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Abstract

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, western USA. Zircon samples from two separate eruptions have continuous
SHRIMP U-Pb age spectra spanning 0.84—1.08 Myr duration (3.12-3.96 Ma and 3.50-4.58 Ma, respectively), following
an episode of zircon crystallization 0.28-0.50 Myr earlier (at 4.46 Ma and 4.86 Ma, respectively). Zircon chemical vari-
ations, as well as ubiquitous resorption textures that commonly show large core-rim age differences (up to 720-740 kyr),
suggest that they grew in separate melt lenses. Zircons were likely stored at near-solidus or even sub-solidus conditions after
crystallization, but may have been reactivated in response to at least four major magma recharge events every 300—400 kyr
and smaller events in between. A cycle of zircon dissolution (from heating), recrystallization (during cooling), and storage
repeated in different locations in the Tschicoma mush system throughout its lifespan; each recharge-induced heating stage
may last for several hundred to more than a thousand years based on calculations of zircon dissolution. We envisage the
melt lenses to be distributed in a crystal mush zone, coalescing into a single magma batch as magma recharge occurs shortly
before eruption. Once active, increasing magma supply rates may trigger large-scale partial melting of the pre-existing mush
and caldera-forming eruptions.
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Introduction

With the potential to survive magmatic re-entrainment
while preserving its original age and composition, zir-
con is considered the most useful petrologic tool to reveal
magma longevity and assembly history (Hawkesworth and
Kemp 2006; Siebel et al. 2009; Walker et al. 2010). Large
volcanic systems in the shallow crust are frequently found
to have lifespans > 100 ky, based on zircon age variation
(e.g., Whakamaru ignimbrite, Brown and Fletcher 1999;
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young rhyolitic systems at Long Valley, Reid et al. 1997;
the Youngest Toba Tuff, Reid and Vazquez 2017). In some
cases, continuous zircon age spectra can be as large as 1-2
Myr for both incrementally grown plutonic systems (e.g.,
Spirit Mountain batholith, Walker et al. 2007) and inter-
mediate-to-silicic volcanic systems (e.g., the Aucanquilcha
volcanic cluster, Walker et al. 2010; Timber Mountain com-
plex, Bindeman et al. 2006; Kneeling Nun Tuff, Szymanow-
ski 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 may be more thermally
efficient to maintain than a melt-dominated magma cham-
ber (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 rejuvena-
tion as long as magma supply rates are sufficient to keep
the system operating (e.g., Cooper and Kent 2014; Rubin
et al. 2017; Szymanowski et al. 2017; Kent and Cooper
2018). In the present study, we use zircon geochronology
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and compositions to unravel the construction, evolution, and
persistence of a long-lived magmatic system.

The Jemez Mountains volcanic field (JMVF) in north-
central New Mexico is located at the junction of the Rio
Grande rift and the Jemez lineament, a Neoproterozoic
subduction-induced suture (Shaw and Karlstrom 1999;
Karlstrom et al. 2002). Major construction of the JIMVF
started at~ 10 Ma (Fig. 1; Gardner et al. 1986; WoldeGa-
briel et al. 2007; Kelley et al. 2013), upon a substrate of
Paleozoic sedimentary rocks and Proterozoic basement
(Smith et al. 1970; Brookins and Laughlin 1983). Early
erupted products from 10 to 6 Ma varied from basaltic
to rhyolitic lavas, dominated by the ~ 1000 km® andesite-
dominant intermediate composition Paliza Canyon Forma-
tion. After a 0.5 Myr hiatus, renewed volcanic eruptions
occurred in the northern and eastern JMVF, volumetrically
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Fig.1 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; Wu et al. 2020) and stratigraphic column (b) show-
ing 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. CP Cerro Pelon (east), MG Mesa de la Gallina
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dominated by the dacite-dominant intermediate-to-silicic
Tschicoma Formation (~ 500 km?) that erupted between
5.5 and 2 Ma (Gardner et al. 1986; Kelley et al. 2013).
This new stage of volcanism corresponded to reactivation
of local tectonic activity that shifted eastward from the
Cafiada de Cochiti fault zone to the Pajarito fault zone at
5-4 Ma (Fig. 1; Gardner and Goff 1984). The later stages
of Tschicoma activity are accompanied by eruptions of
mafic lavas in peripheral areas (the Cerros del Rio and El
Alto basaltic fields). Following small-scale rhyolitic erup-
tions at~ 1.85 Ma, which are thought to represent early
magma leakage from the large Bandelier system, two epi-
sodes of caldera-forming eruptions at 1.60 and 1.25 Ma,
respectively, produced the voluminous Otowi and Tshirege
members of the Bandelier Tuff (a dense rock equivalent
magma volume of ~400 km?> each; Phillips et al. 2007;
Gardner et al. 2010; Goff et al. 2014; Wolff and Ramos
2014, Cook et al. 2016).

This study focuses on the Tschicoma Formation lavas
erupted during ~5-2 Ma (Kelley et al. 2013), covering an
area of ~911 km? (estimated based on the surface expo-
sure in Fig. 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 km? (Gardner
et al. 1986). Exposure of Tschicoma rocks on the western
caldera rim (Fig. 1) indicates that Tschicoma magmas likely
also erupted in the central field, but their vents and flows
were destroyed and overprinted by the two super-scale cal-
dera-forming events. Tschicoma lavas are dominantly dacitic
domes and coulées, with subordinate andesite and rhyolite.

Magma mixing occurred during Tschicoma petrogenesis
based on both whole-rock geochemistry (Rowe et al. 2007),
and mineral texture and chemistry (Wu et al. 2020). From
whole-rock geochemistry, Rowe et al. (2007) modelled the
chemical variability of the Tschicoma Formation as a sim-
ple mixture between basaltic andesite, represented by mafic
enclaves within the dacites from northeast field, and a silicic
crustal endmember (represented by Otowi granitoid lithic
fragments). Wu et al. (2020) carried out a detailed chemical
and textural study on major mineral phases (including pla-
gioclase and amphibole) from the Tschicoma dacites, sug-
gesting a more complex magma evolution with three mafic
endmembers and one silicic endmember. Plagioclase with
disequilibrium textures (e.g., patchy-core and sieved-rim)
commonly has a Ca-poor core and Ca-rich rim, consistent
with magma mixing/recharge, while two groups of amphi-
bole, characterized by low-Al and high-Al compositions,
indicate low- and high-temperature crystallization, respec-
tively. Based on mineral trace-element data, Wu et al. (2020)
concluded that the Ca-poor plagioclase and low-Al, low-
temperature amphibole were crystallized in an upper crustal
silicic mush that was frequently recharged by less-evolved
magmas from middle-lower crust.
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As a reliable geochronometer, zircon is also a host for
a range of trace elements (including rare-earth elements),
and variations in zircon trace elements reflect changes in
compositions of its host melt. We hypothesize that zircons
from the Tschicoma dacites have large age spectra similar
to the previously mentioned long-lived magmatic systems
(e.g., the Aucanquilcha volcanic cluster), and thus record
age-constrained compositional changes throughout the life-
time of this upper crustal silicic mush zone. Therefore, we
conducted age dating, trace element, and O-isotopic analy-
ses, on zircons from the Tschicoma dacites to test if the
magma recharge and mixing events identified by Wu et al
(2020) are recorded in Tschicoma zircons and to under-
stand the assembly and persistence of the pre-caldera silicic
magma reservoir. For this study, two Tschicoma dacite sam-
ples were collected from the Mesa de la Gallina lava flow
(sample JWIM16-4 with 67.93 wt% SiO, on an anhydrous
basis) erupted from the Tschicoma Peak and the Cerro Pelon
(east) Dome (sample JWIM16-5 with 67.38 wt% SiO, on an
anhydrous basis), referred to as MG dacite and CP dacite,
respectively (Fig. 1; see Table S1 in Supplementary Appen-
dix for the whole-rock compositions). The two sampling
sites are in northeast JMVF, the area where most surviving
Tschicoma rocks are located. Both samples are porphyritic
(41-43 vol% crystallinity) and the major mineral phases are
plagioclase (22.9-29.1 vol%), clinopyroxene (4.3-8.9 vol%),
orthopyroxene (4.5-4.9 vol%), and amphibole (4.4-4.8
vol%). Minor biotite and alkali feldspar are observed only
in the CP dacite. These samples were chosen based on
whole-rock chemistry (Rowe et al. 2007) indicating zircon
saturation. The vents from which they were erupted are
located ~ 12 km apart so likely represent separate parts of the
magmatic system, or individual systems. Previous “°Ar/*’Ar
dating shows that the CP Dome (3.64 +0.03 Ma) formed
later than the MG lavas that range in age from 3.66 +0.09
t0 4.49 +0.15 Ma (Kelley et al. 2013).

Methods
Sample preparation

The two Tschicoma samples were cleaned and crushed
into coarse powders using a jaw crusher followed by a disk
mill. The crushed samples went through a Gemini table
utilizing water flow and vibration to remove light minerals
(e.g., plagioclase) and matrix. The reduced samples were
subsequently separated into four different size fractions
(>250 pm, 250-150 um, 150-60 um, and <60 um) by wet
sieving. Samples in the size fractions of 250-150 pm and
150-60 um 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 hand-
picked under binocular microscope. Separated zircon grains
were mounted with standard zircon Temora-2 at Australian
National University (ANU). In total, 189 zircon grains (33 of
size 250—-150 um and 156 of size 150-60 um) from sample
JWJIM16-4, and 210 grains (43 of size 250—150 pm and 167
of size 150-60 um) from sample JWIM16-5 were mounted
and ground to expose interior. Zircon cathodoluminescence
(CL) images were taken using Scanning Electron Micros-
copy (SEM) at Victoria University of Wellington to reveal
textural details. Based on the CL images, representative zir-
con grains were sequentially analysed for U-Pb age dating,
oxygen isotope ratios, and trace-element concentrations. The
three types of analyses were conducted at the same locations
with a slight polish to remove the U-Pb SHRIMP pits before
the O-isotopic analyses. Zircons with resorbed cores and
overgrowth of new rims potentially record multiple growth
events, and they are thus the main target for analyses on
both core and rim. All data are initially reported by Wu et al.
(2021) and shown in Supplementary Table S2.

Zircon U-Pb dating

Zircon samples were analysed for U-Pb isotope ratios with
SHRIMP II at ANU, with a spot size of ~25 pm and primary
O,” beam mainly between 5 and 6 nA. During the analy-
ses, Temora-2 reference zircon was analysed after each two
or three unknown zircon grains. The U-Pb data were cor-
rected for common Pb using the measured 2**U/2%°Pb and
207pp/206ph ratios following Tera and Wasserburg (1972)
as outlined in Williams (1998). The final U-Pb ages were
corrected for initial >**U-?*"Th disequilibrium using cor-
responding whole-rock Th/U ratios (data from Wu et al.
2020) following Schirer (1984). Pb loss is unlikely in the
MG and CP zircons for the following reasons: (1) most zir-
con data are either on or close to the concordia curve in the
Tera—Wasserburg (T-W) diagram (Fig. S1 in Supplementary
Appendix); (2) the volume diffusion rate of Pb in crystal-
line zircon crystal is extremely slow at crustal conditions
(e.g., D=1.1 pm*Myr at T=900 °C, Cherniak and Wat-
son 2001), and the MG and CP zircons are large (a length
of ~ 140-480 pum) crystals that are hosted in fresh lavas
younger than 5 Ma.

Zircon oxygen isotopes

After U-Pb dating, the zircon samples were analysed for
O-isotopic compositions using the SHRIMP SI at ANU,
with a spot size of ~25 pm. During the analytical session,
reference zircons FC-1 and Temora-2 were used as calibra-
tion and internal standards, respectively. Corrected '#0/'%0
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ratios are reported in 8'30 notation, in permil variations
relative to Vienna standard mean ocean water (VSMOW).
8'%0 = {('*0/'°0) gy mpie/(*0/°0)yspow—11} X 1000, and
(130/'°0)ygpow = 0.0020052. All §'80 values were cali-
brated against standard zircon FC-1 [5.61 +£0.14%o, 20,
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%c (26). Average 5'%0 for
Temora-2 zircon, 7.98%o, is within analytical uncertainty to
the accepted value, 8.20%0 (Valley 2003; Black et al. 2004).

Zircon trace elements

After zircon O-isotope analyses, zircon grains were ana-
lysed for trace-element concentrations using an Agilent
7700 s-lens ICP-MS coupled with an ES/NWR 193 ArF
excimer laser at the University of Auckland. Synthetic ref-
erence glasses GSE-1G and GSD-1G (Jochum et al. 2005)
were used as primary and secondary standards respectively,
both analysed after every ten unknowns. The analyses were
conducted with an ablation size of 55 um. Compared to
SHRIMP analyses, the larger spot size during laser ablation
means more zones were averaged in some texturally complex
zircon grains. Data were collected during 60 s of ablation
time with rep rate of 5 Hz and laser energy ~8 J/cm?. The
final data were internally normalized using 2°Si and GSE-1G
as a calibration standard. The 1SD values of repeated analy-
sis of secondary standards (GSD-1G) are 7.0% relative for
Hf and 2.7-5.4% relative for Ti, Sr, Nb, Ta, Y, and REE.

Results
Zircon texture

Zircon crystals are morphologically and texturally similar
between the two dacites. Zircon grains are transparent, or
occasionally brown coloured, and are all rich in inclusions
(Fig. 2). Most grains are short-to-long prisms with a length
of ~140-480 um, a width of ~60-240 um, and an aspect
ratio (length:width) of 1.5-4.9 (average of 2.4 with 1o of
0.5). In contrast to magmatic zircons that usually have flat
surfaces and sharp edges, many Tschicoma zircon crystals
are somewhat rounded, which indicates crystal resorption
before eruption (Fig. 2). Zircon CL images reveal complex
zoning patterns (Fig. 2 and Supplementary Fig. S2). Obvi-
ous 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 or sector zoned. A single
resorbed surface is commonly observed between cores and
rims (27% of CL imaged zircon grains); multiple resorptions
were not evident.

@ Springer

Zircon U-Pb age

Although zircons from the MG dacite record systematically
older ages than those from the CP dacite (3.50-4.86 Ma and
3.12-4.46 Ma, respectively), zircons from both samples have
continuous age spectra of ~1 Myr duration (3.50-4.58 Ma
and 3.12-3.96 Ma for MG and CP zircons, respectively),
following the first zircon growth events that are 0.28-0.50
Myr older (at 4.86 Ma and 4.46 Ma for MG and CP zircons,
respectively) (Fig. 3). The 1o age uncertainties range from
50 to 160 kyr, with an average of 90 kyr. Zircon from the MG
dacite shows a relatively uniform age distribution, while that
of the CP dacite is skewed toward younger populations. In
both samples, zircon cores and rims have similar age spans,
which are 3.50—4.86 Ma (core) and 3.53—4.55 Ma (rim) for
the MG zircons, and 3.21-4.46 Ma (core) and 3.12-3.72 Ma
(rim) for the CP zircons (Fig. 3). Core and rim analyses on
the same zircon grains tend to show age differences. A total
of 13 out of 19 zircon core-rim pairs from the MG dacite and
6 out of 9 zircon core-rim pairs from the CP dacite have old
cores and young rims with age difference much larger than
analytical uncertainty (140-280 kyr, sum of 1¢ uncertainties
of cores and corresponding rims; Fig. 4), up to 720-740 kyr
in both samples. Protracted zircon crystallization over time-
scales well outside the bounds of analytical uncertainties
means a weighted average age (4.10+0.09 Ma, N=48 and
3.50+0.09 Ma, N =39 for MG and CP zircons, respectively,
95% confidence) does not appropriately describe the com-
plexities of the data, which is evident from the corresponding
very large mean square of weighted deviation (MSWD =12
and 14, respectively; Kaiser et al. 2017). Here, we calculate
the average age of the youngest zircon grain clusters at 1o
uncertainty (e.g., Coutts et al. 2019). The calculated age for
the MG dacite (3.59+0.10 Ma, MSWD=0.74, N=4, 95%
confidence) agrees with the “°Ar/*’Ar eruption age (from
3.66+0.09 to 4.49 +0.15 Ma, Kelley et al. 2013). However,
the age for the CP dacite (3.21 +0.05 Ma, MSWD =0.41,
N=10, 95% confidence) postdates the reported “°Ar/*Ar
age (3.64 +£0.03 Ma, Kelley et al. 2013), but is consist-
ent with the K—Ar age (2.96 +0.27 Ma, Goff et al. 1989).
Therefore, the eruption ages for MG and CP dacites can
be approximated by the average age of the youngest zircon
grain clusters at 16 uncertainty.

Zircon O-isotopes and trace elements

Fractionation of O-isotopes between melt and zircon
(A0, .1 sireon) is controlled by melt composition and tem-
perature; we use 5'%0,; ., and 880, to denote 8'%0 values
for zircon and its host melt, respectively. Here, we calculate
O-isotopic compositions of melt in equilibrium with zircon
following the calibration of Qin et al. (2016) using calculated
melt compositions and the average zircon crystallization

melt
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Fig.2 Cathodoluminescence (CL) and plane polarized light (ppl)
images of selected zircons from the two Tschicoma dacites. White
ellipses labelled with analysis number mark location for both U-Pb
age and oxygen isotope analyses. Note that trace-element concentra-

temperatures (7'ri_i,_zircon» Calculated after Ferry and Watson
2007). Tri_in-zircon 18 calculated with ag;q, = 1.0 (small quartz
grains are present in the matrix) and ar;5,=0.78 (see Sup-
plementary Table S2 for results); the ar;q, value is based on
compositions of equilibrium Fe-Ti oxide pairs (Wu et al.
2020). We note that the selected ar;q, value based on Fe—Ti
oxide pairs likely reflects conditions for magma immediately
before eruption rather than magma in equilibrium with zir-
con (Hou et al. 2020). However, an analysis of sensitivity
shows that a decrease of 0.2 in ar;q, value only results in an
average temperate increase of 28 °C, which is smaller than
the uncertainty of the thermometer itself (average of 35 °C).
We use an average temperature for the calculation, as a 50 °C
temperature increase only results in a decrease of ~0.1%o

in A0, .1ircon Value. We also note that the whole-rock

tions were analysed at the same location as the SHRIMP pits, but
with a larger spot size (55 vs 25 um). Zircon age (Ma) followed by
8'80,00n (%0, VSMOW) is shown after the analysis number, with 1o
uncertainty shown

composition is unlikely to represent the melt in equilibrium
with the MG and CP zircons, given that MG and CP dacites
are crystal-rich and the zircons crystallized over a timespan
of ~ 1 Myr. Major-element compositions for melt in equilib-
rium with Tschicoma zircons are calculated by subtracting
major mineral phases from the whole-rock compositions by
mass balance (detailed calculations and results are avail-
able in Supplementary Appendix). Volumetric percentages
of minerals are based on point-counting on thin sections, and
major-element compositions for plagioclase, pyroxene, and
amphibole are averages based on electron microprobe analy-
sis (EMPA data from Wu et al. 2020). The calculated melts
are rhyolitic in composition for both samples (75 and 73
wt% SiO, for MG and CP samples, respectively; Supplemen-
tary Table S1). Using calculated melt major compositions

@ Springer
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Fig.3 Histogram of the age distribution for zircon cores (a and d),
rims (b and e) and a combination of both (¢ and f) from the two
Tschicoma dacites with probability density function (PDF) curves
shown. The average 1o uncertainty (90 kyr) is close to the bin width.
PDF is calculated as a sum of normal distributions of all individual
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Fig.4 Zircon age difference between cores and rims in individual
grains from the two Tschicoma dacites. The vertical error bar repre-
sents the sum of 2c uncertainties of core and rim, and the horizontal
error bar is the 26 uncertainty for zircon rim age

and whole-rock Zr concentration, the calculated zircon
saturation temperature based on Watson and Harrison
(1983) is ~780 °C, which is higher than the weighted aver-
age Tiinzircon at~730 °C, although the model of Boehnke
et al. (2013) gives a lower zircon saturation temperature
at~730 °C. Tschicoma zircons may have crystallized from
a range of melt compositions, given their diversity in chem-
ical compositions. Calculation of A0, 1, ircon Using the
MG and CP whole-rock compositions (67.93 and 67.38 wt%
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age analyses. Individual episodes of zircon growth identified by age
unmixing calculations are marked with green dashed lines. Grey
shades in the background are the ranges of Ar—Ar and K-Ar ages
(3.664.49 Ma and 2.96-3.64 Ma for MG and CP dacites, respec-
tively) from Kelley et al. (2013) and Goff et al. (1989)

Si0,, respectively) decreases the A0, . .. value by
0.26-0.27%o. Those uncertainties are relatively small when
compared to the large 8'%0 variation (1.73%o, excluding two
extremely high and low values) in the Tschicoma zircons.
We also compare 8'%0 between Tschicoma zircons and those
from two pre-Tschicoma units (Paliza Canyon low-Si dacite
and Bearhead rhyolite; whole-rock data are available in Sup-
plementary Table S1) in a later section. For A0, ;. ircon
calculation, Paliza Canyon melt compositions are also calcu-
lated by mass balance removal of major mineral phases from
whole-rock compositions; the A®0,_;, . .., value increases
only by 0.13%0 when compared to the result based on Paliza
Canyon whole-rock composition. For the Bearhead rhyo-
lite, we simply used the whole-rock composition to calculate
A0, 1sireon iVen its low crystal content (10 vol%). Cal-
culated A0, ;. ,irecon Values based on different melt com-
positions are available in Supplementary Appendix. Zircons
from both Tschicoma samples show similar large but contin-
uous 380, ,, variations (5.84—7.37%o and 5.99-7.56%o for
MG and CP samples, respectively), except for two extremely
high (8.23%0) and low (5.05%o) calculated §'%0,,, values
recorded in zircon cores from the MG dacite (Fig. 5a). Both
samples have similar §'0,, ., PDF curve peaks above the
normal-8'80 range (mantle differentiation array, ranging
from 5.8 +£0.2%o for parent mantle basalts to 6.1 +0.3%o
for their resulting rhyolites at ~90% fractional crystalliza-
tion; Bindeman et al. 2004), while the MG dacite has a small
shoulder at normal mantle range (Fig. 5a). Both the MG and
CP dacites yield similar weighted average zircon-derived
8'%0,,;, values (6.72 +0.51%0 and 6.79 +0.37%o, respec-
tively; 1o uncertainty). Though both zircon cores and rims
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Fig.5 Variation of zircon com-
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record similar large variations in 8'30;,, most core and rim
analyses on the same grains show rim-ward increases in both
samples (17 out of 25 zircon core-rim pairs; Fig. 5a and 6a).

Trace-element concentrations in Tschicoma zircons show
large variations and do not follow obvious broad patterns
(Figs. 5 and 6). Contemporaneous zircon grains (with ages
overlapping within 1o uncertainty) from the MG and CP

Age (Ma)

samples have similar trace-element compositions, and thus,
all zircon grains form a continuum in the composition-age
space. Trace-element outliers are defined as greater than 26
of the mean and are excluded in the following comparison
between MG and CP zircon compositions. Compared to
the zircons from the CP dacite, those from the MG dacite
have similar ranges in Ti (which is used for calculation of
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Fig.6 Rim-ward compositional variations with AZr/Hf in individual
zircon grains from the two Tschicoma dacites, including zircon-

derived 8'%0,,,, (a), crystallization temperature (b), trace-element melt melt melt

zircon crystallization temperature, Ty, _yircon; 637-803 vs
684790 °C), U (165-1192 vs 147-1144 ppm), Sr (0.62-3.61
vs 0.34-3.67 ppm), Th/U (0.31-0.98 vs 0.35-0.96), Zr/Hf

(35-54 vs 36-52) and (Dy/Yb)y (0.08-0.19 vs 0.10-0.19,
where N is normalization to chondrite values after Sun and
McDonough 1989), slightly less Eu anomalies (Euy/Eu*,
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where Eu* = \/ (Smyx Gdy), N denotes chondrite normal-
ized; 0.21-0.56 vs 0.28-0.67), but larger overall and core-
rim variations in Y +REE (1023-5694 vs 917-4322 ppm)
and Nb (75-124 vs 65-112 ppm). Both samples have a
crystallization temperature (Triin sircon) Mode centered
at~730 °C. In the MG dacite, zircon cores generally show
larger chemical variations than rims. There are notable rim-
ward decreases in Y + REE (20 out of 27 zircon core-rim
pairs) and Nb (17 out of 27 pairs), as well as increases in Eu
anomaly (11 out of 18 pairs), correlating overall with U-Pb
ages. Core-rim variations in other trace elements do not fol-
low any consistent pattern.

Discussion
History of zircon growth

Zircon grains from the two samples have similar PDF curves
of age distribution, characterized by relatively flat distribu-
tion during 3.7-4.4 Ma (MG) and 3.2-3.6 Ma (CP) without
notable peaks (Fig. 3c and f). The extremely high MSWD
values (> 10) for each sample indicate zircon crystallization
over a time period that far exceeds the analytical uncertain-
ties, with average ages not reflecting the complexities of the
age populations. To determine how many zircon popula-
tions 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 sug-
gest three (at 3.31+0.02, 3.67+0.02, and 4.46 +0.07 Ma,
1o uncertainty; with a proportion of 57%, 40%, and 3%,
respectively, and a relative misfit value of 0.060; CP zir-
cons) and four (at 3.73+0.04, 4.07 +0.03, 4.38 +0.02 and
4.85+0.08 Ma, 1o uncertainty; with a proportion of 31%,
33%, 33% and 2%, respectively, and a relative misfit value
of 0.033; MG zircons) 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. Although the calculated age peak
at~4.4 Ma is represented by only one zircon grain in the
CP dacite, it is also observed in the MG zircons as a main
sub-group. The significance of the age peak at~4.8 Ma is
uncertain, since it is represented only by one MG zircon
grain. This indicates at least four major episodes of zircon
growth (at~3.3, 3.7, 4.1, and 4.4 Ma, Fig. 3) in the Tschi-
coma magmatic systems. Core and rim age differences in
individual zircon grains almost cover the full age range
recorded in each sample, from within analytical uncertain-
ties to over 700 kyr (Fig. 4). Sector or oscillatory zoned
zircons without notable resorption feature normally have
small core-rim age differences (<310 kyr). In zircons with
a resorption texture, cores are commonly > 330 kyr older
than corresponding rims. Resorbed old zircon cores clearly

resulted from dissolution via heating and/or change to zir-
con-undersaturated melt compositions, indicating incorpora-
tion of pre-existing zircon from earlier emplaced intrusions
during Tschicoma activity. The zircon grains with the larg-
est core-rim age difference (~ 700 kyr) in both MG (grain
no. 4; Fig. 2) and CP (grain no. 19; Fig. 2) samples have
a~4.4 Ma resorbed core and a~3.7 Ma rim, which corre-
spond to two major episodes of zircon growth. The ~4.4 Ma
cores, once formed, likely were stored for ~ 700 kyr before
they went through a dissolution-recrystallization-storage
process at~3.7 Ma. Afterwards, the CP zircon grain was
stored for another ~ 500 kyr before a second rejuvenating
event that led to eruption at~3.2 Ma. The MG zircon grain
was only stored for another ~ 100 kyr before the eruption
event at ~ 3.6 Ma. Magma can be stored at near-solidus tem-
peratures during most of its lifespan before rapid remobiliza-
tion (e.g., Cooper and Kent 2014). Numerical modelling by
Calogero et al. (2020) shows that at elevated crustal ambient
temperatures (> 600 °C), regional partial melting surround-
ing any emplaced magmas from depth can persist on the
order of thousands of years with the potential to solidify
again, depending on the volume of magma emplaced. Cal-
culated zircon crystallization temperatures (i, yircon) aT€
centered at~730 °C (Fig. 5b). MELTS modelling (Gualda
and Ghiorso 2015) shows that the Tschicoma magma repre-
sented by the MG and CP whole-rock compositions at such
a low temperature should be mushy, containing >60% crys-
tals (assuming a pressure of 238 MPa and oxygen fugacity
at NNO + 1.3, where NNO is the nickel-nickel oxide fO,
buffer, Wu et al. 2020). Therefore, the Tschicoma antecrystic
zircons and their host magma pockets likely experienced
long-term storage at near-solidus or even sub-solidus con-
ditions punctured by large heating—cooling events. Major
zircon growth events are more likely to have occurred epi-
sodically every 300-400 kyr in response to pulsed magma
recharge that caused periodical temperature and/or composi-
tion fluctuations in the magma reservoir.

Despite pulses in growth rates, overall continuous zir-
con crystallization ages suggest the presence of zircon-
saturated melts continuously over one million years, indi-
cating frequent small magma recharge and cooling events
in between the major events. Zircon recycling and crystal-
lization followed by storage must have occurred contem-
poraneously over most of the protracted magma history,
given the largely overlapped age range between cores and
rims (Fig. 3a, b, d and e). The different zircon crystalliza-
tion or dissolution histories imply their residence within
different parts of the Tschicoma reservoir. Zircons formed
during a single major growth period normally show
large compositional variations including zircon-derived
8"80, 1> Triin-sircon» Us Z/HE, and Euy/Eu* (Fig. 5) favour-
ing zircon growth in separate melt lenses with different
compositions. Individual zircon-saturated melt lenses had
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been forming and cooling in an upper crustal mush zone
throughout its lifespan, potentially resulting from magma
recharge/intrusion at varying locations through time. Such
melt lenses developed more extensively during each major
zircon growth events. The hotter, less-evolved recharge
magma can partially melt its surrounding older intrusions
(at near-solidus or even sub-solidus conditions) and mix
with the resulting melts and crystal cargo (e.g., Hughes
et al. 2021), causing dissolution of the pre-existing zir-
cons. The hybrid magma may go through a cooling pro-
cess during which zircon regrowth occurs. We assume
a temperature of 905 °C (calculated from the high-Al
amphiboles that crystallized during/after magma recharge/
mixing in the mush zone; Wu et al. 2020) for the hybrid
magma, and its composition is approximated by the MG
and CP whole-rock data. Zirconium concentration in the
magma is 524—-836 ppm Zr below saturation, depending
on different zircon saturation models (e.g., Watson and
Harrison 1983 or Boehnke et al. 2013). Dissolution cal-
culations based on Eq. 17 of Watson (1996) suggest that
it takes 1200-1800 years to completely dissolve a zircon
crystal with a radius of 157 um (average half-length of
MG and CP zircons). It takes 500-1200 years to reduce
such a zircon to the size of the two resorbed zircon cores
discussed earlier (radius of 120 and 88 pm, respectively,
for MG grain no.4 and CP grain no.19), which is the
maximum time for the heating process during the major
recharge event at~3.7 Ma. Although MG and CP zircons
are not in a spherical geometry, the calculated dissolution
timescales should be valid in the order of magnitude. The
heating periods during more frequent smaller recharge
events should be shorter and on the order of hundreds
of years. Preservation of antecrystic zircons covering an
age span of ~1 Myr suggests that the recharge-induced
melting/mixing-recrystallization-storage cycle repeated
frequently in different parts of the large mush zone, and
each melting stage may have lasted for several hundred
to more than a thousand years (< 500-1200 years). Zir-
cons crystallized and were stored at temperatures signifi-
cantly lower than those calculated from low-Al amphiboles
(815+16 °C, 1o) from the Tschicoma silicic mush zone
(Wu et al. 2020). The presence of low-T zircon in higher-T
liquid requires either unlocking of crystal mush by heat-
ing, or mixing of near-minimum rhyolitic melt with mafic
magma to produce dacite. The ubiquitous rounded zircon
surfaces resulting from dissolution also indicate residence
in zircon-undersaturated melt before eruption, and may
be indicative of thermal events not represented by Ti-in-
zircon thermometry which only preserves conditions of
zircon saturation. Separate melts lenses were connected
during such pre-eruption remobilization, producing the
complex crystal population seen in each eruption.
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Evolution of the Tschicoma magmatic systems

Forming andesitic and dacitic magmas at polygenetic centers
often involves magma mixing and mingling (Walker et al.
2010; Kent et al. 2010; Fodor and Johnson 2016), which are
commonly recorded in disequilibrium mineral textures and
occurrence of mafic enclaves (e.g., Crater Lake, Bacon and
Lanphere 2006). Evidence for magma mixing in Tschicoma
dacites from the northern JMVF 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 (Wu et al. 2020). Negative
Eu anomalies (Euy/Eu*) and decreasing Zr/Hf mainly result
from fractional crystallization of feldspar and zircon, respec-
tively, since feldspar preferentially incorporates Eu, and zir-
con has larger partition coefficients for Zr than Hf (Claiborne
et al. 2006). Therefore, zircon Euy/Eu* and Zr/Hf ratio can
serve as fractionation index for its host melt (Schmitt et al.
2017). Zr/Hf ratios do not show consistent variation pat-
terns with age or from core to rim, but rim-ward decrease
in Zr/Hf is more frequently observed (in 16 out of 27 zircon
core—rim pairs; Figs. Sh and 6). A broad trend of increasing
Euy/Eu* (with a consistent rim-ward increase; 11 out of 18
pairs) toward younger zircon in Tschicoma samples (Figs. 5j
and 6i) instead reflects zircon crystallization from less and
less fractionated melt, consistent with magma recharge and
mixing. 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)y
(Fig. 5c—g and 1). Compared to the younger CP zircons,
Y +REE and Nb concentrations are more scattered in the
older MG zircons. No consistent compositional variations
are observed from core to rim, but rim-ward decreases are
predominant in Y + REE (20 out of 27 zircon core—rim pairs)
and Nb (17 out of 27 pairs) (Fig. 6e and f).

Zircon crystallization temperatures based on Ti con-
centration (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. 5b and 6b). The variation of temperature through time
does not show apparent thermal spikes corresponding to the
four episodes of major zircon growth events (Fig. 5b). This
is not surprising given that Ti-in-zircon thermometry only
records magma temperatures that drop below zircon satura-
tion. This limitation of using only zircon temperature-age
distributions to decipher thermal history is recognized (Kent
and Cooper 2018).

Regardless of the large variations in trace elements, rim-
ward increase in zircon-derived 880, ,, is observed in 17
out of 25 zircon core-rim pairs (Figs. 5a and 6a). Based on
a textural and chemical (major and trace elements) study
of plagioclase and amphibole from Tschicoma dacites, Wu
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et al. (2020) proposed mixing between an upper crustal
silicic mush and recharging mafic magma. The O-isotopic
composition of the silicic mush can be approximated by
the Bearhead Rhyolite (zircon-derived 8'*0,,, range of
6.71-7.96%0 with a weighted average of 7.37 +£0.10%o,
lo; data from Wu et al. 2021); the Tschicoma silicic mush
and the Bearhead magmatic system may have been sourced
from the same partial melts derived from mid-crustal mate-
rial given their chemically similar low-Ca plagioclase and
low-Al amphibole (Wu et al. 2020). The recharging mafic
magma is compositionally and isotopically similar to the
Paliza Canyon rocks, and thus, its O-isotopic composition
can be approximated by a low-Si Paliza Canyon dacite with
zircon-derived 8'%0,;, range of 5.93-7.15%0 (weighted
average of 6.45+0.08%o, 1o0; data from Wu et al. 2021).
This range extends above the normal-8'80 range, consist-
ent with assimilating crustal components (Wolff et al. 2005;
Rowe et al. 2007) that are enriched in 8'%0. If Tschicoma
zircon crystals recorded the same mixing history, the rims
formed in the hybrid magma should have SISOmeh compa-
rable to the Paliza Canyon magma (mafic melt), and the
cores to the Bearhead Rhyolite. The §'%0,,;, range between
Tschicoma zircon rims and Paliza Canyon zircon is almost
identical. Although a range of the Tschicoma zircon cores
have §'%0,,, values similar to the Bearhead rhyolite, more
than half of the cores have lower 8'%0,,, values, either com-
parable to or even lower than Paliza Canyon magma; two
cores are at the lower limit for normal-8'%0 range (e.g., man-
tle basalt value of 5.8 + 0.2%0) and one core is within low-
5'%*0 magma range. To produce these low-8'30, ., Tschic-
oma zircon cores, the initial crustal-derived high-6180 melt,
assumed to be represented by the Bearhead Rhyolite, must
have exchanged O-isotopes with low-5'%0 component such
as hydrothermally altered upper crust. In the JMVF, pre-
Tschicoma hydrothermal systems developed at~8 Ma and
during the waning stage of Bearhead volcanism (7-6 Ma;
WoldeGabriel and Goff 1989; Goff et al. 1992), which
spatially overlaps the Tschicoma volcanics in the northern
JMVF (Kelley et al. 2013). Assimilating hydrothermally
altered crust probably was associated with the earlier shal-
low Bearhead magma reservoir (Justet and Spell 2001). This
is consistent with the geographic location of the two sam-
ples; the south MG dacite is closer to the Bearhead system
than the north CP dacite, and recorded the lowest calculated
8'80,,¢ values in its zircon cores.

A 0.5 Myr lull (6-5.5 Ma) in volcanic activity between
the Bearhead and Tschicoma volcanism corresponded to
reduced tectonic activity. Renewed local extension was
characterized by eastward shift of rift-bounding faults from
the Cafiada de Cochiti fault zone to the Pajarito fault zone
at 5-4 Ma (Fig. 1; Gardner and Goff 1984). Such change
in fault activity might be an essential control on the loca-
tion of magma storage and magma-—crust interaction during

Tschicoma activity. The Tschicoma magma reservoir is
located between the two major fault zones (Fig. 1), where
mid-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 a large
hybrid silicic magma reservoir in turn may also have pro-
moted the eastward shift of the major fault zone (Gardner
and Goff 1984).

Compositions of melts in equilibrium with zircon can be
calculated based on partition coefficients reported by Sano
et al. (2002), based on compositional similarities. Zircon-
derived melts show larger variations in rare-earth elements
(REE), compared to the whole-rock data of Tschicoma
lavas from northeast JIMVF (Fig. 7). When normalized to
chondrite values, zircon-derived melts (for both samples)
and whole-rocks both have light rare-earth element (LREE)
enriched patterns. Melts calculated from most zircon cores
and almost all rims are slightly depleted in middle rare-
earth elements (MREE) compared to heavy rare-earth ele-
ments (HREE). Propagation of 16 error on partitioning data
shifts calculated equilibrium melt compositions slightly, but
overall trends and differences between core and rim popula-
tions are preserved (Supplementary Fig. S3). Similar to the
diversity in zircon-derived melt compositions, calculated
melt Sr, Ba, La, and Ce based on plagioclase compositions
also show much larger variations than whole-rock data (Wu
et al. 2020), suggesting that the complex growth records of
crystal cargos are often erased during whole-rock analyses.
Coexistence of two groups of both plagioclase (An-poor core
and An-rich rim) and amphibole (low-Al low-temperature
and high-Al high-temperature) in Tschicoma dacites shown
by Wu et al. (2020) suggests that the compositionally more
evolved crystal groups were recycled from an upper crustal
silicic mush and the less-evolved populations were crystal-
lized during or after mixing with more primitive recharge
magmas. Crystal recycling is consistent with prolonged zir-
con crystallization and resorption textures. The REE com-
positions of melts in equilibrium with Tschicoma amphi-
boles are also calculated based on partition coefficients
from Nandedkar et al. (2016) to be compared directly with
those calculated from zircons (amphibole REE data from
Wu et al. 2020). Melts calculated from both high-Al and
low-Al amphiboles also have LREE-enriched patterns that
are similar to melts calculated from zircon (Fig. 7). Whole-
rock data do not show obvious Eu anomalies (0.90-1.00).
High-Al amphibole-derived melts have large variations in
Eu anomalies (0.59-1.41), and low-Al amphibole-derived
melts have consistent negative Eu anomalies (0.43-0.81) and
higher REE concentrations (Figs. 7 and 8). Compared to
melts derived from amphibole, zircon-derived melts show a
similar range of Eu anomalies (0.36—1.53; Fig. 8). Negative
Eu anomalies suggest zircon and amphibole co-crystallized
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Fig.7 Chondrite normalized 100000
rare-earth elements (REE) pat-
terns for melts calculated from
zircons in the Mesa de la Gal-
lina dacite (a) and Cerro Pel6n 2
(east) dacite (b). Whole-rock 1000 % N
data and amphibole-derived N\ &
melt compositions are also
shown for comparison (data
from Rowe et al. 2007 and Wu
et al. 2020). Chondrite values
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with feldspar. Weak and positive Eu anomalies are evidence
for recycling and dissolution of feldspar into magma or mix-
ing with more mafic magma. This is consistent with major
zircon growth events every 300—400 kyr from heating by
recharge magma and subsequent cooling. Such periodic
large magma recharge events (along with smaller events that
had persisted in between) might be essential to thermally
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maintain the upper crustal mush and chemically modify the
magmatic systems. Gradual thermal and chemical matu-
ration of the Tschicoma magmatic systems is reflected by
lower proportions of older antecrystic zircons (Fig. 3) and
less chemical variations (e.g., Y + REE and Nb) in zircons
from 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
mush and combined isolated melt lenses into a single super-
sized magma chamber to produce the Bandelier Tuff (Rowe
et al. 2007; Wolff and Ramos 2014; Wu et al. 2021). This
transition marked the change from lower magnitude effusive
individual dacitic eruptions into a rhyolitic supereruption.

Magma supply rates in long-lived magmatic system

Geochemical modelling suggests that the Tschicoma mag-
matic system was constructed of a series of melt lenses,
identified by compositional and age variations. Magma
supply rates are inherently important to maintaining the
thermal structure of the transcrustal magmatic plumbing
system and the development of individual melt lenses
(Takada 1999). In the JMVF, the average eruption rate
decreases from the early stage of volcanism (0.25 km*/kyr
during ~ 10-6 Ma) to Tschicoma activity (0.14 km*/kyr
during 5.5-2 Ma; Gardner et al. 1986; Kelley et al. 2013).
Such reduced volcanic output may partly be attributed to
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retaining more magmas in the middle-lower crustal levels,
as the IMVF magmatic systems evolved toward shallower
crustal levels (based on two-pyroxene barometry; Wu et al.
2020). More likely, this reflects a decrease in magma sup-
ply rate (e.g., Grunder et al. 2008). Here, we define magma
supply rate as magma volume supplied from lower crust
over a period of time, which may cool down as intrusions
or erupt along with other magmas. We assume that the
magma supply rate is proportional to magma eruption
rate, that can be more accurately calculated (Grunder et al.
2008). Assuming a minimum plutonic:volcanic ratio of 4:1
(a common range is between 4:1 and 16:1 for silicic sys-
tems, de Silva and Gosnold 2007) during the Tschicoma
volcanism, the minimum magma supply rate during Tschi-
coma activity is 0.7 km*/kyr. Considering recharge events
occurring every 300-400 kyr during Tschicoma activity,
this rate suggests one cycle of large magma recharge and
subsequent smaller events may have contributed as much
as 210-280 km? magma to the silicic mush zone. The ear-
lier intermediate-silicic magmas (Paliza Canyon low-Si
dacite, La Grulla high-Si andesite, and Bearhead rhyo-
lite) erupted during ~ 10-6 Ma, have unimodal zircon age
distributions, and do not contain antecrystic zircons from
earlier intrusions (Wu et al. 2021), which might be a result
of effectively thermal resetting of pre-existing zircon due
to high magma supply rate. It is noteworthy that although
separate melts saturated in zircon periodically existed over
one million years during Tschicoma activity, unlike the
Otowi Member of the Bandelier Tuff that preserved zir-
cons derived from earlier periods of magmatism including
the Paliza Canyon (10-7 Ma), Bearhead (7-6 Ma), and
Tschicoma (5.5-2 Ma), as well as Proterozoic basement
(Wu et al. 2021), the Tschicoma lavas do not show any
zircon inheritance from the older plutons (> 6 Ma) and the
basement rock. The lack of Bearhead and Paliza Canyon
zircons may indicate that the JMVF pre-caldera magma-
tism occurred in separate domains (Wu et al. 2021). The
Tschicoma melt lenses were likely effectively shielded
from pristine Proterozoic basement rocks by the surround-
ing mush zone, as proposed for the San Juan volcanic field
(e.g., Riciputi et al. 1995), which explains the absence
of inherited Proterozoic zircons. Preservation of the large
spread of zircon age distribution in Tschicoma dacites is
likely enhanced by two conditions. First, the Tschicoma
systems are located in upper crust that was thermally (and
also chemically) modified over a few million years’ earlier
magmatism (~ 10—6 Ma) and thus capable of accommodat-
ing low-temperature crystal mush over a long time. Sec-
ond, 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’, i.e., above
the petrologic solidus. For example, the absence of older
zircons in the Tshirege Member of the Bandelier Tuff is

attributed to efficient thermal dissolution of zircons in the
relic Otowi mush due to a high rate of magma supply (Wu
et al. 2021). Many long-lived plutons (e.g., Spirit Moun-
tain batholith, Walker et al. 2007) may represent a differ-
ent fate of such a system when magma supply rates were
too low. The Aucanquilcha volcanic cluster in the Andes of
northern Chile (AVC, Walker et al. 2010, 2013) is a com-
parable long-lived intermediate-to-silicic continental vol-
canic field to the Tschicoma Formation magmatic systems.
Both volcanic fields show ~ 10 Myr magmatic evolution
from diverse intermediate compositions to more homog-
enous 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. Both systems show prolonged zircon
crystallization over timescales of million years with peri-
odic magma recharge (Walker et al. 2010).

In the AVC, the early two stages of activity show an
increase in eruption rate from ~0.013 km?/kyr (~ 11-8 Ma)
to 0.027 km*/kyr (~6—4 Ma). Output rate during the subse-
quent peak stage (~4-2 Ma) reaches a maximum of 0.077
km?>/kyr, which is followed by a sharp decrease to 0.04 km?/
kyr in the recent waning stage since 1 Ma (Grunder et al.
2008). The overall volcanic output in AVC (0.03 km?/kyr,
Grunder et al. 2008) is significantly lower than that of the
JMVF pre-caldera stage (10-2 Ma, 0.19 km3/kyr), reflected
by erupted volumes (325 vs 1500 km?). This suggests that
smaller magmatic systems can be sustained at relatively
lower magma supply rate. Nonetheless, an almost 50%
decrease in magma eruption rate from the peak to the recent
stage in AVC is similar to the decrease in output rate from
the early stage to the Tschicoma volcanism in the IMVF. It
is worth noting that magma output rates at AVC and IMVF
(pre-caldera stage) are above the lower limit (<0.01 km?/
kyr) of the eruption rates for intermediate-to-silicic magma
from the global compilation of White et al. (2006), but are
1-2 orders of magnitude lower than their calculated average
values (2.3—4 km3/kyr). The recent AVC volcanism (since
1 Ma) also has zircon age distributions spreading over 1
Myr, in contrast to the restricted zircon age range (less than
500 kyr) during the 4—~2 Ma peak stage of AVC volcanism,
which is explained by pervasive dissolution of antecrystic
zircons during the period of elevated magma output (also
supply) rate (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 rhyolitic Bandelier magmatic system,
whereas the comparable AVC dacite-dominant magmatic
system is in a waning stage, likely to cease activity (Grunder
et al. 2008).
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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 Myr). Individual zircon
grains also show core-rim age differences up to 720-740
kyr, comparable to the whole zircon age range. Zircon age
variations in both lavas far exceed analytical uncertainties
(56-160 kyr, 10), and thus indicate a complex history of
zircon growth including recycling of antecrystic zircon,
supported by resorption texture in zircon cores. Presence
of zircon-saturated melts and thus zircon growth occurred
throughout the whole prolonged magmatic history, but major
growth likely happened episodically as at least four pulses as
indicated by unmixing calculations of the U-Pb ages; con-
temporaneous zircon crystallization and dissolution indicate
crystal residence in separate melt lenses during most of the
pre-eruption history. Once crystallized, zircons were likely
stored at near-solidus or even sub-solidus conditions, but
could be remobilized by major magma recharge events every
300400 kyr, and more frequent smaller events in between,
that kept the long-lived silicic mush zone alive. Each period
of heating/mixing may last for several hundred to more than
a thousand years (< 500-1200 years) before cooling-induced
crystallization and storage. 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 imply gradual
chemical and thermal maturation of the volcanic field, which
eventually led to the supersized Bandelier magmatic system.
When compared with other long-lived intermediate-to-silicic
magmatic systems, incremental growth of magma reservoirs
involving mingling with and recycling of precursor plutons
over million years timescales is likely common. Magma sup-
ply rate is an essential control on the fate of such long-lived
mushy magmatic systems; its fluctuation may either intro-
duce large-scale partial melting leading to a caldera-forming
silicic magma chamber, or terminate the magmatic system.
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