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We present major and trace element geochemical data fromwell-dated Oligocene–Miocene volcanic sections
in southern Sonora, Mexico (28°, 110°) that span the transition from subduction to oblique extension in the
proto-Gulf of California. The region of northwest Mexico including Sonora experienced this abrupt change in
tectonic setting ca. 15–12.5 Ma. Syn- and post-subduction calc-alkaline volcanic rocks erupted in Sonora all
have similar major and trace element signatures indicative of a continental arc setting. Post-subduction rocks
in Sonora document only a subtle change in the behavior of high field strength, large ion lithophile and rare
earth elements and a decrease in pre-eruptive water-content. The protracted geochemical changes in Sonora
suggest it took at least 4 m.y. to erase the subduction signature from the sub-arc mantle here. Therefore
Sonoran geochemistry is not consistent with the predictions of petrotectonic models and contrasts with
central and southern Baja where a rapid and distinct change in the composition of lavas erupted is reported
synchronous with the tectonic transition. This study exemplifies the need for caution when interpreting
geochemical data for tectonic information in the absence of plate reconstructions.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The use of petrochemistry to identify the tectonic setting in which
magmas were formed can be traced back to the work of Marshall (1912)
and Daly (1933) or in the modern era to the work of Chayes (1964) and
Pearce and Cann (1971, 1973). These authors demonstrated that the trace
element concentrations of basalts variedwith known tectonic settings and
could be used to identify paleotectonic environments. However, Pearce
and Cann acknowledged the need for greater understanding of trace
element partitioning and how it might have changed during Earth's
history. Since the 1970's our understanding of trace element partitioning
between liquids and solids of varying composition and during crystal-
lizationandmeltingprocesseshas increaseddramatically. Becauseof these
scientific advances, trace elements concentrations continue to be useful
petrotectonic indicators (e.g., Weigand et al., 2002; Kovács and Szabó,
2008), especially where tectonic plate reconstructions are not accessible.

Extensive work on the character of primary subduction zone lavas
generated by hydrous melting of the mantle wedge demonstrates they
are on average basaltic–andesitic and have trace element signatures
enriched in large ion lithophile elements (LILE) and depleted in high
field strength elements (HFSE) (Perfit et al.,1980;Gill,1981; Arculus and
Johnson, 1981; Dupuy et al., 1982; Pearce and Peate, 1995). Continental
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extension-related magmatism, generated by decompression melting of
the anhydrous asthenosphere, has a greater variability in composition.
Primarymelts are ingeneral similar to ocean islandbasalts (OIB) andcan
range from tholeiitic to alkaline olivine basalts. Extension-related
magmas often erupt in bimodal basaltic and rhyolitic suites when
involved in crustal anatexis (Christiansen and Lipman,1972). Extension-
related trace element signatures are distinguished from subduction-
related signatures by their lack of HFSE depletion. Therefore petrotec-
tonicmodelswould predict a corresponding change in the geochemistry
of the lavas, from high to low LILE /HFSE ratios, for a region that
experiences a change in tectonic setting from subduction to extension.

The Gulf Extensional Province (GEP) (Gastil et al., 1975) of north-
western Mexico is a structural province defined as the region of
extended continental crust in eastern Baja California, and the north-
westernpart ofmainlandMexico adjacent to theGulf of California (Stock
and Hodges, 1989). An extensive suite of volcanic rocks was erupted
within the GEP spanning the tectonic transition from subduction to
oblique extension along this portion of theNorthAmericanplatemargin
(Gastil et al.,1979;Hausback,1984;Oskin andStock, 2003;Mora-Klepeis
and McDowell, 2004). This suite of volcanic rocks, in conjunction with
thewell understood plate reconstructions for this region (Atwater,1970;
Atwater, 1989; Lonsdale, 1991, 2006), make it an ideal location for
determining if the geochemical response to a change in tectonic setting
from subduction to extension is similar to that expected according to
simple petrotectonic models. Many geochemical surveys of syn- and
post-subduction volcanism on the rifted Baja peninsula have examined
how the western segment of the GEP responded to the change in
tectonic setting. Similar to petrotectonic predictions, a systematic
change from typical arc-related calc-alkaline volcanism to a diverse
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suite of alkalic, tholeiitic, and high-Nb basaltic volcanism, in addition to
local adakite volcanism, is reported for central and southern Baja,
coincidentwith the change in tectonic setting from subduction to rifting
ca.12.5Ma (Gastil et al., 1979; Hausback,1984; Sawlan and Smith,1984;
Saunders et al., 1987; Bigioggero et al., 1995; Luhr et al., 1995; Negrete-
Aranda and Cañón-Tapia, 2008; Castillo, 2008). However little work has
been done in the eastern GEP in mainland Mexico to understand how
this region of thicker continental crust (Valencio-Moreno, 2001)
responded geochemically to the change in tectonic setting. Hence, this
study examines a suite of volcanic rocks from the eastern GEP that offer
excellent age and spatial control to test the resolutionof the geochemical
record in reproducing the tectonic and/or structural history of a region.
Herewewill show that there are only second-order changes in themajor
and trace element geochemistry of Sonoran volcanism during the
change from subduction to extension ca. 15–12.5 Ma, which is not
consistent with the predictions of petrotectonic models.

2. Tectonic and geologic background

The region of northwest Mexico now divided into the Baja
peninsula and Sonora, Mexico by the Gulf of California rift,
experienced subduction of the Farallon plate for most of the Tertiary.
The East Pacific Rise (EPR) entered the North American trench near
the latitude of present-day Los Angeles at ~25 Ma, creating the strike–
slip boundary between the North American and Pacific plates
(Atwater, 1970; Stock and Hodges, 1989). Continued subduction of
the EPR caused this strike–slip boundary to grow in length and the
cessation of the subduction zone west of Baja and Sonora to migrate
south from 25–15Ma (Dickinson and Snyder, 1979). Subduction of the
EPR ceased west of Baja between 15 and 12.5 Ma, triggering the
southward jump of the Rivera Triple Junction and the end of
subduction west of Baja and Sonora (Lonsdale, 1991, 2006). Reconfi-
guration of the North American–Pacific plate boundary during the
Miocene resulted in transfer of the Baja peninsula to the Pacific plate
and a change in plate motion vectors from convergence to oblique
divergence between 12.5 and ~6 Ma.

Magmatism related to subduction of the Farallon plate occurred in
Baja California and Sonora, Mexico from 100 to 45 Ma, followed by
widespread silicic magmatism in the Sierra Madre Occidental from 37
to 23 Ma (McDowell and Clabaugh, 1979). Magmatism evidently
swept westward through central and western Sonora to eastern Baja
from 26 to ~12 Ma, as it became more intermediate to mafic in
composition (Sawlan, 1991; Aranda-Gomez and McDowell, 1998;
Gans et al., 2006). This syn-subduction volcanism in Sonora was
diverse and diffuse, unlike a more linear Andean-type arc. Post-
subduction volcanism consisted of basaltic to rhyolitic volcanism,
which persisted in coastal Sonora until ~8 Ma and on Baja and Isla
Tiburon until ~6 Ma, synchronous with proto-Gulf deformation
(Gastil et al., 1999; Oskin and Stock, 2003; Gans et al., 2006).

Eastern Sonora records an episodic history of Eocene to mid-
Miocene volcanism, volcaniclastic sedimentation, and extensional
faulting, virtually all of which predates the tectonic transition from
subduction to oblique divergence (Gans, 1997; McDowell et al., 1997;
Wong and Gans, 2003; Gans et al., 2006; Wong and Gans, 2008)
(Fig. 1). Extension in eastern Sonora is therefore mainly “intra-arc” or
“back-arc.” The younger part of the volcanic record in eastern Sonora
(~22–15 Ma) overlaps in age with the oldest volcanism in coastal
Sonora, which facilitates a comparison of syn-subduction volcanism in
an E–W transect across Sonora. Coastal Sonora is characterized by
multiple NNW–SSE trending fault-bounded ranges that expose thick
(N1 km) Miocene volcanic sequences erupted both syn- and post-
subduction (Fig. 1). There is a conspicuous absence of volcanism in all
of southern Sonora between approximately 15 and 12.5 Ma. This
period of volcanic quiescence is coincident with the cessation of
subduction west of Baja based on plate reconstructions from
geomagnetic data. A more thorough discussion of the geology,
structure, geochronology and sedimentology of these regions of
Sonora can be found in associated studies (Gans, 1997; Blair and
Gans, 2003; MacMillan et al., 2003; Wong and Gans, 2003; Blair and
Gans, 2005; Herman and Gans, 2005; MacMillan et al., 2005; Gans
et al., 2006; Wong and Gans, 2008).

3. Methods

Because of the large geographic area covered by this geochemical
survey, our approach was to focus on regions where key ages of
volcanism were well represented, such as coastal Sonora, rather than
to equally sample all volcanic units in an E–Wtransect across southern
Sonora. Sampling is biased towardmore mafic units within all regions,
as these are less likely to be affected by significant crustal
contamination and crystal fractionation and more apt to reflect their
source composition. 108 major-oxide and 120 trace element analyses
were measured using X-ray fluorescence (XRF) and inductively
coupled plasma mass spectrometry (ICP-MS), respectively, at
Washington State University (Table 1; Suppl. Table S1). The 40Ar/
39Ar geochronology was completed at University of California, Santa
Barbara and electronmicroprobe analyses of phenocryst compositions
were conducted on the Jeol 733 Superprobe at the Massachusetts
Institute of Technology. 74 geochemical samples have been dated
directly and the remaining 46 samples have well-constrained ages
based on their stratigraphic position and correlation with dated
sections (Table 1). These dates represent only a subset of the
geochronology of these regions, as they bear directly on the
geochemical interpretation. Geologic mapping and detailed geochro-
nology of the individual regions within the study area will be
presented elsewhere. The period of volcanic quiescence between 15
and 12.5 Ma was punctuated by the eruption of two volumetrically
insignificant lava flows in southern Sonora, a dacite in Sierra Mazatan
at 14.21 Ma and a basalt in Sierra Libre at 13.0 Ma (Mora-Klepeis and
McDowell, 2004; Gans et al., 2006). The dacite has a trace element
signature characteristic of subduction-related volcanism, while the
basalt does not. We therefore, chose 14 Ma as the division between
syn- and post-subduction samples for comparison of major and trace
element compositions, although the entire period between 15 and
12.5 Ma is thought by the authors to represent the timing of
subduction cessation at the latitude of this study based on plate
reconstructions.

4. Geochemical results

Whole rock compositions range from calc-alkaline basalt to rhyolite
with no distinct changes after subduction ceased (Table 1; Fig. 2).
Samples older than 14 Ma exhibit a more homogeneous range of
compositions (49–67% SiO2) in part due to our sampling bias toward
more mafic volcanic rocks. Six andesite samples between 21 and 10 Ma
have characteristics of high Mg# andesites ((Mg/Mg+Fe)×100N0.45
and 54–65 wt.% SiO2: Kelemen et al., 2003).

MORB-normalized trace element plots of all andesites (53
samples) and basalts (20 samples) exhibit a typical continental arc
signature with the characteristic enrichment in LILE and depletion in
HFSE. Both the andesites and basalts have persistent arc-like trace
element signatures after subduction ceases (ca. 14 Ma). Detailed
examination of these signatures reveals the subduction-related LILE-
enrichments, for example Rb and Th in the basalts, do decrease from
~14 Ma until volcanism ceased at ~8 Ma (Fig. 3; Suppl. Table S1).
Similar to the change in LILE and HFSE, the rare earth elements (REE)
patterns of the basalts become progressively less fractionated after
subduction ceases (Fig. 4). These subtle changes in trace element
behavior can be further quantified with trace element ratios. Ba/Ta is
apt to reflect a fluid component from subducted oceanic crust and/or
sediments due to the solubility of Ba in aqueous fluids relative to Ta
(Spera et al., 2007). Ba/Ta values are similar during and after



Fig.1.Map of the Gulf Extensional Province and Sonora. Regions sampled in this study: Sahuaripa (SH), Santa Rosa (SR), Suaqui Grande (SG), SierraMazatan (MZ), Sierra Santa Ursula
(SSU), Sierra Libre (SL), Sierra El Aguaje (SA), and Guaymas. Also identified are Isla Tiburon (IT) and the Magdalena metamorphic core complex (MG). Modified from Gans (1997).
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subduction, although the maximum Ba/Ta values decrease substan-
tially after subduction ceases (Fig. 4). Dy/Yb ratios, which reflect the
fractionation of the middle and heavy REE, are also similar before and
after subduction but exhibit a decrease in maximum values after
subduction ceased (Fig. 4).

An independent method to identify differences between syn- and
post-subduction lavas is to evaluate their water content. We calculate
the pre-eruptive H2O-content of Sonoran lavas by simultaneous
solution of the olivine-liquid geothermometer and olivine–clinopyr-
oxene–plagioclase hygrometer of Sisson and Grove (1993). If syn-
subduction lavas are indeed the product of hydrous melting of the
mantle wedge during subduction, as indicated by their continental arc
trace element signatures, we expect them to have relatively high
water contents (N4 wt.%). If post-subduction lavas are the product of
anhydrous decompression melting of asthenospheric mantle, thenwe
expect them to be relatively water-poor. Alternately, if post-subduc-
tion lavas are the product of decompression melting or conductively
reheating mantle lithosphere previously modified by subduction-
related fluid or melt, we might expect them to exhibit intermediate to
low water contents (2–4 wt.%) due to the breakdown of residual
hydrous phases such as amphibole or phlogopite. Six mafic samples
(Mg#N0.5) ranging in age from26.4 to 8.9Mamultiply saturated with
olivine, clinopyroxene, and plagioclase were first chosen as a sample
set. The composition of the olivine phenocrysts were determined by
electron microprobe and used in conjunction with the whole rock
major and trace element analyses for thermometric and hygrometric
calculations (Suppl. Table S2). For the calculations, we assume a
pressure of 1 GPa and that whole rock compositions approximate
liquid compositions. We find a good correlation (R2=0.97) between
the calculated pre-eruptive H2O-content and temperature of crystal-
lization. The six test samples range in pre-eruptive H2O-content from
0.50 to 2.50 wt.% H2O (Fig. 5). This method was then applied to the 71
most mafic samples from Sonora that range in age from 28.3 to 8.9 Ma
and for which the composition of the liquidus olivine was calculated
assuming KD

Fe–Mg=0.29 as in Sisson and Grove (1993). These 71
samples also demonstrate a good correlation (R2=0.95) between the
calculated pre-eruptive H2O-content and temperature of crystal-
lization. Samples erupted during subduction (28.3–15 Ma) vary from
0 to 7.9 wt.% H2O (Fig. 5a). Samples erupted after 12.5 Ma show a
decline from 5.4 to 0 wt.% H2O over 3.5 m.y. When pre-eruptive H2O-
content is plotted against longitude, it is evident all the driest samples
(b2 wt.% H2O) erupted in the coastal region of Sonora (Fig. 5b).
5. Discussion

27–8 Ma mafic volcanic rocks erupted in southern Sonora overall
have typical arc signatures but reveal subtle changes in their trace
element concentrations after subduction ceases as demonstrated by
their spider patterns and trace element ratios. There is a distinct
decrease in the maximum value of chemical subduction indicators,
such as H2O-content, Ba/Ta, Dy/Yb, and Rb-content, when subduction
ceases for individual samples as well as the entire suite of mafic
samples (Figs. 4a, b and 5a). The simplest interpretation of these
observations and calculations is that the trace element abundances
and H2O-contents represent the abundance of metasomatized (slab
fluid- or melt-modified) peridotite in themantle at the time eachmelt
was formed. Minimum Nb and Ta values are similar to average MORB
values and therefore consistent withmodels attributing arc signatures
to the preferential enrichment and depletion of the LILE and HFSE,
respectively, in the mantle wedge by the addition of slab fluids or
melts. Work on Mt. Shasta andesites by Grove et al. (2002) suggests
LREE enrichments and Dy/Yb concentrations in rocks similar to
Sonoran syn-subduction andesites and basalts can be attributed to a
subduction-related fluid-rich component in the melting region.
Therefore the change over time in LREE, trace element ratios, and



Table 1
Major element geochemistry, age and location of all samples in this study. Errors on 40Ar/39Ar ages are 2σ. Ages in parenthesis are inferred based on stratigraphic position. XRF major
oxide chemistry is normalized to 100%.

Sample ID XRF ICPMS SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 40Ar/39Ar age Reference Easting Northing
(UTM) (UTM)

Santa Rosa
95SN-1 ⁎ ⁎ 60.13 0.955 17.15 6 0.106 2.81 6.15 3.79 2.51 0.403 99.61 17.45±0.10 Ma 1 670410 3148360
95SR-11 ⁎ ⁎ 54.57 1.309 17.73 8.34 0.138 3.72 8.09 3.53 1.94 0.628 99.19 26.40±0.50 Ma 1 680300 3157850
95SR-56 ⁎ – – – – – – – – – – – 22.60±0.30 Ma 1 680450 3159425
95SR-72 ⁎ ⁎ 54.29 1.284 17.51 8.34 0.138 4.6 8.02 3.39 1.82 0.613 99.19 26.40±0.50 Ma 1 682675 3157650
95SR-101 ⁎ ⁎ 56.12 1.223 17.12 7.45 0.116 4.48 7.04 3.67 2.31 0.48 98.97 18.00±0.40 Ma 1 669890 3134325

Suaqui Grande
96SN-010 ⁎ ⁎ 63.89 0.684 15.93 4.97 0.092 2.77 5.06 3.18 3.3 0.134 100 61.58±0.32 Ma 2 633680 3133840
96SN-019 ⁎ ⁎ 70.41 0.383 15.18 2.67 0.038 1.18 2.32 3.61 4.05 0.154 100 26.34±0.22 Ma 2 614050 3138599
96SN-32 ⁎ – – – – – – – – – – – 27.60±0.40 Ma 2 643460 3142759
96SN-33 ⁎ ⁎ 52.04 1.533 18.69 8.81 0.124 3.84 8.8 3.73 1.67 0.777 100 25.93±0.06 Ma 2 643410 3143838
96SN-046 ⁎ ⁎ 67.12 0.498 15.61 3.9 0.061 1.88 4 3.35 3.47 0.119 100 59.27±0.30 Ma 2 633120 3157250
96SN-060 ⁎ ⁎ 56.19 0.919 18.93 7.1 0.105 3.02 7.01 4.1 2.15 0.469 100 21.40±1.60 Ma 2 627070 3146997
96SN-73 ⁎ – – – – – – – – – – – 25.84±0.14 Ma 2 618430 3152598
96SN-076 ⁎ ⁎ 78.55 0.117 11.53 1.51 0.041 0.31 1.73 2.11 4.08 0.017 100 12.41±0.06 Ma 2 617000 3126499
96SN-077 ⁎ ⁎ 75.92 0.236 13.77 1.53 0.05 1.51 4 0.63 2.29 0.06 100 24.45±0.10 Ma 2 616260 3126818
96SN-82 ⁎ – – – – – – – – – – – 25.81±0.12 Ma 2 612820 3143729
96SN-088 ⁎ ⁎ 57.1 0.73 19.32 7.08 0.083 2.02 7 3.97 2.3 0.399 100 27.30±1.00 Ma 2 611990 3150460
96SN-106 ⁎ ⁎ 52.06 1.784 17.99 9.95 0.146 3.44 8.09 3.84 2 0.698 100.06 25.60±0.60 Ma 2 608340 3159640
96SN-131 ⁎ – – – – – – – – – – – 20.59±0.10 Ma 2 638620 3144360
96SN-137 ⁎ – – – – – – – – – – – 26.3±0.40 Ma 2 636610 3143700
96SN-145 ⁎ – – – – – – – – – – – 25.66±0.14 Ma 2 638900 3146160
96SN-147 ⁎ ⁎ 52.68 1.605 17.37 9.18 0.148 4.37 8.9 3.53 1.77 0.449 99.41 20.65±0.08 Ma 2 635950 3146200

Sahuaripa
02KBS-013 ⁎ ⁎ 57.65 1.043 18.13 6.08 0.09 2.27 7.09 4.07 3.01 0.556 100 15.2±0.10 Ma 3 672268 3196317
02KBS-017 ⁎ ⁎ 51.76 2.136 16.92 10.43 0.148 4.33 7.95 3.77 1.69 0.878 100 24.87±0.10 Ma 3 673548 3219510
02KBS-029 ⁎ ⁎ 50.75 1.978 16.9 10.11 0.102 4.68 9.63 3.57 1.46 0.825 100 28.30±1.0 Ma 3 667798 3229433
02KBS-030 ⁎ ⁎ 61.36 0.757 17.82 4.9 0.096 2.61 5.77 3.91 2.5 0.276 100 16.16±0.18 Ma 3 673001 3189776
02KBS-035 ⁎ ⁎ 50.98 2.139 17.43 9.36 0.142 4.46 9.32 3.45 1.39 1.326 100 27.53±0.1 Ma 3 680651 3200177
02KBS-038 ⁎ ⁎ 62.48 0.711 17.4 4.65 0.094 2.2 5.72 3.79 2.74 0.219 100 15.92±0.06 Ma 3 676987 3187455
02KBS-043 ⁎ ⁎ 52.93 1.612 18.88 8.47 0.167 3.61 8.03 3.61 2.21 0.495 100 27.34±0.08 Ma 3 680652 3204841
03KBS-57 ⁎ ⁎ 53.44 1.683 17.24 9.51 0.122 3.53 8.06 3.43 2.19 0.794 99.32 25.90±0.20 Ma 3 669719 3227601
03KBS-059 ⁎ ⁎ 50.92 2.326 16.85 9.54 0.209 4.71 8.83 3.66 1.64 1.32 100 27.68±0.10 Ma 3 673626 3216012
03KBS-081 ⁎ ⁎ 47.93 2.254 16.42 11.05 0.184 7.43 9.64 3.54 1.04 0.517 100 19.12±1.0 Ma 3 679823 3180368

Sierra Libre
04CTSL-002 ⁎ ⁎ 47.57 1.291 17.54 9.05 0.15 8.69 12.44 2.94 0.23 0.115 99.33 (~13.0 Ma) 4 508984 3171898
02IMSL-01 ⁎ ⁎ 75.44 0.147 12.53 1.93 0.027 0.03 0.22 3.35 6.32 0.02 99.32 12.34±0.04 Ma 4 497280 3151172
02IMSL-02 ⁎ ⁎ 61.81 0.746 16.98 5.25 0.065 2.78 5.73 3.88 2.54 0.225 98.9 (~11.9 Ma) 4 495805 3150393
02IMSL-03 ⁎ ⁎ 51.45 1.567 16.83 10.61 0.149 5.7 9.42 3.25 0.87 0.157 98.34 13.0±0.3 Ma 4 496106 3150481
02IMSL-04 ⁎ ⁎ 59.15 1.913 14.98 8.72 0.163 2.44 5.25 4.42 2.47 0.49 99.52 (12.2–11.1 Ma) 4 496221 3150460
H-IMSL-6A ⁎ ⁎ 65.47 1.178 14.82 5.92 0.131 1.06 3.33 4.3 3.45 0.343 99 (12.2–11.1 Ma) 4
02IMSL-09 ⁎ ⁎ 75.62 0.148 12.44 2 0.034 0 0.55 3.53 5.67 0.011 97.49 (12.2–11.1 Ma) 4 499617 3150499
H-IMSL-11 ⁎ ⁎ 67.55 0.482 14.09 6.66 0.164 0.01 0.88 5.17 4.93 0.074 97.96 (12.2–11.1 Ma) 4
H-IMSL-12 ⁎ ⁎ 75.61 0.172 12.25 2.19 0.047 0 0.7 3.43 5.59 0.013 97.02 (12.2–11.1 Ma) 4 528720` 3145447
02IMSL-13 ⁎ ⁎ 60.9 1.322 14.77 7.18 0.127 3.25 5.91 3.41 2.86 0.271 99.4 10.26±0.04 Ma 4 511297 3141602
02IMSL-15 ⁎ ⁎ 76.7 0.154 11.88 1.95 0.036 0 0.59 3.41 5.27 0.012 97.19 12.15±0.04 Ma 4 528720 3145447
02IMSL-19 ⁎ ⁎ 58.65 1.35 16.78 6.63 0.109 3.92 6.85 4.05 1.34 0.329 99.46 (10.7–10.2 Ma) 4 492096 3146456
H-IMSL-19a ⁎ ⁎ 75.31 0.121 12.78 1.86 0.058 0.06 0.92 3.77 5.09 0.021 98.97 (12.2–11.1 Ma) 4
H-IMSL-19b ⁎ ⁎ 75.04 0.134 13.07 1.95 0.026 0.03 0.9 3.75 5.06 0.057 98.56 (12.2–11.1 Ma) 4
02IMSL-22 ⁎ ⁎ 68.18 0.45 14.06 6.3 0.166 0.02 0.79 4.94 5.04 0.054 98.46 (12.2–11.1 Ma) 4 497867 3148997
H-IMSL-24 ⁎ ⁎ 69.35 0.791 13.65 4.17 0.102 0.87 2.53 4.14 4.21 0.196 98.69 (12.2–11.1 Ma) 4
H-IMSL-24a ⁎ ⁎ 62.89 1.514 14.9 7.39 0.124 1.7 4 4.18 2.94 0.383 98.57 (12.2–11.1 Ma) 4
H-IMSL-24b ⁎ ⁎ 58.98 1.905 15.14 8.55 0.161 2.39 5.23 4.67 2.46 0.496 99.34 (12.2–11.1 Ma) 4
H-IMSL-25 ⁎ ⁎ 64.42 1.254 14.72 6.53 0.102 1.43 3.7 4.25 3.23 0.363 99.01 (12.2–11.1 Ma) 4
H-IMSL-28 ⁎ ⁎ 75.86 0.147 12.41 2.05 0.038 0 0.59 3.98 4.92 0.014 97.3 (12.2–11.1 Ma) 4 497932 3152649
03IMSL-29 ⁎ ⁎ 66.44 0.532 16.06 3.73 0.07 1.87 3.88 3.96 3.24 0.21 98.29 19.5±0.1 Ma 4 496600 3153832
H-IMSL-31 ⁎ ⁎ 64.37 1.256 14.78 6.51 0.143 1.31 3.76 4.24 3.26 0.372 98.84 (12.2–11.1 Ma) 4 526832 3140499
04IMSL-31 ⁎ ⁎ 61.41 0.741 17.41 5.01 0.078 2.22 5.83 3.89 3.08 0.323 98.77 (12.2–11.1 Ma) 4 526832 3140499
04IMSL-39 ⁎ ⁎ 76.28 0.134 12.62 1.95 0.043 0.07 0.83 4.69 3.37 0.013 96.77 12.34±0.04 Ma 4 517461 3165400

Sierra Santa Ursula
04CTSSU-002 ⁎ ⁎ 57.84 0.841 17.04 6.31 0.108 4.06 6.8 3.8 2.77 0.422 97.9 (~23 Ma) 4 508737.3143 3119582.686
04CTSSU-004 ⁎ ⁎ 56 0.874 17.77 7.15 0.122 4.73 7.1 3.81 2.12 0.323 97.67 (~23 Ma) 4 509000.1714 3120139.943
04CTSSU-005 ⁎ ⁎ 49.27 1.535 12.94 7.99 0.14 11.47 9.85 3.48 2.23 1.101 97.87 (21.3 Ma) 4 509126.3429 3120728.743
04CTSSU-006 ⁎ ⁎ 63.9 0.66 16.79 4.46 0.071 1.57 5.19 4.13 2.93 0.294 98.98 (~23 Ma) 4 509904.4 3120423.829
04CTSSU-007 ⁎ ⁎ 54.16 0.77 16.83 7.38 0.128 7.29 8.66 3.46 1.15 0.167 99.26 (~20.7 Ma) 4 509862.3429 3119656.286
04CTSSU-008 ⁎ ⁎ 48.95 1.012 14.42 8.47 0.145 11.93 9.63 2.88 2.08 0.499 98.39 (~21.3 Ma) 4 509452.2857 3120318.686
04CTSSU-009 ⁎ ⁎ 70.86 0.407 14.54 3.26 0.069 0.41 2.24 3.86 4.26 0.094 99.16 (~11.9 Ma) 4 511176.6286 3119835.029
04CTSSU-012 ⁎ ⁎ 56.77 0.896 16.59 7.02 0.125 4.37 7.73 3.13 3.01 0.354 99.19 (~21.6 Ma) 4 509010.6857 3122579.257
04CTSSU-013 ⁎ ⁎ 64.03 1.191 14.72 7.35 0.113 1.03 3.01 4.1 4.04 0.424 99.04 (~12 Ma) 4 513069.2 3119656.286

(continued on next page)
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Table 1 (continued)

Sample ID XRF ICPMS SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 40Ar/39Ar age Reference Easting Northing
(UTM) (UTM)

Sierra Santa Ursula
(cont.)
04CTSSU-015 ⁎ ⁎ 55.92 2.538 13.53 11.13 0.168 3 7.5 3.35 2.38 0.486 97.98 (~11.7 Ma) 4 514303.4642 3121710.179
04CTSSU-016 ⁎ ⁎ 52.3 1.649 16.57 9.21 0.153 6.02 9.25 3.36 1.15 0.327 99.38 (~20.7 Ma) 4 517128.1786 3124631.464
04IMSU-10 ⁎ ⁎ 56.43 0.858 17.6 6.79 0.108 4.34 7.41 3.5 2.66 0.304 98.49 21.6±0.4 Ma 4 507890 3121109
04IMSU-11 ⁎ ⁎ 54.72 0.939 16.24 7.19 0.125 7.63 7.92 3.4 1.54 0.288 99.63 (~20.7 Ma) 4 507074 3123310
04IMSU-13 ⁎ ⁎ 58.87 0.807 17.97 6.15 0.064 2.83 6.95 3.64 2.4 0.309 98.62 (~21.6 Ma) 4 509141 3119528
04IMSU-20 ⁎ ⁎ 58.94 0.886 17.29 5.97 0.097 2.83 6.8 4.24 2.51 0.422 98.17 (23 Ma) 4 511990 3122186
04IMSU-23 ⁎ ⁎ 55.89 1.078 17.39 7.15 0.124 5.1 7.06 3.86 1.97 0.38 98.83 (~20.7 Ma) 4 512732 3119985
04IMSU-24 ⁎ ⁎ 62.81 1.352 14.72 7.88 0.132 1.23 3.52 4.09 3.74 0.529 98.88 (~12 Ma) 4 512866 3119975
04IMSU-27 ⁎ ⁎ 56.77 2.147 16.76 10.43 0.152 1.97 5.87 4.01 1.39 0.499 98.16 (~20.7 Ma) 4 519517 3123420

Sierra El Aguaje
02PGS-24 ⁎ ⁎ 57.46 1.088 16.23 6.42 0.127 5.61 7.82 3.48 1.41 0.356 99.96 8.90±0.20 Ma 2 482825 3130739
02PGS-25 ⁎ ⁎ 65.92 0.661 16.66 3.64 0.07 2.06 4.81 4.45 1.55 0.187 100 9.00±0.22 Ma 2 481048 3131284
02PGS-26 ⁎ ⁎ 55.11 1.355 16.87 6.83 0.123 5.17 8.93 3.69 1.51 0.411 99.7 9.02±0.06 Ma 2 485462 3131156
02PGS-28 ⁎ ⁎ 51.21 2.12 17.19 8.94 0.154 5.82 8.75 4 1.25 0.563 100 9.12±0.06 Ma 2 493655 3110851
02PGS-34 ⁎ ⁎ 54.67 0.948 16.83 6.56 0.108 7.86 7.69 3.18 1.83 0.32 100.08 16.50±0.08 Ma 2 496410 3096776
02PGS-35 ⁎ ⁎ 54.35 2.063 16.39 9.23 0.162 4.06 7.64 3.69 1.99 0.426 98.96 10.80±0.20 Ma 2 496824 3096774
02PGS-41 ⁎ ⁎ 64.46 0.621 17.08 4.02 0.081 1.96 5.17 3.94 2.39 0.271 98.51 15.30±0.12 Ma 2 488910 3095400
02PGS-42A ⁎ ⁎ 77.99 0.052 12.27 0.78 0.032 0 0.44 3.83 4.6 0.023 99.91 10.70±0.16 Ma 2 487945 3100026
03PGS-53B ⁎ ⁎ 76.88 0.156 12.52 1.05 0.021 0.13 0.97 3.58 4.66 0.026 100 10.15±0.06 Ma 2 496173 3110007
03PGS-54 ⁎ – – – – – – – – – – – 10.13±0.05 Ma 2 496200 3110134
03PGS-58 ⁎ ⁎ 50.93 2.073 16.08 9.34 0.152 7.29 8.4 3.69 1.47 0.568 100 9.01±0.04 Ma 2 495160 3109337
03PGS-62 ⁎ ⁎ 64.07 0.614 16.73 4.89 0.099 2.51 5.15 3.33 2.47 0.143 100 10.66±0.22 Ma 2 482058 3098938
03PGS-64 ⁎ ⁎ 59.09 0.742 15.62 5.64 0.086 6.2 7.19 3.09 2.04 0.305 100.36 21.00±0.15 Ma 2 485825 3100435
03PGS-67 ⁎ ⁎ 67.33 0.591 16.21 3.27 0.061 1.65 3.91 4.06 2.75 0.168 100 8.32±0.15 Ma 2 482584 3109368
03PGS-73 ⁎ ⁎ 63.61 0.942 16.74 4.68 0.087 2.04 4.93 4.65 2.09 0.235 100 9.19+0.04 Ma 2 481824 3107627
03PGS-74 ⁎ – – – – – – – – – – – 9.91±0.06 Ma 2 482017 3104443
03PGS-75 ⁎ ⁎ 50.98 1.905 17.13 10.05 0.138 5.73 9.26 3.65 0.87 0.289 100 10.00±0.30 Ma 2 481391 3104783
04PGS-081 ⁎ ⁎ 56.76 1.189 17.05 6.67 0.095 4.3 6.98 3.64 2.83 0.474 100 11.50±0.15 Ma 2 491153 3100612
04PGS-094 ⁎ ⁎ 60.06 1.079 17.49 6.36 0.112 2.67 5.87 3.97 2.18 0.207 100 (b12.10 Ma) 2 500341 3098786
04PGS-104 ⁎ ⁎ 70.1 0.763 14.07 4.05 0.066 0.57 1.74 3.74 4.72 0.181 100 (~11.2–12 Ma) 2 552039 3116903
04CTSA-1 ⁎ ⁎ 53.79 1.25 16.91 7.88 0.127 6.05 7.95 3.54 2.07 0.432 98.65 (20 or 16 Ma) 2 489521 3097494
O4CTSA-2 ⁎ ⁎ 53.9 1.256 17.14 7.92 0.111 5.76 8.02 3.52 1.95 0.421 98.67 (20 or 16 Ma) 2 489552 3097509
04CTSA-4 ⁎ ⁎ 56.62 0.858 17.28 7.31 0.164 4.61 7.16 3.38 2.23 0.39 98.88 (~15.7 Ma) 2 489664 3097550
04CTSA-5 ⁎ ⁎ 58.42 0.884 16.51 6.35 0.104 5.3 6.65 3.48 1.97 0.335 98.23 (~15.7 Ma) 2 489725 3097624
04CTSA-7 ⁎ ⁎ 52.05 1.744 17.37 9.79 0.155 4.82 8.34 3.69 1.68 0.355 98.31 (~11.9–11.3 Ma) 2 489711 3097799
04CTSA-8 ⁎ ⁎ 55.65 1.813 16.31 9.09 0.132 3.45 6.63 4.05 2.44 0.433 99.08 (~11.9–11.3 Ma) 2 489711 3097799
04CTSA-9 ⁎ ⁎ 51.36 1.652 17.93 9.14 0.096 5.5 9.22 3.57 1.19 0.343 98.09 (~11.9–11.3 Ma) 2 489753 3097914
04CTSA-10 ⁎ ⁎ 51.13 2.039 17.14 9.97 0.156 5.26 8.75 3.71 1.44 0.393 98.05 (~11.9–11.3 Ma) 2 489753 3097914

SE Sonora
03PGS-Nuri1 ⁎ ⁎ 54.72 1.451 17.8 7.71 0.13 3.96 6.45 4.24 2.83 0.713 100.01 16.40±0.10 Ma 2 664591 3109940

Coastal Sonora
01PGS-35A ⁎ ⁎ 76.28 0.131 12.79 1.68 0.041 0.13 0.97 4.99 2.98 0.018 100 12.37±0.04 Ma 2 402169 3195182
02PGS-01 ⁎ ⁎ 76.1 0.124 12.63 1.62 0.04 0.09 0.68 4.13 4.57 0.015 100 12.25±0.10 Ma 2 500758 3203873
02PGS-07 ⁎ ⁎ 55.09 1.585 16.32 7.61 0.136 5.53 8.45 3.62 1.31 0.342 99.62 10.02±0.17 Ma 2 478909 3176173
02PGS-8 ⁎ – – – – – – – – – – – 10.70±0.25 Ma 2 478706 3176107
02PGS-09 ⁎ ⁎ 54.37 1.347 16.36 7.21 0.127 6.39 9.23 3.48 1.15 0.33 99.32 10.65±0.06 Ma 2 476427 3169507
02PGS-12 ⁎ ⁎ 63.04 1.318 15.64 5.57 0.108 1.98 4.74 4.05 3.21 0.342 100 11.41±0.04 Ma 2 471891 3163132
02PGS-13 ⁎ ⁎ 50.54 1.537 16.88 8.53 0.162 7.51 10.8 3.33 0.5 0.21 100 9.50±0.15 Ma 2 47563 3155326
02PGS-15 ⁎ ⁎ 51.01 1.575 16.85 8.61 0.161 7.37 10.28 3.31 0.61 0.237 100 9.00±1.00 Ma 2 471831 3154577
02PGS-19 ⁎ – – – – – – – – – – – 8.25±0.25 Ma 2 459283 3133526

Guaymas
02PGS-32 ⁎ ⁎ 56.27 0.787 16.92 6.79 0.118 7.09 7.08 3.51 1.26 0.169 100.1 17.00±0.50 Ma 2 500544 3100191
03PGS-50 ⁎ ⁎ 49.91 2.005 16.19 10.33 0.179 7.41 9.69 3.27 0.65 0.366 99.05 10.40±0.10 Ma 2 531557 3091086

Sierra Mazatan
01PGS-02 ⁎ ⁎ 61.08 0.762 17.18 5.24 0.092 2.86 6.03 3.83 2.65 0.274 100 24.20±0.10 5 548471 3213558
02MAZ-069 ⁎ ⁎ 76.31 0.12 12.6 1.56 0.017 0.16 0.33 3.69 5.16 0.062 100 12.44±0.10 Ma 5 581811 3233061
03MAZ-83 ⁎ ⁎ 64.08 0.671 16.71 4.08 0.089 2.25 5.33 3.88 2.68 0.23 100 14.21±0.06 Ma 5 569665 3235475
03MAZ-129 ⁎ ⁎ 56.18 1.411 18.86 3.81 0.14 1.52 8.73 4.58 3.78 1 100 16.50±0.50 Ma 5 574930 3235209
03MAZ-132 ⁎ ⁎ 58.04 1.17 17.64 6.3 0.131 1.71 6.34 4.38 3.51 0.785 100 17.86±0.06 Ma 5 572770 3241435
03MAZ-078 ⁎ ⁎ 62.49 0.759 17.08 4.82 0.087 2.4 5.48 3.83 2.78 0.28 100 15.19±0.12 Ma 5 581180 3236375

References:
1=Gans, 1997.
2=Gans et al., 2006 and Gans, pers. comm., 2009.
3=Blair and Gans, 2003, 2005 and Blair, pers. comm., 2006.
4=MacMillan et al., 2003, 2005 and MacMillan, pers. comm., 2006.
5=Wong and Gans, 2003, 2008.
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Fig. 2. Alkali-silica classification diagram (Le Bas et al., 1992) for all samples divided by
age.

Fig. 3.MORB-normalized spider plots of all andesites (a–c) and basalts (d–f) with trace elem
the progressive waning of the HFSE depletion and LILE enrichment after subduction ceased

165C.B. Till et al. / Journal of Volcanology and Geothermal Research 186 (2009) 160–168
H2O-contents is consistent with a decrease in the amount of
metasomatized mantle in the source region once subduction ceases.

The residual arc characteristics in b14 Ma volcanism suggests the
time required to completely erase the subduction signature from the
sub-arc mantle was greater than the 4 million years of volcanism that
post-dated subduction in Sonora. Intermediate H2O-content (2–4 wt.%)
post-subduction magmas likely formed when crustal extension in
Sonora trigged conductive reheating or decompression melting of
reservoirs of mantle lithosphere previously modified by subduction-
related fluid or melt (Fig. 6). The high Mg # andesites erupted during
subduction have arc trace element signatures and likely represent
water-rich primary melts of the mantle wedge rather than melts of
oceanic slab (Grove et al., 2002). Post-subduction high Mg# andesites
were likely formed by the remobilization of lithosphere reservoirs of
water-rich primary melts. Coastal Sonora was the focus of b12.5 Ma
proto-Gulf extension and consequentmelting, which likely explains the
range of post-subduction H2O-contents found here from intermediate
H2O-contents (2–4 wt.%) to the minimum values observed (b1 wt.%).
ent analyses from Sonora. Plots are divided by sample age. Arrows on plots a–c illustrate
.



Fig. 4. Trace element ratios and REE plots for mafic samples from Sonora. Plots a. and b.
are Ba/Ta and Dy/Yb ratios for all Sonoran andesites, basaltic andesites and basalts
plotted against age. Gray box from 15–12.5 Ma denotes the approximate termination of
subduction below Sonora. Plot c. is the REE concentration of all basalts color-coded by
age.

Fig. 5. Pre-eruptive H2O-content for the 71 most mafic samples from Sonora plotted
against time (a) and UTM easting (equivalent to longitude) (b). Pre-eruptive H2O-
content calculated using the olivine–clinopyroxene–plagioclase hydrometer of Sisson
and Grove (1993). Square symbols denote subset of six samples for which H2O-content
was calculated using the phenocryst phase compositions rather than calculating the
liquidus olivine composition, assuming a Fe–Mg KD of 0.29. Average error is
approximately 0.39 wt.% H2O.
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Similar to the ColoradoRiver extensional corridor in theBasin andRange
(Gans and Bohrson,1998), the cessation of eruptive activity in Sonora at
~8 Ma may have been a thermobarometric consequence of extensional
fracturing and thinning of the upper crust.

Our interpretation of conductive reheating causing post-subduc-
tion volcanism in Sonora is consistent with that of Castillo (2008),
who proposes post-subduction volcanism in Baja was the result of
influx of Pacific asthenosphere after the cessation of subduction,
which provided the thermal energy to melt mafic lower crust to form
adakites (Atherton and Petfrod, 1993; Negrete-Aranda and Cañón-
Tapia, 2008) and the preexisting metasomatized mantle wedge, to
produce bajaites and calc-alkaline magmas. Similarly, Vidal-Solano
et al. (2008) conclude mid-Miocene volcanic rocks in Pinacate,
Sonora, located northwest of our study area, formed during progres-
sive thinning of the lithosphere and upwelling of asthenosphere,
which they attribute to the formation of a slab window. As an
alternative, Cañón-Tapia and Walker (2004) suggest there can be a
sufficient lag time (on the order of ~106 years), between deep melt
generation and surface eruption, to allow magma reservoirs to act as
time capsules that record the prior tectonic setting. Mantle and crustal
heterogeneities, as well as local stress fields, all likely effect when and
where magma erupts. Thus, Negrete-Aranda and Cañón-Tapia (2008)
suggest in Baja and in similar structurally-active tectonic settings, we
should reject the assumption that magmas have short subsurface
residence times and thus the hypothesis that the type of volcanic
rocks erupted is coupled with the present tectonic setting.

The overall similarity in syn- and post-subduction mafic volcanic
rocks erupted in southern Sonora suggest either they were produced
by conductive reheating of subduction-modified mantle or by long
crustal residence times. A time lag of 2.5–4×106 years, between
formation and eruption, is required to explain the subduction
character of most post-subduction magmas in southern Sonora,
which is at the uppermost limit of residence times predicted by
Cañón-Tapia and Walker (2004). Unlike the central and southern
regions of the Baja peninsula, Sonora exhibits none of the traditional
compositions of volcanism associated with extensional terrains, such
as alkalic or tholeiitic basalt or bimodal rhyolitic and basaltic
volcanism (Gastil et al., 1979; Hausback, 1984; Sawlan and Smith,
1984; Saunders et al., 1987; Bigioggero et al., 1995; Luhr et al., 1995).
However, the presence of b12.5 Ma relatively anhydrous lavas in
coastal Sonora suggest that not all post-subduction magmas acted as
“time capsules” (Fig. 5b). Thus we favor a model where extension and
asthenospheric upwelling caused melting of previously metasoma-
tized mantle following subduction in southern Sonora, and recognize



Fig. 6. Cartoon cross-section through the Gulf Extensional Province during subduction
(a) and following the tectonic transition to oblique extension (b). Syn-subduction
volcanism is the product of typical flux melting of hydrated mantle wedge peridotite.
Post-subduction magmatism (b12.5 Ma) likely formed when proto-Gulf extension
triggered conductive reheating and/or decompression melting of reservoirs of
metasomatized mantle peridotite.
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the potential that some magma reservoirs may have resided in the
crust for on the order of 106 years before erupting.
6. Conclusion

The age-constrained major and trace element analyses presented
in this study represent themost comprehensive geochemical database
for Cenozoic volcanism in Sonora. Mafic volcanic rocks erupted in
Sonora from 27 to 8 Ma have continental arc signatures and appear to
be derived from the metasomatized sub-arc mantle below Sonora.
Samples erupted during subduction (ca. 27–15 Ma) likely formed via
typical flux melting of hydrated mantle wedge peridotite and
subsequent fractionation processes in the crust. The residual arc
trace element signatures and low pre-eruptive H2O-content of
samples erupted after subduction ceased (ca. 12.5–8 Ma) suggests
the time required to completely erase the subduction signature from
the sub-arc mantle was greater than the 4 million years of volcanism
that post-dated subduction in Sonora. Post-subduction samples likely
represent the remobilization of subduction-altered mantle litho-
sphere triggered by crustal extension in Sonora or had significant
residence times in the crust. Southern Sonora is unlike central and
southern regions of Baja, which demonstrate a change in the average
composition of magmas erupted after subduction ceased ca. 11 Ma.
Instead Sonora exhibits only subtle and protracted (N4 m.y.) changes
in the geochemical record. Therefore although both Baja and Sonora
experienced an abrupt (2.5 m.y.) change in tectonic setting, they
exhibit very different responses in the geochemical record. This study
demonstrates the need for caution for interpreting geochemical data
in the absence of plate reconstructions.
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