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The	science	of	landscapes:	
Earth	&	Planetary	Surface	Processes	



	
	

		
Chemical	weathering	processes:		
(1)	soluCon	
ParCal	or	complete	dissoluCon	of	a	mineral	in	a	solvent;	NaCl	à	Na+	+	Cl-	
(2)	hydraCon	
Hydrolysis:	addiCon	of	H2O	to	mineral;	CaSO4	+		nH2O	à	CaSO4.nH2O	
(3)	hydrolysis	
Chemical	reacCon	due	to	H+	or	OH-	ions	in	water;	i.e.,	water	is	reactant	not	just	a	
solvent.	E.g.	albite	NaAlSi3O8	+	nH2O	à	Na+	+	OH-	+	2H4SiO4	+	(1/2)Al2Si2O5(OH)4	
kaolinite.	
(4)	chelaCon	
Organic	process	by	which	metallic	caCons	are	incorporated	into	hydrocarbon	molecules.	
(5)	oxidaCon/reducCon	
e.g.	reddening	of	soils	(ferrous	à	ferric)	
(6)	carbonaCon	
generaCon	of	bicarbonate	ion	and	carbonic	acid	and	its	reacCon	with	minerals.	
		
Also:	microbially	mediated	processes;	pH	due	to	respiraCon	can	be	as	low	as	pH	4.5	
(this	accelerates	silicate	weathering).	



Soil	ProducCon	Rate	(SPR)	

Soil	producCon	rates	
quanCfied	using	
cosmogenic	10Be	
(5	atoms/g/yr	at	sea	level)	

Heimsath	et	al.,	Nature	Geoscience	2012	

(bedrock	exposed	when	erosion>max.	SPR)	

Earlier	“humped”	SPR	
funcCons	now	considered	
dubious	
	
Transport-limited	hillslope	evoluCon	
is	well	understood;	
Weathering-limited	hillslopes	(e.g.,		
Sierra	Nevada)	not	well	understood.	

but	see	Larsen	et	al.	Science	2014	for	the	claim	that	there	is	no	speed	limit	on	soil	produc:on	



Fluvial	sediment	transport	vs.	hillslope	processes:		
what	controls	the	spacing	of	rivers?	

	
	
SETTING	THE	SPACING	OF	STREAMS	
	
HILLSLOPE	EROSION	PROCESSES	
	
SOIL	PRODUCTION	FUNCTION	
	
SYNTHESIS:	PERRON	ET	AL.	2009	



Set	Pe	=	1,	solve	for	L:	



Key	points	from	today’s	lecture	

•  Explain	mechanisCcally	how	streampower	
landscapes	can	act	as	a	tectonic	tape-recorder	
Explain	why	steady-state	hillslopes	are	convex.	

•  Explain	2	or	more	hillslope	transport	processes.	
•  Know	2	or	more	physical	and	2	or	more	chemical	
weathering	processes.	

•  Understand	how	Peclet	number	can	quanCfy	
compeCCon	between	hillslope	processes	and	
fluvial	channelizaCon	(see	also	required	reading).	

	



Landscape	evoluCon:	sources	of	data	

SOME	MAJOR	LANDSCAPE	EVOLUTION	PROBLEMS	
	
DATE/RATE	DATA	ON	EARTH	
	
DATE/RATE	DATA	ON	OTHER	PLANETS	
	

In	the	next	lecture,	you	will	be	presented	dates	and	rates	as	facts.	
In	this	lecture,	you	will	be	shown	the	methods	that	generate	these	dates	and	
rates:	their	strengths,	weaknesses,	and	ranges	of	validity.	



Key	points	
•  For	each	Earth-based	daCng	method,	know	
the	principle,	advantages,	disadvantages,	
example	applicaCon,	age	range	of	applicaCon,	
for	each	technique.	

•  Explain	the	evidence	for	and	against	a	
Pleistocene	upCck	in	global	erosion	on	Earth	
(two	arguments	for	and	two	arguments	
against,	plus	geographic	context)	

	



Landscape	evoluCon:	sources	of	data	

SOME	MAJOR	LANDSCAPE	EVOLUTION	PROBLEMS	
	
DATE/RATE	DATA	ON	EARTH	
	
DATE/RATE	DATA	ON	OTHER	PLANETS	
	



8	km3	of	sediment	were	eroded	from	Earth’s	conCnents	
each	year	(pre-dam),	almost	all	by	fluvial	processes,	
mostly	from	Asia	



MeCvier	et	al.	1999	J.	Geophys.	Int.	

Offshore	sediment	accumulaCon	rates	indicate	increase	
in	erosion	rates	from	Asia	<2	Mya	



This	increase	has	been	reported	from	onshore	Asia	basins,	and	globally	

Peizhen	et	al.	Nature	2001	

Herman	et	al.,	Nature	2013	consistent	with	fission-track	data	from	mountain	belts:	



However,	records	of	
weathering	&	global	
tectonics	are	steady	over	
the	last	10	Ma.	

Willenbring	&	Jerolmack,	Terra	Nova,	2016	



70	Ma	formaCon	of	the	modern	Grand	Canyon?	



AlternaCve	Grand	Canyon	formaCon		
scenario:	geologically	recent	drainage		
reorganizaCon.	

Hindu	Fanglomerate,	
on	S	rim	of	W	Grand	
Canyon,	50	Ma,		
derived	from	source	
to	Nwards.	
	
Muddy	Creek		
FormaCon	at	distal	
end	of	Grand	Canyon:	
no	deposiCon	before	
6	Ma	



Landscape	evoluCon:	sources	of	data	

SOME	MAJOR	LANDSCAPE	EVOLUTION	PROBLEMS	
	
DATE/RATE	DATA	ON	EARTH	
	
DATE/RATE	DATA	ON	OTHER	PLANETS	
	



(1) Count	layers	(tree	rings,	varves).	
(2) OpCcally	sCmulated	luminescence.	
(3) Radiocarbon	-	14C.	
(4) Spike	of	radioacCve	elements	(e.g.	triCum)	

associated	with	atmospheric	nuclear	tesCng.	
(5)  	Cosmogenic	da;ng.	
(6) Fission	track.	
(7)  (U-Th)/He	&	other	exhumaCon	methods.	
(8) Shared	event	of	known	age.	
(9)  	The	sedimentary	record.	



(1)	Count	layers	(tree	rings,	varves)	

Varves:	annual	layers,	most	
commonly	in	strongly-seasonal	lakes		

Tree	rings	–	when	found	embedded	in	e.g.	
flood	deposits	

Ballesteros-Cavenos,	Prog.	Phys.	Geogr.	2015	



Example	applicaCon:	mass	movements	and	debris	flows	à	tree	death	in	Southern	Alps	
Strengths:	Well-established,	interlocked	chronologies	for	most	conCnents.	
Weaknesses:	Requires	wood	preservaCon	(for	tree	rings).	Rarely,	tree	ring	years	are	“missing”	in	individual	
trees.		
Time	range	of	applicaCon:	to	15	Kyr	(tree	rings);	to	~14	Kyr	(Cariaco	varves);	out	to	30	Kyr	
(“floaCng”	varve	chronologies,	e.g.	Lake	Suigetsu)	



(2)	OpCcally	SCmulated	
Luminescence	(OSL)	

Strengths:	date	sand	dune	
overturn,	beach	sands	…	
Weaknesses:	5-10%	uncertainty;	
usually	requires	quartz;	collecCon	
can	be	difficult	(age	reset	by	1s	of	
light).	
Age	range	of	validity:	0.1-350	Kyr	
with	quartz	(out	to	1	Myr	with	
feldspar)	

Rhodes	et	al.	Annual	Reviews		
2011	



Mechanism	of	OSL:		



(3)	Radiocarbon	-	14C.	

New	method:	Accelerator	Mass	Spectroscopy	
Eliminates	molecular	isobars	(e.g.	13CH)	by	
acceleraCng	sample	to	>>KeV	and	passing		
through	a	thin	graphite	foil.		

Mark	Chaffee	(Purdue)	

Atmosphere	contains	14C	(half-life	6	Kyr)	due	to	cosmic-ray	bombardment	
Plants/soil	organisms	take	up	14C	from	atmosphere	and	isolate	it	upon	burial	
IsolaCon	date	can	be	constrained	by	measuring	present-day	14C	concentraCon.	

Strengths:	Precise,	widely	used,	
can	date	soil	profiles	&	fluvial	deposits.	
Example	weaknesses:	Reworking	of	old	wood,	
decay	of	ancient	organic	mawer.	
Time	range	of	validity:	50+	Kyr	



14C	measurements	are	very	precise,	but	are	affected	by	several	
systemaCc	biases.	“14C	age”	is	not	equal	to	actual	age.	Ages	are	
reported	this	way	to	allow	for	future	improvements	in		
14C	de-biasing.	

Damon	et	al.	Annual	Reviews	1978	

Past	atmosphere	contained		
more	radiocarbon	



14C	uncertainty	is	affected	by	variaCons	in	the	rate	of	
producCon	(&	atmospheric	content)	of	14C.	

VADM	=	Virtual	Axial	Dipole	Moment	
(Strength	of	Earth’s	magneCc	field)	

Varying	magneCc	field	on	Earth:	 Varying	solar	acCvity	(De	Vries	effect):	

Also:	Varying	rates	of	atmosphere-ocean	exchange.	



(4)	Spike	of	radioacCve	elements	(e.g.	
triCum)	associated	with	atmospheric	
nuclear	tesCng	

Duwa,	Annual	Reviews,	2016	

Also:	fossil-fuel	burning	dilutes	
atmopsheric	C	with	radioacCvely-inert	
C	



(5)	Cosmogenic	da;ng	
Alongside	LIDAR,	one	of	the	
two	most	important	innovaCons	
in	geomorphology	in	the	last	20	
years	

Anderson	&	Anderson,	ch.	6	

•  Produced	within	rock	(not	absorbed	from	atm.),	
mostly	by	neutrons	

•  10Be,	26Al,	36Cl	are	radioacCve	
•  Depth	profiles	allow	correcCon	for	inheritance	

Bierman	&	Nichols	Annual	Reviews	2004	



Equilibrium	between	producCon	and	decay	for	cosmogenic	radionuclides	with	no	
erosion	



Equilibrium	between	producCon	and	erosion	for	a	stable	
cosmogenic	isotope	(e.g.,	3He)	



Cerling	&	Craig,	
Annual	Reviews	1994	

Soxer	cosmic	ray	energy	spectrum	
at	high	laCtudes	(due	to	Earth’s	magneCc	field)	



Bierman	et	al.	Annual	Reviews	2012	
	



Gallagher	et	al.	Annual	Reviews	1998	

(6)	Fission	track	daCng		



The	meaning	of		
“closure	temperature”	

Closure	temperature	varies		
depending	on	what’s	escaping,	
and	on	what	mineral	it’s	escaping	
from.		



(6)	Fission	track.		

Reiners	&	Brandon,		
Annual	Reviews	2006	

why	are	these	
not	straight	lines?	

Mountain	belt	uplix:	
Pe	=	L*u/kappa	~	30	km*(1	mm/yr)/10-6	m2s-1	~	1				



Example	applicaCon:	Olympic	Peninsula	

“strath”	rates:	uplix	
of	dated	marine	terraces	



(7)	(U-Th)/He	&	other	exhumaCon	
methods.	

Thermally	acCvated	
diffusive	loss	of	
radiogenic	4He	



(7)	-	Detrital	thermochronology		
Enabling	technology:	40Ar/39Ar	ages	of	individual	grains	



(8)	Shared	event	of	known	age.	

Strengths:	Natural	experiment.	
Weaknesses:	RelaCve,	not	absolute	method	(though	can	be	calibrated	by	other	methods)	
Age	range	of	applicability:	Unrestricted	in	principle;	in	pracCce,	post-180	Ma		

	 	 	 	 				(for	which	~complete	plate	reconstrucCons	are	available).	

Example:	Roan	Plateau,	NW	Colorado:	

Berlin	et	al.	JGR-Earth	Surface,	2007	

8	Ma	incision	
by	Colorado	River	
	
Test	of	streampower	incision	
model	
	
See	also	Crosby	&	Whipple	
JGR	2006.	



Gondwana	rixing	



Other	example:	Gondwana	Scarp,	
known	as	“Great	Escarpment”	in	S.	Africa	

(8)	Shared	event	of	known	age	

South	Africa:	rixing	~160	Ma	
(plate	tectonic	reconstrucCon)	
Scarp	retreat	rate:	~1	km/Myr	



Scarp	retreat	following	conCnental	break-up	is	constrained	by	apaCte	fission-track	data	



(9)	The	sedimentary	record.	

method	with	great		
promise	for	the	future;	
see	required	reading	
Allen	2008	

Strengths:	Records	informaCon	about	fully-vanished	landscapes.	
Weaknesses:	Changes	in	grain	size	+	channel	dimensions	have	mulCple	possible	explanaCons.	
Age	range	of	applicaCon:	<	3.5	Ga	on	Earth;	<4.1	Ga	on	Mars	(for	orbiter	methods)	

Foreman	et	al.	Nature	2012	

4-6	deg	C	increase	in		
global	T	accompanied	
by	2x-4x	increase	in		
pCO2	



Example	(idealized	
model):	

Armitage	et	al.	Nature	Geoscience	2011	



IntegraCon	and	cross-checking	of	methods.	

University	of	Innsbruck	

Anderson	&		
Anderson,	ch.	6	



Landscape	evoluCon:	sources	of	data	

SOME	MAJOR	LANDSCAPE	EVOLUTION	PROBLEMS	
	
DATE/RATE	DATA	ON	EARTH	
	
DATE/RATE	DATA	ON	OTHER	PLANETS	
	



(P1)	Crater-density	constraints	on	burial	
and	exhumaCon.	

Kite	&	Mayer	2017	

CONCEPT:	 DATA:	

Strengths:	Can	be	applied	anywhere	on	Mars;	
	 			Can	give	past	sedimentaCon	rates.	

Weaknesses:	Difficult	to	date	steep	slopes	(small	area,	distorted	craters)	
Age	range	of	validity:	In	principle,	applies	to	all	Cmescales.	

	 	 	 					In	pracCce,	restricted	to	1-100	Myr	for	erosion	rates	
	 	 	 		



(P2)	StaCsCcal	approaches	(e.g.	crater	modificaCon)	
Fassew	&	Thomson,	JGR-Planets,	2014	–	Goal:measure	crater	degradaCon	on	the	moon	vs.	Cme.	
Plot	the	diffusional	degradaCon	of	individual	craters	as	a	funcCon	of	the	crater	density	of	the	
terrains	that	host	them.	Map	the	crater	density	to	absolute	age	using	Apollo	radiometric	dates.					
		



Key	points	
•  For	each	Earth-based	daCng	method,	know	
the	principle,	advantages,	disadvantages,	
example	applicaCon,	age	range	of	applicaCon,	
for	each	technique.	

•  Explain	the	evidence	for	and	against	a	
Pleistocene	upCck	in	global	erosion	on	Earth	
(two	arguments	for	and	two	arguments	
against,	plus	geographic	context)	
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