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Abstract Zircon from lower crustal xenoliths erupted in
the Navajo volcanic field was analyzed for U-Pb and
Lu—Hf isotopic compositions to characterize the lower
crust beneath the Colorado Plateau and to determine
whether it was affected by ~1.4 Ga granitic magmatism
and metamorphism that profoundly affected the exposed
middle crust of southwestern Laurentia. Igneous zircon
in felsic xenoliths crystallized at 1.73 and 1.65 Ga, and
igneous zircon in mafic xenoliths crystallized at 1.43 Ga.
Most igneous zircon has unradiogenic initial Hf isotopic
compositions (egp= +4.1-+7.8) and 1.7-1.6 Ga
depleted mantle model ages, consistent with 1.7-1.6 Ga
felsic protoliths being derived from “‘juvenile” Protero-
zoic crust and 1.4 Ga mafic protoliths having interacted
with older crust. Metamorphic zircon grew in four pul-
ses between 1.42 and 1.36 Ga, at least one of which was
at granulite facies. Significant variability within and
between xenoliths in metamorphic zircon initial Hf
isotopic compositions (egr=—0.7 to +13.6) indicates
growth from different aged sources with diverse time-
integrated Lu/Hf ratios. These results show a strong link
between 1.4 Ga mafic magmatism and granulite facies
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metamorphism in the lower crust and granitic magma-
tism and metamorphism in the exposed middle crust.

Introduction

The age, composition, and thermal history of the lower
crust in southwestern Laurentia are key to understand
the processes of Proterozoic lithospheric growth, modi-
fication, and reactivation. Continental lithosphere in
southwestern Laurentia that formed during the amal-
gamation of dominantly oceanic elements at 1.8-1.6 Ga
(Karlstrom and Bowring 1988; Bowring and Karlstrom
1990) was profoundly modified during granitoid pluto-
nism and metamorghism at 1.4 Ga. Deformation,
metamorphism, and *°Ar/*’Ar cooling dates of 1.4 Ga
and younger are recorded over an extensive area
(Grambling and Dallmeyer 1993; Hodges et al. 1994;
Hodges and Bowring 1995; Karlstrom et al. 1997; Ped-
rick et al 1998; Shaw et al. 2001), yet a satisfactory
explanation for these events that were distant from a
plate margin remains elusive. A major limitation to
understanding is the uncertainty about the degree to
which the lower crust was involved. Karlstrom et al.
(2002) suggested that 1.4 Ga granitic magmatism and
the distinctive high-velocity lower crust (up to
7.0-7.5 km/s) in southwestern Laurentia resulted from
underplating of basalt, but little physical evidence for
underplating has been found. Because the highest grade
rocks exposed in southwestern Laurentia are relatively
high temperature-moderate pressure granulites (700°C,
0.3-0.6 GPa) that were never part of the lower crust,
xenoliths entrained in volcanic rocks are the only sam-
ples that can be used to establish temporal and petro-
logic linkages between the exposed middle crust and the
hidden lower crust and upper mantle.

Isotopic studies of accessory minerals in xenoliths
have revealed much about the formation and thermal
history of the lower crust (Rudnick and Williams 1987,
Chen et al. 1994; Davis 1997; Moser and Heaman 1997,
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Schmitz and Bowring 2001, 2003a, b; Davis et al. 2003;
Schmitz et al. 2004), including the timing of protolith
crystallization and metamorphism. These studies
allowed hypotheses to be tested about the relationship
between deep crustal processes and plate tectonic his-
tories manifested in the shallow crustal record. The
Navajo volcanic field in the Four Corners area of the
Colorado Plateau (Fig. 1) contains abundant crustal
xenoliths that have been studied in detail, including
geochemistry (Mattie et al. 1997), petrology and ther-
mobarometry (Selverstone et al. 1999), Sm and Nd iso-
topes (Wendlandt et al. 1993, 1996), and U-Pb zircon
geochronology (Condie et al. 1999). Our study was
undertaken to gain a better understanding of the evo-
lution of the lower crust beneath the Colorado Plateau
and to compare this evolution with the history of base-
ment rocks exposed around the plateau. Moderate-sized
(50-100 pm) zircon growth domains were identified
through cathodoluminescence (CL) imaging, isolated
from adjacent domains by grain fragmentation and air
abrasion, dated by the isotope dilution thermal ioniza-
tion mass spectrometry (IDTIMS) U-Pb method, and
then analyzed for Lu-Hf isotopic compositions by
multicollector inductively coupled plasma mass spec-
trometry (MC-ICPMS). This method provides a com-
bination of age and source compositional information
from multiple generations of zircon. The results have
implications for tectonic models of Proterozoic litho-
sphere in southwestern Laurentia.

Geological setting

A >1,000 km wide zone of dominantly juvenile crust
was accreted to the rifted southern margin of the
Wyoming craton between 1.8 and 1.6 Ga (Karlstrom
and Bowring 1988, 1993). The orogenic belt has been
subdivided into the Yavapai province to the north,
Mazatzal to the south (Fig. 1), and Mojave to the west

(e.g., Karlstrom and Bowring 1988; Condie 1992;
Karlstrom et al. 2002). In general, the Yavapai province
consists of 1.8-1.7 Ga juvenile crust deformed and
metamorphosed by 1.7 Ga, whereas the Mazatzal is
characterized by 1.7-1.6 Ga crust deformed and meta-
morphosed at ~1.66-1.60 Ga (Karlstrom and Bowring
1988, 1993). Much of the Proterozoic orogenic belt of
southwestern Laurentia was strongly affected by the
intrusion of granitoid magmas at 1.48-1.32 Ga, with
most of the magmatism in New Mexico concentrated at
1.44-1.36 Ga (Karlstrom et al. 2006 and references
therein). Regional metamorphism and deformation,
associated with this series of magmatic episodes, affected
much of northern New Mexico (Pedrick et al. 1998;
Read et al. 1999; Williams et al. 1999; Shaw et al. 2001,
2005). The metamorphism was a high temperature—low
pressure event (500-550°C, 0.35-0.40 GPa) that was
recorded by “°Ar/*’Ar dates of 1.43-1.35 Ga from rocks
around the Colorado Plateau (Karlstrom et al. 1997;
Shaw et al. 2001, 2005). Karlstrom et al. (1997, 2002)
suggested that the heat for metamorphism was supplied
by massive quantities of basalt that underplated the
lower crust and induced melting. Evidence for such an
event is the regional scale of this crustal heating, the
voluminous 1.4 Ga magmatism (~20% of exposed crust
in southwestern Laurentia), petrology of the A-type
granitoids that suggest a thoeiitic source (Frost and
Frost 1997), local association of gabbro, anorthosite,
and mafic dikes with 1.4 Ga granite in Colorado and
Wyoming, and widespread evidence in 1.4 Ga granitoids
for mingled mafic enclaves. Karlstrom et al. (1997) and
Shaw et al. (2005) appealed to rapid asthenospheric
upwelling similar to lithospheric delamination models of
Kay and Kay (1993) to explain the initiation of the
basaltic underplating. In some areas, such as the Grand
Canyon, 1.4 Ga deformation and metamorphism was
considerably less intense (Hawkins et al. 1996;
Karlstrom et al. 2006), consistent with exhumation of
a laterally segmented orogenic belt (Bowring and

Fig. 1 Map of the Navajo
volcanic field, showing the
location of diatremes and
previously proposed crustal
province boundaries
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Karlstrom 1990). The highest grade rocks presently at
the surface resided at middle crustal depths at ~1.4 Ga.
Crustal thickness at ~1.4 Ga is thought to have been
“normal” (35-45 km) because thermochronology does
not record rapid cooling and uplift following any of the
crust forming events, at 1.75-1.65 or 1.45-1.35 Ga
(Bowring and Karlstrom 1990; Williams and Karlstrom
1997).

Seismic refraction data acquired by the CD-ROM
(Continental Dynamics of the Rocky Mountains) experi-
ment were used to characterize the nature of the lower
crust (Karlstrom et al. 2002 and references therein). These
data were interpreted by Karlstrom et al. (2002) as
delineating a 10-15 km thick, 7.0-7.5 km/s mafic lower
crustal layer, the base of which forms the Moho at depths
of 40-55 km. The layer was considered to be the net result
of diachronous modification of the lithosphere involving
magmatic processes from accretion to regional extension
at ca 1.1 Ga. Geochronology and isotopic studies of
Grt-bearing lower crustal xenoliths from northern Colo-
rado are consistent with a high-velocity mafic lower crust
that may be Paleoproterozoic restite, with only minor
evidence for magmatism or metamorphism at 1.4 Ga
(Karlstrom et al. 2002; Farmer et al. 2005).

The Navajo volcanic field covers > 30,000 km? in the
Four Corners region of the Colorado Plateau (Fig. 1)
and is a southward extension of the Colorado Mineral
and magmatic belt. It includes more than 80 diatremes
(McGetchin et al. 1977; Semken 2003) erupted at
28-19 Ma (Laughlin et al. 1986). Most diatremes are
minettes (K-rich lamprophyres) emplaced as magmas
(dikes) and gas—solid mixtures (volcanic necks), and
others are serpentinized ultramafic microbreccias (kim-
berlite-like bodies) emplaced as gas—solid mixtures. A
wide variety of crustal and mantle xenoliths have been
recovered from many of the diatremes [see Table 1 in
Selverstone et al. (1999) for summary of lithologies and
references]. Xenoliths composed of granitoid and
metagranitoid rocks from the middle and upper crusts
are common, and those from six diatremes yielded U-Pb
zircon crystallization ages corresponding with two of the
three main periods of Proterozoic plutonism in south-
western Laurentia, at 1.75-1.70 and 1.45-1.41 Ga
(Condie et al. 1999). Mafic xenoliths are also common,
being represented by (in order of decreasing abundance)
garnet granulite, amphibolite, gabbro, and pyroxene
granulite (Mattie et al. 1997). Except for gabbro, none
of these xenolith types preserves features that are
indicative of protolith. Geochemical analysis suggested
that they were derived from dominantly mafic cumulates
(Mattie et al. 1997). Metasedimentary schists and
gneisses occur in some diatremes, as do eclogites. U-Pb
dating of zircon from eclogites and garnetites is consis-
tent with the formation during Late Cretaceous to Ter-
tiary subduction (Usui et al. 2003; Smith et al. 2004,
Smith and Griffin 2005).

Selverstone et al. (1999) showed significant differ-
ences in the xenoliths across the Navajo field. Xenoliths
from diatremes to the northwest (1) represent a variety

315

of rock types, including metasedimentary rocks and
eclogites that are absent in diatremes to the southeast;
(2) record counterclockwise P—T paths with peak tem-
peratures up to 850°C and pressures of >1.0 GPa; (3)
underwent complex reaction histories; and (4) suffered
variable degrees of hydrous alteration, some of which
occurred at 500°C and 0.8-1.2 GPa. Xenoliths from
diatremes to the southeast show fewer reaction textures
and less alteration and preserve little evidence of their
P-T evolution. Selverstone et al. (1999) used differences
in rock types, P-T paths, and alteration histories to
suggest that two distinct crustal blocks were juxtaposed
along a boundary between the northwest and southeast
diatremes. It was proposed that a crustal block to the
southeast (Mazatzal province) was thrust beneath a
block to the northwest (Yavapai province) based on the
assumption that eclogitic metamorphism and hydrous
alteration occurred during the accretion and are only
recorded in xenoliths from the northwest diatremes. This
subduction at the southwestern margin of Laurentia was
thought to have occurred at 1.75-1.70 Ga. Other studies
have also proposed boundaries between crustal prov-
inces beneath the Colorado Plateau in the vicinity of the
Navajo field based on a variety of evidence (Silver 1965;
Bennett and DePaolo 1987; Karlstrom and Bowring
1988; Condie 1992; Karlstrom et al. 2002, 2006) (Fig. 1).

Nd whole rock model ages of 1.98-1.63 Ga were
obtained from lower crustal granulite and garnet
amphibolite xenoliths from four diatremes, similar to
ages from upper crustal xenoliths and exposed grani-
toids (Wendlandt et al. 1993). Sm—Nd garnet-whole
rock dates of 1,345+ 10 Ma obtained from three lower
crustal granulite and amphibolite xenoliths from three
diatremes (Wendlandt et al. 1996) were interpreted as
cooling ages following the 1.4 Ga crustal thermal max-
imum, which presumably was related to the 1.4 Ga
regional metamorphism. Wendlandt et al. (1996) con-
sidered the 1.4 Ga thermal event to be associated with
intracrustal melting and intrusion of 1.4 Ga granitoid
rocks. Selverstone et al. (1999) questioned whether these
xenolith isotopic data indicate a distinct metamorphic
event at 1.4 Ga and suggested that the region may have
simply undergone slow cooling following initial meta-
morphism and deformation associated with collisional
assembly at ~1.7 Ga.

Analytical methods

Garnet- and pyroxene-bearing xenoliths that appeared
to be from the middle and lower crusts were collected
from The Thumb, Red Mesa, and Shiprock diatremes
(Fig. 1). Sixteen xenoliths that varied from 0.2 to 2 kg
were processed for heavy minerals. Most xenoliths yiel-
ded 1065 zircon grains that were > 100 um, and many
of these were large (200-300 pum), clear, colorless,
smooth, subequant, anhedral grains. The grains were
mounted in epoxy, polished until their centers were
exposed, and imaged for CL using a JEOL 733
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Superprobe with an accelerating voltage of 15 keV, a
beam current of 3-30 nA, and the secondary electron
detector mounted in place of the optical microscope
ocular. CL imaging revealed a variety of internal zoning
patterns (Fig. 2). Zoning was difficult to discern in
grains with domains of strongly contrasting brightness
(typically dark cores and bright rims). For such grains,
images were first collected at a low beam current to
optimize visualization of zoning in the rims, and then the
beam current was increased to allow zoning in the cores
to become apparent.

Electron microprobe analyses were performed on
polished thin sections at the University of Massachusetts
on a Cameca SX50 electron microprobe, at 15 kV and
15 nA sample current using natural silicate standards.
Wavelength dispersive high-resolution compositional
maps were made of individual metamorphic minerals

Fig. 2 Cathodoluminescence
(CL) images of zircon. Grains
with labels were removed from
the grain mount, fragmented,
air-abraded, and dated

(Table 2, Figs. 4, 6).
Differences in brightness in CL
images are related to differences
in U concentration,
concentrations of other trace
elements, and structural
parameters such as crystallinity.
Scale bar applies to all grains

B

(Grt, Cpx, Hbl, PI) (abbreviations after Kretz 1983) and
matrix domains to evaluate compositional zoning.
Quantitative point and traverse locations were selected
from compositional maps in such a way as to analyze
petrologically significant compositions (i.e., core, near-
rim, rim, etc.). Analyses were reduced first using the
online PAP routine (Pouchou and Pichoir 1985) and
then refined using the Datcon software (M.L. Williams,
unpublished). Zircon was located in thin sections with
Mg and Zr maps made in stage-scan mode, and CL
images were obtained to compare zoning characteristics
with zircon in the mineral separates.

Zircon from eight xenoliths (five from Red Mesa, two
from The Thumb, and one from Shiprock) was analyzed
for U-Pb and Lu-Hf isotopes. Grains selected for
analysis generally were those with the largest homoge-
neous growth domains that represented the different

zz KRM02-06

JE03-SH-1
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KTT02-07




zoning types. We attempted to isolate zircon growth
domains by breaking grains that were CL imaged into
moderate-sized fragments (50-100 um, 2-10 fragments
per grain). The outer parts of the fragments were
removed with air abrasion (Krogh 1982). A problem
with this technique is that the boundaries between
growth domains were not planes of weakness, and thus
the grains did not typically break along them; U-Pb
data that show many of the fragments were mixtures of
growth domains. The modest spatial resolution of this
technique is offset by the high age precision of the
IDTIMS method that allows for distinguishing zircon
growth episodes that occurred only a few million years
apart, in those cases where growth domains were suc-
cessfully isolated.

U-Pb geochronology followed methods of Schoene
et al. (2006). Dates referred to are 2°’Pb/?°°Pb dates of
concordant analyses [i.e., those with *°’Pb/**°U and
206pp/23¥U dates that agree within analytical and U
decay constant errors of Steiger and Jager (1977)], unless
otherwise noted. Errors are reported at +2¢. Discordia
lines in three samples were fitted with a York (1969)
regression. Uncertainties on the intercept ages include U
decay constant errors of Steiger and Jiger (1977);
ignoring these errors reduces the uncertainty by 75% in
most cases.

To determine zircon Hf isotopic compositions, 3 M
HCI washes from U-Pb anion columns were spiked with
a mixed '"Lu—'"®Hf tracer, fluxed overnight in 6 M
HCI-0.1 M HF, dried, redissolved in 1 M HCI-0.1 M
HF and Hf quantitatively separated from REEs on a
single 1 ml or 100 pl c.v. cation exchange column
modified after the first column of Patchett and
Tatsumoto (1980). Hf and Lu isotope compositions were
measured on the P54 MC-ICPMS at the Department of
Terrestrial Magnetism, Carnegie Institution of Wash-
ington. All analyses and washouts utilized 1 M HNO;
(Lu) or 1 M HNOs—0.05 M HF (Hf) solutions through
an MCN-6000 desolvating nebulizer. Hf isotope ratios
were measured in static mode on Faraday cups in fifty
10 s integrations, with '"®Hf signals >0.5x10"'" A. Hf
isotope ratios were renormalized with an exponential
fractionation law to '"’Hf/'""Hf=0.7325; reported
"7CHf/'7"HF ratios were bias corrected relative to the
accepted JMC-475 value of 0.282160. Unlike other types
of samples, Lu and Yb were not separated prior to
analysis; mass fractionation of the Lu isotope ratio was
corrected with an exponential law using the mass bias in
"3y b/""*YDb normalized to a value of 0.5075, and the
76Yb isobaric interference was corrected using a value
of '?Yb/'7°Yb=10.7844. Despite the large '7°Yb isobar
correction (measured '"*Yb/'"°Lu ranging from 0.5 to
1.0), this method was sufficient to reproduce the true
76Lu/'°Lu values in similarly Yb-doped solutions of
both natural and spiked Lu samples to within +1%
(20), an adequate precision given the very low
176 Lu/""Hf ratios of zircon.

For whole rock isotopic analysis, 100 mg powder
was spiked with mixed '*Sm—""’Nd and '"°Lu-'"*Hf
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tracers, dissolved with 5 ml 29 M HF + 15 M HNO;
(3:2) in Parr pressure vessels at 200°C for 72 h, dried
twice with 1 ml of 15 M HNO;, and redissolved in
S5ml 6 M HCIl at 120°C for 48 h. Resulting clear
solutions were dried and redissolved in 5 ml 1 M HCI
+ 0.1 M HF at 120°C overnight. HF, heavy rare earth
elements (REEs), and light REEs were separated
sequentially by standard cation exchange chemistry
(initial elution of Hf in 1 M HCl1 + 0.1 M HF, rinsing
of major cations with 2.5 M HCI, followed by elution
of REEs in two aliquots of 4 M HCI on 6 mm
i.d. x 20 cm columns of AG-50W-X8 resin, H" form,
200-400 mesh); Sm and Nd were separated by cation
exchange in 0.2 M a-bishydroxybutyric (methylactic)
acid on 2 mm id. x 10 cm columns of AG-50W-X8
resin, (NH,) " form, 200-400 mesh. Sm and Nd iso-
topes were measured on the P54 MC-ICPMS in static
and dynamic Faraday modes, respectively. Instrumen-
tal mass fractionation of Sm and Nd isotopes was
corrected with an exponential law relative to
146Nd/"**Nd=0.7219 and '*?Sm/'¥’Sm=1.783. The
"N d/"**Nd ratio is reported as spike stripped and bias
corrected relative to the accepted value of JNdi-1
standard (0.512102). Lu and Hf were separated from
whole rock solutions on the cation column described
previously. Hf was further purified by the method of
Muenker et al. (2000) on 6 mm i.d. X 3.5 cm columns
of Eichrom Ln-spec resin (HDEHP-coated resin, 100-
200 mesh); for whole rocks, Lu was separated from the
bulk of Yb by elution with 2.5 M HCl on 4 mm
i.d. X 7.2 cm columns of Eichrom Ln-spec resin. Lu
and Hf isotopes were measured on the P54 MC-ICPMS
in static Faraday mode. Instrumental mass fraction-
ation of Hf isotoPes was corrected with an exponential
law relative to ' “Hf/'”’"Hf=0.7325. The '"°Hf/'""Hf
ratio is reported as spike stripped and bias corrected
relative to the accepted value of the JIMC-475 standard
(0.282160). Mass fractionation of the '"°Lu/!”’Lu ratio
was corrected using the mass bias in '>Yb/!'’*Yb nor-
malized to a value of 0.5075, and the '"°Yb isobaric
interference was corrected using a value of
3Yb/!'70Yb=0.7848; this procedure accurately repro-
duced the isotope composition of Yb-doped normal
and spiked Lu standards.

Mineralogy and thermobarometry

Xenoliths were classified into mafic granulites (abundant
Hbl with minor Grt and Cpx) and felsic granulites
(dominated by Qtz and Pl with minor Grt, Cpx, and
Hbl). Xenoliths from Red Mesa show retrograde tex-
tures, with Hbl after Cpx, white mica and Zo after Pl,
and Chl after Grt. In contrast, primary mineralogy was
generally retained in xenoliths from The Thumb and
Shiprock. Four of the five xenoliths from Red Mesa are
non-foliated Grt-bearing mafic granulites with similar
mineralogy and grain size, and the other is a non-foli-
ated QGrt-bearing felsic granulite. Two xenoliths from
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The Thumb are moderately foliated felsic granulites, and
a xenolith from Shiprock is a foliated Grt-bearing mafic
granulite.

Three xenoliths from The Thumb were selected for
electron microprobe analysis based on the high pres-
ervation of primary mineralogy. Representative min-
eral compositions are shown in Table 1. Grt is
generally Almye_ss, Pyras_z7, Grsigos. Small crystals
are generally unzoned and larger crystals display a
subtle trend toward increasing Xy, and X¢, from core
to rim. Rims generally display decreasing Xy, and
(further) increasing Xc,, interpreted as representing
diffusional re-equilibration (probably with Pyx). Cpx
has an Mg-ratio of 65-75, a Di component of 35-40%,
and a minor Jd component. Cpx is generally unzoned
except for a small increase in Xy, near rims, inter-
preted as resulting from diffusional exchange with Grt.
Pl generally has unzoned cores and decreasing Xa,
near rims. The increase in Ab content is interpreted as
reflecting the growth of Grt (and Cpx) in these sam-
ples. Hbl 1is characterized by heterogeneous but
increasing Mg ratios from inner core (~0.66) to outer

core (~0.75) and by broad rims with nearly constant
Mg-number. The compositions of the broad rims are
interpreted as reflecting near-peak metamorphic
conditions.

Compositional analyses were chosen to best represent
peak metamorphic conditions. Grt compositions were
taken at the point of maximum Xy, just inward from
rim reversals, interpreted as reflecting late diffusional re-
equilibration. Core compositions were generally used for
Cpx and Hbl. Like Grt rims, these core compositions
probably reflect some diffusional re-equilibration, but
because the amount of zoning is small, all compositions
give essentially the same results. Pl compositions were
generally taken at maximum X, (near rim). Xay
probably increases with Grt growth and because diffu-
sion is extremely slow in plagioclase, rim compositions
are interpreted as representing peak conditions. Equi-
libria were characterized using the TWQ software
(Berman 1991; Berman and Brown 1992) and database
BA95 (Berman and Aranovich 1996). In general, inde-
pendent reactions were chosen to correspond to Grt—Pyx
or Grt—Hbl exchange thermometers and Grt—Cpx—P1 (or

Table 1 Representative compositions of minerals in xenoliths from The Thumb

KTT02-01 KTT02-11 KTT02-35

Grt Pl Pyx Grt Pl Pyx Grt core Pl core Pyx Hbl ave.
Wt %
SiO, 38.86 61.28 51.96 38.87 56.87 50.97 39.78 58.41 51.82 40.19
TiO, 0.33 0.55 0.03 0.38 2.23
Al,O3 21.30 24.75 3.63 21.54 26.51 491 22.00 27.49 4.73 14.75
FeO 26.66 0.06 9.41 23.31 0.26 8.09 22.05 0.03 5.79 10.26
MnO 0.94 0.08 0.74 0.04 0.50 0.04 0.05
MgO 6.56 12.34 6.46 12.21 10.37 13.67 13.13
CaO 6.53 6.10 19.51 8.74 8.77 21.71 6.32 9.26 22.50 11.66
Na,O 7.92 1.38 6.28 1.15 6.04 1.18 1.78
K,0 0.29 0.46 0.31 2.22
Cr,0;3 0.05 0.05 0.15 0.21
Total 100.84 100.40 98.68 99.65 99.15 99.68 101.04 101.55 100.27 96.47
Cations
Si 3.00 2.71 1.96 3.01 2.58 1.90 2.99 2.58 1.91 6.01
Ti 0.01 0.02 0.00 0.01 0.25
Al 1.94 1.29 0.16 1.97 1.42 0.22 1.95 1.43 0.21 2.60
Fe 1.72 0.00 0.30 1.51 0.01 0.25 1.39 0.00 0.18 1.28
Mn 0.06 0.00 0.05 0.00 0.03 0.00 0.01
Mg 0.76 0.69 0.75 0.68 1.16 0.75 2.93
Ca 0.54 0.29 0.79 0.73 0.43 0.87 0.51 0.44 0.89 1.87
Na 0.68 0.10 0.55 0.08 0.52 0.08 0.52
K 0.02 0.03 0.02 0.42
Cr 0.00 0.00 0.00 0.02
End members
Xmg 0.31 0.70 0.33 0.73 0.46 0.81 0.70
Alm 0.56 0.50 0.45
Pyr 0.25 0.25 0.38
Sps 0.02 0.02 0.01
Grs 0.18 0.24 0.17
An 0.29 0.42 0.45
Ab 0.69 0.55 0.53
Or 0.02 0.03 0.02
Diop 0.35 0.34 0.37
Hd 0.15 0.13 0.09
Jd 0.10 0.08 0.03




Grt—Hbl-Pl) barometers (see also Williams et al. 2000).
Resulting temperatures are 800-850°C and pressures are
near 1.3 GPa (Fig. 3), with uncertainties of 75°C and
0.1 GPa.

Thermobarometry was not performed on our Red
Mesa samples because of the strong alteration of the
primary mineralogy. However, Selverstone et al. (1999)
obtained results from a Red Mesa xenolith that is similar
to the samples dated here from Red Mesa (primary
Grt—Cpx—Pl and several generations of amphibole).
Estimates using rim compositions yielded average values
of 1.15 GPa and 780°C for Grt—Cpx—amphibole—Pl end
members, and 0.95 GPa and 775°C when Pl was
omitted. Uncertainties in these calculations are 50°C and
0.15 GPa. We assume similar P-7 conditions were
attained in our Red Mesa samples.

Isotopic results
Red Mesa
Mafic granulites

Most zircon grains in the mafic granulites from Red
Mesa are large, clear, colorless to pink, smooth, sube-
quant, and anhedral. Most grains are CL-bright with
weak, feathery, curved, and patchy zoning (Fig. 2).
About one quarter of the grains have CL-dark cores
with concentric, broad oscillatory zoning and sector
zoning. The cores are U-richer than the CL-bright do-
mains (300-560 vs. 100-200 ppm in sample KRM02-06)
and the cores have higher Th/U (0.35-0.42 vs. 0.21-0.23
in sample KRM02-06). U-Pb zircon dates are concor-
dant within analytical and U decay constant errors
(Table 2, Fig. 4). Fragments from grains with CL-dark
cores yielded the oldest dates of 1,434-1,420 Ma and
fragments from grains without CL-dark cores yielded
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dates of 1,410-1,360 Ma. Fragments from the same
grain typically differ by a few million years (outside of
error), suggesting that most grains are composed of
multiple growth domains.

In sample KRMO02-06, Hf isotopic compositions of
four different grains were analyzed (Table 3, Fig. 5),
including multiple fragments of two grains. Three grains
with U-Pb dates of ~1,430 Ma yielded variable and
relatively unradiogenic values (eyr= +4.1-+7.5;
Tpm=1.71 and 1.58 Ga). A 1,406 Ma grain has a more
radiogenic composition (egr= +10.5; Tpy=1.44 Ga).
Lu-Hf and Sm—Nd whole rock analysis yielded eng
of +2.08 (Tpm=1.80Ga) and eyr of +4.84
(Tom=1.73 Ga) (Table 4). In sample KRMO02-07, two
grains were analyzed, including multiple fragments of
one grain. The older fragment (1,430 Ma) has a
more radiogenic initial composition (gyr= +7.8,
Tom =1.57 Ga) than the younger fragment (1,415 Ma)
(egr= t2.4, Tp=1.76 Ga). An even younger grain
(1,399 Ma) has the least radiogenic initial composition
(egr= 1t0.4, Tpm=1.83 Ga). In sample KRMO02-32,
three grains were analyzed, including multiple fragments
of one grain. The older fragment (1,400 Ma) yielded a
more radiogenic initial composition (ggr= +6.8;
Tom=1.58 Ga) than the two younger grains (1,387,
1,383 Ma) that had the least radiogenic compositions
measured in this study (egr=-0.5 to —0.7;
Tom=1.85 Ga). In KRMO02-70, compositions of three
different grains (1,408-1,394 Ma) varied slightly and
correlate inversely with age [eyr ranging from + 5.6 to
+6.6 (Tpm =1.63-1.58 Ga) from oldest to youngest].

Felsic granulite
Xenolith KRMO02-69 is a felsic granulite with zircon

morphologically similar to that in mafic granulites
xenoliths from Red Mesa. Most grains are moderately

KTT02-01
| The Thumb

KTT02-11
| The Thumb

1.4

<
-

KTT02-35
| The Thumb

'z

<
-

N
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o
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® 2 >
o [ 2Grs + Prp + 18bQtz +
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Fig. 3 Plots of estimated pressure-temperature conditions in three
xenoliths from The Thumb. Independent reactions were chosen to
correspond to Grt-Pyx or Grt-Hbl exchange thermometers and

Grt—Cpx—Pl (or Grt—Hbl-Pl) barometers. Results are temperatures
of 800-850°C and pressures near 1.3 GPa, with uncertainties on the
order of 75°C and 0.1 GPa
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Fig. 4 U-Pb concordia
diagram for zircon analyses
from mafic xenoliths from Red
Mesa and Shiprock diatremes.
Labels on error ellipses
correspond to zircon grains
(numbers) and fragments
(letters) from the same grain.
Error ellipses are 2¢. Plotted
with Isoplot (Ludwig 2001).
Concordia is shown as a band
that includes the U decay
constant errors of Steiger and
Jager (1977). See Table 2 for
analytical data

Red Mesa &
Shiprock
mafic xenoliths

206Pb/238U

0.242

0.234

Z8c

CL-bright and unzoned or have weak patchy and broad
concentric zoning (Fig. 2). One-third of the grains have
small, CL-dark, elongate (aspect ratio of 5:2) cores with
concentric oscillatory zoning. Fragments composed
mostly of dark cores are U-richer than fragments with-
out cores (150-180 vs. 50-90 ppm) and Th/U is lower
(0.18-0.29 vs. 0.83-1.49). Eleven fragments from five
grains yielded concordant to moderately discordant
dates (Table 2, Fig. 6a). The oldest dates are from
two grains with large dark cores (Z1, Z5). Fragments
from moderately bright grains without cores (Z1-Z3)
and rim fragments from grains with cores yielded dates
of 1,416-1,391 Ma. Six fragments (at least one from
each grain) form a poorly fitting discordia with upper
and lower intercepts of 1,7284+49 and 1,389+ 18 Ma
(MSWD = 1.8), respectively. Variable Hf isotopic com-
positions were obtained from two grains with dates of
1,401 Ma (eyge= +4.3 and +0.7, Tppm=1.68 and
1.82 Ga) (Table 3, Fig. 5).

The Thumb

Felsic granulites

Zircon in felsic granulite xenoliths from The Thumb
appear similar to that from Red Mesa with an exception
that many grains are tan and pink rather than colorless.
Some grains have feathery and curved zoning, others are
weakly zoned, and yet others have sector and fine
concentric oscillatory zoning (Fig. 2). Nearly every grain
in KTT02-07 has an elongate core (aspect ratio of 2:1)
with fine concentric oscillatory zoning. In contrast with
zircon from Red Mesa, the sector and fine concentric
oscillatory-zoned zircon from the Thumb is U-rich
(2,300-4,300 ppm) and has low Th/U (0.01-0.11).
Zircon lacking sector and fine concentric oscillatory
zoning in KTT02-01 is also U-rich with low Th/U,
whereas such zircon in KTT02-07 is U-poor (100 ppm)
with high Th/U (1.05).



Table 3 Lu-Hf isotopic data
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Sample Zircon t (Ga) ID [Lu] ID [Hf] 76y "THf 761/ THE + (20) Enr Tom
type (ppm) (ppm) U] (Ga)
KRMO02-06 mafic granulite from Red Mesa diatreme
Z5a Igneous 1.43 16.88 10,388 0.00023 0.282077 9 7.1 1.60
Z1b Igneous 1.43 6.53 5,146 0.00018 0.282006 6 4.5 1.69
Zla Igneous 1.43 7.93 6,893 0.00016 0.281997 5 4.1 1.71
Z2a Igneous 1.43 17.05 7,552 0.00032 0.282095 7 7.4 1.58
Z4a Metamorphic 1.41 4.69 1,970 0.00034 0.282197 26 10.6 1.44
Z4b Metamorphic 1.41 12.42 4,754 0.00037 0.282196 12 10.5 1.44
KRMO02-07 mafic granulite from Red Mesa diatreme
Z4a Igneous 1.43 16.42 17,035 0.00014 0.282097 18 7.8 1.57
Z4b Metamorphic 1.41 23.44 10,872 0.00031 0.281960 28 24 1.76
Zla Metamorphic 1.40 13.45 4,886 0.00039 0.281916 17 0.4 1.83
KRMO02-32 mafic granulite from Red Mesa diatreme
Z5a Metamorphic 1.40 1.57 4,326 0.00005 0.282086 8 6.8 1.58
Z2c Metamorphic 1.39 0.85 2,861 0.00004 0.281890 33 —0.5 1.85
Z4a Metamorphic 1.38 0.33 1,656 0.00003 0.281886 25 -0.7 1.85
KRMO02-69 felsic granulite from Red Mesa diatreme
73 Metamorphic 1.40 4.55 15,472 0.00004 0.282015 16 4.3 1.68
Z4b Metamorphic 1.40 1.45 5,468 0.00004 0.281912 12 0.6 1.82
KRMO02-70 mafic granulite from Red Mesa diatreme
Z4a Metamorphic 1.41 3.95 5,679 0.00010 0.282050 19 5.6 1.63
Zla Metamorphic 1.40 0.18 840 0.00003 0.282058 18 59 1.62
Z3a Metamorphic 1.39 8.99 31,844 0.00004 0.282085 11 6.6 1.58
KTT02-01 felsic granulite from The Thumb diatreme
Z6a Igneous 1.60 41.50 17,973 0.00033 0.281996 7 7.8 1.71
Z6c Igneous 1.53 63.70 26,934 0.00034 0.282015 4 6.9 1.69
Z6b Igneous 1.51 38.54 20,128 0.00027 0.282049 5 7.8 1.64
Z4b Metamorphic 1.40 293 8,143 0.00005 0.282262 5 13.0 1.34
Z4c Metamorphic 1.40 4.05 16,260 0.00004 0.282240 5 12.2 1.37
Zla Metamorphic 1.38 3.18 16,004 0.00003 0.282289 6 13.6 1.30
KTT02-07 felsic granulite from The Thumb diatreme
Z4b Igneous 1.64 44.51 5,492 0.00115 0.282095 17 114 1.61
Z4a Igneous 1.64 83.07 12,702 0.00093 0.282110 10 12.0 1.58
Z1b Igneous 1.51 11.41 10,117 0.00016 0.282190 9 12.8 1.44
Zla Metamorphic 1.41 7.41 10,326 0.00010 0.282127 5 8.4 1.53
JC03-SH-01 mafic granulite from Shiprock diatreme
Zla Metamorphic 1.42 1.06 7,105 0.00002 0.281901 43 0.6 1.83
Z2a Metamorphic 1.42 11.98 8,982 0.00019 0.281921 33 1.2 1.81

The quoted uncertainty for the '"®Hf/!”’Hf of each sample is the internal standard error; the external reproducibility of the IMC-475 Hf
isotope standard during the course of the study was 0.282156+14 (2¢). For calculation of eyr values we used present-day
(YSHE/MHE) cpur =0.282772 and (V°Lu/"Hf)cyur = 0.0332 (Blichert-Toft and Albarede 1997); extrapolated initial calculations used

7=1.865x10"" (Scherer etal. 2001). Depleted mantle
(""SLu/'""Hf)pav = 0.03813. 1=2""Pb/?°Pb zircon date

A search for zircon in thin sections of KTT02-01 was
conducted with the electron microprobe to determine
the petrographic setting and ascertain whether growth
domains found in the large grains from the mineral
separates exist in smaller grains that comprise most of
the zircon population. Five to ten moderate-sized
(>20 um) grains were found in each of the four
25%45 mm sections. Two prominent types of CL zoning
patterns are also common in the large grains from the
mineral separates: CL-dark cores with fine concentric
oscillatory zoning surrounded by CL-bright, weakly
zoned to unzoned rims (Fig. 7). Zircon occurs in a
variety of petrographic settings, including within Grt,

model

ages utilized present-day (‘"°Hf/'7"Hf)pp =0.283224,

Pyx, Qtz, and Pl. Some of the zircon inclusions within
Grt have CL-bright, weakly zoned rims (Fig. 7) that
may be part of the same generation of zircon as the
majority of the CL-bright, weakly zoned grains and
rims.

Zircon from The Thumb yielded concordant to
moderately discordant dates (Table 2, Fig. 6). In
KTT02-01, three fragments from an oscillatory-zoned
grain with a narrow bright rim (Z6) and one fragment
from a grain with both sector and oscillatory zoning
(Z3c) yielded a discordia with upper and lower inter-
cepts of 1,649+27 and 1,382+21 Ma (MSWD=0.2),
respectively. Fragments from the oscillatory-zoned
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Fig. 5 Hf isotopic data. a Data from all zircon grains. Evolution
curves for samples KRMO02-06, KTT02-01, and KTT02-07 are
taken from Lu to Hf whole rock data. Fragments composed mostly
of igneous zircon are shown with open symbols and those composed

grain lie closer to the upper intercept, with the oldest
fragment (Z6a) having a “*’Pb/**°Pb date of 1,600 Ma.
Other fragments from the sector- and oscillatory-zoned
grain (Z3) are concordant near the lower intercept at
1,414 and 1,406 Ma. Two fragments from each of two
other CL-bright grains with curved, feathery zoning
yielded nearly overlapping dates of 1,398 (Z4) and
1,383 Ma (Z1). One fragment from a bright, unzoned
grain (Z5) yielded a slightly older date of 1,420 Ma. In
KTT02-07, six fragments from three grains (Z1, Z4,
Z5) yielded a poorly fitting discordia with upper and
lower intercepts of 1,666+27 and 1,393+22 Ma

Table 4 Sm—Nd and Lu-Hf whole rock isotopic data

mostly of metamorphic zircon are shown with filled symbols. b
Data from zircon fragments with dates of 1.44-1.38 Ga. Fragments
from the same xenolith are shown with the same symbol and
connected by dashed lines. See Tables 3 and 4 for analytical data

(MSWD = 1.8), respectively. A grain consisting mostly
of a CL-dark core with oscillatory zoning (Z4) yielded
the oldest dates of 1,644 and 1,637 Ma. The youngest
fragment is from a bright, weakly zoned grain (Zla)
that is concordant at 1,411 Ma. Other fragments from
Z1 yielded older dates that suggest a CL-dark core lies
below the imaged grain surface. Two fragments from a
grain with a CL-bright oscillatory-zoned inner core and
a dark oscillatory zone outer core (Z3) yielded analy-
ses that lie slightly below the discordia line between
1,660 and 1,400 Ma, suggesting that the inner core is
> 1,660 Ma.

Sample Diatreme ID[Sm] ID[Nd] 'Sm/'"Nd  Nd/"Nd + end (00 eng (14)  Tpum (Ga)
(ppm) (ppm) (20)
KRMO02-06  Red Mesa 5.8752 29.8138 0.11914 0.512031 4 —11.84  2.08 1.80
KTT02-01 The Thumb  1.7851 51630  0.20903 0.512928 6 566  3.46 7.13
KTT02-07 The Thumb  3.4492 16.7937  0.12417 0.512112 6 —1025  2.77 1.76
Sample Diatreme ID [Lu] (ppm) ID [Hf] (ppm) 7°Lu/'7Hf CHf/'"Hf + 20) eur(0)  enr (1.4)  Tpm (Ga)
KRMO02-06 Red Mesa  0.5034 7.7007 0.00928 0.282276 5 —17.55  4.84 1.73
KTT02-01  The Thumb 0.7311 1.9018 0.05456 0.283887 8 39.44  19.51 2.12
KTT02-07  The Thumb 0.3725 5.9819 0.00884 0.282335 6 —1545  7.36 1.60

The quoted uncertainty for the *Nd/"*Nd of each sample is the internal standard error; the external reproducibility of the JNdi-1
standard over the course of the study was 0.512098 +9 (2¢); uncertainty in [Sm],lNd] and "“7Sm/"**Nd are estimated at < 0.2% (20).
Calculation of eng values used present-day (‘(**Nd/'*Nd)cyur =0.512638 and (**’Sm/"**Nd)cur =0.1967; extrapolated initial calcu-
lations used A=6.54x10""2 (Lu_gmair and Marti 1978). Depleted mantle model ages used a linear growth model with present-day
("¥NJ/MNd)py =0.513151, (*'Sm/"**Nd)pp =0.2137

The quoted uncertainty for the '"Hf/!”"Hf of each sample is the internal standard error; the external reproducibility of the JMC-475
standard over the course of the study was 0.282156 & 14 (20). Uncertainty in [Lu], [Hf] and 76Lu/'7"Hf are estimated at < 0.2% (20).
Calculation of eyr values used present-day (176Hf/177Hf)(}HUR=0.282772 and (Y°Lu/""Hf)cpur =0.0332 (Blichert-toft and Albarede
1997); extrapolated initial calculations used 2= 1.865x10~'" (Scherer et al. 2001). Depleted mantle model ages used a linear growth model
with present-day ({"Hf/!7"Hf)ppn = 0.283224, (7°Lu/!""Hf)pp = 0.03813
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Fig. 6 U-Pb concordia
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Hf isotopic compositions were measured in three
grains from KTTO02-01, including multiple fragments
from two grains (Table 3, Fig. 5). Fragments from the
same grain that have variable proportions of ~1.65 and
1.38 Ga zircon have covarying Hf isotope compositions;
the fragment with the highest proportion ~1.65 Ga
zircon has the Ileast radiogenic measured value
(egr= t6.9-+7.8; Tpm=1.71-1.64 Ga) and two young
grains (1,400 and 1,384 Ma) have the most radiogenic
compositions measured in this study (eyr= +12.2—
+13.6; Tppm=1.37-1.30 Ga). Lu—Hf and Sm—Nd whole
rock data from KTTO02-07 are similar to those from
KRMO02-6 (Table 4). Hf isotopic compositions were
analyzed from two fragments from each of two grains
from KTT02-07 (Table 3, Fig. 5). Fragments of one
grain that is mostly composed of ~1.64 Ga zircon have
radiogenic initial Hf isotope compositions (eyp= + 11.4—
+12.0; Tpm=1.61-1.58 Ga). Two fragments of the
other grain have differing Hf isotope compositions; a

mixed core-rim fragment has a relatively radiogenic
composition similar to the mixed grains from KTTO02-
01, and a fragment apparently composed entirely of
1,411 Ma zircon has an unradiogenic composition
(SHf: +84, TDM: 1.53 Ga)

Shiprock

A mafic granulite xenolith from Shiprock (JE03-SH-0)
has zircon similar to that from Red Mesa mafic xeno-
liths. Most grains are CL-bright with weak zoning, and
one-third of the grains have small CL-dark, complexly
zoned cores. Six fragments from four grains without
cores yielded concordant dates (Table 2, Fig. 4e) with a
weighted mean age of 1,417.8+1.0 Ma MSWD=1.2).
Hf isotopic compositions of two of the fragments are
unradiogenic (ggr= +0.6 and +1.2; Tpy=1.83 and
1.81 Ga) (Table 3, Fig. 5).
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Fig. 7 Images of in situ zircon
grains in xenolith KTT02-01
found during compositional
mapping by the electron
microprobe. Zircon (white
circle) is shown relative to the
main mineral phases (bright
Cpx; intermediate Grt; dark Qtz
and Pl) in a Mg Ko map (right).
CL images of grains (left) that
exist within the section are d
(inclusion within Grt) and e
(lies in altered zone between Grt
crystals). Grains a—c exist
elsewhere in the section.
Mineral abbreviations after
Kretz (1983)

Discussion

Lower crustal magmatism

1.73—1.65 Ga Felsic xenoliths

Zircon cores and some whole grains in the felsic
granulite xenoliths are prismatic and elongate (aspect

ratios of 2:1-5:2) with concentric oscillatory zoning
(Fig. 2). They are generally U-rich compared with the

CL-bright grains and rims in the same xenoliths, and
Th/U is much lower. These characteristics, combined
with the felsic composition of the xenoliths, suggest
that this zircon formed during igneous crystallization
of the protolith granitoid rocks. The protolith ages
from Red Mesa and The Thumb are ~1.73 and
1.65 Ga, respectively, within the range of Nd whole
rock model ages from lower crustal granulite and Grt
amphibolite xenoliths from the Navajo volcanic field
(Wendlandt et al. 1993). Ages of middle and upper
crustal metagranitoid and granitoid xenoliths from the

Fig. 8 Histogram qu 1410-1395 Ma
cumulative probability plots of .
207pp2%5Pb dates from zircons n= 63 second metamorphism
that lack 1.7-1.6 Ga cores. Bin 5t L
width is 1.7 myr, the average 20
error on the 2Y’Pb/**°Pb dates _1420-1412 Ma
> ﬂ first metamorphism
B
T 4 T
Q
o
Y ~1385 Ma \']
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= 2F m T —
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Navajo field (Condie et al. 1999) are similar to the
1.73 Ga Red Mesa xenolith. In basement rocks around
the Colorado Plateau, 1.73 Ga granitoid rocks are
more common than 1.65 Ga rocks (Karlstrom and
Bowring 1993).

U-Pb dates from igneous zircon in two felsic xeno-
liths from The Thumb are coeval with the Hf depleted
mantle model ages measured in the same grains and with
Hf and Nd whole rock depleted mantle model ages from
one of these xenoliths. The agreement between U and Pb
crystallization ages and source model dates supports our
interpretation that the zircon formed in the protolith
magma. No evidence exists for the interaction between
protolith magmas and the significantly older (> 1.8 Ga)
crust.

1.43 Ga Mafic xenoliths

Zircon from three of the four mafic granulites have
CL-dark cores surrounded by CL-bright rims (Fig. 2).
The cores have concentric oscillatory zoning and sec-
tor zoning that is typical of zircon crystallized from
mafic magmas (Rubatto and Gebauer 2000), and thus
are interpreted as having formed during crystallization
of a protolith magma. The oldest core fragments,
which presumably contain little or no CL-bright rim,
yield ~1,430 Ma dates. A metamorphic origin is not
favored because the cores differ greatly in U concen-
tration and zoning from the CL-bright domains that
are interpreted as being metamorphic (see below) and
the 1.7-1.6 Ga felsic xenoliths do not record zircon
growth at ~1,430 Ma. Ages of ~1.4 Ga are common
among middle and upper crustal metagranitoid and
granitoid  xenoliths  from the Navajo field
(Condie et al. 1999) and basement rocks around the
Colorado Plateau. Mafic plutonic rocks with ages of
~1.4 Ga are less common (Karlstrom and Bowring
1993).

U-Pb zircon dates from mafic xenoliths from Red
Mesa are significantly younger than the Hf depleted
mantle model ages measured in the same grains, which
are coeval with Hf and Nd whole rock depleted mantle
model ages from one mafic xenolith. This age discrep-
ancy is strong evidence that the magmatic precursors of
the xenoliths were substantially contaminated by 1.7—
1.6 Ga crust, some of which may be similar to the felsic
xenoliths from Red Mesa and The Thumb.

Lower crustal metamorphism

Cathodoluminescence-bright zircon rims and whole
grains have weak sector, curved, and feathery zoning
(Fig. 2) that is typical of metamorphic zircon (Hanchar
and Rudnick 1995; Rubatto and Gebauer 2000; Corfu
et al. 2003). The metamorphic domains contrast greatly
with the CL-dark igneous cores (see above); metamor-
phic domains are U-poor (<240 ppm) with higher Th/U
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(0.20-1.49). It is likely that some of the metamorphic
domains grew during the granulite facies event that
formed the primary assemblage of Pyx—Grt—Pl. Petro-
graphic evidence for this conclusion is found in a
xenolith from The Thumb (KTT02-01) in which the
common association of zircon with Grt that lies between
Cpx and Pl (Fig. 7) suggests that it grew during the
breakdown of Cpx and the formation of Grt and new Pl.
Estimates of 1.3 GPa and 800°C, interpreted to repre-
sent conditions during the granulite event, were made
from xenoliths from The Thumb (Fig. 3), and similar
estimates of 1.15 GPa and 780°C were made from a
mafic granulite from Red Mesa (Selverstone et al. 1999).
Metamorphic domains that we attempted to isolate
from igneous cores yielded dates that cluster at ~1,420-
1,412, 1,410-1,395, 1,385, and 1,360 Ma (Fig. 8). Zircon
growth at 1,417.8+£1.0 Ma in the xenolith from Ship-
rock (JE03-SH-01) is apparently the oldest episode of
metamorphic recrystallization. Domains with dates of
1,410-1,395 Ma are most prevalent, existing in all
samples except the Shiprock xenolith, and may record
the main episode of granulite facies metamorphism. The
1,385 Ma domains, found only in two xenoliths, record
a third episode of metamorphic growth, while a fourth
episode is suggested by a few 1,360 Ma dates in one
xenolith. Dates of >1,420 Ma are mostly from grains
with visible igneous cores, suggesting that the analyzed
fragments are likely mixtures of >1,430 Ma igneous
cores and < 1,420 Ma metamorphic rims. Some frag-
ments from the same grain yielded identical dates, yet
many differ by at least a few million years (Fig. 4). The
spread in dates between 1,410 and 1,395 Ma probably
indicates that most grains are composites of domains
formed during this period. The substantial variability of
Hf depleted mantle model ages (Tpm=1.8-1.3 Ga)
within and between zircon from xenoliths is taken as
evidence that metamorphic zircon grew from a variety of
introduced fluid compositions or from different aged
minerals with diverse time-integrated Lu/Hf ratios.

Timing of metamorphism and tectonic models

Selverstone et al. (1999) used differences in xenolith rock
types, P—T paths, and alteration histories to suggest that
the Mazatzal and Yavapai provinces were juxtaposed
along a boundary that lies within the Navajo volcanic
field, separating diatremes to the northwest from those
to the southeast. They proposed that this subduction
model could be tested by more detailed work in base-
ment rocks around the Colorado Plateau and through
additional geochronological study of xenoliths. Our U—
Pb zircon data from lower crustal xenoliths do not di-
rectly date the eclogitic metamorphism or hydrous
alteration that are crucial to this model. In fact, five of
the six dated xenoliths that contain protolith igneous
zircon formed after the proposed subduction at 1.75—
1.70 Ga. However, our data constrain the timing of the
youngest metamorphism and subsequent alteration.
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Because it is likely that the products of hydrous alter-
ation during subduction would have been overprinted by
the 1.4 Ga granulite facies metamorphism recorded by
zircon, the alteration that forms a crucial part of the
model of Selverstone et al. (1999) probably occurred at
or after 1.4 Ga, postdating the collision by several
hundred million years. In addition, P-T paths that were
used to support this model may instead partly record
equilibrium or re-equilibration at 1.4 Ga. Recognition
of an important 1.4 Ga metamorphism in the lower
crust leaves the restricted occurrence of eclogite xeno-
liths from the northwest diatremes as the only evidence
for the subduction model. However, two studies that
dated zircon from eclogitic xenoliths from the Navajo
field suggested that eclogite formed during Late Creta-
ceous to Tertiary subduction rather than in the Prote-
rozoic. Usui et al. (2003) concluded that the protoliths
of the eclogites are part of the subducted Farallon plate
that formed in the Late Cretaceous and underwent
subduction-related metamorphism shortly afterward.
Smith et al. (2004) concluded that the eclogite protoliths
are Mesoproterozoic mantle rocks that were recrystal-
lized during Late Cretaceous to Tertiary subduction.

Basaltic underplate?

Zircon data from mafic granulite xenoliths indicate that
~1,435 Ma mafic magmas crystallized before the growth
of ~1,420-1,360 Ma metamorphic zircon, at least some
of which formed during granulite facies metamorphism
(1.3 GPa and 800°C) in the lower crust beneath the
Colorado Plateau. Hf isotopic data from zircon indicate
that protoliths of the mafic xenoliths interacted with
1.7-1.6 Ga crust. These findings can be used to support
the existence of a ~1.4 Ga basaltic underplate as pro-
posed by Karlstrom et al. (1997, 2002). However, the
volume of 1.4 Ga mafic rocks in the lower crust is un-
known and the time lag of ~15 myr between igneous
crystallization and the earliest metamorphic episode
suggests there was a protracted period of lower crustal
heating and metamorphism that lasted at least 60 myr
(time span between oldest metamorphic zircon in Ship-
rock and youngest metamorphic zircon from Red
Mesa). The protracted nature of this “event” in the
lower crust is consistent with the timescale of granitic
magmatism in the middle and upper crusts and must be
accounted for in any model for the generation of these
granitoids. Additional integrated geochemical, geo-
chronological, and isotopic studies of the xenoliths are
required to understand the interplay between magma-
tism and metamorphism in the lower crust.

Summary

The age, composition, and thermal history of the lower
crust in southwestern Laurentia are key for
understanding the processes of Proterozoic lithospheric

growth, modification, and reactivation. Xenoliths of
mafic and felsic granulite are interpreted to have been
derived from the lower crust based on the primary min-
eralogy of Cpx-Grt-Pl £ Qtz and thermobarometry
estimates of ~1.3 GPa and 800°C. Metamorphic zircon
grains yield U-Pb dates of 1,420-1,414, 1,410-1,395
(most prevalent), 1,385, and 1,360 Ma. The significant
variability within and between xenoliths in zircon initial
Hf isotopic compositions (egr= —0.7 to +13.6) and de-
pleted mantle model ages (Tpy =1.8-1.3 Ga) indicates
growth from different aged sources with diverse time-
integrated Lu/Hf ratios. Xenoliths also contain oscilla-
tory- and sector-zoned zircon cores and whole grains that
likely grew during igneous crystallization of the proto-
liths. Igneous cores in the felsic xenoliths have U-Pb ages
of ~1,730 and 1,650 Ma and generally unradiogenic Hf
isotopic compositions (egr= +6.9-+7.8, Tpm=1.7—
1.6 Ga), consistent with the protoliths being derived
from “‘juvenile”” Proterozoic crust. Igneous cores in zir-
con from mafic xenoliths have U-Pb dates of ~1,435 Ma
and unradiogenic Hf isotopic compositions (eg;= +4.1—
+7.8, Tpm = 1.7-1.6 Ga), consistent with mafic magmas
having interacted with older crust. These results suggest a
strong link between 1.4 Ga mafic magmatism and
metamorphism in the lower crust and granitic magma-
tism and metamorphism in the exposed middle crust.
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