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Abstract The Ordovician glaciation represents the acme of one of only three major icehouse periods
in Earth’s Phanerozoic history and is notorious for setting the scene for one of the “big five” mass
extinction events. Nevertheless, the mechanisms that drove ice sheet growth remain poorly understood
and the final extent of the ice sheet crudely constrained. Here using an Earth system model with an
innovative coupling method between ocean, atmosphere, and land ice accounting for climate and ice
sheet feedback processes, we report simulations portraying for the first time the detailed evolution of the
Ordovician ice sheet. We show that the emergence of the ice sheet happened in two discrete phases. In a
counterintuitive sequence of events, the continental ice sheet appeared suddenly in a warm climate. Only
during the second act, and set against a background of decreasing atmospheric CO,, followed steeply
dropping temperatures and extending sea ice. The comparison with abundant sedimentological,
geochemical, and micropaleontological data suggests that glacial onset may have occurred as early as
the Middle Ordovician Darriwilian, in agreement with recent studies reporting third-order glacioeustatic
cycles during the same period. The second step in ice sheet growth, typified by a sudden drop in tropical
sea surface temperatures by ~8°C and the further extension of a single, continental-scale ice sheet over
Gondwana, marked the onset of the Hirnantian glacial maximum. By suggesting the presence of an ice
sheet over Gondwana throughout most of the Middle and Late Ordovician, our models embrace the
emerging paradigm of an “early Paleozoic Ice Age.”

1. Introduction

The Middle to Late Ordovician (470-444 Ma) has long been considered an enigmatic and unique period in
Earth’s history. Much of this mystery revolved around our inability to explain how a glacial pulse [Finnegan
etal., 2011], high pCO, levels potentially exceeding 20 times the preindustrial atmospheric level [Berner, 1990;
Yapp and Poths, 1996] (PAL, 1 PAL = 280 ppm), a global biodiversity crisis [Sheehan, 2001], and major pertur-
bations of the carbon cycle [Brenchley et al., 1994] could have coincided. Over the last few years, however,
evidence has accumulated that some of these apparent conflicts may have resulted from erroneous inter-
pretations of the relatively poorly preserved and incomplete Ordovician sedimentary record [Ghienne et al.,
2014]. Recent studies suggest that the atmospheric CO, content was probably much lower than had been
previously proposed [Rothman, 2002; Herrmann et al., 2004; Berner, 2006; Vandenbroucke et al., 2010a; Pancost
et al., 2013] and that ocean temperatures reached modern-like values as early as the Middle Ordovician,
distinctly contrasting with earlier visions of a perennial Ordovician supergreenhouse [Trotter et al., 2008;
Vandenbroucke et al., 2009]. Despite a more comprehensive analysis of the physical evidence, major uncer-
tainties persist about the mechanisms that drove ice sheet growth and about its final extent. Rooted in
the disperse nature of the Late Ordovician glacial sedimentary records in North Africa [Ghienne et al., 2007],
South Africa, and South America [Diaz-Martinez and Grahn, 20071, one of the major questions remains whether
those glacial outcrops are indicative of a single, large ice sheet that developed from North Africa (then at a
polar latitude) to South Africa (at tropical latitudes in latest reconstructions) [Torsvik and Cocks, 2013] or if
independent ice sheets of smaller extent coexisted over the South Pole and in the tropics [Ghienne et al., 2007;
Le Heron and Dowdeswell, 2009].
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Itis also still unclear how glacial onset could have possibly occurred in the midst of a prolonged period of hot
climate. Evidence for warm shallow seas in the tropics (up to 37°C) [Finnegan et al., 2011], as suggested by most
recent Ordovician geochemical data [Trotter et al., 2008; Finnegan et al., 2011], is in apparent contradiction with
Middle to Upper Ordovician deposits where glacioeustatic events are identified [Loi et al., 2010; Turner et al.,
2012; Elrick et al., 2013; Dabard et al., 2015; Rasmussen et al., 2016] or suggested [Nielsen, 2004] (see discussion
in Amberg et al. [2016]). These eustatic cycles support the presence of ice sheets since the Middle Ordovician
Darriwilian (467 Ma) rather than a sudden emplacement of a massive ice sheet restricted to the Hirnantian
stage (445-444 Ma).

To investigate how these apparently contradictive interpretations can be reconciled, we employ an Earth
system model to propose the first realistic simulations of Middle to Late Ordovician ice sheet growth. The last
modeling attempts of this kind date back to two papers published by Herrmann et al. [2003, 2004]. Building
on the seminal studies of Crowley and Baum [1991, 1995], they provided major insights into the climatic con-
ditions required to trigger Late Ordovician glacial onset. However, they are more than 10 years old, and the
experimental setup that is available to us has significantly advanced. Herrmann et al.’s [2003, 2004] models
notably did not resolve ice sheet feedbacks on global climate. The simulated ice sheet did not extend beyond
60°S and therefore poorly compared to the Ordovician glacial sedimentary record [e.g., Ghienne et al., 2007].
More recently, Lowry et al. [2014] asynchronously coupled a slab mixed-layer ocean-atmosphere general
circulation model (GENESIS) with an ice sheet model to investigate the impact of the changes in continental
configuration on the potential for glacial inception throughout the Paleozoic. However, they did not use spe-
cific Ordovician boundary conditions in their coupled simulations—in terms of topography, solar luminosity,
and CO, level in particular—which resulted in significant discrepancies between Ordovician geological data
and modeled ice sheet extent and flow. The flat topography led to an unexpected ice sheet geometry with
the maximum ice sheet height simulated along the coasts of Gondwana at 440 Ma. The resulting ice sheet
flowed from the coast to the continent interior (Lowry et al. [2014]; see their discussion section), at odds with
the sedimentary record of the Hirnantian glaciation [e.g., Ghienne et al., 2007]. They ran additional experiments
considering the evolution of the solar luminosity value throughout the Paleozoic, but they did not account for
the feedbacks of the ice sheet on global climate in these simulations. To capture processes leading to glacial
onsetand ensure both reliable ice sheet growth mechanisms and robust steady state ice sheet extent, we here
use suitable boundary conditions together with an innovative modeling procedure that for the first time in
the Ordovician considers ocean-atmosphere-ice sheet interplays as well as a fully dynamic ocean component.
Our model accounts for Ordovician orbital variations and for the wide range of suggested CO, levels, i.e,
3-24 PAL (see section 2.2.2).

We compare our modeling results with abundant geochemical, sedimentological, and paleontological data,
which provides additional insights into both the extent and duration of the glaciation. However, current
ice sheet models exhibit severe issues of hysteresis, making land ice too stable and requiring unreason-
ably high atmospheric CO, levels to cause continental-scale ice sheet retreats [Pollard and DeConto, 2005;
Horton and Poulsen, 2009]. Therefore, we did not attempt the simulation of the Late Ordovician deglacia-
tion but identify this as a target for the future. We are confident that ongoing advances in modeling of the
cryosphere [Ganopolskietal., 2010; Pollard et al., 2015; Gasson et al., 2016] will help resolve thisissue in the years
to come.

2. Methods

2.1. Asynchronous Coupling Design

The deep-time Earth system model used throughout the study is described below. Our aim is to simulate ice
sheet-climate equilibria under decreasing pCO,, representative of the well-established Ordovician cooling
trend [Trotter et al., 2008]. This requires coupling an ocean-atmosphere general circulation model with an ice
sheet model. The most straightforward way to couple an ocean-atmosphere climate model to an ice sheet
model is the purely synchronous coupling method, which would account for exchanges between the ocean,
atmosphere, and land ice components at each model time step. The long computational time required by
an ocean-atmosphere general circulation model (GCM), however, forbids the use of synchronous coupling to
solve deep-time issues, which usually require long ice sheet runs lasting hundreds of thousands of model years
[e.g., Ladant et al., 2014]. Several alternative methods have therefore been proposed [Pollard, 2010], including
asynchronous coupling with a GCM lookup table, which remains the only solution applicable on very long
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Figure 1. Ice sheet results obtained at 12 PAL, with our Earth system
model accounting for orbital variations and ice sheet feedbacks on
climate, throughout the successive asynchronous coupling steps. Red
curves represent the evolution of the land ice cover through ice sheet
model integration time (200 kyr per iteration). The thin blue line stands
for the 30 kyr obliquity forcing used to interpolate between the CSO and
the HSO. The associated right y axis gives the Southern Hemisphere mean
summer insolation received at 65°S. The ice sheet model (GRISLI) is

first run for 200 kyr from its initial, ice-free state (iter 1), by linearly
interpolating between the CSO and HSO temperature and precipitation
forcing fields according to the 30 kyr Ordovician obliquity period. Then,
the largest ice sheet simulated during this first iteration is returned as a
boundary condition to the climate models. New climatic forcing fields are
simulated, which therefore take the ice-albedo local radiative effect into
account. The latter climatic snapshots are added to the “ice cover”
dimension of the GCM lookup table, providing new climatic fields to
interpolate with. GRISLI is once again run for 200 kyr from its ice-free state
(iter 2), and the ice sheet model climatic forcing fields are interpolated as
a function of time both between the CSO and the HSO and between the
ice-free state and the glaciated state predicted from previous iteration.
The largest ice sheet simulated is used to force the third iteration (new

time scales [e.g., Ladant et al., 2014]. In
this method, GCM snapshots are gath-
ered into a multidimensional matrix.
Each dimension of the matrix corres-
ponds to a given external forcing (e.g.,
the orbital configuration or the pCO,)
and contains surface temperature and
precipitation fields simulated for sev-
eral values of this forcing, which pro-
vide the entire information required
during the subsequent ice sheet model
integration. Then, at any point in the
long-term ice sheet model run, the
surface mass balance of the ice sheet
is calculated based on mean monthly
temperature and precipitation fields
interpolated between the appropriate
cells of the matrix [Pollard, 2010]. In the
present case study, the GCM snapshots
are collected in a matrix with three
dimensions, i.e., the Earth’s orbital pa-
rameters, the ice sheet size, and the
pCO,, following the methodology suc-
cessfully applied to the Antarctic ice
sheet onset at the Eocene-Oligocene
transition [Ladant et al., 2014]. How-
ever, unlike the Antarctic ice sheet,
which has limited spatial extent, the
maximum ice sheet extent over the
vast Gondwana paleocontinent is vir-

climatic snapshots are added to the GCM lookup table), and the loop is
repeated until the ice sheet is in equilibrium with global climate (iter 4 to
iter 9), i.e,, an additional iteration does not induce a much larger ice sheet
extent (compare iter 8 and iter 9).

tually unlimited, and as such, there is
no reason to preconceive any max-
imum ice sheet extent prior to the
buildup of the 3-D matrix. Here the ice
sheet sizes are not prescribed, hence evolving freely, instead of imposing successive ice sheet extents for the
interpolation. As a consequence we build the matrix step by step.

1. Climatic snapshots representative of ice-free conditions are first obtained: for a given pCO, (first dimen-
sion of the matrix), two climate states are computed by the GCM with an ice-free bedrock topography
(second dimension), for two opposed orbital configurations (third dimension) yielding either a cold
or a warm summer over the southern high latitudes (cold and hot summer orbits—CSO and HSO,
respectively—see section 2.2.2).

2. Afirst ice sheet is modeled: the ice sheet model is run, for the same pCO, level, using a sinusoidal forcing
in obliquity weighted between the two opposite climates from step 1 (iter 1 in Figure 1). The period of the
sinusoidal variation in obliquity is set to 30 kyr, based on spectral analysis of Ordovician halite deposits
[Williams, 1991]. Orbital variations are known as a major driver of Pleistocene glacial cycles [e.g., Paillard,
1998], and they have been shown to significantly impact the growth of the ice sheet during the Ordovician
as well [Herrmann et al., 2003; Ghienne et al., 2014; Dabard et al., 2015].

3. An ice sheet of larger extent is simulated, provided that climate is favorable to ice sheet growth: in order
to account for the feedbacks of the ice sheet on climate, the largest ice sheet simulated previously is rein-
troduced as a boundary condition into the climate model (still keeping the CO, constant). Two additional
glacial climatic states are simulated, one for each of the two opposite orbital configurations (CSO and HSO).
The climatic snapshots are gathered into the matrix of climatic states, each snapshot corresponding to a
specific land ice mask and orbital configuration (i.e., a CSO snapshot and a HSO snapshot for each ice sheet
extent, including the ice-free state). The ice sheet model is then run, starting from an ice-free state, forced
in temperature and precipitation using climatic fields interpolated, throughout model integration time,
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between the climatic snapshots of the matrix as a function of both the orbital forcing and the extent of the
ice sheet (iter 2 in Figure 1).

4. Step 3 is repeated until steady state is reached between land ice and global climate: a new member is thus
added to the “ice sheet extent” dimension of the matrix as many times as necessary, and the resulting ice
sheet is neither limited to a given geometry nor artificially pulled toward a maximal extent, which might
have been the case with prescribed ice sheets (iter 3 to iter 9 in Figure 1).

5. The whole procedure is repeated for the other CO, values.

Climatic snapshots are obtained using successively the ocean-atmosphere general circulation model FOAM
(as a sea surface temperature generator) and the state-of-the-art atmospheric model LMDZ, with the
same boundary conditions. The model FOAM is first integrated until deep-ocean equilibrium is reached
(>2000 years). Given that the atmospheric fields of temperature and precipitation simulated with FOAM are
not sufficiently well resolved to directly force the ice sheet model GRISLI, the sea surface temperatures sim-
ulated with FOAM are subsequently used to force the atmospheric model LMDZ, the outputs of which are in
turn used to force GRISLI. The alternate use of FOAM and LMDZ has been shown to perform well, as testified
by previously published paleoclimate studies [Ladant et al., 2014; Licht et al., 2014].

2.2. Model Setup
2.2.1. Model Details

FOAM (Fast Ocean Atmosphere Model) version 1.5 is a fully coupled mixed-resolution ocean-atmosphere
general circulation model with no flux corrections [Jacob, 1997]. Its quick turnaround time allows for long
millennium-scale integrations. FOAM is consequently well designed for paleoclimate studies, for which
purpose it has been routinely used in the past, including for the Ordovician [Nardin et al., 2011; Pohl et al., 2014,
2015]. The atmospheric component of the model is the National Center for Atmospheric Research’s (NCAR)
Community Climate Model version 2 (CCM2) benefitting from the upgraded radiative and hydrologic physics
from CCM3 version 3.2. It is run at a R15 spectral resolution (4.5° x 7.5°) with 18 vertical levels (14 in the
troposphere). The ocean module is the Ocean Model version 3 (OM3). It is a finite difference, 24-level z coordi-
nate ocean general circulation model providing a higher resolution than the atmospheric module (1.4° x 2.8°)
on arectangular grid. Sea ice is simulated using the thermodynamics of the NCAR'’s Climate System Model 1.4
sea ice module, which is based on the Semtner [1976] three-layer thermodynamic snow/ice model.

The LMDZ (Laboratoire de Météorologie Dynamique Zoom) model is an IPCC-class (Intergovernmental Panel
on Climate Change) atmospheric general circulation model benefitting, as the atmospheric component of the
state-of-the-art IPSL (Institut Pierre-Simon Laplace) Earth system model, from the latest physical and dynam-
ical refinements [Hourdin et al., 2013]. A midresolution version of the model is used in this study, providing a
resolution of 1.9° x 3.75° with 39 vertical levels (21 in the troposphere) on a rectangular grid.

GRISLI (GRenoble Ice-Shelf and Land Ice) is a three-dimensional ice sheet model accounting for thermody-
namical coupling between ice velocities and temperatures [Ritz et al., 2001]. GRISLI runs at 40 km x 40 km
resolution and simulates both grounded and floating ice, by considering three types of ice flow: ice sheets,
ice streams, and ice shelves. At each time step, the model determines the areas where each type of ice flow
applies. Ice shelves are large floating ice plates fed by inland ice. Their location is determined based on a
flotation criterion, and ice velocities in these grid points are computed using the shallow-shelf approxima-
tion with a basal stress set to zero. The FOAM model does not have the resolution needed to simulate oceanic
melting under the ice shelves. This requires specific experimental setups, involving high-resolution (regional)
climate models accounting for ocean temperature and circulation patterns under the shelves [e.g., Heimbach
and Losch, 2012]. In this study, we therefore used a parameterization considering a basic dependence of the
melt rate on the ocean bathymetry. We imposed a melt rate of 0.2 m yr~' on the continental shelf (water
depth <600 m) and 2 m yr~' in open ocean conditions (water depth >600 m). These values are well within the
range defined in previous studies on Antarctica [Pollard and DeConto, 2012, their Figure 4b]. Calving occurs
when the thickness of the ice shelf drops below 150 m. All areas that are not ice shelves are grounded ice,
including ice sheets and ice stream zones. Ice sheets are regions of grounded ice where ice flow is mainly
due to deformation, basal sliding occurring only where the base is at the pressure melting point. Inland ice
velocity fields are computed using the shallow-ice approximation. Because the latter is inaccurate to simu-
late fast-flowing ice [Bueler and Brown, 2009], such regions—the ice stream zones—are specifically treated
by the model. Ice streams are corridors of fast flow with widths of a few kilometers, usually smaller than the
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model grid size. It is not possible to simulate them individually. Their effect is parameterized in the model by
treating areas which have the large-scale characteristics of ice streams independently. Ice stream zones are
defined based on both the local slope of the terrain and the effective water pressure below the ice sheet, the
latter as a function of the subglacial water depth. Ice flow in these ice stream zones is computed using both
the shallow-ice and the shallow-shelf approximations. Contrary to what is prescribed for ice shelves, basal
stress is not set to zero. GRISLI simulates the evolution of ice sheets in response to climatic forcing. The model
calculates the surface mass balance of the ice sheet as the sum of accumulation minus ablation, using mean
monthly surface temperature and precipitation. Ablation is in turn computed with the positive degree day
(PDD) method, using a surface melt refreezing rate of 60% and a standard deviation (c) of 5°C to represent
the air temperature variability over the month [Reeh, 1991]. The PDD model is based on an empirical rela-
tion between air temperature and melting rate, assuming that the near-surface temperature transmits the
majority of the climatic forcing to the ice sheet. Despite its simplicity, this ablation scheme has been shown
to perform well [e.g., Ladant et al., 2014], although some recent studies suggest that explicitly accounting for
the melt contribution from insolation may significantly impact the calculation of surface melt [e.g., Robinson
and Goelzer, 2014]. GRISLI also accounts for the isostatic adjustment of the bedrock in response to ice load.
The common “elastic lithosphere/relaxing asthenosphere” (ELRA) model is used. In this parameterization, the
bed underneath the ice sheet is described as a thin, elastic lithosphere governing the spatial shape of the
deflection by allowing a regional response to the ice load. The underlying, viscous asthenosphere governs
the time-dependent characteristics of the deformation through a standard relaxation time of 3 kyr. GRISLI
was initially developed for and validated over Antarctica by Ritz et al. [2001]. It has since then been success-
fully applied to study the mechanisms that drove Heinrich events (last 80 ka) [Alvarez-Solas et al., 2011, 2013],
the inception of the Fennoscandian ice sheet during the last glacial period (90 ka) [Peyaud et al., 2007], the
partial melt of the Greenland ice sheet during the last interglacial period (130-115 ka) [Quiquet et al., 2013],
and the continental-scale initiation of the Antarctic ice sheet at the Eocene-Oligocene boundary (34 Ma)

[Ladantetal., 2014].
2.2.2. Boundary Conditions

We use the Late Ordovician (450 Ma) continental configuration from Blakey [2016]. Given that continental
vegetation was restricted to nonvascular plants during the Ordovician [Steemans et al., 2009; Rubinstein et al.,
2010]—the coverage of which is difficult to estimate—we follow previous studies about Ordovician climate
[Nardin et al., 2011; Pohl et al., 2014, 2015] in imposing a bare soil (rocky desert) on every continental grid
point. Five realistic topographic classes are used, ranging from the deep ocean (—4000 m) to the Caledonian
orogen (3000 m) [Pohl et al., 2014]. Simulations are conducted for two end-member orbital configurations
(CSO and HSO), respectively, extremely favorable and unfavorable to south polar ice sheet growth. The HSO
(CSO) is defined with an obliquity of 24.5° (22.5°), an eccentricity of 0.05 (0.05), and a longitude of perihelion
of 90° (270°) [DeConto and Pollard, 2003]. Following the models of solar physics [Gough, 1981] and previous
studies about Ordovician climate [Pohl et al., 2014, 2015], the solar constant is decreased by 3.5% compared
to its present value. The values for Ordovician pCO, remain a major uncertainty. They were necessarily higher
than today, compensating for a weaker insolation, but climatic proxies [Yapp and Poths, 1992; Rothman, 2002;
Tobin and Bergstrém, 2002; Tobin et al., 2005; Vandenbroucke et al., 2010a; Pancost et al., 2013], climate models
[Herrmann et al., 2003, 2004], and long-term carbon cycle models [Berner, 1990; Francois et al., 2005; Berner,
2006; Young et al., 2009; Nardin et al., 2011; Goddéris et al., 2014] give scattered values ranging from less than
5 PAL to more than 20 PAL. In order to cover this wide spectrum, experiments are conducted for pCO, values
between 3 PAL and 24 PAL.

2.3. Sensitivity Tests
2.3.1. One-Way Coupling Versus Asynchronous Coupling Method

Most experiments discussed in this study are conducted with the Earth system model described previously
(i.e., the asynchronous coupling method; see section 2.1). Additional experiments are conducted with a
simpler experimental design to allow comparison with previously published work and to test the sensitivity
of our results to various parameters. Similar to previous studies [Herrmann et al., 2003, 20041, we unidirection-
ally force the ice sheet model (GRISLI) with atmospheric outputs representative of ice-free conditions. As in
the asynchronous coupling method, GRISLI updates its surface temperature and precipitation fields as a func-
tion of ice sheet height, through an adiabatic lapse rate for the temperature (5 K km~') and an exponential
law for the precipitation (Clausius Clapeyron dependency), thus capturing the effect of the ice sheet on local
climate. The one-way forcing method, however, differs from our asynchronously coupled model by lacking
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ice sheet feedbacks on regional and global climates. The ice sheet model is not able to account, by itself, i.e.,
without being provided with additional climatic forcing fields, for larger-scale effects such as the impact of the
ice sheet on the atmospheric circulation. It also significantly underestimates the regional cooling induced by
the ice sheet by neglecting the strong ice-albedo positive feedback. For these one-way simulations, climatic
forcing fields are computed using the method described previously (FOAM and then LMDZ). We use the cold
summer orbital configuration (CSO), which is particularly favorable to Southern Hemisphere ice sheet growth.
The resulting steady state ice sheets therefore represent the maximum land ice extent and volume that can
be reached without considering land ice feedbacks on global climate.

2.3.2. Response of Ice Dynamics to Continental Topography

Published continental reconstructions do not necessarily concur with each other regarding the location of
Ordovician highlands over Gondwana [e.qg., Blakey, 2016; Scotese, 2016], and none of them provide numerical
values for the altitude of these mountainous areas. In our baseline runs, we define mountainous areas based
on Blakey's [2016] Late Ordovician reconstruction (section 2.2.2), and we assign constant altitude of 2000 m to
these highlands. To estimate the dependence of our modeling results on the large uncertainties in Ordovician
topographic reconstructions, we run two additional sets of experiments involving a flat Gondwana super-
continent over the South Pole (constant altitude of 300 m) and a lowered topography where mountainous
areas are set to 600 m altitude. For each of these tests, the one-way forcing method is used. LMDZ is run for
each pCO, in a cold summer orbital configuration, using the appropriate topography, but keeping the sea
surface temperatures previously simulated in our one-way baseline runs (section 2.3.1). GRISLI is subsequently
forced using the LMDZ climatic fields. Using fixed sea surface temperatures allows to specifically investigate
the impact of mountainous areas on the atmospheric circulation and thus on the patterns of the precipita-
tion and temperature forcing fields provided to GRISLI, by avoiding ocean dynamics complex responses to
changing topography.

2.3.3. Response of Ice Dynamics to Glacier/Bedrock Coupling

In spite of their limited spatial extent, ice streams today represent the most dynamic components of ice sheets,
notably accounting for more than 90% of all the ice and sediment discharged by the Antarctic ice sheet
[Bennett, 2003]. Ice streams consequently constitute a central component of the dynamic behavior of present
ice sheets. In the model GRISLI, they are simulated using the shallow-shelf approximation (see section 2.2.1).
In this context, the driving term for the ice flow computation is the basal sliding, which is computed as a
function of basal shear stress and effective pressure, the latter as a function of the subglacial water pressure.
Because shear stress and effective pressure are highly dependent on the geology of the subglacial environ-
ment, a sediment map is usually provided as a boundary condition to the model. However, the nature of the
Ordovician continental surface is unknown over virtually the entire Gondwana supercontinent, challenging
the accurate reconstruction of sediment thickness. The strength of the glacier/bed coupling therefore remains
a major uncertainty in our deep-time modeling study, potentially biasing the modeled land ice volume and
extent. In order to quantify the amplitude of this possible bias, we conduct a sensitivity test of the glacier/bed
coupling strength by varying the basal dragging in the model. The basal dragging is the force generated by
the friction between the flowing ice sheet and its bedrock, which hampers ice motion. In the model, the direc-
tion of basal dragging is opposite to that of basal velocity [Ritz et al., 2001], and its value is a function of the
latter [Alvarez-Solas et al., 20111:

T, = —v2NUl7 (1

where 7, is the basal dragging, U, is the basal velocity, N represents the effective pressure, and v2 is an empir-
ical parameter representing the basal friction coefficient in ice streams, the value of which will be varied. For
these tests, the climatic forcing fields used in GRISLI are the same in all the experiments: we use the one-way
forcing method, the cold summer orbit, and Blakey's topography [2016] with mountainous areas set to 2000 m.

3. Results

3.1. One-Way Experiments

To facilitate the comparison of our results with previous modeling studies [Herrmann et al., 2003, 2004; Lowry
etal., 2014], we first conduct experiments that account neither for ice sheet feedback processes nor for orbital
variations (see section 2.3.1). As expected, ice sheets of various extent and height are simulated, depending
on the pCO, (Figure 2). The lower the pCO,, the larger the ice sheet. The relationship between pCO, and land
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ice volume is linear in a log-axis graph
(Figure 3a, blue line). Herrmann et al.
[2004] employed a similar experimental
setup to run simulations on two Late
Ordovician continental configurations
from Scotese and McKerrow [1991]. They
investigated the impact of several factors
on glacial onset, i.e., pCO,, sea level,
and heat transport. Their set of experi-
ments including a low sea level and a
“normal” (versus “decreased”) oceanic
heat transport was typified by boundary
conditions very close to the ones used
in this study. As summarized in their
Table 2, their simulation conducted at
15 PAL did not lead to glacial onset,
whereas a continental-scale ice sheet
was simulated at 8 PAL. Figure 2 reveals
that in our models, (i) an ice sheet of
limited spatial extent develops on polar
highlands at 16 PAL, apparently indicat-
ing a glacial onset at higher CO, levels
than Herrmann et al. [2004]. Herrmann
et al. [2004], however, prescribed a flat
continent, with altitudes set to 250 m
on coastal grid points and 500 m every-
where else, compared to 2000 m for

8PAL == ancient orogens and 300 m elsewhere in

Ice-sheet height (m) our case. Interestingly, additional simu-
| MmN C lations with mountainous areas lowered
0 1000 2000 3000 4000 5000 6000

to 600 m (see section 3.3.1) are typified
by a glacial onset occurring at 8 PAL in

-3000 2000  -1000 0 1000 2000 3000 our models, eventually providing a CO,
Figure 2. South polar projection maps of Late Ordovician steady state threshold for glacial onset very compa-
ice sheet heights (m) simulated at various CO, levels with the “one-way” rable to the one proposed by Herrmann
forcing method, i.e., with no land ice feedbacks on global climate. et al. [2004]; (ii) The ice sheet simulated
F.or these simulations, the cold summer.orbit is.used. The thick white at 8 PAL extends to ~60°S (Figure 2),
line corresponds to a mean annual sea ice fraction equal to 50%.

Background shading is topography/bathymetry. Latitude is shown which is in reasonable agreement with
at 30° intervals. the extent simulated by Herrmann et al.

[2004] for the same pCO, on their lat-
est Ordovician reconstruction (see their
Figure 6).

Bathymetry / Topography (m)

The experimental setup used by Lowry et al. [2014] was very comparable to the one of Herrmann et al. [2004].
Similar to Herrmann et al. [2004], climatic forcing fields were simulated using the GENESIS model on a flat
topography under a cold Southern Hemisphere summer orbital configuration. In their simulations using a
solar constant set to —2.5 % below present, Lowry et al. [2014] obtained a threshold CO, level for glacial incep-
tion below 3 PAL. Further accounting for early Paleozoic solar luminosity values raised the pCO, threshold to
4 PAL. Land ice growth did not occur at 8 PAL. This discrepancy between the results of Herrmann et al. [2004]
and ours, on the one hand, and the ones of Lowry et al. [2014], on the other hand, may at least partly result
from the choice of the vegetation cover. Here we use a barren soil, the albedo of which corresponds to a rocky
desert (section 2.2.2). Herrmann et al. [2004] used no vegetation and intermediate soil color values. Lowry et al.
[2014], on the contrary, coupled GENESIS to BIOME4, an equilibrium terrestrial vegetation model simulating
the changing distribution of 28 modern biome types in response to climatic forcing. Sensitivity tests demon-
strated that ice sheet initiation was sensitive to vegetation (supporting information of Lowry et al. [2014]).
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Figure 3. Ice sheet results at various CO, levels. (a) Ice sheet extent simulated under a cold summer orbit without
taking ice sheet feedbacks on climate into account (one way, blue line) and with our asynchronous coupling procedure
accounting for orbital variations and ice sheet feedbacks (red line). Global mean annual surface air temperature

(black line, right y axis) is displayed for the asynchronous coupling method only, once the ice sheet obtained steady
state with global climate. (b-g) South Pole projection maps of Late Ordovician equilibrium ice sheet heights (m)
simulated at each CO, level, using the asynchronous coupling method accounting for orbital variations and ice sheet
feedbacks. Background shading is topography/bathymetry. The thick white line corresponds to a mean annual sea

ice fraction equal to 50%. Latitude is given at 30° intervals. See Figure 8 for a time series of land ice growth. The grey

rectangle in Figure 3a indicates the domain where ice sheets sustain in an otherwise relatively warm climate;
see section 4.2.
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The use of a bare ground induced larger ice volumes and surface area. In some time slices of the Phanerozoic,
a barren soil raised the CO, threshold for glaciation.

It is more difficult to directly compare our results with the work from Herrmann et al. [2003], who conducted
their experiments for a narrower pCO, range (8-12 PAL) and focused on the sensitivity of the modeled ice
sheet volume to the obliquity forcing. Orbital variations are not considered in our one-way experiments,
though they are in our asynchronously coupled runs (see section 2.1).

It appears that using the one-way forcing method, our models compare relatively well with the results of
Herrmann et al. [2004]. In the simulations of Lowry et al. [2014], glacial onset occurs for slightly lower CO, levels,
possibly due to their modern vegetation cover.

3.2. Accounting for Ice Sheet Feedback Processes

Simulations are run with the same models and boundary conditions, using the asynchronous coupling
method accounting for orbital variations and, for the first time, for the feedbacks of the ice sheet on global
climate. Changes in ice surface elevation and extent affect surface air temperatures and atmospheric circu-
lation and vice versa (see section 2.1). Figure 3a displays the equilibrium surface air temperature (black line)
and ice sheet extent (red line) simulated at various pCO, levels. At 24 PAL, the climate is warm (global,
mean annual surface air temperature of ~25.7°C, Figure 3a) and no land ice is observed over the South Pole
(Figure 3b). When CO, is decreased to 16 PAL, the climate cools slightly (by 1.8°C) and small ice caps appear
on the polar highlands (Figure 3c). When CO, is lowered to 12 PAL, an ice sheet suddenly expands to the
midlatitudes (~45°S, Figure 3d) and global temperature decreases by 3.9°C (from 23.9 at 16 PAL to 20.0°C at
12 PAL, Figure 3a). After this first step of sudden ice sheet growth, the position of the ice front stabilizes and ice
sheets of similar size and volume are simulated at 12, 10, and 8 PAL (Figures 3a, 3d-3f). When CO, is further
lowered to 3 PAL, global temperature suddenly plummets by ~14°C (Figure 3a) inducing a second-step
latitudinal expansion of the land ice by a further 15° (Figures 3a and 3g), whereby the continental ice sheet
reaches the tropical realm (30°S). Sea ice— previously confined to higher paleolatitudes—expands to 45°S
(Figure 3q).

During the first step, global climate suddenly shifts from a greenhouse (pCO,> 12 PAL) to an icehouse mode
with the land ice front resting at the midlatitudes (12-8 PAL, Figures 3d-3f). Despite the continental con-
figuration favoring a strong continentality over the southern high latitudes, analysis of the mechanisms of
incipient glaciation reveals that accumulation is never the limiting factor for land ice growth (Figure 4). The
latter is, on the contrary, driven by lack of ablation (Figure 4), as reported for the Laurentide ice sheet during
the Last Glacial Maximum [Bonelli et al., 2009]. The Ordovician ice sheet nucleates near the South Pole on
highlands where freezing persists during the austral summer season, i.e.,, where ablation is virtually zero
throughout the year. Once the ice cover is sufficiently large, the ice-albedo and height mass balance feed-
backs amplify the extension of the zero-ablation zone (Figure 4). The ice sheet expands equatorward until
it reaches the midlatitudes, where it stabilizes from 12 to 8 PAL (Figures 3d-3f). This apparent contradiction
between pCO, decrease and unchanged land ice extent, between 12 PAL and 8 PAL (grey domain in Figure 3a),
is caused by higher ablation rates in the warmer midlatitudes (supporting information), limiting the ice line
close to 45°S. The nonlinear extension of the land ice simulated in this first step is comparable, to some extent,
to the Pleistocene glacial cycles, during which interstadials (when only Greenland was covered by ice) were
succeeded by stadials when the Laurentide ice sheet suddenly extended to 40°N [Ehlers and Gibbard, 20071.
The ice sheet extension of the second step, simulated at 3 PAL, relies on a specific mechanism. Pohl et al.
[2014, 2015] showed that there is a threshold CO, value, below which Ordovician climate abruptly shifts from
a warm climatic equilibrium with no sea ice in the Northern Hemisphere to a much colder state with sea ice
extending down to the midlatitudes. They attributed this climatic instability to the particular ocean dynamics
developing in the mainly oceanic Ordovician Northern Hemisphere. At 3 PAL, the sudden spread of sea ice
to the midlatitudes (Figure 3g), associated with the crossing of this climatic tipping point, induces a global
climate cooling by 14°C (Figure 3a). This abrupt cooling leads in turn to the advance of the continental ice
front to the tropical latitudes (Figure 3g).

The quasi-absence of ice shelves in our model runs (Figure 3) results from the very strong ablation outside
the grounded ice sheet on the one hand (Figure 4h) and from the poorly constrained Ordovician bathymetry
on the other hand. The South Pole, in particular, is the single area typified by lower ablation rates (Figure 4h).
There, however, open ocean conditions suddenly succeed to the Gondwana peneplain continent in our
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Figure 4. Respective contributions of accumulation and ablation to the growth of the Ordovician ice sheet, illustrated
by three snapshots taken from the simulation conducted with ice sheet feedbacks and orbital variations at 12 PAL,

at (a—c) 22 ka, (d-f) 44 ka, and (g-i) 173 ka. Latitude is shown at 15° intervals, and land ice cover is systematically
displayed through ice sheet height isolines. (j) The three snapshots (22, 44, and 173 ka) are placed on the time series
of ice sheet growth (similar to iter 9 in Figure 1), where the red curve represents the increasing extent of the ice sheet
through the ice sheet model integration time (200 ka) and the blue curve the oscillations of the orbital forcing between
the CSO and HSO end-members (see section 2.2.2). Comparing the three plots provided for each selected model year
reveals that accumulation is never the limiting factor for ice growth, because the positive accumulation zone always
exceeds the ice sheet extent (Figures 4a, 4d, and 4g). On the contrary, potential ablation is very strong outside of the
ice sheet edges, thus limiting further ice sheet extension. The enlargement of the zero-ablation zone (Figures 4b, 4e,
and 4h)—driven by local cooling due to the ice-albedo and height mass balance positive feedbacks—allows the ice
sheet to develop through the elapsing simulation (Figures 4c, 4f, and 4i).

bathymetric reconstruction, with no fine-scale slope in between (see Figure 4c), which implies strong oceanic
melt rates under the shelves in the model (see section 2.2.1). Moreover, there are very few embayments to
favor the development of ice shelves. Given that floating ice does not contribute to sea level variations when
it forms or breaks up, uncertainties regarding the extent of simulated ice shelves do not alter our estimates of
the glacioeustatic fall discussed in section 4.4.

3.3. Sensitivity Analysis

We here quantify the impact of the basal dragging and of the bedrock topography on the geometry of the
simulated ice sheet. Because running our asynchronously coupled model for each of these additional exper-
iments would be time consuming and expensive, we here use the one-way forcing method and we conduct
simple, first-order sensitivity tests under the cold summer orbital configuration. We previously demonstrated
that using the one-way method, a very low CO, level (3 PAL) is required to simulate a continental-scale
ice sheet similar to the ice sheet modeled with our more sophisticated setup (compare Figure 2f with
Figures 3d-3f). We therefore conduct most of our sensitivity tests at 3 PAL, in order to ensure that the results

of these tests are instructive regarding the geometry of such a continental-scale ice sheet.
3.3.1. Sensitivity to Topography

The most straightforward effect of a mountainous area is to allow the continental surface to intercept the 0°C
isotherm, where a flat topography would not, thus making the nucleation of ice centers easier. Conversely,
considering lowered relief is expected to shift the threshold for glacial onset toward lower pCO, values. With
the default topography used in our baseline runs, glacial onset takes place at 12 PAL (Figure 2). When moun-
tains are lowered to 600 m, the threshold pCO, value for glaciation is effectively shifted to 8 PAL. With a flat
topography, land ice nucleates only at 3 PAL over Gondwana.
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Figure 5. Sensitivity of simulated ice sheet height and extent to topography. Each row corresponds to an experiment.
(a, ¢, and e) The topography used in the model. (b, d, and f) The ice sheet height simulated at equilibrium together with
simulated ice sheet volume (V, T Mkm3= 10% km3) and extent (E, 1 Mkm?2 = 10° km?2). For these simulations, we use

the one-way forcing method and the cold summer orbital configuration.

Figure 5 compares equilibrium ice sheets simulated at 3 PAL, using each topography. Although topography
significantly impacts the ice sheet geometry, equilibrium ice sheet extent is almost insensitive to topography.
Lowered mountains (Figures 5c and 5d), or even a flat Gondwana supercontinent (Figures 5e and 5f), alter the
modeled land ice area by no more than 4.5%. The maximum latitudinal extent of the ice sheet, in particular,
is remarkably stable. The regional advance of the ice front toward lower latitudes in the center of Gondwana,
when topography is flattened (compare Figure 5b with Figures 5d and 5f), results from the changing atmo-
spheric circulation when highlands are removed. Zonal winds are not hampered by relief any more, and they
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Figure 6. Austral summer (December, January, and February average) surface air temperature simulated using the
one-way forcing method under CSO, land ice-free conditions using (a) the default topography reconstructed from
Blakey (2000 m) and (b) the flat topography. Continental mass outlines are shown with the black, stepped, thin
black lines. In Figure 6a, main mountains typifying the topography used over Gondwana during the simulation are
shown with red, stepped lines. In Figure 6b, the topography is set to 300 m everywhere over Gondwana during the
simulation but the location of former relief is mapped in order to facilitate the comparison with Figure 6a. In both
cases, the thick black line stands for the 0°C isotherm.

allow the austral summer 0°C isotherm to advance toward the tropics (Figure 6). There is, however, quasi-
cancelation between this regional extension of the ice sheet and the retreat of the ice sheet from surround-
ing mountainous areas due to the warming effect of the lapse rate for lowering topography (Figures 5b, 5d,
and 5f). As a result, the extent of the ice sheet only slightly increases (+1 Mkm?, Figures 5b, 5d, and 5f) and
the land ice volume follows (+24 Mkm?3, Figures 5b, 5d, and 5f).

3.3.2. Sensitivity to Basal Dragging

Land ice thickness simulated in our baseline runs reaches 6000 m over extensive areas, and the ice sheet
systematically displays very steep flanks (Figure 7a). These characteristics are comparable with the results from
Herrmann et al. [2004] (see their Figure 6), but they are not realistic when compared to present-day Antarctic
[e.g., Fretwell et al., 2013] or LGM Laurentide [e.g., Heinemann et al., 2014] ice sheets. Furthermore, the model
simulates virtually no ice stream zones over the entire Gondwana supercontinent (Figure 7b), which is at
odds with the sedimentary record of the Ordovician glaciation [e.g., Denis et al., 2007; Ghienne et al., 2007].
These discrepancies arise from weakly dynamic ice sheet, notably resulting from the absence of topographic
undulationsin our poorly constrained Ordovician topographic reconstruction. The latter includes topographic
classes with constant elevation, with no valleys to promote fast-flowing ice streams (see section 2.2.1). In
order to quantify this bias, we conduct additional experiments using the basal dragging parameterization
developed by Alvarez-Solas et al. [2011] to account for the ice sheet instability. This basal dragging code was
successfully applied to study the Heinrich event 1 [Alvarez-Solas et al., 2011]. It uses, in the ice stream zones,
a basal dragging coefficient v2 (see section 2.3.3) that is lower than the one used in our baseline runs. It is
also less restrictive regarding the conditions required to generate ice stream zones. In contrast to the basal
dragging parameterization used in our baseline runs, it uses a sediment map and allows ice streams to develop
over areas with very limited basal water content if the bedrock is covered by sediments. For the Ordovician,
no detailed lithologic maps of Gondwana are available, but some areas were undoubtedly covered by sedi-
ments [Denis et al., 20071. In the absence of better constraints, we here impose a uniform sediment cover over
the supercontinent, and we set the basal friction coefficient for ice streams to v2 = 2 x 10~ (dimensionless),
following Alvarez-Solas et al. [2011]. Results obtained with this setup are displayed in Figures 7c and 7d.

Ice sheet geometry simulated at 3 PAL with the Alvarez-Solas et al's [2011] parameterization shows large
differences with our baseline simulation (Figures 7a and 7c). The equilibrium ice sheet extent does not change,
but the ice sheet flattens and simulated ice volume decreases from 171 Mkm? to 99 Mkm?, eventually rep-
resenting only 58% of the volume simulated in the baseline experiment (Figures 7a and 7c). The constant
ice sheet extent, on the one hand, is due to the unchanged climatic forcing. Decreased ice volume, on the
other hand, results from high land ice velocities over extensive ice stream zones (Figures 7b and 7d). Figure 7e
(black points) shows the results from additional experiments with various values of the basal dragging coef-
ficient v2. It confirms that the strength of the glacier/bedrock coupling impacts the simulated ice volume but
not the ice sheet extent. These results are in agreement with the studies of Clark and Pollard [1998] and Tabor
and Poulsen [2016], who simulated similar Laurentide ice sheet extents, but different volumes, as sediment
cover changed across the middle Pleistocene transition (~ 0.9 Ma). We also conduct an experiment featuring a
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Figure 7. Sensitivity of simulated land ice thickness and extent to basal dragging coefficient. These simulations are
conducted using the one-way forcing method and a cold summer orbit. (a, b) Results from our baseline experiments.
(¢, d) Results obtained using the basal dragging parameterization developed by Alvarez-Solas et al. [2011] with the
standard basal dragging coefficient: v2 = 2 x 107. Isolines correspond to ice sheet height. They are displayed every
500 m. (e) The dependence of simulated ice sheet extent (circles) and volume (squares, right y axis) on the basal
dragging coefficient, using the parameterization from Alvarez-Solas et al. [2011]. Red circles and squares show the
values obtained with the standard basal dragging coefficient of 2 x 102, which results are displayed in Figures 7c
and 7d. Grey circles and squares stand for the simulation using the same coefficient and a sediment map in addition.
Black symbols stand for simulations where the value of the basal dragging coefficient is varied (x axis), with no

sediment map.
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Figure 8. Ice sheet height simulated at 12 PAL, under varying orbital forcing, throughout the successive asynchronous coupling steps (south polar projection
maps). (a—i) The largest ice sheet simulated during each one of the successive iterations, which is subsequently returned as a boundary condition in the climate
models to simulate the next ice sheet extent (see section 2.1). Background shading is topography/bathymetry. Latitude is shown at 30° intervals.

partial sediment cover. This is a first-order test with sediments present everywhere in topographic lows (i.e., a
peneplain continent) but absent where the elevation of the terrain is above 300 m. Highlands are considered
as rocky bedrock, and they are characterized by the very strong glacier/bedrock coupling typifying inland
ice in GRISLI. This spatialization of the basal dragging strength induces differential sliding over Gondwana.
Results (Figure 7e, grey points) show that including a sediment map does not critically impact our results.

In summary, sensitivity tests show that uncertainties in topographic reconstructions impact the threshold
CO, value for glacial onset. Accounting for ice streams—fast-moving ice regions, demonstrated to have been
present from the Upper Ordovician record [Moreau et al., 2005; Denis et al., 2007; Le Heron et al., 2007; Ghienne
et al., 2007; Denis et al., 2010; Ravier et al., 2015]—further demonstrates that the land ice volume simulated
in our baseline runs has to be considered with caution. The two opposite and relatively extreme parame-
terizations tested here, leading to a weakly dynamic (in our baseline simulations) and especially dynamic
(using the basal dragging dependence on sediments from Alvarez-Solas et al. [2011]) ice sheet, provide,
respectively, maximum and minimum estimates for the volume of the Ordovician ice sheet. Irrespective of the
topography and basal dragging parameterization, the modeled ice sheet extent, by contrast, turns out to be
remarkably stable and thus reliable.

4. Discussion

4.1. Constraining Ice Sheet Extent

When accounting for the ice sheet feedbacks on Ordovician climate, the ice sheet expands to the low
latitudes rather than being restricted in the polar area (> 60°S). This is an important result compared to the
earlier models that omitted ocean-atmosphere-ice sheet interplays, such as those of Herrmann et al. [2003,
2004]. In our advanced models, a single ice sheet of large extent covers Gondwana from the South Pole to the
middle-to-tropical paleolatitudes (Figure 3). The time series of ice sheet growth at 12 PAL, shown in Figure 8,
reveals that highlands facilitate independent glacial centers to simultaneously nucleate over the Pole and
at 60°S during the primary stages of glacial growth (Figures 8a—8c). However, such glacial centers are not
initiated at middle-to-tropical paleolatitudes, where South Africa and South America were situated 445 Ma
ago [Torsvik and Cocks, 2013], in any of our simulations. Furthermore, results from our Earth system model
accounting for ice sheet feedback processes reveal that the local cooling associated with the growth of these
glacial centers rapidly induces their coalescence into a single, continental-scale ice sheet (Figures 8c, 8d, and
Figure 3). In our simulations, the persistence of independent ice sheets over Gondwana is not a sustainable
land ice state. This result contradicts the hypothesized configuration that features multiple, individual ice
sheets in North Africa, South Africa, and South America [e.g., Le Heron and Dowdeswell, 2009]. The sensi-
tivity analysis we conducted (section 3.3) further reveals that the simulated ice sheet extent is a robust
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Figure 9. Comparison of tropical sea surface temperatures (SSTs) reconstructed based on 5180 [Trotter et al., 2008] and
A% CO, [Finnegan et al., 2011] data with annual mean tropical (30°S-30°N) SSTs simulated for the Late Ordovician once
ice sheets in steady state (red circles), using our asynchronous coupling method accounting for ice sheet feedback
processes and for orbital variations. Modified after Trotter et al. [2008] and Finnegan et al. [2011]. Dap.: Dapingian;
Darriw.: Darriwilian; Sand.: Sandbian; H: Hirnantian; W: Wenlock.

feature that is critically dependent neither on the topographic reconstruction nor on a specific basal dragging
parameterization. Our results are also supported by the study of Lowry et al. [2014], who simulate a single
ice sheet over Gondwana with a different asynchronous coupling method and other climate and ice sheet
models.

4.2, Glacial Onset in a Warm Climate

The buildup of the ice sheet, in response to a decrease in atmospheric forcing, is not linear. Between 16 PAL
and 12 PAL, the ice sheet suddenly extends from the South Pole to the midlatitudes (Figure 3a), whereas
tropical sea surface temperatures decrease by no more than 1.3°C (Figure 9). This nonlinear response suggests
that the development of a large-scale ice sheet during the Ordovician could have occurred in conjunction
with a moderate tropical sea surface temperatures signal, the amplitude of which would be within the error
bars of routine geochemical analyses [e.g., Finnegan et al., 2011] and thus potentially below the detection
limits. This further implies that warm tropical Ordovician seas [Trotter et al., 2008; Finnegan et al., 2011] and
geological evidence for glacioeustatic events [Loi et al., 2010; Turner et al., 2012; Dabard et al., 2015; Rasmussen
etal., 2016] are not mutually exclusive (30.3°C at 12 PAL, Figure 9). Interestingly, experiments using a lowered
topography (section 3.3.1) are typified by a glacial onset occurring at 8 PAL (instead of 12 PAL). They show
that the unexpected glacial inception in a warm climate does not result from the high relief characterization
of our baseline runs.

4.3. Toward an “Early Paleozoic Ice Age”

Trotter et al. [2008] demonstrated that tropical SSTs steadily cooled through the Early Ordovician, reaching
present-day levels that were subsequently sustained during the Middle and Late Ordovician, followed by
a sudden cooling by ~7°C during the latest Ordovician (Figure 9). Several arguments support the valid-
ity of these data. Nardin et al. [2011] in particular, using a coupled climate-carbon model, showed that
changes in Ordovician paleogeography, along with variations in the surface area of outcropping fresh vol-
canic rocks, induce a long-term decrease in atmospheric CO,. This provides a potential mechanism for the
cooling pattern demonstrated by Trotter et al. [2008]. Trotter et al.'s [2008] data are also in good agree-
ment with other published geochemical data for the Late Ordovician and for the Silurian, respectively, from
Buggisch et al. [2010] and Wenzel et al. [2000]. Moreover, recent clumped-isotope data from tropical latitudes
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[Finnegan et al., 2011], although they are differ-
ently calibrated against the absolute tempera-
ture scale, display a similar temperature drop of
5 to 7°C during the latest Ordovician Hirnantian
(Figure 9).

Figure 9 shows that the absolute values of trop-
ical SSTs reconstructed by Finnegan et al. [2011]
are systematically higher than those modeled in
this study; this applies for our entire pCO, range,
except for the Hirnantian where modeled and
proxy-based SSTs align and correspond to a pCO,
drop to 8 PAL in the model. Nonetheless, the gen-
erally unaligned SSTs (Figure 9) constitute a major
discrepancy between Finnegan et al.'s [2011] data
and our model runs. Finnegan et al. [2011] suggest
the presence of large land ice volumes well before
® South Pole the Hirnantian, during the Katian, whereas the
comparison between their SSTs and our simula-
tionsimplies CO, levels that would have remained
glacial valleys above 24 PAL and thus associated with ice-free
glacial lineations conditions until the latest Ordovician, i.e., the
glacio-marine sedimentation only Hirnantian. The modeled “Step 2" glaciation never
sedimentary record of glaciation occurred, based on these data. Simulated tropical

O Modelled ice-sheet extent (this study) SSTs are, however, in much better agreement with
the range of absolute values presented by Trotter

) et al. [2008]. Comparison with Trotter’s data sug-
Figure 10. Comparison of the Hirnantian glacial sedimentary ests that ice sheet growth mav have occurred as
record with the ice sheet extent simulated at 3 PAL using our 9 ; 9 - y )
coupling method accounting for ice sheet feedbacks on global early as the Middle Ordovician (Figure 9). Taken at

Hirnantian glacial sedimentary record

@ - g

climate and for orbital variations. Data from North Africa are face value, our results, combined with these data,
from Ghienne et al. [2007], and data from South America and indicate a Darriwilian age for the glacial onset
South Africa are from Diaz-Martinez and Grahn [2007]. (between 16 and 12 PAL, step 1 in Figure 9). The

Continent outlines are taken from Torsvik and Cocks [2009]. L. .
second step in ice sheet expansion would then

correspond to the Hirnantian glacial maximum
(3 PAL, step 2 in Figure 9). Our modeled results are also in agreement with the amplitude of drop in SSTs during
the Hirnantian that is suggested in both of these proxy data studies [Trotter et al., 2008; Finnegan et al., 2011],
when we decrease CO, from 8 PAL to 3 PAL.

Such a straight model-data comparison has to be interpreted cautiously. In addition to potential bias in the
data (e.g., dating or preservation issues), simulated absolute values are highly model dependent and may
also be biased due to large uncertainties in Ordovician boundary conditions (see section 3.3). Comparing our
modeling results with the long-term Ordovician climatic trend proposed by Trotter et al. [2008] is nevertheless
instructive, as it suggests a Darriwilian glacial onset, which agrees with recently published studies that report
glacioeustatic signals in the Darriwilian rock record [Turner et al., 2012; Dabard et al., 2015; Rasmussen et al.,
2016] and with paleontological studies that suggest pre-Sandbian cooling [Vandenbroucke et al., 2009], and
it provides physical mechanisms for the latest Ordovician glacial maximum and associated sudden climate
cooling [Trotter et al., 2008; Finnegan et al., 2011]. Besides this interesting match with geochemically inferred
tropical SSTs, our Katian estimates (8—12 PAL, Figure 9) match relatively well the ~8 PAL pCO, proposed by
Pancost et al. [2013] based on the analysis of isotope fractionation between organic and inorganic carbon
during photosynthesis (¢,). Furthermore, the modeled spatial ice sheet extent at 3 PAL is overall consistent
with the Hirnantian glacial sedimentary record (Figure 10). Discrepancies with shallow-shelf deposits from
Turkey can be explained, as glacioeustatic emersion in such environments is not accounted for in our
modeling procedure. In addition, using micropaleontological assemblage data to reconstruct climatic belts,
Vandenbroucke et al. [2010a, 2010b] demonstrated that the Polar Front shifted in latitude from the Sandbian
(460 Ma) to the Hirnantian (~440 Ma), reaching 40°S during the latest Ordovician. Comparing these Hirnantian
data with the modeled climatic belts (Figure 11) reveals that again, the models best fit the data at 3 PAL. Taken
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Figure 11. Comparison of Ordovician proxy-derived climatic estimates with values simulated with our asynchronous
coupling method once the ice sheet reached steady state with global climate. Southern Hemisphere climatic belts
reconstructed based on Hirnantian chitinozoan marine zooplankton data [Vandenbroucke et al., 2010a, 2010b] are
compared with climatic belts inferred from modeled SSTs. Abbreviations are plankton province names: P: polar; sP:
subpolar; tr: transitional; sT: subtropical, and T: tropical. In our model predictions, the boundary between two plankton
provinces is defined as the latitude at which the mean annual, latitudinally averaged SSTs simulated in the Southern
Hemisphere reach the temperature threshold separating the two provinces in the present-day ocean. The reader is
referred to Vandenbroucke et al. [2010a] for more details about the methods (see their Figure 1).

asawhole, our results suggest a protracted glaciation beginning as early as the Middle Ordovician Darriwilian
and featuring a glacial maximum during the Hirnantian. By supporting the existence an ice sheet over the
supercontinent Gondwana during most of the Middle and Late Ordovician, our results support the emerging
paradigm of a protracted “Early Paleozoic Ice Age” [Page et al., 20071].

4.4. Ice Volume Analysis

We calculate the glacioeustatic sea level fall associated with growing ice sheets using the methods employed
by Horton et al. [2007] and Horton and Poulsen [2009]. First, the equivalent volume of water is estimated by
multiplying modeled volume of ice above the flotation level by the ice density value (0.917). Then, we convert
the water equivalent to an isostatically adjusted sea level equivalent (IASLE), by dividing the water equivalent
by the Late Ordovician ocean surface area (~413 Mkm? at 450 Ma) and subsequently correcting the result for
the response of the oceanic lithosphere to seawater loading/unloading. To that end, we multiply the result
by (1 — k), where k is the ratio of seawater density to oceanic lithosphere density (k=0.284). Using results
from our baseline runs, this simple calculation provides estimates of ~220 m between 12 and 8 PAL (step 1,
Middle Ordovician) and ~250 m at 3 PAL (step 2, latest Ordovician Hirnantian). The sensitivity tests conducted
in section 3.3.2 reveal that these values constitute uppermost estimates. The calculated minimum estimates
are, respectively, 125 and 145 m.

Loi et al. [2010], using a backstripping procedure on the margin of Gondwana (Bou Ingarf section, Anti-Atlas,
Southern Morocco), estimated an upper Hirnantian sea level fall of ~70 m. However, they explain that this sea
level fall does not correctly represent the total ice volume stored over Gondwana during the latest Ordovician
Hirnantian. It does not account for land ice stored over Gondwana before the Hirnantian climax. Loi et al.
[2010] therefore estimate that the amplitude of the sea level fall would have reached nearly 150 m relative to
the preglaciation (late Katian) datum [see also Haq and Schutter, 2008], and they note that this is a lower end
estimate due to the incompleteness of the glacial sedimentary record. Moreover, recent studies [Raymo et al.,
2011; Stocchi et al., 2013] demonstrated that the relationship between ice sheet growth and relative sea level
fall is less linear than thought previously. Results obtained by Stocchi et al. [2013] on the onset of the Antarctic
glaciation at the Eocene-Oligocene transition notably suggest that the near-field sea level change accom-
panying the growth of a continental-scale ice sheet is expected to strongly deviate from the global eustatic
signal. Due to crustal deformation and gravitational perturbations, relative sea level around Antarctica rose
in response to the buildup of the ice sheet. In the same way, the sea level fall documented by Loi et al. [2010]
along the margin of Gondwana (150 m) may significantly underestimate Late Ordovician eustatic variations
and should be considered as a lower end-member. Furthermore, recent clumped-isotope data from Finnegan
et al. [2011] suggest that the Hirnantian ice volume may have reached twice that of the LGM, potentially
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representing a water volume stored on land equivalent to 240 m sea level fall. It appears that our simulation
run at 3 PAL eventually provides a total ice volume equivalent to 145 to 250 m sea level fall relative to ice-free
conditions during the Hirnantian, thus in the same order of magnitude as most recent estimates inferred from
sedimentological and geochemical data.

Ice volumes modeled between 12 and 8 PAL (125 to 220 m), on the contrary, are clearly much higher than
the Middle Ordovician estimates reported by Dabard et al. [2015] using a backstripping procedure in the
Armorican Massif in France: 50 to 80 m. The latter values seem relatively robust. They confirm previous esti-
mates of 15-50 m (from Jordan, Turner et al. [2012]) and are in the same order of magnitude as the eustatic
variations documented by Hag and Schutter [2008] during the same period of time, though somewhat smaller
than the value ~150 m recently reported by Rasmussen et al. [2016] based on facies analysis of outcrop sections
from Baltica. These discrepancies, i.e., our simulated land ice volume that is too high relative to the geological
data, even when considering a slippery bed for the ice sheet (see section 3.3.2), are probably best explained
by a significant overestimation of the modeled ice sheet extent. Studies on the last glaciation provide inter-
esting insights into this issue. During the LGM, the Laurentide ice sheet suddenly extended to 40°N [Ehlers
and Gibbard, 2007], similarly to the Gondwana ice sheet during the first step of Ordovician ice sheet growth.
Simultaneously, an ice sheet developed in northern Europe. Northern Asia, on the other side, mysteriously
remained ice free at the same latitudes. Krinner et al. [2006] suggested that high deposition rates of mineral
dustin Asia, due to climate aridity under glacial conditions combined with the proximity to dust sources such
as the Gobi desert, prohibited any perennial land ice cover over almost the entire Asian continent during
the LGM. The deposition of dust may have similarly restricted the extension of the ice sheet over some
regions of Gondwana. An additional cause for the overestimation may be found in our simplified modeling
procedure, which imposes a steady pCO, forcing until ice sheet-climate equilibrium is reached. Heinemann
et al. [2014] forced a coupled climate-ice sheet model with realistic orbital and greenhouse gas variations to
simulate the Earth system evolution from 78 ka to 0 ka. They successfully simulated, in their transient runs, the
Laurentide and Fennoscandian ice sheets evolution over this period of time and also the land ice extent that
typifies the LGM. They subsequently ran a simulation by maintaining the LGM orbital configuration and pCO,
for 90 kyr in order to reach climate-ice sheet equilibrium. Under these conditions, ice sheets extended down
to the midlatitudes over both North America and the Eurasian continent, where it was previously restricted
to Scandinavia. In the same way, it is reasonable to suppose that the Darriwilian ice sheet never reached full
equilibrium due to orbital and/or pCO, variations. Such a smaller pre-Hirnantian ice sheet would be consistent
with all the existing geological data. It is noteworthy that similar caveats were also suggested by Horton et al.
[2007] in their simulation of the Late Paleozoic Ice Age. Last but not the least, strong uncertainties remain in
paleogeographical and paleoenvironmental reconstructions in deep time [e.g., Lees et al., 2002], and the base
maps used in this study might, for instance, overestimate the continental surface situated between the South
Pole and 45°S. This would lead to an overestimation of the area available for ice sheet growth and thus of the
extent of the ice sheet developing over these latitudes.

4.5. Challenges
Modeling climate and land ice during the early Paleozoic involves numerous processes, which are sometimes
difficult to constrain.

Recent studies demonstrated that orbital [Ghienne et al., 2014] and greenhouse gas concentration [Young
etal., 2010] variations drove Late Ordovician ice sheet waxing and waning and also Middle Ordovician glacial
inceptions [Turner et al., 2012; Dabard et al., 2015]. These phenomena have been shown to control Pleistocene
glacial cycles as well [e.g., Paillard, 1998], but they cannot yet be precisely reconstructed for the Ordovician
(e.g., Laskar et al. [2004] for orbital variations). Lack of constraints on these critical boundary conditions
has been demonstrated (in the previous section) to significantly impact simulated ice sheet extent during
the Middle Ordovician Darriwilian. This also prevents us to capture the high-frequency glacioeustatic varia-
tions recently reported in the Middle [Turner et al., 2012; Dabard et al., 2015] and Late [Ghienne et al., 2014]
Ordovician. In addition, the simulated ice sheet shows very little sensitivity to orbital and atmospheric forcing
once it gets relatively large (Figure 1). Such a behavior was also demonstrated by Herrmann et al. [2003] during
the Ordovician—although in a lesser extent due to the smaller land ice volume in play in their study—and
by Horton and Poulsen [2009] in a study about the Late Paleozoic Ice Age. More generally, this strong
hysteresis is a major issue in coupled ice sheet-climate studies [e.g., Huybrechts, 1993; Pollard and DeConto,
2005]. Numerous studies suggest that current ice sheet models may not be sensitive enough to correctly
respond to climatic forcing. Melting Last Glacial Maximum ice sheets, for instance, sometimes requires
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ad hoc processes, such as input of mineral dust [Peltier and Marshall, 1995; Bonelli et al., 2009] or tuning of the
PDD coefficients [Charbit et al., 2013]. Ganopolski et al. [2010] and Robinson and Goelzer [2014] further demon-
strated a significant contribution of insolation in surface melt processes, suggesting that the usual PDD melt
scheme may constitute a major limitation to simulate the waning of paleo ice sheets. Moreover, recent studies
suggest that critical mechanisms may be missing in the building of current ice sheet models, preventing them
to simulate correctly the response of land ice to climate changes. The studies recently published by Pollard
etal. [2015] and Gasson et al. [2016], in particular, show that supplementary ice sheet instability mechanisms,
such as ice cliff failure and hydrofracturing, are required to correctly simulate the periodic melting of the East
and West Antarctic ice sheets during the last ~25 million years. Austermann et al. [2015] even suggest that
vertical deflections of the continental crust by mantle convective flow, i.e., dynamic topography, may have
played a significant role in the Antarctic ice sheet fluctuations during the mid-Pliocene (~3 Ma). Horton et al.
[2010], in a study about the Late Paleozoic Ice Age, demonstrate that the simulation of glacial-interglacial
fluctuations is possible only when they include terrestrial vegetation feedbacks from high-latitude ecosystem
changes. They show that changes in vegetation cover amplify the orbitally driven temperature variations. The
latter mechanism, however, is not tenable in the Ordovician, when only lichens and mosses covered the land
surface [Steemans et al., 2009; Rubinstein et al., 2010].

Beyond the difficulties to simulate the high-frequency temporal evolution of land ice, caveats in modeling the
whole deep-time Earth system may induce important errors in continental ice cover numerical reconstruction.
Our setup, in particular, does not account for the eustatic sea level fall associated with the growing Gondwana
ice sheet, which requires up-to-date bathymetric reconstructions allowing to flood continental areas accord-
ing to eustatic variations. Such reconstructions exist today [e.g., Vérard et al., 2015], but generally, they are not
publicly available.

In summary, the up-to-date deep-time Earth system model employed in this study constitutes an impor-
tant step forward in modeling Paleozoic climate and ice sheets. Our models notably provide relatively
reliable first-order estimates of the temporal and spatial distribution of Ordovician land ice. Uncertainties
in the boundary conditions, along with caveats in current ice sheet models, however, prohibit numerical
investigation of the high-resolution patterns recently reported based on the Ordovician sedimentary record.

5. Conclusions

In this study, we employed a pioneering deep-time Earth system model to investigate the mechanisms driving
Middle to Late Ordovician ice sheet growth, along with the equilibrium ice sheet extent and geometry. Using
methods more advanced than earlier reconstructions, our model accounts for ice sheet feedback processes
and for orbital variations at the Ordovician obliquity frequency (30 kyr). It was run across the wide spectrum
of suggested Ordovician pCO, values, 24-3 PAL, resulting in the first simulation portraying the detailed
evolution of Middle to Late Ordovician ice sheet growth. Forcing the well-established Ordovician cooling
trend with decreasing pCO,, the emergence of the ice sheet occurs in two steps. In a counterintuitive sequence
of events, the vast continental ice sheet appears first and suddenly, covering Gondwana from the South Pole
to the midpaleolatitudes. Only during the second act, temperatures drop steeply and sea ice extends. Our
models therefore suggest that a single ice sheet extended from the South Pole (North Africa) to the tropics
(South Africa) during the latest Ordovician. Scenarios with individual, separate ice centers are not stable and
are rejected.

In spite of the particular Ordovician continental configuration potentially inducing a strong continentality
over the South Pole, land ice growth is controlled by ablation rather than accumulation. Lack of constraints on
Gondwana-wide surface lithology patterns and sediment cover leads to significant uncertainties in modeled
land ice volumes. Sensitivity tests demonstrate that the simulated ice sheet spatial extent, however, is reliable
and overly dependent neither on the topographic reconstruction nor on the basal dragging parameterization
in use.

The sequence of events that we model indicates that glacial onset predated Late Ordovician climate cooling.
The comparison with abundant sedimentological, geochemical, and micropaleontological data suggests
that the first step in ice sheet growth possibly occurred as early as the Middle Ordovician Darriwilian, in agree-
ment with recent studies reporting third-order eustatic cycles during the same period. Orbital and green-
house gas variations would have prohibited the ice sheet from reaching long-term equilibrium at this time,
explaining the moderate amplitude of reported glacioeustatic variations. The second step in ice sheet growth
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is typified by an abrupt global climate cooling by ~14°C, leading to the further extension of the ice sheet
into the tropical realm (30°S) during the Hirnantian glacial maximum. By demonstrating that the onset of a
pre-Hirnantian continental-scale ice sheet over Gondwana requires no sudden climate cooling, our modeling
results supply physical mechanisms for the previously enigmatic Late Ordovician stepped clumped-isotope
data, which first display changes in ice volume and only later a drop in tropical sea surface temperatures. Our
findings eventually support recent visions of a land ice cover over the supercontinent Gondwana throughout
most of the Middle and Late Ordovician, embracing the emerging paradigm of an “Early Paleozoic Ice Age”.

This study constitutes a major increment over previously published work that did not account for ice sheet
feedback processes. Still, major shortcomings inherent to deep-time studies prevent us from capturing the
high-frequency waxing and waning of the ice sheet. Better constrained Ordovician boundary conditions and
extensive advances in modeling the cryosphere now constitute a prerequisite for further investigation.
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