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Abstract 

Two caldera-forming rhyolitic supereruptions have occurred at the Jemez Mountains volcanic field (JMVF), 

producing the Otowi (1.60 Ma) and Tshirege (1.25 Ma) members of the Bandelier Tuff. The magma 

petrogenesis preceding the two supereruptions was examined via systematic studies of mineral chemistry 

and zircon geochronology of pre-caldera and caldera-forming volcanic products. The Otowi supereruption 

was preceded by ~10 m.y. of dominantly intermediate to silicic volcanism (i.e., the 10-7 Ma Paliza Canyon, 

the 8-7 Ma La Grulla Plateau, and the 5.5-2 Ma Tschicoma formations). Mineral disequilibria and 

compositional diversity suggest that these were products of magma mixing between multiple mafic 

components formed from AFC processes in a deep “hot zone”, and a middle-crustal-derived silicic 

component, either in the deep crust or in a mush formed within the shallow crust. The pre-caldera magmas 

evolved towards cooler and more oxidized conditions as they gradually propagated into shallower crust. 

This eventually modified the original crust to form a transcrustal magmatic system over several million years. 

Reactivation of the system at 5.5 Ma after ~0.5 m.y. tectonic-related cooling, led to formation of the long-

lived Tshicoma dacitic magma bodies, each characterized by a series of separate melt/crystal domains 

with >1 m.y. lifespan. Elevated magma supply after ~2 Ma destabilized this system and coalesced isolated 

melt lenses and recycled plutons in the upper crust to produce the Otowi supereruption. After evacuation 

of the Otowi magma, rapid influx of new magma under high supply rates re-primed the system in just 350 

ka to produce the Tshirege supereruption. This change from slow to fast magma accumulation rates reflects 

thermal and chemical maturation of the crust, and correlates to elevated magma supply rate, aided by the 

previous supereruption. Based on the geochemical results, five magmatic cycles with variable longevity 

were found to describe the system history. It appears that once established, a transcrustal magmatic system 

may cool off slowly and re-charge rapidly. With this prerequisite, magma supply rate (and/or tectonics) 

governs two types of magmatic cycles at the JMVF, either producing long periods of low rates of eruption 

with small rhyolite events and mixed intermediate products, or catastrophic caldera-forming eruptions.  
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Chapter 1. Introduction 

1.1. Research Rationale 

Rhyolitic caldera-forming eruptions are among the largest magnitude volcanic events known on Earth 

(Cashman and Giordano, 2014). These eruptions can involve hundreds to thousands of cubic kilometres 

of magma, produce massive pyroclastic flows and ignimbrites, with global-scale atmospheric and climate 

impacts (e.g., Self, 2006; Miller and Wark, 2008; Cashman and Sparks, 2013). Such eruptions are 

commonly sourced from large silicic magma reservoirs in the shallow crust, usually at the top of a 

transcrustal magmatic system (Fig. 1.1a; Cashman et al., 2017). Regular thermal and mass inputs into 

shallow reservoirs from more primitive magmas at depth are essential to maintain them. High rates of 

mafic input may destabilise a system, leading to catastrophic eruption once enough eruptible silicic 

magmas are accumulated (Hildreth, 1981; Pallister et al., 1992).  

Magmatic reservoirs in the shallow crust are typically in the form of a crystal mush, consisting of 

crystals and interstitial melts, a state which is more thermally efficient to maintain than magma storage at 

near liquidus conditions (Karakas and Dufek, 2015; Cashman et al., 2017). The “mush” model (Fig. 1.1b; 

Hildreth, 2004; Bachmann and Bergantz, 2004, 2008) is commonly accepted to explain the formation of 

crystal-poor silicic magma. When magma of intermediate composition (andesite-dacite) approaches 40-

50% crystallinity, the interstitial melt composition becomes rhyolitic. At the rheological locking point of the 

crystal-melt mixture (50-60% crystallinity), efficient extraction of rhyolitic melts from the interstices of a 

mush is via compaction or shearing. A crystal-rich intermediate mush may also erupt in its entirety, e.g., 

the Fish Canyon Tuff (Bachmann et al., 2002; Bachmann and Bergantz, 2008). The origin for such crystal 

mushes of intermediate composition can be complex, involving: fractional crystallization from basaltic 

magma; mixing between silicic and mafic magmas; assimilation of crustal lithologies; or, more likely, a 

combination of all processes (Reubi and Blundy, 2009; Kent et al., 2010; Lee and Bachmann, 2014; 

Keller et al., 2015). Many studies have focused on the generation and eruption of individual large silicic 

magma bodies. However, less is known about the details of processes (such as rates of magma recharge, 

magma storage and transport) that lead to the formation of large rhyolitic magmatic systems capable of 

repeated large eruptions including supereruptions (those erupting >450 km3 of magma, Self, 2006). 

In long-lived volcanic systems that endure over millions of years, rare catastrophic rhyolitic 

eruptions are interspersed with complex mafic to intermediate volcanism. However, the genetic 

connection between the caldera-forming magmatic systems and those occurring before and after such 

events is poorly known. Constraining this relationship will help understanding the pre-conditioning of  
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Figure 1.1. Schematic cartoons showing transcrustal magmatic system [a, modified after Cashman et al. (2017)], 

where melts differentiated in the deep crust are transferred to middle- and finally upper crust, and upper crustal 

magmatic system in upper crustal [b, modified after Hildreth (2004)], where silicic melts are extracted from crystal 

mush of intermediate composition, supplied by mafic magma from depth.  

long-lived magmatic systems leading to massive caldera-forming events such as supereruptions. This 

type of study requires examining a long-lived system, especially one where products of several magmatic 

cycles are visible, ideally with more than one caldera-forming eruption. Studying the volcanic products 

occurring during and before large eruptions provides a means to understand the endurance and evolution 

of long-lived large volcanic systems, such as the Jemez Mountains volcanic field (Rowe et al., 2007); the 

San Juan volcanic field (Colucci et al., 1991); and the Ordovician Borrowdale Volcanic Group (McConnell 

et al., 2002). Constraining the mechanics and relative roles of magmatic processes [assimilation-

fractional crystalisation (AFC), magma mixing and partial melting of crust] is essential to build an 

understanding of how the priming of caldera-forming magmatic systems function. 

The long-lived Jemez Mountains volcanic field (JMVF) is an ideal location to carry out a study into 

the priming of caldera-forming eruptions. Two rhyolitic supereruptions occurred at the JMVF resulting in 

the Toledo caldera at 1.60 Ma and the Valles caldera at 1.25 Ma, and producing the Otowi and Tshirege 

members of the Bandelier Tuff, respectively (Phillips et al., 2007; Wolff and Ramos, 2014; Gardner et al., 

2010). These each erupted an estimated 400-550 km3 of dense rock equivalent (DRE) magma (Goff et al., 

2014; Cook et al., 2016) thus classified at the lower end of the “supereruption” spectrum. Importantly, the 

JMVF has a volcanic history spanning over ~10 m.y., with a compositional range extending from basalt to 
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rhyolite (Self et al., 1986; Wolff et al., 2005; WoldeGabriel et al., 2007; Kelley et al., 2013). Geochemical 

and geochronological studies (e.g., Justet, 2001; Wolff et al., 2005; Rowe et al., 2007; Kelley et al., 2013; 

Wolff and Ramos, 2014) have revealed an intriguing apparent transition in magma processes with time. 

Prior to the two caldera-forming supereruptions, magma processes shifted from (1) AFC-dominated 

systems (Paliza Canyon andesite, 10-7 Ma), to (2) magma mixing-dominated processes (Tschicoma 

Formation dacite, 5.5-2 Ma), and after 2 Ma to (3) large-scale crustal partial melting process (the Otowi 

Member of the Bandelier Tuff) (Wolff et al., 2005; Rowe et al., 2007; Wolff and Ramos, 2014). This 

transition signals an increasing influence of partial melts resident within the crust, hypothetically leading to 

both large-scale partial melting and a system primed for major caldera-forming volcanism. Extending this 

hypothesis, there must be a critical rate of magma emplacement into the crust that tips the balance from a 

volcanic system fed by spatially (and temporally) separated magma reservoirs, into one where wholesale 

crustal melting is driven. To evaluate whether the process of increasing the spatial and temporal density 

of magma intrusion into the crust drives a transition to caldera-forming volcanism, this study will examine 

the geochemical evolution of magmatic systems in the JMVF. The work aims to identify if the JMVF 

volcanic history represents a case of gradual thermal maturation of the underlying crust, controlled by 

tectonic extension and mafic magma intrusion. 

1.2. Objectives, Approach and Thesis Outline 

Extensive studies on both pre-caldera, caldera-forming and post-caldera units in the JMVF have been 

previously carried out; including field geology (e.g., Smith et al., 1970; Gardner et al., 1986, 2010; Cook et 

al., 2016), geochemistry (e.g., Wolff et al., 1999, 2002, 2005; Wolff and Ramos, 2003, 2014; Rowe et al., 

2007; Goff et al., 2014), geochronology (e.g., Gardner and Goff, 1984; Spell et al., 1996; Justet and Spell, 

2001; Phillips et al., 2007; Kelley et al., 2013; Zimmerer et al., 2016), structural geology (e.g., Aldrich, 

1986; Kelley et al., 2013) and geophysics (e.g., Lutter et al., 1995; Steck et al., 1998). These previous 

studies greatly advance our understanding of magma evolution in a long-lived continental volcanic field 

and the operation of a caldera system and they form a solid foundation for this research project. However, 

many knowledge gaps still exist that require further exploration, including: the physical state (e.g., 

temperature and depth) of the pre-caldera magmatic systems; potential interactions among the pre-

caldera magmatic systems; the contributions of the pre-caldera magmas to priming the supersized 

caldera systems; factors controlling the rapid rebuild of the Bandelier magmatic system to produce a 

second supereruption; controls of structures on magma emplacement and eruptions; and the current 

state of the Bandelier magmatic system. To fill some of these knowledge gaps, this research pursues two 

major objectives that include: (1) building a refined petrogenetic model for assembly of eruptible pre-
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caldera magmas at the JMVF; and (2) determining the variable rates and mechanics of the JMVF 

supereruption-priming processes.  

Based on a range of previous whole-rock geochemical, isotopic and petrological studies, a 

hypothetical model for development and change of major magmatic systems in the JMVF is depicted in 

four stages (Fig. 1.2): a) Active rifting of the Rio Grande Rift from ~10 to 7 Ma (Gardner and Goff, 1984), 

produced high rates of large-scale and sustained basaltic magma intrusion into the lower crust, near the 

crust-mantle boundary. A minor portion of these magmas erupted with little differentiation as the Paliza 

Canyon basalt and Lobato basalt, with the bulk remaining in the lower crust. The large volume of intruded 

magmas interacted with crustal components leading to formation of the andesite-dominant Paliza Canyon  

magmatic system via assimilation fractional crystallization (AFC); b) During 7-5 Ma, a relative hiatus in 

tectonic extension occurred beneath the JMVF (Gardner and Goff, 1984; Gardener et al., 1986; Kelley et 

al., 2013), presumably lowering the rate of basalt production. With the reduction in heat inputs, extensive 

crystallization was driven in the residual Paliza Canyon magmatic system; c) From ~5-2 Ma, renewed 

tectonic extension led to another rise in the production and intrusion of basaltic magma (Justet, 2003). 

This re-heated the crust and triggered partial melting of the residual Paliza Canyon magmatic system 

(crystalline mush), along with crustal host rocks, producing a large new silicic magma reservoir. 

Subsequently intruded basaltic andesite magma mixed with the new silicic melt body, forming the dacite-

dominant Tschicoma Formation magmatic system; d) After ~2 Ma, major surface faulting in the JMVF 

shifted to the peripheral areas, and silicic melt from Tschicoma magma chamber migrated upward and 

laterally to accumulate in the upper crust beneath the centre of the JMVF (Warshaw and Smith, 1988). 

This formed the shallow Bandelier magmatic system. During this phase, the rate of basaltic intrusion into 

the lower crust remained high, driving further large scale partial melting of the crystallized remnants of the 

Paliza Canyon magmatic system, crustal materials, and earlier cooled basaltic intrusions. These partial 

melts recharged the Tschicoma magmatic system and supplied further material into the shallow Bandelier 

magma chamber (or mush zone). After differentiation (e.g., AFC and melt extraction) the Bandelier 

magma chamber eventually erupted catastrophically at 1.6 Ma during caldera collapse. In this 

representation of the JMVF evolutionary scenario, protracted eruption periods of the Paliza Canyon 

andesite (~3 m.y.) and the Tschicoma Formation dacite (~3 m.y.) were the result of sustained basaltic 

magma intrusion and associated heat. This occurred alongside efficient channelling of magmas to the 

surface via active faults, without significant pauses for crystallisation and volatile-accumulation. The rapid 

eruption of the Bandelier Tuff occurred during a relatively high heat flow phase with a quiescent period of 

local tectonics in the central JMVF after ~2 Ma. Thus, the resident crustal magma chambers, revitalised 

by high basalt intrusion rates, led to rapid volatile pressure build-up, priming the system for the eventual 

caldera-forming eruption.  
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Figure 1.2. Hypothetical model constructed for evolution of major magmatic systems in the Jemez Mountains 

volcanic field, based on the literature cited in the main text body. Note that rectangular and horizontal segments at 

the surface represent magmatic systems and their erupted equivalents, respectively. 

To test the validity of the above proposed model and to provide details of the rates and mechanics 

of the JMVF supereruption-priming processes (i.e., to achieve the two objectives above), mineral 

chemistry and micro-analytical approaches were systematically applied to reconstruct the fine details of 

magmatic pressures, temperatures and interaction processes within intermediate to silicic magmas that 

erupted before and during JMVF caldera-forming eruptions. Mineral chemistry is essential to determine if 

the hypothesised scenario is viable, and will help to determine the influence of varying rates of basaltic 
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magma supply and its impact on both thermally driven processes and those related to direct magma 

mixing. A range of mineral chemistry indicators may be used to reveal the thresholds of basalt magma 

influence on system behaviour (e.g., crustal assimilation, re-charge and/or remelting of older magma 

systems and eventual crustal melting). It may also be possible to infer tectonic influences on the potential 

for storage/trapping of magmas during the development of JMVF. While whole-rock geochemistry is 

useful for examination of broad scale changes in magmatic systems, mineral chemistry reveals in-situ 

information of a single crystal rather than mixed geochemical data. Therefore, it may reveal the fine 

details of petrogenesis not obtainable from whole-rock data. For example, mineral-mineral 

thermobarometry (e.g., Ti-Fe oxides, two-pyroxene, amphibole) can be used to model changes in the 

temperature and pressure of magmatic systems. Chemical analysis of zoned minerals reveals any 

gradual or sudden shifts in magma condition and help to infer the details of individual processes. Crystals 

in such magmatic systems, particularly those that crystallize over a range of temperatures, compositions 

and pressures (e.g., plagioclase) record gradual or sudden changes in the surrounding magma conditions 

as they grow. These chemical variations are preserved in crystal growth zones that we can measure 

using a range of micro-geochemical techniques, including Electron Microprobe Analysis (EMPA), Laser-

Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) and Sensitive High Resolution Ion 

MicroProbe (SHRIMP) analysis. By combining textural details revealed by back-scattered electron (BSE) 

imaging and chemical analyses of common minerals, crystals of different origins (e.g., phenocryst and 

antecryst) can be identified and the assembly processes can be inferred.  

Zircon is a robust chronometer and a widely existing accessory mineral in igneous rocks, especially 

in intermediate and silicic rocks. Due to its high melting temperature, zircon may readily survive partial 

melting and be transported through magmatic cycles and into new magmatic systems. Zircon chemistry 

(e.g., O-isotope and trace element) also faithfully reflects the composition of its host melt due to slow 

element diffusion after crystallization, and Ti-in-zircon thermometry (Ferry and Watson, 2007) can provide 

additional constrains on magma temperatures. If the Otowi Member of the Bandelier Tuff resulted from 

large scale partial melting of the pre-caldera plutons and basement rocks, inherited zircons with both age 

and chemistry comparable to those from the precursor volcanism and basement are likely preserved. 

Therefore, a systematic study of zircon U-Pb age and chemistry on both the Bandelier and the pre-

caldera magmatic systems could reveal potential mass inheritance (as indicated by zircon) among 

different units, and show the long-term chemical and thermal evolution of the JMVF. The detailed 

methods employed in this study is summarised in Table 1.1. 

Systematic mineral chemistry studies on major geological units in the JMVF aiming to address the 

above objectives, are presented in chapters 2-4, as three separate manuscripts in publication format. This 

thesis contains six chapters in total and each chapters are briefly introduced as following: 



INTRODUCTION 
 

7 
 

Table 1.1. Summary of objective-categorized sampling units and corresponding method for study 

Objective 1: building a refined petrogenenetic model for assembly of eruptible pre-caldera magmas 
Sample preparation thin section for major pre-caldera units 
Targeted mineral Pl, Px, Am and oxides Pl, Px, Am and oxides Pl and Am 
Data CL image major element trace element 
Method EMPA EPMA LA-ICP-MS 

Purpose mineral texture 
mineral compositional 
variation and 
thermobarometry 

mineral compositional variation 
and back-calculate equilibrium 
melt composition 

Objective 2: determining the variable rates and mechanics of the JMVF supereruption-priming processes 
Sample Preparation zircon separation and epoxy mount for major pre-caldera units and Bandelier Tuff 
Targeted mineral zircon zircon zircon 
Data U-Pb age O-isotope trace element 
Method SHRIMP SHRIMP LA-ICP-MS 

Purpose 
zircon crystallization 
history and identification 
of inherited zircon 

assess magma-crust 
interaction 

zircon compositional variation, 
and confirmation of inherited 
zircon  

Abbreviations: EMPA, Electron Microprobe Analysis; LA-ICP-MS, Laser-Ablation Inductively Coupled Plasma, Mass 

Spectrometry; SHRIMP, Sensitive High Resolution Ion Microprobe. 

Chapter one introduces the research rational, objectives and methods. It also provides a geological 

background of the study area (JMVF) and a brief summary of previous studies carried out on the system. 

Chapter two presents the mineralogical evidence for pre-caldera magma petrogenesis in the JMVF. 

Detailed textural study on plagioclase as well as chemical (major and trace elements) study on both 

plagioclase and amphibole from all major pre-caldera units are reported. Major elements in pyroxene and 

Ti-Fe oxides are presented and used in thermobarometric calculations to refine magma evolution models. 

This chapter is a revised manuscript under consideration for publication in Journal of Petrology. 

Chapter three highlights the crustal conditions that lead to rhyolitic “supereruptions”, and 

particularly the conditions driving both fast and slow pathways to assemble sufficient magma to drive 

them. A targeted dataset of zircon ages, trace element compositions, and isotopic data are presented to 

explain a switch from slow to fast modes of crustal pre-conditioning and supereruption-priming at the 

JMVF. This chapter is a manuscript prepared for submission to Earth and Planetary Science Letters. 

Chapter four focusses on detailed zircon age and chemical data on two separate eruptions from 

the long-lived dacitic magmatic systems (the 5.5-2 Ma Tschicoma Formation) in the JMVF. Zircon age 

spectra across a million-year scale and age-constrained zircon chemical variations reveal long-term 

magma evolution before eruption, and place new frequency constraints on the magma supply rates 

needed to keep such systems operating. This chapter is a manuscript prepared for submission to 

Contributions to Mineralogy and Petrology. 

Chapter five discusses and integrates the major findings of this research in a global context and 

highlights the limitations of our knowledge of long-lived caldera-forming volcanic systems.  
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Chapter six provides a final conclusion for this thesis, revisiting the original objectives and provides 

some ideas for potential future work to extend this area of study. 

1.3. Geological Background 

1.3.1. Regional Geology 

The JMVF is located at the junction of western margin of the Rio Grande rift and the northeast trending 

Jemez lineament in northern New Mexico, USA (Fig. 1.3). The Rio Grande rift extends as a series of 

interconnected, asymmetrical basins (Baldridge et al., 1995) from central region of Colorado through New 

Mexico to northern Mexico. The northern rift separates the Colorado Plateau to the west from the Great 

Plains (part of the North American craton) to the east. From the central to southern parts of the Rio 

Grande rift, the depth of Moho (crust/mantle boundary) decreases from 33 km to less than 30 km (Olsen 

et al., 1979; Sinno et al., 1986). Geophysical studies suggest the depth of lithosphere/asthenosphere 

boundary beneath the rift is approximately 70 km, while isotopic studies indicate a depth between 50 and 

70 km (Baldridge et al., 1995). The evolution of the Rio Grande rift occurred during two phases: late 

Oligocene-early Miocene and middle Miocene-Holocene, with a middle Miocene tectonic and magmatic 

lull between them (Baldridge et al., 1980, 1995; Morgan et al., 1986). The early rifting phase is deduced 

from coeval basaltic andesite magmatism and “early rift” basins. Morgan et al. (1986) argued that a 

regional, stable extensional stress field was established by about 30±2 Ma, which promoted weakly 

bimodal but fundamentally andesitic volcanism until 18 Ma. This extensional phase was characterized by 

forming broad and shallow basins through deformation of a thermally weakened lithosphere, heated by 

preceding and coeval middle Tertiary intermediate volcanism (Morgan and Golombek, 1984; Baldridge et 

al., 1995). The later rifting phase was followed by a lull in volcanism in the middle Miocene, during which 

the regional lithosphere cooled down. As a result, in contrast to the early extensional phase, the later 

phase shows major vertical displacement with minor extension (Morgan and Golombek, 1984). Narrow 

and deep basins developed during this time, with those in north-central New Mexico being mostly 

asymmetric grabens (Morgan and Golombek, 1984). 

The Jemez lineament refers to a broadly linear, northeast-trending array of Late Cenozoic volcanic 

fields at the southeastern margin of the Colorado Plateau (Fig. 1.3; Baldridge et al., 1995). It represents a 

zone of weakness in continental lithosphere, which is considered to coincide with an ancient fertile 

lithosphere mantle and the suture zone at depth created during a Paleoproterozoic subduction event 

between the 1.7-1.6 Ga Mazatzal island arc terrane and the 1.8-1.7 Ga southern Yavapai proto-North 

American Continent (Shaw and Karlstrom, 1999; Karlstrom et al., 2002; Magnani et al., 2004). From 

southwest to northeast, the volcanic fields along the Jemez lineament include: Springerville (basalt from 

8.66 to 0.3 Ma, Condit and Connor, 1996), Mount Taylor (basalt-rhyolite from ~3.7 to 1.26 Ma, Schmidt et  
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Figure 1.3. Geological map of the Rio Grande rift with the Jemez lineament shown. Modified after Baldridge et al. 

(1995), McMillan and Dungan (1988) and White et al. (2006). 

al., 2016), Jemez Mountains (>10 Ma-68 ka, Gardner et al. 1986; Kelley et al., 2013; Zimmerer et al., 

2016), Ocate (basalt-dacite from ~8 to 0.8 Ma, Nielsen and Dungan, 1985), and Raton-Clayton (basalt-

dacite from ~7.5 to 0.01 Ma, Phelps et al., 1983; Stormer, 1972). As the distance away from the rift 
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increases, the volcanism along the lineament becomes more alkaline, reflecting progressively lower 

degrees of partial melting at shallower depths (Perry et al., 1987; McMillan and Dungan, 1988). 

1.3.2. Geology of the Jemez Mountains Volcanic Field 

The JMVF is the site of the famous Valles caldera, one of the best-exposed Quaternary caldera 

complexes in the world. The volcanic field is located in west flank of the northern Rio Grande rift, bounded 

by the Espanola Basin to the east, the Albuquerque Basin and Santo Domingo Basin to the south, and 

the San Lius Basin to the northeast. It is constructed on Upper Paleozoic sedimentary strata underlain by 

the Proterozoic basement, which consists of granitoid and metamorphic rocks dated at 1.62-1.44 Ga 

(Smith et al., 1970; Brookins and Laughlin, 1983). The depth to the Proterozoic basement beneath the 

Valles caldera varies from ~1.5 km in the west to 5 km in the east (Goff et al., 1989). The volcanic field 

was built during the second extension phase of the Rio Grande rift from ~13 Ma to present. The tectonic 

activity in the JMVF is jointly controlled by the Rio Grande rift (manifested by N-trending faults) and the 

Jemez lineament (manifested by NE trending faults). Faulting in the JMVF began on the Sierrita fault on 

the southwest region in the late Oligocene, and shifted eastward to the Canada de Cochiti fault zone in 

early Miocene (Fig. 1.4; Aldrich, 1986). The Jemez lineament within the Rio Grande rift zone was under 

extension during 15 Ma to possibly 7 Ma (Aldrich, 1986). After a tectonic lull from 7 Ma to ~5-4 Ma, the 

faulting stepped eastward again to the Pajarito fault zone, which is still currently seismically active (Fig. 

1.4; Gardner and Goff, 1984). These patterns of fault movement reflect the eastward shift of western 

boundary of the Espanola Basin.   

The earliest JMVF volcanism is dated at ca. 25 Ma in the south-eastern region (Woldegabriel et al., 

2007), while widespread construction began between ~13 and 10.5 Ma. Bailey et al. (1969) divided the 

JMVF strata into three stratigraphic groups: the Keres Group, Polvadera Group and Tewa Group, which is 

then refined by Gardner et al. (1986) and widely adopted by later researchers. Gardner et al. (2010) 

further refined the Tewa Group. Based on new 40Ar/39Ar dates, Kelley et al. (2013) proposed that the 

formations in the Polvadera Group be incorporated into the Keres Group and the name “Polvadera Group” 

be abandoned. Here we adopt the updated strata classification of Kelley et al. (2013) and Gardner et al. 

(2010). All pre-caldera rocks across the JMVF are assigned to the Keres Group and all caldera-forming 

and related volcanics to the Tewa Group. Below is a detailed summary of the two stratigraphic groups 

(Fig. 1.4). 

The Keres Group includes, in approximate order of decreasing age (Fig. 1.4b), the dominantly 

basaltic Lobato Formation (NE JMVF, ~13.5-9.5 Ma), the Canovas Canyon Rhyolite (S JMVF; 10-7 Ma), 

the dominantly intermediate Paliza Canyon Formation (central to S JMVF, 10-7 Ma), the Bearhead 

Rhyolite (N-S JMVF, 7-6 Ma), the intermediate La Grulla Plateau Formation (NW SMVF, ~8-7 Ma), the 

dacite-dominant Tschicoma Formation (NE JMVF, 5.5-2 Ma), the El Rechuelos Rhyolite (NE JMVF, ~2 Ma), 
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Figure 1.4. Geological map of the Jemez Mountains volcanic field (a, modified after Smith et al., 1970; Aldrich, 1986; 

Wolff et al., 2005; Rowe et al., 2007) and stratigraphic column (b) showing temporal ranges of geological units. Inset: 

the Rio Grande rift (RGR) and Jemez lineament (JL, dashed blue line) in Colorado and New Mexico, showing 

location of the study area. 

and the Cerros del Rio and El Alto basalts (SE and NE JMVF, ~3-1.5 Ma). Though consisting of a full 

spectrum of rock compositions, the Keres Group is dominated in volume by the Paliza Canyon andesites 

and Tschicoma Formation dacites. The Lobato Formation is dominated by olivine tholeiites (Wolff et al., 

2005; Goff et al., 1989), conformably overlain by the Tschicoma Formation (Gardner et al., 1986). The 

Canovas Canyon Rhyolite consists of domes, plugs, and ash flows of high-silica rhyolite. These rocks are 

commonly aphyric, with few plagioclase, sanidine, quartz, and biotite (Gardner et al., 1986).  

The Paliza Canyon Formation covers a compositional range from basalt to dacite, with the basalts 

underlying the andesites and dacites (Gardner et al., 1986). The Paliza Canyon basalts consist of olivine 

tholeiites, hawaiites, mugearites and benmoreites. Orthopyroxene is common in the mugearites and 
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benmoreites, and plagioclase grains show complex zoning and resorbed textures (Wolff et al., 2005). The 

Paliza Canyon andesites are volumetrically dominant in the formation (Gardner et al., 1986), which are 

compositionally weakly alkaline and classified as andesite and trachyandesite. The phenocryst 

assemblage is plagioclase + augite + hypersthene + opaque oxides ± hornblende ± olivine (Rowe et al., 

2007). Disequilibrium textures are commonly observed in the andesites (e.g., substitution of olivine rims 

by fine-grained clinopyroxene and opaque oxides, resorbed textures and complex zoning in plagioclase; 

Rowe et al., 2007). The Paliza Canyon dacites (including minor rhyodacites) have phenocrysts 

assemblage plagioclase + augite + hypersthene + hornblende ± biotite ± opaque oxides ± apatite, with 

commonly observed glomeroporphyritic textures and crystal clots (Gardner et al., 1986; Rowe et al., 

2007). The La Grulla Plateau Formation consists of andesites and dacites, and is geographically and 

tectonically separated from the Tschicoma Formation by a paleo-valley (Mesa del Medio) and a splay of 

the Canada de Cochiti fault zone (Fig. 1.4). The Bearhead Rhyolite rests on irregular erosional surfaces 

of the Paliza Canyon Formation (Bailey et al., 1969). Major eruptions of the Bearhead Rhyolite occurred 

over a ~540 kyr interval, from 7.06 to 6.52 Ma (Justet and Spell, 2001). The mineral phases include 

sanidine, quartz, plagioclase, biotite, zircon, allanite, magnetite and apatite (Justet and Spell, 2001).  

The Tschicoma Formation is volumetrically dominated by dacites, which commonly contain 

phenocrysts of plagioclase ± clinopyroxene + orthopyroxene ± hornblende ± biotite + opaque oxides 

(Rowe et al., 2007). Plagioclase are commonly resorbed and hornblende rims dehydrated. Mafic enclaves 

up to 25 cm in diameter are frequently observed (Rowe et al., 2007).  

The El Rechuelos Rhyolite includes several domes in the northern JMVF (Smith et al., 1970), which 

erupted at ~2 Ma (Loeffler et al., 1988). The rhyolites are high-silica rhyolites with sparse 

microphenocrysts of sanidine, sodic plagioclase and quartz (Rowe et al., 2007). The old low-silica 

rhyolites mapped as El Rechuelos Rhyolite that erupted at 7.5 and 6-5 Ma were included in the Bearhead 

Rhyolite by Kelley et al. (2013).  

The young El Alto and Cerro del Rio basalt fields flank the JMVF on the north and east, respectively 

(Gardner et al., 1986). These fields are composed of basalt and subordinate andesite, ranging from 

tholeiitic to alkaline (Gardner et al., 1986). In the Cerros del Rio, the tholeiites were erupted at 2.48-2.33 

Ma; while the hawaiites and mugearites at 2.57-2.46 Ma (Woldegabriel et al., 1996), and contain 

phenocrysts of olivine, augite, hypersthene and quartz xenocrysts of crustal origin (Wolff et al., 2005). 

The rocks in the El Alto field are petrographically and chemically similar to that of the Cerros del Rio, but 

slightly older in age, with one flow having been dated at 3.2 Ma (Baldridge et al., 1980). 

The Tewa Group in the central part of the JMVF includes the ~800 km3 (DRE) Bandelier Tuff ( 1.85-

1.25 Ma, Spell et al., 1996; Wolff and Ramos, 2014; Phillips et al., 2007), Cerro Toledo Formation (1.54-

1.22 Ma, Gardner et al., 1986, Spell et al., 1996), and the Valles Rhyolite (1.256-0.07 Ma, Wilcock et al., 

2013; Zimmerer et al., 2016). The Bandelier Tuff consists of the La Cueva, Otowi and Tshirege members. 
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The La Cueva Member is composed of pre-caldera ash-flow tuffs, erupted at 1.85 Ma (Spell et al., 1996). 

The Otowi and Tshirege members were formed during two separate episodes of catastrophic 

supereruptions, which produced the Toledo caldera (1.60 Ma) and Valles caldera (1.25 Ma), respectively 

(Gardner et al., 1986). Both members show a Plinian fallout deposit at the base (Bailey et al., 1969), and 

the Tshirege Member (TM) is generally more densely welded of the two caldera-forming units (Gardner et 

al., 1986). The Otowi Member (OM) has a phenocryst contents of pumice clasts of >5-20%, and the 

phenocryst assemblage sodic sanidine + quartz + hedenbergite + magnetite + zircon + allanite ± fayalite 

± chevkinite; although quartz and sanidine account for ~95% of the phenocrysts (Wolff and Ramos, 2014). 

The oxide-silicate temperature in the base of the OM sequence is calculated at 696 ºC and the oxygen 

fugacity (fO2) at QFM (quartz-fayalite-magnetite fO2 buffer; Warshaw and Smith, 1988). The TM lithology 

changes from high-silica rhyolite at bottom to rhyolite at the top, with a total phenocrysts of 20-25% and 

phenocryst assemblage alkali feldspar + quartz + plagioclase + mafic minerals + Ti-Fe oxides + apatite + 

zircon ± chevkinite ± monazite (Goff et al., 2014). The oxide-silicate temperatures (697 ˚C to 837 ˚C) and 

fO2 (QFM-0.1 to QFM+0.6 ) of this member increase from the base to the top (temperatures range from 

Warshaw and Smith, 1988). The Cerro Toledo Formation consists of four members: the volcanic Valle 

Toledo Member, and the dominantly sedimentary Pueblo Canyon, Alamo Canyon and Virgin Mesa 

members (Gardner et al., 2010). The Valle Toledo Member is mainly composed of a group of tephra 

deposits and domes inside the Toledo embayment, which erupted during the interval between the 

caldera-forming Otowi and Tshirege members (Spell et al., 1996). It is petrographically aphyric to 

sparsely porphyritic, with small phenocrysts of quartz, sanidine and plagioclase, and sparse phenocrysts 

of biotite, hornblende or pyroxene in a glassy, flow-banded groundmass (Gardner et al., 1986). The 

Valles Rhyolite consists of lava domes, lava flows and pyroclastic units erupted within the Valles caldera 

(Wilcock et al., 2013). Gardner et al. (2010) divided it into ten members that includes the Deer Canyon, 

Redondo Creek, Cerro del Medio, Cerros del Abrigo, Cerro Santa Rosa, Cerro San Luis, Cerro Seco, San 

Antonio Mountain, South Mountain, and East Fork members, in order of decreasing age. 

1.3.3. Petrogenesis of Major Volcanic Rocks in the Jemez Mountains Volcanic Field 

Wolff et al. (2005) identified two types of parental magmas, K-depleted silica undersaturated primitive 

magmas derived from the partial melting of mixed lherzolite-pyroxenite amphibole-bearing lithospheric 

mantle with residual amphibole, and less primitive tholeiitic magmas, derived from either asthenospheric 

mantle or the same lithospheric mantle. Their derivatives are referred to as Type 1 and Type 2 magmas 

by Rowe et al. (2007). The two types of mafic magmas ultimately drive the JMVF volcanism and interact 

with variable crustal components, producing the chemical diversity seen in intermediate-silicic rocks 

(Rowe et al., 2007; Wolff et al., 2005).  
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Intermediate lavas in the JMVF include (trachy-)andesites, and (trachy-)dacites in the Paliza 

Canyon, La Grulla Plateau and Tschicoma formations. Paliza Canyon intermediate rocks show complex 

variation in concentration of trace elements and Pb isotopic compositions, indicating open-system 

processes (Rowe et al., 2007). Simulations of AFC process using plausible assimilants successfully 

modelled some of the trace element ratios, and Pb and Nd isotopic compositional variations, but no single 

assimilant has the appropriate composition to fit all cases (Rowe et al., 2007). The La Grulla Plateau 

Formation lavas share geochemical characteristics with both the Paliza Canyon and Tschicoma lavas, but 

have distinctly higher 87Sr/86Sr (Rowe et al., 2007). Simple mixing of mafic and silicic melts and AFC 

(Singer and Kudo, 1986; Rowe et al., 2007) are both possible processes involved in their formation. 

Some La Grulla Plateau lavas have unusually strong enrichments in Ba and LREE concentrations, 

suggesting involvement of a distinct, and trace-element enriched, crustal rock in their genesis (Rowe et 

al., 2007). Compared to the Paliza Canyon intermediate rocks, the Tschicoma Formation andesites and 

dacites have less variation in trace and isotopic compositions. Observation of mafic enclaves and near-

ubiquitous disequilibrium textures in the Tschicoma Formation dacites suggest an important role for 

magma mixing in their petrogenesis. Simple bulk-mixing of Type I mafic lavas with Otowi lithic fragments 

produced much of the observed variations of trace elements and isotopic compositions (Rowe et al., 

2007). 

Pre-caldera silicic lavas include the Canovas Canyon, El Rechuelos and Bearhead rhyolites. 

Padmore and Spell (2008) suggested that the variation of isotopic composition in the Canovas Canyon 

rhyolites points to their origin from different magma batches. They were generated by either mixing of 

sub-JMVF basement derived melt and low-206Pb/204Pb Paliza Canyon mafic to intermediate magmas, or 

partial melting of lower crust components that have not been identified (Rowe et al., 2007). The 

petrogenesis of the El Rechuelos Rhyolite is poorly studied. At least one sample has trace element 

pattern similar to the Tschicoma Formation (Rowe et al., 2007), which suggests some El Rechuelos 

rhyolites may represent the lower crust composition involved in the petrogenesis of the Tschicoma 

Formation. Guilbeau and Kudo (1985) argued that the Bearhead Rhyolite was derived from lower crust 

fused by heat provided from emplacement of the Paliza Canyon andesites. Justet and Spell (2001) 

showed that the trace element variation in the majority of the Bearhead Rhyolite over a ~540 ka interval 

can be produced by fractional crystallization or AFC processes, and thus concluded the Bearhead 

Rhyolite was erupted from a single shallow crust magma chamber. 

Barometry calculations on the TM rocks revealed that the depth to the top of the TM magma 

chamber is in the range of 5-7 km, suggesting a large portion of the magma chamber is located in the 

shallow crust (Aprea et al., 2002; Nielson and Hulen, 1984; Warshaw and Smith, 1988). The zoned 

shallow Bandelier magma chamber is explained by the “mush model” (Bachmann and Bergantz, 2004; 

Wolff and Ramos, 2014), in which large silicic magma mush is emplaced in upper-middle crust; the 
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system becomes more evolved via crystallization, and high-silica melts are effectively extracted between 

~45 and ~65 vol.% crystals. Whole-rock Pb and Nd isotopic compositions suggest the Bandelier Tuff is 

closely related to the JMVF intermediate lavas, and it more closely resembles the Paliza Canyon 

Formation lavas than the immediately preceding Tschicoma Formation (Rowe et al., 2007). Rowe et al. 

(2007) suggested that the caldera-forming rhyolites might originate from a hybridized crust, consisting of 

Paliza Canyon volcanism related and crustal contaminated mafic magma. Variation of Sr and Pb isotopic 

compositions indicates that open-system processes were important in the genesis of the OM magma 

(Wolff and Ramos, 2003). It is further explained by a model, in which the initial OM magma chamber is 

composed of high-silica rhyolitic (HSR) melts and underlying sanidine+quartz crystal pile; remelting of the 

crystal pile caused by mafic magma intrusion, and subsequent mixing with the HSR melts contributed to 

the isotopic and chemical zoning (Wolff and Ramos, 2014). The upper part of the TM sequence contains 

zoned quartz (high-Ti rim, Wilcock et al., 2013) and incorporates a more mafic unit (Goff et al., 2014), 

which suggest more mafic magma recharge in the lower part of TM magma chamber. Modelling of Ti 

diffusion in zoned quartz indicates the magma recharge occurred <10 ka before the eruption (Wilcock et 

al., 2013). 
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Chapter 2. Mineralogical Evidence of Pre-caldera Magma Petrogenesis 

in the Jemez Mountains Volcanic Field, New Mexico, USA 

This chapter is a revised manuscript under consideration for publication in Journal of Petrology, co-authored 

by Wu, J., Rowe, M.C., Cronin, S.J., and Wolff, J.A., with an abstract provided in Appendix C. 

2.1. Introduction 

Rhyolitic caldera-forming eruptions are among the greatest magnitude volcanic events known on Earth 

(Cashman and Giordano, 2014). These eruptions may involve hundreds to thousands of cubic kilometers 

of magma, producing extensive tuff sheets and causing global atmospheric and climate impacts (e.g., Miller 

and Wark, 2008; Cashman and Sparks, 2013). Many studies have focused on the generation and eruption 

of large silicic magma bodies (e.g., Bachmann and Bergantz, 2004; Hildreth, 2004; Wolff et al., 2015; Malfait 

et al., 2014; Gregg et al., 2012). However, less is known about the detailed processes, such as magma 

storage and transport that eventually lead to the formation of a large rhyolitic magmatic system. In long-

lived volcanic systems, catastrophic rhyolitic eruptions are the culmination of millions of years of precursor 

mafic, intermediate and silicic magmatism (e.g., Southern Rocky Mountain volcanic field, Lipman, 2007; 

Long Valley caldera, Hildreth and Wilson, 2007; Jemez Mountains volcanic field, Wolff et al., 2005, Rowe 

et al., 2007). However, the genetic connection between pre-caldera and caldera-forming magmatic systems 

may be far from obvious. Constraining this relationship is a key step in understanding the pathways by 

which long-lived magmatic systems prime themselves for massive caldera-forming eruptions.  

Examination of pre-caldera volcanic products provides a means to understand the endurance and 

evolution of long-lived large volcanic systems. In many cases, pre-caldera magmatic systems and their 

eruptives show evidence for a range of petrologic processes, such as partial melting, assimilation-fractional 

crystallization (AFC) and magma mixing (e.g., Jemez Mountains volcanic field, Rowe et al., 2007; San Juan 

volcanic field, Colucci et al., 1991; Ordovician Borrowdale Volcanic Group, McConnell et al., 2002). 

Knowledge of the detailed mechanics and relative roles of these processes can illuminate the problem of 

how caldera magmatic systems originate.  

The Jemez Mountains volcanic field (JMVF) in New Mexico, USA, hosts the Valles caldera and the 

associated rhyolitic Bandelier Tuff. Before caldera development during the Pleistocene, the JMVF 

experienced over ~10 m.y. of volcanism (WoldeGabriel et al., 2007), producing a wide range of magma 

types from nephelinite to rhyolite. Current models of pre-caldera crustal magmatism in the JMVF are based 

on systematic whole rock chemistry studies and detailed geochronology (e.g. Wolff et al., 2005; Rowe et 



PRE‐CALDERA MAGMA PETROGENESIS IN THE JMVF 
 

18 
 

al., 2007; Kelley et al., 2013). However, the limitations of whole-rock based investigations, in light of 

evidence for multiple magmatic components and extensive crystal cargoes, are well known (e.g. Davidson 

et al., 2007; Cashman and Blundy, 2013; Cashman et al., 2017). This investigation therefore focuses on 

re-evaluating and re-developing models of the JMVF magmatism, using detailed crystal textures and 

chemistries. Mineral grains, including both phenocrysts and antecrysts, have the potential to record growth 

histories in the form of complex zoning and disequilibrium textures, and can provide information about 

magma chamber processes that may leave little imprint on whole rock chemistry.  

2.2. Geological Background 

Located at the junction of western flank of the N-S striking Rio Grande rift and NE-SW striking Jemez 

lineament (Fig. 2.1), the JMVF is constructed on Upper Paleozoic sedimentary strata underlain by 

Proterozoic basement that consists of granitoid and metamorphic rocks dated at 1.62-1.44 Ga (Smith et 

al., 1970; Brookins and Laughlin, 1983). The depth to the basement beneath the Valles caldera in the 

central JMVF varies from ~1.5 km in the west to 5 km in the east (Goff et al., 1989), and the local crustal 

thickness is ~35 km (Lutter et al., 1995; Steck et al., 1998). The Jemez lineament is a regional alignment 

of volcanic fields and fault zones, the surface expression of a suture zone between Proterozoic Yavapai 

(1.8-1.7 Ga) and Mazatzal (1.63 Ma) lithospheric provinces (Shaw and Karlstrom, 1999; Karlstrom et al., 

2002). Local magmatism, manifested as small-volume mafic lavas interbedded with early rift-filling 

sediments, began at ca. 25 Ma in the south eastern region of the present-day Jemez Mountains 

(WoldeGabriel et al., 2007). Widespread construction of the JMVF edifice began between ~13 and 10.5 

Ma. Pre-caldera volcanic and volcaniclastic rocks of the JMVF are assigned to the Keres Group (Kelley et 

al., 2013), which includes, in approximate order of decreasing age, the dominantly basaltic Lobato 

Formation (NE JMVF, ~13.5-9.5 Ma), the dominantly intermediate Paliza Canyon Formation including the 

Canovas Canyon Rhyolite (central to S JMVF, 10-7 Ma), the La Grulla Plateau Formation (NW JMVF, ~8-

7 Ma), the Bearhead Rhyolite (N-S JMVF, 7-6 Ma), the Tschicoma and Puye formations (NE JMVF, 5.5-2 

Ma), and the Cerros del Rio and El Alto basalts (SE and NE JMVF, ~3-1.5 Ma).  The volumetrically dominant 

Paliza Canyon Formation (~1,000 km3, Gardner et al., 1986) largely consists of andesite and trachyandesite 

with subordinate amounts of basalt, hawaiite, basaltic andesite, dacite, trachydacite, and rhyolite. Paliza 

Canyon volcanism was immediately followed by emplacement of the Bearhead Rhyolite (Justet and Spell, 

2001).  

After a short hiatus of volcanism between 6.0 and 5.5 Ma (Kelley et al., 2013; Wolff and Thompson, 

in press), a second stage of prolonged volcanism occurred from ~5 to 2 Ma (Kelley et al., 2013), dominated 

by the eruption of the Tschicoma Formation (500 km3, Gardner et al., 1986). It mainly consists of dacite 

with subordinate andesite and rhyolite. The dominantly basaltic fields of Cerros del Rio and El Alto 



PRE‐CALDERA MAGMA PETROGENESIS IN THE JMVF 
 

19 
 

 
Figure 2.1. Geological map of the Jemez Mountains volcanic field (modified after Smith et al., 1970; Aldrich, 1986; 

Wolff et al., 2005; Rowe et al., 2007). Stars mark the sampling locations. Inset: the Rio Grande rift (RGR) and Jemez 

lineament (JL, dashed line) in Colorado and New Mexico, showing location of the study area. 

temporally overlap and post-date the late Tschicoma activity (WoldeGabriel et al., 1996). Following minor 

rhyolitic eruptions between ~2.0 and 1.8 Ma, the Otowi and Tshirege members of the Bandelier Tuff erupted 

in two catastrophic episodes at 1.60 Ma (Wolff and Ramos, 2014) and 1.25 Ma (Phillips et al., 2007) 

respectively, releasing a total dense-rock equivalent (DRE) volume of ~800 km3 ignimbrite (Goff et al., 

2014; Cook et al., 2016). Additional rhyolitic activity produced smaller tuffs and lavas before, between, and 

after the Bandelier eruptions; the total DRE volume of caldera-related rhyolite is ~900 km3 (Wolff and 

Thompson, in press). 

Prior models of the petrogenesis of the pre-caldera JMVF volcanic rocks have been based on whole 

rock geochemistry. Wolff et al. (2005) identified two types of parental basalts: relatively K-depleted, but 

overall strongly enriched, silica-undersaturated primitive magmas derived from partial melting of mixed 

lherzolite-pyroxenite lithospheric mantle with residual amphibole, and less enriched tholeiitic magmas 

derived either from a higher degree of partial melting of the same mantle source with complete consumption 

of amphibole, or from subjacent asthenosphere. Derivative mafic compositions retain respective alkaline 

and subalkaline characteristics, labelled Type I and Type II mafic lavas by Rowe et al. (2007).  The two 

types interacted with each other and with crustal melts in varying ways and to varying degrees (Wolff et al., 

2000, 2005; Rowe et al., 2007) to create the diverse pre-caldera JMVF volcanic rock suite. 
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Intermediate lavas in the JMVF include (trachy-)andesites, and (trachy-)dacites in the Paliza Canyon, 

Tschicoma, and La Grulla Plateau formations. Paliza Canyon intermediate rocks show complex variation 

in trace element concentrations and Pb isotopic compositions. AFC models using plausible assimilants 

successfully reproduce some trace element ratios and Pb and Nd isotopic compositional variations, but no 

single assimilant has the appropriate composition to fit all cases; instead, a variety of isotopically distinct 

crustal sources are required (Rowe et al., 2007). Compared to Paliza Canyon intermediate rocks, the 

Tschicoma Formation andesites and dacites have less variation in trace and isotopic compositions. 

Observations of mafic enclaves and near-ubiquitous disequilibrium textures in Tschicoma dacites suggest 

an important role for magma mixing in their petrogenesis. Simple bulk-mixing of Type I mafic lavas with 

plausible assimilants reproduces much of the trace element and isotopic compositional variation (Rowe et 

al., 2007). The La Grulla Plateau Formation lavas share geochemical characteristics with both Paliza 

Canyon and Tschicoma lavas, but have distinctly higher 87Sr/86Sr (Rowe et al., 2007). Simple mixing of 

mafic and silicic melts and AFC (Singer and Kudo, 1986; Rowe et al., 2007) are both possible processes 

involved in their formation. Some La Grulla Plateau lavas have unusually strong enrichments in Ba and 

LREE concentrations, suggesting involvement of a distinct, and trace-element enriched, crustal rock in their 

genesis (Rowe et al., 2007).  

The Canovas Canyon Rhyolite and Bearhead Rhyolite are the major pre-caldera rhyolitic volcanic 

formations in the JMVF. Canovas Canyon high-silica rhyolites have a wide range in 208Pb/204Pb, again 

consistent with melting of isotopically strongly heterogeneous basement (Rowe et al., 2007), perhaps 

involving both Mazatzal and Yavapai terranes, which may be tectonically interleaved in the transitional crust 

beneath the JMVF (Magnani et al., 2004). Justet and Spell (2001) concluded, on the basis of consistent 

trace element variations in most of the Bearhead Rhyolite over a ~540 ka interval, that the Bearhead lavas 

and tuffs were erupted from a single shallow magmatic system.  

2.3. Sampling and Analytical Methods 

Previous studies of the JMVF by Wolff et al. (2005) and Rowe et al. (2007) generated a large sample suite 

with known whole rock chemistry. These existing rock samples, along with newly collected lavas, form the 

sample suite for this study and include lavas from the Paliza Canyon, Canovas Canyon, Bearhead, La 

Grulla Plateau and Tschicoma formations. The Paliza Canyon and Tschicoma formations are the 

volumetrically dominant pre-caldera intermediate-silicic volcanics and thus are extensively sampled to form 

the foundation of this investigation. La Grulla Plateau Formation andesite-dacite as well as small-volume 

rhyolitic formations, including the Canovas Canyon Rhyolite and the Bearhead Rhyolite, are also 

investigated given the spatial, temporal and possible petrogenetic relation to the two large Paliza Canyon 
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and Tschicoma magmatic systems. Detailed sample locations are given in Appendix A and shown in Fig. 

2.1. 

2.3.1. Whole Rock Major and Trace Element Analysis 

Fresh sample material from seven newly collected samples was cleaned in an ultrasonic bath to remove 

possible surface contaminants and then rinsed with deionised water. After oven drying, they were crushed 

into chips with a Boyd Crusher and ground to fine powders with a ring mill. Loss on Ignition (LOI) was 

calculated following 15 hours of heating at 900C. XRF analyses for major element bulk rock analysis were 

conducted on a PANalytical Axios 1 kW XRF at the University of Auckland [UoA; following preparation 

procedures described in Zorn et al. (2018)]. Syenite powder SY-2 was analysed as standard and the 

analytical uncertainties are reported in Appendix A. Trace element analyses were conducted using an 

Agilent 7700x quadrupole ICP-MS at the Washington State University (WSU) Geoanalytical Laboratory for 

consistency with prior published data [see Steenberg et al. (2017) for general procedures and analytical 

uncertainties, and Knaack et al. (1994) for detailed dissolution method].  

2.3.2. Mineral Major Element and Trace Element Analysis 

After careful microscopic examination, a total of 35 representative thin sections were selected for Electron 

Microprobe Analysis (EMPA) for mineral major element compositions, using a JEOL JXA-8230 SuperProbe 

Electron Probe Microanalyser at Victoria University of Wellington (VUW). Plagioclase, pyroxene, 

amphibole, and Fe-Ti oxide pairs were analysed with 15kV voltage and 12 nA current, using beam size ~1 

μm.  Secondary standards with known compositions were analysed as unknowns after every 15-20 

analyses. The 2 standard derivation (SD) from repeated analysis of secondary standards are generally 

<5% relative for oxides that are >1 wt. %. The FeO detection limit is 270 ppm, important for later discussions 

of plagioclase geochemistry. Plagioclase and amphibole from 25 thin sections were selected for trace 

element analysis using an Agilent 7700 s-lens ICP-MS coupled with an ESI/NWR 193 ArF excimer laser at 

the University of Auckland. Synthetic reference glasses GSE-1G and GSD-1G (Jochum et al., 2005) were 

used as primary and secondary standards, respectively, which were analysed after every 15 analyses. The 

analyses were conducted with an ablation size of 55 m (reduced to 35 m for small mineral grains). Data 

were collected during 60 s of ablation time with a rep rate of 5 Hz and laser energy ~8 J/cm2. Data were 

internally normalized using 43Ca and measured CaO from EMPA and GSE-1G as a calibration standard. 

The 2SD of repeated analysis of secondary standards (GSD-1G) are <9% relative for Sr, Ba, and LREE, 

and 11-13% relative for HREE. For each single analysis, Sr, Ba, La, and Ce in plagioclase, as well as Sr, 

Ba and REE in amphibole generally have <5-10% standard error (SE). Data for standards during EMPA 

and LA-ICP-MS analysis are provided in Appendix A. 
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2.4. Results 

2.4.1. Whole Rock Chemistry 

New whole rock geochemistry (Table 2.1) spans all the compositional ranges defined by Rowe et al. (2007), 

with the exception of one Canovas Canyon Rhyolite sample showing lower total alkali content (Fig. 2.2a). 

Most Paliza Canyon lavas in the 57-63 wt. % silica range plot in the trachyandesite field, while the 63-69 

wt. % silica rocks plot evenly across the trachydacite-/dacite boundary. Paliza Canyon samples show 

constant low K/Nb (<1000), similar to Canovas Canyon rhyolites, except for a dacite subgroup with higher 

K/Nb (up to 2000; Fig. 2.2b). The La Grulla Plateau Formation lavas range from basaltic andesite to dacite, 

 
Figure 2.2. TAS diagram (a, Le Bas et al., 1986) and K/Nb vs. SiO2 diagram (b, Rowe et al., 2007) for the pre-caldera 

JMVF lavas. Alkaline/sub-alkaline dividing line is after Irvine and Baragar (1971). Individual points are samples studied 

for mineral chemistry and closed curves show compositional ranges of individual formations. Note that trace element 

concentrations are not available for the new C.C sample and thus not plotted on b. Formation abbreviations: P.C., 

Paliza Canyon; C.C., Canovas Canyon; L.G.P., La Grulla Plateau; BH., Bearhead; Tsch., Tschicoma. 
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Table 2.1. New whole rock major and trace element compositions of the JMVF lavas 

Sample  JWJM 
16-3 

JWJM 
16-9 

JWJM 
16-11 

JWJM 
16-2 

JWJM 
16-7 

JWJM 
16-10 

JWJM 
16-4 

JWJM 
16-5 

Formation P.C. P.C. P.C. C.C. L.G.P. BH. Tsch. Tsch. 
Latitude 
(N) 35°44'39" 35°44'41" 35°47'21" 35°43'28" 35°5'51" 35°44'36" 36°01'20" 36°06'58" 

Longitude 
(W) 106°22'39" 106°22'31" 106°15'26" 106°22'43" 106°32'26" 106°22'41" 106°22'40" 106°24'26" 

XRF major element (wt. %) 
SiO2 61.91 58.10 54.98 74.56 61.30 76.80 67.03 65.78 
TiO2 0.95 1.06 1.41 0.25 0.88 0.12 0.56 0.55 
Al2O3 16.17 16.59 17.26 13.24 16.07 12.29 15.32 14.85 
FeO* 4.59 5.58 6.94 1.18 5.07 0.64 3.53 3.53 
MnO 0.08 0.10 0.11 0.08 0.09 0.07 0.07 0.07 
MgO 1.08 2.93 3.18 0.14 2.23 0.08 1.38 1.94 
CaO 3.74 5.48 6.63 0.93 4.72 0.41 3.37 3.61 
Na2O 4.73 3.83 4.18 4.39 3.98 3.81 4.09 4.01 
K2O 3.34 2.77 1.71 3.99 2.89 4.56 3.10 3.02 
P2O5 0.38 0.47 0.42 0.05 0.37 0.02 0.23 0.27 
LOI 1.48 2.38 1.62 1.15 0.98 0.87 0.84 1.96 
Total 99.27 100.25 99.48 100.25 99.40 99.83 100.14 100.26 
ICP-MS trace element (ppm) 
Sc 9.29 12.2 15.2  12.9 3.01 7.69 7.66 
Rb 60.4 52.6 22.6  56.8 123 63.8 52.2 
Sr 710 970 987  676 30.2 510 571 
Y 25.5 32.1 21.7  24.3 21.2 16.5 15.5 
Zr 309 242 180  211 88.9 169 165 
Nb 35.6 31.9 20.5  22.0 25.2 19.4 18.4 
Cs 1.38 3.51 0.68  0.84 3.85 1.14 1.34 
Ba 1340 1222 1006  1169 621 1175 1256 
La 60.8 59.0 34.9  44.8 27.3 44.1 41.3 
Ce 103 96.5 64.8  78.5 51.4 69.2 71.1 
Pr 11.3 10.8 7.56  9.23 5.61 8.05 7.78 
Nd 39.6 38.8 28.8  33.6 18.3 28.1 27.5 
Sm 6.79 7.01 5.59  6.36 3.92 4.87 4.82 
Eu 1.90 1.98 1.81  1.68 0.48 1.33 1.32 
Gd 5.59 6.05 4.92  5.40 3.54 3.94 3.76 
Tb 0.83 0.91 0.75  0.83 0.62 0.58 0.53 
Dy 4.91 5.23 4.34  4.90 3.96 3.24 3.08 
Ho 0.97 1.08 0.84  0.95 0.80 0.62 0.58 
Er 2.62 3.01 2.23  2.49 2.23 1.67 1.53 
Tm 0.39 0.43 0.31  0.36 0.35 0.24 0.22 
Yb 2.41 2.59 1.91  2.21 2.19 1.49 1.36 
Lu 0.36 0.43 0.28  0.33 0.33 0.23 0.20 
Hf 7.07 5.63 4.17  5.38 3.48 4.46 4.39 
Ta 2.21 1.95 1.26  1.43 2.02 1.49 1.33 
Pb 15.4 16.1 11.2  16.7 25.3 17.4 18.5 
Th 11.4 10.7 5.15  8.47 12.9 9.84 8.32 
U 3.70 3.36 1.68  2.72 3.75 3.04 2.46 

Formation abbreviations: P.C., Paliza Canyon; C.C., Canovas Canyon; L.G.P., La Grulla Plateau; BH., Bearhead; 

Tsch., Tschicoma; LOI, loss on ignition 

with less alkaline affinity compared to Paliza Canyon compositions and a coupled increase between K/Nb 

and SiO2 content. The Tschicoma Formation compositions range from andesitic to rhyolitic, with only minor 

alkaline affinity for lavas with SiO2 <64 wt. %. The mafic enclaves recovered from Tschicoma dacite form a  
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continuum with the mafic component comparable to Paliza Canyon and Cerros del Rio basaltic andesites 

and trachyandesites [Fig. 2.2a; Fig. 3 of Rowe et al. (2007)]. The Bearhead rhyolites have lower total 

alkalinity, but higher K/Nb, than most of the Canovas Canyon rhyolites. For convenience, we use andesite 

and dacite to refer to the JMVF intermediate lavas, including their more alkaline (trachy-) counterparts, in 

the following sections. 

2.4.2. Petrography 

Pre-caldera JMVF volcanics all show porphyritic textures with ~10-60 vol. % crystals (Fig. 2.3). Phenocryst 

assemblages summarised in Table 2.2 are consistent with “typical” mineral assemblages. Olivine is 

observed in the Paliza Canyon Formation basalt to andesite, however is absent in comparable andesites 

from the La Grulla Plateau and Tschicoma formations. Mineral assemblages of intermediate (andesite-

dacite) volcanics throughout the volcanic field are dominated by plagioclase and clinopyroxene with variable 

crystal sizes (Fig. 2.3). Orthopyroxene is ubiquitous in the La Grulla Plateau and Tschicoma formations but 

not always observed in Paliza Canyon volcanics. Both amphibole and biotite are common as hydrous 

phases through the volcanic field, excluding basalt and basaltic andesite compositions, and grains texturally 

vary from euhedral “intact” grains to largely decomposed to pyroxene + oxides, with thick oxide-rich black 

rims. Clinopyroxene shows overprinting of biotite in the Canovas Canyon rhyolites and conversion to 

amphibole in some Tschicoma Formation dacites. Surprisingly, quartz is not a ubiquitous phase in the 

rhyolites and is only observed in high-Si rhyolites of the Canovas Canyon and Bearhead formations, and 

Table 2.2. Phenocryst assemblage in pre-caldera JMVF lavas 

Formation Rock Type Phenocryst assemblage 
P.C. Basalt & basaltic andesite Pl + Ol + Cpx ± Opx 
P.C. Trachyandesite & andesite Pl + Cpx ± Opx ± Ol ± Am ± Bi 
P.C. Trachydacite & dacite Pl + Cpx ± Opx ± Am ± Bi ± Qtz 
P.C. Rhyolite Pl + Cpx + Bi ± Kf ± Am 
P.C. Mafic enclave Pl + Cpx ± Am 
C.C. High-silica rhyolite Qtz ± Pl ± Opx ± Am ± Bi 
C.C. Low-silica rhyolite Pl + Cpx + Bi  
L.G.P. Andesite Pl + Cpx + Opx ± Kf 
L.G.P. Dacite Pl + Cpx + Opx ± Am ± Bi + Kf 
L.G.P. Mafic enclave Pl + Cpx + Opx 
BH. High-silica rhyolite Qtz ± Kf ± Pl ± Bi 
BH. Low-silica rhyolite Kf + Pl + Am + Bi 
Tsch. Andesite Pl + Cpx + Opx  
Tsch. Dacite Pl + Cpx + Opx ± Am ± Bi ± Kf ± Qtz 
Tsch. Rhyolite Pl + Opx + Am + Bi  
Tsch. Mafic enclave Pl ± Am ± Cpx ± Opx ± Bi 

Formation abbreviations: P.C., Paliza Canyon; C.C., Canovas Canyon; L.G.P., La Grulla Plateau; BH., Bearhead; 

Tsch., Tschicoma. Mineral abbreviations: Am, amphibole; Bi, biotite; Cpx, clinopyroxene; Kf, K-feldspar; Ol, Olivine; 

Opx, orthopyroxene; Pl, plagioclase; Qtz, quartz. 
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Figure 2.3. Proportions and size ranges of common minerals from selected lava samples covering the major pre-

caldera JMVF rock types. Mineral proportions are calculated from point counting on thin sections. Formation 

abbreviations: P.C., Paliza Canyon; C.C., Canovas Canyon; L.G.P., La Grulla Plateau; BH., Bearhead; Tsch., 

Tschicoma. 

as a minor component in Tschicoma dacites. K-feldspar is regularly observed in rhyolites but may also be 

present in the La Grulla Plateau Formation andesites and dacites, and Tschicoma Formation dacites. The 

following results and discussion primarily focus on textures and geochemistry of plagioclase, amphibole, 

and pyroxene, given their presence across formations and compositional ranges. 

2.4.3. Plagioclase Textures and Compositions 

Plagioclase crystals in most formations have complex textures and zoning patterns, and are classified into 

seven textural types (Table 2.3; Fig. 2.4). Type 1 plagioclase is characterized by normal or reverse zoning 
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Table 2.3.Classification of plagioclase from textures and zoning patterns  

Plagioclase 
type 

Proportion of plagioclase grains (%) 
Description Formation Mechanism P.C. 

(N=51a) 
C.C 
(N=10) 

L.G.P. 
N=22) 

BH. 
(N=20) 

Tsch. 
(N=89) 

1a 13.7 60.0 26.1 70.0 13.7 Simple normally or reversely 
zoned Equilibrium growth reflecting generally cooling 

condition of crystallization 1b 7.8 0.0 0.0 0.0 1.1 Zoned core surrounded by thick 
Na-rich rim 

2a 11.8 0.0 4.3 0.0 7.4 Strongly dissolved Ca-rich core 
surrounded by less Ca-rich rim Fast ascent driven decompression 

2b 5.9 0.0 8.7 0.0 1.1 Resorbed rounded core 
surrounded by thick Ca-rich rim Plagioclase-mafic melt reactionb 

3 31.4 20.0 13.0 10.0 7.4 Patchy core consisting Na-rich 
and Ca-rich components 

Sodic growth following dissolution of calcic 
component by slow ascend-driven decompression 

4 9.8 20.0 13.0 20.0 11.6 Coarsely sieved core Intermediate ascent-driven decompression 

5 19.6 0.0 34.8 0.0 57.9 Sieved or dusty rim consisting of 
Na-rich relic with calcic regrowth Plagioclase-mafic melt reaction 

a. number of representative plagioclase grains from all lava types that were CL imaged and analyzed by EMPA. 

b. see text for distinguishing classification from Type 5. 

Formation abbreviations: P.C., Paliza Canyon; C.C., Canovas Canyon; L.G.P., La Grulla Plateau; BH., Bearhead; Tsch., Tschicoma. 
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Figure 2.4. Representative BSE images of different types of plagioclase in the Paliza Canyon (P.C.) and Tschicoma 

(Tsch.) formations including Type 1a (a), 1b (b), 2a (c-e), 2b (f), 3 (g-j), 4 (k-m) and 5 (n and o). Locations for EMPA 

are marked by dots, and individual An content [An#=100*Ca/(Ca+Na+K), molar proportions] is shown next to the dots. 

White bar represents 100 µm length.  
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(1a, Fig. 2.4a), while a subgroup (1b, Fig. 2.4b) has thick Na-rich rims surrounding zoned Ca-rich cores 

with an abrupt change in anorthite content [An#=100*Ca/(Ca+Na+K), molar proportions] across a core-rim 

boundary. Type 2-4 plagioclase grain characterization is based on the texture of the grain cores. Type 2 

plagioclase has dissolved cores (2a, Fig. 2.4c-e) or resorbed rounded cores (2b, Fig. 2.4f), Type 3 (Fig. 

2.4g-j) has patchy cores consisting of contrasting Ca-rich and Na-rich components, and Type 4 (Fig. 2.4k-

m) has coarsely sieved cores. Type 5 plagioclase (Fig. 2.4n and o), in contrast is characterized by sieved 

or dusty rims. In many cases, Type 3 plagioclase cores are also associated with Type 5 plagioclase rims in 

the same plagioclase grains, which are classified as both Type 3 and Type 5. Detailed compositional ranges 

for all types of plagioclase are listed in Table 2.4. Given the complexity of grain textures and compositions, 

the following presentation must take into account both the formation (age), grain type, and the bulk 

composition of the lava, important for later discussion. Probability density functions (PDF) of An# are shown 

in Fig. 2.5 for all formations. We present selected trace element data (FeO, Sr, Ba, La and Ce) for 

plagioclase in all formations. All chemical data is available in Appendix A. 

Paliza Canyon Formation (10-7 Ma) 

Plagioclase cores (An28-80) show a wider range compositional variation than rims (An30-73). Rims have mode 

compositions that are more calcic in andesite and more Na-rich in other rock types (Fig. 2.5a-d). Generally, 

in the Paliza Canyon Formation, plagioclase of Type 1a, 2a, 3 and 5 is seen across all rock types (andesite 

to rhyolite), whereas Type 1b, 2b, and 4 grains are only observed in dacites (Table 2.4). Type 3, followed 

by Type 5, are the most abundant plagioclase types (see proportion for each plagioclase types in Table 

2.3). The cores of Type 1a plagioclase show large compositional variations, while rims are relatively uniform 

and Na-rich (Table 2.4). Plagioclase with zoned calcic cores and thick sodic rims (Type 1b) occurs only in 

dacite. Type 2a plagioclase crystals often have a dissolved Ca-rich core with minor albitic patches, 

surrounded by thick less Ca-rich rims. Type 2b plagioclase grains with resorbed rounded cores have thick 

and more Ca-rich rims. Patchy cores of Type 3 feldspar normally consist of two contrasting components 

(i.e., An30-43 and An43-63). Rims surrounding the patchy cores are generally sodic, similar to the sodic core 

component. In some Type 3 grains, the sodic patchy strip clearly cuts through the zoned calcic core (Fig. 

2.4g-i). The coarsely sieved cores of Type 4 plagioclase are the most calcic of all plagioclase types, and 

often surrounded by less calcic, zoned rims. The cores of Type 5 feldspar are either patchy (also classified 

as Type 3) or sodic. The rims are commonly calcic, but can be sodic in the rhyolite and some dacites.  

Plagioclase does not show obvious core-rim variation in FeO in rhyolite, dacite and dacite-hosted 

mafic enclaves. In andesite, plagioclase rims are generally richer in FeO than cores which are divided into 

high-FeO (>0.58 wt. %) and low-FeO (<0.52 wt. %) groups (Fig. 2.6a and b). The low-FeO group is closely 

related to patchy cores (Type 3) and sodic cores in Type 5 plagioclase, and overlaps with plagioclase 

compositions from rhyolite and dacite. The high-FeO group is comparable to corresponding Fe-rich rims at 
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the similar An#. Plagioclase Sr contents, ranging from 1123-3050 ppm, do not appear to be correlated to 

host magma types (Fig. 2.6c and d). Similarly, with the exception of dacites with a rim-ward increase in Sr 

at An60-70, core and rim compositions do not show any significant differences. In contrast, plagioclase Ba 

content (117-1926 ppm) and La/Ce (0.59-1.17) are negatively correlated to An#, but do not show a large 

difference among magma types (Fig. 2.6e-h). Compared to core compositions, Ba and La/Ce contents of 

plagioclase rims are higher in dacite at An33-42 and lower in rhyolite at An37.  

 

Figure 2.5. Probability density function (PDF) curves for An content [=100*Ca/(Ca+Na+K), mol. %] in plagioclase from 

the Paliza Canyon (P.C., a-d), La Grulla Plateau (L.G.P., e and f) and Tschicoma (Tsch., g-j) formations.  
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Figure 2.6. Variations of trace elements with An content in plagioclase cores and rims from the Paliza Canyon (P.C.) 

and Canovas Canyon (C.C.) formations, including FeO (a and b), Sr (c and d), Ba (e and f) and La/Ce (g and h).  
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Table 2.4. Summary of concentration ranges of An, FeO, Sr and Ba for different types of plagioclase 

Locality Type Host Spot An (mol.%) FeO (wt.%) Sr (ppm) Ba (ppm) 

P.C. 1a A Core 37-61 0.43-0.65 1808 1224 
P.C. 1a A Rim 33-34 0.42-0.64 1624 1363 
P.C. 1a D Core 33-46 0.36-0.45 2159-2823 688-1080 
P.C. 1a D Rim 30-35 0.34-0.45 1824-1886 1376-1448 
P.C. 1a R Core 37-45 0.34-0.36 1967 927 
P.C. 1a R Rim 34 0.36 1929 1327 
P.C. 1b D Core 49-60 0.40-0.62 2179-2588 333-508 
P.C. 1b D Rim 31-37 0.29-0.53 2206-2254 1561-1662 
P.C. 2a A Core 72-75 0.62-0.71 2036-2180 387 
P.C. 2a A Rim 43-51 0.74-1.08 - - 
P.C. 2a D Core 1 48-53 0.30-0.41 - - 
P.C. 2a D Core 2 63-66 0.59 - - 
P.C. 2a D Rim 44 0.45-0.48 - - 
P.C. 2a R Core 1 50-52 0.31-0.40 2236 641 
P.C. 2a R Core 2 64-80 0.38 2144-2786 178-523 
P.C. 2a R Rim 31-34 0.31-0.39 1588-1936 1195-1415 
P.C. 2b D Core 47-55 0.33-0.52 2128-2383 465-539 
P.C. 2b D Rim 59-64 0.57-0.65 2124-2210 250-257 
P.C. 3 A Core 1 35-42 0.40-0.53 1744-1758 978-1174 
P.C. 3 A Core 2 46-63 0.31-0.49 1968-2018 235-547 
P.C. 3 A Rim 1 28-34 0.41-0.57 1320-1655 1337-1546 
P.C. 3 A Rim 2 56 0.71 1778 480 
P.C. 3 D Core 1 34-43 0.35-0.51 2077-2332 1283-1745 
P.C. 3 D Core 2 46-61 0.40-0.55 2091-2420 581-1025 
P.C. 3 D Rim 30-43 0.40-0.57 1649-2169 847-1457 
P.C. 3 R Core 1 30-34 0.29-0.40 1695-1754 1244-1926 
P.C. 3 R Core 2 43-53 0.33-0.42 2200-2552 785-1016 
P.C. 3 R Rim 33 0.35-0.41 1742-1971 1286-1706 
P.C. 4 A Core 53-61 0.45 1865-2077 160-259 
P.C. 4 A Rim 54 0.82 1783 544 
P.C. 4 D Core 66-80 0.41-0.67 1743-1892 117-176 
P.C. 4 D Rim 50-70 0.53-0.73 1780-2452 247-335 
P.C. 5 A Core 1 28-44 0.35-0.56 1182-2135 661-1195 
P.C. 5 A Core 2 51-58 0.38-0.58 1697-2159 633-1295 
P.C. 5 A SZ 47-66 0.50-0.74 1957-2091 957-1197 
P.C. 5 A Rim 47-64 0.50-0.99 1543-2301 176-1225 
P.C. 5 D Core 40-54 0.37-0.47 2164-2566 430-1049 
P.C. 5 D SZ 42 0.47 - - 
P.C. 5 D Rim 1 34 0.37 - - 
P.C. 5 D Rim 2 59 0.85 2050 295 

Continued 
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Table 2.4. Summary of concentration ranges of An, FeO, Sr and Ba for different types of plagioclase

(continued) 

Locality Type Host Spot An (mol.%) FeO (wt.%) Sr (ppm) Ba (ppm) 

P.C. 5 R SZ 56 0.54 2058 709 
P.C. 5 R Rim 30 0.53 - - 
C.C 1a R Core 32-47 0.38-0.55 1399-2620 671-1755 
C.C 1a R Rim 26-44 0.44-0.55 1183-2462 947-2040 
C.C 3 R Core 31-42 0.40-0.45 1430-1707 1212-1459 
C.C 3 R Rim 25-28 0.39-0.45 1111-1201 1353-2206 
C.C 4 R Core 36-39 0.38-0.44 1184-1418 1067-1533 
C.C 4 R Rim 26-32 0.40-0.46 1141-1462 1709-2258 
L.G.P. 1a A Core 1 43-47 0.40-0.46 1393-1597 919-999 
L.G.P. 1a A Core 2 61-70 0.44-0.52 1489-1572 499-607 
L.G.P. 1a A Rim 35-46 0.41-0.48 1361-1681 1024-1756 
L.G.P. 1a D Core 32-39 0.25-0.29 1513-1607 836-999 
L.G.P. 1a D Rim 32-35 0.28-0.31 1383-1459 692-703 
L.G.P. 2a D Core 1 40 0.32 - - 
L.G.P. 2a D Core 2 61 0.49 - - 
L.G.P. 2a D Rim 50 0.48 - - 
L.G.P. 2b D Core 46-54 0.30-0.45 1918-2122 451-760 
L.G.P. 2b D Rim 52-58 0.45-0.66 1451-1915 283-436 
L.G.P. 3 A Core 1 43 0.43-0.46 1565 1337 
L.G.P. 3 A Core 2 54 0.5 - - 
L.G.P. 3 A Rim 63 0.61 2180 912 
L.G.P. 3 D Core 1 33-35 0.18-0.26 1372-1517 648-738 
L.G.P. 3 D Core 2 45-51 0.21-0.31 1638 477 
L.G.P. 3 D Rim 37 0.3 1547 815 
L.G.P. 4 D Core 42-52 0.33-0.41 1740 835 
L.G.P. 4 D Rim 40-49 0.26-0.41 1908 941 
L.G.P. 5 A Core 1 38-45 0.38-0.46 1172-1565 982-1337 
L.G.P. 5 A Core 2 54 0.5 - - 
L.G.P. 5 A Rim 63-66 0.59-0.73 1871-2180 338-912 
L.G.P. 5 D Core 1 35-39 0.19-0.41 1397-1437 527-597 
L.G.P. 5 D Core 2 42-50 0.22-0.28 1660 482 
L.G.P. 5 D SZ 56-57 0.61-0.70 - - 
L.G.P. 5 D Rim 56-60 0.58-0.82 3259-3444 528-821 
BH. 1a R Core 15-47 0.11-0.32 202-1638 464-1016 
BH. 1a R Rim 18-36 0.12-0.27 223-1375 536-1369 
BH. 3 R Core 30-58 0.21-0.43 1157-1402 342-885 
BH. 3 R Rim 24-45 0.17-0.30 620-1532 468-774 
BH. 4 R Core 24-36 0.14-0.28 592-1209 758-1571 
BH. 4 R Rim 20-29 0.18-0.29 1070-1092 748-792 

Continued 
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Table 2.4. Summary of concentration ranges of An, FeO, Sr and Ba for different types of plagioclase

(continued) 

Locality Type Host Spot An (mol.%) FeO (wt.%) Sr (ppm) Ba (ppm) 

Tsch. 1a A Core 52 0.72 1702 447 
Tsch. 1a A Rim 54 0.71 1837 484 
Tsch. 1a D Core 35-56 0.15-0.51 1254-1880 358-858 
Tsch. 1a D Rim 45-52 0.26-0.51 1591-1736 377-547 
Tsch. 1b D Core 48-50 0.27-0.42 1505-1754 349-494 
Tsch. 1b D Rim 37-41 0.17-0.23 1291 570 
Tsch. 2a A Core 1 62 0.64 - - 
Tsch. 2a A Core 2 74 0.66 1961 152 
Tsch. 2a A Rim 62 0.79 1907 220 
Tsch. 2a D Core 59-76 0.46-0.61 1595-1947 154-633 
Tsch. 2a D Rim 51-66 0.44-0.63 1784-2481 278-489 
Tsch. 2a R Core 52 0.36 2063 591 
Tsch. 2a R Rim 45 0.35 1939 600 
Tsch. 2a ME Core 1 38-48 0.23-0.44 - - 
Tsch. 2a ME Core 2 73 0.28 - - 
Tsch. 2a ME Rim 44-66 0.24-0.57 - - 
Tsch. 2b D Core 48-51 0.41-0.46 1936-2092 479-544 
Tsch. 2b D Rim 57 0.55 2370 513 
Tsch. 3 D Core 1 34-39 0.20-0.37 1169-1559 560-593 
Tsch. 3 D Core 2 52-59 0.18-0.27 1423-1618 368-460 
Tsch. 3 D SZ 51-52 0.37-0.60 - - 
Tsch. 3 D Rim 50-52 0.39-0.54 1124-1716 536-661 
Tsch. 3 R Core 1 31-32 0.16-0.24 969-1055 365-425 
Tsch. 3 R Core 2 42 0.32 1242 522 
Tsch. 3 R SZ 39 0.27 1311 583 
Tsch. 3 ME Core 1 33-38 0.20-0.24 1181-1420 556-712 
Tsch. 3 ME Core 2 46-55 0.26-0.32 1307-2474 482-592 
Tsch. 3 ME Rim 55-63 0.70-0.73 2541-3899 636-851 
Tsch. 4 A Core 73 0.49 1835 150 
Tsch. 4 A Rim 60 0.78 1816 306 
Tsch. 4 D Core 48-59 0.26-0.50 1722-1929 400-676 
Tsch. 4 D Rim 47-57 0.32-0.53 1341-1859 321-551 
Tsch. 4 R Core 1 45-48 0.26 1533 539 
Tsch. 4 R Core 2 49 0.35 1263 270 
Tsch. 4 R SZ 45-52 0.33-0.36 1825-1984 477-515 
Tsch. 5 A Core 1 37-54 0.37-0.71 1402-1933 478-1093 
Tsch. 5 A Core 2 60-69 0.44-0.70 1843-2090 330-1469 
Tsch. 5 A SZ 54-56 0.50-0.61 - - 
Tsch. 5 A Rim 1 31 0.57 - - 

Continued 



PRE‐CALDERA MAGMA PETROGENESIS IN THE JMVF 
 

34 
 

Table 2.4. Summary of concentration ranges of An, FeO, Sr and Ba for different types of plagioclase

(continued) 

Locality Type Host Spot An (mol.%) FeO (wt.%) Sr (ppm) Ba (ppm) 

Tsch. 5 A Rim 2 52-56 0.68-0.82 1868-1979 506-977 
Tsch. 5 D Core 1 31-46 0.13-0.33 953-1704 462-899 
Tsch. 5 D Core 2 51-62 0.18-0.27 1352-1727 296-475 
Tsch. 5 D SZ 41-60 0.32-0.60 1600-2087 621-1063 
Tsch. 5 D Rim 43-59 0.39-0.72 938-2080 386-742 
Tsch. 5 R Core 40 0.25 1762 834 
Tsch. 5 R Rim 46 0.35 1635 640 
Tsch. 5 ME Core 1 30-42 0.16-0.30 1109-1420 512-712 
Tsch. 5 ME Core 2 45-68 0.25-0.38 1307-2474 482-536 
Tsch. 5 ME SZ 42-53 0.44-0.60 1518-1574 440-505 
Tsch. 5 ME Rim 49-63 0.50-0.80 2052-3899 464-851 
Abbreviations: P.C., Paliza Canyon; C.C., Canovas Canyon; L.G.P., La Grulla Plateau; BH., Bearhead; Tsch., 

Tschicoma; A, andesite; D, dacite; R, rhyolite; ME, mafic enclaves; SZ, sieved zone.  

Canovas Canyon Formation (10-7 Ma) 

Plagioclase crystals in the Canovas Canyon Rhyolite are relatively homogenous in composition and have 

simple textures. Normal zoning or unzoned grains (Type 1a) are common. The core compositions are An31-

47, and the rims are An25-44. Plagioclase grains show little variation in FeO (0.38-0.55 wt. %) and no core-

rim variation (Fig. 2.6a and b). Plagioclase Sr is positively correlated to An# and shows large overlaps 

between core (1184-2620 ppm; Fig. 2.6c) and rim (1111-2462 ppm; Fig. 2.6d). Both Ba and La/Ce are 

negatively correlated with An# with a large difference between core and rim (671-1755 vs. 947-2258 ppm 

and 0.81-0.98 vs. 0.76-1.07; Fig. 2.6e-h). 

La Grulla Plateau Formation (~8-7 Ma) 

Plagioclase in andesite is more An-rich and has higher Or contents (at similar An#) compared to plagioclase 

in dacites. Rims (An35-70) exhibit larger variation than the cores (An38-61) with a compositional gap from An46 

to An63 (Fig. 2.5e). In contrast, plagioclase in dacite has the same compositional range from An32 to An61-62 

for both core and rim (Fig. 2.5f). Type 5, followed by Type 1a, are the most abundant plagioclase types 

(Table 2.3). Simple normally zoned plagioclase (Type 1) is more Na-rich in dacite than in andesite (Table 

2.4). Strongly dissolved (Type 2a) and resorbed rounded (Type 2b) plagioclase grains occur only in dacite. 

Sodic patches occur in the strongly dissolved calcic cores of Type 2a plagioclase, surrounded by less calcic 

rims, while the resorbed rounded cores (Type 2b) are rimmed by more calcic new growth (Table 2.4). A 

patchy core (Type 3) in andesite is related to a sieved calcic rim (Type 5), while the core in dacite is 

surrounded by a Na-rich rim (Table 2.4). Coarsely sieved plagioclase (Type 4) do not show large difference 



PRE‐CALDERA MAGMA PETROGENESIS IN THE JMVF 
 

35 
 

between cores and rims in dacite. Plagioclase with sieved or dusty rims (Type 5) normally have core 

composition ranging from An35 to An54, and more calcic rims. 

In both andesites and dacites, no core-rim variation in FeO is observed at low-An# compositions, while 

rims are much richer in FeO at high-An# compositions (Fig. 2.7a and b). All plagioclase cores and rims have 

a narrow range of Sr (1172-2007 ppm) at lower An contents (An32-51; Fig. 2.7c and d). However, Ca-rich 

(An56-70) rims are slightly higher in Sr in andesite (1459-2312 ppm Sr) and Sr is significantly enriched in 

dacite (3195-3450 ppm). Plagioclase Ba and La/Ce do not show large differences between core and rim 

for both andesite (294-1756 ppm and 0.59-0.86) and dacite (255-1533 ppm and 0.63-1.13; Fig. 2.7e-h) but 

are generally negatively correlated to An# (Ba in andesite, La/Ce in dacite).  

Bearhead Formation (7-6 Ma) 

In Bearhead Rhyolite, alkali feldspars with compositions Or55-60 are commonly observed, sometimes 

surrounding sodic plagioclase cores (An16-18). Plagioclase has larger compositional variation and more 

textural complexity than in the Canovas Canyon Rhyolite. Most plagioclase grains from the Bearhead 

Rhyolite are normally zoned (Type 1a; Table 2.3), however, cores (An15-58) and rims (An18-45), are highly 

variable. Patchy cores are observed in some grains with >6 mol. % difference in An# between the two 

components. 

Compositional differences in FeO, Sr, Ba and La/Ce are not observed between plagioclase cores and 

rims in the Bearhead Rhyolite (Fig. 2.7). Plagioclase grains have the lowest FeO (0.11-0.32 wt. %) and Sr 

(219-1638 ppm) among all formations at An16-47. At An30-37, the plagioclase FeO contents overlap with those 

of the La Grulla Plateau dacite but significantly lower than those of the La Grulla Plateau andesite and 

Canovas Canyon Rhyolite. Strontium is positively correlated with An#, while both Ba (342-1571 ppm) and 

La/Ce (0.74-0.99) decrease with increasing An#.  

Tschicoma Formation (~5-2 Ma) 

Plagioclase cores exhibit larger compositional variation than rims in all host compositions, generally ranging 

from An30 to An73 (Fig. 2.5g-j). Despite a larger compositional range in plagioclase cores, the rims have 

mode compositions that are more calcic in all lava types except in rhyolite (Fig. 2.5g-j). All textural types of 

plagioclase are observed in the Tschicoma Formation lavas (Table 2.4), with Type 2a, 4, and 5 ubiquitous 

amongst all compositions, and Type 5 being the dominant plagioclase type (Table 2.3). Type 1a plagioclase 

ranges from An54 to An35. Type 1b grains are uncommon, with one plagioclase in the dacite from Cerro 

Rubio displaying a zoned Ca-rich core surrounded by a thick Na-rich rim. Strongly dissolved and sieved 

cores (Type 2a) are normally highly Ca-rich and rimmed by thick and slightly less calcic overgrowth in all 

lavas except rhyolite, in which both the cores and rims are less Ca-rich. Type 2a plagioclase in andesite 

(Fig. 2.4d) and mafic enclaves shows growth of less Ca-rich feldspar (darker area) along dissolved voids,  
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Figure 2.7. Variations of trace elements with An content in plagioclase cores and rims from the La Grulla Plateau 

(L.G.P.) and Bearhead (BH.) formations, including FeO (a and b), Sr (c and d), Ba (e and f) and La/Ce (g and h).  

cracks, and in patches in the Ca-rich matrix (bright area). A resorbed, rounded core surrounded by a thick 

more calcic rim is observed in one dacite-hosted plagioclase grain (Type 2b). Patchy cores (Type 3) are 
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regularly observed in all lavas, except andesite. They normally consist of two compositionally contrasting 

components without obvious cutting relationships. The sodic component shows less variation for all rocks, 

while the calcic component varies with the magma type (Table 2.4). Most of those cores have sieved rims 

(also belong to Type 5). Coarsely sieved cores show little difference from their rims in Type 4 plagioclase 

from rhyolite and dacite. In andesite, this type has a more Ca-rich core and rim, similar to the Type 4 

plagioclase in the Paliza Canyon Formation. Sieved or dusty rims (Type 5) are observed in all Tschicoma 

lavas. The cores are normally sodic or patchy (Table 2.4). The sieved zone has a compositional range 

normally close to the outer rim compositions.  

Plagioclase FeO contents do not show obvious core-rim variation in andesite and rhyolite. Plagioclase 

rims are generally richer in FeO than cores in dacite and dacite-hosted mafic enclaves, in which plagioclase 

cores can be divided into low-FeO (mainly at 0.18-0.35 wt. %) and high-FeO (mainly at 0.38-0.56 wt. %) 

groups (Fig. 2.8a and b). The low-FeO group is either patchy (Type 3) or sodic surrounded by sieved rims 

(Type 5). The high-FeO group is related to the other plagioclase types, and comparable to corresponding 

Fe-rich plagioclase rims at similar An#. Plagioclase Sr and An# are positively correlated (Fig. 2.8c and d), 

with Sr from 953 to 2481 ppm (excluding mafic enclaves that are more Sr enriched). Strontium in 

plagioclase from andesite and rhyolite does not show differences between cores and rims. In dacite-hosted 

plagioclase, cores with An47-52 have lower Sr in Type 3 and 5 than in other types of plagioclase. These 

lower-Sr and higher-Sr plagioclase crystals match the low-FeO and high-FeO groups, respectively. 

Strontium in plagioclase rims is generally higher than the cores at the same An#. In mafic enclaves, Sr in 

plagioclase cores is mainly in the range of 1109-1672 ppm, similar to dacite, while the rims have the highest 

Sr (2936-3899 ppm) at An60-63. Barium in plagioclase shows a decreasing trend with An# only in andesite 

(150-1142 ppm Ba; Fig. 2.8e and f). This correlation is absent in other lava compositions. Compared to 

plagioclase cores, rims in dacite and mafic enclaves show elevated Ba at An49-63. With an overall range 

from 0.56 to 1.23, La/Ce is negatively correlated with An# for all lavas with no significant difference between 

cores and rims (Fig. 2.8g and h).  

2.4.4. Amphibole Compositions 

Amphibole mineral formulae were calculated following the International Mineral Association (IMA) 

recommendation for calcic-amphibole with a normalizing sum of 13 cations (Leake et al., 1997). All 

amphibole grains have CaB≥1.62 apfu (Fig. 2.9a, f and k) and thus are classified as calcic amphibole (Leake 

et al., 1997).  

Paliza Canyon Formation (10-7 Ma) 

Amphibole grains in dacite and rhyolite are commonly euhedral with zoned or patchy texture, while those 

in andesite are small in size and all have thick decomposed rims. All amphiboles have high (Na+K)A (0.56- 
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Figure 2.8. Variations of trace elements with An content in plagioclase cores and rims from the Tschicoma (Tsch.) 

Formation, including FeO (a and b), Sr (c and d), Ba (e and f) and La/Ce (g and h). 

0.90 apfu; Fig. 2.9b). Amphibole grains from andesite have higher Mg# [=100*Mg/(Mg+FeTotal), molar 

proportions], Ti, and IVAl (69-72, 0.48-0.55 apfu, and 1.90-2.08 apfu, respectively) than those from rhyolite 
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Figure 2.9. CaB (a, f and k), (Na+K)A (b, g and l), Mg# (c, h and m), Ti (d, i and n) and VIAl (e, j and o) vs. IVAl diagrams 

for amphibole. Black solid lines are linear trend lines for all types of lava in one formation with corresponding equations 

and R2 values shown. Trend lines in f, g, i and j are only shown for the La Grulla Plateau Formation; Bearhead points 

are not included. Formation abbreviations: P.C., Paliza Canyon; C.C., Canovas Canyon; L.G.P., La Grulla Plateau; 

BH., Bearhead; Tsch., Tschicoma. 

(67-69, 0.33-0.48 apfu, and 1.54-1.99 apfu, respectively) (Fig. 2.9c and d). These parameters in dacite 

show the largest variation (66-71, 0.34-0.55 apfu, and 1.58-2.05 apfu, respectively). 

Amphibole grains have a large variation in REE contents, especially those from dacite (Fig. 2.10a). 

In andesite, amphiboles are LREE-enriched (Fig. 2.10a) with slight Eu anomalies ([Eu/Eu*]N=0.79-0.96, 

where N is chondrite normalized; Fig. 2.11b). Strontium and Ba contents are in the range of 372-449 and  
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Figure 2.10. Chondrite-normalized REE patterns for amphibole (a-c) and probability density function (PDF) curves of 

temperature (d-f) calculated from amphibole thermometry (Ridolfi et al., 2010) with 1SD of 22 °C. Chondrite REE values 

are from Sun and McDonough (1989). Formation abbreviations: P.C., Paliza Canyon; C.C., Canovas Canyon; L.G.P., 

La Grulla Plateau; BH., Bearhead; Tsch., Tschicoma. 

306-354 ppm respectively (Fig. 2.11c). Amphibole in dacite has the largest variation in compositions, 

including [Eu/Eu*]N (0.58-1.04), Sr (136-674 ppm) and Ba (245-524 ppm). In rhyolite, amphiboles are LREE-

enriched with variable [Eu/Eu*]N (0.51-0.95). Both Sr and Ba contents (148-616 and 275-452 ppm, 

respectively) show similar variations as those of dacite-hosted amphibole. Amphiboles from mafic enclaves 

closely resemble those from dacite and rhyolite with similar variable Eu anomalies (0.58-1.01), Sr (165-623 

ppm) and Ba (294-411 ppm). 
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Figure 2.11. IVAl (a), [Eu/Eu*]N (b), Ba (c) and Ce (d) vs. Sr diagrams as well as  Cl vs. IVAl (e) and fO2 vs. temperature 

(f) diagrams for amphibole. Temperature and fO2 calculated based on Fe-Ti oxide pairs as well as temperature based 

on two-pyroxene pairs are also plotted on f. Grey arrows indicate fractional crystallization of minerals (1% for apatite 

and 20% for all other minerals. Formation abbreviations: P.C., Paliza Canyon; C.C., Canovas Canyon; L.G.P., La Grulla 

Plateau; BH., Bearhead; Tsch., Tschicoma. Mineral abbreviations: An30, plagioclase with 30 mol. % anorthite content; 

Am, amphibole; Ap, apatite; Bi, biotite; Cpx, clinopyroxene; Kf, K-feldspar. 
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Canovas Canyon Formation (10-7 Ma) 

Amphibole grains in the Canovas Canyon Rhyolite are small in size, often with thin decomposed rims. All 

grains have high Mg# (68-71), Ti (0.45-0.49 apfu), and IVAl (1.79-1.86 apfu) (Fig. 2.9c and d). They have 

relatively high REE contents resembling those with high-REE from Paliza Canyon rhyolite and are LREE-

enriched (Fig. 2.10a) with obvious negative Eu anomalies (0.63-0.75; Fig. 2.11b). Both Sr and Ba contents 

show little variation with a range of 337-387 and 471-557 ppm respectively (Fig. 2.11c).  

La Grulla Plateau Formation (~8-7 Ma) 

Amphibole is only observed in La Grulla Plateau dacite. They are subdivided into two groups, i.e., a low-Al 

group (0.99-1.36 apfu IVAl) and a high-Al group (1.78-1.93 apfu IVAl). The two groups can be distinguished 

by major and trace element concentrations. Compared with the high-Al group, the low-Al group has lower 

(Na+K)A (0.23-0.44 vs. 0.48-0.55 apfu), Ti (0.99-0.19 vs. 0.27-0.37 apfu), Sr (46-72 vs. 200-424 ppm) and 

Ba (31-127 vs. 296-524 ppm) (Figs 2.9 and 2.11). This low-Al group, compared to the high-Al group, has 

stronger negative Eu anomalies (primarily range from 0.46-0.60 vs. 0.66-0.76; Figs 2.10b and 2.11b) and 

is more enriched in Cl (530-1130 vs. 200-350 ppm; Fig. 2.11e). 

Bearhead Formation (7-6 Ma) 

The Bearhead Rhyolite has a low proportion of amphibole. The grains are normally decomposed laths. 

They have low Al (1.05-1.47 apfu IVAl) and Ti (0.11-0.18 apfu, Fig. 2.9i). Two amphibole grains from 

Bearhead Rhyolite show large variations in total REE contents (Fig. 2.10b). However, they both have strong 

negative Eu anomalies (0.50-0.55; Fig. 2.11b), as well as low Sr (54-74 ppm) and Ba (69-154 ppm) 

contents, similar to the low-Al group from La Grulla Plateau dacite (Fig. 2.11c). 

Tschicoma Formation (~5-2 Ma) 

Amphibole is almost ubiquitous in rhyolite, dacite and dacite-hosted mafic enclaves, though the abundance 

varies. Amphiboles are relatively euhedral in many samples, but can be largely decomposed and replaced 

by pyroxene and opaque oxides, or by biotite. Amphiboles from the Tschicoma Formation show the largest 

chemical variations. The amphibole grains from host dacite and rhyolite are also divided into low-Al (0.92-

1.29 apfu IVAl) and high-Al groups (1.38-2.15 apfu IVAl). Compared to the high-Al group, the low-Al group 

generally has lower (Na+K)A and Ti (Fig. 2.9l and n). This low-Al group is more enriched in REE and has 

larger negative Eu anomalies (0.38-0.71 vs. 0.50-1.19; Figs 2.10c and 2.11b) with lower Sr (27-142 vs. 69-

747 ppm; Fig. 2.11c) and Ba (main range of 24-184 vs. 73-403 ppm; Fig. 2.11c). Strontium and Ba are 

positively correlated within the low-Al group. Compared to the low-Al group, the high-Al group has lower Cl 

(100-450 vs. 280-580 ppm; Fig. 2.11e), with the exception of distinctively high Cl (620-910 ppm) amphibole 

in one dacite (MR00-96) from the Cerro Rubio dome. This sample is different from most Tschicoma dacitic 
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lavas in both amphibole and plagioclase textures, in which amphiboles all have high Al contents and some 

are clearly formed due to pyroxene-melt reaction with a relic of pyroxene core. 

In dacite-hosted mafic enclaves, only three amphibole grains (1.08-1.23 apfu IVAl) have major and 

trace compositions similar to the low-Al group, while the others are chemically similar to the most Al-rich 

grains from mafic-enclave-hosting dacite, in the high-Al group. These high-Al (1.75-2.20 apfu IVAl) 

amphiboles have high (Na+K)A, Ti, Sr (307-805 ppm) and Ba (370-424 ppm), as well as variable but overall 

low total REE with negligible Eu anomalies (0.79-1.05). 

2.4.5. Pyroxene Compositions 

Pyroxene occurs in all pre-caldera formations in this study except the Bearhead Rhyolite. Both 

clinopyroxene (cpx) and orthopyroxene (opx) are observed in the Paliza Canyon, La Grulla Plateau, and 

Tschicoma formations, while the Canovas Canyon Rhyolite only hosts cpx. Pyroxene formulae were 

calculated on the basis of 6 oxygens per formula unit (Putirka, 2008). Based on pyroxene nomenclature 

recommended by IMA (Morimoto, 1988), almost all cpx grains are augite and all opx grains enstatite, with 

the exception of one diopside grain identified in Paliza Canyon dacite and one pigeonite grain in La Grulla 

Plateau andesite (Fig. 2.12). Relatively large variations in Mg# are observed in both opx and cpx in the 

Paliza Canyon (66-79 and 74-85, respectively), La Grulla Plateau (68-84 and 73-86, respectively) and 

Tschicoma (66-83 and 72-84, respectively) formations (Fig. 2.13). 

Paliza Canyon Formation (10-7 Ma) 

Both cpx and opx are observed in all lava compositions, except rhyolite in which only cpx is present. 

Clinopyroxene grains are generally homogenous in composition without obvious zonation, while opx grains 

may show normal and reversed zonation in Mg#. Compared to andesite, cpx grains in dacite have a larger 

variation in XWo [=Ca/(Mg+Fe+Ca), molar proportions; 38-46 vs. 41-44 mol. %]. Clinopyroxene grains in 

rhyolite and mafic enclaves have the same relatively narrow range of XWo (41-44 mol. %). Orthopyroxene 

grains show continuously decreasing XEn [=Mg/(Mg+Fe+Ca), molar proportions] from mafic enclaves (71-

73 mol. %) to andesite (64-71 mol. %), whereas opx in dacite has more variable but higher XEn (68-77 mol. 

%). 

Canovas Canyon Formation (10-7 Ma) 

Only one small cpx grain is observed in the Canovas Canyon Rhyolite; it is decomposed with a thin dark 

rim and XEn of 44 mol. %. 

La Grulla Plateau Formation (~8-7 Ma) 

Pyroxenes in andesite generally have less compositional variation than those in dacite. Normal zonation, 

with or without diffusive boundaries, is commonly observed in dacite-hosted pyroxene. One important  
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Figure 2.12. Classification diagram for pyroxene from the Paliza Canyon (P.C., a-d), Canovas Canyon (C.C., e), La 

Grulla Plateau (L.G.P., f and g), and Tschicoma (Tsch., h-k) formations (after Morimoto, 1988). Abbreviations: Aug, 

augite; Di, diopside; En, enstatite; Fs, ferrosilite; Hd, hedenbergite; Pgt, pigeonite; Wo, wollastonite. 

observation of pyroxene composition in dacite is the resorbed Mg-poor cores (Mg# of 74-76) surrounded by 

Mg-rich thick rims (Mg# of 84) with sharp boundaries in both cpx and opx. Compared to andesite, cpx grains 

in dacite have similar XWo (42-44 vs. 40-44 mol. %), and opx grains in dacite have significantly higher XEn 

(71-82 vs. 66-68 mol. %). 

Tschicoma Formation (~5-2 Ma) 

Pyroxene is generally abundant in all magma compositions, excluding rhyolite, in which both cpx and opx 

are small and sparse. Clinopyroxene is absent only from mafic enclaves. Orthopyroxene from mafic 

enclaves and both cpx and opx from their host dacites commonly show reverse zoning, which is 

characterized by Mg-poor resorbed rounded cores (Mg# of 76 in cpx and 66-68 in opx) surrounded by Mg-

rich rims (Mg# of 81 in cpx and 78 in opx) with sharp or diffusive boundaries. Most pyroxene grains in other 

magma compositions are homogenous or normally zoned with diffusive boundaries, though reversely 

zoned grains are occasionally observed. Clinopyroxene grains in dacite have the largest variation in XWo 

(34-45 mol. %). Clinopyroxenes from rhyolite and andesite show limited variation in XWo (43 and 39-41 mol. 

%, respectively) that are generally within the range defined by those of dacite. Orthopyroxene grains in 

dacite also show a broad range of XEn (65-81 mol. %). Orthopyroxenes in rhyolite and mafic enclaves have 
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Figure 2.13. Histogram of Mg# in clinopyroxene (cpx) and orthopyroxene (opx) for the Paliza Canyon (P.C., a), La 

Grulla Plateau (L.G.P., b) and Tschicoma (Tsch., c) formations. 

similar XEn (66-68 mol. %) that are much lower than those of opx grains in andesite (70-72 mol. %). 

Evaluation of equilibrium 

In all formations, opx has lower values but more variation in Mg# than cpx. Putirka (2008) showed that Fe-

Mg partitioning between equilibrated cpx and opx yields KD(Fe-Mg)cpx-opx=(XFe/XMg)cpx/(XFe/XMg)opx 

=1.09±0.14. Calculation based on this equation shows that for cpx with a given Mg# (mol. %) value x, the 

opx in equilibrium should have Mg# value between x-1 to x+3.  This calculation suggests most opx and cpx 

from the Paliza Canyon and Tschicoma formations are not in equilibrium (Fig. 2.13). In the Paliza Canyon 

Formation, the continuous decreasing Mg# trend from cpx to opx with some values overlapping at 73-76 

suggests a continuous crystallization trend with cpx-dominant early stage and opx-dominant late stage. In 

the Tschicoma Formation, a large proportion of opx has low Mg# and cannot be in equilibrium with the high-
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Mg# cpx (Fig. 2.13c). Reverse zoning is also observed in both opx and cpx, with an abrupt increase in Mg# 

from core to rim, suggesting a sudden change in melt composition.  

2.4.6. Intensive Parameters 

Intensive parameters including temperature (Table 2.5; Fig. 2.10d-f), pressure and fO2 (Fig. 2.11f) are 

calculated based on compositions of single amphiboles (Ridolfi et al., 2010; Ridolfi and Renzulli, 2012), two 

pyroxenes (Putirka, 2008), and Ti-Fe oxide pairs (Ghiorso and Evans, 2008). Amphibole thermobarometry 

and oxybarometry of Ridolfi et al. (2010) and Ridolfi and Renzulli (2012) can be applied for calcic 

amphibole-bearing calc-alkaline and alkaline magmas with approximate temperature, pressure and fO2 

ranges of 800-1130 °C, 100-2200 MPa and NNO-2.1 to NNO+3.6 (where NNO is the Nickel-Nickel Oxide 

fO2 buffer). Calculations based on the two models yielded similar results for the JMVF amphiboles and thus 

only the results of Ridolfi et al. (2010) model calculations are presented here. To apply the two-pyroxene 

thermobarometry and Fe-Ti oxides thermometry, touching mineral pairs need to pass the Fe-Mg equilibrium 

test of Putirka (2008) and the Mn-Mg equilibrium test of Bacon and Hirschmann (1988), respectively. Based 

on these criteria, only a few equilibrated mineral pairs are used for calculations.  

Temperature  

Based on the amphibole thermometer of Ridolfi et al. (2010), Paliza Canyon lavas have temperatures (T) 

mostly ranging from 970-1010 °C. The La Grulla Plateau and Tschicoma formations show similar bimodal 

distribution of temperatures centred at 815-830 °C (low-T) and 905-950 °C (high-T). In the Tschicoma 

Formation, only the mafic enclaves have a temperature peak (Tpeak, i.e., the peak temperature value on the 

PDF curve, Fig. 2.10f) as high as 1005°C. These low-T and high-T amphiboles are the low-Al and high-Al 

groups, respectively, defined previously. The Canovas Canyon Rhyolite has high temperatures (centred at 

1000 °C) similar to the Paliza Canyon lava flows while temperatures of the Bearhead Rhyolite (centred at 

860 °C) resemble the low-temperature range of the La Grulla Plateau and Tschicoma formations.  

Amphibole compositions are controlled by melt composition as well as external parameters such as 

pressure, temperature, redox state and volatile content (Kiss et al., 2014 and references herein). 

Substitution analyses (Fig. 2.9) are often used to evaluate the dominant controls on amphibole 

crystallization. The Al-Tschermakite 2IVSi+2VIMg=2IVAl+2VIAl is sensitive to pressure changes, while the 

edenite substitution A+IVSi=(Na+K)A+IVAl and plagioclase substitution IVSi+NaB=IVAl+CaB are sensitive to 

changes in temperature (Al’meev et al., 2002; Bachmann and Dungan, 2002). The Ti-Tschermakite 

(2IVSi+VIMg=2IVAl+VITi) is controlled by multiple factors including temperature, pressure and water activity 

(De Angelis et al., 2013; Adam et al., 2007; Bachmann and Dungan, 2002). Resorbed and patchy textures 

in most formations (e.g., Paliza Canyon, La Grulla Plateau and Tschicoma) clearly suggest changes in 

crystallization conditions. The textural complexity is in agreement with their large chemical variations (Figs  
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Table 2.5. Temperature estimated by amphibole, two-pyroxene and Fe-Ti oxide thermometries 

Formation Rock type 
Amphibole thermometer 
(Ridolfi et al., 2010) 

 Fe-Ti oxide thermometer  
(Ghiorso and Evans, 2008) 

 Two-pyroxene thermometer 
(Putirka, 2008) 

TRange (°C) TPeak (°C)  TRange (°C)  TRange (°C) 
P.C. Andesite 995-1018 1010  976-1125  - 
P.C. Dacite 938-1014 990  924-1063  971-974 
P.C. Rhyolite 926-994 970  -  - 
P.C. Mafic enclave 950-1006 985  -  - 
C.C. Rhyolite 982-1029 1000  -  - 
L.G.P. Andesite - -  823 & 923  - 
L.G.P. Dacite 800-855 & 936-970 830 & 950  -  - 
BH. Rhyolite 802-871 860  -  - 
Tsch. Andesite - -  -  1024 
Tsch. Dacite 792-843 & 864-1026 820 & 905  830-833  937 
Tsch. Rhyolite 790-875 & 945-949 815 & 945  -  - 
Tsch. Mafic enclave 803-825 & 941-1024 815 &1005  795-868 & 1013  - 

Formation abbreviations: P.C., Paliza Canyon; C.C., Canovas Canyon; L.G.P., La Grulla Plateau; BH., Bearhead; Tsch., Tschicoma. 

TPeak refers to temperature peaks shown on the probability density function (PDF) curves of amphibole crystallization temperature. 
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2.9-2.11). In all formations except the Canovas Canyon Rhyolite, Ti-Tschermakite substitution is observed 

and at least one of the temperature-sensitive edenite and plagioclase substitutions is active (Fig. 2.9). 

Therefore, we conclude an important role for temperature correlating to chemical variations in amphibole 

in the Paliza Canyon, La Grulla Plateau, Bearhead and Tschicoma formations.  

Temperatures calculated using the two-pyroxene thermometry of Putirka (2008) and Fe-Ti oxide 

thermometry of Ghiorso and Evans (2008) for the Paliza Canyon, La Grulla Plateau, and Tschicoma 

formations are generally in agreement with the amphibole thermometer of Ridolfi et al. (2010). In addition, 

the bimodal temperature distribution observed in Fe-Ti oxide pairs from the La Grulla Plateau Formation 

corresponds well with the low-T and high-T amphibole populations (Table 2.5; Fig. 2.11f). These all support 

the validity of applying the amphibole thermometer of Ridolfi et al. (2010) in our sample suite, including the 

Paliza Canyon, La Grulla Plateau and Tschicoma (and possibly Bearhead) formations, particularly for 

comparative purposes.  

Calculated temperatures (~1000 °C) based on amphibole thermometry for the Canovas Canyon 

Rhyolite are unusual, since high-T rhyolites usually do not have hydrous phases (e.g., ‘Snake River-Type’ 

rhyolites, Branney et al., 2008; Wolff et al., 2015). Indeed, the absence of any temperature-sensitive 

substitution (Fig. 2.9) in the Canovas Canyon amphibole due to limited compositional variation undermines 

the application of the amphibole thermometry. Without supporting data from other thermometry, we 

question the validity of such a high temperature for the Canovas Canyon Rhyolite. 

Pressure 

Barometric calculations based on amphibole chemistry (Ridolfi et al., 2010) for the pre-caldera JMVF units 

are strongly correlated to temperature, with a range of 73-506 MPa, equivalent to a depth range of 3-19 km 

assuming a crust density of 2.89 g/cm3, with several formations indicating a bimodal range of crystallization 

pressures. However, textural and compositional complexities in plagioclase and reverse zoning of Al in 

amphibole, such as high-Al high-T amphibole rim growth on the patchy low-Al low-T cores, indicate an 

unrealistic evolution of apparent crystallization pressures since it requires amphibole transfer at least 4.6 

kilometres downward for rim growth, which largely exceeds the estimated uncertainty (~10%) of the model 

itself. Studies on other volcanoes (e.g., Ciomadul volcano, Kiss et al., 2014; Redoubt volcano, Coombs et 

al., 2013) also suggest high-Al amphibole may crystallize at low-pressure conditions. In addition, the 

absence of pressure-sensitive substitutions in amphibole (Fig. 2.9e, j and o) from all formations undermines 

the role of pressure in controlling amphibole chemistry. Erdmann et al. (2014) also pointed out that 

crystallization conditions estimated using amphibole compositions and the calibration of Ridolfi et al. (2010) 

are reasonable for temperature and fO2, but often untenable for pressure.  

Calculated pressures based on two-pyroxene barometry (Putirka, 2008) are 418-452 MPa (16-17 km) 

for Paliza Canyon dacite, 279 Ma (11 km) for Tschicoma andesite, and 238 MPa (9 km) for Tschicoma 
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dacite. Due to the limited number of equilibrated pyroxene pairs, it is hard to verify the vertical scale of the 

Tschicoma system. The results nonetheless indicate the Paliza Canyon magmas were stored at middle-

lower crust, while the Tschicoma magmas were likely to have been hosted in an upper crust reservoir. 

Given the large uncertainty (±280 MPa or 11 km) in barometric calculations in these texturally complex 

magmas, further refinement of crystallization pressures is not pursued. 

Oxygen fugacity  

Oxygen fugacity (fO2) calculated from amphibole compositions after Ridolfi et al. (2010) is strongly, and 

negatively, correlated to temperature (Fig. 2.11f). The old and hot Paliza Canyon and Canovas Canyon 

magmatic systems were in a more reduced condition (NNO to NNO+1.4). In contrast, fO2 in the Tschicoma 

Formation magmas shows large variation from NNO+0.2 to NNO+2.5. The highest fO2 values are recorded 

by the low-Al, low-T amphibole. Mafic enclaves from the Tschicoma Formation formed at fO2 conditions 

similar to the Paliza Canyon Formation (NNO-0.2 to NNO+0.9). The La Grulla Plateau and Bearhead 

formations have fO2 (NNO+0.7 to NNO+2.2 and NNO+1.3 to NNO+1.9, respectively) in the range 

encapsulated by the Tschicoma Formation. A smaller data set calculated using Fe-Ti oxide pairs (Ghiorso 

and Evans, 2008; Fig. 2.11f) shows that fO2 ranges from NNO+0.2 to NNO+0.7 in the Paliza Canyon 

Formation, from NNO+1.2 to NNO+1.5 in La Grulla Plateau andesite, and is NNO+1.3in Tschicoma dacite. 

Such results are all in the range defined by amphibole, however the smaller fO2 range may reflect the overall 

smaller data set compared to amphibole oxybarometry or inherent biases in amphibole oxybarometry based 

on Ridolfi et al. (2010). The results suggest the older magmatic systems (Paliza Canyon and Canovas 

Canyon) are more reduced while the younger silicic magmatic systems (Bearhead, and the silicic 

endmembers in the La Grulla Plateau and Tschicoma) are more oxidized. 

2.5. Discussion 

2.5.1. Identification of Different Amphibole Populations 

In pre-caldera JMVF formations, amphiboles from the Paliza Canyon Formation and the two small-volume 

rhyolitic formations (Bearhead and Canovas Canyon) have limited chemical variation. In contrast, a large 

chemical diversity exists in amphibole from the La Grulla Plateau and Tschicoma formations, with grains 

divided into two populations: i.e., low-Al (high-Si) and high-Al (low-Si) groups (Fig. 2.11). These two groups 

differ in both major (Al) and trace element (e.g., Sr, Ba and REE) compositions as well as calculated 

crystallization parameters (T and fO2). The broad correlation between Ba, Ce and Sr in all amphiboles can 

be reproduced by closed system differentiation, such as fractional crystallization of plagioclase, biotite, and 

K-feldspar (Fig. 2.11c and d). Though correlated variation of Sr and Ba can be produced by fractionation of 

K-feldspar alone, fractionation of coupled biotite and plagioclase (Fig. 2.11c) is likely a more important 
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process, since they are the more commonly observed phenocrysts. Such a magmatic process well explains 

inner-group (especially for the low-Al group) chemical change. However, it cannot account for the inter-

group chemical variation as evident from two observations: (1) the bimodality in IVAl and temperature; and 

(2) overgrowth by high-Al high-T amphibole on some patchy low-Al low-T amphibole. Alternatively, the two 

amphibole groups may have formed in different magmas and assembled together via magma mixing. Such 

a scenario is supported by the above observation (2), in which the high-Al rim normally also has higher Mg# 

than the low-Al core. Such concomitant variation of Al and Mg# has also been reported by Kiss et al. (2014) 

and is explained as mixing with mafic magmas. In this case, the low-Al amphibole group may have formed 

in a cold and oxidized (Fig. 2.11f) silicic mush in which fractional crystallization of plagioclase, biotite and/or 

K-feldspar played an important role (Fig. 2.11b-d). The high-Al amphibole might have formed at greater 

depth and was carried into the silicic reservoir by recharge magmas, or alternatively formed in the hybrid 

magma after mixing. The latter scenario is more plausible, which also explains the Cl content variation in 

amphibole. All high-Al amphiboles, excluding those from the Cerro Rubio sample, have lower Cl contents 

than the low-Al population (Fig. 2.11e). Similarly, multiple amphibole populations and related Cl variations 

are also observed in Mt. Hood where it is argued that concurrent magma mixing and degassing control Cl 

contents (Kolezar et al., 2010). In this model, mixing and degassing would produce a vapor ± liquid phase 

that strongly incorporates Cl, thus the resulting melt and amphibole crystallized at this stage will be relatively 

Cl-depleted (Kolezar et al., 2010). Such a magma mixing process is preferred here. 

Amphibole from the older Paliza Canyon Formation is comparable to the high-Al group amphibole 

from the younger La Grulla Plateau and Tschicoma formations in most major and trace elements, as well 

as crystallization temperature and fO2. The largest variation in REE contents regardless of the relatively 

restricted range of major element compositions (Figs 2.9-2.11) in these amphiboles cannot be produced by 

fractionation of any observed mineral assemblage (Fig. 2.11d) and thus might simply represent melt 

heterogeneity. Amphibole from the Canovas Canyon Rhyolite and Bearhead Rhyolite is compositionally 

similar to Paliza Canyon amphibole and the low-Al amphibole from the Tschicoma and La Grulla Plateau 

formations. 

2.5.2. Interpretation of Plagioclase Textures 

Plagioclase compositions are strongly controlled by temperature, pressure, and the host melt composition 

during growth. The low Si-Al interdiffusion in plagioclase allows complex zonation to be preserved (Grove 

et al., 1984), which also leads to potential preservation of different plagioclase populations formed in 

different magma reservoirs during magma mixing.  

Plagioclase without resorption features 
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Only Type 1a and 1b plagioclase show continuous growth without notable resorption surfaces. Type 1a 

plagioclase grew in relatively stable magmatic conditions without much variation in temperature and 

composition. The unzoned plagioclase might reflect prolonged residence in a magma chamber, resulting in 

diffusive homogenization (e.g., Grove et al., 1984; Humphreys et al., 2006), or reflect late stage equilibrium 

growth. The sharp and significant decrease in An# from core to rim in the sparse Type 1b plagioclase 

indicates an abrupt change in temperature and/or melt composition and may reflect a sudden exposure of 

the calcic core to a colder and more evolved melt (e.g., Cashman and Blundy, 2013).  

Plagioclase with disequilibrium features 

Plagioclase with disequilibrium textures are abundant in intermediate JMVF lavas (Table 2.3). These 

textures include dissolved, resorbed, coarsely sieved or patchy cores (Type 2-4), as well as sieved/dusty 

rims (Type 5).  

Plagioclase with sieved textures are commonly observed in other magmatic systems (e.g., Mt. Etna 

volcano, Viccaro et al., 2010; Parinacota magmatic system, Ginibre and Wörner, 2007). Such textures are 

commonly explained by two mechanisms; reaction of plagioclase with more mafic melt (e.g., Tsuchiyama, 

1985) and dissolution of plagioclase via decompression under water-undersaturated conditions (e.g., 

Nelson and Montana, 1992). We favour plagioclase-melt reactions for Type 5 plagioclase based on: (1) the 

sieved-zone in Type 5 plagioclase consisting of a fine plagioclase-melt mixture strongly resembling that 

produced by heating experiments (Tsuchiyama, 1985); and (2) the high FeO contents of calcic rims 

compared to sodic cores, common to many of the Type 5 plagioclase grains, indicative of a more mafic 

melt. A less common plagioclase Type (2b) with resorbed calcic cores (An47-55) and the surrounding more 

calcic rim (An57-64) are observed only in dacites from the Paliza Canyon and Tschicoma formations (Fig. 

2.4f). The sudden increase of An# and FeO from core to rim along the resorption surface indicates a similar 

process as in the sieved rims (Type 5). The lack of sieved zone in Type 2b might be due to smaller An# 

difference between core and rim or less plagioclase-melt reaction compared with Type 5 plagioclase.  

Interaction with a more primitive magma alone clearly is not able to explain the coarsely sieved (Type 

4) and dissolved (Type 2a) cores that are generally calcic with or without less calcic growth following the 

dissolution events. Occurrence of sodic plagioclase along the sieved channel (Fig. 2.4d) in the calcic matrix 

clearly indicates growth of the sodic component following the dissolution of the calcic component. Ascent-

driven decompression under water-undersaturated conditions is a more plausible explanation. Decreasing 

pressure under these conditions will increase PH2O of the magma and reduce plagioclase stability (e.g., 

Nelson and Montana, 1992; Blundy and Cashman, 2005). We attribute the forming of different extents of 

dissolution to relatively different rates of decompression, with the dissolved core (Type 2a) and coarsely 

sieved core (Type 4) having fast and intermediate ascent rates respectively (Viccaro et al., 2010). Loss of 

water from the magma upon water saturation can lead to precipitation of less calcic plagioclase. The less 
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calcic patches formed after dissolution might be produced by this process, or alternatively by simply 

entering into a more evolved reservoir. Our explanations of Type 2a, 4, and 5 plagioclase are generally in 

agreement with those of Viccaro et al. (2010).  

Patchy-texture (Type 3) plagioclase crystals have cores with a large gap in An#. Although this texture 

has been explained as a growth feature (e.g., Anderson, 1982), it is more commonly accepted as a 

combination of dissolution and regrowth processes that may involve dissolution of calcic core with 

subsequent growth of sodic patches (or vice versa) in response to changing PH2O and/or temperature (e.g., 

Humphreys et al., 2006; Ginibre and Wörner, 2007; Viccaro et al., 2010). In most lavas, observations in 

patchy zones, such as a zoned An-rich core cut by sodic strips and association of the sodic patches in 

conjunction with dissolved sieves/voids (Fig. 2.4g-i), suggest the sodic patches formed at a late stage and 

the calcic component is the original core. The calcic and sodic patches show large differences in An# but 

generally have similar FeO (Table 2.4; low-FeO group in Figs 2.6a and 2.8a). In plagioclase grains without 

resorbed rims (Fig. 2.4g-i), the sodic patches have similar An# and FeO to the rims. This supports growth 

of the sodic patches at a late stage, probably related to rim growth. Calculation of melt Sr and Ba contents 

based on formulae of Bindeman et al. (1998) suggests the melt compositions in equilibrium with the calcic 

patches show large variation in, as well as positive correlation, between Sr and Ba. Similar chemical 

compositions of the patchy plagioclase have been described by Humphreys et al. (2006). In agreement 

with their explanation, these chemical trends suggest that instead of significantly changing melt 

compositions, external factors such as P, T or PH2O are responsible for the forming of the patchy texture. 

Here, a preferred scenario involves decompression under water-undersaturated conditions to cause 

dissolution in the calcic core and subsequent water loss upon saturation coupled with minor cooling 

resulting from both the dissolving process and conductive heat transfer to country rocks. Such 

decompression may occur during upward moving of plagioclase from a lower position in a magmatic system 

and the decompression rate was slow enough to allow sufficient time for growth of sodic patches (Viccaro 

et al., 2010). Since amphibole is unstable in water-poor magmas, one concern is whether the commonly 

observed amphibole in the Tschicoma and La Grulla Plateau formations contradicts the water-

undersaturated conditions proposed for the plagioclase cores of Type 2a, 3 and 4. Such concern is 

unwarranted given that the crystallization of both high-Al and low-Al amphiboles in the Tschicoma and La 

Grulla Plateau formations were mainly associated with plagioclase grains of Type 1, 2b and 5 instead of 

Type 2a, 3 and 4 that have a deeper origin.   

2.5.3. Processes Controlling Tace Element Variations in Plagioclase 

Calculation of melt compositions 

During crystallization, trace element abundances in minerals are controlled by their concentrations in the 

host melt and the mineral-melt partition coefficients of the crystallising assemblage. Thus element 
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concentrations in minerals can be used to calculate the composition of the melt from which the mineral 

crystallized using well-documented partition coefficients. Plagioclase-melt partitioning behaviour of Sr, Ba, 

La and Ce is well-studied and strongly controlled by temperature and feldspar composition reflected by An# 

(Blundy and Wood, 1991; Bindeman et al., 1998). Here we calculate melt composition in equilibrium with 

individual plagioclase grains, using the equations from Bindeman et al. (1998) for Sr, Ba, La and Ce 

concentrations. Note that melt Sr and Ba are also calculated using the equations from Blundy and Wood 

(1991) for comparison purpose; albeit with larger uncertainty, the result (not reported here) is consistent 

with the calculation based on Bindeman et al. (1998). Temperatures of the melts are estimated by 

amphibole thermometry (Fig. 2.10) of Ridolfi et al. (2010). Temperature peaks (Tpeak, Table 2.5) are used 

for individual lava types. For the La Grulla Plateau and Tschicoma formation magmas, an abrupt 

temperature increase is indicated by the ubiquitous sieve-textured plagioclase rims, which is consistent 

with two populations (low-Al and high-Al groups) of amphibole yielding bimodal distribution of temperatures. 

Thus, we use the lower temperature peak for corresponding sodic plagioclase cores and higher 

temperature peak for rims. For the amphibole-free La Grulla Plateau andesite and Tschicoma andesite, we 

use bimodal temperatures (830 °C for core and 950 °C for rim) obtained from La Grulla Plateau dacite and 

a high temperature (1005 °C) from Tschicoma mafic enclaves, respectively. Although the temperature of 

plagioclase crystallization is not constant and the uncertainty of the thermometry cannot be ignored, 

calculations show that variation of temperature by 100-200 °C will not significantly change the calculated 

melt composition (see uncertainty bars in Figs 2.14-2.16).  

Kinetic processes, as well as intra-crystal diffusion, also control trace element behaviour during and 

after plagioclase crystallization, respectively (Bezard et al., 2017). The effects of these two processes must 

be assessed in order to gain a reasonable melt trace element concentration, calculated from mineral 

compositions and partition coefficients. Growing plagioclase would accurately record the host melt 

composition provided the growth rate is slow enough to allow diffusion-introduced equilibrium at the crystal-

melt interface (Singer et al., 1995). However, during rapid crystal growth the melt at the interface is not in 

equilibrium with adjacent melt and would be strongly depleted in compatible elements (e.g., Sr) and 

enriched in incompatible elements (Albarede and Bottinga, 1972; Singer et al., 1995). Therefore, rapidly 

crystallized plagioclase would show decreasing Sr with increasing incompatible elements such as Ba and 

K; Ba is incompatible in plagioclase at An# ≥36, calculated after Bindeman et al. (1998). Absence of such 

covariation between Sr and Ba across core-rim boundaries where large compositional variations exist in all 

formations suggests the kinetic effect is negligible during plagioclase crystallization. Post-crystallization 

diffusivities of different trace elements in plagioclase are controlled by temperature and crystal composition. 

At 900-1000 °C, diffusivities of Sr, Ba, and REE can be compared as: DSr ~ 106×DBa ~ 108×DLa (Cherniak 

and Watson, 1994; Cherniak, 2002, 2003). This suggests diffusion rate of Ba and REE are much slower 

than that of Sr. Observation of positive correlation between Sr and An# in all formations (Figs 2.6-2.8) as 
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well as preservation of Sr differences between sodic and calcic patches in Type 3 plagioclase cores and 

between cores and rims all suggest diffusion did not affect plagioclase Sr composition on a large scale. 

Thus, Ba and REE variation are less likely to be largely affected by diffusion given their lower diffusivities 

than Sr, which is also evident from their correlation with An# (Figs 2.6-2.8). Therefore, we conclude both 

kinetic effects and diffusion of Sr, Ba, La, and Ce are not significant in controlling the plagioclase 

composition. The calculated melt Sr, Ba and La/Ce contents represent the melt composition in equilibrium 

with different plagioclase compositions. In the following section, these parameters are used to infer 

magmatic processes recorded in plagioclase crystals. 

The patchy Type 3 plagioclase cores in all formations have almost homogeneous FeO regardless of 

An# variation (low-FeO group in Figs 2.6a and 2.8a), which indicates significant diffusion of Fe in Type 3 

plagioclase cores. This is consistent with their slow ascent rate and accompanying long residence time in 

the magmatic systems. The FeO diffusion is not obvious across core-rim boundaries for Type 2-5 

plagioclase, because sudden increases in FeO content are commonly observed towards the mineral rims. 

The rim growth chemical changes represent the final brief interval before eruption. Since the FeO diffusion 

occurs mainly in the plagioclase patchy cores, it does not accurately reflect the host melt compositions, and 

is not used for calculation of melt composition. 

Paliza Canyon Formation (10-7 Ma) 

Rowe et al. (2007) showed that multiple processes such as AFC and magma mixing are needed to 

reproduce the whole rock chemical variations in the Paliza Canyon Formation. Calculated melt trace 

element concentrations, based on plagioclase compositions show much larger chemical variations than 

seen in earlier work. Melt Sr content decreases while La/Ce increases with decreasing plagioclase An#. 

Melt Sr and Ba calculated from plagioclase rims largely overlap those from cores but have less variation. 

In dacite and rhyolite, the melt can be divided into low-Ba and high-Ba groups (Fig. 2.14a and b). The low-

Ba group generally has higher Sr and is related to plagioclase cores and rims that are Ca-rich (Fig. 2.14a 

and b). The broad negative correlation between Ba, Ce and Sr can be modelled as fractional crystallization 

of plagioclase, cpx and/or opx (FC1 and FC2; Fig. 2.14). The melts with elevated La/Ce in this group, 

however, are largely diverted from the fractional crystallization trend (Fig. 2.14e and f) where La/Ce would 

remain almost constant. Such melts can be modelled as either fractional crystallization flowing magma 

mixing between the low-Sr high-Ba melt (silicic melt, SM1) and high-Sr low-Ba primary melt (mafic melt, 

MM1), or mixing between SM1 and melts derived from MM1 by <20% degree of fractional crystallization 

(FC1) (Fig. 2.14e and f). The high-Ba group is related to the patchy feldspar cores and sodic rims (Type 3 

and 5 plagioclase). The covariation of Sr and Ba and variations of Ce and La/Ce in this high-Ba group are 

best explained by magma mixing between SM1 and less evolved endmembers such as an intermediate-Sr 

high-Ba melt MM3 and a high-Sr high-Ba melt (MM2, represented by MM2a and MM2b (Fig. 2.14). In 
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Figure 2.14. Calculated melt compositions based on plagioclase core and rim compositions for the Paliza Canyon 

(P.C.) and Canovas Canyon (C.C.) formations, showing variations of melt Ba (a and b) and Ce (c and d) with melt Sr, 

as well as variation of melt La/Ce with melt Sr/Ba (e and f). Shaded areas are whole rock (WR) compositional ranges; 

black solid lines are mixing lines between silicic endmember and different mafic endmembers. The paired error bars 

show maximum compositional variation with temperature change of 100 °C (top or right shorter bar) and 200 °C (bottom 

or left longer bar), respectively. The cross on the FC and mixing lines represents 10% degree of fractionation or mixing. 

Results for fractional crystallization of mineral assemblage 0.7Pl+0.3Cpx (FC1) and 0.5Pl+0.3Cpx+0.2Opx (FC2) are 

shown, and the mineral proportion and composition are assumed to be the same for the duration of the fractional 
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crystallization models. Fractional crystallization modelling for each element is calculated using equation Cl=C0*(1-F)D-

1, where C0 and Cl are the element concentrations in initial and remaining melts, respectively, F is the fraction of material 

crystallized, and D is the element partition coefficient (detailed numerical results are provided in Appendix A). In e and 

f, FC2 curve overlaps with FC1, and is thus not shown. In Energy-Constrained Assimilation Fractional Crystallization 

(EC-AFC) modelling (Spera and Bohrson, 2001), fractionated mineral assemblage is 0.5Pl+0.3Cpx+0.2Opx; the 

assimilant is an upper-crustal granite lithic (LLC-1; Table 2.6) recovered from the Otowi Member of the Bandelier Tuff. 

Thermal parameters for EC-AFC: TMagma Liquidus=1250°C; TMagma Initial=1250°C; TAssimilant Liquidus=900°C; TAssimilant 

Initial=800°C; TSolidus=800°C; TEquilibration=900°C; Specific heat of magma=1593J/Kg per K; Specific heat of 

assimilant=1373J/Kg per K; Crystallization enthalpy=396000J/Kg; Fusion enthalpy=281000J/Kg. Equilibration 

temperature approaching assimilant liquidus is not reached and the final magma temperature is 1010 °C. Melt 

compositions for different endmembers and partition coefficients are listed in Tables 2.6 and 2.7, respectively. 

Table 2.6. Compositions of endmember melts involved in fractional crystallization  and EC-AFC calculations 

Melt Description Plagioclase Host Sr (ppm) Ba (ppm) La (ppm) Ce (ppm) 
MM1 high-Sr primary P.C. dacite 974 908 19 39 
MM2a high-Sr high-Ba P.C. andesite 1089 2615 47 90 
MM2b high-Sr high-Ba P.C. andesite 896 2736 47 120 
MM3 intermediate-Sr high-Ba P.C. andesite 598 2856 111 208 
MM4 high-Sr high-Ba L.G.P., dacite 1208 2162 157 268 
SM1 low-Sr high-Ba P.C. andesite 290 1385 95 119 
SM2 low-Sr high-Ba Tsch. dacite 257 1123 111 149 
SM3 low-Sr low-Ba L.G.P. dacite 165 496 69 92 
CCL-1 Otowi crustal lithic - 283 1800 21 40 

Formation abbreviations: P.C., Paliza Canyon; L.G.P., La Grulla Plateau; Tsch., Tschicoma. 

Table 2.7. Partition coefficients used for fractional crystallization and EC-AFC calculations 

 DSr DBa DLa DCe 
Plagioclase Calculated(1) Calculated(1) Calculated(2) Calculated(2) 

Clinopyroxene 0.5(3) 0.05(4) 0.0468(5) 0.0838(5) 

Orthopyroxene 0.01(3) 0.23(4) 0.031(5) 0.0277(5) 
K-feldspar 5.1(6) 4.9(6) 0.1(6) 0.06(6) 
Amphibole 0.6(7) 0.28(7) 0.26(8) 0.63(8) 

Biotite 0.363(9) 8.67(9) 0.318(9) 0.377(9) 

Apatite 2.1(10) 0.45(11) 28.2(12) 37.4(12) 

Numbers in parentheses are partitioning references: (1) Blundy and Wood (1991); (2) Bindeman et al. (1998); (3) Bacon 

and Druitt (1988); (4) Luhr and Carmichael (1980); (5) Fujimaki et al. (1984); (6) Nash and Crecraft (1985); (7) Ewart 

and Griffin (1994); (8) Sisson (1994); (9) Matsui et al. (1977); (10) Watson and Green (1981); (11) Mahood and Stimac 

(1990); (12) Fujimaki (1986). 

andesite, though different evolutionary trends between Sr and Ba are evident, they all converge to the low-

Sr melt similar to the low-Sr melt (SM1) identified in dacite and rhyolite (Fig. 2.14a and b). Using melt SM1 

as a silicic endmember, mixing with different, less evolved endmembers can explain most of the variations 

in Ba, Ce and La/Ce (Fig. 2.14). Magma mixing between SM1 and MM2 (Fig. 2.14a and b) is also evident 

from calculated trace elements. These data are from one andesite sample that has distinct low 206Pb/204Pb 

(17.24) and 208Pb/204Pb (36.95) compared with the rest lava samples from the Paliza Canyon Formation 
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(Rowe et al., 2007). Both the evolutionary trends of the calculated melt, and extensively developed 

disequilibrium textures, suggest magma mixing played a more important role than previous studies have 

suggested. 

La Grulla Plateau Formation (~8-7 Ma) 

Singer and Kudo (1986) modelled isotope and trace element variations in the La Grulla Plateau magmas 

as an AFC process using a Lobato basalt as parental magma and Precambrian crust as assimilated wall 

rock. Further study by Rowe et al. (2007) suggested magma mixing between intermediate magma and 

silicic melt resembling the Bearhead Rhyolite could also produce the isotopic variation. Calculated melt 

compositions from plagioclase cores and rims are distinctively different (Fig. 2.15). The compositional 

bimodality could be due to our small data set, but more likely reflects limited or incomplete mixing between 

silicic and less evolved endmembers. In andesite, the melt in equilibrium with the plagioclase core 

resembles that calculated from Paliza Canyon andesite plagioclase. Plagioclase rims record bimodal melt 

compositions distinguished by Sr content (Fig. 2.15b). The low Sr melts (257-296 ppm Sr) are all calculated 

from Type 1a plagioclase rim and are similar to melts in equilibrium with plagioclase cores. The high-Sr 

melts (405-1009 ppm Sr) all calculated from Type 4 and 5 plagioclase rims are clearly less evolved. In 

dacite, melts in equilibrium with Type 3 and 5 plagioclase cores generally have low Sr (<402 ppm) and Ba 

(<1259 ppm). The constrained positive correlation between Sr and Ba (Fig. 2.15a) can be reproduced by 

either fractional crystallization of plagioclase, biotite, K-feldspar, amphibole and apatite (discussed in detail 

in the following Tschicoma Formation section) or magma mixing. Melt in equilibrium with plagioclase rims 

shows larger variation. The high-Sr and high-Ba rim compositions are highly variable, and some of the 

variation can be explained by mixing of a silicic melt SM3 with different mafic melts such as MM3, MM4 

and MM1 (Fig. 2.15). The disequilibrium textures in plagioclase and distinct melt compositions in equilibrium 

with plagioclase cores and rims clearly indicate a history of magma mixing. 

Tschicoma Formation (~5-2 Ma) 

In Tschicoma andesite, calculated equilibrium melt Ba, La and Ce from plagioclase, all increase with 

decreasing Sr (Fig. 2.16). Melt La/Ce (0.33-0.55) remains nearly constant at variable Sr/Ba (Fig. 2.16e and 

f). Those chemical variations can be modelled by a fractional crystallization process that is dominated by 

plagioclase, cpx and opx (FC2; Fig. 2.16). Melts in equilibrium with the strongly dissolved or coarsely sieved 

high-An# plagioclase cores (Type 2a and 4) have the highest Sr contents (918-1025 ppm Sr). As discussed 

in the early section, such disequilibrium-textured plagioclase cores are likely to result from ascent-driven 

decompression (Table 2.3). These high-Sr cores are likely to represent early formed crystal cumulates that 

were carried to a shallow crustal depth by recharge melt. Compared with most plagioclase cores, the rims 

record melts that are richer in Sr, resulting from less degrees of fractional crystallization from MM1. The 
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Figure 2.15. Calculated melt compositions based on plagioclase core and rim compositions for the  La Grulla Plateau 

(L.G.P.) and Bearhead (BH.) formations, showing variations of melt Ba (a and b) and Ce (c and d) with melt Sr, as well 

as variation of melt La/Ce with melt Sr/Ba (e and f). Shaded areas are whole rock (WR) compositional ranges. Black 

solid lines are mixing lines between silicic endmember and different mafic endmembers. The FC and EC-AFC curves 

as well as the error bars are the same as described in Fig. 2.14. In e and f, FC2 curve overlaps with FC1, and is thus 

not shown. 
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Figure 2.16. Calculated melt compositions based on plagioclase core and rim compositions for the Tschicoma (Tsch.) 

Formation, showing variations of melt Ba (a and b) and Ce (c and d) with melt Sr, as well as variation of melt La/Ce 

with melt Sr/Ba (e and f). Shaded areas are whole rock (WR) compositional ranges. Grey arrows represent fractional 

crystallization of An30 (20%), Bi (15%), Am (20%), Kf (20%) and Ap (3%); black solid lines are mixing lines between 

silicic endmember and different mafic endmembers. The FC and EC-AFC curves as well as the error bars are the same 

as described in Fig. 2.14. In e and f, FC2 curve overlaps with FC1, and is thus not shown. 
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trace element variations in plagioclase suggest differentiation and recharging of mafic melt (MM1) in the 

andesite. 

In Tschicoma dacite and rhyolite, calculated equilibrium melt Sr content is positively correlated to An#. 

Notably, in dacite-hosted plagioclase cores of An45-55, there is an abrupt increase in melt Sr at nearly 

constant An# (consistent with Fig. 2.8c). Those high-Sr melts (calculated from plagioclase of Type 1, 2 and 

4) also have high FeO, as well as low La and Ce, similar to melt compositions recorded by plagioclase rims 

(Figs 2.8 and 2.16), suggesting their crystallization from compositionally similar melts. Melts in equilibrium 

with Na-rich plagioclase (cores of Type 3 and 5) show decreasing Ba, La and Ce with decreasing Sr (Fig. 

2.16a-d), while La/Ce is negatively correlated with Sr/Ba (Fig. 2.16e and f). These compositions are almost 

identical to those observed in low-Sr and low-Ba melts in equilibrium with Type 3 and 5 plagioclase cores 

from La Grualla dacite.. The trace element variation in Type 3 and 5 plagioclase cores can result from 

fractional crystallization of an assemblage that strongly incorporates Sr, Ba, La and Ce with DCe>DLa 

(plagioclase + biotite + K-feldspar + amphibole + apatite). Fractional crystallization of this mineral 

assemblage would shift silicic melt SM2 to the most evolved melt (similar to melt SM3 identified in the La 

Grulla Plateau Formation; Fig. 2.16a-d) observed. Although magma mixing between high Sr, Ba, La and 

Ce melt and a melt depleted in all these elements is plausible, we conclude that fractional crystallization 

can best account for the observed trace element variation in the Type 3 and 5 plagioclase cores, dominated 

by low An#. In contrast to the small degrees of variation in plagioclase cores, large chemical diversity is 

recorded by the rims (Fig. 2.16). For most plagioclase rims (and the high-Sr cores), the variation of Sr, Ba, 

La and Ce can be produced by mixing of the low-Sr, low-Ba melt (SM3) with high-Sr high-Ba melt 

represented by MM2a and MM2b identified in Paliza Canyon andesite. Similar to the Paliza Canyon 

Formation, more mafic melt endmembers (including MM1 and MM3) are needed to explain the large trace 

element variation in general. Such large differences in trace element concentrations suggest the sodic core 

of Type 3 and 5 plagioclase and the calcic plagioclase rims formed in different magmas. This is consistent 

with our explanation of the sieved rim based on plagioclase texture and zoning in An#. The sodic plagioclase 

cores are likely to have formed in a silicic mush where fractional crystallization of plagioclase, biotite, 

amphibole, K-felspar, and apatite (consistent with mineral assemblage observed in the La Grulla Plateau 

and Tschicoma formations) occurred. Recharging by less evolved melts (e.g., MM2, MM1 and MM3) 

caused reheating and dissolution of the pre-existing plagioclase. The rims were crystallized in the hybrid 

melt after magma mixing.  

In mafic enclaves in the Tschicoma Formation, melts in equilibrium with plagioclase cores resemble 

those in dacite (Fig. 2.16), and most fall on the mixing line between the low-Sr, low-Ba melt (SM3) and high-

Sr, high-Ba melt (MM2). Melts in equilibrium with the plagioclase rims show large chemical variations, and 

some are enriched in both Sr and Ba, comparable to the high-Sr, high-Ba endmember (MM2).  



PRE‐CALDERA MAGMA PETROGENESIS IN THE JMVF 
 

61 
 

Mineral chemistry versus whole rock composition 

The previous whole rock geochemistry study by Rowe et al. (2007) modelled the chemical variation of the 

pre-caldera JMVF intermediate and silicic lavas by mixing of one mafic endmember with different silicic 

components. However, melt compositions in equilibrium with plagioclase tell us a different story, in which 

magma mixing involves one silicic endmember and different mafic components in each major formation. 

To deal with this contradiction, we need to address the large difference between whole rock data and 

calculated melt composition from plagioclase in the Paliza Canyon, La Grulla Plateau, and Tschicoma 

formations. As we can see in Figs 2.14-2.16, the calculated melt compositions show large variations 

compared to the narrow range of whole rock data. We conclude the difference genuinely exists for the 

following reasons. First, in calculating the equilibrium melt compositions (Bindeman et al., 1998), 

temperature is based on amphibole rather than feldspar. However, as previously discussed, the diversity 

in calculated melt compositions cannot be explained by any reasonable temperature uncertainty (see error 

bars in Figs 2.14-2.16). Second, Sr and Ba in amphibole also have comparably large variations in each 

formation (Fig. 2.11c), which suggests they also crystallized from compositionally diversified melts. This is 

in agreement with the chemical diversity in plagioclase. Finally, crystal-rich intermediate and silicic rocks 

are a mixture of melt and crystals including both phenocrysts and antecrysts, and thus mineral compositions 

may largely buffer the whole rock compositions, especially in crystal-rich lava flows. In our case, we have 

shown multiple populations of both plagioclase and amphibole in major pre-caldera magmatic systems at 

thin-section scale. In Type 3 and 5 plagioclase, sodic cores (antecrysts) and thin calcic rims record different 

host melts that existed at the earliest and latest stages of the magmatic processes, respectively. However, 

in whole rock analysis, such large compositional variations at the thin-section scale will be erased. 

Therefore, these two data sets reflect different information and thus record distinct magmatic processes. 

The seemingly contradicting conclusions from two different data sets (i.e., whole rock vs. mineral chemistry) 

suggest actual magma mixing processes are more complex than previously considered. Due to the 

limitation of the melt calculation, our modelling only includes elements such as Sr, Ba, La and Ce. Taking 

more trace elements and isotopes into account, endmembers, such as the silicic endmembers SM1 and 

SM3, might be further refined into multiple groups. In fact, their chemically similar counterparts such as the 

Canovas Canyon Rhyolite and Bearhead Rhyolite both show large variations in Pb isotopic ratios [see Fig. 

6 of Rowe et al. (2007)]. The La Grulla Plateau and Tschicoma formations have different whole rock isotopic 

compositions (Rowe et al., 2007). This can be attributed to different mafic endmembers that are potentially 

isotopically distinct (e.g., MM4 and MM2 in the La Grulla Plateau and Tschicoma formations, respectively). 

It may also reflect that the silicic endmembers (SM3) proposed for both formations are derived from 

isotopically different protoliths. 
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2.5.4. Evolution of Pre-caldera Magmatic Systems 

Magmatic systems in the deep crust are envisioned as MASH (melting, assimilation, storage, and 

hybridization; Hildreth and Moorbath, 1988) or hot zones (Annen et al., 2006), where repetitive intrusion of 

mafic melt interacts with local crust to produce chemical diversity. A range of magma processes in the pre-

caldera JMVF magmatic systems are revealed by mineral texture and chemistry (see Table 2.8 for a 

summary). In the JMVF, mantle lithosphere-derived melt is identified as the parent magma in the 

petrogenesis of mafic to intermediate lavas, and the role of crustal contamination has been identified 

through the evolution of the mafic magma (Wolff et al., 2005). The multiple mafic endmembers (MM1-MM4) 

might be attributed to open-system differentiation of the same primary melt (MM1) interacting with different 

volumes of crust in the MASH zone (Fig. 2.17). For example, MM2 can be produced from MM1 via AFC 

process [modelled as EC-AFC (Spera and Bohrson, 2001), see Fig. 2.14 and the figure caption for details] 

using an upper-crustal granite lithic recovered from the Otowi Member of the Bandelier Tuff [CCL-1 from 

Wolff et al. (2005); Table 2.6] as assimilant. Though our AFC modelling cannot produce MM3 and MM4 

from the primary melt MM1, it is likely due to the limited choices of assimilant (lower crust compositions are 

not available). Mafic melts derived from the MASH zone ultimately drive upper crust magmatism as either 

a thermal source or chemical component (parental magma) through ascent and emplacement into 

shallower levels. Such magma transport processes are in agreement with several types of disequilibrium-

textured plagioclase (Type 2a, 3 and 4) that have Ca-rich cores and result from ascent-driven 

decompression (Fig. 2.17). 

The silicic endmember (SM1) in the Paliza Canyon Formation resembles those in equilibrium with 

plagioclase in the contemporaneous Canovas Canyon Rhyolite (Figs 2.14-2.16). Besides the similarity in 

plagioclase chemistry (including FeO; Fig. 2.6), amphibole grains from these two formations are also 

compositionally similar. These observations together suggest the SM1 endmember is related to the 

Canovas Canyon Rhyolite. On the other hand, the silicic endmember SM3 identified in both the Tschicoma 

and La Grulla Plateau formations is similar to the least evolved melts in equilibrium with plagioclase from 

the Bearhead Rhyolite (Figs 2.15 and 2.16). These three formations share both chemically similar 

plagioclase (including low FeO; Figs 2.7 and 2.8) and low-Al amphibole grains (Fig. 2.11). It is likely that 

the silicic endmember (SM3) in the Tschicoma and La Grulla Plateau formations is genetically related to 

the Bearhead Rhyolite. The Canovas Canyon and Bearhead rhyolites are likely products of partial melting 

of middle-lower crust, rather than closed-system differentiation from mafic melt (Guilbeau and Kudo, 1985; 

Rowe et al., 2007). For example, Guilbeau and Kudo (1985) suggested the normative composition of the 

Bearhead Rhyolite plotted near the ternary mimimum in the quartz-feldspar system favors a partial fusion 

origin. They also pointed out that melting of the upper crustal rocks cannot produce the chemical 

composition of the Bearhead Rhyolite, thus more REE-depleted middle-lower crustal rocks are a possible
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Table 2.8. Summary of major magmatic processes in different JMVF rock types 

Rock type Magmatic processes Evidence Plagioclase type 

P.C 
andesite 

AFC 1. Forming MM2a, MM2b and MM3 (?) from MM1 Type 2a, 3, 4, and 5 

Magma mixing 1. Mixing lines between SM1 and a range of mafic melts (MM1-MM3) All types 
2. Disequilibrium plagioclase rim texture Type 5 

P.C dacite 
& rhyolite 

AFC 1. Forming MM2a, MM2b and MM3 (?) from MM1 Type 2a, 3, 4, 5 
FC after magma mixing 
or vice versa 1. Ba, Sr, Ba, La variations in plagioclase-derived low-Ba melts All types 

Magma mixing 1. Mixing lines between SM1 and a range of mafic melts (MM1-MM3) All types 
2. Disequilibrium plagioclase rim texture Type 5 

C.C. 
rhyolite 

Representative of silicic 
melt (SM1) 

1. Comparable plagioclase-derived melt Sr, Ba, La and Ce to SM1 Type 1a, 3 
2. Comparable amphibole chemistry to P.C. amphibole  

L.G.P. 
andesite 

FC 1. Forming some plagioclase-derived low-Sr melts from MM1 Type 1a, 4, 5 
Magma recharge 1. Higher melt Sr calculated from plagioclase rims than cores Type 4, 5 

L.G.P. 
dacite 

AFC (?) 1. Forming MM3 (?) and MM4 (?) from MM1 Type 4, 5 
FC 1. Forming SM3 from SM2 Type 3 and 5 

Magma mixing 1. Mixing lines between SM3 and mafic melts (MM1, MM3 and MM4) All types 
2. Disequilibrium plagioclase rim texture Type 5 

BH. rhyolite Representative of silicic 
melt (SM3) 

1. Comparable plagioclase-derived melt Sr, Ba, La and Ce to SM3 Type 1a, 3 4 
2. Similar amphibole chemistry to low-Al amphibole from Tsch. and L.G.P.  

Tsch. 
andesite 

FC 1. Sr, Ba, La and Ce variations in melts in equilibrium with plagioclase cores Type 2a, 4, 5 
2. Sr, Ba, La and Ce variations in melts in equilibrium with plagioclase rims Type 1a, 2a, 4, 5 

Magma 
recharge/mixing 

1. Generally higher melt Sr calculated from plagioclase rims than cores Type 1a, 2a, 4, 5 
2. Disequilibrium plagioclase rim texture Type 5 

Tsch.  
dacite & 
rhyolite 

AFC 1. Forming MM2a, MM2b and MM3(?) from MM1 Type 2a, 3, 4, 5 

FC 1. Forming SM3 from SM2 Type 3 and 5 
2. Coupled Sr and Ba variation in low-Al amphiboles  

Magma mixing 

1. Mixing lines between SM3 and a range of mafic melts (MM1-MM3) All types 
2. Disequilibrium plagioclase rim texture Type 5 
3. Coexisting of two chemical groups of amphibole  
4. High-Al high-T amphibole rim on patchy low-Al low-T amphibole core  

Abbreviations: P.C., Paliza Canyon; C.C., Canovas Canyon; L.G.P., La Grulla Plateau; BH., Bearhead; Tsch., Tschicoma; AFC, assimilation-fractional crystallization; FC, 

fractional crystallization; MM, mafic melt endmember; SM, silicic melt endmember.  
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Figure 2.17. Schematic model illustrating the evolution and magmatic processes of the pre-caldera magmatic systems 

in the JMVF. Abbreviations: MM, mafic melt; SM, silicic melt. 

source. Rowe et al. (2007) also argued that a crustal-derived origin for both the Canvas Canyon and 

Bearhead formations is more consistent with a model of heterogeneous rhyolite production. However, both 

formations include high-silica rhyolites, which are unlikely stored in the middle-lower crust due to the shift 

in the miminum away from quartz with increasing pressure in the quartz-albite-orthoclase ternary (Gualda 

and Ghiorso, 2013). A shallow crust reservoir for Bearhead rhyolitic magmas is suggested by Justet and 

Spell (2001) based on presence of a major hydrothermal system (WoldeGabriel and Goff, 1989). This is 

further supported by the relatively oxidized conditions and large proportions of low-T mineral phases, such 

as quartz and K-feldspar. Therefore, magma storage and fractionation in the upper crust following initial 

formation in the middle-lower crust are likely the magmatic processes resulting both the Canovas Canyon 

and Bearhead rhyolites. Based on modelling of trace element variations in sodic plagioclase cores from the 

La Grulla Plateau and Tschicoma dacites and rhyolites, a silicic component SM3 can be produced from 

SM2 via fractional crystallization of plagioclase, amphibole, biotite, K-feldspar and apatite. Such a 

fractionated mineral assemblage is consistent with that required to reproduce the trace element variations 

in the low-Al amphibole (Fig. 2.11) as well as with the observed mineral phases in the La Grulla Plateau 

and Tschicoma formations. If SM2 represents primary melt produced by partial melting of the middle-lower 

crust, the differentiation via fractional crystallization must have occurred after its emplacement into the 

upper crust (Fig. 2.17). Low-pressure differentiation of SM2 would eventually produce a crystal pile 

consisting of the above mineral assemblage with interstitial melt SM3, which is a silicic mush frequently 
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evoked for crustal silicic magmatism (Bachmann and Bergantz, 2004; Hildreth, 2004; Cashman et al., 

2017). Such a mush in the upper crust explains the multiple mineral populations, mineral textures (e.g., 

Type 5 and 2b plagioclase, and high-Al amphibole rims on low-Al cores) and chemistries in both the La 

Grulla Plateau and Tschicoma formations when combined with recharging and rejuvenation by different 

mafic components (MM1-MM4). Extraction of the interstitial melt SM3 and further differentiation may 

account for the mineral chemistry and mineral assemblage (large proportions of quartz and K-feldspar) 

observed in the Bearhead Rhyolite. Although compositionally (SM3) and mineralogically similar, the silicic 

mushes in an upper crustal mush zone involved in the La Grulla Plateau(~8-7 Ma, northwest), Bearhead 

(7-6 Ma, north to south) and Tschicoma (~5-2 Ma, northeast) magmatic systems are likely spatially and 

temporally separated (Fig. 2.17). These three formations have separate eruption ages and widespread 

surface distributions (covering an area of ~2441 km2; Fig. 2.1), but overlap at the central and north field 

[Fig. 2.1; also see Fig. 12b-d of Kelley et al. (2013)]. Their mush columns are likely derived from long-lived 

middle-lower crustal sources that are compositionally similar (perhaps isotopically distinct). Numerical 

models as well as field and geophysical data also suggest that crustal magmatic systems must have deep 

and long-lived roots (e.g., Lutter et al., 1995; Steck et al., 1998; Aprea et al., 2002; Jagoutz et al., 2007; 

Huang et al., 2015; Lipman and Bachmann, 2015; Walker et al., 2015; Kiser et al., 2016; Karakas et al., 

2017). 

The JMVF volcanism is closely related to tectonic activity of the Rio Grande rift (Gardner and Goff, 

1984; Aldrich, 1986; Kelley et al., 2013). In the early stage of the JMVF, magma processes were largely 

restricted to the deep crust (Paliza Canyon Formation), although small-volume rhyolitic magmas (Canovas 

Canyon Rhyolite) were emplaced in shallower crust. Widespread extension across the Cañada de Cochiti 

fault zone (Fig. 2.1) in southern JMVF provided open conduits for the deep-seated Paliza Canyon and 

upper-crustal Canovas Canyon magma chambers (Gardner and Goff, 1984; Aldrich, 1986). It was only until 

the onset of the La Grulla Plateau volcanism when a large-scale upper crustal mush zone was formed, and 

a magmatic plumbing system connecting the deep MASH zone and the upper crustal magma reservoir 

(transcrustal magmatic system, Cashman et al., 2017) was built (Fig. 2.17). Deep-seated extensional 

structures might have facilitated magma transport and storage into the shallow crust in the northwest field 

instead of direct eruption, since the La Grulla Plateau magmatic system is not in the Cañada de Cochiti 

fault zone (Fig. 2.1). The Bearhead and Tschicoma magmatic systems developed during reduced tectonic 

activity after 7 Ma. At this stage, fault activity shifted eastward from the Cañada de Cochiti fault zone to the 

Pajarito fault zone (during 6-5 Ma), and most Bearhead and Tschicoma volcanics are distributed between 

these two fault zones (Fig. 2.1). This suggests that storage and differentiation of the Bearhead and 

Tschicoma magmas in the upper crust were enhanced by reduced fault activity, and potential extensional 

structures at the middle crust between the two major fault zones acted as magma conduits, transporting 

magmas from the deep hot zone to create a shallow mushy reservoir and a transcrustal magmatic system. 
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A transcrustal magmatic system existing from ~8 Ma might reflect crustal thermal maturation (Karakas et 

al., 2017) when the upper crust was warm enough to accommodate magma reservoirs (Bachmann and 

Huber, 2016). Amphibole thermometry and oxybarometry suggest the pre-caldera JMVF magmas evolved 

towards lower-T and more oxidized conditions. This is consistent with the thermal maturation of the crust, 

where warmer crustal conditions allow the magma to be stored as a low-T crystal mush rather than 

promoting complete solidification. The Bearhead magmatism (7-6 Ma) was a case where no caldera-

forming eruption resulted, despite formation of a large shallow magma reservoir. The absence of a caldera-

forming eruption was attributed to volatile loss from the magma during faulting (Justet and Spell, 2001), but 

it may actually reflect that magma accumulation was too slow, or that the magma cooled too quickly in a 

cool, weakly modified crust. After a 0.5 m.y. hiatus following this failed “caldera cycle”, renewed magma 

supply activated a transcrustal plumbing system. At this stage (5.5-2 Ma), silicic magmas generated at the 

middle-lower crust ascended to the upper crust in the east and northeast field (beneath the Tschicoma 

Formation volcanics, Fig. 2.1). This could have also been enhanced by eastward migration of tectonic 

activity. The Tschicoma volcanism occurred as widespread, mainly effusive eruptions. This suggests that 

the Tschicoma magmatic systems are characterized by multiple, small eruptible melt lenses distributed 

within a large upper crustal mush zone. These are sites of extensive mixing and mingling with less evolved 

recharge magma. By the end of the Tschicoma magmatism, the upper crust was pervasively modified and 

preconditioned for transition into a supersized silicic magma chamber once magma supply from depth 

increased again. Thus, pre-caldera magmatism over ~10 m.y. gradually modified the local crust, 

culminating in the formation of the large silicic Bandelier magmatic system in shallow crust after ~2 Ma, 

which contains a significant portion of recycled materials from the pre-caldera plutons (Rowe et al., 2007; 

Wolff and Ramos, 2014). Such evolution of the crust in turn controlled the following behaviour of the 

volcanic field, producing magmas with more and more silicic compositions. A similar evolution pattern is 

also described from the Kos-Nisyros volcanic center where the post-caldera magmas evolved towards a 

cold-wet state indicating a current build-up towards a new large magma chamber (Bachmann et al., 2012).  

The JMVF represents a case of long-lived supersized continental caldera system where a period of 

~10 m.y. pre-caldera magmatism is recorded in volcanic rocks in high resolution. Mineral textural and 

chemical data on the pre-caldera magmatic systems in the JMVF has confirmed and refined previously 

proposed petrogenetic models based on whole rock geochemistry (Rowe et al., 2007). The results suggest 

a gradual build-up of a transcrustal magmatic system after several million years of crustal modification. This 

produced an upper crustal mush zone that became a large silicic chamber that fed a super-scale eruption. 

Numerical modelling suggests this process may take on the order of a million years (Karakas et al., 2017). 

A transcrustal magmatic system may be an essential step toward pre-conditioning caldera systems. Many 

other large rhyolitic caldera systems probably developed such transcrustal connectivity before their first 

caldera cycle. For example, the first caldera-forming eruption (Huckleberry Ridge Tuff, 2500 km3) at 
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Yellowstone was preceded by ~0.2 m.y. of basaltic and rhyolitic activity (Hildreth et al., 1991). At Long 

Valley, the caldera-forming Bishop Tuff (600-650 km3) erupted following ~3.7 m.y. of crustal modification 

by precursor mafic to silicic magmas (Bailey, 2004; Hildreth and Wilson, 2007). The Sapinero Mesa 

Ignimbrite (1000 km3) from western San Juan is also preceded by ~6 m.y. of andesitic volcanism (Lipman, 

2007). By comparison, the short (~0.2 m.y.) crustal pre-conditioning time for the first caldera-forming 

eruption at Yellowstone may be highly underestimated if pre-caldera volcanism is now buried or never 

reached the surface. The precursor eruptions at the JMVF (e. g., ~10-7 Ma Paliza Canyon and Canovas 

Canyon formations) were likely aided by major fault structures. Establishing a transcrustal magmatic system 

at Yellowstone may also have been much more rapid than the JMVF, since its magma eruption rate is 

orders of magnitude higher. 

There are two caldera cycles (i.e., ~5-1.60 Ma and 1.60-1.25 Ma, respectively) recorded at the JMVF. 

The southwestern caldera moat rhyolites (the East Fork Member of the Valles Rhyolite) erupted between 

74-68 ka, after almost a 0.5 m.y. volcanic hiatus (Wolff et al., 2011; Zimmerer et al., 2016). This hiatus is 

similar to that between the Bearhead Rhyolite and Tschicoma Formation (Wolff and Thompson, in press). 

Wolff and Gardner (1995) presented petrological evidence to argue that these rhyolites were generated by 

rejuvenation of largely crystalline granodiorite mush by mafic magma injection. Low velocity zones 

indicative of partial melts are identified at both the crust/mantle boundary (~35 km) and the upper-middle 

crust between 5-15 km (Lutter et al., 1995; Steck et al., 1998). Such geophysical evidence suggests mafic 

magma activity at the base of the crust is ongoing and that the entire transcrustal magmatic system is 

currently active, supporting the conclusion from Wolff and Gardner (1995) that the eruption of the 

southwestern moat rhyolites marks an ongoing magmatic cycle in the JMVF.  

2.6. Conclusions 

Mineral chemistry provides important new chemical-physical constraints on magmatic processes leading 

to the development of the long-lived Jemez Mountains volcanic field and the Bandelier Tuff. The following 

conclusions can be drawn from the discussions above. 

(1) A range of disequilibrium textures of plagioclase reveals complex magmatic processes in major 

pre-caldera magmas. Patchy, coarsely sieved and dissolved plagioclase textures record magma transport 

from deeper crust at variable ascent rates. Sieved plagioclase rims, almost ubiquitous in the dacite-

dominated magmatism reflect crystal-melt reaction induced by magma mixing.  

(2) Both mineral textures and compositions of plagioclase and amphibole suggest magma mixing as 

the dominant process for the production of chemical diversity in major pre-caldera JMVF volcanics. 

Modelling indicates up to 4 mafic components and 3 silicic components were involved in mixing reactions 

throughout the lifespan of the magmatic system. Based on both amphibole and plagioclase compositions, 
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genetic connections are inferred between the large-volume pre-caldera formations and small-volume 

rhyolitic formations (i.e., between the Paliza Canyon Formation and Canovas Canyon Rhyolite; the La 

Grulla Plateau, Tschicoma formations and Bearhead Rhyolite). A compositionally homogenous mush zone 

in upper crust, frequently recharged by mafic melts derived from the middle-lower MASH/hot zone, is 

proposed to explain diversity in both mineral textures and compositions in the dacite-dominant pre-caldera 

magmatism (i.e., the La Grulla Plateau and Tschicoma formations). Large differences between calculated 

melt compositions and whole-rock composition underline the advantage in fingerprinting complex magmatic 

processes from mineral chemistry in mixed magmas.  

(3) Development of a transcrustal magmatic system upon thermal maturation of local crust is 

important for the late pre-caldera magmatism as well as the caldera-forming Bandelier magmas. The early 

stage of magma assembly (Paliza Canyon Formation) is largely constrained in the middle-lower crust, and 

the eruptions occurred via the major fault zone associated with extension of the Rio Grande rift. A 

transcrustal magmatic system that reached the upper crust was developed after ~8 Ma when the shallow 

crust was warm enough to accommodate magmas in the form of crystal mush. The location of pre-caldera 

magma emplacement in the shallow crust forming the mush zone is likely controlled by re-activation of 

middle-crustal tectonic structures resulting from the eastward shift of major fault zones in the JMVF. 

Modification of the crust from both heat and mass transfer associated with early magmatism to develop a 

transcrustal connectivity may be a universal feature of all long-lived volcanic fields that produce caldera-

forming eruptions. Intense crustal modification and evolution, in turn, controls the subsequent behaviour of 

the volcanic fields, making them potentially more rapidly re-activated for ongoing caldera-producing 

eruptions. Currently, such a magmatic plumbing system across the whole crust still appears to be active 

beneath the JMVF, raising the potential for future volcanic eruptions and an ongoing buildup toward new 

caldera-scale eruptions.  
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Chapter 3. Crustal Pre-conditioning for Successive Rhyolitic 

Supereruptions 

This chapter is a manuscript prepared for submission to Earth and Planetary Science Letters, co-authored 

by Wu, J., Cronin, S.J., Rowe, M.C., Wolff, J.A., Barker, S.J., Fu, B., and Boroughs, S., with an abstract 

provided in Appendix C. 

3.1. Introduction 

Cataclysmic rhyolitic caldera-forming eruptions rank among the largest and most violent natural events on 

Earth (Cashman and Giordano, 2014). At an extreme, they eject hundreds to thousands of cubic kilometres 

of magma during “supereruptions” (Mason et al., 2004) with stratosphere-piercing plumes, hot pyroclastic 

flows and widespread tephra dispersal that can impact global climate (Self, 2006; Miller and Wark, 2008; 

Cashman and Sparks, 2013). These events derive from upper crustal magmatic systems fundamentally 

sustained and modified by thermal and chemical impacts of magma recharge (Bachmann and Huber, 2016). 

Crustal pre-conditioning for supereruptions is incremental, caused by many magma intrusions over time 

mixing and assimilating pre-existing country rock and variably crystalline magma bodies (Annen and Sparks, 

2002; Lipman, 2007; Annen et al., 2009). In some cases, the magmatic systems feeding supereruptions 

gestate slowly under low heat input and the sporadic arrival of compositionally diverse magma batches, 

gradually forming transcrustal magmatic systems (Cashman et al., 2017; e.g., Southern Rocky Mountain 

volcanic field, Lipman, 2007; Long Valley caldera, Hildreth and Wilson, 2007, Gualda et al., 2012, 

Chamberlain et al. 2013; Jemez Mountains volcanic field, Wolff et al., 2005, Rowe et al., 2007). In these 

“slow” systems, the genetic connection between the magma source of a cataclysmic eruption and its 

precursor magmatism is not well constrained. Fast systems, however, may prime themselves and produce 

significant quantities of evolved silicic magma in just a few hundred thousand years or less (e.g., Oruanui 

Rhyolite in Taupo Caldera, New Zealand, Wilson and Charlier, 2009). To drive these rates, sustained high 

mass and heat fluxes from deep reservoirs are required. Here we present new data from the Jemez 

Mountains volcanic field (JMVF) to show how both slow and fast modes of pre-conditioning lead to 

supereruptions from the same magmatic system. 

3.2. Geological Background 

The JMVF in New Mexico, USA, is located at the junction of the western flank of the N-S striking Rio Grande 

rift and the NE-SW striking Jemez lineament. The volcanic field is built on Upper Paleozoic sedimentary 
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strata underlain by Proterozoic basement consisting of granitoid and metamorphic rocks dated at 1.62-1.44 

Ga (Smith et al., 1970; Brookins and Laughlin, 1983). Two rhyolitic caldera-forming eruptions occurred at 

1.60 and 1.25 Ma (the Otowi and Tshirege members of the Bandelier Tuff, respectively (Phillips et al., 2007; 

Gardner et al., 2010; Wolff and Ramos, 2014). These each erupted an estimated 400-550 km3 of dense 

rock equivalent magma (Goff et al., 2014; Cook et al., 2016) thus classified at the lower end of the 

“supereruption” spectrum. These caldera-forming events were preceded by lower-magnitude, 

predominantly effusive volcanism over ~8.4 m.y. (Self et al., 1986; WoldeGabriel et al., 2007). Earlier 

magma compositions varied without a consistent trend, including the: basaltic Lobato Formation (NE JMVF, 

~13.5-9.5 Ma); the mainly intermediate Paliza Canyon Formation (+ Canovas Canyon Rhyolite) (central to 

S JMVF, 10-7 Ma); the intermediate La Grulla Plateau Formation (NW JMVF, ~8-7 Ma); the Bearhead 

Rhyolite (N-S JMVF, 7-6 Ma); the intermediate to felsic Tschicoma Formation (NE JMVF, 5.5-2 Ma); and 

finally the Cerros del Rio and El Alto Basalts (SE and NE JMVF, ~3-1.5 Ma)  and the El Rechuelos Rhyolite 

(NE JMVF, 2.1 Ma). Pre-caldera whole-rock magma compositions are reviewed in previous studies (Wolff 

et al., 2005; Rowe et al., 2007; Kelley et al., 2013). To test models of crustal condition, zircon from major 

pre-caldera formations and the caldera-forming Otowi and Tshirege members underwent U-Pb age dating, 

oxygen isotope analysis and trace element analysis. 

3.3. Samples and Methods 

Samples were collected from the caldera-forming Otowi and Tshirege members as well as major pre-

caldera units including Paliza Canyon, La Grulla Plateau, Bearhead and Tschicoma formations. The Otowi 

sample is a bulk pumice collected from a Plinian fallout phase (Guaje unit A), and the Tshirege sample is 

a lithic-poor densely welded ignimbrite from a middle to late erupted ignimbrite. Samples from pre-caldera 

formations are lavas ranging from low-Si dacite to high-Si rhyolite (Appendix B: Table B.2).  

Zircon grains separated following standard procedure from these formations were analysed for U-Pb 

and oxygen isotopic compositions using SHRIMP at Australian National University, and for trace element 

compositions using LA-ICP-MS at The University of Auckland. Zircon U-Pb data were calibrated against 

Temora II reference zircon with error between 0.30% and 0.45% during all analytical sessions. The final U-

Pb data were corrected for common Pb using the measured 238U/206Pb and 207Pb/206Pb ratios following Tera 

and Wasserburg (1972) as outlined in Williams (1998), and for initial 234U-230Th disequilibrium using whole-

rock Th/U ratios following Schärer (1984). During oxygen isotope analysis, reference zircons FC-1 and 

Temora II were used as calibration and internal standards, respectively. Corrected 18O/16O ratios are 

reported in 18O notation, in permil variations relative to Vienna standard mean ocean water (VSMOW). 

18O = {(18O/16O)sample/(18O/16O)VSMOW–1} × 1000, and (18O/16O)VSMOW = 0.0020052. All 18O values were 

calibrated against standard zircon FC-1 (5.61±0.14‰, 2, n=6; J.W. Valley, unpublished data; see Fu et 



CRUSTAL PRE‐CONDITIONING FOR SUCCESSIVE RHYOLITIC SUPERERUPTIONS 
 

71 
 

al., 2015). The spot-to-spot reproducibility (external precision) was typically better than ±0.50‰ (2). 

Average 18O for Temora II zircon, 8.29‰ and 7.98‰ (two analytical sessions), are identical within 

analytical uncertainty to the accepted value, 8.20‰ (Valley, 2003; Black et al., 2004). For trace element 

analyses, data were internally normalized using 29Si and GSE (synthetic reference glass, Jochum et al., 

2005) as a calibration standard. The precision based on repeated analysis of secondary standards GSD 

(synthetic reference glass, Jochum et al., 2005) is 7.0% (1) for Hf and 2.7-5.4% (1) for Ti, Y and REE. 

All data is provided in Appendix B, including sample locations and whole-rock compositions as well as 

zircon U-Pb, trace elemental and O-isotopic data. Zircon Zr and Hf concentrations were additionally 

analysed with a JEOL JXA8500F Field Emission Electron Microprobe at Washington State University and 

the results show good correlation between Hf and Zr/Hf: Zr/Hf=532909 × Hf-1.009 (R2=0.997; 271 analyses 

from all formations; results not reported). We use this equation to calculate Zr/Hf based on LA-ICP-MS-

determined Hf. 

3.4. Slow Build-up to the First Supereruption 

Zircons are often used to unravel the dynamics of complex magmatic systems since they commonly survive 

magmatic events after initial crystallisation (Cooper, 2015). Zircons found within the Otowi Member (OM), 

span a wide range of ages to provide insights into the history of the magmatic system (Figs 3.1 and 3.2). 

Proterozoic-aged zircon crystals are remnants of the subjacent regional basement rock. Other zircon 

crystals have the same U-Pb age, O-isotopic and trace element compositions as those crystallized in the 

Bearhead (7-6 Ma) and Tschicoma (5-2 Ma) plutons (Figs 3.1 and 3.2). This implies assimilation of these 

pre-caldera plutons into the voluminous OM magmatic system. Wolff and Ramos (2014) report two further 

inherited zircon grains in the OM with ages of 9.06±0.07 Ma (Paliza Canyon Formation age) and 2.31±0.07 

Ma (Tschicoma Formation age). All evidence shows zircon grains crystallized in older pre-caldera magmatic 

reservoirs (e.g. Tschicoma, Bearhead and Paliza Canyon formations), were recycled and incorporated in 

the OM magma. The recycled proportion of Paliza Canyon plutons might be underestimated given their low 

zircon yield and small crystal size leading to poor preservation. 

Our data shows the OM phenocrystic zircons have variable but much higher REE and Y (and U, Th, 

Nb and Ta) concentrations than pre-caldera magmatic systems (and the Tshirege Member), consistent with 

elemental enrichment seen in whole-rocks (Appendix B: Table B.2). Such high concentrations of 

incompatible elements indicate partial melting of the pre-caldera plutons, and/or fractional crystallization 

once the magma formed. Feldspar fractionation is evident from the strong negative chondrite-normalised 

Eu anomalies ([Eu/Eu*]N=0.01-0.03) in the OM phenocrystic zircon. REE variations in the OM phenocrystic  

zircon can be reproduced by 40~70% partial melting of Tschicoma rock with subsequent 70-80% fractional 

crystallization of sanidine and quartz (e.g., Dy and Yb in Fig. 3.3a). The same modelling from a Paliza 
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Figure 3.1. Histogram of zircon U-Pb ages for different units in the JMVF, including the rhyolitic Tshirege (TM, a) and 

Otowi (OM, b) members of the Bandelier Tuff, the intermediate to felsic Tschicoma Formation (NE JMVF, 5.5-2 Ma) (c 

and d), the Bearhead Rhyolite (N-S JMVF, 7-6 Ma) (e), the intermediate La Grulla Plateau Formation (NW JMVF, ~8-

7 Ma) (f), and the mainly intermediate Paliza Canyon Formation (central to S JMVF, 10-7 Ma) (g; Kelley et al., 2013). 

New data in blue bars, green points from Wolff and Ramos (2014), the red line is the probability density function for 

each set of dates. For comparison, Wolff and Ramos (2014) reported 1.584  0.057 Ma for the main population of 

Otowi Member zircon ages from 9 measurements. 

Canyon protolith requires ~1% partial melting followed by 30-60% fractional crystallization (Fig. 3.3c). A 

Bearhead Rhyolite parent cannot produce the high Dy/Yb, even at 100% melting (Fig. 3.3b). Considering 

mixed melts derived from different plutons (e.g., Tschicoma: Paliza Canyon: Bearhead=5:3:2; Fig. 3.3d) at 

the same degree of partial melting, 20-50% partial melting followed by 50-60% fractional crystallization can 

produce most less-evolved zircon compositions. Since the pre-caldera plutons (especially the Tschicoma 

Formation) were likely not completely solidified at the end of the Tschicoma activity, the actual degree of 

partial melting would be less than suggested by the modelling. In all cases, it appears that the Tschicoma  
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Figure 3.2. Plot of zircon 18O (a), Y+REE (b), Zr/Hf (c) and Ti-in-zircon temperature (d) against zircon U-Pb age. Black 

dashed line shows the variation of mean values of y axis for each formation. Black and grey error bars represent 2 

standard deviation (SD) uncertainties. Mantle zircon 18O range is from Valley et al. (1998). Zircon crystallization 

temperature (TTi-in-zircon) is calculated after Ferry and Watson (2007), with SiO2 activity of 1.0. TiO2 activity is determined 

by Ti-Fe oxide pairs (Ghiorso and Evans, 2008) for Paliza Canyon (0.73), La Grulla Plateau (0.75) and Tschicoma 

(0.78). TiO2 activity of 0.5 is used for rhyolitic Bearhead, OM and TM. The red dotted line in (d) is the variation of the 

mode amphibole crystallization temperature (Chapter 2) in pre-caldera formations for comparison. Temperature 

calculated for initial phase of both OM and TM is ~700°C based on oxide-silicate thermometry, and can be as high as 

~850 °C for late phase of TM based on two-pyroxene thermometry (Warshaw and Smith, 1988).  

Formation is a more significant contributing source for the initial OM magma than the Paliza Canyon 

Formation, Bearhead Rhyolite, or basement rock. The overlapping 18O values (Fig. 3.2a) and similar low 

Zr/Hf ratios (Fig. 3.2c) between OM zircon and Tschicoma zircon, show that the initial OM magma 

developed in similar conditions to the Tschicoma Formation.  

Although the Tshicoma plutons likely account for more recycled material in the initial OM magma, the 

final OM magma is more similar to Paliza Canyon rocks in whole-rock Nd and Pb isotopic compositions 

(Rowe et al., 2007). The compositional change in OM magma during growth reflects gradual modification 

by less evolved recharge magma (Type 1 mafic magma, Rowe et al., 2007) that is represented by Paliza 

Canyon and Cerros del Rio mafic rocks (Wolff et al., 2005; Rowe et al., 2007). Simple calculations of whole-

rock Pb and Nd isotopic compositions (Appendix B: Fig. B.1; Wolff et al., 2005; Rowe et al., 2007) suggest  
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Figure 3.3. Modelling of partial melting (green continuous line) using Tschicoma (a), Bearhead (b) and Paliza Canyon 

(c) rocks as OM parent sources and subsequent fractional crystallization (blue dashed line) of sanidine and quartz (1:1; 

major phenocrysts in OM magma). The same modelling of fractional crystallization from a mix of melts derived from 

Tschicoma, Bearhead, and Paliza Canyon plutons (5:2:3) at the same degree of partial melting is shown in d. Crosses 

(+) represent 10% increments. Calculated REE concentrations in melt in equilibrium with OM phenocrystic zircon were 

based on reported partition coefficients (DDy=45.9 and DYb=222; Sano et al., 2002). Here DYb=222 within the range 

(DYb=277±55, 2σ) of Sano et al. (2002) is adopted, since it produces melt Yb and Dy/Yb comparable to whole rock 

composition. TM data are shown for comparison. Minerals and their relative proportions in each partial melting 

modelling, as well as partition coefficients for Dy and Yb between different minerals and melts, are listed in Table B.1. 

Whole-rock data are from Rowe et al. (2007) and this study.  

that in order to produce the final OM melt, at lease ~25-45% Type 1 mafic magma is required to recharge 

the mixed magma derived from pre-OM plutons (e.g., Tschicoma, Paliza Canyon and Bearhead with an 

arbitrary proportional ratio of 48:32:20). Such magma recharge events imply enhanced magma supply may 

have pushed the system to generate a supereruption after prolonged crustal pre-conditioning with low 

magma supply rate. 

3.5. Fast-track to a Second Supereruption 

The Tshirege Member (TM) magma formed after the OM eruption, but with a very different process to the 

earlier magmatism. In contrast with the OM, no inherited zircons are found within the TM.  There are also 

no OM-aged zircons found in the TM. Although there are only 28 analyses on TM zircons, these are 
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screened from 311 zircon grains based on textures revealed by cathodoluminescence (CL) imaging. 

Zircons with resorbed cores that likely represent inherited crystals are the primary targets during U-Pb age 

dating. Given that the textually complex zircons turned out to be homogenous in age, it is deemed unlikely 

that we would have found inherited old zircons with additional analyses. Many TM zircons have low Y+REE 

(U and Nb), high Zr/Hf, indicating crystallization from less evolved melt comparable to those for the Paliza 

Canyon zircon (10-7 Ma) (Figs 3.1 and 3.2). They also show a large variation (3.0-5.6‰) in 18O, extending 

to sub-mantle values (Valley et al., 1998; Fig. 3.2a). The wide range indicates that O isotopes were likely 

exchanged with low-18O hydrothermally altered country rock at margins of the Bandelier magma chamber 

(Wolff et al., 2002). Some resorbed zircon cores do have distinct low Zr/Hf and high Y+REE (as well as U 

and Nb), which are chemically and isotopically similar to the OM phenocrystic zircon, but with TM ages. 

Werner et al. (1996) noted similar zircons and hypothesised that the cores were inherited from the OM. 

However, our new ages exclude this possibility, unless the U-Pb-ages were reset, suggesting that the zircon 

cores more likely result from crystallization of re-melted OM relics.  

Lack of direct (OM-aged) recycling record in TM zircon can be attributed to either a decreased 

efficiency in melting and assimilating the OM mush, or dissolution of OM zircon grains. For example, the 

assimilation efficiency can be reduced by the effect of wallrock “shielding” by juvenile magma emplacement 

in the San Juan volcanic field (e.g., Riciputi et al., 1995; Lipman and Bachmann, 2015). However, 

rejuvenating and recycling OM mush into TM magma is likely given the similarities in both mineral 

assemblage and isotopic compositions between the two members and their overlapped vent locations 

(Wolff and Thompson, 2018). The OM eruption left behind a huge amount of residual sanidine and quartz 

(Wolff and Ramos, 2014) that would be likely heated above solidus upon magma recharge. Therefore, the 

absence of zircon inheritance is more likely a result of pervasive thermal dissolution of OM zircon grains. 

Zircon dissolution within 180±100 ka (minimum age difference between OM and TM zircons) is reasonable 

given the small grain size of OM zircon and elevated temperature in TM magma (Fig. 3.2d). Thermal 

dissolution after influx of hot mafic magma following the Oruanui (New Zealand) supereruption is also 

proposed to explain the very limited inheritance of Oruanui-aged zircon in post-Oruanui rhyolites (Barker et 

al., 2014). 

We suggest that influx of less evolved magma contributed both heat to dissolve the pre-existing 

zircons (followed by recrystallization) and mass to the less evolved chemical signature preserved in more 

than half of the TM zircons. This suggests that the TM was derived from both new magma from depth and 

remelting of the OM relics (Fig. 3.3). After evacuation of ~400 km3 of magma during the OM, the large 

volume of unerupted mush dominated by sanidine and quartz was most likely decompressed and cooled 

to near solidus (Bachmann et al., 2012). Once the OM supereruption removed the low-density rhyolitic 

magma “cap” from this part of the crust, hotter, more primitive magmas ascended (Campbell et al., 2009), 
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effectively heating and rejuvenating the residual OM crystal mush. The subsequent TM magma reservoir 

was thus rapidly formed by open-system differentiation, coalescing newly arrived magma and the OM-

derived partial melts, and assimilating hydrothermally altered country rock. 

3.6. Fast vs Slow Priming of Supersized Silicic Magma Reservoirs 

A lack of zircon inheritance implies that a “fast” supersized caldera-forming magma accumulates from a 

sequence of intrusions that is so rapid that they combine into a single uniform magma reservoir and 

effectively remelt pre-existing small-sized crystals including zircon in recycled plutons. Rapid coalescence 

requires extensive thermal and chemical modification of the local crust. Pre-OM volcanism involved 

assimilating Proterozoic basement, evidenced by the zircons presented here [supported by whole rock 

modelling from Wolff et al. (2005) and Rowe et al. (2007)]. Early modification meant that subsequent 

magmatism repeatedly consumed crust with successively differing compositions (Fig. 3.4a). Involvement 

of high-18O Proterozoic basement initially occurred during the early production of magmas for the Paliza 

Canyon and La Grulla Plateau to Bearhead formations, with involvement of low-18O crust occurring only 

during formation of the Tschicoma Formation (Fig. 3.2a). Low-18O is a common feature of shallow 

hydrothermally altered deposits in large caldera systems (e.g., Yellowstone, Bindeman and Valley, 2000). 

Widespread hydrothermal activity occurred in the JMVF at ~8 Ma and the waning stage (6.5-5.6 Ma) of 

Bearhead volcanism (Wolff and Thompson, 2018). Bearhead Rhyolites erupted across the JMVF, 

overlapping the Tschicoma Formation (Kelley et al., 2013), providing a potential source for later assimilated 

high-temperature hydrothermally altered country rocks (decreasing 18O). 

The Zr/Hf ratio is a robust magma fractionation index, when the system is zircon-saturated (Claiborne 

et al., 2006; Schimitt et al., 2017). Decreasing zircon crystallization temperatures and Zr/Hf over time (Fig. 

3.2c and d) in pre-caldera magmatic systems show that these systems evolved towards cooler and more 

differentiated conditions, also consistent with amphibole geochemistry (Chapter 2). Silicic magma can be 

stored as a relatively low-temperature crystal mush for long periods of time in warm country rocks 

(Bachmann and Huber, 2016). The trend towards a formation of progressively cooler and more oxidized 

magma demonstrates the gradual thermal maturation of the upper crust (Karakas et al., 2017) and gradual 

development of a transcrustal magmatic system (Cashman et al., 2017) in the JMVF (Fig. 3.4a). 

The transition from slow to fast accumulation rates is not only a function of the thermal and chemical 

maturation of the crust, but likely also reflects variations in the magma supply rate (Fig. 3.4b). Changing 

rates of magma production for supervolcanic systems have been demonstrated to occur after repeated 

caldera-forming eruptions such as at Yellowstone (Matthews et al., 2015; Lanphere et al., 2002), Toba 

(Mark et al., 2014; Lee et al., 2004) and Taupo (Wilson and Charlier, 2009; Barker et al., 2014). The high 

magma supply rate during recharge, as a result of post-supereruption processes, could be essential to 
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Figure 3.4. Cartoon showing the evolution of the magmatic systems in the JMVF with (a) showing the incremental 

growth over prolonged timescale to produce the first caldera-forming supersized magmatic system and (b) showing the 

rapid build-up towards the second supereruption. Solidified intrusions are in grey colour. 

reset the systems and change magma behaviour. These new magmas thermally rejuvenate relic crystal 

mush and add mass to the system in a short time period, but do not immediately produce eruption-triggering 

overpressurization (Jellinek and DePaolo, 2003) before accumulation of significant volumes of silicic 

magma due to the crustal space resulting from magma ejection. The JMVF represents a rare case where 

both pre-caldera deposits and their signature (inherited zircons) in the first supereruption are preserved in 

enough detail to allow reconstruction of a slowly building supervolcanic system. Though the early pre-

conditioning histories of many other supersized systems are missing in volcanic records or erased by later 

eruptions, their first supereruptions were also likely slowly built-up over millions years of crustal modification 

(Karakas et al., 2017; e.g., eruption of the Bishop Tuff is preceded by 3.74 m.y. of volcanic activity, Hildreth 

and Wilson, 2007). 

It is clear when comparing the JMVF with other supersized systems that a typical magma extrusion 

rate is <0.5 km3/ka for slow systems (e.g., the Sapinero Mesa Ignimbrite, Lipman, 2007; Bishop Tuff, 

Hildreth and Wilson, 2007; Cerro Galán Ignimbrite, Folkes et al., 2011) and >0.9 km3/ka for fast systems 

(e.g., Lava Creek Tuff from Yellowstone, Lanphere et al., 2002; Matthews et al., 2015; Youngest Toba Tuff, 

Lee et al., 2004; Mark et al., 2014; Oruanui Rhyolite from Taupo, Wilson and Charlier, 2009; Barker et al., 

2014; Appendix B: Fig. B.2). The change in modes of crustal pre-conditioning in the JMVF suggests that 

such systems may display different behaviours in direct response to elevated magma supply rates, 

proportional to extrusion rates, in thermally mature crust. 
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Chapter 4. Long-lived Dacitic Magmatic Systems and Recharge 

Dynamics in the Jemez Mountains Volcanic Field 

This chapter is a manuscript prepared for submission to Contributions to Mineralogy and Petrology, co-

authored by Wu, J., Rowe, M.C., Cronin, S.J., Wolff, J.A., Barker, S.J., and Fu, B., with an abstract provided 

in Appendix C. 

4.1. Introduction 

With the potential to survive magmatic re-entrainment while preserving its original age and composition, 

zircon is considered a robust chronometer (Hawkesworth and Kemp, 2006; Walker et al., 2010; Siebel et 

al., 2009). Although a trace mineral, its resilience makes it arguably the most useful petrologic tool to reveal 

magma longevity and assembly history. Large volcanic systems in the shallow crust are frequently found 

to have lifespans >100 ka, based on zircon age variation (e.g., Whakamaru ignimbrite, Brown and Fletcher, 

1999; young rhyolitic systems at Long Valley, Reid et al., 1997). In some cases, continuous zircon age 

spectra can be as large as 1-2 m.y, for both incrementally grown plutonic systems (e.g., Spirite Mountain 

batholith, Walker et al., 2007) and intermediate to silicic volcanic systems (e.g., the Aucanquilcha volcanic 

cluster, Walker et al., 2010; Timber Mountain complex, Bindeman et al., 2006; Kneeling Nun Tuff, 

Szymanowski et al., 2019; Chuhuilla and Pastos Grandes Ignimbrites, Kaiser, 2014, Kaiser et al., 2017). 

Prolonged magma storage can be explained using a mixed crystal-melt mush model (Bachmann and 

Bergantz, 2004; Cashman et al., 2017), since a partially molten state of magma is thermally efficient to 

maintain (Karakas and Dufek, 2015; Cashman et al., 2017). Such a long-lived magma reservoir can be 

stored at near-solidus conditions for most its lifespan and punctuated by rejuvenation (e.g., Cooper and 

Kent, 2014; Rubin et al., 2017; Szymanowski et al., 2017; Kent and Cooper, 2018). Dacites of the 

Tschicoma Formation (Jemez Mountains volcanic field), erupted prior to the two caldera-forming 

supereruptions of the Bandelier Tuff, are excellent examples of continuous zircon crystallization spanning 

over 1 m.y., from eruptions of long-lived intermediate-silicic magma reservoirs. In this study, age-integrated 

zircon chemical variations provide insights into the assembly of an intermediate to silicic magma 

reservoir/batholith.  

The Jemez Mountains volcanic field (JMVF) in north-central New Mexico, is located at the junction of 

the Rio Grand rift and the Jemez lineament, a Neoproterozoic subduction-induced suture (Shaw and 

Karlstrom, 1999; Karlstrom et al., 2002). Major construction of the JMVF started at ~10 Ma (Fig. 4.1) 

(Gardner et al., 1986; Self et al., 1986; WoldeGabriel et al., 2007; Kelley et al., 2013; Wolff and Thompson, 
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2018), upon a substrate of Paleozoic sedimentary rocks and Proterozoic basement (Smith et al., 1970; 

Brookins and Laughlin, 1983). Early erupted products from 10-6 Ma varied from basaltic andesite to rhyolite, 

dominated by the ~1000 km3 intermediate composition Paliza Canyon Formation. After a 0.5 m.y. hiatus, 

renewed volcanic eruptions occurred in northern and eastern JMVF, volumetrically dominated by the 

intermediate to silicic Tschicoma Formation (~500 km3) dacites from 5.5 to 2 Ma (Kelley et al., 2013). This 

renewed volcanism corresponded to reactivation of local tectonic activity that shifted eastward from the 

Cañada de Cochiti fault zone to the Pajarito fault zone at 5-4 Ma (Fig. 4.1; Gardner and Goff, 1984). The 

late stage Tschicoma activity is also accompanied by mafic eruptions at peripheral regions (e.g., the Cerros 

del Rio and El Alto basaltic fields). Following small scale rhyolitic eruptions at ~1.8 Ma, which are thought 

to represent early magma leakage from the large Bandelier system, two episodes of caldera-forming 

eruptions at 1.60 and 1.25 Ma, respectively, produced the voluminous Otowi and Tshirege members of the 

Bandelier Tuff (Phillips et al., 2007; Gardner et al., 2010; Wolff and Ramos, 2014). 

This study focuses on the Tschicoma Formation lavas erupted between ~5-2 Ma (Kelley et al., 2013; 

Wolff and Thompson, 2018), covering an area of ~911 km2 (estimated based on the surface exposure in 

Fig. 4.1). Domes and lava flows formed via at least 19 identified vents (Smith et al., 1970) in the northeast 

and east areas, adding up to a total volume of ~500 km3 (Gardner et al., 1986). Exposure of Tshicoma 

rocks on the western caldera rim (Fig. 4.1) indicates that Tschicoma magmas likely also erupted in the 

central field, but their vents and flows were destroyed and overprinted by the two catastrophic caldera-

forming events. Tschicoma lavas are dominantly dacitic domes and coulées, with subordinate andesite and 

rhyolite. Magma mixing has been recognised as the main forming mechanism for the Tschicoma rocks 

based on both whole-rock geochemistry (Rowe et al., 2007), and mineral texture and chemistry (Chapter 

2). From whole rock geochemistry, Rowe et al., (2007) modelled the chemical variability of the Tschicoma 

Formation as a simple mixture between basaltic andesite, represented by mafic enclaves within the dacites, 

and a silicic crustal endmember. Detailed mineral chemistry presented in Chapter 2, suggests a more 

complex magma evolution with three mafic and one silicic endmembers. Two Tschicoma dacite samples 

were collected from the Mesa de la Gallina lava flow (sample JWJM16-4 with 67.93 wt. % SiO2) and the 

Cerro Pelón Dome (sample JWJM16-5 with 67.38 wt. % SiO2) (Fig. 4.1), referred to as MG dacite and CP 

dacite, respectively. Both samples are porphyritic and the major mineral phases are 

plagioclase>orthopyroxene>clinopyroxene>amphibole. Minor biotite and alkaline feldspar are observed 

only in the CP dacite. These samples were chosen based on whole-rock chemistry indicating zircon 

saturation, plus they are located ~10.7 km apart so likely represent separate parts of the magma system, 

or individual systems. Previous Ar-Ar dating also shows an age difference between the two units (Kelley et 

al., 2013). 
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Figure 4.1. Geological map of the Jemez Mountains volcanic field (a, modified after Smith et al., 1970; Aldrich, 1990; 

Wolff et al., 2005; Rowe et al., 2007; Chapter 2) and stratigraphic column (b) showing temporal ranges of geological 

units in a. Stars mark the sampling locations. Inset: the Rio Grande rift (RGR) and Jemez lineament (JL, dashed blue 

line) in Colorado and New Mexico, showing location of the study area. 

4.2. Methods 

4.2.1. Sample Preparation 

The two Tschicoma samples were cleaned and crushed into fine powders using a jaw crusher followed by 

a disk mill. The crushed samples went through a Gemini table to remove light minerals (e.g., plagioclase) 

and matrix. The reduced samples were subsequently separated into four different size fractions (>250µm, 

250-150 µm, 150-60 µm and <60 µm) by wet sieving. Samples in the size fractions of 250-150 µm and 150-

60 µm were processed by heavy liquid separation using LST heavy liquid with density of 2.85 g/ml. 

Ferromagnetic minerals (e.g., magnetite) were manually removed with a hand-magnet, after which, 

paramagnetic minerals (e.g., pyroxene and amphibole) were removed using a Frantz magnetic separator. 

Finally, zircon crystals were handpicked under binocular microscope. During each zircon separation step, 

attention was paid to avoid any cross sample contamination. Separated zircon grains were mounted with 

standard zircon Temora II at Australian National University (ANU). In total, 189 zircon grains (33 of size 
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250-150 µm and 156 of size 150-60 µm) from sample JWJM16-4, and 210 grains (43 of size 250-150 µm 

and 167 of size 150-60 µm) from sample JWJM16-5 were mounted. Zircon cathodoluminescence (CL) 

images were taken using Scanning Electron Microscopy (SEM) at Victoria University of Wellington to reveal 

textural details. Based on the CL images, representative zircon grains were analysed for U-Pb age dating, 

oxygen isotope ratios and trace element concentrations. All data is shown in Appendix B.  

4.2.2. Zircon U-Pb Dating 

Zircon samples were analysed for U-Pb isotope ratios with SHRIMP II at ANU. During the analyses, Temora 

II reference zircon was analysed after each two or three unknown zircon grains. Measurement errors in 

Temora II reference zircon calibration were between 0.30% and 0.35% for all analytical sessions. The U-

Pb data were corrected for common Pb using the measured 238U/206Pb and 207Pb/206Pb ratios following Tera 

and Wasserburg (1972) as outlined in Williams (1998). The final U-Pb ages were corrected for initial 234U-
230Th disequilibrium using whole rock Th/U ratios [data from Chapter 2 (Appendix A)] following Schärer 

(1984). 

4.2.3. Zircon Oxygen Isotopes 

After U-Pb dating, the zircon samples were analysed for O-isotopic compositions using the SHRIMP SI at 

ANU. During each analytical session, reference zircon FC-1 and Temora II were used as calibration and 

internal standards, respectively. Corrected 18O/16O ratios are reported in 18O notation, in permil variations 

relative to Vienna standard mean ocean water (VSMOW). 18O = {(18O/16O)sample/(18O/16O)VSMOW–1} × 1000, 

and (18O/16O)VSMOW = 0.0020052. All 18O values were calibrated against standard zircon FC-1 (5.61±0.14‰, 

2, n=6; J.W. Valley, unpublished data; see Fu et al., 2015). The spot-to-spot reproducibility (external 

precision) was typically better than ±0.50‰ (2). Average 18O for Temora II zircon, 7.98‰, is within 

analytical uncertainty to the accepted value, 8.20‰ (Valley, 2003; Black et al., 2004). 

4.2.4. Zircon Trace Elements 

After zircon O-isotope analyses, zircon grains were analysed for trace element concentrations using an 

Agilent 7700 s-lens ICP-MS coupled with an ESI/NWR 193 ArF excimer laser at the University of Auckland. 

Synthetic reference glasses GSE-1G and GSD-1G (Jochum et al., 2005) were used as primary and 

secondary standards respectively, which were analysed after every 10 unkowns. The analyses were 

conducted with an ablation size of 35 µm. Data were collected during 60 s of ablation time with rep rate of 

5 Hz and laser energy ~8 J/cm2. The final data were internally normalized using 29Si and GSE as a 

calibration standard. The 1SD of repeated analysis of secondary standards (GSD) are 7.0% for Hf and 2.7-

5.4% for Ti, Sr, Nb, Ta, Y and REE. 
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4.3. Results 

4.3.1. Zircon Texture 

Zircon crystals are morphologically and texturally indistinguishable between the two dacites. Zircon grains 

are transparent, or occasionally brown coloured. Most grains are short to long-prisms with a length of 138-

478 µm, a width of 64-240 µm, and an aspect ratio (length: width) of 1.5-4.9 (average of 2.4 with 1SD of 

0.5). Inclusions (e.g., apatite and frozen melt) are frequently observed in almost all zircon crystals (Fig. 4.2). 

Different from magmatic zircons that usually have flat/sharp surfaces, most Tschicoma zircon crystals are 

relatively rounded, a feature more common to detrital zircon that experience post-crystallization 

transportation and polishing (Fig. 4.2). CL images (Fig. 4.2) reveal complex zircon zoning patterns. Obvious 

textural differences between cores and rims are observed in most zircon grains. Zircon cores are dominantly 

sector zoned and sometimes can be patchy or homogenous, and rims are commonly oscillatory zoned. A 

single resorbed surface is commonly observed between cores and rims, multiple resorptions were not 

evident.  

 
Figure 4.2. Cathodoluminescence (CL) and plane polarized light (ppl) images of selected zircons from the two 

Tschicoma dacites. Red ellipses mark location for both U-Pb age and oxygen isotope analyses. Zircon age (Ma) 

followed by 18O (‰, VSMOW) is shown after analysis number, with 1σ uncertainty shown. 
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4.3.2. Zircon U-Pb Age 

Zircon populations from the MG dacite have an older weighted average age than those in the CP dacite 

[respectively 4.10±0.30 Ma from 48 analyses vs. 3.50±0.29 Ma from 39 analyses, 1σ uncertainty; data from 

Chapter 3 (Appendix B)], both of which have very large mean square of weighted deviation (MSWD=12 

and 14 respectively). Zircons from both samples have continuous age spectra of 0.84-1.08 m.y duration, 

but a longer tail at the older end with a 0.28-0.50 m.y. gap (Fig. 4.3c and f). The older MG dacite shows a 

relatively even age distribution, while the younger CP dacite has a zircon age distribution skewed toward 

younger populations. In both samples, zircon cores and rims have similar age span (3.50-4.86 and 3.53-

4.55 Ma, respectively for the MG dacite; 3.21-4.46 and 3.12-3.72 Ma, respectively for the CP dacite; Table 

4.1; Fig. 4.3a,b,d and e). Compared to zircon cores, rims generally have younger ages, though an old sub-

peak on a probability density function (PDF) curve is also present in the MG dacite (Fig. 4.3b). Core and 

rim analyses on the same zircon grain tend to show significant age differences. A total of 13 out of 19 zircon 

grains from the MG dacite and 6 out of 9 zircon grains from the CP dacite have old cores and young rims 

with age difference much larger than analytical uncertainty (56-160 ka, 1σ; Fig. 4.4), up to 720-740 ka in 

both samples. 

4.3.3. Zircon O-isotopes and Trace Elements 

Zircon from both samples show similar large but continuous 18O variations of 1.53-1.57‰, except for two 

extremely high (6.48 ‰) and low (3.30 ‰) values recorded in zircon cores from the older MG dacite (Fig. 

4.5a). Both samples have similar 18O PDF curve peaks at a mantle value (~5.1‰), while the MG dacite  

 

Figure 4.3. Histogram of the age distribution for zircon cores (a and d), rims (b and e) and a combination of both (c 

and f) from the two Tschicoma dacites with probability density function (PDF) curves shown.  
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Figure 4.4. Zircon age difference between cores and rims in individual grains from the two Tschicoma dacites. The 

error bar represents the sum of 2σ uncertainties of core and rim. 

Table 4.1. Range of zircon age, oxygen isotope ratios and trace element compositions. 

 Mesa de la Gallina dacite (JWJM16-4)   Cerro Pelón dacite (JWJM16-5) 
 Core Rim  Core Rim 
Age( Ma) 3.50-4.86 3.53-4.55  3.21-4.46 3.12-3.72 
18O (‰, VSMOW) 3.30-6.48 4.44-5.50  4.42-5.88 4.31-5.67 
Ti (ppm) 2.75-21.2 3.19-12.16  5.28-27.6 3.84-12.1 
Sr (ppm) 0.62-5.16 0.84-3.01  0.34-5.81 0.67-1.65 
Nb (ppm) 75.3-144 79.6-134  68.6-240 65.2-93.6 
Ta (ppm) 1.52-14.8 2.02-12.8  1.64-25.4 0.71-2.78 
Y (ppm) 607-4896 634-2173  551-5678 664-1339 
La (ppm) 0.11-4.53 0.40  0.16-4.59 0.14 
Ce (ppm) 8.64-227 30.7-156  12.9-466 14.1-52.9 
Pr (ppm) 0.15-2.62 0.12-0.23  0.08-1.55 0.11 
Nd (ppm) 0.59-29.3 1.03-5.99  0.87-9.14 1.06-3.08 
Sm (ppm) 1.41-37.7 1.33-4.97  1.18-22.8 1.32-7.59 
Eu (ppm) 0.18-12.9 0.38-1.26  0.40-7.93 0.39-2.09 
Gd (ppm) 6.10-171 5.68-32.7  5.64-137 8.27-18.9 
Tb (ppm) 2.25-48.4 2.34-12.0  2.32-45.8 3.18-6.68 
Dy (ppm) 31.3-575 36.6-168  29.3-563 40.5-90.4 
Ho (ppm) 13.5-189 13.7-68.7  11.8-215 16.6-37.6 
Er (ppm) 86.3-788 76.5-393  67.9-957 94.0-197 
Tm (ppm) 22.2-173 17.5-94.8  16.5-199 20.5-44.8 
Yb (ppm) 261-1577 195-1095  174-1791 216-469 
Lu (ppm) 66.7-315 41.5-245  41.8-311 45.4-101 
Hf (ppm) 8737-13277 10619-13966  9365-13451 8578-12409 
U (ppm) 165-3324 166-1143  147-2313 217-630 
Th (ppm) 52-5687 72-1005  66-2618 106-806 
Y+REE (ppm) 1123-8981 1023-4446  917-10406 1144-2360 
Th/U 0.31-1.93 0.41-0.88  0.35-1.22 0.49-1.28 
Zr/Hf* 37-56 35-46  36.4-52.4 39-57 
TTi-in-zircon (°C) 657-850 669-790  711-881 684-789 

*Calculated based on EPMA determined correlation between Hf and Zr/Hf: Zr/Hf=532909 × Hf-1.009 (Appendix B). 
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Figure 4.5. Variation of zircon composition with U-Pb age, including 18O (a), crystallization temperature (b), trace 

element concentrations (c-f), element ratios (g-i) and [Eu/Eu*]N (j). PDF curves of 18O and temperature for each sample 

are also shown in a and b. Mantle zircon 18O range is from Valley et al., (1998) and zircon saturation temperature is 

calculated using whole-rock compositions [data from Chapter 2 (Appendix A)] based on Watson and Harrison (1983). 

Tie lines connect core and rim analyses from individual grains. 

has a small shoulder at sub-mantle values (Fig. 4.5a). Both samples yield similar weighted average zircon 

18O values (4.97±1.41 ‰ and 5.11±1.01‰, respectively; 1σ uncertainty) with large MSWD (9 and 5, 

respectively). Though both zircon cores and rims show similar large variations in 18O, most core and rim 

analyses on the same grains show rim-ward increases exceeding analytical uncertainties in both samples 

(Fig. 4.5a).  

Although trace element concentrations in Tschicoma zircons show large variations and do not follow 

obvious broad patterns, several observations can be made (Table 4.1; Figs 4.5 and 4.6). Contemporaneous 

zircon grains from different samples have similar trace element compositions and thus all zircon grains form 

a continuum in the composition-age space. Zircons from the older sample (MG dacite) have larger overall 

and core-rim variations in almost all trace element values and ratios, including Ti (thus TTi-in-zircon, Ferry and 

Watson, 2007), Th/U, Zr/Hf, Y+REE, (Dy/Yb)N [where N is normalization to chondrite values after Sun and 

McDonough (1989)], Nb, Ta and Sr.  Both samples have a crystallization temperature mode centered at 

~730°C, about 30-40°C below the zircon saturation temperature calculated based on whole-rock 

composition (Watson and Harrison, 1983). In the MG dacite, zircon cores are chemically heterogeneous 

and rims are relatively homogenous. There are notable rim-ward decreases in Y+REE, Nb and Ta, as well 

as increases in [Eu/Eu*]N [=(Sm+Gd)N/(2*EuN), where N is chondrite normalized], correlating overall with 

U-Pb ages. Core-rim variations in other trace elements do not follow any consistent pattern. 

4.4. Discussion 

4.4.1. History of Zircon Growth 

Zircon grains from the two samples have similar PDF curves of age distribution, characterized by relatively 

flat distribution over 0.4-0.7 m.y. interval without notable peaks (Fig. 4.3c and f). The extremely high MSWD 

values (>10) for each sample indicate zircon crystallization over a time period that far exceeds the analytical 

resolution, with average ages not reflecting the complexities of the age populations (Kaiser et al., 2017). In 

order to determine how many zircon populations are needed to explain each age spectrum, we use the age 

unmixing algorithm of Sambridge and Compston (1994) as implemented in Isoplot (Ludwig, 2008). The 

results suggest three (at 3.31, 3.67 and 4.46 Ma; CP dacite) and four (at 3.73, 4.07, 4.38 and 4.85 Ma; MG 

dacite) normally distributed sub-groups best explain the whole zircon populations; a further increase of 

components does not result in a significant decrease in relative misfit values. This indicates three or four  
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Figure 4.6. Rim-ward compositional variations with ΔZr/Hf in individual zircon grains from the two Tschicoma dacites, 

including 18O (a), crystallization temperature (b), trace element concentrations (c-f), element ratios (g-h) and [Eu/Eu*]N 

(i). The symbol Δ represents compositional difference between rim and core (i.e., Δ=rim-core). 

major episodes of zircon growth in the Tschicoma magmatic systems. Pulsed zircon growth is consistent 

with the resorbed textures and large core-rim age differences observed in single zircon crystal. Resorbed 
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older zircon cores clearly resulted from dissolution via heating and/or change to zircon undersaturated melt 

composition. Core and rim age differences in individual zircon grains almost cover the full age range 

recorded in each sample, from within analytical uncertainties to over 700 ka (Fig. 4.4), also indicating 

incorporating of pre-existing zircon from earlier emplaced intrusions. Therefore, major zircon growth events 

are more likely to have occurred episodically in response to pulsed magma recharge that caused periodical 

temperature and/or composition fluctuations in the magma reservoir.  

Despite pulses in growth rates, overall continuous zircon crystallization ages suggest the presence 

of zircon-saturated melt continually over 1 million years. Zircon recycling and crystallization must have 

occurred contemporaneously over most of the protracted magma history, given the largely overlapped age 

range between cores and rims (Fig. 4.3a, b, d and e). The different zircon crystallization or dissolution 

histories imply their residence within different parts of the Tschicoma reservoir. Individual zircon-saturated 

melt lenses might have been distributed throughout an upper crustal mush zone. Zircons influenced by 

magma recharge likely went through zircon dissolution. Meanwhile, other melt lenses less affected by 

heating showed zircon crystallization, with each eruption tapping multiple melt lenses.  

Magma recharge from depth can coalesce separate melt lenses involving transportation of melt and 

its crystal cargo. At the same time, the hotter, less evolved recharge magma, would also compositionally 

modify the pre-existing melts to be zircon-undersaturated. These processes are consistent with the 

ubiquitous rounded zircon surface likely resulting from transportation-induced polishing and dissolution that 

indicates residence in zircon-undersaturated melt before eruption. Thus we propose magma recharge as a 

mechanism for causing individual eruptions while explaining the complex crystal population. 

4.4.2. Evolution of the Tschicoma Magmatic Systems 

Forming andesitic and dacitic magmas typically involves magma mixing and mingling (Walker et al., 2010; 

Kent et al., 2010; Fodor and Johnson, 2016), which are commonly recorded in the composition of melt 

inclusions (Reubi and Blundy, 2009), disequilibrium mineral textures, and occurrence of mafic enclaves 

(e.g., Crater Lake, Bacon and Lanphere, 2006). Evidence for magma mixing in the Tschicoma dacites has 

been documented in previous studies, which includes the existence of basaltic andesite enclaves, whole-

rock chemical modelling (Rowe et al., 2007), disequilibrium mineral textures, and coexistence of multiple 

mineral populations (Chapter 2). Negative Eu anomalies ([Eu/Eu*]N) and decreasing Zr/Hf mainly result 

from fractional crystallization of feldspar and zircon respectively, since feldspar preferentially incorporates 

Eu, and zircon has larger partition coefficients for Zr than Hf (Claiborne et al., 2006). Therefore, zircon 

[Eu/Eu*]N and Zr/Hf ratio can serve as fractionation index for its host melt (Schimitt et al., 2017). A broad 

trend of increasing [Eu/Eu*]N (with a consistent rim-ward increase) and Zr/Hf ratio towards younger zircon 

in Tschicoma samples (Figs 4.5d, f and 4.6i) instead reflects zircon crystallization from less and less 

fractionated melt, consistent with magma recharge and mixing. Noteworthy for this study, a population of 
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zircon (7 cores and 2 rims at 3.97-4.42 Ma) from the MG dacite has an [Eu/Eu*]N>0.35, significantly higher 

than that of other contemporaneous cores and rims. This zircon population also has consistently higher 

Zr/Hf ratios and thus apparently have crystallized from less fractionated melt. Zircon chemical diversity is 

less obvious in the CP dacite. Compositional diversity in zircon host melt is also shown from zircon U, Sr, 

Y+REE, Nb, Th/U and Dy/Yb (Fig. 4.5c-g and j).  

Strangely, zircon crystallization temperatures based on Ti concentration (uncertainty of 30-41 °C; 

Ferry and Watson, 2007) do not show any discernible pattern and both rim-ward decrease and increase in 

temperatures are calculated (Figs 4.5b and 4.6b). The variation of temperature though time does not show 

apparent thermal spikes corresponding to the 3-4 episodes of major zircon growth events (Fig. 4.5b). This 

is not surprising given that Ti-in zircon thermometry only records magma temperatures that drop below 

zircon saturation. This limitation of using only zircon temperature-age distributions to decipher thermal 

history is recognized (Kent and Cooper, 2018). Several zircon cores and rims yielded temperatures higher 

than zircon saturation temperatures calculated based on whole-rock compositions (Watson and Harrison, 

1983). These cores and rims normally have low [Eu/Eu*]N and Zr/Hf ratios, indicating crystallization from 

evolved melt, which is likely silica-rich compared to the whole-rock composition and have reached zircon 

saturation at a higher temperature (Fig. 4.5b).  

Regardless of the large variations in trace elements, increasing zircon 18O towards mantle values 

(Valley et al., 1998) in younger zircon and from core to rim in individual zircon grains is obvious (Figs 4.5a 

and 4.6a). Low 18O is a common feature of hydrothermally altered rocks. In the JMVF, pre-Tschicoma 

hydrothermal systems developed at ~8 Ma and during the warning stage of the Bearhead volcanism (7-6 

Ma) (Wolff and Thompson, 2018) which spatially overlap the Tschicoma volcanics in the northern JMVF 

(Kelley et al., 2013). Assimilating hydrothermally altered crust probably associated with the earlier shallow 

Bearhead magma reservoir (Justet and Spell, 2001), is recorded in the Tschicoma zircons with sub-mantle 

18O values, which is a more prominent feature in the MG dacite (Fig. 4.5a). This is consistent with the 

geographic location of the two samples; the south MG dacite is closer to the Bearhead system than the 

north CP dacite. The increasing 18O and a similar mode around 5.1 ‰ for both samples reflect gradual 

isotopic modification by recharge magma with mantle-like O-isotopic composition.  

A 0.5 m.y. lull (6-5.5 Ma, Wolff and Thompson, 2018) in volcanic activity between the Bearhead and 

Tschicoma volcanism corresponded to reduced tectonic activity. Though the earliest Tschicoma eruption 

occurred at ~5.5 Ma, it likely also resulted from up to 1 m.y. pre-eruption magma intrusion and accumulation, 

given the prolonged zircon crystallization history in both investigated systems. Hence, the initial build-up of 

the Tshicoma magmatic system might have occurred during the 0.5 m.y. volcanism/tectonic lull or even 

earlier at the waning stage of the Bearhead volcanism. Renewed local extension is characterized by 

eastward shift of rift-bounding faulting from the Cañada de Cochiti fault zone to the Pajarito fault zone at 5-
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4 Ma (Fig. 4.1; Gardner and Goff, 1984). Such change in faulting activity might be an essential control on 

the location of magma storage and magma-crust interaction during the Tschicoma activity. The Tschicoma 

magma reservoir is located between the two major fault zones (Fig. 4.1), where middle crustal extensional 

structures could have been created during the eastward tectonic shift. Such structures served as conduits 

controlling the location of magma emplacement and storage in the upper crust. Development of such large 

hybrid silicic magma reservoir in turn also promoted the eastward shift of the major faulting zone (Gardner 

and Goff, 1984). 

Coexistence of two groups of both plagioclase (An-poor core and An-rich rim) and amphibole (low-Al 

and high-Al) in Tschicoma dacites shown in Chapter 2, suggests that the more evolved crystal groups were 

recycled from an upper crustal silicic mush and the less-evolved populations were crystallized during or 

after mixing with more primitive recharge magmas. By calculating melt compositions (e.g., Sr, Ba, La and 

Ce) in equilibrium with plagioclase, two silicic endmembers (SM2 and SM3) and three mafic endmembers 

(MM1, MM2 and MM3) (Fig. 4.7) are identified in Chapter 2 (Fig. 2.15). Fractional crystallization of 

plagioclase, amphibole, biotite and apatite from SM2 to produce SM3 occurred in the silicic mush zone, 

which was recharged by mafic endmembers. Crystal recycling is consistent with prolonged zircon 

crystallization and resorbed textures. Here we test such a model with zircon chemical data.  

In Tschicoma zircons, Sr and Ce are abundant enough to be detected by LA-ICP-MS, and thus can 

be used to back-calculate the host melt composition, which can be directly compared to the data generated 

from plagioclase composition. Partitioning of Ce between zircon and host melt is extensively studied and 

here we adopt the value of 0.36 from Sano et al. (2002). Partitioning of Sr between zircon and melt, however, 

is not documented. Here we adopt an arbitrary value of DSr=0.0045, which estimates a melt Sr range 

comparable to those calculated from plagioclase Sr. Although the absolute melt Sr values might deviate 

from the actual magma composition, the variation in Sr should reflect magmatic processes and changes in 

melt composition. The zircon results are largely consistent with the plagioclase-derived melt compositions 

(Fig. 4.7).  Zircons from both samples show melt compositions comparable to the silicic mush (near the 

fractional crystallization line between SM2 and SM3; the corresponding zircons are referred to as Group 1) 

and between the mixing lines (relevant zircons are referred to as Group 2) (Fig. 4.7). A group of zircons 

(Group 3) from the MG dacite are in equilibrium with compositionally distinct melts with extremely high REE 

concentration, comparable to zircons from the 7-6 Ma Bearhead Rhyolite and a limited number of melts 

calculated from plagioclase rims (Fig. 4.7a).  

Both Nb and Ta are compatible in zircon (DNb=1.9 and DTa=2.6, Nardi et al., 2013) and biotite (DNb=4.0, 

DTa=1.2, Nash and Crecraft, 1985). Contrary to zircon, biotite preferentially incorporates Nb over Ta. Thus 

fractional crystallization of zircon and biotite both reduce melt Nb and Ta concentrations, but results in a 

fluctuating Nb/Ta, dependent on the relative proportions of fractionating phases. The most abundant 

mineral phase in Tschicoma rocks is plagioclase. Thus melts evolving through fractional crystallization of  



LONG‐LIVED DACITIC MAGMATIC SYSTEMS IN THE JMVF 
 

92 
 

 

Figure 4.7. Ce and Sr concentrations in melts in equilibrium with zircons from the Mesa de la Gallina dacite (a) and the 

Cerro Pelón dacite (b). Purple and green areas represent melt in equilibrium with the older La Grulla Plateau zircons 

and Bearhead zircons respectively [data from Chapter 3 (Appendix B)]. Melt in equilibrium with plagioclase cores and 

rims from Tschicoma dacites are also plotted for comparison [data from Chapter 2 (Appendix A)], from which two silicic 

melts (SM2 and SM3) and three mafic melts (MM1, MM2b, and MM3) were identified (Fig. 2.15). Continuous brown 

line represents fractional crystallization from SM2 to SM3 and dashed brown lines represent magma mixing between 

the SM3 and three mafic endmembers (see text for details). Red, brown and green shaded areas represent subdivided 

zircon Groups 1, 2 and 3 respectively. 

plagioclase would be depleted in Sr and reflected in subsequently crystallized zircon. Fractional 

crystallization of zircon and biotite explains the coupled variations of Zr/Hf, Nb and Ta with Sr in Group 1 

zircon (Fig. 4.8c, e and f). However, the increasing Nb/Ta with deceasing Sr (Fig. 4.8g) in Group 1 zircon 

suggest a relative increase in zircon fractional crystallization relative to biotite. Limited fractional 

crystallization of biotite is possible if a significant amount of alkali feldspar is fractionated to reduce melt Ba 

concentration, in which both Sr and Ba are compatible (Philpotts and Schnetzler, 1970), in order to produce 

the covariation of plagioclase-derived melt Sr and Ba (Fig. 2.15). However, alkali feldspar is not a major 

mineral phase in the Tschicoma volcanics. This inconsistency might be reconciled if magma recharging 

events thermally dissolved most of the alkali feldspar in the silicic mush. Other parameters such as 18O,  
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Figure 4.8. Variations of age (a), 18O (b), Zr/Hf (c), crystallization temperature (d), trace element concentrations and 

ratios (e-g), and [Eu/Eu*]N (h) with Sr in zircons from different groups defined in Fig. 4.7. Shaded strips in a, marks the 

range of clustered zircon ages in Group 2 zircon, which represent pulsed magma recharge events. 

temperature, [Eu/Eu*]N (Fig. 4.8b, d and h) however, do not show systematic or coherent variations between 

the two samples with Sr. This suggests actual magmatic processes in the silicic mush were likely more 
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complex than bulk fractional crystallization in a single large reservoir, but rather semi-isolated melt lenses 

within a large mush zone.  

With the identification of different zircon groups that represent growth in a silicic mush zone (Group 

1) and during/after magma mixing (Group 2), the timescales of these magmatic processes can be 

investigated when combined with U-Pb age (Fig. 4.8a). Group 1 zircons in both samples have age spans 

of ~1.3 m.y., implying the longevity of the silicic mush, and Group 2 zircons in both samples are clustered 

at three age groups that are separated from each other by ~200 ka intervals, implying a repose time 

between different recharging events. Such periodic magma recharging events might be essential to 

thermally maintain the upper crustal mush and chemically modify the magmatic systems. Gradually thermal 

and chemical maturation of the Tschicoma magmatic systems are reflected by lower proportions of older 

antecrystic zircons and less chemical variations in the younger CP dacite, which probably results from more 

efficient dissolution of pre-existing zircons. Under such conditions, elevated magma supply from depth at 

the end of the period of Tschicoma volcanism remelted pre-existing plutons/mush and combined isolated 

melt lenses into a single supersized Bandelier magma chamber (Rowe et al., 2007; Wolff and Ramos, 2014; 

Chapter 3). This transition marked the change from lower-magnitude effusive individual dacitic eruptions 

into a cataclysmic rhyolitic supereruption. Formation and storage of the supersized Bandelier magmatic 

system could also have been enhanced by a shift of major fault activity to northern, southeastern, and 

southern margins of the JMVF (Kelley et al., 2013). 

4.4.3. Magma Supply Rates in Long-lived Magmatic System 

In the JMVF, the eruption rate decreases from the early stage of volcanism (0.25 km3/ka during ~10-6 Ma) 

to the Tschicoma activity (0.14 km3/ka during 5.5-2 Ma) (Gardener et al., 1986; Kelley et al., 2013; Wolff 

and Thompson, 2018). Such reduced volcanic out may partly be attributed to retaining more magmas in 

the middle-lower crustal levels, since the JMVF magmatic systems evolved towards shallower crustal levels 

(Chapter 2). More likely, this reflects a decrease in magma supply rate. Here we define magma supply rate 

as magma volume supplied from depth over a period of time, which may cool down as intrusions or erupt 

along with other eruptible magmas. We assume that the magma supply rate is proportional to a magma 

eruption rate, that can be more accurately calculated (Grunder et al., 2008). The earlier intermediate-silicic 

magmas erupted during ~10-6 Ma, do not contain antecrystic zircons (Chapter 3), which might be a result 

of effectively thermal resetting of pre-existing zircon due to high magma supply rate. Preservation of the 

large zircon age distribution in Tschicoma dacites are likely enhanced by two conditions. First, the 

Tschicoma systems are located in upper crust that was thermally and chemically modified over a few million 

years’ earlier magmatism and thus capable of accommodating low temperature crystal mush over 

prolonged time. Second, the long-term magma supply rate is low enough not to cause widespread zircon 

dissolution, but more importantly high enough to keep the whole system alive instead of complete 
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solidification. Many long-lived plutons (e.g., Spirit Mountain batholith, Walker et al., 2007; the Cretaceous 

Tuolumne and Mt. Stuart batholiths, Miller et al., 2007) may represent a different fate of such system when 

magma supply rates were too low. One key question is “what magma supply rate is needed to keep the 

long-lived magmatic system operating?” As previously introduced, many intermediate composition 

magmatic systems have experienced prolonged evolution in a crystal-melt mush system (Hildreth, 2004; 

Bachmann and Bergantz, 2004). The Aucanquilcha volcanic cluster (AVC, Walker et al., 2010, 2013) is a 

comparable long-lived intermediate to silicic continental volcanic field to the Tschicoma Formation 

magmatic systems. Both volcanic fields show ~10 m.y. magmatic evolution from diverse intermediate 

compositions to more homogenous dacite (Walker et al., 2013). Walker et al., (2013) also envisioned the 

Aucanquilcha subvolcanic reservoir as patchworks of separate magma chambers and crystal mushes, 

consistent with our explanation of the Tschicoma subvolcanic systems. Zircon age distribution indicates 

that both systems were incrementally built over timescale of million years with the aid of periodic magma 

recharge (Walker et al., 2010).  

In the AVC, the early two stages of activity show an increase in eruption rate from ~0.013 km3/ka 

(~11-8 Ma) to 0.027 km3/ma (~6-4 Ma). Output rate during the subsequent flare-up stage (4-~2 Ma) reaches 

a maximum of 0.077 km3/ka, which is followed by a sharp decrease to 0.04 km3/ka in the recent waning 

stage since 1 Ma (Grunder et al., 2008). The overall volcanic output in AVC (0.03 km3/ka, Grunder et al., 

2008) is significantly lower than that of the JMVF pre-caldera stage (10-2 Ma, 0.19 km3/ka), which is 

proportional to their sizes, as reflected by erupted volumes (325 vs. 1500 km3). This likely suggests smaller 

magmatic systems can be sustained at relatively lower magma supply rate. Nonetheless, an almost 50 

percent decrease in magma eruption rate from the flare-up to the recent stage in AVC, is similar to the 

decrease in output rate from the early stage to the Tschicoma volcanism in the JMVF. The recent AVC 

volcanism (since 1 Ma) also has zircon age distributions spreading over 1 m.y., in contrast to the restricted 

zircon age range (less than 500 ka) during the 4-~2 Ma flare up, which is explained by thermal dissolution 

from elevated magma supply (Walker et al., 2010). However, the fate of the two volcanic fields looks to be 

totally different, potentially controlled by changing magma supply rates. The Tschicoma Formation 

magmatic system culminates in the formation of the super-scale rhyolite Bandelier magmatic system, 

whereas the comparable AVC intermediate magmatic system is in a waning stage, likely to cease activity 

(Grunder et al., 2008).  

 4.5. Conclusions 

The dacite-dominant Tschicoma Formation in the JMVF represents effusive and dome-forming eruptions 

from long-lived magmatic systems during 5.5-2 Ma. Zircons from two separate Tschicoma eruptions both 

have large and continuous age spectra (0.84-1.08 m.y). Individual zircon grains also show core-rim age 
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difference up to 720-740 ka, comparable to the whole zircon range. Zircon age variations in both magmatic 

systems far exceed analytical uncertainties (56-160 ka, 1σ), and thus indicate a complex history of zircon 

growth including recycling of antecrystic zircon, supported by resorbed texture in zircon cores. Presence of 

zircon-saturated melt and thus zircon growth occurred throughout the whole prolonged magmatic history, 

but major growth likely happened episodically as 3-4 pulses as indicated by unmixing calculations of the U-

Pb ages. Calculation of Sr and Ce in melt in equilibrium with zircon shows magma processes (fractional 

crystallization and magma mixing) consistent with previously reported plagioclase data, and indicates a 

long-lived (~1.3 Ma) silicic mush, frequently recharged by magmas from depth every ~200 ka. Complexities 

in both zircon U-Pb age and chemistry suggest the Tschicoma subvolcanic systems are likely to be 

patchworks consisting of isolated melt lenses and crystal mush, and each eruption may tap multiple lenses 

introduced by pre-eruption magma recharge, consistent with other dacitic systems such as those seen in 

the AVC. Less chemical diversity and a lower proportion of old zircon in the younger Tschicoma dacite 

implies gradual chemical and thermal maturation of the volcanic field, which eventually led to building up of 

a supersized Bandelier magma chamber upon elevated magma supply. When compared with other long-

lived intermediate to silicic magmatic systems, incremental growth of magma reservoir involving mingling 

with and recycling precursor plutons over million years scale is likely common. Magma supply rate is an 

essential control on the fate of such long-lived mushy magmatic systems; its fluctuation may either introduce 

large scale partial melting leading to formation of a caldera-forming silicic magma chamber or terminate the 

magmatic system.  
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Chapter 5. Discussion and Conclusions 

5.1. Summary and Discussion of Key Findings 

On the basis of systematic studies of mineral texture, chemistry and zircon U-Pb dating, this research 

provides new insights into the assembly processes of pre-caldera magmas at the Jemez Mountains 

volcanic field (JMVF). Specifically the work establishes new constraints on the rates and mechanics of the 

priming processes leading to the two known caldera-forming supereruptions from the JMVF, as per the 

research objectives outlined in Chapter 1. The new data allow the re-evaluation of the hypothetical 

magmatic-system model proposed in Chapter 1 (Fig. 1.2), with a revised conceptual model presented 

below (Fig. 5.1). Major findings of this research are summarized and discussed below.  

5.1.1. Physical State of the JMVF Magmatic Systems 

Constraining the physical state (i.e., parameters including magma and crustal temperature, 

pressure/depth of storage, and fO2 state of magma) provides the fundamental framework to build reliable 

evolutional models for magmatic systems. Thermobarometric estimations based on the compositions of 

single mineral-types or mineral pairs are common, but applied with varying degrees of success as 

outlined in Chapter 2. Amphibole thermometry based on the model of Ridolfi et al. (2010) could be reliably 

and systematically applied to most intermediate-silicic JMVF magmas. However, most coexisting Cpx-

Opx and Fe-Ti oxide pairs were not in equilibrium and thus could not be used for calculations of magma 

storage conditions. This is due to the pervasive magma mixing/mingling and commonly slow cooling 

processes in many long-lived, pre-caldera magmatic systems, such as the JMVF. Nonetheless, a few 

equilibrium Cpx-Opx and Fe-Ti oxide pairs generated a small data set of temperature, pressure and fO2 

estimates that were consistent with the temperature and fO2 results calculated from amphibole 

compositions. In contrast with more reliable temperature estimates, pressure estimates based on 

amphibole barometry of Ridolfi et al. (2010) are unattainable for the JMVF magmas, since the results are 

in contradiction with textural and compositional complexities in plagioclase and reverse zoning of Al in 

amphibole (see Chapter 2 for details). This failure is not surprising, given the unsuccessful applications of 

this method to many other magmatic systems worldwide (e.g., Coombs et al. 2013; Erdmann et al. 2014; 

Kiss et al. 2014). A few first-order, pressure estimates from two-pyroxene barometry are possible, 

although the uncertainty is large. Our results suggest that the pre-caldera JMVF magmatic systems 

evolved towards cooler and more oxidized conditions [based on amphibole oxybarometry of Ridolfi et al. 

(2010)], progressively propagating towards shallower crustal levels. The magmas erupted during the early 
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Figure 5.1. Revised model for evolution of the JMVF magmatic system. The rectangular and horizontal segments at 

the surface represent magmatic systems and their erupted equivalents, respectively. (a) lower-crustal derived silicic 

magma sourced the 10-7 Ma Canovas Canyon Rhyolite and the silicic endmembers of the Paliza Canyon 

intermediate magmatic system; (b) lower to middle-crust-derived silicic melt ascended to the upper crust to form a 

mush zone, mixing with crustal-contaminated melt from a hot zone produced by the La Grulla Plateau magma at 8-7 

Ma. This period marked the establishment of a transcrustal magmatic system. Silicic magma extracted from the mush 

formed the Bearhead magma after fractional crystallization; (c) after the tectonic/volcanic lull between 6-5.5 Ma, the 

transcrustal magmatic system was reactivated by renewed magma supply from the mantle. Middle crust-derived 

silicic melts were transported to form an upper mush zone in the northeast field. Mixing with hot-zone derived melts 
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produced the Tschicoma magmas; (d) large-scale melting of pre-caldera plutons and country rock led to formation of 

the supersized Otowi system, which was frequently recharged by deep more mafic melts. 

stage of the system (e.g., the 10-7 Ma Paliza Canyon Formation) were stored at middle-crust depths (16-

17 km) with high temperature (970-1010 °C) and reduced (NNO-0.01 to NNO+1.39, where NNO is Nickel-

Nickel Oxide fO2 buffer) conditions. The magmatic system for the coeval rhyolite (Canovas Canyon 

Rhyolite) was likely in close spatial association. Starting from ~8 Ma, intermediate-silicic magmas (La 

Grulla Plateau, Bearhead and Tschicoma Formations) started to be emplaced in the upper crust (9-11 

km), with relatively lower temperature (815-830 °C) and more oxidized (NNO+1.16 to NNO+2.51) 

conditions. A group of amphibole from hybrid intermediate magmas (La Grulla Plateau and Tschicoma 

Formations) additionally recorded high temperatures (905-950 °C) and less oxidized (NNO+0.18 to 

NNO+1.90) melt conditions corresponding to magma recharge/mixing events. In addition, calculations 

based on zircon thermometry show consistent decreasing temperature over time in the pre-caldera 

magmas (Fig. 3.2d). Overall, the general evolutionary trend in pre-caldera magmatic systems reflects 

gradual crustal thermal maturation and connection of isolated magma storage zones that led to a 

transcrustal magmatic system. 

5.1.2. Magmatic Processes and Interaction among Pre-caldera JMVF Magmatic Systems 

The genetic connection and interaction of pre-caldera magmas at the JMVF is evidenced via mineral 

textural and chemical studies presented in Chapter 2. Detailed textural analysis of plagioclase shows a 

range of disequilibrium textures (e.g., coarsely sieved cores, sieved rims) that reflect various magmatic 

processes, including crystal migration from a deep hot zone to a shallow crustal mush zone, and crystal-

melt reaction during magma mixing. Plagioclase and amphibole from the early intermediate magmatic 

system (Paliza Canyon Formation) are chemically comparable to the coeval small-volume rhyolite 

(Canovas Canyon Rhyolite), which indicate their co-genesis (Fig. 5.1a). Similarly, the late intermediate-

silicic magmatic systems (La Grulla Plateau and Tschicoma formations) both have two groups of 

chemically distinct plagioclase and amphibole, and chemical similarity in the evolved group of minerals 

(e.g., An-poor plagioclase and low-Al amphibole), attesting to their origin from a common upper crustal 

silicic zone (Fig. 5.1b and c). This mush zone is also the source for the later stage rhyolite (Bearhead 

Rhyolite) that occurred between these two units. The Bearhead Rhyolite plagioclase and amphibole show 

the evolved chemical signature of the mush. Back-calculations of melt compositions, based on 

plagioclase Sr, Ba, La and Ce contents indicate magma mixing occurred during the formation of the major 

pre-caldera magma bodies. In each period of andesite to dacite magma formation, one silicic endmember 

and three mafic endmembers are identified (Fig. 2.16). The silicic endmembers are represented by small-

volume rhyolites (e.g., Canovas Canyon and Bearhead rhyolites), and the contemporaneous mafic 
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endmembers likely are differentiated from a common parent melt via fractional crystallization along with 

assimilating different crustal components in a middle-lower crust hot zone (Fig. 5.1).  

The lack of zircon inheritance among pre-caldera formations indicate little physical interactions 

among early-system magmas (Chapter 3). On the other hand, plagioclase and amphibole chemistries 

show that major pre-caldera units (Paliza Canyon, La Grulla Plateau and Tschicoma formations) contain 

a silicic component represented by the small-volume rhyolites (Canovas Canyon and Bearhead rhyolites). 

Thus magma relationships are through shared common sources, rather than physical interactions after 

they formed. For example, a common silicic mush zone in the upper crust may source both the La Grulla 

and Tschicoma Formation eruptives, where extensive mixing and mingling took place when mafic magma 

recharge occurred. Silicic melt extracted from this crystal-melt mixture zone became the source supplying 

the shallower Bearhead magma chamber (Fig. 5.1b). The widespread distributions of these three 

magmatic systems (covering an area of ~2441 km2; Fig. 1.4) provided enough crustal volume to 

accommodate different concurrent magmatic systems.  

Both La Grulla Plateau and Bearhead zircons have similar high δ18O, which is above the mantle 

range (Fig. 3.2a), resulting from high input of high-δ18O basement rocks. Extremely low Zr in the 

Bearhead melt show that zircon saturation temperature was ~30 °C lower than in the La Grulla Plateau 

magma [calculated after Watson and Harrison (1983)]. If a few La Grulla Plateau pluton-derived zircons 

were transported into the Bearhead magma chamber, they were probably re-set. This is consistent with 

the very narrow age range in Bearhead zircon (variations within analytical uncertainty; Fig. 3.1). On the 

other hand, some low-δ18O Tschicoma zircons reflect the incorporation of hydrothermally altered crustal 

rocks possibly related to the Bearhead volcanism (Fig. 3.2a). Antecrystic zircons are well preserved in the 

Tschicoma magma, but the oldest inherited zircons from two separate Tschicoma dacites are both less 

than 1.4 m.y. older than the eruption ages (represented by the youngest zircon ages). Frequent magma 

recharging events could result in complete thermal resetting of even older zircon in the Tschicoma system. 

Hence, even if there are few old zircons sourced from the Bearhead plutons, they probably did not survive 

the thermal fluctuation in the younger, slowly accumulating Tschicoma magmatic systems. 

The Tschicoma dacitic systems showing a large age spectrum over 1 m.y. add to other examples of 

incremental slow growth of large magma reservoirs, and place new frequency constraints on the magma 

supply rates needed to keep such systems operating (Chapter 4). The prolonged zircon crystallization 

ages reflect a long-lived (~1.3 Ma) crystal mush, recharged by magmas from depth every ~200 ka. Back-

calculated melt compositions based on zircon trace elements, reflect fractional crystallization process in 

the mush zone and mixing with mafic magmas, consistent with plagioclase-derived melt compositions. 

Large core-rim age differences, disequilibrium textures and resorbed, rounded rims in zircon suggest the 

Tschicoma magmatic systems occurred as isolated melt lenses in a mush zone, coalescing into a single 

magma batch as magma recharge (or compression/shear focussing) occurred shortly before eruption.  



DISCUSSION AND CONCLUSIONS 
 

101 
 

5.1.3. Contribution of Pre-caldera Volcanism to Priming the First Bandelier Magmatic 

System 

Zircon U-Pb dating, oxygen isotope and trace element analyses were systematically applied to both major 

pre-caldera magmas and the two members of the Bandelier Tuff (Chapter 3). Inheritance of zircons from 

major pre-caldera units including Tschicoma, Bearhead and Paliza Canyon as well as basement rocks in 

the 1.60 Ma Otowi Member of the Bandelier Tuff, is supported by both zircon age and compositions. This 

indicates that the first supersized Bandelier magmatic system results from partial melting of the hybrid 

crust consisting of these pre-caldera plutons and country rock (Fig. 5.1d). This conclusion is also 

supported by modelling of partial melting and fractional crystallization from pre-caldera rocks (Fig. 3.3) as 

well as a simple mixing calculation based on whole-rock isotopic compositions. Inherited zircons are 

dominated by the 5-2 Ma Tschicoma-sourced zircons, rather than the 10-7 Ma Paliza Canyon zircons, 

which seemingly contradicts the conclusion of previous whole rock isotopic data (Rowe et al. 2007) that 

Paliza Canyon plutons are the predominant source for the Bandelier Tuff. The two data sets can be 

reconciled when taking into account frequent recharging events in the Otowi system; the recharge 

magmas are chemically and isotopically similar to the Paliza Canyon magma, thus gradually modifying 

the isotopic composition of the Bandelier magma. The results suggest that the first supersized rhyolitic 

Bandelier magmatic system is a product of >8.4 m.y. chemical and thermal modification of the crust by 

pre-caldera magmatism. An enhanced magma supply rate in the mature transcrustal magmatic system 

led to the change from small and isolated melt lenses into a supersized rhyolitic system at the end of the 

Tschicoma activity.   

5.1.4. Rebuilding the Bandelier Magmatic System for the Second Supereruption 

The Tshirege Member of the Bandelier Tuff erupted 250 ka after the first supereruption (the Otowi 

Member) from the JMVF. Zircon crystallization from the Tshirege Member all occurred close to the 

eruption age and there is no inherited zircon from the Otowi Member or the hybrid crust (Fig. 3.1). Most 

Tshirege zircons have more mafic compositions, but few resorbed zircon cores are compositionally 

similar to the Otowi zircons (Fig. 3.2). The Tshirege magma was thus produced by a mixture of remelted 

Otowi relics and more mafic recharging magma. The lack of inherited zircon is attributed to thermal 

resetting due to a much higher magma recharge rate, which was promoted by the large amount of 

magma evacuated during the first supereruption. The Tshirege ignimbrite sampled in this study is from 

the middle-late eruption phase. This may more strongly reflect recharge-related heating, than initially 

erupted pumice, which could plausibly contain inherited zircon from the Otowi relic. The rapid 

reconstruction of the Tshirege system contrasts the slow pre-conditioning for the Otowi supereruption. 

The recognition of two modes of crustal pre-conditioning for rhyolitic supereruption is applicable to other 
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supersized caldera systems worldwide (e.g. Long valley, Hildreth and Wilson, 2007; Yellowstone, 

Lanphere et al., 2002; Matthews et al., 2015; Taupo, Wilson and Charlier, 2009; Barker et al., 2014; Toba, 

Lee et al., 2004; Mark et al., 2014). By comparing typical magma extrusion rates, a threshold is calculated 

to be <0.5 km3/ka for slow systems and >0.9 km3/ka for fast systems. The transition from slow to fast 

shallow magma accumulation rates is not only a function of the thermal and chemical maturation of the 

crust, but also magma supply rate, proportional to extrusion rates. Therefore, high extrusion and supply 

rates at the JMVF appears to trigger the fast magma assembly, aided by crustal changes resulting from 

previous supereruption. 

5.2. Evolution of Transcrustal Magmatic Systems Leading to Caldera-forming 

Eruptions 

5.2.1. Magma Evolution in the Jemez Mountains Volcanic Field  

Volcanism in the JMVF shows two obvious patterns. Firstly, the proportion of silicic magmas becomes 

higher over time. This is evident from the large-volume eruptive sequences, i.e., from the 10-7 Ma 

andesite-dominant Paliza Canyon, through the 8-7 Ma andesitic-dacitic La Grulla Plateau, the 5-2 Ma 

dacite-dominant Tschicoma, and finally the caldera-forming rhyolitic Bandelier Tuff post 2 Ma. Post-

caldera volcanism is exclusively rhyolitic. Mafic magmas reached the surface only in the early history of 

the field (e.g., Lobato and Paliza Canyon basalts before 7 Ma) as well one later phase (i.e., the ~3-1.5 Ma 

Cerros del Rio and El Alto basalts). However, mafic melts must have been continuously supplied to 

chemically and thermally drive and expand the area crustal magmatism, but could not make their way 

through to the surface due to density contrasts with the formation of a large transcrustal magmatic system. 

This is consistent with observed mafic enclaves in units such as the Tschicoma dacite. Relatively small-

volume rhyolitic magmas occurred throughout the pre-caldera history, e.g., the 10-7 Ma Canovas Canyon, 

the 7-6 Ma Bearhead, and the ~2 Ma El Rechuelos rhyolites. These likely represent crustal-derived silicic 

melts and their derivates.  

The second obvious pattern at the JMVF is that the loci of dispersed volcanic centres become more 

focused over time. Early volcanism during 10-7 Ma is widespread, covering most of the present limits of 

the volcanic field, including the northeast (Lobato Basalt), south (Paliza Canyon and Canovas Canyon 

formations), and northwest (La Grulla Plateau Formation). From 7 Ma onwards, silicic magmatism 

occurred in restricted areas at each stage, e.g., the 7-6 Ma Bearhead Rhyolite (small areas across the 

field), the 5-2 Ma Tschicoma Formation dacite in the northeast field followed by the caldera-forming 

Bandelier Tuff and post-caldera rhyolites in the centre. These features indicate increasing volumes of 

silicic melts were generated in the core of the field in the middle-lower crust in response to formation of a 

deep crustal hot zone after several million years of mafic magma intrusions (cf., Annen et al. 2006; 
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Karakas et al. 2017). Mineral chemistry studies on the pre-caldera systems in the JMVF show how the 

magma reservoirs gradually built up towards higher crustal levels, eventually forming a transcrustal 

magmatic system to prime the supersized Bandelier magmatic system in the shallow crust (Fig. 5.1). 

The evolution of the JMVF can be divided into five cycles: 

Cycle 1 (~10-6 Ma) 

A transcrustal magmatic system was initially built at ~8 Ma after >2 m.y. of magmatism in the middle-

lower crust. Large volumes of crustal-derived silicic melts were produced and transported to upper crustal 

level to form a silicic mush zone. After ~1 m.y. evolution, the upper crustal mush extended to the south. 

The voluminous crystal-melt mixture could have been capable of a caldera-forming eruption, but drove 

instead a dominantly effusively volcanic phase (Bearhead Rhyolite). The stalling of major explosive 

volcanism was likely due to volatile loss from extensive faulting (Justet and Spell, 2001), but primarily was 

likely due to the cool, unmodified crust at the time and a reduction/stalling of magma supply from depth 

during a tectonic-induced lull in magmatism. 

Cycle 2 (5.5-1.6 Ma) 

A 0.5 m.y. lull between 6-5.5 Ma marks the point of lowest magma supply from the lower crust and mantle, 

effectively a break between Cycle 1 and 2. Cycle 2 represents a slow period of magma accumulation, 

culminating in a caldera eruption between 5.5-1.6 Ma (note that the failed caldera-cycle 1 was included in 

this in Chapter 3). Renewed mafic magma intrusion at ~5.5 Ma rejuvenated the middle-lower magmatic 

plumbing system and rapidly rebuilt a transcrustal magmatic system. During cycle 2, magma intruded into 

the upper crust beneath the central and northeastern parts of the field. Sustained magma supply at the 

rate of at least 0.14 km3/ka (the eruption rate, proportional to, but smaller than, the magma supply rate; 

for comparison, such rate is 0.25 km3/ka during Cycle 1) continuously drove the production of silicic melts 

derived from the middle crust, which supplied the shallow mush zone. The growing mush zone expanded 

to encompass a vast area in the upper crust, so that it began to trap a broader array of mafic to silicic 

melts filtering upward, causing localised magma mixing and mingling. By ~3.5 m.y., the mush zone in the 

upper crust was so prevalent, that it had chemically and thermally replaced and modified the local shallow 

crust. A sharp increase in magma supply from depth by the end of the Tschicoma volcanism destabilized 

the upper part of the system, causing pervasive heating and partial melting. Pre-existing melt lenses and 

partial melts derived from the hybrid pluton-basement mush zone coalesced into the single supersized 

Otowi magma body and erupted catastrophically.  

Cycle 3 (1.60-1.25 Ma) 

Cycle 3 represents a rapid re-generation of the magmatic system to produce another caldera-forming 

supereruption, lasting between 1.60-1.25 Ma. Magma evacuated at the end of Cycle 2 suddenly created 
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space and released pressure, promoting a surge of magma to resupply the area via pre-existing 

transcrustal structures. This also caused pervasive melting of any Otowi relic mush. New magma and the 

partial melts mixed to build the Bandelier system and produce enough eruptible silicic magma to fuel the 

catastrophic Tshirege supereruption.  

Cycle 4 (1.25 Ma-527 ka) 

Cycle 4 is represented by sporadic rhyolitic volcanism since the 1.25 Ma supereruption until 527 Ka 

(Zimmerer et al., 2016). This cycle is followed by a ~0.5 m.y. volcanic hiatus, indicating reduced magma 

supply at the end. It closely resembles Cycle 1, but has a much shorter lifespan (~0.7 vs. 4 m.y.). 

Cycle 5 ( ~74 ka to present day) 

Cycle 5 is underway as indicated by eruptions of the youngest southwestern caldera moat rhyolites (74-

68 ka, Zimmerer et al., 2016). These resulted from remelting of relic upper crustal mush, promoted by 

renewed magma supply (Wolff and Gardner, 1995). Existence of partial melts at the crustal/mantle 

boundary and in the upper-middle crust beneath the present JMVF is identified by geophysical 

investigations, suggesting the ongoing magma supply is possibly refreshing the transcrustal magmatic 

system. This behaviour is comparable to the middle phase of Cycle 2, and thus could represent another 

caldera cycle, if magma supply rates are sustained. The volcanic pattern at the JMVF during the post-

caldera Cycle 4 and 5 is similar to the pre-caldera activity during Cycle 1 and 2, albeit the post-caldera 

cycles occurred at much faster pace. 

5.2.2. Summary and Global Context 

Overall, the >10 m.y. long-lived JMVF can be characterized by five magmatic cycles, but with highly 

variable lifespans, ranging from 4 m.y. to 350 ka. The first two cycles were slowest, representing the 

gradual development of a transcrustal magmatic system - a feature that appears essential to presage 

caldera-forming supereruptions. This field shows, that once such a transcrustal system is built, 

subsequent catastrophic eruptions may rapidly occur, as long as the magma supply rate is sufficient. The 

future fate of this system is unpredictable. Magma was not rapidly re-supplied after Cycle 3 as it was 

following Cycle 2. However, ongoing volcanism attests to at least gradual magma resupply to parts of the 

transcrustal system. 

The caldera cycles identified at the JMVF can be applicable to other long-lived volcanic systems. 

For example, the Aucanquilcha volcanic cluster (AVC) in Chile (Grunder et al., 2008; Walker et al., 2010, 

2013) shows a pattern similar to Cycle 1 and 4 at the JMVF. The AVC has a volcanic history of ~11 m.y., 

and shows evolutionary patterns similar to the JMVF, including a progression toward more silicic 

compositions over time, and a spatial focussing of eruptions from dispersed to a central focus (Grunder et 

al., 2008). In contrast to the JMVF, despite a transcrustal magmatic system existing from the early history 
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of the AVC (Walker et al., 2013), no caldera-forming eruption has resulted. This is likely attributed to 

continuously slow magma supply and accumulation rates, reflected in the small erupted magma volumes 

as well as two 1-2 m.y.-long breaks in eruption history (Grunder et al., 2008).  Global examples for the 

JMVF Cycle 2 include many slowly primed caldera systems that experienced supersized eruptions such 

as the Sapinero Mesa Ignimbrite at Western San Juan (Lipman, 2007), the Bishop Tuff (Hildreth and 

Wilson, 2007) and the Cerro Galán Ignimbrite (Folkes et al., 2011). Caldera-forming eruptions from all 

these systems result from modification of upper-middle crust by precursor magmatism for periods 

exceeding 3 m.y. Other catastrophic eruptions were assembled at a much more rapid rate with the aid of 

pre-existing transcrustal structure and previous caldera-forming eruptions, such as the JMVF Cycle 3 

pattern. These include the Lava Creek Tuff at Yellowstone (Matthews et al., 2015; Lanphere et al., 2002), 

the Oruanui Rhyolite from Taupo (Wilson and Charlier, 2009; Barker et al., 2014) and the Youngest Toba 

Tuff (Mark et al., 2014; Lee et al., 2004). Like the JMVF Cycle 5, there are other long-lived volcanic 

centres that show potential building toward new catastrophic magmatic cycles, including the Taupo 

Volcano system and the Santorini and Kos-Nisyros centers (Bachmann et al., 2012; Degruyter et al., 

2016). Whether the current JMVF heads towards a caldera-forming event similar to Cycle 2, or tails off 

like Cycle 1, depends on future magma supply rates from depth and their ability to keep the transcrustal 

magmatic systems warmed and active. 

5.3. Future Work 

Systematic mineral chemistry and zircon geochronology studies in this research provided a compelling 

data set to elucidate details of magma assembly and evolution processes at JMVF. Despite these 

advances in understanding, there are limitations from this research and other untargeted knowledge gaps 

that could be addressed in future work. Discussed below are ideas emerging from this research for 

potential future studies to better understand the JMVF magmatic system. 

(1) Internal (magmatic) parameters. Estimating parameters including magma and crustal 

temperature, pressure/depth of magma storage at JMVF is challenging. The ubiquitous mixing and 

mingling processes have stirred the magmatic system on a variety of timescales effectively destroying 

equilibrium mineral assemblages. This makes the commonly used thermobarometry based on equilibrium 

mineral pairs largely inapplicable. Amphibole thermometry based on the model of Ridolfi et al. (2010) 

yielded relatively reliable temperature estimates from amphibole-bearing intermediate and silicic magma. 

However, temperature information on amphibole-free rocks and mafic rocks is not available. Besides, 

magma pressure data for the JMVF are very limited. Pressure estimates based on amphibole barometry 

are unattainable. The available first-order pressure estimates are from two-pyroxene barometry, but the 

uncertainty is large. Therefore, one potential way to estimate pressure and temperature is by carrying out 
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new experimental petrology studies, using known temperature, pressure, fO2 experimental conditions to 

reproduce the observed rock/mineral compositions.    

(2) Tectonic controls on JMVF volcanism. Magmatism in the JMVF appears strongly influenced by 

or associated with variations in tectonic state. Regional extension related to the Rio Grande rift may 

control the melt production rate in lithospheric or asthenospheric mantle, which is likely proportional to the 

rate of magma supplied to the transcrustal magmatic system. Further, crustal structures serve as conduits 

governing the depth of magma emplacement and the loci of volcanic vents so extensional and 

compressional regimes in the crust may drive upper-system behaviour. Better constraints on the tectonic 

activity at JMVF would provide new insights into magma storage and eruption patterns. Such constraints 

include defining the relationships between faults and volcanic vents, the timing of fault activity, as well as 

their scales. Modelling of variations of crustal and mantle stresses during these events would be useful to 

study the interplay between volcanic and tectonic processes. 

(3) Current state of the Bandelier magmatic system. Petrological studies suggest that the youngest 

post-caldera rhyolites were derived from remelting of crystalline mush by mafic magma recharge, 

indicating rejuvenation of the transcrustal magmatic system beneath the caldera and beginning of a new 

magmatic cycle (Wolff and Gardner, 1995). This is consistent with identification of melts in the upper-

middle crust (5-15 km depth) and near the moho (~35 km) by geophysical investigations (e.g., Lutter et al., 

1995; Steck et al., 1998). Considering that multiple caldera cycles occurred throughout the JMVF history, 

this new magmatic cycle has potential to produce another caldera-forming eruption. If this occurs and at 

what scale, depends on the current state of the transcrustal system and the magma injection rates 

needed to revive it. High resolution geophysical imaging of the transcrustal structure and deep magma 

accumulation rates would help to predict the future behaviour of the volcanic field. 

(4) More detailed zircon work on the Bandelier Tuff. This study shows that zircon can be a useful 

tool to show the crustal priming processes leading to caldera-forming eruptions at JMVF. The Otowi and 

Tshirege members of the Bandelier Tuff are zoned ignimbrites. Each member shows chemical variations 

across different sequences. The collection of zircon age and chemical composition covering the whole 

sequence in each member (especially early-erupted sequences), will help to build a more detailed picture 

of the temporal and compositional information of each whole system. This would enable a fine-detailed 

reconstruction of magmatic processes as a function of absolute time for both the Otowi and Tshirege 

systems. Thermal evolution of the system can also be modelled on the basis of systematic Ti-in-zircon 

thermometry. In addition, a combination of O and Hf isotopic analyses potentially further constrain how 

the proportion of recharge magma change through time.  

(5) Thermo-mechanical modelling. New zircon age and mineral chemical data from this study 

suggest sustained magma supply from depth drove gradual chemical and thermal maturation of the JMVF 

crust. More constrains can be put on magma supply rates and the physical state of the JMVF magmatic 
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system by considering heat budget in the crust. Therefore, numerical modelling in the direction of either 

simple thermal budget or more complex aspects including mechanics will help to understand the 

endurance and behaviour of the JMVF magmatic system.  

5.4. Conclusions 

Systematic mineral chemistry study and zircon U-Pb dating on both pre-caldera and caldera-forming units, 

provide new information on magma evolution processes at the JMVF. The following conclusions are 

drawn from this study. 

(1) Disequilibrium plagioclase textures can be used to infer magmatic processes in the pre-caldera 

magmas. Plagioclase cores with patchy, coarsely sieved and dissolved features result from upward 

transport, carried by magma from deeper crust at variable ascent rates. Plagioclase rims with sieved 

texture, almost ubiquitous in late dacite-dominated volcanism (8-7 Ma La Grulla Plateau and 5-2 Ma 

Tschicoma), reflect crystal-melt reaction during magma mixing. 

(2) Magma mixing is the dominant process producing chemical diversity in major JMVF pre-caldera 

rocks. This is evident from mineral disequilibrium textures (e.g., sieved plagioclase rim in almost all units 

as well as resorbed zircon core and rounded zircon rim in Tschicoma Formation dacite), compositional 

diversity in minerals (e.g., two compositional groups of both plagioclase and amphibole in the La Grulla 

Plateau and Tschicoma formations). Modelling, based on calculated melt composition from plagioclase, 

indicates up to four mafic and three silicic components involved in mixing processes throughout the 

lifespan of the pre-caldera JMVF magmatic system. 

(3) Major large-volume pre-caldera formations are genetically related to small-volume rhyolitic 

systems (i.e., between the Paliza Canyon Formation and Canovas Canyon Rhyolite; the La Grulla 

Plateau, Tschicoma formations and Bearhead Rhyolite), inferred from comparable plagioclase and 

amphibole compositions, coupled with close temporal and spatial connections. A silicic mush zone in the 

upper crust explains this, formed from fractional crystallization of partial melts suppled from middle crust. 

Such differentiation processes are recorded by calculated melt composition from both plagioclase and 

zircon. Frequent recharging by mafic melts in the silicic mush explains diversity in both mineral textures 

and compositions observed in late stage pre-caldera magmatism, i.e., the La Grulla Plateau and 

Tschicoma formations. The Bearhead Rhyolite temporally occurring between these two formations, is 

likely further differentiated from melts extracted from such mush zone.  

(4) The 5.5-2 Ma Tschicoma Formation erupted from a long-lived magmatic reservoir, in which 

earlier plutons emplaced over a > 1 m.y. period were recycled in the mush zone in the upper crust. This is 

evidenced by large and continuous zircon age spectra (0.84-1.08 m.y). The mush is likely long-lived (~1.3 

Ma), recharged by magmas from depth every ~200 ka, inferred from zircon age and chemistry. 
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Complexities in zircon age and composition suggest that the Tschicoma subvolcanic systems are likely to 

be patchworks consisting of isolated melt lenses and crystal mush, and each eruption may tap multiple 

lenses introduced by pre-eruption magma recharge. 

(5) The pre-caldera JMVF gradually expanded into shallower crustal levels, as well as cooler and 

more oxidized conditions over time, based on thermobarometry calculated from mineral compositions 

(e.g., amphibole, two-pyroxene and Fe-Ti oxides). The continuous chemical and modification of the crust 

over few million years, leads to thermal maturation in upper crust and construction of a transcrustal 

magmatic system that is essential to prime caldera-forming eruptions. 

(6) New zircon age and trace element data from the JMVF show how both fast and slow pathways 

lead to supereruptions from the same Bandelier system. Zircon crystal inheritance suggest the first 

supereruption (the Otowi Member) included at least three precursor plutons and basement rock, 

representing the culmination of >8.4 million years of gradual upper crustal modification and thermal 

maturation to form a transcrustal magmatic system. Absence of any inherited zircon in the second 

supereruption (the Tschirege Member) indicates a change in behaviour and magma supply rate, with 

thermal resetting of the old magma reservoir following its evacuation in the first supereruption. Rapid 

replenishment, thus produced another supersized magma body. The transition from slow to fast shallow 

magma accumulation rates is not only a function of the thermal and chemical maturation of the crust, but 

appears to correlate to elevated magma supply rate that can be aided by previous supereruptions. 

(7) The ~10 m.y. volcanism at the JMVF can be separated into five cycles. During Cycle 1, several 

million years of crustal modification established a transcrustal magmatic system beneath the volcanic field. 

A decrease in magma supply rate at the end terminated this cycle, without a catastrophic eruption. 

Renewed magma intrusion after a 0.5 m.y. break initiated Cycle 2, during which the upper crust was 

preconditioned by ~3.5 m.y. of dacitic magmatism, cumulating in the first rhyolitic supereruption. This was 

in response to increased magma supply rates at the end. Cycle 3 is another supereruption cycle that 

occurred at much faster pace (over 350 ka) due to a surge of magma supply from pre-existing 

transcrustal structures. Reduced magma supply led to low-magnitude post-caldera rhyolitic eruptions 

during Cycle 4, which was soon terminated, closely resembling Cycle 1. Renewed magma intrusion after 

a ~0.5 m.y. lull kicked off the ongoing Cycle 5, which could feasibly lead to another caldera cycle, if the 

current magma supply rate sustains or increases. The five magmatic cycles identified at the JMVF are 

applicable to other long-lived volcanic fields. The longevity, and whether a magmatic cycle heads towards 

a caldera-forming event or tails off, are controlled by the state of transcrustal structures and variable 

magma supply rates.    

In all, the magmatic pattern in the JMVF shows that gradual crustal modification by precursor 

magmas to build a transcrustal magmatic system is essential to prime caldera-forming eruptions. In 

particular, the connection between the mid-lower-crustal hot zone and the upper-crustal silicic mush zone 
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allows for efficient supply of magmas from a long-lived deep crustal root. The shallow part of the system 

becomes a mush that allows efficient mixing processes. A transcrustal system may take several million 

years to build via modification of crust, but can be reactivated an order of magnitude faster even after it 

has cooled. The long-lived JMVF experienced multiple magmatic cycles with varying lifespans and 

different outcomes – either termination with small-volume eruptions and long quiescence, or culmination 

with caldera-forming supereruptions. The longevity and fate of each magmatic cycle are likely controlled 

by variable magma supply rates and the tectonic/structural conditions in the region. The primary lesson 

from this work is rejuvenation of magma systems to produce supereruptions can be rapid, providing a 

trans-crustal system is present. 
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Appendix A. Supplementary Data for Chapter 2 

This appendix is presented as an excel file accompanying the thesis, which includes all supplementary data 

for Chapter 2: Mineralogical evidence of pre-caldera magma petrogenesis in the Jemez Mountains volcanic 

field, New Mexico, USA. This single file consists of 10 separate excel sheets, each containing one data 

table (Tables A.1-A.10).  

A.1. Sample information: This table contains sample locations as well as whole-rock major element and 

trace element compositions. 

A.2. Plagioclase data: This table contains all plagioclase major and trace element compositions, as well 

as melt compositions back-calculated based on plagioclase chemistry. 

A.3. Amphibole data: This table contains all amphibole major and trace element compositions, as well 

as crystallization temperature, pressure, and fO2 calculated from the model of Ridolfi et al. (2010). 

A.4. Pyroxene data: This table contains all major element compositions for both clinopyroxene (cpx and 

orthopyroxene (opx). 

A.5. Data for XRF standard: This table contains whole rock major element data for standard SY-2 during 

XRF analysis. 

A.6. Data for LA-ICP-MS standard: This table contains all trace element data for synthetic reference 

glass GSD-1G during LA-ICP-MS analysis. 

A.7. Plagioclase standard_EMPA: This table contains all major element data for plagioclase standard 

during EPMA analysis. 

A.8. Amphibole standard_EMPA: This table contains all major element data for Engels amphibole 

standard during EPMA analysis. 

A.9. Pyroxene standard_EMPA: This table contains all major element data for three different pyroxene 

standards (i.e., hypersthene, Kakanui augite, and pyroxene PX1) during EMPA analysis. 

A.10. Numerical results for fractional crystallization calculations: This table contains the numerical 

results for fractional crystallization calculations presented in Figs 2.10, 2.14, 2.15 and 2.16. 
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Appendix B. Supplementary Information for Chapter 3 

This appendix includes all supplemental data for Chapter 3: Crustal pre-conditioning for successive rhyolitic 

supereruptions. The following information is presented in two sections, including five supplementary tables 

and two supplementary figures. 

B.1. Supplementary Tables 

Table B.1. Partition coefficients for Dy and Yb used in modelling of parting melting and fractional 

crystallization 

Mineral Pl Opx Cpx Am Bi Sa Qtz 
Partial melting of Tschicoma rock  
Proportion 50% 10% 15% 20% 5%     

DDy  0.1116(1) 0.0412(1) 0.7759(1) 3.35(2) 0.097(3)     

DYb  0.1323(1) 0.1149(1) 0.64(1) 1.88(2) 0.179(3)     
Partial melting of Paliza Canyon rock  
Proportion 45% 15% 30% 10%       
DDy  0.0498(1) 0.0762(1) 0.7739(1) 2.436(1)       
DYb  0.041(1) 0.254(1) 0.6335(1) 1.796(1)       
Partial melting of Bearhead Rhyolite  
Proportion 5%         60% 35% 
DDy 0.11(4)        0.006(5) 0.016(4) 
DYb 0.10(4)        0.005(5) 0.013(4) 
Fractional crystallization from partial melts  
Proportion           50% 50% 
DDy            0.006(5) 0.010(4) 
DYb            0.005(5) 0.012(4) 

Mineral abbreviations: Am-amphibole; Bi-biotite; Cpx-clinopyroxene; Opx-orthopyroxene; Pl-plagioclase; Qtz-quartz; 

Sa-sanidine. Numbers in parentheses are partitioning references: (1) Fujimaki et al. (1984); (2) Iveson (2017); (3) 

Schnetzler and Philpotts (1970); (4) Nash and Crecraft (1985); (5) Mahood and Hildreth (1983). 
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Table B.2. Sample locations and whole-rock chemical compositions 

Sample ID JWJM 
16-1 

JWJM 
16-8 

JWJM 
16-5* 

JWJM 
16-4* 

JWJM 
16-10* 

JWJM 
16-7* 

JWJM 
16-3* 

Formation TM OM Tsch Tsch BH LGP PC 
Lat. (N) 35°51'07" 35°55'13" 36°06'58" 36°01'20" 35°44'36" 35°05'51" 35°44'39" 
Long. (W) 106°24'45" 106°13'55" 106°24'26" 106°22'40" 106°22'41" 106°32'26" 106°22'39" 
Major elements (wt. %) 
SiO2 74.20 73.21 65.78 67.03 76.80 61.30 61.91 
TiO2 0.18 0.05 0.55 0.56 0.12 0.88 0.95 
Al2O3 12.89 11.71 14.85 15.32 12.29 16.07 16.17 
FeO* 1.73 1.27 3.53 3.53 0.64 5.07 4.59 
MnO 0.06 0.08 0.07 0.07 0.07 0.09 0.08 
MgO 0.04 0.07 1.94 1.38 0.08 2.23 1.08 
CaO 0.24 0.38 3.61 3.37 0.41 4.72 3.74 
Na2O 4.39 4.03 4.01 4.09 3.81 3.98 4.73 
K2O 4.78 4.46 3.02 3.10 4.56 2.89 3.34 
P2O5 0.02 0.01 0.27 0.23 0.02 0.37 0.38 
LOI 0.70 4.37 1.96 0.84 0.87 0.98 1.48 
Total 99.54 100.17 100.26 100.14 99.83 99.40 99.27 
Trace elements (ppm) 
Sc 2.15 0.55 7.66 7.69 3.01 12.9 9.29 
Rb 99.2 353 52.2 63.8 123 56.8 60.4 
Sr 34.3 8.03 571 510 30.2 676 710 
Y 34.0 109 15.5 16.5 21.2 24.3 25.5 
Zr 336 266 165 169 88.9 211 309 
Nb 47.8 185 18.4 19.4 25.2 22.0 35.6 
Cs 1.57 10.7 1.34 1.14 3.85 0.84 1.38 
Ba 200 26.0 1256 1175 621 1169 1340 
La 72.4 42.3 41.3 44.1 27.3 44. 8 60.8 
Ce 123 94.4 71.1 69.2 51.4 78.5 103 
Pr 14.5 11.7 7.78 8.05 5.61 9.23 11.3 
Nd 47.5 42.6 27.5 28.1 18.3 33.6 39.6 
Sm 8.67 12.7 4.82 4.87 3.92 6.36 6.79 
Eu 0.48 0.05 1.32 1.33 0.48 1.68 1.90 
Gd 6.80 13.3 3.76 3.94 3.54 5.40 5.59 
Tb 1.15 2.72 0.53 0.58 0.62 0.83 0.83 
Dy 6.77 18.2 3.08 3.24 3.96 4.90 4.91 
Ho 1.32 3.83 0.58 0.62 0.80 0.95 0.97 
Er 3.65 10.9 1.53 1.67 2.23 2.49 2.62 
Tm 0.55 1.70 0.22 0.24 0.35 0.36 0.39 
Yb 3.47 10.6 1.36 1.49 2.19 2.21 2.41 
Lu 0.53 1.60 0.20 0.23 0.33 0.33 0.36 
Hf 9.07 13.3 4.39 4.46 3.48 5.38 7.07 
Ta 3.03 14.7 1.33 1.49 2.02 1.43 2.21 
Pb 14.7 49.4 18.5 17.4 25.3 16.7 15.4 
Th 14.1 45.6 8.32 9.84 12.9 8.47 11.4 
U 3.60 17.0 2.46 3.04 3.75 2.72 3.70 
Major elements were analysed by XRF at the University of Auckland and trace elements by solution ICP-MS at 

Washington State University. Formation abbreviations: TM-Tshirege Member of the Bandelier Tuff; OM-Otowi Member 

of the Bandelier Tuff; Tsch-Tschicoma; BH-Bearhead; LGP-La Grulla Plateau; PC-Paliza Canyon. *whole-rock 

compositions from Table A.1.
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Table B.3. Zircon U-Pb age results 

Analytical spot U 
(ppm) 

Th 
(ppm) 

206Pb* 
(ppm) 

204Pb/206Pb f206a 

(%) 
Total ratio  Radiogenic ratio  Age (Ma) 
238U/206Pb 1  207Pb/206Pb 1   206Pb/238U 1   206Pb/238U 1 

JWJM16-1_1.1r 82 49 0.01 0.007307 <0.01 5735 476 0.0409 0.0275  0.00018 0.00002  1.22 0.10 
JWJM16-1_1.2c 110 79 0.02  - 2.43 5545 458 0.0653 0.0337  0.00018 0.00002  1.22 0.11 
JWJM16-1_2.1c 1668 824 0.28 0.017524 5.95 5210 111 0.0931 0.0069  0.00018 0.00000  1.26 0.03 
JWJM16-1_2.2r 112 59 0.02 0.092313 10.47 5003 301 0.1287 0.0246  0.00018 0.00001  1.25 0.08 
JWJM16-1_3.1c 245 265 0.04  - 1.59 4792 228 0.0586 0.0169  0.00021 0.00001  1.40 0.07 
JWJM16-1_4.2c 254 191 0.05  - 5.96 4713 280 0.0931 0.0161  0.00020 0.00001  1.37 0.08 
JWJM16-1_5.1c 1946 986 0.31  - 0.27 5405 176 0.0482 0.0042  0.00018 0.00001  1.28 0.04 
JWJM16-1_6.1 1100 357 0.17 0.010724 2.70 5548 121 0.0674 0.0057  0.00018 0.00000  1.23 0.03 
JWJM16-1_7.1r 270 114 0.05 0.042124 5.01 5067 180 0.0857 0.0123  0.00019 0.00001  1.31 0.05 
JWJM16-1_7.2c 59 37 0.01 0.120928 22.44 4246 315 0.2232 0.0418  0.00018 0.00002  1.27 0.12 
JWJM16-1_8.1r 100 66 0.02 0.080574 9.96 4861 265 0.1247 0.0243  0.00019 0.00001  1.28 0.08 
JWJM16-1_9.1r 92 47 0.02 0.176335 6.57 4679 259 0.0980 0.0219  0.00020 0.00001  1.38 0.08 
JWJM16-1_9.2c 269 130 0.04  - 0.21 5382 205 0.0478 0.0129  0.00019 0.00001  1.29 0.05 
JWJM16-1_10.1c 2263 916 0.36  - 1.28 5356 85 0.0562 0.0038  0.00018 0.00000  1.29 0.02 
JWJM16-1_11.1r 111 59 0.02 0.035784 10.09 5137 275 0.1257 0.0242  0.00018 0.00001  1.22 0.07 
JWJM16-1_11.2c 183 133 0.03 0.019906 1.72 5411 359 0.0597 0.0156  0.00018 0.00001  1.26 0.08 
JWJM16-1_12.1 98 110 0.02 0.021808 <0.01 5249 318 0.0455 0.0248  0.00019 0.00001  1.31 0.08 
JWJM16-1_13.1r 175 127 0.03 0.031752 6.84 4974 346 0.1001 0.0156  0.00019 0.00001  1.30 0.09 
JWJM16-1_13.2c 1732 845 0.27 0.022178 2.22 5509 103 0.0636 0.0043  0.00018 0.00000  1.24 0.02 
JWJM16-1_14.1 337 245 0.05 0.027771 1.27 5263 176 0.0561 0.0093  0.00019 0.00001  1.30 0.04 
JWJM16-1_15.1r 80 50 0.01 0.119161 14.97 4821 311 0.1643 0.0302  0.00018 0.00001  1.23 0.09 
JWJM16-1_15.2c 114 72 0.02 0.052168 9.87 5017 505 0.1240 0.0215  0.00018 0.00002  1.25 0.12 
JWJM16-1_16.1r 85 49 0.01 0.053097 11.60 5183 307 0.1377 0.0280  0.00017 0.00001  1.19 0.08 
JWJM16-1_16.2c 1604 797 0.26 0.007230 2.41 5239 90 0.0651 0.0042  0.00019 0.00000  1.30 0.02 
JWJM16-1_S2.1c 2079 1041 0.32  - 0.21 5616 112 0.0477 0.0040  0.00018 0.00000  1.24 0.02 

continued 
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Table B.3. Zircon U-Pb age results (continued) 

Analytical spot U 
(ppm) 

Th 
(ppm) 

206Pb* 
(ppm) 

204Pb/206Pb f206a 

(%) 
Total ratio  Radiogenic ratio  Age (Ma) 
238U/206Pb 1  207Pb/206Pb 1   206Pb/238U 1   206Pb/238U 1 

JWJM16-1_S3.1c 374 446 0.07 0.028485 8.17 4499 183 0.1106 0.0208  0.00020 0.00001  1.39 0.07 
JWJM16-1_S4.1c 745 340 0.12 0.030452 3.34 5286 158 0.0725 0.0087  0.00018 0.00001  1.27 0.04 
JWJM16-1_S4.2r 79 45 0.01 0.031058 3.35 5234 483 0.0725 0.0495  0.00018 0.00002  1.28 0.13 
JWJM16-8_1.1 5558 3051 1.23 0.003637 1.73 3897 50 0.0597 0.0021  0.00025 0.00000  1.71 0.02 
JWJM16-8_2.1 919 371 0.19 0.019814 3.42 4053 89 0.0731 0.0054  0.00024 0.00001  1.63 0.04 
JWJM16-8_3.1 3562 1658 0.73  - 0.71 4180 61 0.0517 0.0027  0.00024 0.00000  1.62 0.02 
JWJM16-8_4.1 413 176 0.37 0.003030 1.54 950 17 0.0584 0.0036  0.00104 0.00002  6.77 0.12 
JWJM16-8_5.1 62 84 18.28  - <0.01 3 0 0.1146 0.0007  0.34361 0.00421  1894b 15 
JWJM16-8_5.2 58 78 17.04  - <0.01 3 0 0.1158 0.0007  0.34129 0.00415  1893b 12 
JWJM16-8_6.1 1099 420 0.22 0.000736 1.48 4277 95 0.0578 0.0060  0.00023 0.00001  1.58 0.03 
JWJM16-8_7.1 596 323 0.33 0.000860 0.14 1557 30 0.0472 0.0042  0.00064 0.00001  4.22 0.08 
JWJM16-8_8.1 506 241 0.46 0.002521 1.23 955 16 0.0559 0.0033  0.00103 0.00002  6.76 0.12 
JWJM16-8_8.2 680 418 0.64  - <0.01 916 15 0.0445 0.0029  0.00109 0.00002  7.13 0.12 
JWJM16-8_9.1 422 339 0.25 0.021576 12.36 1445 31 0.1437 0.0308  0.00061 0.00003  3.99 0.19 
JWJM16-8_9.2 647 492 0.32 0.007713 0.50 1730 34 0.0501 0.0039  0.00058 0.00001  3.79 0.08 
JWJM16-8_10.1 65 29 16.87 0.000071 0.11 3 0 0.1028 0.0009  0.30199 0.00380  1659b 21 
JWJM16-8_11.1 72 35 18.56 0.000037 0.06 3 0 0.1036 0.0007  0.29992 0.00365  1681b 16 
JWJM16-8_12.1 93 32 22.39 0.000320 0.51 4 0 0.1051 0.0007  0.27754 0.00339  1636b 27 
JWJM16-8_13.1 95 36 24.29 0.000082 0.13 3 0 0.1031 0.0006  0.29824 0.00352  1661b 16 
JWJM16-8_14.1 1505 1169 0.97 0.000566 0.29 1333 18 0.0485 0.0028  0.00075 0.00001  4.90 0.07 
JWJM16-8_14.2 861 693 0.46 0.000130 0.14 1601 28 0.0472 0.0035  0.00062 0.00001  4.10 0.07 
JWJM16-8_15.1 640 750 0.34  - 0.51 1613 31 0.0501 0.0045  0.00062 0.00001  4.04 0.08 
JWJM16-8_16.1 247 233 65.61  - <0.01 3 0 0.1038 0.0006  0.30892 0.00330  1696b 11 
JWJM16-8_17.1 115 88 29.65 0.000080 0.13 3 0 0.1015 0.0006  0.29924 0.00340  1632b 13 
JWJM16-8_18.1 44 49 11.43 0.000129 0.20 3 0 0.1031 0.0010  0.30035 0.00403  1648b 22 

continued 
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Table B.3. Zircon U-Pb age results (continued) 

Analytical spot U 
(ppm) 

Th 
(ppm) 

206Pb* 
(ppm) 

204Pb/206Pb f206a 

(%) 
Total ratio  Radiogenic ratio  Age (Ma) 
238U/206Pb 1  207Pb/206Pb 1   206Pb/238U 1   206Pb/238U 1 

JWJM16-8_19.1 289 146 0.09 0.013516 30.44 2848 99 0.2865 0.0203  0.00024 0.00001  1.66 0.08 
JWJM16-8_20.1 3867 1827 0.78 0.004034 0.66 4238 63 0.0513 0.0027  0.00023 0.00000  1.60 0.02 
JWJM16-8_21.1 2719 1082 0.55 0.007237 1.06 4282 71 0.0544 0.0031  0.00023 0.00000  1.58 0.03 
JWJM16-8_22.1 3679 1597 0.78 0.000477 0.40 4070 61 0.0493 0.0027  0.00024 0.00000  1.67 0.02 
JWJM16-8_23.1 2451 720 0.53  - <0.01 3968 67 0.0456 0.0032  0.00025 0.00000  1.72 0.03 
JWJM16-8_23.2 5642 3270 1.20 0.000141 0.64 4042 54 0.0511 0.0021  0.00025 0.00000  1.67 0.02 
JWJM16-8_24.1 3244 1423 0.66  - <0.01 4212 66 0.0460 0.0029  0.00024 0.00000  1.62 0.02 
JWJM16-5_1.1r 311 155 0.14  - 1.09 1918 51 0.0548 0.0078  0.00052 0.00001  3.42 0.09 
JWJM16-5_1.2c 358 198 0.17 0.001496 0.80 1762 43 0.0525 0.0063  0.00056 0.00001  3.72 0.09 
JWJM16-5_2.1c 158 66 0.07 0.029129 1.89 2012 73 0.0610 0.0114  0.00049 0.00002  3.24 0.12 
JWJM16-5_2.2r 365 281 0.16 0.005073 3.26 2051 51 0.0719 0.0063  0.00047 0.00001  3.12 0.08 
JWJM16-5_3.1r 630 806 0.27 0.003290 1.56 1991 34 0.0584 0.0040  0.00049 0.00001  3.25 0.06 
JWJM16-5_4.1c 302 253 0.14 0.008867 1.52 1862 40 0.0581 0.0053  0.00053 0.00001  3.49 0.08 
JWJM16-5_5.1r 348 264 0.15  - <0.01 2028 43 0.0447 0.0057  0.00049 0.00001  3.27 0.07 
JWJM16-5_5.2c 460 284 0.22 0.004771 1.18 1799 35 0.0554 0.0042  0.00055 0.00001  3.63 0.07 
JWJM16-5_6.1c 147 68 0.06 0.001702 <0.01 1993 65 0.0419 0.0100  0.00050 0.00002  3.34 0.11 
JWJM16-5_7.1c 175 84 0.08 0.003481 2.26 2011 58 0.0640 0.0089  0.00049 0.00002  3.22 0.10 
JWJM16-5_8.1r 321 184 0.14 0.021161 0.81 2044 47 0.0525 0.0053  0.00049 0.00001  3.22 0.07 
JWJM16-5_9.1c 451 303 0.21 0.010933 0.27 1837 33 0.0482 0.0043  0.00054 0.00001  3.59 0.06 
JWJM16-5_10.1r 249 147 0.11 0.018166 3.18 1902 44 0.0712 0.0066  0.00051 0.00001  3.37 0.08 
JWJM16-5_11.1r 276 144 0.12 0.009701 2.04 1920 43 0.0623 0.0060  0.00051 0.00001  3.38 0.08 
JWJM16-5_12.1r 297 173 0.14 0.006747 1.75 1793 40 0.0600 0.0052  0.00055 0.00001  3.62 0.08 
JWJM16-5_13.1r 304 215 0.14 0.007146 4.50 1820 37 0.0817 0.0061  0.00052 0.00001  3.47 0.07 
JWJM16-5_14.1r 261 132 0.12 0.008161 3.73 1861 41 0.0755 0.0065  0.00052 0.00001  3.43 0.08 
JWJM16-5_14.2c 1002 672 0.44 0.002547 0.60 1960 43 0.0508 0.0030  0.00051 0.00001  3.35 0.07 

continued 
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Table B.3. Zircon U-Pb age results (continued) 

Analytical spot U 
(ppm) 

Th 
(ppm) 

206Pb* 
(ppm) 

204Pb/206Pb f206a 

(%) 
Total ratio  Radiogenic ratio  Age (Ma) 
238U/206Pb 1  207Pb/206Pb 1   206Pb/238U 1   206Pb/238U 1 

JWJM16-5_15.1r 217 106 0.10 0.021278 3.27 1853 45 0.0719 0.0085  0.00052 0.00001  3.46 0.09 
JWJM16-5_16.1r 228 128 0.11  - <0.01 1835 42 0.0440 0.0064  0.00055 0.00001  3.61 0.08 
JWJM16-5_17.1r 446 266 0.20  - 0.50 1928 40 0.0500 0.0049  0.00052 0.00001  3.41 0.07 
JWJM16-5_17.2c 281 196 0.14 0.026978 1.78 1775 43 0.0602 0.0081  0.00055 0.00001  3.65 0.09 
JWJM16-5_18.1r 478 274 0.22  - 8.62 1927 42 0.1142 0.0075  0.00047 0.00001  3.15 0.07 
JWJM16-5_18.2c 302 161 0.13 0.011137 1.31 1931 46 0.0564 0.0065  0.00051 0.00001  3.39 0.08 
JWJM16-5_19.1r 373 209 0.18  - <0.01 1781 39 0.0436 0.0055  0.00056 0.00001  3.72 0.08 
JWJM16-5_19.2c 1144 604 0.67 0.003481 0.84 1462 21 0.0528 0.0025  0.00068 0.00001  4.46 0.06 
JWJM16-5_20.1r 415 269 0.17 0.001662 0.18 2045 45 0.0475 0.0056  0.00049 0.00001  3.23 0.07 
JWJM16-5_20.2c 411 298 0.19 0.005106 <0.01 1817 43 0.0433 0.0047  0.00055 0.00001  3.64 0.09 
JWJM16-5_21.1r 493 452 0.24 0.001858 1.87 1799 36 0.0609 0.0056  0.00055 0.00001  3.59 0.08 
JWJM16-5_23.1r 234 130 0.10  - 2.64 2050 64 0.0670 0.0094  0.00047 0.00002  3.15 0.10 
JWJM16-5_23.2c 223 99 0.10 0.010059 7.20 1920 56 0.1029 0.0102  0.00048 0.00002  3.21 0.10 
JWJM16-5_24.1c 996 961 0.44 0.000939 1.44 1982 32 0.0575 0.0033  0.00050 0.00001  3.28 0.05 
JWJM16-5_S1.1c 1486 1820 0.69  - 0.58 1840 28 0.0507 0.0027  0.00054 0.00001  3.55 0.05 
JWJM16-5_S2.1c 496 173 0.27 0.007299 9.09 1562 35 0.1179 0.0094  0.00058 0.00002  3.85 0.10 
JWJM16-5_S3.2r 346 206 0.16 0.018136 3.10 1824 47 0.0706 0.0077  0.00053 0.00001  3.51 0.10 
JWJM16-5_S5.1c 199 101 0.14 0.051985 31.93 1218 33 0.2983 0.0179  0.00056 0.00002  3.69 0.16 
JWJM16-5_S6.1c 184 110 0.09  - 3.71 1821 62 0.0754 0.0120  0.00053 0.00002  3.50 0.13 
JWJM16-5_S7.1c 176 71 0.09  - 2.69 1690 58 0.0674 0.0111  0.00058 0.00002  3.81 0.14 
JWJM16-5_S8.1c 2313 2618 1.20 0.000642 -0.09 1657 22 0.0454 0.0020  0.00060 0.00001  3.96 0.05 
JWJM16-4_1.1c 904 702 0.59 0.010271 1.13 1335 20 0.0551 0.0029  0.00074 0.00001  4.86 0.08 
JWJM16-4_1.2r 327 147 0.20 0.000922 0.56 1438 30 0.0505 0.0051  0.00069 0.00002  4.55 0.10 
JWJM16-4_2.1c 321 132 0.17  - 2.67 1629 36 0.0672 0.0064  0.00060 0.00001  3.94 0.09 
JWJM16-4_3.1r 348 183 0.20 0.008725 8.88 1497 30 0.1163 0.0068  0.00061 0.00001  4.01 0.09 

continued 
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Table B.3. Zircon U-Pb age results (continued) 

Analytical spot U 
(ppm) 

Th 
(ppm) 

206Pb* 
(ppm) 

204Pb/206Pb f206a 

(%) 
Total ratio  Radiogenic ratio  Age (Ma) 
238U/206Pb 1  207Pb/206Pb 1   206Pb/238U 1   206Pb/238U 1 

JWJM16-4_3.2c 921 494 0.52 0.003674 1.12 1534 32 0.0550 0.0031  0.00064 0.00001  4.25 0.09 
JWJM16-4_4.1r 420 363 0.21 0.008977 1.75 1749 35 0.0600 0.0048  0.00056 0.00001  3.70 0.08 
JWJM16-4_4.2c 472 279 0.28  - 1.27 1468 27 0.0561 0.0040  0.00067 0.00001  4.42 0.08 
JWJM16-4_5.1r 418 252 0.19  - 0.48 1864 39 0.0499 0.0052  0.00053 0.00001  3.53 0.08 
JWJM16-4_6.1r 824 485 0.47  - 0.45 1494 25 0.0497 0.0031  0.00067 0.00001  4.38 0.07 
JWJM16-4_6.2c 482 379 0.28  - 0.69 1462 27 0.0516 0.0043  0.00068 0.00001  4.46 0.09 
JWJM16-4_7.1r 362 250 0.21 0.008004 1.48 1484 31 0.0578 0.0049  0.00066 0.00001  4.36 0.09 
JWJM16-4_7.2c 252 115 0.15  - 0.75 1454 35 0.0520 0.0063  0.00068 0.00002  4.49 0.11 
JWJM16-4_8.1c 369 199 0.24 0.006755 6.51 1343 29 0.0975 0.0109  0.00070 0.00002  4.58 0.12 
JWJM16-4_8.2r 709 398 0.41 0.002055 0.62 1495 25 0.0510 0.0031  0.00066 0.00001  4.37 0.07 
JWJM16-4_9.1r 299 156 0.15  - 2.54 1753 43 0.0661 0.0070  0.00056 0.00001  3.67 0.09 
JWJM16-4_9.2c 462 292 0.23 0.011627 1.98 1708 34 0.0617 0.0047  0.00057 0.00001  3.79 0.08 
JWJM16-4_10.1r 314 158 0.17 0.019197 8.28 1601 49 0.1115 0.0080  0.00057 0.00002  3.78 0.12 
JWJM16-4_10.2c 338 149 0.19 0.011050 3.12 1554 61 0.0708 0.0064  0.00062 0.00002  4.11 0.16 
JWJM16-4_11.1r 581 352 0.32  - 1.27 1578 31 0.0562 0.0044  0.00063 0.00001  4.12 0.08 
JWJM16-4_11.2c 674 441 0.35 0.001619 0.68 1636 59 0.0515 0.0037  0.00061 0.00002  4.00 0.14 
JWJM16-4_12.1r 582 303 0.30 0.003942 1.64 1659 31 0.0591 0.0048  0.00059 0.00001  3.91 0.08 
JWJM16-4_12.2c 165 52 0.10 0.019747 3.08 1487 44 0.0705 0.0085  0.00065 0.00002  4.30 0.13 
JWJM16-4_13.1r 281 162 0.14  - 1.02 1763 47 0.0542 0.0075  0.00056 0.00002  3.71 0.10 
JWJM16-4_13.2c 350 321 0.21 0.013900 10.76 1397 30 0.1311 0.0082  0.00064 0.00002  4.19 0.10 
JWJM16-4_14.1r 480 246 0.26  - 0.74 1603 32 0.0519 0.0049  0.00062 0.00001  4.08 0.08 
JWJM16-4_14.2c 415 342 0.23  - 1.20 1518 31 0.0556 0.0050  0.00065 0.00001  4.27 0.09 
JWJM16-4_15.1r 1143 1005 0.66 0.002453 0.29 1493 23 0.0484 0.0032  0.00067 0.00001  4.38 0.07 
JWJM16-4_15.2c 264 189 0.16  - 2.88 1455 35 0.0689 0.0073  0.00067 0.00002  4.39 0.11 
JWJM16-4_16.1r 480 326 0.23 0.001185 0.56 1781 37 0.0505 0.0050  0.00056 0.00001  3.68 0.08 

continued 
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Table B.3. Zircon U-Pb age results (continued) 

Analytical spot U 
(ppm) 

Th 
(ppm) 

206Pb* 
(ppm) 

204Pb/206Pb f206a 

(%) 
Total ratio  Radiogenic ratio  Age (Ma) 
238U/206Pb 1  207Pb/206Pb 1   206Pb/238U 1   206Pb/238U 1 

JWJM16-4_16.2c 236 101 0.13 0.020975 4.26 1593 43 0.0797 0.0079  0.00060 0.00002  3.97 0.11 
JWJM16-4_17.1r 568 346 0.29  - 0.99 1663 33 0.0540 0.0049  0.00060 0.00001  3.93 0.08 
JWJM16-4_17.2c 354 346 0.19  - 0.04 1569 36 0.0464 0.0056  0.00064 0.00002  4.18 0.10 
JWJM16-4_18.1c 3324 4930 1.96 0.003036 2.78 1455 19 0.0680 0.0114  0.00067 0.00001  4.36 0.08 
JWJM16-4_18.2r 166 72 0.08 0.006863 1.29 1712 51 0.0563 0.0079  0.00058 0.00002  3.81 0.12 
JWJM16-4-S1.1c 316 178 0.15  - 3.49 1823 75 0.0737 0.0108  0.00053 0.00002  3.50 0.15 
JWJM16-4_S2.1c 938 499 0.51 0.004194 0.79 1578 27 0.0524 0.0031  0.00063 0.00001  4.14 0.07 
JWJM16-4_S2.2r 291 131 0.15  - <0.01 1715 47 0.0455 0.0069  0.00058 0.00002  3.85 0.11 
JWJM16-4_S3.1c 2943 5687 1.60  - 0.04 1581 20 0.0464 0.0025  0.00063 0.00001  4.12 0.05 
JWJM16-4_S4.1c 1192 839 0.65 0.002193 1.75 1572 24 0.0600 0.0044  0.00063 0.00001  4.11 0.07 
JWJM16-4_S5.1c 704 555 0.38 0.004823 0.35 1608 35 0.0489 0.0043  0.00062 0.00001  4.08 0.09 
JWJM16-4_S6.1c 940 587 0.53 0.003178 0.96 1524 26 0.0537 0.0032  0.00065 0.00001  4.28 0.07 
JWJM16-4_S6.2r 497 280 0.25 0.014564 2.47 1716 41 0.0656 0.0058  0.00057 0.00001  3.75 0.09 
JWJM16-4_S7.1r 587 257 0.31  - 0.61 1634 33 0.0510 0.0045  0.00061 0.00001  4.01 0.08 
JWJM16-4_S8.1r 256 125 0.13 0.009204 3.31 1640 47 0.0723 0.0090  0.00059 0.00002  3.89 0.12 
JWJM16-4_S9.1c 302 228 0.15  - <0.01 1759 49 0.0376 0.0065  0.00057 0.00002  3.79 0.11 
JWJM16-4_S10.1c 394 241 0.20 0.001646 <0.01 1722 42 0.0435 0.0055  0.00058 0.00001  3.84 0.09 
JWJM16-4_S10.2r 263 139 0.13 0.007177 3.30 1747 50 0.0722 0.0075  0.00055 0.00002  3.66 0.11 
JWJM16-4_S11.1r 355 145 0.21 0.008328 1.58 1488 36 0.0586 0.0054  0.00066 0.00002  4.36 0.11 
JWJM16-10_1.1 943 1002 0.86 0.001599 0.17 946 13 0.0476 0.0023  0.00106 0.00002  6.87 0.10 
JWJM16-10_1.2 232 219 0.21 0.008437 1.97 948 20 0.0617 0.0051  0.00103 0.00002  6.74 0.15 
JWJM16-10_2.1 335 196 0.29 0.009865 1.05 968 19 0.0544 0.0041  0.00102 0.00002  6.68 0.14 
JWJM16-10_3.1 905 622 0.83 0.003328 <0.01 943 14 0.0443 0.0023  0.00106 0.00002  6.94 0.10 
JWJM16-10_4.1 286 217 0.27 0.011595 3.62 911 18 0.0747 0.0051  0.00106 0.00002  6.90 0.14 
JWJM16-10_4.2 103 71 0.10 0.010329 3.45 913 29 0.0735 0.0085  0.00106 0.00004  6.90 0.23 

continued 
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Table B.3. Zircon U-Pb age results (continued) 

Analytical spot U 
(ppm) 

Th 
(ppm) 

206Pb* 
(ppm) 

204Pb/206Pb f206a 

(%) 
Total ratio  Radiogenic ratio  Age (Ma) 
238U/206Pb 1  207Pb/206Pb 1   206Pb/238U 1   206Pb/238U 1 

JWJM16-10_5.1 414 417 0.38 0.002811 0.86 925 16 0.0530 0.0036  0.00107 0.00002  6.98 0.13 
JWJM16-10_6.1 551 350 0.50  - <0.01 956 16 0.0411 0.0029  0.00105 0.00002  6.87 0.11 
JWJM16-10_7.1 266 302 0.24  - 0.68 970 20 0.0515 0.0049  0.00102 0.00002  6.67 0.14 
JWJM16-10_7.2 245 265 0.22 0.005899 1.22 959 20 0.0558 0.0048  0.00103 0.00002  6.71 0.15 
JWJM16-10_8.1 520 472 0.47 0.003140 0.39 953 16 0.0493 0.0052  0.00104 0.00002  6.81 0.12 
JWJM16-10_8.2 319 304 0.28 0.007670 0.30 973 19 0.0485 0.0039  0.00102 0.00002  6.68 0.13 
JWJM16-10_9.1 706 759 0.66 0.005206 1.10 934 14 0.0549 0.0029  0.00106 0.00002  6.90 0.11 
JWJM16-10_10.1 685 405 0.62 0.002993 0.81 954 15 0.0526 0.0029  0.00104 0.00002  6.79 0.11 
JWJM16-10_10.2 191 111 0.16 0.000117 2.50 893 25 0.0659 0.0065  0.00109 0.00003  7.13 0.20 
JWJM16-10_11.1 631 342 0.58 0.006688 0.64 939 15 0.0512 0.0030  0.00106 0.00002  6.91 0.11 
JWJM16-10_11.2 246 245 0.21  - 1.04 949 22 0.0544 0.0055  0.00104 0.00003  6.80 0.16 
JWJM16-10_12.1 876 762 0.81  - 1.36 932 14 0.0569 0.0028  0.00106 0.00002  6.90 0.10 
JWJM16-10_12.2 498 254 0.47 0.003853 7.02 918 17 0.1016 0.0199  0.00101 0.00003  6.62 0.21 
JWJM16-10_13.1 406 338 0.38 0.005763 1.14 925 17 0.0552 0.0039  0.00107 0.00002  6.97 0.13 
JWJM16-10_14.1 846 789 0.78 0.000275 0.10 934 14 0.0470 0.0026  0.00107 0.00002  6.97 0.10 
JWJM16-7_1.1 58 34 0.07 0.020525 3.42 738 29 0.0732 0.0105  0.00131 0.00005  8.52 0.35 
JWJM16-7_1.2 97 80 0.11 0.010431 4.34 791 23 0.0805 0.0088  0.00121 0.00004  7.87 0.25 
JWJM16-7_2.1 133 132 0.14 0.002063 0.73 816 21 0.0520 0.0076  0.00122 0.00003  7.91 0.22 
JWJM16-7_3.1 66 43 0.07 0.025321 2.31 858 31 0.0644 0.0096  0.00114 0.00004  7.43 0.28 
JWJM16-7_4.1 58 34 0.06 0.022844 5.14 822 31 0.0868 0.0119  0.00115 0.00005  7.52 0.31 
JWJM16-7_5.1 65 39 0.07 0.073537 2.34 799 49 0.0647 0.0099  0.00122 0.00008  7.96 0.49 
JWJM16-7_5.2 104 94 0.11 0.051377 <0.01 831 25 0.0405 0.0074  0.00121 0.00004  7.89 0.24 
JWJM16-7_6.1 209 216 0.23 0.314277 <0.01 797 20 0.0429 0.0055  0.00126 0.00003  8.19 0.21 
JWJM16-7_7.1 63 39 0.07 0.023005 4.19 814 30 0.0793 0.0109  0.00118 0.00005  7.67 0.30 
JWJM16-7_7.2 79 71 0.09 0.013062 3.20 774 25 0.0715 0.0090  0.00125 0.00004  8.13 0.28 

continued 
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Table B.3. Zircon U-Pb age results (continued) 

Analytical spot U 
(ppm) 

Th 
(ppm) 

206Pb* 
(ppm) 

204Pb/206Pb f206a 

(%) 
Total ratio  Radiogenic ratio  Age (Ma) 
238U/206Pb 1  207Pb/206Pb 1   206Pb/238U 1   206Pb/238U 1 

JWJM16-7_8.1 349 471 0.38  - <0.01 805 16 0.0408 0.0038  0.00125 0.00003  8.11 0.16 
JWJM16-7_9.1 50 26 0.05 0.024088 2.55 806 33 0.0663 0.0111  0.00121 0.00005  7.88 0.34 
JWJM16-7_9.2 84 76 0.09 0.022229 3.66 835 29 0.0751 0.0092  0.00115 0.00004  7.51 0.28 
JWJM16-7_10.1 72 47 0.08 0.021790 2.72 819 27 0.0677 0.0090  0.00119 0.00004  7.73 0.27 
JWJM16-7_10.2 126 110 0.14 0.000000 1.19 777 21 0.0556 0.0066  0.00127 0.00004  8.27 0.24 
JWJM16-7_11.1 82 61 0.09 0.025819 4.06 777 25 0.0783 0.0092  0.00124 0.00004  8.04 0.27 
JWJM16-7_11.2 59 47 0.06 0.014228 1.18 794 30 0.0555 0.0115  0.00124 0.00005  8.10 0.33 
JWJM16-7_12.1 71 51 0.08 0.032626 2.37 800 25 0.0649 0.0080  0.00122 0.00004  7.95 0.26 
JWJM16-7_13.1 263 242 0.27 0.103526 0.25 828 15 0.0481 0.0037  0.00121 0.00002  7.84 0.15 
JWJM16-7_14.1 61 37 0.07 0.001747 2.41 808 27 0.0653 0.0104  0.00121 0.00004  7.86 0.28 
JWJM16-7_15.1 77 64 0.09 0.013206 1.63 765 22 0.0591 0.0076  0.00129 0.00004  8.37 0.26 
JWJM16-3_1.1 71 52 0.09 0.006594 2.52 702 37 0.0661 0.0128  0.00139 0.00008  9.03 0.50 
JWJM16-3_2.1 62 43 0.08  - 1.37 696 24 0.0571 0.0111  0.00142 0.00005  9.22 0.34 
JWJM16-3_2.2 431 800 0.54  - 0.66 688 11 0.0514 0.0031  0.00144 0.00002  9.34 0.15 
JWJM16-3_3.1 72 49 0.09 0.010721 2.34 683 38 0.0647 0.0107  0.00143 0.00008  9.30 0.53 
JWJM16-3_4.1 1482 2211 1.87 0.001050 0.20 681 9 0.0478 0.0016  0.00147 0.00002  9.49 0.12 
JWJM16-3_5.1 69 50 0.08  - 1.48 710 23 0.0579 0.0102  0.00139 0.00005  9.02 0.31 
JWJM16-3_6.1 65 45 0.09  - 3.17 656 21 0.0712 0.0123  0.00148 0.00005  9.59 0.34 
JWJM16-3_6.2 250 407 0.30 0.006484 1.28 706 13 0.0563 0.0041  0.00140 0.00003  9.06 0.18 
JWJM16-3_7.1 126 98 0.15  - 3.13 709 17 0.0710 0.0106  0.00137 0.00004  8.88 0.25 
JWJM16-3_8.1 112 96 0.14  - 3.08 700 18 0.0705 0.0073  0.00138 0.00004  9.00 0.24 
JWJM16-3_9.1 112 102 0.14 0.003248 0.86 706 18 0.0530 0.0073  0.00140 0.00004  9.12 0.25 
JWJM16-3_9.2 92 92 0.12 0.005402 1.51 644 17 0.0581 0.0071  0.00153 0.00004  9.92 0.28 
JWJM16-3_10.1 94 75 37.94 0.000015 0.02 2 0 0.1617 0.0007  0.47304 0.00561  2472b 7 
JWJM16-3_10.2 81 40 33.13 0.000007 0.01 2 0 0.1686 0.0007  0.47981 0.00575  2543b 7 

continued 
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Table B.3. Zircon U-Pb age results (continued) 

Analytical spot U 
(ppm) 

Th 
(ppm) 

206Pb* 
(ppm) 

204Pb/206Pb f206a 

(%) 
Total ratio  Radiogenic ratio  Age (Ma) 
238U/206Pb 1  207Pb/206Pb 1   206Pb/238U 1   206Pb/238U 1 

JWJM16-3_11.1 66 47 0.08  - 1.49 694 22 0.0580 0.0093  0.00142 0.00005  9.23 0.31 
JWJM16-3_12.1 77 53 0.10 0.004300 <0.01 685 20 0.0447 0.0083  0.00146 0.00005  9.51 0.29 
JWJM16-3_13.1 65 42 0.09 0.013761 <0.01 656 20 0.0445 0.0084  0.00153 0.00005  9.93 0.32 
JWJM16-3_13.2 97 105 0.12 0.010644 1.91 704 19 0.0613 0.0068  0.00139 0.00004  9.05 0.25 
JWJM16-3_14.2 526 1017 0.66 0.000403 <0.01 687 11 0.0426 0.0026  0.00146 0.00002  9.46 0.16 
JWJM16-3_15.1 497 185 128.19  - <0.01 3 0 0.1011 0.0009  0.30156 0.00334  1645b 17 
JWJM16-3_15.2 109 45 27.72  - <0.01 3 0 0.1007 0.0006  0.29845 0.00341  1646b 11 
JWJM16-3_16.1 67 45 0.08 0.012916 0.17 688 22 0.0476 0.0073  0.00145 0.00005  9.44 0.31 
JWJM16-3_17.1 126 126 0.15 0.006783 1.41 718 18 0.0573 0.0059  0.00137 0.00004  8.91 0.23 
JWJM16-3_18.1 240 259 0.29 0.000206 <0.01 700 13 0.0417 0.0040  0.00144 0.00003  9.33 0.18 

a percentage of 206Pb that is common Pb; b 207Pb/206Pb age instead for Precambrian zircon; c zircon core; r zircon rim.
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Table B.4. Zircon trace element concentrations (ppm) 

Analytical spot Ti Sr Nb Ta Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf 

JWJM16-1_1.1r 6.24 1.96 95.3 1.62 1124 - 116 - - 11.04 0.67 31.5 8.39 97.5 34.6 156 29.4 280 55.7 9141 
JWJM16-1_1.2c 7.79 1.43 84.7 1.23 1607 - 24.8 0.21 5.08 8.10 0.45 39.3 12.9 153 50.7 231 45.7 379 83.3 7685 
JWJM16-1_2.1c 10.4 1.96 119 8.64 1865 15.5 60.2 4.58 17.8 7.99 0.30 35.9 12.7 174 62.1 279 51.8 429 90.5 8997 
JWJM16-1_2.2r 10.7 2.32 90.9 2.03 1399 66.1 170 18.0 78.6 18.9 0.58 41.3 11.0 114 41.7 184 35.6 328 64.3 9035 
JWJM16-1_3.1c 12.4 1.85 77.0 1.09 2148 - 26.7 0.89 12.5 18.0 1.13 82.2 21.5 232 78.1 338 55.7 504 103 7192 
JWJM16-1_4.2c 9.58 1.19 87.2 3.06 1423 - 16.6 0.17 2.89 5.84 0.40 31.2 8.98 121 41.3 197 37.1 350 72.0 8614 
JWJM16-1_5.1c 4.07 4.32 387 47.3 5469 - 136 0.20 3.53 11.5 - 110 45.5 593 221 992 188 1572 281 13172 
JWJM16-1_6.1 - 2.58 233 26.5 3041 - 75.4 0.28 2.47 9.36 - 62.5 24.9 326 119 530 104 1011 161 11472 
JWJM16-1_7.1r 8.08 0.99 93.5 2.81 1188 - 25.5 - 1.27 5.20 - 23.2 7.88 96.2 36.7 167 32.2 286 54.5 8762 
JWJM16-1_7.2c 9.06 5.89 96.8 1.72 5734 - 160 5.32 55.8 73.3 4.61 285 78.2 832 251 1008 175 1375 261 6450 
JWJM16-1_8.1r 6.18 1.12 83.4 2.00 1114 - 18.0 0.10 1.70 4.00 - 21.5 6.82 83.3 32.1 143 30.2 256 54.8 7662 
JWJM16-1_9.1r 5.78 1.23 88.1 2.76 1271 0.10 21.6 - 2.15 3.56 - 23.6 7.63 109 38.8 175 35.3 310 52.6 7666 
JWJM16-1_9.2c 5.13 1.40 89.0 2.86 1564 - 31.1 - - 6.25 - 31.7 10.8 146 49.5 230 44.1 380 69.6 7876 
JWJM16-1_10.1c - 3.77 317 40.2 3999 0.38 92.1 0.20 2.72 9.87 - 86.1 33.4 441 161 743 138 1152 206 12072 
JWJM16-1_11.1r 11.1 1.27 86.1 2.39 1357 - 22.4 0.21 3.57 5.60 0.31 29.1 10.4 113 41.0 187 37.0 337 65.1 6855 
JWJM16-1_11.2c 7.39 1.59 83.4 1.00 1718 - 18.2 - - 8.03 0.40 41.9 12.3 155 52.9 242 45.6 378 72.8 7150 
JWJM16-1_12.1 20.1 1.65 81.7 - 1594 - 19.1 - 6.85 13.0 - 59.0 15.4 171 54.2 221 42.6 379 69.5 6598 
JWJM16-1_13.1r 7.71 1.33 95.2 1.30 1183 - - - - 6.17 - 26.8 8.15 101 34.8 165 31.2 278 53.6 8596 
JWJM16-1_13.2c 7.94 5.57 323 36.3 4950 - - - - - - 112 43.1 639 2161 973 179 1489 255 11880 
JWJM16-1_14.1 7.41 5.05 143 8.93 5726 - 169 1.15 17.3 36.7 2.16 207 62.7 745 241 1010 186 1445 237 6346 
JWJM16-1_15.1r 19.6 1.97 84.4 0.73 943 20.9 65.8 5.36 27.8 7.76 0.43 22.0 6.55 75.6 27.1 119 23.6 215 43.9 8045 
JWJM16-1_15.2c 9.20 1.50 83.9 - 1557 - 31.6 - 2.65 7.26 0.22 35.1 11.1 144 49.6 227 45.7 421 72.2 7518 
JWJM16-1_16.1r 6.41 1.06 80.6 1.32 903 - 22.2 - 1.79 3.35 0.33 20.8 6.73 75.2 26.3 126 24.3 226 44.1 7483 
JWJM16-1_16.2c 5.39 4.27 310 35.7 4509 - 115 0.16 3.88 11.4 - 87.1 36.9 490 174 779 151 1292 222 11686 
JWJM16-1_S2.1c 6.04 1.76 124 7.67 1878 - 43.7 - - 6.86 0.22 43.3 12.9 198 64.8 299 51.6 448 84.6 8064 
JWJM16-1_S3.1c 7.03 2.50 83.0 1.09 2892 0.26 68.1 1.70 25.3 30.6 0.72 102 30.2 337 107 454 81.8 705 127 6542 

continued 
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Table B.4. Zircon trace element concentrations (ppm) (continued) 

Analytical spot Ti Sr Nb Ta Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf 

JWJM16-1_S4.1c 13.5 2.87 121 6.83 2616 - 46.1 - - 15.2 0.39 72.2 24.4 314 101 457 98.5 796 147 10374 
JWJM16-1_S4.2r 10.4 0.89 89.0 1.54 1229 - 27.9 - 4.97 6.27 0.31 29.8 8.51 103 37.0 169 31.0 292 60.1 7644 
JWJM16-8_1.1 - 5.08 554 75.5 5383 1.11 129 0.98 9.98 19.0 0.24 125 44.9 617 227 952 187 1630 262 11801 
JWJM16-8_2.1 5.28 6.86 204 18.5 6897 - 118 0.57 10.7 30.5 - 213 69.2 858 312 1328 247 2052 315 10113 
JWJM16-8_3.1 6.32 7.25 230 28.7 7247 0.20 93.9 - 8.55 23.2 0.21 165 61.2 838 295 1391 259 2227 340 11421 
JWJM16-8_4.1 9.16 2.00 94.3 3.74 2115 - 94.1 - 5.95 5.10 1.28 33.2 12.1 172 67.1 340 70.7 649 124 11403 
JWJM16-8_5.1 7.01 0.57 83.8 0.71 863 - 25.6 - 1.48 2.91 0.66 16.7 5.89 70.5 24.2 110 21.4 208 41.0 10993 
JWJM16-8_5.2 3.82 0.61 76.8 0.54 520 - 21.4 - - 2.91 0.27 8.03 2.89 32.5 11.9 55.4 10.9 111 23.4 10617 
JWJM16-8_6.1 5.64 4.49 267 31.1 4475 0.50 85.6 0.36 4.69 15.2 - 102 41.7 534 192 884 159 1389 226 11134 
JWJM16-8_7.1 3.09 1.55 116 6.97 1590 - 101 - - 3.36 0.52 23.0 6.34 91.3 40.9 235 56.4 609 135 11697 
JWJM16-8_8.1 5.55 4.56 91.5 4.20 1887 - 90.0 - - 3.49 0.95 31.6 12.3 149 61.3 293 57.9 528 103 12072 
JWJM16-8_8.2 5.84 3.36 110 8.11 3291 - 110 - 1.85 6.86 1.83 62.2 24.3 336 125 614 115 1120 208 11977 
JWJM16-8_9.1 - 12.9 113 7.90 2079 63.5 260 12.7 37.5 12.8 2.73 47.5 12.2 159 70.2 322 72.0 697 154 11313 
JWJM16-8_9.2 8.60 1.80 102 6.33 2053 0.23 111 0.27 3.23 7.35 2.33 35.5 12.0 157 58.4 303 68.9 634 130 10549 
JWJM16-8_10.1 24.7 1.86 79.7 0.68 2016 - 10.0 - 2.54 4.61 1.41 36.7 11.6 175 67.2 332 65.3 642 126 11264 
JWJM16-8_11.1 20.0 2.19 77.6 0.73 2277 - 12.8 0.18 2.48 7.81 2.34 47.5 16.4 204 83.0 379 78.5 811 133 10209 
JWJM16-8_12.1 80.8 1.63 83.5 0.46 1639 - 9.45 - - 4.42 0.91 23.9 9.74 125 52.3 260 52.1 521 105 10740 
JWJM16-8_13.1 23.2 1.14 90.0 0.68 1686 0.06 7.76 - 1.67 3.82 1.32 23.2 9.88 124 50.9 250 51.6 497 100 12146 
JWJM16-8_14.1 3.13 2.26 89.0 3.65 1722 - 61.7 - - 3.85 1.45 23.9 7.98 113 48.0 239 57.4 624 129 10763 
JWJM16-8_14.2 - 2.81 95.5 3.63 1307 5.22 72.2 0.87 3.37 2.79 0.66 17.6 5.52 84.2 32.6 187 44.7 467 93.7 11102 
JWJM16-8_15.1 12.3 3.91 110 - 3592 - 123 0.87 8.85 15.9 5.85 99.3 31.1 377 135 590 128 1183 223 9766 
JWJM16-8_16.1 31.1 3.64 100 - 2582 - - - - 14.8 1.91 71.2 20.8 271 105 498 110 1043 209 11540 
JWJM16-8_18.1 36.0 1.58 88.7 0.71 1620 - 16.5 - 3.04 6.66 2.15 40.4 11.7 147 53.7 223 43.8 408 82.5 11085 
JWJM16-8_19.1 4.85 1.46 87.9 3.87 1807 - 58.2 - 16.5 7.40 0.24 43.0 13.3 166 57.5 264 47.8 453 84.0 8862 
JWJM16-8_20.1 - 7.04 277 27.0 7088 0.14 94.3 0.41 8.15 25.6 - 155 59.5 813 276 1367 256 2104 347 10867 
JWJM16-8_21.1 2.40 6.27 294 33.9 5159 - 63.7 0.21 4.02 17.1 - 108 42.5 588 216 994 180 1581 280 11506 

continued 
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Table B.4. Zircon trace element concentrations (ppm) (continued) 

Analytical spot Ti Sr Nb Ta Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf 

JWJM16-8_22.1 11.8 5.67 395 44.2 5675 5.11 124 1.75 10.1 18.8 - 136 48.0 635 223 1015 191 1650 276 11599 
JWJM16-8_23.1 - 8.23 273 27.4 7631 - 92.7 - - 27.0 - 183 68.6 859 302 1416 264 2266 388 11868 

JWJM16-8_23.2 - 6.53 560 74.4 5897 1.54 142 0.56 7.17 22.5 0.38 130 51.1 641 229 1045 191 1634 277 11292 
JWJM16-8_24.1 4.91 4.80 398 53.3 4424 - 82.1 - - 11.5 - 84.8 33.7 463 166 771 144 1338 230 11905 
JWJM16-5_1.1r 5.39 1.11 71.6 1.81 846 - 27.5 - - - 0.70 12.3 4.00 54.0 22.4 120 26.6 282 62.1 10692 
JWJM16-5_1.2c 10.3 1.19 84.6 3.22 1278 - 60.9 0.35 1.60 2.98 0.96 21.1 6.62 91.9 35.1 184 38.4 409 89.0 10077 
JWJM16-5_2.1c 7.88 0.34 68.8 - 551 - 12.9 0.08 1.28 1.85 0.61 5.64 2.32 29.3 11.8 67.9 16.5 174 41.8 9547 
JWJM16-5_2.2r 11.1 0.73 65.2 0.71 777 - 14.1 - 3.08 4.88 2.09 15.5 4.25 59.0 19.9 95.7 21.6 216 46.7 8578 
JWJM16-5_3.1r 5.62 - 77.8 2.09 834 - 41.2 - - 2.05 0.79 11.6 4.15 52.1 21.7 112 24.1 243 55.7 10700 
JWJM16-5_4.1c 5.39 0.88 68.6 - 915 - 22.0 - - - 0.99 12.5 4.02 54.0 22.2 116 30.3 321 62.7 9365 
JWJM16-5_5.1r - - 79.8 2.18 843 - 37.4 - - 2.30 0.74 10.7 3.53 53.8 21.5 113 27.0 280 56.9 10839 
JWJM16-5_5.2c 6.55 1.19 73.3 2.21 1006 - 33.9 - - 2.73 0.96 12.5 4.95 59.8 26.1 137 30.8 347 75.6 11144 
JWJM16-5_6.1c 7.67 0.98 82.0 2.99 1219 - 44.9 0.13 1.11 1.65 0.91 15.6 6.16 81.7 34.1 181 44.9 435 91.9 10322 
JWJM16-5_7.1c 8.53 2.06 86.2 2.33 1935 - 77.4 0.37 3.11 6.72 3.14 41.5 11.2 156 62.8 288 65.2 626 127 10486 
JWJM16-5_8.1r 4.41 1.65 82.4 2.36 1339 - 52.2 - - 2.55 1.06 18.9 6.68 90.4 37.6 197 44.8 469 101 10535 
JWJM16-5_9.1c 6.44 - 73.4 2.42 1011 - 42.3 - - 1.48 0.62 11.9 4.04 57.5 25.3 133 32.0 356 80.2 10612 
JWJM16-5_10.1r 5.48 0.81 81.8 1.97 982 - 32.7 - - 1.72 0.67 10.5 4.36 63.5 23.9 136 28.8 313 73.3 10920 
JWJM16-5_11.1r 12.1 0.78 80.4 2.30 1001 - 39.1 - 1.06 2.02 1.15 12.5 4.39 61.7 22.9 134 29.6 319 70.1 11938 
JWJM16-5_12.1r 5.85 - 80.2 1.58 749 - - - - 7.59 1.55 14.8 3.47 43.7 17.4 96.6 20.9 227 49.1 11528 
JWJM16-5_13.1r 3.84 - 77.9 2.51 964 - 49.0 - - 1.93 0.80 13.6 4.49 65.4 25.4 137 30.3 311 66.3 11125 
JWJM16-5_14.1r 6.63 1.35 74.3 2.08 1000 0.14 39.8 0.11 - 2.87 0.94 13.3 5.04 65.0 27.0 141 31.4 315 74.7 11127 
JWJM16-5_14.2c 11.6 9.10 170 17.2 5569 12.4 371 3.39 22.3 25.9 7.65 141 45.6 551 205 945 194 1794 332 8392 
JWJM16-5_15.1r - - 71.7 1.24 664 - 26.1 - - 1.32 0.39 8.27 3.18 40.5 16.6 94.0 20.5 224 45.4 10238 
JWJM16-5_16.1r 8.50 - 72.5 2.76 976 - 52.9 - - 2.92 0.65 13.5 3.95 60.5 24.2 131 31.7 322 74.5 11540 
JWJM16-5_17.1r 6.39 - 82.8 2.74 1175 - 48.7 - - 2.73 0.83 16.8 4.60 77.6 31.0 173 37.7 416 95.1 10793 
JWJM16-5_17.2c 6.14 2.91 83.1 2.11 820 4.59 39.4 1.55 4.72 3.35 0.73 13.5 4.07 50.6 20.7 103 25.7 259 52.9 11546 
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Table B.4. Zircon trace element concentrations (ppm) (continued) 

Analytical spot Ti Sr Nb Ta Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf 

JWJM16-5_18.1r 9.53 0.67 83.8 2.33 1011 - 40.7 - - 1.69 0.82 13.3 5.37 64.0 27.3 143 30.1 328 70.7 12249 
JWJM16-5_18.2c 8.72 0.89 86.5 3.12 1007 0.16 46.0 - - 2.27 0.52 14.5 3.96 57.7 28.1 137 30.8 368 73.0 11029 
JWJM16-5_19.1r 6.43 1.17 93.6 2.25 913 - 44.0 - - 2.29 0.67 10.3 4.15 53.4 23.1 120 27.2 283 61.9 12409 
JWJM16-5_19.2c 5.63 1.37 96.1 6.70 1269 - 58.1 - 0.87 1.65 0.40 11.1 4.09 61.0 30.7 181 53.7 645 149 12075 
JWJM16-5_20.1r 9.44 39.6 77.9 2.71 822 137 293 30.1 106 - 2.22 21.6 4.93 55.2 20.6 108 24.5 269 61.8 12385 
JWJM16-5_20.2c 5.73 1.05 81.5 3.32 1114 - 44.4 - - 2.15 1.04 10.5 4.08 63.3 25.8 148 34.9 379 83.5 11815 
JWJM16-5_21.1r 5.10 - 83.9 2.78 1167 - 48.7 - - 2.85 0.95 12.6 5.36 73.2 31.0 161 36.1 388 83.4 11701 
JWJM16-5_23.1r 12.4 36.1 77.3 - 943 113 250 22.4 82.7 15.2 2.25 21.8 5.39 63.0 24.4 125 25.6 296 64.6 10996 
JWJM16-5_23.2c 5.28 1.28 84.1 - 1104 - 38.0 - - 1.98 0.87 16.5 5.51 68.0 28.7 156 34.4 357 76.8 11009 
JWJM16-5_24.1c - 0.73 88.8 2.12 1012 - 33.4 - 0.97 3.46 0.99 13.2 3.88 58.1 26.5 142 32.9 367 76.8 12728 
JWJM16-5_S1.1c 9.86 - 112 7.69 2252 - 185 - - 8.83 3.81 54.2 18.7 228 87.4 391 83.2 832 177 10595 
JWJM16-5_S2.1c 27.6 - 79.3 5.26 1434 - - - - 7.11 1.40 21.4 7.15 96.0 42.1 214 55.7 620 123 11317 
JWJM16-5_S3.2r - 30.5 77.1 1.68 1296 77.4 193 15.8 66.1 14.6 3.87 30.5 8.19 102 37.4 180 37.4 380 78.0 10338 
JWJM16-5_S5.1c 5.67 3.67 83.2 2.49 2192 - 73.4 - 8.61 12.5 3.35 50.2 18.5 215 80.6 384 78.5 774 147 10143 
JWJM16-5_S6.1c 8.16 - 82.3 1.64 1093 - 41.6 - 3.20 3.13 1.18 14.5 5.39 75.8 29.2 154 35.2 370 79.5 9919 
JWJM16-5_S7.1c 17.4 - 81.3 1.80 826 - 30.8 - - 1.18 0.57 8.26 3.02 42.9 20.9 110 25.4 270 62.6 13451 
JWJM16-5_S8.1c 12.2 5.81 240 25.4 5678 0.42 466 0.50 9.14 22.8 7.93 137 45.8 563 215 957 199 1791 311 9535 
JWJM16-4_1.1c 6.41 1.31 105 7.78 1477 0.11 58.7 - - 1.41 0.54 17.4 5.50 87.8 37.6 217 50.8 538 113 12503 
JWJM16-4_1.2r - 0.84 90.7 2.41 702 - 30.7 - - - 0.38 5.68 3.57 40.5 18.1 94.6 21.7 243 54.2 12410 
JWJM16-4_2.1c - 0.75 92. 7 - 1034 - 44.2 0.15 - 2.61 0.62 10.2 4.48 62.4 25.9 148 34.1 373 84.9 11740 
JWJM16-4_3.1r 6.64 6.15 108 5.54 1775 19.2 104 3.23 13.0 4.31 1.06 21.1 7.24 108 45.5 284 62.8 686 154 13026 
JWJM16-4_3.2c 2.75 0.62 77.5 1.88 607 - 25.8 - 0.59 - 0.18 6.10 2.25 31.3 13.5 86.3 22.2 261 66.7 12072 
JWJM16-4_4.1r - 1.31 86.2 3.43 1213 - 40.4 - 2.11 - - 12.5 4.84 69.6 29.0 172 38.6 428 94.8 11069 
JWJM16-4_4.2c 11.6 2.17 79.3 2.84 1724 - 54.5 - 6.34 6.44 1.92 24.7 9.14 126 47.6 246 52.9 542 109 8788 
JWJM16-4_5.1r 3.77 - 89.6 2.90 1141 - - - - 4.52 1.22 16.5 5.25 72.8 27.2 160 35.6 398 82.0 11264 
JWJM16-4_6.1r - 3.17 100 4.47 1494 13.2 79.3 3.17 13.4 3.63 0.77 20.4 6.55 95.8 37.0 205 47.2 467 108 11826 
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Table B.4. Zircon trace element concentrations (ppm) (continued) 

Analytical spot Ti Sr Nb Ta Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf 

JWJM16-4_6.2c 3.52 - 95.1 4.44 1238 - 45.9 - - 2.88 0.53 14.7 4.89 72.5 30.8 177 40.8 456 97.2 11130 
JWJM16-4_7.1r 5.54 11.9 95.1 4.66 1392 40.0 146 9.47 34.0 7.92 1.24 25.0 6.43 93.2 37.0 193 41.9 384 82.5 11294 
JWJM16-4_7.2c 4.47 1.95 87.3 4.92 2130 - 78.1 - 2.00 4.02 0.69 24.9 8.39 119 50.2 335 84.6 1017 212 11626 
JWJM16-4_8.1c 21.2 3.16 144.3 14.8 2349 - 136 - - 7.18 0.91 35.3 11.3 170 76.8 477 113 1094 264 12490 
JWJM16-4_8.2r 7.61 5.47 92.4 4.03 1124 25.1 110 5.33 21.8 3.83 0.75 12.9 3.94 66.0 27.2 155 36.7 418 91.4 12717 
JWJM16-4_9.1r 7.34 1.24 88. 8 2.73 1134 - 40.7 - 1.03 1.81 0.80 11.2 4.40 72.2 29.3 164 36.9 396 87.3 10788 
JWJM16-4_9.2c - 1.99 83.2 3.11 1160 4.53 46.6 0.91 - 3.28 0.68 13.0 4.44 63.4 26.7 168 40.2 453 102 12590 
JWJM16-4_10.1r 3.19 0.90 79.6 2.86 792 - 39.6 - - 1.76 - 8.77 3.29 48.3 20.2 95.9 24.2 279 60.9 11930 
JWJM16-4_10.2c 10.0 2.19 86.5 5.60 2079 - 81.6 - 2.25 2.79 0.74 18.5 7.07 112 47.1 295 75.0 858 200 11446 
JWJM16-4_11.1r 7.29 2.14 96.3 4.44 1307 - 54.7 - - 1.33 0.56 12.0 4.55 67.5 30.1 181 46.1 499 131 12720 
JWJM16-4_11.2c 7.64 2.34 96.0 - 2198 - 75.2 0.19 3.69 5.77 - 28.2 9.63 144 59.3 365 96.3 1089 223 12936 
JWJM16-4_12.1r 12.2 1.26 101 4.19 1095 - 59.7 - 3.94 - 0.57 11.8 4.16 65.2 26.8 152 39.2 432 98.8 12916 
JWJM16-4_12.2c 13.8 - 126 7.98 3121 - 227 - 8.55 13.7 3.31 67.0 22.8 309 112 509 106 980 200 9166 
JWJM16-4_13.2c 8.47 3.61 113 5.36 3134 0.30 178 0.51 6.46 11.4 4.24 71.2 25.6 304 110 498 107 1046 196 10195 
JWJM16-4_14.1r - 1.90 84.9 2.47 1077 - 46.2 - - 2.03 0.77 9.90 4.86 61.3 28.7 149 39.3 421 105 10863 
JWJM16-4_14.2c 11.7 - 80.9 2.87 1101 - 31.1 - 0.77 2.85 0.75 15.5 5.11 74.6 29.6 160 36.8 384 75.8 9739 
JWJM16-4_15.1r 8.25 2.15 91.9 4.32 1196 - 63.1 - - 2.05 0.43 13.0 5.14 71.3 30.0 173 41.4 458 102 12580 
JWJM16-4_15.2c 13.8 1.99 103 7.02 2211 - 103 - - 6.43 1.39 26.3 10.8 155 63.7 347 88.7 943 199 11966 
JWJM16-4_16.1r 5.82 1.06 87.6 2.53 1329 - 64.3 0.23 1.81 3.08 1.01 19.2 6.39 91.7 36.1 204 39.7 429 94.1 10970 
JWJM16-4_16.2c 8.31 5.16 95.8 2.56 4896 - 167 2.62 29.3 37.7 12.9 171 48.4 575 189 788 173 1577 315 9317 
JWJM16-4_17.1r 9.20 1.27 99.8 2.71 1085 - 51.7 - - 1.38 0.74 13.2 4.62 63.5 29.3 155 35.0 374 82.7 13966 
JWJM16-4_17.2c 5.95 1.27 88.2 2.71 1397 - 36.0 - - 1.80 0.56 17.1 6.86 85.3 33.9 203 46.4 498 112 10629 
JWJM16-4_18.1c 6.36 2.66 124 7.82 2183 0.20 104 - - 2.62 1.04 25.1 10.2 153 66.6 409 106 1226 276 13277 
JWJM16-4_18.2r 8.08 1.55 99.0 3.80 1641 - 70.5 - - 3.08 0.89 18.5 7.10 107 44.2 241 58.3 601 141 12743 
JWJM16-4_S1.1c 4.79 1.10 91.6 4.92 1221 0.13 55.7 - 1.19 3.32 0.80 13.7 4.96 68.6 26.7 153 38.3 431 99.8 11801 
JWJM16-4_S2.1c 4.41 1.27 101 6.32 1324 - 64.9 - - 2.28 0.78 11.8 5.20 69.6 31.1 185 47.9 557 124 10721 
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Table B.4. Zircon trace element concentrations (ppm) (continued) 

Analytical spot Ti Sr Nb Ta Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf 

JWJM16-4_S2.2r - 3.01 92.0 2.28 907 - 57.91 - 5.99 2.19 0.71 11.1 4.21 56.6 23.3 118 26.2 288 64.4 12471 
JWJM16-4_S3.1c 5.18 2.14 87.6 2.54 2114 - 81.1 - 5.50 5.52 2.38 30.41 11.5 151 61.0 317 70.4 708 151 8737 
JWJM16-4_S4.1c - 1.19 91.6 3.97 1400 - 53.1 - 1.50 3.13 0.95 18.3 6.74 95.1 38.0 202 45.8 478 102 9802 
JWJM16-4_S5.1c 6.04 1.68 89.3 2.89 1388 - 43.1 - - 3.52 1.31 17.6 6.86 92.3 36.0 204 43.9 471 109 9266 
JWJM16-4_S6.1c 10.5 2.49 111 3.97 2153 - 80.1 - 5.46 6.32 2.12 31.3 10.6 157 59.2 341 73.3 771 152 11283 
JWJM16-4_S6.2r - 1.22 88.3 2.32 922 0.40 42.4 - 1.39 1.51 0.59 12.1 4.32 60.0 23.8 123 27.7 306 65.5 11230 
JWJM16-4_S7.1r 4.96 2.83 134 12.8 2173 - 156 0.12 2.31 4.97 1.26 32.7 12.0 168 68.7 393 94.8 1095 245 12968 
JWJM16-4_S8.1r 5.84 1.10 98.4 3.56 1399 - 48.8 - 1.23 2.49 0.97 18.4 5.59 87.8 36.8 198 45.6 520 111 11500 
JWJM16-4_S9.1c 8.96 3.30 92.6 4.06 2972 0.15 122 0.32 3.46 8.78 3.48 58.9 21.3 282 108 529 108 1128 235 9245 
JWJM16-4_S10.1c 18.9 4.19 75.3 1.52 3423 - 8.64 - - 5.32 1.62 49.6 22.2 329 140.6 6914 146 1459 289 12559 
JWJM16-4_S10.2r 4.24 - 83.6 2.02 634 - - - - - - 6.46 2.34 36.6 13.7 76.5 17.5 195 41.5 10619 
JWJM16-4_S11.1r 4.05 1.18 84.7 4.15 1160 - 45.3 - - 1.46 0.80 14.2 5.29 76.1 29.3 165 34.5 378 82.0 11323 
JWJM16-10_1.1 6.45 2.32 98.0 4.82 2511 0.10 119 - 2.95 7.29 2.04 49.5 19.0 263 96.2 436 90.7 875 159 11409 
JWJM16-10_1.2 14.3 2.06 80.1 2.51 2465 0.73 110 0.81 7.90 10.2 3.40 62.8 21.1 241 86.3 428 85.8 808 159 8078 
JWJM16-10_2.1 12.5 1.77 93.3 2.91 2056 1.42 91.9 0.49 4.47 6.28 2.39 37.8 13.7 180 64.6 309 66.4 630 118 10557 
JWJM16-10_3.1 11.3 3.04 93.7 5.69 3108 - 137 0.22 3.88 9.08 3.49 68.0 24.8 315 116 575 116 1040 207 10553 
JWJM16-10_4.1 11. 8 2.59 93.0 3.94 2685 - 156 - 4.14 9.33 3.11 69.0 22.4 278 102 476 94.8 909 177 9611 
JWJM16-10_4.2 16.0 4.00 86.7 2.64 3162 - 159 - - 16.4 4.59 88.6 26.2 339 118.9 566 115 1069 209 9447 
JWJM16-10_5.1 8.53 1.88 84.2 2.56 1921 - 104 - - 7.13 2.14 40.4 13.6 157 58.2 276 55.3 525 109 9633 
JWJM16-10_6.1 - 6.86 93.2 2.85 2173 93.3 308 32.9 153 38.1 4.12 64.33 15.2 161 65.4 327 62.2 651 128 11226 
JWJM16-10_7.1 4.45 2.91 94.4 1.87 3038 - 117 0.74 13.3 20.4 9.04 96.41 28.7 337 118 548 104 924 179 10018 
JWJM16-10_7.2 9.12 2.12 82.9 2.02 2302 - 77.9 0.78 13.1 18.2 6.28 82.6 23.6 283 96.3 424 94.5 806 143 9628 
JWJM16-10_8.1 54.5 1.55 80.7 2.15 1963 1.75 70.4 0.76 - 9.11 2.44 38.5 11.4 155 58.2 288 54.2 531 115 9653 
JWJM16-10_8.2 16.9 2.93 85.8 - 2393 0.15 75.9 0.42 7.15 10.2 5.15 58.7 20.8 243 92.6 444 98.3 877 174 8804 
JWJM16-10_9.1 15.7 2.98 93.8 3.02 2651 - 126 - - 17.2 5.28 71.9 22.6 273 104 465 94.5 918 159 9705 
JWJM16-10_10.1 9.48 2.32 99.6 5.04 2456 - 118 - - 8.73 2.36 52.3 17.9 236 90.2 435 86.0 843 160 11420 
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Table B.4. Zircon trace element concentrations (ppm) (continued) 

Analytical spot Ti Sr Nb Ta Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf 

JWJM16-10_10.2 13.5 1.92 82.0 1.51 2489 - 83.6 0.40 6.11 10.7 4.27 66.6 20.0 252 88.1 422 83.2 800 145 10088 
JWJM16-10_11.1 - 2.02 93.5 5.01 2534 - 93.7 0.31 4.66 7.77 2.45 53.0 16.9 218 83.2 396 73.7 706 139 10913 
JWJM16-10_11.2 16.8 6.34 111 5.57 6741 - 324 - - 49.8 16.21 242 67.9 814 264 1206 223 1934 349 8913 
JWJM16-10_12.1 33.6 2.35 97.0 4.41 2127 1.46 82.6 - 2.15 6.25 1.43 39.9 14.7 188 68.8 333 71.8 658 126 12594 
JWJM16-10_12.2 8.24 4.62 120 8.69 5032 - 132 - 15.1 15.6 2.48 95.0 39.2 524 199 951 203 1830 324 12748 
JWJM16-10_13.1 9.16 1.68 98.5 4.08 2192 0.21 106 0.21 3.33 6.34 2.04 47.0 14.7 213 79.0 393 75.0 716 130 11412 
JWJM16-10_14.1 9.65 2.83 109 7.46 3037 - 110 - - 11.5 3.01 74.1 25.5 328 119 557 114 997 185 11388 
JWJM16-7_1.1 21.7 0.71 84.5 0.50 815 - 19.7 - - 2.07 0.63 11.3 4.31 52.7 18.5 83.9 20.7 192 38.9 9301 
JWJM16-7_1.2 23.8 1.31 84.0 0.64 1430 - 21.2 - 3.25 5.31 1.91 27.4 9.18 116 40.9 200 38.4 354 61.3 10006 
JWJM16-7_2.1 21.6 1.49 85.4 0.79 1458 - 20.8 0.36 4.12 5.66 1.89 32.2 9.87 117 43.2 207 39.9 378 69.5 8910 
JWJM16-7_3.1 18.4 2.99 90.9 1.90 2768 - 40.7 0.43 10.2 13.2 4.22 76.9 23.9 299 105 492 96.5 834 166 8753 
JWJM16-7_4.1 19.8 - 86.8 0.64 771 - 13.7 - - 2.12 0.84 12.6 3.96 45.4 12.0 88.2 19.3 194 39.4 8883 
JWJM16-7_5.1 14.7 0.77 83.5 0.72 650 - 16.8 - - 1.53 0.74 8.8 2.68 42.8 15.1 78.2 16.6 163 33.1 10021 
JWJM16-7_5.2 18.3 1.54 86.6 - 1791 - 25.0 0.67 7.52 10.4 2.20 41.7 11.9 152 53.5 256 50.1 458 86.7 9018 
JWJM16-7_6.1 12.9 0.81 79.0 0.83 1125 - 21.7 - 2.05 4.36 1.00 23.0 7.47 94.5 34.4 159 31.5 289 62.0 9366 
JWJM16-7_7.1 - - 88.6 0.54 732 - 16.6 - - 1.95 0.60 11.1 3.95 44.4 18.1 92.0 19.1 185 36.2 10422 
JWJM16-7_7.2 19.6 0.85 74.8 1.41 815 - 37.1 - - 2.47 - 12.3 3.46 57.7 20.1 105 24.3 248 55.1 10276 
JWJM16-7_8.1 18.6 1.82 80.4 1.19 1996 0.15 32.6 0.48 7.13 10.3 2.81 52.4 16.1 203 70.6 362 72.3 683 120 8790 
JWJM16-7_9.1 15. 6 0.62 76.1 0.80 629 - 15.9 - 0.64 1.92 0.46 9.22 3.52 44.3 17.2 87.1 18.7 173 37.3 9089 
JWJM16-7_9.2 26.9 1.16 71.1 0.87 1220 - 17.8 0.19 2.60 5.96 1.38 24.6 7.39 94.8 37.6 176 37.3 327 63.5 8412 
JWJM16-7_10.1 23.6 0.75 75.7 0.47 706 - 16.1 - 0.85 1.47 0.65 11.6 3.85 46.6 17.6 87.1 19.0 184 34.1 8775 
JWJM16-7_10.2 15.6 0.91 79.4 0.78 1064 - 17.1 - 1.85 3.74 1.83 23.9 7.03 84.9 31.4 149 31.0 259 47.8 9088 
JWJM16-7_11.1 18.6 0.89 81.9 0.88 890 - 19.2 - 1.49 2.70 0.74 13.5 4.28 62.9 24.0 116 26.9 255 49.2 9305 
JWJM16-7_11.2 15.9 1.37 80.1 0.86 1737 0.06 26.3 0.29 4.80 8.26 2.79 45.9 13.1 156 54.4 248 50.2 451 85.2 8839 
JWJM16-7_12.1 26.3 1.08 77.9 1.75 1047 - 17.2 0.08 2.38 3.86 0.93 23.3 7.41 82.3 32.6 149 32.9 333 63.8 8595 
JWJM16-7_13.1 23.5 2.64 88.9 1.92 2550 0.19 31.0 0.69 8.07 11.2 2.86 59.2 20.4 259 98.8 466 89.4 853 164 9168 
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Table B.4. Zircon trace element concentrations (ppm) (continued) 

Analytical spot Ti Sr Nb Ta Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf 

JWJM16-7_14.1 21.1 0.72 82.2 - 890 - 16.3 - 2.39 3.85 0.92 16.9 5.59 72.9 25.9 125 26.3 247 47.6 9297 
JWJM16-7_15.1 18.5 1.15 80.8 0.64 1371 - 21.7 0.27 3.68 6.46 1.85 33.6 9.60 125 39.2 185 35.6 333 66.0 9589 
JWJM16-3_1.1 22.1 0.76 86.0 0.85 965 - 20.8 - 2.05 4.26 1.95 17.7 5.64 76.1 26.5 135 28.8 292 58.5 8209 
JWJM16-3_2.1 24.1 0.71 83.3 0.87 725 - 20.6 - 1.51 2.78 0.79 12.9 3.61 49.1 18.3 101 20.2 209 40.2 8314 
JWJM16-3_2.2 78.7 8.30 93.0 3.39 3378 - 200 1.70 23.0 29.8 10.7 134 38.1 429 146 662 121 1117 193 7532 
JWJM16-3_3.1 25.5 - 78.5 0.89 969 - 22.9 - 1.83 3.58 1.66 15.2 5.34 73.4 28.2 145 31.8 318 67.2 7679 
JWJM16-3_4.1 15.2 3.82 102 7.32 4360 0.22 190 0.95 16.0 25.4 3.25 126 41.7 510 178 805 164 14867 254 9589 
JWJM16-3_5.1 21.1 0.70 87.3 1.99 1141 - 47.7 - 3.11 6.21 1.96 24.6 7.22 90.9 33.32 155 34.1 308 64.2 8120 
JWJM16-3_6.1 20.2 1.04 87.5 0.90 1076 - 24.7 0.19 2.39 3.84 1.89 18.6 5.91 84.9 29.4 151 32.3 329 62.8 8018 
JWJM16-3_6.2 24.2 1.53 85.4 1.73 1980 - 44.2 0.28 4.73 6.83 3.29 40.6 12.6 161 61.6 307 62.9 609 120 8173 
JWJM16-3_7.1 26.6 1.24 79.8 1.21 1239 0.56 29.7 0.35 3.42 5.68 2.02 25.0 7.60 95.1 35.0 184 39.8 398 78.9 7889 
JWJM16-3_8.1 22.2 0.91 85.9 0.91 1108 - 29.7 0.21 2.87 3.80 1.85 20.5 5.83 84.1 31.7 161 33.8 349 68.0 8602 
JWJM16-3_9.1 18.0 0.57 78.4 0.73 1023 - 26.7 - 2.19 2.32 1.49 17.9 5.30 75.6 28.0 137 31.2 302 58.3 8510 
JWJM16-3_9.2 18.4 1.02 84.2 2.29 1461 0.28 92.1 0.47 5.14 8.97 2.41 36.8 11.1 132 45.9 211 41.3 378 71.8 8039 
JWJM16-3_10.1 18.2 0.43 75.7 0.60 613 - 19.7 - - 1.89 - 7.83 2.87 38.6 16.9 74.8 16.2 16 28.7 10949 
JWJM16-3_10.2 10.1 0.42 75.6 1.19 811 - 27.5 - - - - 11.4 3.81 51.1 20.4 108 24.1 216 44.0 10587 
JWJM16-3_11.1 22.7 0.60 76.9 0.77 673 - 19.9 - 1.52 3.40 0.89 11.5 3.92 48.1 16.8 83.9 18.3 184 37.4 7722 
JWJM16-3_12.1 19.2 0.70 72.0 - 807 - 23.5 - - 1.94 1.29 12.7 3.86 51.8 19.5 107 22.2 229 46.6 7950 
JWJM16-3_13.1 19.9 0.61 71.1 0.86 799 - 24.9 0.08 1.31 2.00 0.92 12.1 4.68 55.0 21.8 103 23.5 230 44.2 7762 
JWJM16-3_13.2 33.8 1.07 69.9 0.80 1057 - 23.1 - 3.41 4.87 2.21 22.4 6.15 88.9 28.7 147 31.8 315 55.8 7426 
JWJM16-3_14.2 24.4 3.52 74.4 1.97 2055 - 87.8 0.75 - 10.7 4.08 55.6 16.7 196 68.6 311 64.8 633 108 7178 
JWJM16-3_15.1 - 1.67 79.3 4.07 1619 - 24.8 - - 4.86 0.40 28.4 10.4 136 50.7 247 50.8 482 86.3 11850 
JWJM16-3_15.2 20.9 1.12 73.3 1.29 1184 - - - - 3.15 0.45 19.2 7.17 96.1 36.5 174 34.1 316 63.0 9821 
JWJM16-3_16.1 25.6 0.55 80.1 1.01 939 - 21.8 - 1.48 3.45 1.20 15.7 5.40 64.9 23.7 121 25.9 277 56.3 7684 
JWJM16-3_17.1 24.3 - 85.8 1.95 2217 - 86.1 - - 12.0 4.39 56.3 16.9 198 70.9 330 68.8 621 115 8070 
JWJM16-3_18.1 25.1 1.72 77.0 1.62 2108 - 51.7 - 5.11 9.71 3.75 42.4 13.8 180 68.8 325 65.8 642 108 7604 
 c zircon core; r zircon rim. Data in red are likely effected by inclusions and are not plotted in Fig. 3.2.
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Table B.5. Zircon oxygen isotopic compositions 

Analytical spot 16O (CPS) 18O/16O ratio 2 18O (‰,VSMOW) 2 (external) 

JWJM16-1_1.1r 2.09E+09 2.04E-03 3.29E-07 4.88 0.31 
JWJM16-1_1.2c 2.16E+09 2.04E-03 7.66E-07 4.82 0.47 
JWJM16-1_2.1c 2.06E+09 2.04E-03 2.12E-07 4.73 0.29 
JWJM16-1_2.2r 2.07E+09 2.04E-03 3.32E-07 5.12 0.32 
JWJM16-1_3.1c 2.17E+09 2.04E-03 2.65E-07 5.49 0.30 
JWJM16-1_4.1c 2.12E+09 2.04E-03 2.86E-07 4.54 0.30 
JWJM16-1_5.1c 2.67E+09 2.04E-03 6.34E-07 4.73 0.41 
JWJM16-1_6.1 2.63E+09 2.04E-03 6.69E-07 5.34 0.43 
JWJM16-1_7.1r 2.36E+09 2.04E-03 4.83E-07 4.16 0.36 
JWJM16-1_7.2c 2.43E+09 2.04E-03 2.82E-07 5.02 0.30 
JWJM16-1_9.1r 2.14E+09 2.04E-03 4.39E-07 4.94 0.35 
JWJM16-1_9.2c 2.09E+09 2.04E-03 2.22E-07 5.09 0.29 
JWJM16-1_10.1c 2.12E+09 2.04E-03 4.53E-07 4.77 0.35 
JWJM16-1_11.1r 2.50E+09 2.04E-03 3.89E-07 5.37 0.33 
JWJM16-1_11.2c 2.58E+09 2.04E-03 4.91E-07 5.56 0.36 
JWJM16-1_12.1 2.40E+09 2.04E-03 4.94E-07 4.90 0.36 
JWJM16-1_13.1r 1.97E+09 2.04E-03 7.80E-08 4.10 0.27 
JWJM16-1_13.2c 2.10E+09 2.04E-03 3.71E-07 4.93 0.33 
JWJM16-1_14.1 2.52E+09 2.04E-03 3.30E-07 5.16 0.31 
JWJM16-1_15.1r 2.03E+09 2.04E-03 3.13E-07 5.36 0.31 
JWJM16-1_15.2c 2.15E+09 2.04E-03 4.56E-07 5.27 0.35 
JWJM16-1_16.1r 2.05E+09 2.04E-03 1.62E-07 5.07 0.28 
JWJM16-1_16.2c 2.03E+09 2.04E-03 3.01E-07 4.30 0.31 
JWJM16-1_S2.1c 2.20E+09 2.04E-03 7.28E-07 4.87 0.45 
JWJM16-1_S3.1c 2.15E+09 2.04E-03 7.16E-07 5.35 0.45 
JWJM16-1_S4.1c 2.16E+09 2.04E-03 3.94E-07 2.95 0.33 
JWJM16-1_S4.2r 2.18E+09 2.04E-03 4.91E-07 5.38 0.37 
JWJM16-8_1.1 2.10E+09 2.04E-03 4.19E-07 4.97 0.34 
JWJM16-8_2.1 2.11E+09 2.04E-03 2.11E-07 4.83 0.29 
JWJM16-8_3.1 2.11E+09 2.04E-03 2.26E-07 5.13 0.29 
JWJM16-8_4.1 2.11E+09 2.04E-03 3.78E-07 5.79 0.33 
JWJM16-8_5.1 2.15E+09 2.05E-03 1.25E-07 7.90 0.28 
JWJM16-8_5.2 2.05E+09 2.04E-03 2.74E-07 7.44 0.30 
JWJM16-8_6.1 2.06E+09 2.04E-03 3.44E-07 4.79 0.32 
JWJM16-8_7.1 2.13E+09 2.04E-03 5.64E-07 5.24 0.39 
JWJM16-8_8.1 2.23E+09 2.04E-03 2.65E-07 5.62 0.30 
JWJM16-8_8.2 2.15E+09 2.04E-03 4.39E-07 5.88 0.35 
JWJM16-8_9.1 2.15E+09 2.04E-03 2.57E-07 5.22 0.30 
JWJM16-8_9.2 2.17E+09 2.04E-03 3.61E-07 5.56 0.33 
JWJM16-8_10.1 2.14E+09 2.05E-03 4.73E-07 9.37 0.36 
JWJM16-8_11.1 2.09E+09 2.05E-03 3.27E-07 9.39 0.32 
JWJM16-8_12.1 2.08E+09 2.05E-03 2.23E-07 9.27 0.29 

continued 
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Table B.5. Zircon oxygen isotopic compositions (continued) 

Analytical spot 16O (CPS) 18O/16O ratio 2 18O (‰,VSMOW) 2 (external) 

JWJM16-8_13.1 2.09E+09 2.05E-03 5.60E-07 9.33 0.39 
JWJM16-8_14.1 2.10E+09 2.04E-03 2.45E-07 5.47 0.30 
JWJM16-8_14.2 2.12E+09 2.04E-03 3.22E-07 5.55 0.32 
JWJM16-8_15.1 2.09E+09 2.04E-03 2.35E-07 5.78 0.30 
JWJM16-8_16.1 2.07E+09 2.05E-03 5.42E-07 9.36 0.38 
JWJM16-8_18.1 2.08E+09 2.05E-03 3.05E-07 8.93 0.31 
JWJM16-8_19.1 2.11E+09 2.04E-03 9.00E-08 5.47 0.27 
JWJM16-8_20.1 2.09E+09 2.04E-03 2.55E-07 5.09 0.30 
JWJM16-8_21.1 2.06E+09 2.04E-03 2.88E-07 4.89 0.31 
JWJM16-8_22.1 2.08E+09 2.04E-03 1.45E-07 5.07 0.28 
JWJM16-8_23.1 2.08E+09 2.04E-03 3.09E-07 4.95 0.31 
JWJM16-8_23.2 2.10E+09 2.04E-03 1.41E-07 4.82 0.28 
JWJM16-8_24.1 2.07E+09 2.04E-03 5.46E-07 5.11 0.38 
JWJM16-5_1.1r 2.06E+09 2.04E-03 3.07E-07 5.26 0.31 
JWJM16-5_1.2c 2.06E+09 2.04E-03 5.49E-07 4.42 0.39 
JWJM16-5_2.1c 2.34E+09 2.04E-03 3.80E-07 5.00 0.33 
JWJM16-5_2.2r 2.32E+09 2.04E-03 5.01E-07 4.96 0.37 
JWJM16-5_3.1r 2.04E+09 2.04E-03 9.40E-08 5.67 0.28 
JWJM16-5_4.1c 1.99E+09 2.04E-03 2.62E-07 5.03 0.30 
JWJM16-5_5.1r 2.02E+09 2.04E-03 2.63E-07 5.58 0.30 
JWJM16-5_5.2c 2.12E+09 2.04E-03 2.81E-07 4.56 0.31 
JWJM16-5_6.1c 2.00E+09 2.04E-03 6.37E-07 5.09 0.42 
JWJM16-5_7.1c 2.07E+09 2.04E-03 4.55E-07 5.16 0.35 
JWJM16-5_8.1r 2.09E+09 2.04E-03 6.86E-07 5.19 0.44 
JWJM16-5_9.1c 2.09E+09 2.04E-03 1.24E-07 4.96 0.28 
JWJM16-5_10.1r 2.09E+09 2.04E-03 5.19E-07 4.98 0.37 
JWJM16-5_11.1r 2.01E+09 2.04E-03 1.84E-07 4.31 0.29 
JWJM16-5_12.1r 2.05E+09 2.04E-03 4.80E-07 4.83 0.36 
JWJM16-5_13.1r 2.08E+09 2.04E-03 3.93E-07 5.23 0.33 
JWJM16-5_14.1r 2.05E+09 2.04E-03 1.55E-07 4.96 0.28 
JWJM16-5_14.2c 2.07E+09 2.04E-03 5.48E-07 4.94 0.39 
JWJM16-5_15.1r 2.03E+09 2.04E-03 3.24E-07 5.09 0.32 
JWJM16-5_16.1r 2.05E+09 2.04E-03 1.12E-07 5.05 0.28 
JWJM16-5_17.1r 2.07E+09 2.04E-03 2.19E-07 5.40 0.29 
JWJM16-5_17.2c 2.04E+09 2.04E-03 2.95E-07 5.21 0.31 
JWJM16-5_18.1r 2.02E+09 2.04E-03 1.45E-07 4.83 0.28 
JWJM16-5_18.2c 2.05E+09 2.04E-03 6.30E-08 4.58 0.27 
JWJM16-5_19.1r 2.03E+09 2.04E-03 5.95E-07 4.94 0.40 
JWJM16-5_19.2c 2.04E+09 2.04E-03 4.53E-07 4.65 0.35 
JWJM16-5_21.1r 2.28E+09 2.04E-03 3.00E-07 5.17 0.31 
JWJM16-5_23.1r 2.23E+09 2.04E-03 2.69E-07 5.13 0.30 
JWJM16-5_23.2c 2.25E+09 2.04E-03 2.35E-07 5.47 0.30 

continued 
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Table B.5. Zircon oxygen isotopic compositions (continued) 

Analytical spot 16O (CPS) 18O/16O ratio 2 18O (‰,VSMOW) 2 (external) 

JWJM16-5_24.1c 2.22E+09 2.04E-03 2.69E-07 5.26 0.30 
JWJM16-5_S1.1c 2.14E+09 2.04E-03 3.76E-07 5.76 0.33 
JWJM16-5_S2.1c 2.13E+09 2.04E-03 5.89E-07 5.21 0.40 
JWJM16-5_S3.2r 2.18E+09 2.04E-03 1.23E-07 5.14 0.28 
JWJM16-5_S5.1c 2.18E+09 2.04E-03 5.82E-07 5.83 0.40 
JWJM16-5_S6.1c 2.15E+09 2.04E-03 3.79E-07 5.57 0.33 
JWJM16-5_S7.1c 2.15E+09 2.04E-03 6.98E-07 4.72 0.44 
JWJM16-5_S8.1c 2.15E+09 2.04E-03 3.50E-07 5.88 0.32 
JWJM16-4_1.1c 2.05E+09 2.04E-03 2.92E-07 4.36 0.31 
JWJM16-4_1.2r 2.07E+09 2.04E-03 4.19E-07 4.95 0.34 
JWJM16-4_2.1c 2.08E+09 2.04E-03 4.28E-07 3.30 0.35 
JWJM16-4_3.1r 2.06E+09 2.04E-03 4.13E-07 5.49 0.34 
JWJM16-4_3.2c 2.05E+09 2.04E-03 5.59E-07 5.01 0.39 
JWJM16-4_4.1r 2.02E+09 2.04E-03 2.54E-07 4.44 0.30 
JWJM16-4_4.2c 1.89E+09 2.04E-03 2.62E-07 4.55 0.30 
JWJM16-4_5.1r 2.07E+09 2.04E-03 3.54E-07 5.10 0.32 
JWJM16-4_6.1r 2.07E+09 2.04E-03 2.40E-07 4.92 0.30 
JWJM16-4_6.2c 2.04E+09 2.04E-03 4.77E-07 4.15 0.36 
JWJM16-4_7.1r 2.03E+09 2.04E-03 3.82E-07 4.98 0.33 
JWJM16-4_7.2c 2.01E+09 2.04E-03 2.87E-07 5.10 0.31 
JWJM16-4_8.1c 2.00E+09 2.04E-03 3.16E-07 4.53 0.31 
JWJM16-4_8.2r 1.99E+09 2.04E-03 4.18E-07 4.57 0.34 
JWJM16-4_9.1r 2.01E+09 2.04E-03 1.63E-07 5.27 0.28 
JWJM16-4_9.2c 2.00E+09 2.04E-03 5.15E-07 5.04 0.37 
JWJM16-4_11.1r 2.10E+09 2.04E-03 6.20E-07 4.56 0.41 
JWJM16-4_11.2c 2.07E+09 2.04E-03 2.80E-07 4.98 0.31 
JWJM16-4_13.1r 2.08E+09 2.04E-03 3.90E-07 5.23 0.33 
JWJM16-4_13.2c 2.01E+09 2.04E-03 2.37E-07 4.42 0.30 
JWJM16-4_14.1r 1.97E+09 2.04E-03 1.44E-07 4.71 0.28 
JWJM16-4_14.2c 2.03E+09 2.04E-03 3.98E-07 4.84 0.34 
JWJM16-4_15.1r 2.09E+09 2.04E-03 2.15E-07 5.05 0.29 
JWJM16-4_15.2c 2.07E+09 2.04E-03 3.60E-07 5.02 0.33 
JWJM16-4_16.1r 2.00E+09 2.04E-03 2.26E-07 4.81 0.29 
JWJM16-4_16.2c 2.04E+09 2.04E-03 4.82E-07 4.69 0.36 
JWJM16-4_17.1r 2.05E+09 2.04E-03 3.41E-07 5.10 0.32 
JWJM16-4_17.2c 1.98E+09 2.04E-03 6.58E-07 4.77 0.43 
JWJM16-4_18.1c 1.97E+09 2.04E-03 3.23E-07 4.09 0.32 
JWJM16-4_18.2r 1.99E+09 2.04E-03 6.12E-07 4.63 0.41 
JWJM16-4_S1.1c 2.17E+09 2.04E-03 3.54E-07 5.18 0.32 
JWJM16-4_S2.1c 2.13E+09 2.04E-03 7.59E-07 4.87 0.47 
JWJM16-4_S2.2r 2.12E+09 2.04E-03 1.77E-07 5.26 0.29 
JWJM16-4_S3.1c 2.14E+09 2.04E-03 3.61E-07 5.29 0.33 

continued 
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Table B.5. Zircon oxygen isotopic compositions (continued) 

Analytical spot 16O (CPS) 18O/16O ratio 2 18O (‰,VSMOW) 2 (external) 

JWJM16-4_S4.1c 2.20E+09 2.04E-03 8.83E-07 5.27 0.52 
JWJM16-4_S5.1c 2.18E+09 2.04E-03 2.44E-07 5.62 0.30 
JWJM16-4_S6.1c 2.17E+09 2.04E-03 5.99E-07 5.43 0.40 
JWJM16-4_S6.2r 2.13E+09 2.04E-03 2.14E-07 5.41 0.29 
JWJM16-4_S7.1r 2.09E+09 2.04E-03 3.22E-07 5.15 0.32 
JWJM16-4_S9.1c 2.17E+09 2.04E-03 3.79E-07 5.29 0.33 
JWJM16-4_S10.1c 2.14E+09 2.04E-03 1.28E-07 6.48 0.28 
JWJM16-4_S10.2r 2.10E+09 2.04E-03 2.08E-07 5.03 0.29 
JWJM16-4_S11.1r 2.12E+09 2.04E-03 1.40E-07 5.50 0.28 
JWJM16-10_1.1 2.65E+09 2.04E-03 2.32E-07 6.45 0.29 
JWJM16-10_1.2 2.68E+09 2.04E-03 1.88E-07 6.06 0.28 
JWJM16-10_2.1 2.63E+09 2.04E-03 5.53E-07 5.89 0.38 
JWJM16-10_3.1 2.61E+09 2.04E-03 1.58E-07 5.87 0.28 
JWJM16-10_4.1 2.56E+09 2.04E-03 2.28E-07 5.83 0.29 
JWJM16-10_4.2 2.53E+09 2.04E-03 1.57E-07 6.40 0.28 
JWJM16-10_5.1 2.59E+09 2.04E-03 2.30E-07 5.94 0.29 
JWJM16-10_6.1 2.54E+09 2.04E-03 4.54E-07 5.61 0.35 
JWJM16-10_7.1 2.49E+09 2.04E-03 1.39E-07 6.18 0.28 
JWJM16-10_7.2 2.51E+09 2.04E-03 4.23E-07 6.06 0.34 
JWJM16-10_8.1 2.55E+09 2.04E-03 3.12E-07 5.57 0.31 
JWJM16-10_8.2 2.45E+09 2.04E-03 3.19E-07 5.71 0.31 
JWJM16-10_9.1 2.54E+09 2.04E-03 6.00E-08 5.92 0.27 
JWJM16-10_10.1 2.54E+09 2.04E-03 3.05E-07 5.68 0.31 
JWJM16-10_10.2 2.49E+09 2.04E-03 2.19E-07 5.97 0.29 
JWJM16-10_11.1 2.60E+09 2.04E-03 2.72E-07 5.20 0.30 
JWJM16-10_11.2 2.50E+09 2.04E-03 3.08E-07 5.89 0.31 
JWJM16-10_12.1 2.49E+09 2.04E-03 4.39E-07 5.25 0.35 
JWJM16-10_12.2 2.41E+09 2.04E-03 4.14E-07 5.38 0.34 
JWJM16-10_13.1 2.53E+09 2.04E-03 4.06E-07 5.60 0.34 
JWJM16-10_14.1 2.45E+09 2.04E-03 2.06E-07 5.98 0.29 
JWJM16-7_1.1 2.25E+09 2.04E-03 2.59E-07 6.19 0.30 
JWJM16-7_1.2 2.21E+09 2.04E-03 6.10E-07 5.62 0.41 
JWJM16-7_2.1 2.29E+09 2.04E-03 3.49E-07 6.02 0.32 
JWJM16-7_3.1 2.24E+09 2.04E-03 6.59E-07 5.80 0.43 
JWJM16-7_4.1 2.21E+09 2.04E-03 3.36E-07 6.35 0.32 
JWJM16-7_5.1 2.25E+09 2.04E-03 7.90E-08 5.16 0.27 
JWJM16-7_5.2 2.19E+09 2.04E-03 9.60E-07 5.73 0.55 
JWJM16-7_6.1 2.21E+09 2.04E-03 4.04E-07 5.54 0.34 
JWJM16-7_7.1 2.13E+09 2.04E-03 2.52E-07 6.59 0.30 
JWJM16-7_7.2 2.19E+09 2.04E-03 5.41E-07 6.27 0.38 
JWJM16-7_8.1 2.26E+09 2.04E-03 3.47E-07 5.76 0.32 
JWJM16-7_9.1 2.19E+09 2.04E-03 1.50E-07 6.25 0.28 

continued 
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Table B.5. Zircon oxygen isotopic compositions (continued) 

Analytical spot 16O (CPS) 18O/16O ratio 2 18O (‰,VSMOW) 2 (external) 

JWJM16-7_9.2 2.23E+09 2.04E-03 1.35E-07 4.94 0.28 
JWJM16-7_10.1 2.07E+09 2.04E-03 1.80E-07 5.36 0.29 
JWJM16-7_10.2 2.12E+09 2.04E-03 3.16E-07 5.18 0.31 
JWJM16-7_11.1 2.15E+09 2.04E-03 4.37E-07 5.85 0.35 
JWJM16-7_11.2 2.11E+09 2.04E-03 2.10E-07 5.09 0.29 
JWJM16-7_12.1 2.12E+09 2.04E-03 3.66E-07 5.71 0.33 
JWJM16-7_13.1 2.13E+09 2.04E-03 3.71E-07 6.17 0.33 
JWJM16-7_14.1 2.15E+09 2.04E-03 7.40E-08 5.73 0.27 
JWJM16-7_15.1 2.15E+09 2.04E-03 3.71E-07 5.93 0.33 
JWJM16-3_1.1 2.19E+09 2.04E-03 3.86E-07 5.97 0.33 
JWJM16-3_2.1 2.13E+09 2.04E-03 4.87E-07 4.76 0.36 
JWJM16-3_2.2 1.80E+09 2.04E-03 3.71E-07 5.01 0.33 
JWJM16-3_3.1 1.99E+09 2.04E-03 3.87E-07 5.59 0.33 
JWJM16-3_4.1 2.00E+09 2.04E-03 2.10E-07 5.34 0.29 
JWJM16-3_5.1 2.00E+09 2.04E-03 4.18E-07 5.66 0.34 
JWJM16-3_6.1 1.97E+09 2.04E-03 1.90E-07 5.34 0.28 
JWJM16-3_6.2 1.98E+09 2.04E-03 2.03E-07 5.16 0.29 
JWJM16-3_7.1 2.00E+09 2.04E-03 4.58E-07 4.81 0.35 
JWJM16-3_8.1 1.95E+09 2.04E-03 3.39E-07 5.35 0.32 
JWJM16-3_9.1 1.90E+09 2.04E-03 5.02E-07 5.41 0.37 
JWJM16-3_9.2 1.90E+09 2.04E-03 2.16E-07 5.28 0.29 
JWJM16-3_10.1 1.92E+09 2.04E-03 3.70E-07 7.51 0.33 
JWJM16-3_10.2 1.93E+09 2.04E-03 2.39E-07 7.33 0.29 
JWJM16-3_11.1 1.89E+09 2.04E-03 5.36E-07 4.75 0.38 
JWJM16-3_12.1 1.84E+09 2.04E-03 3.07E-07 5.29 0.31 
JWJM16-3_13.1 1.90E+09 2.04E-03 3.31E-07 5.38 0.31 
JWJM16-3_13.2 1.88E+09 2.04E-03 4.37E-07 5.21 0.35 
JWJM16-3_14.2 2.66E+09 2.04E-03 1.58E-07 5.44 0.28 
JWJM16-3_15.1 2.58E+09 2.04E-03 3.61E-07 6.12 0.32 
JWJM16-3_15.2 2.59E+09 2.04E-03 3.72E-07 6.60 0.33 
JWJM16-3_16.1 1.85E+09 2.04E-03 2.78E-07 4.99 0.30 
JWJM16-3_17.1 2.68E+09 2.04E-03 4.22E-07 5.46 0.34 
JWJM16-3_18.1 1.86E+09 2.04E-03 1.69E-07 5.10 0.28 
 c zircon core; r zircon rim.18O = {(18O/16O)sample/(18O/16O)VSMOW–1} × 1000, and (18O/16O)VSMOW = 0.0020052; VSMOW-

Vienna standard mean ocean water; CPS-counts per second.  
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B.2. Supplementary Figures 

 

Figure B.1. Mixing between different endmembers (Type 1 mafic magma, Tschicoma, Paliza Canyon and Bearhead) 

based on whole-rock Pb and Nd isotopes. Large variations in Pb and Nd isotopes exist in all units and averages are 

used for individual units. To produce the compositional range of the Bandelier Tuff and associated ignimbrites (brown 

box), Type 1 mafic magma accounts for >25% when mixing with Bearhead alone, and accounts for >45% (b) to >60% 

(a) when mixing with Tschicoma alone. Taking Paliza Canyon into mixing model would reduce the amount of Type 1 

mafic magma needed. The red line represents mixing between the Type 1 mafic magma and a mixture of Tschicoma, 

Paliza Canyon and Bearhead with an arbitrary proportion of 48:32:20, which shows >25% (b) to >45% (a) of the Type 

1 mafic magma is required to produce the Bandelier compositions. All data are from Wolff et al. (2005) and Rowe et al. 

(2007). 
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Figure B.2. Pre-conditioning time vs. magma extrusion rate for several supervolcanic systems including the Otowi and 

Tshirege Members of the Bandelier Tuff (Wolff and Ramos, 2014; Phillips et al., 2007; Goff et al., 2014; Cook et al., 

2016), Sapinero Mesa Ignimbrite (Lipman, 2007), Bishop Tuff (Hildreth and Wilson, 2007), Cerro Galán Ignimbrite 

(Folkes et al., 2011), Lava Creek Tuff (Matthews et al., 2015; Lanphere et al., 2002), Oruanui Rhyolite (Wilson and 

Charlier, 2009; Barker et al., 2014) and the Youngest Toba Tuff (Mark et al., 2014; Lee et al., 2004). Pre-conditioning 

time is calculated as the age span of pre-supereruption volcanism for slow systems, and the repose time between 

supereruptions for fast systems. Magma extrusion rate is calculated using total erupted magma volume divided by the 

pre-conditioning time. The repose time is longer than zircon age span [e.g., 140 ka for the Tshirege Member, 250 ka 

for the Oruanui Rhyolite (Wilson and Charlier, 2009), and 186 ka for the Lava Creek Tuff (Matthews et al., 2015)] for 

all fast systems. Therefore, the repose time should approximate a maximum pre-conditioning time and the resulting 

magma extrusion rate shown here is a minimum. The zircon age span is a minimum pre-conditioning time and the 

corresponding magma extrusion rate is a maximum. Note that the pre-conditioning time for the Lava Creek Tuff (631 

ka, Matthews et al., 2015) is the repose time between itself and the Huckleberry Ridge Tuff (2.059 Ma, Lanphere et al., 

2002) instead of the Mesa Falls Tuff (1.285 Ma, Lanphere et al., 2002), which is not produced by a supereruption. 
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Appendix C. Abstracts for Chapters 2, 3 and 4 

C.1. Abstract for Chapter 2 

Mineralogical Evidence of Pre-caldera Magma Petrogenesis in the Jemez Mountains 

Volcanic Field, New Mexico, USA 

The Jemez Mountains volcanic field is the site of the two voluminous, caldera-forming members of the 

Bandelier Tuff, erupted at 1.60 and 1.25 Ma, following a long and continuous pre-caldera volcanic history 

(~10 m.y.) in this region. Previous investigations utilizing whole rock geochemistry identified complex 

magmatic processes in the two major pulses of pre-caldera magmatism including assimilation-fractional 

crystallization (AFC) and magma mixing. Here we extend petrologic investigation of the pre-caldera 

volcanic rocks into the micro-realm and use mineral chemistry and textural information to refine magma 

evolution models. The results show an increasing diversity of mineral populations as the volcanic field 

evolved. A range of plagioclase textures (e.g. sieved cores and rims) indicate disequilibrium conditions in 

almost all pre-caldera magmas ranging from andesite to rhyolite, reflecting plagioclase dissolution and 

regrowth. Coarsely sieved or dissolved plagioclase cores are explained by resorption via water-

undersaturated decompression during upward migration from a deep MASH (melting, assimilation, storage 

and homogenization) zone. Plagioclase crystals with sieved rims are almost ubiquitous in dacite-dominated 

magmatism (La Grulla Plateau andesite and dacite erupted at ~8-7 Ma, as well as Tschicoma Formation 

andesite, dacite and rhyolite at ~5-2 Ma), reflecting heating induced by magma mixing. These plagioclase 

crystals often have An-poor cores that are chemically distinct from their An-rich rims. The existence of 

different plagioclase populations is consistent with two distinct amphibole groups that co-crystallized with 

plagioclase: a low-Al, low-temperature, high-fO2 group, and a high-Al, high-temperature, low-fO2 group. 

Calculation of melt Sr, Ba, La, and Ce concentrations from plagioclase core and rim compositions suggests 

these chemical variations are largely produced by magma mixing. Multiple mafic endmembers were 

identified that may be connected by AFC processes in the MASH zone in middle-lower crust. The silicic 

component in an early andesite-dominated magmatic system (Paliza Canyon andesite, dacite and rhyolite, 

10-7 Ma) is represented by contemporaneous early rhyolite (Canovas Canyon Rhyolite). A silicic mush 

zone in the shallow crust is inferred as both the silicic endmember involved in the dacite-dominant magmatic 

systems and source of the late low-temperature rhyolite (Bearhead Rhyolite, 7-6 Ma). Recharging of the 

silicic mush by mafic melts can explain observed diversity in both mineral disequilibrium textures and 

compositions in the dacitic magmas. Overall, the pre-caldera JMVF magmatic system evolved towards 

cooler and more oxidized conditions with time, indicating gradual thermal maturation of local crust, building 
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up to a transcrustal magmatic system, which culminated in “super-scale” silicic volcanism. Such 

conditioning of crust with heat and mass by early magmatism might be common in other long-lived volcanic 

fields. 

C.2. Abstract for Chapter 3 

Crustal Pre-conditioning for Successive Rhyolitic Supereruptions 

Crustal pre-conditioning by magmatism leading to “supereruptions” may take only a few hundred thousand 

years (fast systems), or up to several million years (slow systems). Rates are generally controlled by mass 

and heat fluxes from deep crustal reservoirs, but it is not clear how such voluminous magma bodies build 

over time and then respond to changes following evacuation. We present new zircon age, trace element 

and isotopic data from the Jemez Mountains volcanic field to show how both fast and slow pathways lead 

to supereruptions from the same magmatic system. Zircon crystal inheritance shows magma from the first 

supereruption included at least three precursor plutons and basement rock. This demonstrates a prolonged 

period (>8.4 million years) of upper crustal modification and gradual thermal maturation to form a 

transcrustal magmatic system. Absence of any inherited zircon in the second supereruption indicates a 

change in behaviour and magma supply rate, with thermal resetting of the old magma reservoir following 

evacuation and rapid construction of a new supersized body of magma. The change in accumulation rates 

is not only a function of the thermal and chemical maturation of the crust, but appears to correlate to 

elevated magma supply rate that can be aided by previous supereruptions. 

C.3. Abstract for Chapter 4 

Long-lived Dacitic Magmatic Systems and Recharge Dynamics in the Jemez Mountains 

Volcanic Field 

We examine the connected history of dacite-dominant volcanic rocks of the Tschicoma Formation, erupted 

between 5.5 and 2 Ma from the Jemez Mountains volcanic field (JMVF). Samples from two separate 

eruptions have continuous age spectra spanning 0.84-1.08 m.y duration, with an older tail of a 0.28-0.50 

m.y. gap. This reflects the long-term presence of zircon-saturated melt lenses. In detail, age distributions 

are complex, showing growth over 3-4 episodes. Zircon chemical variations, as well as ubiquitous resorbed 

textures, suggest that they grew in separate melt lenses. We envisage the lenses to be distributed in a 

crystal mush zone, coalescing into a single magma batch as magma recharge (or compression/shear 

focussing) occurs shortly before eruption. Calculation of Sr and Ce concentrations in melt in equilibrium 

with Tschicoma zircons indicates a long-lived (~1.3 Ma) silicic mush, recharged by new magmas from depth 

every ~200 ka. This study places new frequency constraints on the magma supply rates needed to keep a 
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large upper crustal magmatic system operating. Once active, increasing magma supply rates may trigger 

large scale partial melting (and melt connection) and catastrophic caldera-forming eruptions, but the mush 

system decline may be very slow, even under decreasing supply rates. 
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