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A B S T R A C T

Permo-Triassic granitoids (PTGs) (284–224 Ma) crop out in Sierra Los Tanques (SLT) and surrounding areas in
NW Sonora, Mexico. Based on mineralogical and geochemical characteristics, the PTGs are subdivided into three
main suites: melanocratic (MS), leucocratic (LS) and pegmatitic-aplitic (PAS) suites. MS has I-type signatures
(mostly metaluminous: biotite and hornblende), while LS is weakly peraluminous with biotite, muscovite, and
garnet. PAS is composed of garnet-bearing pegmatite-aplite dikes of Permo-Triassic age. MS is slightly older than
LS based upon field relations and age dating. PAS cut both granitoid suites and local Paleoproterozoic banded
gneisses. PTGs are petrologically and geochemically classified as granodiorites, granites, and quartz monzonites,
with medium-to high-K calc-alkaline affinity, and volcanic-arc granite (VAG) signatures. The enrichment in LILE
(such as K, Rb, Ba, Sr, and Pb) and LREE over HFSE and HREE, respectively, together with negative Nb, Ta, P, and
Ti anomalies, suggest derivation from a crustal source in a continental arc setting. Trace-element ratios of Ba/
Ta≫1000, Th/Yb > 1, and Th/Ta>6–20 also support a setting in an active continental margin. All these geo-
chemical features imply that crustal assimilation did play a major role in magma genesis. Crustal contamination
is supported by field evidence, including xenoliths, stoped blocks, and roof pendants of Proterozoic basement
rocks (Yavapai-type? crust). We propose that the PTGs from NW Sonora formed in a continental arc setting likely
derived from the heat-fluxed melting of crustal material induced by mafic (basaltic?) underplating, thus the PTGs
record the initiation of subduction and the generation of the early magmas in the nascent Late Paleozoic
Cordilleran arc in SW Laurentia.

1. Introduction

Permo-Triassic granitoids (PTGs) are exposed in northwestern Mex-
ico (284–224 Ma), and have been considered part of a nascent
Cordilleran magmatic arc of Late Paleozoic age (Arvizu et al., 2009a;

Arvizu and Iriondo, 2015) that extends from southwestern North Amer-
ica, across Mexico and Guatemala, and into northwestern South Amer-
ica (SW USA, e.g., Barth et al., 2000, 2001; Barth and Wooden, 2006;
Cecil et al., 2019; Mexico and Guatemala, e.g., Torres et al., 1999;
Solari et al., 2001, 2009, 2010; Dickinson and Lawton 2001; Weber et
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al., 2005; Kirsch et al., 2012; Ortega-Obregón et al., 2014; Sarmiento-
Villagrana et al., 2016; Coombs et al., 2020; NW South Amer-
ica–Colombia, Venezuela, and Ecuador, e.g., Viscarret et al., 2009;
Cardona et al., 2010; Cochrane et al., 2014; Spikings et al., 2015; Van
der Lelij et al., 2016; Rodríguez et al., 2017; Bustamante et al., 2017;
Paul et al., 2018; Spikings and Paul, 2019; Piraquive et al., 2021a, b).

During Late Paleozoic time the southwestern margin of Laurentia
underwent a tectonic transition from a northeast-southwest-trending
passive margin, as evidenced by sedimentary records (e.g., Burchfiel
and Davis, 1972), to an active subduction margin established along a
reoriented northwest-southeast-trending continental margin (e.g.,
Stevens et al., 2005). Initiation of the Cordilleran magmatic arc in
southwestern Laurentia is marked by intrusion of plutons along the
west coast of North America during Permo-Triassic time (e.g., Barth et
al., 1997; Barth and Wooden, 2006 and references therein; Arvizu et al.,
2009a; Arvizu and Iriondo, 2015; Cecil et al., 2019). The northwest-
southeast trending belt of Permo-Triassic plutons cuts across both the
crystalline Proterozoic crust and the supracrustal depositional se-
quences of mostly Paleozoic age (Barth et al., 1990, 1997; Busby-Spera
et al., 1990; Saleeby and Busby-Spera, 1992). The Cordilleran mag-
matic arc forms a southeast-trending belt extending from southern Cali-
fornia and western Arizona (Miller et al., 1995; Barth et al., 1997; Cecil
et al., 2019) through south-central Arizona and into northwestern and
southern Sonora (e.g., Stewart et al., 1986; Riggs et al., 2003; Keppie et
al., 2006; Arvizu et al., 2009a; Vega-Granillo et al., 2013; Arvizu and
Iriondo, 2015; Sarmiento-Villagrana et al., 2016, 2018) and reappear-
ing in NE Mexico (Coombs et al., 2020) and southern Mexico and
Guatelama (e.g., Weber et al., 2005; Solari et al., 2009, 2010; Kirsch et
al., 2012; Ortega-Obregón et al., 2014), to finally be found in NW South
America (Colombia, Venezuela, and Ecuador; e.g., Spiking and Van der
Lelij, 2022 and references therein).

Plutons in southwestern United States have ages between ca.
275–207 Ma, mostly Triassic in age, and show geochemical signatures
related to subduction (e.g., Barth and Wooden, 2006 and references
therein; Cecil et al., 2019). Plutons of the northern part of this belt in-
truded accreted oceanic terranes (Barth et al., 2011; Cecil et al., 2019),
while further to the south in this belt Permo-Triassic plutons intruded
the southwestern Laurentian craton and were emplaced into Protero-
zoic crust and its Paleozoic cratonal meta-sedimentary cover (e.g.,
Barth et al., 2000, 2001; Coleman et al., 2002; Arvizu et al., 2009b;
Arvizu and Iriondo, 2015).

The PTGs (ca. 284–224 Ma) found in NW Sonora, Mexico (e.g.,
Arvizu et al., 2009a; Arvizu and Iriondo, 2015 and references therein)
intruded Paleoproterozoic basement rocks (ca. 1.84–1.66 Ga) of SW
Laurentia (Yavapai-type? crust) (Iriondo and Premo, 2011). Triassic
plutonic rocks have also been documented in southern Sonora in the
Sonobari Complex (ca. 249–203 Ma; Keppie et al., 2006; Sarmiento-
Villagrana et al., 2016), which intrude Paleozoic metasedimentary
rocks (Vega-Granillo et al., 2013; Sarmiento-Villagrana et al., 2016),
extending this magmatic activity through the boundary between
Sonora and Sinaloa states in NW Mexico. More recently, Coombs et al.
(2020) proposed the presence of two age-distinct suites of plutonic
rocks in NE Mexico; an older one between 294 and 274 Ma, supposedly
related to arc magmatism associated with south-dipping subduction of
oceanic crust underneath crust of Peri-Gondwana terranes (closing of
the Rheic ocean), and a slightly younger pulse between 263 and
243 Ma, that they interpret as postcollisional magmatism (crustal ana-
texis) resulting after the diachronous collision of Laurentia and Gond-
wana to complete the final assembly of Pangea.

Extensive U–Pb zircon geochronology has provided the timing of the
PTGs in NW Sonora (284–224 Ma; Arvizu and Iriondo, 2015) and else-
where in the North America Cordillera. However, the petrogenesis of
the PTGs in NW Sonora has not been elucidated in part due to limited
rock exposures. In this paper, we present the first comprehensive geo-
chemical study with the aim of shedding light on their origin and tec-

tonic setting by presenting a set of major and trace element whole-rock
geochemistry analyses of a well age-constrained group of PTGs. One of
the main conclusions of this research is that the PTGs could have been
generated by heat-fluxed melting of crustal material, induced by under-
plating of mafic (basaltic?) magmas derived from the lithospheric man-
tle wedge driven by subduction initiation of the Paleo-Pacific Plate be-
neath SW Laurentia margin during the Permo-Triassic time.

2. Previous geological studies in Permo-Triassic magmatism

2.1. Geochronology

Sierra Los Tanques (SLT) represents one of the largest outcrops of
Permo-Triassic granitoids (PTGs) found in NW Mexico (Fig. 1a), and
constitutes an interesting locality due to the occurrence of the youngest
rocks of this magmatic activity with an age range extending throughout
much of the Late Triassic (middle Norian, ca. 224 Ma), compared to the
overall older arc plutons located further south in the Sierra San Fran-
cisco and Sierra Pinta with ages as old as 284 Ma and 275 Ma, respec-
tively (Early to Middle Permian) (Table 1 and Fig. 2; Arvizu et al.,
2009a; Velázquez-Santelíz, 2014; Arvizu and Iriondo, 2015; García-
Flores, 2017). The main lithological unit in SLT corresponds to a set of
granitoids of Permo-Triassic age (ca. 267–224 Ma; Fig. 2; Arvizu and
Iriondo, 2015; García-Flores, 2017). The predominant lithologies in-
clude granodiorites and granites, followed by quartz monzonites (Table
1). PTGs are grouped into three lithologic suites according to their color
index (Streckeisen, 1973, 1976; Le Maître et al., 2002): (1) melano-
cratic (MS), (2) leucocratic (LS), and (3) pegmatitic-aplitic (PAS) suites.

PTGs from Sierra Los Tanques, Sierra Pinta, and Sierra San Fran-
cisco in NW Sonora contain a large variety of rock assemblages with
crystallization ages ranging from ca. 284 to 224 Ma (Artin-
skian–Norian) (Figs. 2 and 3a). The regional intrusive relations, sup-
ported by our field observations between the three granitoid suites, in-

Fig. 1. (a) Lithologic map of northwestern Sonora and southwestern Arizona
modified from Arvizu and Iriondo (2015) showing mountain ranges with
Permo-Triassic granitoids discussed in the text (dark purple) and showing a
tentative distribution of Paleoproterozoic basement provinces (Mojave, Yava-
pai and Mazatzal). (b) Inset: Paleoproterozoic basement provinces in SW Lau-
rentia after Iriondo and Premo (2011) including rock outcrops (black) and the
tentative Nd (red-dotted lines) and geochemical (green-dotted line) limits/
boundaries among the provinces as defined in Iriondo et al. (2004). Abbrevia-
tions: MGSZ: Moore Gulch Shear Zone, LV: Las Vegas, LA: Los Angeles, SD:
San Diego, PHX: Phoenix, TUC: Tucson, HER: Hermosillo. (For interpretation
of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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Table 1
Sample location, classification, mineral assemblages, and U–Pb zircon ages for Permo-Triassic granitoids (PTGs) in Sierra Los Tanques (SLT) and adjacent areas in
NW Sonora, Mexico.
Sample Lat. (°N)a Long.

(°W)a
Rock type Major minerals Minor minerals Accessory minerals Suite U–Pb age

(Ma)

Sierra Los Tanques (Arvizu and Iriondo, 2015)
TANW09-

06
31°55′59″ 113°09′33″ Biotite granodiorite Pl + Kfs + Qtz + Bt Ep Ttn + Ap + Zrn + Opaq Melanocratic 257 ± 5b

GneisSur-
1

31°46′11″ 113°03′10″ Gneiss Qtz + Kfs + Pl + Bt Ms + Ep + Chl Ap + Zrn + Opaq Leucocratic 255 ± 3b

CG09-10 31°56′44″ 113°10′30″ Biotite monzogranite Pl + Kfs + Qtz + Bt Ep Ttn + Ap + Zrn + Opaq Melanocratic 254 ± 3b

TANSE09-
01

31°46′14″ 113°00′49″ Garnet-bearing
leucocratic biotite-
granodiorite (aplite)

Pl + Qtz + Kfs + Bt + Grt N.A. Ap + Zrn + Opaq Leucocratic 254 ± 2b

TANSE-09 31°49′33″ 112°58′21″ Leucocratic biotite-
granodiorite

Pl + Qtz + Kfs + Bt N.A. Ttn + Ap + Zrn + Opaq Leucocratic 252 ± 3b

GranCen-3 31°48′46″ 113°07′51″ Two-mica leucocratic
granodiorite

Pl + Qtz + Kfs + Bt + Ms N.A. Ap + Zrn + Opaq Leucocratic 252 ± 2b

MICRO-3 31°56′35″ 113°08′52″ Biotite quartz-
monzodiorite

Pl + Kfs + Qtz + Bt Ep Ttn + Ap + Zrn + Opaq Melanocratic 243 ± 2b

GranCen-5 31°52′52″ 113°08′58″ Leucocratic biotite-
granodiorite

Pl + Qtz + Kfs + Bt N.A. Ap + Zrn + Opaq Melanocratic 240 ± 3b

TANW09-
01

31°54′58″ 113°09′30″ Two-mica leucocratic
granodiorite

Pl + Qtz + Kfs + Bt + Ms Ms Ap + Zrn + Opaq Leucocratic 238 ± 1b

TANC09-
04

31°48′10″ 113°06′41″ Leucocratic biotite-
granodiorite

Pl + Qtz + Kfs + Bt Ms + Ep Ap + Zrn + Opaq Leucocratic 231 ± 1b

LeucoCen-
1

31°54′10″ 113°08′47″ Biotite granodiorite Pl + Qtz + Kfs + Bt + Grt Ms + Chl Ap + Zrn + Opaq Leucocratic 226 ± 5b

GranCen-4 31°49′43″ 113°06′25″ Two-mica leucocratic
granodiorite

Pl + Qtz + Kfs + Bt + Ms Ep Ap + Zrn + Opaq Leucocratic 224 ± 3b

Sierra Pinta (Arvizu et al., 2009a)
PIN-07-1 31°27′46″ 113°10′05″ Hornblende quartz-

monzodiorite
Pl + Kfs + Qtz + Hbl Bt + Ms + Ser + Ep + Chl Ttn + Ap + Zrn + Opaq Melanocratic 275 ± 4c

PIN-07-10 31°24′34″ 113°07′28″ Two-mica
granodiorite

Qtz + Kfs + Pl + Bt + Ms Ser Ttn + Ap + Zrn + Opaq Melanocratic 271 ± 3c

PIN-07-12 31°24′26″ 113°07′17″ Muscovite
monzogranite

Qtz + Kfs + Ms + Pl Chl + Ser Ttn + Zrn + Opaq Leucocratic 266 ± 3c

PIN-07-15 31°27′05″ 113°10′46″ Two-mica
monzogranite

Qtz + Kfs + Bt + Ms Pl + Ep + Chl Zrn + Opaq Leucocratic 265 ± 3c

PIN-07-2 31°22′50″ 113°08′24″ Muscovite
monzogranite

Qtz + Kfs + Ms + Pl Bt + Ser Ttn + Zrn + Opaq Leucocratic 259 ± 3c

PIN-07-4 31°23′31″ 113°08′56″ Hornblende-biotite
granodiorite

Pl + Qtz + Hbl + Bt Ep + Ser Zrn + Ttn + Ap + Opaq Melanocratic 258 ± 3c

Sierra Los Tanques (García-Flores, 2017)
TANSE09-

17
31°47′19″ 112°57′58″ Quartz-monzodiorite Pl + Kfs + Qtz + Bt + Hbl Chl Ttn + Ap + Zrn + Opaq Melanocratic 267 ± 2d

R-8 Km14 31°47′50″ 112°58′46″ Quartz-monzodiorite Pl + Kfs + Qtz N.A. Ttn + Ap + Zrn + Opaq Melanocratic 266 ± 5e

CBNE09-
28

31°49′32′ 112°58′16″ Leucocratic
Granodiorite

N.A. N.A. N.A. Leucocratic 263 ± 10d

TANSE09-
18

31°47′20″ 112°57′56″ Monzogranite
(pegmatite)

Pl + Qtz + Kfs + Bt + Grt Ms Ap + Zrn + Opaq Pegmatite-
Aplite

261 ± 2d

STAN09-
04

31°47′27″ 112°57′38″ Monzogranite
(pegmatite)

Kfs + Pl + Qtz + Ms + Bt N.A. Ap + Zrn + Ttn + Opaq Pegmatite-
Aplite

261 ± 3d

STAN09-
02

31°47′27″ 112°57′32″ Granodiorite
(pegmatite)

Pl + Qtz + Kfs + Bt + Ms Ep + Chl + Ms Ap + Zrn + Opaq Pegmatite-
Aplite

258 ± 2d

STAN09-
03

31°47′27″ 112°57′37″ Quartz-syenite
(pegmatite)

Kfs + Pl + Qtz + Bt + Ms N.A. Ap + Zrn + Opaq Pegmatite-
Aplite

251 ± 3d

NEC09-50 31°54′49″ 113°05′13″ Fine-grained
leucocratic granite

N.A. N.A. N.A. Leucocratic 251 ± 8d

CMIC09-
23

31°48′31″ 112°57′14″ Granodiorite Pl + Qtz + Kfs + Bt Ep + Chl + Ms Ap + Zrn + Opaq Melanocratic 250 ± 8d

1/99d13 N.A. N.A. Quartz-monzodiorite Pl + Kfs + Qtz N.A. Ttn + Ap + Zrn + Opaq Melanocratic? N.A.
1/99d15A N.A. N.A. Granodiorite Pl + Qtz + Kfs N.A. Ap + Zrn + Opaq Melanocratic? N.A.
1/99d15B N.A. N.A. Granodiorite Pl + Qtz + Kfs N.A. Ap + Zrn + Opaq Melanocratic? N.A.
Sierra San Francisco (Velázquez-Santelíz, 2014)
FRANS03 31°33′09″ 113°03′42″ Granodiorite Qtz + Pl + Kfs + Bt Chl + Ser Ttn + Zrn + Opaq Melanocratic 284 ± 3f

SF09-05 31°40′29″ 113°07′47″ Muscovite
granodiorite
(pegmatite)

Qtz + Pl + Kfs + Ms + Bt Ser + Chl Zrn + Opaq Pegmatite-
Aplite

264 ± 1f

FRANS01 31°30′47″ 112°59′18″ Granodiorite Pl + Qtz + Kfs + Bt Chl + Ser Ttn + Zrn + Opaq Melanocratic 257 ± 17f

SF09-09 31°40′18″ 113°08′15″ Granodiorite
(pegmatite)

Qtz + Pl + Kfs + Ms + Bt Chl Zrn + Opaq Pegmatite-
Aplite

246 ± 1f

FRANS07 31°42′01″ 113°11′05″ Biotite granodiorite Pl + Qtz + Kfs + Bt + Hbl Ep + Ms + Chl Ttn + Ap + Zrn + Opaq Melanocratic 244 ± 1f

3



CO
RR

EC
TE

D
PR

OO
F

A. Iriondo et al. Applied Geochemistry xxx (xxxx) 105359

Note: Abbreviations: Ap = Apatite, Bt = Biotite, Chl = Chlorite, Ep = Epidote, Grt = Garnet, Hbl = Hornblende, Kfs = K-feldspar, Ms = Muscovite,
Opaq = Opaques, Pl = Plagioclase, Qtz = Quartz, Ser = Sericite, Ttn = Titanite, Zrn = Zircon.
N.A. = not available.

a Lat. = Latitude, Long. = Longitude. DATUM WGS84.
b 206 Pb/238U zircon ages by LA-ICPMS (Arvizu and Iriondo, 2015).
c 206 Pb/238U zircon ages by LA-MC-ICPMS (Arvizu et al., 2009a).
d 206 Pb/238U zircon ages by LA-ICPMS (García-Flores, 2017).
e 206 Pb/238U zircon age by SHRIMP-RG (García-Flores, 2017).
f 206 Pb/238U zircon ages by LA-ICPMS (Velázquez-Santelíz, 2014).

◀

Fig. 2. Age diagram for U–Pb zircon geochronology of 32 Permo-Triassic grani-
toids (PTGs) from Sierra Los Tanques, Sierra Pinta, and Sierra San Francisco in
NW Sonora, Mexico (age data from Table 1 and Arvizu and Iriondo, 2015).
Melanocratic suite (MS) depicted in blue bars; Leucocratic suite (LS) in orange
bars; Pegmatite-aplite suite (PAS) in yellow bars. Colored errors bars at 2
sigma. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

dicate that the MS is older than the LS, and both suites being cut by the
PAS (e.g., Fig. 4). This field evidence is supported by U–Pb zircon ages
but, occasionally, the ages overlap within analytical error (Table 1;
Arvizu and Iriondo, 2015; Velázquez-Santelíz, 2014; García-Flores,
2017). MS in the region is slightly older in all the study areas in NW
Sonora (ca. 284−240 Ma; Table 1) and it is always intruded by the
slightly younger LS granitoids (ca. 266–224 Ma). Rocks from both
suites are cut by cm-to m-scale dikes of pegmatites and aplites of
Permo-Triassic age (PAS; ca. 264–246 Ma; García-Flores, 2017), which
occasionally contain abundant garnet (e.g., Fig. 5l). It is important to
note that there is a group of 4 leucocratic granitoids in SLT that are sig-
nificantly younger (238–224 Ma) than the other samples from the LS.
PTGs intrude Paleoproterozoic quartz-feldspathic banded gneisses in
SLT (ca. 1.7–1.6 Ga; Arvizu-Gutiérrez, 2012; García-Flores, 2017), and
there are abundant enclaves derived from the Paleoproterozoic
gneisses. Exposures of Precambrian rocks also occur as roof pendants or

Fig. 3. Histogram and probability diagram of U–Pb zircon crystallization ages
for (a) Permo-Triassic granitoids (PTGs) from NW Sonora (Table 1; data com-
piled from Arvizu et al., 2009a; Velázquez-Santelíz, 2014; Arvizu and Iriondo,
2015; García-Flores, 2017). (b) Permo-Triassic plutonic rocks from the northern
Mojave Desert in California (Cecil et al., 2019) and (c) Permo-Triassic plutonic
rocks from northeastern Mexico (Coombs et al., 2020).
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Fig. 4. Photograph showing a representative outcrop in Sierra Los Tanques
with cross-cutting field relationships between the melanocratic (M) and leuco-
cratic (L) suites as well as pegmatite dikes (Peg) cutting throughout. It is evi-
dent that the quartz monzodiorite (M: intrusive with darker color) is cut by a
dike of leucocratic granodiorite (L: intrusive with lighter color). Both are
slightly foliated but occasionally the leucocratic granodiorite appears to cut the
fabric present in the quartz monzodiorite. Abundant pegmatite dikes (Peg) cross
cut the melanocratic and leucocratic units; sometimes pegmatite dikes intrude
along foliation of M and L. Nearby samples provide the following age constraint
for the different suites: quartz monzodiorite (M) at 267 ± 2 Ma (TANSE09-17);
leucocratic granodiorite (L) at 254 ± 2 Ma (TANSE09-01); quartz syenite peg-
matite (Peg) at 251 ± 3 Ma (STAN09-03). (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this ar-
ticle.)

as large stoped blocks and xenoliths throughout the entire region
(Arvizu-Gutiérrez, 2012; Arvizu and Iriondo, 2015).

2.2. Petrography

Detailed petrographic analysis of Permo-Triassic granitoids (PTGs)
are presented in Arvizu-Gutiérrez (2012) and Arvizu and Iriondo
(2015), but briefly, PTGs have phaneritic, locally porphyritic textures
(Fig. 5a and b). MS is coarse-to medium-grained and hypidiomorphic-
equigranular, containing the essential minerals plagioclase (45–55%),
alkali feldspar (20–30%), quartz (10–25%), biotite (10–15%), and
hornblende (<10%). Quartz grains are generally clustered between
plagioclase with micrographic texture and occasional granophyric in-
tergrowth. Plagioclase crystals show oscillatory zoning and sieve tex-
ture. Plagioclase also occurs as phenocrysts, which can reach 5 mm in
length, showing polysynthetic twinning (Fig. 5a), and containing abun-
dant inclusions of quartz and biotite. Mymerkitic texture occurs but is
not common. Alkali feldspar sometimes occurs as late intergrowth with
quartz (Fig. 5c). Occasionally, microcline is found and is partially re-
sorbed (Fig. 5b). Ferromagnesian minerals include hornblende (often
altered to chlorite and calcite) and biotite (altered to chlorite). Horn-
blende occurs as green crystals (Fig. 5d) and sometimes as dark brown
crystals (varying from Ti-rich brown to Ti-poor green), ranging from 1
to 3 mm and sometimes more than 4 mm in size. Biotite is common in
almost all samples and present brown and greenish yellowish
pleochroic colors (Fig. 5e). Accessory minerals include zircon, apatite,
titanite, and opaque minerals that are, most likely, iron oxides (Fig. 5k).

LS is coarse-to medium-grained and hypidiomorphic-equigranular,
with grain sizes mostly in the range of 1–4 mm; slightly finer for the
aplites and significantly larger for the pegmatites within the PAS. The
leucocratic rocks of both the LS and PAS are dominated by quartz
(30–55%), plagioclase (20–35%), K-feldspar (10–20%), biotite (<5%),
muscovite (3–5%), and sometimes garnet (up to 1–3%). Plagioclase is
mostly subhedral, and commonly shows polysynthetic twinning, locally
as phenocryst, up to 8 mm in size. Myrmerkite texture was found in
some samples. Sericite locally replaces plagioclase and/or K-feldspar
(Fig. 5f). Biotite occurs as brownish to yellowish flakes and is partially
replaced by chlorite in the groundmass (Fig. 5e and j). Muscovite occurs

as a primary igneous mineral or as a replacement mineral (often replac-
ing K-feldspar or plagioclase) (Fig. 5g and h). Garnet is mostly coarse-
grained and subhedral in hexagonal to irregular sections (Fig. 5l). Zir-
con, apatite, and opaques (iron oxides?), and to a lesser extend titanite,
occur as accessory minerals in these leucocratic rocks (suites LS and
PAS). Secondary minerals are present, mainly chlorite replacing biotite,
and epidote replacing orthoclase or plagioclase feldspars (Fig. 5i and j).

3. Geochemical analytical methods

Twenty-seven (27) samples of PTGs from Sierra Los Tanques (SLT)
were collected from relatively fresh, unaltered outcrops to undertake
whole-rock geochemical analyses. The samples were crushed in a steel
jaw crusher to ≤0.5 cm-size pieces. The crushed rock was quartered by
the manual cone and quartering method until an approximate volume
of 50 ml was obtained, which was finally pulverized in an agate mill for
the chemical analysis. Samples were processed at the Mineral Charac-
terization Laboratory (CarMINLab) at Centro de Geociencias (CGEO,
Universidad Nacional Autónoma de México–UNAM), Campus Ju-
riquilla, Querétaro.

Whole-rock samples were analyzed for major- and trace-element
compositions; the resulting geochemical data are given in Tables
SD1−SD6 in the Supplementary Data Materials section. Major elements
were analyzed on fused glass disks that were prepared by mixing thor-
oughly 0.8 g of sample powder with 7.2 g of Li2B4O7–LiBO2 flux in a
50:50 wt% mixture. Two drops of LiI (Lithium Iodide) solution in water
(250 g/l) were added to the mixture as a non-wetting agent (NWA). The
mixture was poured into a crucible made of 95% Platinum (PT)-5%
Gold (AU), and heated to 1050 °C in an automated system Claisse M4
developed by Corporation Scientifique Claisse Inc., and equipped with
three crucibles for simultaneous preparation of glass disks. The un-
known samples were analyzed at the Laboratorio Nacional de Geo-
química y Mineralogía–Instituto de Geología, UNAM (LANGEM-IGL-
UNAM) using a WD-XRF spectrometer ZSX Primus II developed by
Rigaku Corporation. The calibration curves were constructed with 18
geochemical reference samples following the procedure described by
Lozano and Bernal (2005). Trace element data were obtained using a
Thermo Series XII Q-ICPMS at the Laboratorio de Estudios Isotópicos
(LEI, CGEO, UNAM), following sample preparation and measurement
procedures described by Mori et al. (2007). Trace elements concentra-
tions in 4 samples were analyzed by INAA method (Instrumental Neu-
tron Activation Analysis) at the U.S. Geological Survey laboratories in
Denver, Colorado. Details of the INAA procedure may be found in
Budahn and Wandless (2002).

4. Geochemistry results

Plutonic rock classification diagrams based on modal mineralogy
(QAP; Streckeisen, 1976), and CIPW normative mineral parameters
(ANOR vs. Q’; Streckeisen and Le Maître, 1979), show that the majority
of PTGs fall in the fields for granodiorite, monzogranites and, to a lesser
extent, quartz monzodiorite (Fig. 6). Rock classification based on major
oxide geochemistry (De la Roche et al., 1980) also supports that the
main lithologies of the PTGs are granodiorites and monzo- and
syenogranites (Fig. 7a), and belong to the sub-alkaline series. Most of
the PTGs comprise a low to medium-K suite (Peccerillo and Taylor,
1976, modified by Le Maître et al., 2002, Fig. 7b), and have composi-
tions compatible with I-type granites with both metaluminous and per-
aluminous character (A/CNK <1.1; Chappell and White, 1974;
Barbarin, 1999) (Fig. 7c). In the MALI diagram (Frost et al., 2001, Fig.
7d), the MS span the calcic to alkalic-calcic fields, with the majority be-
ing alkalic–calcic, while the LS and PAS plot mainly in the calc-alkalic
field. On the Fe* index vs. SiO2 plot (Fig. 7e) most of the MS plot in the
ferroan series field, whereas the LS in most cases plot in the magnesian
field. PTGs have a wide range of silica contents spanning from 60.52 to
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Fig. 5. Photomicrographs showing textures and mineralogy of representative samples of Permo-Triassic granitoids from Sierra Los Tanques (source Arvizu-
Gutiérrez, 2012 and Arvizu and Iriondo, 2015). In (a), (b) and (c), representative textures seen in crossed polarized light (XPL). In (d) and (e), the dark min-
erals in the melanocratic suite of rocks include green hornblende and brown mica (biotite). (f) Sericite (or “white mica”) is a common alteration mineral for
both plagioclase and K-feldspar. In (g) and (h), muscovite crystals seen in plane polarized light (PPL) and XPL. This mineral commonly appears in the leuco-
cratic suite as a primary mineral in (g) (PPL), although in some cases it is altered to chlorite. In (i) and (j), some secondary minerals, such as the epidote seen
in XPL, are also present in granitoids, often chlorite replacing biotite, but saussurite (or epidote) is only formed through the alteration of Ca-plagioclase (i and
j). (k) Rhombic crystals of titanite with high relief seen in PPL. (l) Garnet crystals showing high reliefs seen in PPL. Amph = Amphibole, Bt = Biotite,
Ep = Epidote, Grt = Garnet, Kfs = K-Feldspar, Ms = Muscovite, Pl = Plagioclase, Qtz = Quartz, Ser = Sericite, Ttn = Titanite. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

76.73 wt percent (Fig. 7b–e). Harker diagrams for TiO2, Fe2O3, MnO
and CaO show a negative correlation with SiO2, whereas Al2O3, P2O5,
and to a lesser extent MgO, abundances decrease with increasing SiO2;
correlations are not observed for the K2O and Na2O oxides (Fig. 8). This
behavior is more accentuated in the MS.

Most trace elements plotted in Harker diagrams show negative or
slightly negative correlations with respect to silica (Zr, Hf, U, Th, and
Sr; Fig. 9), although some exhibit dispersion or remain constant without
defining a clear tendency (e.g., Ba and Rb); Pb shows a slightly positive
correlation. This scattered behavior is more accentuated in the LS and
PAS samples.

According to the tectono-magmatic discrimination diagram for
granitic rocks (Fig. 7f; Pearce et al., 1984), all the PTGs plot within the
volcanic-arc granite (VAG) field. Relatively low Rb/Zr ratios and Nb
concentrations further indicate a similarity to modern calc-alkaline
continental arcs (Brown et al., 1984), plotting mainly in the field of nor-
mal maturity conditions of subduction-related rocks (Fig. 7g).

The high concentration of PTGs dots in the Nb/Zr vs. Sm/Yb dia-
gram (He et al., 2010), coming mainly from Sierra Los Tanques, shows
that the MS suite was generated by higher degrees of melting and at

greater depth than the LS and PAS, where the PAS are the shallowest
(Fig. 7h).

Primitive mantle-normalized incompatible multi-element spider di-
agrams for all the PTGs exhibit generally parallel patterns (Fig. 10),
characterized by the enrichment of LILE such as Cs, Rb, Ba, K, Pb and
Sr, with respect to HFSE, and LREE in relation to HREE. Chondrite-
normalized REE distribution patterns for all the PTGs are plotted in Fig.
11. The MS exhibit moderately fractionated REE patterns
([La/Yb]N = 7.02–14.74; ΣREE = 25–220 ppm), flat heavy REE pat-
terns, and have slight negative or positive Eu anomalies (Eu/
Eu* = 0.77–1.64). The LS have strongly fractionated REE patterns
([La/Yb]N = 3.56–51.43; ΣREE = 13–231 ppm) with small to large
positive Eu anomalies (Eu/Eu* = 0.80–2.63). The PAS is characterized
by variably fractionated and unusual REE patterns
([La/Yb]N = 0.09–7.02), and have strong positive Eu anomalies (Eu/
Eu* = 4.41–21.47).
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Fig. 6. Rock classification diagrams for Permo-Triassic granitoids (PTGs) from Sierra Los Tanques, Sierra Pinta, and Sierra San Francisco in NW Sonora (original
point counting data from Arvizu-Gutiérrez, 2011). (a) modal mineralogy plotted in the QAP diagram of Streckeisen (1976). Q (quartz); A (feldspar); P (plagioclase).
Fields as follow: 1—quartzolite; 2—quartz-rich granitoid; 3—alkali feldspar granite; 4—syenogranite; 5—monzogranite; 6—granodiorite; 7—tonalite; 8—quartz al-
kali feldspar syenite; 9—quartz syenite; 10—quartz monzonite; 11—quartz monzodiorite/quartz monzogabbro; 12—quartz diorite; quartz gabbro; quartz
anorthosite; 13—alkali feldspar syenite; 14—syenite; 15—monzonite; 16—monzodiorite/monzogabbro; 17—diorite/gabbro/anorthosite. (b) CIPW normative min-
eral parameters: Q’ = 100*Q/(Q + Qr + Ab + An) vs. ANOR = 100*An/(Or + An) diagram of Streckeisen and Le Maître (1979). Fields: 2—quartz alkali feldspar
granite; 3a—syenogranite; 3b—monzogranite; 4—granodiorite; 5a—tonalite; 5b—tonalite; 6* = quartz alkali feldspar syenite; 7*—quartz syenite; 8*—quartz mon-
zonite; 9*—quartz monzodiorite (An<50); quartz monzogabbro (An>50); 10a*—quartz diorite (An<50); quartz gabbro (An>50); anorthosite; 10b*—quartz dior-
ite (An<50); quartz gabbro (An>50); anorthosite; 6—alkali felspar syenite; 7—syenite; 8—monzonite; 9—monzodiorite (An<50); monzogabbro (An>50);
10a—diorite (An<50); gabbro (An>50); 10b—diorite (An<50); gabbro (An<50). MS (melanocratic suite), LS (leucocratic suite), and PAS (pegmatitic-aplitic
suite).

5. Discussion

5.1. Geochemical signature and tectonic setting: evidence for continental
arc magmas and crustal assimilation/contamination

The enrichment in LILE and LREE relative to HFSE and HREE, par-
ticularly prominent negative anomalies for Nb, Ta, P and Ti of all the
PTGs suites (Figs. 10 and 11), confirms the arc-related origin and
strongly suggests that the PTGs are products of subduction-related mag-
mas (Pearce, 1983; Brown et al., 1984; Wilson, 1989). These features
lead to high Ba/Nb and Zr/Nb ratios, and low Ce/Pb ratios resembling
the values of typical rocks from a magmatic arc setting (Stern, 2002).
This setting is also supported by the Y vs. Nb tectonic diagram (Pearce
et al., 1984, Fig. 7f), where all the PTGs plot in the volcanic-arc granite
field (VAG). On the other hand, on the Rb/Zr vs. Nb diagram (Fig. 7g)
all the PTGs represent ‘the N-arc’– the normal continental arc granites
generated in a normal stage of subduction (according to Brown et al.,
1984). However, certain elemental ratios suggest the role of crustal as-
similation/contamination. Most of the PTGs have La/Nb ratios >0.5
varying between 1.2 and 4.7 for the MS, and higher values between 0.5
and 15.6 for the LS, with much lower values for the PAS (0.1–0.8).
These values suggest that the PTGs magmas have been modified by var-
ious degrees of crustal assimilation during ascent or perhaps due to an
extended residence time in the continental crust (e.g., Salter and
Stracke, 2004). In addition, incompatible trace elements are also con-
sidered to determine crustal contamination. Most of the PTGs plot in-
side the active continental margin field in the Ta/Yb vs. Th/Yb diagram
(Pearce, 1982, 1983, Fig. 12), indicating that their mantle source had
subduction influence and the resulting magmas were affected by signifi-
cant contamination with the lithosphere. Crustal assimilation/contami-
nation affects Th more than Ta and Yb, so the samples which have
crustal contamination show high Th/Yb values (Fig. 12; Moghazi, 2003;
Gourgaud and Vincent, 2004). Only two samples from this study plot in
the peraluminous field of the “S” type granites (Fig. 7c), with A/CNK >
1.1 (1.13 and 1.35), corresponding to the highest values in normative
corundum >1.0 (1.60 and 4.06, respectively, Tables SD3 and SD5), al-

though they are devoid of modal garnet (Table 1). Modal garnet ap-
pears only in 3 of the 27 samples studied in the NW Sonora PTGs, with
the lowest contents or without normative corundum and within the “I”
type granites field. Modal titanite (accessory minerals) is present in
most of the more differentiated MS and, also in the LS and PAS, al-
though in smaller amounts, which are granitoids of two-mica and mus-
covite. In studies carried out by Richard (1991) on two-mica leucocratic
granites in the Mazatán Metamorphic Core Complex from central
Sonora, it was shown that rocks of this nature, with the presence of ti-
tanite, are only the differentiated phases of calc-alkalic series and not
hyperaluminous rocks such as they were considered initially. Due to
these characteristics, and those previously stated, we can consider that
none of the studied PTGs from NW of Sonora meet the mineralogical
and geochemical characteristics to be considered true peraluminous
granitoids.

Lastly, in the MALI diagram of Frost et al. (2001) (Fig. 7d), the vast
majority of the PTGs plot in the field of “Cordilleran granites”, which
represent a field drawn after plotting ∼538 granitoid samples collected
along the North America Cordillera, and presenting a wide range of
ages, mostly Mesozoic, and with an ample range of silica contents. It is
important to point out that a significant number of MS samples from
NW Sonora plot above the field of “Cordilleran granites”, in the field of
alkalic-calcic compositions. However, a more recent geochemical data
set presented by Barth and Wooden (2006) on Early-Middle Triassic
granites (∼250–230 Ma), collected in the southwestern Mojave Desert
in California (pink field; Fig. 7d), requires to expand this field of gran-
ites to include more alkalic-calcic, and even alkalic compositions; there-
fore, the PTGs should be considered part of the “Cordilleran granites”
field in the MALI vs SiO2 space. Note that arc-related Permo-Triassic
plutonism (274–243 Ma) in the northern Mojave Desert in California
(green field; Fig. 7d; Cecil et al., 2019) presents calc-alkalic composi-
tions similar to many of the PTGs from NW Sonora.
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Fig. 7. Geochemical discrimination diagrams for Permo-Triassic granitoids (PTGs) from Sierra Los Tanques, Sierra Pinta, and Sierra San Francisco in NW Sonora. (a)
Geochemical classification and nomenclature diagram for plutonic rocks according to De la Roche et al. (1980). (b) Diagram of K2O vs. SiO2 by Peccerillo and Taylor
(1976) modified by Le Maître et al. (2002) showing the calc-alkaline magmatic series. (c) Plot of ASI versus silica (molecular ratio: Al2O3/(CaO + Na2O + K2O) or
ASI (Aluminum Saturation Index); A/CNK vs. SiO2 separating S-type granites (ASI>1.1) and I-type granites (ASI<1.1). (d) Plot of modified alkali-lime index
(MALI) ([Na2O + K2O–CaO]) against SiO2, showing the various chemical magma types defined by Frost et al. (2001). (e) Binary diagram of SiO2 vs.
FeOt/(FeOt + MgO) that discriminates between ferroan and magnesian magmatic series for granitoids according to Frost et al. (2001). (f) Tectonic discrimination
plot Y vs. Nb according to Pearce et al. (1984). VAG: Volcanic Arc Granites; WPG: Within-Plate Granites; ORG: Ocean Ridge Granites (g) Rb/Zr vs. Nb diagram to
determine the maturity of an arc (Brown et al., 1984). h). Nb/Zr vs. Sm/Yb diagram for the PTGs from NW Sonora. Vectors are after He et al. (2010). (For interpre-
tation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

5.2. The role of the Precambrian basement of NW Sonora: possible source
for the PTGs

Source material of granitoids is one of the main subjects in igneous
petrogenesis. Petrogenetic models for the origin of felsic arc magmas
fall into two broad categories: (1) felsic arc magmas are derived from
mafic (basaltic?) parent magmas by fractional crystallization or AFC
processes (e.g., Grove and Donnelly-Nolan, 1986; Bacon and Druitt,
1988), and (2) mafic (basaltic?) magmas provide heat for the partial
melting of crustal rocks (e.g., Roberts and Clemens, 1993; Tepper et al.,
1993). Regarding the granitoids of this study, relative depletion of Ta
and Nb (Brown et al., 1984), high concentration of LILE and LREE
(Brown et al., 1984), and low concentration of Ti and P (Taylor and
McLennan, 1985) are all typical criteria of rock generation from conti-
nental crustal materials (Chappell and White, 1992). Therefore, a de-
rivation from crustal source is evident. Source of heat for crustal melt-
ing probably was from mantle-derived magma, which formed from par-
tial melting of mantle wedge facilitated by dehydration of the sub-
ducted oceanic crust. Magmas generated in the mantle wedge must tra-
verse the thick layer of sialic and incompatible element-enriched crust
before reaching the surface. So, evident crustal assimilation can take
place at this stage and contributing to the observed petrological and
geochemical compositions of these granitoids.

Arvizu and Iriondo (2011, 2015) documented through cathodolu-
minescence images that Permo-Triassic zircons from PTGs from NW

Sonora have textures that reveal abundant inherited cores. Large intra-
sample εHf initial variations (−9.0 to −24.9) occurs in Permian grani-
toids from Sierra Pinta (Arvizu and Iriondo, 2011). Crustal melting
may partially resorb and fractionate Hf from the older inherited zircon
cores into the melt which crystallizes the zircon magmatic overgrowths
(Cochrane et al., 2014). Newly crystallized zircon rims would thus
record a locally mixed Hf isotopic signal, explaining the large spread in
εHf(t) zircon compositions within plutonic samples.

Permian granitoids from Sierra Pinta studied by Arvizu and Iriondo
(2011) show heterogenous zircon Hf-isotope compositions with nega-
tive εHf(t) values of −25 to −9 and Hf-crustal model ages (TCDM) of
1.59–2.39 Ga suggesting the involvement of local Proterozoic basement
rocks as magma sources. These Proterozoic rocks (ca. 1.7–1.6 Ga,
1.4 Ga, and 1.1 Ga; Iriondo et al., 2004, 2005; Nourse et al., 2005;
Izaguirre et al., 2008; Arvizu et al., 2009b; Iriondo and Premo, 2011;
Arvizu-Gutiérrez, 2012) crop out widely in SLT and surrounding re-
gions in NW Sonora, Mexico (Fig. 1a and b). Most of the PTGs from NW
Sonora contain abundant inherited zircons cores with ages varying in a
range between ∼1924 and 1071 Ma, with the principal age peaks at ca.
1.7–1.6 Ga, 1.4 Ga, and 1.1 Ga (Arvizu and Iriondo, 2015 and refer-
ences therein), suggesting partial melting and/or assimilation of Paleo-
proterozoic basement. Therefore, we suggest that Proterozoic quartz-
feldspathic gneisses and metasedimentary rocks are likely source mate-
rials of the precursor magmas that formed the Permo-Triassic grani-
toids (PTGs). We propose that the PTGs of NW Sonora formed in the
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Fig. 8. Harker type variation diagrams for Permo-Triassic granitoids from NW Sonora showing abundances of major oxides (in weight percent). Age ranges and
lithology types, for the different granitoid suites shown in (a), are from Arvizu and Iriondo (2015), and represent samples from Sierra Los Tanques, Sierra Pinta and
Sierra San Francisco in NW Sonora.

early stage of an active continental margin dominated by crustal pro-
toliths that underwent variable degrees of melting during increased
heat-flux driven by basaltic underplating, contributing to the distinct
geochemical compositions for the granitoids in NW Sonora.

5.3. Petrogenetic model for the PTGs of NW Sonora

Based on the geochemical data presented in this paper, together
with previous geochronologic and isotopic studies (Arvizu et al., 2009a;
Arvizu and Iriondo, 2011, 2015), we propose a tentative petrogenetic
model for the emplacement of the PTGs of NW Sonora, Mexico (Fig.
13). In Late Paleozoic time, the southwestern Laurentian continental
margin underwent a rearrangement of the margin's trend and a tectonic
transition from passive, with a northeast-southwest trend, to an active
subduction environment with a reoriented northwest-southeast-
trending continental margin. Subduction initiation, and the associated
continental magmatic arc, is indicated by the presence of Early Permian
through Late Triassic plutons along a NW-SE–trending belt. These plu-
tons were likely emplaced in a subduction-related compressional set-
ting (Fig. 13), possibly as roots of the magmatic arc beneath the Pro-
terozoic basement present in NW Sonora.

Proterozoic basement played a crucial role in the generation of the
PTGs in NW Sonora. Previous studies in NW Mexico proposed that Pale-
oproterozoic rocks, with Yavapai-crust characteristics, had been able to
act as a zone of crustal weakness (Paleoproterozoic sutures), so that the
first magmas, generated by subduction during the Permo-Triassic pe-
riod, rose, more easily, to the surface through these crustal discontinu-
ities (Figs. 1 and 13) (Iriondo and Premo, 2011). This crustal weakness
may have significantly conditioned the preferential location for the
magmatism and the formation of the PTGs in NW Sonora (Fig. 1a;
Sierra Blanca, Sierra San Francisco, Sierra Los Tanques, and Sierra
Pinta). However, we interpret that in Permian time, the continental
crust along the SW margin of Laurentia was thick, and primary magmas
were likely ponded at the base of the crust. Compressional regimes

commonly cause ponding of dense magmas at depth, whereas exten-
sion, or strike-slip motion, can provide conduits for the rapid ascent of
magma into the arc, which means that more mafic, less differentiated
magmas should reach surficial levels of the crust. Only during exten-
sional episodes are the more primary magmas likely to reach the sur-
face along faults or fault zones through a thinning crust in a continental
arc. The crust/mantle interface was an effective density trap (under-
plating), and a great deal of magma should have assimilated crust at
this level.

5.4. Timing of subduction initiation in different sectors of the Permo-
Triassic magmatic arc in the SW North America Cordillera

It would be expected that earliest eastward-dipping subduction of
the Paleo-Pacific oceanic plate would have started at different times
along different sectors of the SW North America Cordillera before be-
coming a more mature and widespread subduction system. In addition,
the resulting arc-related Permian granitoids would have formed after
magmas crossed different basements types (oceanic vs continental
crust) with different degrees of crustal assimilation/contamination.
However, what appears common for all the plutonic rocks in the differ-
ent sectors of the Cordilleran magmatic arc is their consistently similar
arc-related geochemical signature (e.g., Barth and Wooden, 2006; Cecil
et al., 2019; Coombs et al., 2020; this study).

There is still debate, but for the sector corresponding to the northern
Mojave Desert in California, where the oldest granitoids occurred at
∼275 Ma (Fig. 3b; Cecil et al., 2019), the basement that participated in
the magma genesis appears to be of oceanic affinity (accreted oceanic
terranes?) or just a transitional crust between oceanic to attenuated
continental lithosphere (e.g., Miller et al., 1995; Barth et al., 2011;
Cecil et al., 2019). Further to the south, in the southwestern Mojave
Desert sector in California, Triassic magmas (∼250–230 Ma) were em-
placed into SW Laurentian Proterozoic crust and its Paleozoic
supracrustal cover (e.g., Barth et al., 2000, 2001; Barth and Wooden,
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Fig. 9. Harker type variation diagrams for Permo-Triassic granitoids from NW Sonora showing abundances of trace elements (in ppm).

2006; Coleman et al., 2002), similarly to the Permo-Triassic granitoids
present in NW Mexico (Sonora) sector where magmas assimilated abun-
dant proportions of basement, more specifically from the Yavapai crust
(Arvizu et al., 2009b; Arvizu and Iriondo, 2015). The oldest crystalliza-
tion age obtained for Permian plutonic rocks in NW Sonora is 284 Ma
(Table 1; Fig. 3a; Arvizu et al., 2009b; Arvizu and Iriondo, 2015), repre-
senting the oldest plutonic age recorded in the region and that could be
connected to the onset of subduction for this sector of the Cordillera. In
fact, detrital zircons with U–Pb ages between ∼284 and 295 Ma (Artin-
skian-Sakmarian) are present in nearby Triassic siliciclastic sequences
filling sedimentary basins in southwestern USA, like the Chinle Forma-
tion and Dockum Group sandstones (e.g., Riggs et al., 1996, 2003; Fox
et al., 2005, 2006), and in sandstones from the Triassic El Antimonio
and Barranca Groups in northern Mexico (e.g., González-León et al.,
2009). These detrital igneous zircons suggest that subduction could
have initiated even earlier in this part of the Cordillera, but the actual
igneous rocks, that were sources of these detrital zircons, need to be
found in the region.

In the NE Mexico sector of the Cordillera, plutonic magmatism asso-
ciated with subduction should have started ∼263 Ma (Fig. 3c; Coombs

et al., 2020) and magmas assimilated crystalline basements of different
peri-Gondwana terranes, similarly to what it is proposed for sectors fur-
ther south in Mexico, and Guatemala, where Late Carboniferous-
Permian arc magmas (∼310–255 Ma) intruded Grenvillian-age Oaxaca
and Paleozoic Acatlán basement complexes (e.g., Weber et al., 2005;
Solari et al., 2009, 2010; Kirsch et al., 2012; Ortega-Obregón et al.,
2014).

Lastly, crust formed during the Sunsas orogeny, in connection to the
final assembly of Rodinia, of mostly Meso-to Neoproterozoic age, and
Ordovician Famatinian crust, participated in the magma genesis of sub-
duction-related Permian granitoids (∼288–253 Ma) in the Colombian
Cordillera sector. This is evidenced by the abundant presence of inher-
ited zircons (zircon cores) in Permian plutonic rocks dated in the Gua-
jira Peninsula, Sierra Nevada de Santa Marta, and in the central
Cordillera Central (e.g., Cardona et al., 2010; Cochrane et al., 2014;
Bustamante et al., 2017; Rodríguez et al., 2017; Piraquive et al., 2021a,
b). Other sectors of the Cordilleran arc that extend to other parts of
South America include Permo-Triassic arc-related magmas
(∼294–272 Ma) in Venezuela and Ecuador (e.g., Viscarret et al., 2009;
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Fig. 10. Multi-element diagram normalized to primitive mantle (Sun and McDonough, 1989) showing both the melanocratic suite (MS) and leucocratic suite (LS),
including the pegmatitic-aplitic suite (PAS) from Sierra Los Tanques and other localities in NW Sonora.

Fig. 11. Rare earth element diagrams (REE) normalized to chondrite (Sun and McDonough, 1989) for samples of PTGs from SLT and from other localities in NW
Sonora. MS (melanocratic suite), LS (leucocratic suite), and PAS (pegmatitic-aplitic suite).

Spikings et al., 2015; Van der Lelij et al., 2016; Paul et al., 2018;
Spikings and Paul, 2019).

6. Conclusions

Permo-Triassic granitoids (PTGs) (ca. 284–224 Ma) from NW
Sonora are calc-alkaline rocks and classified as volcanic arc granites
(VAG). The enrichment in crustal elements such as K, Rb, Ba, Sr, and Pb
(LILEs) and LREE with respect to the HFSEs and HREE, with pro-
nounced negative Nb, Ta, P, and Ti anomalies, suggest an arc-related
origin and provide clear evidence for crustal assimilation.

These highly fractionated chemical features, together with the pres-
ence of inherited zircon cores, confirm that the PTGs were likely de-

rived from the partial melting and/or assimilation of Paleo- and Meso-
proterozoic basement. This assimilation of crustal material was verified
from field evidence, with xenoliths, blocks, and roof pendants of Pro-
terozoic gneissic, meta-granitic, and metasedimentary rocks (Yavapai-
type? crust) present in the study area.

PTGs of NW Sonora represent the earliest arc-related magmatism in
the nascent active continental margin formed during the east to north-
eastward-directed subduction initiation of the Paleo-Pacific Plate be-
neath the North America craton during Permo-Triassic time. We sug-
gest that this tectonic event triggered the partial melting of the lithos-
pheric mantle and subsequently mafic (basaltic?) underplating oc-
curred at the base of the crust in a compressional setting, providing
enough heat-flux to melt crustal material of Precambrian age. This
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Fig. 12. Ta/Yb vs. Th/Yb plot showing the difference between magmas gen-
erated in different geodynamic environments. The vectors indicate the influ-
ence of the subduction components (S), intraplate enrichment (W), crustal
contamination (C) and fractional crystallization (F). The dotted lines separate
the boundaries of the tholeiitic (TH), calc-alkaline (CA), and shoshonitic (S)
fields, according to Pearce (1983). The inclined continuous lines reflect the
area occupied by magmas in equilibrium with the mantle. MS (melanocratic
suite), LS (leucocratic suite), and PAS (pegmatitic-aplitic suite).

process contributed to the distinct geochemical compositions for the
PTGs in NW Sonora, thus evolved isotopic and geochemical signatures
were recorded in the early Cordilleran arc magmatism along the SW
margin of Laurentia.
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