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ABSTRACT

The Mogollon-Datil volcanic field (MDVF), located in southern New Mexico, is the result of
episodic volcanism and the transition between arc and rift magmatism. The MDVF has been the
focus of several mapping, stratigraphic, petrologic, geochronological, and geochemical studies to
understand the complete volcanic and tectonic history. However, the majority of previous studies
lack geochemical analyses on intermediate composition volcanic rocks, giving more attention to
the large-volume ignimbrites and rhyolite flows as well as the minor basalt flows that occurred
between 36 and 20 Ma. I present new whole-rock major- and trace-element analyses and
petrographic textures on one of the largest volume intermediate composition formations in the
MDVF, known as the Bearwallow Mountain Andesite. Geochemical analyses compiled from
literature and original sources are used to assess arc- versus rift-related trends and give insight
into the temporal variation in crustal thickness overtime. Based on these data, I propose a two
stage model of assimilation and fractional crystallization (AFC) of a basaltic composition magma
during the arc-rift transition in the Mogollon-Datil volcanic field. Induced partial melting of
subduction-modified lithospheric mantle incorporates geochemical signatures from deep-seated
rutile-bearing pyroxenite cumulates and likely assimilates amphibole-rich pre-30 Ma material.
Fractional distillation and filter pressing removed crystal cargo within the melts, resulting in the
crystal-poor Bearwallow Mountain Andesite. Crustal extension provides conduits for rapid
magma ascent via dike propagation and is controlled by further AFC processes to produce a
spectrum of compositions that make up the Bearwallow Mountain Andesite, ranging from basalt
to andesite.

KEYWORDS: Andesite, Arc Magmatism, MDVF, New Mexico, Crustal Evolution. Magma
Evolution
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OVERVIEW

The mid-Tertiary ignimbrite flare-up is a regional volcanic event that helped shaped the
terrane of western North America. This burst of explosive silicic volcanism, first recognized by
Lipman et al. (1972), is manifested in Nevada, Utah, Colorado, New Mexico, Arizona, and
northwestern Mexico. The ancient continental arc system was a major time period of crustal
growth and magma differentiation through melting and hybridization (Johnson, 1991). An
estimated £500,000 km® of ash-flow material erupted from caldera-forming magma systems that
blanketed the interior of western North America (Best et al., 2016).

Studying the ignimbrite flare-up is a prime opportunity to further understand the
geodynamic factors that control present day continental arc volcanism (de Silva et al., 2006).
Many decades of field and laboratory work have established the stratigraphic framework of this
regional event, in addition to numerous sample collections to provide insight to the magmatic
source and petrogenesis of these eruptions (Mclntosh et al., 1992; Davis and Hawkesworth,
1995). However, the complete volcanic record of this long-lived event has yet to be fully
resolved with respect to volume, age, and composition (Best et al. 2016). Many calderas have yet
to be identified, thus pushing the need for further investigation. The peak of the ignimbrite flare-
up is also contemporaneous with a transition in tectonic regimes between the termination of
subduction of the Farallon plate and the initiation of crustal extension (Lipman et al., 1972). This
added complexity has made it challenging to accurately model the evolution of the magma
storage systems that fueled these explosive eruptions. Several tecto-magmatic models have been
proposed, although dispute over plate configuration and methods of magma generation has led to

conflicting hypotheses.



Here I present two journal article manuscripts on the history and evolution of the
ignimbrite flare-up with a focus on the Mogollon-Datil volcanic field (MDVF). The first article,
Magmatism in the Mogollon-Datil Volcanic Field, Southern New Mexico, USA, aims to reveal
the complexity of the ignimbrite flare-up in terms of the regional tectonics and the petrogenetic
processes that drove volcanism. In this article, attention is given to the diverse volcanic history
of New Mexico with an emphasis on the MDVF where the style and composition of volcanic
rocks vary from subduction- to rift-related volcanism. A review of existing tectonic and
petrologic models will be assessed to understand the factors that control magmatism in southern
New Mexico. Evaluation of current databases of compiled geochemical analyses from literature
and original sources were used to examine geochemical trends and to assess the evolution of
crustal thickness. This article lays the foundation necessary to understand the evolution of
intermediate to mafic lava flows of the Bearwallow Mountain Andesite within the MDVF.
Whole-rock geochemical datasets may suggest a change in crustal thickness as illustrated by low
Nb/Ta, (La/Yb)n, St/Y and (Dy/Yb) ratios, with maximum thickness occurring during the start
of the ignimbrite flare-up followed by crustal extension. Trace-element data support a
predominately lithospheric mantle source for the majority of the ignimbrite flare-up with a
transition to a more asthenosphere-derived composition during later Rio Grande rift-related
basaltic volcanism.

The second article, Petrogenetic Evolution of Intermediate Magmas from the Mogollon-
Datil Volcanic Field During Arc-Rift Transition: Insights from Whole-Rock Geochemistry of the
Bearwallow Mountain Andesite, focuses on the largest intermediate composition formation in the
MDVF, the Bearwallow Mountain Andesite (BWA), in an effort to understand the petrogenesis

of intermediate composition lava flows in the MDVF, and the tectonic conditions which allowed



the transition from rhyolite to basaltic andesite between 28 Ma and 23 Ma. Previous studies of
MDVF volcanic rocks focused on the large-volume ignimbrites and rhyolite flows and the minor
basalt flows that occurred between 36 and 20 Ma, thus establishing an inherent bimodal trend.
The petrogenesis of intermediate composition volcanic suites, however, is still unclear.
Therefore, whole-rock major- and trace-element geochemistry and petrography of the BWA is
used to evaluate two questions: 1) What is the geochemical diversity of the BWA? 2) What
petrogenetic process(es) and magmatic source produced the crystal-poor intermediate
composition lava flows of the BWA? In this article, different magmatic scenarios are tested
through geochemical modeling to determine the appropriate petrogenesis. Petrography, whole-
rock major- and trace-element concentrations, and petrologic modeling methods provide
evidence that the BWA was likely erupted from a subduction-modified lithospheric mantle
source that was contaminated by pre-30 Ma material through assimilation and fractional

crystallization processes and rapidly ascended to the Earth’s surface via deep conduits/fractures.



MANUSCRIPT 1: MAGMATISM IN THE MOGOLLON-DATIL VOLCANIC FIELD,

SOUTHWESTERN NEW MEXICO, USA

Abstract

The Mogollon-Datil volcanic field (MDVF) in southern New Mexico is the result of punctuated
volcanism and the transition between arc and rift magmatism. The distinct style of arc volcanism
in the MDVF contrasts significantly with the “normal” steady-state model, in which volcanism
occurred far inland beneath a flat subducting slab that rolled back to a steeper dip. During the
mid-Tertiary (~50 Ma), this initiated large-scale MASH zones to develop in the lower to upper
crust of western North America, induced by upwelling of basaltic magma. This fueled what is
known as the “ignimbrite flare-up” at ~36 Ma in the MDVF. During mid- to late-Oligocene, the
tectonic stress regime relaxed, initiating intercontinental extension, resulting in a rapid shift in
the style and composition of volcanism to a more basaltic composition effusive volcanic field.
Evaluation of current databases of compiled geochemical analyses from literature and original
sources are used to examine geochemical trends and to assess the evolution of crustal thickness
during the arc-rift transition. Whole-rock geochemistry is interpreted from volcanic rocks
spanning four regionally extensive volcanic units/phases in southern New Mexico: Rubio Peak
Formation (45-36 Ma); Bell Top Formation and rhyolitic flows (36- 28 Ma); Uvas Basalts (28-24
Ma); and the Bearwallow Mountain Andesite (26-23 Ma). Geochemical variations suggest a
change in crustal thickness as illustrated by low Nb/Ta, (La/Yb)x, St/Y and (Dy/Yb)x ratios,
with maximum thickness during the start of the ignimbrite flare-up followed by crustal
extension. Trace-element data support a predominately lithospheric mantle source for the
majority of the ignimbrite flare-up and associated intermediate lava flows with a transition to a
more asthenosphere-derived composition during later Rio Grande rift-related basaltic volcanism.

Introduction

The origin of Eocene to Oligocene volcanism in western North America is controversial
with respect to understanding the source, regional extent, duration, and evolution of magmatism
(Lipman et al., 1972; Lipman, 1980, 2007; Davis et al., 1993; Elston, 2008; Best et al., 2016).
Large portions of western North America is characterized by late-Cenozoic arc magmatism,
episodic ignimbrite flare-ups, and rift-related bimodal volcanism, with tectonic regime playing

an essential role in the generation, composition, and ascent of magma (Cather, 1990). Silicic to

intermediate volcanic rocks, typically associated with arc magmatic systems, result in



differentiation of subduction-modified mantle sources and subsequent induced partial melting of
crustal material (McMillan et al., 2000; Kent, 2016). However, the distinct style of arc volcanism
in western North America contrasts significantly with the “normal” steady-state model (Straub et
al., 2015). Instead, volcanism occurs far inland, up to 1000 km within the North American plate
as a result of flat slab subduction that rolls back to a steeper dip (Best et al., 2016).

Peak volcanism in western North America is thought to be contemporaneous with a
regional-scale transition in tectonic regimes from crustal shortening to intercontinental extension
(McMillan, 1998). The style and composition of volcanism shifts from calc-alkaline, silicic-
intermediate rocks to more ocean island basalt-like (OIB) composition rocks. It is widely
accepted that the end of subduction along the East Pacific margin and initiation of extension
influenced the shift in volcanism (Lipman et al., 1972; Chapin et al., 2004), but several tecto-
magmatic models exist to explain the dynamic processes driving this change in volcanism
(Fodor, 1975; Coney, 1978; Lipman, 1980; Wernicke et al., 1987; Cather, 1990; Davis et al.,
1993; Davis and Hawkesworth, 1994; Humphreys, 1995; Chamberlin et al., 2002; Chamberlin et
al., 2004; English et al., 2003; Farmer et al., 2007; McQuarrie and Oskin, 2010; Christiansen and
Best, 2014; Best et al., 2016). The complexity and behavior of magma storage systems present a
difficult challenge in resolving variability in magma composition and volcanic history. Previous
studies attempt to subdivide magmatic activity in western North America, but, conflicting
interpretations have led to ambiguous classification (Lipman et al., 1972; Elston et al., 1973;
Fodor, 1975; Davis et al., 1993; Davis and Hawkesworth, 1993, 1994, 1995). The petrologic and
geochemical boundaries set forth to temporally categorize rock suites often overlap or do not

conform to an agreed upon subgrouping (Elston et al., 1973; Davis and Hawkesworth, 1994).



The Mogollon-Datil volcanic field (MDVF) has been an area of interest for numerous
petrological and geochemical studies. It consists of caldera-forming ignimbrites, bimodal lava
flows and domes, and intermediate to mafic composition cinder cones that stretch across New
Mexico and eastern Arizona. The complex volcanic history of the MDVF is further complicated
by overprint of magmas from the Basin and Range province, Rio Grande rift, Jemez linecament,
Colorado Plateau, Southern Rocky Mountains, Great Plains, and the Rocky Mountain alkali
province (Chapin et al., 2004). Each of these geologic terranes imparts a unique signature that
contributes to the change in style and composition of volcanism that was present before, during,
and after the ignimbrite flare-up.

Unlike other ignimbrite-forming arc systems, the variability in rock suites within the
MDVF is not fully explained by current petrogenetic models (i.e. MASH and/or thermal “hot
zone”). A regional Bouguer gravity anomaly low of ~40 mGals and an aeromagnetic high has
been interpreted to be the regional batholith that likely fueled volcanism (Ratté et al., 1984).
However, a lack of further geophysical evidence (i.e. seismic surveys) has made it difficult to
interpret the plutonic record of the MDVF.

In this paper, 1) review the tectonic and petrologic models controlling magmatism in
southern New Mexico; 2) assess geochemical trends using up-to-date databases of high-quality
geochemical analyses compiled from literature and original sources; and 3) examine
geochemical variation of trace-elements, temporally and spatially, to determine the evidence of
source and influence of crustal thickness on magma chemistry. Geochemical data from basalt
through rhyolitic composition volcanic rocks erupted between 45-20 Ma are presented, as well as
comparing geochemical variations at a variety of scales. The geographic location of the study

area is restricted to the state of New Mexico border, south of 35°N latitude and west of 106.5°W



latitude (Fig. 1). The review of tectonic models are restricted to models proposed which include
the Mogollon-Datil volcanic field. To examine the tectonic and volcanic evolution of southern
New Mexico, we use a database of volcanic rocks erupted at MDVF calderas, cinder cones and
eroded stratocones compiled from published sources. We supplement these data with new major-

and trace-element data, and U-Pb zircon geochronology.

Geologic Background

Regional Tectonic Setting of Western North America. The tectonic history of western
North America can be divided into three main periods: crustal shortening, compressive/neutral
stress transition, and extension (McMillan, 1998). During the late Cretaceous (80-66 Ma), a
convergent plate boundary developed along the southwestern margin of North America with the
Farallon plate subducting at a low angle beneath the North American plate (McQuarrie and
Wernicke, 2005). Flat-slab subduction of the oceanic plate was likely caused by buoyancy
effects of thick crust (i.e. commonly found in oceanic plateaus). Prolonged subduction of the
sub-horizontal slab cooled the thermal structure of the oceanic lithosphere to a point where phase
transitions were delayed (i.e. basalt to eclogite). This allowed the slab to further penetrate
beneath the North American plate (Gutscher et al., 2000), triggering the Laramide orogeny
within the western interior of North America. Resultant compressional stresses established
basement-cored uplifts and associated crustal shortening in the foreland (English et al., 2003;
Best et al. 2016). As the Pacific spreading center approached North America, the subducting
Farallon plate began to steepen within the interior of the continent. This was thought to be due to
a slowing rate of convergence from 11-14 cm/yr to 6-9 cm/yr (Severinghaus and Atwater, 1990;

Chapin et al., 2004). The oceanic plate rolled back and eventually broke apart into the



asthenosphere (Sigloch, et al., 2008; Humphreys, 2009). The rollback and subsequent
delamination of the Farallon plate was thought to have terminated slab-pull (Carlson et al., 1983;
Elston, 2008).

The end of Laramide deformation during the late Eocene marked a change in tectonic
stresses from compressional to extensional. This transition of lithospheric stress initiated the Rio
Grande rift and Basin and Range Province (Menard, 1978; Cather, 1990). Extension was thought
to have resulted from changes in the relative motion of the Farallon and North American plate, as
well as gravity spreading of the thickened continental crust (Werkicke et al., 1987). During
crustal extension, the formation of the Rio Grande rift unzipped from the south starting in
northern Mexico, through southern New Mexico, and extended up to Leadville, Colorado
(Baldridge et al., 1995; McMillan, 1998). The Rio Grande rift established a series of continues
deep grabens and half grabens as a result of a re-orientation of the principle stress direction
(Cather, 1990; McMillan, 1998; Chapin et al., 2004). As extension migrated from southwest to
northwest, early stages (29-20 Ma) were characterized by low-angle listric normal faulting with
high strain rates. Later stages of extension (~20 Ma) changed from ductile to brittle, followed by
high-angle block faulting that formed the modern Basin and Range Province (Cameron et. al
1989; Davis and Hawkesworth, 1995; McMillan, 1998; Elston, 2008).

The exact timing and duration of extension is not clearly constrained due the diachronous
characteristic of the rift zone, and thus, is still a matter of debate (Cather, 1990; Mack, 2004).
Precise dates vary considerably, but it is generally accepted that extension initiated between 32-
28 Ma (Chapin and Seager, 1975; Henry and Price 1986; Davis et al., 1993; Chamberlin et al.,
2004; Elston, 2008). Studies have also suggested the transition between compressional/neutral

stresses began as late as 35 Ma (Mack, 2004), while others have extended the range between 36-



28 Ma (Michelfelder and McMillan, 2012). Thermochronology, structural analysis, and the
stratigraphic record suggest large-scale extension didn’t take effect until after 23 Ma (Smith et
al., 1991; Armstrong et al., 2003; McQuarrie and Wernicke, 2005; Colgan and Henry, 2009;
Henry et al., 2011; Anderson et al., 2013).

Mid-Tertiary Volcanism in Western North America. During the mid-Tertiary,
southwestern North America was characterized by westerly migrating large-scale explosive
silicic eruptions of the “ignimbrite flare-up” (Coney, 1978) accompanied by discontinuous lava
flows. This flare-up, consisting of nearly 500,000 km? of silicic magma, was prevalent in the
Sierra Madre Occidental province, and in the Mogollon-Datil, Southern Rocky Mountain, Great
Basin, and Challis volcanic fields (Best et al., 2016). The style of volcanism and magma
composition during this prolonged event changed significantly overtime. It is postulated that
these large volumes of accumulated magma coincided with a transition from the destructive
convergent margin to a transform boundary, leading to plate-interior volcanic suites (Atwater,
1970, 1989; Coney, 1972; Lipman et al., 1972; Cather, 1990; Severinghaus and Atwater, 1990;
Elston, 2008).

The generation and transport of magma to the Earth’s surface during the end of
subduction and subsequent crustal extension in southern New Mexico is poorly understood.
Several tecto-magmatic models are presented to explain the processes responsible for triggering
volcanism, however, the relative roles of the continental lithosphere, oceanic plate, and the
mantle as magmatic sources remain unclear (Best and Christiansen, 1991; Humphreys, 1995;
McMillan et al., 2000). In addition, models do not adequately explain the compositional
variation of all the rock suites (e.g. from silicic-intermediate ignimbrites to basaltic andesites and

true basalts). Lipman et al. (1972) was one of the first to correlate variations in Cenozoic



volcanism with temporal and spatial changes in tectonic styles in western America. Proceeding
studies further support this notion that the mantle source triggering magmatic activity relates to
the structural change in tectonic environments (McMillan, 1998; Elston, 2008, Best and
Christiansen, 2013). However, there remains considerable debate over the extent to which
magmatism is affected by the change in plate configuration (e.g. subduction- and/or extension-
related processes, crustal thickness, etc.; Wernicke et al., 1987; Davis and Hawkesworth, 1994;
Chamberlin, 2002, 2004). Furthermore, the physical conditions of magma storage, magma
remobilization, and reservoir timescales remain poorly constrained (Cooper and Kent, 2014;
Rentz et al., 2019).

Subduction-Related Magmatism. In an effort to explain early volcanism, studies propose

subduction-related processes as the probable cause of magmatic activity. The thermal and
mechanical evolution of the Farallon plate undergoing flat slab subduction is thought to have
controlled the style of volcanism (Coney, 1978; Lipman, 1980; Best and Christiansen, 1991). It
is widely accepted that large volumes of basaltic magma, derived from fluid fluxing of the
mantle wedge, provides heat to generate silicic to intermediate melts in the upper crust (Best et
al. 2016). Thus, subduction-modified lithospheric mantle (e.g. low Nb/Ba and Ta/Ba ratios and

€Nd near +1) from the down-going oceanic plate may have contributed to the development of

the widespread ignimbrite flare-up and associated calc-alkaline andesitic to dacitic magma series
(Lipman et al., 1972; McMillan, 1998; Best et al., 2016).

Lipman (1980) attributed magmatism to the rollback of the Farallon slab as a reasonable
mechanism to produce caldera-forming ignimbrites. During the approach of the Pacific spreading
center, termination of subduction and suggested removal of the Farallon plate exposed the upper

lithosphere with the underlying asthenosphere. Upwelling of asthenospheric mantle from slab

10



rollback or buckling (Humphrey, 1995) would have triggered adiabatic decompression partial
melting in the overlying lithosphere. This rollback event and subsequent tearing of the subducted
slab was thought to have generated enough heat to initiate explosive ignimbrite eruptions
(Atwater, 1989; Chamberlin, 2002; Elston, 2008). In response to slab removal, a large influx of
basaltic melt from the ruptured oceanic plate accumulated in the upper lithosphere. These large
volumes of basaltic melts weakened the surrounding crust generating what is recently referred to
as a MASH/hot zone (Hildreth and Moorbath, 1988; Annen et al., 2006). Building upon concepts
of basalt differentiation, and aspects of assimilation and fractional crystallization (AFC; DePaolo
et al., 1981), these recently proposed magma mush (crystal-rich) models explain the
hybridization between parental magmas and crustal material through melting, assimilation,
storage, and homogenization (Hidlreth and Moorbath, 1988; Annen et al., 2006). The suggested
regional-scale basaltic magma beneath southwestern America induced partial melting and
homogenized with lower crustal rock before rising by fractional crystallization. As a result of
compressional stresses during this time, magma transport via dike propagation was likely
hindered. Thus, Eichelberger (1978, 1980), and later supported by Cather (1990) and Chamberlin
(2002), proposed that the evolving intermediate magmas ascended to the upper crust as rising
diapirs and expanded laterally to form discoidal reservoirs. Upon eruption, the evolved magma
would have worked its way towards the surface through a network of steps to produce a range of
silica-rich rock suites. The geochemical signature of these siliceous rocks (dacites and rhyolites)
typically show depletion in high field strength elements and high Ba/Nb, reflecting their
subduction inheritance (Best et al., 2016). To support this model, Farmer et al., (2007) estimated
mantle source volumes and concluded that removal of the shallowly subducting slab would have

produced sufficient magma to satisfy ignimbrite flare-up conditions. Chamberlin (2002) further
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added that sequentially rising mantle plumes may have been influenced by a westward flow of
asthenosphere, thought to be initiated by contemporaneous extension, generating the apparent
westward migration of magmatism. McQuarrie and Oskin (2010) later attributed this pattern of
migrating volcanism as a result of non-uniform tearing of the subducted slab as it rolled back
beneath the continental plate.

Non-Subduction Related Magmatism. Alternative thermal and petrogenetic models have

shown the flat slab subduction of the Farallon plate may not have had a direct influence on early
Tertiary volcanism. Mutschler et al. (1987) proposed local intraplate deformation of deep
continental lithosphere rather than rollback of the Farallon plate. English (2003) examined low-
angle subduction models to test the viability of slab rollback. The idea of flat slab subduction is
still controversial and is typically associated with magmatic gaps. English (2003) concluded that
large-volume arc magmatism would be problematic due to a cold thermal regime (500-700° C)
and pointed to the need for an alternative mechanism. The low-angle subducted slab would have
cooled the base of the lithosphere, insulating it from convecting asthenospheric heat. Usui et al.
(2003) analyzed well preserved eclogite xenoliths from fragments of the subducting Farallon
plate and suggested that the slab was partly dewatered during the flat slab stage. Thus, the
subducting slab would be anhydrous before descending into the asthenosphere, resulting in
reduced magma generation.

Extension-Related Magmatism. Other models have suggested lithospheric extension as

the primary mechanism of magma generation or a combination of extension with rollback of the
Farallon plate as a way of explaining intraplate magmatism in western North America. Questions
these models address involve the timing of extension, either before, during, or after the

ignimbrite flare-up, and whether extension provoked decompression melting of the sub-
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lithospheric mantle (McKenzie and Bickle, 1988; McKenzie,1989; Leeman and Harry, 1993), or
by inducing melting of mafic portions of the continental lithospheric mantle (Leeman and Harry,
1993).

Gibson et al. (1992) analyzed changes in isotope and trace-element ratios and concluded
that early magmatism was not directly related to the subduction of the Farallon plate, but rather
to lithospheric extension. Based on geochemical trends of Oligocene trachybasalt, Chamberlin et
al. (2004) supported this notion and argued against subduction-related processes as a viable
explanation of mid-Tertiary volcanism. However, the depleted Nd isotopic signature of the
trachybasalt and Y-poor rhyolites during the end of subduction still suggested a geochemical tie
to subduction-related processes (Chamberlin, 2004). Christiansen and Best (1991) argued that
flat slab subduction would not have generated enough magma from the mantle lithosphere alone
to produce the large-scale ignimbrite flare-up and suggested that lithospheric extension may have
aided magma generation. McMillan (1998) and Elston (2008) expanded on this notion stating
that early crustal extension (40-20 Ma) likely helped initiate the ignimbrite flare-up during a
passive continental setting. It was suggested that melt production may have
resulted in local areas of tensional stress superimposed upon a weakly compressional stress field.

Progressing to a more extensional tectonic regime, the weakened state of the lithosphere
would enable dike propagation to be the predominant mechanism to allow basaltic melts to
penetrate the crust (Perry et al., 1987, 1988; Cather, 1990; Chamberlin at al. 2002). During the
ascent of primitive magma by fractionally crystallization, induced partial melting would have
allowed evolved silicic melts to form (Elston, 2008). In contrast to earlier interpretations (Davis
and Hawkesworth, 1995; Cather, 1990; Chamberlin, 2002), studies within the Great Basin

province argued against significant regional extension during the ignimbrite flare-up. Best et al.
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(2016), and Ducea and Barton (2007) suggested that regional extension followed the 36-18 Ma
ignimbrite flare-up, thus not contributing to the rhyolitic and andesitic rock suites. Farmer et al.
(2007) also suggested lithospheric extension may not have played a significant role due to the
absence of crustal extension during magmatism in the San Juan volcanic field.

After ~20 Ma, once the ignimbrite flare-up ceased, the lithosphere cooled and extension
changed from ductile to brittle deformation. It is agreed upon by most studies that a second
thermal regime developed during this time period, resulting in brittle extension to form the Rio
Grande rift and Basin and Range Province. During the Pliocene, Elston (2008) suggested basaltic
magma rose from local pockets in the upper mantle, tapped by extensional fissures. Volcanism
transitioned from Fe-rich basaltic andesites to true basalts with high Nb/Ba and Ta/Ba ratios and

high positive ENd values between +7 and +4 (McMillan, 1998). Melt zones derived from an

OIB-modified lithosphere (McMillan, 1998) and yielded tholeiitic and alkali basalts (Fodor,
1975; Bornhorst, 1980, 1988; Davis and Hawkesworth, 1993; Davis et al., 1993).

Bimodal Magmatism of the MDVF. The Mogollon-Datil volcanic field (MDVF) was
the center of active volcanism during the mid-Tertiary, spanning 40,000 km? in southern New
Mexico (Fig. 1; Ratté et al. 1984; Elston, 1989; Davis and Hawkesworth, 1993). The MDVF is
part of a discontinuous belt of silicic volcanic fields extending from the San Juan Mountains in
Colorado into central Mexico (MclIntosh et al., 1992). The MDVF contains an estimated 10,000
km? (Elston, 2008) of volcanic rocks and is located within the southern portion of the Basin and
Range Province along the southwestern margin of the Colorado Plateau (Bikerman at al., 1990).
The MDFV is suggested to have been associated with a number of other active volcanic fields
during the mid-Tertiary, such as the San Juan, High Plateau, and the White Mountains (Davis

and Hawkesworth, 1994).
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The MDVF was a result of punctuated volcanism, predominately intermediate
composition volcanic rocks (Farmer et al., 2007), between 40 and 20 Ma (Davis and
Hawkesworth, 1994). Magmatic activity began around the time subduction of the Farallon plate
ended (~37 Ma) and during the initiation of crustal extension (Davis and Hawkesworth, 1995).
Based on geochemical and geochronological studies, magmatic activity was limited to several
episodic pulses of caldera-forming ash flow eruptions (ignimbrites) in late Oligocene to early
Miocene with discontinuous sequences of andesitic to basaltic volcanism (McIntosh et al., 1992).
The magmatic processes operating in the plumbing system beneath the MDFV have yet to be
fully understood.

Volcanic activity began 40-37.6 Ma within the eastern and southern areas of the MDVF
producing the Rubio Peak and Palm Park formation (McMillan, 1998; Chapin et al., 2004). The
volcanic rocks comprised of calc-alkaline andesites and dacites with an arc-like composition.
Volcanism transitioned into bimodal rhyolite ignimbrite eruptions with intercalated mafic lavas
creating the Bell Top Formation 36.2-28.6 Ma (MclIntosh et al., 1992; McMillan, 1998). Based
on “°Ar/*Ar age distributions, regional ignimbrites in the MDVF can be broadly categorized into
four distinct eruptive events: First Flare-up (36.2 to 33.5 Ma), Short Burst (32.1 to 31.4 Ma), Big
Doublet (29.0 to 27.4 Ma), and Last Gasps (26.1 to 24.3 Ma). The first flare-up pulse primarily
consisted of low silica rhyolites making up 11 known outflow sheets and several smaller units.
The larger units during this event included the Kneeling Nun Tuff (34.9 Ma) and the Box
Canyon Tuff (33.5 Ma). The second pulse of ignimbrite volcanism consisted of three regional
outflow sheets: Hells Mesa Tuff (32.1 Ma), Blanco Tuff (31.6 Ma), and Tadpole Ridge (31.4
Ma). The third and largest pulse of ignimbrite activity produced nine major regional ignimbrites.

These large-scale ash flows were tied to the Bursum Caldera, about 45 km in diameter (Ratté et
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al., 1984; MclIntosh et al., 1992) and can be spatially broken up into a northern and southern
cluster of calderas (Mclntosh, 1992). Within the southwestern part of the MDVF, the Davis
Canyon Tuff (29.0 Ma), the Shelley Peak Tuff (28.1 Ma), the Bloodgood Canyon Tuff (28.1
Ma), and the Apache Springs Tuff (27.9 Ma), are exposed in the Black Range. The northern
region of the MDVF produced the La Jencia Tuff (28.9), the Vicks Peak Tuff (28.5 Ma), the
tuffs of Caronita Canyon (28.0 Ma), the Lemitar Tuff (28.0 Ma), and the South Canyon Tuff
(27.4 Ma). The final and youngest pulse produced the Tuff of Slash Ranch (26.1 Ma) and the
Tuff of Turkey Springs (24.3 Ma; MclIntosh, 1992).

Intermediate-Composition Volcanics in the MDVF. Ignimbrite flare-ups within the

MDFYV have been the center of attention of scientific study, leaving out the ubiquitous andesite
to basaltic andesite lava flows. Comprehensive studies on these intermediate composition rock
suites are lacking and have yet to be fully integrated into the volcanic history of the MDVF.

Mid-Tertiary volcanism consisted of three broadly andesitic lava sequences: 38-34 Ma
(T2), 31-29 Ma (T3a), and 25-20 Ma (T4a; Elston, 1989; Davis et al., 1993). These andesitic
lavas erupted from small shield/stratovolcanoes (Elston et al., 1976). The early andesitic lavas,
38-34 Ma, were characterized by a range in composition from basaltic andesite through
rhyodacite. Andesites were the dominate rock type and are strongly porphyritic with a mineral
assemblage consisting of plagioclase, augite, and hydrous ferromagnesian minerals in a
trachyitic groundmass (Davis and Hawkesworth, 1993). The 31-29 Ma sequence was more mafic
in composition with the majority of the distribution skewed towards basaltic andesite. The rocks
tend to be aphyric and more vesicular with an anhydrous mineral assemblage of olivine, augite,
and plagioclase in an intergranular groundmass (Davis and Hawkesworth, 1993). The late-

Tertiary group, 25-20 Ma, was a volumetrically minor sequence of olivine and alkali basalt
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(<52% Si0y), rich in olivine and augite, with plagioclase mainly confined to the groundmass
(Davis et al., 1993).

Rubio Peak Formation. Folded rocks associated with Laramide shortening are

unconformably overlain by a suite of calc-alkaline andesite to dacite volcanic rocks including:
lava flows, beccias, and low-volume ash-flow tuffs. These volcanic rocks range in age from 45-
37.6 Ma and initiate the volcanic activity of the MDVF. Rubio Peak rocks are broadly “arc-like”
in composition and are dominated by plagioclase and hornblende-bearing, high-K andesites
ranging in SiO; from 58-62 wt%. Incompatible trace-element ratios and concentrations reveal arc
signatures and patterns (high Ba/Nb, Ba/Ta, Ba/La and La/Ta ratios), moderate ¥’Sr/%Sr ratios,
moderate negative eNd values and Pb isotope ratios between the radiogenic signatures of rhyolite
tuffs and the non-radiogenic values of the Uvas andesites and basalts (McMillan et al., 2000).
Basalts associated with the Rubio Peak volcanic rocks are only found at the top of the section or
as dikes. K/Ar dates of these basalts also indicate that mafic lavas were erupted only late in the
Rubio Peak interval (Mclntosh et al., 1992).

Bearwallow Mountain Andesite. The BWA is a chemically distinct series of 30-20 Ma

andesites and basaltic andesites (Davis and Hawkesworth, 1993) which make up the T4a and
upper part of the Ta3 sequences (Davis, 1991; Davis et al., 1993). The T4a lavas are the
dominate group during this time interval and are located throughout the central and northern
regions of the MDVF. The volcanic centers of this group (Elk Mountain, O-Bar-O Mountain,
Pelona Mountain, and Luera Peak) form the peaks of the Mogollon, Tularosa and Mangas
Mountains. The stratocone-related T4a basaltic andesites and andesites are referred to as the
Bearwallow Mountain Formation (Elston et al., 1976), but later re-defined as the Bearwallow

Mountain Andesite (BWA; Marvin et al., 1987). Previous studies (Fodor, 1975; Bornhorst 1980)
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have shown variable degree in differentiation within this rock group and thus, the classification
of solely andesitic may not fully represent the compositional range. The BWA marks the end of
Oligocene volcanism in which a ~7 Ma hiatus takes place until volcanism picks back up during
mid-Miocene.

Major- and trace-element contents of the BWA suggest a high-K calc-alkaline
association. The low silica andesites are characterized by small amounts of olivine (iddingsite),
and augite phenocrysts in a plagioclase and augite groundmass. The more evolved andesites from
the BWA contain phenocrysts of plagioclase, enstatite, and augite, with little to no olivine in a
plagioclase, pyroxene, and glass groundmass. Trace-element concentrations show low Ba-Nb
and Zr/Nb as a result of their higher high field strength elements (HFSE; Nb, Ta, and T1). The
younger members of this group are also suggested to show chemical affinity with the Post-20 Ma
group (Davis et al., 1993). The basaltic andesites have 8’Sr/*Sr in the range 0.7065-0.7074 and

Nd/'*Nd in the range 0.51221-0.51243 (Davis and Hawkesworth, 1993).

Analytical Methods

20 rock samples of one to two kg were collected from distinct lava flows and tuffs
distributed across the entire field area. Major-element oxide and trace-element (Sc, V, Cr, Ni, Zn,
Rb, St, Y, Zr, Nb, Ba, Pb, and Th) analyses were obtained by standard X-ray fluorescence (XRF)
spectrometry at Washington State University’s Peter Hooper GeoAnalytical Laboratory,
Pullman, Washington, using a ThermoARL Advant’XP + sequential X-ray fluorescence
spectrometer using the methods described in Johnson et al. (1999). Estimated 2c precision is
better than 1% for most elements except Y, Nb, and Cr (better than 5%). Analysis of trace-

element contents, including the rare-earth elements (REE), were performed on 20 samples by

18



inductively coupled plasma-mass spectrometry (ICP-MS) at Washington State University’s Peter
Hooper GeoAnalytical Laboratory using an Agilent Technologies 7700 ICP-MS following the
protocol of Jarvis (1988) and Johnson et al. (1999). The analytical precision for the method at
WSU is better than 5% (RSD) for the REEs and 10% for the remaining trace-elements. Analyses
of USGS and international standards and comparison of trace-element data for Y, and Nb from

XRF show good agreement with consensus values and XRF data.

Results

In this study we examine and interpret geochemical data from volcanic rocks throughout
southern New Mexico that are between 45 and 20 Ma. We use and interpret data from volcanic
rocks spanning four regionally extensive major volcanic units/phases in southern New Mexico:
Rubio Peak Formation (45-36 Ma); Bell Top Formation and rhyolitic flows (36- 28 Ma); Uvas
Basalts (28-24 Ma); and the Bearwallow Mountain Andesite (26-23 Ma; McMillan et al., 2000).
We compare volcanic rocks within these units to each other in order to assess location and
migration of the arc front, but primarily focusing on comparing the trends observed within a
limited range of SiO; content (45-55 wt% and 55-65 wt%) and a restricted spatial range
(longitude between 108° to 109° W; latitude between 32° and 34° N). We restrict the type of
material evaluated to lava flows, domes, dikes and sills. The data presented meets the criteria
listed above as well as span the range of expected volcanic activity in the southern New Mexico
volcanic arc with limited along-arc variations in order to minimize the potential variation in
magma source, mantle composition, and variation in magmatic processes along the arc front.
While we would have liked to have focused our examination on single volcanic centers or fields

in the study area, this was not possible due to the limited dataset currently available. New data in
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this study is presented below and combined with published data to fill some of the gaps of
previously published work.

Lava types analyzed and interpreted in this study are mostly basaltic andesite and
andesites along with a small number of traditional basalts. Intrusive dikes and domes analyzed
and interpreted include trachybasalts, and andesites with a few basaltic trachyandesites and
memenites. The vast majority of samples plot as high-K, calc-alkaline trends (Fig. 2, 3).
However, some lava flows with lower SiO; are lower K content rocks.

All studied MDVF volcanic and intrusive rocks exhibit typical and relatively uniform arc
signatures characterized by a marked enrichment in Rb, Zr, Ba, K, and Th, combined with
marked depletion in Lu, Eu, Ni, Y, and Ti. Eu anomalies decrease over time with values near one
within the basaltic andesites and basalts (Fig. 4a). Nb/Ta ratios are lowest in the more evolved
rhyolites and dacites (11-14) and reach the highest values within the andesites and basaltic
andesites (16-19; Fig. 4b). Nb/Ta ratios drop to mantle values within the basalts (15-16). Nb and
Ta concentrations show a broad decrease with increasing Mg# (Fig. 4c, 4d).

REE patterns (Fig. 5) were evaluated using (La/Tb)n, and Dy/Ybn ratios as well as trace-
element ratios Nb/Ta and Sr/Y to distinguish age groups (Fig. 6). St/Y generally decreases with
increasing Y, with maximum ratios of St/Y observed in the 24-28 Ma rocks. (La/Tb)n shows a
fairly similar trend with a general decrease with increasing Yb. Nb/Ta ratios show an increase
with Dy/Ybn ratios, suggesting a transition in fractionation from amphibole to more Ti-rich
phases (Davidson et al., 2007; Davidson et al., 2013). Sr/Y ratios generally increase with
increasing Nb/Ta ratios, showing three distinct groups. The rhyolites, observed in the 36-28 Ma
rocks, show the lowest trace-element ratios suggesting plagioclase fractionation. Andesites and

basaltic andesites between 45-23 Ma have the highest Nb/Ta ratios with moderate Sr/Y ratios
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suggesting rutile and plagioclase fractionation, as well as fractionation of either amphibole,
garnet, or clinopyroxene, causing an upward trend. The basalts (28-24 Ma) have equivalent Sr/Y
ratios to the andesites and basaltic andesites but decrease in Nb/Ta ratios, indicating potential
fractionation of garnet or clinopyroxene.

A plot of Dy/Dy" versus Dy/Ybn is used to constrain the magmatic source and shows a
general increase in Dy/Dy" ratios with increasing Dy/Ybn. Comparing MDVF volcanic rocks
with global island and continental arc settings, the majority of the rocks align well with a
continental arc magmatic system (Fig. 7a). Older volcanic rocks of the MDVF suggest
amphibole/clinopyroxene fractionation and begin enrichment in light rare-earth elements (LREE)
as compositions become more basaltic. This enrichment is suggested to be the result of sediment
melts (Rudnick and Fountain, 1995). The source composition shift observed from a mid-ocean
ridge basalt-like (MORB) source, plotting near the bottom of the field (Fig. 7b), to an OIB-like
source. This is supported by an increase in Dy and a decrease in Yb over time suggesting a

transition from an amphibole stable source to a garnet or pyroxene stable source.

Discussion

Assessment of Arc versus Rift Geochemical Signatures. One of the most challenging
questions when assessing geochemical variations and the temporal evolution of southern New
Mexico igneous rocks is whether they are related to arc magmatism, rift magmatism, or a
transition between the two. This question has been the focus of many past studies, some using
the data presented in this study. McMillan (1998) and McMillan et al. (2000) provided the
criteria of assessing sources of magmas and defined three compositional sources for southern

New Mexico: subduction-modified lithospheric mantle, OIB-like mantle, and asthenospheric
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mantle. But the assessment of arc versus rift geochemical signatures is complicated for magmas
in the Rio Grande rift area in southern New Mexico due to multiple episodes of arc accretion and
arc magmatism since the Archean (Michelfelder and McMillian, 2012; Amato et al., 2012).
Trace-Element Insight into Temporal Variation in Crustal Thickness. Volcanic
rocks in southern New Mexico record a detailed history of crustal thickening and thinning during
the transition from Laramide contraction to Rio Grande rift extension. Previous estimation of
paleo-crustal thickness in southern New Mexico during the Miocene and Oligocene has been
problematic due to regional extension during the Basin and Range and Rio Grande Rift. Further
difficultly arises from the lack of crustal shortening expressed on the surface from the Laramide
orogeny. From 50-20 Ma, changes in crustal thickness provides a realistic model for the
transition from intermediate magmatism from 50-36 Ma to bimodal magmatism between 36 and
28 Ma, and back to intermediate compositions after 28 Ma. Recently, the relationship between
certain trace-element ratios and depth to the Moho have been suggested and quantified by a
number of authors (Profeta et al., 2015; Chapman et al., 2015; Chapman et al., 2017; Ducea et
al., 2015; Tang et al., 2019) and these ratios can be used to quantify magma storage (Paterson
and Ducea, 2015). Sr/Y and (La/Yb)n ratios show a regional and global trend in determining
paleo-crustal thickness in highly active, long-lived, volcanic arcs and orogens (Profeta et al.,
2015). The relationship between these two trace-element ratios and depth have been suggested
for island arcs and thin crust continental arcs (Davis and Hawkesworth, 1994; Kay et al., 2010).
Across-arc studies of thick crust arcs and variations at the local scale suggest that variation in
these ratios may be further complicated by local basement contamination (Feeley, 1993; Feeley

and Costa, 2003; Michelfelder et al., 2013). These relationships stem on the compatibility of Sr
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in plagioclase, La in amphibole and Y and Yb in garnet and the pressures at which each mineral
crystallizes (Kay et al., 2010; Michelfelder and McMillan, 2013; Ducea et al., 2015).

Mafic and intermediate magmas with MgO concentrations of >4.0 wt% and 2-4 wt%
respectively, and Rb/Sr ratios between 0.05 and 0.2 were used to filter samples used in paleo-
crustal thickness estimates to reduce the effects of mantle-slab influence and melting of
metasedimentary framework rocks as suggested by Chapman et al. (2015). All crustal
thicknesses were estimated using the average elevation of southern New Mexico assuming
isostatic equilibrium at the horizontal scale of 50 km and an average crustal density of 2700
kg/m?, as suggested by Profeta et al. (2015). Sr/Y and (La/Yb)x ratios for basalt and intermediate
composition rocks between 50-36 Ma show a general trend of crustal thickening (Fig. 8). The
greatest crustal thickness calculated occurs at 36 Ma and coincides with the change from
intermediate to bimodal volcanism in southern New Mexico and the first ignimbrite forming
eruptions by the Bell Top Formation (Fig. 8b; Chapin et al., 2004; Michelfelder and McMillan,
2012; Zimmerer and Mclntosh, 2013; Szymanowski et al., 2017; Rentz et al., 2019). At the first
appearance of mafic magmatism during bimodal magmatism at 32 Ma, both Sr/Y and (La/Yb)x
ratios suggest the crust underwent a dramatic thinning event. St/Y and (La/Yb)x ratios of
intermediate volcanic rocks between 28 and 20 Ma suggest a trend of crustal thinning consistent
with the timing of crustal extension in the area (Mack, 2004), and coincides with the end of
bimodal magmatism (Mclntosh et al., 1992; Rentz et al., 2019).

While Sr/Y and (La/Yb)n ratios combined with structural estimates of paleo-crustal
thickness provide a compelling argument, across-strike geochemical studies of thick crust
continental arcs have suggested alternative hypotheses. Alternative models suggest that high

St/Y and (La/Yb)n ratios are related to crustal composition and not depth of magma formation/
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differentiation. Michelfelder et al. (2013) suggested a model for the Central Andes in which arc-
front volcanoes with the thinnest crust display the highest St/Y and (La/Yb)n ratios, while back
arc centers constructed on thick crust, have significantly lower ratios. These authors suggested
the volume of magma intruded into the arc front hybridized the crust to more mafic compositions
with higher St/Y ratios, imparting these ratios into the arc-front melts. Magmas in southern New
Mexico intruded in much longer timescales, but have the additional problem of magma intrusion
into Yavapaii-Mazatzal island arc crust (Chapin et al., 2004; Amato et al., 2008). Recently, Tang
et al. (2019) suggested that Nb/Ta ratios may be tied to crustal thickness during arc magma
differentiation. These authors suggested that Nb/Ta ratios of ~19 represent deep arc cumulates
(arclogites) while continental crust and mantle basalts have lower ratios, ranging from 11-13 for
continental crust and 15-16 for mantle basalts. Nb/Ta ratios in continental arc magmas show a
strong negative correlation with Dy/Yb ratio (Fig. 9), especially at high SiO2 contents. Similar to
high Sr/Y and La/Yb ratios, Dy/Yb ratio is directly tied to high pressure magma differentiation/
production and the formation of garnet (Davidson et al., 2007; Alonso-Perez et al., 2009). Of
particular interest, deposits of arclogites with Mg# <0.6 consisting of mostly garnet and oxides
(Fe-Ti oxides and rutile), provide a mechanism for the fractionation of low Nb/Ta ratio magmas
in arc crusts (Nb/Ta=11-13), with arclogite cumulates containing Nb/Ta ratios of >19 (Tang et
al., 2019).

Southern New Mexico volcanic rocks display a range in Nb/Ta ratios from 11-19 and
show a systematic change with age (Fig. 9). Rocks between 50 and 36 Ma contain Nb/Ta ratios
between 12-14 and show little variation with age. It is suggested that these rocks are sourced
from continental crust thinner than 55 km thick that are garnet stable or from subduction-

modified mantle. At 36 Ma a sharp decrease in Nb/Ta ratio occurs with ratios dropping to ~11,
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suggesting that crustal thickening surpassed 55 km. This is further supported by Sr/Y and
(La/Yb)n ratios. Maximum thickness is hypothesized to occur at ~30 Ma when Nb/Ta ratios
increase suggesting either a shift in magma source, or thinning of the crust (Fig. 9). Between 28
and 24 Ma, Nb/Ta ratios significantly increase within younger volcanic rocks and peaks at ~19
within the youngest basalts and basaltic andesites of the Bearwallow Mountain Andesite
(O’Dowd and Michelfelder, this volume). These ratios suggest that arclogite cumulates
containing high Nb/Ta ratios were the source of these magmas. Garnet pyroxenites have lower
solidi than that of mantle peridotites, and as such, crustal thinning or mantle upwelling may
easily melt and remove these deposits (Hirschmann et al., 1996; Hirschmann et al., 2003;
Dasgupta et al., 2010; Tang et al., 2019). This results in up to 70% melting under normal
adiabatic mantle melting conditions, exhausting rutile early in the melting process and producing
melts with similar Nb/Ta ratios (Tang et al., 2019). The corresponding high (Dy/Yb)x and
(La/Yb)n ratios of these rocks confirm the presence of a garnet-unstable source, as a direct result
of crustal thinning.

Together, the trends observed in mafic and intermediate volcanic rocks between 50 and
36 Ma are consistent with models from the Central Andes volcanic zone and Southern Rocky
Mountain volcanic field which suggest that intermediate magmatism occurs during periods of
crustal thickening where lower crust gabbros and equivalent metamorphic rocks are either the
source or contaminant of arc magma and that these rocks migrate upward during the
development of long-lived volcanic arcs. Bimodal volcanism and the ignimbrite flare-up was
sourced from subduction-modified lithospheric mantle in New Mexico at ~36 Ma, suggesting a
change in crustal thickness as illustrated by low Nb/Ta, (La/Yb)n, St/Y and (Dy/Yb)w ratios.

Magma generation is the result of MASH development melting, large volumes of crust, and the
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fractionation of arclogite cumulates. Finally, around 28 Ma, crustal thinning and mantle
upwelling return magmatism to intermediate to mafic compositions during the removal of lower
crustal garnet pyroxenite cumulates containing high Nb/Ta ratio rutile. Near 20 Ma, complete
removal and influence of the garnet pyroxenite cumulate no longer influences magma
composition and asthenospheric mantle sources mafic magmatism associated with extension

within in the Rio Grande rift and Basin and Range.

Conclusion

The volcanic and tectonic complexities that were involved during the mid-Tertiary
ignimbrite flare-up are still controversial with respect to understanding what initiated the
regional burst of magmatism and to what extent plate configuration affected magma generation.
After reviewing a spectrum of previously established tecto-magmatic models, it is difficult to
provide a clear understanding of the magma storage systems and how the style and composition
of volcanism changed with time. However, the majority of these proposed models suggest flat
slab subduction of the Farallon plate followed by delamination or tearing, triggered widespread
volcanism far inland within the North American plate (Best et al., 2016). The initiation of the
ignimbrite flare-up was also suggested to be contemporaneous with the onset of ductile extension
as compressional stresses began to relax, creating a relatively passive tectonic regime before
further crustal extension (Elston, 2008). The majority of volcanism (~36-23 Ma) was likely
sourced from partial melting of the lithospheric mantle and incorporating arc signatures from
previous subduction events (McMillan, 1998; Farmer et al., 2007). It is not until after the
ignimbrite flare-up in which the magmatic source picks up more enriched mantle compositions,

suggesting partial melting of the asthenosphere (Davis and Hawkesworth, 1996). This transition

26



to Rio Grande rift magmatism corresponds to a change in thermal regimes as brittle extension

becomes more predominate.

Combining current databases of compiled geochemical analyses from literature with
newly collected data from regionally extensive units/phases in southern New Mexico, the arc-rift
transition during the ignimbrite flare-up can be evaluated with respect to variations in crustal
thickness. Using REE patterns and trace-element ratios of (La/Yb)x, (Dy/Yb)x, Nb/Ta, and Str/Y,
it is evident that a dramatic change in crustal thickness accompanies the initiation of the
ignimbrite flare-up and the change in the style of volcanism. Inserting these trace-element trends
into the context of previously established regional models, early erupted intermediate
composition volcanic rocks (50-36 Ma) show trace-element signatures sourced from crust
thinner than 55 km thick. During the initiation of the ignimbrite flare-up, marked at 36 Ma, trace-
element compositions suggest crustal thickening with maximum thickness hypothesized to have
occurred near 30 Ma before a significant crustal thinning event or a change in magma source.
The increase in Nb/Ta ratios to unusually high values near ~19 within the youngest basalts and
basaltic andesites of the Bearwallow Mountain Andesite may suggest the incorporation of rutile-
bearing pyroxenite cumulates (arclogite; Tang et al., 2019) after peak extension of the
lithosphere and continental crust. Nb/Ta ratios transition to enriched mantle values towards the
end of the ignimbrite flare-up as volcanism becomes more effusive during Rio Grande rift
magmatism. This change in crustal thickness may provide a model for the transition in
magmatism from intermediate compositions (50-36 Ma) to bimodal compositions (36-28 Ma),

followed by a progressive change to basaltic magmatism (28-0 Ma).
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