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ABSTRACT	

While	our	understanding	of	climate	systems	continues	to	improve,	it	has	also	become	clear	that	

regional	 responses	 to	 global	 forcing,	 as	 well	 as	 the	 interaction	 of	 regional	 phenomena	within	 global	

climate	 systems,	are	more	complex	 than	we	have	previously	understood	 them	 to	be.	The	complexity	

could	 be	 purely	 climatic,	 or	 it	 could	 be	 interfered	 with	 by	 anthropogenic	 influences.	 Climate	

reconstructions	and	simulations	have	suggested	the	need	for	more	information	from	remote	locations	in	

the	world,	 such	as	Africa	 and	Madagascar,	 not	only	 to	 complete	 gaps	 in	our	understanding	of	 global	

atmospheric	and	oceanic	circulation,	but	also	to	distinguish	anthropogenic	 influences	on	climate	from	

natural	variability.		

This	dissertation	research	has	been	an	 investigation	of	past	climate	and	vegetation	changes	 in	

northeastern	 Namibia	 and	 in	 northwestern	Madagascar	 using	 proxies	 from	 stalagmites.	 Stalagmites,	

which	 are	 upward	 growing,	 pillar-like,	 and	 convex-up	 shape	 cave	 deposits,	 can	 preserve	 various	

signatures	(d18O,	d13C,	mineralogy,	petrography,	 layer-specific	width,	macro-cavities	distributions)	that	

reflect	environmental	conditions	at	 the	 time	of	 their	deposition.	 	These	proxies	are	powerful	 tools	 to	

reconstruct	paleoclimate	and	paleoenvironmental	changes.	



The	main	research	question	has	focused	around	the	dynamics	of	the	Inter-Tropical	Convergence	

Zone	 (ITCZ)	 and	 the	 climatic	 responses	 in	 these	 regions	during	 the	 last	 two	millennia	 and	during	 the	

Holocene.	The	stalagmite	records	have	revealed	linkage	to	the	ITCZ	in	accord	with	climate	simulations,	

which	suggest	that	the	ITCZ	migrates	latitudinally	toward	a	warmer	hemisphere.	More	specifically,	the	

ITCZ	 migrates	 southward/northward	 during	 globally	 cooler/warmer	 conditions.	 This	 migration	 could	

determine	 the	 length	 of	 summer	months	 in	 the	 ITCZ-visited	 regions.	 The	 records	 from	northwestern	

Madagascar	have	also	helped	better	understand	 the	 timing	when	humans	started	 to	 leave	significant	

imprints	on	the	 landscape,	and	they	revealed	that	climate	 in	Madagascar	was	also	sensitive	to	abrupt	

climate	 changes,	 such	 as	 the	 8.2	 ka	 event.	 These	 new	 climatic	 data	 from	 northeastern	 Namibia	 and	

northwestern	Madagascar	are	useful	to	refine	our	understanding	of	the	global	circulation.	They	can	also	

be	useful	to	test	for	climate	models	that	could	be	used	to	predict	changes	in	future	climate.	
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CHAPTER	1	

INTRODUCTION	

	

1.1. Research	motivation	

While	 our	 understanding	 of	 climate	 systems	 continues	 to	 improve,	 it	 has	 also	

become	 clear	 that	 regional	 responses	 to	 global	 forcing,	 as	 well	 as	 the	 interaction	 of	

regional	 phenomena	 within	 global	 climate	 systems,	 are	 more	 complex	 than	 we	 have	

previously	understood	them	to	be.	The	complexity	could	be	purely	climatic,	or	it	could	be	

interfered	with	by	anthropogenic	influences.	Climate	reconstructions	and	simulations	have	

suggested	the	need	for	more	information	from	several	remote	locations	in	the	world,	such	

as	Africa	and	Madagascar,	not	only	to	complete	gaps	in	our	understanding	of	the	global	

circulation,	such	as	understanding	the	dynamics	of	the	Inter-Tropical	Convergence	Zone	

(ITCZ;	Fig	1.1),	but	also	to	distinguish	anthropogenic	 influences	on	climate	from	natural	

variability.	
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Figure	 1.1.	 Global	 map	 showing	 the	 geographic	 distribution	 of	 the	 Inter-Tropical	

Convergence	 Zone	 (ITCZ).	 (a)	 Rainfall	 map	 of	 July	 2002	 by	 NASA’s	 Tropical	 Rainfall	

Measuring	 Mission	 (TRMM)	 satellite,	 available	 at	

http://earthobservatory.nasa.gov/GlobalMaps/view.php?d1=MOD_LSTAD_M&d2=TRMM

_3B43M	.	Regions	with	highest	rainfall	are	represented	in	dark	blue,	the	ITCZ	is	the	darkest	

blue	 shade	near	 the	equator.	 (b)	 Schematic	 representation	of	 the	 ITCZ	and	Monsoons.	

Modified	 map	 from	 Wang	 (2009)	 and	 references	 therein.	 Red	 stars	 indicate	 study	

locations.	
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1.2. Project	merit	

The	 project	 is	 significant	 because	 we	 use	 stalagmites,	 secondary	 deposits	 in	

limestone	caves	(Figure	1.2),	to	reconstruct	the	climate	history	of	Southern	Africa,	here	

northeastern	Namibia,	and	northwestern	Madagascar	over	the	last	millennium	and	during	

the	Holocene.	Few	high-resolution	paleoclimate	archives	have	been	produced	from	these	

locations,	and	even	when	available,	additional	data	are	still	needed	to	improve	the	spatial	

and	temporal	resolution	of	paleoclimate	information	for	the	region.		

Stalagmites	 have	 been	 very	 useful	 and	 reliable	 in	 paleoclimate	 reconstruction	

because	they	can	be	accurately	dated	using	the	U-Th	techniques	(e.g.	Edwards	et	al.,	1987).	

Additionally,	stable	isotope	proxies	have	made	them	more	valuable	in	producing	very	high-

resolution	temporal	records.	Furthermore,	stalagmites	have	other	proxies	(Fairchild	and	

Baker,	 2012,	 p.	 9-10),	 the	 combination	 of	 which	 has	 produced	 reliable	 and	 coherent	

paleoclimate	 information,	 specifically	 in	 regions	 where	 cave	 monitoring	 is	 almost	

unattainable	 due	 to	 the	 cost-effectiveness	 and	 the	 lack	 of	 experts	 to	 conduct	 the	

monitoring.	 The	 multiple	 proxy	 approach	 is	 performed	 in	 all	 stalagmite	 investigations	

reported	in	this	dissertation.	
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Figure	 1.2.	 Generalized	 sketch	 showing	 the	 processes	 of	 stalagmite	 formation	 (from	

dissolution,	 degassing	 and/or	 evaporation	 of	 the	 dripwater,	 to	 CaCO3	 precipitation	 to	

stalagmite),	 and	 the	 linkage	 between	 the	 cave	 system	 and	 the	 landscape	 above	 it.	

Stalactite	and	Stalagmite	are	examples	of	cave	deposits.	
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1.3. Objective	of	the	research	

The	 overall	 objective	 is	 to	 develop	 multi-proxy	 records	 from	 stalagmites	 from	

northeastern	Namibia	and	northwestern	Madagascar	to	provide	comprehensive	data	set	

to	better	understand	paleoclimate	of	these	regions	over	the	last	millennium	and	during	

the	Holocene.	The	specific	objective	is	to	test	the	hypothesis	pertaining	to	the	dynamics	of	

the	 Inter-Tropical	 Convergence	 Zone,	 or	 simply	 the	 ITCZ,	 in	 accord	 with	 the	 climate	

simulations	of	Chiang	and	Bitz	(2005)	and	Broccoli	et	al.	(2006).	That	is	global	cooling,	with	

marked	 temperature	 gradient	 between	 the	 two	 hemispheres,	 where	 the	 Southern	

Hemisphere	 is	warmer	 than	 the	Northern	Hemisphere,	drives	 the	 ITCZ’s	mean	position	

southward,	 bringing	 wetter	 conditions	 in	 austral	 summer	 regions.	 In	 contrast,	 global	

warming,	 where	 the	 Northern	 Hemisphere	 is	 warmer	 than	 the	 Southern	 Hemisphere,	

drives	the	ITCZ’s	mean	position	northward,	 leaving	the	austral	summer	regions	in	much	

drier	conditions.	This	latitudinal	migration	of	the	ITCZ	has	been	coeval	with	the	weakening	

or	 strengthening	 of	 the	 monsoons.	 For	 example,	 a	 southward	 migration	 of	 the	 ITCZ	

weakened	 the	 northern	 hemisphere	monsoon	 (e.g.	 Asian	Monsoon	 and	 the	 East	 Asian	

Monsoon;	Wang	et	al.,	2005;	Dykoski	et	al.,	2005;	Cheng	et	al.,	2009;	Liu	et	al.,	2013)	but	

strengthened	the	southern	hemisphere	monsoon	(e.g.	South	American	Summer	Monsoon;	

Cheng	et	al,	2009).	This	climatic	relationship	is	useful	to	test	for	climate	models,	to	refine	

those	models,	and	to	improve	prediction	of	climate	changes	in	the	near	future.	
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1.4. Climate	overview	of	the	study	locations	

Study	 locations	 include	 Dante	 Cave,	 in	 Namibia	 (Africa),	 and	 Anjohibe	 and	

Anjokipoty	 Caves,	 in	 Majunga	 (Madagascar).	 These	 caves	 are	 located	 within	 the	 zone	

visited	by	the	ITCZ	(Figs.	1.1	and	1.3.a).	The	ITCZ	brings	rainfall	to	these	locations	during	

austral	summers.	Although	both	regions	receive	rainfall	during	austral	summers	(i.e.	from	

October	 to	 April)	 as	 part	 of	 the	 South	 African	 Monsoon	 and	 Malagasy	 Monsoon,	

northeastern	Namibia’s	climate	is	relatively	dry.	It	belongs	to	the	“warm	semi-arid	climate	

(Bsh)”	of	the	Köppen-Geiger	climate	classification.	Northwestern	Madagascar	 is	warmer	

and	wetter	 than	 northeastern	Namibia,	 and	 its	 climate	 belong	 to	 the	 tropical	 savanna	

climate	 (Aw)	 of	 Köppen-Geiger	 climate	 classification	 (Figure	 1.3.b-c).	 Detailed	

environmental,	 climatic,	 and	 geologic	 settings	 of	 each	 locations	 can	 be	 found	 in	 the	

following	Chapters	(2–4).		

	

1.5. The	Inter-Tropical	Convergence	Zone	(ITCZ)	

The	 Inter-Tropical	 Convergence	 Zone	 (ITCZ),	 also	 known	 by	 sailors	 as	 the	

“doldrums”,	is	a	zone	of	low	pressure	near	the	equator,	where	two	easterly	trade	winds	

originating	from	the	northern	hemisphere	(NH)	and	southern	hemisphere	(SH)	converge.	

The	zone	of	convergence	is	characterized	by	a	strong	upward	motion	of	air	from	its	lower	

level,	which	diverges	at	its	upper	level	to	form	clouds	and	precipitation.	The	ITCZ	plays	an	

important	role	in	maintaining	the	Earth's	climate	(Zhang,	1993)	at	different	timescales.	It	

is	the	main	driver	of	boreal	and	austral	summers	rainfall	in	the	NH	and	SH,	respectively.	
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Figure	1.3:	Climatology	of	northeastern	Namibia	and	northwestern	Madagascar.	a)	General	

map	showing	the	general	patterns	of	winds	and	pressure	over	Africa.		ITCZ:	Inter-tropical	

Convergence	Zone;	ZAB:	Zaire	Air	Boundary	(or	Congo	Air	Boundary).	Source	from	Gasse	

(2000)	but	the	figure	was	originally	taken	from	Nicholson,	1996.	b)	Climate	map	of	Africa	

based	on	the	Köppen	Climate	Classification	(IRI,	2016).	c)	Average	monthly	temperature	

and	rainfall	for	northeastern	Namibia	and	northwestern	Madagascar	from	1960-1990	(The	

World	Bank,	2016,	accessed	Dec	05	2016).	
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Discrepancies	 in	 defining	 the	 ITCZ	 exist.	 Modern	 climate	 scientists	 and	 climate	

modelers	realistically	define	the	ITCZ	as	a	belt	of	wind	convergence	near	the	equator.		In	

contrast,	because	of	the	ITCZ’s	spatial	complexity,	paleoclimatologists,	particularly	those	

investigating	terrestrial	records	to	reconstruct	past	climate,	use	very	simplified	sketches	to	

define	the	ITCZ,	often	using	narrow	lines	as	an	estimate	of	the	mean	position	of	the	ITCZ	

in	the	NH	and	the	SH	(see	for	example	Wang,	2009).		More	fundamentally,	because	of	the	

ITCZ’s	strong	linkage	to	tropical	and	subtropical	rainfall,	paleoclimatologists	often	refer	the	

ITCZ	as	a	zone	of	seasonal	rainfall	near	the	equator,	and	paleoclimate	data	have	been	used	

to	reconstruct	paleo-precipitation	in	regions	visited	by	the	ITCZ.	What	makes	it	even	more	

complicated	is	that	the	spatial	extent	of	the	ITCZ	in	the	Pacific,	in	the	Atlantic,	and	in	the	

Indian	Oceans	is	not	uniform	(see	for	example	NASA	Earth	Observatory).	It	is	very	narrow	

in	the	Pacific	region	and	it	often	splits	into	two	narrow	bands	creating	the	“double	ITCZ”,	

often	 observed	 in	 modern	 animation	 of	 NASA’s	 Tropical	 Rainfall	 Measuring	 Mission	

(TRMM)	 satellite	 around	 the	 months	 of	 March	 and	 April.	 This	 double-ITCZ	 has	 been	

problematic	in	most	of	the	coupled	general	circulation	models	(CGCMs)	(e.g.	Lin,	2007).	In	

the	Atlantic	region,	the	ITCZ	is	also	narrow.	However,	it	is	very	complicated	in	the	Indian	

Ocean.		

The	ITCZ’s	complication	in	the	Indian	Ocean	could	be	related	to	the	large	mass	of	

lands	(Africa	to	the	West,	Asia	to	the	North,	and	Austral-Asia	to	the	East)	that	bound	it.	

With	 this	 regard,	 indeed,	 the	 ITCZ	 has	 been	 conceptually	 confused	with	 the	monsoon,	

which	is	another	climate	phenomenon	that	plays	a	key	role	in	the	climate	of	the	tropics	

and	subtropics.	The	monsoon,	too,	was	defined	inconsistently	depending	on	the	climatic	
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aspect	being	studied.	Etymologically,	the	word	“monsoons”	comes	from	the	Arabic	word	

“mawsim”	which	means	seasons	(Berger,	2009),	and	it	was	defined	as	a	seasonal	reversal	

in	wind	direction	of	the	near-surface	wind	(Trenberth	et	al.,	2000;	Wang,	2009).	The	term	

monsoon	 has	 therefore	 been	 incorrectly	 used	 to	 refer	 to	 heavy	 but	 short-term	 rains,	

although	these	rains	meet	the	dictionary	definition	of	monsoon	(e.g.	Wikipedia,	2017	and	

references	 therein).	Although	monsoons	are	driven	by	 the	 thermal	difference	between	

continents	(e.g.	the	Eurasian	continent)	and	oceans	(e.g.	the	Indo-Pacific	Ocean),	satellite	

and	conventional	observations	suggest	that	the	monsoon	is	a	manifestation	of	seasonal	

migration	of	the	ITCZ	(Gadgil,	2003;	Wang,	2009).		Several	regional	monsoon	systems	are	

embedded	within	the	global	monsoon,	leading	Wang	(2009)	to	conclude	that	the	monsoon	

is	not	only	global	but	also	regional.	Both	the	monsoon	and	the	ITCZ	play	an	important	role	

for	 the	majority	 of	 global	 atmospheric	 heat	 and	moisture	 transport	 (e.g.	 Berger,	 2009;	

Basha	et	al.,	2015).	

	

Understanding	 the	monsoon	 strength	 is	 thus	 fundamental	 in	understanding	 the	

dynamics	of	the	ITCZ,	and	vice	versa,	and	this	is	additionally	crucial	in	understanding	the	

atmospheric	 circulation	 at	 global	 scale.	 The	 ITCZ	 migrates	 seasonally,	 following	 the	

temperature	gradient	between	the	NH	and	the	SH,	which	is	one	of	the	main	driving	factors	

of	the	ITCZ’s	long-term	migration	(Chiang	and	Friedman,	2012).	The	long-term	changes	in	

the	 relative	 position	 of	 the	 ITCZ	 have	 been	 investigated	 via	 climate	 modeling	 and	

paleorecords.	Climate	modeling	supports	 the	migration	of	 the	 ITCZ	 toward	 the	warmer	

hemisphere	(Broccoli	et	al.,	2006;	Chiang	et	al.,	2003;	Frierson	and	Hwang,	2012;	Kang	et	
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al.,	2008;	Koutavas	and	Lynch-Stieglitz,	2004;	Schneider	et	al.,	2014).	Paleoclimate	proxy	

data	 also	 support	 this	 interhemispheric	 difference	 in	 temperature	 in	 controlling	 the	

position	of	the	ITCZ,	when	the	ITCZ	moves	southward	during	extended	cold	periods	such	

as	the	Last	Glacial	Maximum	(Arbuszewski	et	al.,	2013;	Leech	et	al.,	2013;	McGee	et	al.,	

2014;	Ziegler	et	al.,	2008),	the	Heinrich	stadials	and	the	mid-Holocene	(McGee	et	al.,	2014).	

Beyond	this	latitudinal	migration,	researchers	have	also	identified	that	in	certain	regions,	

such	as	the	Pacific,	the	ITCZ	did	not	only	migrate	north-south	but	instead	it	expanded	and	

contracted	over	decadal	to	centennial	timescales	in	response	to	external	forcing	(e.g.	Yan	

et	al.,	2015;	Denniston	et	al.,	2016).	

The	 latitudinal	 migration	 of	 the	 ITCZ	 has	 significantly	 impacted	 the	 monsoonal	

activities	in	the	Asian	regions	(Fleitmann	et	al.,	2007).	The	monsoon	megadroughts	of	the	

last	millennium	reported	in	these	regions	are	interpreted	to	have	occurred	at	the	onset	of	

the	Little	Ice	Age	(Sinha	et	al.,	2011),	when	the	Northern	Hemisphere	was	cooler	than	the	

Southern	 Hemisphere	 (see	 figure	 2	 of	 Neukom	 et	 al.,	 2014),	 favoring	 a	 southward	

migration	of	the	ITCZ,	and	thus	weakening	the	Indian	Monsoon	(Sinha	et	al.,	2011).	At	an	

annual	 scale,	 a	 stronger	monsoon	 year	 could	 be	 understood	 as	 a	wet	 year,	whereas	 a	

weaker	monsoon	year	as	a	drier	year.	This	understanding	has	been	expanded	beyond	the	

instrumental	 records	 to	 improve	 our	 understanding	 of	 the	monsoon	 and	 the	 position,	

structure,	and	migration	of	the	ITCZ,	because	instrumental	records	are	too	short	to	capture	

the	 full	 variability	 of	 the	 climate	 system.	 Since	 the	monsoon	 in	 our	 study	 location,	 NE	

Namibia	and	NW	Madagascar,	 is	synchronized	with	the	seasonal	migrations	of	the	ITCZ,	

we	 simplified	 the	 ITCZ-monsoon	 relationship	 as	 follow:	 when	 the	 ITCZ	 is	 north,	 NH	
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monsoon	 is	 strong,	 and	 when	 the	 ITCZ	 is	 south,	 SH	monsoon	 is	 strong,	 leading	 to	 an	

antiphase	 relationship	 between	 the	 NH	 and	 SH	 (Wang,	 2009).	 On	 a	 paleoclimate	

perspective,	monsoonal	strength	has	been	understood	and	reconstructed	using	geological	

records	(e.g.	Wang,	2009),	such	as	speleothem	d18O.	Negative	speleothem	d18O	values	are	

indicative	of	stronger	monsoon	in	regions	visited	by	the	ITCZ,	whereas	positive	speleothem	

d18O	values	are	 indicative	of	weaker	monsoon	when	the	 ITCZ	 leaves	those	regions	 (e.g.	

Zhang	et	al.,	2013;	Cheng	et	al.,	2009;	Wang	et	al.,	2001,	2005,	2008;	Yuan	et	al.,	2004;	

Dykoski	et	al.,	2005;	Cosford	et	al.,	2008;	Hu	et	al.,	2008;	Zhang	et	al.,	2008;	Yang	et	al.,	

2010;	Sinha	et	al.,	2011;	Novello	et	al.,	2016).		

	

1.6. Broader	impacts	

Borrowing	 the	uniformitarian	principle,	 “the	present	 is	 the	key	 to	 the	past”	and	

“past	could	provide	a	key	to	better	understand	the	future”,	understanding	the	changes	of	

climate	 in	 the	past	 in	Northeastern	Namibia	and	Madagascar	 could	be	useful	 to	better	

predict	the	likely	changes	of	climate	in	the	future	in	these	locations.	Although	the	modern	

climate	systems	are	impacted	by	concentration	of	greenhouse	gases	increasing	today	but	

effectively	constant	during	the	Holocene,	this	uniformitarian	principle	is	used	as	a	basis	of	

our	 investigation	 of	 climate	 change	 in	 the	 past.	 Climate	 change	 is	 well	 known	 to	

significantly	 impact	 human	 life.	 In	 low	 and	middle-income	 regions,	 such	 as	 Africa	 and	

Madagascar,	climate	change	has	greatly	influenced	the	rate	of	human	mortality,	morbidity,	

and	 other	 health	 related	 issues	 (e.g.	 Hondula	 et	 al.,	 2012;	 Heath,	 2010),	 and	 a	 slight	

increase	(~0.2	to	0.8ºC)	in	temperature	might	negatively	impact	the	agricultural	activity	in	
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some	 regions	 (e.g.	 Sarr,	 2012).	 Extensive	 drought	 causes	 negative	 impacts	 on	 food	

production	and	human	welfare	(e.g.	Cane	et	al.,	1994)	and	decreases	political	stability	(e.g.	

Benson	and	Clay,	1998).	Humans	are	not	the	only	ones	affected	by	climate	change,	but	

also	fauna	and	flora,	particularly	endemic	species	(e.g.	Thuiller	et	al.,	2006;	Barrett	et	al.,	

2013),	 coral	 reefs	 (e.g.	 Bruggemann	 et	 al.,	 2012)	 and	 algal	 productivity	 in	 lakes	 (e.g.	

Castañeda	et	 al.,	 2009),	 are	 significantly	 threatened	by	 the	 change	 in	 their	habitat	 and	

ecosystems.	 This	 suggests	 better	 prediction	 of	 future	 climate	 change,	 which	 mainly	

requires	a	better	understanding	of	the	past	land-ocean-atmosphere	interactions	to	help	

us	 better	 plan	 for	 a	 sustainable	 future.	 A	 better	 understanding	 of	 the	 land-ocean-

atmosphere	interaction,	particularly	the	sensitivity	of	ocean	circulation	to	past,	present,	

and	 future	 perturbations,	 requires	 a	 combination	 of	 different	 approaches,	 including	

multiproxy	paleoclimate	reconstructions	and	modeling.		

	

1.7. Dissertation	outline	

This	dissertation	is	composed	of	three	chapters:	

Chapter	 2	 examines	 Stalagmite	 DP1	 collected	 from	 the	 Purgatory	 Chamber	 of	

Dante	Cave,	in	northeastern	Namibia.	The	study	uses	radiometric	dating,	stable	isotopes	

of	oxygen	and	carbon,	mineralogy,	and	petrography	to	infer	paleoenvironmental	changes	

in	 northeastern	 Namibia.	 The	 findings	 from	 this	 investigation	 were	 published	 in	 The	

Holocene	scientific	journal,	and	thus	the	content	of	Chapter	2	identical	to	the	content	of	

that	published	article,	with	only	minor	editing	to	comply	with	the	dissertation	formatting.	
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Chapter	3	uses	three	stalagmites,	MA3,	MA2,	and	ANJ94-5,	from	Anjohibe	Cave,	in	

northwestern	Madagascar.		The	study	has	focused	on	U-series,	d18O,	d13C,	layer-bounding	

surfaces,	layer-specific	width,	mineralogy,	and	distribution	of	macroholes	from	Stalagmite	

MA3	 to	 provide	 a	 detailed	 understanding	 of	 the	 paleoenvironmental	 changes	 in	

northwestern	Madagascar	between	AD	370	and	AD	1300.		Attention	has	been	paid	to	the	

anthropogenic	influences	on	the	landscape	changes	in	the	studied	region.	This	work	was		

accepted	to	the	scholarly	journal	Palaeogeography,	Palaeoclimatology,	Palaeoecology	(or	

Paleo	3).	The	content	of	Chapter	3	is	identical	to	the	content	of	the	accepted	version	of	

that	manuscript,	with	only	minor	editing	to	comply	with	the	dissertation	formatting.	

Chapter	4	examines	two	stalagmites,	ANJB-2	and	MAJ-5,	collected	from	Anjohibe	

and	 Anjokipoty	 Caves	 respectively.	 The	 study	 used	 stable	 isotopes	 (d18O	 and	 d13C),	

petrography,	 mineralogy,	 and	 variability	 of	 layer-specific	 width	 of	 the	 stalagmites	 to	

reconstruct	paleoclimate	in	NW	Madagascar	during	the	Holocene,	and	use	this	information	

to	investigate	on	the	possible	climatic	drivers	of	tropical	climate	changes	to	draw	a	more	

comprehensive	 conclusion	 on	 the	 major	 factors	 controlling	 its	 hydrological	 cycle.	 This	

chapter	was	submitted	to	the	Climate	of	the	Past	journal	on	26	December	2016.	Texts	and	

figures	in	Chapter	4	are	mostly	identical	to	those	of	the	submitted	version,	with	changes	

and	minor	editing	to	comply	with	suggestions	from	advisory	committee.	
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CHAPTER	2	

	

STALAGMITE	MULTI-PROXY	EVIDENCE	OF	WET	AND	DRY	INTERVALS	IN	NORTHEASTERN	

NAMIBIA:	LINKAGE	TO	LATITUDINAL	SHIFTS	OF	THE	INTER-TROPICAL	CONVERGENCE	

ZONE	AND	CHANGING	SOLAR	ACTIVITY	FROM	AD	1400	TO	19502	
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ABSTRACT	

Multiple	 proxies	 using	 variation	 in	d18O,	d13C,	mineralogy,	 and	petrography	 in	 a	

newly-generated	 high-resolution	 record	 of	 Stalagmite	 DP1	 from	Dante	 Cave	 indicate	 a	

linkage	between	changes	 in	hydroclimate	 in	northeastern	Namibia	and	changes	 in	solar	

activity	and	changes	in	global	temperatures.	The	record	suggests	that	during	solar	minima	

and	 globally	 cooler	 conditions	 (ca.	 1660-1710	 and	 ca.1790-1830),	 wetter	 periods	

(reflecting	longer	summer	seasons)	in	northeastern	Namibia	were	linked	to	advances	of	

the	Inter-Tropical	Convergence	Zone	(ITCZ)	and	the	Inter	Ocean	Convergence	Zone	(IOCZ)	

southwestward.	A	slight	southward	push	of	the	Angola-Benguela	Front	(ABF)	during	such	

intervals	could	also	be	expected,	bringing	more	rainfall	 inland.	On	the	other	hand,	drier	

and	warmer	periods	in	northeastern	Namibia,	inferred	from	the	increasing	d18O	trend	in	

Stalagmite	 DP1	 after	 AD.	 1715,	 coincide	 with	 globally	 warmer	 conditions,	 and	 thus	 a	

northeastward	 migration	 of	 the	 ITCZ,	 specifically	 with	 more	 warming	 of	 the	 Northern	

Hemisphere	(NH).	This	finding	agrees	with	reducing	precipitation	observed	in	the	summer	

rainfall	zone	of	southern	Africa	since	ca.	1900.	Therefore,	predictions	of	warming	in	high-

latitude	regions	of	the	NH	in	the	next	century	should	suggest	that	the	presently	semi-arid	

climate	of	northern	Namibia	may	become	even	drier.	
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2.1.	Introduction	

The	 Inter-Tropical	 Convergence	 (ITCZ)	 responds	 to	 changes	 in	 interhemispheric	

temperature	contrast	(e.g.	Broccoli	et	al.,	2006).	For	example,	cooling	in	the	NH	pushed	

the	 ITCZ	southward,	and	this	resulted	 in	wetter	conditions	 in	the	Southern	Hemisphere	

(e.g.	 Schefuß	 et	 al.,	 2011;	 Sachs	 et	 al.,	 2009).	 This	 hypothesis	 was	 supported	 by	

paleoclimatological	 analyses	 (Koutavas	 and	 Lynch-Stieglitz,	 2004;	 Russell	 and	 Johnson,	

2005;	Brown	and	Johnson,	2005;	Sinha	et	al.,	2011;	Leech	et	al.,	2013),	and	by	modeling	

studies	(Broccoli	et	al.,	2006;	Chiang	et	al.	2003;	Chiang	and	Bitz,	2005;	Kang	et	al.,	2008;	

Frierson	 and	 Hwang,	 2012;	 Donohoe	 et	 al.,	 2013;	 McGee	 et	 al.,	 2014).	 It	 was	 also	

summarized	in	literature	reviews	(e.g.	Chiang	and	Friedman,	2012;	Schneider	et	al.,	2014).	

As	a	result,	several	locations	in	the	Southern	Hemisphere	became	wetter,	e.g.	during	the	

Heinrich	Stadial	1	and	the	Younger	Dryas	in	southeast	Africa	(e.g.	Schefuß	et	al.,	2011)	and	

during	the	Little	Ice	Age	(LIA)	in	the	tropical	Pacific	(e.g.	Sachs	et	al.,	2009).	Multiple	proxies	

from	Stalagmite	DP1	from	northeastern	Namibia	suggested	an	abrupt	transition	from	drier	

to	wetter	conditions	at	1.8	ka,	when	climate	in	the	Northern	Hemisphere	(NH)	cooled,	and	

another	transition	from	drier	to	wetter	conditions	at	the	Medieval	Warm	Period	and	Little	

Ice	Age	transition,	when	cooling	also	prevailed	in	the	NH	(Sletten	et	al.,	2013).	The	aim	of	

this	 paper	 is	 to	 investigate	 in	much	 detail	 if	 such	 cooling	 has	 persistently	 affected	 the	

hydroclimate	in	northeastern	Namibia	at	shorter	time	interval,	between	ca.	AD	1400	and	

1950.	In	this	regard,	we	study	the	upper	portion	of	Stalagmite	DP1	at	very	high	resolution	

(ca.	 1	 to	 2	 years)	 to	 provide	 a	 more	 comprehensive	 paleoclimate	 data	 set	 from	
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northeastern	 Namibia,	 and	 to	 link	 information	 from	 such	 data	 to	 regional	 and	 global	

conditions.	

Namibia	is	a	critical	location	to	study	paleoclimate	for	the	following	reasons.	High-

resolution	 paleorecords	 from	 the	 past	millennium	 prior	 to	 the	 advent	 of	 instrumental	

records,	are	presently	scarce	 in	the	region	(e.g.	Neukom	and	Gergis,	2012),	despite	the	

increasing	 number	 of	 paleo-archives	 in	 continental	 Africa	 (e.g.	 Nicholson	 et	 al.,	 2013;	

Neukom	et	al.,	2013;	Neukom	et	al.,	2014a).	Thus,	records	from	Namibia	should	fill	gaps	in	

paleoclimate	 reconstruction	 in	 the	 Southern	 Hemisphere	 (e.g.	 Neukom	 et	 al.,	 2013).	

Northeastern	Namibia	 is	 also	 located	 in	 a	 climatically	 sensitive	 region,	where	 rainfall	 is	

linked	to	the	Inter-Tropical	Convergence	Zone	(ITCZ),	the	Inter-Ocean	Convergence	Zone	

(IOCZ),	 and	 the	 Angola-Benguela	 Front	 (ABF)	 (Figure	 2.1).	 Namibia	 is	 one	 of	 the	 driest	

countries	in	sub-Saharan	Africa	(Reid	et	al.,	2007),	and	about	one-third	of	all	years	can	be	

described	as	drought-	or	flood-prone	(Jury	and	Engert,	1999).	Recent	studies	also	suggest	

that	 the	 dune	 systems	 in	 the	 Kalahari	 basin	 that	 are	 used	 in	 pastoral	 and	 agricultural	

activities	will	be	reactivated	by	2099	(Thomas	et	al.,	2005).	In	dry	years	Namibia	becomes	

a	desert	and	failures	of	small	farming	operations	are	very	likely	(Jury	and	Engert,	1999).	

Thus,	Namibia	is	among	regions	in	Africa	where	sensitivity	to	climate	changes	is	substantial	

(Devereux	and	Næraa,	1996;	Dirkx	et	al.,	2008;	Niang	et	al.,	2014;	Thomas	et	al.,	2005).	

The	 interval	 studied	 here,	 AD	 1400-1950,	 is	 particularly	 important	 because	 it	 is	

characterized	 by	 regional	 to	 global-scale	 variations	 in	 temperature	 and	 insolation.	 It	 is	

characterized	by	the	LIA	(Bradley	and	Jones,	1993;	Chambers,	2015;	Mann,	2002;	Mann	et	

al.,	 2009)	 and	 by	 the	 warming	 of	 the	 last	 century	 (e.g.	 Bradley,	 2000;	 Crowley,	 2000;	
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Folland	et	al,	1990)	of	more	than	0.5°C	over	most	parts	of	Africa	(Niang	et	al.,	2014	and	

ref.	therein).	The	LIA	is	recognized	in	the	NH	as	a	time	of	exceptionally	cold	temperature,	

whereas	in	the	SH	it	seems	to	be	a	time	distinguished	by	change	in	precipitation	and	winds	

(e.g.,	Chambers	et	al.,	2014;	Moy	et	al.,	2008).	This	interval	is	also	characterized	by	three	

events	 of	 low	 solar	 activity	 (Spörer,	 Maunder,	 and	 Dalton	 minima),	 which	 may	 have	

contributed	 to	 the	 LIA’s	 coldest	 phases	 (cf.	 Hathaway,	 2010;	 Mauquoy	 et	 al.,	 2002;	

Muscheler	et	al.,	2007;	Usoskin	et	al.,	2003;	2007;	Figure	2.5a,	b,	c).	These	conditions	in	

turn	could	have	amplified	 the	 temperature	gradient	between	 the	 two	hemispheres	 (cf.	

Neukom	et	al.,	2014b),	and	could	have	affected	the	dynamics	of	the	ITCZ	(e.g.	Chiang	and	

Bitz,	2005;	Yan	et	al.,	2015).	

Stalagmites	were	investigated	because	they	can	be	accurately	dated	(e.g.	Dorale	et	

al.,	 2004;	 Edwards	 et	 al.,	 1987).	 They	 have	 a	 potential	 in	 storing	 valuable	 climatic	

information	 in	 several	 proxies	 (e.g.	 Fairchild	 and	 Baker,	 2012);	 stable	 isotopes,	

petrography,	 and	 mineralogy	 are	 the	 main	 proxies	 used.	 Stalagmite	 multiple	 proxy	

analyses	 have	 been	 shown	 to	 provide	 comprehensive	 paleoclimate	 information	 from	

regions	(e.g.	Brook	et	al.,	2009,	2015;	Railsback	et	al.,	2014;	Sletten	et	al.,	2013)	where	

cave	 monitoring	 and/or	 sample	 replication	 are	 often	 impossible	 due	 to	 the	 high	 cost	

and/or	other	environmental	regulations	(e.g.	Sletten	et	al.,	2013).		
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Figure	 2.1.	 Map	 of	 Africa	 with	 thick	 red	 lines	 showing	 position	 of	 the	 Inter-Tropical	

Convergence	Zone	(ITCZ)	in	austral	winter	and	austral	summer,	and	with	a	thinner	red	line	

showing	the	position	of	the	Congo	Air	Boundary	(CAB),	Zaire	Air	Boundary	(ZAB),	or	Inter-

Oceanic	Convergence	Zone	(IOCZ)	 in	austral	summer.	Contours	and	colored	fields	show	

geographic	variation	of	mean	annual	atmospheric	precipitation	for	1979	to	2011	from	the	

Global	Precipitation	Climatology	Project	(GPCP)	of	the	U.S.	National	Aeronautics	and	Space	

Administration	 (NASA).	 	 Currents	 in	 the	 southeastern	 Atlantic	 are	 Southern	 Equatorial	

Counter	Current	(SECC),	Angola	Current	(AC),	and	Benguela	Coastal	Current	(BCC).		ABF	is	

the	Angola-Benguela	Front	in	austral	winter	(W)	and	austral	summer	(S).	The	currents	and	

position	of	ABF	are	from	Benthien	et	al.	(2002),	Veitch	(2006),	and	Dupont	et	al.	(2008).	

The	lines	for	the	ITCZ	are	compromises	between	the	lines	shown	by	Dupont	et	al.	(2008),	

Nicholson	 (2009),	 Wang	 (2009),	 and	 Ziegler	 et	 al.	 (2013).	 	 The	 line	 for	 the	 IOCZ	 is	 a	

compromise	between	the	lines	shown	by	van	Heerden	and	Taljaard	(1998),	Dupont	et	al.	

(2008),	 and	 Schefuß	 et	 al.	 (2011).	 	 Note	 that,	 east	 of	 about	 15°E,	 land	 is	 distributed	

symmetrically	with	respect	to	the	Equator,	and	the	winter	and	summer	positions	of	the	

ITCZ	are	likewise	positioned	symmetrically	with	respect	to	the	Equator.	By	contrast,	west	

of	about	15°E,	African	land	is	dominantly	in	the	NH,	and	the	ITCZ	is	restricted	to	the	NH.		

The	location	of	Dante	Cave	is	shown	with	a	large	asterisk.	
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2.2.	Setting	

2.2.1.	Physical	setting	of	Dante	Cave	

Stalagmite	DP1	was	collected	from	the	Purgatory	Chamber	of	Dante	Cave	(19°	24ʹ	

S;	17°	53ʹ	E).	It	was	accidentally	toppled,	during	surveying	of	the	chamber	in	1988	(Figure	

2.2).	The	sample	was	collected	in	2007,	and	the	absence	of	sediment	or	staining	indicated	

that	the	stalagmite	had	not	been	submerged	after	it	was	toppled.	Dante	Cave	is	one	of	the	

longest	(828	m)	and	deepest	(65	m)	caves	in	the	Namibia’s	Karstveld	(Sletten	et	al.,	2013,	

and	references	therein).	Purgatory	Chamber	is	the	cave’s	lowest	room,	with	hot	and	humid	

conditions	that	give	it	its	name.	The	chamber	is	located	at	about	100	m	from	the	cave’s	

entrance	shaft	and	about	60	m	below	the	entrance.	It	is	one	of	the	most	difficult	chambers	

of	Dante	Cave	to	access.	The	cave	itself	is	accessible	through	a	single	vertical	entrance	in	

the	roof	of	the	southernmost	chamber,	which	is	9	m	above	a	cone	of	debris	of	collapsed	

rocks.			

Dante	Cave	is	located	in	the	Kalahari	basin	(Figure	1	of	Thomas	et	al.,	2005),	on	the	

northeastern	margin	of	the	Otavi	Mountainland,	also	referred	to	as	Namibia’s	Karstveld	

(Irish	 et	 al.,	 2001),	 in	 the	 Otjozondjupa	 region	 of	 northeastern	 Namibia.	 The	 region	 is	

characterized	by	poorly	developed	underground	karst	in	the	carbonate	succession	of	the	

Otavi	Group.	 It	developed	 in	dolomites	of	the	upper	Tsumeb	Subgroup,	one	of	the	two	

carbonate	 sequences	 deposited	 between	 730	 and	 700	Ma	 in	 the	 Damara	 Supergroup	

Complex	(Miller,	1983).		
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Dante	Cave	 is	 in	a	 semi-arid	 region,	with	a	mean	rainfall	of	ca.	500	mm/yr	 (Figure	1	of	

Sletten	 et	 al.,	 2013;	 Figure	 2	 of	 Rohde	 and	 Hoffman,	 2012).	 	 Vegetation	 in	 the	 Otavi	

Mountainland	is	dominated	by	deciduous	woodland	savanna	with	a	relatively	high	diversity	

of	scattered	tall	trees	(Mendelsohn	et	al.,	2002;	Rohde	and	Hoffman,	2012;	Sletten	et	al.,	

2013).	 Rohde	 and	Hoffman	 (2012)	 showed	 that,	within	 the	 region,	 vegetation	 cover	 in	

areas	 with	 rainfall	 around	 500	 mm/yr	 is	 strongly	 dependent	 on	 changes	 in	 rainfall,	 a	

relationship	 further	 supported	 by	 the	 positive	 correlation	 between	 d13C	 and	 d18O	 in	

stalagmite	DP1	(Sletten	et	al.,	2013).	
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35 

	

	

	

	

	

	

	

	

	

Figure	2.2.		Photograph	of	Stalagmite	DP1	lying	in	the	Purgatory	Room	of	Dante	Cave,	with	

Ben	Hardt	for	scale	(Photograph	by	Eugene	Marais).	
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2.2.2.	Climate	of	northern	Namibia	

Northern	Namibia,	including	Dante	Cave	is	in	the	austral	summer	rainfall	zone	of	

southern	Africa	and	receives	most	of	its	monsoonal	rainfall	from	October	to	May	(Burrough	

et	 al.,	 2007;	 see	 also	 Figure	 1	 of	 Brook	 et	 al.,	 2015).	 	 Rainfall	 is	 linked	 to	 the	 annual	

migration	of	the	ITCZ	and	the	associated	Inter-Ocean	Convergence	Zone	(IOCZ),	or	Congo	

or	Zaire	Air	Boundary	(van	Heerden	and	Taljaard,	1998),	a	branch	of	the	ITCZ	where	the	

Atlantic	and	Indian	Ocean	air-streams	converge	(Figure	2.1).	Rainfall	in	northern	Namibia	

is	also	affected	by	the	location	of	the	Angola-Benguela	Front	(ABF),	the	boundary	between	

the	south-flowing	warm	Angola	ocean	current	and	the	north-flowing	cold	Benguela	current	

in	 the	 tropical	 SE	Atlantic.	 For	example,	Nicholson	and	Entekhabi	 (1987)	 found	 that	 an	

anomalously	warm	SE	tropical	Atlantic	current	(with	a	SST	>	28°C	off	northern	Angola)	leads	

to	an	increase	in	rainfall	amount	(above	average)	along	the	Angolan	(6-17.5°S)	and	along	

the	Namibian	(17.5-29°S)	coasts.	This	 is	also	observed	 inland	(Nicholson	and	Entekhabi,	

1987),	and	it	happens	in	late	austral	summer,	from	February	to	April	(Rouault	et	al.,	2003).	

A	more	southerly	position	of	the	ABF	thus	increase	evaporation	and	the	level	of	moisture	

associated	with	the	IOCZ,	bringing	more	rainfall	to	Angola	and	Namibia	(Florenchie	et	al.,	

2003;	Jury	and	Engert,	1999;	Rouault	et	al.,	2003;	Rouault,	2012).	This	latitudinal	migration	

of	the	ABF	is	expected	to	follow	the	latitudinal	migration	of	the	ITCZ,	but	this	aspect	has	

not	been	fully	investigated.	
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2.3.	Methods	

	 This	paper	reports	on	the	upper	261	mm	of	Stalagmite	DP1,	providing	a	record	of	

much	higher	resolution	than	that	of	Sletten	et	al.	(2013).	Within	that	interval,	Sletten	et	al.	

(2013)	reported	3	U-Th	ages	and	66	stable	isotope	analysis.	In	contrast,	this	paper	reports	

18	U-Th	ages	and	264	stable	isotope	analyses.	

	

2.3.1.	Radiometric	dating	

	 Eighteen	samples	(including	2	replicates)	of	100-150	mg	each	were	drilled	for	U-Th	

radiometric	 analyses	 to	 determine	 the	 depositional	 age	 of	 the	 stalagmite	 (Table	 2.1).	

Analyses	were	performed	using	an	 inductively-coupled	plasma	mass	spectrometry	 (ICP-

MS)	on	a	 Finnigan-MAT	Element	 at	 the	University	of	Minnesota.	Uranium	and	 thorium	

were	separated	following	the	chemical	procedures	described	in	Shen	et	al.	(2002).	Decay	

constants	used	for	230Th,	234U,	and	238U	are	similar	to	those	reported	in	Cheng	et	al.	(2000),	

which	 are	 9.1577	 x	 10-6	 years-1,	 2.8263	 x	 10-6	 years-1,	 and	 1.55125	 x	 10-10	 years-1	

respectively.	 Corrected	 230Th	 assumes	 the	 initial	 230Th/232Th	 ratio	 of	 4.4±2.2	 x	 10-6	 as	

explained	in	Table	1.	Dates	are	reported	as	“Years	BP”	where	BP	means	“Before	Present”	

and	“Present”	is	AD	1950.	

	

	

	

	

	



 

38 

	

Table	2.1.	230Th	dating	results.		The	error	is	2σ.	

	

	

	

Table	2.1.	230Th	dating	results.		The	error	is	2σ.	

Distance	
from	top	
(mm)	

Sample	
Number	

238U	
(ppb)	

232Th	
(ppt)	

230Th	/	232Th	
(atomic	x10-6)	

d234U*	
(measured)	

230Th	/	238U	
(activity)	

230Th	Age	(yr)	
(uncorrected)	

230Th	Age	(yr)	
(corrected)	

d234UInitial**	
(corrected)	

230Th	Age	(yr	BP)***	
(corrected	)	

1.9	 DP1-T	 2073	 ±5.7	 209	 ±1	 142	 ±40	 300.1	 ±1.9	 0.0009	 ±0.0002	 73	 ±21	 71	 ±21	 300.2	 ±1.9	 14	 ±21	

6	 aDP1-U1	 2651.7	 ±5.4	 685	 ±19	 150	 ±20	 287.6	 ±2.2	 0.0023	 ±0.0003	 199	 ±27	 193	 ±27	 288	 ±2	 131	 ±27	

21.5	 DP1-U2	 2325.3	 ±3.7	 242	 ±14	 188	 ±55	 287.1	 ±1.9	 0.0012	 ±0.0003	 101	 ±29	 98	 ±29	 287	 ±2	 36	 ±29	

44	 DP1-U3	 3673.5	 ±7.0	 533	 ±28	 170	 ±50	 282.6	 ±2.0	 0.0015	 ±0.0004	 127	 ±36	 124	 ±37	 283	 ±2	 62	 ±37	

44	 bDP1-U3B	 3529.8	 ±5.6	 538	 ±13	 169	 ±15	 283.5	 ±1.8	 0.0016	 ±0.0001	 133	 ±11	 130	 ±12	 284	 ±2	 68	 ±12	

57.5	 UP1-U4	 5522.8	 ±12.2	 954	 ±24	 167	 ±16	 283.1	 ±2.0	 0.0017	 ±0.0002	 148	 ±13	 144	 ±14	 283	 ±2	 82	 ±14	

77	 DP1-U5	 3886.8	 ±7.3	 386	 ±15	 309	 ±34	 284.7	 ±1.9	 0.0019	 ±0.0002	 158	 ±17	 156	 ±17	 285	 ±2	 94	 ±17	

103	 DP1-103	 4840	 ±9.6	 37	 ±1	 5108	 ±134	 284.5	 ±1.6	 0.0023	 ±0.0001	 200	 ±4	 200	 ±4	 284.7	 ±1.6	 143	 ±4	

112	 DP1-U6	 3834.5	 ±7.4	 869	 ±19	 199	 ±11	 281.9	 ±2.1	 0.0027	 ±0.0001	 233	 ±12	 228	 ±12	 282	 ±2	 166	 ±12	

155	 DP1-U7	 2931.6	 ±5.5	 514	 ±13	 299	 ±17	 289.5	 ±1.9	 0.0032	 ±0.0002	 269	 ±14	 265	 ±14	 290	 ±2	 203	 ±14	

193.5	 DP1-U8	 1515.2	 ±2.3	 114	 ±9	 794	 ±100	 290.4	 ±2.2	 0.0036	 ±0.0004	 306	 ±30	 304	 ±30	 291	 ±2	 242	 ±30	

234	 DP1-U9	 5774.0	 ±11.4	 579	 ±13	 624	 ±17	 287.2	 ±2.0	 0.0038	 ±0.0001	 322	 ±5	 320	 ±5	 287	 ±2	 258	 ±5	

238	 DP1-U11A	 3071.4	 ±4.4	 326	 ±13	 677	 ±42	 291.6	 ±1.7	 0.0044	 ±0.0002	 369	 ±18	 366	 ±18	 292	 ±2	 304	 ±18	

245	 DP1-U11C	 1819.9	 ±2.2	 100	 ±6	 1413	 ±106	 289.4	 ±1.7	 0.0047	 ±0.0002	 400	 ±17	 398	 ±17	 290	 ±2	 336	 ±17	

250	 DP1-U11B	 962.6	 ±1.0	 134	 ±4	 591	 ±28	 292.6	 ±2.0	 0.0050	 ±0.0002	 422	 ±16	 419	 ±16	 293	 ±2	 357	 ±16	

252	 DP1-250	 1091.7	 ±2.7	 34	 ±1	 2768	 ±109	 299.6	 ±2.8	 0.0052	 ±0.0002	 440	 ±16	 439	 ±16	 300	 ±2.8	 382	 ±16	

261	 DP1-U10	 1056.8	 ±1.6	 267	 ±18	 445	 ±70	 287.8	 ±2.0	 0.0068	 ±0.0010	 579	 ±83	 573	 ±83	 288	 ±2	 511	 ±83	

261	 bDP1-U10	 1183.9	 ±1.2	 252	 ±5	 529	 ±13	 290.3	 ±1.8	 0.0068	 ±0.0001	 577	 ±8	 572	 ±9	 291	 ±2	 510	 ±9	

 
	

	

a
	Sample	not	used	in	the	age	model	because	it	has	more	

232
Th	relative	to	DP1-T,	a	sample	collected	from	the	same	layer	of	aragonite	of	the	top	of	the	stalagmite.	

b
	Replicate	samples,	which	have	lower	uncertainty	in	the	value	of	

230
Th	(corrected	age)	relative	to	the	former	analyzed	sample,	and	are	used	to	reconstruct	the	

age	model	(see	Figure	2.3).		

*d234U	=	([234U/238U]	activity	–	1)	x1000.		**	d
234
Uinitial	was	calculated	based	on	

230
Th	age	(T),	i.e.,	d234Uinitial	=	d

234
Umeasured	x	e

 l234xT
.			

Corrected	
230
Th	ages	assume	the	initial	

230
Th/

232
Th	atomic	ratio	of	4.4	±2.2	x10

-6
.			Those	are	the	values	or	a	material	at	secular		

equilibrium,	with	the	bulk	earth	
232
Th/

238
U	value	of	3.8.		The	errors	are	arbitrarily	assumed	to	be	50%.	

***B.P.	stands	for	“Before	Present”	where	the	“Present”	is	defined	as	the	year	1950	A.D.			
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2.3.2.	Stable	isotopes	

A	total	of	264	samples	of	50	to	100	micrograms	were	drilled	along	the	growth	axis	

of	the	top	261	mm	of	DP1	using	a	Micro-Cut	dental	drill	with	SSW	HP1/4	(ref14820)	drill	

bits	 in	 the	Sedimentary	Geochemistry	 Laboratory,	Department	of	Geology,	 at	UGA.	The	

samples	 were	 transferred	 to	 round-bottomed	 4.5	 ml	 borosilicate	 vials	 (Labco	 Limited,	

Lampeter,	UK)	and	were	analyzed	using	the	GasBench	II	technique	in	continuous	flow	IRMS.	

Analytical	methods	were	similar	to	those	described	 in	Paul	and	Skrzypek	(2007):	 (1)	the	

vials	were	flushed	with	high	purity	He	to	replace	air	contained	in	the	vials,	(2)	about	0.06	

ml	of	100%	ortho-phosphoric	acid	was	injected	into	the	vials	to	produce	sample	CO2	gases	

into	the	exetainer	headspace,	(3)	the	samples	were	allowed	to	react	with	the	acid	for	a	

minimum	of	2	hours	before	the	headspace	was	measured,	(4)	the	headspace	CO2	was	then	

analyzed	 for	 d13C	 and	 d18O	 (also	 see	 Skrzypek	 and	 Paul,	 2006	 for	 the	 procedures).	

Measurements	were	done	on	a	Delta	V	Plus	at	50°C,	with	NBS-19	interspersed	among	the	

samples	(every	six	samples)	to	allow	calibration	relative	to	the	Vienna	Pee	Dee	Belemnite	

(VPDB)	 standard.	 All	 the	 analyses	 were	 performed	 at	 the	 Alabama	 Stable	 Isotope	

Laboratory	 of	 the	 University	 of	 Alabama.	 Isotope	 ratios	 were	 reported	 in	 per	 mil	 (‰)	

relative	 to	 VPDB,	 and	 isotope	 error	 was	 about	 ±	 0.1‰	 for	 both	 13C	 or	 18O.	 	 As	 per	

convention,	the	13C/12C	and	18O/16O	ratios	(R)	are	expressed	in	the	delta	notation	as	follows:	

δx	=	[(Rsample-Rstandard)/Rstandard]	*	10
3	(where	x	represents	13C	or	18O	and	R	is	the	ratio).	For	

comparison	with	calcite	values,	d18O	and	d13C	values	from	aragonite	layers	were	adjusted	

by	subtracting	1.7	‰	(Romanek	et	al.,	1992)	and	0.8‰	(Kim	et	al.,	2007),	respectively,	to	

account	for	the	increased	fractionation	of	heavier	isotopes	in	aragonite.	
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2.3.3.	Mineralogy	and	petrography		

Microscopic	 examination	 of	 thin	 sections	 using	 the	 Leitz	 Laborlux	 12	 Pol	 of	 the	

Sedimentary	 Geochemistry	 Lab	 at	 UGA	was	 done	 to	 characterize	 boundaries	 between	

adjacent	spelean	layers.	These	boundaries	are	classified	in	three	categories	(Figure	2.4b;	

also	see	Railsback	et	al.,	2013):	(1)	conformal,	when	minerals	grow	without	truncation;	(2)	

erosional	or	Type	E	surfaces	(Railsback	et	al.,	2013)	when	truncation	of	the	underlying	and	

thus	earlier	mineral	or	 layer	 is	observed,	and	 (3)	Type	L	 surfaces	or	boundary	of	 lesser	

deposition	(Railsback	et	al.,	2013),	which	are	easily	identifiable	as	a	thinning	toward	the	

margin	of	the	stalagmites.	Type	L	surfaces	can	also	be	identified	in	hand	sample.	

Each	identified	layer-bounding	surface	was	marked	on	a	scanned	copy	of	the	thin	

section	(our	log	image),	imported	to	Adobe	Illustrator	as	a	new	layer	overlain	on	top	of	the	

scanned	 image	of	 stalagmite	DP1,	 digitized,	 and	 saved	 electronically	 (Figure	 2.3b).	 The	

distance	from	the	top	of	the	stalagmite	to	where	these	surfaces	were	identified	was	then	

converted	to	age	with	respect	to	the	age	model.	

Scanning	 Electron	 Microscopy	 (SEM)	 and	 X-ray	 diffraction	 (Figure	 2.4)	 were	

performed	to	analyze	a	very	unusual	layer	located	between	237	and	250	mm	from	the	top	

of	stalagmite	DP1.		For	the	SEM,	a	chip	of	the	sample	was	carbon	coated	and	then	copper-

taped	and	imaged	at	high	vacuum	using	the	Zeiss	1450EP	(Carl	Zeiss,	Inc.,	Thornwood,	NY)	

at	Georgia	Electron	Microscopy,	a	facility	at	UGA.	The	Zeiss	1450EP	is	equipped	with	an	

Oxford	SDD-EDX	system	(Oxford	Inc,	Scotts	Valley,	CA).	 	For	X-ray	diffraction,	powdered	

samples	of	3	g	were	extracted	and	scanned	from	20	to	65°	2θ	with	CoKα	radiation	using	a	

Bruker	D8	X-ray	Diffractometer	in	the	Department	of	Geology	of	the	University	of	Georgia.	
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Figure	2.3.		a)	Age	model	of	Stalagmite	DP1	based	on	stalAge	(Sholz	and	Hoffman,	2011)	

and	based	on	petrography	(Railsback	et	al.,	2013).	“H”	indicates	the	hiatal	Type	E	surface	

discussed	in	the	text.		b)	Scanned	image	of	the	uppermost	285	mm	of	stalagmite	DP1	

showing	the	location	of	the	age	trenches	(grey	lines)	and	the	identified	layer-bounding	

surfaces	(see	Railsback	et	al.,	2013	for	details	on	these	Type	E	and	type	L	surfaces).	A	and	

C	denote	layers	composed	of	aragonite	and	calcite.	A*	denotes	the	layer	of	coarse	

aragonite	that	has	been	analyzed	under	X-ray	diffraction	and	SEM	(see	Figures	S3b	and	

S3d).	P09	and	P11	represent	locations	of	series	of	microphotographs	(see	Figure	S3c)	

used	to	illustrate	the	two	main	types	of	layer-bounding	surfaces	(E	and	L)	identified	in	

stalagmite	DP1.	
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2.4.	Results	

2.4.1.	Radiometric	results	and	age	model	

Results	from	the	18	radiometric	analyses	for	U-Th	dating	show	that	stalagmite	DP1	

has	high	238U	concentrations	that	range	from	962.6	±1.0	to	5774.0±11.4	ppb	and	generally	

low	232Th	concentrations	that	range	from	34±1	to	954	±	24	ppb	(Table	2.1).	Three	results	

were	 rejected.	 	 The	 first	 sample,	 DP1-U1,	 was	 rejected	 because	 of	 its	 large	 232Th	

concentration	 (685	ppt),	 and	 it	was	 not	 in	 stratigraphic	 order.	 It	was	 then	 replaced	by	

Sample	DP1-T	from	a	slightly	higher	horizon	with	a	smaller	232Th	concentration	(209	ppt).	

The	 two	 other	 samples,	 DP1-U3	 and	 DP1-U10,	 were	 rejected	 because	 of	 the	 large	

uncertainties.	These	samples	were	replicated	and	replaced	by	samples	with	more	precise	

ages	from	the	same	horizons	(Table	2.1).		The	remaining	15	ages	were	all	in	stratigraphic	

order,	i.e.	becoming	younger	steadily	towards	the	top	of	the	stalagmite	(Table	2.1).	

The	 age	 model	 for	 Stalagmite	 DP1	 was	 constructed	 using	 both	 the	 StalAge1.0	

algorithm	 of	 Scholz	 and	 Hoffman	 (2011)	 and	 recognition	 of	 likely	 hiatal	 surfaces	 as	

proposed	 by	 Railsback	 et	 al.	 (2013;	 see	 their	 Figure	 9).	 	 The	 former	 generates	 a	 best	

estimate	of	a	sample’s	age	at	that	sample’s	specific	depth	in	an	uninterrupted	sequence,	

but	 it	 is	 not	 well-suited	 to	 identification	 or	 location	 of	 hiatuses,	 whereas	 the	 latter	

specifically	identifies	hiatal	surfaces	and	thus	localizes	offsets	in	age	models.		Thus,	the	kink	

in	 the	 StalAge	model	 for	 Stalagmite	DP1	was	 replaced	with	 a	hiatal	 offset,	 at	 a	 Type	E	

surface	(Figure	2.3).		

The	U-Th	ages	indicate	that	the	interval	of	Stalagmite	DP1	studied	for	this	project	

was	deposited	from	ca.	AD	1450	to	1950	(Figure	2.3a).	The	modeling	of	U-Th	ages	using	



 

 44 

StalAge	and	petrographic	evidence	combine	to	suggest	a	hiatus	of	about	30	years	at	about	

235	mm	from	the	top	of	the	stalagmite.	The	hiatal	Type	E	surface	is	supported	by	an	abrupt	

shift	of	ca.	4‰	in	d18O	values,	from	–7.8	to	–11.7‰	relative	to	VPDB,	and	by	a	major	change	

in	growth	rate	from	0.1mm/year	to	1.67	mm/	year	(Figure	2.3a).	The	age	of	this	hiatus	is	

best	estimated	at	ca.	AD	1660-1690.		

	

2.4.2.	Stable	isotopes	

After	 the	 transformation	 of	 the	 isotopic	 values	 from	 aragonite	 discussed	 in	 the	

method	section,	values	of	δ18O	in	Stalagmite	DP1	range	from	–7.3	to	–11.9‰	relative	to	

the	VPDB	and	values	of	δ13C	range	from	–6.8	to	–10.8‰,	relative	to	the	VPDB.	The	Pearson	

correlation	test	described	in	the	supplementary	document	shows	that	δ18O	and	δ13C	are	

correlated	with	 great	 statistical	 significance	 (t=14.02,	 n=263,	 r2=0.43,	 p<2.2e-16)	 and	 a	

positive	linear	relationship	(Figure	A1).	

Values	of	both	δ18O	and	δ13C	are	significantly	greater	(between	ca.	–9	to	–7	‰,	vs.	

VPDB)	in	the	time	interval	from	AD	1450	to	1660	(Figure	2.5).	An	abrupt	decrease	in	δ18O	

from	–7.8	 to	–11.7‰	vs.	VPDB	and	 in	δ13C	 from	–7.1	 to	–10.1‰	vs.	VPDB	 is	observed	

around	ca.	1680-1700.	Following	this	change,	δ18O	shows	a	general	trend	toward	greater	

values	from	ca.	AD	1715	to	ca.	AD	1950	(Figure	2.5),	when	growth	of	Stalagmite	DP1	ceased	

and	did	not	resume	prior	to	the	stalagmite’s	fall	in	1988.	Values	of	δ18O	and	δ13C	are	lowest	

in	layers	of	calcite	and	highest	in	layers	of	aragonite.	In	addition,	low	values	coincide	with	

Type	E	surfaces	and	high	values	with	Type	L	surfaces	(Figure	2.5c).	
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2.4.3.	Mineralogy	and	petrography	

Mineralogy	is	distinct	below	and	above	the	hiatus	at	235	mm.	Below	the	hiatus	the	

interval	of	Stalagmite	DP1	studied	consists	solely	of	aragonite	with	different	fabrics:	(1)	the	

common	white,	soft,	opaque,	and	fibrous	crystals	of	aragonite	(Railsback,	2000)	and	(2)	

the	 uncommon	 pale-yellow,	 compact,	 translucent,	 and	 prismatic	 crystals	 of	 aragonite	

(Figure	2.3b).	 	The	uncommon	crystals	of	aragonite,	at	237	to	250	mm	from	the	top	of	

stalagmite	DP1,	are	much	wider	than	the	aragonite	in	the	rest	of	the	stalagmite	(Figures	

A3a	and	A3b).		This	aragonite	is	very	similar	to	the	“ray	aragonite”	described	by	Frisia	et	al.	

(2002)	and	to	the	elongated	columnar	aragonite	described	by	Duan	et	al.	(2012).		It	has	

consistently	high	values	of	δ18O	and	δ13C	(Figure	2.5).	Above	that	hiatal	surface,	the	interval	

of	Stalagmite	DP1	studied	consists	of	alternating	thick	layers	of	calcite	(8)	and	aragonite	

(8)	with	a	mean	thickness	of	ca.	15	mm	(Figures	2.3b	and	2.5).	We	did	not	find	any	evidence	

of	post-depositional	alteration	of	aragonite	to	calcite	in	Stalagmite	DP1	(c.f.	Green	et	al.,	

2015).	

For	petrography,	26	Type	E	surfaces	and	8	Type	L	surfaces	were	identified.	Type	E	

surfaces	are	surfaces	below	which	layers	are	truncated,	particularly	toward	the	crest	of	the	

stalagmite,	 in	 wetter	 conditions.	 Type	 L	 surfaces	 are	 surfaces	 below	which	 layers	 thin	

toward	the	flank	and	thus	indicate	reduced	deposition	rate	in	response	to	lesser	dripwater	

in	drier	conditions	(Railsback	et	al.,	2013;	2014).	
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Figure	2.4.		Plot	of	δ18O	of	rainfall	at	Windhoek,	Namibia	(horizontal	axis)	plotted	against	

amount	of	rainfall	(left	vertical	axis)	and	atmospheric	temperature	(right	vertical	axis).	Note	

that	 winter	 months	 have	 commonly	 no	 rainfall	 (Namibia	 Weather,	 2016;	 IAEA/WMO,	

2014),	thus	the	δ18O	values	presented	here	are	values	for	summer	precipitation.	Each	filled	

circle	represents	one	month	between	1961	and	1987,	with	additional	monthly	data	from	

1999-2000.	 	 Additional	 symbols	 show	 means	 and	 midpoints	 for	 two	 arrays	 of	 data	

(precipitation-δ18O	and	temperature-δ18O).		In	blue,	an	amount	effect	(smaller	δ18O	with	

greater	 rainfall)	 seems	evident	 from	the	value	of	 r2	and	 from	the	position	of	 the	mean	

relative	to	the	midpoint	(see	text	for	discussion).		In	red,	a	less	pronounced	temperature	

effect	(greater	δ18O	with	higher	temperature)	is	suggested	by	the	position	of	the	mean	of	

data	in	the	direction	of	higher	temperature	and	greater	δ18O	relative	to	the	midpoint	of	

the	ranges	of	those	parameters.	Data	are	from	IAEA/WMO	(2014).		

	 	



 

 48 

2.5.	Discussion	

2.5.1.	Interpretation	of	Stalagmite	DP1’s	multiple	proxies		

Oxygen	isotopes.	The	δ18O	of	stalagmite	CaCO3	reflects	the	δ
18O	of	the	dripwater	

and	 the	 temperature	 in	 the	 cave	 (Hoefs,	 1997).	 Temperature	 inside	 a	 cave	 usually	

represents	the	mean	annual	atmospheric	temperature	(McDermott,	2004).	Thus	its	effect	

is	minor	on	speleothem	d18O	compared	to	the	effect	of	water.	However,	long	term	changes	

in	atmospheric	temperature	could	be	expected	to	leave	signals	in	speleothem	d18O	(see	

for	example	the	trend	in	Figure	2.5).		

In	contrast,	dripwater	δ18O	is	determined	by	δ18O	of	atmospheric	precipitation	and	

its	 subsequent	 evaporation,	 both	 during	 precipitation	 events	 (Lee	 et	 al.,	 2012)	 and	

thereafter	 (Cuthbert	 et	 al.,	 2014).	 The	 δ18O	 of	 atmospheric	 precipitation	 is	 in	 turn	

controlled	by	the	δ18O	of	the	vapor	source,	the	distance	of	transport	from	the	source	(the	

“continent	effect”	 resulting	 from	Rayleigh	distillation),	 the	amount	of	precipitation	 (the	

“amount	 effect”),	 and	 the	 atmospheric	 temperature	 during	 precipitation	 (the	

“temperature	effect”)	 (McDermott,	2004;	Lachniet,	2009;	Dansgaard,	1964,	Rozanski	et	

al.,	1993,	Kurita	et	al.,	2009).			

In	Namibia,	precipitation	occurs	almost	exclusively	in	summer	(Namibia	Weather,	

2016),	and	d18O	is	influenced	by	changes	in	amount	of	summer	rainfall,	with	more	negative	

values	 in	 wetter	 months	 and	 more	 positive	 values	 in	 drier	 months	 (Figure	 2.4).	 This	

relationship	 between	d18O	 and	monthly	 rainfall	 in	Namibia	 appears	 very	 similar	 to	 the	

amount	effect	defined	by	Dansgaard	(1964,	p.	445).	However,	Dansgaard	(1964,	p.	445)	

attributed	the	amount	effect	to	differing	degrees	of	cooling	in	the	atmosphere,	to	differing	
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amounts	of	falling	water	in	the	atmosphere,	and	to	evaporation	from	falling	raindrops	(as	

was	 documented	 by	 Lee	 et	 al.,	 2012).	 	 Namibia’s	 semi-arid	 climate	 suggests	 that	

evaporation	 from	 falling	 raindrops	 may	 indeed	 be	 important	 in	 determining	 d18Ow	 of	

rainfall.	 	 However,	 the	 rainfall-d18Ow	 relationship	 in	 Namibia	 may	 be	 additionally	 and	

perhaps	 better	 ascribed	 to	 varying	 latitudinal	 migration	 of	 the	 ITCZ	 during	 austral	

summers.	 	That	 is	because	monsoonal	air	 is	moister,	 lessening	evaporation	 from	falling	

raindrops	during	each	rain	event	while	allowing	more	rain	events	and	thus	more	rainfall	in	

months	when	the	ITCZ	is	present.		

	 In	 addition	 to	 evaporation	 from	 falling	 raindrops	 (Lee	et	 al.,	 2012),	 evaporation	

outside	 or	 within	 the	 cave	 additionally	 leads	 to	 higher	 d18Ow	 values	 of	 soil	 water	 and	

dripwater	and	thus	ultimately	to	higher	d18Oc	values	of	spelean	CaCO3	(e.g.	Fleitmann	et	

al.,	2007;	Cuthbert	et	al.,	2014;	Deininger	et	al.,	2012).		

	

Carbon	isotopes.	The	δ13C	of	stalagmite	carbonate	is	determined	by	the	δ13C	of	the	

total	dissolved	inorganic	carbon	of	the	dripwater.		This	variable	is	in	turn	controlled	by	a	

number	of	factors	(e.g.	Quade,	2004;	Brook	et	al.,	2006;	Wong	and	Breecker,	2015).	First	

is	the	δ13C	of	atmospheric	CO2.	It	is	known	to	have	changed	because	of	the	Suess	effect	

(Suess,	1955;	Verburg,	2007)	wherein	burning	of	fossil	fuels	has	added	13C-poor	CO2	to	the	

atmosphere.	 	 For	 some	comparisons,	we	have	used	 the	equation	of	Verburg	 (2007)	 to	

correct	our	δ13C	data	from	Stalagmite	DP1	for	the	Suess	effect,	but	the	change	 is	small	

compared	to	the	variability	of	δ13C	in	the	stalagmite	(Figure	A2).	Second	is	the	biological	

input	 through	 roots	 and/or	 decay	 of	 plant	matter	 in	 soil.	 High	 input	 of	 soil	 CO2	 could	
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decrease	the	speleothem	d13C	values	during	wetter	and	warmer	seasons	(e.g.,	Hesterberg	

and	Siegenthaler,	1991;	Lauritzen	and	Lundberg,	1999;	Baldini	et	al.,	2005).		Third	is	the	

flow	 conditions	 above	 the	 cave	 that	 could	 decrease	 (open	 system)	 or	 increase	 (closed	

system)	the	d13C	values	(e.g.,	Clark	and	Fritz,	1997;	Fairchild	and	Baker,	2012).	An	open	

system	reflects	a	longer	residence	time	of	the	percolating	water,	allowing	it	to	exchange	

CO2	with	the	soil.	A	closed	system	reflects	a	shorter	residence	time	of	the	percolating	water	

before	reaching	the	cave,	and	this	is	often	the	case	with	less	vegetation	cover	and/or	with	

less	soil	bioproductivity	(e.g.	Brook	et	al.,	2006;	2015).	Fourth	is	degassing.	After	passage	

of	water	through	the	soil	and	bedrock,	degassing	to	the	cave	atmosphere	occurs	because	

of	 the	 difference	 in	 pCO2	 between	 the	 cave	 dripwater	 and	 the	 pCO2	 of	 the	 cave	

atmosphere,	and	the	result	is	an	increase	in	δ13C	(Dreybrodt	and	Scholz,	2011).		Degassing	

depends	on	the	soil	biological	activity	 (e.g.	Dreybrodt	and	Scholz,	2011),	but	 it	can	also	

depend	on	cave	ventilation	(e.g.	James	et	al.,	2015).		The	fifth	and	last	factor	is	“prior	calcite	

precipitation”	or	more	broadly	“prior	carbonate	precipitation”	 (PCP).	 It	 can	 result	 in	an	

increase	 in	 speleothem	 δ13C	 in	 response	 to	 Rayleigh-type	 enrichment	 in	 13C	 with	

progressive	 degassing	 (e.g.	 Mickler	 et	 al.,	 2004;	 Oster	 et	 al.,	 2010)	 prior	 to	 calcite	

deposition	on	the	speleothem.		The	effect	of	PCP	is	also	more	likely	during	drier	times	when	

saturation	states	are	higher	and	cave	PCO2	may	be	lower	(e.g.	Johnson	et	al.,	2006;	Cross	

et	al.,	2015).		

The	dependence	of	soil	biological	activity,	extent	of	degassing,	and	PCP	on	wetness	

and	thus	rainfall	combine	to	suggest	that	greater	δ13C	of	stalagmite	carbonate	is	typically	

an	indicator	of	drier	conditions	(e.g.	Johnson	et	al.,	2006;	Cross	et	al.,	2015).		The	linkage	
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of	 δ13C	 of	 Stalagmite	 DP1	 to	 rainfall	 is	 further	 supported	 by	 the	 historical	 relationship	

between	 vegetation	 distribution	 and	 spatial	 distribution	 of	 rainfall	 in	 inland	 Namibia	

(Rohde	and	Hoffman,	2012).	

	

Mineralogy	 and	 petrography.	 The	 deposition	 of	 spelean	 aragonite	 rather	 than	

calcite	is	largely	affected	by	temperature	(Moore,	1956;	Railsback	et	al.,	1994)	and	trace	

or	minor	element	composition	of	the	dripwater	(Fischbeck,	1976;	González	and	Lohmann,	

1988;	Railsback	et	al.,	1994;	Caddeo	et	al.,	2011;	Riechelman	et	al.,	2014),	which	can	in	

turn	 be	 a	 function	 of	 bedrock	 lithology	 and	 PCP	 (Riechelman	 et	 al.,	 2014).	 	 However,	

because	 drier	 conditions	 lead	 to	 higher	 saturation	 states	 and	 (concomitantly)	 more	

extensive	 PCP,	 deposition	 of	 aragonite	 is	 most	 commonly	 linked	 to	 drier	 conditions	

(Murray,	1954;	Pobeguin,	1965;	Siegel,	1965;	Thrailkill,	1971;	Cabrol	and	Coudray,	1982;	

Railsback	et	al.	1994;	Frisia	et	al.,	2002.	In	these	regards,	the	overall	higher	δ18O	and	δ13C	

values	of	aragonite	layers	of	Stalagmite	DP1	suggests	dryness,	and	the	overall	lower	δ18O	

and	δ13C	values	of	calcite	layers	suggests	wetness.		

For	petrography,	Type	E	and	Type	L	surfaces	in	Stalagmite	DP1	are	characterized	

by	low	and	high	d18O,	respectively	(Figure	2.5).	This	agrees	with	the	findings	of	Railsback	

et	al.	(2013),	suggesting	that	Type	E	surfaces	are	indicative	of	exceptionally	wet	conditions,	

and	Type	L	surfaces	are	indicative	of	exceptionally	dry	conditions.		
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Figure	 2.5.	 	 Time	 series	 comparison.	 a)	 Time	 series	 of	 solar	 activity	 (Muscheler,	 2007;	

Hathaway,	 2010).	 b)	 Paleotemperature	 reconstructions	 and	 simulations	 from	 several	

records	 of	 the	 two	 hemispheres	 (Neukom	 et	 al.,	 2014b).	 c)	 The	 reconstruction	 of	 NH	

temperature	 from	 Büntgen	 et	 al.	 (2011).	 	 The	 black	 line	 is	 the	 best	 estimate,	 and	

uncertainty	is	shown	in	red.		d)	Mineralogical,	stable	isotope,	and	petrographic	data	from	

Stalagmite	DP1.		Vertical	blue	rectangles	highlight	significant	wetting	during	solar	minima	

(here	 the	Maunder	and	 the	Dalton	minimum)	and	 intervals	of	 colder	NH	 temperatures	

relative	to	the	Southern	Hemisphere.	These	 intervals	coincide	with	wetter	conditions	 in	

Dante	Cave.	The	layer-bounding	surfaces	identified	in	Figure	3b	are	plotted	as	vertical	lines.		
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Summary.	 The	 four	 paleoenvironmental	 proxies	 reported	 from	 Stalagmite	 DP1	

studied	 here	 agree	 with	 the	 generalization	 of	 Fairchild	 and	 McMillan	 (2007)	 that	

speleothems	are	indicators	of	wet	and	dry	periods.	Lower	δ18O	and	δ13C	values,	calcite,	

and	Type	E	surfaces	combine	to	suggest	wetter	conditions.	Higher	δ18O	and	δ13C	values,	

aragonite,	and	Type	L	surfaces	combine	to	suggest	drier	conditions	(Figure	2.5).		

	

2.5.2.	Paleoclimate	significance	inferred	from	Stalagmite	DP1	

The	hiatus	of	ca.	1660-1690.	One	of	the	most	striking	features	of	the	DP1	record	is	

the	hiatus	of	about	thirty	years	in	the	late	1600s	(Figure	2.3).		That	hiatus	is	required	by	an	

abrupt	change	in	U-Th	ages	of	46	years	in	the	interval	from	238	to	234	mm	from	the	top	

of	the	stalagmite,	which	is	by	far	the	most	abrupt	change	of	age	in	the	series	of	U-Th	ages	

from	DP1.		 It	coincides	with	a	Type	E	surface	that	resulted	from	dissolutional	corrosion,	

suggestive	of	exceptional	wet	conditions	(Railsback	et	al.,	2013),	and	it	coincides	with	an	

abrupt	 shift	 of	 both	 δ18O	 and	 δ13C	 to	 more	 negative	 values,	 likewise	 suggestive	 of	 a	

transition	to	wetter	conditions,	as	discussed	above.	We	therefore	conclude	that	the	most	

parsimonious	 interpretation	 of	 the	 hiatus	 ca.1660-1690	 is	 one	 of	 dissolution	 and	 non-

deposition	during	an	exceptionally	wet	period.	

Wetter	 conditions	 in	 northeastern	 Namibia	 during	 low	 solar	 activity	 and	 cold	

intervals	 in	 Northern	 Hemisphere.	 The	 records	 from	 Stalagmite	 DP1	 suggest	 that	 wet	

intervals	 in	 northeastern	 Namibia	 are	 linked	 to	 low	 solar	 activity	 and	 cold	 intervals	 in	

Northern	Hemisphere	(Figure	2.5).	At	ca.	AD	1660-1710,	the	decrease	 in	both	d18O	and	

d13C,	the	presence	of	Type	E	surface	at	ca.	237	mm	from	the	top	of	Stalagmite	DP1,	and	
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the	abrupt	change	 in	growth	rate	 (from	0.1	 to	1.67	mm/yr)	combine	to	suggest	wetter	

conditions.	 This	 interval	 coincides	 with	 the	 Maunder	 minimum	 (Figure	 2.5a)	 and	 a	

decreased	temperature	(specifically,	colder	NH	relative	to	SH)	in	the	global	reconstructions	

(Neukom	et	al.,	2014b;	Figure	2.5b-c).	At	ca.	AD	1790-1830,	the	decrease	in	d18O	and	d13C,	

and	the	presence	of	a	calcite	 layer	bounded	by	Type	E	surfaces	suggest	another	wetter	

period	 in	 northeastern	 Namibia.	 This	 younger	 interval	 coincides	 with	 the	 Dalton	 solar	

minimum	and	with	the	coldest	period	in	the	NH	temperature	reconstructions	by	Büntgen	

et	al.	(2011)	and	Neukom	et	al.	(2014b)	(Figure	2.5).	

Long-term	trends	in	δ18O	in	DP1	from	AD	1750	to	1950.	Values	of	d18O	in	Stalagmite	

DP1	show	an	increasing	trend	from	ca.	AD	1750	to	1950	(r2	=	0.82).	The	increase	starts	

from	ca.	–11.8	to	–8.5‰	(Figure	2.5).		In	contrast,	there	is	no	significant	trend	in	d13C	(r2	=	

0.02),	even	if	those	d13C	data	were	transformed	to	account	for	the	Suess	effect	using	the	

equation	of	Verburg	(2007)	(Figure	A2).		

The	d18O	trend	could	be	ascribed	to	a	more	northward	migration	of	the	ITCZ,	when	

the	NH	is	warmer	(Figure	2.5;	Neukom	et	al.,	2014b),	so	that	Namibia	went	from	being	on	

the	fringes	of	the	Tropics	in	the	18th	century	to	being	more	arid	and	subtropical.	This	new	

climatic	 conditions	 in	 turn	 leads	 to	 reduced	 precipitation	 and	 drier	 austral	 summers,	

combining	to	increase	the	raindrop	re-evaporation	effect	(Lee	et	al.,	2012)	and	the	extent	

of	 evaporation	 from	 the	 land	 surface.	 The	 coeval	 increase	 in	 global	 temperature	 and	

increase	 in	 stalagmite	 DP1	 d18O	 after	 ca.	 1715	 (Figure	 2.5)	 suggest	 that,	 although	

instrumental	 data	 show	 a	weak	 relationship	 between	d18O	 and	 temperature	 (Figure	 4)	
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(IAEA/WMO,	 2014),	 northeastern	 Namibia	 not	 only	 became	 drier	 but	 also	 could	 have	

become	warmer.		

	

2.5.3.	Regional	comparison	

The	 wet	 interval	 observed	 between	 ca.	 AD	 1660	 and	 AD	 1710	 in	 northeastern	

Namibia	is	not	a	local	event.	Similar	climatic	response	is	observed	in	Cold	Air	Cave,	South	

Africa	(Holmgren	et	al.	1999;	Sundqvist	et	al.,	2013)	(Figure	2.6).	Although	these	authors	

mainly	use	d18O	as	a	proxy	for	temperature	reconstruction,	their	stable	 isotope	records	

from	two	stalagmites,	T5	and	T7,	from	Cold	Air	Cave	around	AD	1650-1750	(Figure	4	of	

Holmgren	et	al.,	1999,	also	see	Sundqvist	et	al.,	2013)	could	also	suggest	wetter	conditions.	

These	wet	intervals	commonly	coincide	with	the	Maunder	solar	minimum	and	with	periods	

of	 globally	 cold	 climate,	 with	 colder	 NH	 relative	 to	 the	 SH	 (Figures	 2.5	 and	 2.6).	 They	

collectively	fall	in	the	period	of	coldest	temperatures	in	several	locations	around	the	world	

from	 AD	 1570	 to	 1730	 (Bradley	 and	 Jones,	 1993).	 Wetter	 conditions	 in	 northeastern	

Namibia	and	in	South	Africa	also	coincide	with	the	most	extreme	minimum	in	the	time-

averaged	record	of	English	instrumental	records	of	temperature	(AD	1690-1699)	(Manley,	

1974),	with	AD	1684,	the	coldest	winter	 in	English	instrumental	records	of	temperature	

(Manley,	2011).		
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Figure	2.6.	Time	series,	regional	comparison.	A)	Plot	of	solar	activity	(Hathaway,	2010).	B)	

Stable	isotopes	of	oxygen	profile	of	Stalagmite	DP1	from	Dante	Cave	(this	study).	C)	Stable	

isotopes	of	oxygen	profile	of	Stalagmites	T5	and	T7	from	Cold	Air	Cave	(Sundqvist	et	al.,	

2013;	Holmgren	et	al.,	1999).	The	two	dashed	vertical	lines	represent	the	lower	and	upper	

limit	of	the	Maunder	minimum.	The	shaded	area		represents	the	estimated	wetter	interval	

in	Dante	and	Cold	Air	Cave,	with	darker	shade	highlighting	very	wet	 interval	within	 the	

Maunder	sunspot	minimum	according	 to	Stalagmite	DP1,	T5	and	T7	 records.	Note	 that	

d18O	in	Dante	Cave	is	more	depleted	than	d18O	in	Cold	Air	Cave.	
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2.5.4.	Global	implications	

Latitudinal	 migration	 of	 the	 ITCZ	 linked	 to	 solar	 activity	 and	 global	 conditions.	

Hydroclimate	 response	 in	 southern	 Africa	 to	 the	 latitudinal	 migration	 of	 the	 ITCZ	 is	

revealed	in	the	paleorecords	between	AD	1400	and	1950.	The	wet	intervals	inferred	from	

Stalagmite	DP1	ca.	AD	1660-1690	and	ca.AD	1790-1830	in	northeastern	Namibia	and	the	

wet	 interval	 inferred	 from	 Stalagmite	 T5	 and	 T7	 from	 South	 Africa	 around	 AD	 1700	

coincides	with	solar	minima	and	globally	colder	conditions,	specifically	a	much	cooler	NH	

(Figure	2.5).	This	“solar	activity-global	temperature-	rainfall”	relationship	is	very	similar	to	

the	findings	of	Sachs	et	al.	(2009)	in	the	Pacific	Ocean	between	AD	1400	and	1850	during	

the	LIA.	Sachs	et	al.	(2009)	concluded	that	lesser	solar	irradiance,	which	could	have	caused	

the	colder	conditions	in	the	NH	(e.g.	Mauquoy	et	al.,	2002;	Shindell	et	al.,	2003),	may	have	

driven	the	ITCZ	south.	Thus,	the	wet	interval	in	Namibia	could	be	the	result	of	a	southward	

migration	of	the	ITCZ	(Peterson	et	al.,	2000;	Haug	et	al.,	2001;	Chiang	et	al.,	2003;	Koutavas	

and	Lynch-Stieglitz,	2004;	Chiang	and	Bitz,	2005;	Broccoli	et	al.,	2006;	Sachs	et	al.,	2009;	

Sinha	et	al.,	2011;	Schefuß	et	al.,	2011;	Chiang	and	Friedman,	2012;	Arbuszewski	et	al,	

2013;	Donohoe	et	al.,	2013).		

In	 contrast,	 the	drying	 trend	 since	ca.	AD	1750	 inferred	 from	Stalagmite	DP1	 in	

northeastern	Namibia	coincides	with	an	overall	higher	solar	activity	and	globally	warmer	

conditions,	when	NH	is	warmer	(Figure	2.5).	This	condition	favors	a	northward	migration	

of	 the	 ITCZ	 toward	Earth’s	warmer	hemisphere	 (Kang	et	al.,	 2008;	McGee	et	al.,	 2014;	

Frierson	and	Hwang,	2012;	Sachs	et	al.,	2009).	
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The	DP1	record	suggests	that	specific	sunspot	minima	(i.e.	Maunder	and	Dalton)	

associated	 with	 a	 significant	 temperature	 gradient	 between	 the	 two	 hemispheres	 (i.e.	

cooler	NH	than	SH)	could	have	intensified	rainy	seasons	in	northeastern	Namibia,	parallel	

with	a	southward	migration	of	the	ITCZ.	This	southward	migration	of	the	ITCZ	could	have	

also	affected	the	IOCZ.	As	a	result,	summer	seasons	in	northeastern	Namibia	must	have	

been	wetter	and	could	have	lasted	longer	than	they	are	today.	In	contrast,	warming	of	the	

NH	since	the	end	of	the	LIA	(Figure	2.5b)	has	driven	the	ITCZ	northward,	leading	to	shorter	

wet	summer	seasons	and	longer	dry	winter	seasons	in	northeastern	Namibia.	

Estimates	of	the	latitudinal	shift	of	the	ITCZ	with	NH	cooling	vary	considerably,	but	

they	could	be	used	to	estimate	the	change	in	rainfall	in	northeastern	Namibia	during	those	

extended	wet	periods.	McGee	et	al.	(2014)	suggested	a	shift	of	at	most	1°	of	latitude	during	

the	Last	Glacial	Maximum,	whereas	Sachs	et	al.	(2009)	inferred	a	shift	during	the	LIA	of	as	

much	as	500	km,	or	about	4.4°	of	 latitude.	 	 In	northern	Namibia	and	southern	Angola,	

rainfall	 increases	 northward	 at	 a	 rate	 of	 about	 100	 mm/yr	 per	 degree	 of	 latitude.	 In	

reference	to	this	latitudinal	variability	of	rainfall	in	Namibia,	the	estimates	of	McGee	et	al.	

(2014)	and	Sachs	et	al.	 (2009)	would	suggest	 increases	of	100	to	440	mm/yr	of	 rainfall	

respectively,	which	would	be	 significant	 compared	 to	 the	present	 rainfall	 of	 about	500	

mm/yr	at	Dante	Cave.	

Possible	movement	of	the	Angola-Benguela	Front	accounting	for	wetter	conditions	

in	 northern	Namibia.	 The	widely	 accepted	 notion	 of	 southward	 shifts	 of	 the	 ITCZ	with	

cooling	of	the	NH	(Arbuszewski	et	al.,	2013;	Broccoli	et	al.,	2006;	Chiang	and	Bitz,	2005;	

Chiang	and	Friedman,	2012;	Chiang	et	al.,	2003;	Haug	et	al.,	2001;	Donohoe	et	al.,	2013;	
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Koutavas	and	Lynch-Stieglitz,	2004;	Peterson	et	al.,	2000;	Sachs	et	al.,	2009;	Sinha	et	al.,	

2011;	Schefuß	et	al.,	2011)	is	understood	as	an	atmospheric	phenomenon:	a	southward	

shift	of	the	convergence	of	the	easterly	trade	winds.		However,	because	of	the	significance	

of	those	easterly	winds	to	low-latitude	ocean	circulation	(e.g.,	Knauss,	1963),	it	seems	likely	

that	 a	 southward	 shift	 of	 the	 ITCZ	 could	 lead	 to	 some	 southward	 shift	 of	 low-latitude	

currents.		For	example,	with	regard	to	the	eastern	tropical	Atlantic,	Li	and	Philander	(1997)	

concluded	that	sea-surface	temperature	there	varies	seasonally	as	a	“passive	response	of	

the	ocean	to	the	changes	in	the	winds”	and	thus	to	seasonal	change	of	the	ITCZ.		If	that	

thought	 extends	 to	 the	 Angola	 Current,	 the	 coastal	 down-current	 expression	 of	 the	

Atlantic’s	Southern	Equatorial	Countercurrent	(Figure	2.1),	 it	suggests	that	the	southern	

limit	 of	 the	 Angola	 Current	 at	 the	 Angola-Benguela	 Front	may	 have	 shifted	 southward	

during	southward	shifts	of	the	ITCZ	(as	it	does	seasonally).		The	southern	limit	of	the	Angola	

Current	 is	 relevant	 to	rainfall	 in	northern	Namibia	because	southward	advances	of	 that	

warm	current	promote	offshore	evaporation	that	leads	to	more	rainfall	inland	(Rouault	et	

al.,	 2003),	 and	 the	 position	 of	 the	 Angola-Benguela	 front	 has	 been	 shown	 to	 vary	

interannually	as	well	as	seasonally	(Colberg	and	Reason,	2007).	Thus,	the	linkage	between	

wet	intervals	in	northeastern	Namibia	and	the	southward	movement	of	the	ITCZ	inferred	

above,	combined	with	the	possible	linkage	of	the	southern	limit	of	the	Angola	Current	to	

the	position	of	 the	 ITCZ,	 suggests	 that	 rainfall	 in	northeastern	Namibia	may	have	been	
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linked	to	changes	in	ocean	currents	resulting	in	an	SST	anomaly	that	favored	rainfall	on	the	

continent.	 	 	

	

The	isotopic	shift	at	ca.	1680:	change	in	cave	hydrology.	The	significant	change	in	

growth	rate	(from	0.1	to	1.67	mm/yr),	the	difference	in	isotopic	values	before	and	after	ca.	

1680,	and	the	significant	decrease	in	stable	isotope	values	(of	ca.	4‰	and	3‰	for	d18O	and	

d13C,	 respectively)	 around	 ca.	 1680,	 could	 represent	 a	 significant	 change	 in	 the	 cave	

hydrology	 linked	to	 ITCZ	and	the	ABF	 in	northeastern	Namibia.	Climate	 in	northeastern	

Namibia	was	 drier	 prior	 to	 ca.	 AD	 1680	 as	 suggested	 by	 the	 stable	 isotope	 values	 and	

mineralogy	(Figure	2.5),	and	 it	became	wetter	during	the	Maunder	minimum.	After	the	

wet	Maunder	minimum,	rainfall	has	receded.	 In	this	scenario,	the	alternating	 long-term	

and	pronounced	wet	and	dry	periods	agrees	well	with	the	north-south	migration	of	the	

ITCZ.		

	

A	different	point	of	 view:	possible	 changes	 in	moisture	 flux	before	and	after	 ca.	

1680.	The	difference	in	isotopic	signals	in	Stalagmite	DP1	before	and	after	ca.	1680	could	

also	be	linked	to	changes	in	moisture	flux	from	the	primary	western	Indian	Ocean	source	

and	 the	 secondary	 tropical	 SE	Atlantic	 source	 that	 converge	over	 northern	Angola	 and	

southern	Congo	(Rouault	et	al.,	2003).		Moisture	fluxes	examination	by	Rouault	et	al.	(2003)	

suggests	that	the	size	of	rainfall	anomalies	in	western	Angola/Namibia	is	influenced	by	the	

local	circulation	anomaly	imposed	on	the	mean	easterly	from	the	western	Indian	Ocean.	

This	 local	 circulation	 anomaly	 seems	 to	 originate	 in	 tropical	 SE	Atlantic	 (Rouault	 et	 al.,	
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2003).	Although	the	d18O	of	the	Indian	Ocean	and	the	Atlantic	water	only	differs	by	ca.	2-

3‰,	the	greater	speleothem	d18O	values	prior	to	ca.	1680	could	suggest	a	dominance	of	

moisture	flux	from	a	relatively	near	marine	source,	presumably	the	nearby	Atlantic	Ocean,	

which	is	today	the	source	of	18O-rich	rainfall	(δ18Op	=	~	–2	to	–3‰;	Bowen,	2013)	to	the	

Namib	Desert	along	Namibia’s	Atlantic	Coast,	west	of	the	 IOCZ.	This	condition	could	be	

similar	to	the	1995	event,	when	SST	anomaly	 in	tropical	SE	Atlantic	was	 largest	but	the	

inflow	 into	 Angola/Namibia	 from	 the	 Indian	 Ocean	 was	 weaker	 (Rouault	 et	 al.,	 2003).	

According	to	Jury	and	Engert	(1999)	this	climatic	condition	is	similar	to	an	Atlantic	El	Niño,	

when	 summer	 rainfall	 over	 northern	Namibia	was	 50%	below	normal.	 In	 contrast	 to	 a	

southward	push	of	the	ABF,	climatic	conditions	in	northeastern	Namibia	prior	to	ca.	1680	

could	have	been	 linked	 to	 a	northward	push	of	 the	ABF	by	 the	 cold	Benguela	 current,	

resulting	in	much	drier	conditions	over	the	region.		

This	condition	immediately	shifted	at	ca.	1660	with	a	southward	push	of	the	ITCZ	

and	the	ABF,	as	discussed	above.	At	the	same	time,	easterly	flux	from	the	Indian	Ocean	

could	have	been	enhanced.	 This	new	condition	 is	 similar	 to	 the	1984	and	1986	events	

discussed	in	Rouault	et	al.	(2013).	Thus	the	much	lower	δ18Oc	values	after	ca.	1680	may	

have	resulted	from	transport	from	a	more	distant	source,	presumably	the	Indian	Ocean,	

which	is	today	the	dominant	source	for	more	18O-depleted	(δ18Op	=	~	–4	to	–5‰;	Bowen;	

2013)	rainfall	to	eastern	Namibia,	east	of	the	IOCZ	(Figure	2.1).	This	dominance	of	moisture	

flux	from	the	Indian	Ocean	is	supported	by	the	more	enriched	values	of	speleothem	d18O	
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in	Cold	Air	Cave,	in	South	Africa	(Holmgren	et	al.	1999;	Sundqvist	et	al.,	2013)	and	the	more	

depleted	speleothem	d18O	in	Dante	Cave,	Namibia	(Figure	6).		

If	 this	 point	 of	 view	 on	moisture	 flux	 is	 correct,	 it	 implies	 that	 hydrology	 over	

northeastern	 Namibia	 around	 the	 Maunder	 minimum	 was	 controlled	 by	 not	 only	 a	

southward	shift	 in	 ITCZ	and	ABF,	but	also	a	 strengthening	of	 the	easterly	 flux	 from	the	

Indian	Ocean.		

	

2.6.	Conclusions	

Examination	of	the	uppermost	261	mm	of	Stalagmite	DP1	suggests	that	climate	in	

northeastern	 Namibia	 responded	 to	 changes	 in	 solar	 activity	 and	 changes	 in	 global	

temperature.	 The	 record	 shows	 that	 not	 only	 the	 LIA	 in	 general,	 but	 specific	 sunspot	

minima,	 i.e.	 Maunder	 and	 Dalton,	 associated	 with	 a	 significant	 temperature	 gradient	

between	the	two	hemispheres	(i.e.	cooler	NH	than	SH)	have	driven	the	ITCZ	and	the	IOCZ	

southwestward,	and	also	have	driven	the	ABF	southward.	As	a	result,	wet	summer	seasons	

in	northeastern	Namibia	could	have	lasted	longer	than	they	are	today.	In	contrast,	warming	

of	the	NH	since	the	end	of	the	LIA,	estimated	around	AD	1715	in	northeastern	Namibia,	

has	driven	the	ITCZ	northeastward,	leading	to	shorter	wet	summer	seasons	in	favor	of	dry	

winter	seasons	in	northeastern	Namibia.	

The	practical	significance	of	these	conclusions	lies	in	their	implications	for	future	

changes	in	rainfall	in	northeastern	Namibia	and	more	generally	in	the	summer	rainfall	zone	

of	southern	Africa	(e.g.	Niang	et	al.,	2014;	Thomas	et	al.,	2005).		Warming	of	climate	in	the	

coming	century	is	predicted	for	Earth	in	general	and	especially	for	high-latitude	regions	of	
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the	Northern	Hemisphere	(IPCC,	2013,	Figure	SPM.8).		The	correlation	of	past	dry	periods	

in	northeastern	Namibia	with	warmer	conditions	in	the	NH	(both	reported	in	this	paper	

and	in	Sletten	et	al.,	2013),	and	the	inferred	northward	shift	of	the	ITCZ	toward	a	warmed	

NH,	suggests	that	warming	will	lead	to	less	rainfall	in	the	future	in	a	region	with	a	presently	

semi-arid	climate	and	will	cause	dune	reactivation	by	2099	(Thomas	et	al.,	2005).		
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ABSTRACT	

The	timing	and	causes	of	paleoenvironmental	changes	in	Madagascar	have	been	

debated,	 specifically	 in	 respect	 to	 human	 activity	 following	 the	 settlement	 in	 the	 late	

Holocene.	 Here	 we	 present	 d18O,	 d13C,	 layer-bounding	 surfaces,	 layer-specific	 width,	

mineralogy,	and	distribution	of	macroholes	from	Stalagmite	MA3	from	Anjohibe	Cave	to	

provide	 a	 detailed	 understanding	 of	 the	 paleoenvironmental	 changes	 in	 northwestern	

Madagascar	between	AD	370	and	AD	1300.		The	stable	isotope	records	of	Stalagmite	MA3	

are	compared	with	stable	isotope	records	of	Stalagmites	ANJ94-5	and	MA2.	

Detailed	examination	of	the	proxies	suggests	three	distinct	intervals	of	changes.	(1)	

Prior	to	AD	795,	changes	in	vegetation	seem	to	have	responded	to	changes	in	monsoonal	

rainfall	linked	to	the	relative	position	of	the	ITCZ.	The	period	between	ca.	AD	755	and	795	

was	the	driest,	and	the	Stalagmite	MA3	record	is	consistent	with	sediment	records	(pollen	

and	lithology)	from	Lake	Mitsinjo,	northwestern	Madagascar,	and	with	sediment	records	

(fossil	pollen	and	charcoal)	from	Sainte	Luce,	southeastern	Madagascar.	(2)	Between	AD	

795	 and	 870,	 the	 environmental	 conditions	 became	more	 favorable,	 when	 vegetation	

recovered	 from	 the	 driest	 interval.	 The	 new	 conditions	 must	 have	 been	 suitable	 for	

community	development	 in	 the	region	as	suggested	by	archaeological	evidence	around	

Lake	Mitsinjo	and	the	Boeny	region,	and	the	establishment	of	the	stone	town	of	Mahilaka.	

(3)	After	AD	870,	a	gradational	change	in	plant	communities	from	C3	to	C4	marks	the	record	

until	around	AD	1130,	after	which	vegetation	was	dominated	by	C4	plants.	This	change	

cannot	 be	 explained	 by	 climate	 alone,	 as	 there	 is	 no	 clear	 relationship	 in	 the	 climate-
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sensitive	proxies.	 Instead,	 it	 could	have	been	 caused	by	 “Tavy”,	 a	 variety	of	 “swidden”	

agriculture	practiced	in	the	region.		

	

3.1.	Introduction	

The	late	Holocene	paleoenvironmental	history	of	Madagascar,	an	island	located	ca.	

400-500	 kilometers	 east	 of	 Africa,	 has	 become	 an	 interesting	 subject	 of	 scientific	

investigation	because	its	ecosystem	is	very	dynamic	and	paleo-records	are	still	scarce	(e.g.	

Burney	et	al.,	2004;	Virah-Sawmy	et	al.,	2010;	Dewar	and	Richards,	2012;	Douglass	and	

Zinke,	 2015).	 Records	 from	 Madagascar	 help	 us	 better	 understand	 its	 own	

paleoenvironmental	 change	 and	 will	 potentially	 complete	 gaps	 in	 paleoclimate	

reconstruction	in	the	Southern	Hemisphere,	such	as	understanding	the	dynamics	of	the	

Inter-Tropical	Convergence	Zone	(ITCZ).	Madagascar	is	particularly	interesting	because	the	

timing	of	a	major	loss	from	its	ecosystem,	e.g.	its	large	animals,	seems	to	coincide	with	the	

timing	of	human	arrival	(e.g.	see	Table	1	of	Virah-Sawmy	et	al.,	2010;	MacPhee	and	Burney,	

1991;	Burney	et	al.,	1997c;	Crowley,	2010;	Crowley	et	al.,	2010).	Evidence	suggests	that	

human	settlement	of	Madagascar	could	have	started	in	the	mid-Holocene,	around	4-5	ka	

B.P.	 (Dewar,	2014),	but	paleo-records	 indicating	 island-wide	human	presence	are	dated	

around	2000	B.C	(e.g.	Dewar	et	al.,	2013;	Burney	et	al.,	2004),	and	large-scale	African	and	

Asian	(mostly	Indonesian)	seafarers	did	not	occur	until	ca.	AD	200–500	(Cox	et	al.,	2012;	

Thompson	et	al.,	2011;	Tyson,	2013).	Those	maritime	traders	introduced	new	crops	(e.g.	

Beaujard,	2011;	Crowther	et	 al.,	 2016).	Although	 the	 timing	 for	 this	human	 settlement	

poses	some	ambiguity,	(e.g.	Burney	et	al.,	1987a;	MacPhee	and	Burney,	1991;	Godfrey	and	
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Jungers,	2003;	Virah-Sawmy	et	al.,	2010;	Gommery	et	al.,	2011;	Cox	et	al.,	2012;	Dewar	et	

al.,	2013),	several	authors	have	concluded	that	various	human	impacts	and	natural	factors,	

such	 as	 desiccation,	 could	 have	 interacted	 synergistically	 to	 produce	 the	 megafaunal	

collapse	(e.g.	Burney	and	MacPhee,	1988;	MacPhee	and	Burney,	1991;	Burney,	1993a,	b;	

Godfrey	and	Jungers,	2003;	Burns	et	al.,	2016;	Crowley	et	al.,	2016).	Similarly,	more	than	

70%	of	Madagascar’s	surface	is	covered	by	C4	savannah	and	grasslands	(e.g.	Thompson	et	

al.,	2011;	MEF,	2014),	the	cause	of	which	has	been	a	subject	of	debate.	Earlier	authors	

argued	 for	 an	anthropogenic	origin	 (e.g.	Humbert,	1927;	 Lavauden,	1931;	Perrier	de	 la	

Bâthie,	 1921);	 whereas	 recent	 researchers	 argued	 for	 non-anthropogenic	 origins	 (e.g.	

Burney,	1987a;	1987b;	Willis	et	al.,	2008;	Bond	et	al.,	2008).		

Although	the	causal	factors	of	Madagascar’s	ecosystem	changes	and	the	first	timing	

of	 human	 settlement	 on	 the	 island	 are	 still	 a	 subject	 for	 debate,	much	 remains	 to	 be	

learned	about	how	the	processes	and	changes	of	climate	and	environment	are	recorded	

in	Madagascar’s	paleoclimate	archives.	Understanding	such	processes	using	proxies	is	key	

to	making	better	inferences	about	the	likely	changes	of	Madagascar’s	environment	in	the	

past.	Here	we	investigate	stalagmites.	Stalagmites	provide	a	unique	opportunity	to	study	

paleoclimate	in	greater	detail	because	they	can	be	accurately	dated	(e.g.	Edwards	et	al.,	

1987;	Dorale	et	al.,	2004),	they	contain	several	proxies	that	have	been	shown	to	be	very	

useful	indicators	of	continental	change	in	climate	(e.g.	Fairchild	and	Baker,	2012,	p.	9–10),	

and	their	isotopic	records	are	replicable	(e.g.	Burns	et	al.,	2016).	

In	this	study,	we	combine	six	proxies	from	Stalagmite	MA3,	from	Anjohibe	Cave,	to	

reconstruct	both	paleoclimate	and	paleovegetation	in	northwestern	Madagascar	between	
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AD	370	and	AD	1300.	We	use	d18O,	d13C,	 layer-bounding	 surfaces,	 layer-specific	width,	

mineralogy,	and	distribution	of	macroholes	(large	cavities).	Stalagmite	MA3	is	compared	

with	two	other	stalagmites,	MA2	and	ANJ94-5	(see	Section	3.2.1).	The	goal	is	to	provide	

robust	 and	 comprehensive	 paleoenvironmental	 records	 for	 northwestern	Madagascar,	

and	to	a	larger	extent	the	Southern	Hemisphere.		

	

3.2.	Setting	

3.2.1.	Geography	and	geology	

Stalagmites	MA3,	MA2,	and	ANJ94-5	were	collected	in	1994	from	Anjohibe	Cave	

(15.53°S,	46.88°E).	 The	 cave	 is	 located	about	73	 km	northeast	of	Madagascar’s	 second	

largest	city,	Majunga,	about	125	km	northeast	from	Lake	Mitsinjo,	and	approximately	500	

km	drive	southwest	of	the	Swahili	stone	town	and	archaeological	urban	center	of	Mahilaka	

(Figs.3.1,	B1).	It	was	originally	known	as	the	“Grotte	d’Andranoboka”	(Gunn,	2004)	and	was	

often	called	“Anjohiandranoboka”	(Middleton	and	Middleton,	2002).	Anjohibe	is	located	

ca.	15	km	south	of	the	village	of	Mitsinjo.	The	cave	is	reached	by	following	the	main	dirt	

track	 coming	 from	Majunga,	 which	 crosses	 the	 Mariarano	 River	 (Fig.	 3.1).	 “Anjohibe”	

means	“big	cave”	and	 is	 the	biggest	cave	 in	 the	 region	of	Majunga	 (Brook	et	al.,	1999;	

Decary	and	Kiener,	1970),	with	a	length	of	over	5.3	km	(Gunn,	2004).	It	forms	a	complex	of	

passages	through	the	base	of	a	single	hill,	with	more	than	thirteen	entrances	and	about	

5330	m	of	mapped	passages	(Fig.	3.1b)	(Middleton	and	Middleton,	2002).	

Most	of	the	limestone	caves	in	Madagascar	are	in	the	karst	areas	that	are	hardly	

accessible	to	humans	(e.g.	Middleton	and	Middleton,	2002).	That	 inaccessibility	created	
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oases	 of	 exceptional	 and	 commonly	 endemic	 fauna	 and	 flora	 surrounded	 by	 typical	

savannah	landscapes	(Middleton	and	Middleton,	2002).	Anjohibe	Cave	is	nonetheless	fairly	

accessible	 (Middleton	 and	 Middleton,	 2002),	 and	 it	 was	 partly	 developed	 as	 a	

commercialized	 show	 cave	with	 electric	 lighting	during	 the	 colonial	 period,	 around	 the	

1940s	(Gunn,	2004;	Middleton	and	Middleton,	2002).	It	is	no	longer	lit	but	still	appears	to	

be	popular	with	adventure-tour	operators	(Middleton	and	Middleton,	2002	and	reference	

therein).		

Anjohibe	Cave	lies	within	the	Narinda	Karst	region	(Fig.	3.1a),	specifically	called	

Narinda	South	(Middleton	and	Middleton,	2002).	The	Narinda	Karst	is	part	of	gently	

dipping	(3-5°	W)	layers	of	Eocene	limestone.	The	area	is	50	m	to	200	m	above	sea	level,	

where	it	forms	cone	karst	topography	with	rounded	hills	rising	20	to	40	m	above	a	palm	

savannah.	The	base	of	the	area	is	very	pure	limestone,	and	the	tops	of	the	hills	are	often	

completely	dolomite	(Gunn,	2004).		

Stalagmites	 MA2	 and	 MA3	 were	 active	 at	 the	 time	 of	 collection	 in	 1994,	 and	

Stalagmite	 ANJ94-5	 was	 a	 two-meter	 fallen	 stalagmite.	 Stalagmite	 ANJ94-5	 has	 been	

investigated	 by	 Wang	 (2016;	 see	 also	 Wang	 and	 Brook,	 2013).	 The	 stalagmites	 were	

collected	approximately	200	m	from	the	main	entrance,	which	is	about	50	m	east	of	the	

large	 dolline	 (Fig.	 3.1b).	 The	 sector	 where	 these	 stalagmites	 were	 collected	 was	 well-

ventilated	at	the	time	of	sample	collection,	as	the	chamber	was	located	near	the	collapsed	

roof,	but	ventilation	could	have	been	different	in	the	past.	Cave	dripwaters,	collected	in	

1994,	were	relatively	dilute,	with	total	dissolved	solids	estimated	at	130	to	220	ppm	(see	

Table	1	of	Brook	et	al.,	1999).	The	temperature	of	the	cave	varies	between	24.5°	and	26°C,	
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the	relative	humidity	ranges	between	72	and	87%,	and	the	cave	PCO2	ranges	between	400	

and	500	ppm	.	These	temperature,	relative	humidity,	and	cave	PCO2	measurements	were	

obtained	during	Voarintsoa	and	co-workers’	recent	field	expedition	in	May	2014.		

	

3.2.2.	Vegetation	

	 Local	vegetation	around	Anjohibe	Cave	 is	characterized	by	savanna	grasses	with	

sparse	endemic	satra	palms	 (Medemia	nobilis)	and	other	 trees	adapted	to	 the	 long	dry	

season	and	periodic	fires	(Brook	et	al.,	1999;	von	Cabanis	et	al.,	1969;	Wright	et	al.,	1996;	

also	see	Fig.	1b	of	Crowley	and	Samonds,	2013).	Dry	mesic	woodlands	and	forest	patches	

are	only	found	in	areas	of	higher	soil	moisture.	In	fact,	more	than	80	%	of	the	surface	of	

western	Madagascar	is	now	covered	with	secondary	grassland	or	wooded	grassland,	and	

this	is	burned	each	year	with	the	practice	of	“tavy”	(IUCN/UNEP/WWF,	1987;	Thompson	

et	al.,	2011),	a	Malagasy	form	of	“swidden	agriculture”	(e.g.	Conklin,	1954;	Dove,	1993)	by	

local	subsistence	farmers.		
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Figure	 3.1:	 Geological	 and	 geographical	 setting	 of	 Anjohibe	 Cave.	 a)	Map	 showing	 the	

southwest	part	of	the	Narinda	karst	and	location	of	Anjohibe	Cave.	The	inset	figure	is	a	

map	of	Madagascar	showing	the	extent	of	tertiary	limestone	cover	b)	Sketch	of	Anjohibe	

cave	(after	Saint-Ours,	1959).	Stalagmite	MA3	was	collected	at	location	marked	with	a	star.	

Detailed	 map	 showing	 the	 other	 locations	 (Lake	 Mitsinjo,	 Boeny,	 Mahilaka,	 Lake	

Amparihibe)	mentioned	in	this	study	can	be	found	in	Fig.	B1.	
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At	 the	 larger	 perspective,	 vegetation	 in	 northwestern	Madagascar	 is	 less	 dense	

than	the	moister	forests	in	the	region’s	northeastern	and	eastern	counterparts	(Fig.	B2a,	

also	see	modern	Google	Earth	image).	This	difference	in	vegetation	distribution	is	mainly	

controlled	by	the	orographic	effect	created	by	the	north-south	mountain	belt	along	the	

eastern	escarpment	of	 the	 island.	Geology	has	also	been	used	 to	 refine	 the	vegetation	

zones	in	Madagascar	(e.g.	duPuy	and	Moat,	1996,	2003).	Trees	in	the	west	are	not	more	

than	 12	 m	 tall,	 which	 distinguishes	 secondary	 grasslands	 in	 the	 west	 from	 secondary	

grasslands	in	the	east.	Additionally,	there	are	fewer	lianas	(French	“lianes”)	and	evergreen	

species	on	the	calcareous	plateau	of	western	Madagascar	than	in	the	eastern	counterpart.	

Besides	 savanna,	 dry	 deciduous	 forest	 and	 thickets	 also	 characterize	 the	 region,	 with	

numerous	succulents	and	plants	with	swollen	stems	(IUCN/UNEP/WWF,	1987).	Vegetation	

in	 Anjohibe	 and	 its	 surroundings	 is	 presently	 dominated	 by	 plants	 utilizing	 the	 C4	

photosynthetic	pathway.	

	

3.2.3.	Climate	

As	an	island	located	between	the	tropics	of	Cancer	and	Capricorn,	Madagascar	has	

a	unique	climate	because	of	its	mountainous	nature,	its	position	in	the	Indian	Ocean,	the	

seasonal	 migration	 of	 the	 Inter-Tropical	 Convergence	 Zone	 (ITCZ),	 and	 the	 changes	 in	

monsoon	 strength.	 Details	 about	 Madagascar’s	 dominant	 climate	 mechanisms	 are	

reviewed	in	Douglass	and	Zinke	(2015,	p.	281–299).	Rainfall	is	influenced	alternately	by	dry	

easterly	trade-winds	in	austral	winter	(May-October)	and	monsoon-driven	northwesterly	

tropical	 storms	 in	 austral	 summer	 (November-April)	 (Fig.	 B3).	 This	 alternation	 of	 wind	
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direction	between	winter	and	summer	defines	the	island’s	seasonality	(DGM,	2008;	Jury,	

2003;	Tadross	et	al.,	2008).	At	inter-annual	scale,	Madagascar’s	rainfall	has	been	linked	to	

the	Indian	Ocean	Dipole	(Zinke	et	al.,	2004),	an	air-sea	interaction	in	the	Indian	Ocean	(Saji	

et	al.,	1999),	which	is	also	teleconnected	with	El	Niño	Southern	Oscillation	or	ENSO	(Schott	

et	al.,	2009;	Brook	et	al.,	1999;	Dunham	et	al.,	2011).	At	much	longer	time	scale,	little	is	

known,	but	Madagascar’s	hydroclimate	could	be	influenced	by	the	latitudinal	migration	of	

the	ITCZ	in	response	to	changing	global	conditions	(e.g.	Chiang	and	Bitz,	2005),	such	as	has	

been	 the	 case	 in	 southern	 and	 eastern	 Africa	 (e.g.	 Schefuß	 et	 al.,	 2011;	 Russell	 and	

Johnson,	2005).	

Regionally	distinct	rainfall	gradients	from	east	to	west	and	from	north	to	south	are	

evident	across	the	entirety	of	Madagascar	(Figs.	B2b	and	B4;	see	also	Fig.	1	of	Dewar	and	

Richard,	2007),	with	the	southern	region	being	the	driest	 (DGM,	2008;	 Jury,	2003).	The	

east-west	gradient	is	controlled	by	orographic	uplift	(Williams,	1990),	responsible	for	the	

six-	to	seven-month	long	dry	and	cold	winter	in	the	western	region.	This	orographic	effect	

ensures	 regular	 rainfall	 and	 a	 dense	 cover	 of	 tropical	 rainforest	 in	 the	 eastern	 regions	

(Madagascar	 National	 Adaptation	 Plan	 for	 Action,	 2007;	 Jury,	 2003).	 Thus,	 eastern	

Madagascar	is	always	humid	all	year	long,	whereas	western	Madagascar	has	distinct	warm	

and	wet	summers	and	cold	and	dry	winters.	Additionally,	the	mountain	chain	(~1200-1500	

m	high	 from	north	 to	south)	constituting	 the	backbone	of	Madagascar	acts	 to	split	 the	

shallow	 trade	winds	 from	 the	 Indian	Ocean	 approaching	 the	 eastern	 and	 northeastern	

coast	of	Madagascar	during	both	seasons.	
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In	 contrast	 to	 the	 east-west	 gradient,	 the	 north-south	 gradient	 is	 entirely	

dependent	 on	 the	 convective	 activity	 and	 thunderstorms	 linked	 to	 the	 southward	

migration	of	the	ITCZ	during	the	austral	summer	from	November	to	April	(Fig.	B3b).	The	

ITCZ	brings	 north	 or	 northwesterly	monsoon	winds	 to	 the	 island,	 in	 a	 pattern	 that	 the	

Service	 Météorologique	 of	 Madagascar	 calls	 the	 “Malagasy	 monsoon”.	 The	 Malagasy	

monsoon	belongs	to	the	South	African	Monsoon,	but	 it	 is	also	 influenced	by	the	 Indian	

Monsoon	(see	Wang,	2009;	Wang	and	Ding,	2008).	The	central	uplands	and	drier	western	

regions	receive	their	summer	rainfall	 through	the	convective	activity	 linked	to	the	 ITCZ,	

which	lies	across	the	northern	parts	of	the	island	during	this	time	of	the	year	(Tadross	et	

al.,	 2008).	 In	 the	 same	 regions,	 rainfall	 is	 reduced	or	 absent	 during	 the	winter,	 usually	

between	April	and	October,	because	the	Indian	Ocean	anticyclone	is	intensified.		

Located	on	the	western	coast	of	Madagascar	(Figs.	3.1	and	B2),	Anjohibe	is	a	good	

candidate	for	this	paleoclimate	and	paleoenvironmental	study	because	it	is	highly	sensitive	

to	the	seasonality	of	rainfall	 in	Madagascar	and	to	the	dynamics	of	the	 ITCZ.	The	mean	

annual	rainfall	 is	around	1160	mm.	The	mean	maximum	temperature	in	November,	the	

hottest	month	in	the	summer,	is	about	32°C.	The	mean	minimum	temperature	in	July,	the	

coldest	month	of	the	dry	winter,	is	about	18°C.	

	

3.2.4.	Temporal	and	spatial	variability	of	rainfall	d18O		

Rainfall	d18O	values	change	distinctly	between	the	two	seasons	in	Madagascar,	with	

greater	d18O	during	cold	and	dry	winter	and	smaller	d18O	during	warm	and	wet	summer	

(Figs.	 3.2	 and	 B4).	 This	 relationship	 suggests	 a	 seasonal	 effect	 on	 d18O.	 The	 negative	
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relationship	 between	 rainfall	 and	 d18O	 and	 between	 temperature	 and	 d18O	 could	 also	

suggest	an	amount	effect	over	d18O,	which	is	the	observed	decrease	in	rainfall	d18O	values	

with	increased	rainfall	amount	(Dansgaard,	1964;	Rozanski	et	al.,	1993;	Bony	et	al.,	2008;	

Risi	et	al.	2008;	McDermott,	2004;	Kurita	et	al.,	2009;	Lachniet,	2009).	The	amount	effect	

is	not	only	observed	in	Madagascar	but	also	in	other	climatically	sensitive	and/or	tropical	

regions	where	deep	vertical	convection	is	common	(e.g.	Kurita	et	al.,	2009).		

Although	temperature	and	d18O	are	statistically	correlated	(r2=	0.35;	Fig.	3.2),	the	

absence	 of	 rainfall	 during	 cold	 seasons	 (i.e.	 winter)	 precludes	 evaluation	 of	 the	

temperature	effect	on	d18O.	However,	because	summers	in	Madagascar	are	always	warm	

and	wet,	temperature	has	less	influence	on		d18O	than	seasonality	and	rainfall	amount	(Fig.	

3.2).	The	high	d18O	values	before	and	after	summer	seasons	could	reflect	an	evaporation	

effect,	 specifically	 a	 raindrop	 re-evaporation	 effect	 (e.g.	 Lee	 et	 al.,	 2012),	 when	

temperature	gets	warmer	and	precipitation	is	low.	

Beyond	the	temporal	scale,	the	relationship	between	rainfall	amount	and	d18O	is	

also	 reflected	 by	 the	 latitudinal	 and	 longitudinal	 variability	 of	 rainfall	 across	 all	 of	

Madagascar	(Fig.	B4).	Isotopic	modelling	indicates	that	the	rainiest	region	in	Madagascar,	

i.e.	 the	 eastern	 part,	 has	 the	 most	 negative	 d18O	 (Bowen,	 2013).	 In	 contrast,	 d18O	 is	

greatest	 in	the	southern/southwestern	part	of	the	country,	the	region	that	receives	the	

least	rainfall.		
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Figure	 3.2:	Modern	 rainfall-temperature-d18O	 in	 Antananarivo,	Madagascar.	 (a)	 Plot	 of	

precipitation	and	temperature	as	a	function	of		d18O	in	Antananarivo,	Madagascar.	(Lat.	

18°54’00’’;	Long.	047°31’48’’;	Alt.	1300	m).	Time	series	of	 (b)	temperature-d18O	and	(c)	

rainfall-d18O	from	the	same	location	showing	relationship	between	changes	 in	d18O	and	

seasons.	On	the	x-axis	of	(b)	and	(c),	the	minor	ticks	represent	the	twelve	months	of	the	

year,	starting	from	January	to	December.	In	both	figures,	d18O	is	greater	in	winters	(with	

none	or	little	rainfall)	and	smaller	in	summers.	Data	are	from	IAEA,	WMO	(2014).	
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3.3.	Methods	

Three	stalagmites,	MA3	(in	its	entirety),	MA2	(its	upper	116	mm),	and	ANJ94-5	(its	

upper	50	mm),	were	investigated.	Six	proxies	were	studied	from	Stalagmite	MA3	to	provide	

a	 comprehensive	 paleoclimate	 reconstruction	 in	 Anjohibe.	 These	 are	d18O,	d13C,	 layer-

bounding	 surfaces,	 layer-specific	 width,	 mineralogy,	 and	 macrohole	 distribution.	

Stalagmites	MA2	and	ANJ94-5	were	used	to	understand	the	stable	isotope	records	from	

Stalagmite	MA3.	This	approach	was	performed	because	it	could	provide	robust	evidence	

that	the	isotope	data	can	be	interpreted	directly	in	terms	of	external	forcing	factors	(e.g.	

Fairchild	and	Baker,	2012,	p.272).	Procedures	for	sample	preparation	(e.g.	halving	samples,	

extracting	 powders,	 thin	 section)	 and	 laboratory	 analyses	 (radiometric	 dating,	 stable	

isotopes)	were	identical	for	three	stalagmites.	Below	we	provide	detailed	description	of	

different	methods	on	Stalagmite	MA3,	 the	 sample	on	which	 several	proxies	have	been	

investigated.		

	

3.3.1.	Materials	and	sample	preparation	

Stalagmite	MA3	was	photographed,	halved,	and	polished.	The	polished	surface	was	

scanned	and	saved	as	a.tiff	image	(see	Section	3.3.3),	which	in	turn	was	imported	to	Adobe	

Illustrator	for	indexing.	This	indexing	step	is	essential	for	keeping	consistent	records	of	the	

depth	and	labeling	of	radiometric,	isotopic,	and	other	necessary	sampling	procedures	or	

additional	measurements,	such	as	measuring	the	layer-specific	width	(Sletten	et	al.,	2013;	

Railsback	et	al.,	2014)	and	determining	the	mineralogy	at	specific	distance	from	the	top	of	

the	sample.		
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3.3.2.	Radiometric	analysis	

For	 radiometric	 analyses,	 21	 samples	 from	 Stalagmite	 MA3,	 11	 samples	 from	

Stalagmite	MA2,	and	6	samples	from	Stalagmite	ANJ94-5	were	obtained	by	drilling	(Tables	

B1,	B2,	B3).	Drilling	was	done	using	a	hand-held	dental	drill,	allowing	us	to	trace	a	specific	

trench	for	each	selected	spelean	 layer.	We	used	carbide	dental	burrs	that	range	 in	size	

from	0.5	to	1.2	mm	(SSW-HP4),	producing	a	trench	approximately	1-2	mm	wide.	The	milled	

powders	were	gently	scraped	 from	the	polished	surface	of	 the	speleothem	onto	a	pre-

weighed	weighing	paper	and	were	then	transferred	to	a	flat	bottom	cylindrical	glass	vial.	

Each	sample’s	weight	varied	between	100	and	250	mg,	depending	on	its	expected	uranium	

concentration.	

The	age	was	determined	using	advanced	techniques	for	measuring	234U	and	230Th	

on	Faraday	cups	with	precision	of	1-3	epsilon	units	(Cheng	et	al.,	2013)	on	a	multi-collector	

inductively	coupled	plasma	mass	spectrometer	(MC-ICPMS),	Thermo-Scientific	Neptune	of	

the	Minnesota	Isotope	Laboratory	at	the	University	of	Minnesota.	These	new	techniques	

minimize	the	errors	calculated	for	the	half-life	values	of	234U	and	230Th,	to	245,620	±70	and	

75,584±30	(within	2s	uncertainty)	respectively,	and	the	2s	uncertainties	in	the	age	of	the	

sample	being	analyzed	(Cheng	et	al.,	2013).	The	chemical	procedure	used	to	separate	U	

and	Th	and	the	methods	used	in	U/Th	analysis	were	similar	to	that	described	in	Shen	et	al.	

(2002)	and	Cheng	et	al.	(2013).	Corrected	230Th	ages	assume	the	initial	230Th/232Th	atomic	

ratio	of	4.4	±	2.2	×	10−	6.	This	 is	a	 ratio	 for	a	“bulk	earth”	or	crustal	material	at	secular	

equilibrium,	with	a	232Th/238U	value	of	3.8.	The	error	of	this	“bulk	earth”	value	is	assumed	

to	 be	 ±	 50%.	 The	 error	 in	 the	 final	 “corrected	 age”	 incorporates	 this	 uncertainty.	 The	
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radiometric	data	are	reported	as	year	B.P.,	where	B.P.	means	Before	Present	and	“present”	

represents	the	year	AD	1950.	

	

3.3.3.	Stable	isotope	analysis	

For	stable	isotope	analysis,	367	samples	from	Stalagmite	MA3,	164	samples	from	

Stalagmite	MA2,	and	120	samples	from	Stalagmite	ANJ94-5	were	individually	hand-drilled	

using	a	conventional	dental	drill.	Drilling	was	done	along	the	growth	axis	of	the	stalagmite	

at	an	interval	of	1	mm	on	average	for	Stalagmite	MA3	and	MA2,	and	at	an	interval	of	0.5	

mm	for	Stalagmite	ANJ94-5.	Stalagmite	ANJ94-5	was	sampled	at	smaller	intervals	because	

of	its	slower	growth	rate,	as	it	grew	during	the	dry	interval	described	in	Section	3.5.1.2	(see	

also	Section	3.4.1).	About	50	to	100	micrograms	of	powdered	CaCO3	were	weighed	for	

each	 sample.	 Weighing	 was	 done	 using	 the	 Cubis®	 Sartorius	 precision	 balance	 at	 the	

Sedimentary	Geochemistry	Lab	of	the	Geology	Department	at	UGA.	The	weighed	samples	

were	transferred	into	special	Labco	exetainer	®	vials	compatible	with	the	GasBench-IRMS	

machine	of	 the	Alabama	Stable	 Isotope	Laboratory.	Analytical	methods	and	procedures	

are	identical	to	those	described	in	Paul	and	Skrzypek	(2007)	and	Skrzypek	and	Paul	(2006).		

All	the	isotope	ratios	from	these	three	stalagmites	are	reported	in	‰	relative	to	

Vienna	Pee	Dee	Belemnite	standard	(VPDB).		As	per	convention,	those	ratios	(13C/12C	and	

18O/16O)	are	expressed	in	the	delta	notation	as	follows:	dx=[(Rsample-Rstandard)/Rstandard]	*	10
3	

(where	x	represents	13C	or	18O	and	R	is	the	ratio).	Isotope	error	was	about	+/-	0.1	‰	for	

both	d13C	and	d18O.		The	d18O	and	d13C	of	the	spelean	aragonite	were	transformed,	by	a	

subtraction	of	 1.7	‰	 (Romanek	et	 al.,	 1992)	 and	0.8‰	 (Kim	et	 al.,	 2007)	 respectively.	
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These	 transformations	 were	 done	 to	 compensate	 for	 the	 aragonite’s	 inherent	

fractionation	 of	 heavier	 isotopes.	 With	 these	 transformations,	 the	 corrected	 isotopic	

values	 remove	 the	 mineralogical	 bias	 in	 isotopic	 interpretation	 between	 calcite	 and	

aragonite.	

	

3.3.4.	Mineralogy	and	petrographic	analysis	

The	 three	 stalagmites	 were	 macroscopically	 investigated	 to	 compare	 their	

petrography	and	internal	texture	between	each	other.	Stable	 isotope	profiles	were	also	

used	to	evaluate	the	relationship	between	petrography	and	stable	isotopes.		

Detailed	 macroscopic	 examination	 of	 Stalagmite	 MA3	 consisted	 of	 a	 physical	

description	of	the	sample	both	externally	and	internally,	and	measuring	the	layer-specific	

width.	The	outer	surface	was	described	based	on	its	overall	structure	and	texture	(smooth	

vs.	rough	surface)	and	the	shape	of	the	stalagmite.	The	stalagmite’s	internal	surface	was	

investigated	 based	 on	 the	 overall	 distribution	 of	 cavities	 and	 pores,	 the	 nature	 of	 the	

spelean	carbonate,	and	 the	overall	distribution	of	 the	 spelean	minerals	 throughout	 the	

sample.	 The	 layer-specific	width	 is	 the	 horizontal	 distance	 between	 two	 points	 on	 the	

flanks,	i.e.	points	at	maximum	convexity,	at	which	the	spelean	layer	changes	dip	direction	

to	ca.	10°	in	Stalagmite	MA3.	The	width	was	measured	perpendicular	to	the	stalagmite’s	

growth	axis	following	the	method	described	in	Section	3.3.2	and	Figure	3.2	of	Sletten	et	al.	

(2013).	This	measurement	was	done	at	macroscopically	traceable	layers	and	plotted	as	a	

function	of	depth	(Fig.	3.3e).		
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Twenty-five	 regular	 (1x2	 in)	 to	 oversized	 (2x3	 in)	 thin	 sections	 of	 MA3	 were	

examined	 using	 a	 Leitz	 Laborlux	 12	 PolS	microscope	 to	 identify	 the	mineralogy	 and	 to	

specify	the	nature	of	the	layer-bounding	surfaces,	known	as	Type	E	and	Type	L	surfaces	

(Railsback	et	al.,	2013)	from	the	top	to	the	bottom	of	the	stalagmite.	Type	E	surfaces	are	

surfaces	below	which	layers	are	truncated,	particularly	toward	the	crest	of	the	stalagmite,	

as	the	result	of	dissolution	in	extremely	wet	conditions.	Type	L	surfaces	are	surfaces	below	

which	layers	thin	toward	the	flank	and	thus	indicate	reduced	deposition	rate	in	response	

to	 lesser	 dripwater	 in	 drier	 conditions	 (Railsback	 et	 al.,	 2013).	 These	 boundaries	 are	

interpreted	to	indicate	extreme	wet	(Type	E)	or	dry	conditions	(Type	L)	(Railsback	et	al.,	

2011;	2013),	and	thus	they	complement	the	information	obtained	from	stable	isotopes.	

Each	of	the	identified	layer-bounding	surfaces	was	traced	on	a	set	of	transparent	papers	

overlain	on	top	of	the	polished	surface	of	the	stalagmite.	These	transparent	papers	were	

then	scanned,	saved	as	a	“.tiff”	image	(at	600	dpi),	and	imported	into	Adobe	Illustrator	file	

with	the	scanned	image	of	the	stalagmite.	The	final	electronic	version	of	the	traces	was	

vectorized	(Fig.	3.3c)	using	the	Pen	Tool	of	Adobe	Illustrator	and	was	permanently	saved.	

Finely	 powdered	 samples	 of	 ca.	 3	 grams	 were	 analyzed	 by	 X-ray	 diffraction	 to	

identify	the	spelean	mineralogy.	We	specifically	analyzed	the	layer	between	240	and	250	

mm	 from	 the	 top	 of	 the	 stalagmite	 for	 three	 reasons:	 (1)	 the	 textural	 appearance	 is	

different	(yellow	pale	color,	greasy	luster,	and	the	mineral	is	translucent	to	opaque),	(2)	

the	layer-specific	width	is	narrow	(2.8	cm),	and	(3)	we	identified	a	Type	L	surface.	The	X-

ray	 diffraction	 consists	 of	 scanning	 the	 powdered	 sample	 on	 a	 Bruker	 D8	 X-ray	
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Diffractometer	in	the	Department	of	Geology	at	the	University	of	Georgia.	The	diffraction	

angle	2q	was	set	between	20	and	60°	and	the	radiation	used	was	CoKa.	

	

3.4.	Results	

3.4.1.	Mineralogy	and	petrography	

Stalagmite	MA3	is	38	cm	tall	and	has	a	rounded	white	top.	Its	external	upper	20	cm	

are	 smooth,	whereas	 the	 bottom	 18	 cm	 are	 covered	with	 popcorn-like	 coralloids	 (e.g.	

Caddeo	et	al.,	2015).	The	upper	~20	cm	of	the	inner	polished	surface	of	Stalagmite	MA3	

are	 also	 characterized	 by	 a	 significant	 number	 of	 macroholes	 (cavities	 of	 one	 to	 two	

millimeters	wide	and	five	to	fifteen	millimeters	long),	whereas	its	bottom	part	has	very	low	

porosity	and	cavities	are	smaller	and	are	located	near	the	flanks	(Fig.	3.3).	Laminations	(<1	

mm	thick	spelean	layers)	are	also	evident	in	the	bottom	part	of	Stalagmite	MA3.	

Comparison	of	the	overall	texture	of	the	polished	half	of	MA3	with	the	models	of	

stalagmite	shape	and	growth	rate	in	Figs.	7.5	and	7.9	of	Fairchild	and	Baker	(2012)	suggest	

that	MA3	approximates	the	shape	of	a	candlestick	(similar	to	example	3b	of	their	Fig.	7.9),	

with	 some	 irregularities	 at	 the	 flanks.	 Stalagmite	MA3	 is	 fairly	wide	 (ca.	 8	 to	 10	 cm	 in	

diameter).	The	measured	layer-specific	width	is	greater	near	the	top	(average	6.8	cm	for	

the	upper	18	cm)	and	smaller	near	the	bottom	(ca.	5.0	cm	in	average)	with	notably	much	

narrower	width	at	190	mm	(ca.	3.5	cm)	and	at	240	mm	(ca.	2.8	cm)	from	the	top	(Fig.	3.3e).	

	The	stalagmite’s	growth	axis	has	also	shifted	at	least	four	times.	The	largest	shift	is	

observable	at	20	cm	from	the	stalagmite’s	top.	This	position	marks	a	boundary	between	

the	cavity-poor	bottom	part	and	the	cavity-rich	upper	part	of	Stalagmite	MA3.	Sampling	
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for	stable	isotopes	analysis	thus	shifts	laterally	to	follow	the	direction	of	the	stalagmite’s	

growth	axis	(Fig.	3.3a).	

With	regard	to	mineralogy,	Stalagmite	MA3	is	almost	entirely	composed	of	calcite.	

Layers	of	aragonite	are	very	thin	and	rare.	These	are	only	observed	at	240	to	250	mm,	259	

to	262	mm,	281	mm,	286	to	287	mm,	306	mm,	and	354	mm	from	the	top	of	MA3	(Fig.	3.3).	

Regarding	the	other	two	samples,	the	upper	portion	of	Stalagmite	MA2	is	composed	of	

calcite	and	the	upper	portion	of	Stalagmite	ANJ94-5	consists	of	aragonite.	The	d18O	and	

d13C	values	of	these	aragonite	layers	were	transformed	to	compensate	for	the	aragonite’s	

inherent	fractionation	of	heavier	isotopes	(see	Section	3.3.2).	

The	 distribution	 of	 layer-bounding	 surfaces	 throughout	 Stalagmite	 MA3	 varies	

significantly.	They	are	abundant	and	much	more	pronounced	in	the	bottom	15	cm	of	the	

stalagmite,	with	more	Type	Ls	than	Type	Es.	In	contrast,	the	upper	part	of	Stalagmite	MA3	

has	fewer	layer-bounding	surfaces,	with	more	Type	E	surfaces	than	L.	Darker	brown	layers	

less	than	1	mm	thick	at	intervals	of	1	to	2	cm	are	also	observable	throughout	much	of	MA3.	

These	layers	are	rich	in	detrital	material	(mostly	clay-rich,	as	identified	under	microscope),	

but	 most	 importantly	 they	 coincide	 with	 Type	 E	 surfaces.	 Type	 L	 surfaces	 are	

macroscopically	observable	as	a	pinching-out	of	the	 layers	toward	the	flanks	(Fig.	3.3c).	

Overall,	at	least	19	Type	L	surfaces	and	70	Type	E	surfaces	were	identified,	and	these	are	

mapped	in	Figure	3.3c.		
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Figure	3.3:	Scanned	image	of	Stalagmite	MA-3	and	multi-proxy	records	data.	a)	Scanned	

image	of	 the	 inner	polished	half	 of	 stalagmite	MA3	 showing	 the	 traces	of	 trenches	 for	

radiometric	analysis.	“A”	denotes	aragonite	and	their	respective	position	in	the	sample	as	

discussed	in	Section	3.4.1.		b-1)	Close-up	of	the	axial	holes	as	discussed	in	Section	3.4.1.	b-

2)	X-ray	Diffraction	plot	of	sample	A*	at	240-250	mm.	c)	Sketch	tracing	the	layer-bounding	

surfaces	(Type	L	and	Type	E).		d)	Depth	series	of	the	specific	width	of	the	spelean	layers	

(LSW=	layer-specific	width,	measured	in	cm).	e)	Depth	series	of	d18O	and	d13C	of	Stalagmite	

MA3.		
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3.4.2.	Radiometric	age	data	and	age	model	

Concentrations	of	 238U	and	 232Th	 in	 Stalagmite	MA3	are	highly	 variable,	 and	we	

acknowledge	that	for	such	a	young	sample,	the	chronology	 is	poorly	constrained	(Table	

B1).	 The	 uranium	 content	 is	 generally	 low,	 detrital	 contents	 are	 rather	 high,	 and	 age	

uncertainties	 are	 large.	 Consequently,	 eleven	 U/Th	 results	 were	 rejected	 before	

constructing	the	age	model	based	on	the	following	criteria	(Table	B1,	Fig.	3.4).	First,	some	

samples	 have	 very	 low	 238U	 concentration	 (<	 100	 ppb;	 e.g.	 MA3-U008	 and	 MA3-U2).	

Second,	other	samples	have	high	232Th	concentration	(>	1500	ppt;	e.g.	MA3-U1,	MA3-U2,	

MA3-U3,	MA3-U10,	MA3-U336,	and	MA3-U13).	Third,	relative	to	the	neighboring	samples,	

some	have	higher	232Th	(i.e.	higher	detrital	materials)	and	were	also	rejected.	This	is	the	

case	 for	 samples	MA3-U5	 and	MA3-U6	 that	were	 discarded.	 Fourth,	 one	 age	 is	 not	 in	

stratigraphic	 order	 (e.g.	 MA3-U4,	 which	 also	 fulfills	 criteria	 #3).	 Finally,	 petrographic	

observations	 show	 evidence	 of	 dissolution	 (Type	 E	 surfaces)	 and	 recrystallization	 (e.g.	

MA3-U9).		

	

	

	

	

	

	

	 	



 

 107 
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Figure	3.4:	Age	models	for	Stalagmite	ANJ94-5,	MA2,	and	MA3	(see	Section	3.4.2	and	Fig.	

3.5	for	details)	
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Because	our	age	data	are	relatively	weak,	the	chronology	has	undergone	two	steps	

of	adjustment.	We	used	the	StalAge1.0	algorithm	of	Scholz	and	Hoffman	(2011)	to	obtain	

an	age	estimate,	including	the	uncertainty,	for	each	isotope	sample	of	each	stalagmite.	For	

Stalagmite	MA3,	the	age	model	was	constructed	using	the	remaining	acceptable	age	data	

(i.e.	 238U<100ppb	 and	 232Th>1500ppt).	 No	 significant	 long-term	 hiatal	 surfaces	 were	

identified	 in	 the	 stalagmites.	 The	 pronounced	 brown	 layers	 at	 150	 and	 200	 mm	 in	

Stalagmite	MA3,	at	39,	71,	89,	and	104	mm	in	Stalagmite	MA2,	and	at	29mm	in	Stalagmite	

ANJ94-5	are	seemingly	 layers	of	detritals	deposited	during	very	wet	seasons.	We	finally	

tuned	the	chronology	model	by	matching	peaks	and	troughs	of	the	stable	isotope	profiles.	

To	do	this,	we	used	the	depth	series	profile	of	d13C	of	all	three	stalagmites	(Figs.	3.5	and	

3.6).	We	 started	wiggle-matching	 Stalagmite	MA3	 and	 Stalagmite	 ANJ94-5,	 two	 of	 the	

stalagmites	that	are	better	constrained,	for	the	interval	between	AD	600	and	1100.	Then,	

we	wiggle	matched	Stalagmite	MA3	and	Stalagmite	MA2	for	the	interval	between	AD	850	

and	AD	1350.		To	validate	our	age	model	reconstruction,	we	compared	the	reconstructed	

stable	isotope	profile	with	previously	published	stable	isotope	profiles	from	the	same	cave	

(Fig.	3.7).		
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Figure	3.5:	 	Steps	 in	peak	comparison	(wiggle-matching)	between	d13C	of	 (a)	Stalagmite	

MA2	and	(b)	Stalagmite	MA3	(note	that	d13C	is	chosen	for	comparison	because	its	profile	

for	both	stalagmites	is	very	similar,	making	comparison	easier).	The	different	shaded	areas	

represent	similar	profiles	in	Stalagmites	MA2	and	MA3.	The	small	vertical	bars	above	each	

depth	 series	 are	 radiometric	 data	 for	 each	 respective	 sample	 and	 their	 respective	

uncertainty.	The	resulting	time	series	is	shown	at	the	bottom	figure	(c),	and	Fig.	3.6.	The	

reconstructed	stable	isotope	profile	of	Stalagmite	MA3	is	further	compared	with	already	

published	records	(Fig.	3.7).		
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Figure	 3.6:	 Time	 series	 of	 oxygen	 and	 carbon	 stable	 isotope	 ratios	 (‰,	 vs.	 VPDB)	 for	

Stalagmite	MA3	(red),	ANJ94-5	(green),	and	MA2	(blue).	The	series	of	figures	indicate	that	

stable	 isotope	 records	 from	 Stalagmite	 MA3	 are	 comparable	 with	 Stalagmite	 MA2	

(between	AD	850	and	AD	1350)	and	Stalagmite	ANJ94-5	(between	AD	600	and	AD	1100).	
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Figure	3.7:	Comparison	of	stable	isotope	profile	of	d18O	and	d13C	of	Stalagmite	MA3	(this	

study)	and	two	other	stalagmites	(AB2	and	AB3;	Burns	et	al.,	2016)	of	the	late	Holocene	in	

Madagascar	 from	Anjohibe	Cave’s	stalagmites	showing	that	although	the	chronology	of	

our	stalagmites	 is	not	very	robust,	the	best	estimate	age	model	using	StalAge	and	peak	

comparison	 provide	 oxygen	 and	 carbon	 stable	 isotope	 profile	 that	 is	 comparable	 to	

previously	published	research	(Burns	et	al.,	2016).	
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3.4.3.	Stable	isotopes		

The	 stable	 isotopic	 time	 series	 of	 Stalagmite	MA3	 is	 characterized	 by	 relatively	

constant	d18O,	ranging	from	–7.2	to	–2.9	‰,	vs.	VPDB,	while	the	values	of	d13C	show	an	

overall	 increasing	 trend	 from	 –11.5	 to	 +1.5	‰,	 vs.	 VPDB	 (Figs.	 3.3d,	 3.6,	 3.8),	 with	 a	

significant	increase	starting	ca.	AD	870.	One	striking	aspect	of	the	records	is	the	covariance	

of	d18O	and	d13C	before	ca.	AD	795	and	the	lack	of	correlation	after	ca.	AD	870,	with	the	

marked	increasing	d13C	trend	(Figs.	3.3d,	3.8b).	

	

3.5.	Discussion	

3.5.1.	Multiple	proxies	as	indicators	of	past	hydroclimate	 	

Six	proxies	from	Stalagmite	MA3	combine	to	provide	a	record	of	variation	between	

wetter	and	drier	conditions	in	northwestern	Madagascar.	These	proxies	are	summarized	

in	 Table	 3.1,	 and	 their	 relevance	 to	 understanding	 paleoclimate	 in	 northwestern	

Madagascar	is	discussed	further	below.	
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Table	3.1:	Summary	of	the	six	proxies	with	a	list	of	possible	controlling	factors	and	their	climatic	significance,	when	known	or	

available.	Indicated	with	an	asterisk	(*)	are	the	immediate	controls	for	d18O	and	d13C	for	Stalagmite	MA3.	

PROXIES	 DEFINITION/CONTROLLING	FACTORS	 REFERENCES		

d18O	
	 d18O=[(18O/16O)sample-(

18O/16O)standard)]/	(
18O/16O)standard		

• Variations	in	d18O	of	moisture	source	supplying	drip	water	to	the	cave.	This	is	mainly	significant	to	decipher	glacial	(greater	d18O)	
and	interglacial	intervals	(smaller	d18O).	

• Variations	in	atmospheric	temperature:	although	d18O	values	are	typically	lower	in	the	winter	and	higher	in	the	summer	in	
several	regions,	the	opposite	has	been	observed	in	Madagascar	(greater		d18O	during	winter,	smaller	d18O	during	summers)	

• Distance	of	transport	from	the	vapor	source	(continental	effect):	typically	water	d18O	values	decrease	with	distance	from	the	
ocean,	but	it	could	be	influenced	by	high	d18O	recycled	continental	moisture	back	to	the	atmosphere	from	evaporation	of	soil	
water,	lakes,	and	rivers.		

• Altitude	effect:	smaller	d18O	with	increasing	elevation.	
• *	Variations	in	the	d18Ow	of	the	dripwater	which	reflect	the	d

18O	of	atmospheric	precipitation	(amount	effect).	It	varies	
depending	on	seasonality	of	rainfall	(e.g	in	tropical	warm	summers,	d18O	is	smaller	with	increased	rainfall	amount;	whereas	in	
mid-latitude	colder	regions,	mean	winter	rainfall	is	often	more	depleted	in	18O)	

• Variations	in	cave	temperature:	greater		d18O	with	colder	temperature,	and	smaller		d18O	with	warmer	temperature		
• Magnitude	of	kinetic	fractionation	of	dripwater	or	water	films	precipitating	carbonate	
• Evaporation	inside	and	outside	the	cave:	greater	d18O	with	increased	evaporation.		

	

Burns	et	al.,	2002	
Clark	and	Fritz,	1997	
Cuthbert	et	al.,	2014	
Dansgaard,	1964	
Deininger	et	al.,	2012	
Fairchild	and	Treble,	2009	
Hoefs,	2009	
Koster	et	al.,	1993	
Lachniet,	2009;	
McDermott,	2004	
Quade,	2004	
Railsback,	2010	
Rozanski	et	al.,	1993	
Wong	and	Breeker,	2015	

d13C	 d13C	=[(13C/12C)sample-(
13C/12C)standard)]/	(

13C/12C)standard			
• Variations	of	d13C	of	CO2	in	the	atmosphere	

o Smaller	d13C	due	to	the	Suess	effect	
o Smaller	d13C	during	glacial	and	greater	d13C	during	interglacial	

• *	Photosynthetic	pathway:	smaller	d13C	for	C3	plants	and	greater		d
13C	for	C4	plants.	

• *	Extent	of	vegetation,	soil	biomass	productivity	(as	a	function	of	meteoric	precipitation):	smaller	d13C	with	more	vegetation	
cover	

• *	Rate	of	passage	of	water	through	soil	to	limestone	
o Closed	system:	greater	d13C	with	faster	passage	if	water	and	thus	lesser	input	of	soil	CO2	
o Open	system:	lesser	d13C	with	slower	passage	of	water	and	thus	greater	input	of	soil	CO2	

• d13C	of	limestone	
• *	Extent	of	degassing	of	CO2		and	Prior	Calcite	Precipitation	(or	more	generally		Prior	Carbonate	Precipitation).	The	relationship	

between	degassing	and	prior	calcite	precipitation	results	in	systematic	rises	in	d13C.	
• Cave	ventilation	which	could	accelerate	the	rate	of	degassing	and	PCP,	leading	to	an	increase	in	d13C.	

	

Baldini	et	al.,	2005	
Brook	et	al.,	1999,	20010	
Brook	et	al.,	2006	
Burns	et	al.,	2016	
Cross	et	al.,	2015	
Cruz	et	al.,	2006	
Denniston	et	al.,	2013	
Dreybrodt	and	Scholz,	2011	
Fairchild	and	McMillan,	2007	
Frisia	et	al.,	2011	
Genty	et	al.,	2001;	2003;	2006	
Hesterberg	and	Siegenthaler,	1991	
Johnson	et	al.,	2006	
Lauritzen	and	Lundberg,	1999	
Meyer	et	al.,	2014	
Mickler	et	al.,	2004,	2006;		
Moreno	et	al.,	2010	
Quade,	2004	
Railsback,	2010	
Suess,	1955	
Verburg,	2007	
Wong	and	Breecker,	2015	

Layer	bounding	
surfaces	
		

Surfaces	between	two	spelean	layers	that	delimit	series	of	layers	and	represent	periods	of	non-deposition	
Type	E:	surfaces	below	which	spelean	layers	are	truncated,	microscopic	examination	shows	signs	of	dissolution	
• Type	E	surfaces	represent	exceptionally	wet	conditions	and	faster	drip	rate.	

Type	L:	surfaces	below	which	layers	thin	upward	and/or	have	lesser	lateral	extent	upward	(the	layer-specific	width	decreases)	
• Type	L	surfaces	represent	exceptionally	dry	conditions	and	slower	drip	rate.	

	
Railsback	et	al.	2011,	2013	
Sletten	et	al.,	2013	
Voarintsoa	et	al.,	2016	
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Layer-specific	width	
		

The	width	across	the	stalagmite	between	the	points	at	which	the	layer	is	tangent	to	a	line	inclined	at	specific	angle	(here	it	is	10°)	relative	
to	the	growth	axis	of	the	stalagmite	
• Smaller	values	represent	drier	conditions	and	reduced	drip	rate.	
• Greater	values	represent	wetter	conditions	and	increased	drip	rate.	

Dreydbrodt	(1999)	
Railsback	et	al	2014	
Sletten	et	al	2013	
Yadava	et	al.,	2004	

Macroholes	
	

Axial	holes:	Syngenetic	holes	aligned	along	the	stalagmite	axis	and	maintain	open	contact	with	the	cave	atmosphere	during	stalagmite	
formation	
• Local	variation	in	the	rate	of	calcite	precipitation:	increased	deposition	rate	as	drip	water	loses	CO2	to	the	cave	atmosphere	(this	

degassing	process	start	where	the	falling	drop	first	meets	the	stalagmite	surface):	could	indicate	wetter	conditions,	particularly	
when	layers	dip	toward	the	growth	axis	of	the	stalagmite	

Off	axis	holes:	elongated,	ellipsoidal,	post-depositional	holes	parallel	to	the	growth	axis	of	the	spelean	layers.	They	often	crosscut	growth	
layers	after	an	internal	erosion	of	the	previously	formed	stalagmite	
• no	known	significant	climatic	meaning,	but	could	suggest	wetter	conditions	

		
Shtober-Zisu	et	al.,	2012	
Shtober-Zisu	et	al.,	2014	
		

Mineralogy		
	

There	are	several	spelean	minerals	but	the	most	common	ones	are	calcite	and	aragonite.	Factors	directly	favoring	the	formation	of	
aragonite,	rather	than	calcite,	under	cave	conditions	are:	
• high	temperature,		
• drip	water	composition	in	trace	elements	(high	concentration	of	Mg,	Sr,	Pb),	which	could	reflect	the	composition	of	the	bedrock	
• drier	conditions	
• extensive	evaporation	
• seasonal	dryness	
• prior	carbonate	precipitation	

Bischoff	and	Fyfe,	1968	
Bischoff,	1968	
Cabrol	and	Coudray,	1982	
Caddeo	et	al.,	2011	
Fischbeck,	1976	
Frisia	et	al.,	2002	
González	and	Lohmann,	1988	
Hill	and	Forti,	1997	
McMillan,	2005	
Moore,	1956	
Murray,	1954	
Pobeguin,	1965	
Railsback	et	al.	1994	
Riechelman	et	al.,	2014	
Siegel,	1965	
Sletten	et	al.,	2013	
Thrailkill,	1971	
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3.5.1.1.	Co-variance	of	d18O	and	petrographic	indicators	of	hydroclimatic	history	

Values	 of	 d18O	 (and/or	 d13C),	 the	 nature	 of	 the	 stalagmite’s	 layer-bounding	

surfaces,	known	as	Type	E	and	Type	L	surfaces,	the	variations	in	layer-specific	width,	and	

the	 distribution	 of	 macroholes	 throughout	 Stalagmite	 MA3	 combine	 to	 provide	 a	

meaningful	 record	of	variation	between	wetter	and	drier	conditions	 in	Anjohibe	and	 its	

surroundings.	Greater	d18O	 is	associated	with	abundant	Type	L	surfaces,	 reduced	 layer-

specific	width,	and	fewer	macroholes.	All	of	this	suggests	that	an	overall	increase	in	d18O	

in	Stalagmite	MA3	reflects	drier	conditions	(Table	3.1).	On	the	other	hand,	smaller	d18O	is	

associated	with	abundant	Type	E	 surfaces,	greater	 layer-specific	width,	and	axial	holes,	

suggesting	 wetter	 conditions	 (Table	 3.1).	 In	 this	 respect,	 Stalagmite	 MA3	 follows	 the	

generalization	of	Fairchild	and	McMillan	(2007)	that	stalagmites	are	indicators	of	wetter	

and	drier	conditions.	
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Figure	3.8:	Comparison	of	the	paleoclimate	record	of	Stalagmite	MA3	with	temperature	

anomaly	records	from	Europe	(see	Section	3.5.1.2,	3.5.1.3,	and	3.5.2.3	for	discussion).	A.	

Temperature	anomaly	from	Europe	(Büntgen	et	al.,	2011)	(the	focus	on	European	records	

is	discussed	in	Supplementary	Text	2).	The	gray	line	is	a	20	pt.	running	average.	B.	Stable	

isotope	of	oxygen	and	carbon	(d18O	and	d13C)	profile	of	Stalagmite	MA3.	C.	Growth	rate	of	

Stalagmite	MA3.	 The	 vertical	 light	 orange	 and	 blue	 bars	 represent	 period	 of	 drier	 and	

wetter	 conditions,	 respectively,	 in	 northwestern	 Madagascar	 coinciding	 with	

positive/negative	 temperature	anomaly	 in	 the	European	 records.	The	hachured	vertical	

bar	is	the	driest	interval	in	the	record.	The	blue-gray	vertical	bar	is	the	transition	period	

(see	 Section	 3.5.1.2).	 Intervals	 of	 human	 settlement	 in	 northwestern/northern	

Madagascar	are	summarized	in	Fig.	3.9)		
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3.5.1.2.	Hydroclimatic	history	

	Multiple	proxy	records	from	Stalagmite	MA3	suggest	three	intervals	of	changing	

hydroclimate,	presented	here	in	chronological	order	(Fig.	3.8):	

a)	Prior	to	ca.	AD.	795,	the	greater	mean	values	of	d18O	(–4.8‰,	vs.	VPDB)	relative	

to	the	sample’s	mean	d18O	value	(–5.6	‰,	vs.	VPDB),	the	abundance	of	Type	L	surfaces	in	

the	lowest	200	mm	of	Stalagmite	MA3,	and	the	smaller	values	of	the	layer-specific	width	

(avg.		50	mm)	relative	to	the	sample’s	layer-specific	in	the	upper	portion	of	the	stalagmite	

(avg.	67.8	mm)	combine	to	suggest	an	overall	drier	condition	in	northwestern	Madagascar.	

This	climatic	inference	is	further	supported	by	a	widely	ranging	d18O	values	and	a	strong	

linear	 correlation	 between	 d18O	 and	 d13C	 (r2=	 0.44),	 indicative	 of	 kinetic	 fractionation	

(Hendy,	1971;	Linge	et	al.,	2001).	This	overall	dryness	prior	to	AD.	795	could	have	increased	

the	evaporation	 rate,	degassing	 rate	 (and	prior	carbonate	precipitation,	PCP),	and	cave	

ventilation,	allowing	kinetic	fractionation	to	dominate	the	partitioning	of	isotopes	between	

the	degassed	dripwater	and	the	precipitated	calcium	carbonate	minerals	 (Hendy,	1971;	

Linge	et	al.,	2001).	

In	Sainte	Luce,	 southeastern	Madagascar,	 fossil	pollen	and	charcoal	 in	sediment	

sequences	also	suggest	a	pronounced	climatic	desiccation	between	ca.	1200	and	700	cal.	

yr.	BP	(ca.	AD	750-1250)	(Virah-Sawmy	et	al.,	2010),	a	time	interval	that	could	coincide	with	

the	 drier	 interval	 in	 northwestern	 Madagascar,	 if	 uncertainty	 in	 both	 chronologies	 is	

considered.	

The	driest	interval	within	the	whole	Stalagmite	MA3	record	occurred	between	ca.	

AD	755	and	ca.	AD	795,	at	ca.	240–250	mm	from	its	top	(Fig.	3.9).	In	addition	to	greater	
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d18O	(–3.7‰,	vs.	VPDB)	and	to	the	presence	of	a	Type	L	surface,	values	of	d13C	also	show	

a	large	increase	from	–11.3‰	to	–3.9‰	(vs.	VPDB),	and	the	layer-specific	width	is	narrow	

(28	mm,	Fig.	3.3).	Furthermore,	X-ray	diffraction	of	this	specific	layer	demonstrates	that	

the	mineralogy	is	aragonite	(Fig.	3.3.	b-2).	Aragonite	is	the	polymorph	of	CaCO3	that	forms	

under	drier	conditions	(see	references	in	Table	3.1),	and	this	dry	event	is	consistent	with	

the	drying	of	Lake	Mitsinjo,	at	around	AD	750	(Matsumoto	and	Burney,	1994).	

	

b)	Between	ca.	AD	795	and	870,	 following	 the	driest	period	at	AD	755-795,	 the	

decrease	in	d18O	values	from	–3.0	to	–6.0‰	(vs.	VPDB),	the	decrease	in	d13C	value	from	–

4	to	–10	‰	(vs.	VPDB),	the	increase	in	growth	rate	(from	0.1	to	0.9	mm/yr),	the	decrease	

in	abundance	of	Type	L	surfaces,	and	the	increase	of	layer-specific	width	all	combine	to	

suggest	a	change	in	hydrology	from	drier	to	slightly	wetter	conditions	(Table	1).	We	classify	

this	interval	as	a	transition	period	for	three	reasons.	First,	the	mean	value	of	d18O	(–5.7‰,	

vs.	VPDB)	is	intermediate	between	the	mean	d18O	value	of	the	interval	prior	to	AD	795	(–

4.8‰,	vs.	VPDB)	and	the	mean	d18O	value	of	the	interval	after	AD	870	(–6.0‰,	vs.	VPDB).	

Second,	the	gradual	decrease	in	d13C	could	suggest	a	recovery	in	vegetation	cover	above	

the	cave	that	required	sufficient	moisture	to	increase	the	soil	biomass	productivity	(details	

regarding	d13C	and	vegetation	are	discussed	in	Section	3.5.2.2).	Third,	if	one	considers	the	

uncertainties	 of	 radiometric	 ages	 of	 our	 stalagmites,	 the	 roughly	 contemporaneous	

development	 of	 an	 urban	 center	 and	 trading	 port	 in	 the	 large	 Swahili	 stone	 town	 of	

Mahilaka	between	ca.	AD	900–1300	(Radimilahy,	1998;	Crowther	et	al.,	2016),	northeast	
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of	Anjohibe	(Fig.	B1)	could	suggest	that	climate	was	favorable	to	accommodate	population	

migration	then.	

	

c)	After	AD	870,	the	overall	lower	d18O	value	(avg.	–6.0‰,	vs.	VPDB)	relative	to	the	

sample’s	mean	d18O	(–5.6	‰,	VPDB),	the	greater	layer-specific	width	(ca.	67.8	mm),	and	

the	abundance	of	Type	E	surfaces	in	the	upper	ca.	150	mm	of	Stalagmite	MA3	(Fig.	3.3c,	d)	

combine	to	suggest	much	wetter	conditions	in	northwestern	Madagascar.	These	Type	E	

surfaces	could	reflect	faster	groundwater	recharge	from	heavier	rainfall	(Railsback	et	al.,	

2013)	during	summers.	Thus,	one	could	speculate	that	northwestern	Madagascar	received	

more	summer	rainfall	after	AD	870	than	before	then.	That	increase	could	reflect	either	an	

increase	in	the	amount	of	monthly	rainfall	received	during	the	summer	or	an	increase	in	

the	number	of	rainy	months	in	summer.	

One	 striking	 feature	of	 the	upper	portion	of	 Stalagmite	MA3	 is	 the	presence	of	

millimeter-to-centimeter	 internal	 cavities	 elongated	 along	 the	 growth	 axis	 of	 the	

stalagmite	 (Fig.	 3.3a,	 b-1).	 Cavities	 like	 these	 are	 named	 “macroholes”	 or	 “axial	 holes”	

(Shtober-Zisu	 et	 al.,	 2012,	 2014).	 They	 develop	 as	 the	 newly	 precipitated	 layers	 are	

sufficiently	 unconsolidated	 to	 allow	 the	 falling	 droplet	 of	 water	 to	 carve	 into	 the	

precipitated	spelean	layers	as	it	degases	to	create	cavities	(Shtober-Zisu	et	al.,	2014).	At	

these	axial	holes,	the	layers	are	curved	toward	the	center	of	the	stalagmite	(Fig.	3.3b-1).	In	

this	scenario,	 these	axial	holes	could	be	related	to	an	 increased	depositional	 rate	 (here	

from	0.1	to	0.8	mm/year)	of	the	spelean	carbonates	as	the	drip	water	progressively	loses	

CO2	to	the	cave	atmosphere	and	stagnates	at	the	top	of	the	stalagmite	(Shtober-Zisu	et	al.,	
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2012,	 2014),	 as	 suggested	by	 the	 FLOW-model	 of	 Romanov	 et	 al.	 (2008).	 In	 that	 case,	

macroholes	would	reflect	wetter	conditions.	

	

3.5.1.3.	Rainfall	in	northwestern	Madagascar	and	the	influence	of	the	ITCZ/Monsoon	

A	broad	screening	of	the	d18O	profile	of	Stalagmite	MA3	from	AD	370	to	AD	1300	

suggests	a	relatively	stable	hydroclimate	in	Northwestern	Madagascar,	which	could	reflect	

the	seasonal	visit	of	the	ITCZ	to	the	island	every	summer.	However,	closer	examination	of	

the	d18O	records	reveals	a	semi-centennial	(average	50	years)	variability	prior	to	AD	870	as	

opposed	 to	 the	 period	 after	 then	 (Fig.	 3.8).	 This	 semi-centennial	 variability	 could	 be	

ascribed	to	the	length	of	visit	of	the	ITCZ	over	northwestern	Madagascar.	During	longer	

visits,	northwestern	Madagascar	receives	more	rainfall	and	the	cold/dry	winter	seasons	

are	shorter	(reflected	in	the	smaller	d18O).	During	briefer	visits	of	the	ITCZ,	northwestern	

Madagascar	receives	less	rainfall	and	the	cold/dry	seasons	become	longer	(reflected	in	the	

greater	d18O).	

At	longer	time	scales,	the	variation	of	the	length	of	visits	of	the	ITCZ	in	northwestern	

Madagascar	could	be	 linked	 to	global	conditions,	 specifically	 to	 the	extent	of	global	 ice	

cover	 and	 to	 the	 difference	 in	 temperature	 between	 the	 Northern	 and	 Southern	

Hemisphere	(e.g.	Broccoli	et	al.,	2006;	Chiang	and	Bitz,	2005;	Chiang	and	Friedman,	2012;	

Schneider	et	al.,	2014).	During	colder	intervals,	the	ITCZ	is	pushed	southward	(Broccoli	et	

al.,	2006;	Chiang	and	Bitz,	2005),	and	as	a	result,	several	regions	in	the	low	to	mid-latitudes	

in	the	Southern	Hemisphere	receive	more	rainfall	(e.g.	Brown	and	Johnson,	2005;	Russell	

and	Johnson,	2007;	Schefuß	et	al,	2011;	Voarintsoa	et	al.,	2016).	This	is	relevant	because	
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wetter	and	drier	periods	in	northwestern	Madagascar	as	suggested	by	the	proxy	records	

in	Stalagmite	MA3	correlate	with	temperature	anomalies	reconstructed	from	tree	rings	in	

Europe	 (Büntgen	 et	 al.,	 2011)	 (the	 focus	 on	 European	 records	 is	 discussed	 in	

Supplementary	Text	2).	 	 Lower	d18O	values	 in	MA3	coincide	with	negative	 temperature	

anomalies	in	the	European	records,	suggesting	that	an	increase	in	precipitation	(or	possibly	

longer	wet	seasons)	over	northwestern	Madagascar	coincided	with	longer	southward	visits	

of	 the	 ITCZ	when	 the	 NH	was	 cooler.	 On	 the	 other	 hand,	 greater	 d18O	 values	 in	MA3	

coincide	with	positive	temperature	anomalies	in	the	European	records	and	could	suggest	

a	 decrease	 in	 precipitation	 (or	 shorter	 wet	 seasons,	 but	 longer	 cold/dry	 winters)	 in	

response	to	shorter	visits	of	the	ITCZ.	This	could	correspond	to	a	more	northward	migration	

of	the	ITCZ.		

	

3.5.2.	Speleothem	d13C	as	an	indicator	of	past	vegetation	and	human	impact	

3.5.2.1.	Perspectives	on	the	nature	of	changing	vegetation	in	northwestern	Madagascar	

The	nationwide	distribution	of	C4	grassland	in	Madagascar	has	been	a	major	subject	

of	debate	(e.g.	Virah-Sawmy	et	al.,	2010;	Willis	et	al.,	2008;	also	see	the	review	on	page	

2353	of	Irwin	et	al.,	2010).	On	one	hand,	it	was	interpreted	to	result	from	human	activities	

following	the	first	settlement.	Humbert	(1927),	for	example,	adopted	the	hypothesis	that	

Madagascar	was	covered	by	continuous,	dense,	and	climax	forest	prior	to	human	arrival,	a	

hypothesis	that	was	later	supported	by	Lavauden	(1931,	p.	821).	On	the	other	hand,	the	

nationwide	distribution	of	C4	grassland	was	argued	to	be	natural	(Willis	et	al.,	2008)	as	a	

response	to	the	worldwide	expansion	of	C4	grassy	biomes	after	the	late	Miocene	(Bond	et	
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al.,	2008),	in	response	to	cold	and	dry	climates	(Bonnefille,	1985;	Burney,	1997a)	linked	to	

a	decrease	in	CO2	(Bouchenak-Khelladi	et	al.,	2009).		

A	natural	origin	of	C4	grasslands	in	western	Madagascar	seems	to	be	supported	by	

the	 region’s	 climatic	 regime:	 the	 region	 only	 receives	 rainfall	 during	 summer	months.	

Additionally,	 it	 experiences	 the	 orographic	 effect	 during	winter,	when	 the	warm	 vapor	

from	the	Indian	Ocean	is	blocked	by	the	chain	of	mountains	that	stretches	North-South	

along	the	eastern	escarpment	of	Madagascar	 (Section	3.2.3).	Drier	conditions	 lead	to	a	

sparser	vegetation	cover	with	fewer	temperature-tolerant	trees	but	with	more	C4	grasses,	

typical	of	western	Madagascar	as	opposed	to	eastern	Madagascar.	

Paleoenvironmental	 study	 using	 pollen	 stratigraphy	 at	 Lake	 Mitsinjo,	 located	

southwest	of	Anjohibe	Cave,	suggests	a	mosaic	of	dry	forest	and	grassland	that	dominated	

the	area	from	ca.	3500	BP	until	the	lake	dried	up,	around	1200	BP	(Matsumoto	and	Burney,	

1994).	 That	 landscape	 then	 changed	 to	 savanna	 from	 ca.	 1000	 to	 500	 BP,	 a	 period	 of	

human	disturbance	recorded	by	archaeological	evidence	(Fig.9;	Matsumoto	and	Burney,	

1994).	According	to	Matsumoto	and	Burney	(1994),	the	last	500	years	were	characterized	

by	a	highly	disturbed	landscape	of	grassland	with	fire-adapted	trees	and	ruderal	herbs,	the	

cause	of	which	was	linked	to	human	disturbance.		

At	 present,	 swidden	 agriculture,	 known	 as	 “tavy”,	 is	 a	 very	 typical	 mode	 of	

cultivation	 in	Madagascar,	 at	 least	 since	 the	 French	 colonization.	 These	activities	 could	

have	started	long	before	Austronesian	migration	to	the	island.	“Tavy”	can	be	explained	as	

follow:	former	vegetation	is	burned	and	is	replaced	with	various	crops,	mostly	with	dry-

land	 rice	 or	 “vary	 an-tanety”,	 which	 are	 planted	 for	 a	 few	 years	 until	 the	 soils	 are	
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impoverished,	and	then	abandoned	(see	also	Conklin,	1954;	Dove,	1993;	Raharimalala	et	

al.,	2010).	The	degraded	lands	are	then	succeeded	by	secondary	grasslands	and	other	fire-

prone	 open	 vegetation	 ecosystems,	 named	 “savoka”	 (Irwin	 et	 al.,	 2010)	 or	 “monka”	

(Raharimalala	 et	 al.	 2010),	 including	 woodland,	 bushland,	 and	 shrubland	 as	 briefly	

reviewed	on	page	56	of	Ingram	and	Dawson	(2005).	This	could	significantly	alter	the	d13C	

signals	 in	speleothems	by	 influencing	the	rate	of	passage	of	water	through	the	soil	and	

limestone	(e.g.	Bar-Matthews	et	al.,	1996;	Baldini	et	al.,	2005),	as	discussed	in	the	following	

Section	3.5.2.2.		

	

3.5.2.2.	Possible	controls	on	speleothem	d13C		

Changes	 in	 speleothem	 d13C	 largely	 depend	 on	 the	 changes	 in	 d13C	 of	 three	

reservoirs:	 the	 atmosphere,	 the	 soil,	 and	 the	 limestone	 bedrock.	 Table	 3.1	 provides	 a	

summary	 of	 the	 possible	 controlling	 factors	 for	 speleothem	 d13C	 and	 supplementary	

materials	provide	details	on	the	roles	these	factors	play	in	influencing	the	speleothem	d13C.		

Among	 the	 reservoir	 sources,	 atmospheric	 CO2	 has	 little	 influence	on	 speleothem	d13C	

because	 the	 concentration	 of	 carbon	 dioxide	 (CO2)	 in	 the	 atmosphere	 stayed	 constant	

between	AD	370	and	AD	1300,	during	which	Stalagmite	MA3	grew.	Here,		d13C	of	the	soil	

is	 fundamental,	 and	 it	 varies	 depending	 on	 the	 nature	 of	 vegetation	 and	 the	 rate	 of	

biological	 activity	 (e.g.	 Cerling	 et	 al.,	 1991;	 Talma	 and	 Vogel,	 1992;	 Brook	 et	 al.,	 1999,	

2015).	The	d13C	of	speleothems	can	be	linked	to	climate-driven	vegetation	changes	(e.g.	

Dorale	and	Liu,	2009;	Dorale	et	al.,	1998;	Hellstrom	et	al.,	1998;	Baldini	et	al.,	2005;	Sletten	

et	al.,	2013;	Baker	et	al.,	1997;	Fairchild	et	al.	2000).	For	example,	more	biological	activity	
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favors	greater	input	of	low-d13C	CO2	to	soil	gas	via	root	respiration	and/or	decay	of	organic	

matter	(e.g.	Hesterberg	and	Siegenthaler;	1991;	Baldini	et	al.,	2005;	Amundson	et	al.,	1998;	

Genty	et	al.,	2003;	Drysdale	et	al.,	2004).	When	the	percolating	water	is	en	route	to	the	

cave	system,	its	d13C	can	still	be	altered	by	several	factors,	such	as	the	residence	time	of	

the	water	above	the	cave	(e.g.	Clark	and	Fritz,	1997;	Baldini	et	al.,	2005).	Inside	the	cave,	

additional	 changes	 can	 occur.	 Those	 changes	 could	 be	 linked	 to	 	 evaporation	 	 (Hendy,	

1971;	Linge	et	al.,	2001),	the	dripwater	rate	(e.g.	Yadava	and	Ramesh,	2006),	the	degassing	

rate	and	prior	carbonate	precipitation,	PCP	(Dreybrodt	and	Scholz,	2011;	Baker	et	al.,	1997;	

Fairchild	et	al.,	2000;	Johnson	et	al.,	2006;	Cruz	et	al.,	2007;	Fairchild	and	McMillan,	2007;	

Fairchild	and	Treble,	2009;	Oster	et	al.,	2009;	2010),	the	CaCO3	precipitation	rate	(Hendy,	

1971;	 Wigley	 et	 al	 1978;	 Bar-Matthews	 et	 al	 1996;	 Hellstrom	 et	 al.,	 1998)	 and	 cave	

ventilation	(e.g.	James	et	al.,	2015;	Spötl	et	al.,	2005;	Banner	et	al.,	2007;	Kowalczk	and	

Froelich,	 2010;	Mattey	 et	 al.,	 2010;	 Boch	 et	 al.,	 2011;	 Frisia	 et	 al.,	 2011;	 Lambert	 and	

Aharon,	2011;	Tremaine	et	al.,	2011;	Wong	et	al.,	2011).		All	these	factors	could	enhance	

kinetic	isotope	fractionation	in	speleothems.		

	

3.5.2.3.	Changing	vegetation	in	northwestern	Madagascar:	evidence	from	speleothem	

d13C	

Changes	in	d13C	of	Stalagmite	MA3,	replicated	by	Stalagmites	ANJ94-5	and	MA2,	

suggest	 three	 distinct	 intervals	 of	 vegetation	 change	 between	AD	 370	 and	AD	 1300	 in	

northwestern	Madagascar	(Fig.	3.8).		
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(1)	Prior	to	AD	795	the	d13C	records,	with	an	average	of	–9.8‰	(vs.	VPDB)	within	

that	 interval,	 suggest	 that	 vegetation	was	 dominated	 by	 C3	 plants,	 and	 the	 covariance	

between	d13C	and	d18O	suggest	that	changes	in	vegetation	were	primarily	driven	by	climate	

(Dorale	and	Liu,	2009;	Dorale	et	al.,	1998;	Hellstrom	et	al.,	1998;	Baldini	et	al.,	2005;	Sletten	

et	 al.,	 2013).	 We	 ascribe	 this	 climatic	 control	 to	 the	 latitudinal	 migration	 of	 the	 ITCZ	

(Section	3.5.1.3).	The	significant	 shift	 in	d13C	between	AD	755	and	795	could	suggest	a	

significant	 decrease	 in	 biological	 activity	 above	 the	 cave	 in	 response	 to	 dry	 conditions	

(Section	3.5.1.2),	enhancing	kinetic	fractionation	in	Anjohibe	cave	(Section	3.5.2.2)	or	 in	

response	to	natural	fires	(e.g.	Burney,	1997b;	Nagra	et	al.,	2016).		

(2)	 Between	 AD	 795	 and	 AD	 870,	 the	 record	 suggests	 a	 vegetation	 recovery	

following	the	driest	interval	described	earlier	(see	Section	3.5.1.2).	The	gradual	decrease	

in	d13C	in	Stalagmite	MA3	probably	reflects	an	increase	in	vegetation	cover	and	biomass	

activity	above	the	cave	when	climate	was	relatively	wetter	(Section	3.5.1.2).	This	in	turn	

could	be	associated	with	an	increased	moisture	and	humidity	favoring	bio-productivity	in	

the	soil	epikarst.	In	addition,	the	percolating	water	could	have	longer	residence	times	to	

exchange	carbon	with	the	soil	epikarst	 (i.e.,	 in	an	open	system).	Thus,	speleothem	d13C	

became	depleted	(Baldini	et	al.,	2005;	Bar-Matthews	et	al.,	1996).	Changes	in	speleothem	

d13C	at	that	time	could	have	also	been	influenced	by	human	activities,	such	as	the	practice	

of	swidden	agriculture	(e.g.	Conklin,	1954;	Dove,	1993)	and	the	introduction	of	crops	by	

foreign	settlers	(e.g.	Crowther	et	al.	2016),	but	as	the	timing	of	human	colonization	in	the	

study	area	is	not	fully	refined,	our	hypothesis	in	linking	human	activity	and	d13C	during	this	

interval	requires	further	investigation.	
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(3)	After	AD	870,	the	gradational	but	very	large	shift	in	d13C	from	ca.	–9.0‰	to	ca.	

+1.5‰	 (vs.	 VPDB)	 suggests	 that	 vegetation	 cover	 around	 Anjohibe	 Cave	 changed	

completely,	if	gradually,	and	became	dominated	by	C4	plants	by	ca.	AD	1130.	This	change	

corresponds	 to	 a	 landscape	 transition	 to	 an	open	 savanna	 (e.g.	 Crowley	 and	 Samonds,	

2013).	The	absence	of	correlation	between	d13C	and	d18O	in	Stalagmite	MA3	suggests	that	

the	 change	 in	 vegetation	 was	 controlled	 by	 something	 other	 than	 climate.	 	 Extensive	

human	land	use	could	be	the	main	factor	leading	to	this	change	(Burns	et	al.,	2016;	Crowley	

and	 Samonds,	 2013).	 The	 practice	 of	 “tavy”	 by	 burning	 former	 vegetation	 former	

vegetation	 in	 favor	of	various	crops,	mostly	with	dry-land	rice	or	“vary	an-tanety”	must	

have	been	the	factors	responsible	of	this	d13C	shift.	These	crops	are	planted	for	a	few	years	

until	 the	 soils	 are	 impoverished,	 and	 then	 abandoned,	 leaving	 naked	 land	 that	 later	

transform	to	secondary	grasslands	(see	Section	3.5.2.1,	see	also	Conklin,	1954	and	Dove,	

1993).	This	perspective	is	similar	to	changes	in	vegetation	around	the	Brown’s	Folly	Mine,	

Wiltshire,	 in	 England	 (Baldini	 et	 al.,	 2005).	 In	 the	 Brown’s	 Folly	 Mine’s	 scenario,	 re-

vegetation	above	the	mine	increased	the	input	of	isotopically	light	biogenic	carbon	to	the	

total	dissolved	inorganic	carbon	(DIC),	resulting	in	lower	spelean	d13C	(Baldini	et	al.,	2005).	

In	 Anjohibe	 Cave,	 however,	 land	 clearance	 followed	 by	 growth	 of	 new	 secondary	 C4	

vegetation	resulted	in	higher	speleothem	d13C.	The	Anjohibe	scenario	after	AD	870	is	an	

example	 of	 a	 closed	 system	 under	 C4	 vegetation	 cover,	 when	 seeping	 water	 has	 less	

residence	time	to	exchange	CO2	with	the	soil.	
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Figure	 3.9:	 Summary	 of	 human	 settlement	 evidence	 in	 northern/northwestern	

Madagascar,	which	is	compared	with	the	carbon	stable	isotope	profile	of	Stalagmites	MA3	

(this	study),	AB2,	and	AB3	(Burns	et	al.,	2016).	Paleoenvironmental	 inferences	are	from	

Matsumoto	and	Burney	 (1994),	Wright	et	al.	 (1996),	Burney	et	al.	 (2003),	Crowley	and	

Samonds	(2013),	and	Burns	et	al.	(2016).	Archaeological	evidences	are	from	Wright	et	al.	

(1996),	Radimilahy	(1998),	Crowther	et	al.	(2016),	and	Burney	et	al.	(2003,	2004).	The	map	

shows	 the	 locations	 of	 the	 archaeological	 and	 paleoenvironmental	 sites	 listed	 in	 the	

summary	(higher	resolution	of	the	map	is	available	in	Fig.	B1).		
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3.5.3.	Reconstructing	population	settlement	and	land	use	in	northwestern	Madagascar	

Human	settlement	in	northwestern	Madagascar	seems	to	have	occurred	between	

AD	795	and	AD	870	(Fig.	3.8),	an	interval	we	assume	of	“favorable	conditions”.	Favorable	

conditions	mean	potentially	prosperous	 lands,	as	 suggested	by	archaeological	evidence	

(e.g.	Wright	et	al.,	1996)	during	wetter	conditions,	as	suggested	by	Stalagmite	MA3’s	stable	

isotopes	 (lower	d18O	and	d13C)	 and	petrography	 (greater	 layer-specific	width	and	more	

Type	E	 surfaces)	 (Section	3.5.1.2).	These	conditions	could	have	attracted	 foragers,	who	

were	thought	to	be	the	initial	settlers	of	Madagascar	(Wright	et	al.,	1996;	Beaujard,	2011;	

Dewar	et	al.,	2013;	Douglass	and	Zinke,	2015),	followed	by	maritime	traders,	who	brought	

new	 crops	 on	 the	 island	 (e.g.	 Cox	 et	 al.,	 2012;	 Crowther	 et	 al.,	 2016).	 Several	 lines	 of	

evidence	(archaeological,	linguistic,	broad	geographical	screening)	support	this	migration	

(e.g.	Battistini	et	al.,	1963;	Vérin,	1975;	Dewar,	1984;	Dewar	et	al.,	2013;	Beaujard,	2011;	

Cox	 et	 al.,	 2012).	 Figure	 3.9	 provides	 a	 summary	 of	 this	 settlement	 in	

northwestern/northern	Madagascar.	

Cox	et	al.	(2012)	found	that	the	island’s	initial	settlement	was	around	AD	830	(see	

their	page	2766),	based	on	 their	 coalescent	 simulation.	According	 to	 them,	 this	date	 is	

consistent	with	evidence	from	linguistics,	which	 links	the	colonization	of	Madagascar	to	

the	expansion	of	Indonesian	trading	networks	during	the	Srivijaya	Empire	(Adelaar,	2009).	

Settlers	are	believed	to	have	come	from	Indonesia	and	Africa	(e.g.	Matsumoto	and	Burney,	

1994;	Cox	et	al.,	2012;	Crowther	et	al.,	2016).	In	the	Boeny	region,	located	25	km	north	of	

Lake	Mitsinjo,	human	settlement	dates	to	AD	1100	or	earlier,	and	herding	and	cultivation	

practices	by	those	settlers	could	have	affected	the	vegetation	in	the	surrounding	locations	
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(Matsumoto	and	Burney,	1994;	Wright	et	al.,	1996).	In	the	region	of	Mahilaka,	about	500	

km	drive	north	of	Anjohibe,	massive	evidence	indicates	human	settlement	occurred	ca.	AD	

900	(Radimilahy,	1998;	Crowther	et	al.,	2016).	

Although	the	timing	of	settlement	is	not	fully	refined,	and	although	the	mode	of	

settlement	is	not	clear	in	Madagascar,	either	as	a	single	colonization	event	or	via	repeated	

settlement	waves	from	the	same	source	of	population,	known	as	“ranto”	(Adelaar,	2009;	

Ottino,	 1974;	 Beaujard,	 2003),	 it	 is	 likely	 that	 population	 in	Madagascar	 had	 grown	 in	

numbers	since	ca.	50	BC-AD	950,	and	the	need	for	more	land	increased.	This	population	

growth	 has	 led	 to	 extensive	 human	 activities	 in	 the	 region,	 specifically	 the	 practice	 of	

swidden	agriculture,	which	could	have	shaped	the	landscape	of	the	region.	This	argument	

seems	to	agree	with	the	late-Holocene	increases	in	charcoal,	grass	pollen,	and	grasslands	

documented	 at	 Anjohibe	 cave	 (Burney	 et	 al.,	 1997c;	 Crowley	 and	 Samonds,	 2013)	 and	

around	Lake	Mitsinjo	(Matsumoto	and	Burney,	1994).	After	land	abandonment,	secondary	

C4	vegetation	became	dominant	(Fig.3.7–3.9;	Conklin,	1954;	Dover,	1993;	Raharimalala	et	

al.,	 2010),	 as	 suggested	 by	 greater	 d13C	 values	 in	 Stalagmite	MA3	 (this	 study),	 carbon	

isotope	values	from	radiocarbon-dated	bones	from	Anjohibe	Cave	(Crowley	and	Samonds,	

2013),	 and	 the	 dominance	 of	 Graminaea	 and	 Nymphaea	 pollen	 in	 the	 Mitsinjo	 area	

(Matsumoto	and	Burney,	1994).	

Because	some	human	modification	of	the	landscape	can	lead	to	direct	damage	to	

the	ecosystem,	one	might	 conclude	 that	human	activities	were	also	 the	 causes	of	past	

megafaunal	loss	in	Madagascar,	especially	when	one	sees	the	island’s	forest	cover	that	has	

diminished	since	the	colonial	period	(e.g.	Allnutt	et	al.,	2008).	However,	the	situation	 is	
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more	 complex	 for	 the	 following	 reasons.	Madagascar	experienced	extreme	but	natural	

climate-related	events	such	as	droughts,	fires,	cyclones,	and	land	loss	due	to	erosion	long	

before	human	arrival	(e.g.	Battistini,	1971;	Mahé	and	Sourdat,	1972;	MacPhee,	1986;	Wells	

and	 Andriamihaja,	 1993,	 1997;	 Cox	 et	 al.,	 2009).	 In	 addition,	 the	 western	 part	 of	

Madagascar	has	never	been	fully	forested,	and	it	is	not	clear	how	much	of	the	island	was	

originally	covered	with	forest.	Furthermore,	the	considerable	differences	in	climate	from	

the	 eastern	 region	 to	 the	 western	 Madagascar	 (Section	 3.2.3)	 could	 suggest	 an	

independent	history	of	environmental	changes,	particularly	with	regard	to	human,	plant,	

and	animal	interactions.	Above	all,	since	Madagascar’s	isolation	from	Africa	and	India	ca.	

165	Ma	(e.g.	Wells,	2003),	many	species	of	the	Malagasy	megafauna	were	endemic	and	

were	prone	to	extinction	given	the	dry	climatic	conditions	around	2-3	ka	(e.g.	Battistini,	

1971;	Mahé	 and	 Sourdat,	 1972;	MacPhee,	 1986).	 In	 brief,	 even	 though	 there	 is	 a	 link	

between	population	growth	and	ecosystem	alteration	in	Madagascar,	land	use	alone	need	

not	be	held	responsible	for	the	megafaunal	 loss	 in	Madagascar	(e.g.,	 Jarosz,	1993),	and	

linking	megafaunal	loss	to	any	paleoclimate	study	should	be	done	carefully.		

	

3.6.	Conclusion	

Multiple	 proxy	 analyses	 from	 a	 U/Th-dated	 Stalagmite	 MA3	 provide	 detailed	

information	 about	 paleoenvironmental	 changes	 in	 Madagascar.	 A	 comprehensive	

understanding	of	the	processes	controlling	each	of	these	proxies	suggests	that	prior	to	AD	

795	ecosystem	and	hydroclimate	changes	in	northwestern	Madagascar	were	linked	to	the	

latitudinal	migration	of	the	ITCZ.	Specifically,	wetter	or	drier	climate	was	a	response	to	a	
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cooler	or	warmer	Northern	Hemisphere,	respectively,	in	accord	with	climate	models	(e.g.	

Chiang	and	Bitz,	2005).	This	 interval	ended	with	very	dry	conditions	from	ca.	AD	755	to	

795.	 It	was	 followed	by	 a	 transition	period	between	AD	795	and	870	with	evidence	of	

human	settlement	in	the	region	(Matsumoto	and	Burney,	1994).	The	following	interval,	i.e.	

after	 AD	 870,	was	marked	 by	 a	 gradational	 change	 in	 plant	 community	 from	C3	 to	 C4-

dominated	vegetation	and	by	a	landscape	transformation	from	more	dense	to	less	dense	

vegetation	cover.	This	change	could	be	linked	to	land	use,	such	as	the	practice	of	“Tavy”,	

or	 swidden	agriculture,	 in	 the	area.	Although	 there	 is	a	 link	between	 land	practice	and	

ecosystem	change	in	Madagascar	after	ca.	AD	870,	the	megafaunal	 loss	throughout	the	

history	of	Madagascar	should	be	interpreted	very	carefully.		
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ABSTRACT		

Petrographic	 features,	 mineralogy,	 and	 stable	 isotopes	 from	 two	 stalagmites	

collected	 from	Anjohibe	and	Anjokipoty	Cave	allow	distinction	of	 three	 intervals	of	 the	

Holocene	in	northwestern	Madagascar.	The	Malagasy	early	(between	ca.	9.8	and	7.8	ka)	

and	 late	 (after	 ca.	 1.6	 ka)	 Holocene	 intervals	 (MEHI	 and	 MLHI,	 respectively)	 record	

evidence	of	stalagmite	deposition.	The	Malagasy	middle	Holocene	(MMHI,	between	ca.	7.8	

ka	and	1.6	ka)	 interval,	however,	 is	marked	by	a	depositional	hiatus	 lasting	for	ca.	6500	

years.		

The	simplest	interpretation	of	the	MEHI,	MMHI,	and	MLHI	in	NW	Madagascar	could	

be	 linked	 to	 changes	 in	 the	cave’s	hydrologic	 system	and	changes	 in	 vegetation.	These	

changes,	in	turn,	could	be	linked	to	climate.	Deposition	of	Stalagmites	ANJB-2	and	MAJ-5	

from	Anjohibe	and	Anjokipoty	Caves,	respectively,	during	the	MEHI	and	the	MLHI	suggests	

that	these	intervals	were	relatively	wetter;	whereas	the	long-term	depositional	hiatus	likely	

suggests	that	the	MMHI	was	relatively	drier.	The	alternating	“wet/dry/wet”	during	each	of	

these	Holocene	intervals	could	be	linked	to	the	long-term	migration	of	the	Inter-Tropical	

Convergence	Zone	(ITCZ).	When	the	ITCZ’s	mean	position	is	further	south,	NW	Madagascar	

experienced	wetter	conditions,	such	as	during	the	MEHI	and	MLHI,	and	when	 it	moved	

north,	NW	Madagascar	climate	becomes	drier,	such	as	during	the	MMHI.	

Stable	isotope	records	also	suggest	that	although	the	MEHI	and	MLHI	were	wetter,	

the	stronger	correlation	between	d18O	and	d13C	suggest	that	the	early	Holocene	vegetation	

closely	responds	to	changes	in	climate.	In	contrast,	the	weaker	correlation	between	d18O	

and	 d13C	 and	 the	 positive	 shift	 in	 d13C	 suggest	 that	 the	 late	 Holocene	 vegetation	 was	
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controlled	 by	 something	 other	 than	 climate,	 and	 the	 plausible	 explanation	 for	 such	

changes	is	the	practice	of	swidden	agriculture.	

Beyond	these	three	subdivisions,	the	evidence	of	the	8.2	ka	event	in	the	stalagmite	

records	also	suggests	that	climate	in	Madagascar	was	sensitive	to	abrupt	climate	changes,	

such	as	the	abrupt	influx	of	the	Laurentide	Ice	Sheet	meltwater	to	the	North	Atlantic.	The	

freshwater	 influx	 into	the	N.	Atlantic,	known	to	have	weakened	the	Atlantic	Meridional	

Overturning	Circulation	(AMOC),	also	led	to	an	enhanced	temperature	gradient	between	

the	two	hemispheres,	 i.e.	cold	NH	and	warm	SH,	shifting	the	mean	position	of	the	 ITCZ	

further	 south.	 This	 brought	 wet	 conditions	 in	 the	 SH	 monsoon	 regions,	 such	 as	

northwestern	Madagascar,	and	dry	conditions	in	the	NH	monsoon	regions,	including	the	

Asian	Monsoon	and	the	East	Asian	Summer	Monsoon.	

4.1.	Introduction		

	 Although	much	is	known	about	Holocene	climate	change	worldwide	(Mayewski	et	

al.,	2004;	Wanner	and	Ritz,	2011;	Wanner	et	al.,	2011;	2015),	high-resolution	climate	data	

for	 the	Holocene	period	 is	 still	 regionally	 limited	 in	 the	Southern	Hemisphere	 (SH)	 (e.g.	

Wanner	et	al.	2008;	Marcott	et	al.	2013;	Wanner	et	al.,	2015).	This	uneven	distribution	of	

data	hinders	our	understanding	of	the	spatio-temporal	characteristics	of	Holocene	climate	

change,	including	our	understanding	of	the	most	important	climate	forcings.	For	example,	

some	of	these	forcings	influence	the	Inter-Tropical	Convergence	Zone	(ITCZ)	behavior	and	

the	monsoonal	response	in	low-	to	mid-latitude	regions	(e.g.	Wanner	et	al.,	2015;	Talento	

and	Barreiro,	2016).	Madagascar	is	particularly	a	strategic	location	where	such	records	are	

needed	because	it	holds	a	key	position	in	the	Indian	Ocean	(Fig.	4.1a),	and	it	is	seasonally	
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visited	by	the	ITCZ	with	a	karst	region	crossing	latitudinal	belts	(Fig.	4.1c).	Thus,	records	

from	Madagascar	could	fill	gaps	 in	paleoclimate	reconstruction	 in	the	SH.	Records	from	

Madagascar	 could	 also	 help	 refine	 paleoclimate	 simulations	 that	 could	 provide	 better	

understanding	of	the	global	circulation	and	the	land-atmosphere-ocean	interaction	during	

the	Holocene.		

	 To	fill	the	knowledge	gap	about	Holocene	climate	change	in	the	SH	and	particularly	

in	 Madagascar,	 and	 to	 better	 understand	 the	 paleohydrology	 of	 northwestern	 (NW)	

Madagascar	 during	 the	 Holocene,	 we	 present	 multiproxy	 records	 (stable	 isotopes,	

petrography,	mineralogy,	variability	of	layer-specific	width)	from	stalagmites	in	two	caves,	

Anjohibe	 and	 Anjokipoty	 Caves,	 in	 northwestern	 Madagascar.	 Stalagmites	 are	 used	

because	of	their	potential	to	store	significant	climatic	information	(e.g.	Fairchild	and	Baker,	

2012,	 p.	 9–10),	 and	 in	 Anjohibe	 Cave,	 recent	 studies	 have	 shown	 the	 replicability	 of	

paleoclimate	 records	 from	 stalagmites	 (e.g.	 Burns	 et	 al.,	 2016).	 The	 two	 stalagmites	

investigated	 here	 provide	 replication	 of	 paleoclimate	 records,	 which	 allows	 us	 to	

characterize	Holocene	climate	change	in	northwestern	Madagascar.	First,	we	will	develop	

a	record	of	climate	change	using	the	stalagmite	records.	With	a	better	understanding	of	

Madagascar’s	paleoclimate,	we	will	then	investigate	the	possible	climatic	drivers	of	tropical	

climate	 changes	 to	 draw	 a	 more	 comprehensive	 conclusion	 on	 the	 major	 factors	

controlling	the	hydrological	cycle	in	this	region.	
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Figure	4.1:	Climatological	and	geographic	setting	of	Madagascar	and	the	study	area.	 (a)	

Global	 rainfall	 maps	 recorded	 by	 NASA’s	 Tropical	 Rainfall	 Measuring	 Mission	 (TRMM)	

satellite	showing	the	total	monthly	rainfall	 in	millimeters	and	the	overall	position	of	the	

ITCZ	during	November,	2006.	Darker	blue	shades	indicate	regions	of	higher	rainfall	(source:	

NASA	 Earth	 Observatory,	 2016;	 available	 at	

http://earthobservatory.nasa.gov/GlobalMaps/view.php?d1=MOD_LSTAD_M&d2=TRMM

_3B43M).	 (b)	 Barplots	 of	 the	 monthly	 climatology	 of	 precipitation,	 and	 the	 monthly	

average	 of	 daily	 maximum,	 minimum,	 and	 mean	 temperature	 in	 northwestern	

Madagascar.	 The	 base	 period	 used	 for	 the	 climatology	 is	 1971-2000.	 Source:	

http://iridl.ldeo.columbia.edu/	(accessed	August	31,	2016).	(c)	Simplified	map	showing	the	

southwest	part	of	the	Narinda	karst	and	the	location	of	the	study	areas.	Inset	figure	is	a	

map	of	Madagascar	showing	the	extent	of	the	Tertiary	limestone	cover	that	makes	up	the	

Narinda	karst.	(d-e)	Maps	of	Anjohibe	(ANJB)	and	Anjokipoty	(ANJK)	Caves	(St-Ours,	1959;	

Middleton	 and	Middleton,	 2002).	 See	 Figs.	 C1–S3	 for	 additional	 information	 about	 the	

study	locations.	
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4.2.	Setting	

4.2.1.	Regional	environment	

Two	stalagmites,	ANJB-2	and	MAJ-5,	were	collected	from	Anjohibe	and	Anjokipoty	

Cave,	respectively,	in	the	Majunga	region	of	northwestern	Madagascar	(Fig.	4.1).	The	two	

caves	 have	 provided	 many	 insights	 about	 the	 paleoenvironmental	 and	 archaeological	

history	of	northwestern	Madagascar	 (e.g.	Burney	et	al.,	1997,	2004;	Brook	et	al.,	1999;	

Gommery	et	al.,	2011;	Jungers	et	al.,	2008;	Vasey	et	al.,	2013;	Burns	et	al.,	2016).	

Anjohibe	(S15°	32'	33.3";	E046°	53'	07.4")	and	Anjokipoty	(S15°	34'	42.2";	E046°	44'	

03.7")	are	about	16.5	km	apart	(Fig.	4.1c).	Their	 location	in	the	zone	visited	by	the	ITCZ	

(e.g.	Nassor	and	Jury,	1998)	makes	them	ideal	sites	to	test	for	the	latitudinal	migration	of	

the	 ITCZ	 (e.g.	 Chiang	 and	Bitz,	 2005;	 Broccoli	 et	 a.,	 2006;	 Chiang	 and	 Friedman,	 2012;	

Schneider	 et	 al.,	 2014).	 The	 ITCZ	 brings	 north	 or	 northwesterly	 monsoon	 winds	 to	

Madagascar	 during	 austral	 summers,	 in	 a	 pattern	 that	 the	 Service	Météorologique	 of	

Madagascar	calls	the	“Malagasy	monsoon”.	Majunga	has	a	tropical	savanna	climate	(Aw)	

according	to	the	Köppen-Geiger	climate	classification,	with	a	distinct	wet	summer	(from	

October	 to	April)	 and	dry	winter	 (May-September).	 The	mean	annual	 rainfall	 is	 around	

1160	 mm.	 The	 mean	 maximum	 temperature	 in	 November,	 the	 hottest	 month	 in	 the	

summer,	is	about	32°C.	The	mean	minimum	temperature	in	July,	the	coldest	month	of	the	

dry	winter,	is	about	18°C	(Fig.	4.1b).		
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4.2.2.	The	Holocene	in	northwestern	Madagascar	

Little	is	known	about	Holocene	climate	change	in	NW	Madagascar	nor	about	the	

major	drivers	of	 long-term	climatic	changes	 there.	Most	paleoclimate	 information	 from	

NW	Madagascar	 covers	 the	 last	 two	millennia	 with	more	 focus	 on	 the	 anthropogenic	

effects	on	the	Malagasy	ecosystems	(e.g.	Crowley	and	Samonds,	2013;	Burns	et	al.,	2016).	

This	 is	 because	 several	 studies	 revealed	 coincidence	 of	 Madagascar’s	 megafaunal	

extinctions	with	human	arrival	around	2-3	ka	BP	(e.g.	see	Table	1	of	Virah-Sawmy	et	al.,	

2010;	 MacPhee	 and	 Burney,	 1991;	 Burney	 et	 al.,	 1997c;	 Crowley,	 2010).	 Long-term	

paleoclimate	records	are	very	scarce	and	the	only	ones	that	cover	a	long	time	interval	are	

sediment	cores	collected	from	Lake	Mitsinjo	(3,500	yr.	BP;	Matsumoto	and	Burney,	1994)	

and	cave	sediments	from	Anjohibe	Cave	(40,000	yr.	BP;	Burney	et	al.	1997).		Both	records	

provided	 useful	 information	 about	 paleoenvironmental	 changes	 in	 Madagascar,	 but	

linkages	 to	 global	 climatic	 changes,	 such	 as	 the	 linkages	 to	 the	 ITCZ,	 are	 not	 fully	

understood.	Madagascar	is	however	a	key	location	in	the	SH	and	could	provide	meaningful	

paleoclimate	information	about	the	global	atmospheric	and	oceanic	circulation	during	the	

Holocene.		

4.3.	Methods	

Stalagmites	ANJB-2	and	MAJ-5	were	radiometrically	dated	using	the	multi-collector	

ICP-MS	of	the	University	of	Minnesota,	USA	and	of	the	Stable	Isotopes	Laboratory	of	Xi’an,	

in	Jiaotong,	China.	Twenty-two	powdered	samples	of	approximately	50	to	200	mg	were	

extracted	from	Stalagmite	ANJB-2	and	nine	samples	from	Stalagmite	MAJ-5	(Tables	C1	and	

C2).	Stalagmite	chronologies	were	constructed	using	the	StalAge1.0	algorithm	of	Scholz	
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and	Hoffman	(2011)	and	Scholz	et	al.	(2012).	The	StalAge	scripts	were	run	on	the	statistics	

program	R	version	3.2.2	(2015-08-14).	The	age	models	were	adjusted	considering	hiatal	

surfaces	identified	in	the	samples,	using	the	approach	of	Railsback	et	al.	(2013;	see	their	

Fig.	9).	

Petrography	 and	 mineralogy	 of	 the	 two	 stalagmites	 were	 investigated	 by	 1)	

examining	 polished	 surfaces	 and	 a	 scanned	 images	 of	 the	 sectioned	 stalagmites,	 with	

which	we	determined	variations	in	layer-specific	width,	2)	observing	eleven	oversized	thin	

sections	 (3	 x2	 in)	 under	 the	 Leitz	 Laborlux	 12	 Pol	 microscope	 in	 the	 Sedimentary	

Geochemistry	Lab	at	UGA,	and	3)	analyzing	about	3	g	of	powdered	spelean	 layers	on	a	

Bruker	D8	X-ray	Diffractometer	in	the	Department	of	Geology	of	the	University	of	Georgia.	

For	CaCO3	identification	between	calcite	and	aragonite,	we	used	CoKa	radiation	at	a	2q	

angle	between	20°	and	60°.	

Oxygen	 and	 carbon	 isotope	 ratios	 were	measured	 using	 the	 Finnigan	MAT-253	

mass	 spectrometer	 fitted	with	 the	Kiel	 IV	Carbonate	Device	of	 the	Xi’an	Stable	 Isotope	

Laboratory	 in	China	 (ANJB-2;	n=654)	and	using	 the	Delta	V	Plus	at	50°C	 fitted	with	 the	

GasBench-IRMS	machine	of	the	Alabama	Stable	Isotope	Laboratory	in	USA	(MAJ-5;	n=286).	

Analytical	procedures	using	the	MAT	253	are	identical	to	those	described	in	Dykoski	et	al.	

(2005),	 with	 isotopic	measurement	 errors	 of	 less	 than	 0.1	‰	 for	 both	 d13C	 and	 d18O.	

Analytical	methods	 and	 procedures	 using	 the	GasBench-IRMS	machine	 are	 identical	 to	

those	described	in	Skrzypek	and	Paul	(2006),	Paul	and	Skrzypek	(2007),	and	Lambert	and	

Aharon	(2011),	with	±0.1	‰	errors	for	both	d13C	and	d18O.	In	both	techniques,	the	results	

were	 reported	 relative	 to	 Vienna	 PeeDee	 Belemnite	 (VPDB)	 and	 with	 standardization	
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relative	to	NBS19.	Inter-lab	comparison	of	the	isotopic	results	involved	replicating	every	

tenth	 sample	 of	 Stalagmite	MAJ-5	 on	 the	MAT	 253	mass	 spectrometer.	 The	 replicates	

suggest	 strong	correlation	 (Fig.	C4).	Finally,	 the	δ18O	and	δ13C	of	 the	 spelean	aragonite	

were	transformed,	by	subtracting	1.7	‰	(Romanek	et	al.,	1992)	and	0.8‰	(Kim	et	al.,	2007)	

respectively.	These	transformations	compensate	for	the	different	fractionation	of	heavier	

isotopes	when	aragonite	is	formed	(see	also	Sletten	et	al.,	2013;	Voarintsoa	et	al.,	2016,	

2017).	With	these	transformations,	the	corrected	isotopic	values	remove	the	mineralogical	

bias	in	isotopic	interpretation	between	calcite	and	aragonite.	

4.4.	Results	

4.4.1.	Radiometric	data	

Results	from	radiometric	analyses	of	the	two	stalagmites	are	presented	in	Table	C1	

and	Table	C2.	 In	Stalagmite	ANJB-2	has	a	234U	ranges	from	64±0	to	9833±44	ppb	and	a	

232Th	 range	 from	 180±8	 to	 39850±809	 ppt.	 Corrected	 230Th	 ages	 suggests	 that	 it	 was	

deposited	between	ca.	8977±50	and	161±64	yr.	BP.	Stalagmite	MAJ-5	has	a	 234U	 range	

from	 1224±4	 to	 12609±83	 ppb	 and	 a	 232Th	 range	 from	 3044±63	 to	 38990±842	 ppt.	

Corrected	230Th	ages	suggests	that	is	was	deposited	between	ca.	9796±64	and	150±24	yr.	

BP.	 These	 ages	 indicate	 stalagmite	 deposition	 at	 the	 beginning	 and	 the	 end	 of	 the	

Holocene.	 The	 StalAge	model	 and	 petrography	 highlight	 three	 distinct	 intervals	 of	 the	

Holocene	(Fig.	4.2):	(1)	evidence	of	CaCO3	deposition	between	ca.	9.8	and	7.8	ka	BP,	(2)	a	

noticeable	long-term	depositional	hiatus	between	ca.	7.8	and	1.6	ka	BP,	and	(3)	resumption	

of	CaCO3	deposition	after	ca.	1.6	ka	BP.	In	the	rest	of	the	paper,	these	intervals	are	referred	



 

 174 

to	 as	 the	 Malagasy	 early	 Holocene	 interval	 (MEHI),	 Malagasy	 mid-Holocene	 interval	

(MMHI),	and	Malagasy	late	Holocene	interval	(MLHI)	respectively.	

	

4.4.2.	Stable	isotopes	

Raw	values	of	δ18O	and	δ13C	for	Stalagmite	ANJB-2	range	from	–8.85	to	–2.27‰,	

and	from	–11.00	to	+5.15‰,	respectively,	relative	to	VPDB.	The	mean	values	are	–4.97‰	

and	–4.18‰	respectively	for	d18O	and	d13C.	Raw	values	of	δ18O	and	δ13C	in	Stalagmite	MAJ-

5	range	from	–8.80	to	–0.85‰,	and	from	–9.44	to	+2.60‰,	respectively,	relative	to	VPDB.	

The	 mean	 values	 are	 –4.85‰	 and	 –4.38‰	 respectively	 for	 d18O	 and	 d13C,	 but	

distinguishable	between	MEHI	and	the	MLHI	(Fig.	4.3).	In	both	stalagmites,	the	amplitude	

of	d18O	fluctuations	stayed	constant	throughout	the	Holocene;	whereas	the	d13C	profile	

shows	a	dramatic	shift	toward	greater	values	(i.e.	from	-10.90‰	to	+3.75‰,	VPDB)	at	ca.	

1.5	ka	BP.	Values	of	d13C	only	parallel	those	of	d18O	during	the	MEHI	(Fig.	4.3).	

The	MEHI	and	the	MLHI	are	isotopically	distinct	(Fig.	4.3a).	The	MEHI	is	characterized	

by	statistically	correlated	d18O	and	d13C	(r2=0.65	and	0.53),	and	much	depleted	d13C	values	

(ca.	–11.0	to	–4.0	‰).	The	8.2	ka	event,	a	widespread	event	in	the	Northern	Hemisphere	

(NH)	(e.g.	Alley	et	al.,	1997),	 is	also	identified	in	the	stalagmite	records.	Stalagmite	d18O	

and	d13C	values	both	decreased	to	a	minimum	of	–6.78	and	–10.88‰,	respectively	at	that	

interval	(Figs.	3	and	7).	In	contrast	to	the	MEHI,	the		d18O	and	d13C	values	during	the	MLHI	

are	poorly	correlated	(r2=0.25	and	0.17),	and	d13C	values	are	more	enriched	(Fig.	4.3).		
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Figure	4.2:	Age	model	and	petrography/mineralogy	of	Stalagmite	ANJB-2	and	MAJ-5.	a)	

Age	model	constructed	using	the	StalAge1.0	algorithm	of	Scholz	and	Hoffman	(2011)	and	

Scholz	 et	 al.	 (2012).	 b)	 Scanned	 image	 of	 Stalagmite	 ANJB-2	 and	 the	 corresponding	

variations	 in	 layer-specific	width	 (LSW).	 c)	 Scanned	 image	of	 Stalagmite	MAJ-5	 and	 the	

corresponding	 layer-specific	width	(LSW).	d)	Sketches	of	typical	 layer-bounding	surfaces	

(Type	E	and	Type	L)	of	Railsback	et	al.	(2013).	X-ray	diffraction	data	are	available	in	Fig.	C5.	

Close-up	of	photographs	of	the	hiatuses	are	shown	in	Fig	C6.	
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Figure	 4.3:	 Stable	 isotope	 data.	 a)	 Scatterplots	 of	 d13C	 and	 d18O	 for	 Stalagmite	MAJ-5	

(green)	 and	 ANJB-2	 (red)	 during	 the	Malagasy	 early	 Holocene	 interval	 (circle)	 and	 the	

Malagasy	 late	 Holocene	 conditions	 (triangle).	 The	 plot	 shows	 distinctive	 early	 and	 late	

Holocene	(roughly	highlighted	in	gray	and	light	blue	shade,	respectively).	b)	Variations	in	

d13C	 and	 d18O	 and	 mineralogy	 in	 Stalagmite	 ANJB-2	 and	 Stalagmite	 MAJ-5	 with	 their	

corresponding	mineralogy.	More	information	about	the	late	Holocene	is	presented	in	Fig.	

C7.			
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4.4.3. Mineralogy,	petrography,	and	layer-specific	width	

In	both	stalagmites,	the	hiatus	of	deposition	(see	Sect.	4.4.1)	is	characterized	by	a	

well-developed	Type	L	surface	 (Figs.	4.2b,	C6).	Petrography	and	mineralogy	are	distinct	

before	and	after	this	hiatus	(Fig.	4.2).	Below	the	hiatus,	laminations	are	well	preserved	in	

both	stalagmites.	Above	the	hiatus,	laminations	are	not	well-preserved,	although	noted	in	

some	intervals.	

In	Stalagmite	ANJB-2,	 the	 layer-specific	width	varies	 from	37	to	26.5	mm	with	a	

mean	of	30	mm.	It	narrows	to	28	mm	at	the	hiatus	(Fig.	4.2b).		Below	the	hiatus,	mineralogy	

is	dominated	by	aragonite,	although	a	few	thick	layers	of	calcite	are	also	identified.	A	thin	

(~2-3	mm)	but	remarkable	layer	of	white,	very	soft,	and	porous	aragonite	is	identified	just	

below	the	hiatus	(Fig.	C6).	This	layer	is	capped	with	a	very	thin	layer	of	dirty	material.	Above	

the	 hiatus,	 mineralogy	 is	 also	 composed	 of	 calcite	 and	 aragonite,	 with	 dominance	 of	

calcite,	 and	 the	 calcite	 layers	 contain	 some	 macro-cavities	 that	 are	 mostly	 off-axis	

macroholes	(Shtober-Zisu	et	al.,	2012).	

In	Stalagmite	MAJ-5,	the	layer	specific	width	varies	from	50	to	22	mm	with	a	mean	

of	35.5	mm.	It	narrows	to	22	mm	at	the	hiatus	(Fig.	4.2b).	Below	the	hiatus,	mineralogy	is	

a	mixture	 of	 calcite	 and	 aragonite.	 Above	 the	 hiatus,	mineralogy	 is	mainly	 calcite	 and	

macro-cavities	are	also	distributed	throughout	that	upper	part	of	the	stalagmite.		
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4.4.4. Summary	of	the	results	

The	records	from	Stalagmites	ANJB-2	and	MAJ-5	suggest	three	distinct	intervals	of	

the	Holocene.	 	The	MEHI	 (between	ca.	9.8	and	7.8	ka	BP),	with	evidence	of	 stalagmite	

deposition,	is	characterized	by	statistically	correlated	d18O	and	d13C	(r2=0.65	and	0.53)	and	

more	negative	d13C	values	(ca.	–11.0	to	–4.0	‰).	The	MMHI	(between	ca.	7.8	to	1.6	ka	BP)	

is	marked	by	a	long-term	hiatus	of	deposition,	which	is	preceded	by	a	well-developed	Type	

L	surface	 in	both	Stalagmite	ANJB-2	and	MAJ-5	 (Fig.	4.2;	Fig.	C6).	The	Type	L	surface	 is	

observed	 as	 an	 upward	 narrowing	 of	 the	 stalagmite’s	 width	 and	 layer	 thickness.	 It	 is	

particularly	well	developed	in	Stalagmite	MAJ-5	(Fig.	C6).	In	the	other	Stalagmite	ANJB-2,	

the	hiatus	at	the	Type	L	surface	is	preceded	by	approximately	3	mm-thick	layer	of	highly	

porous,	 very	 soft,	 and	 fibrous	white	crystals	of	aragonite	 (the	only	aragonite	with	 such	

properties).	This	aragonite	is	topped	by	a	thin	and	well-defined	layer	of	detrital	materials	

(Fig.	C6),	further	supporting	the	presence	of	a	hiatus.	Finally,	the	MLHI	(after	ca.	1.6	ka	BP)	

is	 characterized	 by	 poorly	 correlated	 d18O	 and	 d13C	 (r2=0.25–0.17).	 This	 interval	 is	

additionally	marked	by	a	shift	in	d13C	toward	higher	values	(Fig.	4.3).	

	

4.5.	Discussion	

4.5.1.	 Paleoclimate	 significance	 of	 stalagmite	 growth	 and	 non-growth:	 implications	 for	

paleohydrology	

Stalagmites	are	secondary	cave	deposits,	which	are	CaCO3	precipitates	from	cave	

dripwater.	Calcium	carbonate	precipitation	occurs	by	CO2	degassing,	which	increases	the	

pH	 of	 the	 dripwater	 and	 thus	 increases	 the	 concentration	 of	 CO3
2-.	 In	 some	 cases,	
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evaporation,	 which	 increases	 the	 Ca2+	 and/or	 CO3
2-	 of	 the	 dripwater,	 may	 also	 be	

important.	Degassing	occurs	because	 the	high-PCO2	water	 from	the	epikarst	meets	 the	

low-PCO2	cave	air,	while	evaporation	occurs	when	humidity	 inside	the	cave	 is	 relatively	

low.	The	fundamental	equation	for	stalagmite	deposition	is	shown	in	Eq.	4.1.	

!" #$
%& + 2)!*+	(#$)– ⇌ !"!*+	(1) + !*%	(2) + )%*(3)	(Eq.	4.1)	

Growth	and	non-growth	of	stalagmites	depends	on	several	factors	linked	to	water	

availability,	which	in	turn	is	affected	by	climate	(more	water	during	warm/rainy	seasons	

and	less	water	during	cold/dry	seasons)	and	by	the	groundwater	hydrology	above	the	cave.	

Water	is	the	main	dissolution	and	transport	agent	for	most	chemicals	in	speleothems.	Cave	

hydrology	 varies	 significantly	 over	 time	 in	 response	 to	 climate,	 and	 this	 variability	

influences	the	formation	or	dissolution	of	CaCO3.	In	this	regard,	calcium	carbonate	does	

not	form	if	the	water	feeding	the	cave	is	very	little	to	absent,	or	if	it	is	too	much.	Absence	

of	groundwater	recharge	most	typically	occurs	during	extremely	dry	conditions,	whereas	

excessive	water	 input	 to	 the	cave	occurs	during	extremely	wet	conditions.	 In	 the	 latter	

scenario,	water	 is	undersaturated	and	flow	rates	are	too	fast	to	allow	degassing.	Often,	

water	availability	is	reflected	in	the	extent	of	vegetation	above	and	around	the	cave,	as	this	

requires	enough	moisture	from	the	soil	or	from	the	shallow	groundwater.	Surface	biomass	

supplies	most	of	the	CO2	to	the	soil	epikarst,	and	this	could	contribute	to	the	stalagmites’	

processes	of	formation.		Growth	and	non-growth	of	stalagmites	could	be	associated	with	

cave	 dripwater	 fed	 by	 atmospheric	 precipitation,	 and	 this	 could	 be	 linked	 to	 climatic	

conditions	at	the	time	when	stalagmites	grew.	
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Major	hiatuses	 in	 stalagmite	deposition	could	be	marked	by	variety	of	 features,	

including	 the	 presence	 of	 erosional	 surfaces,	 chalkification,	 dirt	 bands/detrital	 layers,	

deviation	of	growth	axis,	and/or	sometimes	by	color	changes	(e.g.	Holmgren	et	al.,	1995;	

Dutton	et	al.,	2009;	Railsback	et	al.,	2013;	Railsback	et	al.,	2015;	Voarintsoa	et	al.,	2016).	

Railsback	et	al.	(2013)	were	specifically	able	to	identify	significant	features	in	stalagmites	

that	allow	distinction	between	non-deposition	during	extremely	wet	(Type	E	surfaces)	and	

non-deposition	 during	 extremely	 dry	 conditions	 (Type	 L	 surfaces;	 Fig.	 4.2b).	 Physical	

properties	of	stalagmites	that	support	these	extreme	dry	and	wet	events	are	summarized	

in	Table	1	of	Railsback	et	al.	(2013)	and	the	mechanism	is	explained	in	their	Figure	5.	

Type	E	surfaces	are	layer-bounding	surfaces	between	two	spelean	layers	when	the	

underlying	layers	show	evidence	of	truncation.	The	truncation	results	from	dissolution	or	

erosion	 (thus	 the	 name	 “E”)	 of	 the	 previously-formed	 layers	 of	 stalagmite	 layers	 by	

abundant	undersaturated	water.	Type	E	 surfaces	are	commonly	capped	with	a	 layer	of	

calcite	(Railsback	et	al.,	2013).	This	mineralogical	trend	is	not	surprising	in	stalagmites	as	

calcite	 commonly	 forms	 under	 wetter	 conditions	 (e.g.	 Murray,	 1954;	 Pobeguin,	 1965;	

Siegel,	1965;	Thrailkill,	1971;	Cabrol	and	Coudray,	1982;	Railsback	et	al.	1994;	Frisia	et	al.,	

2002).	Additionally,	non-carbonate	detrital	materials	are	commonly	abundant	with	varying	

grain	size	(i.e.	from	silt-	to	sand-size;	Railsback	et	al.,	2013).	

Type	L	surfaces,	on	the	other	hand,	are	layer-bounding	surfaces	where	the	layers	

became	narrower	upward	and	thinner	toward	the	flank	of	the	stalagmite.	The	decrease	in	

thickness	and	width	of	the	stalagmites	upward	is	an	indication	of	lessening	in	deposition	

(thus	the	name	“L”;	Railsback	et	al.,	2013).	Aragonite	is	a	very	common	mineralogy	below	
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the	 Type	 L	 surface,	 especially	 in	 warmer	 settings.	 Layers	 of	 aragonite	 commonly	 form	

under	drier	conditions	(Murray,	1954;	Pobeguin,	1965;	Siegel,	1965;	Thrailkill,	1971;	Cabrol	

and	 Coudray,	 1982;	 Railsback	 et	 al.	 1994;	 Frisia	 et	 al.,	 2002).	 Non-carbonate	 detrital	

materials	are	scarce,	and	if	they	are	present,	they	tend	to	form	a	very	thin	horizon	of	very	

fine	dust	material	(Railsback	et	al.,	2013),	typical	characteristics	for	a	hiatus	in	deposition.	

Identification	of	Type	L	surfaces	has	been	aided	by	measuring	the	layer-specific	width,	or	

LSW	(e.g.	Sletten	et	al.,	2013;	Railsback	et	al.,	2014),	an	approach	that	is	also	performed	in	

this	study.			

	

4.5.2.	Holocene	climate	reconstruction	in	northwestern	Madagascar		

Although	the	specific	boundaries	between	the	early,	mid,	and	late	Holocene	have	

been	proposed	for	global	application	(Walker	et	al.,	2012;	Head	and	Gibbard,	2015),	their	

use	is	still	spatially	limited	(e.g.	Wanner	et	al.,	2015).	The	age	models	and	the	petrographic	

features	of	 Stalagmites	ANJB-2	and	MAJ-5	 suggest	 three	distinct	but	different	 intervals	

(MEHI,	MMHI,	and	MLHI;	see	Sect.	4.4.1)	that	could	be	used	to	characterize	the	Holocene	

in	NW	Madagascar.	These	intervals	are	illustrated	in	the	three	simplified	sketches	of	Figure	

4.4.	In	this	paper,	these	Malagasy	intervals	are	not	intended	to	argue	against	the	previously	

proposed	intervals	of	the	Holocene	(Walker	et	al.,	2012;	Head	and	Gibbard,	2015).	Instead,	

they	are	presented	to	aid	discussion	of	the	available	records.	For	comparison,	the	intervals	

are	shown	in	Fig.	4.4d.	
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Figure	 4.4:	 Simplified	models	 portraying	 the	Holocene	 climate	 change	 in	 northwestern	

Madagascar	and	the	possible	climatic	conditions	linked	to	the	ITCZ.	a)	Wetter	conditions	

during	the	early	Holocene	with	 ITCZ	south	(prior	to	ca.	7.8	ka),	 favorable	for	stalagmite	

deposition.	b)	Periodic	dry	conditions	during	the	mid-Holocene	(between	ca.	7.8	and	1.6	

ka)	with	ITCZ	north	that	prevented	stalagmite	formation	(refer	to	Sect.	4.5.2.2).	c)	Wetter	

conditions	 during	 the	 late	 Holocene	 (after	 ca.	 1.6	 ka)	 with	 ITCZ	 south,	 favorable	 for	

stalagmite	 deposition.	 For	 details	 about	 paleo-vegetation	 reconstruction,	 refer	 to	 Sect.	

4.5.2	and	Fig.	C7.	Drawings	are	not	to	scale.	The	bottom	figures	are	from	the	same	source	

as	Fig.	1a,	and	they	are	only	used	here	to	give	a	perspective	of	the	possible	position	of	the	

ITCZ	 during	 the	 early,	 mid,	 and	 late	 Holocene.	 d)	 Comparison	 of	 the	 three	 Malagasy	

Holocene	interval	with	the	Head	and	Gibbard	(2015)	subdivision	(see	text	for	details,	Sect.	

4.5.2).	
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4.5.2.1.	Malagasy	early	Holocene	interval	(between	ca.	9.8	to	ca.	7.8	ka	BP)	

Stalagmite	 deposition	 during	 the	 early	 Holocene	 suggests	 that	 Anjohibe	 and	

Anjokipoty	 cave	 chambers,	where	 Stalagmites	 ANJB-2	 and	MAJ-5	were	 collected,	were	

sufficiently	supplied	with	water	to	allow	CaCO3	precipitation,	in	accord	with	Eq.1.	This	in	

turn	implies	relatively	wet	conditions	that	could	reflect	longer	summer	rainy	seasons,	or	

wet	years	in	NW	Madagascar	(see	Supplementary	Text	1	and	Fig.	C9).	The	correlative	d13C	

and	 d18O	 values	 further	 suggest	 that	 vegetation	 consistently	 responded	 to	 changes	 in	

moisture	availability,	which	in	turn	was	dependent	on	climate.		

One	striking	aspect	of	 the	Stalagmite	ANJB-2	d18O	and	d13C	 records	 is	 that	 they	

parallel	the	d18O	of	the	Greenland	ice	core	records	at	ca.	8.2	ka	BP	(Figs	4.3	and	4.7).	X-ray	

diffraction	data	for	this	period,	at	195–202	mm	from	the	top	of	the	stalagmite,	suggest	

that	the	mineralogy	at	that	age	is	100%	calcite	(Fig.	C8).	The	presence	of	fine	laminations	

in	the	layer	of	calcite	itself	and	petrographic	comparison	with	known	examples	of	primary	

and	secondary	calcite	(e.g.	Railsback,	2000;	Perrin	et	al.,	2014)	suggest	that	the	calcite	is	

not	diagenetic.	The	decrease	d18O	and	d13C	values	and	the	presence	of	calcite	at	the	same	

interval	combine	to	suggest	a	wet	8.2	ka	event	in	NW	Madagascar.	The	8.2	ka	event	is	a	

prominent	cold	event	 in	North	Atlantic	records	and	many	NH	terrestrial	records.	 It	may	

have	been	triggered	by	a	release	of	freshwater	from	the	melting	Laurentide	Ice	Sheet	into	

the	North	Atlantic	basin	(e.g.	Alley	et	al.,	1997;	Barber	et	al.,	1999).	Freshwater	influx	to	

the	Atlantic	could	have	altered	the	Atlantic	Meridional	Overturning	Circulation	(AMOC,	e.g.	

Clark	et	al.,	2001),	and	could	eventually	have	influenced	the	climate	of	Madagascar	(Sect.	

5.5.3.3).	The	d18O	and	d13C	records	from	Stalagmite	ANJB-2	show	similar	features	to	the	
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d18O	of	the	Greenland	ice	core	records	(GRIP	and	NGRIP,	Fig.	4.7),	and	suggest	that	the	

cold	8.2	ka	event	in	the	NH	records	coincides	with	a	wet	period	in	NW	Madagascar.	This	is	

the	 first	 event	 in	 our	 records	 that	 reveals	 a	 strong	 link	 between	 paleoenvironmental	

changes	 in	Madagascar	 and	 abrupt	 climatic	 events	 in	 the	 NH	 records,	 suggesting	 that	

Madagascar’s	climate	was	also	very	sensitive	to	such	abrupt	climate	events.		

The	 Malagasy	 early	 Holocene	 interval	 terminated	 with	 a	 trend	 toward	 drier	

conditions	as	 suggested	by	 increasing	d18O	and	d13C	 values	 in	 Stalagmite	ANJB-2	and	a	

decrease	in	the	LSW	of	the	two	stalagmites.	This	drier	condition	could	have	ended	with	a	

significant	drought	in	the	region,	as	suggested	by	a	major	Type	L	surface	in	both	stalagmites	

and	by	the	presence	of	a	white	thin	(ca.	3	mm)	porous	aragonite	in	Stalagmite	ANJB-2,	very	

similar	 to	 the	white	porous	 fabric	 described	 in	Niggemann	et	 al.	 (2003).	Aragonite	 is	 a	

CaCO3	polymorph	known	to	indicate	intervals	of	drier	conditions	(Murray,	1954;	Pobeguin,	

1965;	Siegel,	1965;	Thrailkill,	1971;	Cabrol	and	Coudray,	1982;	Railsback	et	al.	1994;	Frisia	

et	 al.,	 2002),	 and	 this	 specific	 layer	 is	 capped	with	 a	 very	 thin	 layer	 of	 non-carbonate	

brownish	materials,	which	could	have	accumulated	on	the	surface	by	aerosol	activity	in	the	

absence	 of	 dripwater	 (e.g.	 Railsback	 et	 al.,	 2013).	 A	 shift	 to	 drier	 conditions	 is	 also	

supported	by	isotopic	data	from	Stalagmite	ANJ94-5	from	Anjohibe	Cave	(Wang	and	Brook,	

2013)	in	which	relatively	low	d13C	and	d18O	values	prior	to	7600	BP	give	way	to	episodically	

greater	values	thereafter.		
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4.5.2.2.	Malagasy	mid-Holocene	interval	(ca.	7.8	to	1.6	ka	BP)	

It	 is	 unfortunate	 that	 stable	 isotope	 records	 are	missing	 in	 the	 two	 stalagmites	

being	studied	to	fully	assess	the	climate	conditions	during	the	MMHI.	However,	we	can	

speculate	on	the	factors	and	the	climatic	conditions	that	may	have	been	responsible	for	

the	long-term	depositional	hiatuses	during	the	MMHI.		

The	documented	severe	dry	conditions	at	the	end	of	the	MEHI	(see	Sect.	4.5.2.1)	

could	have	had	a	significant	influence	(1)	on	the	cave	hydrological	system	(e.g.	Fig.	5	of	

Asrat	et	al.,	2007;	Bosák,	2011),	such	as	the	water	conduits	(primary	or	secondary	porosity)	

to	the	chambers,	and	(2)	on	the	vegetation	cover	above	the	caves,	particularly	above	the	

chambers	where	Stalagmites	ANJB-2	and	MAJ-5	were	collected.	On	one	hand,	it	is	possible	

that	the	dry	conditions	late	in	the	MEHI	could	not	only	bring	lesser	water	recharge	to	the	

cave,	but	also	lowered	the	hydraulic	head,	and	increased	the	rate	of	evapo-transpiration	

in	 the	 vadose	 zone.	 This	 condition	 possibly	 allowed	more	 air	 to	 penetrate	 the	 aquifer,	

perhaps	enhancing	prior	carbonate	precipitation	(PCP)	 in	pores	and	conduits	above	the	

caves	 (e.g.	 Fairchild	 and	 McMillan,	 2007;	 Fairchild	 et	 al.,	 2000;	 Johnson	 et	 al.,	 2006;	

Karmann	 et	 al.,	 2007;	 McDonald	 et	 al.,	 2007).	 This	 process	 must	 have	 blocked	 water	

moving	towards	Stalagmites	ANJB-2	and	MAJ-5.		On	the	other	hand,	the	late	MEHI	drying	

trend	could	have	challenged	vegetation	to	grow,	and	it	is	possible	that	some	areas	above	

Anjohibe	 and	 Anjokipoty	 Caves	 were	 devoid	 of	 vegetation.	 Consequently,	 biomass	

activities	could	have	been	reduced.	Because	vegetation	contributes	CO2	to	the	carbonic	

acid	dissolving	CaCO3,	its	absence	in	certain	areas	above	the	cave	could	decrease	the	pH	

of	the	percolating	water,	and	perhaps	dissolution	did	not	occur.		
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In	either	of	these	two	scenarios,	 the	 long	term-depositional	hiatus	 in	Stalagmite	

ANJB-2	 and	 MAJ-5	 could	 suggest	 Anjohibe	 and	 Anjokipoty	 Caves	 experienced	 some	

disturbances.	The	disturbances	could	be	inherited	from	the	very	dry	conditions	at	the	end	

of	the	MEHI,	and/or	due	to	the	lack	of	water	supply,	perhaps	associated	with	an	increase	

in	epikarst	ventilation,	and/or	by	the	absence	of	vegetation.	Water	and	vegetation	are	two	

components	 of	 the	 karst	 system	 that	 play	 an	 important	 role	 in	 CaCO3	 dissolution	 and	

precipitation	 (see	Eq.	1).	 This	 is	 the	 simplest	explanation	of	 the	hiatuses	 in	Stalagmites	

ANJB-2	and	MAJ-5	from	ca.	7.8	to	1.6	ka,	assuming	that	the	trend	to	drier	conditions	late	

in	the	MEHI,	inferred	from	the	white	porous	aragonite	in	Stalagmite	ANJB-2	and	the	major	

Type	L	surfaces	in	both	stalagmites,	persisted	with	relatively	dry	conditions	through	the	

MMHI	compared	to	conditions	of	the	MEHI.	

Other	evidence	supports	the	idea	of	at	least	episodic	dryness	during	the	MMHI.	A	

work	 in	 progress	 on	 a	 2-meter	 long	 stalagmite	 (ANJ94-5)	 from	Anjohibe	Cave	 suggests	

episodic	 dryness	 during	 the	 MMHI	 and	 a	 depositional	 hiatus	 around	 the	 time	 when	

Stalagmite	 ANJB-2	 and	MAJ-5	 stopped	 growing	 (Wang	 and	 Brook,	 2013;	Wang,	 2016).	

Some	dry	spells	were	also	felt	in	other	regions,	Central	and	Southeastern,	of	Madagascar	

(e.g.	Gasse	and	Van	Campo,	1998;	Virah-Sawmy	et	al.,	2009).		

In	summary,	several	 lines	of	evidence	suggest	 relatively	drier	climate	during	 the	

MMHI	 compared	 to	 the	MEHI	 in	NW	Madagascar.	 Drier	 intervals	 generally	 imply	 drier	

summer	 seasons	 with	 less	 rainfall	 (see	 Supplementary	 Text	 1	 and	 Fig.	 C9),	 perhaps	

reflecting	shorter	visits	of	the	ITCZ.	In	this	regard,	even	though	the	region	received	rainfall,	
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the	 necessary	 conditions	 could	 not	 have	 been	 attained	 to	 activate	 the	 growth	 of	

Stalagmites	ANJB-2	and	MAJ-5,	thus	the	hiatuses.	

	

4.5.2.3.	Malagasy	late	Holocene	interval	(ca.	1.6	ka	to	present)	

The	resumption	of	stalagmite	deposition	after	ca.	1.6	ka	BP	suggests	that	the	cave’s	

hydraulic	 system	 in	 the	 epikarst	 zone	 must	 have	 been	 reactivated,	 when	 climate	 in	

northwestern	Madagascar	returned	to	relatively	wet	conditions,	at	least	similar	to	the	early	

Holocene	 climate	 conditions.	 This	 reactivation	 could	 be	 associated	 with	 changes	 in	

vegetation	cover	above	the	cave.	The	d13C	profiles	display	a	shift	from	depleted	to	enriched	

values	at	ca.	1.5	ka	BP	(Fig.	4.3;	Fig.	C7),	as	have	been	observed	in	previous	stable	isotope	

profiles	in	Anjohibe	(e.g.	Burns	et	al.,	2016;	Voarintsoa	et	al.,	2017),	suggesting	that	the	

late	Holocene	vegetation	was	different	from	that	of	the	early	Holocene.	This	shift	has	been	

linked	to	a	change	from	a	C3-dominated	plant	cover	to	a	C4-dominated	plant	cover,	the	

cause	of	which	has	been	linked	to	human	activities	(e.g.	Crowley	and	Samonds,	2013;	Burns	

et	al.,	2016;	Crowther	et	al.,	2016).		

Although	the	last	ca.	1.6	ka	BP	interval	records	overall	wetter	conditions,	it	was	also	

interrupted	by	occasional	dryness,	as	suggested	by	several	positive	peaks	in	the	Stalagmite	

d18O	records.	Drier	intervals	during	the	late	Holocene	are	observed	in	the	Anjohibe	data	

between	 ca.	 AD	 755	 and	 795	 (i.e.	 1195–1155	 yr.	 BP;	 Voarintsoa	 et	 al.,	 2017),	 and	 in	

previous	paleoenvironmental	studies,	 in	which	a	peak	drought	around	1300–950	cal	BP	

was	 reported	 (Burney,	 1987a,	 b;	 Burney,	 1993;	 Matsumoto	 and	 Burney,	 1994;	 Virah-

Sawmy	et	al.,	2009).	
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4.5.3.	Holocene	climate	in	northwestern	Madagascar:	implications	for	the	ITCZ	dynamics	

Deposition	of	the	Stalagmites	ANJB-2	and	MAJ-5	in	Anjohibe	and	Anjokipoty	Caves,	

respectively,	during	the	MEHI	and	the	MLHI	suggests	that	these	intervals	were	relatively	

wetter	 than	 the	MMHI.	 The	 absence	 of	 an	 increasing	 trend	 in	 the	d18O	 values,	with	 a	

consistent	 amplitude	of	 fluctuations,	 during	 the	MEHI	 and	 the	MLHI	 suggests	 that	NW	

Madagascar	 has	 been	 consistently	 visited	 by	 the	 ITCZ.	 However,	 the	 alternating	

“wet/dry/wet”	intervals	during	the	early,	mid,	and	late	Holocene	suggest	that,	in	addition	

to	the	seasonal	migration	of	the	ITCZ,	these	long-term	climate	changes	could	be	associated	

with	the	duration	of	the	ITCZ	visit	in	the	SH,	leading	to	wetter	or	drier	years	in	Madagascar	

(also	see	Supplementary	Text	1	and	Fig.	C9).		

The	length	of	visit	of	the	ITCZ	in	the	NH	or	SH	has	been	linked	to	the	latitudinal	shift	

or	latitudinal	migration	of	the	ITCZ.	When	the	ITCZ’s	mean	position	is	south	(often	referred	

to	as	southward	migration	of	the	ITCZ),	many	regions	in	the	SH	become	wetter	because	

summer	rainy	seasons	may	get	longer	(e.g.	Voarintsoa	et	al.,	2016),	and	monsoonal	rainfall	

during	summer	seasons	may	have	been	more	intense.	When	the	ITCZ’s	mean	position	is	

north	(i.e.	referred	to	as	northward	migration	of	the	ITCZ),	many	regions	in	the	SH	become	

drier	as	summer	rainy	seasons	become	shorter,	when	monsoonal	rainfall	during	summer	

seasons	weakened.		

In	NW	Madagascar,	 stalagmite	deposition	during	 the	MEHI	 and	 the	MLHI	 could	

suggests	sufficient	dripwater	supply	that	could	reflect	wetter	conditions.	This	could	have	

been	 linked	 to	 a	more	 southerly	mean	 position	 of	 the	 ITCZ.	 The	 depositional	 hiatuses	

during	 the	MMHI	 could	 suggest	 a	 northward	migration	 of	 the	 ITCZ.	 Factors	 that	 could	
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influence	 the	 mean	 position	 of	 the	 ITCZ	 include	 change	 in	 insolation,	 difference	 in	

temperature	between	the	 two	hemispheres,	glaciers	advances	 that	 indicate	global	cold	

conditions,	and	the	alteration	of	the	thermohaline	circulation.	These	factors	are	discussed	

in	detail	further	below.		

	

4.5.3.1.	ITCZ	and	insolation	

The	ITCZ	migrates	southward	in	austral	summer	and	northward	in	boreal	summer	

in	 response	 to	 seasonal	 insolation.	 This	 migration	 has	 also	 been	 observed	 at	 decadal,	

centennial,	 and	millennial	 scale	 (e.g.	 Haug	 et	 al.,	 2001;	 Voarintsoa	 et	 al.,	 2016).	 If	 we	

assume	that	insolation	is	the	sole	driver	of	the	ITCZ’s	latitudinal	migration,	comparison	of	

the	insolation	curves	of	Berger	and	Loutre	(1991)	and	the	stable	isotope	profiles	and	the	

timing	of	deposition	of	stalagmites	ANJB-2	and	MAJ-5	(Fig.	4.5a)	suggests	that	high	winter	

insolation	 in	 the	 southern	 hemisphere	 could	 have	 been	 responsible	 for	 the	 southward	

migration	of	the	ITCZ	during	the	early	Holocene.	This	could	have	increased	the	number	of	

summer	 months	 in	 northwestern	 Madagascar,	 without	 necessarily	 intensifying	 the	

monsoon	strength.	On	the	other	hand,	the	southward	migration	of	the	ITCZ	during	the	late	

Holocene	could	be	linked	to	high	summer	insolation	(Fig.	4.5).	In	such	conditions,	it	could	

be	 possible	 that	 monsoonal	 rainfall	 in	 northwestern	 Madagascar	 intensified	 (see	

Supplementary	Text	1	and	Fig.	C9).		
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Figure	 4.5:	 Paleoclimate	 of	 northwestern	 Madagascar	 compared	 with	 insolation.	 (a)	

Comparison	 between	 insolation	 curves	 (Berger	 and	 Loutre,	 1991)	 and	 stalagmite	d18O.	

Timing	of	stalagmite	deposition	is	coeval	with	high	SH	winter	insolation	during	the	early	

Holocene	and	high	SH	summer	insolation	during	the	late	Holocene.	(b)	Reconstructed	solar	

irradiance	 from	 ∆14C	 residuals	 (Stuiver	 et	 al.,	 1998)	 compared	 with	 Stalagmite	 d18O.	

Stalagmite	d18O	relates	well	to	the	reconstructed	solar	irradiance	(∆14C),	particularly	during	

the	early	Holocene.	
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Recognizing	that	application	of	the	insolation	curve	of	Berger	and	Loutre	(1991)	to	

paleohydrology	 in	northwestern	Madagascar	might	 seem	subjective,	we	also	compared	

our	records	with	the	solar	radiation	reconstruction	from	14C	residual	records	of	Stuiver	et	

al.	 (1998).	The	stalagmite	d18O	records	relate	well	 to	the	reconstructed	solar	 irradiance	

fluctuations	 during	 the	MEHI.	 Negative	 d18O	 values,	 indicative	 of	 wetter	 conditions	 in	

northwestern	Madagascar,	correspond	to	high	∆14C	residuals	values,	indicative	of	low	solar	

irradiance	 (Fig.	 4.5).	 A	 similar	 but	 opposite	 relationship	 has	 been	 observed	 during	 the	

Holocene	Asian	Monsoon	 in	Dongge	Cave,	 southern	China,	a	 region	visited	by	 the	 ITCZ	

during	boreal	summers	(Wang	et	al.,	2005).	Figure	2	of	Wang	et	al.	(2005)	suggests	that	

higher	 solar	 irradiance	 (smaller	 ∆14C)	 corresponds	 to	 a	 stronger	 Asian	 Monsoon.	 This	

antiphase	 relationship	 between	 northwestern	 Madagascar’s	 and	 southern	 China’s	

monsoonal	response,	for	example,	could	suggest	that	the	distribution	of	energy	related	to	

solar	irradiance	leads	to	shifts	of	the	ITCZ,	and	this	is	felt	in	both	hemispheres.	

Comparing	 the	 stalagmite	 d18O	 records	 with	 the	 same	 14C	 residual	 records	 of	

Stuiver	et	al.	(1998),	the	MLHI	paleohydrology	linkage	to	insolation	is	not	as	obvious	as	the	

early	Holocene.	This	could	be	explained	by	the	complexity	of	the	climate	drivers	during	the	

late	Holocene.	Studies	report	that	the	late	Holocene	climate	has	changed	in	response	to	

several	overlapping	effects	of	the	orbitally	driven	insolation,	volcanic	eruptions,	changes	in	

solar	 irradiance	 (e.g.	 Wanner	 et	 al.,	 2008),	 and	 changes	 in	 regional	 to	 global-scale	

variations	in	temperature	(e.g.	Neukom	et	al.,	2014;	Chambers,	2015).	

For	the	mid-Holocene,	our	 inference	of	a	relatively	drier	climate	seems	to	agree	

with	 the	 paleoclimate	 simulation	 of	 Braconnot	 et	 al.	 (2007),	 suggesting	 that	 the	 NH	
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insolation	increased.	This	insolation	hypothesis	was	briefly	reviewed	in	Chiang	(2009;	see	

his	 Fig.	 6).	 Per	 Chiang’s	 review,	 the	 predominant	 climate	 forcing	 of	 the	mid-Holocene	

(centered	at	~6	ka)	was	a	pronounced	change	to	the	insolation,	which	was	primarily	due	

to	precessional	changes	in	the	Earth’s	orbit.	Chiang	added	that	the	Earth	was	nearer	to	the	

Sun	in	boreal	summer	than	boreal	winter,	and	NH	summers	were	more	intense	than	today.		

Quantification	 of	 the	 mean	 ITCZ	 position	 using	 a	 set	 of	 coupled	 ocean-atmosphere(-

vegetation)	simulations	during	the	mid-Holocene	(ca.	~6	ka)	 in	the	second	phase	of	the	

Paleoclimate	 Modeling	 Intercomparison	 Project	 (PMIP2)	 suggests	 a	 northward	

displacement	of	the	ITCZ	at	~6	ka	(Braconnot	et	al.,	2007)	in	response	to	increased	summer	

insolation	 (Braconnot	 et	 al.,	 2000).	 This	 northward	 migration	 increased	 the	 mean	

simulated	precipitation	over	the	northern	edge	of	the	ITCZ	(Braconnot	et	al.,	2007),	but	

could	 have	 decreased	 the	 mean	 precipitation	 simulated	 over	 its	 southern	 edge,	 as	 in	

northwestern	Madagascar	(this	study).	
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Figure	4.6:	Climate	of	NW	Madagascar	compared	with	global	temperature	conditions.	A)	

Average	Holocene	 temperatures	 in	 the	Northern	Hemisphere	 90°–30°N	 (blue)	 and	 the	

Southern	Hemisphere	90°–30°S	 (red),	 referenced	 to	 the	1961–1990	mean	 temperature	

(Marcott	et	al.,	 2013),	with	1σ	uncertainty	 (gray).	B–c)	Curves	 representing	 the	 sum	of	

glaciers	 advances	 from	 a	 set	 of	 global	 Holocene	 time	 series	 compiled	 from	 natural	

paleoclimate	 archives	 (Wanner	 et	 al.,	 2011)	 and	 curves	 representing	 the	 sum	 of	 cold	

periods	 from	 a	 set	 of	 global	 Holocene	 time	 series	 compiled	 from	 natural	 paleoclimate	

archives	(Wanner	et	al.,	2011)	compared	with	the	d18O	profile	of	Stalagmite	ANJB-2	(black)	

and	MAJ-5	(gray)	and	their	corresponding	radiometric	age	data	with	the	2s	error.	
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4.5.3.2.	 Linkages	 to	 ocean-atmosphere	 dynamics:	 ITCZ	 and	 global	 cooling/warming	

conditions	

Besides	insolation,	the	ITCZ’s	length	of	visit	in	either	hemisphere	also	depends	on	

global	cooling/warming	conditions	(e.g.	Chiang	and	Bitz,	2005;	Broccoli	et	al.,	2006).	Global	

cooling	and/or	warming	conditions	are	often	reflected	 in	the	extent	of	glacial	advances	

(e.g.	Fig.	3	of	Wanner	et	al.,	2011).	Model	simulations	using	an	AGCM–	slab	ocean	model	

(Chiang	and	Bitz,	2005)	suggest	a	southward	shift	in	the	ITCZ	over	all	tropical	ocean	basins	

when	extratropical	cooling	and	enhanced	sea-ice	cover	in	the	NH	were	imposed.	Similar	

simulations	revealed	a	northward	shift	in	the	ITCZ	when	a	southern	extratropical	cooling	

was	 imposed,	enhancing	cooling	 in	 the	SH	 (Broccoli	et	al.,	2006).	 It	has	 therefore	been	

reported	 and	 widely	 agreed	 that	 the	 ITCZ’s	 latitudinal	 migration	 is	 driven	 by	 the	

temperature	gradient	between	the	two	hemispheres	(Chiang	and	Bitz,	2005;	Broccoli	et	

al.,	2006;	Chiang	and	Friedman,	2012).	The	ITCZ	moves	from	a	cold	hemisphere	towards	a	

warmer	one	(e.g.	Kang	et	al.,	2008;	McGee	et	al.,	2014;	Talento	and	Barreiro,	2016),	and	

this	 latitudinal	migration	has	been	 the	main	driver	of	 rainfall	 availability	 in	 tropical	and	

semi-arid	regions	visited	by	the	ITCZ	at	decadal	to	millennial	scales	(e.g.	Haug	et	al.,	2001;	

Voarintsoa	et	al.,	2016).		

Figure	6a	suggests	that	deposition	of	Stalagmite	ANJB-2	and	MAJ-5	during	the	MEHI	

and	the	MLHI,	i.e.	the	wetter	intervals,	coincided	with	the	timing	of		southward	migrations	

of	 the	 ITCZ,	when	the	NH	was	cooler	 than	the	SH	 (Marcott	et	al.,	2013).	This	 timing	of	

southward	migration	of	the	ITCZ	coincided	with	intervals	of	global	cooler	conditions	with	

a	high	number	of	glacial	advances	(Figs.	4.6b–c;	Wanner	et	al.,	2011).	This	scenario	agrees	
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well	with	the	model	of	Chiang	and	Bitz	(2005),	and	the	climatic	responses	are	very	similar	

to	those	observed	in	northeastern	Namibia	(e.g.	Voarintsoa	et	al.,	2016).	In	contrast,	the	

hiatus	in	deposition	during	the	mid-Holocene	was	coeval	with	a	warmer	NH	and	cooler	SH,	

suggesting	 a	 northward	 migration	 of	 the	 ITCZ.	 This	 scenario	 agrees	 with	 the	 model	

simulation	of	Broccoli	et	al.	(2006).	

	

4.5.3.3.	ITCZ	and	AMOC:	southward	migration	of	the	ITCZ	during	the	8.2	ka	event	

Understanding	the	Atlantic	Meridional	Overturning	Circulation	(AMOC)’s	influence	on	

Madagascar’s	hydroclimate	could	fill	gaps	in	our	understanding	the	global	atmospheric	and	

oceanic	circulation,	particularly	in	the	SH.	The	AMOC,	a	component	of	the	Thermohaline	

Circulation	(THC)	or	the	Global	Ocean	Conveyor	(Stommel,	1958;	Gordon,	1986;	Broecker,	

1992,	 1992;	 Delworth	 et	 al.,	 2008),	 is	 an	 important	 component	 of	 the	 Earth’s	 climate	

system	 (Broecker	 1991,	 1992;	Weaver	 et	 al.	 1999;	 Delworth	 et	 al.,	 2008).	 It	 plays	 an	

essential	role	in	maintaining	global	climate	by	transporting	a	large	amount	of	heat	from	

northern	 high	 latitude	 regions,	 starting	 for	 example	 at	 the	 North	 Atlantic	 Deep	Water	

(NADW),	 to	 several	 regions	 worldwide	 (e.g.,	 Broecker	 1992;	 Weaver	 et	 al.	 1999).	 It	

connects	 localized	 high	 latitude	 sinking	 cold	 water	 in	 the	 North	 Atlantic	 with	 tropical	

climate	changes	(e.g.,	Dong	and	Sutton	2002;	Zhang	and	Delworth	2005).	The	AMOC	was	

used	to	 interpret	the	non-orbital	periodicity	 (i.e.	at	millennial	scale)	of	 isotopic	records,	

identified	in	ice	cores,	because	of	an	abrupt	influx	of	meltwater	from	the	Laurentide	ice	

sheet	into	the	North	Atlantic	Ocean	(e.g.	Alley	et	al.,	1997;	Barber	et	al.,	1999).		
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Figure	4.7:	The	8.2	ka	event	in	Madagascar.	Oxygen	isotope	record	from	Greenland	(GRIP	

and	NGRIP)	ice	cores	(Vinther	et	al.,	2009)	compared	with	Stalagmite	ANJB-2	d18O	and	d13C.	

Fig.	C8	provides	additional	supporting	evidence	of	the	wet	8.2	ka	event.	
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A	more	fundamental	impact	of	the	changes	in	the	AMOC	is	the	alteration	of	the	

temperature	gradient	between	the	two	hemispheres,	known	to	have	been	responsible	for	

the	 latitudinal	 shift	 of	 the	 ITCZ	 in	 the	 tropical	 Atlantic	 (e.g.	 Dong	 and	 Sutton,	 2007;	

Delworth	et	al.,	2008,	p.	309).	The	8.2	ka	event,	a	significant	short-lived	cooling	of	the	early	

Holocene	 (Alley	 et	 al.,	 1997),	 revealed	 in	 northwestern	 Madagascar	 records	 as	 a	 wet	

interval	 (Figs.	 4.3	 and	 4.7),	 is	 an	 ideal	 timeframe	 to	 investigate	 such	 “ocean-land-

atmosphere”	relationships	during	the	early	Holocene.	The	8.2	ka	event	is	a	known	interval	

of	abrupt	freshwater	influx	from	the	melting	Laurentide	Ice	Sheet	into	the	North	Atlantic	

(Alley	et	al.,	1997;	Barber	et	al.,	1999;	Kleiven	et	al.,	2008;	Carlson	et	al.,	2008;	Renssen	et	

al,	2010;	Wiersma	et	al.,	2011;	Wanner	et	al.,	2015).	It	is	equivalent	to	the	sharp	peak	of	

the	Bond	cycle	number	5	 (Bond	et	al.	1997,	2001).	This	 influx	of	meltwater	altered	the	

density	and	salinity	of	the	NADW.	Thornalley	et	al.	(2009)	reported	a	decrease	in	the	NADW	

salinity	 to	 approximately	 34	 p.s.u.	 during	 the	 early	 Holocene.	 This	 perturbation	 of	 the	

North	Atlantic	could	partially	or	completely	weaken	the	AMOC	(e.g.,	Vellinga	and	Wood	

2002;	 Dong	 and	 Sutton	 2002,	 2007;	 Dahl	 et	 al.	 2005;	 Zhang	 and	 Delworth	 2005).	

Weakening	 of	 the	 AMOC	 would	 result	 in	 a	 deepening	 of	 the	 thermocline	 level	

(Timmermann	et	al,	2005),	which	could	eventually	lead	to	an	anomalous	warming	of	the	

southern	oceans.		

In	parallel	to	this,	the	weakening	of	the	AMOC	would	result	 in	a	positive	cooling	

feedback	to	NH	regions	because	the	Gulf	Stream	was	shut	down.	This	weakening	of	the	

AMOC	 would	 therefore	 cause	 a	 significant	 temperature	 gradient	 between	 the	 two	

hemispheres,	with	a	cooler	NH	and	warmer	SH,	suggesting	a	southward	migration	of	the	
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ITCZ	during	the	8.2	ka	event.	Thus,	northwestern	Madagascar	became	wet,	as	suggested	

by	the	more	negative	stalagmite	d18O	and	d13C	values	around	the	8.2	ka	event.	This	wetting	

could	 correspond	 to	 a	 stronger	 Malagasy	 monsoon	 during	 austral	 summers,	 a	

phenomenon	identical	to	the	South	American	Summer	Monsoon,	identified	in	Brazil	(e.g.	

Cheng	et	al.,	2009).	 In	contrast,	 regions	 in	the	NH	monsoon	regions	became	dry	as	the	

Asian	Monsoon	 and	 the	 East	 Asian	Monsoon	 became	weaker	 (e.g.	Wang	 et	 al.,	 2005;	

Dykoski	et	al.,	2005;	Cheng	et	al.,	2009;	Liu	et	al.,	2013).	

4.6.	Conclusion	

Petrography,	mineralogy,	 and	 stable	 isotope	 records	 from	 Stalagmite	 ANJB-2,	 from	

Anjohibe	Cave,	and	Stalagmite	MAJ-5,	from	Anjokipoty	Cave,	all	combine	to	suggest	three	

distinct	 intervals	 of	 climatic	 change	 in	Madagascar	 during	 the	Holocene:	 relatively	wet	

conditions	during	MEHI,	relatively	drier	conditions,	possibly	due	to	episodic	dryness,	during	

the	 MMHI,	 and	 relatively	 wet	 conditions	 during	 the	 MLHI.	 The	 timing	 of	 stalagmite	

deposition	during	the	MEHI	and	the	MLHI	in	NW	Madagascar	could	be	attributed	to	a	more	

southward	migration	and/or	 an	expanded	 ITCZ,	 increasing	 the	duration	of	 the	 summer	

rainy	seasons,	perhaps	linked	to	a	stronger	Malagasy	monsoon.	This	could	have	been	tied	

to	insolation,	the	temperature	gradient	between	the	two	hemispheres,	and	weakening	of	

the	AMOC.	 In	contrast,	the	~6500	year-long	depositional	hiatus	during	the	MMHI	could	

reflect	 a	 northward	migration	 of	 the	 ITCZ,	 leading	 to	 relatively	 drier	 conditions	 in	 NW	

Madagascar.	The	evidence	of	the	8.2	ka	event	in	the	Malagasy	records	further	suggests	a	

strong	 link	 between	 paleoenvironmental	 changes	 in	 Madagascar	 and	 abrupt	 climatic	
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events	in	the	Northern	Hemisphere	records,	suggesting	that	Madagascar	climate	was	also	

very	sensitive	to	such	abrupt	climate	events.		
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CHAPTER	5	

CONCLUSION	

	

5.1.	Importance	of	using	the	stalagmite	multiple	proxy	approach	

The	research	compiled	in	this	dissertation	thesis	has	been	an	investigation	of	past	

climate	and	vegetation	changes	in	northeastern	Namibia	and	northwestern	Madagascar	

using	multiple	proxies	(d18O,	d13C,	mineralogy,	petrography,	 layer-specific	width,	macro-

cavities	 distributions)	 from	 stalagmites.	 Stalagmites	 form	 when	 cave	 dripwater	 is	

supersaturated	 with	 Ca2+	 and	 CO3
2-	 and	 degasses	 CO2	 to	 precipitate	 CaCO3.	 The	

precipitated	carbonate	preserves	various	signatures	that	reflect	environmental	conditions	

at	the	time	of	stalagmite	deposition.	These	conditions	can	be	seasonal,	decadal,	or	they	

can	 represent	 long-term	changes	 in	climate	 (centennial,	millennial).	This	multiple	proxy	

approach	 has	 allowed	 us	 to	 check	 our	 interpretations	 across	 a	 range	 of	 chemical	 and	

physical	systems	to	better	understand	the	climatic	regimes	in	the	study	area.	Cave	deposits	

could	bring	new	insights	on	the	possible	changes	of	climate	in	the	recent	past,	enabling	

better	predictions	of	climate	changes	in	the	near	future.		
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5.2.	Implications	for	climate	reconstruction	

Although	 it	 has	 been	 known	 from	 paleoclimatological	 analyses	 (Koutavas	 and	

Lynch-Stieglitz,	2004;	Russell	and	Johnson,	2007;	Brown	and	Johnson,	2005;	Sinha	et	al.,	

2011;	Leech	et	al.,	2013)	and		modeling	studies	(Broccoli	et	al.,	2006;	Chiang	et	al.	2003;	

Chiang	and	Bitz,	2005;	Kang	et	al.,	2008;	Frierson	and	Hwang,	2012;	Donohoe	et	al.,	2013;	

McGee	et	al.,	2014)	that	the	latitudinal	migration	of	the	ITCZ	could	significantly	influence	

the	 rainfall	 regimes	 in	 the	 tropics,	 additional	 data	 are	 needed	 to	 refine	 the	 spatial	

resolution.	This	research	has	allowed	us	to	bring	additional	paleoclimate	 information	to	

assess	 and	 refine	 our	 understanding	 of	 the	 dynamics	 of	 the	 ITCZ	 through	 time	 in	 the	

Southern	 Hemisphere.	 From	 our	 paleoclimatological	 reconstruction,	 the	 data	 suggest	

wet/dry	 conditions	 in	 northeastern	 Namibia	 (Chapter	 2;	 Voarintsoa	 et	 al.,	 2016)	 and	

northwestern	Madagascar	(Chapter	3;	Voarintsoa	et	al.,	accepted;	Chapter	4;	Voarintsoa	

et	al.,	submitted),	when	the	ITCZ	is	at	 its	southward/northward	position.	This	latitudinal	

migration	is	mainly	driven	by	insolation	and	high	temperature	gradient	between	the	two	

hemispheres.	A	southward	migration	of	the	ITCZ	was	also	identified	during	the	prominent	

8.2	 ka	 cold	 event.	 During	 this	 interval,	 the	 Atlantic	Meridional	 Overturning	 Circulation	

(AMOC)	weakened,	and	consequently,	this	intensified	the	temperature	gradient	between	

the	NH	(cold)	and	the	SH	(warm),	pushing	the	ITCZ	southward.	This	led	to	wet	conditions	

in	Madagascar,	as	suggested	by	the	stalagmite	multiple	proxies.	

Multiple	 proxy	 records	 from	northwestern	Madagascar	 have	 also	 improved	 our	

understanding	 in	 deciphering	 the	 difference	 between	 anthropogenic	 influence	 and	

climatic	influence	on	landscape	transformation	(mainly	discussed	in	Chapter	3;	Voarintsoa	
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et	al.,	accepted).	Evidence	has	mainly	been	captured	 in	stalagmites	as	a	shift	 in	d13C.	A	

more	comprehensive	paleoenvironmental	reconstruction	of	the	region	has	been	helped	

by	other	proxies,	 such	as	d18O,	mineralogy,	 and	petrographic	 features,	 and	a	 thorough	

literature	review	of	the	region’s	archaeological	evidence.	

	

5.3.	Research	highlights	

In	Chapter	2,	a	multi-proxy	approach	using	U-Th	dating,	d18O,	d13C,	mineralogy,	and	

petrography	from	Stalagmite	DP1	 in	Dante	Cave,	Namibia,	 revealed	 linkages	to	climate.	

These	records	suggest	that	wet	and	dry	intervals	in	northeastern	Namibia	were	linked	to	

latitudinal	shifts	of	the	Inter-Tropical	Convergence	Zone	(ITCZ)	and	changing	solar	activity	

from	AD	1400	to	1950	(Voarintsoa	et	al.,	2016,	The	Holocene).		

In	Chapter	3,	 stable	 isotopes	of	oxygen,	 variation	 in	mineralogy,	 changes	 in	 the	

sample’s	 layer-specific	width,	 and	macroholes	 (large	 cavities)	 distribution	 in	 Stalagmite	

MA3	from	Anjohibe	Cave	also	have	helped	understand	in	much	detail	the	paleo-hydrology	

in	 northwestern	Madagascar	 during	 the	 late-Holocene	 (Voarintsoa	 et	 al.,	 2017).	 Stable	

isotopes	of	carbon	further	suggest	a	linkage	to	landscape	changes	in	the	same	study	area.	

A	significant	shift	in	the	stalagmite	d13C	since	ca.	AD	800	and	a	weak	correlation	between	

d13C	and	d18O	(r2=	0.05)	were	identified;	whereas	prior	to	that	time,	d13C	does	not	change	

in	trend	and	it	shows	better	correlation	with	d18O	(r2=0.44).	This	multi-proxy	analysis	of	

stalagmites	from	Anjohibe	Cave	indicates	a	climatically-induced	vegetation	change	prior	to	

ca.	AD	800	and	a	non-climatically-induced	vegetation	change	thereafter.	The	timing	of	this	

d13C	shift	seems	to	coincide	with	increased	land	use,	mainly	the	practice	of	“Tavy”,	a	variety	
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of	swidden	agricultures,	 in	Madagascar.	This	could	be	an	additional	evidence	of	human	

presence	besides	geological,	archeological,	and	anthropological	archives.	

In	Chapter	4,	mineralogy,	petrography,	 and	 stable	 isotopes	have	 revealed	 three	

distinct	intervals	of	the	Holocene	climate	in	northwestern	Madagascar.	They	are	named	

the	 Malagasy	 Early	 Holocene	 Interval	 (MEHI),	 the	 Malagasy	 Middle	 Holocene	 Interval	

(MMHI),	and	 the	Malagasy	Late	Holocene	 Interval	 (MLHI).	The	proxies	 suggest	 that	 the	

MMHI	was	relatively	drier	compared	to	the	MEHI	and	MLHI.	The	8.2	ka	cold	event	is	also	

identified	in	the	records	as	an	interval	of	wet	conditions.	This	climate	variability	throughout	

the	Holocene	suggests	a	 linkage	between	climate	 in	northwestern	Madagascar	and	 the	

latitudinal	migration	of	the	ITCZ,	which	itself	has	moved	in	response	to	changes	in	solar	

insolation,	 interhemispheric	 difference	 in	 temperature,	 and	 changes	 in	 the	 Atlantic	

Meridional	Ocean	Circulation	(AMOC).	

	

5.4.	Envisioning	future	work	

The	main	motivation	in	undertaking	studies	on	paleoclimate	reconstruction	is	to	be	

able	to	better	understand	the	global	climate	system	at	different	scales	over	time,	and	use	

such	information	as	keys	to	predict	the	likely	changes	in	the	future.	The	8.2	ka	event	is,	for	

example,	an	ideal	interval	to	test	for	climate	models,	and	information	from	such	test	could	

be	 used	 for	 future	 climate	 prediction	 (e.g.	 Alley	 and	 Ágústsdóttir,	 2005;	Wiersma	 and	

Renssen,	2006;	Tindall	and	Valdes,	2011;	Holmes	et	al.,	2016;	Daley	et	al.,	2011).	Climate	

simulations,	predictions,	and	reconstructions	are	better	with	higher	resolution	data.	In	the	

paleoclimatological	 standpoint,	higher	 resolution	data	rely	on	the	spatial	distribution	of	
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samples	and	on	the	temporal	resolution	of	the	samples	being	analyzed.		The	completed	

research	 for	 this	 dissertation	 presents	 an	 opportunity	 to	 continue	 research	 on	

paleoclimatology.	The	spatial	distribution	of	paleoclimate	records,	particularly	long-term	

records,	is	still	limited,	and	some	of	the	records	themselves	are	still	low	in	resolution.		
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APPENDIX	A	

SUPPLEMENTARY	MATERIALS	FOR	CHAPTER	2	

	

“STALAGMITE	MULTI-PROXY	EVIDENCE	OF	WET	AND	DRY	INTERVALS	IN	NORTHEASTERN	

NAMIBIA:	LINKAGE	TO	LATITUDINAL	SHIFTS	OF	THE	INTER-TROPICAL	CONVERGENCE	

ZONE	AND	CHANGING	SOLAR	ACTIVITY	FROM	AD	1400	TO	1950”	

	

	 Statistical	testing	

	 A	 test	 of	 the	 strength	 of	 the	 relationship	 between	 d13C	 and	 d18O	 values	 from	

Stalagmite	DP1	 using	 the	 parametric	 Pearson	 correlation	 coefficient	was	 performed	 to	

evaluate	 the	 relationship	 between	 vegetation/soil	 biomass	 activity	 and	 precipitation	 in	

Dante	Cave.	The	mathematical	form	of	the	correlation	was	expressed	using	the	Major	Axis	

(MA)	of	the	Model	II	Regression.	Analysis	using	MA	produces	unbiased	slope	estimates	and	

accurate	 confidence	 intervals	 (Jolicoeur,	 1990)	 and	 it	 assumes	 a	 bivariate	 normal	

distribution	 of	 the	 data.	 The	 DP1	 data	 were	 log-transformed	 because	 they	 are	 right-

skewed.	These	data	are	also	random	walks,	so	a	data	differencing	for	all	variables	were	

performed.	This	Model	II	Regression	computes	a	parametric	95%	confidence	interval	for	

the	 slope	 and	 intercept	 parameters;	 and	 statistical	 significance	 of	 the	 slopes	 and	

correlation	coefficient	is	determined	by	a	permutation	test	(Legendre,	in	mod2user	of	the	

lmodel2	package	in	R).		
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Figure	A1.	Major	axis	regression	plot	run	on	d13C	and	d18O	of	stalagmite	DP1.	
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Figure	A2.		Variation	in	δ13C	in	the	DP1	record	from	1695	to	1950.		Black	symbols	show	

data	transformed	to	account	for	aragonite’s	greater	fractionation	of	13C	relative	to	calcite;	

red	symbols	show	the	data	additionally	transformed	to	account	for	the	Suess	effect	using	

the	equation	of	Verburg	(2007).		r2	=	0.02	for	the	untransformed	data,	and	r2	=	0.05	for	

data	transformed	to	correct	for	the	Suess	effect.		
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Figure	A3.	a)	SEM	image	of	typical	aragonite	at	c.	255	mm	from	the	top	of	Stalagmite	DP1.		

b)	SEM	image	of	the	unusual	aragonite	found	237	to	250	mm	from	the	top	of	Stalagmite	

DP1,	marked	with	“A*”	in	Figure	3b.			c)	Two	microphotographs	of	selected	major	layer-

bounding	surfaces	observed	in	stalagmite	DP1	(refer	to	Figure	3b).	L	and	E	denote	Type	L	

(less	deposition)	and	Type	E	(erosional)	surfaces	respectively	in	accord	with	the	description	

of	Railsback	et	al.	(2013);	v	denotes	voids,	which	are	typical	features	associated	with	Type	

E	surfaces.	d)	X-ray	diffraction	plot	of	the	unusual	layer	of	aragonite	denoted	A*in	Figure	

3b.		
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APPENDIX	B	

SUPPLEMENTARY	MATERIALS	FOR	CHAPTER	3	

	

“MULTIPLE	PROXY	ANALYSES	OF	A	U/TH-DATED	STALAGMITE	TO	RECONSTRUCT	

PALEOENVIRONMENTAL	CHANGES	IN	NORTHWESTERN	MADAGASCAR	BETWEEN	370	CE	

AND	1300	CE”	
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Figure	 B1:	 Google	 Earth	 image	 showing	 the	 relevant	 archaeological	 and	

paleoenvironmental	described	in	this	study.	
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Figure	 B2:	 General	 map	 showing	 (a)	 vegetation	 distribution	 (modified	 from	MacPhee,	

1986)	 and	 (b)	 limestone	 (Collins	 and	 Windley,	 2002)	 and	 regional	 rainfall	 distribution	

(source:	 Direction	 Générale	 de	 la	 Météorologie,	 Madagascar)	 in	 Madagascar.	 Rainfall	

values	are	given	in	millimeter,	the	histograms	represent	monthly	rainfall	from	January	(left)	

to	December	(right),	and	the	number	above	the	bars	represent	the	total	annual	rainfall	(in	

mm)	received	in	2003	per	region.	For	more	up-to-date	and	detailed	vegetation	map,	see	

DuPuy	and	Moat	(1996,	2003)	and	the	modern	Landsat	image	of	NASA	using	Google	Earth.	
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Figure	B3:	Schematic	illustration	of	the	mean	wind	convergence	and	positions	of	the	ITCZ	

relative	to	Madagascar	during	mid-summer	(January,	left)	and	mid-winter	(July,	right),	ZAB	

is	the	Zaire	Air	Boundary,	another	type	of	convergence	identified	in	southern	Africa.	This	

illustration	is	a	section	modified	from	Fig.	2.3	of	Lindesay	(1998).	
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Figure	B4:	Seasonal	variability	of	d18O	of	rainfall	in	Madagascar	from	the	extrapolation	model	of	

Bowen	(2013).	This	series	of	maps	suggests	that	(1)	the	rainiest	region	in	Madagascar	(eastern)	

has	more	negative	d18O	and	(2)	summer	months	are	characterized	by	more	negative	d18O	in	all	

regions	of	Madagascar.	
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Figure	B5:	Indexed	photograph	of	Stalagmite	MA3,	showing	the	trenches	for	radiometric	analysis	

and	the	trenches	for	isotopic	analysis.		
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Figure	B6:	Indexed	photograph	of	Stalagmite	MA2,	showing	the	trenches	for	radiometric	analysis	

and	the	trenches	for	isotopic	analysis.	A	close-up	of	the	section	highlighted	in	red	square	is	shown	

to	the	right	to	highlight	the	new	millimeter	interval	sampling	of	stable	isotopes.	
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Figure	B7:	Indexed	photograph	of	the	upper	57	mm	of	Stalagmite	ANJ94-5.	This	image	was	the	

half	of	the	stalagmite	kept	for	reference.	Sample	powders	for	U-series	dating	and	stable	isotopes	

were	taken	from	the	quarter	of	the	other	half	of	the	stalagmite.	This	upper	57	mm	of	Stalagmite	

ANJ94-5	is	composed	of	aragonite.	
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Table	B1:	230Th	dating	results,	with	2σ	error.	Samples	indicated	by	√	are	considered	in	the	age	model	(see	Section	3.4.2	for	explanation)	

	

mm	 Sample		No.	 238U	(ppb)	 232Th	(ppt)	
230Th	/	232Th	
(atomic	x10-6)	

d234U*	
(measured)	 230Th	/	238U	(activity)	

230Th	Age	(year)	
(uncorrected)	

230Th	Age	(year)	
(corrected)	

d234UInitial**	
(corrected)	

230Th	Age	(year	BP)	***	
(corrected)	 	

0	 MA3-U1	 424.2	 ±0.7	 3735	 ±75	 12	 ±1	 10.1	 ±2.3	 0.0065	 ±0.0006	 704	 ±66	 450	 ±191	 10	 ±2	 388	 ±191	 	

8	 MA-3-U008	 89	 ±0	 292	 ±6	 48	 ±7	 3.9	 ±1.6	 0.0096	 ±0.0014	 1048	 ±155	 952	 ±169	 4	 ±2	 888	 ±169	 	

12	 MA3-U2	 94.4	 ±0.1	 2354	 ±47	 14	 ±1	 6.3	 ±2.1	 0.0216	 ±0.0006	 2363	 ±69	 1640	 ±516	 6	 ±2	 1578	 ±516	 	

53	 MA3-U3	 105.3	 ±0.2	 1957	 ±39	 17	 ±1	 6.3	 ±2.2	 0.0192	 ±0.0006	 2101	 ±66	 1562	 ±387	 6	 ±2	 1500	 ±387	 	

75	 MA-3-U075	 102	 ±0	 372	 ±8	 41	 ±2	 4.7	 ±1.6	 0.0090	 ±0.0005	 980	 ±55	 874	 ±93	 5	 ±2	 810	 ±93	 √	

102	 MA3-U4	 107.3	 ±0.2	 667	 ±13	 31	 ±2	 3.5	 ±2.3	 0.0117	 ±0.0005	 1282	 ±57	 1102	 ±140	 3	 ±2	 1040	 ±140	 	

121	 MA3-U5	 111.3	 ±0.2	 1325	 ±27	 24	 ±1	 5.0	 ±2.2	 0.0176	 ±0.0005	 1932	 ±56	 1587	 ±250	 5	 ±2	 1525	 ±250	 	

127	 MA-3-U127	 111	 ±0	 130	 ±3	 118	 ±6	 5.1	 ±2.0	 0.0084	 ±0.0004	 912	 ±42	 878	 ±48	 5	 ±2	 814	 ±48	 √	

148.6	 MA3-U6	 113.0	 ±0.2	 1070	 ±22	 29	 ±1	 5.2	 ±2.3	 0.0169	 ±0.0005	 1852	 ±58	 1578	 ±203	 5	 ±2	 1516	 ±203	 	

150	 MA-3-U150	 110	 ±0	 177	 ±4	 104	 ±5	 4.6	 ±1.7	 0.0101	 ±0.0004	 1101	 ±49	 1054	 ±59	 5	 ±2	 990	 ±59	 √	

160	 MA-3-U160	 108	 ±0	 328	 ±7	 61	 ±3	 5.8	 ±2.9	 0.0113	 ±0.0004	 1228	 ±49	 1140	 ±79	 6	 ±3	 1076	 ±79	 √	

193	 MA3-U7	 119.3	 ±0.2	 254	 ±5	 80	 ±4	 2.4	 ±2.3	 0.0103	 ±0.0005	 1127	 ±50	 1065	 ±67	 2	 ±2	 1003	 ±67	 √	

201	 MA3-U8	 119.8	 ±0.2	 841	 ±17	 29	 ±1	 5.2	 ±2.3	 0.0124	 ±0.0004	 1355	 ±50	 1152	 ±152	 5	 ±2	 1090	 ±152	 √	

220	 MA-3-U220	 104	 ±0	 215	 ±4	 100	 ±4	 4.3	 ±2.7	 0.0125	 ±0.0005	 1367	 ±51	 1307	 ±66	 4	 ±3	 1243	 ±66	 √	

235.7	 MA3-U9	 159.0	 ±0.3	 1163	 ±23	 30	 ±1	 6.0	 ±2.6	 0.0133	 ±0.0003	 1457	 ±38	 1245	 ±155	 6	 ±3	 1183	 ±155	 	

266	 MA3-U10	 536.4	 ±1.4	 3131	 ±63	 37	 ±1	 2.3	 ±2.1	 0.0129	 ±0.0001	 1417	 ±14	 1248	 ±121	 2	 ±2	 1186	 ±121	 	

290	 MA3-U11	 190.6	 ±0.3	 1418	 ±28	 31	 ±1	 7.0	 ±2.0	 0.0141	 ±0.0003	 1540	 ±35	 1325	 ±156	 7	 ±2	 1263	 ±156	 √	

324	 MA3-U12	 130.8	 ±0.2	 1537	 ±31	 24	 ±1	 4.1	 ±2.0	 0.0169	 ±0.0005	 1856	 ±57	 1515	 ±248	 4	 ±2	 1453	 ±248	 √	

336	 MA-3-U336	 140	 ±0	 3900	 ±78	 15	 ±0	 4.8	 ±2.6	 0.0260	 ±0.0004	 2859	 ±47	 2050	 ±574	 5	 ±3	 1986	 ±574	 	

354	 MA3-U354	 150	 ±0	 798	 ±16	 49	 ±2	 5.5	 ±1.5	 0.0157	 ±0.0007	 1715	 ±78	 1561	 ±133	 6	 ±2	 1497	 ±133	 √	

364	 MA3-U13	 179.3	 ±0.3	 10907	 ±219	 21	 ±0	 6.4	 ±1.8	 0.0775	 ±0.0005	 8738	 ±57	 6965	 ±1255	 6	 ±2	 6903	 ±1255	 	
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U	decay	constants:	 l238	=	1.55125x10

-10	(Jaffey	et	al.,	1971)	and l234	=	2.82206x10
-6	(Cheng	et	al.,	2013).	Th	decay	constant:		l230	=	9.1705x10

-6	(Cheng	et	al.,	
2013).	
*d234U	=	([234U/238U]	activity	–	1)	x1000.			
**	d234Uinitial	was	calculated	based	on	

230Th	age	(T),	i.e.,	d234Uinitial	=	d
234Umeasured	x	el

234xT.			
Corrected	230Th	ages	assume	the	initial	230Th/232Th	atomic	ratio	of	4.4	±2.2	x10-6.			Those	are	the	values	for	a	material	at	secular	equilibrium,	with	the	bulk	earth	
232Th/238U	value	of	3.8.		The	errors	are	arbitrarily	assumed	to	be	50%.	
***B.P.	stands	for	“Before	Present”	where	the	“Present”	is	defined	as	the	year	1950	A.D.	
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Table	B2:	230Th	dating	results	of	ANJ94-5,	with	2σ	error.	Samples	indicated	by	√	are	considered	in	the	age	model		
	

Distance	
from	top	
(mm)	

Sample	no.	
238U		
(ppb)	

232Th		
(ppt)	

230Th	/	232Th	
(atomic	x10-6)1	

d234U		
(measured)2	

230Th	/	238U		
(activity)	

230Th	Age	(yr)	
(uncorrected)	

230Th	Age	(yr)	
(corrected)3	

d234UInitial	

(corrected)4	

230Th	Age		
(yr	BP)	

(corrected)5	

	 **	 3	 ANJ94-5-U010	 1098.9	 ±1.6	 392	 ±8	 507	 ±13	 5.0	 ±1.4	 0.0110	 ±0.0001	 1197	 ±16	 1187	 ±17	 5	 ±1	 1125	 ±17	

√	 *	 10	 ANJ94-5-W1	 702	 ±3	 762	 ±15	 154.2	 ±3.9	 9.6	 ±2.8	 0.0102	 ±0.0002	 1103	 ±18	 1071	 ±28	 9.6	 ±3	 1009	 ±28	

√	 **	 22	 ANJ94-5-U050	 1766.4	 ±4.3	 5134	 ±104	 68	 ±1	 4.7	 ±1.9	 0.0119	 ±0.0001	 1301	 ±12	 1217	 ±61	 5	 ±2	 1155	 ±61	

√	 **	 31	 ANJ94-5-U078	 1600.9	 ±3.0	 731	 ±15	 432	 ±10	 3.8	 ±1.6	 0.0120	 ±0.0001	 1308	 ±11	 1295	 ±15	 4	 ±2	 1233	 ±15	

√	 *	 35	 ANJ94-5-W2	 603	 ±2	 469	 ±10	 267.6	 ±7.3	 7.0	 ±2.8	 0.0126	 ±0.0002	 1375	 ±25	 1352	 ±30	 7.0	 ±3	 1290	 ±30	

√	 **	 44	 ANJ94-5-U110	 1666.0	 ±3.0	 392	 ±8	 887	 ±19	 5.1	 ±1.4	 0.0127	 ±0.0001	 1382	 ±9	 1375	 ±10	 5	 ±1	 1313	 ±10	

	
*	Decay	constants	are	9.1577	x	10-6	yr	-1	for	230Th,	2.8263	x	10-6	yr	-1	for	234U	and	1.55125	x	10-10	yr	-1	for	238U	(Cheng	et	al.,	2000).	
**U	decay	constants:	l238	=	1.55125x10

-10	(Jaffey	et	al.,	1971)	and	l234	=	2.82206x10
-6	(Cheng	et	al.,	2013).	Th	decay	constant:		l230	=	9.1705x10

-6	(Cheng	et	al.,	
2013).	
1	The	degree	of	detrital	230Th	contamination	is	indicated	by	the	[230Th/232Th]	atomic	ratio	instead	of	the	activity	ratio.	
2	d234U	=	([234U/238U]	activity	–	1)	x	1000.			
3	Corrected	230Th	ages	assume	the	initial	230Th/232Th	atomic	ratio	of	4.4	±2.2	x10-6.			Those	are	the	values	for	a	material	at	secular	equilibrium,	with	the	bulk	earth	
232Th/238U	value	of	3.8.		The	errors	are	arbitrarily	assumed	to	be	50%.	
4	d234Uinitial	was	calculated	based	on	

230Th	age	(T),	i.e.,	d234Uinitial	=	d
234Umeasured	x	e

l234xT.			
5	B.P.	stands	for	“Before	Present”	where	the	“Present”	is	defined	as	the	year	1950	A.D.			
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Table	B3:	230Th	dating	results	of	MA2,	with	2σ	error.	Samples	indicated	by	√	are	considered	in	the	age	model	
	

	Distance		
from	top		
(mm)	

Sample	
no.	

238U		
(ppb)	

232Th		
(ppt)	

230Th	/	232Th	
(atomic	x10-6)1	

d234U		
(measured)2	

230Th	/	238U		
(activity)	

230Th	Age	(yr)	
(uncorrected)	

230Th	Age	(yr)	
(corrected)3	

d234UInitial	

(corrected)4	

230Th	Age		
(yr	BP)	

(corrected)5	

√	 **	 1	 MA2-U001	 83±0	 358±8	 17±12	 10.2±2.9	 0.0044±0.0032	 479±350	 355±361	 10±3	 291±361	

√	 *	 6	 MA2-1	 75.5±0.1	 208±5	 3.9±6.3	 6.2±6.8	 0.00183±0.00294	 198.7±319.6	 -26±338.1	 6.2±6.8	 -84±338.1	

	 **	 8	 MA2-U008	 89±0	 1279±26	 16±1	 6.5±1.5	 0.0136±0.0004	 1484±42	 1068±297	 6±1	 1004±297	

√	 *	 15	 MA2-015	 88.7±0.1	 371±8	 27±2	 3.3±2.4	 0.0080±0.0007	 875±77	 732±127	 3±2	 670±127	

	 **	 26	 MA2-U026	 87±0	 893±18	 45±1	 3.4±2.3	 0.0281±0.0005	 3097±57	 2797±219	 3±2	 2733±219	

√	 *	 30	 MA2-030	 27±0	 266±5	 36±3	 6.4±2.5	 0.0066±0.0006	 719±60	 632±86	 6±2	 570±86	

√	 *	 44	 MA2-2	 26±0	 342±3	 10.6±2.5	 2.4±6.5	 0.00843±0.00199	 921.0±218.5	 541±289.3	 2.4±6.5	 483±289.3	

√	 *	 75	 MA2-3	 30±0	 188±4	 18.3±6.5	 -5.7±6.8	 0.00705±0.00249	 775.7±275.5	 590±290.3	 -5.7±6.8	 532±290.3	

√	 *	 94	 MA2-4	 27±0	 189±4	 19.2±5.7	 -3.2±6.6	 0.00805±0.00239	 884.3±263.8	 682±282.0	 -3.2±6.6	 631±282.0	

√	 *	 107	 MA2-5	 27±0	 223±4	 17.0±4.4	 1.0±5.8	 0.00848±0.00220	 927.7±241.4	 689±268.9	 1.0±5.8	 649±268.9	

	
*	Decay	constants	are	9.1577	x	10-6	yr	-1	for	230Th,	2.8263	x	10-6	yr	-1	for	234U	and	1.55125	x	10-10	yr	-1	for	238U	(Cheng	et	al.,	2000).	
**U	decay	constants:	l238	=	1.55125x10

-10	(Jaffey	et	al.,	1971)	and	l234	=	2.82206x10
-6	(Cheng	et	al.,	2013).	Th	decay	constant:		l230	=	9.1705x10

-6	(Cheng	et	al.,	
2013).	
1	The	degree	of	detrital	230Th	contamination	is	indicated	by	the	[230Th/232Th]	atomic	ratio	instead	of	the	activity	ratio.	
2	d234U	=	([234U/238U]	activity	–	1)	x	1000.			
3	Corrected	230Th	ages	assume	the	initial	230Th/232Th	atomic	ratio	of	4.4	±2.2	x10-6.			Those	are	the	values	for	a	material	at	secular	equilibrium,	with	the	bulk	earth	
232Th/238U	value	of	3.8.		The	errors	are	arbitrarily	assumed	to	be	50%.	
4	d234Uinitial	was	calculated	based	on	

230Th	age	(T),	i.e.,	d234Uinitial	=	d
234Umeasured	x	e

l234xT.			
5	B.P.	stands	for	“Before	Present”	where	the	“Present”	is	defined	as	the	year	1950	A.D.	
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Supplementary	text	1:	Possible	controls	on	speleothem	d13C		

Changes	 in	 speleothem	 d13C	 largely	 depend	 on	 the	 changes	 in	 d13C	 of	 three	

reservoirs:	 the	 atmosphere,	 the	 soil,	 and	 the	 limestone	 bedrock.	 Among	 the	 reservoir	

sources,	 atmospheric	 CO2	 has	 little	 influence	 on	 speleothem	 d13C	 because	 the	

concentration	of	carbon	dioxide	(CO2)	in	the	atmosphere	stayed	constant	between	AD	370	

and	 AD	 1300,	 during	 which	 Stalagmite	 MA3	 grew.	 The	 CO2	 concentration	 in	 the	

atmosphere	 and	 its	 change	 in	 d13C	 have	 only	 become	 significant	 since	 the	 Industrial	

Revolution	causing	the	Suess	effect	(Suess,	1955;	Verburg,	2007).	

Environmental	 control	 of	 speleothem	 d13C	 is	 complex,	 but	 d13C	 of	 the	 soil	 is	

fundamental.	 	 It	depends	on	two	main	factors:	the	nature	of	vegetation	and	the	rate	of	

biological	activity.	On	the	one	hand,	the	d13C	of	the	first	speleothem	calcite	deposited	from	

seepage	waters	reflects	the	isotopic	signature	of	the	dominant	vegetation	because	plants	

have	different	d13C	signatures	depending	on	their	photosynthetic	pathway.	The	d13C	values	

of	C3	plants	range	between	–32	and	–20‰	(average	–27‰)	(Cerling,	1984;	Boutton,	1996)	

and	the	first	speleothem	d13C	values	range	between	–12	and	–8‰	(Talma	and	Vogel,	1992;	

Brook	 et	 al.,	 1999,	 2015).	 For	 C4	 plants,	 the	d13C	 values	 range	 between	 –17	 and	 –9‰	

(average	–13‰)	(Cerling,	1984;	Button,	1996)	and	the	first	speleothem	d13C	values	range	

between	–2.3	and	–1.5‰	(Talma	and	Vogel,	1992;	Brook	et	al.,	1999,	2015).	In	this	regard,	

the	d13C	of	speleothems	can	be	linked	to	climate-driven	vegetation	changes	because	the	

isotopic	composition	of	soil	organic	matter	is	influenced	by	changes	in	plant	communities.	

This	climate-vegetation	relationship	is	often	reflected	in	the	correlation	between	d13C	and	

d18O	(Dorale	and	Liu,	2009;	Dorale	et	al.,	1998;	Hellstrom	et	al.,	1998;	Baldini	et	al.,	2005;	
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Sletten	et	al.,	2013).	On	the	other	hand,	more	biological	activity	favors	greater	 input	of	

low-d13C	CO2	to	soil	gas	via	root	respiration	and/or	decay	of	organic	matter	(e.g.	Hesterberg	

and	Siegenthaler;	1991;	Baldini	et	al.,	2005).	During	wet	periods,	which	is	also	during	warm	

seasons	 in	northwestern	Madagascar,	 intense	root	 respiration	results	 in	high	PCO2	 that	

ultimately	 results	 in	depleted	d13C	 in	 speleothems	 (Hesterberg	 and	 Siegenthaler,	 1991;	

Amundson	et	al.,	 1998;	Genty	et	al.,	 2003;	Drysdale	et	al.,	 2004).	 	Cerling	et	al.	 (1991)	

concluded	that	the	d13C	of	soil-respired	CO2	is	much	lower	(by	about	4.4‰)	than	just	CO2	

occupying	pore	space	in	a	soil.		

The	rate	of	passage	of	water	through	the	limestone	bedrock	can	also	influence	the	

speleothem	d13C	(Fig.	B8).	The	residence	time	of	water	above	the	cave	and	the	duration	of	

exchange	between	soil	CO2	and	CO2	from	the	seeping	water	is	typically	controlled	by	the	

presence	or	absence	of	vegetation	cover	above	the	cave	(e.g.	Baldini	et	al.,	2005).	In	an	

open	system,	the	percolating	water	always	exchanges	CO2	with	the	reservoir	gaseous	CO2	

in	the	soil.	In	this	case,	the	isotopic	composition	of	all	dissolved	carbon	species	is	controlled	

by	and	reflects	the	isotopic	composition	of	the	soil	CO2,	the	largest	reservoir	of	carbon	for	

speleothems.	Under	pure	C3	vegetation	in	an	open	system,	the	d13C	of	the	calcite	ranges	

between	 –16.8	 and	 –15.5‰	 at	 PCO2	 of	 10-1.5	 and	 10-2.5,	 respectively.	 	 Under	 pure	 C4	

vegetation	cover,	the	d13C	of	the	calcite	ranges	between	–2.9	and	–1.5‰	under	the	same	

conditions	(Clark	and	Fritz,	1997).	 In	a	closed	system,	CO2-exchange	between	the	water	

and	soil	 is	minimal,	 and	 thus	 the	 influence	of	 the	 soil	CO2	on	 the	d13C	of	 the	dissolved	

inorganic	carbon	(DIC)	is	negligible.	Under	pure	C3	vegetation	cover	in	a	closed	system,	the	

d13C	 of	 the	 calcite	 ranges	 between	 –12.7	 and	 –12.1‰	 at	 PCO2	 of	 10-1.5	 and	 10-2.5,	
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respectively.		Under	pure	C4	vegetation	cover,	the	d13C	of	the	calcite	ranges	between	–5.3	

and	–4.9‰	(Fig.	B8;	Clark	and	Fritz,	1997).		

	

	

	

Figure	B8:	Evolution	of	the	d13C	signature	of	the	dissolved	inorganic	carbon	(DIC)	of	water	

during	 progressive	 dissolution	 of	 CaCO3	 where	 the	 source	 of	 CO2	 is	 from	 decay	 of	 C3	

vegetation	(left)	or	C4	vegetation	(right).	The	color	code	represents	conditions	at	PCO2	of	

10-2.5	(blue)	and	at	PCO2	of	10-1.5	(red).	The	PCO2	in	Anjohibe	cave	is	close	to	10-3.	Open	and	

closed	 systems	 are	discussed	 in	 Section	3.5.2.2	 and	 above.	 	 This	 figure	 is	 redrawn	and	

modified	from	Figure	5.18	of	Fairchild	and	Baker	(2012),	which	was	drawn	after	Figure	5-6	

of	Clark	and	Fritz	(1997).	
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Finally,	 several	micro-factors	 could	 cause	 enrichment	 or	 depletion	of	 13C	 of	 the	

CaCO3	 precipitates,	 and	 they	 must	 be	 considered	 before	 interpreting	 carbon	 isotope	

records.	 These	 include	 evaporation	 rate,	 dripwater	 rate,	 degassing	 rate	 (and	 prior	

carbonate	 precipitation,	 PCP),	 and	 cave	 ventilation.	 All	 of	 these	 factors	 favor	 kinetic	

isotope	 fractionation.	First,	under	evaporative	conditions,	non-equilibrium	 fractionation	

may	cause	enrichment	in	13C.	This	is	often	expressed	in	ancient	stalagmite	layers	as	widely	

ranging	d18O	and	strong	linear	correlation	between	d18O	and	d13C	(Hendy,	1971;	Linge	et	

al.,	2001).	Second,	slower	drip	rates	result	in	a	greater	d13C,	and	vice	versa	(e.g.	Yadava	and	

Ramesh,	2006).	In	the	cave	and	with	time,	there	is	a	progressive	13C	enrichment	as	CaCO3	

precipitates	 (Hendy,	1971;	Wigley	et	al	1978;	Bar-Matthews	et	al	1996;	Hellstrom	et	al	

1998).	Assuming	the	drip	rate	is	directly	proportional	to	the	rainfall	 in	a	crude	way,	this	

may	lead	to	the	dependence	of	speleothem	d13C	on	the	amount	of	rainfall	(Baker	et	al.,	

1997;	Fairchild	et	al.	2000).	Third,	degassing	and	PCP	result	in	an	increase	in	speleothem	

d13C	(Dreybrodt	and	Scholz,	2011;	Baker	et	al.,	1997;	Fairchild	et	al.,	2000;	Johnson	et	al.,	

2006;	 Cruz	 et	 al.,	 2007;	 Fairchild	 and	 Treble,	 2009;	 Oster	 et	 al.,	 2009;	 2010).	 PCP	 is	

enhanced	by	two	processes:	seasonal	decreases	in	CO2	in	the	cave	air	and	seasonally	low	

water	flows,	 leading	to	more	extensive	penetration	of	air	 into	the	aquifer	(Fairchild	and	

McMillan,	2007).	Degassing	and	PCP	occur	because	the	PCO2	of	the	cave	air	and/or	the	

unsaturated	zone	above	the	cave	is	lower	than	the	dripwater	PCO2.	The	dripwater	PCO2	

reflects	the	soil	CO2	concentration	and	thus	the	rate	of	biological	activity	and	vegetation	

cover	 above	 the	 cave.	 Fourth	 and	 finally,	 ventilation	 could	 be	 another	 catalyst	 for	

degassing	 and	 PCP,	 but	 it	 is	more	 seasonal	 (e.g.	 James	 et	 al.,	 2015).	 Enhanced	 calcite	
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precipitation	occurs	during	times	when	the	cave	is	ventilated	and	cave	air	PCO2	is	reduced	

(Spötl	et	al.,	2005;	Banner	et	al.,	2007;	Kowalczk	and	Froelich,	2010;	Mattey	et	al.,	2010;	

Boch	et	al.,	2011;	Frisia	et	al.,	2011;	Lambert	and	Aharon,	2011;	Tremaine	et	al.,	2011;	

Wong	et	al.,	2011).		

	

Supplementary	text	2:	Northern	Hemisphere	records:	overview	

The	 European	 records	 are	 chosen	 for	 comparison	 here	 because	 of	 their	 high	

resolution,	and	the	records	cover	the	interval	covered	by	Stalagmite	MA3.	One	might	ask	

if	such	records	could	represent	the	whole	Northern	Hemisphere	or	even	if	they	could	be	

used	as	a	reference	for	global	changes	in	temperature.	Four	lines	of	evidence	support	a	

positive	answer	to	that	question	(Fig.	B9).	First,	the	negative	anomalies	identified	in	the	

European	records,	particularly	between	ca.	AD	550-620	and	AD	790-900,	coincide	with	the	

timing	of	glacial	advances	in	the	Swiss	Alps	(Holzhauser	et	al.,	2005)	around	AD	500-600	

and	AD	800-900	respectively,	while	the	intervening	periods	coincides	with	the	timing	of	

glacial	 retreat.	 Second,	 Alpine	 glaciers	 act	 as	 sensitive	 indicators	 of	 climatic	 variability	

(Denton	and	Karlen,	1973).	This	is	inferred	from	the	terminal	and	lateral	positions	of	the	

Alpine	 glaciers	 that	 fluctuate	 in	 response	 to	 mass	 balance	 adjustments	 to	 changing	

temperature	and	precipitation	regimes	(Klok	and	Oerlemans,	2003).	Third,	 temperature	

reconstructions	from	tree	rings,	ice	core	18O,	and	ice	accumulations	from	several	locations	

in	the	world	(see	Fig.	1	of	Mann	et	al.,	1998)	that	are	presented	in	millennial	temperature	

reconstruction	 in	 Figure	 3a	 of	 Mann	 and	 Bradley	 (1999,	 data	 are	 also	 available	 at	

http://www.ncdc.noaa.gov/paleo/pubs/mann_99.html)	 present	 similarity	 with	 the	
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European	 records	 (using	 the	 data	 available	 from	

http://www.ncdc.noaa.gov/paleo/pubs/buentgen2011/buentgen2011.html),	 when	 the	

data	from	the	latter	is	smoothed		to	match	with	the	data	from	the	NH	(Fig.	B9).	Fourth	and	

lastly,	 the	most	 recent	 global	 climate	 reconstruction	 of	Neukom	et	 al.	 (2014)	 presents	

similarity	with	the	European	records	(Fig.	B9).	Neukom	et	al.	(2014)	record	goes	back	to	

AD	1000.	It	includes	several	proxies	such	as	tree	rings,	marine	sediments,	lake	sediments,	

ice	cores,	coral	d18O,	speleothem	d18O,	and	documentary	data	from	different	parts	of	the	

world,	with	more	than	300	individual	sites	from	the	Southern	Hemisphere.		
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Figure	B9:	 	Temperature	variability	 in	 the	northern	hemisphere,	 specifically	putting	 the	

European	 records	 (middle)	 into	 perspective.	 a)	 30-year	 loess	 filtered	 ensemble	 mean	

temperature	reconstruction	for	the	Southern	Hemisphere	from	more	than	300	individual	

sites	(Neukom	et	al.,	2014).	b)	Temperature	anomaly	reconstruction	from	tree	rings	from	

Europe	 (Büntgen	 et	 al.,	 2011).	 Timing	 for	 glacial	 advances	 recorded	 in	 the	 Swiss	 Alps	

(Holzhauser	 et	 al.,	 2005)	 is	 indicated	 in	 horizontal	 bars.	 c)	 	 Northern	 Hemisphere	

temperature	 reconstruction	 based	 on	 multiproxy	 data	 network	 and	 instrumental	

temperature	 data	 (Mann	 and	 Bradley.,	 1999).	 The	 gray	 vertical	 bars	 highlight	 intervals	

when	profiles	show	similarity.	 	
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APPENDIX	C	

SUPPLEMENTARY	MATERIALS	FOR	CHAPTER	4	

	

“THREE	DISTINCT	HOLOCENE	INTERVALS	REVEALED	IN	NW	MADAGASCAR:	EVIDENCE	

FROM	TWO	STALAGMITES	IN	TWO	CAVES,	AND	IMPLICATIONS	FOR	ITCZ	DYNAMICS”	

	

	  

Figure	C1:	Google	Earth	image	putting	Madagascar	into	perspective	with	regard	to	

oceanic	currents	and	convergence	zones	(ITCZ	and	ZAB,	Zaire	Aire	Boundary).	The	map	of	

the	currents	was	obtained	from	Lindesay,	1998	and	Schott	and	McCreary	(2001).	The	
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map	of	the	ITCZ	and	ZAB	was	adopted	from	Gasse	(2000).	The	red	star	indicates	the	study	

location.	

	

	

Figure	C2:	Climate	setting.	Map	of	summer	precipitation	between	December	16	and	

January	15	(the	wettest	months)	in	Madagascar.	Red	star	indicates	the	study	area.	

Source:	http://iridl.ldeo.columbia.edu/	(accessed	August	31,	2016)	
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Figure	C3:	Cave	locations.	Google	Earth	image	showing	the	location	of	the	two	caves	

Anjohibe	(ANJB)	and	Anjokipoty	(ANJK)	Caves	and	the	current	extent	of	vegetation	cover	

in	northwestern	Madagascar.	
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Figure	C4:	Comparison	between	MAT	253	and	Gas	Bench	II	stable	isotope	results	on	

Stalagmite	MAJ-5,	showing	similarity	in	the	results.	a)	Depth	series	of	d13C	and	d18O.	b)	

Scatterplots	of	d13C	and	d18O.	

	

	 	

a b 
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Figure	C5:		Selected	X-ray	diffraction	spectra	of	the	three	types	of	mineralogy	identified	in	

Stalagmite	ANJB-2	and	MAJ-5.	(a)	100%	calcite.	(b)	50%	calcite-50%	aragonite.	(c)	100%	

aragonite.	
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Figure	 C6:	 Photographs	 illustrating	 the	mid-Holocene	 hiatus.	 Photographs	 showing	 the	

Type	 L	 layer-bounding	 surfaces	 in	 Stalagmite	 ANJB-2	 (a)	 and	 in	 Stalagmite	 MAJ-5	 (b).	

Pinching	of	 layers	 toward	the	 flank	are	 indicated	with	arrows.	Also,	note	the	white	and	

porous	layer	of	aragonite	in	Stalagmite	ANB-2	that	is	capped	with	a	very	thin	brown	layer.	

	

	 	

Aragonite
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b
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Figure	C7:	Stable	isotope	profile	of	d18O	and	d13C	of	the	late	Holocene	in	Madagascar	

from	Anjohibe	Cave’s	stalagmites	showing	the	d13C	from	C3-dominated	to	C4-dominated	

vegetation	(Burns	et	al.,	2016;	Voarintsoa	et	al.,	accepted).	Note	that	the	age	scale	is	in	

year	AD.	
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Figure	C8:	The	8.2	ka	event	identified	in	Stalagmite	ANJB-2.	a)		Scanned	image	of	a	portion	

of	 Stalagmite	 ANJB-2	 showing	 the	 8.2	 ka	 event	 and	 the	 corresponding	 trenches	 for	

radiometric	 dating	 and	 X-ray	 diffraction	 analyses.	 b)	 X-ray	 diffraction	 spectra	 of	 the	

stalagmite	layers	at	195,	200,	and	212	mm	from	the	top	of	the	stalagmite.		
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Supplementary	text	1:	Possible	climatic	response	of	the	latitudinal	migration	of	the	ITCZ	

The	ITCZ	migrates	southward	in	austral	summer	and	northward	in	boreal	summer	

in	 response	 to	 seasonal	 insolation.	 Climate	 simulations	 have	 also	 reported	 long-term	

migration	of	the	ITCZ,	the	causes	of	which	have	been	ascribed	to	changes	in	insolation	and	

difference	 in	 temperature	 between	 the	 Northern	 and	 the	 Southern	 Hemisphere	 (e.g.	

Chiang	and	Bitz,	2005;	Broccolli	et	al.,	2006;	Braconnot	et	al.,	2007).	The	climatic	responses	

to	the	ITCZ	dynamics	can	vary	from	region	to	region	and	from	one	time	interval	to	another.	

Here,	we	attempt	to	provide	different	conceptualized	models	to	understand	the	climatic	

regime	in	Madagascar	during	the	early,	the	middle,	and	the	late	Holocene	(as	proposed	in	

Sect.	4.5.2.	of	the	manuscript).	

Dry	 conditions	 in	 Madagascar	 could	 be	 conceptualized	 as	 dry	 years,	 such	 as	

modeled	in	case	1	(Fig.	C9).	In	that	model,	austral	summer	months	receive	less	rainfall	and	

austral	winter	months	could	receive	no	rainfall.	This	model	could	be	used	to	conceptualize	

the	climatic	response	in	Madagascar	when	the	ITCZ	moves	north,	such	as	during	the	mid-

Holocene.		

Wet	 conditions	 in	 Madagascar	 could	 be	 conceptualized	 as	 wet	 years,	 such	 as	

modeled	in	case	2	and	case	3	(Fig.	C9).	Case	2	suggests	that	austral	summer	months	receive	

rain	 as	 well	 as	 austral	 winter	 months,	 thus	 it	 suggests	 less	 seasonality.	 Although	 the	

amount	of	rainfall	received	during	winter	months	cannot	be	easily	estimated,	this	model	

could	 be	 used	 to	 understand	 the	 climatic	 response	 in	 Madagascar	 during	 the	 early	

Holocene	when	the	southern	hemisphere	winter	insolation	was	relatively	greater	than	the	

northen	Hemisphere	winter	insolation	(Fig.	4.5a).	The	ITCZ	was	already	moved	southward	
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due	 to	 the	 globally	 cold	 conditions	 (Figs.	 4.6a,	 c),	 and	 because	 of	 the	 higher	 winter	

insolation	 in	 the	SH,	heating	of	 land	would	bring	additional	precipitation	during	austral	

winter.	Case	3	suggests	that	austral	summers	receive	more	rainfall	than	normal	years,	but	

austral	 winters	 stay	 dry	 or	 with	 little	 precipitation,	 thus	 seasonality	 must	 have	 been	

stronger.	This	scenario	could	be	used	to	understand	the	climatic	response	in	Madagascar	

during	the	late	Holocene	when	the	southern	hemisphere	summer	insolation	was	greater	

than	the	northern	hemisphere	summer	 insolation	 (Fig.	4.5a).	Globally	cooler	conditions	

(Figs.	 4.6a,	 b)	 already	 suggest	 a	 southward	migration	 of	 the	 ITCZ,	 and	 the	 greater	 SH	

summer	 insolation	 could	 have	 intensified	 the	 monsoonal	 rainfall	 in	 northwestern	

Madagascar	during	austral	summers.	
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Figure	C9:	 	Conceptualizing	the	different	possible	outcomes	of	the	 long-term	latitudinal	

migration	 of	 the	 ITCZ.	 a)	 Highlighting	 the	 three	 possible	 scenarios	 of	 the	 Holocene.	 b)	

Barplots	 of	monthly	 rainfall	 in	 northwestern	Madagascar,	 using	 the	modern	 data	 as	 a	

reference	to	estimating	the	region’s	paleoclimate	during	drier	and	wetter	conditions.	c)	

Global	rainfall	maps	from	NASA	(same	source	as	Fig.	4.1	in	the	manuscript).	These	maps	

are	modern,	but	they	are	only	shown	here	to	give	a	better	perspective	of	the	position	of	

Madagascar	when	the	ITCZ	is	relatively	north	or	south.



	

  276  

Table	C1:	230Th	dating	results	for	Stalagmite	ANJB-2.		The	error	is	2 s	error.	Dft=	distance	from	the	top	of	the	stalagmite.	

Dft	(mm)	 Sample	no.	 238U	(ppb)	 232Th	(ppt)	
230Th	/	232Th	
(atomic	x10-6)	

d234U*	
(measured)	

230Th	/	238U	(activity)	
230Th	Age	(yr)	
(uncorrected)	

230Th	Age	(yr)	
(corrected)	

d234UInitial**	
(corrected)	

230Th	Age	(yr	
BP)***	

(corrected	)	

3	 ANJB-2-U003	 3371	 ±11	 39850	 ±809	 10	 ±0	 5.2	 ±2.0	 0.0070	 ±0.0001	 761	 ±7	 419	 ±243	 5	 ±2	 355	 ±243	

8	 ANJB-2-008	 194.6	 ±0.3	 410	 ±8	 20	 ±3	 3.6	 ±1.7	 0.0026	 ±0.0004	 284	 ±47	 223	 ±64	 4	 ±2	 161	 ±64	

25	 ANJB-2-025	 4646.6	 ±6.6	 1594	 ±32	 216	 ±5	 3.4	 ±1.4	 0.0045	 ±0.0001	 489	 ±7	 479	 ±10	 3	 ±1	 417	 ±10	

47	 ANJ-B-2-U047	 64	 ±0	 634	 ±15	 31	 ±12	 3.0	 ±4.3	 0.0187	 ±0.0074	 2052	 ±822	 1762	 ±845	 3	 ±4	 1697	 ±845	

53	 ANJ-B-2-U053R	 134	 ±0	 2325	 ±47	 20	 ±4	 4.6	 ±2.0	 0.0211	 ±0.0037	 2313	 ±416	 1808	 ±547	 5	 ±2	 1743	 ±547	

72	 ANJB-2-072	 67.8	 ±0.1	 382	 ±8	 48	 ±3	 8.5	 ±2.4	 0.0163	 ±0.0008	 1778	 ±93	 1615	 ±147	 9	 ±2	 1553	 ±147	

92	 ANJ-B-2-U092	 78	 ±0	 180	 ±8	 92	 ±40	 5.1	 ±3.5	 0.0129	 ±0.0056	 1408	 ±610	 1341	 ±612	 5	 ±4	 1276	 ±612	

105	 ANJ-B-2-U105	 117	 ±0	 229	 ±9	 113	 ±34	 13.5	 ±2.9	 0.0134	 ±0.0040	 1450	 ±432	 1393	 ±434	 14	 ±3	 1329	 ±434	

112	 ANJ-B-2-U112	 1322	 ±2	 7456	 ±150	 42	 ±2	 8.5	 ±2.0	 0.0145	 ±0.0005	 1576	 ±50	 1413	 ±125	 9	 ±2	 1348	 ±125	

116	 AB-1a	 130.9	 ±0.2	 530	 ±14	 136.7	 ±16.7	 27.0	 ±3.0	 0.033539275	 ±0.00400	 3620	 ±439	 3506	 ±446	 27.2	 ±3.0	 3444	 ±446	

118	 AB-2a	 2569.8	 ±2.9	 5266	 ±106	 580.4	 ±11.9	 7.5	 ±1.6	 0.072126026	 ±0.00032	 8100	 ±40	 8040	 ±58	 7.6	 ±1.6	 7978	 ±58	

120	 ANJB-2-U120	 1710	 ±4	 20753	 ±418	 108	 ±2	 9.1	 ±2.3	 0.0796	 ±0.0004	 8955	 ±48	 8605	 ±252	 9	 ±2	 8541	 ±252	

120	 ANJB-2-U120R	 2075	 ±3	 13340	 ±268	 197	 ±4	 6.3	 ±1.5	 0.0767	 ±0.0003	 8640	 ±38	 8454	 ±137	 6	 ±2	 8389	 ±137	

130	 ANJB-2-130	 3042.4	 ±3.8	 7448	 ±149	 477	 ±10	 6.2	 ±1.5	 0.0709	 ±0.0002	 7966	 ±26	 7895	 ±57	 6	 ±2	 7833	 ±57	

160	 ANJB-2-160	 2994.8	 ±4.1	 2484	 ±50	 1416	 ±29	 4.3	 ±1.5	 0.0712	 ±0.0002	 8021	 ±30	 7997	 ±35	 4	 ±2	 7935	 ±35	

185	 ANJB-2-U185	 3490	 ±5	 6040	 ±122	 690	 ±14	 3.6	 ±1.7	 0.0724	 ±0.0003	 8167	 ±33	 8117	 ±48	 4	 ±2	 8053	 ±48	

201	 ANJB-2-U205	 574	 ±1	 1881	 ±38	 374	 ±8	 5.7	 ±1.8	 0.0743	 ±0.0006	 8367	 ±70	 8272	 ±97	 6	 ±2	 8208	 ±97	

215	 ANJB-2-U215	 3146	 ±4	 5418	 ±109	 713	 ±15	 7.0	 ±1.5	 0.0745	 ±0.0003	 8379	 ±33	 8329	 ±48	 7	 ±2	 8265	 ±48	

251	 ANJB-2-U251	 4246	 ±5	 7290	 ±147	 745	 ±15	 6.3	 ±1.3	 0.0776	 ±0.0002	 8750	 ±27	 8700	 ±44	 6	 ±1	 8636	 ±44	

275	 ANJB-2-U275	 6077	 ±9	 9132	 ±184	 861	 ±17	 4.5	 ±1.5	 0.0785	 ±0.0002	 8867	 ±32	 8823	 ±44	 5	 ±2	 8759	 ±44	

280	 ANJB-2-U280	 5721	 ±18	 5408	 ±110	 1360	 ±28	 2.4	 ±1.6	 0.0780	 ±0.0003	 8828	 ±36	 8801	 ±41	 2	 ±2	 8737	 ±41	

302	 ANJB-2-U302	 9833	 ±44	 1617	 ±33	 8024	 ±166	 5.2	 ±1.9	 0.0800	 ±0.0004	 9045	 ±50	 9041	 ±50	 5	 ±2	 8977	 ±50	
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U	decay	constants:	 l238	=	1.55125x10-10	(Jaffey	et	al.,	1971)	and	l234	=	2.82206x10-6	(Cheng	et	al.,	2013).	Th	decay	constant:		l230	=	9.1705x10-6	

(Cheng	et	al.,	2013).	
*d234U	=	([234U/238U]activity	–	1)x1000.		**	d

234Uinitial	was	calculated	based	on	
230Th	age	(T),	i.e.,	d234Uinitial	=	d

234Umeasured	x	el234xT.			
Corrected	230Th	ages	assume	the	initial	230Th/232Th	atomic	ratio	of	4.4	±2.2	x10-6.			Those	are	the	values	for	a	material	at	secular		
equilibrium,	with	the	bulk	earth	232Th/238U	value	of	3.8.		The	errors	are	arbitrarily	assumed	to	be	50%.	
***B.P.	stands	for	“Before	Present”	where	the	“Present”	is	defined	as	the	year	1950	A.D.			
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Table	S2:	230Th	dating	results	for	Stalagmite	MAJ-5.		The	error	is	2 s	error.	Dft=	distance	from	the	top	of	the	stalagmite.	

Dft	(mm)	 Sample	no.	 238U		(ppb)	 232Th	(ppt)	
230Th	/	232Th	
(atomic	x10-6)	

d234U*	
(measured)	

230Th	/	238U	
(activity)	

230Th	Age	(yr)	
(uncorrected)	

230Th	Age	(yr)	
(corrected)	

d234UInitial**	
(corrected)	

230Th	Age	(yr	
BP)***	

(corrected	)	

1	 MAJ-5-U001	 2734	 ±15	 3044	 ±63	 33	 ±1	 -3.2	 ±2.7	 0.0023	 ±0.0000	 246	 ±5	 214	 ±24	 -3	 ±3	 150	 ±24	

10	 MAJ-5-U010	 6691	 ±38	 22757	 ±474	 27	 ±1	 -3.1	 ±3.6	 0.0056	 ±0.0001	 609	 ±7	 510	 ±71	 -3	 ±4	 446	 ±71	

22	 MAJ-5-U022	 3292	 ±4	 11633	 ±234	 31	 ±1	 -3.0	 ±1.5	 0.0067	 ±0.0001	 736	 ±14	 633	 ±74	 -3	 ±1	 569	 ±74	

41	 MAJ-5-U041	 1380	 ±3	 10604	 ±213	 32	 ±1	 -1.1	 ±2.1	 0.0147	 ±0.0001	 1617	 ±15	 1393	 ±159	 -1	 ±2	 1329	 ±159	

50	 MAJ-5-U050	 1224	 ±4	 4144	 ±84	 40	 ±1	 -2.9	 ±2.4	 0.0082	 ±0.0001	 898	 ±15	 799	 ±71	 -3	 ±2	 735	 ±71	

60	 MAJ-5-U060	 1578	 ±3	 14591	 ±293	 31	 ±1	 -0.9	 ±2.6	 0.0173	 ±0.0005	 1901	 ±56	 1631	 ±199	 -1	 ±3	 1567	 ±199	

66	 MAJ-5-U066	 12609	 ±83	 38990	 ±842	 461	 ±10	 -4.6	 ±2.9	 0.0865	 ±0.0006	 9912	 ±81	 9821	 ±103	 -5	 ±3	 9757	 ±103	

80	 MAJ-5-U080	 11684	 ±16	 27838	 ±559	 598	 ±12	 -2.6	 ±1.2	 0.0864	 ±0.0002	 9882	 ±24	 9813	 ±55	 -3	 ±1	 9749	 ±55	

89	 MAJ-5-U089	 10930	 ±12	 30247	 ±606	 519	 ±10	 -1.2	 ±1.3	 0.0870	 ±0.0002	 9941	 ±29	 9860	 ±64	 -1	 ±1	 9796	 ±64	

	

U	decay	constants:	 l238	=	1.55125x10-10	(Jaffey	et	al.,	1971)	and	l234	=	2.82206x10-6	(Cheng	et	al.,	2013).	Th	decay	constant:		l230	=	9.1705x10-6	

(Cheng	et	al.,	2013).	
*d234U	=	([234U/238U]activity	–	1)x1000.		**	d

234Uinitial	was	calculated	based	on	
230Th	age	(T),	i.e.,	d234Uinitial	=	d

234Umeasured	x	el234xT.			
Corrected	230Th	ages	assume	the	initial	230Th/232Th	atomic	ratio	of	4.4	±2.2	x10-6.			Those	are	the	values	for	a	material	at	secular		
equilibrium,	with	the	bulk	earth	232Th/238U	value	of	3.8.		The	errors	are	arbitrarily	assumed	to	be	50%.	
***B.P.	stands	for	“Before	Present”	where	the	“Present”	is	defined	as	the	year	1950	A.D.			
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