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ABSTRACT

Global climate models (GCMs) primarily exist to describe

the present-day climate system and simulate its response to
inputs in order to attribute observed change to its causes and
predict the future of climate. It has been proposed to enable
GCMs to simulate potentially large future climate transitions

by testing their ability to attribute climate change against new
and existing data concerning past transitions in Earth’s history.
These proposals emphasize the technical challenges and large
uncertainties of climate modeling in deep time as well as the
need for substantial culture change to bring modelers and
observers together to solve challenges like the climate dynamics
of icehouse—greenhouse transitions. This essay proposes that

the creation or just the use of climate model output could bring
added value to many deep time studies, even those small in scale;
and thus should be considered in project design. Examples are
mainly provided from studies of Carboniferous and Permian
strata that suggest potential in areas such as macrogeological
databases, high-resolution depositional records, and uncertainties
in atmospheric composition and paleogeography.

INTRODUCTION

Studies of present and future climate change and of the
connected issues of energy, pollution, and mineral resources
strongly connect the geosciences with society. Global climate
models (GCMs) have become an important tool in the
study of climate. Their development since the late 1980s
has been shaped by two needs: (1) to attribute the rapid rise
in global mean temperature in the 20th and 21st centuries
to its causes (2) to predict how climate will change in the
future, particularly because much of recent climate change
is attributed to human activities, as described in the reports
of the Intergovernmental Panel on Climate Change (IPCC)
(IPCC, 1990, 1996, 2001, 2007, 2014).

Modeling contributions to the IPCC have mostly
focused on the very recent past and near future of climate
(1850-2100) (e.g., Taylor et al., 2012). However, it was
soon recognized that models that could simulate a wider
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range of climates than during the instrumental record might
simulate future climate better. Therefore, standardized GCM
simulations of the middle Holocene (6 ka) and Last Glacial
Maximum (LGM, 21 ka) were undertaken soon after the
first IPCC Report in 1990. They are now considered valuable
enough to merit an entire chapter in IPCC’s (2007) Report
(Joussaume et al., 1998; Crucifix et al., 2005).

Geoscientists interested in the deep past, the history of
the Earth solely recorded in the rock record (prior to the
Pleistocene, 2.588 Ma), have suggested that climate change
throughout Earth history is also relevant to the direction of
climate today. They propose studying icehouse—greenhouse
transitions during Earth’s history and designing standardized
global climate model (GCM) experiments to understand
them (NRC, 2011). Comparing these experiments with the
geological record would (among other things) test the ability
of GCM s to simulate the response of climate to large, rapid
changes in greenhouse gases (Valdes, 2011; Zeebe, 2011;
NRC, 2011).

GCM simulations of the Earth’s deep past are nothing
new (e.g., Kutzbach and Gallimore, 1989), but, to borrow
from medical parlance, they long have been an off-label
use. However, there are at least three reasons why observers
of deep time (geologists, geochemists, paleobiologists, etc.)
should continue to engage with the broader climate science
enterprise represented by the IPCC by further integration of
observational studies with GCM simulations.

First, deep time climate studies relevant to present day
climate could open new funding opportunities for the
academic sedimentary geology and paleobiology community,
which has significantly contracted in recent years in the U.S.
(Parrish et al., 2011). Second, many GCMs do not just model
the atmosphere but consider the ocean, the land surface,
and the cryosphere in their abiotic and (increasingly) biotic
characteristics (see Heavens et al., 2013 for an overview).
These new capabilities may allow more direct simulation of
some aspects of the geological record. Finally, the expanding
capabilities of GCMs can pose new technical challenges for

modeling deep time climates, which also would merit more



attention from GCM developers and
funding agencies if deep time grew in
relevance (e.g., Heavens et al., 2012).

Yet modelers and observers of deep
time face difficult technical challenges,
including uncertainties in how to set
up and test simulations. They also may
face cultural challenges, which may
be broadly summarized as obstacles
to finding the time, financial support,
tools, and collaborators to solve those
technical challenges (NRC, 2011).

In the remainder of this essay, I will
argue that a closer relationship between
climate modeling and observational
studies of deep time does not need to
be a daunting prospect. Indeed, current
developments in sedimentary geology
can encourage closer collaboration
between observers of deep time,
modelers of deep time climates, and
perhaps the community that focuses
on the changing climate of the Earth
today. In addition, I will show how
observational uncertainties in deep time
can stimulate climate modeling,

The opportunities are already here
to build the scientific culture and
research infrastructure that can make
the past of Earth’s climate relevant to
predicting its future. Indeed, seizing
those opportunities may help prioritize
what technical and cultural problems
need to be solved. My examples mostly
focus on my own research interests
in late Paleozoic continental climate.
Nevertheless, the points I make should
be broadly relevant and perhaps could
be better supported by examples from
other parts of Earth history.

CLIMATE MODELING
OPPORTUNITIES
Using Digital Macrogeological
Databases To Test GCM Simulations
Compiling and organizing geological
data over scales much greater than
outcrops is at least as old as Smith’s
(1815) map of Great Britain. Digital
computers and the Internet can make
compilation faster, cheaper, and easier

(A) Macrostrat Coal Occurrences (pink wedges)
Paleobiology Database Fossil Locations (blue dots)
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(B) Macrostrat Coal Occurrences in Model Paleogeography
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Figure 1: (A) Asselian coal occurrences in Macrostrat; (B) Asselian coal occurrences from
(A) in model paleogeography of Heavens et al. (2015) overlaid on the Blakey (2015)
paleogeographic map on which it was based, whose uncertainties are not known. The
intersections between gridlines indicate model gridpoints, so the square size is indicative of
model resolution but does not correspond to the true gridboxes.

to query. One result is digital databases
like the Paleobiology Database and
Macrostrat, which have been developed
to quantitatively test hypotheses that
span large geographic scales and/or wide
swathes of the Earth’s history.

Peters and Heim (2011) classifies
the purpose behind quantitative
analyses of these databases under
the head of “macrostratigraphy” and
“macroevolution’, reviving the concept
of “macrogeology,” in historical studies
of geology (Schneer, 1981; Bretsky,
1983). These studies contrast deriving
broad general principles analogous to
the laws of physics (macrogeology)

with incremental exploration and
accurate description of individual rock
units (microgeology). Databases like
Macrostrat therefore are macrogeological
in vision (and in name) but synthesize
abundant, high-quality microgeological
studies in the form of existing syntheses
(Childs, 1985) or data mining of the
peer-reviewed literature (Zhang et
al., 2013). It soon may be possible to
make direct data queries about the
distribution of facies in seconds that
previously would have required months
of bibliographic research.
Macrogeological databases also enable
GCM simulations to be compared
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(A) Asselian Coal Occurrences (Boucot et al., 2013)

(B) Asselian Coal Occurrences in Model Paleogeography
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Figure 2: (A) Asselian coal occurrences in Boucot et al. (2013); (B) Asselian coal occurrences from (A) plotted as in Figure 1B. “Very earliest
Wolfcampian” and Autunian are considered to be equivalent to Asselian.

with the distribution of facies restricted
to particular climatic conditions (e.g.,
coals, bauxites, evaporites, tillites). The
distribution of such sediments has been
used to reconstruct past climate and/
or geography (Patzkowsky et al., 1991;
Ziegler et al., 1997; Tabor and Poulsen,
2008). GCM simulations are fully
quantitative climate reconstructions,

so it is reasonable to ask whether
climate-sensitive facies occur within the
expected climate conditions.

As a concrete illustration, I use coal
occurrence during the Asselian (295.0—
298.9 Ma) to test climate simulations
by Heavens et al. (2015) that are
focused on tropical climate dynamics
during this time. The test is whether
precipitation and evaporative balance
in the simulations at the location of
coal occurrence is consistent with the
conditions under which peat deposition
is thought to be possible (Patzkowsky et
al., 1991; Cecil et al., 2003).

Because most of its continental data
is concentrated in North America,
Macrostrat currently contains minimal
Asselian coal data (Figures 1A and
1B). So I have used a more expansive,
non-digitized global compilation of
climate-sensitive facies (Boucot et al.,
2013) to demonstrate Macrostrat’s
future potential. Nevertheless, there is
room for improvement in characterizing
the record even at this temporal
resolution. Most of the Asselian coal
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occurrences are in Europe and Eurasian
Russia (Figure 2A). Early Permian coal
occurrences from China are abundant,
but age control to Age/Stage level is
lacking (Boucot et al., 2013). The full
set of occurrences covers equatorial
Pangaea as well as parts of both the
northern and southern extratropics
(Figure 2B).

Three of the Heavens et al. (2015)
simulations, which span low »CO,
icehouse climates similar to today as
well as high »CO, greenhouse climate
conditions, are broadly consistent
with peat deposition at tropical coal
occurrences (Figure 3). Most of the
exceptions are in southern tropical
Pangaea, where all simulations
overestimate climate seasonality/
evaporation and the icehouse
simulations are overly dry (Figure 3).
The greenhouse simulation (greenhouse.
noglaciation) is similarly incorrect
with respect to the Texas occurrence
(Figure 3). All simulations appear
overly dry in the extratropics, but the
greenhouse simulation is wet enough
for peat deposition in some extratropical
locations (Figure 3). Peat deposition
where Asselian coals occur is inconsistent
with a simulation in which there is
glaciation at the equator at altitudes
of 500-1000 m (cehouse.glaciation.
equatorial). Climate conditions of this
extremity would have interrupted peat
deposition globally (Figure 3).

In all simulations, the amount and
seasonality in precipitation in tropical
Pangaea is affected by the monsoon
over Pangaea (Heavens et al., 2015).
This monsoon is stronger under
greenhouse conditions. Under icehouse
conditions and when the Earth’s orbit is
eccentric, the monsoon is strong when
the longitude of perihelion is in phase
with the summer solstice. However,
the effects of orbital variability on
this coal occurrence test are minor
(Figure 4). A strong northern summer
monsoon (74.g.orb4) dries most areas of
coal occurrence near the equator and
a strong southern summer monsoon
moistens the same areas. But these
changes are not sufficient to move any
location in or out of the zone of peat
deposition (Figure 4).

Fully interpreting the results of
this experiment is beyond the scope
of this essay. Nevertheless, using
digital macrogeological databases to
test models in this way could help
separate and attack discipline-spanning
uncertainties that have so far proven
difhcult to separate (Heavens et al.,
2015; Soreghan et al., 2015). Such
an error could come from the model
itself, due to poorly resolved or poorly
represented processes and could be
isolated by model intercomparison
tests along the lines proposed in this
section. This error could be the result
of incorrect dating or paleogeographic



assignment, which could be assessed
by geological and geochemical
techniques. Or the coals all could

be Asselian but were deposited in
different climates within Asselian time,
which could be assessed geologically
as well. Or the systematic errors could
arise from errors that directly bridge
observations and modeling, such as
those related to greenhouse gas inputs
or paleogeography.

Climate model tests like this do
not need to be limited to lithology.
Fossils themselves can be analogous to
a climate-sensitive facies. Biophysical
analysis and simulations of plants and
animals can estimate the environmental
tolerance of extinct species and/or
properties from which such tolerances
can be estimated (e.g., Head et al.,
2009; Wilson and Knoll, 2010).
Indeed, at least one attempt at
paleobiological validation of GCM
simulations predates the Paleobiology

Database (Rees et al., 1999).

Climate model tests of this kind only
will be common when climate modelers
provide output in ways that interface
well with macrogeological databases.
For the experiment described above, 1
relied on direct inspection of the source
maps for the paleogeographic model
of Heavens et al. (2015) to match the
modern location of the facies with its
location in the simulations. This is not
a scientifically reproducible technique.
Archiving output will require more
rigorous definition of the translation
between paleo-space and present space.

GCM Investigations of Hypothetical
High-Resolution Climate Signals
One uncertainty in predicting future
climate is the relationship between
change in the mean state and higher
order moments of climate (e.g.,
Schneider, 2004). Put another way:
does climate change gradually and

The Sedimentary rRecord

linearly or non-linearly and abruptly?
One approach has been to investigate
and/or model climate variability in
the recent or deep past at a variety of
timescales, even those approaching
the annual or seasonal (Alley, 2000;
Zachos et al., 2001; Crowley and Hyde,
2008). However, as global temperatures
warm, the climates recorded by deep
ocean or ice core oxygen isotope
records become poorer analogs for the
future. High-resolution data during
icehouse—greenhouse climate transitions
throughout Earth history could be
valuable.

Fortuitous high-resolution data
of at least one sort is known in the
stratigraphic record. Length of day
in Proterozoic time can be inferred
from laminar tidal rhythmite deposits,
some of which have diurnal resolution
(Williams, 1997). Perhaps more
common and more climatologically
useful are potential speleothems from

Asselian Coal Occurrences Compared With Heavens et al. (2015) Simulations
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Figure 3: Predicted conditions critical for peat deposition at the locations of Asselian coal occurrences for four climate model simulations of
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Heavens et al. (2015), as labeled. The chosen simulations sample different monsoonal conditions over Pangaea. See text for discussion.

deep time, which may sample annual
or even seasonal variability in the
chemical and isotopic composition
of precipitation influx to the cave
(Woodhead et al., 2010).

Woodhead et al. (2010) qualitatively
attribute the variability in their
speleothem record to climate dynamics.
Yet GCMs now are capable of
simulating the isotopic composition
of water in precipitation as well as the
deposition of sea salt and/or particular
elements such as P (e.g., Risi et al.,
2010; Mahowald et al., 2006, 2008;
Vet et al., 2014). Simulations could
strengthen Woodhead et al. (2010)’s
case by estimating the sensitivity of
speleothem signals to climate variability,
enabling comparisons with the potential
effects of internal cave dynamics and/
or post-burial diagenesis as well as
the quantification of the higher order
moments of climate variability from a
suite of proxies. And this potential does
not stop with speleothems but might
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apply to a variety of strata encountered
by future continental drilling projects,
such as varved lakes.

Uncertainties In Atmospheric
Composition Are Opportunities In
Disguise...

Observations of deep time come with
uncertainty. One may identify them.
One may list them. One may bemoan
them. But one motivation for studying
the Earth’s history is to reduce them. In
many cases, GCMs can help.

Oxygen has obvious significance
for biology and biogeochemistry.

Its role in climate is less obvious. It
absorbs poorly in the infrared and so

is not a greenhouse gas (IPCC, 2013).
However, it currently makes up 21%
of the atmosphere by volume. Oxygen
molecules frequently collide with
greenhouse gas molecules, enabling
greenhouse gases to absorb wider bands
of infrared radiation (Goody and Yung,
1989). In addition, oxygen scatters

incoming solar radiation (Trenberth

et al., 2009). However, recent
reconstructions of atmospheric oxygen
disagree, particularly for the Late
Mesozoic, e.g., the Cenomanian (93.9-
100.5 Ma), where estimates range from
11-24% and are inconsistent within
the published uncertainties (Falkowski
et al., 2005; Glasspool and Scott, 2010;
Tappert et al., 2013).

GCM simulations of the
Cenomanian by Poulsen et al. (2015)
have shown that a Cenomanian
climate with higher oxygen levels
would be cooler and drier. The
uncertainty quoted above was found
to be equivalent to ~-3° C in surface
temperature. Poulsen et al. (2015)
propose that the lower estimates for
Cenomanian oxygen levels are correct
and could explain why GCMs have
trouble simulating the warmth of Late
Mesozoic climate, a time in which
carbon dioxide levels are much better
constrained than oxygen.



...And So Are Paleogeographic
Uncertainties

A frustrating aspect of simulating
the Earth’s climate in deep time is
uncertainty in inputs related to the
setup of model experiments such as the
placement of continents, the heights
of mountains, and greenhouse gas and
acrosol levels. For geologists interested
in paleogeography, this uncertainty
is an opportunity: an opportunity
to quantify the impact of these
uncertainties on climate.

One realized example is
reconstruction of the altitude and
spatial extent of the Central Pangean
Mountains (CPM). Slingerland and
Furlong (1989) modeled the CPM as a
wedge limited by the Coulomb strength
of the rocks. It then used the structure
of sedimentary basins to estimate crustal
loading by the CPM, a partial constraint
on the wedge model. Due to uncertainty
in erosion rate (a climatically controlled
parameter) and wedge basal slope (a
tectonically controlled parameter), a
range of solutions was obtained. The
favored solution was of a mountain
range comparable in width and altitude
to the Andes.

The significance of this problem to
climate was first illustrated by Otto-
Bliesner (1993), who showed that
a Himalayas-like CPM during the
Kasimovian restricted the northward
progression of the Intertropical
Convergence Zone greatly enhanced
precipitation rates over the CPM,
which would impact the CPM’s
possible structural characteristics within
Slingerland and Furlong’s (1989)
model. A direct test was undertaken
by Fluteau et al. (2001) which varied
the altitudes of the Appalachian and
Variscan sections of the CPM to obtain
the best agreement with a variety
of observations about Late Permian
climate. The conclusion: the CPM was
closer in height to the Andes than to the
Himalayas.

CONCLUSIONS

Observers of the Earth’s deep past
and climate modelers have found
opportunities for collaboration and
intellectual engagement in the past.
The rise of global climate change as a
defining paradigm for the earth sciences
presents an opportunity to deepen
and widen those collaborations. I have
underlined the importance of: (1) using
GCM s as a tool for constructing new
hypotheses about the geological record
and synthesizing many different types
of geological information; (2) making
geological data and GCM model
output accessible and convenient to
analyze. Doing so will not only help
maintain the relevance of geology and
paleobiology to society but also will
expand our knowledge of the Earth’s
deep past for its own sake.

ACKNOWLEDGEMENTS

The author thanks I. Montafez
for soliciting this article. He also
thanks two anonymous reviewers for
their helpful and incisive comments.
He acknowledges years of helpful
discussions with G.S. Soreghan, N.M.
Mahowald, A.M. Ziegler, and D.
Sunderlin on these topics. This work
was supported by the National Science

Foundation (EAR-1337363).

REFERENCES

ALLEY, R.B. 2000. The Younger Dryas cold interval
as viewed from central Greenland. Q. Sci. Rev,
19:213-226.

BLAKEY, R.C. 2015. Rectangular Global Maps.
Northern Arizona University
(http:/fwww2.nau.edu/rcb7/rect_globe.html,
last access: 8 October).

BOUCOT, A.J., CHEN, X, SCOTESE, C. R.
2013. Phanerozoic Paleoclimate: An Atlas of
Lithologic Indicators of Climate. SEPM (Society
for Sedimentary Geology) Concepts in Sedimentology
and Paleontology No. 11, 1-478.

BRETSKY, P. 1983. Commentaries on the
Huttonian Theory of the Earth From
Transactions of the Royal Society of Edinburgh,
1805-1815. Earth Sci. Hist., 2:28-34.

CECIL, C.B.,, DULONG, ET,, WEST, R.R,,
STAMM, R., WARDLAW, B., AND EDGAR,
N.T. 2003. Climate controls on the stratigraphy
of a Middle Pennsylvanian cyclothem in North
America. In: Cecil, C.B. and Edgar, N.T. (eds.)
Climate Controls on Stratigraphy. SEPM Soc.
Sedim. Geol. Spec. Publ., 77: 151-182.

The Sedimentary rRecord

CHILDS, O. 1985. Correlation of stratigraphic
units of North America; COSUNA. AAPG Bull.,
69:173-180.

CROWLEY, T.J. AND HYDE, W.T. 2008.
Transient nature of late Pleistocene climate
variability. Nature, 456:226-230.

CRUCIFIX, M., BRACONNOT, P, HARRISON,
S.P, AND OTTO-BLIESNER, B. 2005.
Second phase of paleoclimate modeling
intercomparison project. Eos, 86: 264-265.

FALKOWSKI, PG., KATZ, M.E., MILLIGAN,
AJ., FENNEL, K., CRAMER, B.S., AUBRY,
M.P, BERNER, R.A., NOVACEK, M.]., AND
ZAPOL, W.M. 2005. The Rise of Oxygen over
the Past 205 Million Years and the Evolution of
Large Placental Mammals. Science,
309:2202-2204.

FLUTEAU, E, BESSE, J., BROUTIN, J., AND
RAMSTEIN, G. 2001. The Late Permian
climate: What can be inferred from climate
modeling concerning Pangea scenarios
and Hercynian range altitude? Palacogeogr.
Palaeoclimatol. Palaeoecol., 167:39-71.

GLASSPOOL, LJ. AND SCOTT, A.C. 2010.
Phanerozoic concentrations of atmospheric
oxygen reconstructed from sedimentary charcoal.
Nature Geosci., 3:627—630.

GOODY, RM. AND YUNG, Y.L. 1989.
Atmospheric radiation (2nd edition). Oxford
University Press. 519 pp.

HEAD, ].J., BLOCH, J.I., HASTINGS, AK.,
BOURQUE, J.R,, CADENA, E.A., HERRERA,
EA., POLLY, PD., AND JARAMILLO, C.A.
2009. Giant boid snake from the Palacocene
neotropics reveals hotter past equatorial
temperatures. Nature, 457:715-718.

HEAVENS, N.G., SHIELDS, C.A., AND
MAHOWALD, N.M. 2012. A paleogeographic
approach to aerosol prescription in simulations
of deep time climate. /. Adv. Mod. Earth Sys.,

4: M11002.

HEAVENS, N.G., WARD, D.S., AND
MAHOWALD, N.M. 2013. Studying and
Projecting Climate Change with Earth System
Models. Nature Education Knowledge, 4:4.

HEAVENS, N.G., MAHOWALD, N.M.,
SOREGHAN, G.S., SOREGHAN, M.]., AND
SHIELDS, C.A. 2015. A model-based evaluation
of tropical climate in Pangaea during the late
Paleozoic icehouse. Palacogeagr. Palacoclimatol.
Palaeoecol., 425:109-127.

IPCC WORKING GROUP I (HOUGHTON,
J.T., JENKINS, G.J., AND EPHRAUMS, J.J.,
EDS.). 1990. Climate Change: The IPCC
Scientific Assessment. Cambridge University Press.
410 pp.

[PCC WORKING GROUP I (HOUGHTON,
J.T., MEIRA FILHO, L.G., CALLANDER,
B.A., HARRIS, N., KATTENBERG, A., AND
MASKELL, K., EDS.). 1996. Climate Change
1995: The Science of Climate Change.

Cambridge University Press. 572 pp.

[PCC WORKING GROUP I (HOUGHTON,
J.T., DING, Y., GRIGGS, D.J., NOGUER, M.,
VAN DER LINDEN, PJ., DAL X., MASKELL,
K., AND JOHNSON, C.A., EDS.). 2001.
Climate Change 2001: The Scientific Basis.
Cambridge University Press. 892 pp.

December 2015 |



The Sedimentary rRecord

IPCC WORKING GROUP I (SOLOMON, §S.,
QIN, D., MANNING, M., CHEN, Z,,
MARQUIS, M., AVERYT, K.B., TIGNOR,
M., AND MILLER, H.L., EDS.). 2007.
Climate Change 2007: The Physical Science Basis.
Cambridge University Press. 1009 pp.

IPCC WORKING GROUP I (STOCKER, TE,
QIN, D, PLATTNER, G.-K., TIGNOR, M.,
ALLEN, S.K., BOSCHUNG, J., NAUELS, A.,

XIA, Y., BEX, V., AND MIDGLEY, PM., EDS.).

2014. Climate Change 2013: The Physical Science
Basis. Cambridge University Press. 1535 pp.

JOUSSAUME, S., TAYLOR, K.E., BRACONNOT,
P, MITCHELL, J.EB., KUTZBACH, J.E.,
HARRISON, S.P, PRENTICE, L.C,,
BROCCOLI, A.J., ABE-OUCHL A,
BARTLEIN, PJ., BONFILS, C., DONG, B.,
GUIOT, J., HERTERICH, K., HEWITT, C.D.,
JOLLY, D., KIM, J.W., KISLOV, A,,

KITOH, A., LOUTRE, M.E, MASSON, V.,
MCAVENEY, B., MCFARLANE, N., DE
NOBLET, N., PELTIER, WR.,
PETERSCHMITT, ].Y., POLLARD, D.,
RIND, D., ROYER, J.E, SCHLESINGER,
M.E., SYKTUS, J., THOMPSON, S.,
VALDES, P, VETTORETTI, G., WEBB, R.S.,
AND WYPUTTA, U. 1999. Monsoon changes
for 6000 years ago: Results of 18 simulations
from the Paleoclimate Modeling Intercomparison
Project (PMIP). Geophys. Res. Leit., 26:859-862.

KUTZBACH, ].E. AND GALLIMORE, R.G.
1989. Pangaean Climates: Megamonsoons of the
Megacontinent. /. Geophys. Res., 94:3341-3357.

MAHOWALD, N.M., LAMARQUIE, ] -E,

TIE, X.X., AND WOLFE E. 2006. Sea-salt
acrosol response to climate change: Last Glacial
Maximum, preindustrial, and doubled carbon
dioxide climates. /. Geophys. Res., 111:D05303.

MAHOWALD, N., JICKELLS, T.D., BAKER, AR,
ARTAXO, P, BENITEZ-NELSON, C.R,
BERGAMETTI, G., BOND, T.C.,, CHEN, Y.,
COHEN, D.D., HERUT, B., KUBILAY, N.,
LOSNO, R, LUO, C., MAENHAUT, W.,
MCGEE, KA., OKIN, G.S., SIEFERT, R.L.,
AND TSUKUDA, S. 2008. Global distribution
of atmospheric phosphorus sources,
concentrations and deposition rates, and
anthropogenic impacts. Global Biogeochem. Cycles,
22:GB4026.

NRC COMMITTEE ON THE IMPORTANCE
OF DEEP-TIME GEOLOGIC RECORDS
FOR UNDERSTANDING CLIMATE
CHANGE IMPACTS (MONTANEZ 1.2,
NORRIS, R.D., ALGEO, T., CHANDLER
M.A., JOHNSON, K.R., KENNEDY M ].,
KENT, D.V,, KIEHL, J.T.,, KUMP, LR,
RAVELO, A.C. AND TUREKIAN, K.K.). 2011.
Understanding Earths Deep Past: Lessons for our
Climate Future. National Academies Press, 194 pp.

OTTO-BLIESNER, B.L. 1993. Tropical mountains
and coal formation: A climate model study of
the Wesphalian (306 Ma). Geophys. Res. Lett.,
20:1947-1950.

OTTO-BLIESNER, B.L. 2003. The role
of mountains, polar ice, and vegetation in
determining the tropical climate during the
Middle Pennsylvanian: Climate model
simulations. In: C.B. Cecil (ed.) Climate Controls
on Stratigraphy, SEPM Spec. Pub. 77- 227-237.

10 | December 2015

PARRISH, ].T., ERWIN, D.H., KIDWELL, S.,
LAWTON, T.E, MOHRIG, D., NORDT, L.C,,
SCHMITZ, M.D., AND WALTON, A.W.,,
2011. Workshop to Identify Major Research
Initiatives in Sedimentary Geology and
Paleontology, Washington, DC, 16-17 March
2011, downloaded from: http://www.uidaho.edu/
sci/geology/sgpworkshop.

Last accessed: 4 November 2015.

PATZKOWSKY, M.E., SMITH, L H.,
MARKWICK, PJ., ENGBERTS, C.J., AND
GYLLENHAAL, E.D. 1991. Application
of the Fujita-Ziegler paleoclimate model: Early
Permian and Late Cretaceous examples.
Palacogeogr. Palacoclimarol. Palaeoecol., 86: 67-85.

PETERS, S.E. AND HEIM, N.A. 2011.
Macrostratigraphy and macroevolution in
marine environments: testing the common-cause
hypothesis. In: McGowan, A.]. and Smith, A.B.
(eds.) Comparing the Geological and Fossil
Records: Implications for Biodiversity Studies.
Geol. Soc. Spec. Pub., 358: 95-104.

PEYSER, C.E. AND POULSEN, C.]. 2008.
Controls on Permo-Carboniferous precipitation
over tropical Pangaea: A GCM sensitivity study.
Palaeogeogr. Palacoclimatol. Palaeoecol.,
268:181-192.

POULSEN, C.J., TABOR, C., AND WHITE, ].D.
2015. Long-term climate forcing by atmospheric
oxygen concentrations. Science, 348:1238-1241.

REES, PR., GIBBS, M.T., ZIEGLER, A M.,
KUTZBACH, ].E., AND BEHLING, PJ. 1999.
Permian climates: Evaluating model predictions
using global paleobotanical data. Geology,
27:891-894.

RISI, C,, BONY, S., VIMEUX, E, AND
JOUZEL, J. 2010. Water-stable isotopes in
the LMDZ4 general circulation model: Model
evaluation for present-day and past climates and
applications to climatic interpretation of tropical
isotopic records. /. Geophys. Res., 115: D12118.

SCHNEER, C.J. 1981. Macrogeology and
microgeology. Northeastern Geology, 3:101-103.

SCHNEIDER, S.H. 2004. Abrupt non-linear
climate change, irreversibility, and surprise.
Global Environ. Chang., 14:245-258.

SLINGERLAND, R. AND FURLONG, K.
1989. Geodynamic and geomorphic evolution
of the Permo-Triassic Appalachian mountains.
Geomorphology, 2:23-37.

SMITH, W. 1815. A Delineation of the Strata of
England and Wales with part of Scotland;
Exhibiting the Collieries and Mines, the Marshes
and Fen Lands Originally Overflowed by the Sea,
and the Varieties of Soil According to the Variations
in the Substrata, Illustrated by the Most Descriptive
Names. John Cary. 1 sheet.

SOREGHAN, G.S., HEAVENS, N.G., HINNOV,
LA, ACIEGO, S.M., AND SIMPSON, C.
2015. Reconstructing the dust cycle in deep time:
The case of the Late Paleozoic Icehouse in: D.
Polly, J.J. Head, and D.L Fox (eds.), Earth-Life
Transitions: Paleobiology in the Context of Earth
System Evolution: The Paleontology Short
Course October 31, 2015., Paleo. Soc. Spec. Pap.,

21, in press.

TABOR, N.J. AND POULSEN, C.J. 2008.
Palacoclimate across the Late Pennsylvanian—
Early Permian tropical palaeolatitudes: A review
of climate indicators, their distribution, and
relation to palacophysiographic climate factors.
Palacogeogr. Palacoclimatol. Palaeoecol.,
268:293-310.

TAPPERT, R., MCKELLAR, R.C., WOLFE, AP,
TAPPERT, M.C., ORTEGA-BLANCO, J.,
AND MUEHLENBACHS, K. 2013. Stable
carbon isotopes of C3 plant resins and ambers
record changes in atmospheric oxygen since the
Triassic. Geochim. Cosmochim. Acta,
121:240-262.

TAYLOR, K.E., STOUFFER, R.J., AND MEEHL,
G.A. 2012. An Overview of CMIP5 and the
Experiment Design. Bull. Amer. Met. Soc.,
93:485-498.

TRENBERTH, K.E., FASULLO, ].T., AND
KIEHL, J. 2009. Earth’s Global Energy Budget.
Bull. Amer. Met. Soc., 90:311-323

VALDES, P. 2011. Built for stability. Nazure Geosci.,
4:414-416.

VET, R, ARTZ, R.S., CAROU, S., SHAW, M.,
RO, C.-U., AAS, W., BAKER, A., BOWERSOX,
V.C., DENTENER, E, GALY-LACAUX, C,,
HOU, A., PIENAAR, J.J., GILLETT, R,,
FORTI, M.C., GROMOV, S., HARA, H.,
KHODZER, T., MAHOWALD, N.M.,
NICKOVIC, S., RAO, PS.P, AND REID,
N.W. 2014. A global assessment of precipitation
chemistry and deposition of siulfur, nitrogen, sea
salt, base cations, organic acids, acidity and pH,
and phosphorus. Ammos. Environ., 93:3-100.

WILLIAMS. G.E. 1997. Precambrian length of day
and the validity of tidal rhythmite paleotidal
values. Geophys. Res. Lett., 24:421-424.

WILSON, J.2. AND KNOLL, A.H. 2010.

A physiologically explicit morphospace for
tracheid-based water transport in modern and
extinct seed plants. Paleobio., 36:335-355.

WOODHEAD, J., REISZ, R., FOX, D.,
DRYSDALE, R., HELLSTROM, J., MAAS, R,
CHENG, H., AND EDWARDS, R.L. 2010.
Speleothem climate records from deep time?
Exploring the potential with an example from the
Permian. Geology, 38:455-458.

ZACHOS, J., PAGANI, M., SLOAN, L.,
THOMAS, E., AND BILLUPS, K. 2001.
Trends, Rhythms, and Aberrations in Global
Climate 65 Ma to Present. Science, 292:686—693.

ZEEBE, R.E. 2011. Where are you heading Earth?
(Commentary). Nat. Geosci., 4:416-417.

ZHANG, C., GOVINDARAJU, V,,
BORCHARDT, J., FOLTZ, T, RE, C., AND
PETERS, S. 2013. GeoDeepDive: Statistical
Inference using Familiar Data-Processing
Languages. Proceedings of the 2013 ACM
SIGMOD International Conference on
Management of Data,
doi: 10.1145/2463676.2463680.

ZIEGLER, A M., HULVER, M.]., AND
ROWLEY, D.B. 1997. Permian world
topography and climate. In: Martini, L.P. (ed.)
Late Glacial and Postglacial Environmental
Changes: Quaternary, Carboniferous—Permian,
and Proterozoic. Oxford University Press,
111-146.

Accepted November 2015



