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ABSTRACT

Petrologic and geochronologic data for
metapelitic lower crustal xenoliths from
New Mexico (USA) and Chihuahua (Mexico)
states provide evidence for both a magmatic
and collisional component to the enigmatic
Mesoproterozoic Picuris orogeny. These
garnet-sillimanite-bearing metapelites are
found within the southern Rio Grande rift at
Kilbourne Hole and Potrillo Maar in south-
ern New Mexico and northern Chihuahua.
Geothermobarometry and rutile with Qua-
ternary U-Pb dates indicate equilibration in
the local lower crust, which is actively under-
going ultra-high temperature (UHT) meta-
morphism (Cipar et al., 2020). The samples
contain older detrital zircons dating back to
the Paleoproterozoic, marking their deposi-
tion at the surface. Coupled zircon U-Pb
dates and trace-element ratios (e.g., Gd/Yb)
show a clear transition from oscillatory-
zoned, low-Gd/Yb detrital magmatic zircon
to featureless, high-Gd/Yb metamorphic
zircon between 1500 and 1400 Ma, marking
the transition from subduction to collision
during this period. Metamorphic zircon and
monazite grew in two major intervals. The
first, between ca. 1450 and 1350 Ma, docu-
ments the journey of the sediments to depth
within the orogen and provides evidence of
extended Mesoproterozoic metamorphism
in the region. The second corresponds with
UHT metamorphism that commenced at ca.
32 Ma and is associated with the Rio Grande
rift. Whereas nearly all garnets are homo-
geneous in both major and trace-elements,
a single garnet from one sample has a core
defined by abundant quartz and acicular sil-
limanite inclusions. The core and rim of this
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garnet is homogenous in major and most
trace-elements, but the rim is enriched in
the slowest diffusing elements, Zr and Hf,
which likely indicates rim growth at higher
temperatures. We interpret the garnet core to
have grown at the time of emplacement of the
sediments into the lower crust. Because this
occurred in the sillimanite stability field and
because the metamorphic zircon and mona-
zite all have negative Eu anomalies, indicat-
ing their equilibration with feldspar (stable
at depths of <45 km), we conclude that the
sediments were not emplaced via subduction
and/or relamination of forearc sediments, but
were instead metamorphosed under warmer,
shallower conditions in an orogenic setting.
Collectively, the data point to a collisional
orogen during the inferred timing of the
Picuris orogeny. These samples may there-
fore define the location of the Picuris suture
zone, a key feature of this orogenic event.

INTRODUCTION

The southern margin of Laurentia, which cor-
responds to the present-day midcontinent region
of North America, was an important locus for
the growth of continental crust during the Pro-
terozoic (Fig. 1) (Karlstrom et. al, 2001; Whit-
meyer and Karlstrom, 2007). This time period
was punctuated by a series of well-documented
events: the Yavapai, Mazatzal, and Grenville
orogenies (Fig. 1) (e.g., Bowring and Karlstrom,
1990; Rivers, 1997; Eisele and Isachsen, 2001;
Bartholomew and Hatcher, 2010; Mulder et al.,
2017). Despite extensive work on the tectonics
of Proterozoic southern Laurentia, less atten-
tion has been paid to activity in the time inter-
val between the Mazatzal and Grenville orog-
enies. Early research focused on the voluminous
evolved magmatic rocks emplaced between
1500 and 1340 Ma (including the granite-rhy-
olite provinces), which have been ascribed an
anorogenic origin (e.g., Anderson, 1983; Ander-
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son and Bender, 1989; Anderson and Morrison,
1992). However, work on a variety of rock types,
including metasediments and other deformed
units provide evidence for a distinct orogeny
during this time: the Picuris (Daniel et al., 2013a;
2013b; Karlstrom et al., 2016). Some have sug-
gested that the Picuris is an along-strike analog
to the Baraboo and Pinware orogens of eastern
Laurentia (Aronoff et al., 2016; Daniel et al.,
2023) and that it may represent the final docking
of the Mazatzal terrane (Daniel et al., 2013b).
A major issue in understanding the Picuris
orogeny is the lack of an obvious suture zone.
The only potential evidence of this feature was
identified through Nd isotopic mapping (Bennett
and DePaolo, 1987; Bickford et al., 2015), which
showed a somewhat diffuse isotopic boundary
between ca. 1600 and ca. 1400 Ma crust (the
Nd line, Fig. 1). Additional data linking the Nd
line to the Picuris orogeny would shed light on
a possible relationship between the two. Thus,
the study of ca. 1500-1400 Ma rocks, especially
those that were metamorphosed during this time,
is necessary. In particular, lower crustal rocks,
which can record tectonic events and changing
pressure-temperature (P-T) conditions, have the
potential to provide major insight into the extent,
timing, and nature of the tectonics involved in
the assembly of Laurentia during this time.
Here, we report petrologic and geochrono-
logic data for metapelitic xenoliths carried by
magmas erupted within the Potrillo volcanic
field from Kilbourne Hole and Potrillo Maar,
which are part of the Rio Grande rift in New
Mexico (USA) and Chihuahua (Mexico) states
(Padovani and Carter, 1977a; 1977b). The data
presented include (1) petrography to identify the
most appropriate samples for detailed analyses
and provide mineralogical and textural context
for analyses; (2) U-Pb dates and trace-element
analyses of metamorphic zircon, detrital zircon
cores, and monazite to determine the timing
of metamorphism, as well as maximum depo-
sitional age; and (3) mineral and whole-rock

https://doi.org/10.1130/B36836.1; 6 figures; 1 table; 1 supplemental file.
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Figure 1. Map of southwest USA showing accreted terranes. Key shows rock outcrops
and overprints: locations of 1.5-1.3 Ga granitoids indicated in regions where they occur
outside the granite-rhyolite province, the 1.45-1.4 Ga overprint (stippled pattern) shows
areas previously identified as having experienced Picuris-aged metamorphism and de-
formation (Daniel et al., 2013b). Location of Kilbourne Hole and Potrillo Maar marked
by star. The Nd line, which marks the boundary determined from Nd isotopic mapping,
separates older continental crust (1.8-1.6 Ga Nd model ages) in the north from younger
accreted terranes to the south (1.5-1.4 Ga Nd model ages) and is shown as a dashed black
line. Rio Grande rift highlighted in red and identified by a red arrow. Modified from
Karlstrom et al. (2004), Amato et al. (2008), and Bickford et al. (2015). AZ—Arizona;
CHH—Chihuahua (Mexico); CO—Colorado; NV—Nevada; SON—Sonora (Mexico);

TX—Texas; UT—Utah.

geochemistry and thermobarometry utilizing
the garnet-aluminosilicate-plagioclase-quartz
equilibria (GASP) barometer, the Zr-in-rutile
barometer, and pseudosection modeling to
explore changing metamorphic conditions. The
results provide new insights into the nature of the
Picuris orogeny and record a lengthy metamor-
phic history dating back to the Mesoproterozoic.

GEOLOGIC BACKGROUND

Kilbourne Hole and Potrillo Maar are well-
known xenolith localities within the Potrillo vol-
canic field. The lavas erupted during prolonged
extension associated with the Rio Grande rift,
which has thinned the crust to ~25 km (e.g.,
Cipar et al., 2020). This area is largely com-
posed of Mazatzal province crust, which makes
up much of the southwestern United States and
is part of a broader series of terranes accreted
during the Meso- and Paleoproterozoic (Fig. 1)
(Bowring and Karlstrom, 1990; Rivers, 1997;
Karlstrom et al., 2001; Whitmeyer and Karl-
strom, 2007). Most Mazatzal crust was gener-
ated between 1680 and 1650 Ma, and the ter-

rane likely collided with the Yavapai Province
on or near the southern margin of Laurentia
during the Mazatzal orogeny, which lasted
from 1650 to 1633 Ma. Related post-orogenic
magmatism continued until ca. 1600 Ma (Karl-
strom et al., 2001; Whitmeyer and Karlstrom,
2007). Most of the region is overlain by Pha-
nerozoic sedimentary and volcanic rocks (Sea-
ger et al., 1984).

Following the Mazatzal orogeny, there was
a general lull in tectonic activity from 1600 to
1500 Ma, after which time the southern mar-
gin of Laurentia was reactivated, producing the
granite-rhyolite provinces that are characterized
by extensive A-type magmatism lasting from
1500 to 1340 Ma (e.g., Anderson and Bender,
1989; Barnes et al., 2002; Bickford et al., 2015;
Holland et al., 2020). Although A-type granitic
magmatism is generally interpreted to originate
from mantle-derived melts in an anorogenic set-
ting (Frost and Frost, 1997; Frost et al., 2001),
evidence for coeval shortening and crustal thick-
ening is indicative of a convergent plate bound-
ary and regional orogenesis (Nyman et al., 1994;
Daniel and Pyle, 2006; Bickford et al., 2015).
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A variety of data point to metamorphism and
deformation related to orogenic activity at this
time (1500-1400 Ma): detrital zircon U-Pb
dates in exposed metasedimentary rocks indi-
cating deposition during the early Picuris and
then subsequent deformation (e.g., Daniel et al.,
2013a); thrust shear zones in northern New
Mexico recording multiple generations of gar-
net growth between 1460 and 1400 Ma (Aronoff
et al., 2016); and metamorphic ages from other
minerals like monazite, hornblende, and musco-
vite (Aronoff et al., 2016; Bollen et al., 2022).
Daniel et al. (2013b) originally defined the
orogenic activity from 1490 to 1450 Ma as the
Picuris orogeny and later expanded this to the
Pinware-Baraboo-Picuris orogeny lasting from
1520 to 1340 Ma (Daniel et al., 2023). Mag-
matism and metamorphism continued until ca.
1340 Ma (Anderson and Bender, 1989; Ander-
son and Morrison, 1992; Aronoff et al., 2016),
indicating that the Picuris orogeny may have
been a prolonged event, lasting over 150 Ma
and involving both subduction and collision, or
could have possibly been a series of discrete,
shorter-lived collisional events. While the con-
nection between the A-type magmatism, other
granitoids, and regional metamorphism from
this time may be unclear, it is now evident that
the tectonic setting on the southern margin of
Laurentia between 1500 and 1400 Ma included a
convergent component and saw a transition from
subduction to collision.

Following the Picuris, a shorter magmatic
lull lasted until the Grenville orogeny began just
to the south (Fig. 1) at ca. 1250 Ma. Grenville
activity continued until ca. 980 Ma (Mosher,
1998; Bartholomew and Hatcher, 2010; Mulder
et al., 2017) and involved terrane accretion from
the modern-day southwest United States through
eastern Canada, after which time the crust was
relatively stable until the onset of extension in
the Late Jurassic (e.g., Bilodeau, 1982; Law-
ton and McMillan, 1999). Between ca. 150 and
90 Ma the region to the southwest of modern-
day New Mexico underwent a transition from
an actively rifting margin to a retroarc foreland
basin (Lawton et al., 2020). Rifting generated
significant uplift along the margins, including
the area in southern New Mexico (e.g., Chapman
and DeCelles, 2021). Renewed uplift continued
during the Laramide orogeny (ca. 80—40 Ma)
as a result of shallow angle subduction along
the western Laurentian margin (Gastil et al.,
1992; Chapman et al., 2020). Post-Laramide,
the region was relatively quiet until the Rio
Grande rift became active at ca. 32 Ma, which
is expressed as extension and magmatism at
the surface (Morgan et al., 1986) and ultra-high
temperature (UHT) metamorphism in the lower
crust (Cipar et al., 2020).



TABLE 1. METAPELITIC XENOLITH SAMPLE INFORMATION

Lower crustal Picuris metasediments

Sample Locality Location (°N/°W) Major phases Accessory phases Dated
18KH1 Kilbourne 31.975°/106.967° 40% q, 20% gt, 20% sil, 15% kfs, 5% pl Rt, ap, zrn, ilm, mnz Zrn, mnz
18KH9 Kilbourne 31.975°/106.967° 45% g, 20% gt, 20% sil, 15% kfs, < 1% pl Rt, ap, zrn, ilm, mnz Zrm, mnz
117848-286 Potrillo 31.769°/106.999° 40% sil, 30% gt, 20% q, 5% kfs, 5% pl Rt, ap, zrn, ilm, mnz Zrn, mnz
117848-309 Kilbourne 31.975°/106.967° 45% q, 20% gt, 15% kfs, 15% sil, 5% pl Rt, ap, zrn, ilm, mnz Zm

Notes: ap—apatite; gt—garnet; ilm—ilmenite; kfs—potassium feldspar; mnz—-monazite; pl-plagioclase; g—quartz; rt-rutile; sil-sillimanite; zrn—zircon. Modal mineralogy
estimated optically. Gt in sample 286 entirely kelyphitized.

SAMPLES AND PREVIOUS
INVESTIGATIONS OF XENOLITHS

This study focuses on metapelitic xenoliths
(Table 1) from Kilbourne Hole and Potrillo
Maar, which are found within the ejecta and
surge deposits surrounding the two maars. The
samples were either collected by the authors
or come from the Ph.D. collection of Elaine
Padovani, which is currently curated by the
Smithsonian Institution. Specimens contain
quartz + sillimanite 4 garnet 4+ potassium
feldspar £ plagioclase £ zircon + mona-
zite &£ rutile & ilmenite + apatite 4 graphite.
No hydrous phases were observed in any of
the samples, and many feldspars show perthitic
textures or are ternary in nature (data in Supple-
mental Material'), which is indicative of UHT
metamorphic conditions (e.g., Elkins and Grove,
1990). The garnets vary in degree of preserva-
tion and can contain inclusions of plagioclase,
potassium feldspar, sillimanite, zircon, mona-
zite, or quartz. The majority of samples contain
garnet that is entirely kelyphite (a fine-grained
symplectite of acicular high-Al orthopyrox-
ene + hercynite + glass), which presumably
formed from rapid decompression in the host
basalt (Padovani and Carter, 1977a; Dégi et al.,
2010). Where fresh garnet is preserved, all have
kelyphite rims. The rutile in these samples is
unique in that some grains are blue in plane-
polarized light (or shades of purple, gray, and
green in plane polarized light depending on ori-
entation) (Fig. S1).

Padovani and Carter (1977b) estimated that
these xenoliths equilibrated between 750 and
1000 °C and 0.6-0.9 GPa, broadly consistent
with the deep crust in the region. Furthermore,
the seismic P-wave velocity of these xenoliths
(calculated to be 6.4-8 km/s; 7 km/s avg.) over-
laps the seismic velocity of the local deep crust
(Reid et al., 1989; Hamblock et al., 2007).

Early geochronology data for metapelite
xenoliths from the Potrillo volcanic field (e.g.,

ISupplemental Material. Supplemental Data:
LASS, EPMA, and XRF data. Supplemental Text:
Additional information and figures. Please visit
https://doi.org/10.1130/GSAB.S.22087901 to access
the supplemental material, and contact editing@
geosociety.org with any questions.

Padovani and Reid, 1989; Reid et al., 1989)
assumed that the sediments were transported
to depth at ca. 1600 Ma, based on Sr, Nd, and
Pb isochrons. Scherer et al. (1997) later dated
mafic garnet granulites using the Lu-Hf isotope
system and identified a major re-equilibration
event at ca. 25 Ma, which is consistent with the
onset of UHT metamorphism associated with the
Rio Grande rift. Scherer et al. (1997) also docu-
mented a ca. 1400 Ma inherited zircon from one
of these samples, as well as evidence of Ceno-
zoic zircon growth during Rio Grande rift activ-
ity. Cipar et al. (2020) dated zircon and rutile
from the metasedimentary xenoliths (including
sample 18KH9 from this study), as well as calcu-
lated Zr-in-rutile and Ti-in-zircon temperatures.
The zircon in that study showed Rio Grande rift
ages and ultra-high temperatures (>800 °C),
and the rutile yielded essentially zero Ma dates
(corresponding to eruption <100 ka) and even
higher temperatures (>930 °C).

Forty-seven metasedimentary xenoliths were
examined in hand specimen and thin section. Of
these, four samples were selected for detailed
petrochronologic analyses based on the degree
of preservation of the garnet, sample size, and
representativeness in terms of mineralogy
and texture.

METHODS

Major and Trace-Element Analyses of
Whole Rocks and Major Minerals

Major-element data for rutile, garnet, and
plagioclase were collected using the Cameca
SX-100 electron probe micro-analyzer (EPMA)
at the University of California Santa Barbara
(UCSB), California, USA. Transects of 2 pm
spots, spaced 10—20 pm apart, were made across
grains, using an accelerating voltage of 15 kV
and a beam current of 10 nA. Zirconium con-
tents in rutile were also determined via EPMA.
Transects of 5 pm spots, spaced 10-20 pm apart,
were done across grains, with an accelerating
voltage of 20 kV and a beam current of 80 nA.

Trace-elements in garnet were obtained with
either the Agilent quadrupole inductively cou-
pled plasma mass spectrometer (Q-ICP-MS) at
UCSB or the ThermoScientific Element2 sector
field inductively coupled plasma mass spectrom-
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eter (SF-ICP-MS) at California State University
Northridge. The Agilent was coupled with a
Teledyne CETAC Excimer Excite laser system
and the Element2 with a Teledyne CETAC Ana-
lyte G2 laser system. 40 pm spots spaced 50 pm
apart were used to make transects across grains
along the same axes as analyzed by the EPMA.
Manganese or Si concentrations from the EPMA
were used as the internal element standards,
NIST-612 was the calibrating standard, and
BHVO-2G and GSD-1G were used as second-
ary standards (data in Supplemental Material).

Whole-rock major elements were measured
on glass beads made by flux fusion of whole-
rock powders and analyzed via a Thermo-ARL
automated X-ray fluorescence spectrometer
(XRF) at Washington State University, Wash-
ington, USA, which typically has an uncertainty
better than 2% (20).

Thermobarometry

Whole-rock major-element data were used
to construct pseudosections (Fig. 2) with the
Perple_X software (Connolly, 1990) using the
internally consistent thermodynamic database
of Holland and Powell (2011). Calculations
assumed an anhydrous composition based on
the lack of hydrous phases in the samples, as
well as the extended time over which these sam-
ples experienced UHT metamorphism (Cipar
et al., 2020).

Zr-in-rutile temperatures were calculated
using the Ferry and Watson (2007) and Tomkins
and Powell (2007) calibrations of this thermom-
eter. These temperatures were used in conjunc-
tion with the garnet-aluminosilicate-plagio-
clase-quartz equilibria (“GASP”’) barometer to
determine equilibration pressures and tempera-
tures (using THERMOCALC v.3.3: Holland and
Powell, 2011; White et al., 2014).

U-Pb Dating and Trace-Element Analyses
of Accessory Phases

Zircon was separated from three xenoliths
(18KH1, 18KH9, and 117848-286) and mounted
in epoxy (zircon was also analyzed in thin sec-
tion for another well-preserved, but small, sam-
ple, 17848-309.). Laser ablation spots were posi-
tioned based on cathodoluminescence images
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Figure 2. Pseudosection for
sample 18KH1, which was col-
lected from Kilbourne Hole:
Field outlined in white rep-
resents the observed mineral
assemblage for the samples
studied here. White star shows
pressure and temperature
obtained from Zr-in-rutile
temperature and garnet-alu-
minosilicate-plagioclase-quartz
equilibria barometer, and el-

lipse around star represents its uncertainty. Blue shading is the range of pressures and tem-
peratures estimated by Padovani and Carter (1977b). All three samples for which X-ray
fluorescence (XRF) analyses were obtained yielded the same pseudosection fields within
uncertainty. fsp—feldspar; gt—garnet; ilm—ilmenite; kfs—K-feldspar; ky—Kkyanite; rt—
rutile; pl—plagioclase; qz—quartz; sil—sillimanite.

obtained via the FEI Quanta 400f scanning
electron microscope at UCSB, and the images
were also used to distinguish between oscilla-
tory-zoned igneous/detrital cores and generally
featureless metamorphic zircon (Vavra, 1990;
Shore and Fowler, 1996).

U-Pb and trace-element data in both detrital
and metamorphic zircon were collected simulta-
neously via laser ablation split-stream ICP-MS
(LASS: Kylander-Clark et al., 2013) at UCSB,
using either a Nu Plasma or Nu Plasma 3D and
an Agilent 7700 quadrupole connected to a
Teledyne CETAC Excimer Excite laser system.
One sample (117848-309) was not large enough
for mineral separates, and so zircon was ana-
lyzed in thin section in this case. Initially, 35
pm spots were used, but after determining that
there was sufficient U, 12 pm spots were uti-
lized to target the small oscillatory-zoned cores
identified in the cathodoluminescence (CL)
images (rarely larger than 15 pm in diameter).
Metamorphic zircon rims (appearing feature-
less in CL) were analyzed with 15 pm spots.
Reference zircon 91500 was the primary U-Pb
standard (1065 Ma: Wiedenbeck et al., 1995),
and secondary standards included GJ1 (also
the primary trace-element standard; 602 Ma:
Jackson et al., 2004), PleSovice (337 Ma:
Slama et al., 2008), R33 (419 Ma: Black et al.,
2004), Temora-2 (417 Ma: Black et al., 2004),
and Mud Tank (732 Ma: Black and Gulson,
1978). Error propagation follows that outlined
in Horstwood et al. (2016), including a typi-
cal uncertainty of 1%-2% (20) on individual
B8J/206Ph and 207Pb/2%Pb ratios (such that the
standards produce single populations). Sec-
ondary reference materials yielded the follow-
ing concordia ages (20) within 2% of accepted
values: GJ1 (597.8 + 1.4 Ma), Plesovice
(336.5 + 1.2 Ma), R33 (415.7 £ 2.5 Ma),
Temora-2 (417.3 + 2.3 Ma), and Mud Tank

(732.2 £ 3.9 Ma). All standard data are pro-
vided in the Supplemental Material. Silicon was
used as the internal standard for trace-element
determinations, assuming a concentration of
14.76%, and external uncertainties for trace-
element measurements were generally <10%
(20). Because of the smaller spot size neces-
sary for targeting specific zircon zones, ~30%
of the analyses yielded a 20 uncertainty of 15%
or greater on either the 2°°Pb/238U or 207Pb/2%Pb
ratio; these data generate little to no benefit in
geologic interpretation and were thus omitted
from further consideration.

Monazite from 18KH1, 18KH9, and 117848-
286 was analyzed in thin section for Th-U-Pb
ages and select trace-elements via LASS. Analy-
ses were made using 8 pm spots on grains in
polished thin sections. Grains were identified
through optical microscopy, as well as backscat-
ter electron scans and Ce maps of the thin sec-
tions made using the EPMA at UCSB. Th-Pb
dates were used for the Rio Grande-rift-age
monazite (inset Fig. 3B) to get around the stron-
ger effect of common Pb on younger U-Pb dates.
Reference monazite 44069 (424 Ma: Aleinikoff
et al., 2006) was the primary U-Pb standard,
and secondary standards included Stern (also
the primary trace-element standard; 512 Ma:
Palin et al., 2013), FC1 (55.7 Ma: Paces and
Miller, 1993), and Trebilcock (273 Ma: Tomas-
cak et al., 1996). Error propagation follows that
outlined in Horstwood et al. (2016). Secondary
reference materials yielded the following con-
cordia ages (20) within 2% of accepted values:
Stern (503.7 £ 2.2 Ma), FC1 (56.3 &+ 0.7 Ma),
and Trebilcock (277.1 & 1.3 Ma). See the
Supplemental Material for all standard data.
Phosphorous was used as the internal standard
for trace-element determinations, assuming a
concentration of 12.89%, which is the typical
phosphorus concentration in monazite based
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on the idealized formula. Trace-elements for
secondary reference materials reproduce to bet-
ter than 10% (20). Dates with >15% 20 uncer-
tainty (~30% of the data set) were discarded. No
common lead correction was applied to either
the zircon or monazite data due to their highly
discordant nature.

RESULTS

Mineral and whole-rock compositions used
for thermobarometry are reported in the Supple-
mental Material. Modal mineralogy is provided
in Table 1. Pseudosection modeling using the
major-element composition of 18KH1 indicates
equilibration at 760-965 °C and 0.8-1.0 GPa
in the garnet-sillimanite-quartz-potassium
feldspar-plagioclase-rutile-ilmenite stability
field (Fig. 2). Zr-in-rutile yielded an average
temperature of 970 + 50 °C, corresponding to
a pressure of 0.9 £ 0.1 GPa using the GASP
barometer (star with surrounding error ellipse in
Fig. 2). These values are similar to P-T estimates
from previous work (e.g., Padovani and Carter,
1977b; Hamblock et al., 2007; Cipar et al., 2020)
and are consistent with equilibration under UHT
conditions in the lower crust of the Rio Grande
rift, as well as with rutile being open to Pb diffu-
sion at the time of eruption (Cipar et al., 2020).

Over 1000 potential detrital zircon cores were
identified in CL images of the grains mounted
in epoxy and then analyzed. However, the vast
majority of these were strongly discordant (see
reasons for this in discussion), and the 12 pm
spot size used to collect both U-Pb and trace-ele-
ment data yielded many analyses with extremely
large uncertainties. Approximately 100 analyses
of metamorphic zircon were collected from
each of the samples shown in Table 1, except
for 117848-309, analyses of which were limited
by the number of zircon successfully targeted in
thin section.

Detrital zircon U-Pb dates (identified by
oscillatory zoning in CL) range from ca. 1650—
1450 Ma for concordant analyses (data in
Supplemental Material) and up to ca. 2500 Ma
for discordant analyses (assuming Pb-loss or
recrystallization at 16 Ma for the latter; for cal-
culated upper intercept ages and uncertainties
based on a 16 Ma lower intercept, see Supple-
mental Material) (Fig. 3A). The discordant
nature of the detrital zircon, as well as their
larger uncertainties, makes it difficult to identify
a precise maximum depositional age. Feature-
less metamorphic zircon rims lie on a discordia
line between Rio Grande rift dates (<32 Ma:
Morgan et al., 1986; Cipar et al., 2020) and con-
cordant Proterozoic dates between ca. 1450 Ma
and 1350 Ma, with eight concordant analyses
<1250 Ma (Fig. 3A).
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Figure 3. Geochronology results: (A) Tera-Wasserburg concordia plot of detrital zircon cores (n = 45) and metamorphic zircon (n = 33)
from the four samples in Table 1 (as determined by cathodoluminescence (CL) images and Gd/Yb ratios) that fall within 15% of concordia
and have uncertainties less than 15% (26). Inset shows upper intercept ages for each individual zircon with a 238U/2%Pb ratio <100 classified
solely on Gd/YDb ratio (data and associated uncertainties used to make this inset can be found in the Supplemental Material [see footnote
1]). Scale does not show younger ages or the eight analyses >2000 Ma. These data document a clear transition from detrital to metamor-
phic zircon production during the Picuris orogeny. (B) Tera-Wasserburg concordia plot of metamorphic monazite. All dates are for matrix
monazites except for the six pale green data points for sample 18KH1 in the histogram, which are monazites within garnet. Error ellipses
show 26 total uncertainty for individual spot analyses. MSWD—mean square of weighted deviates. (C) Rare earth element (REE) plot for
concordant zircon sorted by age, showing a clear transition at 1450 Ma from steep to flat heavy (H)REE. Inset cathodoluminescence image
is an example of a zircon from sample 18KH1 with an oscillatory-zoned detrital core surrounded by a metamorphic rim. (D) REE plot of
metamorphic monazite. Gray field highlights the higher HREE of the Rio Grande rift-age monazite, indicating these younger grains are not
simply the result of Pb loss from Proterozoic monazite and are instead a separate population.

Metamorphic monazite U-Pb and Th-Pb
dates also record growth during these time
periods (Fig. 3B), with an upper intercept of
1353 & 24 Ma (20) and lower intercept of
7 + 6 Ma (20), though monazite inclusions in
garnet (n = 6) yield only Rio Grande rift ages,
and the majority of matrix monazite are Rio

Grande rift-age (Fig. 3B inset). The Cenozoic
monazite have higher heavy rare earth elements
(HREE) than the older grains (Fig. 3D), indicat-
ing that they are recrystallized grains and not
simply Proterozoic monazite that experienced
Pb loss. Both the featureless (in CL) metamor-
phic zircon and the monazite have negative
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Eu anomalies (Eu/Eu*) and generally flat or
depleted HREE, respectively (Figs. 3C and 3D).

Garnets are homogeneous with respect to
their major- and trace-element compositions
(Fig. 4), which precludes their use in deter-
mining the prograde path. Only a single grain
(in sample 117848-309) is zoned in Zr and Hf
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(Fig. 5), corresponding to a distinct inclusion-
rich core containing fibrous sillimanite, as well
as quartz, and an inclusion-poor rim (no date-
able phases were found within the core of this
garnet). All other garnets in the samples have
compositions similar to those of the inclusion-
poor rim (including Zr and Hf content). Garnet
data are provided in the Supplemental Material,
and major-element compositions are plotted
in Fig. S4.

DISCUSSION

Timing of Sedimentation and
Metamorphism

Detrital and metamorphic zircon were primar-
ily distinguished using CL imaging, assuming
oscillatory zoning reflects detrital cores and that
featureless zircon grains/rims are metamorphic
(see inset to Fig. 3C). Rare earth element pat-
terns (in particular, Gd/Yb ratios) were also
utilized to distinguish the two populations and
generally correlate with grain structure: Oscilla-
tory zoned (detrital) zircon have low Gd/Yb, and
featureless (metamorphic) zircon mostly have

high Gd/Yb, indicating equilibration with gar-
net (e.g., Taylor et al., 2015). Where CL-distinct
cores did not clearly show oscillatory zoning, the
Gd/Yb ratio was used to determine whether they
were detrital or metamorphic.

Most detrital zircon show a large degree of
discordancy (Fig. S3), which is likely due to
one or more of the following: (1) Pb loss and/
or recrystallization during initial and subsequent
Proterozoic metamorphic events at ca. 1400 Ma
(Picuris orogeny) or ca. 1200 Ma (Grenville
orogeny), (2) Pb loss and/or recrystallization
during Rio Grande rift UHT metamorphism
(Cipar et al., 2020), and/or (3) mixing of detri-
tal/igneous and metamorphic domains in the
analysis spot. The last of these was a particu-
lar problem due to the small size of most cores,
and many analyses aimed at cores incorporated
some rim material (This issue was mitigated in
Iolite as much as possible, but may not have
resulted in removal of all mixed analyses and
cannot compensate for inheritance/incomplete
recrystallization.). The detrital zircon plotted in
Figure 3 A represent those that are within 15% of
concordia and have uncertainties less than 15%
(20). These detrital zircon cores mainly record

Geological Society of America Bulletin

Figure 4. Representative X-ray
maps of a chemically homoge-
nous garnet grain from sample
18KH1, a metapelitic xenolith
collected at Kilbourne Hole.

ages corresponding to magmatism associated
with the Mazatzal orogeny (>1600 Ma) and
early stages of the Picuris orogeny (<1500 Ma).
Based on the youngest dates of detrital zircon
shown in Figure 3A, the sediments were depos-
ited after 1500 Ma (during the earliest phase of
the Picuris).

There is significant overlap in concordant
dates of the oscillatory zoned cores and the
featureless zircon grains and rims interpreted
as metamorphic, which is potentially due to
Pb loss from detrital zircon during transport
to depth, mixing of these two domains during
analysis, and/or uncertainties in individual dates.
The inset in Figure 3A shows calculated/restored
upper intercept ages for each individual zircon
analysis (with 238U/2%Pb ratios <100) assum-
ing a lower intercept of 16 Ma and sorted by
Gd/Yb ratio. We generated this inset image to
show the probable upper limit of detrital zircon
dates, rather than the transition from detrital to
metamorphic zircon. The lower intercept age
was chosen because there is a clear discordia
between the Mesoproterozoic and Rio Grande
rift ages, and 16 Ma is the median age of Rio
Grande rift activity (e.g., Cipar et al., 2020).

Figure 5. Texturally and chemi-
cally zoned garnet with a sil-
limanite inclusion-rich core
indicating metamorphic con-
ditions within the sillimanite
field (sample 117848-309, a
metapelitic xenolith collected at
Kilbourne Hole). Only Zr and
Hf preserve chemical zoning,
with higher concentrations in
the rim, while all other elements
are unzoned. Garnet core grew
at ~800 °C and rim at ~1050 °C
based on the Zr-in-garnet ther-
mometer of Degeling (2002).




With restored ages, the increasing influence of
garnet on zircon composition can be seen over
time, though the concordant zircon analyses
exhibit a significantly more robust relationship
between age and Gd/YD ratio (Fig. 3C).

Metamorphic zircon and monazite yield
upper intercept dates primarily between 1450
and 1350 Ma (Fig. 3), which coincides with the
Picuris orogeny and records peak metamorphism
and therefore the transport of the sediments to
depth. There is a clear transition from detrital
zircon dates to metamorphic zircon growth at ca.
1450 Ma, which is indicative of a major change
in tectonic setting at this time. The metamorphic
monazite upper intercept of 1353 £ 24 Ma (dis-
cussed below) provides additional evidence for
Picuris-aged transport of the samples to depth.

Due to the difficulty in dating very young
monazite with the long-lived U-Pb systems, we
present the Rio Grande rift-age monazite using
their Th-Pb ages (Fig. 3B inset) and the older
monazite using the U-Pb systems. The two pop-
ulations have differing trace-element content,
especially in the HREE, indicating that they are
likely the product of recrystallization and not
simply Pb loss. The ca. 1350 Ma upper intercept
may represent mineral crystallization during ret-
rograde metamorphism if it was accompanied by
partial melting (e.g., Hacker et al., 2015). Though
less likely, this upper intercept may instead show
Pb loss during slow cooling, but that would
require extended UHT conditions during the
Mesoproterozoic, which are not documented in
the literature and are difficult to assess using this
data set due to the UHT metamorphism associ-
ated with the Rio Grande rift. Instead, the spread
in metamorphic zircon dates and the monazite
upper intercept at ca. 1350 Ma likely reflects
an extended period of metamorphism, which is
consistent with earlier research that documents
protracted metamorphism during the Picuris
orogeny (e.g., Aronoff et al., 2016; Bollen et al.,
2022). There are also eight nearly concordant
(<15% discordancy) metamorphic zircon with
upper intercepts of ca. 1250-1000 Ma (out of a
total of over 300 high Gd/Yb analyses). These
are interpreted to reflect metamorphism associ-
ated with the Grenville orogeny, which occurred
just to the south (Fig. 1) and would have likely
affected the deep crust below the modern Potrillo
volcanic field.

Although the recent UHT metamorphism
makes interpretation of the Proterozoic history
of these rocks challenging, the data presented
here demonstrate that the sediments accumu-
lated at the surface before eventually being trans-
ported to depth at ca. 1450 Ma, with metamor-
phism likely extending to ca. 1350 Ma (monazite
upper intercept). This time interval corresponds
to the Picuris orogeny, which was most recently

Lower crustal Picuris metasediments

defined by Daniel et al. (2023) as 1500—1340 Ma
in modern southwest USA.

P-T-time Path of the Sediments and
Tectonic Setting

Understanding how the metapelites were
transported to the lower crust has important
implications for interpreting the nature of the
Picuris orogeny and its role in the assembly of
Laurentia. Several processes may transport sedi-
ments to the lower crust: (1) forearc thrusting/
underplating of oceanic sediments in a subduc-
tion zone (e.g., Pelona-Orocopia-Rand schists,
western USA: Jacobson et al., 2011), (2) deep-
seated thrust faulting on the continental/inboard
side of an arc (retroarc) undergoing crustal short-
ening (e.g., North American cordillera: DeCelles
et al., 2009; Chin et al., 2013), (3) deep-seated
thrust faulting in a continent-continent collision
zone after subduction ceases (e.g., Himalayas:
Zhao et al., 1993), and (4) relamination, wherein
buoyant diapirs of subducted continental crust
and/or sediments rise through the mantle wedge
to the base of the lower crust (e.g., Hacker et al.,
2011; Kelemen and Behn, 2016). The petrochro-
nologic data reported here can be used to dis-
tinguish between these different scenarios and
provide important insight into the tectonic pro-
cesses responsible for sediment emplacement at
depth, as well as evidence for the tectonic setting
at the time.

The transport of sediments to the lower crust
could only have been achieved in a contrac-
tional setting via one of the scenarios previously
discussed, thereby providing strong evidence
for a major orogenic event at this time. This is
consistent with previous work concluding that
there was accretion of new crust south of the Nd
line (Bickford et al., 2015), which divides older
crust to the north and younger to the south, and
has long been suspected as an important crustal
boundary. The Picuris orogeny partly coincided
with mantle-dominated A-type magmatic activ-
ity (the extensive granite-rhyolite provinces)
(Fig. 1; Bickford et al., 2015, and references
therein). Previous work suggests that subduction
during the Picuris ceased mid-1400s Ma (e.g.,
Daniel et al., 2013a; Karlstrom et al., 2016) and
that slab breakoff or lower crustal foundering
may have occurred, thereby potentially generat-
ing the A-type magmatic rocks from this period
(Karlstrom et al., 2016). Subduction ceasing at
mid-1400s Ma is consistent with the transition
from igneous to metamorphic zircon production
at ca. 1450 Ma and the onset of monazite growth
at ca. 1350 Ma seen in the Potrillo metapelites.

The trace-element composition of accessory
phases in the deep crustal metapelites provides
clues about the nature of coexisting metamor-
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phic minerals. HREE depletion in metamorphic
monazite and zircon indicates growth in the
presence of garnet (Rubatto et al., 2013; Taylor
et al., 2015). Both phases also have negative Eu
anomalies, indicating growth within the feldspar
stability field (e.g., Rubatto et al., 2013; Dumond
et al., 2015) and therefore at crustal depths, rul-
ing out the higher pressures expected for subduc-
tion into the mantle followed by diapiric ascent
and relamination (Hacker et al., 2011).

The rim of the single zoned garnet matches
the inclusion-poor appearance and Zr and
Hf contents of other garnet in these samples
(Fig. 4). Thus, the rim is likely Rio Grande rift-
age, and the unique core may be a relict of the
original prograde metamorphism that occurred
during initial transport of the sediment to depth.
If so, the abundant sillimanite in the core records
a relatively warm metamorphic field gradient at
the time of transport—warmer than expected in
forearc subduction settings where kyanite is usu-
ally the stable aluminosilicate (see figure 4 in
Chapman, 2017). As there are no zircon or mon-
azite inclusions in the garnet core, the hypoth-
esis that this is a relict from the Proterozoic is
based on its unique appearance (full of acicular
sillimanite inclusions) and Zr and Hf concentra-
tions, which differ from both the rim of the grain
as well as the other garnet in the samples we
examined. As Zr and Hf are some of the slowest
diffusing elements in garnet (e.g., Chakraborty
and Ganguly, 1991; Li et al., 2018; Bloch et al.,
2020), and the core-rim boundary is relatively
sharp (unlike a typical diffusion profile), this
zoning likely reflects garnet rim growth. The Zr
concentrations are compatible with growth of the
core at 800 °C and the rim at 1050 °C (using the
Zr-in-garnet thermometer of Degeling, 2002),
with the latter temperature being consistent with
the UHT metamorphism associated with the
Rio Grande rift as determined by Zr-in-rutile
thermometry (Cipar et al., 2020; this study) and
the presence of ternary feldspars. The 800 °C
domain may therefore represent a much earlier
metamorphic history.

These lines of evidence suggest transport of
the sediments to depth in either a backarc setting
or within a continent-continent collision zone. If
subduction was no longer active along the mar-
gin after the mid-1400s Ma (e.g., Daniel et al.,
2013a; Karlstrom et al., 2016), the transport of
sediments to the lower crust after this period
must have occurred within a continent-continent
collision, wherein sediments transported to the
base of the overriding plate are inserted into
the lower continental crust after removal of the
down-going slab through rollback, foundering,
or breakoff (Fig. 6). This setting may have been
similar to modern-day thick continent-continent
collisions or to the hotter, thinner, and more duc-



Ringwood et al.

Continental Margin Before ~ 1460Ma

Continental
Arc

Inbound
Continent
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south cross section of the
Picuris orogen along what was
the Proterozoic southern mar-
gin of Laurentia: (A) Before
ca. 1460 Ma. (B) Continent-
continent collision after ca.
1460 Ma; this date lies within
the time window of the transi-
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tile orogens that may be typical of the Meso- to
Paleoproterozoic Earth (Spencer et al., 2021)
and which could have involved the transport of
sediments to the deep crust through burial and
stacking of upper crustal “pop downs” (essen-
tially inverted diapirs: Cagnard et al., 2000).
Though this study’s data do not provide evi-
dence for the polarity of subduction, the timing
of this sequence of events fits with slab break-
off typically occurring after subduction ceases
and continent-continent collision begins (e.g.,
Davies and von Blanckenburg, 1995; van Hunen
and Allen, 2011), as well as with the increasing
influence of garnet on zircon trace-element con-
tents (Figs. 3A and 3C). If subduction did indeed
stop by ca. 1450 Ma, these metasediments were
transported to depth within a collisional orogen.
The array of detrital zircon ages (those
between 1600 and 1500 Ma) do not match any
known sedimentary sequence in the southwest
USA (e.g., Daniel et al., 2013a; 2013b; Amato
etal., 2018; Amato, 2019). This may be evidence
of a non-Laurentian provenance for these sedi-
ments, as has been suggested for other rocks in
New Mexico (e.g., Piedra Lumbre Formation:
Daniel et al., 2013b). In that case, these sedi-
ments may have been transported to the south-
ern margin of Laurentia by whatever terrane
accreted there during the Picuris orogeny.

CONCLUSIONS

Detrital zircon dates from the metasedimen-
tary xenoliths of the Potrillo volcanic field point
to ca. 1650-1450 Ma source rocks, which are
distinct from any sedimentary rocks known in
New Mexico. The ages of metamorphic zircon
and monazite show that the sediments were

transported to the lower crust between 1450 and
1350 Ma, during the latter (collisional) part of
the Picuris orogeny. The chronology, mineral
trace-element data, textural and mineralogical
clues, and the fact that it involved the transport
of sediments to the deep crust indicate that the
Picuris was, indeed, a contractional orogen and
not the result of purely extensional or anorogenic
activity near the southern margin of Proterozoic
Laurentia. Furthermore, the occurrence of these
lower crustal metapelites in south-central New
Mexico provides corroboration of previous sug-
gestions that the “Nd-line” may represent the
location of a suture zone. By providing evidence
for the tectonic setting at the time of sediment
transport to depth, as well as the possible loca-
tion of the Picuris suture zone, these data pro-
vide insight into an otherwise poorly understood
yet major event in the Proterozoic assembly of
North America.
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Supplemental Material

Table S1. Petrographic Information for All Samples Analyzed.
Supplemental Text. Documentation of blue rutile in samples.

Figure S1. Examples of the blue-type rutile found in sample 286. Panel B is looking down the c-
axis.

Figure S2. Nb concentration in rutile grains measured via EPMA and sorted by perceived color.
Figure S3. All zircon U-Pb data collected having <15% uncertainty.

Figure S4. Composition of garnet grains by sample. Dots are averages for individual samples
and encompass uncertainties in analyses.

Supplemental Data. LASS, EPMA, and XRF data.
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Table 1. PETROGRAPHIC INFORMATION FOR ALL SAMPLES ANALYZED

117848-125 (K) gt (20%), q (40%), sil (15%),
kfs (20%), pl (<5%)
gt (25%), q (40%), sil (5%),

kfs (20%), pl (4%), bio (1%)

117848-136A (K)

117848-286 (P) gt (30%), q (20%) sil (45%),

kfs (5%)
117848-309 (K) gt (15%), q (45%), sil (10%),
kfs (15%), pl (10%)

Sample Major Phases Accessory Phases Notes

18KH1 (K) gt (20%), q (40%), sil (20%), rt, ap, zm, mnz, ilm, Gts mostly unaltered; one of samples in
kfs (15%), pl (<5%) oxides best shape

18KH9 (K) gt (20%), q (45%), sil (20%), rt, ap, zrn, mnz, ilm, Relatively inclusion-free gts
kfs (15%) oxides

18KH10 (K) gt (15%), q (50%), sil (15%), rt, ap, zm, mnz, ilm, Gts small (~2mm); intact gt cores;
kfs (20%), pl (1%) sulfides perthitic kfs

rRt, ap, mnz, zrn, oxides,
sulfides

rt, bio, zrn, oxides, pyx,
melt

rt, zrn, mnz, ilm, sulfides

rt, ap, ilm,
oxides,

sulfides

mnz, zrn,

Only rims of gt altered

Gts heavily altered; perthitic kfs;
symplectites; only sample with biotite
(intermingled with pyx and melt?); bio
and pyx possibly secondary

Gts mostly altered; blue rutile

More pl than typical; lots of large
relatively intact gt cores

* K = Kilbourne Hole, P = Potrillo Maar. Ap = apatite, bio = biotite, gt = garnet, ilm = ilmenite, kfs = potassium
feldspar, mnz = monaczite, pl = plagioclase, pyx = pyroxene q = quartz, rt = rutile, sil = sillimanite, zrn = zircon

II. BLUE RUTILE

Blue rutile was discovered in four of the metapelite samples (Fig. S1), two of which also
have typical brown rutile. Both varieties of rutile were analyzed using the Cameca SX-100
electron microprobe (EPMA) at UCSB to determine whether any unusual chemistry could
explain the blue color. Magnesium, Al, Si, Fe, Ti, Zr, V, Cr, Nb, Ta were all analyzed.

Rutile have variable Nb contents. The blue grains contain as much as 1.1 wt% Nb,
whereas the brown grains all have less than 0.5 wt%. There is also some variation among the
blue rutile. The mean and standard deviation of Nb content of the pure blue (e.g., left grain in
Fig. 13) is 4990 + 2320 ppm and ranges from approximately 2100 to 11,000 ppm. However,
including all of the blue-type rutile (blue, purple, green, gray), the average Nb content is 4190 +
2280 ppm. Though there appears to be a difference between the pure blue and other blue-type

Blue-type Rutile

Figure S1. Examples of the blue-type rutile found in sample 286. Panel B is looking down the c-axis.




(e.g., green, purple, etc.) rutile, it is also possible that this is a coincidence and that the color
difference is only the result of optic axis orientation. By applying an unpaired t-test to this
limited set of data, it was determined that these two populations are not statistically different.
Whereas the brown rutile has an average Nb concentration of 3550 + 1000 ppm and a
maximum measured Nb
concentration of < 500 ppm,
it is clear that the blue-type

Nb Concentration in Rutile
12000

rutile can contain 10000 __
significantly more Nb (Fig. Blue m §
S2). However, it is probable Purple W 800 =
that the blue color is not due orey 1 =
. Green M 6000 E
to the presence of additional Normal M .
Nb. Rather, the two are likely ao00 <
the result of the same thing: S
the presence of Ti*" in the I I I I I I I I 2000
rutile crystal lattice. While I 0
there is only one other S8z JRIFEXEL2RYEELE G
documented occurrence of Figure S2. Nb concentration in rutile grains measured via EPMA and sorted by
natural terrestrial blue rutile perceived color.

(Mposkos and Kostopoulos,

2001), there are multiple instances of synthetic blue rutile containing Ti*" documented in the
materials science literature (e.g., Khomenko et al., 1998). If Ti** is the cause of the blue color in
these rutile, it would be possible to explain the high Nb content by a coupled substitution of Nb>*
and Ti** for 2Ti*.

ITII. ALL ZIRCON DATA

All zircon data collected from the four samples (both detrital and metamorphic) are shown in Fig.
S3.
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Figure S3. All zircon U-Pb data collected having <15% uncertainty.

IV. GARNET COMPOSITIONS

Samples in supplementary tables have been plotted herein to show composition (Alm-Py-Grs
content).

o 18KH9
e 18KH1
o 18KH10
e 125

e 309

1 py

Figure S4. Composition of garnet grains by sample. Dots are averages for individual samples and encompass uncertainty Samples.
125 and 309 are SI samples with the prefix 117848.
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