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Abstract	

The	recent	geomagnetic	secular	variation	is	mainly	characterized	by	the	large	growth	of	
the	South	Atlantic	Magnetic	Anomaly	during	 the	 last	 three	centuries,	 first	documented	
by	 the	geomagnetic	model	gufm1	 (Jackson	et	al.,	2000).	We	report	new	paleomagnetic	
results	(directions	and	paleointensities)	from	several	sites	in	two	well	dated	lava	flows	
in	Chile,	the	1835	AD	eruption	of	the	Osorno	volcano	and	the	1751	AD	eruption	of	the	
Llaima	volcano.	In	addition,	paleointensities	were	obtained	on	14	samples	from	bricks	of	
shelters	built	along	 the	main	road	across	 the	Andes	 from	Santiago	 (Chile)	 to	Mendoza	
(Argentina)	 in	 1770±5	 AD.	 The	 results	 confirm	 the	 high	 reliability	 of	 the	 global	
geomagnetic	 model	 gufm1	 for	 the	 last	 three	 centuries	 with	 a	 large	 amplitude	 of	 the	
secular	 variation	 in	 inclination	 (~20°)	 and	 intensity	 (~25µT).	 Results	 from	 three	 14C	
dated	 volcanic	 units	 in	 the	 time	 interval	 1400-1750	 AD	 indicate	 that	 more	
paleomagnetic	results	in	well	dated	lava	flows	are	necessary	to	improve	the	robustness	
of	 existing	 global	 geomagnetic	 models.	 At	 this	 stage,	 precise	 paleomagnetic	 or	
archeomagnetic	dating	in	South	America	using	global	models	should	be	restricted	to	the	
last	3	centuries.	
To	illustrate	the	potential	of	paleomagnetic	dating	in	region	and	time	interval	with	very	
large	geomagnetic	secular	variation,	we	report	paleomagnetic	data	from	several	sites	in	
historical	 lava	 flows	(1700-1900	AD)	from	the	Antuco,	Llaima	and	Villarrica	volcanoes	
that	permit	to	refine	the	ages	of	the	major	historical	effusive	volcanic	events.	
	

Keywords.	Paleomagnetism;	Geomagnetic	secular	variation;	South	Atlantic	

Geomagnetic	Anomaly;	Volcanism;	Chile	
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1.0	Introduction	

The	secular	variation	of	 the	Earth	Magnetic	Field	 is	 relatively	well	determined	 for	 the	

last	 four	 centuries.	 From	 an	 impressive	 compilation	 of	 magnetic	 records	 made	 by	

navigators	and	direct	measurements,	Jackson	et	al.	(2000)	proposed	a	global	field	model	

(gufm1)	providing	our	most	complete	picture	of	the	evolution	of	the	geomagnetic	field	at	

Earth's	 surface	 from	 1590	 to	 1990.	 However,	 no	 measurement	 of	 intensity	 data	 was	

available	prior	to	1840	and	the	axial	dipole	component	was	 linearly	extrapolated	back	

before	 this	 date	 in	 the	 original	 model.	 Gubbins	 et	 al.	 (2006)	 and	 later	 Finlay	 (2008)	

found	 that	 this	 extrapolation	 in	 the	 fall	 of	 the	 dipole	was	 not	 justified	 and	 the	

gufm1	 model	 was	 adjusted	 with	 paleointensities	 determined	 from	

archeomagnetic	data	prior	to	1840.	

Most	 recent	 geomagnetic	models	 extended	 to	 the	 last	 3	millennia	 (Korte	 et	 al.,	 2009,	

Korte	and	Constable,	2011)	are	constrained	by	the	gufm1	model	especially	for	the	last	3	

centuries.	
The	growth	of	the	South	Atlantic	Geomagnetic	Anomaly	during	the	last	three	centuries	

induces	 a	 large	 decrease	 in	 the	 magnetic	 field	 inclination	 and	 intensity	 of	 the	 Earth	

magnetic	field	over	South	America.	This	large	geomagnetic	secular	variation	is	likely	to	

provide	an	accurate	paleomagnetic	dating	 tool	 for	archeologic	or	volcanic	material	 for	

the	last	three	centuries.	

In	the	present	study,	new	paleomagnetic	results	from	dated	material	from	the	Chilean	

Andes	permit	to	verify	and	consolidate	current	geomagnetic	models.		

Numerous	active	volcanoes	mark	the	western	border	of	the	Andes	in	south	central	Chile	

between	37°S	and	42°S	(Fig.	1).	This	part	of	Chile	is	the	Araucania	inhabited	by	the	

Mapuche	people	who	resisted	the	Spanish	conquest	until	the	18th	century.	The	

chronology	of	the	historical	volcanic	activity	of	several	of	the	active	volcanoes	has	been	

studied	in	detail	by	Petit-Breuilh	(2004).	However,	though	the	ages	of	the	eruptions	of	

some	volcanoes	are	usually	well	defined,	it	is	much	more	difficult	to	assess	the	exact	

location	and	extent	of	the	lava	flows	possibly	associated	with	an	historic	eruption.	

Informations	related	to	volcanic	eruptions	prior	to	the	19th	century	are	often	scarce	

(supplementary	Fig.	1).		

We	report	paleomagnetic	results	from	the	two	best-documented	volcanic	events	with	

well-defined	lava	flows,	the	1835	AD	Osorno	and	the	1751	AD	Llaima	eruptions.	
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Fig.	1.	Maps	of	south	central	Chile	and	locations	of	the	main	active	volcanoes	(red	
triangles).	The	largest	triangles	correspond	to	the	locations	of	the	present	paleomagnetic	
sampling.	
	

Paleointensity	results	from	bricks	of	two	shelters	built	in	the	time	interval	1766-1774	

AD	along	the	road	from	Chile	to	Argentina	(Casuchas	del	Virey)	provide	an	additional	

control	on	the	intensity	of	the	geomagnetic	field	in	the	18th	century.	To	further	constrain	

the	geomagnetic	models	in	South	America	prior	to	the	18th	century,	we	sampled	14C	

dated	lavas	from	the	Villarrica,	Lonquimay	and	Cayutue	volcanoes.	

Finally,	we	also	report	paleomagnetic	results	(direction	and	paleointensity)	obtained	

from	several	lava	flows	with	ages	assigned	to	the	historical	period	from	three	volcanoes	

(Villarrica,	Llaima	and	Antuco)	and	we	use	the	paleomagnetic	results	to	discuss	and	

refine	the	ages	assigned	to	these	flows.	
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Fig.	2.	Paleomagnetic	sampling	map	with	GoogleEarth	images	for	the	four	detailed	studied	
volcanoes	(Antuco,	Llaima,	Villarrica	and	Osorno).	Antuco	volcano:	sites	12,	2,54,11	and	53	
correspond	to	the	most	recent	lava	flows,	which	were	responsible	of	the	rise	in	the	level	of	
the	lake	“laguna	del	Laja”.	Sites	3	and	4	correspond	to	a	lava	flowing	from	the	western	side	
of	the	volcano.	Llaima	volcano:	red	circles	correspond	to	the	sampling	of	the	1751	AD	flow.		
Villarrica	volcano:	sites	43,45,73	and	74	(purple	circles)	correspond	to	an	historical	lava	
flow	and	the	other	sites	are	in	lava	flows	with	a	14C	age	below	the	flow	at	site	R20.	Osorno	
volcano:	paleomagnetic	sampling	of	the	1835	AD	flows.	Orange	circles	correspond	to	sites	
in	the	January	1835	flow	while	yellow	circles	correspond	to	sites	of	the	December	1835	
eruption.	
	

2.0 Paleomagnetic	sampling	

2.1	Dated	units	

2.1.1	The	Osorno	1835	AD	eruption	

Osorno	volcano	(Fig.	2)	is	a	high	(2652	masl)	stratovolcano	that	lies	in	a	transversal	NE-

trending	volcanic	chain.	The	last	historical	eruptions	were	reported	in	1778–1779	AD	

and	1835	AD	(Petit-Breuilh,	2004).	The	area	around	the	Llanquihue	Lake	was	an	

isolated	place	until	the	second	half	of	the	19th	century	and	no	local	inhabitants	served	as	

direct	eyewitnesses	of	the	1835	AD	eruption	of	Osorno	volcano.	Charles	Darwin	was	on	

board	of	the	HV	Beagle	at	that	time	and	described	the	onset	of	the	eruption	from	the	

Ancud	bay	in	Chiloé	Island	(Darwin,	1840).	Lara	et	al.	(2012)	provide	a	detailed	
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cartography	of	the	products	of	the	1835	AD	volcanic	eruption.	Two	main	stages	with	

lava	flows	emplacement	and	pyroclastic	cones	are	recognized.	The	first	stage	occurred	

in	January	1835	and	the	second	stage	occurred	in	December	1835.	Two	sites	(81,82)	

were	drilled	in	a	thick	lava	flow	belonging	to	the	January	eruption.	Site	87	was	drilled	on	

the	limit	between	the	1835	and	the	pre-historical	lava	sequence.	Three	sites	(28,	32,	78)	

were	drilled	in	flows	attributed	to	the	December	1835	volcanic	eruption.	Three	sites	(29,	

30,	31)	were	drilled	along	the	road	to	the	ski	resort.	At	these	sites,	the	volcanic	flows	

were	correlated	to	a	pre-historical	event	on	the	base	of	14C	ages	of	240BP	to	350BP	

(Lara	et	al.,	2012)	but	new	field	evidences	and	the	large	uncertainties	in	the	calibrated	

ages	suggest	that	the	sampled	unit	is	part	of	the	1835	volcanic	eruption.	

2.1.2	Bricks	of	the	“Casuchas	del	Virrey”	

Ambrosio	O'Higgins	proposed	in	1765	to	build	houses	to	provide	shelters	to	people	

transporting	mail	between	Buenos	Aires	and	Santiago	de	Chile	while	crossing	the	Andes.	

The	shelters	were	built	mainly	with	bricks	and	brick	arches	formed	the	roof.	In	Chile,	the	

only	shelter	that	is	not	destroyed	is	the	one	located	in	Juncalillo.	At	the	Las	Calaveras	site	

a	few	kilometers	to	the	east,	the	refuge	is	entirely	destroyed.	We	collected	pieces	of	

broken	bricks	littered	on	the	ground	at	both	Juncalillo	and	Las	Calaveras	sites.	The	

Juncalillo	shelter	was	one	of	the	first	to	be	built	and	the	Las	Calaveras	shelter	was	built	a	

few	years	later	in	1774AD.	We	assign	an	age	of	1770±5	AD	for	these	structures.		

The	bricks	were	not	fired	at	the	locations	of	the	shelters.	However,	the	shelters	were	not	

made	with	ornamental	bricks	likely	to	be	transported	over	large	distances.	In	contrast,	

the	artisanal	bricks	were	probably	made	at	short	distances	of	the	shelters	either	near	

Mendoza	at	about	100km	to	the	east	or	near	Los	Andes	at	about	50km	to	the	west,	the	

two	closest	towns	on	both	sides	of	the	Andes.	

Two	cores	were	drilled	in	the	bricks.	One	was	drilled	orthogonal	to	the	brick	plane	and	

the	other	within	the	brick	plane.	This	procedure	was	chosen	to	better	detect	the	

importance	of	the	magnetic	anisotropy	in	the	paleointensity	determinations	since	the	

laboratory	thermoremanent	magnetization	was	given	along	the	Z	axis	of	the	core.		

	

2.1.3	The	Llaima	1751	AD	lava	flow	

Llaima	is	one	of	the	most	historically	active	volcanoes	in	Chile	with	more	than	50	

eruptions	since	1640	AD	(Naranjo	and	Moreno,	2005).		
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Holocene	volcanic	activity	at	Llaima	began	with	caldera	collapse	and	eruption	of	the	

basaltic	to	andesitic	Curacautin	Ignimbrite	(~13.5	ka).	Historical	volcanic	activity	of	

Llaima	consists	predominantly	of	Strombolian	events.	Six	major	effusive	eruptions	

occurred	between	1640	and	1957	(Petit-Breuilh,	2004).	Prior	to	the	20th	century,	the	

1751	event	is	the	most	well	established	event	with	a	large	lava	flow	filling	the	

Trufultruful	river.	This	flow	was	sampled	at	several	sites.	Site	18	corresponds	to	the	

bottom	part	of	the	flow	while	nearby	site	14	was	drilled	in	the	brecciated	flow	top	above	

site	18.	Site	15	was	taken	near	the	Trufultruful	waterfall	and	sites	16	and	17	were	taken	

on	small	outcrops	of	the	upper	part	of	the	flow.	Site	19,	24	and	58	correspond	to	the	

CL14_02

CL45_09

CL46_04

Fig.	3.	Microscope	observations	
in	reflected	light	of	
titanomagnetites	with	dendritic	
structures	for	samples	from	
three	different	rapidly	cooled	
upper	part	of	the	lava	flows	
(sample	CL14_02:	flow	llaima	
1751	AD;	sample	CL45_09:	
Villarrica	uncertain	1787?;	
CL46_04:	Villarrica:	14C	dated).	
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lower	part	of	the	1751	flow	where	the	brecciated	upper	part	of	the	1751	AD	lava	was	

eroded.	

2.1.4	14C	dated	volcanic	units	

Lonquimay	 is	 a	 stratovolcano	 of	 late-Pleistocene	 to	 dominantly	 Holocene	 age.	 A	

prominent	NE-SW	fissure	cuts	across	 the	entire	volcano	and	extends	10	km	to	 the	NE	

with	a	series	of	NE-flank	vents	and	cinder	cones,	some	of	which	have	been	the	source	of	

voluminous	lava	flows	like	the	major	andesitic	lava	flow	erupted	in	1988-90	from	crater	

Navidad.	 Two	 kilometers	 to	 the	 E-NE	 of	 the	 crater	 Navidad,	 we	 sampled	 one	 of	 two	

nearby	volcanic	vents.	These	vents	are	likely	the	source	of	a	lava	flow	for	which	a	14C	age	

of	 200±40yr.	 BP	 (Sernageomin,	 unpublished	 data)	was	 obtained	 on	 carbonized	wood	

below	the	lava.	Using	the	new	calibration	(SHcal13)	curve	for	the	southern	hemisphere,	

calibrated	ages	provide	three	time	intervals.	From	the	historical	record,	we	can	discard	

the	two	youngest	intervals	and	thus	we	consider	that	the	probable	age	is	within	the	time	

interval	[1653-1818].	

Villarrica	is	one	of	Chile's	most	active	volcanoes	with	a	6-km	wide	caldera	formed	during	

the	late	Pleistocene	(Lara,	2004;	Clavero	and	Moreno,	2004;	Moreno	and	Clavero,	2006).	

Villarrica	volcano	has	a	cone-like	shape	and	its	summit	is	occupied	by	a	200m	diameter	

crater	with	a	permanent	lava-lake	with	a	weak	strombolian	activity.	

One	of	the	main	Holocene	volcanic	event	is	the	emplacement	of	a	pyroclastic	sequence	

(Pucon	 ignimbritie,	 Silva	 Pajeras	 et	 al.,	 2006)	 with	 a	 calibrated	 age	 range	 of	 1920-

1690BC	 (Roperch	 et	 al.,	 2014).	 We	 sampled	 the	 lava	 flow	 overlying	 this	 pyroclastic	

sequence	 and	 found	 pieces	 of	 charcoal	 below	 the	 flow	 (39°S	 22.697’,	 71°W	 57.049’)	

providing	 a	 14C	 age	of	 500±30BP	 (calibrated	 age	 range	1408-1464	AD).	This	 age	 is	 in	

good	agreement	with	one	of	530±50BC	found	in	charcoal	near	the	town	of	Pucón.		The	

flow	was	sampled	at	several	sites	within	the	Zanjon	seco	valley	(Fig.	2).	At	two	sites	(46	

and	72),	we	sampled	the	rapidly	cooled	upper	part	of	the	lava	flow.	At	some	sites	(44,47,	

71),	where	the	fragile	part	is	eroded,	the	samples	correspond	to	the	massive	part	of	the	

lava	 with	 well-crystallized	 large	 plagioclases.	 At	 site	 71,	 the	 plagioclase-rich	 lava	 is	

overlain	by	a	flow	with	smaller	plagioclase	crystals.	

Nearly	300km	farther	south,	we	sampled	lava	blocks	and	scorias	dated	by	14C	at	

400±40BP	south	of	the	Cayutué	laguna	(calibrated	age	range	1454-1627	AD).	This	

volcanic	unit	is	likely	associated	with	the	activity	of	the	Cayutué	volcanic	field	with	
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maars	and	cinder	cones	of	Holocene	age.		The	quality	of	the	outcrop	is	however	not	as	

good	as	most	of	the	other	sites	sampled	in	this	study.	

	

2.2	Historical	flows	with	uncertain	ages	

2.2.1	The	Antuco	historical	activity	

Antuco	volcano,	constructed	to	the	NE	of	the	Pleistocene	Sierra	Velluda	stratovolcano,	is	

located	along	the	SW	shore	of	the	Laguna	del	Laja	lake.	About	10,000	years	ago,	a	large	

collapse	of	the	volcano	caused	the	damming	of	the	Laguna	del	Laja	lake.	A	central	

basaltic-to-andesitic	cone	has	grown	1000	m	since	then	in	the	old	structure	with	some	

side	emissions	centers.	Moderate	explosive	eruptions	were	recorded	in	the	18th	and	

19th	centuries	from	both	summit	and	flank	vents,	and	historical	lava	have	flown	into	the	

Río	Laja	drainage	(Fig.	2).	Thiele	et	al.	(1998)	indicate	that	a	large	eruption	in	1852-

1853	induced	a	lake	level	change	of	about	20m	by	closing	further	the	waterfall	from	the	

lake.	However,	as	it	was	described	by	Domeyko	in	1845	(in	Petit-Breuilh,	2004)	during	

his	visit	to	the	Antuco	volcano,	Antuco	was	already	a	very	active	volcano	and	several	

lava	flows	formed	the	lava	fields	on	the	northern	flank.	

We	collected	several	sites	along	the	road	that	goes	to	the	Laguna	del	Laja	lake.	Sites	3	

and	4	correspond	to	a	flow	that	was	emitted	on	the	western	side	of	the	Antuco	volcano	

and	reached	the	Laja	river	at	an	elevation	of	980m	(Fig.	2).	

Sites	5,	13	were	drilled	along	the	road	at	elevation	of	1240,	1350m	respectively.	In	the	

field,	the	youngest	flows	are	those	sampled	further	east	and	closest	to	the	lake	(sites	

2,12,53,11	and	54)	at	an	elevation	of	about	1400m.	Samples	from	nearby	sites	11	and	53	

are	grouped	into	one	site.	

2.2.2	Llaima	volcano	

On	the	southern	side	of	the	Llaima	volcano	(Fig.	2),	we	sampled	only	one	site	(site	22)	on	

the	broken	blocks	making	the	top	of	a	recent	lava	flow	attributed	to	a	1780	AD	event	by	

Naranjo	and	Moreno	(2005)	and	also	reported	on	the	map	of	Bouvet	de	Maisonneuve	et	

al.	(2012).	

Reubi	et	al.	(2011)	suggest	that	the	lava	flow,	sampled	at	site	60,	that	created	the	small	

Arco	Iris	lake	corresponds	to	an	eruption	in	1852	AD.	This	lava	flow	is	associated	to	a	

fissural	emission	and	cones	on	the	northeastern	flank	of	the	volcano.	Bouvet	de	

Maisonneuve	et	al.	(2012)	indicate	a	14C	age	of	~1850	AD	without	age	uncertainty	for	

this	Fissural	3	event.	The	age	of	this	flow	is	thus	uncertain	because	of	the	low	resolution	



Secular	variation	and	paleomagnetic	dating				 	Physics	of	the	Earth	and	Planetary	Interiors,	2015	

of	14C	dating	but	this	flow	clearly	corresponds	to	an	historical	eruption	of	the	Llaima	

volcano.	We	sampled	only	the	broken	blocks	on	top	of	this	flow	(site	60)	because	it	was	

impossible	to	find	a	very	good	outcrop.	Field	evidences	show	that	the	unstable	broken	

lava	blocks	were	tilted	after	cooling.	Samples	from	this	site	were	used	only	for	

paleointensity	determinations.	

Finally,	we	made	two	short	sections.	One	corresponds	to	four	flows	drilled	below	the	

1751	AD	flow	(from	top	to	bottom,	66,65,64,63).	A	sequence	of	5	flows	(from	top	to	

bottom	105	to	109)	was	also	drilled	farther	north	(Fig.	2).	Despite	its	apparent	oldest	

shape	due	to	the	erosion	of	the	fragile	upper	part,	the	upper	flow	(105)	is	likely	an	

historical	lava	flow,	which	could	be	contemporaneous	with	the	Fissural	activity	

described	above	and	sampled	at	site	60.	For	these	two	sequences	we	sampled	mainly	the	

massive	part	of	the	lava	flows.	

	

2.2.3	Villarrica	volcano	

A	detailed	eruptive	chronology	was	first	established	by	Petit-Breuihl	(1994)	and	

modified	by	Lara	(2004).	Despite	the	numerous	eruptions	reported	since	1558,	only	one	

lava	flow	is	reported	prior	to	the	beginning	of	the	20th	century.	This	lava	flow	is	

supposed	to	have	been	emplaced	in	1787	AD	in	the	Zanjon	seco	valley.	We	made	a	

detailed	field	sampling	of	the	historical	flow	attributed	to	the	1787	AD	event	at	4	sites	

(43,45,	73	and	74).	Sites	45	and	74	correspond	to	the	rapidly	cooled	lava	blocks	making	

the	roof	of	the	lava	flow.	In	contrast,	at	site	73,	the	fragile	upper	part	of	the	flow	was	

eroded	and	we	sampled	the	massive	lower	part	of	the	lava.	

	

3.0 Paleomagnetic	methods	
3.1	Field	work	

Samples	were	drilled	in	the	field	with	a	gasoline	portable	drill	and	were	oriented	with	

magnetic	and	sun	compasses.	Differences	between	the	magnetic	declination	expected	

from	the	IGRF	model	and	the	magnetic	declination	determined	from	the	combined	

magnetic	and	sun	compasses	measurements	were	often	significant	and	up	to	10°	

because	of	the	strong	magnetization	of	these	young	lava	flows.	The	sample	orientation	is	

made	with	the	Pomeroy	orienting	device	and	the	magnetic	compass	is	at	about	20-30cm	

from	the	rock	and	very	sensitive	to	the	shape	of	the	outcrop	in	strongly	magnetized	

lavas.	
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In	order	to	test	the	importance	of	magnetic	anomalies	due	to	the	underlying	lavas	and	

basement	magnetism,	we	made	some	direct	measurements	in	the	field	in	the	same	areas	

where	the	paleomagnetic	sites	were	sampled.	We	use	a	MEDA	FVM-400	three	axis	

fluxgate	magnetometer.	Due	to	the	large	magnetic	anomalies	induced	by	the	nearby	

rocks,	we	made	the	measurements	on	relatively	flat	areas	and	with	the	magnetometer	at	

about	1.2	m	above	the	ground.	The	fluxgate	magnetic	sensor	was	oriented	using	a	sun	

compass	and	the	true	north	declination	was	calculated	using	the	same	procedure	used	

to	orient	the	paleomagnetic	samples.	Magnetic	measurements	were	made	at	seventeen	

stations	for	the	Antuco	volcano	and	18	stations	for	the	Llaima.	For	the	Llaima	volcano,	

the	mean	geomagnetic	field	measured	in	the	field	(N=18,	D=6.3,	I=-39.5,	α95=1.6,	K=449,	

F=25.9µT)	compares	well	with	the	expected	IGRF	field	direction	(D=6.6,	I=-39.0,	

F=25.6µT).	For	the	Antuco	volcano,	the	mean	geomagnetic	field	direction	is	(N=17,	

D=3.4°,	I=-36.4°,	α95=1.5,	K=531,	F=25.9µT)	which	is	slightly	different	from	the	

expected	IGRF	field	(D=5.6°,	I=-37.7°,	F=25.2µT).	

A	small	magnetic	anomaly	(2	to	4°)	is	thus	possible	especially	for	the	sites	near	the	lake	

where	the	lava	flows	entered	the	Laguna	del	Laja	lake	making	a	small	scarp.		

The	present	day	field	is	especially	low	(~26µT)	and	about	half	the	mean	value	expected	

for	the	18th	century	from	the	gufm1	model.	The	present-day	magnetic	anomalies	should	

thus	be	roughly	1.5	to	2	times	stronger	than	the	magnetic	anomalies	present	at	the	time	

of	emplacement	of	the	oldest	flows.		

While	the	measured	field	calculated	from	several	stations	is	in	good	agreement	with	the	

expected	IGRF	field,	it	is	important	to	recognize	that	paleomagnetic	results	from	sites	in	

lava	flows	filling	small	ravine	in	underlying	flows	are	likely	the	most	prone	to	departure	

from	expected	fields.	When	several	paleomagnetic	results	are	available	from	spatially	

distributed	sites	in	the	same	volcanic	unit,	the	mean	direction	and	mean	paleointensity	

will	not	be	significantly	affected	by	a	local	magnetic	anomaly.	Therefore	caution	is	

advised	when	only	one	or	two	paleomagnetic	sites	are	available.	

3.2	Laboratory	experiments	

A	specimen	per	core	was	progressively	demagnetized	with	the	online	2G	AF	degausser	

and	measured	with	the	2G	magnetometer.	Some	samples	with	strong	magnetization	

were	AF	demagnetized	by	the	Schonstedt	degausser	and	measured	with	the	Molspin	or	

Agico	JR5	spinner	magnetometers.	
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Fig.	4.	Hysteresis	data	(Mrs/Ms	vs.	Hcr/Hc)	for	samples	of	lava	flows	and	bricks	(green	
circles).		Red	circles	correspond	to	the	upper	part	of	the	flow	with	rapid	cooling	while	blue	
filled	circles	are	samples	from	the	more	massive	internal	part	of	the	lava	flow.	
Curves	and	domains	modified	from	Dunlop	(2002).	
	

The	Thellier	and	Thellier	(1959)	method	was	applied	for	paleointensity	experiments	

and	heating/cooling	were	performed	under	a	primary	vacuum	(10-2	Torr)	except	for	

samples	from	bricks	that	were	heated	in	air	(see	also	Roperch	et	al.,	(2014)	for	more	

information	about	the	paleointensity	method).	We	always	attempted	to	sample	the	

diverse	parts	of	a	lava	flow	whenever	possible.	We	do	not	use	specific	criterions	to	select	

samples	prior	to	paleointensity	experiments.	Samples	with	the	largest	NRM	intensity	

and	without	secondary	magnetization	provide	better	quality	paleointensity	

determinations	than	samples	with	lowest	NRM	intensity.	

High	intensities	of	NRM	correspond	to	samples	with	the	highest	Koenigsberger	ratio	and	

likely	a	largest	contribution	of	single	domain	grains.	We	rejected	paleointensity	

experiments	when	the	partial	TRM	checks	(pTRM)	were	negative.	During	the	last	15	

years,	numerous	papers	have	addressed	the	problem	of	non-linerarity	in	Thellier	

experiments	(see	Dunlop,	(2011)	and	Chauvin	et	al.,	(2005)	for	a	review	of	methods	and	

problems	in	paleointensity	determinations).	The	determination	of	the	paleointensity	
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and	its	quality	factor	q	were	made	following	the	method	proposed	by	Coe	et	al.	(1978).	

The	weighted	mean	paleointensity	for	a	site	was	calculated	using	the	method	given	by	

Prévot	et	al.	(1985).	

	
Fig.	5.	Plot	of	the	normalized	intensity	of	NRM	versus	temperature.	The	NRM	was	
calculated	from	the	two	measurements	at	one	temperature	step	during	paleointensity	
experiments	with	the	Thellier	method.		
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Hysteresis	curves	were	obtained	with	the	AGM	vibrating	magnetometer	and	FORC	

diagrams	were	processed	with	the	FORCINEL	software	(Harrison	and	Feinberg,	2008).	

Thermomagnetic	experiments	and	anisotropy	of	magnetic	susceptibility	were	done	with	

the	AGICO	KLY3	kappabridge.	

The	Agico	CS3	furnace	was	used	with	the	KLY3	kappabridge	to	measure	the	

susceptibility	variation	with	temperature	(K-T	experiments).	

	
Fig.	6.	a)	Equal-area	stereonets	of	the	characteristic	directions	from	sites	from	the	1835	
AD	flow	from	Osorno	(blue	squares),	1751	AD	Llaima	flow	(brown	diamonds)	and	14C	dated	
lavas	(~1450	AD)	at	Villarrica;	the	directions	for	the	Lonquimay	and	Cayutue	units	are	
shown	with	a	star.	b)	Comparison	of	the	mean	directions	determined	for	the	three	groups	
shown	in	(a),	with	the	expected	directions	from	1400	AD	to	1990	AD	calculated	every	ten	
years	with	the	Cals3k.4	model.	Each	century	is	shown	with	distinct	colors	to	facilitate	the	
identification	of	the	time	interval.	Open	symbols	correspond	to	negative	inclinations.	

	

4.0 Magnetic	properties.	

The	studied	lava	flows	correspond	to	basalt	–	andesite	lavas	and	the	magnetic	

properties	vary	mainly	according	to	the	position	of	the	sampling	within	a	flow.	Several	

sites	were	drilled	in	the	brecciated	upper	part	of	lava	flows	with	large	blocks	apparently	

not	disturbed	after	initial	cooling	(site	14,	22	at	Llaima	volcano,	sites	45,46,	72	and	74	at	

Villarrica	volcano).	Field	evidences	for	broken	displaced	blocks	after	cooling	were	

however	observed	at	site	60	(Llaima	volcano).	These	sites	correspond	to	the	rapidly	

cooled	part	of	the	lava	flows	that	are	characterized	by	specific	magnetic	properties.	

Intensity	of	the	natural	remanent	magnetization	(NRM)	is	usually	high	(>	10	Am-1)	and	

the	Koenigsberger	ratio	calculated	in	a	dc	field	of	45µT	are	often	larger	than	100.	

Observations	with	a	microscope	under	a	reflected	light	or	with	a	scanning	electron	

microscope	always	indicate	well-defined	dendritic	structures	(Fig.	3).	Hysteresis	

parameters	(Fig.	4)	and	FORCs	(supplementary	Fig.	2)	indicate	that	the	magnetization	is	
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mainly	dominated	by	single	domain	grains	in	the	upper	part	of	the	flows	and	

pseudosingle	domain	grains	in	the	more	massive	part	of	the	lava	flow.		

	
	

Although	the	size	of	the	dendrites	is	often	larger	than	the	size	expected	for	single	

domain	grains,	our	results	confirm	the	observations	of	Shaar	and	Feinberg	(2013).	

These	authors	indicate	that	dendrites	built	from	branches	of	interconnected	octahedra,	

typical	for	basaltic	glass,	have	a	stable,	high	coercivity,	SD-like	magnetization	despite	the	
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fact	that	their	overall	dimensions	exceed	the	SD-MD	threshold.	The	main	magnetic	

carrier	is	a	Ti-rich	titanomagnetite	with	Curie	point	<	300°C	but	these	samples	contain	

also	a	smaller	amount	of	Ti-poor	titanomagnetite	as	seen	in	the	K-T	plots	

(supplementary	Fig.	3).	Samples	from	the	upper	part	of	the	flows	have	also	low	

unblocking	temperatures	(Fig.	5).	In	contrast,	high	Curie	points	(Supplementary	Fig.	3)	

and	high	unblocking	temperatures	(Fig.	5)	are	usually	found	in	samples	from	the	more	

massive	parts	of	the	lava	flows	while	hysteresis	parameters	indicate	pseudo-single	

domain	behavior	(Fig.	4).	

	
Fig.	8.	a)	Variation	of	the	intensity	of	the	NRM	during	AF	(red	curves)	and	thermal	
demagnetization	(green	curves).	b)	Example	of	a	paleointensity	determination	for	one	
sample	of	the	Las	Calaveras	site.	c)	Orthogonal	plot	of	the	NRM	evolution	during	the	
Thellier	and	Thellier	experiment.	
	
	

There	has	been	a	lot	of	discussion	with	respect	to	the	contribution	of	multidomain	

grains	in	failed	paleointensity	experiments.	In	our	study,	non	linearity	expected	due	to	

multidomain	grains	was	not	the	main	cause	of	failure	in	paleointensity	experiments.	

Negative	pTRM	checks	are	often	observed	in	the	temperature	range	350-500°C	for	

several	samples	with	Ti-poor	titanomagnetite	as	the	main	magnetic	carriers.	Examples	

of	rejected	samples	are	given	in	supplementary	Fig.	4.	

Samples	in	flow	tops,	with	Ti-rich	titanomagnetite	carriers	provided	paleointensity	

determinations	with	a	high	success	rate	because	chemical	alteration	during	heating	in	

paleointensity	experiments	was	minimized	since	it	was	not	necessary	to	heat	these	

samples	at	high	temperatures.		
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Anisotropy	of	magnetic	susceptibility	measurements	give	low	anisotropy	values	(90%	of	

the	samples	have	AMS	lineation	and	foliation	degree	lower	than	1.02)	with	large	intra-

site	scatter	of	the	orientation	of	AMS	ellipsoids.	TRM	anisotropy	is	also	low	and	difficult	

to	determine	accurately.	For	this	reason,	the	paleointensity	data	in	the	volcanic	rocks	

were	not	corrected	for	anisotropy.		

	
Fig.	9.	Comparison	of	the	variation	of	the	observed	declination,	inclination	and	
paleointensity	with	geomagnetic	models.	
	

Cooling	rate	is	a	factor	susceptible	to	bias	paleointensity	determinations	(Yu,	2011).	Fast	

cooling	rates	during	laboratory	experiments	result	in	overestimated	paleointensity	

values	in	samples	with	small	single	domain	grains	while	the	contribution	of	large	grains	

is	likely	to	underestimate	paleointensity	values.	Cooling	rate	effect	has	been	

documented	in	rapidly	quenched	volcanic	glasses	(Leonhardt	et	al.,	2006).	Our	samples	

from	the	rapidly	cooled	flow	tops	show	titanomagnetites	with	dendritic	structures.	The	

grain	size	is	however	higher	than	the	grain	size	in	rapidly	quenched	volcanics	like	the		

juvenile	clasts	of	pyroclastic	deposits	(Roperch	et	al.,	2014).	We	attempted	cooling	rate	

experiments	in	15	samples	from	5	sites	(14,	22,	54,	74	and	60).	The	slow	cooled	TRM	
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was	given	at	a	constant	cooling	rate	of	0.3°C/mn	while	the	cooling	rate	during	the	

standard	paleointensity	experiments	is	not	linear	with	a	mean	cooling	rate	of	about	

10°C/mn.	

	
Fig.	10.		a)	Comparison	of	the	paleointensity	data	in	Brazil	(Hartmann	et	al.,	2010,2011)	
and	Chile	(flow	1835	AD,	1751	AD	and	bricks	1770±5	AD)	with	the	expected	
paleointensities	from	model	Cals3k.4	at	each	site.	The	present-day	field	is	shown	by	the	
arrows	for	the	Salvador	and	Sao	Paulo	in	Brazil	and	Villarrica	in	Chile.	The	error	bars	on	
the	values	calculated	with	model	Cals3k.4	are	the	errors	provided	with	model	Cals3k.4b.	b)	
Differences	in	intensity	between	the	data	and	model	shown	in	(a)	with	respect	of	the	age.	
	

We	found	no	significant	trend	with	a	mean	cooling	rate	of	~0%	with	a	standard	

deviation	of	~5%.	These	experiments	suggest	that	no	systematic	cooling	rate	effect	

should	be	expected	in	these	lava	flows.	We	thus	consider	that	anisotropy	or	cooling	rate	

effects	are	unlikely	to	bias	systematically	the	paleointensity	determinations	but	they	can	

contribute	to	the	within-site	scatter	of	paleointensities	characterized	by	a	standard	

deviation	often	about	10%.	

	

Bricks	sampled	at	Juncal	and	Las	Calaveras	sites	have	similar	magnetic	properties	with	

NRM	values	varying	from	about	1	to	20A/m	and	magnetic	susceptibilities	betwen	

0.005SI	and	0.02SI.	The	strong	magnetization	clearly	indicates	that	these	bricks	were	

fired	at	high	temperature.	More	than	two	third	of	the	magnetization	was	usually	

unblocked	in	between	150°	and	500°C.	As	shown	by	the	AF	demagnetization,	there	is	a	

high	coercivity	magnetic	phase	carrying	10	to	30%	of	the	NRM	that	is	not	AF	

demagnetized.	This	magnetic	phase	produce	the	typical	wasp-waisted	hysteresis	loops	
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(supplementary	Fig.	5).	Thermomagnetic	experiments	in	low	field	do	not	permit	the	

identification	of	this	magnetic	phase	(supplementary	Fig.	6).	This	high	coercivity	

magnetic	phase	is	commonly	observed	in	baked	clays	but	has	not	been	clearly	identified	

(McIntosh	et	al.,	2011).	It	is	very	stable	and	enables	the	determination	of	accurate	

paleointensities	(Chauvin	et	al.,	2000;	McIntosh	et	al.,	2011).	

	
Fig.	11.	Equal-area	stereonets	of	the	characteristic	directions	from	paleomagnetic	sites	
and	predicted	path	from	the	Cals3k.4	model	(all	data	relocated	to	Villarrica).	a)	results	
from	the	1787	AD	flow	from	Villarrica	(blue	triangles);	b)	for	all	sites	sampled	in	the	
Antuco	volcano;	c)	directions	observed	at	two	sections	at	Llaima	and	comparison	with	the	
mean	direction	determined	for	the	LLaima	1751	flow	(red	star)	and	Zanjon	seco	flow	at	
Villarrica	(black	stars).	The	green	diamond	is	the	results	from	site	22;	d)	comparison	of	the	
mean	directions	for	the	two	groups	of	flows	at	Antuco	and	Villarrica	with	the	Cals3k.4	
model.	
	

We	report	successful	paleointensity	determinations	for	146	samples.	To	illustrate	the	

high	quality	determinations,	statistical	distributions	of	3	parameters	(f	fraction,	quality	

factor	f	and	the	angle	dang)	are	given	in	supplementary	Fig.	7.	

	

5.0 Paleomagnetic	results	in	dated	units	

Characteristic	directions	were	determined	after	progressive	alternating	field	

demagnetization	showing	characteristic	univectorial	magnetizations.	Mean-site	
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characteristic	directions	are	well	determined	with	semi-angles	of	confidence	of	about	2	

to	3°.	The	largest	scatter	(α95	of	6.7°)	corresponds	to	site	14	drilled	in	a	brecciated	flow	

top.	

	

5.1	The	Osorno	1835	AD	eruption	

Lara	et	al.	(2012)	provide	a	map	of	the	expected	two	main	January	and	December	1835	

events.	The	characteristic	direction	of	the	three	sites	(29,	30,	31)	possibly	belonging	to	

an	older	volcanic	event	are	statistically	in	agreement	with	the	directions	found	at	sites	

from	both	1835	events	(Fig.	6a,	Table	1).	The	paleomagnetic	data	thus	confirm	some	

field	evidences	suggesting	that	this	uncertain	volcanic	unit	is	one	of	the	flow	of	the	1835	

eruption	cycle.	Site	87,	which	has	a	slightly	highest	inclination,	could	correspond	to	a	

slightly	oldest	event	and	we	thus	do	not	include	this	site	in	the	calculation	of	the	mean	

direction.	The	mean	direction	calculated	from	the	9	sites	(without	site	87)	is	(D=18.3;	I=-

50.0;		α95=1.6;	N=9).	

Paleointensity	experiments	were	carried	on	29	samples.	As	seen	in	Fig.	5,	all	the	studied	

samples	from	Osorno	have	medium	to	high	unblocking	temperatures.	Unfortunately,	15	

samples	had	PTRM	checks	indicating	some	changes	in	the	NRM-TRM	unblocking	and	

blocking	temperature	ranges.	Only	14	samples	provided	apparently	reliable	

paleointensity	results	with	high	NRM	fractions	used	in	the	mean	calculation	(Fig.	7a,	

supplementary	Table	1).	The	two	samples	from	site	87	provided	the	highest	

paleointensity	values	(55-57µT).	Since	the	direction	recorded	at	site	87	is	also	slightly	

different	from	the	directions	recorded	at	other	sites,	we	speculate	that	this	site	may	

correspond	to	a	slightly	older	volcanic	unit.	Sample	10CL2903A	gives	an	anomalous	low	

paleointensity	of	29.7µT	and	was	not	included	in	the	mean	calculation.		

We	thus	calculated	the	mean	paleointensity	value	for	the	1835	event	with	11	

determinations	from	4	sites	(28,29,31,32,	weighted	mean	45.2±3µT).	There	is	no	

difference	between	the	arithmetic,	weighted	and	geometric	means	indicating	no	bias	in	

the	calculation	of	the	mean	(Table	2).	

	

5.2	Bricks	of	the	Casuchas	del	Virrey	

Paleointensity	determinations	were	made	on	9	samples	of	the	Las	Calaveras	and	5	

samples	of	the	Juncal	site	using	a	temperature	range	140-490°C	(Fig.	8)	with	high	NRM	

fractions	and	high	quality	factors	q	from	24	to	>100	(supplementary	Table	1).	TRM	
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anisotropy	is	low	(anisotropy	degree	between	1.05	and	1.1)	and	the	mean	

paleointensity	value	determined	from	the	14	samples	before	and	after	anisotropy	

correction	is	not	changed	(same	weighted	mean	of	48µT)	but	the	scatter	is	slightly	

reduced	(standard	deviation	2.5	to	2.3µT).	Cooling	rate	experiments	at	490°C	were	

performed	with	a	constant	cooling	rate	of	0.3°C/min.	The	mean	paleointensity	

(47.4µT±1.7)	is	reduced	by	only	0.6µT	after	cooling	rate	correction.	

	

5.3	The	LLaima	1751	AD	flow	

The	mean	direction	calculated	for	the	8	sites	is	D=10.1°;	I=-54.7°;	α95=2.3°.		

Paleointensity	determinations	were	attempted	on	37	samples.	Most	of	the	23	successful	

paleointensities	were	obtained	on	samples	with	low	unblocking	temperatures	and	Ti-

rich	titanomagnetic	carriers	(Fig.	7b)	except	two	samples	from	site	58	with	high	

unblocking	temperatures	(supplementary	Table	1).	The	weighted	mean	paleointensity	is	

52.4µT±6.1	(Table	2).	

5.4	14C	dated	volcanic	units	

5.4.1	Lonquimay	volcano	

Site	90	was	drilled	on	lava	blocks	and	the	scatter	is	slightly	larger	(Fisher	parameter	k	of	

80)	than	for	sites	drilled	in	massive	lava	flows.	The	mean	direction	was	calculated	with	

12	samples	out	of	13.	In	contrast	with	all	other	sites	from	lava	blocks	of	flow	tops,	

samples	from	site	90	have	high	unblocking	temperatures.	However	these	samples	

provided	high	quality	paleointensity	determinations	in	the	six	studied	samples	(Fig.	7c).	

The	weighted	mean	paleointensity	is	57µT±4.3	(supplementary	Table	1;	Table	2).		

5.4.2		Cayutué	

The	paleomagnetic	direction	determined	at	this	site	is	(D=3.0°;	I=-54.4°;	α95=2.9°).		

Four	samples	out	of	six	studied	samples	provided	paleointensity	results	with	a	weighted	

mean	paleointensity	of	52.6µT±4.3	(supplementary	Table	1;	Table	2).		

5.4.3	The	Zanjon	seco	flows	at	Villarrica	volcano.	

Ten	sites	were	drilled	in	lava	flows	overlying	the	Pucon	pyroclastic	sequence	(Silva	

Pajeras,	2010).		

	As	shown	in	Fig.	6a,	the	characteristic	directions	are	well-grouped	with	a	NNW	

declination	and	steep	inclination	except	for	site	75	which	has	a	slightly	lower	inclination.	

The	mean	direction	is	(D=349.8°,	I=-61.2°,	α95=2.3°)	(Fig.	6b).	
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Twenty	nine	paleointensity	experiments	were	performed	and	19	reliable	results	were	

obtained.	Most	results	are	from	samples	of	the	two	sites	46	and	72	where	the	upper	part	

of	the	rapidly	cooled	lava	was	sampled	(Fig.	7d).	The	mean	paleointensity	values	for	

samples	of	sites	46	and	72	are	identical	(50.1±5.2	and	50.2±7.4).	With	the	addition	of	

three	results	from	three	other	sites,	a	mean	paleointensity	of	50.3±6.1	is	calculated	from	

these	19	determinations	(supplementary	Table	1;	Table2).		

	

6.0	Comparison	with	geomagnetic	models.	

The	paleomagnetic	data	(Table	3)	are	compared	with	four	models,	gufm1,	Cals3k.4,	

Arch3k,	and	the	recent	model	proposed	by	Licht	et	al.	(2013)	(Fig.	9).	The	original	gufm1	

model	(Jackson	et	al.,	1990)	considers	a	linearly	decreasing	dipole	field	prior	to	1820	AD.	

The	model	Cals3k.4	is	tied	to	the	gufm1	model	but	attempt	to	better	constrain	the	

variation	of	the	dipole	field	prior	to	1820	AD.	Licht	et	al.	(2013)	provided	three	models	

that	are	not	tied	with	the	gufm1	model.	We	use	model	A	which	is	based	on	

archeomagnetic	and	paleomagnetic	data	(Licht	et	al.,	2013)	and	we	discard	models	

based	on	sediment	data.		We	do	not	consider	the	model	of	Nilsson	et	al.	(2014),	which	

also	includes	sediment	data,	because	of	its	low	temporal	resolution.	The	model	proposed	

by	Pavón-Carrasco	et	al.	(2014)	for	the	last	14	000	yr.	is	tied	to	the	gufm1	model	for	the	

last	4	centuries	and	not	significantly	different	from	the	Cals3k.4	model	for	the	period	

considered	in	the	present	study.	

In	order	to	facilitate	the	comparison	between	the	observed	data	and	the	geomagnetic	

models,	all	the	directions	have	been	relocated	to	the	Villarrica	site	using	the	virtual	

geomagnetic	pole.	The	Osorno	volcano	is	at	about	200km	from	the	Villarrica	volcano	and	

the	relocation	is	unlikely	to	introduce	significant	errors.	Bricks	from	the	Casuchas	del	

Virrey	are	at	more	than	700km	to	the	north	but	the	correction	by	the	relocation	with	the	

geocentric	axial	dipole	is	only	about	3µT.		

The	1835	AD	flow	from	the	Osorno	volcano	and	the	1751	AD	flow	from	the	Llaima	

volcano	are	the	only	flows	with	a	precise	age	and	the	mean	directions	for	these	units	

were	determined	on	several	different	sites.	We	can	thus	expect	that	field	disturbances	

like	an	undetected	tilt	of	the	rock	at	the	outcrop	scale	or	magnetic	field	anomalies	are	

cancelled	out	and	that	the	mean	direction	is	an	excellent	determination	of	the	

geomagnetic	field	at	the	time	of	emplacement	of	the	volcanic	rock.	The	direction	of	a	
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single	site,	like	those	of	Cayutué	or	Lonquimay	(Fig.	6a)	should	be	interpreted	with	more	

caution.		

The	mean	directions	observed	for	these	1835	and	1751	flows	compare	well	with	the	

gufm1	model	(Fig.	6b	and	9).	The	paleointensity	of	the	geomagnetic	field	recorded	by	

these	two	flows	and	by	the	1770±5	AD	bricks	also	document	the	reliability	of	the	gufm1	

model	for	the	last	three	centuries.	Model	A	from	Licht	et	al.	(2013)	departs	strongly	from	

the	gufm1	model.	Paleointensity	data	from	eastern	Brazil	(Hartmann	et	al.,	2010,	2011)	

are	the	most	reliable	archeomagnetic	data	available	for	South	America	for	the	last	5	

centuries.	Unfortunately,	there	is	no	directional	data	and	the	amplitude	of	the	secular	

variation	in	intensity	is	significantly	less	important	in	Brazil	than	in	Chile	(Fig.	10a).	It	is	

dificult	to	evaluate	the	growth	of	the	South	Atlantic	Geomagnetic	Anomaly	with	the	

Brazilian	paleointensity	data	only.	The	sparse	amount	of	archeomagnetic	or	

paleomagnetic	data	in	the	southern	hemisphere	and	especially	in	South	America,	used	

by	Licht	et	al.	(2013)	to	produce	model	A,	likely	explains	the	poor	fit	to	the	most	relevant	

geomagnetic	secular	variation	feature	of	the	last	three	centuries.	The	same	problem	is	

found	for	model	pfm9k.1	from	Nilsson	et	al.	(2014).	

Paleointensity	data	obtained	in	Chile	and	Brazil	are	in	good	agreement	with	

geomagnetic	model	Cals3k.4	and	the	largest	differences	are	found	for	the	time	period	

prior	to	1650	AD	(Fig.	10b).	

The	growth	of	the	South	Atlantic	geomagnetic	anomaly	is	not	detectable	in	the	southern	

part	of	South	America	prior	to	1700	AD.		

The	mean	direction	recorded	in	the	Zanjon	seco	lavas	(Villarrica)	dated	at	500±30BP	

(calibrated	age	of	1440±30	AD)	is	different	from	the	expected	directions	in	both	the	

Cals3k.4	or	Licht	et	al.	models.	The	secular	variation	curves	from	all	models	in	the	time	

interval	1400-1650	are	thus	not	reliable	for	paleomagnetic	dating.	

We	can	thus	use	the	geomagnetic	models	to	better	constrain	the	age	of	the	historical	

lava	flow	with	an	uncertain	age	only	for	lava	flows	younger	than	~1650	AD.		

	

7.0	Paleomagnetic	dating	of	historical	lava	flows.	

Korte	and	Constable	(2011)	suggest	to	use	the	Cals3k.4	model	for	Earth’s	surface	studies.	

This	model	is	strongly	tied	to	the	original	gufm1	model.	We	use	the	Cals3k.4	model	with	

the	standard	error	provided	with	the	model	Cals3k.4b	to	assess	the	age	of	some	of	the	

lava	flows.	As	discussed	above,	these	units	are	unquestionably	historical	flows	but	we	



Secular	variation	and	paleomagnetic	dating				 	Physics	of	the	Earth	and	Planetary	Interiors,	2015	

will	show	that	the	very	high	geomagnetic	secular	variation	during	the	last	three	

centuries	in	South	America	enables	high	resolution	paleomagnetic	dating.	

	

7.1	The	1787	AD	volcanic	flow	from	Villarrica	volcano	

Four	sites	were	drilled	in	this	flow	expected	to	be	the	product	of	the	1787	AD	eruption.	

Sites	45	and	site	74	come	from	the	rapidly	cooled	upper	fragile	part	of	lava	flow	which		

was	eroded	at	site	73.	A	mean	direction	of	D=16.9°;	I=-45.4°;	α95=3.2	is	calculated	for	

this	flow	in	agreement	with	an	eruption	during	the	19th	century	and	not	in	the	18th	

century	(Table	1,	Fig.	11a,	12).	

Paleointensity	experiments	were	carried	on	15	samples	and	13	samples	provided	

reliable	paleointensities	with	large	NRM	fractions	(supplementary	Table	2,	Table	2).	

A	weighted	mean	paleointensity	of	45.4±4.8	µT	is	obtained	for	this	flow.	

Using	Bayesian	statistics	to	compare	the	paleomagnetic	data	with	the	Cals3k.4	curve,	

paleomagnetic	dating	provides	an	age	interval	of	1815-1859	at	95%	for	this	flow	

(supplementary	Fig.	8).	Up	to	four	eruptions	with	a	VEI	of	2	are	reported	in	this	time	

interval	(1822;	1832;	1837;	1852-1853)(Petit-Breuilh,	2004)	but	without	evidence	for	a	

lava	flow.	The	paleomagnetic	results	indicate	that	the	flow	could	correspond	to	one	of	

these	four	events.		

	

7.2	The	Antuco	volcano	

The	palomagnetic	directions	determined	for	the	eight	sites	sampled	along	the	road	to	

the	Laguna	del	Laja	lake	are	distributed	along	a	path	that	is	not	very	different	of	the	

expected	directions	from	global	geomagnetic	models	since	1750	AD	(Table	1,	Fig.	11b).	

The	sites	with	the	highest	inclinations	are	those	located	to	the	west	and	sites	recording	

the	shallowest	inclinations	are	those	located	nearby	the	lake	border.	The	distribution	of	

the	paleomagnetic	directions	is	in	agreement	with	the	proposition	that	sites	near	the	

lake	correspond	to	the	latest	effusive	eruptions	of	the	Antuco	volcano.	Site	2	has	

however	an	inclination	that	is	5°	to	10°	too	low	and	this	site	may	record	a	slightly	

anomalous	inclination.		

Site	5	records	the	highest	inclination	suggesting	an	eruption	by	the	end	of	the	18th	

century	while	sites	4,	3	and	13	are	in	agreement	with	an	eruption	during	the	19th	

century.	



Secular	variation	and	paleomagnetic	dating				 	Physics	of	the	Earth	and	Planetary	Interiors,	2015	

We	think	that	it	is	difficult	to	date	each	unit	and	we	separate	the	lava	flows	in	two	

groups.	The	first	group	corresponds	to	sites	in	lava	flows	along	the	road	before	to	reach	

the	Lake	(Antuco	1)	and	the	sites	in	the	lava	flows	near	the	lake	(Antuco	2).	

The	mean	direction	for	the	Antuco	1	group	is	(D=13.1°;		I=-46.1°		α95=3.8°;	k=573).	For	

the	Antuco	2	group,	the	anomalous	low	inclination	at	site	2	might	be	the	consequence	of	

an	undetected	tilt	and	we	calculate	the	mean	with	the	other	three	sites	(D=15.8°;	I=-

35.9°;	α95=5.4°;k=	517).	

Paleointensity	experiments	were	carried	on	40	samples	and	paleointensity	results	were	

obtained	in	30	samples	(Supplementary	Table	2).	Sites	2	and	54	have	low	Curie	points	

and	low	unblocking	temperatures	while	samples	from	site	13	contain	mainly	low-Ti	

titanomagnetites.		

A	weighted	mean	paleointensity	of	40.9±6.5µT	is	determined	for	all	samples	from	the	

three	sites	near	the	lake	while	a	weighted	mean	paleointensity	of	48.1±5.4µT	is	obtained	

for	the	three	other	sites	(3,	4	and	13).	Both	the	directions	and	paleointensities	support	

field	evidences	that	the	volcanic	flows	to	the	west	are	slightly	older	than	the	flows	near	

the	lake	(Fig.	12).	

The	age	estimated	with	the	mean-direction	of	the	Antuco	1	group	corresponds	to	the	

interval	1784-1848	AD	while	the	mean	paleointensity	is	in	agreement	with	an	age	

interval	(1747-1826	AD).	After	combining	the	direction	and	the	paleointensity,	the	most	

probable	age	for	the	emplacement	of	the	Antuco	1	lavas	is	1782-1819	AD.		

The	paleomagnetic	directions	of	the	sites	near	the	lake	suggest	an	emplacement	during	

the	beginning	of	the	20th	century	while	the	paleointensity	data	indicate	a	period	of	

emplacement	in	the	time	interval	1822-1869	in	better	agreement	with	the	expected	

large	eruption	of	1852-1853	AD.	We	suspect	that	part	of	the	inclination	shallowing	

might	be	due	to	some	amount	of	magnetic	anomaly	and	a	possible	small	tilt	(<5°)	

toward	the	north.	As	discussed	above,	the	present-day	magnetic	anomalies	are	not	large	

on	average	but	we	cannot	reject	the	hypothesis	that	some	sites	like	site	2	are	indeed	

affected	by	some	terrain	effect.		

In	that	case,	the	paleointensity	is	a	parameter	that	is	not	affected	by	terrain	movement	

and	is	a	necessary	complement	to	improve	paleomagnetic	dating.		

The	paleomagnetic	results	suggest	that	lava	flow	emissions	along	the	north-western	

flank	of	the	Antuco	volcano	occurred	during	a	time	interval	of	about	a	century	starting	in	

the	middle	of	the	18th	century	as	proposed	by	Petit-Breuilh	(2004).	
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7.3	The	Llaima	volcano	

7.3.1	The	1780	AD	flow	(site	22)	

The	flow	attributed	to	a	1780	AD	volcanic	eruption	was	sampled	at	site	22.	A	mean	

direction	of	D=9.4°;	I=-41.4°;	α95=4.2°	was	obtained	for	this	site	(Table	1).	Samples	

from	this	site	correspond	to	the	rapidly	cooled	flow	top	with	Ti-rich	titanomagnetite	as	

the	main	magnetic	carrier.	The	low	unblocking	temperatures	of	the	NRM	permitted	good	

paleointensity	determinations	on	8	samples	from	this	flow	with	a	weighted	mean	value	

of	38.9±4.7	µT	(supplementary	Table	2).		

Both	the	paleointensity	and	the	direction	are	in	disagreement	with	the	proposed	age	for	

this	flow	when	compared	to	secular	variation	models.	This	flow	is	likely	to	have	been	

emplaced	in	the	time	interval	1820-1900	AD	and	not	in	1780	AD.	In	her	review	of	the	

historical	activity	of	the	Llaima	volcano,	Petit-Breuilh	(2004)	indicates	that	a	volcanic	

event	occurred	in	December	1875	–	January	1876.	The	flow	sampled	at	site	22	could	be	

a	product	of	this	eruption.	

7.3.2	The	flow	sequence	A	below	the	1751	AD.	

Sequence	A	corresponds	to	sites	63-66	sampled	in	a	vertical	section	~20	m	below	the	

1751	AD	flow.	This	sequence	is	undated	but	there	is	no	field	evidence	like	baked	soils	to	

suggest	a	large	time	interval	with	the	overlying	historical	1751	AD	flow.	The	field	

direction	recorded	at	the	two	bottom	sites	is	clearly	different	from	the	1751	AD	mean	

direction	with	a	NNW	declination	(Table	1,	Fig.	11)	but	close	to	the	direction	recorded	at	

Villarrica	for	the	Zanjon	Seco	lava	sequence	with	an	age	around	1450	AD.		

7.3.3	The	Fissural	3	event	(site	60)	

This	flow	was	sampled	at	site	60.	Unfortunately,	it	was	obvious	in	the	field	that	the	

broken	flow	tops	were	unstable	and	moved	during	or	after	cooling.	The	scatter	of	the	

univectorial	characteristic	magnetizations	determined	after	AF	or	in	the	course	of	

paleointensity	experiments	demonstrate	however	that	the	blocks	were	tilted	after	

cooling	and	not	during	cooling.	Paleointensity	experiments	were	carried	on	11	samples	

and	accurate	results	were	obtained	on	10	samples.	Except	one	sample	(CL6013B)	

showing	two	magnetic	phases,	all	the	other	samples	have	only	Ti-rich	titanomagnetite	

carriers	with	medium	destructive	temperature	of	about	200°C.	Again	the	low	unblocking	

temperatures	provided	a	high	success	rate	of	high	quality	paleointensity	results	(mean	

quality	factor	of	32),	(Table	2,	supplementary	Table	2).	
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The	weighted	mean	paleointensity	is	51.0µT±3.6	and	the	comparison	with	the	

geomagnetic	model	provides	a	best	age	interval	at	95%	(1736-1801	AD).		

	
Fig.	12.	Comparison	of	the	mean	paleomagnetic	results	with	geomagnetic	models.		
Same	as	in	Figure	9.	The	red	circles	correspond	to	the	paleomagnetic	results	with	their	
initial	age	assignment.	A	simple	adjustment	in	age,	shown	with	the	black	arrow	improves	
the	fit	between	the	data	and	the	models	anchored	to	the	gufm1	model.	
	

7.3.4	The	Fissural	flows	sequence	B.	

While	the	Arco	Iris	lava	flow	comes	from	the	N-NE	border	of	the	parasitic	cones,	other	

lavas	were	emitted	from	the	other	side	of	the	cones	and	site	105	was	likely	drilled	in	one	

of	this	flow.	This	interpretation	is	in	agreement	with	the	extent	of	the	Fissural	3	event	

proposed	by	Reubi	et	al.	(2012).		

The	upper	site	(105)	sampled	at	section	B	(105-109)	has	a	paleomagnetic	direction	

providing	the	same	age	interval	(1736-1815)	than	the	Fissural	3	flow.	In	both	cases	the	

most	probable	age	is	in	the	time	interval	1770-1790	suggesting	that	the	Fissural	event	

occurred	in	1780	AD	which	is	the	main	event	following	the	1751	AD	large	eruption	
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As	for	sequence	A	below	the	1751	AD	flow	(sites	63-66),	the	same	direction	with	a	NNW	

declination	is	observed	at	the	base	in	flows	108	and	109	(Table	1).		This	direction	is	

close	to	the	one	observed	in	the	Zanjon	Seco	lavas	with	a	calibrated	age	in	the	first	half	

of	the	15th	century.	We	speculate	that	both	sections	A	and	B	illustrate	the	secular	

variation	during	the	15th,	16th	and	17th	centuries	and	these	results	support	a	more	

simple	secular	variation	path	between	1750-1450	AD	than	the	large	loop	proposed	by	

the	Cals3k.4	geomagnetic	model	(Fig.	11c,d).	

	

8.0	Conclusion	

The	paleomagnetic	results	from	several	sites	in	two	well-dated	lava	flows	(1835	AD	and	

at	1751	AD)	and	in	bricks	from	two	shelters	along	the	road	crossing	the	Andes	north	of	

Santiago	confirm	the	exceptional	geomagnetic	secular	variation	in	western	South	

America	over	the	last	3	centuries	with	an	almost	linear	decrease	in	magnetic	inclination	

and	magnetic	intensity	first	described	by	Jackson	et	al.	(2000).	New	paleomagnetic	data	

in	14C	dated	volcanic	units	indicate	that	the	available	geomagnetic	models	do	not	fit	the	

Chilean	secular	variation	in	the	time	interval	1450-1650	AD	(Fig.	9).	The	available	

models	(Cals3k.4	and	others)	are	likely	robust	enough	in	the	northern	hemisphere	

where	a	large	number	of	observations	are	available	but	they	are	not	yet	accurate	for	

paleomagnetic	dating	purpose	in	the	southern	hemisphere	prior	to	~1700	AD.	

In	contrast,	for	the	last	three	centuries,	the	almost	linear	20°	decrease	in	inclination	and	

25µT	decrease	in	intensity	in	southern	South	America	makes	paleomagnetism	the	best	

tool	for	dating	in	a	time	interval	for	which	uncertainties	in	calibrated	14C	ages	are	often	

too	large.		

We	also	show	that	paleointensity	data	are	really	usefull	to	ascertain	and	refine	ages	

derived	from	paleomagnetic	directions	only.	
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Table 1.  Paleomagnetic directions 
----------------------------------------------------------------------------------------------------------------------------------------
----- 
         Site location VGP 
Site N Dec Inc Dec* Inc* α95 k Lat Lon lat Lon 
----------------------------------------------------------------------------------------------------------------------------------------
----- 
Dated units 
Osorno December 1835          
10CL28 8 22.0 -51.8 21.5 -49.8 3.3 289 -41.14903 -72.51718 70.4 358.1 
10CL32 9 16.9 -47.9 16.5 -45.7 1.5 1197 -41.16078 -72.51148 71.6 341.1 
11CL78 12 18.1 -49.8 17.7 -47.7 2.4 330 -41.12587 -72.61464 72.0 347.4 
11CL83 8 20.7 -50.4 20.2 -48.3 2.8 391 -41.20317 -72.48986 70.6 352.9 
Osorno January 1835          
11CL82 11 17.1 -52.8 16.7 -50.8 4.5 105 -41.17480 -72.55769 74.3 353.0 
11CL81 18 19.5 -51.9 19.0 -49.9 1.1 1021 -41.16697 -72.57264 72.2 354.6 
Osorno 1835           
10CL29 8 16.8 -51.1 16.4 -49.1 1.7 1101 -41.13539 -72.53922 73.6 348.2 
10CL30 9 18.0 -47.4 17.5 -45.3 3.9 176 -41.13281 -72.53606 70.7 342.5 
10CL31 7 15.7 -47.2 15.3 -45.0 2.8 482 -41.13702 -72.53802 71.9 337.6 
11CL87 10 16.5 -56.1 16.1 -54.2 2.5 386 -41.17846 -72.55372 76.4 3.1 
all 10 18.1 -50.7   1.8 714     
all (-87) 9 18.3 -50.0 18.0 -48.1 1.6 1077   72.0 348.8 
Llaima 1751AD           
10CL14 8 9.7 -54.4 9.8 -55.0 6.7 69 -38.84149 -71.65522 81.3 354.8 
10CL15 13 16.3 -49.1 16.5 -49.8 3.2 166 -38.82779 -71.65076 73.9 349.8 
10CL16 12 3.1 -55.4 3.2 -55.9 1.8 608 -38.83526 -71.65525 86.1 329.4 
10CL17 7 12.8 -56.6 12.9 -57.2 2.9 435 -38.83234 -71.65502 79.8 13.0 
10CL18 10 6.2 -56.9 6.2 -57.5 3.0 267 -38.84186 -71.65535 85.0 5.2 
10CL19 11 12.0 -54.7 12.1 -55.4 1.8 656 -38.75937 -71.62951 79.8 1.7 
10CL24 13 8.4 -54.6 8.5 -55.3 2.1 392 -38.75519 -71.62458 82.4 353.0 
11CL58 15 11.1 -55.0 11.2 -55.6 1.5 611 -38.77203 -71.62953 80.6 1.4 
mean 8 10.1 -54.7 10.2 -55.3 2.3 569   81.2 357.6 
Lonquimay volcano age (range 1500 – 1700 AD) 
CL90 12 358.1 -64.3 358 -65.1 4.9 80 -38.36335 -71.53029 82.2 118.0 
Cayutué 
12CL96 7 3.0 -54.4 2.9 -52.4 3.6 283 -41.30272 -72.26950 83.2 309.3 
Villarrica Zanjon seco lavas         
10CL44 9 353.3 -63.2   3.5 217 -39.35439 -71.97070 82.7 148.4 
10CL47 16 348.0 -63.9   1.5 624 -39.37148 -71.95588 79.2 158.9 
11CL71 12 356.7 -59.3   1.9 508 -39.37543 -71.94408 87.4 181.0 
11CL70 15 356.6 -63.1   2.4 259 -39.37543 -71.94408 84.2 132.9 
11CL75 12 353.6 -54.2   3.1 201 -39.37687 -71.95057 83.1 238.1 
11CL76 10 343.7 -63.1   3.7 171 -39.37970 -71.94987 76.8 169.5 
10CL46 5 346.9 -58.6   3.4 513 -39.35610 -71.96397 79.9 194.0 
11CL72 17 346.7 -61.6   2.8 167 -39.35705 -71.96223 79.4 175.2 
95VR20 15 347.4 -60.4   3.1 149 -39.39133 -71.95017 80.2 182.1 
95VR21 12 343.6 -63.6   2.4 331 -39.34109 -71.97106 76.5 166.7 
mean 10 349.8 -61.2 349.8 -61.2 2.3 436     
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Table 1.  Paleomagnetic directions 
---------------------------------------------------------------------------------------------------------------------------------------- 
         Site location VGP 
Site N Dec Inc Dec* Inc* a95 k Lat Lon lat Lon 
---------------------------------------------------------------------------------------------------------------------------------------- 
Volcanic units with an uncertain age 
Antuco first stage           
10CL03 10 12.2 -43.3 12.6 -45.9 2.0 579 -37.39634 -71.43433 74.0 332.6 
10CL04 11 14.4 -47.0 14.7 -49.5 1.8 677 -37.39796 -71.42669 74.9 345.5 
10CL05 8 12.1 -50.3 12.4 -52.6 1.2 2205 -37.38838 -71.39425 78.2 349.9 
10CL13 10 13.7 -43.6 14.2 -46.2 1.7 797 -37.38650 -71.38445 73.3 337.0 
mean 4 13.1 -46.1   3.8 573     
Antuco second stage           
10CL12 7 16.1 -39.4 16.5 -42.2 2.0 882 -37.38352 -71.37692 69.5 335.8 
11CL53 20 13.6 -34.7 14.0 -37.8 1.6 429 -37.37805 -71.36315 68.2 325.4 
11CL54 13 17.8 -33.5 18.2 -36.7 3.4 148 -37.37833 -71.37169 65.4 332.8 
10CL02 9 11.2 -30.5 11.6 -33.8 1.5 1202 -37.37810 -71.37384 66.8 316.9 
mean 4 14.6 -34.6   5.0 337     
  
Villarica 1787 AD flow          
11CL73 12 13.2 -45.3   2.4 330 -39.35933 -71.96648 73.4 333.2 
11CL74 18 19.5 -46.2   3.5 101 -39.37115 -71.95949 70.0 347.7 
10CL43 10 15.0 -47.0   3.8 166 -39.35370 -71.96825 73.3 340.5 
10CL45 11 19.7 -43.1   1.9 552 -39.35288 -71.96942 68.2 343.1 
mean 4 16.9 -45.4   3.2 811     
Llaima 1780AD           
10CL22 7 9.4 -41.4 9.5 -42.4 4.2 204 -38.77308 -71.69654 73.1 319.0 
Llaima Sequence A           
11CL66 6 2.7 -57.0 2.7 -57.7 2.6 667 -38.75272 -71.65466 87.6 351.4 
11CL65 8 0.9 -61.5 0.8 -62.0 3.1 323 -38.75272 -71.65466 86.1 98.9 
11CL64 7 349.2 -54.6 349.1 -55.2 2.9 422 -38.75272 -71.65466 80.6 217.8 
11CL63 9 355.1 -63.2 355.0 -63.7 2.1 600 -38.75272 -71.65466 83.0 138.5 
Llaima Sequence B           
12C105 9 13.9 -51.1 14.0 -51.8 4.0 163 -38.70529 -71.65280 76.7 350.9 
12C106 8 7.1 -59.3 7.2 -60.0 2.6 441 -38.70529 -71.65280 84.3 35.0 
12C107 8 6.8 -54.3 6.9 -55.0 3.0 333 -38.70505 -71.65466 83.3 345.2 
12C108 9 350.3 -62.3 350.1 -62.8 3.4 237 -38.70505 -71.65466 81.2 161.4 
12C109 10 347.8 -65.9 347.5 -66.3 1.7 780 -38.70505 -71.65466 77.1 147.6 
----------------------------------------------------------------------------------------------------------------------------------------
----- 
N, number of samples used in the calculation of the mean direction ; Dec, Inc : declination and inclination, Dec*, 
Inc* : declination and inclination after relocation to Villarrica (39.4°S, 72°W) using the geocentric dipole model; 
Lat and Lon are the coordinates of the site locations, VGP lat and lon are the virtual geomagnetic pole calculated 
with the direction at the site location. 
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Table 2. Mean paleointensity results 
	
Mean unit Mean 

arithmetic 
Mean 
weighted 

σ n err95% Q factor 

Bricks 1770±5 AD 48.0 48.0 2.5 14 1.3 52.4 
Aniso. cor. 48.2 48.0 2.3 14 1.2 53.2 
       
Osorno 1835 AD 45.1 45.2 3.0 11 1.8 20.1 
       
1751 AD site14 54.0 53.4 4.6 8 3.2 25.6 
1751 AD site15 48.9 48.9 6.5 7 4.8 10.7 
1751 AD others 52.5 53.2 6.6 8 4.5 14.3 
All Llaima 1751 51.9 52.4 6.1 23 2.5 16.1 
       
ZanjonSeco 49.8 50.3 6.1 19 2.7 22.8 
       
Cayutue 53.0 52.6 4.3 4 4.2 14.0 
Lonquimay 56.4 57.0 4.3 6 3.4 73.9 
 
Sites with an uncertain age 
Antuco A 49.5 48.1 5.4 13 3.0 22.5 
Antuco B 40.8 40.9 6.5 16 3.2 21.2 
Llaima site 22 39.1 38.9 4.7 8 3.2 38.1 
Villarrica 1787 45.7 45.4 4.8 13 2.6 32.9 
Llaima site 60 51.5 51.0 3.6 10 2.2 29.0 
 
n : number of paleointensity determinations using the Thellier method used to calculate the arithmetic and 
weighted means (µT) (Coe 1967, 1978). σ is the standard deviation (in µT) and err is the standard error at 95%, 
Q factor is the geometric mean values of the quality factors corresponding to the Thellier determinations used in 
the mean calculation (supplementary Table 1 and Table 2). 
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Age, err : estimated age and error. Lat & long are the mean site location, Nsites : number of sites used in the 
calculation of the mean declination and inclination ; 
latV and lonV are the latitude and longitude of virtual geomagnetic poles ; Dec*,Inc* are the declination and 
inclination relocated to Villarrica; 
α95 is the semi angle of confidence around the mean direction; F and F* are the mean intensity at the site and 
after relocation to Villarica. 
∂F is the error at 95% for the mean intensity. 
 
	
	

	 	

Table 3. Mean paleomagnetic results in dated units 
  
Site age err lat long Nsites Dec Inc latV lonV Dec* Inc* α95 N F F* ∂F 
  
ZanjonSeco 1440 30 -39.4 -72.0 10 -10.2 -61.2 81.8 174.2 -10.2 -61.2 2.3 19 50.3 50.3 2.7 
Cayutue 1540 90 -41.3 -72.3 1 3.0 -54.4 83.2 309.3 2.9 -52.4 3.6 4 52.6 51.6 5.3 
Lonquimay 1735 82 -38.4 -71.5 1 358.1 -65.1 2.2 118.0 358 -64.9 4.9 6 57.0 57.5 3.4 
Llaima_1751 1751  -38.8 -71.6 8 10.1 -54.7 81.2 357.6 10.2 -55.3 2.3 23 52.4 52.8 2.5 
Casuchas 1770 5 -33.0 -70.0 2        14 48.0 51.9 2.3 
Osorno 1835  -41.1 -72.1 9 18.3 -50.0 72.0 348.8 18.0 -48.1 1.6 11 45.2 44.3 1.8 
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Supplementary	Figures.	

	
Supplementary	Fig.	1.	Eruptive	history	of	the	Villarrica	and	Llaima	volcanoes	with	a	VEI	

greater	than	1	(Data	from	the	Smithsonian	global	volcanism	program	

(http://www.volcano.si.edu/)	and	Petit-Breuihl	(2004).	

1600 1650 1700 1750 1800 1850 1900 1950 2000

1600 1650 1700 1750 1800 1850 1900 1950 2000

Eruptions Villarrica Volcano  (VEI > 1) and Lava flows

Eruptions Llaima Volcano  (VEI > 1) and Lava flows
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Supplementary		Fig.	2.	First	order	reversal	curves	for	samples	from	different	flows	

showing	mainly	non	interacting	single	domain	grains	of	titanomagnetite.	
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Supplementary		Fig.	3.	Exemples	of	thermomagnetic	curves	in	samples	from	different	

sites.	Experiments	were	performed	in	air.	Heating	and	cooling	curves	are	shown	with	

black	and	green	colors.	
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Supplementary	Fig.	4.	Examples	of	rejected	paleointensity	data	with	negative	pTRM	

checks.	Corresponding	orthogonal	plots	of	the	NRM	demagnetization	during	the	

paleointensity	experiment	are	shown	below	the	NRM-TRM	diagram.		
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Supplementary	Fig.	5.	Examples	of	Hysteresis	plots	for	samples	of	bricks	showing	wasp-

waisted	shape	due	to	the	presence	of	a	high	coercivity	phase	shown	by	the	lack	of	

saturation	in	the	remanent	magnetizations	(red	curves).	
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Supplementary	Fig.	6.	Examples	of	thermomagnetic	curves	in	samples	from	bricks.	

Heating	and	cooling	curves	are	shown	with	black	and	green	colors.	

	
Supplementary	Fig.	7.	Distribution	of	the	parameters	f	(NRM	fraction),	q	(quality	factor)	

and	dang,	angle	in	(°)	between	the	characteristic	direction	and	the	direction	anchored	to	

the	origin,	for	the	147	paleointensity	determinations	listed	in	supplementary	data	Table	

1	and	2.	The	median	is	highlighted	by	red	lines.	50%	of	the	samples	have	an	f	value	>	0.8	

and	90%	have	an	f	fraction	>	0.6;	50%	of	the	samples	have	a	quality	factor	>	26.8	and	

nearly	90%	of	the	samples	have	dang	values	lower	than	4°.	
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Supplementary	Fig.	8.	Exemple	of	paleomagnetic	dating	using	Bayesian	statistics	

combining	the	direction	and	paleointensity	data	for	the	lava	flow	at	Villarrica	volcano.	

The	paleomagnetic	results	show	that	the	age	of	this	lava	flow	is	younger	than	the	

proposed	age	of	1787	AD.		
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Supplementary	data	Table	1.	Thellier	paleointensity	results	in	dated	units.	Sample:	sample	number;	t1,t2	
temperature	interval	in	which	the	paleointensity	is	calculated;	f1,	f2,	NRM	range	used	in	the	paleointensity	
experiment;	N,	number	of	points	used	in	the	calculation	of	the	slope;	f,	NRM	fraction;	g,	gap	factor	q,	
quality	factor	(Coe	et	al.,	1978);	mad,	mean	angular	deviation	in	(°),	dang,	angle	in	(°)	between	the	
characteristic	direction	and	the	direction	anchored	to	the	origin;	Hlab,	laboratory	field	in	µT;	b,	σb,	slope	
and	standard	error	of	the	slope;	;	ccr,	correlation	coefficient	;	F,	Paleointensity.		
	 	

Bricks Casuchas
Sample t1 t2 f1 f2 N f g q mad dang %crm Hlab b sb sb/b ccr H
n11CA0101A 140 490 0.88 0.16 9 0.695 0.87 27.1 2.7 2.1 3.5 50 -0.935 0.021 -0.0223 -0.998 46.8
11CA0103A 140 490 0.93 0.1 9 0.794 0.872 62.6 4 1.6 1.4 50 -0.97 0.011 -0.0111 -1 48.5
11CA0301A 140 490 0.98 0.43 9 0.52 0.829 59.6 5.1 1.1 4.1 50 -0.958 0.007 -0.0072 -1 47.9
11CA0401A 140 490 0.96 0.14 9 0.746 0.86 38 2.6 0.6 1.7 50 -0.982 0.017 -0.0169 -0.999 49.1
11CA0501A 140 410 0.89 0.23 7 0.649 0.827 24.4 1.7 1.9 2.6 50 -0.915 0.02 -0.022 -0.999 45.7
11CA0601A 140 490 0.94 0.15 9 0.762 0.739 52.1 2.4 0.1 1.2 50 -1.061 0.011 -0.0108 -1 53
11CA0701A 140 490 0.96 0.1 9 0.851 0.843 87.1 2.1 0.4 1 50 -0.962 0.008 -0.0082 -1 48.1
11CA0801A 140 490 0.98 0.31 9 0.636 0.862 95.4 3.2 0.9 2.1 50 -0.974 0.006 -0.0057 -1 48.7
11CA0901A 140 490 0.96 0.15 9 0.813 0.862 61.5 1.2 1.5 10.9 50 -0.922 0.01 -0.0114 -1 46.1
11JU1101A 140 490 0.85 0.12 9 0.708 0.857 30.1 2.2 0.6 2.6 50 -0.961 0.019 -0.0202 -0.999 48.1
11JU1201A 140 490 0.93 0.12 9 0.753 0.864 51 2.5 2.2 5.9 50 -1.058 0.014 -0.0128 -0.999 52.9
11JU1301A 140 490 0.94 0.11 9 0.79 0.867 56.4 2.9 0.8 1.7 50 -0.887 0.011 -0.0121 -0.999 44.4
11JU1401A 140 490 0.92 0.11 9 0.763 0.855 51.9 1.9 2.2 3.3 50 -0.947 0.012 -0.0126 -0.999 47.3
11JU1601A 140 490 0.93 0.07 9 0.837 0.865 103.8 2.1 1.5 2.9 50 -0.918 0.006 -0.007 -1 45.9
Bricks Casuchas After anisotropy correction
11CA0101A 140 490 0.88 0.16 9 0.695 0.87 27.9 2.7 2.1 3.5 50 -0.936 0.02 -0.0216 -0.998 46.8
11CA0103A 140 490 0.93 0.1 9 0.793 0.872 63.4 4.1 1.6 1.4 50 -0.935 0.01 -0.0109 -1 46.8
11CA0301A 140 490 0.98 0.43 9 0.52 0.828 63.6 5 1.2 3.9 50 -1.001 0.007 -0.0068 -1 50
11CA0401A 140 490 0.96 0.14 9 0.746 0.86 37.4 2.7 0.6 1.7 50 -1.003 0.017 -0.0171 -0.999 50.1
11CA0501A 140 410 0.89 0.23 7 0.649 0.827 24.4 1.7 1.9 2.5 50 -0.929 0.02 -0.022 -0.999 46.5
11CA0601A 140 490 0.94 0.15 9 0.762 0.739 52.3 2.5 0.1 1.2 50 -1.063 0.011 -0.0108 -1 53.2
11CA0701A 140 490 0.96 0.1 9 0.85 0.843 93.7 2.1 0.4 1 50 -0.954 0.007 -0.0076 -1 47.7
11CA0801A 140 490 0.99 0.31 9 0.636 0.862 90.6 3.2 0.9 2.4 50 -0.971 0.006 -0.0061 -1 48.6
11CA0901A 140 490 0.96 0.15 9 0.812 0.862 62.5 1.3 1.5 10.2 50 -0.933 0.01 -0.0112 -1 46.7
11JU1101A 140 489 0.85 0.12 9 0.709 0.857 30.6 2.3 0.6 2.7 50 -0.927 0.018 -0.0198 -0.999 46.3
11JU1201A 140 489 0.93 0.12 9 0.752 0.864 51.3 2.6 2.2 6 50 -1.027 0.013 -0.0127 -0.999 51.3
11JU1301A 140 489 0.94 0.11 9 0.79 0.867 58.7 2.8 0.7 1.7 50 -0.934 0.011 -0.0117 -1 46.7
11JU1401A 140 489 0.92 0.11 9 0.762 0.855 51 1.9 2.2 3.3 50 -0.969 0.012 -0.0128 -0.999 48.5
11JU1601A 140 489 0.93 0.07 9 0.836 0.865 109.4 2.1 1.5 2.8 50 -0.898 0.006 -0.0066 -1 44.9

Osorno
Sample t1 t2 f1 f2 N f g q mad dang %crm Hlab b sb sb/b ccr H
10CL2903A 160 430 0.95 0.33 7 0.622 0.787 15.9 4.2 1.6 2.9 50 -0.594 0.018 -0.0308 -0.998 29.7
10CL2804A 160 540 0.96 0.05 12 0.946 0.846 35.4 1.9 1.3 2.8 50 -0.913 0.021 -0.0226 -0.997 45.7
10CL2805A 150 530 0.97 0.05 11 0.961 0.855 18.3 3.1 0.2 2 50 -1.05 0.047 -0.0449 -0.991 52.5
10CL2907B 130 510 0.96 0.44 12 0.504 0.785 7.6 3.7 1.1 4.2 40 -1.111 0.058 -0.0519 -0.987 44.5
10CL2908A 160 560 0.99 0.11 13 0.913 0.803 15.8 2.5 1.6 3.7 50 -0.797 0.037 -0.0465 -0.988 39.8
10CL3103A 160 540 0.95 0.1 12 0.878 0.831 23.2 4.6 4.5 6.1 50 -0.879 0.028 -0.0314 -0.995 43.9
10CL3108B 150 560 0.94 0.02 12 0.966 0.854 28.5 2.4 2 3.2 50 -0.858 0.025 -0.029 -0.996 42.9
10CL3109A 160 560 0.94 0.03 13 0.946 0.835 35.4 2.3 1.2 2.3 50 -0.914 0.02 -0.0223 -0.997 45.7
10CL3201B 150 530 0.95 0.13 11 0.865 0.748 15.2 3.3 1.3 5.4 50 -0.901 0.038 -0.0426 -0.992 45
10CL3202B 200 510 0.95 0.06 8 0.914 0.768 15 2.2 0.8 2.9 40 -1.112 0.052 -0.0469 -0.993 44.5
10CL3203A 160 500 0.96 0.36 10 0.616 0.799 12.2 2.8 3 4.5 50 -0.928 0.038 -0.0405 -0.993 46.4
10CL3205A 160 560 0.98 0.02 13 0.987 0.858 43.9 2.3 1.5 2.9 50 -0.902 0.017 -0.0193 -0.998 45.1
11CL8703A 100 570 0.98 0.11 13 0.907 0.866 34.5 2.1 0.9 3.3 50 -1.141 0.026 -0.0228 -0.997 57.1
11CL8701A 100 570 0.99 0.1 14 0.881 0.844 34.3 3.9 0.9 2.3 50 -1.108 0.024 -0.0217 -0.997 55.4

Llaima flow 1751AD
Sample t1 t2 f1 f2 N f g q mad dang %crm Hlab b sb sb/b ccr H
10CL1401A 120 290 0.96 0.06 7 0.935 0.79 29.1 2.2 1.3 3.3 50 -1.016 0.026 -0.0254 -0.998 50.8
10CL1402F 145 320 0.87 0.11 8 0.809 0.806 22.5 2.3 3.4 9.3 50 -1.256 0.036 -0.0289 -0.997 62.8
10CL1403B 120 290 0.95 0.09 7 0.908 0.788 14.9 2.2 0.5 3.6 50 -1.031 0.049 -0.0479 -0.994 51.6
10CL1403F 120 290 0.94 0.08 7 0.885 0.797 29.1 2.1 1.9 5 50 -1.033 0.025 -0.0243 -0.999 51.7
10CL1405F 120 320 0.89 0.11 8 0.764 0.79 17.4 1.9 2 3.7 50 -1.18 0.041 -0.0347 -0.996 59
10CL1406A 100 280 0.97 0.07 8 0.911 0.826 31.4 6.4 5.4 11.1 50 -1.097 0.026 -0.0239 -0.998 54.9
10CL1407F 120 270 0.9 0.12 7 0.789 0.799 35.7 3.2 6 8.5 50 -1.011 0.018 -0.0176 -0.999 50.5
10CL1408A 100 280 0.95 0.14 8 0.832 0.827 33.7 3.2 3.2 8.3 50 -1.022 0.021 -0.0204 -0.999 51.1
10CL1501B 120 320 0.95 0.14 8 0.77 0.757 12 5.3 5.1 9.3 50 -0.853 0.041 -0.0485 -0.993 42.6
10CL1502A 130 290 0.77 0.02 5 0.744 0.348 8.7 2.5 0.9 15.3 40 -1.459 0.043 -0.0297 -0.999 58.4
10CL1504B 120 290 0.9 0.08 7 0.826 0.799 12.9 3.5 3.5 7.7 50 -1.109 0.057 -0.0513 -0.993 55.5
10CL1506A 130 230 0.79 0.12 5 0.742 0.712 7.7 4.2 1.6 5.9 50 -1.036 0.071 -0.0687 -0.993 51.8
10CL1507A 100 280 0.98 0.48 8 0.479 0.786 8.9 4.4 3.8 9.5 50 -0.919 0.039 -0.0422 -0.995 45.9
10CL1508A 120 320 0.94 0.14 8 0.802 0.693 15.4 6 5.5 10.3 50 -0.934 0.034 -0.036 -0.996 46.7
10CL1513A 120 260 0.9 0.03 6 0.904 0.777 11.5 3.9 2 4.7 50 -0.825 0.05 -0.0611 -0.993 41.2
10CL1602B 120 470 0.97 0.43 12 0.53 0.744 6.2 5.7 3.3 8.6 50 -1.123 0.072 -0.0637 -0.98 56.1
10CL1604A 100 280 0.97 0.23 8 0.764 0.815 11.3 1.4 2.6 9 50 -1.243 0.068 -0.0548 -0.991 62.1
10CL1707A 100 280 0.98 0.38 8 0.604 0.801 23.4 2.5 0.9 3.8 50 -1.177 0.024 -0.0207 -0.999 58.9
10CL1803A 120 320 0.92 0.38 8 0.5 0.821 7.1 8.1 6.9 15.1 50 -0.882 0.051 -0.0577 -0.99 44.1
10CL1805B 120 320 0.85 0.14 8 0.705 0.788 6.2 7.4 2 6.7 50 -0.902 0.081 -0.0899 -0.976 45.1
10CL1901A 100 280 0.97 0.12 8 0.863 0.824 23.4 1.9 2.4 7.2 50 -1.1 0.033 -0.0304 -0.997 55
11CL5803B 100 540 0.98 0.19 12 0.818 0.843 18.7 2.1 1.1 7.4 50 -0.96 0.036 -0.037 -0.993 48
11CL5809A 100 570 0.91 0.02 14 0.97 0.869 56.4 2.7 0.4 2.8 50 -1.015 0.015 -0.0149 -0.999 50.7

The Zanjon seco lavas
Sample t1 t2 f1 f2 N f g q mad dang %crm Hlab b sb sb/b ccr H
10CL4602A 100 280 0.93 0.11 8 0.841 0.795 16.8 1.8 1.7 20 50 -0.794 0.032 -0.0397 -0.995 39.7
10CL4604B 120 290 0.9 0.08 7 0.854 0.781 24.9 2.6 0.5 4.9 50 -0.985 0.026 -0.0268 -0.998 49.2
10CL4605B 130 290 0.82 0.07 5 0.772 0.357 6.8 1.8 1.2 5.7 40 -1.255 0.051 -0.0406 -0.998 50.2
10CL4607A 100 280 0.96 0.23 8 0.741 0.83 34.9 1.8 1.1 2.8 50 -1.078 0.019 -0.0176 -0.999 53.9
10CL4609F 120 320 0.91 0.06 8 0.887 0.813 50.9 2.9 1 4.6 50 -1.065 0.015 -0.0142 -0.999 53.3
10CL4610A 100 280 0.99 0.36 8 0.62 0.809 29.5 2.2 3.2 8.6 50 -0.938 0.016 -0.017 -0.999 46.9
11CL7205B 120 290 0.81 0.04 7 0.896 0.773 14.1 2.3 1.9 6.7 50 -1.294 0.063 -0.049 -0.994 64.7
11CL7206F 120 295 0.84 0.05 8 0.806 0.781 39.2 3.1 1.8 2.7 50 -1.086 0.017 -0.016 -0.999 54.3
11CL7207F 120 270 0.93 0.11 7 0.779 0.757 18.6 2.2 1.8 2.8 50 -0.782 0.025 -0.0317 -0.997 39.1
11CL7208B 120 290 0.93 0.09 7 0.894 0.789 18.5 2 0.8 2.1 50 -0.934 0.036 -0.0381 -0.996 46.7
11CL7209F 170 320 0.81 0.19 7 0.626 0.772 15.8 3.8 3 9 50 -0.963 0.029 -0.0305 -0.998 48.1
11CL7210F 145 295 0.75 0.1 7 0.71 0.758 27.2 4.8 5 8.3 50 -0.822 0.016 -0.0198 -0.999 41.1
11CL7214C 120 295 0.9 0.26 8 0.676 0.813 38.1 2.5 1.5 3.1 50 -1.108 0.016 -0.0144 -0.999 55.4
11CL7215B 120 270 0.85 0.15 7 0.737 0.788 26.8 3.3 1.1 5.4 50 -1.082 0.023 -0.0217 -0.999 54.1
11CL7217B 120 290 0.86 0.06 7 0.863 0.779 44 1.3 1.8 2.5 50 -0.982 0.015 -0.0153 -0.999 49.1
11CL7218F 120 295 0.79 0.04 8 0.731 0.755 20.4 2.9 1.7 3.5 50 -0.974 0.026 -0.0271 -0.998 48.7
11CL7012A 200 550 0.87 0.01 12 0.959 0.867 29.9 2.5 0.4 3.5 50 -1.023 0.028 -0.0278 -0.996 51.1
95VR2011B 100 370 0.92 0.07 5 0.865 0.632 12.1 0.7 0 1.5 40 -1.362 0.061 -0.045 -0.997 54.5
95VR2111B 100 510 0.93 0.06 10 0.875 0.841 15.4 4.6 0.7 8.1 40 -1.176 0.056 -0.0478 -0.991 47

Cayutue (site 96)
Sample t1 t2 f1 f2 N f g q mad dang %crm Hlab b sb sb/b ccr H
12CL9607C 100 510 0.97 0.28 13 0.63 0.833 23.5 5.1 5.6 10.6 50 -1.06 0.024 -0.0223 -0.997 53
12CL9603B 100 450 0.97 0.31 11 0.709 0.841 8.2 4.2 3.8 14.4 50 -1.178 0.086 -0.0731 -0.976 58.9
12CL9601B 100 480 0.97 0.44 12 0.538 0.832 6 5 3.4 6 50 -0.977 0.073 -0.0752 -0.972 48.8
12CL9606B 110 530 0.97 0.16 11 0.807 0.76 33.3 5.1 3.1 4.5 60 -0.857 0.016 -0.0184 -0.998 51.4

Lonquimay (site 90)
Sample t1 t2 f1 f2 N f g q mad dang %crm Hlab b sb sb/b ccr H
12CL9001A 110 560 1 0.12 13 0.865 0.825 83.7 3.4 0.8 4.3 60 -0.894 0.008 -0.0085 -1 53.6
12CL9004A 110 560 0.99 0.09 13 0.888 0.796 71.3 2.2 0.9 1.5 60 -0.852 0.008 -0.0099 -0.999 51.1
12CL9010B 110 560 0.99 0.1 13 0.909 0.898 53.5 1.6 0.4 1.5 60 -0.893 0.014 -0.0153 -0.999 53.6
12CL9012C 110 560 0.97 0.08 13 0.875 0.862 48.7 3.9 2.1 2.5 60 -0.965 0.015 -0.0155 -0.999 57.9
12CL9013A 110 560 0.99 0.12 13 0.858 0.791 106.7 2.3 0.7 1.6 60 -1.036 0.007 -0.0064 -1 62.2
12CL9014A 110 560 0.99 0.04 12 0.954 0.766 98.3 2.1 1 1.4 60 -0.997 0.007 -0.0074 -1 59.8
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Supplementary	data	Table	2.	Thellier	paleointensity	results	in	units	with	an	uncertain	age.	Sample:	sample	
number;	t1,t2	temperature	interval	in	which	the	paleointensity	is	calculated;	f1,	f2,	NRM	range	used	in	the	
paleointensity	experiment;	N,	number	of	points	used	in	the	calculation	of	the	slope;	f,	NRM	fraction;	g,	gap	
factor	q,	quality	factor	(Coe	et	al.,	1978);	mad,	mean	angular	deviation	in	(°),	dang,	angle	in	(°)	between	the	
characteristic	direction	and	the	direction	anchored	to	the	origin;	Hlab,	laboratory	field	in	µT;	b,	σb,	slope	
and	standard	error	of	the	slope;	;	ccr,	correlation	coefficient	;	F,	Paleointensity.		
	

	

Antuco first stage
Sample t1 t2 f1 f2 N f g q mad dang %crm Hlab b sb sb/b ccr H
10CL0302A 100 310 0.98 0.17 9 0.83 0.83 17.1 2.2 4.3 6.4 50 -0.966 0.039 -0.0404 -0.994 48.3
10CL0306A 100 430 0.97 0.27 13 0.721 0.906 14 3.2 2.7 6.6 50 -1.234 0.058 -0.0468 -0.988 61.7
10CL0307A 100 280 0.97 0.45 8 0.52 0.767 28.7 2.5 1.8 16.4 50 -0.961 0.013 -0.0139 -0.999 48.1
10CL0401A 100 480 0.96 0.36 15 0.62 0.838 11.1 2.4 1 6.3 50 -0.974 0.046 -0.0469 -0.986 48.7
10CL0403A 100 420 0.96 0.13 8 0.848 0.648 18.3 2 1.1 15.1 35 -1.499 0.045 -0.03 -0.997 52.5
10CL0408A 100 420 0.93 0.25 6 0.657 0.715 35.3 7.2 2.4 10.7 35 -1.365 0.018 -0.0133 -1 47.8
10CL0409A 100 320 0.97 0.18 6 0.751 0.585 9.4 2.7 3.5 9.4 35 -1.505 0.07 -0.0466 -0.996 52.7
10CL0411A 100 340 0.97 0.51 10 0.453 0.848 15.2 3.4 4.1 8.6 50 -1.043 0.026 -0.0253 -0.997 52.1
10CL1302B 100 570 0.99 0.06 14 0.916 0.87 57.2 2.7 0.7 3.8 35 -1.163 0.016 -0.0139 -0.999 40.7
10CL1304A 100 570 0.98 0.07 14 0.932 0.88 22.7 2.7 0.3 4.5 35 -1.202 0.043 -0.0361 -0.992 42.1
10CL1306A 100 555 0.98 0.1 12 0.916 0.868 25.9 1.8 0.4 2.5 35 -1.545 0.048 -0.0308 -0.995 54.1
10CL1308A 100 560 0.98 0.21 19 0.753 0.769 35.5 4.2 2.1 4.2 50 -0.993 0.016 -0.0163 -0.998 49.6
10CL1310A 100 560 0.99 0.13 19 0.863 0.717 44.1 2.6 1 4.6 50 -0.904 0.013 -0.014 -0.998 45.2

Antuco second stage
Sample t1 t2 f1 f2 N f g q mad dang %crm Hlab b sb sb/b ccr H
10CL0202A 100 280 0.98 0.18 8 0.827 0.803 17.9 1.8 1.4 4.5 50 -0.983 0.036 -0.037 -0.996 49.1
10CL0202F 120 320 0.97 0.08 8 0.906 0.799 24.2 3.2 1.5 7.3 50 -0.896 0.027 -0.0299 -0.997 44.8
10CL0204B 100 280 0.95 0.14 8 0.85 0.809 32.7 2.3 0.3 2.4 50 -0.763 0.016 -0.021 -0.999 38.2
10CL0205A 100 280 0.99 0.07 8 0.928 0.819 17.1 2 2.8 5.8 50 -0.773 0.034 -0.0446 -0.994 38.7
10CL0210A 100 280 0.97 0.23 8 0.757 0.799 43.5 2.5 3.1 1.9 50 -0.735 0.01 -0.0139 -0.999 36.7
11CL5401B 120 270 0.96 0.1 7 0.852 0.768 15.2 6.7 1.8 10.8 50 -0.692 0.03 -0.043 -0.995 34.6
11CL5402B 120 245 0.93 0.06 6 0.92 0.746 35.2 2.7 2.6 6.1 50 -0.775 0.015 -0.0195 -0.999 38.7
11CL5403B 120 270 0.92 0.09 7 0.872 0.785 64 2.3 4.9 6.7 50 -0.939 0.01 -0.0107 -1 47
11CL5410B 120 270 0.96 0.09 7 0.868 0.753 23.3 2.4 0.7 4 50 -0.53 0.015 -0.028 -0.998 26.5
10CL0105F 120 470 0.98 0.16 11 0.649 0.777 7.5 3.3 0.8 5.8 50 -1.009 0.068 -0.0671 -0.98 50.5
10CL1101A 100 370 0.96 0.17 5 0.78 0.585 6.2 5.2 2.7 13.9 35 -1.092 0.08 -0.0732 -0.992 38.2
10CL1103A 100 540 0.94 0.06 18 0.957 0.903 24.3 2.2 2.3 4.1 50 -1.017 0.036 -0.0356 -0.99 50.8
11CL5302B 120 290 0.93 0.34 7 0.62 0.811 15.2 3.2 1.4 6.7 50 -0.717 0.024 -0.0332 -0.997 35.9
11CL5303B 120 320 0.91 0.54 9 0.374 0.859 14.7 3.1 13 22.4 50 -0.815 0.018 -0.0218 -0.998 40.8
11CL5304B 145 295 0.8 0.27 7 0.579 0.803 10.5 7.1 8.3 13.7 50 -0.796 0.035 -0.0442 -0.995 39.8
11CL5307B 120 270 0.92 0.16 7 0.775 0.801 37.6 2.1 1.3 9.3 50 -0.889 0.015 -0.0165 -0.999 44.4
11CL5305A 100 540 0.96 0.05 12 0.973 0.856 29.3 2.8 1 2.1 50 -0.781 0.022 -0.0284 -0.996 39.1

Llaima site 22
Sample t1 t2 f1 f2 N f g q mad dang %crm Hlab b sb sb/b ccr H
10CL2201F 120 320 0.93 0.2 8 0.773 0.781 56.1 2.3 3.4 4.7 50 -0.854 0.009 -0.0108 -1 42.7
10CL2202A 100 280 0.97 0.2 8 0.777 0.808 39.9 2.1 2.2 12.5 50 -0.814 0.013 -0.0157 -0.999 40.7
10CL2204A 100 310 0.99 0.17 8 0.804 0.819 22.4 1.7 0.9 20.6 50 -0.619 0.018 -0.0294 -0.997 31
10CL2205B 130 290 0.91 0.03 5 0.906 0.674 33.9 3.1 0.4 6.1 40 -1.045 0.019 -0.018 -1 41.8
10CL2206A 100 280 0.97 0.1 8 0.884 0.823 41.2 1.8 2.4 6.7 50 -0.787 0.014 -0.0177 -0.999 39.3
10CL2207A 120 270 0.94 0.19 7 0.776 0.802 89.8 1.9 1.2 4.3 50 -0.714 0.005 -0.0069 -1 35.7
10CL2208A 100 280 0.98 0.37 8 0.604 0.786 31.2 3.6 2.9 5.1 50 -0.719 0.011 -0.0152 -0.999 35.9
10CL2210A 120 390 0.98 0.28 10 0.69 0.818 22.7 3.6 2.4 5.9 50 -0.914 0.023 -0.0249 -0.998 45.7

Villarica 1787AD
Sample t1 t2 f1 f2 N f g q mad dang %crm Hlab b sb sb/b ccr H
10CL4308F 120 320 0.95 0.16 8 0.81 0.816 62.5 3.2 3.2 5.2 50 -0.757 0.008 -0.0106 -1 37.8
10CL4501A 120 480 0.95 0.07 13 0.949 0.79 14.5 5.4 2.5 7.9 50 -0.912 0.047 -0.0516 -0.985 45.6
10CL4502A 100 400 0.94 0.21 12 0.77 0.861 52.1 3.2 1.9 5.2 50 -0.989 0.013 -0.0127 -0.999 49.4
10CL4508B 120 390 0.97 0.14 10 0.863 0.839 45.2 2 2.5 3 50 -0.991 0.016 -0.016 -0.999 49.6
10CL4510A 100 310 0.99 0.17 9 0.827 0.814 27.1 2.3 3.9 6 50 -1.03 0.026 -0.0249 -0.998 51.5
11CL7303B 120 530 0.95 0.29 15 0.684 0.784 12.4 4.1 2.7 6.6 50 -0.848 0.037 -0.0433 -0.988 42.4
11CL7403A 120 390 0.95 0.16 10 0.798 0.807 19.3 4 1.7 15.8 50 -0.928 0.031 -0.0334 -0.996 46.4
11CL7405F 145 360 0.97 0.22 9 0.742 0.835 29.5 2.7 1.6 5.9 50 -0.717 0.015 -0.021 -0.998 35.9
11CL7406A 120 320 0.97 0.13 8 0.871 0.809 26.1 1.8 0.5 2.5 50 -1.005 0.027 -0.0269 -0.998 50.2
11CL7408F 120 320 0.94 0.11 9 0.851 0.835 87.4 2.6 1.8 3 50 -0.946 0.008 -0.0081 -1 47.3
11CL7411A 120 320 0.96 0.12 8 0.865 0.806 27.9 2.2 1.5 3.7 50 -0.938 0.023 -0.025 -0.998 46.9
11CL7411F 120 320 0.97 0.08 9 0.888 0.831 65 1.2 1.6 5.1 50 -0.852 0.01 -0.0114 -1 42.6
11CL7415A 120 390 0.98 0.13 10 0.873 0.824 31.7 2.9 1.2 2.8 50 -0.975 0.022 -0.0227 -0.998 48.8

Llaima site 60
Sample t1 t2 f1 f2 N f g q mad dang %crm Hlab b sb sb/b ccr H
11CL6001B 120 290 0.9 0.04 7 0.908 0.79 23.9 2.5 0.2 2.9 50 -1.017 0.031 -0.0301 -0.998 50.9
11CL6004B 120 290 0.93 0.12 7 0.831 0.799 42.7 2.3 2.3 5.3 50 -1.086 0.017 -0.0156 -0.999 54.3
11CL6005A 120 320 0.93 0.07 9 0.889 0.83 48.3 2.2 1.7 2.4 50 -1.014 0.016 -0.0153 -0.999 50.7
11CL6010B 120 320 0.94 0.06 9 0.909 0.829 41 2 2.7 3.9 50 -1.075 0.02 -0.0184 -0.999 53.8
11CL6011F 120 295 0.94 0.04 8 0.875 0.8 54.9 2.2 2 4.5 50 -0.964 0.012 -0.0128 -1 48.2
11CL6012C 145 270 0.82 0.11 6 0.805 0.759 25.2 3.3 5.1 9.8 50 -0.974 0.024 -0.0242 -0.999 48.7
11CL6013B 120 390 0.92 0.36 10 0.564 0.825 12.9 3.1 4.6 9.1 50 -1.199 0.043 -0.0359 -0.995 59.9
11CL6016C 120 295 0.9 0.13 8 0.798 0.803 24.5 2.7 2.4 6.3 50 -0.99 0.026 -0.0262 -0.998 49.5
11CL6018A 145 295 0.86 0.08 7 0.831 0.796 27.6 2.2 2.4 37.7 50 -0.987 0.024 -0.0239 -0.999 49.4
11CL6019B 120 260 0.93 0.18 6 0.75 0.771 17.5 2.3 7.9 11.3 50 -0.993 0.033 -0.0331 -0.998 49.7

Llaima Sequence A
Sample t1 t2 f1 f2 N f g q mad dang %crm Hlab b sb sb/b ccr H
11CL6401A 100 510 0.98 0.36 10 0.621 0.781 8.4 4.3 3.5 8 50 -0.964 0.055 -0.0574 -0.987 48.2
11CL6402A 100 510 0.97 0.44 10 0.55 0.818 7.5 3.4 1 3.6 50 -1.096 0.066 -0.0598 -0.986 54.8
11CL6405B 100 570 0.97 0.04 14 0.94 0.865 71.9 2.4 1.2 3.5 50 -1.018 0.012 -0.0113 -0.999 50.9
11CL6503B 100 510 0.98 0.43 10 0.566 0.775 6 4.5 2.9 6.7 50 -1.007 0.074 -0.0735 -0.978 50.4
11CL6602B 100 525 0.97 0.39 11 0.587 0.827 7.1 3.4 4.5 6.7 50 -1.11 0.076 -0.0687 -0.979 55.5
11CL6604C 100 570 0.99 0.02 14 1.008 0.846 30.4 2.5 0.7 3.1 50 -1.138 0.032 -0.028 -0.995 56.9
Site CL106
12CL10601A 140 265 0.8 0.25 5 0.542 0.705 5.4 6 5.7 13.1 50 -1.193 0.085 -0.0711 -0.992 59.6


