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Ca/Mg silicate

\ silicate weathering:

(Ca/Mg)SiO5 + 2CO, + H,O — (Ca/Mg)*" + 2HCO; + SiO,

carbonate precipitation:

(Ca/Mg)*" + 2HCO; —> (Ca/Mg)CO5; + CO, + H,0O

\

Ca/Mg carbonate
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silicate weathering:

(Ca/Mg)SiO5 + 2CO, + H,O — (Ca/Mg)*" + 2HCO; + SiO,

carbonate precipitation:

(Ca/Mg)*" + 2HCO; —> (Ca/Mg)CO5; + CO, + H,0O

net reaction:

one mole of CO, removed for every mole of Ca+Mg liberated
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introduction GEOLOGIC CARBON CYCLE

volcanoes
carbonate 1
precipitation silicate

one mole of CO, removed for every mole of Ca+Mg liberated

metamorphism

A

weatherability = the sum of factors

aside from climate itself that contributes to
the overall global silicate weathering flux

and associated CO, consumption

Kump & Arthur (1997)
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What affects planetary weatherability?

1. location of rocks
o thetropics have the highest temperatures and runoff
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What affects planetary weatherability?

2. Ca+Mg concentration
e (ultra)mafic rocks from the mantle have the most Ca+Mg

(ultra)mafic rocks:
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WEATHERABILITY

What affects planetary weatherability?

2. Ca+Mg concentration
e (ultra)mafic rocks from the mantle have the most Ca+Mg

(ultra)mafic rocks:
10000 e Oceanic crust
e island arcvolcanoes
8000 - o flood basalts
o hotspot volcanoes
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L
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data from EarthChem,
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3. reactivity
o (ultra)mafic rocks from the mantle are the most reactive

Compositon

Bowen’s Reaction Series Intrusive/extrusive
rock types

first silicate minerals to crystellize

less stable/
Intermediate more reactive

potassium feldspar

last to crystallize

Felsic
granite/hyolite
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WEATHERABILITY

What affects planetary weatherability?

2+3. lithology

o (ultra)mafic rocks

(ultra)mafic rocks: Bowen'’s Reactlon Serles P gl
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What affects planetary weatherability?

4. uplift rate + topography
o convergent regions have the highest uplift rates and steepest topography
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What affects planetary weatherability?

4. uplift rate + topography
e convergentregions have the highest uplift rates and steepest topography
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WEATHERABILITY

1. location of rocks
o thetropics have the highest temperatures and runoff

2. Ca+Mg concentration

(ultra)mafic rocks from the mantle have the most Ca+tMg

3. reactivity

(ultra)mafic rocks from the mantle are the most reactive

4. uplift rate + topography

convergent regions have the highest uplift rates and steepest topography

What geologic
environment brings
together these 4 factors?

large ignheous island arc
province eruption exhumation in
in the tropics the tropics
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arc exhumation oceanic + continental

crust and sediments
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What geologic
environment brings
together these 4 factors?

large ignheous island arc
province eruption exhumation in
in the tropics the tropics

1. location of rocks
o thetropics have the highest temperatures and runoff

2. Ca+Mg concentration
e (ultra)mafic rocks from the mantle have the most Ca+Mg

3. reactivity
o (ultra)mafic rocks from the mantle are the most reactive

4. uplift rate + topography oo}
o convergent regions have the highest uplift rates and steepest topography 2l

Planetary cooling,
tectonics, and
weathering from
1 billion years ago
to the present




introduction WEATHERABILITY

hypothesis:

tropicalisland arc exhumation is important for setting Earth’s long-term climate state

island arc
exhumationin
the tropics

1. location of rocks
o thetropics have the highest temperatures and runoff

2. Ca+Mg concentration
e (ultra)mafic rocks from the mantle have the most Ca+Mg

3. reactivity
o (ultra)mafic rocks from the mantle are the most reactive

4. uplift rate + topography
o convergent regions have the highest uplift rates and steepest topography
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introduction OUTLINE

hypothesis:

tropicalisland arc exhumation is important for setting Earth’s long-term climate state

1. If we look at the past ~520 million years as a whole, do tropical arc-continent collisions coincide with times of
glacial climate?

2. Arc-continent collision is happening in the tropics today in the Southeast Asian islands: is this event responsible
for cooling over the past ~15 million years?

3. Istropicalisland arc exhumation also responsible for a “snowball” glaciation ~717 million years ago?
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PHANEROZOIC ARC-CONTINENT COLLISIONS

hypothesis:

Phanerozoic

tropicalisland arc exhumation is important for setting Earth’s long-term climate state

1. If we look at the past ~520 million years as a whole, do tropical arc-continent collisions coincide with times of
glacial climate?
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PHANEROZOIC ARC-CONTINENT COLLISIONS

Phanerozoic 1. If we look at the past ~520 million years as a whole, do tropical arc-continent collisions coincide with times of
glacial climate?

1. location of preserved remnants of arc-continent collisions
2. age of exhumation of mafic lithologies
3. paleogeographic model

4. arecord of Earth’s climate state

Macdonald, Swanson-Hysell, Park, Lisiecki, Jagoutz (2019)
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PHANEROZOIC ARC-CONTINENT COLLISIONS

Phanerozoic . . .« .
1. location of preserved remnants of arc-continent collisions

2. age of exhumation of mafic lithologies
3. paleogeographic model

4. arecord of Earth’s climate state

520 Ma reconstruction
(active ophiolite-bearing sutures are orange)

Macdonald, Swanson-Hysell,
Park, Lisiecki, Jagoutz (2019)
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PHANEROZOIC ARC-CONTINENT COLLISIONS

Phanerozoic
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PHANEROZOIC ARC-CONTINENT COLLISIONS

Phanerozoic
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PHANEROZOIC ARC-CONTINENT COLLISIONS

Phanerozoic

Do rapid uplift + steep topography matter?

weathering of large igneous provinces (LIPs) has also been proposed as an important
driver of cooling

how well does tropical LIP area correlate with the ice extent record?

LIPs = voluminous basalts with high Ca+Mg erupted onto stable or subsiding crust

Planetary cooling,
tectonics, and
weathering from
1 billion years ago
to the present
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Phanerozoic
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PHANEROZOIC LARGE IGNEOUS PROVINCES

Phanerozoic
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PHANEROZOIC LARGE IGNEOUS PROVINCES
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SUMMARY

Phanerozoic If we look at the past ~520 million years as a whole, do tropical arc-continent collisions coincide with changes
in Earth’s climate state?

[:I LIP - original extent

tectonic units

Bl Cenozoic (0 to 656 Ma) B Paleozoic (250 to 440 Ma)
Bl Mesozoic (65 to 252 Ma) Paleozoic (440 to 541 Ma)

tropical arc-continent collisions tropical large igneous provinces
correlates well with ice extent correlates poorly with ice extent
o (ultra)maficlithologies o mafic lithologies
e high runoff & temperature e high runoff & temperature
e rapid uplift & steep topography e no uplift & gentle topography
| e rapid supply of fresh minerals to e slow supply of fresh minerals to
Planetary cooling,
tectonics, and weather weather
weathering from o rapid erosional removal of shielding o slow erosional removal of shielding
1 billion years ago regolith regolith

to the present




SOUTHEAST ASIAN ISLANDS AND NEOGENE COOLING

hypothesis:

tropicalisland arc exhumation is important for setting Earth’s long-term climate state

Cenozoic

2. Arc-continent collision is happening in the tropics today in the Southeast Asian islands: is this event responsible
for cooling over the past ~15 million years?
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NEOGENE COOLING

Park et al. (in press), data from Zachos et al. (2008)
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NEOGENE COOLING

major Antarctic
glaciers

already established

oxygen isotopes (620)

Park et al. (in press), data from Zachos et al. (2008)
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previous hypotheses for Neogene cooling:

changes in ocean/atmosphere circulation
e.g. Haug and Tiedemann (1998), Shevenell (2004), Molnar and Cronin (2015)

decrease in volcanic outgassing

e.g. Berner et al. (1983)

increase in organic carbon burial

e.g. Galy et al. (2007)

uplift in the Himalayas

e.g. Raymo and Ruddiman (1992)
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NEOGENE COOLING

major Antarctic
glaciers
already established

previous hypotheses for Neogene cooling:

oxygen isotopes (620)

Park et al. (in press), data from Zachos et al. (2008)
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the hypothesis we test:

e changesin ocean/atmosphere circulation

o decrease involcanic outgassing

e.g. Haug and Tiedemann (1998), Shevenell (2004), Molnar and Cronin (2015)

Enhanced silicate weathering in
e.g. Berner et al. (1983) the Southeast Asian islands

e increaseinorganic carbon burial was the primary driver

e.g. Galy et al. (2007)

o upliftin the Himalayas for Neogene cooling.

e.g. Raymo and Ruddiman (1992)
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SOUTHEAST ASIAN ISLANDS

Cenozoic paleoshoreline compilation

based on geologic maps, stratigraphic data, and other paleoshoreline compilations

— 15 Ma shoreline
— 10 Ma shoreline
- 5 Ma shaoreline

New Guinea

Banda Arc

Park et al. (in press)
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— 15 Ma shoreline
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Park et al. (in press)
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SOUTHEAST ASIAN ISLANDS

— 15 Ma shoreline
A —— 10 Ma shoreline
5 Ma shoreline

Park et al. (in press)
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GEOCLIM

GEOCLIM estimates changes in steady-state pCO, associated with
Cenozoic coupled changes in silicate weathering and climatology
adapted from Goddeéris & Donnadieu (2017)

(finds the pCO; at which the sink equals the source)

compare to check if in steady-state

ege im
Y estimate climate temperature Slllcat? co Y estimated
degassing —» ,co > model — and — weathering — consumzption —» sum ——>» match » steady-state
source A runoff model sink > too high pCo,
—>» too low —
T increase
pco, €
decrease
pco, €

Planetary cooling,
tectonics, and
weathering from
1 billion years ago
to the present

climate model:
GFDL CM2.0 at pCO, =286, 572, 1144 ppm
equilibrium climate sensitivity = 2.9°C
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GEOCLIM

GEOCLIM estimates changes in steady-state pCO, associated with

coupled changes in silicate weathering and climatology
adapted from Goddéris & Donnadieu (2017)

(finds the pCO; at which the sink equals the source)

weatherability

mees input CO; (volcanism+degassing)
=== OoUtput CO; (silicate weathering)

finds the steady-

state pCO;
for a given
weatherability




GEOCLIM

GEOCLIM estimates changes in steady-state pCO, associated with
Cenozoic coupled changes in silicate weathering and climatology
adapted from Goddeéris & Donnadieu (2017)

(finds the pCO; at which the sink equals the source)

compare to check if in steady-state

ege im
Y estimate climate temperature Slllcat? co Y estimated
degassing —>» pCO — model — and Weatherlng consumzption —» sum ——» match > steady-state
source A runoff model sink > too high pCo,
—>» too low —
T Increase
pco, €
decrease
pco, €

Planetary cooling,
tectonics, and
weathering from
1 billion years ago
to the present

climate model:
GFDL CM2.0 at pCO, =286, 572, 1144 ppm
equilibrium climate sensitivity = 2.9°C




GEOCLIM

DynSoil
a regolith production + weathering model

Cenozoic

weathering was modeled

undissolved .
phases dissolved to be a function of:
solutes
z — I/ temperature
runoff
topography

REGOLITH Pr

0
we introduce a dependence on
lithology
0 proportion of 1
primary phases (x)

Planetary cooling, Maffre et al. (2018),

tectonics, and formulation based on

weathering from Gabet & Mudd (2009)

1 billion years ago and West (2012)

to the present




GEOCLIM

6 = sediments

Cenozoic 5 = carbonates
4 = mafics

- 3 = intermeadiates

- 2 = felsics

Park et al. (in press),
simplified from the
Global Lithologic Map (GLIiM)

1 = metamorphics

0 = water/ice

of Hartmann and Moosdorf (2012) s

lithology Ca+Mg (mol/m3)

felsic 1,521 mean of data
intermediate 4,759 compiled in
, EarthChem
mafic 10,317
carbonate ignored
Planetary cooling, metamorphics 777 dependent on protolith composition and
tectonics, and sediments 277 degree of previous chemical depletion

weathering from
1 billion years ago
to the present
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CALIBRATION

poorly constrained lithologies poorly constrained model parameters (from West, 2012)

metamorphiccasmg  sedimentca+mg Kw o

6 values 6 values 10 values 10 values 6 values 6 values

permute to get 93,600 unique combinations of these 6 parameters



Cenozoic

Planetary cooling,
tectonics, and
weathering from
1 billion years ago
to the present

CALIBRATION

poorly constrained lithologies poorly constrained model parameters (from West, 2012)

metamorphiccasmg  sedimentca+mg Kw o

6 values 6 values 10 values 10 values 6 values 6 values

permute to get 93,600 unique combinations of these 6 parameters

CO, consumption map for one of the compare modeled vs. measured
93,600 parameter combinations CO, consumption over watersheds

Maffre et al. (2018) ‘

5,381 “good” parameter combinations that result in
chemical weathering maps that closely resemble that observed in the present day



TECTONIC BOUNDARY CONDITIONS

— 15 Ma shoreline

Cenozoic

ot
“‘“,_ g\:‘r L i
e | . - "
i b -

paleogeography elsewhere on Earth is not changed

Planetary cooling,
tectonics, and for each of the 5,381 “good” parameter combinations, run the full GEOCLIM model

weathering from
1 billion years ago
to the present

and get an estimate for steady-state pCO-
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RESULTS

Park et al. (in press)
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RESULTS

Park et al. (in press)

; o £ 15 Ma
10 Ma
i 5,381 “good"
> Ma parameter combinations
S
Q1
Q|
9 |
B |
D
£
d |
Q. |
300 400 500 600 700
steady-state pCO> (ppm)
N. Hemisphere Antarctic
glaciation glaciation
threshold threshold

glaciation thresholds suggest pCO, decline over the past ~33.6 million years of ~750 ppm to 280 ppm = ~470 ppm

GEOCLIM suggests Southeast Asian island emergence caused pCO, decline of ~700-550 ppm to 280 ppm = ~420-270 ppm

majority of the pCO., decline over the past ~33.6 million years can be attributed to
paleogeographic changes in the Southeast Asian islands

800
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RESULTS

Park et al. (in press)

15 Ma

5,381 “good"
parameter combinations
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©
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S Columbia River Basalts
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glaciation thresholds suggest pCO, decline over the past ~33.6 million years of ~750 ppm to 280 ppm = ~470 ppm

GEOCLIM suggests Southeast Asian island emergence caused pCO, decline of ~700-550 ppm to 280 ppm = ~420-270 ppm

majority of the pCO., decline over the past ~33.6 million years can be attributed to
paleogeographic changes in the Southeast Asian islands

800
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LEAD-UP TO THE STURTIAN SNOWBALL EARTH

hypothesis:

tropicalisland arc exhumation is important for setting Earth’s long-term climate state

Neoproterozoic

3. Istropicalisland arc exhumation also responsible for a “snowball” glaciation ~717 million years ago?
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Planetary cooling,
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TAMBIEN GROUP
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CONCLUSIONS

Island arc exhumation in the tropics is important for setting
Earth’s climate state over the past 1 billion years.

1. Arc-continent collisions in the tropics correlate well with glacial intervals
over the past 520 million years.

2. Arc-continent collision in the Southeast Asian islands can explain the
majority of cooling over the past 15 million years.

3. Arabian-Nubian Shield arc accretion may have set the stage for the Sturtian
Snowball Earth 717 million years ago.

Other potentially important mechanisms:

e volcanic degassing

e sulphide oxidation coupled to carbonate weathering
e organic carbon burial/weathering

o changes in weatherability due to other processes

But the evidence so far suggests that island arc exhumation in the
tropics is one of the most important of these for setting Earth’s
climate state.
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introduction GEOLOGIC CARBON CYCLE

carbonate
precipitation

silicate weathering feedback:

f weatherability

f silicate weathering flux in one place (output > input)
* PCO3 (amount of CO; in the atmosphere)

* temperature and precipitation

+ silicate weathering flux elsewhere (output = input)
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PHANEROZOIC ARC-CONTINENT COLLISIONS

1. location of preserved remnants of arc-continent collisions
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PHANEROZOIC ARC-CONTINENT COLLISIONS

Phanerozoic

2. age of exhumation of (ultra)mafic lithologies

o collision complexincludes lower Ca+Mg continental crust and overlying sediment

o constrain age of exhumation of mafic lithologies using dates on ophiolitic detritus in syn-orogenic
sedimentary basins
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PHANEROZOIC ARC-CONTINENT COLLISIONS

Phanerozoic

3. paleogeographic model

e mostly Torsvik and Cocks (2012)

e update Laurentia in the Ordovician (Swanson-Hysell and Macdonald, 2017)

e update Asia in the Paleozoic (Domeier, 2018)
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Torsvik and Cocks (2012)
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PHANEROZOIC ARC-CONTINENT COLLISIONS

4. arecord of Earth’s climate state

90

ice extent from paole
(" of latitude)

B ice extent

o))
o

W
o

]

-0

o
" g
& 5 S
< - g
B : 3 3
O a & r
8 2 £ 2
5 5 g S,

PALEOZOIC MESOZOIC CENOZOIC
500 400 300 200 100

age
(Ma)

100

- 300

1000

3000

/000

(wdd) Zgod



PHANEROZOIC ARC-CONTINENT COLLISIONS

Phanerozoic
4. arecord of Earth’s climate state

pCO, compilation from Foster et al. (2017)
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CALIBRATION

model

chemical weathering maps that closely resemble that observed in the present day
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