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ABSTRACT

The Late Cretaceous-early Tertiary (Laramide) orogeny (90–40 Ma) in the northwestern part of 
Mexico produced an important calc-alkaline magmatism, accompanied by several associated porphyry 
copper and skarn deposits. In the Sierra Santo Niño, Sonora, the Bacanora batholith intrusive complex, 
composed of tonalite-granodiorite and biotite-hornblende granites intrudes both upper Paleozoic platform 
sedimentary rocks and Upper Cretaceous volcanic rocks, and is intruded by the San Lucas porphyry (quartz 
monzonite). The Bacanora batholith and the San Lucas porphyry yield crystallization ages between ~91 
Ma and ~89 Ma, and represent the oldest Late Cretaceous intrusive event yet reported for east-central 
Sonora. Cu-Zn-Ni-Co skarn deposits were generated by this magmatism, and have not been previously 
described in Sonora. The Bacanora batholith and the San Lucas porphyry show average compositions of 
65.1–65.3 wt.% SiO2 and 15.7 wt.% Al2O3; the main geochemical differences among both units are in 4.3 
wt.% Fe2O3, 1.9 wt.% MgO, 3.8 wt.% CaO and 3.3 wt.% K2O for the Bacanora batholith versus 2.8 wt.% 
Fe2O3, 1.7 wt.% MgO, 2.1 wt.% CaO and 5.1 wt.% K2O for the San Lucas porphyry. Both units show a 
LREE enrichment as well as HREE depletion. These compositions match with that of adakitic magmas 
produced by partial melting of subduced oceanic slab, leaving garnet and amphibole in the restite. 
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RESUMEN

La orogenia del Cretácico Tardío-Terciario temprano o Laramide (90–40 Ma) en el noroeste 
de México produjo un importante magmatismo calcialcalino, acompañado por diversos yacimientos 
asociados de tipo pórfido cuprífero y skarn. En la Sierra Santo Niño, Sonora, el complejo intrusivo del 
batolito Bacanora, compuesto de tonalita-granodiorita y granitos de biotita-hornblenda intrusiona tanto 
una plataforma de rocas sedimentarias del Paleozoico superior, como rocas volcánicas de Cretácico 
Superior, y es intrusionado a su vez por el pórfido de cuarzo-monzonita San Lucas. El batolito Bacanora 
y el pórfido San Lucas arrojan edades de cristalización entre ~91 Ma y ~89 Ma, y representan el evento 
intrusivo del Cretácico Tardío más antiguo reportado hasta ahora en Sonora centro-oriental. Algunos 
skarns de Cu-Zn-Ni-Co fueron generados por este magmatismo y no habían sido descritos previamente en 
Sonora. El batolito Bacanora y el pórfido San Lucas muestran una composición promedio de 65.1–65.3% 
de SiO2 y 15.7% Al2O3; las principales diferencias geoquímicas son 4.3% Fe2O3, 1.9% MgO, 3.8% CaO 
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INTRODUCTION

The	Late	Cretaceous-early	Tertiary	(Laramide)	orog-
eny	is	recognized	in	Sonora	as	a	minor	ductile	compressive	
tectonic	event	(Rangin,	1982;	Pubellier,	1987;	Pubellier	
et al.,	1995)	responsible	for	an	important	magmatic	event	
that	occurred	between	90–40	Ma	(Damon	et al.,	1981;	
Damon,	1986).	Subduction	of	the	Farallon	plate	under	
North	America	(Coney	and	Reynolds,	1977;	Damon	et al.,	
1983a)	produced	a	continental	margin	magmatic	arc	that	
migrated	from	west	to	east	from	the	paleotrench	over	time.	
This	magmatic	arc	lay	parallel	to	the	northwestern	Mexico	
Pacific coast and originated the Sonoran batholith (Damon 
et al.,	1983b)	and	correlative	volcanic	rocks	(McDowell	et 
al.,	2001;	Roldán-Quintana,	2002)	that	crop	out	extensively	
along	NNW	trending	ranges.	The	magmatism	has	been	tra-
ditionally	considered	to	be	calc-alkaline	(Roldán-Quintana,	
1991,	1994,	2002;	Valencia-Moreno	et al.,	1999,	2001,	
2003).	Most	of	the	mineral	deposits,	including	porphyry	
copper	and	associated	skarns	are	spatially	and	temporally	
related	to	this	magmatism	(Clark	et al.,	1979,	1982;	Damon	
et al.,	1981,	1983a;	Pérez-Segura,	1985;	Barton	et al.,	1995;	

Staude	and	Barton,	2001;	Valencia-Gómez,	2005;	Barra	et 
al.,	2005).

This	work	provides	new	geochemical	and	geochrono-
logical	evidence	of	intrusive	rocks	in	the	Sierra	Santo	Niño	
(east-central	Sonora),	and	the	genetic	relationship	between	
intrusions	and	recently	discovered	Cu-Zn-Ni-Co	minerali-
zation	(Pérez-Segura	et al.,	2004).	The	intrusive	rocks	of	
Sierra Santo Niño have an adakitic signature, as defined by 
Defant	and	Drummond	(1990),	and	were	emplaced	at	the	
beginning	of	the	Late	Cretaceous-early	Tertiary	orogeny.	

GEOLOGICAL SETTING

The	study	area	is	located	150	km	east	of	the	city	of	
Hermosillo	in	the	Basin	and	Range	Province	of	Sonora,	
northwestern	Mexico	(Figure	1).	The	morphology	of	the	
Sierra Santo Niño is defined by Tertiary extension, which 
occurred	in	Sonora	at	ca.	25–10	Ma	(McDowell	et al.,	
1997;	Gans,	1997).	The	Sierra	Santo	Niño	is	a	horst	that	is	
structurally	bound	at	the	east	by	the	Bacanora	semi-graben	
and	at	the	west	by	the	Río	Yaqui	graben	(Figure	1).

y 3.3% K2O para el batolito Bacanora versus 2.8% Fe2O3, 1.7% MgO, 2.1% CaO y 5.1% K2O para el 
pórfido San Lucas. Ambas unidades muestran un enriquecimiento en LREE así como una disminución 
en HREE. Estas composiciones concuerdan con un origen a partir de magmas adakíticos producidos por 
fusión parcial de una placa oceánica subducida,en la cual queda una restita con granate y anfíbol. 

Palabras clave: magmatismo, geocronología, adakitas, skarns, Sonora, México.

Figure	1.	Location	of	study	area,	showing	geographic	features,	main	mineralized	zones	and	sites	of	sampling.	N:	North,	Ch:	Chihuahua,	BC:	Baja	
California,	BCS:	Baja	California	Sur,	USA:	United	States	of	America.
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the	La	Esperanza	mine,	are	related	to	the	Mississippian-early	
Permian	rocks	described	in	the	southern	Sierra	Santo	Niño	
by	Araux	and	Vega	(1984)	and	in	the	Sierra	Agua	Verde	by	
Stewart	et al.	(1999).	Fossil	corals	observed	at	the	Todos	
Santos	mine	indicate	a	possible	Mississippian	age	(Stevens,	
2005,	written	communication).

The Late Cretaceous andesitic pre-batholithic 
complex: Tarahumara Formation

The Tarahumara Formation was originally identified 
by	Wilson	and	Rocha	(1946)	at	the	Cañón	del	Obispo,	lo-
cated	65	km	south	of	Bacanora.	The	Tarahumara	Formation	
consists of andesitic and dacitic lava flows, volcanic brec-
cias	and	pyroclastic	deposits	(McDowell	et al.,	2001).	The	
thickness	is	up	to	2500	m.	The	Tarahumara	Formation	has	
been	interpreted	as	the	volcanic	equivalent	of	the	Sonoran	
batholith,	and	has	been	dated	using	U-Pb	isotopes	in	zircons	
with	ages	that	range	from	90	to	70	Ma	(McDowell	et al.,	
2001;	Roldán-Quintana,	2002).	

Rocks	correlated	with	the	Tarahumara	Formation	in	
the	study	area	form	extensive	andesitic	outcrops,	which	are	
ubiquitous	in	east-central	Sonora.	They	are	massive	green	
andesite,	andesitic	tuff	and	volcaniclastic	rocks.	Commonly,	
these	rocks	are	hydrothermally	altered	to	chlorite	+	epidote	
+	calcite	+	quartz	+	pyrite,	and	are	black	in	color	due	to	the	
presence	of	abundant	secondary	biotite.	The	thickness	of	
these	rocks	is	estimated	to	be	up	to	1500	m.	At	the	Rancho	
Aguajito	(Figure	1),	andesitic	rocks	have	been	altered	by	

The	geology	of	the	area	(Figure	2)	has	been	pre-
viously	described	in	 the	Santa	Teresa	(H12D-47)	and	
Bacanora	(H12D-55)	geological	maps	edited	by	the	Servicio	
Geológico	Mexicano	(formerly	Consejo	de	Recursos	
Minerales,	1996,	2005).	The	highest	portions	of	the	Sierra	
Santo	Niño	are	composed	of	Paleozoic	sedimentary	platform	
rocks,	also	recognized	at	the	southern	part	of	this	range	
(Araux	and	Vega,	1984)	and	at	the	Sierra	Agua	Verde,	north-
west	of	the	study	area	(Ochoa	and	Sosa,	1993;	Stewart	et 
al.,	1999).	The	sedimentary	rocks	in	the	Sierra	Santo	Niño	
represent	a	roof	pendant	resting	on	granitic	bodies.	In	the	
northern	part	of	the	study	area	(at	the	Todos	Santos	mine),	
Paleozoic	platform	rocks	are	thrust	over	pre-batholithic	
andesitic	rocks,	which	are	correlated	with	the	Tarahumara	
Formation	(Wilson	and	Rocha,	1946;	McDowell	et al.,	2001;	
Roldán-Quintana,	2002).

Paleozoic rocks

Paleozoic	rocks	are	well	exposed	along	the	Novillo-
Bacanora	highway	and	can	be	observed	from	600	m	(above	
sea	level)	up	to	the	peak	of	the	Sierra	Santo	Niño	at	1600	
m.	The	strata	have	a	general	orientation	of	N45°W	and	dip	
40°	SW	in	the	northwestern	portion	of	the	range.	Rocks	are	
composed	of	meter-thick	beds	of	marble,	massive	limestone,	
and	thin	(~10–20	cm)	layers	of	metamorphosed,	pyrite-
bearing	siliceous	limestone.	The	thickness	of	the	Paleozoic	
section	is	estimated	as	600	m.	The	carbonate	rocks	of	the	
northern	Sierra	Santo	Niño,	between	El	Novillo	town	and	

Figure 2. Generalized geological map of the study area (same area of Figure 1) modified from Servicio Geológico Mexicano (formerly Consejo de 
Recursos	Minerales,	1995,	2005).
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contact	metasomatism	to	garnet	+	pyroxene.	In	the	northern	
part	of	the	Sierra	Santo	Niño	(at	the	Todos	Santos	mine),	
the	andesitic	rocks	are	thrust	by	Paleozoic	limestones	and	
in	northern	Sierra	Chiltepín	by	Neoproterozoic	clastic	rocks	
(Figure	2).

INTRUSIVE MAGMATISM IN THE SIERRA 
SANTO NIÑO 

The Bacanora batholith and the San Lucas porphyry

Rocks	of	the	Bacanora	batholith	crop	out	in	three	
main	areas:	1)	along	the	Arroyo	Moras,	in	a	14	km2	band;	
2)	east	of	the	Novillo	town	in	a	10	km2	strip;	and	3)	along	
the	El	Novillo-Bacanora	highway	(Figure	1).	It	represents	
about	25	%	of	the	surface	of	Sierra	Santo	Niño	observed	
in	Figure	2.	Morphology,	geological	relationships	and	geo-
physical	observations	compiled	in	the	Servicio	Geológico	
Mexicano	maps,	suggest	that	the	observed	outcrops	are	
the	surficial	expression	of	a	major	batholithic	body	at	
depth.	The	Bacanora	batholith	likely	comprises	a	complex	
intrusive	suite;	the	predominant	lithology	is	granodiorite,	
varying	from	tonalite	to	sensu-stricto	granite.	The	common	
mafic minerals are hornblende and biotite, but pyroxene is 
locally	present.	Pegmatite,	aplite	and	lamprophyric	dikes	
commonly	crosscut	the	batholith.	

The	San	Lucas	porphyry	is	a	hypabisal	intrusive	to	
subvolcanic	body	with	an	elongated	or	amoeboid	shape.	It	
is	exposed	within	a	5	km2	area	along	the	Arroyo	San	Lucas,	
between	the	Rancho	San	Lucas	and	the	Río	Yaqui,	and	
forms	about	6	%	of	the	Bacanora	batholith	outcrop.	The	
San	Lucas	porphyry	intrudes	limestones,	quartzites	and	
conglomerates	inferred	to	be	late	Paleozoic	in	age,	and	the	
Late	Cretaceous	Tarahumara	andesite	(Figure	2).	Andesitic	
dikes	intrude	the	Bacanora	batholith	in	the	Arroyo	Las	
Moras	and	the	metamorphosed	sedimentary	rocks	in	the	
Arroyo	San	Lucas.	

Relation to Cu-Zn-Ni-Co skarns

Several	ore	bodies	were	developed	along	the	contact	
zones	between	the	intrusive	bodies	of	the	Bacanora	batholith	
and	the	San	Lucas	porphyry,	and	the	Paleozoic	strata,	e.g.	
the	La	Reyna,	El	Mezquite,	Los	Ligueros,	San	Lucas	and	
Las	Aguilas	Cobrizas	old	mines	(Figs.	1).	They	are	skarn-
type deposits containing significant Cu + Zn concentrations. 
A	few	kilometers	south	of	the	study	area,	in	the	Sierra	La	
Campanería,	other	skarns	contain	W.	

The	La	Esperanza	skarns	are	the	most	important	of	
these	prospects	and	have	only	recently	been	described	by	
Pérez-Segura	et al.	(2004).	A	preliminary	economic	evalu-
ation	suggests	the	existence	of	more	than	1	Mt	of	ore	with	
values	around	1	g/t	Au,	1–2%	Cu,	1–2%	Zn,	0.1–0.2%	Ni	
and	0.1–0.2%	Co.	Most	noteworthy	is	that	the	La	Esperanza	

deposit	is	the	first	Ni-Co	bearing	ore	body	reported	in	
Sonora,	suitable	for	exploration.	The	mineralization	was	
developed	in	the	endoskarn	zone	in	the	contact	between	the	
San	Lucas	porphyry	and	the	Paleozoic	cover.	Skarns	contain	
a	prograded	assemblage	with	garnet	more	abundant	than	
pyroxene,	and	a	discrete	retrograde	assemblage	with	chlorite	
+	epidote	+	calcite	+	quartz	+	magnetite	+	pyrite	+	siegenite	
[(Ni,Co)3S4]	+	chalcopyrite	+	sphalerite	+	hematite.	Garnet	
composition	is	andraditic,	whereas	pyroxenes	are	diopsidic.	
Siegenite	is	the	main	Ni-Co	mineral	and	is	earlier	than	the	
deposition	of	the	sphalerite	and	chalcopyrite	assemblage.	
The	ore	mineralogy	coupled	with	andraditic	garnet	>	diop-
sidic	pyroxene,	the	presence	of	pyrite-magnetite-hematite,	
and	the	absence	of	pyrrhotite,	indicate	that	La	Esperanza	
may be classified as an oxidized skarn (Meinert, 1998). 
The	spatial	and	temporal	relationship	between	the	skarns	
(endoskarn)	and	the	San	Lucas	porphyry,	and	consequently	
with	this	magmatim,	is	evident.

Petrography of the Bacanora batholith and the San 
Lucas porphyry

Two	main	petrographic	assemblages	are	recognized	
in	the	Bacanora	batholith:	a	pyroxene	+	biotite	tonalite-sy-
enogranite	and	a	hornblende-biotite-bearing	monzodiorite-
quartzmonzonite-granodiorite-monzogranite	assemblage.	
The	contacts	among	different	facies	were	not	observed	in	
the field, suggesting a gradational transition. 

The pyroxene+biotite tonalite is phaneritic, fine to 
coarse-grained	(0.5–3	mm),	and	commonly	hypidiomor-
phic.	Compositionally,	the	rocks	range	from	a	pyroxene+	
biotite	tonalite	to	a	pyroxene	syenogranite.	Mineralogy	
was identified in thin section and percentages were esti-
mated	by	volume;	the	anorthite	content	in	plagioclase	was	
estimated	by	using	selected	extinction	angles	on	sections	
perpendicular	to	010	cleavage.	The	modal	composition	is	
the	following:	quartz	(5–10%),	K-feldspar	(5–56%),	pla-
gioclase	(10–55%),	pyroxene	(15–20%),	biotite	(0–4%)	
and	opaque	minerals	(3–10%).	Accessory	minerals	are	
apatite,	sphene	and	zircon.	Quartz	is	always	interstitial	
and	is	observed	in	myrmekitic	intergrowth	with	feldspar	in	
some	cases.	K-feldspar	is	orthoclase,	with	large	crystals	(~3	
mm)	commonly	with	Carlsbad	twinning.	The	plagioclase	
composition	is	An30-32.	The	pyroxene	is	most	likely	augite.	
Biotite	is	pleochroic	and	frequently	has	apatite	and	pyroxene	
inclusions.	Sericite	in	plagioclase	and	actinolite	in	pyroxene	
are	present	as	selective	alteration	minerals.

Hornblende+biotite-bearing	intrusive	rocks	are	phan-
eritic	with	grain	size	of	0.2	to	3	mm.	They	contain	quartz	
(5–30%),	K-feldspar	(10–45%),	plagioclase	(30–60%),	
hornblende	(5–10%)	and	biotite	(0–10%).	The	accessory	
minerals	are	apatite,	sphene,	zircon,	and	opaques.	K-feldspar	
is	present	as	orthoclase	and	microcline.	Quartz	is	interstitial.	
The	plagioclase	composition	is	An24-34.	There	are	traces	
of	selective	mineral	alteration	that	consist	of	actinolite	in	
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hornblende,	chlorite	+	epidote	in	biotite,	and	sericite	in	
plagioclase.

The	San	Lucas	porphyry	contains	plagioclase	and	ma-
fic phenocrysts, in an aphanitic, typically pink, groundmass. 
Phenocrysts	are	1	to	5	mm	in	length,	increasing	in	size	and	
abundance	northwards	in	the	Arroyo	San	Lucas	outcrop.	
Phenocrysts	are	typically	plagioclase,	but	hornblende	and	
biotite	phenocrysts	have	also	been	observed.	Orthoclase	
phenocrysts	and	quartz	eyes	are	less	common.	The	phen-
ocryst	composition	is	plagioclase,	biotite,	hornblende,	or-
thoclase and quartz. The groundmass is fine-grained felsitic, 
and	commonly	microlithic	to	trachytic	in	texture,	suggest-
ing	a	hypabysal	to	subvolcanic	emplacement.	Plagioclase	
crystals	are	idiomorphic	as	thin	sheets,	with	polysynthetic	
twinning,	zonal	structure,	and	a	composition	of	An20-34	
(oligoclase-andesine);	they	exhibit	corroded	edges.	Quartz	
eyes commonly show three-phase fluid inclusions with NaCl 
crystals. Hornblende is locally altered to fibrous actinolite. 
Biotite	is	dark,	appearing	to	be	iron-rich,	and	frequently	
is	altered	to	chlorite+calcite+epidote+opaque	minerals	
(propylitic	alteration).	The	groundmass	is	predominately	
composed	of	K-feldspar.	Among	the	accessory	minerals	
apatite	is	present	and	zircon	crystals	are	idiomorphic,	with	
prismatic	shapes	with	a	length/width	ratio	>2/1.	Magnetite	
is	the	most	common	opaque	mineral,	although	pyrite	is	as-
sociated	with	chlorite.	Alteration	minerals	are	selective:	pla-
gioclase	is	altered	to	sericite,	while	ferromagnesian	minerals	
are	altered	to	chlorite+carbonate+epidote+sphene+rutile+	
opaque	minerals.

Geochronology

Two	samples	from	the	Bacanora	batholith	(03-107)	
and	the	San	Lucas	porphyry	(03-11)	were	selected	for	zircon	
U-Pb	geochronological	analysis.	Mercator	coordinates	of	
these	samples	are:	3216	450	N,	642	249	E	for	03-107,	and	
3215	270	N,	646	945	for	03-11	(Figure	1).	Analysis	were	
performed	by	laser-ablation	multicollector-inductively-
coupled	plasma-mass-spectrometry	(LA-MC-ICPMS)	at	
the	Arizona	LaserChron	Center,	following	procedures	by	
Valencia	et al.	(2005).	Zircons	were	separated	from	5	kg	
rock	samples	using	standard	techniques	of	the	University	of	
Arizona.	Around	50	euhedral	inclusion-free	zircon	crystals	
were	mounted	along	with	SL2	standards	(Gehrels	et al.,	
2008)	on	centers	of	one	inch	phenolic	O-rings,	polished	to	
expose	grain	interiors,	and	imaged	with	cathodoluminis-
cence.	Analysis	were	performed	in	crystal	cores	and	tips.	
Each	measurement	cycle	consisted	of	one	20	s	integration	
on	every	centered	peak	with	the	laser	off	for	background	
counts,	twenty	1	s	integrations	during	mineral	blasting,	and	
~30	s	of	purging.	Zircons	were	ablated	with	a	New	Wave	
Research	DUV193	ArF	Excimer	laser	(wavelength	=	193	
nm).	The	laser	beam	was	operated	at	~60mJ	energy	(at	
23.5kV),	a	pulse	rate	of	8Hz,	and	a	spot	size	of	35	µm.	The	
generated	pit	was	~12	µm	deep.	Ablated	material	was	carried	

in	helium	gas	mixed	with	Ar	gas	into	an	Isoprobe	ICPMS	
(GV	Instruments).	U,	Th	and	Pb	isotopes	were	analyzed	
simultaneously	in	static	mode	using	Faraday	collectors	for	
238U,	232U,	208Pb,	207Pb	and	206Pb,	and	an	ion	counter	for	204Pb.	
Contributions	to	the	204	mass	by	Hg	were	removed	by	sub-
tracting	background	counts.	Common	Pb	corrections	were	
calculated	from	204Pb	measurements	assuming	an	initial	
isotopic	composition	according	to	the	Pb	evolution	curve	
of	Stacey	and	Kramers	(1975).	Inter-element	fractionation	
of	Pb/U	was	generally	~20%,	whereas	fractionation	of	Pb	
isotopes	is	generally	<2%.	In-run	analysis	of	fragments	of	
a	large	zircon	crystal	(every	fourth	measurement)	with	a	
known	age	of	563.5	±	3.2	Ma	(2-sigma	error,	Gehrels	et al.,	
2008)	was	used	to	correct	for	this	fractionation.	The	uncer-
tainty	resulting	from	the	calibration	correction	is	generally	
~1%	(2-sigma)	for	both	206Pb/207Pb	and	206Pb/238U	ages. 

Sample	03-107	is	a	biotite	and	pyroxene	tonalite	from	
the	Bacanora	batholith,	whose	chemical	analysis	is	shown	
in	Table	1.	Sample	03-11,	from	the	San	Lucas	porphyry,	
was	taken	from	a	quartz	monzonite	dike	with	biotite	and	
hornblende	hosted	by	skarns	and	banded	hornfels.	Dating	
results	are	shown	in	Figure	3	and	in	Table	2.	Sample	03-107	
has	a	weighted	mean	206Pb/238U	age	of	90.6	±	1.0	Ma	and	
sample	03-11	has	a	weighted	mean	206Pb/238U	age	of	88.7	±	
1.0	Ma.	No	inherited	component	was	recognized	in	the	52	
grains	analyzed	in	cores	and	tips.	The	systematic	error	(age	
of	standard,	calibration	correction	from	standard,	composi-
tion	of	common	Pb,	decay	constant	uncertainty)	during	the	
session	was	1.1%	and	was	added	quadratically	to	the	random	
errors	of	0.4	and	0.3	%	to	assign	uncertainties	to	the	age	
determinations.	These	Late	Cretaceous	ages	are	interpreted	
as	crystallization	ages	of	these	rocks,	and	correspond	to	the	
beginning	of	the	magmatic	Laramide	event.	Previous	work	
in	the	area	reported	a	K-Ar	age	in	whole	rock	of	53	Ma	for	
an	intrusive	body	located	west	of	the	town	of	Bacanora	(no	
coordinates	reported),	and	a	second	age	of	64	Ma	(whole	
rock)	from	the	Sierra	Chiltepin	(Pubellier,	1987).	These	
ages	are	more	typical	of	the	Sonoran	batholith	(Damon	
et al.,	1981,	1983b),	but	it	is	likely	that	these	K-Ar	ages	
results	are	reset	ages.	

Geochemistry of the Bacanora batholith and the San 
Lucas porphyry

Samples	from	the	Bacanora	batholith	and	the	San	
Lucas	porphyry	were	selected	for	geochemical	analysis	at	
the	geochemistry	laboratory	of	the	Centre	des	Recherches	
Pétrographiques	et	Géochimiques	(CRPG)	in	Nancy,	France.	
Samples	were	analyzed	by	ICP-MS	following	the	procedure	
described	by	González-Partida	et al.	(2003a).	Results	are	
shown	in	the	Table	1	and	some	typical	diagrams	are	shown	in	
Figures	4-7.	Also,	some	summarized	geochemical	data	from	
the	Central	Sonora	batholith	and	Coastal	Sonora	batholith	
(Valencia-Moreno	et al.,	1999,	2001,	2003)	are	shown	for	
comparison in the same figures.
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Bb Bb Bb Bb Bb Bb SLp SLp SLp SLp SLp
03-107 03-108 03-110 03-100 03-101 03-103 P03-80 P03-83 P03-92 P03-117 P03-118

SiO2 % 55.06 67.06 66.47 69.11 61.61 71.07 67.88 64.33 63.10 65.60 65.79
Al2O3 % 16.33 15.30 15.77 14.76 16.90 15.29 15.33 15.58 15.68 15.72 16.03
Fe2O3 % 7.42 3.43 3.60 3.76 5.61 2.27 2.71 3.35 4.27 2.58 1.09
MnO % 0.12 0.03 N.D. 0.05 0.06 0.06 N.D. 0.04 0.04 N.D. N.D.
MgO % 4.82 2.00 1.24 0.98 2.64 N.D. 0.91 1.88 2.03 1.74 1.92
CaO % 7.51 3.15 2.60 2.79 4.87 1.61 1.78 2.15 2.29 1.82 2.55
Na2O % 4.87 3.90 4.58 3.28 3.46 5.43 5.10 4.19 4.79 3.94 5.29
K2O % 2.10 3.77 4.23 4.02 2.69 3.10 4.64 5.19 3.89 6.81 5.06
TiO2 % 0.72 0.45 0.46 0.52 0.62 0.23 0.40 0.46 0.51 0.43 0.49
P2O5 % 0.24 0.14 0.13 0.12 0.19 0.06 0.13 0.15 0.21 0.16 0.17
LOI % 0.74 0.72 0.85 0.50 1.28 0.50 1.06 2.70 3.10 1.14 1.51
Total % 99.93 99.95 99.93 99.89 99.93 99.62 99.94 100.02 99.91 99.94 99.90

As ppm 4.16 2.81 5.08 4.92 3.80 2.31 27.91 3.45 5.06 5.88 5.58
Ba ppm 567.6 1007.0 1083.0 949.9 683.8 620.5 908.5 2264.0 1235.0 1726.0 957.0
Be ppm 1.41 1.60 2.43 1.40 1.23 3.04 1.92 1.40 1.31 1.52 1.97
Bi ppm N.D. 0.73 N.D. 0.22 N.D. 0.26 2.01 N.D. N.D. N.D. 0.26
Ce ppm 44.61 43.71 67.59 59.67 46.12 43.32 77.08 44.76 47.62 41.92 53.75
Co ppm 22.87 9.88 6.89 7.37 13.42 1.94 34.46 8.54 8.90 5.58 3.71
Cr ppm 91.56 75.90 23.75 8.16 16.91 N.D. 23.13 62.88 59.39 58.08 78.95
Cs ppm 1.61 2.09 1.63 5.61 9.59 7.12 1.10 1.35 1.51 0.97 0.52
Cu ppm 15.02 105.80 19.61 18.78 309.30 N.D. 519.20 N.D. N.D. N.D. 46.39
Dy ppm 2.57 1.60 2.74 3.39 2.75 1.30 2.57 1.55 1.65 1.59 1.60
Er ppm 1.43 0.84 1.48 1.72 1.38 0.90 1.39 0.76 0.79 0.78 0.85
Eu ppm 1.05 0.78 0.98 0.92 1.05 0.53 0.96 0.91 0.94 0.82 0.72
Ga ppm 19.43 18.49 19.86 17.45 19.17 17.82 16.15 19.88 19.62 19.12 19.30
Gd ppm 2.99 2.06 3.38 3.96 3.28 1.42 3.22 2.21 2.44 2.34 2.14
Ge ppm 1.37 1.12 1.24 1.26 1.40 1.67 0.94 0.79 0.90 1.07 1.03
Hf ppm 3.50 3.91 5.66 5.90 3.61 5.97 5.44 3.10 3.35 3.13 4.31
Ho ppm 0.51 0.30 0.52 0.62 0.50 0.27 0.48 0.28 0.29 0.29 0.30
La ppm 22.88 24.42 34.91 29.55 22.78 26.23 43.25 22.60 25.12 19.50 22.40
Lu ppm 0.24 0.15 0.26 0.26 0.22 0.24 0.24 0.12 0.12 0.13 0.16
Mo ppm 0.71 0.60 0.78 0.85 0.76 N.D. 2.85 N.D. 1.21 N.D. N.D.
Nb ppm 6.55 8.11 11.02 9.61 6.66 10.22 12.01 6.97 7.01 8.14 8.35
Nd ppm 19.22 16.61 27.60 24.93 20.23 11.69 27.11 19.26 20.22 19.08 20.25
Ni ppm 25.10 30.46 13.02 5.39 11.18 N.D. 24.01 35.90 29.81 28.85 28.86
Pb ppm 8.44 11.18 11.90 17.54 6.96 12.05 7.79 3.86 2.40 2.03 7.92
Pr ppm 5.13 4.72 7.71 6.79 5.39 3.95 7.99 5.17 5.34 5.12 6.02
Rb ppm 57.7 106.1 122.3 144.6 121.6 231.7 117.9 133.9 115.2 187.9 118.8
Sb ppm 0.69 0.53 0.84 0.63 0.62 0.76 4.50 1.99 4.57 1.54 1.73
Sm ppm 3.59 2.84 4.57 4.85 3.95 1.71 4.39 3.16 3.45 3.24 2.94
Sn ppm 0.76 0.99 1.06 1.22 1.48 2.00 1.29 0.71 0.82 0.83 0.79
Sr ppm 650.7 606.2 640.7 260.3 431.5 259.3 335.7 244.8 208.1 156.4 200.9
Ta ppm 0.54 0.91 1.16 1.06 0.79 0.87 1.26 0.67 0.61 0.85 0.88
Tb ppm 0.44 0.29 0.49 0.60 0.49 0.21 0.46 0.29 0.32 0.30 0.29
Th ppm 5.96 12.63 16.42 20.85 16.52 13.43 17.71 8.42 7.34 9.97 12.52
Tm ppm 0.22 0.13 0.24 0.25 0.21 0.16 0.21 0.11 0.11 0.12 0.14
U ppm 2.44 5.82 4.44 5.83 5.73 5.59 8.04 4.07 4.04 4.72 7.04
V ppm 179.20 67.18 67.93 71.89 124.50 15.96 58.17 68.53 72.30 63.25 85.80
W ppm 0.44 1.01 0.76 1.33 2.38 0.37 1.76 1.46 2.68 2.23 1.96
Y ppm 14.74 8.76 15.86 18.40 15.25 9.68 14.68 8.01 8.44 8.68 9.10

Yb ppm 1.50 0.92 1.69 1.70 1.41 1.33 1.49 0.75 0.75 0.81 0.95
Zn ppm 64.17 27.60 30.24 62.38 50.17 25.60 44.80 46.18 38.66 29.56 14.38
Zr ppm 145.20 142.3 221.7 220.9 129.4 214.8 207.5 116.8 127.6 115.9 161.1

Table	1.	Geochemical	data	for	the	Sierra	Santo	Niño	rocks.	Analysis	performed	at	the	Centre	de	Recherches	Pétrographiques	et	Géochimiques	de	Nancy,	
France.	Bb:	Bacanora	batholith,	SLp:	San	Lucas	porphyry.

N.D.=	Not	detected;	LOI=	Loss	on	ignition.
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Table	3.	Sr	is	in	general	depleted	and	exhibits	an	inverse	
behavior	to	K2O,	suggesting	that	plagioclase	controls	the	Sr	
content	(plagioclase	decreases	as	K-feldspar	increases).	Ni	
and	Cr	concentrations	are	higher	than	in	volcanic	arc	grano-
diorite	(Table	3)	compiled	by	Martin	(1999),	while	Y	and	
Yb	concentrations	are	lower.	As	in	the	Bacanora	batholith,	
the	REE	pattern	shows	a	LREE	enrichment	and	a	HREE	
depletion	((La/Yb)N	>	10),	with	no	Eu	anomaly	present.

In	summary,	geochemistry	of	major	and	some	trace	
elements	of	the	Bacanora	batholith	and	of	the	San	Lucas	por-
phyry	could	be	explained	by	mineralogical	composition.	The	
basic	differences	are	in	high	K2O,	low	CaO	and	restricted	
SiO2	for	the	San	Lucas	porphyry,	and	different	concentra-
tions	for	Ba,	Pb	and	Sr	in	the	multi-element	diagram	(Figure	
6);	the	REE	patterns	in	both	cases	are	overlapped	(Figure	
7),	suggesting	an	origin	from	the	same	magma	source	as	it	
is	discussed	later.	Field	relations	indicate	that	the	Bacanora	
batholith	(90.6	Ma)	is	intruded	by	the	San	Lucas	porphyry	
(88.7	Ma).	The	similar	age	for	both	intrusive	rocks	suggest	a	
comagmatic	origin,	being	the	San	Lucas	porphyry	the	latest	
intrusive	facies,	probably	more	contaminated	by	continental	
crust	(higher	in	K2O).

Relation of the Bacanora batholith and the San Lucas 
porphyry with adakites

As defined by Defant and Drummond (1990), adak-
ites	are	intermediate	to	acidic	rocks,	and	include	andesites,	
dacites	and	rhyolites.	They	are	porphyritic	lavas	containing	
zoned	plagioclase,	biotite,	hornblende	and	rarely	pyroxene.	
Their	general	silica	content	is	>56%,	Al2O3	>15	%,	Na2O	
3.5–7.5%	and	K2O/Na2O	~0.42.	Key	discriminants	for	
adakites	are:	(La/Yb)N	versus	YbN	(Martin,	1987,	1999)	and	
Sr/Yb	versus	Y	(Defant	and	Drummond,	1990).	Adakites	
are	similar	to	the	calc-alkaline	series,	but	they	generate	in	
particular	collisional	geotectonic	environments	and	have	
been	interpreted	as	originated	from	the	partial	melting	of	a	
subducted	oceanic	slab	that	interacts	with	the	mantle	wedge	
(Martin	et al.,	2005).

In	relation	with	key	discriminant	elements,	the	San	

Six	samples	from	the	Bacanora	batholith	show	that	
the	SiO2	range	content	is	55–71	%	and	the	major	oxides	
Al2O3,	CaO,	MgO,	TiO2	and	P2O5	decrease	systematically	
with	increasing	SiO2	in	Harker	diagrams	(Figure	4),	whereas	
there	are	a	good	positive	correlation	between	SiO2	versus	
K2O.	Highest	values	in	CaO	corresponds	to	the	tonalitic	
petrographic	facies	and	high	content	in	MgO	and	TiO2	is	
consistent	in	samples	with	more	abundant	ferromagnesian	
minerals. The rocks plot in the high K calc-alkaline field in 
the	K2O/SiO2	diagram	(Figure	5).	According	to	La	Roche’s	
et al. (1980) classification all rocks, excepting one, plot in 
the	granodiorite,	tonalite,	quartz	monzonite	and	syenogran-
ite fields. The behavior of some key trace elements such as 
Sr/Rb	versus	SiO2,	which	agrees	with	the	degree	of	mag-
matic	differentiation,	suggest	that	these	rocks	originated	
from	the	same	magma.	A	multi-element	spider	diagram	
shows	a	homogeneous	behavior	for	the	Bacanora	batholith	
(Figure	6).	In	a	REE	plot,	a	LREE	enrichment	and	a	relative	
depletion in HREE is observed, followed by a very flat trend 
in	the	Dy-Lu	segment	(Figure	7).	The	(La/Yb)N	is	9.6	and	
no	Eu	anomaly	is	present.

For the San Lucas porphyry five rock samples were 
analyzed.	The	samples	have	very	similar	characteristics	
because	they	come	from	an	homogeneous	individual	stock	
that	 is	classified	as	a	hypabysal	 to	subvolcanic	quartz	
monzonite.	The	geochemical	analysis	are	shown	in	Table	1	
and	some	average	values	are	included	in	Table	3.	The	SiO2	
composition	is	restricted	to	63–68	%	and	the	most	important	
chemical	differences	with	respect	to	the	Bacanora	batholith	
is	the	enrichment	in	K2O	and	depletion	in	CaO	at	similar	
SiO2	values.	The	high	K2O	average	concentration	(5.1	%),	
is	due	to	the	presence	of	K-feldspar	in	the	rock	matrix;	low	
CaO	concentrations	are	due	to	the	mainly	sodic	composition	
(An<30)	of	plagioclase	that	is	only	present	as	phenocrysts.	
The	San	Lucas	porphyry	compositions	generally	plot	in	the	
shoshonite field (Figure 5). The rock is Fe2O3	and	MgO	poor,	
as	biotite	and	hornblende	are	in	low	abundance.	Depletion	
of	MgO,	TiO2	and	P2O5	occurs	as	SiO2	increases.	The	por-
phyry composition plots within the quartz monzonite field 
according	to	La	Roche’s	et al. (1980) classification. The 
characteristic	mean	content	of	trace	elements	is	given	in	

Figure	3.	U-Pb	zircon	ages	for	the	Bacanora	batholith	(03-107)	and	the	San	Lucas	porphyry	(03-11).	
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U
(ppm)

Th
(ppm)

U/Th 206Pb/204Pbc 206Pb/238U
ratio

±(%) 206Pb/238U
age

±(Ma)

Sample 03-107
1 375 180 2.1 832 0.01412 1.54 90.4 1.4
2 569 600 0.9 1409 0.01416 0.88 90.6 0.8
3 250 201 1.2 701 0.01410 1.31 90.3 1.2
4 192 110 1.7 517 0.01425 2.38 91.2 2.2
5 394 316 1.2 807 0.01418 1.73 90.8 1.6
6 336 203 1.7 775 0.01405 1.33 89.9 1.2
7 275 131 2.1 735 0.01398 1.66 89.5 1.5
8 560 437 1.3 1484 0.01413 0.95 90.4 0.9
9 317 228 1.4 667 0.01398 2.06 89.5 1.8
10 513 336 1.5 1565 0.01421 1.61 91.0 1.5
11 246 143 1.7 1075 0.01410 1.72 90.3 1.5
12 184 127 1.4 667 0.01419 1.97 90.8 1.8
13 287 143 2.0 1236 0.01406 1.67 90.0 1.5
14 375 220 1.7 1061 0.01425 1.21 91.2 1.1
15 480 467 1.0 1083 0.01427 1.23 91.3 1.1
16 340 261 1.3 397 0.01394 1.49 89.2 1.3
17 459 237 1.9 1047 0.01432 1.07 91.6 1.0
18 266 222 1.2 1137 0.01417 1.26 90.7 1.1
19 188 90 2.1 1161 0.01403 1.93 89.8 1.7
20 231 183 1.3 817 0.01408 1.25 90.1 1.1
21 146 73 2.0 368 0.01432 2.55 91.6 2.3
22 156 83 1.9 442 0.01412 2.81 90.4 2.5
23 523 423 1.2 2559 0.01420 1.41 90.9 1.3
24 261 213 1.2 746 0.01418 1.57 90.8 1.4
25 133 75 1.8 450 0.01418 3.43 90.8 3.1
26 275 174 1.6 1548 0.01405 1.84 89.9 1.6
27 223 124 1.8 1519 0.01410 1.51 90.2 1.4

Sample 03-11

1 404 207 2.0 873 0.01388 2.36 88.9 2.1
2 398 178 2.2 1463 0.01399 1.43 89.6 1.3
3 335 106 3.2 1277 0.01391 2.92 89.0 2.6
4 509 248 2.1 1488 0.01402 2.12 89.7 1.9
5 602 289 2.1 1413 0.01395 1.30 89.3 1.2
6 1238 1146 1.1 5555 0.01384 1.51 88.6 1.3
7 673 252 2.7 3535 0.01382 1.42 88.5 1.2
8 314 272 1.2 1292 0.01370 2.35 87.7 2.1
9 543 238 2.3 1481 0.01377 2.03 88.2 1.8
10 193 95 2.0 1170 0.01402 5.03 89.8 4.5
11 360 147 2.5 1197 0.01384 3.14 88.6 2.8
12 422 476 0.9 1875 0.01376 2.22 88.1 1.9
13 176 83 2.1 535 0.01379 3.50 88.3 3.1
14 328 148 2.2 510 0.01375 2.95 88.0 2.6
15 402 209 1.9 2151 0.01398 2.51 89.5 2.2
16 435 266 1.6 2688 0.01387 2.10 88.8 1.9
17 196 99 2.0 847 0.01383 3.73 88.5 3.3
18 474 224 2.1 2148 0.01403 1.66 89.8 1.5
19 156 93 1.7 969 0.01412 5.98 90.4 5.4
20 598 419 1.4 2568 0.01394 1.52 89.2 1.3
21 387 195 2.0 807 0.01364 1.49 87.3 1.3
22 455 204 2.2 2322 0.01363 1.82 87.3 1.6
23 385 196 2.0 1475 0.01376 1.96 88.1 1.7
24 456 237 1.9 1498 0.01389 2.33 88.9 2.1
25 346 184 1.9 2167 0.01391 1.83 89.0 1.6

Lucas	porphyry	has	a	low	Sr	concentration	(229	ppm	in	
average),	whereas	the	Bacanora	batholith	rocks	have	an	av-
erage	of	475	ppm	Sr;	this	element	is	controlled	by	feldspars	
proportion	in	the	rocks.	In	the	Sr/Y	vs.	Y	and	(La/Yb)N	vs.	
YbN	diagrams,	these	rocks	plot	within	or	near	the	adakite	

field (Figure 8). From the multi-element diagram and REE 
plots,	a	similar	pattern	is	observed	for	the	Bacanora	batholith	
and	the	San	Lucas	porphyry,	which	also	supports	a	common	
origin	(Figures	7	and	8),	with	an	LREE	enrichment	and	a	
HREE	depletion	and	with	(La/Yb)N	>	9.7–14.1.	The	HREE	

Table	2.	Individual	U-Pb	ages	on	zircons	for	the	Bacanora	batholith	(sample	03-107)	and	the	San	Lucas	porphyry	(sample	03-11).
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Figure 4. Harker diagrams for the studied rocks, and fields composition for Central Sonora batholith (42-46 analyses) and Coastal Sonora batholith (16 
analyses).	Analysis	from	Central	and	Coastal	Sonora	batholith	from	Valencia-Moreno	et al.	(1999,	2001,	2003)	and	Roldán-Quintana	(2002).

depletion can be interpreted as reflecting the presence of 
garnet	+	hornblende	in	the	restite	of	the	magma	source	
(Martin,	1999).	However,	the	Ni	values	(>24	ppm)	and	Cr	
(>36	ppm)	values	in	the	San	Lucas	porphyry	are	higher	than	
typical	adakites,	which	can	be	interpreted	as	an	adakitic	
magma	reacting	with	the	peridotitic	mantle	wedge	(Maury	
et al.,	1996;	Martin,	1999;	Martin	et al.,	2005).	The	most	
important	argument	supporting	a	co-magmatic	origin	for	
the	Bacanora	batholith	and	the	San	Lucas	porphyry	are	the	
similar	crystallization	ages	(~90	Ma).	

DISCUSSION AND CONCLUSIONS

The	emplacement	of	the	Sonoran	batholith	(90–40	
Ma)	has	been	proposed	as	occurring	in	belts	parallel	to	
the Pacific coast, with progressively younger ages inland 

(Damon	et al.	1981;	Clark	et al.,	1979,	1982).	Table	4	shows	
a	selected	compilation	of	published	Laramide	rocks	ages	
in	Sonora,	older	than	62	Ma.	Most	of	them	are	indicated	
in	Figure	9.	Numbers	in	brackets	in	Figure	9	and	in	Table	
4	correspond	to	the	localities	mentioned	in	this	text	(in	
italics).	Up	to	now	the	oldest	ages	reported	for	Laramide	
intrusive	rocks	in	this	region	are	near	the	coast.	Ages	of	82.7	
Ma	(K-Ar	in	hornblende)	at	Punta	San	Antonio	(11)	and	
77	Ma	(K-Ar	in	biotite)	in	Rancho	El	Bayo	(12)	have	been	
reported	by	Mora-Alvarez	and	McDowell	(2000).	Gastil	
and	Krummenacher	(1977)	reported	K-Ar	ages	in	biotite	
on	rocks	from	the	following	places	between	Bahía	Kino	
and	Puerto	Libertad:	91	Ma	at	Cerro	Bolo	(6),	85–90	Ma	
in	Tiburón	Island	(7,	8),	71.7	Ma	at	Punta	Cuevas	and	70.1	
Ma	in	Puerto	Libertad	(9).	On	the	other	hand,	Damon	et al.	
(1983b)	reported	70.9	Ma	(K-Ar	in	biotite)	at	the	Leones	
mine	(near	Puerto	Libertad).	More	recent	data	published	by	
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Figure	5.	SiO2	vs.	K2O	diagram	for	the	rocks	studied	compared	with	Central	and	Coastal	Sonora	batholith.	The	high-K,	medium-K	and	low-K	lines	are	
according	to	Le	Maitre	et al.	(1989).	The	high-K	–	shoshonite	boundary	is	according	to	Rickwood	(1989).

Figure	6.	Multi-element	diagram	for	the	Bacanora	batholith	and	San	Lucas	porphyry.	Analysis	normalized	to	primitive	mantle	(Hofmann,	1997).	*	Mean	
values	of	767	analyses	of	High	Siliceous	Adakites	–	HSA	(Martin	et al.,	2005).	Lower	diagram:	General	behavior	for	the	Central	Sonora	batholith	and	
Coastal	Sonora	batholith	using	data	from	Valencia-Moreno	et al.	(1999,	2001,	2003),	and	Roldán-Quintana	(2002).
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Ramos-Velázquez	et al.	(2008)	include	ages	from	72	to	90	
Ma	(U-Pb	in	zircons)	for	granitoids	between	Bahía	Kino	
and	Punta	Tepopa	(localities	21-29).	Rocks	ranging	in	age	
from	70	to	100	Ma	(Ar/Ar)	are	more	common	in	the	Baja	
California	Peninsula	(Tulloch	and	Kimbrough,	2003)	and	
in	the	state	of	Sinaloa	(Henry et al.,	2003).	

The	U-Pb	isotopic	analysis	in	zircon	for	the	Tarahumara	
Formation	in	the	Tecoripa-Tónichi-La	Dura-Suaqui	Grande	
quadrangles	(McDowell	et al.,	2001)	yielded	ages	in	the	
range	from	90.1	to	69.7	Ma.	This	formation	is	overlain	by	
unaltered	volcanic	rocks,	with	ages	of	62–53	Ma,	that	are	
not	considered	part	of	the	Tarahumara	Formation	(Roldán-
Quintana,	2002).	Volcanic	rocks	of	90–60	Ma	have	been	
identified in different areas of Sonora, e.g.,	Jacques-Ayala	
et al.	(1993)	report	a	72	Ma	age	(K-Ar	in	hornblende)	
for	andesites	in	the	Sierra	El	Chanate	(19);	Gastil	and	
Krummenacher	(1977)	dated	a	85.1	Ma	(K-Ar	in	horn-
blende)	andesite	and	a	64	Ma	(K-Ar	in	biotite)	dacite	at	
Puerto	Libertad;	Meinert	(1982)	reported	ages	of	67	Ma	(K-
Ar)	for	the	Mesa	Formation	at	Cananea	(20)	and	Wodzicki	
(1995)	obtained	a	69	Ma	(Ar/Ar	in	biotite)	age	for	the	same	
formation.	At	Arivechi,	closer	to	our	study	area,	Pubellier	et 

al.	(1995)	found	ages	of	66	Ma	and	75	Ma	(K-Ar	in	whole	
rock)	for	andesites,	and	Pubellier	(1987)	reported	a	strongly	
potassic	porphyritic	andesite	with	an	age	of	83	Ma	(K-Ar	
in	whole	rock).

The	new	U-Pb	ages	reported	here	show	that	the	in-
trusive	rocks	of	the	Bacanora	batholith,	including	the	San	
Lucas	porphyry,	were	emplaced	as	early	as	90	Ma.	Our	
geochronological	data	establish	the	oldest	Late	Cretaceous	
(Laramide)	intrusive	rocks	in	east-central	Sonora,	which	
intrude	andesitic	volcanic	rocks	that	are	older	than	the	
ones	described	by	McDowell	et al.	(2001),	about	50–75	km	
to	the	south	of	the	study	area.	The	age	of	thrusting	of	the	
Paleozoic	platform	strata	over	the	pre-batholithic	andesites	
is	constrained	to	a	period	ranging	from	100	Ma	to	91	Ma;	
the	limits	are	established	in	accordance	with	the	evidence	of	
the	Bacanora	batholith	(91	Ma)	and	the	San	Lucas	porphyry	
(90	Ma)	intruding	Paleozoic	limestones	and	Cretaceous	
andesites; the oldest 100 Ma limit is fixed according to the 
thrusting	of	Neoproterozoic	sedimentary	rocks	over	Albian-
Cenomanian	limestones	at	Sierra	Chiltepín,	on	the	highway	
between	Bacanora	and	Sahuaripa	(Pubellier	et al.,	1995).

Several	authors	(Damon	et al.,	1981,	1983b;	Valencia-

Figure	7.	REE	diagram	for	Bacanora	batholith	and	the	San	Lucas	porphyry	samples.	Analysis	normalized	to	chondrite	(Nakamura,	1974)	*	Mean	values	
of	767	analyses	of	High	Siliceous	Adakites	–	HSA	(Martin	et al,	2005).	Lower	diagram:	General	behavior	for	the	Central	Sonora	batholith	and	Coastal	
Sonora	batholith,	using	data	from	Valencia	et al.	(2001),	Roldán-Quintana	(2002)	and	Valencia-Moreno	et al.	(2003)	normalized	to	Nakamura	(1974).
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Composition Bb (6) SLp (5) Adakite1 Adakitic 
pluton1

Suite
La Posta2

Mezcala3

SiO2 65.06 65.34 64.66 67.3 67.79 64.14
Al2O3 15.72 15.67 16.77 15.78 15.68 15.92
Fe2O3 4.35 2.80 4.20 3.30 3.45 4.10
MnO 0.06 0.02 0.08 0.05 0.05 0.10
MgO 1.95 1.70 2.20 1.96 1.20 2.30
CaO 3.76 2.12 5.00 3.67 3.86 4.20
Na2O 4.26 4.66 4.09 4.19 3.51 3.90
K2O 3.32 5.12 1.72 2.15 2.57 3.30
TiO2 0.50 0.46 0.51 0.54 0.62 0.70
P2O5 0.15 0.16 0.17 0.12 0.14 0.30

Fe2O3+MgO+MnO+TiO2 6.8 5.0 7.0 5.8 5.3 7.2
K2O/Na2O 0.8 0.9 0.4 0.5 0.7 0.8
Sr 475.0 229 706.0 280.0 483.0 790.0
Ni 14.0 30.0 24.0 24.0 7.0 21.0
Cr 36.0 56.0 36.0 46.0 15.0 53.0
Y 12.5 10.0 10.0 17.0 9.0 13.0
Yb 1.3 0.9 0.9 1.1 1.1
Sr/Y 37.0 24.0 68.7 16.5 54.0 61.0
(La/Yb)N 9.6 14.1 14.2 11.0 23.0 20.0
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Bacanora batholith San Lucas porphyry

Central Sonora batholith Coastal Sonora batholith

Bacanora batholith San Lucas porphyry

Central Sonora batholith Coastal Sonora batholith

Table	3.	Mean	values	for	some	key	elements	for	the	Sierra	Santo	Niño	rocks	and	comparison	with	other	adakitic	rocks.	Bb.	Bacanora	
batholith,	SLp.	San	Lucas	porphyry.

1	Martin	(1999);	2	Tulloch	and	Kimbrough	(2003);	3	González-Partida	et al.	(2003a).	(N)=	number	of	analysis.

Figure	8.	Data	of	the	Bacanora	batholith	and	the	San	Lucas	porphyry	ploted	on	the	Sr/Y	–	Y	(Drummond	and	Defant,	1990)	and	(La/Yb)N	–	YbN	(Martin,	
1987)	diagrams.	Fields	corresponding	to	the	Central	Sonora	batolith	(16	analysis)	and	Coastal	Sonora	batholith	(16	analysis)	are	also	shown	(same	source	
of	data	as	for	Figure	7).
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Sample Location Locality Rock Dated mineral Method Age Ref.

UAKA80-07 28o	37’,	109o	53’	18’’ San	Javier-Tecoripa Granodiorite Biotite K/Ar 61.2	±	1.3 1
Hornblende K/Ar 62.0	±	1.7 1

UAKA80-18 27o	45’,	109o	43’ Santa	Ana Granodiorite Biotite K/Ar 67.3	±	1.4 1
Hornblende K/Ar 66.1	±	1.4 1

(1)	PED11-59 30o	40’	54”,	112o	16’	30” Puerto	Blanco Quartz	monzonite Biotite K/Ar 71.2	±	1.8 1
(2)	PED7-59 30o	31’	50”,	112o	07’	05” Altar Pegmatite Biotite K/Ar 74.3	±	1.8 1
PED-10-66 31o	11’	42’’,	112o	17’	14’’ Minas	Leones	Caborca Granite Biotite K/Ar 70.9	±	2.1 1
(3)	PED-11-66 31o	08’	46’’,	112o	04’	56’’ Minas	Margarita	Caborca Granite Biotite K/Ar 67.6	±	2 1
UAKA83-03 29o	21’	24”,	109o	16’	24” Sierra	Oposura Granodiorite Biotite K/Ar 62.7	±	1.4 1
UAKA80-20 28o	50’	32”,	110o	12’	20” Cobachi Granodiorite Biotite K/Ar 66.7	±	1.6 1
UAKA81-01 28o	53’	06”,	109o	48’	54” Rebeico Monzonite Matrix K/Ar 61.2	±	1.4 1
UAKA80-05 28o	52’	18’’,	110o	45’	43’’ Granito	Hermita Granodiorite Hornblende K/Ar 62.9	±	1.5 1
Ma-1 NR Maycoba Granodiorite Biotite K/Ar 63.6	±	1.0 2
(4)	SO-36 641.55,	3140.10 La	Dura Porphyritic	dacite Zircon U/Pb 66.2	±	2.0 3
SO-64 591.25,	3140.45 18	km	W	Suaqui	Grande Granodiorite Biotite K/Ar 63.4	±	1.0 4
SO-74 583.25,	3131.95 28	km	SW	Suaqui	Grande Quartz	diorite Biotite K/Ar 64.9	±	1.7 4
SO-2 606.65,	3165.65 3.5	km	E	Tecoripa Granodiorite Biotite K/Ar 65.1	±	1.0 4
SO-5 631.60,	3160.20 7.5	km	SE	San	Javier Quartz	diorite Hornblende K/Ar 62.4	±	2.5 4
MV-9 28o	36’	16’’,	110o	01’	14’’ Cerro	Bola Granodiorite Hornblende K/Ar 62.0	±	1.7 5
MV-10 28o	28’	27’’,	110o	28’	08’’ San	Francisco Granodiorite Hornblende K/Ar 62.9	±	1.5 5
MV-12 29o	06’	49’’,	110o	56’	19’’ Hermosillo Granodiorite Hornblende K/Ar 64.1	±	1.4 5
MV-14 29o	05’	02’’,	110o	56’10’’ Hermosillo Granodiorite Hornblende K/Ar 64.1	±	1.4 5
MV-15 29o	03’	00’’,	110o	56’	56’’ Hermosillo Granodiorite Hornblende K/Ar 64.1	±	1.4 5
(5)	NR 30o	58’	54”,	111o	02’	48” Sierra	Guacomea Granite/gneiss Zircon U/Pb 78.3	±	3 6
MV-19 28o	53’	51’’,	109o	54’	16’’ Barita	de	Sonora Granite Zircon U/Pb 62.0	±	1 7
NR NR Tiburon	Island Tonalite Biot-Whole	rock Rb/Sr 82 8
NR 29o	03’	36’’,	110o	56’	42’’ Carnaval,	Hermosillo Granodiorite Biotite Ar/Ar 64.9	±	1.3 9
WAKA81-06 29o	05’	20’’,	110o	56’	08’’ Mariachi,	Hermosillo Granodiorite Hornblende Ar/Ar 64.1	±	1.4 9
TP-2B 28o	25’	109o	11’ Tres	Piedras,	Santa	Rosa Granodiorite	porphyry Hornblende Ar/Ar 63.3	±	3.3 9
B-59 30o	40’,	119o	16’ Sierra	Manzanal Granodiorite Biotite Ar/Ar 68 11
NR NR Pitiquito Granite NR K/Ar 80 12
NR NR Cuitaca	Cananea Granodiorite Zircon U/Pb 64	±	3 15
NR NR Chivato	Cananea Monzodiorite Zircon U/Pb 69	±	1 15
S1G-6 29o	54’	10’’,	112o	43’	35’’ Cerro	Bolo	Costa	Sonora Granodiorite Hornblende K/Ar 60.9	±	9.9 16
(6)	S1G-6 29o	54’	10’’,	112o	43’	35’’ Cerro	Bolo	Costa	Sonora Granodiorite Biotite K/Ar 91.0	±	1.8 16
(7)	S2R-19 29o	12’	45’’,	112o	27’	45’’ NW	Tiburon	Island Tonalite Hornblende K/Ar 84.5	±	7.9 16
(7)	S2R-19 29o	12’	45’’,	112o	27’	45’’ NW	Tiburon	Island Tonalite Biotite K/Ar 85.2	±	1.7 16
(8)	S2W-45 29o	05’	50’’,	112o	19’	35’’ NE	Tiburon	Island Tonalite Hornblende K/Ar 90.4	±	2.7 16
(8)	S2W-45 29o	05’	50’’,	112o	19’	35’’ NE	Tiburon	Island Tonalite Biotite K/Ar 81.5	±	2.0 16
S2G-23 29o	08’,	111o	54’ E	Noriega	Creek Granite Microcline K/Ar 64.7	±	1.3 16
S0H-281 29o	42’	00’’,	112o	32’	30’’ Cuevas	Point Granodiorite Biotite K/Ar 71.7	±	1.4 16
(9)	S0K-3714 29o	57’	45’’,	112o	44’	55’’ N	Puerto	Libertad Granodiorite	porphyry Biotite K/Ar 70.1	±	1.9 16
S0K-3714 29o	57’	45’’,	112o	44’	55’’ N	Puerto	Libertad Granodiorite	porphyry Hornblende K/Ar 64.3	±	2.0 16
CR	H	12 NR Sierra	Chiltepin Granitoid Whole	rock K/Ar 63.6	±	3.2 17
M-120 NR Milpillas Quartz	monzonite	porphyry Zircon U/Pb 63.9	±	2.0 18
M-098 NR Milpillas Molybdenite Molybdenite Re/Os 63.1	±	0.3 18
(10)	M-120 NR Milpillas Molybdenite Molybdenite Re/Os 63.0	±	0.3 18
(11)	SO-25 487.55,	3094.65 Norte	San	Carlos Granodiorite Biotite K/Ar 81.1	±	2.8 19

Hornblende K/Ar 82.7	±	1.7 19
(12)	SO-59 502.50,	3121.3 R.El	Bayo,	Guaymas Granodiorite Biotite K/Ar 76.9	±	2.8 19
SO-59 502.50,	3121.3 R.El	Bayo,	Guaymas Granodiorite Zircon U/Pb 78	±	2 19
(22)	KI-12-46 365	796,	3247	634	 Bahía	Kino	–	Punta	Tepopa 	Tonalita Zircon U/Pb 69.4 20
(23)	KI-12-41 380	900,	3244	078 Bahía	Kino	–	Punta	Tepopa 	Tonalita Zircon U/Pb 72.0 20
(24)	KI-12-35 387	066,	3238	468 Bahía	Kino	–	Punta	Tepopa Granite Zircon U/Pb 75.9 20
(25)	KI-12-53 387	368,	3214	508 Bahía	Kino	–	Punta	Tepopa Tonalite Zircon U/Pb 70.8 20
(26)	KI-12-12 391	513,	3209	999 Bahía	Kino	–	Punta	Tepopa Granodiorite Zircon U/Pb 81.4 20
(27)	KI-03-15 408	084,	3202	328 Bahía	Kino	–	Punta	Tepopa Granodiorita Zircon U/Pb 90.1 20
(28)	KI-03-03 402	750,	3198	692 Bahía	Kino	–	Punta	Tepopa Granite Zircon U/Pb 74.0 20
(29)	KI-03-07 399	405,	3194	133 Bahía	Kino	–	Punta	Tepopa Granodiorite Zircon U/Pb 84.1 20

Table	4.	Compilation	of	published	radiometric	ages	for	Late	Cretaceous	igneous	rocks	in	Sonora,	Mexico.
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Sample Location Locality Rock Dated mineral Method Age Ref.

SO-51 643.90,	3142.50 5	km	NE	La	Dura Porphyrytic	dacite	 Feldspar K/Ar 62.5	±	1.5 4
SO-97 686.97,	3142.44 Santa	Ana,	Yécora Altered	andesite	 Plagioclase K/Ar 61.2	±	3.4 4
(13)	1 28o	20’,	109o	58’ 10	km	W	Suaqui Tuff Zircon U/Pb 90.1	±	0.7 10
(14)	2 28o	20’,	109o	48’ 10	km	E-SE	Suaqui Crystal	tuff Zircon U/Pb 89.0	±	0.8 10
(15)	3 28o	20’,	109o	46’ 10	km	E-SE	Suaqui Crystal	tuff	 Zircon U/Pb 70.2	±	0.6 10
(16)	4 28o	30’,	109o	38’ 10	km	NW	Onavas Crystal	tuff Zircon U/Pb 72.5	±	0.5 10
(17)	5 28o	30’,	109o	37’ 10	km	NW	Onavas Ignimbrite Zircon U/Pb 69.7	±	0.6 10
(18)	6 28o	30’,	109o	26’ 10	km	NE	Onavas Tuff Zircon U/Pb 72.6	±	0.8 10
(19)	NR NR Sierra	El	Chanate Andesite Hornblende Ar/Ar 71.6	±	0.7 12
(20)	NR NR Cananea La	Mesa	Fm NR K/Ar 67.4	±	3.4 13
(20)	NR NR Cananea La	Mesa	Fm Biotite Ar/Ar 69.0	±	0.2 14
(21)	S1G-5 28o	52’	20’’,	112o	01’	50’’ NW	Bahía	Kino Hornblende	andesite	 Hornblende K/Ar 85.1	±	1.7 16
S0K-276 29o	54’	55’’,	112o	54’	55’’ N	Puerto	Libertad Dacitic	porphyry	 Biotite K/Ar 63.9	±	2.0 16
CR	I	25 NR 4.5	km	SE	Arivechi Andesite Whole	rock	 K/Ar 65.7	±	3.3 17
CR	I	25 NR 4.5	km	SE	Arivechi Andesite Whole	rock	 K/Ar 65.9	±	3.3 17
CRM	0 NR 4	km	SE	Arivechi Andesite Whole	rock	 K/Ar 73.8	±	3.7 17
CRM	0 NR 4	km	SE	Arivechi Andesite Whole	rock K/Ar 74.6	±	3.7 17
A-1 NR La	Caridad Andesite Zircon U/Pb 64.2	±	2.5 18

References:	1.	Damon	et al.	(1983a,	1983b,	1986);	2.	McDowell	(in	Bockoven,	1980);	3.	Mc	Dowell	and	Roldán-Quintana	(1993	9;	4.	McDowell	(in	
Roldán-Quintana,	2002);	5.	Damon	et al.	(1983);	6.	Anderson	et al.	(1980);	7.	Poole	et al.	(1991);	8.	Schaaf	et al.	(1999);	9.	Mead	et al.	(1988);	10.	Mc	
Dowell	et al.	(2001),	11.	González-León	et al.	(2000);	12.	Jacques-Ayala	et al.	(1993);	13.	Meinert	(1982);	14.	Wodzicki	(1995);	15.	Anderson	and	Silver	
(1977);	16.	Gastil	and	Krummenacher	(1977);	17.	Pubellier	et al.	(1995);	18.	Valencia-Gómez	(2005);	19.	Mora-Alvarez	and	McDowell	(2000);	20.	Ramos-
Velázquez	et al.	(2008).	Note:	Coordinates	in	location	as	they	are	reported	in	the	references.	Numbers	in	italics	are	refered	to	the	text	and	Figure	9.

Table	4.	(Continued).

Moreno	et al.,	2001,	2003;	Roldán-Quintana,	2002)	have	
pointed	out	the	calc-alkaline	nature	of	the	Sonoran	batholith.	
In	general,	the	rocks	of	the	Sonoran	batholith	have	higher	
Y	and	YbN	values	than	the	Bacanora	batholith	and	the	San	
Lucas porphyry, and plot mainly in the island arcs fields 
of	the	Drummond	and	Defand	(1990)	and	Martin	(1987)	
diagrams.	The	HREE	values	of	the	Sonoran	batholith	are	
less	depleted	compared	to	the	analysis	reported	here	for	
the	Bacanora	batholith	and	the	San	Lucas	porphyry	(Figure	
7).	The	Sr	isotopic	data	indicate	87Sr/86Sr	ratios	higher	
than	0.707	for	the	northern	and	central	Sonora	granitoids	
(Damon	et al.,	1983b;	Valencia-Moreno	et al.,	1999,	2001),	
which have been interpreted as reflecting a continental crust 
contribution	to	the	magmas	(Valencia-Moreno	et al,	2001).	

	The	intrusive	rocks	of	the	Sierra	Santo	Niño	(Bacanora	
batholith	and	San	Lucas	porphyry)	have	an	adakitic	signa-
ture	and	hence	were	probably	generated	by	the	partial	
melting	of	an	eclogitic	oceanic	slab	with	garnet	+	amphi-
bole	in	the	restite.	This	melt	may	have	reacted	with	the	
overlying	peridotitic	mantle	wedge	to	produce	the	Cr	and	
Ni	anomalies	observed	in	granitoid	rocks	and	at	the	La	
Esperanza	skarn	deposits	(Pérez-Segura	et al.,	2004).	Other	
adakitic	intrusive	rocks	that	have	been	described	in	México	
include	the	Paleocene	intrusions	reported	in	Mezcala,	
Guerrero	(González-Partida	et al.,	2003a,	2003b).	Tullock	
and	Krimbrough	(2003)	have	also	proposed	a	“high	Sr/Y	
plutonic	magmatism”,	which	could	be	look	like	adakites	in	
Baja	California	(La	Posta	suite),	composed	of	hornblende	
+	biotite	bearing	granitoids	with	ages	between	99	and	92	
Ma	(Ar/Ar).

Defant	and	Drummond	(1990)	and	Drummond	and	
Defant	(1990)	proposed	that	adakitic	magma	formation	
requires	the	subduction	of	a	young	(<25	Ma)	and	hot	oce-
anic crust, which does not fit in early Laramide geodynamic 
setting	for	this	portion	of	North	America.	In	contrast,	some	
authors	(Maury	et al.,	1996)	have	indicated	that	adakites	
can	be	considered	as	geodynamic	markers	for	the	interaction	
of	young	oceanic	crust	subducted	underneath	a	continental	
plate.	Thus,	adakites	appear	to	be	linked	to	the	beginning	
of	subduction	or,	in	particular,	oblique	subduction	proc-
esses	involving	old	crust	(Maury	et al.,	1996;	Martin	et 
al.,	2005).	On	a	global	scale,	there	is	a	close	relationship	
between	low	angle	subducting	slabs	and	the	production	of	
adakitic	magmas	(González-Partida	et al.,	2003a),	in	the	
same	way	that	a	low	angle	subducting	slab	allows	for	an	
important modification in the thermal structure of the mantle 
wedge	(González-Partida	et al.,	2003a).	The	adakite	melt	
forms	proximal	to	the	edges	of	a	subduction	slab	at	depths	
of	25–90	km	(Thorkelson	and	Breitsprecher,	2005),	and	
adakitic	magmas	are	more	likely	to	trigger	hydrothermal	
convection	cells	more	easily	than	other	types	of	magmas.	

In	Mexico,	the	Laramide	orogeny	was	the	conse-
quence	of	a	low	angle	and	high	speed	subduction	processes	
between	the	Farallon	and	the	North	America	plates	in	Late	
Cretaceous	-	early	Tertiary	interval	(Damon	et al.,	1981,	
1983a,	1983b,).	The	relative	changes	between	the	Farallon	
and	the	North	America	plates	that	took	place	during	the	
Late	Cretaceous	(Atwater,	1989),	induced	an	inboard	arc	
migration,	caused	by	the	shallowing	of	the	subducting	slab.	
The	presence	of	adakitic	rocks	of	~90	Ma	in	east-central	
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Figure	9.	Selected	ages	older	than	62	Ma	for	Late	Cretaceous	igneous	rocks	in	Sonora,	and	outcrop	distribution	of	the	Sonoran	batholith.	C:	Cananea,	
B:	Bacanora,	G:	Guaymas,	H:	Hermosillo.

Sonora,	more	than	200	km	inland	from	the	paleosubduction	
zone,	has	the	following	possible	implications:	

1)	Although	not	completely	understood,	factors	such	
as	the	trench	length	(>6000	km)	and	the	plate	width	beneath	
the	continent	(>400	km)	could	have	provided	heterogeneous	
thermal	conditions	appropriate	for	the	generation	of	magmas	
by	partial	melting.	

2)	Geometry	of	the	Laramide	magmatic	belt	during	
the	Late	Cretaceous	was	different	from	its	traditionally	
generally	accepted	interpretation	and,	therefore,	subduc-
tion	was	not	parallel	to	the	present	northwestern	coast	of	
Mexico,	but	oblique.	

3)	Localized	adakitic	magmatism	was	not	generated	
from	melting	from	the	Farallon	oceanic	plate,	but	from	the	
remnants	of	the	Mezcalera	plate	that	was	present	beneath	
the	continental	crust,	shortly	after	the	Guerrero	terrane	ac-
cretion	(Dickinson	and	Lawton,	2001).

The	most	important	mineralization	period	in	Sonora	
produced	several	porphyry	copper	and	skarn	deposits	mainly	
during	a	period	of	~10	m.y.,	between	60	and	50	Ma	(Clark	
et al.,	1982;	Damon	et al.,	1983a;	Staude	and	Barton,	2001;	
Barra	et al.,	2005).	This	mineralization	is	linked	to	calc-al-
kaline	magmatism.	Our	study	shows	that	magmatism	with	

an	adakitic	signature	occurred	around	90	Ma.	It	appears	
that	this	magmatism	also	generated	skarn	mineralization	
with	a	Cu-Zn-Ni-Co	paragenesis,	in	the	contact	between	the	
San	Lucas	porphyry	and	carbonate	Paleozoic	rocks,	which	
has	not	been	previously	recognized	in	Sonora.	Therefore,	
our	study	opens	new	potential	opportunities	for	strategic	
mineral	exploration.	
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