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What	makes	a	planet	habitable?	



		Yorkshire	Coast,	Earth	
Toarcian	OAE	

JWST:	6.5m	diameter	mirror	

Gale	Crater,	Mars		
Early	Mars	Climate	Problem	 Future	large	segmented	telescopes	

Exoplanet	spectroscopy		

-	Present-day	habitable	planets:	one	example.	
-	Rock	records	of	Earth	and	Mars:	provide	access	to	
planetary	systems	operaTng	differently	from	present-
day	planets.	

Is	Earth	a	fluke,	or	are	habitable	climates	common?	
Next	steps:		
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Kite	Space	Science	Reviews	2019	



Main	drivers	of	atmospheric	decline:	
escape-to-space	(including	impact	erosion)	

Lammer	et	al.,	Space	Science	Reviews,	2013	



Evidence	for	water	loss	over	Tme	

Villaneuva	et	al.,	Science	2015	



Climate	stabilizaTon	on	early	Mars	
MODERN	MARS	CLIMATE	
		

CARBON	FEEDBACKS?	
	
SULFUR	FEEDBACKS?	
	
HYDROGEN?	
	
INTERMITTENCY?	



Haberle	et	al.	JGR-Planets	1998	







CO2	condensaTon	limits	warming	

Haberle,	
JGR-Planets,	
1998	



Problem	#1:	where	are	the	carbonates?	

Comanche:	16-34	wt%	carbonate		
(Morris	et	al.,	2010):	but	such	
outcrops	are	rare	

Adding	up	known	
carbonate	
reservoirs	yields	
<<	1	bar	CO2	
equivalent	

Carbonates	are	expected	to	form	by	water-rock	
reacTon	if	pCO2	was	high	and	pH	was	not	acidic	

Haberle,	
JGR-Planets,	
1998	



Wordsworth	et	al.	Icarus		
2013	



Problem	#2:	how	much	CO2	is	
enough?	

Wordsworth	et	al.	Icarus	2013	



In	addiTon	to	greenhouse	warming,	a	
thicker	atmosphere	is	sTll	useful	for	

suppressing	evaporiTc	cooling	

Hecht	
2002	
Icarus	

Assumes	273K	
surface	&	200K	
atmosphere	



Climate	stabilizaTon	on	early	Mars	
MODERN	MARS	CLIMATE	
		

CARBON	FEEDBACKS?	
	
SULFUR	FEEDBACKS?	
	
HYDROGEN?	
	
INTERMITTENCY?	



SO2	inhibiTon	of	carbonate	precipitaTon?	

Halevy	et	al.	Science	2007	

Bullock	&	Moore,	GRL	2007	
(contours	=	pH)	



SO2-driven	warming?	

Halevy	&	Head,	Nature	Geoscience,	2014	

fluxes	
required	
to	maintain	
these	SO2	
concentraTons,	
at	steady	state	
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Kerber	et	al.		
JGR-Planets	

2015	



Aerosol	formaTon	reduces	SO2	warming	

Tian	et	al.	EPSL	2010	



Kerber	et	al.,	Oxford	Conference	on	Mars’	Atmosphere,	2014	



Climate	stabilizaTon	on	early	Mars	
MODERN	MARS	CLIMATE	
		

CARBON	FEEDBACKS?	
	
SULFUR	FEEDBACKS?	
	
HYDROGEN?	
	
INTERMITTENCY?	



H2	collision-induced	absorpTon	

Sagan,	Nature,	1977	



Batalha	et	al.	Icarus	2015	

Ramirez	et	al.	Nature	Geoscience	2014	



Tosca	et	al.	Nature	Geoscience	2018	

Weathering	reacTons	make	hydrogen	



Cloud	warming?	



The	H2O-ice	cloud	greenhouse	for	Early	Mars1	has	proven	difficult	to	replicate2,	
and	has	been	argued	to	require	unrealisTc	cloud	lifeTmes	and	unrealisTc	cloud	coverage.3,4	

Warming	if	clouds	are	high	&	ice	grain	r	≥ 	5µm	
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Cooling	if	clouds	are	low	
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1.	Urata	&	Toon	2013.	2.	Wordsworth	2016.		
3.	Ramirez	&	KasTng	2017.	4.	Turbet,	PhD	thesis,	2018.	
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Annual	average	temperature	>	290K	on	Mars	highlands	
Warm	climates	emerge	in	our	simulaTons	

Cold/dry	start.	Contours	mark	elevaTon	in	m.		
Leqers	are	current	(C,S,O)	and	future	(NASA,	ESA)	rover	sites.	
		

Kite	et	al.	in	prep	
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180	E	 0	E	0	E	
Annual	average	
temperature:	

X	=	stable	
snow/ice	

r	= 	5µm	

Stable	for	
centuries	or	
longer,	based	on	
extrapolaTon	of		
vapor	column	
tendencies.	



Climate	stabilizaTon	on	early	Mars	
MODERN	MARS	CLIMATE	
		

CARBON	FEEDBACKS?	
	
SULFUR	FEEDBACKS?	
	
HYDROGEN?	
	
INTERMITTENCY?	



Olivine	places	an	upper	limit	of	107	yr	
of	water	over	most	of	the	surface	

	
•  Refers	to	soil-water	contact	(ice	can	shield	soil	from	water)	
•  Physical	erosion	can	‘reset’	the	surface	

Koeppen	&	Hamilton,	JGR-Planets,	2008	



Paleolake	hydrology	requires	>104-5	conTnuous	wet	years	
(e.g.,	seasonal	runoff)	

Irwin	et	al.,	Geomorphology	2015	



StaTsTcs	of	intermiqent	habitability	on	Mars	

Ongoing	work	
(Kite	et	al.	LPSC	2015;	Mansfield	et	al.	JGR	2018.)	

obliquity	

PCO2	



Can	Mars	be	made	habitable	in	the	near	future?	
Difficult	at	best	

Liu	et	al.	Chinese	J.	Mech.	Eng.	2016	

Falcon	Heavy:		
17	tons	to	Mars	

Bad	news:	No	credible	source	for	breathable	levels	of	O2	
Good	news:	~1	bar	CO2	would	be	sufficient	to	warm	surface	for	

	modern	solar	luminosity	
Bad	news:	The	CO2	may	have	all	(or	mostly)	escaped	to	space	

	(Ehlmann	&	Edwards,	Geology,	2014)	
Good	news:	CFCs	or	SF6	can	provide	very	strong	warming	

	(Marinova	et	al.,	JGR-Planets,	2005)	
Bad	news:	CFC/SF6	warming	would	probably	not	trigger		

	runaway	atmospheric	re-inflaTon	
	(Bierson	et	al.	GRL	2016)	

Good	news:	…?	

Common	assumpDons	in	the	literature:	
IniTate	with	relaTvely	near-term		
(21st-century)	technologies	
Goal:	Habitable	for	photosyntheTc	algae/
plants	
Asteroid	kineTc	energy,	nuclear	bombs,	
e.t.c.	is	insufficient	

PracTcal	
robot		
mining	
vehicles	
exist	



Som
erville	et	al.	Journal	of	Q

uanTtaTve	Spectroscopy	&
	

RadiaTve	Transfer	2016	

Can	Mars	be	made	habitable	in	the	near	future?	Gases	vs.	parDcles	
ParTcles	opTon:	inject	resonant	absorbers	at		
stratospheric	height	

Gases	opTon:	

See	also	Teller	et	al.,	Lawrence	Livermore	NaTonal	Lab	
report	UCRL-231636/UCRL	JC	128715	

Make	on	surface:	Marinova+	2005	JGR	

Deliver	via	impacts:	

Double	Asteroid	RedirecTon	Test	
(launch	2020)	



Key	points:	Mars	

•  Current	Mars	T,	P,	and	magnitude	of	present	
day	annual	cycles	of	H2O,	CO2,	and	dust;	

•  reasons	in	favor	of,	and	problems	with,	the	
CO2,	SO2,	and	H2	soluTons	to	the		

				Early	Mars	Climate	Problem;	
•  significance	of	the	olivine	and	paleolake-
hydrology	constraints	on	Early	Mars	climate.	



Backup/addiDonal	slides	


