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[1] The *°Ar/*°Ar ages for rocks from the Valles caldera, New Mexico, imply that
resurgent uplift of the caldera floor occurred within 27 + 27 ka of caldera collapse. The
structural resurgent dome of the Valles caldera was uplifted approximately 1000 m
above the surrounding caldera floor during resurgence. The upper Bandelier Tuff, which
yields an age of 1.256 + 0.010 Ma (20; ages relative to Fish Canyon tuff sanidine at
28.02 Ma), is the lower constraint on the timing of resurgence. The oldest postcollapse
ring fracture dome, Cerro del Medio, is the upper time constraint and yields an age of
1.229 + 0.017 Ma for one of its oldest flow lobes. Therefore resurgent uplift probably
occurred within 54 ka, at a minimum rate of 1.9 cm/yr. Sanidine phenocrysts from
rhyolites of the postcollapse intracaldera Deer Canyon and Redondo Creek members yield
40Ar/*°Ar single-crystal laser fusion ages ranging from 1.229 + 0.013 Ma to 1.283 +
0.017 Ma (Deer Canyon Member; n = 8) and 1.208 £ 0.017 Ma to 1.239 £ 0.017 Ma
(Redondo Creek Member; n = 4). With one exception from each unit, these ages are
statistically indistinguishable from the upper Bandelier Tuff, indicating that eruption of
these postcollapse rhyolites probably commenced shortly after caldera formation. Melt
inclusion hosted excess argon was not found to have a measurable effect on the age of
sanidine from the upper Bandelier Tuff or the Deer Canyon Member.
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on the duration of resurgence at the Valles caldera, New Mexico, J. Geophys. Res., 112, B08201, doi:10.1029/2006JB004511.

1. Introduction

[2] The collapse of large ignimbrite forming calderas is
often followed by uplift of the caldera floor to form a central
structural dome, a process known as resurgence [Smith and
Bailey, 1968]. Caldera resurgence can cause considerable
uplift. At the Valles caldera in New Mexico, the resurgent
dome rises over 1000 m above the surrounding caldera floor
[Smith and Bailey, 1968]. An understanding of the timing
and rates of resurgence is of interest not only for the study
of previously active calderas, such as the Valles caldera, but
for volcanic centers that have experienced more recent
uplift, such as Yellowstone, Long Valley, Campi Flegrei,
and Iwo-Jima [e.g., Jackson et al., 1984; Kaizuka et al.,
1989; Luongo et al., 1991; Sorey et al., 2003].

[3] The Valles caldera in the Jemez Mountains of New
Mexico is the type example of a resurgent caldera [Smith
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and Bailey, 1968]. Because of its young age (1.25 Ma) and
location in a relatively dry climate, it is well preserved and
yields important details about the nature and timing of
resurgence. Eruption of the upper Bandelier Tuff occurred
concurrently with the collapse of the Valles caldera and
resulted in the deposition of approximately 250 km® of
thyolitic ignimbrite and 15 km® (dense rock equivalent) of
precursor Plinian fall deposits [Self et al., 1996]. The Valles
caldera exhibits a distinct geometry in which the resurgent
dome lies near what was once the center of the collapsed
caldera. Intracaldera geologic relations on and near the
resurgent dome are complex, reflecting the chaotic nature
of the events that occurred after collapse [Goff et al.,
2006a]. Postcollapse intracaldera volcanism resulted in
eruption of the Deer Canyon and Redondo Creek members
of the Valles Rhyolite Formation, which are intricately
interlayered with caldera fill sediments. Megabreccia blocks
composed of precaldera lithologies are found intermixed
with intracaldera upper Bandelier Tuff [Phillips, 2004].
Postcollapse ring fracture domes reveal the location of the
caldera’s structural perimeter [Smith and Bailey, 1968].

[4] The primary purpose of this study is to better under-
stand the timing and duration of resurgence. The “°’Ar/*°Ar
dating method affords many advantages for dating Quater-
nary volcanic rocks, including a high level of precision.
This is important when attempting to resolve the ages of
rocks erupted within a relatively short period (<100 ka).
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Single-crystal laser fusion allows for the identification of
xenocrysts and crystals with anomalous ages, which are
common in rhyolitic ignimbrites. In this study, *°Ar/°Ar
geochronology is used (1) to determine the ages of the
postcollapse intracaldera Deer Canyon and Redondo Creek
members and (2) to date the upper Bandelier Tuff and Cerro
del Medio, the oldest postcollapse ring fracture dome, to
provide time constraints on resurgence. Establishing age
constraints on the duration of resurgence provides informa-
tion about the timing and rate of resurgent uplift. These
findings are then used to examine the physicomagmatic
nature of resurgence at the Valles caldera, to confirm that
resurgence commenced very soon after caldera collapse,
and to compare and contrast the Valles caldera with other
resurgent caldera systems.

2. Volcanism in the Jemez Mountains

[5] The Valles caldera is located in the Jemez Mountains
in north central New Mexico and is part of the Jemez
Volcanic Field (Figure 1). It is situated at the intersection of
the Rio Grande rift and the Jemez Lineament. The Rio
Grande rift is a major Cenozoic extensional feature that
extends from Colorado to Mexico [Chapin and Seager,
1975; Baldridge et al., 1980; Seager et al., 1984; Olsen et
al., 1987]. The Jemez Lineament is a northeast-southwest
trending zone of concentrated tectonic activity that has been
volcanically active from Miocene to Quaternary time
[Baldridge et al., 1983; Olsen et al., 1987].

[6] Volcanism in the Jemez Mountains commenced at
~16.5 Ma [Gardner and Goff, 1984; Gardner et al., 1986;
Golff and Gardner, 2004]. The stratigraphic relations in the
Jemez Volcanic Field were described by Bailey et al. [1969]
and Smith et al. [1970] and later refined by Gardner et al.
[1986] and Self et al. [1986]. The Bandelier Tuff and units
associated with the collapse and resurgence of the Valles
caldera, which are the focus of this study, are part of the
Tewa Group, which includes rocks between approximately
1.85 Ma and 0.04 Ma [Spell et al., 1996; Goff and Gardner,
2004]. The Bandelier Tuff Formation is divided into the
Tshirege Member and the Otowi Member, which are
referred to here by their informal names, the upper
Bandelier Tuff (UBT) and the lower Bandelier Tuff
(LBT), respectively.

[7] The LBT erupted at ~1.6 Ma, concurrently with the
collapse of the Toledo caldera [/zett and Obradovich, 1994;
Spell et al., 1996]. The eruption of the UBT and collapse of
the Valles caldera occurred at ~1.25 Ma. The Valles caldera
and the Toledo caldera probably shared the same location,
and the ring fracture of the Valles caldera lies within the
slightly larger ring fracture of the Toledo Caldera [Heiken et
al., 1986; Self et al., 1986]. The Cerro Toledo Rhyolite
formed a group of domes and tephra between the two
caldera forming eruptions [Stix et al., 1988; Spell et al.,
1996].

[s] Following collapse of the Valles caldera, resurgent
uplift of the caldera floor occurred, which formed a central
structural dome. This resurgent dome, known as Redondo
Peak, rises over 1000 m above the surrounding caldera floor
(Figure 1). Smith and Bailey [1968] described the Valles
caldera and proposed a seven-stage model for the formation
of resurgent calderas. In this model, resurgence follows
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caldera collapse and ignimbrite eruption, and therefore the
age of the UBT is an appropriate lower constraint on the
timing of resurgence.

[v9] The oldest Valles Rhyolite Formation eruptions were
of the Deer Canyon and Redondo Creek members, which
overlie intracaldera UBT [Smith and Bailey, 1968; Bailey et
al., 1969; Smith et al., 1970] (Figure 1). Stratigraphic
relationships show that at least some Deer Canyon Member
eruptions predate the Redondo Creek Member [Smith et al.,
1970]. The Deer Canyon Member includes rhyolitic lavas,
lithic tuffs, and breccias. Sanidine and quartz are the most
abundant phenocryst phases. The “Upper Tuffs” unit
described by Nielson and Hulen [1984] from wells drilled
on the resurgent dome consists of tuffs of the Deer Canyon
Member. The Redondo Creek Member consists primarily
of rhyolitic lavas and is unique among intracaldera units
because of its lack of quartz. Intracaldera stratigraphy is
complex and the Deer Canyon and Redondo Creek mem-
bers are found interlayered with caldera fill sediments,
which include debris flows and finer sedimentary material
of fluvial and lacustrine origin [Goff et al., 2006a; Chipera
et al., 2007].

[10] Megabreccia blocks of the type described by Lipman
[1976] are intermixed with UBT inside the Valles caldera
(Figure 1). The “°Ar/*°Ar ages for selected megabreccia
blocks are given by Phillips et al. [2007].

[11] Ring fracture rhyolite domes of the Valle Grande
Member of the Valles Rhyolite Formation encircle the
structural resurgent dome of the Valles caldera (Figure 1).
They were erupted between ~1.2 and 0.5 Ma [Spell and
Harrison, 1993; Singer and Brown, 2002]. Cerro del Medio,
the oldest ring fracture dome, is a dome and flow complex
with six distinctive effusive and at least two pyroclastic
eruptive phases [Gardner et al., 2006]. There is no apparent
tilting, faulting, or deformation of Cerro del Medio due to
resurgent uplift, although the base of the unit is not exposed.
The western edge of Cerro del Medio is less than 500 m
from the resurgent dome, where major graben faults exhibit
at least 300 m of displacement and show intense alteration
[Smith et al., 1970; Phillips, 2004; Goff et al., 2006a]. This
supports the premise that resurgent uplift was complete
before the emplacement of Cerro del Medio. It is therefore
our contention that the ages of the oldest flow lobes of
Cerro del Medio provide an appropriate upper constraint on
the timing of resurgence.

3. The *°Ar/*°Ar Methods

[12] Rocks selected for “°Ar/*°Ar dating consisted of four
UBT, eight Deer Canyon Member, four Redondo Creek
Member, and two Cerro del Medio samples. All samples,
with the exception of two UBT samples, were collected
within the Valles caldera (Figure 1). Where possible, sam-
ples were collected from outcrops with little or no alteration.
However, due to the extensive intracaldera hydrothermal
alteration and limited outcrop, some rocks with slight
hydrothermal alteration were sampled. In most samples,
phenocrysts were unaltered. For samples in which slight
alteration was present, including those from Cerro del
Medio, care was taken to hand-pick the most pristine
crystals for *°Ar/*°Ar analysis.
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106°30"
| Cerro
Santa Rosa

\ Qvvf

\
Cerro 13010 m

del Medio

°
15,16
South Vs
Mountain
2 Sample Location
(refer to Table 2)
VG Valle Grande
RP Redondo Peak
_ _ _ Valles Caldera
Ring Fracture

Valles
Caldera

Moat Volcanism

Qvbb: Banco Bonito lava flows and
minor pyroclastic beds

Qvbr: Battleship Rock ignimbrite
Qvec: El Cajete pumice beds

Qvvf: Valle Grande Member
Volcanic Domes and Flows
(includes Cerro del Medio)

Qrc: Redondo Creek Lavas
Qdc: Deer Canyon Member
Qdcl: Deer Canyon Lavas
Qdct: Deer Canyon Tuffs
Qus: Intracaldera Fluvial/Lacustrine
Qdf: Intracaldera Debris Flows

Qbt: Upper Bandelier Tuff

Qmbx: Megabreccia Blocks
(Lower Bandelier Tuff,
Precaldera Volcanics, Miocene
Sediments, Permian Redbeds,
Pennsylvanian Limestone)

Figure 1. Generalized map and stratigraphy of the Valles caldera modified from Smith et al. [1970].
Map includes Redondo Creek rhyolite and selected large megabreccia blocks mapped by Goff et al
[2005, 2006a, 2006b; Gardner et al., 2006]. Refer to Table 2 for sample locations. Caldera fill units (Qdf,
Qvs) are not shown for clarity. Spot elevations are shown for reference. Deer Canyon tuffs and lavas are
undivided. Sample points 15 and 16 are the Plinian fall deposit and outflow facies upper Bandelier Tuff,

respectively, that were sampled east of the caldera.

[13] Rock samples were crushed and sieved to obtain the
optimal size fraction for mineral separation (typically 425—
850 pm). Sanidine was separated by standard magnetic,
heavy liquid, and hand-picking techniques, and etched for
5-20 min in 15% hydrofluoric acid (HF).

[14] A Cameca SX-100 electron microprobe was used to
characterize the texture and chemistry of mineral separates
for “°Ar/*°Ar analysis and to assess the abundance and
character of melt inclusions for the study of excess argon.
The microprobe was particularly useful for identifying
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Table 1. Irradiation Data, Correction Factors, Discrimination Values, and Mass Spectrometer Sensitivity for Irradiations NM-160, NM-

165, and NM-172*

Irradiation NM-160°

Irradiation NM-165 Trradiation NM-172

Reactor facility Texas A&M University
Research Reactor®

Correction factors®

COAr7Ar)c, 0.00028 + 0.000005
C°Ar7 Ar)c, 0.0007 £ 0.00002
(*Ar°Ar) 0.0002 + 0.0003
Discrimination 1.00520 + 0.00172,

1.00737 £ 0.00192,
1.00743 £ 0.00124
Mass spectrometer 141 x 107'° (laser)

sensitivity, mol/pA

Ford Memorial Reactor,

Texas A&M Universit,
University of Michigan® X ort

Research Reactor®

0.00028 + 0.00001
0.00075 + 0.00005
0.0232 + 0.0009
1.00484 + 0.00092 and
1.00562 + 0.00081

0.00028 =+ 0.000005
0.0007 + 0.00002
0.0002 + 0.0003

1.005 + 0.001

1.56 x 107" (laser);
2.82 x 10" (furnace)

1.46 x 107" (laser)

#Samples and neutron flux monitors were placed in machined aluminum disks for irradiation. Crystals were loaded in holes of a known geometry in the
disks, which were stacked vertically and sealed in a Pyrex tube (NM-160, NM-172) or a quartz tube (NM-165).

®Samples and monitors from irradiation NM-160 were analyzed during two different time intervals, resulting in two different J factors for some samples.
The two J factors were not averaged because of possible variations in the actual discrimination values.

“Irradiated for 7 hours in the D3 position.
9Yrradiated for 9.9 hours in the L-67 position.
“Determined by analysis of CaF, and K glass.

'Samples were analyzed over a period of approximately 2 years, during which time discrimination values were assessed periodically.

samples containing altered sanidine crystals or crystals that
exhibited xenocrystic features such as a compositionally
mottled texture [Phillips, 2004]. For quantitative analysis of
feldspars, count times of 20 seconds were used for Na, K,
Ca, and errors for those elements were based on replicate
analysis of feldspar reference material [ Phillips et al., 2007].

[15] Samples and neutron flux monitors were irradiated
in packages NM-160, NM-165, and NM-172. NM-165
included crushed and etched sanidine samples used to
evaluate excess argon. This package was not shielded for
thermal neutrons, which allows for the laboratory measure-
ment of CI derived **Ar (*®Ar¢)). This is important for the
study of excess argon because Cl may be associated with
excess argon in melt inclusions [Esser et al., 1997]. Irradi-
ation information and analytical details are given in Table 1.

[16] The *°Ar/*°Ar analyses were completed at the New
Mexico Geochronology Research Laboratory. Most
“Ar*°Ar ages were determined by single-crystal laser
fusion of sanidine. One advantage of this technique is the
ability to identify and eliminate anomalously aged crystals
from age calculations [Deino and Potts, 1990, 1992].
Crystals that had apparent ages significantly older than the
main population were considered to be xenocrysts. In
addition, crystals with K/Ca values or radiogenic yields
significantly outside the main population were not used in
age calculations. In rare cases, anomalously young crystals
were eliminated from age calculations and considered to
represent altered crystals that have undergone Ar loss. Fish
Canyon tuff (FCT) sanidine was used as a neutron flux
monitor with an assigned age of 28.02 Ma [Renne et al.,
1998]. FCT sanidine is widely used due to its homogeneous
nature, although its assigned age is debated [Lanphere and
Baadsgaard, 2001]. All referenced ages reported herein
were recalculated based on this monitor age for comparison
with ages in this study. J factors were determined by single-
crystal laser fusion of irradiated sanidine crystals. Ages
were calculated using decay constants following Steiger
and Jdger [1977]. For single-crystal sanidine analyses,
calculated mean age is weighted mean age and the error is
the weighted error of the mean [ZTaylor, 1982], multiplied by

the square root of the mean square weighted deviation
(MSWD), when MSWD>1, and include uncertainties in
interfering reactions and J factors. Uncertainties are reported
at +20, unless otherwise noted.

4. Results
4.1. Upper Bandelier Tuff

[17] Sanidine from four samples of UBT were dated,
including unaltered outflow facies ignimbrite (EP-44), the
Plinian fall deposit (EP-43), and two samples of intracaldera
UBT (EP-1, EP-28; Table 2). Ignimbrite sample EP-44 from
east of the caldera (Figure 1) gave an age of 1.256 +
0.010 Ma (Figure 2). The sample has a well-defined
population of apparent ages and a 40Ar/*°Ar isochron
intercept of 297.1 + 3.8, indistinguishable from the atmo-
spheric value of 295.5. Radiogenic yields range from 21.1%
to 97.3% and the sample contains no anomalously aged
crystals. The fall deposit beneath the ignimbrite gives an age
of 1.232 £ 0.017 Ma after excluding numerous anomalously
old crystals, which could have been xenocrysts inherited
during a vent-widening event in the earliest stages of the
UBT eruption. Intracaldera UBT contains more anomalously
old crystals than the outflow facies ignimbrite and one
sample (EP-28) yields an imprecise age due to the wide
range in ages of sanidine crystals (Table 2). Xenocrysts in
intracaldera UBT could have also resulted from a vent-
widening event during the latter part of the UBT eruption,
when the eruption column was lower and the tuff underwent
shorter transport distances. The age of 1.256 +0.010 Ma for
EP-44 is considered the “preferred age” for the UBT in
Table 2 because this sample had no anomalously aged
crystals and gave more precise “’Ar/*°Ar analysis than the
other three samples from this unit. Considering 20 uncer-
tainties, this age is statistically indistinguishable from pub-
lished ages (recalculated using 28.02 Ma FCT sanidine flux
monitor age) for the UBT of Izett and Obradovich [1994]
(1.244 £ 0.018 Ma) and Spell et al. [1996] (1.230 =
0.016 Ma).
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Table 2. Summary of “’Ar/*’Ar Ages for the First Valles caldera Ring Fracture Rhyolite, Postcollapse Intracaldera Units, and Upper
Bandelier Tuff*

Final Age
Map Sample Unit Rock Type n®  MSWD° Age+20,% Ma  Determination = 20, Ma
Ring Fracture Rhyolite
1 EP-42 Cerro del Medio rhyolite lava 28 0.31 1.210 £ 0.023 pooled age
(Valle Grande Member) 1.229 +0.017°
2 EP-39 Cerro del Medio rhyolite lava 34 1.95 1.239 + 0.028
(Valle Grande Member)
Resurgent Dome Rhyolites
3 EP-7 Redondo Creek Member pumiceous 20 0.95 1.208 + 0.017 age range 1.208 + 0.017
rhyolite lava to 1.239 + 0.017¢
4 F03-52 Redondo Creek Member rhyolite lava 14 0.14 1.227 £ 0.020
5 F03-53 Redondo Creek Member rhyolite lava 12 0.22 1.235 +£0.028
6 EP-10HF Redondo Creek Member rhyolite lava 23 0.91 1.239 +£0.017
7 EP-14 Deer Canyon Member lithic tuff 12 1.42 1.229 + 0.013 age range 1.229 + 0.013
to 1.283 £ 0.017¢
8 EP-15 Deer Canyon Member lithic tuff 9 0.46 1.245 + 0.027
9 F03-14b Deer Canyon Member rhyolite lava 13 0.14 1.254 + 0.025
10 EP-31 Deer Canyon Member lithic tuff 14 0.70 1.257 + 0.022
11 EP-34 Deer Canyon Member rhyolite lava 11 0.87 1.262 + 0.023
12 EP-2 Deer Canyon Member lithic tuff 25 1.27 1.274 +0.022
13 EP-29 Deer Canyon Member lithic tuff 14 2.23 1.274 + 0.022
14 EP-32 Deer Canyon Member rhyolite lava 31 1.69 1.283 +£0.017

Upper Bandelier Tuff
15 EP-43 upper Bandelier Tuff Plinian fall deposit 8 1.82 1.232 £ 0.017 preferred age
1.256 + 0.010 (EP-44)"

16 EP-44 outflow facies upper Bandelier Tuff ignimbrite 33 1.07 1.256 £ 0.010
17 EP-1 intracaldera upper Bandelier Tuff welded ignimbrite 18 3.37 1.262 £ 0.016
18 EP-28 intracaldera upper Bandelier Tuff welded ignimbrite 24 3.56 1.300 + 0.031

Phillips et al. [2007] provide complete data and are available at http://geoinfo.nmt.edu/publications/openfile/argon/home.html.

®Number of analyses used to calculate weighted mean age.

“Mean square of weighted deviates; a goodness of fit parameter.

dWeighted mean ages and plateau ages calculated by weighting each analysis by the inverse of the variance and errors calculated based on the work by
Taylor [1982].

°All ages are weighted mean ages, calculated from single-crystal laser fusion analysis of sanidine.

Pooled ages; a weighted mean age is calculated for all crystals from multiple samples from the same geologic unit, by the same methods used to
calculate individual weighted mean ages. Used if ages from multiple samples are statistically indistinguishable.

€Age ranges; a range of ages for a geologic unit. Used if a geologic unit is physically variable and occurs in multiple isolated localities, or if field
evidence shows the unit was erupted over a span of time.

"preferred age; the age of a single sample that is found to be the most precise amongst multiple samples from a geologic unit. Used if the “*Ar/*°Ar age of
one sample is clearly more precise than ages for other samples within the unit.

which radiogenic yields range from 25.3% to 93.6%. Sam-
ples EP-2 and EP-15 contain numerous anomalously old
crystals, interpreted as xenocrysts, whereas EP-29, EP-14,
and EP-31 exhibit fewer anomalously old crystals. Inverse
isochron plots show that EP-2 contains a trapped argon
component with a “°Ar/*®Ar intercept of 400 =+ 80, greater
than the atmospheric value of 295.5. The other samples
have “°Ar/*°Ar isochron intercepts indistinguishable from
atmosphere.

[20] The eight Deer Canyon Member lavas and tuffs
range in age from 1.229 + 0.013 Ma to 1.283 + 0.017 Ma
(Figure 2). The ages do not all overlap at the 20 confidence
level, so an age range is reported for this unit (Table 2). In
addition, the physical and spatial variability of the Deer
Canyon Member demonstrate that all eruptive events did
not necessarily occur contemporaneously.

4.2. Deer Canyon Member

[18] The Deer Canyon Member includes rhyolitic lavas,
lithic tuffs, and breccias and its intraunit lithology and stratig-
raphy are variable in different portions of the caldera. Sanidine
phenocrysts from three Deer Canyon lavas (F03-14b, EP-34,
EP-32) yield ages of 1.254 +0.025 Ma, 1.262 = 0.023 Ma and
1.283 = 0.017 Ma (Table 2). These three ages are indistin-
guishable at the 20 confidence level. Radiogenic yields are
above 76% for EP-32 and EP-34 and range from 14.5% to
93.3% for F0O3-14b.

[19] Five Deer Canyon tuff samples (EP-31, EP-2, EP-29,
EP-14, EP-15) range in age from 1.2294+0.013 Mato 1.274 +
0.022 Ma (Table 2). K/Ca values of the sanidine in EP-31 and
EP-14 are consistent within each sample, whereas K/Ca
values in EP-2, EP-29, and EP-15 are more variable. Radio-
genic yields are >60% for all crystals except in EP-31, for

Figure 2. The “°Ar/*°Ar age probability distribution diagrams. The age for Cerro del Medio is a pooled age for two
samples from the same lobe. The upper Bandelier Tuff age is from the outflow facies ignimbrite and is the preferred age for
this unit. Open circles denote analyses excluded from weighted mean age, and open probability curve represents the curve
that results if these analyses are included. Older xenocrysts are present in some samples [see Phillips et al., 2007].

5o0f 15



B08201 PHILLIPS ET AL.: **AR/*?’AR AGES FROM VALLES CALDERA, N.M.
— 1.229 + 0.017 Ma
EP-42
EP-39
Cerro del Medio

Upper constraint on the
timing of resurgence

MSWD = 1.39

>

B08201

08 10 12 14 16 18
E— Age (Ma)
1.208 + 0.017 Ma 1.227 + 0.020 Ma 1.235 + 0.028 Ma 1.239 + 0.017 Ma
EP-7 o0 O |F03-52 F03-53 gl EE
Redondo 5 ;
Creek MSWD =0.95 MSWD =0.14 MSWD =0.22 MSWD =0.91
Member ' ‘
08 1.0 12 14 16 18 10 12 14 16 1.8 10 12 14 16 1.8 10 12 14 16 18
— Age (Ma)
1.229 +0.013 Ma 1.245 + 0.027 Ma 1.254 +0.025 Ma 1.257 +0.022 Ma
EP-14 ¥ EP-15 & 0= | F03-14b sy EP-31 %
T ; %
——* =
MSWD = 1.42 MSWD = 0.46 MSWD =0.14 ‘ MSWD =0.70
Deer 08 10 12 14 16 18 10 12 14 16 18 10 12 14 16 18 10 12 14 16 18
Canyon Age (Ma)
Member 1.262 = 0.023 Ma 1.274 0.022 Ma 1.274 £ 0.022 Ma 1.283 £ 0.017 Ma
.0.
EP-34 _.:0——0— — EP-2 g —0| EP-29 + EP-32 g
L
-~
f F
‘ MSWD = 0.87 ‘MSWDI.N |MSWD2.23 MSWD = 1.69
08 1.0 12 14 16 18 10 12 14 16 18 10 12 14 16 18 10 12 14 1.6 1.8
— Age (Ma)
- 1.256 + 0.010 Ma
EP-44
Upper Bandelier Tuff

Lower constraint on the MSWD = 1.07

timing of resurgence

F

12 14 1.8

Age (Ma)

0.8 1.0 1.6

Figure 2

6 of 15



B08201

[21] The lack of published age determinations for the
Deer Canyon Member has been attributed to difficulties in
finding unaltered outcrops [Spell and Harrison, 1993].
Even though the unit does show significant alteration
[Chipera et al., 2007], we have found unaltered sanidine
phenocrysts that provide meaningful *°Ar/*°Ar ages. Doell
et al. [1968] obtained a K/Ar age on sanidine from the Deer
Canyon Member of 1.25 = 0.11 Ma. This age is similar to
those obtained in this study, but is inconsistent with ages of
other eruptive units reported by Doell et al. [1968].

4.3. Redondo Creek Member

[22] Sanidine from four Redondo Creek Member rhyolite
lavas (EP-7, F03-52, F03-53, EP-10HF) were dated
(Table 2). Plagioclase is a common phenocryst phase in
the Redondo Creek Member and analyses of plagioclase
crystals were eliminated from *°Ar/°Ar data. Once these
analyses are deleted, K/Ca values range from 14.8 to 47.0.
Anomalously old crystals were eliminated from age calcu-
lations in all four samples and interpreted as xenocrysts.
Redondo Creek Member samples yield near-Gaussian pop-
ulations with weighted mean ages of 1.208 + 0.017 Ma,
1.227 £0.020 Ma, 1.235+0.028 Ma, and 1.239+0.017 Ma
(Figure 2). An age range is reported for this unit because it
is found interspersed throughout the west central resurgent
dome and is physically variable, consisting of rhyolitic
domes, dikes, flows, and interlayered tuffs [Smith et al.,
1970], implying that it did not erupt during a single post-
collapse event. Two Redondo Creek samples are excluded
from this discussion because of multiple crystal populations
and/or alteration [Phillips, 2004].

[23] Existing geochronological data from the Redondo
Creek Member are limited. Doell et al. [1968] reported a
K/Ar age of sanidine of 1.28 = 0.06 Ma, which is
significantly older than the ages for the UBT obtained in
their study. A fission track age of 1.7 + 0.12 Ma (1o) was
reported by Marvin and Dobson [1979], an age which is
clearly unreasonable given the agreement among more
recently reported ages for the UBT. Goff and Gardner
[2004] reported a K-Ar age of 1.23 = 0.02 Ma on a sample
from the type locality at the head of Redondo Creek.

4.4. Cerro del Medio

[24] Feldspar crystals from two samples (EP-42, EP-39)
from one of the oldest flow lobes of Cerro del Medio were
dated (Table 2). The K/Ca values in feldspar phenocrysts
range from 13.3 to 40.6. Radiogenic yields are variable,
ranging from 29.2% to 100%; however most are above
80%. After excluding two anomalously young crystals and
two anomalously old crystals, sample EP-42 gives a
weighted mean age of 1.210 + 0.023 Ma. Sample EP-39
yields a weighted mean age of 1.239 + 0.028 Ma. The
pooled age (weighted mean age for all crystals) for the two
samples is 1.229 + 0.017 Ma (Figure 2 and Table 2). The
pooled age is used because the two ages are indistinguish-
able at the 20 confidence interval and the samples are of the
same lithology and eruptive history. The precision is in-
creased by pooling the ages because of the large number of
crystals (62) analyzed from these samples. This age is
considered the best estimate of the time since one of the
carliest Cerro del Medio eruptions.
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[25] A sample from another early flow lobe of Cerro del
Medio gave an age of 1.316 £ 0.059 Ma, but the low K,O
content of feldspars analyzed from this sample results in
large uncertainties on each analysis and therefore a relatively
large error on the weighted mean age, yielding what is
considered an unreliable age for Cerro del Medio [Phillips,
2004].

[26] Published *°Ar/*°Ar ages for Cerro del Medio exhibit
some disagreement. Many factors contribute to a final
reported age and comparisons between laboratories often
yield systematic differences, especially for relatively young
rocks such as those dated here. Spell and Harrison [1993]
reported a pooled isochron age of 1.138 £ 0.022 Ma for
samples from both an older and a younger flow lobe
[Gardner et al., 2006]. In addition to their different sam-
pling approach, a potential cause for the significantly
younger age is the unusually high (*°Ar*°Ar)g_correction
factor of 0.0418 reported for the University of Michigan
Ford Reactor by Spell and Harrison [1993]. Singer and
Brown [2002] also call attention to analytical and method-
ological problems with Spell and Harrison [1993] and
suggest the possibility that the HCI cleaning procedure used
to remove glass from sanidine crystals was inadequate, and
resulted in *°Ar/*®Ar intercepts less than the atmospheric
value of 295.5. Overall, the data collected here benefit from
improved operating conditions that include the use of a
shielded irradiation facility, lower mass 36 backgrounds,
additional neutron flux monitoring, and a CO, laser that
allows complete extraction of the argon from the sample.
On the basis of these improvements, we suggest that our age
determination for Cerro del Medio is more accurate than the
data reported by Spell and Harrison [1993].

[27] Izett and Obradovich [1994] do not report ages for
the flow lobe dated in this study. However, their oldest
Cerro del Medio age of 1.228 +0.017 Ma is nearly identical
to our age of 1.229 + 0.017 Ma.

4.5. Excess Argon

[28] Excess argon (*°Arg) is the component of 40AT
incorporated by processes other than the in situ radioactive
decay of *°K [Dalrymple and Lanphere, 1969]. We carried
out two experiments to investigate the effects of **Ary in the
UBT and the Deer Canyon Member because of the similar-
ity in ages of the units dated and because Winick et al.
[2001] identified “°Arg, in the UBT. In addition, *°Arg was
identified in the Cerro Santa Rosa I dome, a Valles caldera
postcollapse ring fracture dome with an “°Ar/°Ar age of
936 + 8 ka [Singer and Brown, 2002].

4.5.1. Melt Inclusion-Bearing Quartz

[20] Melt inclusion-bearing quartz crystals from UBT
sample EP-44 and Deer Canyon tuff sample EP-31 were
measured to assess the amount of “°Ar that resides in melt
inclusions and calculate the effect that *°Arg would have on
the apparent *’Ar/*’Ar age of sanidine phenocrysts, using
methods similar to those employed by Winick et al. [2001].
Because quartz contains no K, **Ar/*°Ar analysis of melt
inclusion-bearing quartz measures “’Ar in melt inclusions
only. Melt inclusion-bearing quartz was separated by stan-
dard magnetic, heavy liquid, and hand picking techniques.
Separates (241 mg EP-44; 235 mg EP-31) were step heated
in a Mo double-vacuum resistance furnace in nine heating
steps.
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Table 3. Summary of “°Ar/*°Ar Results From Melt Inclusion-
Bearing Quartz Experiment

Sample Unit Integrated Age, Ma
EP-44 outflow facies upper Bandelier Tuff 5.66 + 0.43
EP-31 Deer Canyon Member tuff 352+24

[30] UBT melt inclusion-bearing quartz gives an inte-
grated age of 5.66 + 0.43 Ma (Table 3). Most (79%) of the
39Ar gas was released in the first (A) heating step, for
which an age of 4.13 £ 0.20 Ma was obtained. Melt
inclusion-bearing quartz from Deer Canyon tuff yields an
integrated age of 35.2 £ 2.4 Ma (Table 3). Similarly, 62%
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of the *°Ar gas was released during the first heating step,
which gives an age of 21.48 £ 1.58 Ma. CI/K ratios do not
vary significantly between the different heating steps for
either sample [Phillips et al., 2007].
4.5.2. Etched Sanidine

[31] Single-crystal laser fusion of sanidine from UBT
sample EP-44 and Deer Canyon tuff sample EP-31 showed
that they contain no anomalously old crystals. Sanidine
crystals were crushed and etched in dilute hydrofluoric acid
SHF ) to remove melt inclusions, which are possible hosts for
OArg, [Esser et al., 1997]. Sanidine separates were crushed
to approximately 90—125 pm and a split was subsequently
removed. This is termed the “surface etched” split because
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Figure 3. Age spectra for crushed and etched sanidine used in the excess argon study for (a) UBT
sample EP-44 and (b) Deer Canyon tuff sample EP-31. Black open spectra are for “crushed and etched”
portion and gray spectra are for “surface etched” portion. Labels for high-temperature steps were
removed for clarity. Each sample was heated in 11 or 12 incremental heating steps.
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Table 4. Summary of **Ar/*’Ar Results From Etched Sanidine Experiment

4OAr* in Steps Used

Sample Unit Treatment to Calculate Plateau Age, % n*® MSWD Plateau Age, Ma

EP-44  outflow facies surface etched 33.6—66.2 8 3.66 1.226 + 0.022
upper Bandelier Tuff

EP-44  outflow facies crushed and etched 92.4-96.9 6 3.03 1.234 £ 0.010
upper Bandelier Tuff

EP-31  Deer Canyon Member tuff surface etched 41.0-69.6 5 9.22 1.261 + 0.034

EP-31  Deer Canyon Member tuff  crushed and etched 95.3-97.3 5 2.58 1.266 + 0.018

*The number of steps used to calculate plateau age.

only the surfaces of the sanidine crystals were subjected to
HF etching (prior to crushing). The remaining crushed
sample was then etched in 15% HF acid for 15-20 min.
This is termed the “crushed and etched” split because the
crushed sample was subjected to HF etching. This sample
preparation procedure was designed to remove trapped melt
inclusions in the “crushed and etched” split and evaluate
the effect on the “°Ar/*°Ar apparent age by comparison to
the “surface etched” split. Both splits from each sample
were step heated with a CO, laser.

[32] In EP-44 (UBT), the radiogenic yield in the “crushed
and etched” portion is considerably higher than in the
“surface etched” portion (Figure 3a and Table 4). There
is not a well-defined correlation between CI/K and apparent
age for either of the splits. The “crushed and etched”
portion yields a plateau age of 1.234 £+ 0.010 Ma and the
“surface etched” portion yields a plateau age of 1.226 +
0.022 Ma, ages that overlap at the 20 confidence level
(Table 4). The “surface etched” plateau age is not signif-
icantly different from the single-crystal laser fusion age for
EP-44 of 1.256 + 0.010 Ma.

[33] Similarly, for sample EP-31 (Deer Canyon tuff),
radiogenic yields for the “crushed and etched” portion are
higher than those for the ‘‘surface etched’ portion
(Figure 3b and Table 4). CI/K does not exhibit a marked
relationship to apparent age. This sample yields plateau ages
of 1.266 + 0.018 Ma for the “crushed and etched” portion
and 1.261 + 0.034 Ma for the “‘surface etched” portion

(Table 4). These ages are indistinguishable at 20 confidence
level and are also statistically the same as the single-crystal
age for this sample of 1.257 £+ 0.022 Ma.

5. Discussion

5.1. Implications of “°’Ar/*’Ar Ages for the Duration
of Resurgence

[34] Structural and stratigraphic relationships show that
caldera collapse and concurrent eruption of the UBT oc-
curred prior to resurgence. Therefore the age of the UBT
(1.256 + 0.010 Ma) is the lower constraint on the timing of
resurgence. One of the oldest flow lobes of Cerro del Medio
(1.229 £ 0.017 Ma) is the upper time constraint and the
duration of resurgence is the difference in ages between the
UBT and this lobe of Cerro del Medio (Figures 4 and 5).
Our study is especially conducive to determining the relative
age difference between these two eruptive units because both
samples were dated in the same laboratory, using consistent
procedures and similar laboratory conditions.

[35] Without considering uncertainties, the difference
between the weighted mean ages of the UBT and Cerro
del Medio is 27 ka. Uncertainties are quoted at the 2o
confidence level, which signifies that there is a 95% chance
that the actual value is within the error limits. Taking into
account the uncertainties on the ages of the two units, the
minimum age difference is exactly zero. The maximum age
difference is 54 ka. Therefore the time window between the
two eruptions is 27 = 27 ka (20), which is the best estimate

Time Window for Resurgence

27 +27 ka
I 1
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L =1 1
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L O ]
! L ~ O ! ]
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Member ' } hd ro\ i ]

I © i
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Figure 4. Comparison of ages of the upper Bandelier Tuff and postcollapse units, with associated
uncertainties (20). The time window for resurgence (27 + 27 ka) is shaded in gray and constrained by the
ages and uncertainties of Cerro del Medio and the upper Bandelier Tuff. The maximum time window for

resurgence is 54 ka (20).
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a. Eruption of the upper Bandelier Tuff and collapse of the Valles caldera

Megabreccia Blocks

Magma Chamber

Upper Bandelier Tuff (UBT)
1.256 £0.010 Ma

b. Resurgent uplift and eruption of the Deer Canyon and Redondo Creek Members

Redondo Creek Member (RC)
1.208 +0.017 Ma to
1.239+0.017 Ma

DC

Resurgent Uplift

Deer Canyon Member (DC)
1.229 £ 0.013 Ma to
1.283 £0.017 Ma

c. Eruption of Cerro del Medio after resurgence was complete

DC

RC

Cerro del Medio

UBT 1.229 £ 0.017 Ma

Figure 5. Model of the history of the Valles caldera during caldera collapse, resurgence, and earliest
ring fracture volcanism (partially after Smith and Bailey [1968]). Unit thicknesses and horizontal and
vertical distances are not to scale. Caldera fill, which consists of debris flow deposits and lacustrine and
fluvial sediments deposited during collapse and resurgence, is not depicted. (a) Eruption of the upper
Bandelier Tuff from a central vent and concurrent collapse of the Valles caldera resulting in thick
accumulations of both intracaldera and extracaldera upper Bandelier Tuff [Self et al., 1986]. Megabreccia
blocks slid into the caldera due to catastrophic failure of the caldera walls. (b) Resurgent uplift and
eruption of the Deer Canyon and Redondo Creek members. It is possible that minor eruptions of these
units took place before resurgence commenced. Faults developed on the resurgent dome, which were
utilized as conduits for intracaldera magmas. (c) Eruption of earliest ring fracture dome, Cerro del Medio

after resurgent uplift ceased.

for the duration of resurgence in the Valles caldera
(Figure 4). On the basis of these uncertainties, there is a
95% probability that resurgence was complete within 54 ka.
These data also confirm that resurgence commenced rela-
tively soon after caldera collapse and highlights the phys-
icomagmatic differences between resurgence at the Valles
caldera and resurgence at Yellowstone and Long Valley,
calderas that last erupted at 0.6 Ma and 0.7 Ma, respectively,
and have experienced recent uplift [Pelton and Smith, 1979;
Savage and Clark, 1982].

[36] Redondo Peak, the summit of the resurgent dome, is
~840 m above Valle Grande, which is part of the undomed
caldera floor. However, the actual maximum height to
which the resurgent dome rose is probably much greater
because the caldera floor in Valle Grande is concealed by a

considerable thickness of alluvium and caldera fill material.
In addition, erosion of the resurgent dome has further
obscured the maximum height of resurgent uplift, and we
cannot account for how much the resurgent dome may have
deflated. Taking these factors into consideration, the relief
of the resurgent dome from the surrounding caldera floor is
estimated to be at least 1000 m. Therefore using the
maximum period for resurgence of 54 ka, a minimum
resurgence rate of 1.9 cm/yr is calculated. Using 27 ka for
the duration of resurgence gives a resurgence rate of 3.7 cm/yr.
The uncertainties on “°Ar/3°Ar ages and the unknown nature
of resurgence as a continuous or intermittent process permit
us to report only an average resurgence rate, which is at
least 1.9 cm/yr and possibly as high as 100 cm/yr if
resurgence was complete within a millennium.
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[37] Despite uncertainties associated with the resurgence
rate at the Valles caldera, our reported range is similar to
rates reported for other large ignimbrite-producing calderas.
Raised wave-cut terraces at Iwo-Jima caldera in the Izu-
Bonin volcanic arc, located about 1150 km south of Tokyo
in the Pacific Ocean, indicate uplift rates averaging 15—
20 cm/yr during the last 500—700 years [Kaizuka et al.,
1989; Fisher et al., 1997]. A comparable rate of 15.6 cm/yr
from 1002 to 1992 A.D. was reported for the Yenkahe
Resurgent Block, Tanna, Vanuatu using emerged reef terra-
ces [Chen et al., 1995]. The Campi Flegrei caldera, located
near Naples, Italy, is a complex resurgent caldera that has
undergone two recent episodes of major uplift (1969—1972
and 1982—-1984). During these episodes, average uplift
rates of approximately 1.4 mm/day (51 cm/yr) were
recorded [Orsi et al., 1999]. The intermittent nature of
resurgence in this caldera is exhibited by subsidence that
occurred after both uplift episodes.

[38] At Yellowstone caldera, resurgence rates as high as
2.7 cm/yr have been reported based on precise leveling
measurements [Pelton and Smith, 1979; Jackson et al.,
1984], but uplift is spatially and temporally variable, and
subsidence has also been recorded in recent years [Smith
and Braile, 1994; Dzurisin et al., 1999]. Maximum resur-
gence rates reported for Long Valley caldera are as high as
5 cm/yr [Savage and Clark, 1982] and the most recent
seismic unrest (1978—1999) resulted in uplift of 80 cm, at
an average rate of 3.8 cm/yr [Sorey et al., 2003]. As stated
previously, recent uplift at Yellowstone and Long Valley
may represent different processes than those that caused
resurgent uplift of the Valles caldera. Uplift at Yellowstone
and Long Valley is occurring 600 to 700 ka after the last
major eruptions at these calderas, whereas resurgent uplift
of the Valles caldera was complete within 54 ka of caldera
collapse and the concurrent eruption of the UBT.

5.2. Postcollapse Intracaldera Units

[39] The Deer Canyon and Redondo Creek members
stratigraphically overlie the UBT, confirming that they were
erupted after caldera collapse (Figure 5). Seven of the eight
samples from the Deer Canyon Member yield ages that are
statistically indistinguishable from the age of the UBT
(1.256 + 0.010 Ma; Figure 2). Sample EP-14 has an age
of 1.229 £+ 0.013 Ma, indicating that, based on 20 uncer-
tainties, it is at least 4 ka younger than the UBT (Figure 4).
The field relationships and ages of samples from the Deer
Canyon Member suggest that it likely began to erupt
immediately after the UBT, and continued erupting during
resurgence.

[40] The *°Ar/°Ar ages for four samples from the
Redondo Creek Member range from 1.208 = 0.017 Ma to
1.239 + 0.017 Ma (Figure 2), which are indistinguishable at
the 20 confidence interval. The ages for three of the samples
are statistically indistinguishable from the age of the UBT
(1.256 = 0.010 Ma). The age of 1.208 £ 0.017 Ma for EP-7
is significantly younger than the UBT (Figure 4) and
implies that some Redondo Creek rhyolites were erupted
at least 21 ka after eruption of the UBT and caldera collapse.

[41] The Redondo Creek Member is found overlying the
UBT and/or the Deer Canyon Member. Although local field
relationships show that the Deer Canyon Member in some
areas predates the Redondo Creek Member [Smith et al.,

PHILLIPS ET AL.: “°AR°AR AGES FROM VALLES CALDERA, N.M.

B08201

1970], the “°Ar/*°Ar age ranges for the two units overlap
(Figure 4). The ages obtained in this study do not preclude
the possibility that the Redondo Creek Member was erupted
immediately after the UBT, but also show that some
eruptions of the Redondo Creek Member occurred during
resurgence. Field relationships also suggest that the
Redondo Creek Member was erupted prior to and during
resurgence based on the following observations: (1) it is
interlayered with caldera fill sediments, (2) it is faulted and
deformed from resurgent uplift, and (3) some Redondo
Creek rhyolites were erupted along fractures and faults that
developed during resurgence [Doell et al., 1968; Bailey et
al., 1969; Smith et al., 1970]. The complex nature of the
field relationships and the range in ages for the Redondo
Creek Member do not permit a decisive conclusion regard-
ing the time at which resurgence commenced. Resurgence
could have begun immediately after collapse, or there may
have been a short time interval between collapse and
resurgence.

5.3. Xenocrysts in Postcollapse Units

[42] Because of the similarity in ages of the volcanic
rocks discussed herein, a thorough evaluation of xenocrysts
in postcollapse units is merited. It is important to note that
the number of xenocrysts identified by “°Ar/*®Ar analyses is
not necessarily representative of the actual number of
xenocrysts in a sample. If the appearance of xenocrysts
distinguished them from phenocrysts in a sample, then they
were excluded from *°Ar/°Ar mineral separates during
sample preparation. However, in some samples, xenocrysts
and phenocrysts might not be distinct and therefore impos-
sible to cull by mineral separation techniques. As previously
stated, crystals with ages significantly older than the main
population are considered to be xenocrysts and eliminated
from “°Ar/°Ar single-crystal age calculations. However,
the presence of xenocrysts with ages indistinguishable from
the age of the rock is possible. The following section
addresses the concern of similar aged xenocrysts in post-
collapse units, particularly the presence of UBT xenocrysts
in the Deer Canyon and Redondo Creek members, and
Cerro del Medio, and focuses on the compositional differ-
ences between feldspars from these units.

[43] The abundance and ages of xenocrysts vary signif-
icantly from sample to sample in the Deer Canyon and
Redondo Creek members. Many crystals give ages similar
to the LBT, suggesting that they are xenocrysts from that
unit (Figure 2). The crystals yielding ages intermediate
between the age of the LBT and the main population of
crystals are probably either partially reset LBT xenocrysts
or crystals from the Cerro Toledo rhyolites. The abundance
of xenocrysts in one Deer Canyon tuff sample (EP-2) could
be due to an explosive eruption and vent-widening event, a
phenomenon that has been documented at other calderas
[e.g., Hu et al., 1994; Chen et al., 1996; Gansecki et al.,
1996; Spell et al., 2001]. There is no simple apparent
relationship between the number and distribution of xen-
ocrysts in Deer Canyon or Redondo Creek samples and
their location in the caldera.

[44] Despite the similar ages for the Deer Canyon Mem-
ber, the Redondo Creek Member, and the UBT, there are
significant differences in the K/Na ratio of feldspars
(Figure 6), the Ba concentration in feldspars, and the
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Figure 6. Feldspar ternary plots (orthoclase (Or), albite (Ab), anorthite (An)). (a) Upper Bandelier Tuff
(open circles indicate outflow facies ignimbrite and Plinian fall deposit; crosses indicate intracaldera
welded tuffs). (b) Deer Canyon Member (open circles indicate lavas; crosses indicate tuffs). (c) Cerro del
Medio rhyolite lavas from southern flow lobe. (d) Redondo Creek Member rhyolite lavas. Electron
microprobe analytical conditions used: 15 kV, 20 nA, 10 um beam size. See Phillips et al. [2007] for

complete data and analytical details.

composition of melt inclusions between the units [Phillips
et al., 2007]. These observations imply that at least some of
the feldspar crystals within the Deer Canyon and Redondo
Creek members are indeed phenocrysts. Feldspar crystals
from the Deer Canyon Member range from Or;;AbgzAns to
Ors;Aby,An; whereas UBT feldspars analyzed in this study
exhibit a smaller range from Or;;AbgzAns to OryyAbssAn,
(Figure 6). Caress [1996] identified feldspars from the UBT
ranging from Or,s to Oryy. Redondo Creek Member feld-
spars exhibit little overlap with feldspar compositions from
the UBT. They include numerous anorthoclase, oligoclase,
and andesine analyses in addition to sanidine compositions
ranging from Ors;AnggAb; to OrsgAnzgAb, (Figure 6). In
addition, Deer Canyon Member feldspars range in BaO
concentration from below detection limit to 0.48 wt % with
an average of 0.04 wt % (n = 103), whereas the Redondo
Creek Member includes feldspars with Ba concentrations as
high as 1.59 wt % with an average of 0.68 wt % (n = 98).
Upper Bandelier Tuff feldspars exhibit a smaller range in
BaO concentration, from below detection limit to 0.12 wt %
with an average of 0.03 wt % (n = 46). Electron microprobe
analyses of glass show that two melt inclusions in the Deer
Canyon Member and five melt inclusions in the Redondo
Creek Member are distinct from glass compositions of the
UBT, also indicating that it is not likely that all sanidine
crystals in these units are xenocrysts inherited from the
UBT [Phillips et al., 2007].

[45] Xenocrystic contamination appears to be less com-
mon in Cerro del Medio rhyolites than in most Deer Canyon
and Redondo Creek samples. Two xenocrysts significantly
outside the main age population of crystals were found in
the two Cerro del Medio samples. If ubiquitous UBT
xenocrysts were present in Cerro del Medio, the age
determination for this unit could be compromised, as well
as the calculations of resurgence rate and duration. However,
at least some phenocrystic sanidine in Cerro del Medio is

indicated by *°Ar/*°Ar single-crystal analysis and electron
microprobe analysis of feldspar chemistry (Figure 6). The
combined MSWD for the two samples from the southern
flow lobe is 1.39, disputing the presence of more than one
crystal population (Figure 2). Although some chemically
heterogeneous feldspars are present in Cerro del Medio
rhyolites (Figure 6), sanidine crystals that show no visible
evidence of alteration have chemical compositions ranging
from Ory5Abs3An, to OrygAbsgAn,, significantly different
from UBT feldspar [Phillips et al., 2007].

5.4. Excess Argon

[46] A further concern related to the similarity in ages of
the UBT, the Deer Canyon and Redondo Creek members,
and Cerro del Medio is the possible presence of excess
argon (**Arg), which in significant amounts can cause
apparent “°Ar/*’Ar ages to be older than eruption ages.
Winick et al. [2001] identified *°Arg in melt inclusions in
the UBT. Singer and Brown [2002] also documented *°Arg
in the Cerro Santa Rosa I dome. Esser et al. [1997] found
“OArg in melt inclusions in zero-age anorthoclase phenoc-
rysts from Erebus volcano, and demonstrated a relationship
between CI/K ratio and apparent age of melt inclusion-
bearing anorthoclase crystals, indicating that *°Arg resides
in melt inclusions within Erebus anorthoclase crystals.
Many sanidine crystals from the Deer Canyon and Redondo
Creek members, and the UBT, contain melt inclusions that
are potential hosts for *°Arg.

[47] Kelley [2002] suggests treating *’Arg as an incom-
patible trace element, which means that Ar strongly parti-
tions from crystals into melts in magmatic systems. Fluids
or melts are in effect “infinite reservoirs” for radiogenic
argon in most systems. Most K-Ar and *’Ar/*’Ar analyses
are *°Ary, free and yield true ages because small amounts of
YOAry, if present, would usually be overwhelmed by in situ
radiogenic argon when the crystals cooled below their
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closure temperatures. However, silicic magmas can contain
elevated levels of *°Ar that are derived from older surround-
ing wall rocks [Draper and Carroll, 1995]. When crystals
form in the magma chamber, they sometimes trap inclusions
of melt. Several studies have investigated the nature of these
trapped melt inclusions in quartz. Initial interpretations
indicated that *°Ar in melt inclusion-bearing quartz is
derived from the in situ decay of *°K at magmatic temper-
atures and that once crystallized, quartz is a closed system to
the diffusion of Ar [van den Bogaard and Schirnick, 1995].
Subsequent studies have shown that melt inclusion-bearing
quartz is nonretentive of Ar at magmatic temperatures and
therefore should be in equilibrium with the surrounding
melt at the time of eruption [Boyce et al., 1999; Winick et
al., 2001], indicating that the *°Ar found in melt inclusions
is not radiogenic argon, but is *’Arg. Upon eruption, rapid
cooling of the crystals inhibits the diffusive escape of “°Arg.

[48] We carried out two tests to investigate the presence
and abundance “°Arg in the UBT and the Deer Canyon
Member. The first test utilized methods similar to those
employed by Winick et al. [2001], in which we identified
“OArg in melt inclusion-bearing quartz and calculated its
effect on the *°Ar/*°Ar age of sanidine phenocrysts. Com-
parison of comagmatic quartz and sanidine is appropriate
because they have similar Ar diffusion characteristics
gBoyce et al., 1999; McDougall and Harrison, 1999]. The

OAr°Ar integrated ages of step heated melt inclusion-
bearing quartz from UBT sample EP-44 and Deer Canyon
tuff sample EP-31 (5.66 + 0.43 Ma and 35.2 £ 2.4 Ma,
respectively) are significantly older than the known eruption
ages for both of these units (Table 3). Using the estimated
abundance of melt inclusions in sanidine (from electron
microprobe images), the concentration of *’Arg in melt
inclusions (from *°Ar/*’Ar analysis of melt inclusion-bear-
ing quartz), and the eruption age (from *°Ar/°Ar single-
crystal sanidine analysis), it is estimated that “°Arg in melt
inclusions could increase the *“°Ar/°Ar apparent age of
sanidine by 4.2 ka for the UBT and 3.6 ka for the Deer
Canyon Member [Phillips, 2004]. Winick et al. [2001]
estimated that *Arg bearing melt inclusions in the UBT
Plinian deposit could increase the apparent age of sanidine
by as much as 38 ka. Three main variables contribute to the
difference in results between the two studies: Winick et al.
[2001] (1) calculated a higher concentration of *’Arg, in melt
inclusions, which is the result of using an older measured
age for melt inclusion-bearing quartz, (2) measured a higher
concentration of melt inclusions in sanidine, and (3) inves-
tigated the rapidly cooled UBT Plinian deposit, whereas we
studied the UBT ignimbrite deposit, in which sanidine
crystals would have been exposed to elevated temperatures
for longer than those in the Plinian deposits, promoting the
degassing of *°Arg from trapped melt inclusions.

[49] Our calculated values of 4.2 ka and 3.6 ka are much
smaller than the 20 error on single-crystal laser fusion or
step heating analyses of sanidine from EP-44 and EP-31,
indicating that *°Arg in melt inclusions should not have a
measurable effect on the *°Ar/*’Ar ages of sanidine from
the UBT or the Deer Canyon Member.

[50] In the second test, we measured *°Ary; in crushed and
HF etched sanidine. The sample preparation procedure for
this experiment, similar to that used by Esser et al. [1997],
was designed to remove melt inclusions from sanidine
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phenocrysts and therefore remove or decrease “Arg that
may reside in these inclusions. The “surface etched” splits
were separated prior to HF etching and should have retained
any trapped melt inclusions that were present. Electron
microprobe images of sanidine from EP-44 (UBT) reveal
trapped melt inclusions as large as 200 um and the propor-
tion of melt inclusions to crystal in sanidine was estimated
at 0.19%. Because sanidine phenocrysts were crushed to
90—125 um before etching, at least some of the trapped
melt inclusions were etched by HF and removed from the
“crushed and etched” split. In portions of the splits from
EP-31 (Deer Canyon tuff), one small melt inclusion
(<50 pm) was documented in the “surface etched” split
and no melt inclusions were found in the “crushed and
etched” split. The abundance of melt inclusions in sanidine
from this sample was estimated at 0.02%. Neither sample
shows significant differences in age between the “surface
etched” and the “crushed and etched” splits gFigure 3 and
Table 4). This finding implies that significant “’Ary; does not
reside in melt inclusions in sanidine. Although the ages of
EP-44 and EP-31 are not affected by HF etching, the
radiogenic yields are substantially higher in the “crushed
and etched” splits than in the “surface etched” splits, which
is apparently due to the removal of *°Ar,, in trapped melt
inclusions by HF etching.

[s1] The age spectra in Figure 3 are flat, indicating a
homogeneous distribution of radiogenic *’Ar in each sam-
ple and a lack of heterogeneously distributed *’Arg; in melt
inclusions, which can disturb age spectra [Esser et al.,
1997]. Although the possibility exists that “°Arg is homo-
geneously distributed in crystal lattices, isochrons from
single-crystal analyses of sanidine for EP-44 and EP-31
show that *°Ar/*°Ar ratios are indistinguishable from the
atmospheric value (295.5), implying that measurable *°Ary
is not present in these samples [McDougall and Harrison,
1999]. In contrast, Singer and Brown [2002] identified
“OArg in the Cerro Santa Rosa I dome by an elevated
“OAr/*®Ar isochron intercept and by a saddle shaped incre-
mental heating age spectrum. It has been shown that ring
fracture domes were erupted from multiple temporally and
spatially separated magma chambers and not from a single
long-lived UBT magma chamber [Spell et al., 1993] and
therefore magma processes and the incorporation of 4°Arg
could have differed considerably between Cerro Santa Rosa
I and the earlier UBT and Deer Canyon eruptions. We did
not employ our test for excess argon for Cerro del Medio
because feldspars did not contain melt inclusions, However,
isochrons from both Cerro del Medio samples used to
calculate the pooled age of 1.229 + 0.017 Ma exhibit
“OAr/*®Ar ratios indistinguishable from the atmospheric
value of 295.5 (298 + 19; 300 + 17), possibly implying
that Cerro del Medio tapped a different magma reservoir
than Cerro Santa Rosa 1.

[52] In summary, the results of both of our tests show that
“OArg is not present in sufficient amounts to affect the
“OAr/*°Ar age of sanidine from the UBT or the Deer Canyon
Member.

6. Summary and Conclusions

[53] 1. The UBT and Cerro del Medio are the lower and
upper constraints on the timing of resurgence and yield
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YOAr/°Ar ages of 1.256 + 0.010 Ma and 1.229 + 0.017 Ma,
respectively. This leaves 27 + 27 ka for the duration of
resurgent uplift. Taking into consideration the relief of the
resurgent dome from the surrounding caldera floor, the
resurgent dome was probably uplifted at a minimum rate
of 1.9 cm/yr.

[54] 2. The Deer Canyon and Redondo Creek members of
the Valles Rhyolite Formation overlie UBT and are intri-
cately interlayered with earliest caldera fill sediments. The
“OAr/*?Ar ages for the Deer Canyon Member range from
1.229 £ 0.013 Ma to 1.283 + 0.017 Ma, and ages for the
Redondo Creek Member range from 1.208 = 0.017 Ma to
1.239 £ 0.017 Ma. One sample from each unit is signifi-
cantly younger than the UBT, whereas the other 10 samples
yield ages indistinguishable from the UBT. These results
indicate that both units might have started to erupt soon
after caldera collapse and continued to erupt later in the
postcollapse history.

[5s] 3. Results from *°Ar/*’Ar analysis of melt inclusion-
bearing quartz and crushed and HF-etched sanidine show
that excess argon in melt inclusions does not have a
measurable effect on the “°Ar/*’Ar age of sanidine phenoc-
rysts from the UBT or the Deer Canyon Member.
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