

More recent evidence, much of it produced over the past decade, has challenged

some aspects of this traditional view of the LPIA. Near-field studies of Gondwana-

land glaciogenic deposits have found evidence for multiple 10 Myr glacial hiatuses

within the greater LPIA interval and have also suggested that not all regions of Gond-
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wanaland were glaciated contemporaneously (Isbell et al., 2003a,b; Fielding et al.,

2008a,b; Birgenheier et al., 2009). In addition, improved dating techniques indicate

that some non-glacial episodes are contemporaneous with low-latitude rhythmic sed-

imentary sequences, suggesting that factors other than glacioeustasy likely played a

role in their deposition (Isbell et al., 2003b). In conjunction with these high-latitude

records of ice-free intervals, Rygel et al. (2008) synthesized published estimates of

late Paleozoic low-latitude eustasy-change and found that the estimated magnitude

of inferred sea-level changes were consistent with a more episodic view of continental

glaciation in the LPIA.

Other studies, outside the realm of glaciogenic and glacioeustatic deposits, have

also indicated that the LPIA climate was more dynamic than originally thought.

Paleobotanaical analyses of LPIA flora have chronicled both short to intermediate-

term cycles of species dominance and long-term floral transitions throughout the

LPIA and attribute these changes to climatic variations (Cleal and Thomas, 2005;

DiMichele et al., 2001, 2009, 2010; Falcon-Lang, 2004; Falcon-Lang et al., 2009,

2011). Geochemical analyses of the temporal trend of stable carbon and oxygen

isotopes within marine carbonates also point to dynamic climate variability in the

LPIA (Veizer et al., 1999; Mii et al., 1999, 2001; Saltzman, 2005; Montañez et al.,

2007). While isotopic records in the late Paleozoic are often challenging to interpret

due to dating and preservational difficulties, inferences of icehouse and greenhouse

climate intervals have been made on the basis of positive excursions within the δ13C

and δ18O trends. Higher δ13C values are interpreted to correspond to increased

burial of organic carbon and a reduction in atmospheric pCO2 concentration, while

higher δ18O values are interpreted as periods of atmospheric cooling and/or ice sheet

formation. A recent attempt to correlate published isotopic records with periods of
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high-latitude glaciation met with mixed results, but based on the secular variations

in the compiled isotopic record, a LPIA punctuated by multiple ice-free intervals was

suggested (Frank et al., 2008).

In sum, the traditional view of a relatively stable LPIA climate, dominated by

prolonged continental-scale glaciation, has of late, been called into question. Recent

glaciogenic, glacioeustatic, geochemical, and paleofloral evidence instead suggests

that the LPIA climate was dynamic, with multiple pulses of glaciation, often regional

in scale, interspersed with warmer ice-free intervals.

Considering this newly proposed LPIA climatic paradigm, this dissertation sets

out to develop a better understanding of the processes that influence LPIA climate

dynamics using numerical climate modeling techniques. Based on the accumulated

evidence, LPIA climatic changes were diverse, occurred over multiple time-scales, and

likely arose due to a number of different forcing mechanisms (Tabor and Poulsen,

2008). In light of this complexity, the experimental design employed in this disser-

tation focuses less on a one-to-one re-creation of late Paleozoic climate and more

on sensitivity tests that elucidate the roles of various factors in the LPIA climate

system.

The late Paleozoic sensitivity experiments conducted in this dissertation utilize the

Global Environmental and Ecological Simulation of Interactive Systems (GENESIS)

general circulation model (GCM; Pollard and Thompson, 1992). GENESIS was

developed at the National Center for Atmospheric Research (NCAR) and is composed

of atmosphere, 50 m slab-ocean, sea-ice, and land-surface components. Since its

creation at NCAR, the GENESIS GCM has been maintained and updated by David

Pollard, and is currently in version 3.0 (Pollard and Thompson, 1995). GENESIS

has an extensive usage history and has been successfully applied to climatic problems
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relevant to the past, present, and future (i.e. Barron et al., 1993; Bonan et al., 1992;

Levis et al., 1999). In the experiments presented in this dissertation, GENESIS is

asynchronously coupled to a thermomechanical ice sheet model. This model uses an

alternating-direction-implicit numerical scheme to solve for the vertically integrated

two-dimensional mass continuity equation and has been used in glacial studies of the

early Cenozoic, Plio-Pleistocene, and late Ordovician (DeConto and Pollard, 2003;

Pollard and DeConto, 2009; Herrmann et al., 2003). The final component of the

modeling-scheme utilized in this study is the BIOME ecosystem model. BIOME was

developed by Haxeltine and Prentice (1996) to simulate the distribution of ecosystem

types as a function of biogeophysical and biogeochemical constraints. BIOME4, the

latest version of the BIOME-model lineage (and the version used in this study),

was developed by Kaplan et al. (2003) to more accurately simulate high-latitude

ecosystems found in ice-proximal environments. Throughout the studies presented

in this dissertation, these modeling components are used in various configurations to

gauge the sensitivity of the late Paleozoic climate to a suite of different environmental

parameters (boundary conditions). Each dissertation chapter includes a detailed

description of these experimental designs and explores a different aspect of the LPIA

climate system.

The dissertation is comprised of four main results-based chapters (2-5) preceeded

by this introductory chapter (1) and followed by a summary chapter (6). Chapters 2-

5 utilize the numerical climate modeling tools discussed above to explore the dynamic

interaction of the late Paleozoic’s atmosphere, biosphere, cryosphere, hydrosphere,

and lithosphere. Chapter 2 investigates the roles of atmospheric pCO2 concentration

and the Earth-Sun orbital configuration on equilibrium ice sheets (Horton et al.,

2007). These experiments were the first to incorporate a coupled GCM-ice sheet
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model into late Paleozoic climate simulations and represent a benchmark advance in

LPIA studies. Chapter 3 builds on this GCM-ice sheet modeling scheme and delves

into the effect of transient orbital parameters on ice sheet mass balance. The results

present a paradox; ice sheets of adequate size to account for inferred LPIA sea-level

changes are insensitive to variations in orbital parameters (Horton and Poulsen,

2009). This paradox is partially resolved in Chapter 4, when a dynamic ecosystem

model is incorporated into the coupled GCM-ice sheet modeling scheme. Dynamic

ecosystem changes at the margin of the ice sheet are found to result from orbitally

induced changes in insolation. Differences in ice-margin ecosystem properties am-

plify insolation-driven temperature changes and result in the successful simulation of

advancing and retreating ice sheets previously immune to orbital insolation changes

(Horton et al., 2010). In Chapter 5, the waxing and waning ice sheet experiments

presented in Chapter 4 are analyzed with a focus on low-latitude climate change.

Specifically, the role of high-latitude glaciation on low-latitude precipitation is ex-

plored, as well as the effects of orbital change and atmospheric pCO2 concentrations

on tropical climate. From these results, a model of eccentricity-paced low-latitude

cyclostratigraphy is formulated (Horton et al., view).

1.1 Publications and abstracts resulting from this dissertation

Publications (peer-reviewed)

Horton, D. E., C. J. Poulsen, and D. Pollard (2007), Orbital and CO2 forcing of late

Paleozoic ice sheets, Geophysical Research Letters, v.34 L19708, doi:10.1029/2007GL031188.

(Chapter 2)

Horton, D. E. and C. J. Poulsen (2009), Paradox of late Paleozoic glacioeustasy,



7

Geology, v.37, p.715-718 doi:10.1130/G30016A.1. (Chapter 3)

Horton, D. E., C. J. Poulsen, and D. Pollard (2010), Influence of high-latitude

vegetation feedbacks on late Palaeozoic glacial cycles, Nature Geoscience, v.3,

p.572-577, doi:10.1038/NGEO922. (Chapter 4)

Horton, D. E., C. J. Poulsen, I. P. Montañez, and W. A. DiMichele (in review),

Eccentricity-paced late Paleozoic climate change and its role in cyclostratigraphy,

Palaeogeography, Palaeoclimatology, Palaeoecology, (Chapter 5)

Conference abstracts

Horton, D. E. and C. J. Poulsen (2010), High-latitude ecosystem change enables

late Paleozoic glacial-interglacial cycles, Eos Trans. AGU, 91, Fall Meet. Suppl.,

Abstract PP44B-07.

Horton, D. E., C. J. Poulsen, and D. Pollard (2007), Simulations of late Paleozoic

continental ice sheets under orbital and CO2 forcing, Eos Trans. AGU, 88, Fall

Meet. Suppl., Abstract PP31F-07.

Poulsen, C. J., D. E. Horton, and D. Pollard (2007), Glacial-Interglacial climate

change during the late Paleozoic: A climate modeling perspective, Geological So-

ciety of America, 39(6), p.354.
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CHAPTER II

Orbital and CO2 forcing of late Paleozoic ice sheets

2.1 Abstract

Contrasting views of the size, duration, and history of the Gondwanan continental

ice sheets have been proposed from late Paleozoic glaciological and sedimentological

evidence. To evaluate these differing views, a coupled ice sheet-climate model is used

to simulate continental ice sheets under a wide range of late Paleozoic orbital and

pCO2 conditions. The model experiments indicate that orbital variations at pCO2

concentrations below 2 × preindustrial atmospheric levels (PAL; 280 ppm) produce

large changes in late Paleozoic ice volume (∼1.3×108 km3) and sea level (20 to 245

m). Between 2 and 8 × PAL Gondwana continental ice is simulated only under

the most extreme Southern Hemisphere cold summer orbit, but still produces sig-

nificant ice volumes (∼8–12×107 km3). Our results highlight the important role of

atmospheric CO2 in determining the distribution, volume, and stability of late Pa-

leozoic ice sheets, factors that ultimately impacted sea level, cyclothem deposition,

and global climate, and reconcile disparate views of the Late Paleozoic Ice Age.

Official citation:
Horton, D.E., C.J. Poulsen, and D. Pollard (2007). Orbital and CO2 forcing of late Paleozoic ice sheets. Geophysical
Research Letters, v.34 L19708, doi:10.1029/2007GL031188.
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2.2 Introduction

The late Paleozoic ice age (LPIA) was the most severe glaciation in the Phanero-

zoic, spanning 60 million years (360–250 Ma; Frakes et al. (1992)) with peak ice vol-

umes as great or greater than that during the Last Glacial Maximum (Crowley and

Baum, 1991). The LPIA has long been considered a single uninterrupted glaciation

(Frakes and Francis, 1988; Crowell, 1978, 1999; Veevers and Powell, 1987; Veevers

et al., 1994) during which ice volume was modulated by insolation variations aris-

ing from changes in Earth’s orbit (Heckel, 1990). Cyclothems, repetitive successions

of marine and non-marine sediments, are often considered to be the stratigraphic

signature of orbitally- controlled ice volume fluctuations. Euramerican cyclothems,

deposited between the late Namurian (326 Ma) and early Kazanian (260 Ma), are

estimated to represent 100 to 230 m of sea-level change (Crowell, 1999).

Recent reevaluations of the Gondwana glacial record challenge this view of large

orbitally-driven ice volume variations superimposed on a long lived continental glacia-

tion (Isbell et al., 2003a,b; Fielding et al., 2006). Rather, Isbell et al. (2003b) pro-

pose that the LPIA consisted of three distinct glacial events (Glacial I, ∼375–350

Ma; Glacial II, ∼315–307 Ma; and Glacial III, ∼299–276 Ma). Continental glacia-

tion was only widespread, covering much of southern Gondwana, during the final

event. The complete ablation of the Glacial III ice sheets is estimated to have raised

sea-level by only 50 to 115 m, depending on whether continental ice was distributed

in multiple ice sheets with small aspect ratios or a single enormous ice dome Isbell

et al. (2003b), an amount that is too small to have generated the accommodation

space required for cyclothem deposition.

The cause of the LPIA is not certain, but was likely related to low atmospheric
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pCO2 levels. According to the CO2 proxy record of the last 500 million years, only

the Neogene had lower pCO2 levels (Royer, 2006; Berner and Kothavala, 2001).

Atmospheric pCO2 may also have been variable; Montañez et al. (2007) report late

Carboniferous–middle Permian values that oscillate between ∼1 and 8 × PAL, with

low values coincident with the deposition of glaciogenic sediments on Gondwana.

Two-dimensional energy balance models (EBMs), deriving their ice estimates from

summer land temperatures, have been used to investigate the possible size, sensi-

tivities, and location of the late Paleozoic ice age (Crowley, 1994). These models

indicate that Gondwana ice sheets could have reached a size similar to that of the

Pleistocene glaciation (Crowley and Baum, 1991) and predict sea-level changes of 70

to 100 m citepcrowley1992. Additionally, EBMs utilizing prescribed modern North-

ern Hemisphere precipitation rates (modified by the Clausius-Clapeyron relation)

indicate that Permo-Carboniferous ice sheets were likely sensitive to past CO2 levels,

and suggest that past changes in CO2 are required to explain the onset and demise

of continental ice sheets (Hyde et al., 1999, 2006). Atmospheric general circulation

models (AGCMs) have been used to investigate the global climate response to the

glaciation of Gondwana (Poulsen et al., 2007), but to our knowledge have not been

used to predict past continental ice sheets.

The goal of this study is to quantify late Paleozoic ice volumes and equivalent sea

level under a broad range of likely orbital and pCO2 values. In contrast to previous

studies, we employ an AGCM (with full hydrological cycle) coupled to a 3-D ice-sheet

model. Our results provide a framework for interpreting the variability in ice sheets

and sea level inferred from the geological record, and help reconcile disparate views

of the late Paleozoic ice age.
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2.3 Model and Methods

Late Paleozoic experiments were completed using the GENESIS AGCM version

2.3 coupled to a 3-D dynamic ice sheet model. GENESIS consists of an AGCM

coupled to a land-surface model with multi-layer models of vegetation, soil or land

ice, and snow. The AGCM has a spectral resolution of T31 (3.75◦×3.75◦), and

18 vertical levels. The land-surface grid has a resolution of 2◦×2◦. Sea-surface

temperatures and sea ice are computed using a 50-m slab oceanic layer with diffusive

heat flux (Pollard and Thompson, 1995; Thompson and Pollard, 1997).

The 3-D ice sheet model operates on a 1◦×2◦ surface grid (DeConto and Pollard,

2003). The thermo-mechanical ice-sheet model is based on the vertically integrated

continuity equation for ice mass (Huybrechts, 1993; Ritz et al., 1996). The evolution

of ice geometry is determined by surface mass balance, basal melting, and ice flow.

Ice temperatures are predicted to account for their effect on rheology and basal

sliding. The local bedrock response to ice load is a simple relaxation toward isostasy

with a time constant of 5,000 years. Lithospheric flexure is modeled by linear elastic

deformation. In this version of the model, ice shelves are not simulated.

To couple the climate and ice-sheet models, we use an asynchronous technique

that consists of alternating AGCM and ice sheet integrations. To begin, GENESIS is

integrated for 30 yrs to produce a steady-state climate. Mean monthly meteorological

fields (i.e. surface air temperature, evaporation, and precipitation) from the last ten

years drive the ice-sheet model. Each ice-sheet model experiment is run for 200,000

yrs, though ice-sheet equilibria are typically reached after 50,000 yrs, and predicts

ice-sheet area, thickness, and isostatically adjusted continental topography. These

boundary conditions are incorporated into the AGCM, which is run for an additional
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20 yrs. Meteorological fields from the last ten years of this AGCM iteration drive

a final 200,000 yr iteration of the ice-sheet model. In our experience, two climate-

ice sheet iterations are sufficient to bring the system into equilibrium; additional

iterations have little effect on the climate and ice-sheet solutions.

In total, twenty-five Sakmarian (∼290 Ma) experiments were carried out with

different atmospheric pCO2 and orbital parameters. Experiments were developed

for five different atmospheric pCO2 levels: 0.5 (140 ppm), 1 (280 ppm), 2 (560 ppm),

4 (1120 ppm) and 8 (2240 ppm) × PAL. These values span the range reported

by Montañez et al. (2007) for the Permo-Carboniferous. At each pCO2 level five

experiments were developed with different orbital settings (Figure 1). The range of

orbital settings used in these experiments is based on the solar calculations of Berger

and Loutre (1991) for the last ten million years and represent seasonal insolation

extremes.

All other boundary conditions are identical between experiments, and were chosen

where possible to represent Sakmarian conditions. The paleogeography and paleoto-

pography are based on the Paleogeographic Atlas Project’s reconstruction for this

time interval (Ziegler et al., 1997). Because our objective is to estimate continental

ice, we modified the Sakmarian paleogeography by removing any prescribed conti-

nental ice. The ocean diffusive heat flux was set to a value that provides the best

simulation for the modern climate. The late Paleozoic solar luminosity was specified

as 1330.3 W m−2, 3% less than modern, in accordance with solar evolution models

(Gough, 1981). In the absence of proxy estimates for the late Paleozoic, trace gas

concentrations of CH4 (0.650 ppm) and N2O (0.285 ppm) were set to pre-industrial

levels.

To estimate the sea-level change represented by our ice volume simulations, we
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employ the methods of Crowley and Baum (1991) and Paterson (1994). The simu-

lated global ice volume in each experiment is converted to a water equivalent (WE)

assuming an ice density of 0.917 g/mL. We then estimate an isostatically adjusted

sea-level equivalent (IASLE) by:

IASLE = (1-k) × WE/ocean surface area

where k has a value of 0.284 (the ratio of seawater density to oceanic lithosphere

density). The isostatic adjustment approximates the response of the oceanic litho-

sphere to seawater loading/unloading. The Permian ocean surface area (386.4×106

km2) was calculated from the Sakmarian paleogeographic reconstruction.

2.4 Results

2.4.1 CO2 Sensitivity

Our experiments indicate that Gondwana ice volume varies significantly with

atmospheric pCO2 (Figures 2.1 and 2.2). Under all orbital conditions, significant

ice is simulated at pCO2 levels below 2 × PAL. At levels of 8 × PAL or higher, no

continental ice is simulated even in the most favorable orbit (Figure 2.1). In our

simulations, pCO2 controls ice volume through its influence on high-latitude surface

temperature (Figure 2.3). Significant ice volumes are simulated when high-latitude

surface temperatures remain below freezing through the year. At pCO2 levels greater

than 2× PAL, when surface temperatures exceed the melting point of ice, continental

ice disappears (for example, compare Figures 1 and 3a for NHWS case (green line)).

The CO2-ice volume relationship becomes highly non-linear as temperatures exceed

the freezing point because the average annual ablation rate (∼0.5 to 1.0 m ◦C−1) is

an order of magnitude greater than variations in annual snowfall.

The distribution of continental ice on Gondwana is also sensitive to atmospheric
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Figure 2.1: Simulated continental ice volume (107 km3) and isostatically adjusted sea-level equiva-
lent (IASLE) (m) under varying pCO2 levels and orbital configurations. The filled circles represent
the results from each equilibrium experiment. The various lines connect experiments with the same
orbital configuration.

pCO2. In all simulations, continental ice is distributed among multiple sheets on

Gondwana, including south-central Africa and southern Australia, consistent with

glacio-sedimentological reconstructions (Fielding et al., 2006). The location of the

principal ice spreading centers coincides with those areas whose basal temperatures

are sufficient to freeze the ice sheet to the surface and prohibit basal sliding. At low

pCO2, continental ice sheets are widespread, reaching nearly 35 ◦S, but are relatively

thin. At higher pCO2, continental ice extends to only 52 ◦S, but is concentrated in

two ice sheets with heights over 5 km (Figure 2). This variation in icesheet thick-
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ness at different CO2 concentrations is controlled by differences in precipitation over

Gondwana. The temperature increase induced by higher greenhouse gas concentra-

tions leads to a higher saturation vapor pressure, resulting in greater atmospheric

water vapor, and ultimately greater precipitation. The increase in precipitable snow

accumulation (up to ∼20 cm yr−1) at higher CO2 levels results in greater ice sheet

dome height. In these experiments, there is no direct relationship between the Sak-

marian paleotopography and the spreading center locations.

Figure 2.2: Southern Hemisphere continental ice thickness (m) response to atmospheric pCO2. The
orbital configuration (SHCS) is identical in all experiments. The pCO2 concentration is (a) 140,
(b) 280, (c) 560, (d) 1120, and (e) 2240 ppm. The dashed line in the polar projection map shows
the paleolatitude with a contour interval of 30◦.

2.4.2 Orbital Sensitivity

Orbital variations have a substantial impact on Pangean ice volume (Figure 2.1).

In the 2 × PAL CO2 experiment, for example, global ice volume varies from 4.19×106

km3 with a SHWS orbit to 1.19×108 km3 with a SHCS orbit. These differences
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in global ice volume mainly reflect changes in ice volume over Gondwana and are

controlled by high-latitude summer insolation in the Southern Hemisphere, which

varies from 520 W m−2 at 65 ◦S in the SHWS case to 375 W m−2 in the SHCS case.

Such variations in insolation produce marked monthly average surface temperature

differences (demonstrated at 65 ◦S in Figure 3b) and help to regulate ice-sheet growth

and ablation. In orbits that minimize NH summer insolation a small continental ice

sheet develops in northern Pangea, but its volume has a negligible effect on global

ice volume.

Figure 2.3: (a) Monthly average surface temperature at 65 ◦S for a range of pCO2 concentra-
tions during a Northern Hemisphere warm summer orbit (NHWS). (b) Monthly average surface
temperature at 65 ◦S at 2 × PAL pCO2 for various orbital configurations.

2.4.3 Sea-Level Change

Atmospheric pCO2 concentration and orbital variability have a significant effect

on potential sea-level change in the late Paleozoic. The total ablation of simulated

continental ice sheets in our experiments represents isostatically- adjusted sea-level

changes of up to 245 m (Figure 2.1). Assuming that Earth’s late Paleozoic orbital

variability was similar to that of the last 10 million years, our results predict large
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(∼100 m) sea-level changes on 104 year timescales at low pCO2. However, between

2 and 4 × PAL, substantial ice develops only at the most extreme orbits. As a

result, the frequency of sea-level change would have decreased, operating on 105 year

timescales (i.e., at times of high eccentricity and low obliquity). Above 4 × PAL,

large continental ice sheets are not simulated under any orbital condition, eliminating

the possibility of significant glacioeustatic change.

2.5 Caveats

To our knowledge, this study is the first to estimate late Paleozoic continental

ice over a large range of orbital and pCO2 conditions using an AGCM. A number of

simplifications and assumptions were made in the development and execution of our

experiments. To predict ice volumes under a range of orbital conditions, we have

simulated equilibrium ice sheets for specific orbits. In reality, equilibrium conditions

were probably never attained since orbital cycles are continuous with periods that

are smaller than ice-sheet equilibrium time. As such, the ice volumes attained in

our low CO2/CS (high CO2/WS) simulations are probably too large (small) because

they do not include time-marching orbital configurations. To address this issue we

are developing transient simulations with complete orbital cycles.

While the paleogeography of the late Paleozoic is reasonably well understood, the

paleotopography is not well constrained. Our simulations of continental ice are likely

to be sensitive to continental elevations, since surface temperatures are a function

of the environmental lapse rate. For this reason we used a conservative paleotopog-

raphy with no elevations above 1100 m. Additionally, the model neglects marine

ice (grounded below sea level) growing over continental shelves, thus preventing ice

formation in embayment areas that could buttress continental ice sheets and produce
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larger ice volumes.

Another potential limitation is our use of a slab ocean with modern ocean heat

fluxes. The specification of a different ocean heat transports has been shown to

alter the meridional surface temperature gradient in atmosphere-only GCMs of the

Mesozoic (e.g., Barron et al., 1993; Poulsen et al., 1999). However this strong link

between ocean heat transport and meridional temperature gradient does not exist

in ocean-atmosphere GCMs (Poulsen and Huynh, 2006). Consequently, it is not

clear what effect, if any, the specification of modern ocean heat fluxes has on our

simulation of the late Paleozoic ice sheets. We will pursue this issue using a coupled

ocean-atmosphere GCM in the future.

2.6 Discussion and Conclusion

This study provides predictions of late Paleozoic icesheet volumes under the in-

fluence of varying atmospheric pCO2 concentrations and orbital parameters. Below

2 × PAL, significant Gondwanan ice sheets are simulated for all orbits, though large

variations in ice volume exist (Figure 2.1). Above the 2 × PAL threshold large-scale

fluctuations in ice-sheet volume can only be expected during a SHCS orbit (Figure

2). This implies that at pCO2 values greater than 2 × PAL glacial/inter-glacial se-

quences would occur only at times of maximum eccentricity and minimum obliquity.

Above 4 × PAL, no significant continental ice is simulated.

The results presented here are broadly consistent with previous late Paleozoic

modeling studies (Crowley and Baum, 1991; Hyde et al., 1999; Herrmann et al.,

2003). Although our simulations predict multiple domes of ice, our maximum ice

volume (∼1.44×108 km3) is similar to the 1.5×108 km3 reported for the Carbonif-

erous by Hyde et al. (1999). However, our orbital sensitivity experiments indicate
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that ice volumes of this extent would have endured for no more than ∼104 yrs under

maximum SHWS insolation values. Our equivalent sea-level change estimates are

approximately in line with estimates of 45 to 190 m for the Carboniferous (Crowley

and Baum, 1991). Importantly, our IASLE results indicate that the magnitude and

frequency of sea-level change would have been very sensitive to the paleo-pCO2 with

maximum sea-level changes of ∼200 m at ∼560 ppm CO2.

The variability of ice-sheet volume has profound implications for late Paleozoic

sea-level change and cyclothem deposition. Cyclothems have previously been inter-

preted to represent at least 100 m of sea-level change (Crowell, 1999). Our results

indicate that at pCO2 concentrations at and below 4 × PAL, cyclothem deposition

would have been possible due to the orbitally driven waxing and waning of conti-

nental ice sheets (Figure 2.1). Above 4 × PAL, cyclothem deposition would have

ceased due to shrinking ice volumes (Figure 2.2); a prediction borne out by the dis-

appearance of late Paleozoic cyclothems in the Kazanian (Crowell, 1978; Veevers and

Powell, 1987) and coincident with rising atmospheric pCO2 (Montañez et al., 2007).

Under these pCO2-cyclothem thresholds we envision a late Paleozoic with active cy-

clothem deposition, similar to the glaciation model of Frakes et al. (1992) while CO2

remained at and below 4 × PAL. Above 4 × PAL, cyclothem deposition could not

have been caused by glacioeustasy, consistent with Isbell et al. (2003b).

In summary, the results presented here indicate persistent Gondwana glaciation

below 2 × PAL, and episodic Gondwanan glaciation up to 8 × PAL. These theoreti-

cal thresholds in conjunction with late Paleozoic proxy CO2 data indicate that both

the icehouse-greenhouse transition of the Permo-Carboniferous and the dynamic na-

ture of orbital scale climate change were most likely the consequence of changes in

greenhouse gas concentrations.
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CHAPTER III

Paradox of late Paleozoic glacioeustasy

3.1 Abstract

Models of Euramerican cyclothem deposition invoke orbitally driven glacioeustasy

to explain widespread cyclic marine and nonmarine late Paleozoic sedimentary se-

quences. Base-level fluctuations of ∼100+ m have been estimated for the deposition

of mid-continent North American subpycnoclinal black shales, subaerial exposure

relief of algal bioherms in the Sacramento Mountains, and Russian Platform carbon-

ates. Similar to the Pleistocene, these glacioeustatic fluctuations are thought to be

driven by variations in orbital parameters. To evaluate this hypothesis, a coupled

general circulation model-ice sheet model was used to simulate the effects of both

transient orbital changes and variable atmospheric pCO2 concentrations on late Pa-

leozoic continental ice sheets. In our model, large continental ice sheet inception is

simulated at and below pCO2 levels of 280 ppm. Model results predict that while

changing orbital parameters results in dynamic ice sheet behavior, the maximum

orbitally induced sea-level fluctuation is ∼25 m. The model also demonstrates that

the complete ablation of ice sheets formed at 280 ppm (∼7.9×107 km3, sea-level
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change 135 m) requires an increase in atmospheric pCO2 to levels greater than 2240

ppm. These results present a potential paradox: while our model is able to simu-

late widespread Gondwanan glaciation, it is unable to reproduce significant orbitally

driven glacioeustatic fluctuations without very large magnitude carbon cycle pertur-

bations. We discuss possible solutions to this paradox.

3.2 Introduction

The late Paleozoic ice age was Earth’s most extensive glaciation of the past 542

Ma. Episodic continental scale glaciation spanned a 60 Ma period (360-250 Ma

ago) and, at times, ice sheets extended from the South Pole to the present-day lat-

itude of Buenos Aires, Argentina (∼35 ◦S; Isbell et al. (2003); Crowley and Baum

(1992). The severity and persistence of this glaciation are attributed to two main

factors: (1) the coalescence of Africa, Antarctica, Australia, India, and South Amer-

ica about the austral pole, and (2) low atmospheric pCO2 concentrations (Kutzbach

and Gallimore, 1989; Crowley et al., 1989). The cumulative effects of a high-latitude

landmass, extreme continentality, and reduced greenhouse gases primed the late Pa-

leozoic paleoenvironment for glaciation.

The ice sheets of Gondwana left not only direct geological evidence of continen-

tal glaciation, but also indirect sedimentary signatures of their waxing and waning.

The presence of widespread Gondwanan glacial basins and temporally coincident

Laurentian cyclic sedimentary sequences has been used to infer that late Paleozoic

depositional environments were largely controlled by glacioeustasy (Crowell, 1978).

Glacioeustatic amplitudes are mainly based on depositional base-level fluctuations:

(1) coastal onlap fluctuations across Laurentia indicate 100-200 m of sea-level change
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(Ross and Ross, 1987), (2) subaerial exposure surfaces of southwestern North Amer-

ican algal bioherms indicate 80-100+ m (Soreghan and Giles, 1999), and (3) mid-

continent North American subpycnoclinal black core shales require 100 m of sea-level

change (Heckel, 1977). In addition, stable isotopic (δ18O) analyses of conodont ap-

atite extracted from shales of mid-continent North America indicate greater than

120 m of glacioeustatic change (Joachimski et al., 2006). Heckel (1986), building on

the work of Wanless and Shepard (1936), linked the glacioeustatic cyclicity of Eu-

ramerican sedimentary deposition systems to orbital insolation changes with periods

corresponding to Earth’s precession, obliquity, and eccentricity.

The goal of this study is to test Heckel (1986) hypothesis that late Paleozoic or-

bital insolation changes drove cyclic sea-level fluctuations. To that end, we use a

climate-ice sheet model to (1) simulate ice sheets whose volume and extent are in

agreement with available geologic evidence, (2) quantify the glacioeustatic fluctua-

tions induced by orbital insolation changes on the ice sheets, and (3) determine the

effect of a range of pCO2 concentrations on the mass balance of orbitally forced ice

sheets.

3.3 Methods

To determine the effects of orbital insolation changes on late Paleozoic ice sheets,

we designed a series of transient experiments using an atmospheric general circula-

tion model (GCM), GENESIS version 3.0 (Pollard and Thompson, 1995; Thompson

and Pollard, 1997), coupled to a three-dimensional ice sheet model. All experiments

include a Sakmarian (∼290 Ma ago) paleogeography (Ziegler et al., 1997) with av-

erage topographic elevations over Gondwana of ∼400 m. The experiments include a
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time-evolving orbital scheme (Figure 3.1) that is based on the Pliocene-Pleistocene

range and variation of precession, obliquity, and eccentricity (Berger and Loutre,

1991). The period of each orbital parameter has been approximated (20, 40, and 80

ka) for computational efficiency, and each experiment has been run for the equivalent

of four eccentricity cycles, or 320 ka. To encourage Southern Hemisphere ice sheet

formation, the orbital regime cycles through four Southern Hemisphere cold summer

orbits (SHCS; highest eccentricity, lowest obliquity, summer at aphelion). Using a

procedure similar to DeConto and Pollard (2003), orbitally forced GCM meteoro-

logical conditions are asynchronously coupled to the ice sheet model every 5 ka (see

Appendix 3.7.1). The resulting simulated ice sheet is fed back into the GCM and the

orbital parameters are updated prior to each subsequent GCM-ice sheet iteration.

Net sea-level changes are determined via a simple ice volume-mass balance-seawater

isostasy calculation. To determine late Paleozoic ice sheet-pCO2 initiation thresh-

olds, simulations utilizing our orbital regime were tested on a range of atmospheric

pCO2 concentrations (140, 280, 560, and 1120 ppm) consistent with proxy estimates

(Montañez et al., 2007).

3.4 Results

Large Gondwanan continental ice sheets are developed and sustained at pCO2

levels of 280 ppm and below (Figure 3.2A). These low pCO2 ice sheets gain most of

their volume in a single eccentricity cycle (80 ka), but ice continues to accumulate

at reduced rates throughout the simulations. In the 140 ppm simulation, permanent

ice is predicted in both the Northern and Southern Hemispheres, with Southern

Hemisphere (SH) ice sheets extending north from the austral pole to the present-

day latitude of Buenos Aires (35 ◦S). Under 280 ppm pCO2 concentrations, global



33

Figure 3.1: Orbital parameter regime used in coupled general circulation model-ice sheet model
simulations.Precession (PR), obliquity (OB), and eccentricity (EC) have sinusoidal periods of 20,
40, and 80 ka, respectively (after DeConto and Pollard (2003), and their values are based on Plio-
Pleistocene maxima and/or minima (Berger and Loutre, 1991). Ice volumes are predicted at 5 ka
intervals (as indicated by vertical lines), over four orbital cycles, or 320 ka (for complete methods
description, see Appendix 3.7.1).

ice sheet volume (∼7.9×107 km3) is similar to estimates of Last Glacial Maximum

ice volume, with continental ice sheets extending northward to ∼55 ◦S (present-day

latitude of Cape Horn). The continental ice sheets in both the 140 and 280 ppm pCO2

scenarios form from the coalescence of multiple deposition centers whose maximum

heights are in excess of 4 km (Figure 3.3), similar to modern-day Antarctic ice sheet

elevations.

At pCO2 concentrations of 560 ppm and above, only small coastal ice caps are

sustained, and total ice volumes are less than 10% of the 140 and 280 ppm simula-

tions. The ice-volume history of the 560 ppm case is notable. At this pCO2 level, a

small ice sheet (Figure 3.3D; ∼2.0×107 km3) forms rapidly (Figure 3.2A), but then

largely disappears after it passes through the maximum-insolation Southern Hemi-

sphere orbit at ∼70 and ∼90 ka. The ablation of this continental ice sheet is rapid,
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Figure 3.2: A: Time series of simulated ice volume and isostatically adjusted sea-level equivalent
(IASLE) variations at pCO2 levels of 140, 280, 560, and 1120 ppm. Blue highlights represent time
intervals of Southern Hemisphere cold summer orbits and red highlights represent time intervals
of the warmest Southern Hemisphere summer orbits. After approximately one orbital cycle (80
ka), 140 and 280 ppm ice sheet volumes have achieved quasi-equilibrium. Subsequent orbitally
induced ice volume and IASLE variations are minimal. B: Simulations initiated with the 280 ppm
quasi-equilibrium ice sheet. Concentrations of pCO2 are increased to 560, 1120, 2240, 3360, and
4480 ppm. Significant ice sheet ablation does not occur until pCO2 levels of 2240 are attained.
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but incomplete. The last vestige of 560 ppm ice is restricted to small, permanent,

coastal ice caps (Figure 3.3C), whose maintenance is ensured by their proximity to

moisture-laden maritime air masses and increased coastal accumulation rates. Far-

ther inland, the effects of continentality (reduced moisture and more severe seasonal

temperatures) push ablation rates beyond accumulation rates.

The dynamic response of continental ice sheet volume to our prescribed tran-

sient orbital insolation variations is modest. After approximately one orbital cycle

(80 ka), ice-volume quasi-equilibrium is established and subsequent orbitally driven

glacioeustatic changes are small (Figure 3.2A). At low pCO2 levels (140 and 280

ppm), orbitally induced insolation variations produce maximum sea-level changes of

∼10 m during one orbital cycle (80 ka). Greater glacioeustatic change is simulated

during the 560 ppm ice sheet collapse at ∼70 ka (green line in Figure 3.2A), though

this event is isolated. Within ∼60 ka the 560 ppm ice sheet loses 1.5×107 km3 of

ice, resulting in ∼25 m of sea-level rise. At lower pCO2 levels the large ice sheets are

less sensitive to orbital insolation changes due to the effects of both the ice-albedo

feedback and the ice-elevation feedback, which both work to produce lower average

surface temperatures.

For ice initiation purposes, our orbital scheme was slightly biased toward cold

Southern Hemisphere summers and did not include a true Southern Hemisphere

warm summer orbit (SHWS; highest eccentricity, highest obliquity, summer at peri-

helion). To verify that the lack of orbitally induced ice sheet ablation was not due to

the absence of this orbital configuration, we incorporated a SHWS orbit into each of

our pCO2 simulations. Each experiment was initialized with a transient, equilibrium

volume ice sheet that corresponds to its pCO2 level. The results of these experiments

indicate that during a SHWS orbit, continental ice sheets simulated at 140 and 280
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ppm slightly increase in size (0.4% and 0.9%), while the ice caps simulated at 560

ppm decrease in size (-13%).

Figure 3.3: Simulated late Paleozoic Southern Hemisphere continental ice extent. Quasi-equilibrium
ice thicknesses, representing state of ice sheets after 320 ka of integration, are plotted. A: 140 ppm
pCO2. B: 280 ppm pCO2. C: 560 ppm pCO2. D: Ice sheet thickness for 560 ppm case after 25 ka,
just prior to ice sheet collapse (see discussion in Results section in text for description).

The failure of orbital variations alone to induce high-amplitude glacioeustatic

changes suggests that similar to the Pleistocene, orbital changes were linked to the

carbon cycle through a positive feedback. In the Pleistocene, greenhouse gas con-

centrations have been shown to vary with glacial-interglacial cycles (Petit et al.,

1999). Carbon isotopic evidence of late Paleozoic atmospheric pCO2 levels is sparse,
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but proxy data point to variations of 1–8 × preindustrial levels throughout the late

Paleozoic (Montañez et al., 2007; Grossman et al., 2008). To determine if these

observed changes in pCO2 concentrations, coupled with our time-marching orbital

regime, could produce the glacioeustatic changes inferred from cyclothem deposits,

we submitted the 280 ppm quasi-equilibrium ice sheet (∼7.9×107 km3) to a range

of increased atmospheric pCO2 concentrations (i.e., 560, 1120, 2240, 3360, and 4480

ppm). Appreciable ice-volume changes occur at pCO2 concentrations in excess of

2240 ppm (Figure 3.2B). Increases in pCO2 from the 280 ppm base level to 3360 and

4480 ppm led to the rapid collapse (∼70 and 20 ka) of the ice sheet and ∼135 m

of sea-level rise. A smaller pCO2 increase, to 2240 ppm, reduced the ice volume by

26% and provided ∼40 m of sea-level change within a single orbital cycle (80 ka).

Lesser increases in pCO2 concentrations (less than 2240 ppm) had little effect on ice

volume and eustasy (Figure 3.2B).

The CO2 thresholds can be understood by estimating the greenhouse gas forc-

ing required for high-latitude continental temperatures on the ice sheet to reach the

melting point. Greenhouse gas forcing is a nonlinear value, which increases logarith-

mically as pCO2 levels exceed a reference value (in our case 280 ppm). Increased

radiative forcing, in turn, increases global temperatures and can have profound con-

sequences for ice sheet longevity if the melting threshold is surmounted. In our exper-

iments, average Southern Hemisphere summer (December, January, and February)

surface temperatures at 65 ◦S are -10.15 ◦C for the 280 ppm ice sheet, indicating

that at least 10 ◦C of warming is necessary to induce ice sheet ablation. In our

experiments, 10 ◦C of greenhouse gas-induced warming occurs at 65 ◦S when pCO2

concentrations rise above 2240 ppm (See Appendix, Supplementary Figure 3.7.1).
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3.5 Discussion and Conclusions

Our simulation of late Paleozoic glacial conditions presents a paradox. While our

simulation of large (greater than 100 m sea-level equivalent) continental ice sheets

is in good agreement with sedimentological evidence of Gondwanan glaciation, our

orbitally driven ice-volume changes are ∼10 m, much smaller than the late Paleozoic

glacioeustatic variations implied by both cyclothems and isotopic analyses. The

absence of significant continental-scale ice sheet ablation in the face of changing

orbital insolation poses a significant challenge to our current understanding of late

Paleozoic ice sheet dynamics.

The waxing and waning of Northern Hemisphere ice sheets throughout the Pleis-

tocene is thought to have produced sea-level changes of magnitudes (∼120 m; Fair-

banks (1989)) similar to those of the late Paleozoic. The cause of Pleistocene glacial-

interglacial cycles is still debated, but is generally thought to be due to a combination

of orbitally controlled insolation forcing and greenhouse gas fluctuations. Measure-

ments from Antarctic ice cores record pCO2 concentration changes of ±100 ppm that

are nearly coincident with the advance and retreat of Northern Hemisphere Pleis-

tocene ice sheets (Petit et al., 1999). Glacial-interglacial variations in greenhouse gas

concentrations are thought to originate from feedback mechanisms linked to orbitally

forced high-latitude climate change (Sigman and Boyle, 2000). If this is the case, it

is likely that the same feedback mechanisms were operating during the late Paleozoic

ice age. Our modeling results, however, indicate that Pleistocene-magnitude green-

house gas variations would have little effect on late Paleozoic glacioeustasy. Rather,

pCO2 increases in excess of 2000 ppm were required to cause substantial melting of

Gondwanan ice sheets.
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Unlike the Pleistocene, late Paleozoic pCO2 levels are not well constrained. The

carbon cycling models of Berner and Kothavala (2001) predict low pCO2 in the

late Paleozoic, but the temporal resolution (10 Ma) does not approach orbital pe-

riodicities. Carbon isotopic evidence (δ13C), derived from fossil organic matter and

pedogenic carbonates, indicates that late Paleozoic pCO2 was highly variable (±2000

ppm) throughout the late Carboniferous and into the middle Permian; however, the

temporal resolution of this record remains coarse (Montañez et al., 2007; Grossman

et al., 2008). Furthermore, a mechanism by which atmospheric pCO2 concentrations

could repeatedly fluctuate by 2000 ppm over orbital time scales is not known. The

only documented mechanism for producing rapid, large (750–26,000 ppm; Pagani

et al. (2006)) increases in atmospheric carbon is the dissolution of methane clathrates

during the Paleocene-Eocene thermal maximum. However, the long recharge rate of

clathrates would prevent repeated discharges on orbital time scales (Dickens et al.,

1995).

Previous climate modeling studies have suggested that changes in greenhouse

gas concentrations were not necessary to provide large glacioeustatic fluctuations

throughout the late Paleozoic. Simulations using an energy balance model (EBM)

coupled to an ice sheet model indicate that orbital insolation variations alone can

produce repeated ∼100 m sea-level fluctuations (Hyde et al., 1999). We cannot say

with certainty why our results differ from those using an EBM; however, we suspect

that differences in the paleoboundary conditions and/or the treatment of ablation

and precipitation rates in the calculation of mass balance over the ice sheet might

be responsible. For example, unlike our model where precipitation over Gondwana

is explicitly calculated, EBM precipitation rates are based on prescribed modern

precipitation rates (Hyde et al., 1999). Predictions of equilibrium ice sheets made
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using GCM-ice sheet models with fixed (nontransient) orbital conditions have also

been used to infer large late Paleozoic glacioeustatic fluctuations (of as much as 245

m; Horton et al. (2007)). However, our new results indicate that these estimates are

too large. The reason is straightforward: in the fixed-orbit experiments, there is no

preexisting ice sheet to influence the final mass balance. In contrast, in our transient

experiments, the preexisting ice sheet (simulated during the previous orbital step)

has a substantial influence on local conditions due to temperature-elevation and

ice-albedo feedbacks. Orbitally driven insolation changes are not large enough to

overcome these local ice sheet effects; consequently, orbital changes produce only

small ice-volume fluctuations.

The lack of large orbitally induced ice-volume changes and the improbability of

repeated 2000 ppm atmospheric pCO2 fluctuations have potential implications for

the late Paleozoic climate system and for ice sheet dynamics in general. Using the

Pleistocene as an analogue, and recognizing that our model demonstrates sufficient

ice sheet volume growth, but insufficient ice sheet ablation, may indicate model limi-

tations. Outside of orbitally driven greenhouse gas feedbacks, the glacial-interglacial

cyclicity observed in the Pleistocene is thought to have been aided by feedbacks

that destabilized large portions of the ice sheet, leading to rapid collapse. Mecha-

nisms theorized to have led to rapid Pleistocene ice sheet collapse include subglacial

sediment destabilization (MacAyeal, 1993; Clark and Pollard, 1998), reorganization

of the ocean’s thermohaline circulation (Maslin et al., 2001), and the removal of

coastal sea-ice buttressing (Rignot and Thomas, 2002). None of these mechanisms

is explicitly accounted for in our simulations, and therefore may prove integral to

the accurate representation of late Paleozoic glacial-interglacial cycles. In the fu-

ture we intend to test the effects of dynamic ocean currents, sea-ice buttressing, and
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basal sliding sensitivity to determine the most probable explanation for observed late

Paleozoic glacioeustatic amplitudes and to explore the applicability of Pleistocene

feedback mechanisms to the late Paleozoic ice age. Alternatively, our lack of large

glacioeustatic change could also indicate that the Pleistocene Northern Hemisphere

glacial-interglacial cycles may not be a good analogue for late Paleozoic glaciation.

Gondwanan ice sheets occupied higher land-based latitudes (∼40–90 ◦S) than the

waxing and waning Northern Hemisphere ice sheets (∼40–75 ◦N) of the Pleistocene.

The Pleistocene East Antarctic Ice Sheet, which is land based at higher latitudes

(∼65–90 ◦S) and is thought to have varied very little during Northern Hemisphere

glacial-interglacial phases (Denton et al., 1993), may be a more appropriate ana-

logue, in which case nonuniformitarian processes (e.g., very large perturbations of

the carbon cycle) may have driven late Paleozoic glacioeustatic fluctuations. The

resolution of this late Paleozoic paradox is fundamental for understanding the pro-

cesses that drive glacioeustatic cyclicity and late Paleozoic climate change (Poulsen

et al., 2007; Peyser and Poulsen, 2008), and is relevant to our current understanding

of the climate-cryosphere system.
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3.7 Appendix

3.7.1 Model and Methods

Late Paleozoic experiments were completed using the GENESIS atmospheric gen-

eral circulation model (AGCM) version 3.0 coupled to a three-dimensional dynamic

ice-sheet model. GENESIS consists of an AGCM coupled to a land-surface model

with multi-layer models of vegetation, soil or land ice, and snow. The AGCM has

a spectral resolution of T31 (3.75◦×3.75◦) and 18 vertical levels. The land-surface

grid has a resolution of 2×2◦. Sea-surface temperatures and sea ice are computed

using a 50-m slab oceanic layer with diffusive heat flux (Pollard and Thompson, 1995;

Thompson and Pollard, 1997). The thermo-mechanical ice-sheet model operates on

a 1×2◦ surface grid (DeConto and Pollard, 2003), and is based on the vertically in-

tegrated continuity equation for ice mass (Huybrechts, 1993; Ritz et al., 1996). The

evolution of ice geometry is determined by surface mass balance, basal melting, and

ice flow. Ice temperatures are predicted to account for their effect on rheology and

basal sliding. The time step of the ice-sheet model is one year. The local bedrock

response to ice load is a simple relaxation toward isostasy with a time constant of

5,000 years. Lithospheric flexure is modeled by linear elastic deformation. In this

version of the model, ice shelves are not simulated.

For the purpose of this study, we have simplified the periods of each orbital pa-

rameter such that eccentricity, obliquity, and precessional periods occur every 80,

40, and 20 ka, respectively (Figure 4.1; DeConto and Pollard (2003)). To couple the

climate and ice-sheet models, we use an asynchronous technique that consists of al-

ternating AGCM and ice-sheet integrations. To begin, GENESIS is integrated with
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specified orbital conditions (Figure 3.1) for 30 yrs to produce a steady-state climatol-

ogy. Mean monthly meteorological fields (i.e. surface air temperature, evaporation,

and precipitation) from the last ten years of the GENESIS run are then used to

drive the ice-sheet model. Each ice-sheet model experiment is run for 5,000 yrs and

predicts ice-sheet area, thickness, and isostatically adjusted continental topography.

These new boundary conditions and updated orbital conditions are incorporated into

the subsequent AGCM iteration. After the initial iteration, the AGCM is run in 15

yr segments and the meteorological fields from the last ten years are passed to the

ice-sheet model. For each experiment, this scheme is repeated 48 times representing

320 ka and 4 eccentricity cycles.

Experiments were developed for four different atmospheric pCO2 levels: 0.5 (140

ppm), 1 (280 ppm), 2 (560 ppm), and 4 (1120 ppm) × PAL. The 4 × PAL experiment

was discontinued after ∼240 ka due to the lack of significant continental ice volume.

These CO2 values were chosen to span the range of late Paleozoic pCO2 reported by

Montañez et al. (2007).

Besides pCO2, all other boundary conditions are identical between experiments,

and were chosen where possible to represent Sakmarian conditions. The paleogeog-

raphy and paleotopography are based on the Paleogeographic Atlas Project’s recon-

struction for this time interval (Ziegler et al., 1997). Because our objective is to

estimate continental ice, we modified the Sakmarian paleogeography by removing

any prescribed continental ice. The ocean diffusive heat flux was set to a value that

provides the best simulation for the modern climate. The late Paleozoic solar lu-

minosity was specified as 1330.3 W m−2, 3% less than modern, in accordance with

solar evolution models (Gough, 1981). The range of orbital settings used in these ex-

periments is based on the solar calculations of Berger and Loutre (1991) for the last
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ten million years. In the absence of proxy estimates for the late Paleozoic, trace gas

concentrations of CH4 (0.650 ppm) and N2O (0.285 ppm) were set to pre-industrial

levels. To estimate the sea-level change represented by our ice volume simulations,

we employ the methods of Crowley and Baum (1991) and Paterson (1994). The sim-

ulated global ice volume in each experiment is converted to a water equivalent (WE)

assuming an ice density of 0.917 g/mL. We then estimate an isostatically adjusted

sea-level equivalent (IASLE) by:

IASLE = (1-k) × WE/ocean surface area

where k has a value of 0.284 (the ratio of seawater density to oceanic lithosphere

density). The isostatic adjustment approximates the response of the oceanic litho-

sphere to seawater loading/unloading. The Permian ocean surface area (386.4×106

km2) was calculated from the Sakmarian paleogeographic reconstruction.

Supplementary Figure 3.7.1: First order approximation of radiative forcing and temperature change.
Radiative forcing (RF) describes the net change in incoming radiation versus out going radiation
and is calculated from a reference pCO2 level (C◦=280 ppm) [RF = 5.35 × (ln(C/C◦))]. The
temperature change is based on the equilibrium climate sensitivity (λ = 0.8), which refers to the
equilibrium change in surface air temperature following a unit change in radiative forcing [δT = λ
× RF] (Myhre et al., 1998; IPCC, 2007).
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CHAPTER IV

Influence of high-latitude vegetation feedbacks on late
Palaeozoic glacial cycles

4.1 Abstract

Glaciation during the late Palaeozoic era (360–250 Myr ago) is thought to have

been episodic, with multiple, often regional, ice-age intervals, each lasting less than

10 million years. Sedimentary deposits from these ice-age intervals exhibit cycli-

cal depositional patterns, which have been attributed to orbitally driven glacial-

interglacial cycles and resultant fluctuations in global sea level. Here we use a cou-

pled general-circulation/biome/ice-sheet model to assess the conditions necessary for

glacial-interglacial fluctuations. In our simulations, ice sheets appear at atmospheric

pCO2 concentrations between 420 and 840 ppmv. However, we are able to simu-

late ice-sheet fluctuations consistent with eustasy estimates and the distribution of

glacial deposits only when we include vegetation feedbacks from high-latitude ecosys-

tem changes. We find that ice-sheet advances follow the expansion of high-latitude

tundra during insolation minima, whereas ice retreat is associated with the expansion

of barren land close to the edge of the ice sheets during periods of high insolation.

Official citation:
Horton, D. E., C.J. Poulsen, and D. Pollard, (2010). Influence of high-latitude vegetation feedbacks on late Palaeo-
zoic glacial cycles Nature Geoscience, v.3, p.572-577, doi:10.1038/NGEO922 Copyright 2010 Macmillan Publishers
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We are unable to simulate glacial-interglacial cycles in the absence of a dynamic veg-

etation component.We therefore suggest that vegetation feedbacks driven by orbital

insolation variations are a crucial element of glacial-interglacial cyclicity.

4.2 Introduction

The late Palaeozoic ice age (LPIA; 360–250 Myr ago) has conventionally been

characterized as a time of protracted continental-scale glaciation (Crowell, 1978;

Veevers and Powell, 1987; Heckel, 1986; Wanless and Shepard, 1936). This view

was shaped by interpretations of Northern Hemisphere transgression-regression se-

quences (cyclothems) that required hundreds of metres of eustatic change (Crowell,

1978; Veevers and Powell, 1987; Heckel, 1986; Wanless and Shepard, 1936), and was

supported by early efforts to model Gondwanaland ice sheets (Crowley and Baum,

1992; Hyde et al., 1999). Improved dating resolution of Gondwanan glacial deposits

(Isbell et al., 2003; Fielding et al., 2008) and the development of geochemical proxy

records (Ekart et al., 1999; Montañez et al., 2007) have led to the alternative view

that continental-scale glaciation was the exception rather than the rule (Isbell et al.,

2003; Fielding et al., 2008). This view of the LPIA suggests that multiple distinct

regional-scale glacial intervals (<10 Myr) coincided with low (<1,000 ppmv) atmo-

spheric pCO2 and that intraglacial climate variability was driven by orbital insolation

fluctuations that led to ice-sheet growth and retreat (Isbell et al., 2003; Fielding et al.,

2008).

The conclusion that late Palaeozoic glaciation was episodic and regional is based

on the observation that Gondwanaland glaciogenic basins are spatially disparate (lo-

cated in Africa, Antarctica, Australia, India and South America) and temporally
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diverse (Isbell et al., 2003; Fielding et al., 2008). This temporal heterogeneity indi-

cates that the LPIA ice sheets were typically not continental in scale (Isbell et al.,

2003). This evidence, supporting lower-volume regional glaciation, has led to a

re-analysis of glacioeustatic interpretations. In a summary, 80% of all studies (64

total) indicate that global sea-level changes ranged from 5-to-60 m throughout the

LPIA, whereas the total range from all studies is 5-to-250 m, reflecting the difficulty

inherent in making palaeoeustasy calculations (Rygel et al., 2008). Uncertainties

in palaeo-eustasy calculations arise from a number of complicating factors, among

them, accounting for changes in local/regional tectonics, predicting the evolution of

shoreline geometry and estimating the gravitational effect of the redistribution of

land-based ice and the solid Earth (Kopp et al., 2009).

Modelling studies have demonstrated that late Palaeozoic palaeogeography and

low pCO2 produce below-freezing summer surface temperatures that favour accu-

mulation of ice sheets that span the Gondwana supercontinent (Crowley and Baum,

1992; Hyde et al., 1999; Horton et al., 2007; Horton and Poulsen, 2009). Owing to

feedbacks associated with their height and high surface albedo, large ice sheets have

cold surface conditions that are not susceptible to changes in orbital insolation or

reasonable increases in pCO2 (Horton and Poulsen, 2009). At higher pCO2, summer

ablation outcompetes accumulation and only small ice sheets are simulated. This

presents a paradox; ice sheets of adequate size to account for inferred LPIA eustasy

fluctuations are too stable, whereas smaller, orbitally sensitive ice sheets do not rep-

resent sufficient volumes of water to account for observed eustatic changes (Horton

and Poulsen, 2009). In this study, we demonstrate that the incorporation of ecosys-

tem feedbacks in a coupled general circulation model (GCM)/ice-sheet model allows

for the simulation of ice sheets that are sufficiently large and sensitive to orbital
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variations.

4.3 Climate, ice-sheet, & vegetation response to orbital forcing

To evaluate the effects of changing vegetation on the LPIA, we couple the BIOME4

ecosystem model to the GENESIS GCM/icesheet model used in previous late Palaeo-

zoic simulations (see Methods section 4.7; Horton and Poulsen (2009); Horton et al.

(2007)). GENESIS includes atmosphere, land-surface, mixed-ocean and sea-ice cli-

mate components. Experiments were developed using an Early Permian (Sakmar-

ian, about 290 Myr ago) palaeogeographic-palaeotopographic reconstruction (Ziegler

et al., 1997) and reduced solar luminosity in accordance with solar evolution models

(Gough, 1981). Transient changes in the orbital parameter configuration are applied

at 5 kyr intervals to simulate the spectrum of orbital variation observed throughout

the past 10 Myr (Berger and Loutre, 1991). Atmospheric pCO2 concentrations of 420,

560 and 840 ppmv are prescribed consistent with proxy pCO2 estimates during LPIA

glacial intervals (Ekart et al., 1999; Montañez et al., 2007). To isolate the climatic

effects of changing vegetation, two experiments were run for each pCO2 experiment

with (1) static land-surface vegetation or (2) the BIOME4 dynamic ecosystem model.

BIOME4 ecosystem types are determined yearly, using GCM averages of monthly

mean temperature, sunshine and precipitation, as well as soil texture and pCO2 con-

centration (Kaplan et al., 2003; Haxeltine and Prentice, 1996; Harrison and Prentice,

2003). BIOME4 predicts 27 distinct modern ecosystems and has been shown to suc-

cessfully simulate ecosystem distributions in the modern (Kaplan et al., 2003) and

at the Last Glacial Maximum (Harrison and Prentice, 2003). The floral composi-

tions of late Palaeozoic ecosystems are not known in detail, but were distinct in
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many respects from modern vegetation types (DiMichele et al., 2001, 2009; Falcon-

Lang, 2004; Falcon-Lang et al., 2009; Retallack, 1999). To address this issue we have

eliminated grasslands as a potential ecosystem type, as they had not yet evolved

(Strömberg, 2005), while assuming that the remainder of late Palaeozoic ecosys-

tems/plant types were analogous to the physiology of modern ecosystems/vegetation

types that evolved in similar environmental conditions (see Appendix 4.8.1). A sim-

ilar approach to palaeovegetation reconstruction was used to examine late Palaeo-

zoic tropical climate-vegetation interactions in low-latitude Pangaea (Poulsen et al.,

2007). For presentation purposes, BIOME4’s 27 ecosystem types have been con-

densed into eight mega-biomes and land-based ice in Figure 4.1.

At 420 ppmv pCO2, with dynamic vegetation, multiple ice spreading centres form

over southern Gondwana and coalesce into a single supercontinental ice sheet with

an average height in excess of 2,900 m. In non-dynamic vegetation simulations with

560 ppmv pCO2, ice volume (Figure 4.1a) and extent are significantly reduced, with

localized ice centres concentrated mainly along the Panthalassan coast. Simula-

tions of both dynamic and non-dynamic vegetation at 840 ppmv pCO2 predict no

significant terrestrial ice. In comparison with these experiments that produce too

much or too little ice (Figure 4.1b), the 560-ppmv-pCO2 simulation with dynamic

vegetation compares well to observed locations of glaciogenic deposits (Isbell et al.,

2003) (Figure 4.2). A single ice-spreading centre forms in southern Africa and west-

ern Antarctica, whereas discrete spreading centres form in South America coastal

Australia and northern Siberia.

At pCO2 of 420 ppmv, with dynamic vegetation, ice sheets rapidly grow to vol-

umes that are sufficiently large to be insensitive to variations in orbital forcing (Fig-

ure 4.1b). In the 560-ppmv-pCO2 simulation without dynamic vegetation, the growth
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Figure 4.1: Time series of insolation, ice volume, sea level and terrestrial ecosystems. (a) Southern
Hemisphere (65–70 ◦S) summer insolation (orange/grey lines) and ice volume for the 560-ppmv-
pCO2 simulations with (blue line) and without (red line) a dynamic ecosystem model. The grey line
shows the actual insolation sequence used by the model, resulting from the asynchronous coupling
scheme and its 5 kyr time step (see Methods section 4.7). The vertical grey bars correspond to
the biome time-slices presented in c-f. Note that in the case with dynamic vegetation, ice-volume
fluctuations typically correspond with maxima and minima in insolation. (b) Ice volume predicted
for dynamic ecosystem experiments with 420, 540 and 840 ppmv pCO2. (c–f), Early Permian
(Sakmarian, about 290 Myr ago; Ziegler et al. (1997)) biome predictions for four time intervals, 85,
95, 210 and 235 kyr. At the insolation minimum (c) the tundra ecosystem expands northward to
60 ◦S. In medium insolation orbits (e) boreal forests dominate the high latitudes. During periods
of high insolation (d,f) ice-proximal barren lands expand.

and ablation of Gondwanan ice sheets in response to orbital forcing contributes less

than 2 m of glacioeustatic change (Figure 4.1a). In contrast, with the incorporation

of dynamic vegetation, orbitally driven glacial- interglacial glacioeustatic fluctuations

of ∼33 m are simulated (Figure 4.1a), which represent both expansion/contraction

and thickening/ thinning of Gondwanan ice sheets. Land-based ice volume increases

when Southern Hemisphere high-latitude (65–70 ◦S) summer (December, January

and February) insolation is at a minimum (mean insolation ∼415 W m−2), whereas
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ice volume typically decreases when summer insolation is at a maximum (mean inso-

lation ∼520 W m−2; Figure 4.1a). These insolation changes drive changes in ambient

temperature that are amplified by vegetation feedbacks.

4.4 Orbitally-driven vegetation feedbacks

Lower-than-average summer insolation facilitates expansion of tundra into areas

previously dominated by boreal forests (Figure 4.1c). In BIOME4, tundra replaces

boreal forest ecosystem when the sum of growing-degree-day temperatures above

0 ◦C (GDD0; time-integral of temperatures above 0 ◦C) falls below ∼800 and the

net primary productivity decreases below the 140 g m−2 threshold (Kaplan et al.,

2003). The replacement of two-storey boreal forest with single-storey lower canopy

tundra allows snow cover to persist through the summer unmasked by trees, which

increases surface albedo and cools the periglacial environment. The net effect of

tundra expansion and lengthened summer snow coverage is a 20–30% increase in

summer surface albedo (Figure 4.3a), which decreases periglacial summer temper-

atures by 6–10 ◦C (Figure 4.3b). Vegetation change and persistent snow coverage

magnify the insolation-induced cooling, decreasing summer snow melt (Figure 4.3c)

and ultimately allowing land-based ice accumulation (Figure 4.1a).

Rapid ablation of land-based ice in the 560-ppmv-pCO2 dynamic vegetation sim-

ulation occurs when Southern Hemisphere summer insolation is at a maximum (Fig-

ure 4.1a). Warm summer temperatures facilitate the expansion of barren lands along

the ice margins (Figure 4.1d). BIOME4 simulates barren lands when the number of

GDD0 exceeds 800 and there is insufficient soil moisture to support boreal forests

(Kaplan et al., 2003). The expansion of non-vegetated land cover leads to a drawdown

of available soil moisture (Figure 4.3d) resulting in reduced summer latent heat flux
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and increased sensible heating in the ice-proximal environment (Figure 4.3e). This

anomalously high sensible heat flux increases summer temperatures at ice frontal

margins by up to 4 ◦C (Figure 4.3f) and ultimately leads to melting. Although this

vegetation/ice-ablation feedback successfully leads to deglaciation during Southern

Hemisphere summer insolation maxima 95, 235 and 255 kyr ago, significant ice loss

is not simulated 175 kyr ago (Figure 4.1a). This lack of ablation is attributed to a

5% decrease in barren land area, a 4.5% increase in ice volume and a 7% increase

in ice area, compared with the 95 kyr iteration (Figure 4.4). Owing to an increase

in local albedo and a decrease in summer sensible heat flux, these differences lead

to lower high-latitude temperatures and a reduced melt susceptibility to orbitally

driven insolation changes. This missed deglaciation underscores the sensitivity of

nonlinear systems to stochastic elements and demonstrates that subtle variations in

ice extent, local climate and ecological factors can cause glacial and deglacial cycles

to diverge from orbital pacing.

4.5 Comparison with the LPIA geologic record

Our results demonstrate that the pCO2 window allowing for large ice sheets that

are sensitive to orbital fluctuations is relatively narrow (420–840 ppmv). This range

of atmospheric pCO2 is consistent with calculations based on the isotopic composi-

tion of soil carbonates during periods of late Palaeozoic glaciation (Ekart et al., 1999;

Montañez et al., 2007). Although our model simulates ice in most late Palaeozoic

glaciogenic basins (Isbell et al., 2003), it does not predict ice in northern South Amer-

ica, northern Africa, the Arabian Peninsula, India or western Australia. It is likely

that the lack of ice in these regions is due to our specification of palaeogeography and
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Figure 4.2: Maximum simulated Southern Hemisphere ice extent in the 560-ppmv-pCO2 dynamic
vegetation simulation at 175 kyr. The location of simulated ice is in agreement with glacial evi-
dence found in (A) South America (Paraná, Chaco-Paraná, Paganzo, Calingasta-Uspallata, Sauce
Grande, San Rafael, Teupel and Golondrina basins), (B) Africa (Congo, Haub, Tanzanian, Zambesi,
Limpopo, Kalahari, Warmbad and Karoo basins), (C) the Falkland Islands, (D) Antarctica (Heime-
frontfjella and Victorialand basins and the Ellsworth, Pensecola and central Transantarctic moun-
tains) and (E) Australia (Murray, Oaklands, Tasmanian, Bowen-Gunnedah, Sydney and Tamworth
belt basins) (Isbell et al., 2003).

palaeotopography (Ziegler et al., 1997). (1) The Sakmarian reconstruction represents

one snapshot in time, and does not account for the evolution of palaeogeography (for

example, drifting of continents) or palaeotopography (for example, orogenic events)

throughout the late Palaeozoic. (2) Climate modelling studies have shown that un-

certainties in late Palaeozoic palaeogeographic reconstructions are substantial enough

to alter the climate (Fluteau et al., 2001) and therefore may influence the location

of ice accumulation. (3) The location and elevation of plateaux and alpine regions

in the late Palaeozoic are not well constrained. The existence of relatively low high-

latitude plateaux that would not violate any geological constraints could explain the

existence of ice sheets where our model failed to simulate them. To illustrate this
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point, we carried out further experiments, in which plateaux of modest elevations

(that is, 1,000–1,500 m) were added to areas of the Australian continent on which

glaciogenic sedimentation has been observed (Eyles et al., 2002). The addition of

these plateaux led to the growth of small ice sheets (∼2×106 km3) in areas that were

previously ice free.

Glacioeustatic fluctuations of ∼33 m represent a significant proportion of the 5–60

m range of observed LPIA eustasy change. Owing to the (static) palaeogeography

and (conservative) palaeotopography employed in our simulations, the magnitude of

this glacial component should be considered a lower estimate. An increase in land

area near the austral pole or the addition of highlands could increase the glacial

contribution to total eustasy. For example, the Australian plateau ice-growth exper-

iments increase the potential glacioeustatic change by ∼5 m.

Palaeovegetation studies of low-latitude depositional systems report dynamic ecosys-

tem fluctuations throughout the LPIA (DiMichele et al., 2001, 2009; Falcon-Lang,

2004; Falcon-Lang et al., 2009). These ecological changes are interpreted to corre-

spond to Southern Hemisphere glacial advance and retreat. Studies of high-latitude

palaeovegetation demonstrate an interchange between tundra and forest ecosystems,

which is interpreted to be driven by periodic climate deterioration and ameliora-

tion (Retallack, 1999). These observed palaeofloral fluctuations are consistent with

the LPIA BIOME4 simulations of dynamic vegetation. Ecosystem variability in the

560-ppmv-pCO2 dynamic vegetation simulation is regionally complex, but generally

demonstrates aridification in low latitudes coincident with decreasing ice volume and

variable dominance of boreal forest, tundra and barren lands in the periglacial envi-

ronment coincident with glacial advance and retreat (Figure 4.1b–e and 4.4). High-

latitude periglacial vegetation fluctuations correspond to changes in orbital forcing
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Figure 4.3: Climatic anomalies at the summer insolation minimum and maximum. The effects of
ecosystem change at the insolation minimum (85 kyr; Figure 4.1c) on surface albedo (a), surface air
temperature (b) and snow fraction (c) and at the insolation maximum (95 kyr; Figure 4.1d) on soil
moisture (d), surface sensible heat flux (e) and surface air temperature (f). Southern Hemisphere
summer anomalies are calculated as the difference from the average conditions over one complete
orbital cycle (85–165 kyr).

and indicate no hysteresis behaviour.

4.6 Vegetation is king?

Although orbitally driven ecosystem feedbacks can account for a considerable

portion of the estimated sea-level fluctuations, it is likely that other feedback mech-

anisms not considered here, involving greenhouse gases, ocean circulation and/or

dust, contributed to LPIA glacial-interglacial fluctuations. Plio-Pleistocene glacial-

interglacial cycles, for example, were accompanied by changes in pCO2 concentra-
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tions of up to ∼100 ppmv (Stott et al., 2007). A previous study of Last Glacial

Maximum climate notes that whereas pCO2 has a larger influence on global tem-

perature, vegetation feedbacks can dominate the temperature response on localized

scales (Jahn et al., 2005). To quantify the local high-latitude surface heat response

to changes in pCO2 during the late Palaeozoic, we ran another experiment (using or-

bital/biome conditions from the 90 to 95 kyr time slice, Figure 4.1a) in which pCO2

was increased from 560 to 660 ppmv, but vegetation was not allowed to change. The

local surface heat response to increased pCO2 ranged from 0 to 1.5 W m−2 near the

ice-sheet margin. In comparison, the transition from boreal forest to barren land

at the same time yielded a 6 to 12 W m−2 increase in surface heating near the ice

margin. These results indicate that variations in greenhouse gas concentrations con-

tributed to orbitally paced insolation amplification, but probably played a secondary

role to high-latitude ecosystem change in driving LPIA glacial-interglacial cycles.

This conclusion is supported by the observation that Plio-Pleistocene greenhouse

gas variations mostly lagged glacial-interglacial fluctuations (Stott et al., 2007). The

contributions of ocean circulation changes and dust flux to late Palaeozoic glacial-

interglacial changes are unresolved. Previous ocean-atmosphere studies suggest that

the ocean responds dynamically to orbital cycles, although the surface heat response

to these changes is typically small (for example, Lee and Poulsen (2005)). The net

radiative effect of increased dust flux during glacial periods is uncertain, with sur-

face dust deposited on ice and snow decreasing the albedo, and airborne dust both

reducing the amount of insolation reaching Earth’s surface and altering the absorp-

tion/reflection properties of clouds (Bar-Or et al., 2008).

Previous studies using either GCMs without dynamic icesheet models (Gallimore

and Kutzbach, 1996; Crucifix and Hewitt, 2005) or Earth models of intermediate
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Figure 4.4: Time series of global ice volume and ecosystem coverage variability from 65-to-70
◦S. Dominant ice-proximal ecosystem type varies with and amplifies insolation-driven temperature
change. Ice volume increases when tundra expands and decreases when barren land expands.

complexity with (Meissner et al., 2003; Kubatzki et al., 2006) and without (Claussen

et al., 2006) dynamic ice-sheet models have explored the effects of vegetation on Qua-

ternary climates. These studies demonstrate that vegetation feedbacks are important

for glacial inception (for example, Kubatzki et al. (2006)) and suggest that the ad-

vance and retreat of Northern Hemisphere boreal forests may have amplified the

temperature response to orbital insolation change through vegetation-snow-albedo

feedbacks. Using a coupled GCM/biome/ice-sheet model, this study demonstrates

that orbitally forced vegetation feedbacks amplify the ice-sheet response to both

insolation minima and maxima, and thus permit long-term glacial-interglacial fluc-

tuations. So far, the simulation of LPIA and Plio-Pleistocene glacial-interglacial

cycles has been a major challenge for dynamic climate/ice-sheet models (Charbit

et al., 2007; Horton and Poulsen, 2009). The omission of high-latitude vegetation

feedbacks might be an important reason.
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4.7 Methods

The simulations presented in this study use the Genesis version 3.0 atmospheric

GCM synchronously coupled to the BIOME4 ecosystem model and asynchronously

coupled to a three-dimensional dynamic ice-sheet model. The Genesis GCM includes

dynamic atmosphere, land-surface, sea-ice and slab-ocean components (Thompson

and Pollard, 1997; Pollard and Thompson, 1995). The atmospheric GCM has a spec-

tral resolution of T31 (3.75◦×3.75◦) and 18 vertical levels. The land surface has a

2◦×2◦ grid spacing. BIOME4 is a coupled carbon and water flux model that pre-

dicts global steady-state vegetation distribution, structure and biogeochemistry at a

2◦×2◦ resolution (Harrison and Prentice, 2003; Haxeltine and Prentice, 1996; Kaplan

et al., 2003). The thermomechanical ice-sheet model is based on the vertically inte-

grated continuity equation for ice mass and predicts ice-geometry evolution through

surface-mass-balance, basal-melting and ice-flow calculations on a 1◦×2◦ surface grid

(DeConto and Pollard, 2003). Orbitally driven climate changes were simulated us-

ing an asynchronous transient ice-sheet/atmosphere coupling scheme (Horton and

Poulsen, 2009), which consists of alternating short (15 yr) GCM-biome integrations

and long (5 kyr) ice-sheet integrations. Between the integration of each component,

updated boundary conditions (that is, meteorological information to the ice-sheet

model or ice geometry to the GCM-biome model) are passed from one model com-

ponent to the other, and orbital parameters are updated. Each transient experiment

was run over multiple orbital cycles and represents 275 kyr or 55 iterations. A full

discussion of individual model components and the coupling scheme can be found in

the Supplementary Methods (Appendix 4.9.2).
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4.9 Appendix

4.9.1 Supplementary Discussion

Knowledge of late Paleozoic ecosystems on a global scale is limited. The removal

of the grassland ecosystem, including tropical and temperate-grasslands and savan-

nah, from BIOME4 is consistent with evidence suggesting that grasslands did not

become ecologically dominant until the early Oligocene (34 Ma; Strömberg (2005).

In our late Paleozoic BIOME4 simulations the temperate grassland niche, which is

characterized by low temperature (GDD0<800) and arid conditions, is replaced by

the barren land ecosystem. While the removal of grasses form BIOME4 is consistent

with the geological record, it is possible that an ecosystem with similar physiological

characteristics to modern temperate grasslands occupied the high-latitude barren

lands simulated during the LPIA. To determine the climatic effects of changing from

a barren land to a temperate grassland ecosystem, we simulated one complete orbital

cycle (80 ka) using the GENESIS-BIOME4-ice sheet model with grassland ecosys-

tems enabled in BIOME4. Similar to our BIOME4 simulations without grassland

ecosystems, ice sheet volumes wax and wane (Supplementary Figure 4.9.1). While

the magnitude of ice volume change is slightly less pronounced (4% difference in

total volume change) than simulations with the barren land ecosystem, the net ef-
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fect is similar. Our supplemental experiments indicate that should a late Paleozoic

ecosystem akin to modern temperate grasslands have occupied the barren land niche,

similar ecosystem feedbacks to those invoked for barren land ecosystems would con-

tinue to facilitate continental glaciation and deglaciation.

Supplementary Figure 4.9.1: Time series of ice volume with various BIOME4 modeling configura-
tions. Note that glacial waxing and waning is maintained with the addition of grasses to BIOME4
with only a minor (4% difference) reduction in total ice volume change.

4.9.2 Supplementary Methods

GENESIS incorporates dynamic atmosphere, land-surface, sea-ice and slab-ocean

components (Thompson and Pollard, 1997; Pollard and Thompson, 1995). Sea-

surface temperatures and sea ice are computed using a 50-m slab ocean with diffusive

heat flux. The thermo-mechanical ice sheet model (DeConto and Pollard, 2003)

predicts ice temperatures to account for their effect on rheology and basal sliding.

The time step of the ice-sheet model is one year. The local bedrock response to

ice load is a simple relaxation toward isostasy with a time constant of 5,000 years.

Lithospheric flexure is modeled by linear elastic deformation. In this version of the

model, ice shelves are not simulated.

For the purpose of this study, we have simplified the periods of each orbital pa-

rameter such that eccentricity, obliquity, and precessional periods occur every 80,
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40, and 20 ka, respectively (Supplementary Figure 4.9.2; Horton and Poulsen (2009);

DeConto and Pollard (2003)). To couple the climate with the ice-sheet model, we

use an asynchronous technique that consists of alternating GENESIS-BIOME4 iter-

ations with ice-sheet model integrations. To begin, GENESIS-BIOME4 is integrated

with specified orbital conditions for 30 years to produce a steady-state climatology.

Mean monthly meteorological fields (i.e. surface air temperature, evaporation, and

precipitation) from the last ten years of the GENESIS-BIOME4 run are then used to

drive the ice-sheet model. Each ice-sheet model experiment is run for 5,000 yrs and

predicts ice-sheet area, thickness, and isostatically adjusted continental topography.

These new boundary conditions and updated orbital conditions are incorporated into

the subsequent GCM iteration. After the initial iteration, GENESIS-BIOME4 is run

in 15 yr segments and the meteorological fields from the last ten years are passed

to the ice-sheet model. For each experiment, this scheme is repeated 48 times rep-

resenting 240 ka and 4 eccentricity cycles. To investigate a fourth glacial-deglacial

cycle an additional 35 ka of simulation time were completed for the 560 ppm exper-

iments. Non-dynamic vegetation simulations were completed in the same manner

as dynamic simulations, but after the 30 ka iteration (this iteration has an average

insolation orbital configuration) BIOME4 is turned off and vegetation is not allowed

to change. To estimate sea-level change we employ an ice-volume-ocean surface area

calculation (DeConto and Pollard, 2003):

SLE = WE/ocean surface area

where the sea-level equivalent (SLE) converts the global ice volume to a water equiv-

alent (WE) assuming a uniform ice density of 0.917 g (mL)−1 and the surface area of

the ocean (3.86×108 km2) is calculated from the Sakmarian paleogeographic recon-

struction (Ziegler et al., 1997). In previous studies, an isostatically adjusted sea-level
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equivalent approximation has been used to estimate late Paleozoic glacioeustatic

change (Horton et al., 2007; Horton and Poulsen, 2009). Here, we use the SLE

since orbitally-paced glacioeustatic changes are faster than the oceanic-lithosphere

isostatic response to sea-water loading and unloading.

Supplementary Figure 4.9.2: Orbital parameter regime used in transient climate model simulations.
Precession (PR), obliquity (OB), and eccentricity (EC) have sinusoidal periods of 20, 40, and 80 ka,
respectively (Horton and Poulsen, 2009; DeConto and Pollard, 2003), and their values are based on
maxima and/or minima calculated from the past 10 million years (Berger and Loutre, 1991). Ice
volumes are predicted at 5 ka intervals (as indicated by vertical lines), over multiple orbital cycles
[Modified from Horton and Poulsen (2009)].
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CHAPTER V

Eccentricity-paced late Paleozoic climate change and its role
in cyclostratigraphy

5.1 Abstract

Cyclic sedimentary deposits characterize low-latitude late Paleozoic successions

and preserve evidence of dynamic climate change on the Pangaean supercontinent.

Although their orbitally-paced glacioeustatic origins are widely accepted, their cli-

matic signatures are open to interpretation. In this study, we utilize the GENESIS

general circulation model (GCM) coupled to dynamic ice sheet and ecosystem com-

ponents, to explore the response of low-latitude continental climate and high-latitude

ice sheets to orbital and atmospheric pCO2 forcing. Our results suggest that atmo-

spheric pCO2 concentration exerts the primary control over low-latitude continental

climate and high-latitude glaciation. Our experiments constrain the atmospheric

pCO2 window within which late Paleozoic climate was amenable to orbitally-driven

glacial-interglacial fluctuations. The results suggest that both high-latitude ice-sheet

accumulation and ablation and low-latitude climate change were paced by the ec-

centricity of Earth’s orbit. Periods of high eccentricity amplified precession-driven

changes in insolation and promoted high-latitude ice sheet volume fluctuations as

Official citation:
Horton, D. E., C. J. Poulsen, I. P. Montañez, and W. A. DiMichele (in review). Eccentricity-paced late Paleozoic
climate change and its role in cyclostratigraphy. Palaeogeography, Palaeoclimatology, Palaeoecology.
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well as increased low-latitude precipitation variability. When eccentricity was low,

the amplification of precessionally-driven insolation fluctuations was reduced, which

promoted high-latitude continental ice sheet stability and less variable low-latitude

precipitation. Based on these modeling results we develop an eccentricity-paced cy-

clothem deposition model in which high-latitude glaciation and low-latitude climate

change are simultaneously driven by orbital insolation fluctuations.

5.2 Introduction

Climate change within the late Paleozoic Ice Age (LPIA; 360–250 Ma) was dy-

namic. Long-term (106–107 yrs) mean climatic states, hypothesized to be driven by

fluctuations in greenhouse gas concentrations (Montañez et al., 2007) and the evolv-

ing configuration of continents about the South Pole (Caputo and Crowell, 1985;

Crowell, 1978), alternated between icehouse and greenhouse conditions (Fielding

et al., 2008a,b; Isbell et al., 2003, 2008). On shorter timescales (104–105 yrs) glacial-

interglacial fluctuations are thought to have been driven by cyclic changes in Earth’s

orbit and associated feedbacks (Heckel, 1986; Horton et al., 2010). Geologic evidence

of LPIA climate change is preserved within cyclic (0.1 to 0.5 Myr) sedimentary de-

posits, commonly called cyclothems, that span paleo-equatorial Pangaea from the

carbonate-dominated Bird Spring platform that rimmed the western tropical Pan-

thalassic margin (Bishop et al., 2010), to the Appalachian Basin coal-rich sequences

of the mid-continent (e.g., Cecil (1990)), to the classic cyclothems of the Donets and

Canadian Maritime basins that bordered the western Paleotethys (e.g., Eros et al.

(sion); Gibling and Rygel (2008)). Cyclothem deposits throughout low-latitude Pan-

gaea show considerable compositional variability, both regionally and temporally,
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but generally consist of repetitive lithological sequences whose stratigraphic facies

variations record a wide range of depositional environments.

Since Wanless and Shepard (1936) first suggested a link between Euramerican

low-latitude rhythmic sedimentary deposits and high-latitude Gondwanaland glacia-

tion, lithofacies variations within cyclothems have been interpreted to record climate

change. Numerous studies have identified transgressive-regressive signatures in late

Paleozoic Euramerican deposits and have attributed these sequences to glacioeustatic

fluctuations (i.e., Bohacs and Suter, 1997; Heckel, 1977; Ramsbottom, 1973, 1977;

Veevers and Powell, 1987). The periodic nature of transgressive-regressive sequences

was hypothesized to result from orbitally-driven waxing and waning of high-latitude

Gondwanaland ice sheets, analogous to Milankovitch’s theory of orbital control of

Northern Hemisphere ice sheets during the Pleistocene (Heckel, 1986). Subsequent

studies have identified orbital frequencies in transgressive-regressive deposits across

paleo-equatorial Pangaea and it is now widely accepted that cyclothems were orbitally-

paced (Boardman and Heckel, 1989; Izart et al., 2003; Maynard and Leeder, 1992;

Strasser et al., 2006; Rasbury et al., 1998; Weedon and Reed, 1995). While glacioeustatic

changes are capable of explaining some of the observed lithofacies variations found in

late Paleozoic deposits, they are unable to explain the variability observed in deposi-

tional environments not directly influenced by glacioeustasy, e.g., the terrestrial-only

sequences of the Appalachian Basin (Cecil, 1990; Soreghan, 1994). It was subse-

quently proposed that variations in low-latitude climate, driven by high-latitude

glacial-interglacial cycles, controlled both the delivery of sediment to, and the geo-

chemical conditions within, disparate depositional environments and could, in con-

junction with glacioeustatic change and regional tectonics, better explain cyclothem

lithofacies variations across a wide range of depositional settings (Cecil, 1990).
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Based on the hypothesis that low-latitude climate change played a significant role

in cyclothem lithofacies variation, multiple orbitally-paced climate-change deposi-

tion models have been proposed (Heckel, 1995; Miller et al., 1996; Soreghan, 1994;

Tandon and Gibling, 1994). In these deposition models orbital insolation variations

either alter atmospheric circulation patterns (Miller et al., 1996; Soreghan, 1994)

or drive glacioeustatic fluctuations that alter moisture availability within the con-

tinental interior (Heckel, 1995; Tandon and Gibling, 1994). The climatic responses

detailed in these studies are similar to those inferred from the Pleistocene; peri-

ods of high-latitude continental glaciation are expected to be cool and dry in the

low latitudes while interglacial intervals are predicted to be warm and wet. This

Pleistocene-climate analogue has gained considerable acceptance in the late Paleo-

zoic community and has been widely invoked to explain cyclic lithological variations

throughout the Pangaean paleotropics (i.e., Falcon-Lang, 2003, 2004; Falcon-Lang

et al., 2009, 2011; Joeckel, 1999; Olszewski and Patzkowsky, 2003; Soreghan et al.,

2002).

The appropriateness of the Pleistocene analogue is questionable (Peyser and Poulsen,

2008). Numerous factors were fundamentally different in the late Paleozoic Ice Age:

among them, (1) the amalgamation of continental land masses into the Pangaean

super-continent, (2) the greater distribution of land within the tropical latitudes,

and (3) the more poleward location of waxing and waning continental ice sheets.

In addition to these factors, building empirical evidence from paleo-equatorial cyclic

successions indicates that late Paleozoic glacial periods were wetter and less seasonal

than their interglacial counterparts (Bishop et al., 2010; Cecil et al., 2003; DiMichele

et al., 2009; Eros et al., sion; Feldman et al., 2005). To account for these observations,

an alternative orbitally-paced cyclothem deposition model was proposed. In this de-
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position model, orbitally-controlled Gondwanaland ice sheets regulate the position

and migration of the inter-tropical convergence zone (ITCZ), thereby controlling

low-latitude precipitation, sediment flux, and geochemistry within depositional en-

vironments (Cecil et al., 2003). This deposition model predicts that the low-latitude

climatic response to a period of high-latitude continental glaciation will be an in-

crease in precipitation, whereas a warmer interglacial interval will be accompanied

by lesser, more seasonal precipitation.

In this study we utilize a coupled atmosphere-ice sheet-vegetation model to in-

vestigate the influence of atmospheric pCO2 and dynamic orbital configurations on

low-latitude Pangaean climate and high-latitude Gondwanaland glaciation. Our re-

sults demonstrate that atmospheric pCO2 concentration exerts the primary control

on high-latitude late Paleozoic continental ice sheets and low-latitude precipitation.

We further demonstrate that orbital insolation variations are sufficient to drive sig-

nificant variability in low-latitude continental climate without the influence of ice

sheets. Finally, we identify a pCO2 window within which high-latitude late Paleozoic

ice sheets remain sensitive to changes in orbital insolation. Using our climate mod-

eling results, we develop a cyclothem deposition model that links both high-latitude

glacial-interglacial fluctuations and low-latitude climate change with variations in

the eccentricity of Earth’s orbit about the Sun.

5.3 Model and Methods

To investigate LPIA climates we utilize the GENESIS Earth system climate model

coupled to dynamic ecosystem and ice sheet modeling components. The GENESIS

version 3.0 general circulation model has been used extensively for paleoclimatic sim-
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ulations and is comprised of atmospheric, land-surface, sea-ice, and 50 m slab-ocean

components (Pollard and Thompson, 1995; Thompson and Pollard, 1995, 1997). The

GENESIS atmosphere is run with a T31 spectral resolution (3.75◦×3.75◦)and 18

vertical levels. The land surface model resolution is 2◦×2◦ and utilizes a Sakmarian

(∼290 Ma) paleogeographic/paleotopographic reconstruction (Ziegler et al., 1997).

We synchronously couple GENESIS to the BIOME4 ecosystem model, an equilib-

rium vegetation model that predicts global biome distributions and plant physiology

based on monthly average temperature, precipitation, insolation, and pCO2 concen-

tration. BIOME4 was developed from the BIOME ecosystem modeling lineage with

the intent to capture more accurately the distribution of high latitude ecosystems

thought to have existed during the ice house conditions of the last glacial maximum

(Harrison and Prentice, 2003; Kaplan et al., 2003). Since the grassland ecosystem had

not yet evolved in the late Paleozoic, we exclude it (Strömberg, 2005). The three-

dimensional ice sheet model is asynchronously coupled to the GENESIS-BIOME4

modeling scheme because the response time of the atmosphere and ice sheets differs

by two orders of magnitude. The thermomechanical ice sheet model utilizes GCM-

derived climatic data and is based on the vertically integrated continuity equation

for ice mass balance. The evolution of continental ice sheet geometry is simulated

via surface mass balance, basal melting, and ice-flow calculations on a 1◦×2◦ surface

grid (DeConto and Pollard, 2003).

The results presented in this manuscript address changes brought about by dif-

ferences in the mean climate state as well as short-term transient climate variations.

Previous modeling studies have suggested that late Paleozoic mean climatic states,

e.g., glacial, interglacial, and ice-free climates, are largely controlled by the concen-

tration of pCO2 in the atmosphere (Horton et al., 2007, 2010; Horton and Poulsen,
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2009). In accord with these results, the mean climate states simulated in our exper-

iments correspond to a range of pCO2 concentrations; (a) glacial conditions at 420

ppm, (b) glacial-interglacial fluctuations at 560 ppm, and (c) largely ice-free condi-

tions at 840 ppm. To capture the transient evolution of climate due to short-term

orbital parameter variation within each mean climatic state we utilize a coupling

scheme that consists of alternating short (15 yr) GCM-biome integrations and long

(5 kyr) ice-sheet integrations. Between the integration of each component, updated

boundary conditions (e.g., meteorological information to the ice-sheet model or ice

geometry to the GCM-biome model) are passed from one model component to the

other, and orbital parameters are updated. For computational efficiency, we have

simplified the periods of each orbital parameter such that eccentricity, obliquity, and

precessional periods occur every 80, 40, and 20 kyrs, respectively (DeConto and

Pollard, 2003; Horton and Poulsen, 2009). Each transient experiment began with

ice-free continents and was run through three orbital cycles (80 kyrs each), for a to-

tal of 240 kyrs (48 iterations). For analysis purposes and to aid in the discussion of

mean climatic states, the transient orbital scheme has been subdivided into three 80

kyr (eccentricity cycle) segments, termed Orbit 1 (1-80 kyrs), Orbit 2 (81-160 kyrs),

and Orbit 3 (161-240 kyrs; Figure 5.1a). Each 80 kyr segment was run using the

same orbital forcing sequence; the mean climate of each 80 kyr segment is calculated

by averaging the annual mean of each individual time slice.

5.4 Results

5.4.1 Ice sheet behavior

In our simulations, ice sheet area, volume, and equatorward extent are largely

controlled by the atmospheric pCO2 concentration and its effect on global mean
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temperature. In the 420 ppm experiment, the global average ice sheet volume in-

creases from 1.93×107 km3 to 7.70×107 km3 over three orbital cycles (black line;

Figure 5.1a). In southern Gondwanaland, a single supercontinental ice sheet accu-

mulates and expands northward to 48◦ S, eventually covering 2.65×107 km2 of the

continent’s surface and attaining an average height in excess of 2900 m (Figure 1b).

This ice sheet contains the water-equivalent of ∼179 m of sea-level change, a value

approaching the maximum estimates reported for high-frequency glacioeustasy in

the late Paleozoic (Rygel et al., 2008). In the 560 ppm experiment, global average

ice sheet volume increases from 6.88×106 km3 to 1.75×107 km3 over the three orbital

cycles (blue line; Figure 5.1a). In Gondwanaland, multiple ice sheets form and at

their maximum reach northward to 65◦ S and cover 1.11×107 km2 of the continent’s

surface (Figure 5.1c). In the 840 ppm experiment, Gondwanaland is largely ice free

(red line; Figure 5.1a), though isolated low-volume (5.93×106 km3 maximum) ice

deposition centers form along the Panthalassan coast in the extreme high southern

latitudes (Figure 5.1d).

In our experiments, ice sheets demonstrate the greatest response to orbital inso-

lation fluctuations when the eccentricity of Earth’s orbit is high. High eccentricity

amplifies precessional changes in insolation and leads to summer temperature max-

ima and minima in the high latitudes. Significant ice sheet volume increases occur

during anomalously cold southern hemisphere summer orbits (high eccentricity, low

obliquity, and SH summer solstice at aphelion), whereas ice sheet volume decreases

coincide with anomalously warm SH summer orbits (high eccentricity, low obliquity,

and the SH summer solstice at perihelion). At pCO2 concentrations of 420 ppm,

an ice sheet volume reduction is simulated at the end of Orbit 1, but thereafter the

ice sheet grows sufficiently large to be insensitive to orbitally-induced warming due
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Figure 5.1: Time-series and time-slices of simulated late Paleozoic ice sheets. (a) Global ice volume
and equivalent sea-level change time-series for each pCO2 experiment (modified from Horton et al.,
2010). Orbits 1–3 refer to periods that have been averaged to determine mean climatic states (for
full description see section 2). The gray box highlights a period of low eccentricity and corresponds
to a period of stable continental ice. (b-d) Late Paleozoic (∼290 Ma; Ziegler et al., 1997) southern
hemisphere polar projection snapshots (170 kyr) of Gondwanaland ice sheets at each atmospheric
pCO2 concentration. The latitudinal contour interval is 30◦.

to the cooling effects of ice height and albedo feedbacks (black line; Figure 5.1a).

At pCO2 concentrations of 560 ppm, the ice sheet waxes and wanes (by up to 33

m in sea-level equivalent) in response to orbital insolation fluctuations (blue line;

Figure 5.1a). This response varies throughout the 240 kyr simulation due to the ini-

tialization of our experiments with ice-free boundary conditions and the interaction

of ecosystems and climate at the ice sheet margin (Horton et al., 2010).
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5.4.2 Effect of ice sheets on precipitation

The ice sheets simulated in our experiments have little to no influence on Pangaean

mean-annual precipitation or wet-season length (Figure 5.2a-r). For each pCO2 level

the net effect of ice sheet growth on precipitation is determined by comparing the

average climate early in the simulation period (Orbit 1) to the average climate late

in the simulation period (Orbit 3), when substantial ice sheet volumes have accu-

mulated. Changes in mean-annual precipitation greater than ±1 cm per month are

observed in the high latitudes of the 560 and 420 ppm experiments due to the oro-

graphic effect of ice sheets and within an isolated region of mid-continent tropical

Pangaea at 420 ppm (Figure 5.2c). Changes in the length of low-latitude wet-seasons,

measured here as the number of months per year with precipitation in excess of 10 cm,

occur in isolated pockets at all simulated pCO2 levels, though it should be noted that

such changes rarely exceed ±1 month per year in wet-season length (Figure 5.2j-r).

In previous late Paleozoic climate modeling studies it was found that the addi-

tion of prescribed Gondwanaland ice sheets led to significant precipitation changes

in tropical Pangaea (Peyser and Poulsen, 2008; Poulsen et al., 2007). These studies

attributed the change in low-latitude precipitation to ice sheet induced strength-

ening of the low-latitude temperature gradient which, in turn, intensified Hadley

cell overturning. The prescribed ice sheet geometries, which include ice height and

areal extent, used in these studies were based on mapped glacial remnant deposits

(including ice-rafted debris) and in some cases represent “extreme” ice-coverage es-

timates (in one simulation ice extends from the pole to 20 ◦S). Our results in this

study differ from those presented in these previous studies because we use a dynamic

ice sheet model that predicts ice sheet geometries based on simulated climatology,

which results in ice sheets that are taller and less extensive than those prescribed
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Figure 5.2: Mean annual precipitation (a–i) and wet-season length (j–r) simulated at each pCO2

concentration. Orbit 1 average in left column, Orbit 3 average in middle column, and Orbit 3 –
Orbit 1 difference plots in right column. Wet-season length is defined as the number of months per
year that precipitation exceeds 10 cm.

in the Peyser and Poulsen (2008) and Poulsen et al. (2007) studies. Because our

ice sheets do not extend as far northward as those prescribed in previous studies,

the low-latitude temperature gradient increase is comparatively reduced, as is the

strength of the Hadley circulation (Figure 5.3b-c and Figure 6 in Peyser and Poulsen

(2008)). In our present experiments, low-latitude Pangaea cools by an average of ∼1◦

C due to the accumulation of ice from Orbit 1 to Orbit 3 in the 420 ppm experiment

(Figure 5.3a). This low-latitude cooling slightly intensifies the Hadley overturning

circulation (Figure 5.3b-c) and is responsible for the small increase in mean-annual
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precipitation noted above in Figure 5.2c.

Figure 5.3: Zonal temperature difference and atmospheric circulation. (a) Continental temperature
differences (Orbit 3 - Orbit 1) for 420 and 560 ppm atmospheric pCO2 concentration experiments.
(b-c) The June-July-August (JJA) meridional overturning streamfunction for average 420 ppm
Orbit 1 (b) and Orbit 3 (c) climates [109 kg s−1]. On each plot (b-c) the left y-axis is pressure [mb]
and the right y-axis is height [km].

5.4.3 Mean climatic state effect on tropical precipitation

Our results indicate that the dominant control on tropical continental precip-

itation is the global mean temperature, as determined by the atmospheric pCO2

concentration. To analyze the effect of global mean temperature on tropical conti-

nental precipitation, we compare the mean Orbit 3 climate of the 420 and 560 ppm

simulations to that of the 840 ppm experiment. In all comparisons tropical mean-

annual precipitation over land is greater in the lower pCO2 simulations (Figure 5.4a

and c), while over the oceans precipitation decreases with lower pCO2 concentrations

(Supplementary Figure 5.9.1). In the 420 versus 840 ppm comparison, mean-annual

precipitation throughout the majority of the tropics is up to 6 cm per month higher

in the lower pCO2 experiment (Figure 5.4a). In conjunction with increased precipi-

tation, the number of months in which precipitation exceeds 10 cm increases by an

average of 1 to 5 months per year and the tropical wet-season length increases (Fig-

ure 5.4b). Mean-annual precipitation and wet-season length differences between the
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560 and 840 ppm experiments show similar trends to the 420-840 ppm comparison,

though the magnitude of differences is smaller (Figure 5.4c-d).

Figure 5.4: Orbit 3 difference plots of mean annual precipitation (MAP; a and c) and wet-season
length (WSL; b and d). pCO2 difference plots are calculated by subtracting the 840 ppm climatic
conditions from those simulated at 420 and 560 ppm. Climatic conditions over the oceans have
been masked (for an unmasked version, see Supplementary Figure 1).

According to the Clausius-Clapeyron (CC) relation, higher greenhouse gas con-

centrations increase the saturation vapor pressure of the atmosphere, leading to

enhanced precipitation and evaporation. Consistent with the CC relation, precipi-

tation over the oceans increases with increasing pCO2 concentration, and is reduced

with declining pCO2. Over the continental tropics however, precipitation decreases

with increasing atmospheric pCO2 due to the expansion of desert and xerophytic

ecosystems at the expense of forest, shrubland, and/or savanna ecosystems (Fig-

ure 5.5). The low vegetation density in desert and xerophytic ecosystems reduces

soil moisture and precipitation rates (Poulsen et al., 2007). At lower pCO2 concentra-
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tions, densely vegetated ecosystems expand within the tropical latitudes, increasing

soil moisture, evapotranspiration, and precipitation. Throughout the 240 kyr simu-

lation, vegetation coverage and mean-annual precipitation are positively correlated

(Figure 5.6). The role of vegetation is further established by a comparison of vege-

tated and desert/xerophytic low-latitude model grid cells, which indicates that areas

with vegetated land cover receive ∼70% more precipitation than desert/xerophytic

regions (Figure 5.7d and f).

Figure 5.5: Orbit 3 mean vegetation distributions; (a) 420, (b) 560, (c) 840 ppm. Desert, barren,
and xerophytic shrublands are depicted in yellow. All other ecosystems are green. Continental ice
sheets are white and oceans/seas are blue. The latitudinal contour interval is 30◦.

5.4.4 Orbital variability

Changes in Earth’s tilt, season of perihelion, and the degree to which Earth’s orbit

about the Sun is eccentric influence the amount and distribution of insolation, and
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alter global temperatures and precipitation patterns (Imbrie and Imbrie, 1980). In

our late Paleozoic simulations, tropical continental precipitation exhibits the great-

est variability during periods of high eccentricity and less variability during periods

of low eccentricity (Figure 5.6c-e). When Earth’s orbit about the Sun is eccen-

tric, precession-driven temperature variations are amplified and seasonal variability

increases (Figure 5.7). As the eccentricity of Earth’s orbit is reduced, the amplifi-

cation of precessional insolation changes weakens, and seasonality declines. Within

the latitudes of cyclothem formation (∼15 ◦S to 15 ◦N), mean-annual precipitation

is dominated by the summer/fall wet-season. When the wet-season occurs during

perihelion (aphelion) and Earth’s orbit is eccentric, the insolation-driven tempera-

ture increase intensifies (weakens) the hydrological cycle, and precipitation increases

(decreases). Due to the 20 kyr periodicity of the precessional cycle, when the wet-

season occurs at perihelion, 10 kyrs later that hemisphere’s wet-season must occur

at aphelion. This leads to short-term climate extremes; when eccentricity is high,

the wettest orbital configuration is followed 10 kyrs later by the driest orbital con-

figuration. These 10 kyr climatic swings are reduced when eccentricity declines (i.e.,

Figure 5.6; vertical gray bars).

The wet-season precipitation that dominates cyclothem latitudes is governed by

the passage of the ITCZ and its interaction with the summer monsoon circula-

tion. The seasonal migration of the ITCZ follows the insolation maximum, with

the ITCZ reaching its poleward maxima (∼10 ◦N and S; Figure 5.8) during the

summer and winter solstices and passing over the equator during the vernal and

autumnal equinoxes. Changes in seasonal ITCZ precipitation intensity are amplified

and dampened by eccentricity-modulated, precession-driven temperature variations

(Figure 5.7). Although cyclothems are located in low, ITCZ influenced latitudes, sub-
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Figure 5.6: Time-series of continental low-latitude climate parameters. The percentage of Pangaea
covered in desert/xerophytic or other (vegetated) ecosystems (a and g), wet-season length (b and
f), and mean-annual precipitation (c and e) in both the northern and southern hemisphere tropics
(0-15 ◦S and 0-15 ◦N). (d) The simulated orbital regime used in our experiments; values are based
on Plio-Pleistocene maxima and/or minima (Berger and Loutre, 1991). Precession (light blue) is
measured as the angle between northern hemisphere vernal equinox and perihelion. Eccentricity
(ECC; green) ranges from a maximum of 0.057 to a minimum of 0.0002. Obliquity (OB; orange)
ranges from 24.538◦ to 22.079◦. Thick vertical gray bars highlight periods of low eccentricity. Thin
vertical black lines indicate the season of aphelion/perihelion.
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Figure 5.7: Time-series of continental precipitation. (a-c) Low-latitude northern hemisphere (NH;
0-15 ◦N) seasonal precipitation for each pCO2 level experiment (DJF: December-January-February,
MAM: March-April-May, JJA: June-July-August, SON: September-October-November). (d) NH
mean-annual precipitation in vegetated versus desert/xerophytic grid cells. (e) Orbital regime
used in simulations (See Figure 5.6 caption). (f) Low-latitude southern hemisphere (SH; 0-15
◦S) mean-annual precipitation for vegetated versus desert/xerophytic grid cells. (g-i) SH seasonal
precipitation for each pCO2 level.
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tropical to mid-latitude insolation changes play a large role in determining tropical

precipitation distributions due to their influence on the summer monsoon strength.

In the late Paleozoic northern hemisphere the summer-monsoon low forms at ∼20◦

N and tends to be relatively weak (1005-1010 mb) compared to its southern hemi-

sphere counterpart, which forms at ∼40 ◦S and maintains sea-level pressures of 995-

1000 mb (Figure 5.8a-d). The southern hemisphere monsoon is significantly stronger

than that of the northern hemisphere due to the greater distribution of continental

landmass located south of the equator (Kutzbach, 1994; Kutzbach and Gallimore,

1989). During the SH summer (Figure 5.8a), the monsoonal low diverts equatorial

easterlies southward, which decreases low-latitude on-shore moisture-laden flow and

reduces tropical precipitation. This diverted moisture increases mid-latitude precip-

itation, particularly along the Paleotethys coast (Figure 5.8e). On an annual basis,

the result of this diversion is that the wettest period within the southern hemisphere

cyclothem latitudes occurs during the fall (Figure 5.8f). On orbital timescales, the

consequence of this summer monsoon influence is that the wettest cyclothem-latitude

orbital configuration occurs when the autumnal equinox is at perihelion (Figure 5.7

and Figure 5.8f and h).

5.5 Discussion

5.5.1 Model results summary

The model results presented in this study demonstrate the substantial roles that

both atmospheric pCO2 concentrations and orbital parameter fluctuations play in

determining high-latitude Gondwanan glaciation and low-latitude Pangaean climate

variability. Our simulations indicate that average low-latitude Pangaean vegetation

coverage, mean-annual precipitation, and wet-season length are governed by atmo-
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Figure 5.8: ITCZ-monsoon interactions. (a-d) Snapshots (65 kyr) of seasonal sea-level pressure
and surface winds. Monsoon lows form in the summer hemispheres at 40◦ S (a) and 20◦ N (c).
(e-h) Snapshots (65 kyr) of seasonal precipitation and winds (precipitation over the ocean has been
masked). In the SH summer (e) the monsoon low diverts equatorial on-shore easterly flow toward
high latitude Gondwanaland, increasing precipitation along the western Paleotethys coast.

spheric pCO2 concentration, but that short-term variations in these climatic variables

can be driven by orbital insolation fluctuations. We find that the low pCO2 concen-

trations conducive to large-scale Gondwanaland glaciation are accompanied by higher

mean-annual low-latitude continental precipitation, longer wet-season length, and

increased vegetation coverage. High pCO2 concentrations promote ice-free high lat-

itudes, lower mean-annual low-latitude continental precipitation, shorter wet-season

length, and reduced vegetation coverage. Such fluctuations (±140-420 ppm or more)
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in atmospheric pCO2 concentrations were unlikely to have occurred over short-to-

intermediate (104-105 yrs) time intervals in the late Paleozoic, but likely played a

larger role in the long-term (106-107 yrs) evolution of mean climatic states (DiMichele

et al., 2009; Montañez et al., 2007).

On orbital time-scales, variations in high-latitude continental ice sheets and low-

latitude continental precipitation are paced by the eccentricity of Earth’s orbit; when

eccentricity is high, precessionally-driven temperature changes are amplified and sea-

sonality is increased, when eccentricity is low, precessional changes are not amplified

and seasonality decreases. Our experiments indicate that low eccentricity corre-

sponds to climates that produce high-latitude glaciation and stable low-latitude pre-

cipitation, whereas high eccentricity climates produce high-latitude interglacials and

low-latitude precipitation volatility.

In our experiments these orbital-scale climatic trends are largely unaffected by

Gondwanaland ice sheets, but based on both the upward trend in precipitation

through time in the 420 ppm experiment (Figure 5.6c) and the results of Peyser and

Poulsen (2008) and Poulsen et al. (2007), it is reasonable to assume that if ice sheets

reached further northward than those simulated in our experiments larger changes

to tropical precipitation would result. Beyond the direct atmospheric influence of

continental ice sheets on climate, the accumulation and ablation of continental ice

sheets helps to regulate global sea level. In our experiments, ice sheets of adequate

volume to account for the sea-level fluctuations required of cyclothem deposition

models are simulated at atmospheric pCO2 concentrations of 420 and 560 ppm, but

not at 840 ppm. Cyclothem-style fluctuations in ice volume, wherein ice sheets wax

and wane with changing orbital insolation, occur only in the 560 ppm simulation and

result in ice sheet volume fluctuations equivalent to ∼33 m of glacioeustatic change
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(Figure 5.1a). The ice sheet simulated at 420 ppm is resistant to orbitally-driven

temperature increases due to ice height and ice albedo feedbacks (Horton et al.,

2010). These results suggest a relatively narrow window (840>pCO2>420) within

which orbitally-driven glacioeustatic fluctuations are sufficient to develop cyclothems

that require large-magnitude eustastic fluctuations.

5.5.2 Pangaean climatic change and deposition models

The results presented in this study suggest that the Pleistocene climate analogue

is a poor fit for the late Paleozoic Ice Age. The Pleistocene analogue suggests that

the low-latitude climatic response to periods of high-latitude glaciation should be a

decrease in precipitation and an increase in seasonality (Heckel, 1995; Miller et al.,

1996; Soreghan, 1994; Tandon and Gibling, 1994). On both orbital and carbon-cycle

(106 yrs) time-scales our results indicate the opposite. (a) Low-latitude Pangaea

receives more precipitation and has a longer wet-season when pCO2 concentrations

promote extensive Gondwanaland glaciation (Figure 5.4). (b) When atmospheric

pCO2 concentrations remain the same (420 ppm), but ice sheet volumes change, low-

latitude climate is not significantly altered until ice sheet geometries are large enough

to influence the Hadley circulation strength, at which point precipitation and wet-

season length increase with increasing ice volume (Figure 5.2 and Figure 5.6b-f; black

line). (c) Lastly, when ice sheet volumes do vary on orbital time-scales (560 ppm),

precipitation is not significantly affected by the ice volume, but instead responds to

changes in orbital insolation, demonstrating reduced seasonality during periods of low

eccentricity, coincident with periods of high-latitude glaciation (Figure 5.7a-c and g-

i). Our model does not simulate changes in sea level, although it does allow inferences

of glacioeustasy. Thus the idea of a transgressive zone of increased precipitation due
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to moisture proximity during glacial minima (Heckel, 1995) cannot be addressed

explicitly, but a comparison of mean-annual precipitation along moisture-proximal

coastal regions of western tropical Pangaea indicates that the 840 ppm minimal-

ice experiment receives less precipitation than the higher ice volume experiments

simulated at lower pCO2 concentrations (Figure 5.4a-b).

Our modeling results are also at odds with the cyclothem deposition model pre-

sented by Cecil et al. (2003), though in this case the disagreement centers on the

mechanism of low-latitude climate change and not on the lithology-based low-latitude

climate inferences or the position of these lithotypes relative to glacial-interglacial/sea-

level conditions. Contrary to the Cecil et al. (2003) cyclothem deposition model, the

growth of Gondwanaland ice sheets and the strengthening of the SH polar high does

not restrict the migration of the ITCZ (Peyser and Poulsen, 2008). Our results

indicate that regardless of ice volume, pCO2 concentration, or orbital parameter

configuration the ITCZ follows the seasonal migration of the insolation maximum.

In our simulations, it is orbital insolation variations that drive low-latitude precipi-

tation variability, not the accumulation or ablation of ice sheets.

5.5.3 Influence of eccentricity-paced climatic change on cyclic deposition

To summarize, our results present a linkage between low-latitude climate, high-

latitude glaciation, and inferred sea-level change that is nearly 180 degrees at odds

with the Pleistocene analogue models and mechanistically at odd with the Cecil

et al. (2003) model. Thus, we present here, a new deposition model that incorpo-

rates orbital insolation variations as the primary driving mechanism of both high

and low-latitude climatic change. According to our modeling results, when pCO2

concentrations are in the range of 560 ppm, changes in orbital insolation will drive
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both glacioeustatic fluctuations and low-latitude variations in continental precipi-

tation, wet-season length, and vegetation coverage. Utilizing these relationships,

we apply our results to both a mixed terrestrial-marine (paralic) depositional en-

vironment typical of the shallow seaways of the Illinois and Donets Basins and a

terrestrial-dominated depositional environment typical of areas distal to epeiric sea-

ways such as those of the Appalachian Basin (Figure 5.9). The orbital configuration,

low-latitude climatic conditions, relative (epeiric) sea-level curve, glacial-interglacial

state, and corresponding numbered lithotypes in the following descriptions are illus-

trated in Figure 5.9.

Figure 5.9: Eccentricity-paced cyclothems. (a) Generalized mixed terrestrial-marine cyclothem
patterned after those found in the upper middle Pennsylvanian Carbondale Formation, Illinois Basin
(Willman et al., 1975) and in Carboniferous deposits of the Donets Basin, Ukraine (Eros et al., sion).
(b) Generalized terrestrial-dominated cyclothem patterned after those of the upper middle to upper
Pennsylvanian Allegheny and Monogahela formations (Cecil, 1990). (c) Summary of parameters
that drive cyclothem lithofacies variations. Curve depicts relative sea level in Pangaean epeiric
seaways.

(i) High eccentricity, low obliquity, and the southern hemisphere summer solstice

at aphelion produced an anomalously cold southern hemisphere summer. Cooler

summer temperatures, in conjunction with a low atmospheric pCO2 concentration

allowed snow cover to persist throughout the summer season, and ice sheets began

to accumulate in high-latitude Gondwanaland (Figure 5.1a). In the low-latitudes,

high eccentricity modulated precessional insolation changes, and led to a period
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of maximum rainfall, followed shortly thereafter by a period of minimum rainfall

(Figure 5.6; vertical white bars). These rapid climatic shifts had the potential to

deposit thin, lithologically distinct facies in short periods of time. In terrestrial

environments, short-lived anomalously dry periods were likely to deposit lacustrine

limestones (T1), while short-lived anomalously wet periods may have led to the

formation of thin coals (Histosols) and/or calcic soils. In some shelfal environments,

the epeiric seaway had yet to regress, and water depths remained sufficient to deposit

marine carbonates (M1).

(ii) As high-latitude ice sheets continued to accumulate, global sea level began to

drop and regression of the epeiric seaways commenced. Continuing high eccentricity-

induced low-latitude climatic variability, coupled with increasingly lower base-levels,

led to fluvial incision and progradation of siliciclastics in both terrestrial (T2) and

paralic depositional environments (M2).

(iii) At the transition from high-to-low eccentricity, precipitation remains seasonal,

maximum high-latitude ice accumulation has been achieved, sea-level has rapidly

fallen, and the epicontinental sea-floor has been left exposed. During this period

vegetation began to take root and paleosols (Spodosols, Ultisols, Vertisols, and Calcic

Vertisols) formed across the basins and within exposed epicontinental regions (M3

and T3).

(iv) Throughout the time that eccentricity remained low (Figure 5.6; vertical

gray bars) precipitation continued to be distributed within wet and dry seasons

(Figure 5.7), but orbital changes in the season of perihelion had little effect on the

amount of mean-annual precipitation. A more stable distribution of precipitation,

along with a net increase in accommodation due to the lowered rate of sea-level fall

and background subsidence, caused the water-table to rise, vegetation to flourish, and
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laterally extensive peat-forming coal-swamps formed in both paralic and terrestrial

environments (M4 and T4).

(v) Peat/coal-forming conditions persisted, until the eccentricity of Earth’s or-

bit began to increase and both low-latitude precipitation volatility returned and

high-latitude ice sheets became susceptible to the anomalously warm southern hemi-

sphere summer orbit. In shelfal environments, initial transgression ended peat/coal

formation and led to the retrogradational deposition of tidalites along river channels

draining peat swamps (M5) and fine-grained siliciclastics of the delta-front, including

transgressive beach sands, in adjacent regions. In terrestrial environs, coal deposi-

tion likely continued until the occurrence of an anomalously dry orbit, at which

point, the water-table lowered, vegetation density decreased, and siliciclastic input

increased (T5-6).

(vi) As the rate of transgression increased (toward the point of maximum rate of

sea-level rise), the depth of the epeiric sea over the shelfal environment increased and

black shales (M6) and limestones (M1) were deposited. In terrestrial environments,

the return of climate volatility is accompanied by the potential to deposit thin,

lithologically distinct facies within short periods of time (T1), as is observed in the

aggradational to progradational delta top deposits of the Donets cyclothems (likely

reflecting the high rates of accommodation that characterize this region; Eros et

al., in revision). These processes continued until orbital conditions again aligned

to produce an anomalously cold southern hemisphere summer, ice sheet began to

accumulate, and the cycle began anew.

Our eccentricity-paced cyclothem deposition model describes ‘typical’ cyclothem

deposition, however, cyclothem deposits are known to display significant compo-

sitional, regional, and temporal variability. Our eccentricity-paced model cannot
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explicitly account for all of this variability, but is amenable to variations caused

by differences in regional climate, autocyclic depositional processes, periods of non-

deposition, and/or complexities inherent to orbital parameter periodicities. For ex-

ample, in the natural world, orbital parameters have multiple periodicities, each of

which varies on an independent timescale. In our simulations we have minimized

these complexities; we use an orbital regime that frequently aligns obliquity, eccen-

tricity, and precession such that the parameters combine constructively to create

maxima and minima in insolation (DeConto and Pollard, 2003; Horton and Poulsen,

2009). In the naturally evolving climate system, orbital parameters would not com-

bine constructively as frequently as simulated in this study and the patterns of cli-

mate change recorded in geological units would display significant lithological and

temporal variability, as is the case of cyclothems.

The climate modeling results presented in this study suggest that significant

orbital-scale variability in paleo-tropical Pangaean climate may be driven by ei-

ther atmospheric pCO2 change or orbital insolation change, though it is probable

that these parameters did not change independently. As in the Pleistocene (Petit

et al., 1999), orbital insolation changes were likely accompanied by feedbacks that

increased/decreased greenhouse gas concentrations and amplified climatic changes.

For example, modest fluctuations in atmospheric pCO2 concentrations (±100 ppm if

on the scale of Pleistocene glacial-interglacial fluctuations), coincident with orbital

insolation change, could facilitate the expansion and contraction of higher volume

Gondwanaland ice sheets, and increase glacioeustatic change.

The long-term climatic trend of the late Paleozoic suggests that the climate tran-

sitioned from glacial-interglacial conditions that produced Carboniferous-Early Per-

mian cyclothems to non-glacial conditions accompanied by continental aridification
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in the Middle to Late Permian (Parrish, 1998; Tabor and Poulsen, 2008; Ziegler

et al., 2002). Our results suggest that one factor leading to this transition could

have been an increase in atmospheric greenhouse gas concentrations as has been

suggested by Montañez et al. (2007). Both the near-simultaneous collapse of peat-

forming coal swamps and Gondwanaland glaciation in the early Permian (Falcon-

Lang and DiMichele, 2010) can be explained by an increase in atmospheric pCO2

concentrations; higher pCO2 levels would have prevented the accumulation of sig-

nificant Gondwanaland ice sheets and promoted low-latitude aridification through

a decrease in vegetated land coverage and tropical precipitation. The collapse of

the peat-forming coal swamps themselves may have significantly contributed to ris-

ing pCO2 levels (Cleal and Thomas, 2005). Considering the effects of increased

atmospheric pCO2 concentrations demonstrated in our model, rising greenhouse gas

concentrations potentially could have played an important role in the massive col-

lapse of flora and fauna recorded in the Permo-Triassic extinction event (Kidder and

Worsley, 2004).

5.6 Caveats

The application of our simulated climate framework to conceptual deposition mod-

els is not without caveats. The use of Sakmarian paleogeography and paleotopogra-

phy represents a single moment in the evolution of the late Paleozoic supercontinent.

In reality, late Paleozoic cyclothem deposition began 30 myr prior to the Sakmarian

and tropical climate dynamics were likely influenced by the evolution of continental

landmass distributions (Torsvik and Cocks, 2004) and the evolution of the central

Pangaean mountains (Rowley et al., 1985). For example, GCM studies of the late
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Paleozoic have demonstrated that the addition of a low-latitude mountain range of

moderate elevation (3 km) can decrease the seasonality of regional precipitation by

creating an anomalous low-pressure center over elevated terrains during the tropical

dry-season (Otto-Bliesner, 1993, 2003; Peyser and Poulsen, 2008). We predict that

an increase in low-latitude topography could lead to a similar reduction in season-

ality in our model, but that the cyclicity observed in cyclothem deposits must be

generated by fluctuations in orbital insolation.

The use of a modern ecosystem model (BIOME4) in the simulation of late Paleo-

zoic climate is a limitation, but given the uncertainty inherent in late Paleozoic plant

physiology and the lack of a suitable late Paleozoic biome-model alternative, we think

it is justified. Late Paleozoic low-latitude ecosystem change has been chronicled on

glacial-interglacial time-scales, across ages, and from the start of the Carboniferous

to the end of the Permian (Cleal and Thomas, 2005; DiMichele et al., 2001, 2009,

2010; Falcon-Lang, 2004; Falcon-Lang et al., 2009, 2011; Gastaldo et al., 2009). These

studies attribute both short to intermediate-term cycles of species dominance and

long-term floral transitions to changes in late Paleozoic climate. Whereas climate

most certainly influenced late Paleozoic floral variations, the reciprocal role of these

vegetation fluctuations in influencing LPIA climate is not well understood.

Of particular importance to the study of low-latitude climate is the role that

tropical vegetation plays in precipitation distribution. In the modern tropics, rain-

forest ecosystems are largely comprised of angiosperm vegetation. Angiosperms have

substantial transpiration capabilities that are thought to reduce the seasonality of

precipitation (Boyce and Lee, 2010). In the late Paleozoic, angiosperms had not

yet evolved, but evidence suggests that the transpiration capabilities of some coal-

swamp forest vegetation types may have reached the lower range of angiosperm levels
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(Wilson et al., 2008). Additionally, some types of late Palaeozoic wetland plants are

thought to have had large total leaf areas (Laveine, 1986) and high growth rates,

factors that in aggregate potentially offset decreased transpiration capability on a

per-unit of leaf-surface-area basis (Cleal and Thomas, 2005; Phillips and DiMichele,

1992). Taken collectively, these factors suggest that some late Paleozoic vegetation

types may be well represented by modern analogs, helping to justify the use of the

BIOME4 ecosystem model in our simulations of late Paleozoic climate.

5.7 Conclusion

Recent efforts to constrain the timing and extent of Gondwanaland glaciation, via

the mapping and dating of glaciogenic deposits, indicate that not all cyclothem de-

posits are contemporaneous with periods of chronostratigraphically well constrained

glaciation (Fielding et al., 2008a,b; Gulbranson et al., 2010; Isbell et al., 2003, 2008).

This suggests that factors other than glacioeustasy may have been responsible for

the sea level fluctuations inferred from cyclothem deposits, or that factors other than

sea-level change are major contributors to cyclothem deposition. In the context that

the juxtaposition of marine and terrestrial facies require absolute changes in relative

sea-level (accommodation space), our results suggest that regardless of the existence

of ice sheets or significant ice-sheet-volume change, orbital insolation fluctuations will

drive low-latitude climate variability and in turn, alter depositional environments.

In this study we utilize a climate model to investigate the processes that drove late

Paleozoic climate change and address the effect of these changes on cyclic low-latitude

sediment deposition. Our model results demonstrate that both atmospheric pCO2

concentrations and orbital insolation variations are important factors in determining
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the volume of high-latitude Pangaean ice sheets and the climatic conditions within

low-latitude depositional environments. Our results further indicate that within

a narrow atmospheric pCO2 window (840<pCO2<420) changes in the eccentricity

of Earth’s orbit paced the accumulation and ablation of Gondwanaland ice sheets,

modulated glacioeustatic change, and controlled the distribution of precipitation and

vegetation across low-latitude Pangaea. On the basis of these results, we propose

that the rhythmic sedimentation patterns observed in Euramerican cyclothem de-

posits are the result of eccentricity-paced changes in both high and low-latitude late

Paleozoic climate.
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(a) 420 Orbit 1 - 840 Orbit 1

(b) 420 Orbit 2 - 840 Orbit 2

(c) 420 Orbit 3 - 840 Orbit 3

(d) 560 Orbit 1 - 840 Orbit 1

(e) 560 Orbit 2 - 840 Orbit 2

(f ) 420 Orbit 3 - 840 Orbit 3
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Supplementary Figure 5.9.1: Mean-annual precipitation difference plots. pCO2 difference plots are
calculated by subtracting the 840 ppm climatic conditions from those simulated at 420 and 560
ppm. Note that (c and f) display the same data as Figure 5.4a and c with the climatic conditions
over the oceans unmasked. Precipitation over the oceans decreases with reduced atmospheric pCO2,
whereas precipitation over the continental tropics increases with decreasing pCO2. High-latitude
increases in precipitation with reduced pCO2 are due to the orographic effect of accumulating ice
sheets.
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CHAPTER VI

Summary and conclusions

This section summarizes the major results of each dissertation chapter, provides

a brief synthesis of the major contributions of this thesis to our understanding of

LPIA climate dynamics, and proposes new research directions motivated by these

results.

6.1 Results summary

Chapter 2: This chapter presents the first coupled GCM-ice sheet model sim-

ulations of the late Paleozoic ice age. As an initial step in LPIA climate-ice sheet

modeling, these experiments use the GENESIS GCM to simulate climates in equilib-

rium with various orbital parameter configurations at several different atmospheric

pCO2 concentrations. Utilizing the climatic conditions produced in these GCM ex-

periments, the ice sheet model is compiled until an equilibrium ice sheet volume is at-

tained. Our results demonstrate that regardless of orbital configuration, continental-

scale equilibrium ice sheets are simulated when atmospheric pCO2 concentrations

are below 560 ppmv, and that during a southern hemisphere cold summer-orbit,

continental-scale equilibrium ice sheets are simulated until the pCO2 concentration

exceeds 2240 ppmv. To the first-order, these results agree with proxy-derived esti-
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mates of LPIA pCO2 concentrations taken from sediments contemporaneous with

periods of Gondwanaland glaciation. In sum, these results suggest that the coupled

GCM-ice sheet modeling scheme developed herein is an appropriate means for fur-

ther studies of the LPIA.

Chapter 3: In this chapter, the modeling scheme of Chapter 2 is modified to

incorporate the effects of changing orbital parameters on continental ice sheets. In

this scheme, the climate is simulated with the GENESIS GCM at a constant pCO2

level but with transient orbital conditions. The meteorological conditions simulated

at a chosen orbital configuration are passed to the ice sheet model, which is then

compiled for a short interval (5 kyrs). The resulting ice sheet geometry is then used

as a boundary condition in a subsequent GCM-simulation whose orbital parameter

configuration has been updated. This process is repeated for multiple orbital cy-

cles. Using this modeling-scheme, this chapter tests the hypothesis that variations

in orbital insolation drove cyclic glacioeustatic fluctuations. The results of these ex-

periments produce a paradox; when pCO2 concentrations are low enough to produce

an ice sheet of sufficient volume to account for inferred glacioeustatic changes, the

ice sheets are insensitive to changes in orbital parameters. In an effort to solve this

paradox and in line with some theories of orbitally-controlled ice sheets, we increase

the atmospheric pCO2 concentration of our experiments until significant ice sheet

ablation occurs. We find that the atmospheric pCO2 concentration exceeds 2240

ppmv before ice sheet collapse is simulated. Based on these results, we conclude

that either important components of the climate system have not been accounted for

in our model, or estimates of glacioeustatic change based on low-latitude sediment

deposits are incorrect.
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Chapter 4: In this chapter, we add a dynamic ecosystem modeling component,

BIOME4, to our GCM-ice sheet modeling scheme. We again simulate transient

orbital conditions at multiple pCO2 levels with the intention of addressing the hy-

pothesis that orbital change drove late Paleozoic glacioeustatic cycles. The results

of these experiments indicate that orbitally-driven changes in ice-margin ecosystems

amplify insolation-driven temperature variations, and facilitate the expansion and

contraction of continental ice sheets. Based on these results, we constrain the at-

mospheric pCO2 window within which LPIA ice sheets were amenable to orbital

insolation variations.

Chapter 5: In this chapter, we expand on the results presented in Chapter 4,

focusing on the roles of atmospheric pCO2 and orbital insolation variations in driving

both high-latitude glacial-interglacial cycles and low-latitude continental precipita-

tion distribution. In this chapter we test the hypothesis that high-latitude ice sheets

altered low-latitude climate. Our results demonstrate that the ice sheets simulated

in our experiments have a limited role in influencing low-latitude climate. Instead,

we find that the atmospheric pCO2 concentration has the largest influence on low-

latitude climate. We note that orbital parameter variations, and in particular the

eccentricity of Earth’s orbit about the Sun, play a significant role in determining the

short-to-intermediate-term variability in low-latitude climate. Using these climatic

factors, we formulate a model of low-latitude late Paleozoic cyclic sedimentation

that incorporates eccentricity-paced ice volume changes and low-latitude precipita-

tion variability. Our results account for changes in sea-level, continental ice sheets,

vegetation, precipitation, and sediment availability.
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6.2 Conclusions and future work

The work presented in this dissertation represents a significant advancement in

the methodologies used to study LPIA climate, which in turn have facilitated a

greater understanding of LPIA climate dynamics. In this concluding section, I will

detail the benefits of a GCM-based modeling approach to the study of the LPIA,

summarize the advancements made in our understanding of LPIA climate dynamics,

and suggest future LPIA research directions.

GCM-based studies of Earth’s climate system are a powerful tool by which re-

searchers have sought to find answers to questions that are fundamental to our past,

present, and future. The processes that govern Earth’s climate system are complex,

and simple conceptual models often fail to accurately capture these complicated

phenomena. In the late Paleozoic, the formation of the Pangaean supercontinent,

the waxing and waning of high-latitude ice sheets, and the hypothesized fluctua-

tions in atmospheric pCO2 concentration, add complicating factors to the climate

system that lend themselves to GCM-based studies. GCM studies are limited by

many factors, among them their chosen resolution, their representation of sub-grid

scale processes, and the quality/accuracy of their initial conditions, but the results

of GCM studies often suggest complexities in the climate system not considered in

conceptual climate models. For instance, in chapters four and five of this dissertation

we demonstrate vegetation feedbacks that to our knowledge have not previously been

suggested, yet significantly alter the LPIA climate system. Beyond suggesting new

climatic complexities, GCM-based studies can also examine conceptual hypotheses

within the confines of theoretical climate dynamics. For example, in chapter five of
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this dissertation, we compare our GCM-based results to conceptual climate models

formulated from inferences made on cyclic low-latitude sedimentary sequences and

find that the conceptual models lack theoretical justification. These anecdotal ex-

amples are presented to suggest that much can be learned about past, present, and

future climates within the theoretically-rigorous confines of a GCM.

The major accomplishments of this dissertation are: (1) the design and imple-

mentation of a GCM-based late Paleozoic climate-modeling technique that couples

atmospheric, biospheric, cryospheric, hydrospheric, and lithospheric components,

(2) the determination that under varying orbital conditions the late Paleozoic ice-

house/greenhouse pCO2-threshold occurs below 840 ppmv, (3) the realization that

ice sheets are insensitive to orbital insolation increases when pCO2 concentrations

are low enough to support ice sheet volumes of adequate size to explain observed

glacioeustatic fluctuations, (4) the discovery that the inclusion of dynamic orbitally-

driven ecosystem changes at the ice sheet margin amplifies orbital temperature

changes and facilitates ice sheet advance and retreat, and (5) the formulation of an

eccentricity-paced low-latitude cyclostratigraphy model based on the theoretically-

determined response of late Paleozoic climate to orbital, ice-sheet, and pCO2 forcing.

The work completed in this dissertation has motivated new research questions,

some of which are in the process of being answered and some that will be left to the

future. Below, I outline some of these questions and suggest possible approaches.

(i) What effect does paleogeography have on ice sheet formation? [un-

derway in-collaboration with C. Poulsen and T. Torsvik] The LPIA lasted for ∼100

Myrs, during which time the continents joined, broke apart, and drifted through dif-

ferent latitudes. Can the icehouse/greenhouse conditions of the LPIA be explained

by changes in paleogeography alone? Are there large differences in climate when a
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time period’s high-stand versus low-stand paleogeographic reconstruction is simu-

lated?

(ii) What is the climatic influence of a dynamic ocean circulation? [un-

derway in-collaboration with C. Poulsen] In this dissertation, the ocean has been

represented as a 50 m slab that diffuses heat from the equator to the poles. What

effect do dynamic ocean circulations have on high-latitude ice sheet volumes and

low-latitude climate?

(iii) How does LPIA climate influence the long-term carbon cycle? [un-

derway in-collaboration with C. Poulsen, Y. Godderis, and Y. Donnadieu] The car-

bon cycle is highly-dependent on the rate of chemical weathering of silicic continental

crust. The location of the Pangaean supercontinent the paleoequator, hypothetically

brought a massive volume of silicic crust to the perhumid latitudinal belt. What were

the effects on the global carbon budget?

(iv) Does late Paleozoic flora change the story? In this dissertation, vegeta-

tion feedbacks play a significant role in determining the climate’s response to various

forcing mechanisms. The vegetation model we employ (BIOME4) is based on the

characteristics of modern ecosystem types. What effect would Paleozoic vegetation

have on the climate system?

In short, in the future, more of the past. Thanks for reading! -Dan




