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Abstract: New U-Pb zircon ages are reported for granulite facies crustal xenoliths brought to the sur-
face by mafic lavas in the Snake River Plain. All samples yield Meso-to-Neoarchean ages (2.4-3.6 Ga)
that significantly expand the known extent of the Archean Wyoming Craton at least as far west as
the west-central Snake River Plain. Most zircon populations indicate multiple growth episodes with
complexity increasing eastward, but they bear no record of major Phanerozoic magmatic episodes
in the region. To extrapolate this work further west to the inferred craton boundary, zircons from
southwestern Idaho batholith granodiorites were also analyzed. Although most batholith zircons
record Cretaceous formation ages, all samples have zircons with inherited cores—with some record-
ing Proterozoic ages (approaching 2 Ga). These data enhance our perspectives regarding lithosphere
architecture beneath southern Idaho and adjacent areas and its possible influence on Cenozoic
magmatism associated with the Snake River Plain-Yellowstone “melting anomaly”.
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1. Introduction

The North American continental lithosphere is a complex amalgamation of diverse
tectonic terranes of Archean to Phanerozoic age cf. [1,2]. In the northern Rocky Mountains,
differences in the ages and compositions of these lithospheric blocks are reflected in the
composition and style of Cenozoic magmatism and related tectonic evolution of the crust
(e.g., [3-5]). Important questions concern the extent to which magmatic compositions
are inherited from or altered by interaction with lithospheric crust and mantle domains
and, conversely, how the lithosphere may be modified by ensuing magmatic processes.
Understanding the relative influence of lithospheric vs. deeper mantle processes on the
geologic development of this region requires an improved understanding of the architecture
and history of the continental lithosphere, which is hard to come by owing to limited
basement exposures and/or inherent structural complexity.

2. Geological Background

Notably, the westernmost parts of cratonic North America are largely obscured by
the extensive Idaho batholith, by volcanic and sedimentary rocks of the western Snake
River Plain (SRP), by outliers of Columbia River basalt, and by a variety of Phanerozoic
and Proterozoic supracrustal rocks. The location of the western margin of the craton has
been inferred on the basis of an 8Sr/8Sr isotopic isopleth—the so-called ‘0.706 line’—as
measured in Mesozoic granitoid rocks [6-10] and also in Neogene volcanic rocks [11]. To
the east of this line in southern Idaho (Figure 1), both silicic and mafic volcanic rocks of
the SRP are characterized by initial 87Gr /86Gr ratios greater than 0.706, whereas, to the
west, initial ratios are systematically lower (most < 0.7045). This compositional transition is
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sharp (within only tens of km in places) and corresponds closely with a profound tectonic
boundary—the western Idaho suture zone (WISZ)—that separates Paleozoic and Mesozoic
accreted ‘oceanic’ or ‘juvenile’ terranes to the west from older ‘cratonic’ rocks to the east.
This boundary also corresponds to conspicuous eastward decreases in Bouguer gravity
and aeromagnetic intensity [12], reflecting a gross compositional lateral discontinuity in
the crust.
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Figure 1. Locations are shown for analyzed crustal xenoliths (red circles) from Swan Butte (SB),
Craters of the Moon (COM), and Square Mt. (SM), and Cretaceous granodiorites (Kg; green oval) of
the Owyhee Mtns. Estimated extent of Archean terranes of the Wyoming Craton and Grouse Creek
block are from [13]; approximate extent of Archean crust is denoted by the heavy black line to the
south and the lighter (less precise) line to the north. Maximum age of the crust beneath SE Idaho is
unknown. Western limit of the craton is approximated by the dashed ‘0.706 line’. Actual outcroppings
of known Archean basements are shown in purple patches. The Snake River Plain-Yellowstone (SRPY)

volcanic track (ca. 14-0 Ma) is shown in blue.

The geochronology of the exposed basement to the east was reviewed by [13], and [14]
reported ages of ‘inherited” zircons in Idaho batholith exposures north of the SRP to infer
the distribution of old basement rocks at depth. The oldest exposed crust consists of
igneous and metasedimentary rocks of the Archean Wyoming Craton (Figure 1). Archean
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crust is also exposed in ranges south of (e.g., Albion [Idaho], Raft River/Grouse Creek
[Utah], and East Humboldt Mtns. [N. Nevada]) and north of (e.g., Tobacco Root, Galletin,
and Beartooth Mtns. [Montana]) the SRP cf. [13,15-22]. The SRP comprises Miocene to
Quaternary rhyolitic and basaltic volcanic manifestations of the Yellowstone “hotspot track”
cf. [23,24]. Pb-Sr-Nd-Hf isotopic compositions of SRP volcanic rocks, e.g., [11,25,26], are
consistent with extrapolation of Archean terranes as far west as the 0.706 line. North and
south of this postulated Archean salient, the cratonic basement appears to be dominantly
of Meso- to Neoproterozoic age based on dating of limited exposures, inheritance of old
zircons in a variety of younger igneous rocks, e.g., [14,22,27,28], and Nd-isotope model
ages [29] in younger plutons. At present, boundaries between and complexities within
crustal domains in this region are poorly constrained.

Occurrences of gneissic crustal xenoliths in certain SRP lavas afford an opportunity
to directly date the underlying basement in areas where such rocks are not exposed at
the surface. Compositions of the xenoliths are consistent with both igneous and sedi-
mentary protoliths; all have been metamorphosed to granulite grade under deep crustal
conditions [30,31]. Whole rock Sr-Nd-Pb isotopic compositions of samples from three local-
ities [32,33] demonstrate that (1) some xenoliths are U-poor and have highly unradiogenic
Pb isotopic compositions similar to those of Archean ore leads [34], (2) most scatter along a
Neoarchean 2%Pb /204Pb-2%Pb /204Pb secondary isochron (~2.6 Ga), and (3) many lie along
a Neoarchean Sm-Nd isochron (~2.8 Ga). The isotopic data combined with low U and
Rb contents suggest that many of these xenoliths must represent the Archean lower crust,
and the implied ages suggest a close affinity with the Wyoming Craton. Precise dating of
the bulk rocks is hindered by heterogeneity in initial isotopic compositions and uncertain
petrogenetic affinities between diverse xenoliths from each locality. To refine the ages, four
mafic to felsic xenoliths were selected for U-Pb zircon geochronology.

3. Materials and Methods

The xenolith samples studied come from three localities (Figure 1) along the northern
margin of the SRP: Square Mountain in the west (DM-103), Craters of the Moon lava field
(COM-9A and COM-22), and Swan Butte cinder cone (Spencer /Kilgore volcanic field) to
the east (SK-3). DM-103 is a granulite-facies hypersthene granodiorite (opdalite) containing
73.8% SiO,. The rock is gneissic with abundant microlite-bearing brown glass, presumably
produced by heating proximal to an underlying silicic magma system or during transport
to the surface; original mafic minerals are poorly preserved. Such xenoliths are large
(commonly more than 0.5 m in diameter) and locally abundant in the hybrid host lava [35].
COM-9A is also an opdalite with 73.1% SiO,, whereas COM-22 is an orthopyroxene-bearing
granitoid rock (enderbite) with 68.5% SiO,; both were collected from the ferrolatitic Devils
Orchard lava flow [36]. SK-3 is a hypersthene diorite (norite) containing 54.9% SiO,; the host
lava is an evolved basalt. All xenoliths were subjected to granulite facies metamorphism
at temperatures above 700-750 °C as evidenced by anhydrous mineral assemblages and
mineral thermometry (plagioclase-K feldspar and/or ilmenite-magnetite; [31]). Host lavas
for the xenoliths have ages of ca. 3.6 Ma, 2 Ka, and <700 Ka, respectively.

Because basement xenoliths so far have not been found in westernmost Idaho, samples
of Cretaceous Idaho batholith granitoids cf. [6,37,38] were collected from the Owyhee
Mountains (Figure 1) with the goal of establishing minimum basement ages proximal to
the 87Sr /86Sr 0.706 line via inheritance in their zircons. Three samples were selected for
study, including two biotite-hornblende ‘I-type’ granodiorites and one biotite-muscovite
‘S-type’ granite; initial 8 Sr/8Sr ratios in each body exceed 0.706 [38].

Zircons were separated by standard methods. Following gentle hand-crushing of
coarse powders by mortar and pestle, samples were sieved to <350 um, and minerals were
separated using magnetic and heavy-liquid methods. Zircons were individually hand-
picked and then mounted for analysis along with in-house standard zircon grains from Rio
de Peixe, Brazil [39], and Duluth anorthositic gabbro FC-1 [40]. Cathodoluminescence (CL)
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images at 200-300x magnification were used to characterize internal zoning and to aid in
selecting spots for analysis (Figure 2).
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Figure 2. Cathodoluminescence images are shown for selected polished zircon grains from each of the
analyzed xenoliths. White circles show representative analysis spots (~30 um diameter) with resulting
207pp /206Ph dates in Ma. Results are shown for representative 207Pb/206Pb ages. (a) Sample DM-103.
A representative near-homogeneous grain; all grain analyses have an average 207Pb/206Pb age
of 2565 + 13 Ma (n = 37). (b) Sample COM-9. A fairly representative grain. This sample has two
prominent 207Pb/206Pb age groupings averaging 2747 £ 30 Ma (n = 20) and 3210 & 33 Ma (n = 5),
with a single outlier age of 3568 Ma. (c) Sample COM-22. Core age of grain is representative of more
than half the analyzed grains, averaging 2757 + 22 Ma (n = 15), with slightly younger groups of
2656 + 40 Ma (n = 6) and 2457 £ 15 Ma (n = 4). Bright edges of the illustrated grain correspond
to youthful zircon overgrowths (20-26 Ma). (d) Sample SK-3. Slightly heterogeneous zircon with
bracketing 207Pb/206Pb ages averaging 3142 + 61 Ma (n = 9), and 2770 £ 35 Ma (n = 7), with a single
intermediate age of 2914 Ma.

Analyses were carried out using a NewWave®© (Fremont, CA, USA) Nd-YAG 213 nm
laser ablation system connected to a ThermoFinnigan© (Waltham, MA, USA) Element 2 High
Resolution-Inductively Coupled Plasma-Mass Spectrometer, essentially following the method-
ology of [10]. Operating parameters for the laser include 8 s warm up, 16 s delay to acquire
blank or background measurements, 46 s dwell time, and 30 um diameter spot size. Data
were collected in 300 sweeps across the mass range 202-238, which includes isotopes of Hg,
Pb, Th, and U. All data were corrected for mass fractionation based on analyses of standards.
For example, for FC-1, true values are taken as: 207pp /235U = 1.951607, 296Pb /238U = (0.185877,
207pp /206Pp = 0.076149, and age = 1099 Ma; For Peixe, true values are taken as: 207pp /235y =
0.742660, 2°Pb /238U = 0.091430, 2%’ Pb /2%Pb = 0.058915, and age = 564 Ma. The Isoplot 3.0
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program [41] was used for data reduction. 207py, /235, 206 pp /238U and 297 Pb /2% Ph ages were
calculated for each analysis spot. Data were discarded if ages were more than 10% discordant.
Representative analytical results are displayed graphically (Figure 3), and data are tabulated
in Supplemental Materials, Table S1 (xenoliths) and Table S2 (granitoids) for all analyses.
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Figure 3. Concordia isochron plots show all zircon analyses from each of the denoted samples. The
Square Mt. xenolith (DM-103 (a)) has a remarkably homogeneous zircon population, whereas more
easterly xenoliths from Craters of the Moon (COM-9A (b), COM-22 (c)) and Swan Butte (SK-3 (d))
have complex populations with outliers ranging to >3.5 Ga.

4. Results

Zircons from SRP xenoliths are highly varied in size, shape, and details of internal
zoning and structure, as seen in representative CL grain mount images (Figure 2). DM-103
has the simplest U-Pb systematics. Zircon grains are well- to sub-rounded and range in
diameter from 30 to 300 um (Figure 2a). Thirty-seven analyses from 14 grains yield an aver-
age 2Pb /20Pb age of 2565 + 13 Ma (Figure 3a). These analyses are highly reproducible;
for example, seven laser ablation analyses of a single grain agree within error and provide
a weighted mean age of 2581 + 5 Ma (2 s). DM-103 zircons lack datable overgrowth rims,
and all analyses fall along the same discordia line, albeit with an imprecise present-day
lower intercept (Figure 3a).

COM-9A zircons have complex dark and light-colored cores with thin overgrowth
rims (Figure 2b). Based on 27 analyses from 16 grains, the cores yield late Archean dates
(2.8-2.4 Ga), with peak 2”Pb/2%Pb ages of 2457 + 15,2757 + 22, and 2656 + 40 Ma. Most
grains appear to have experienced some recent Pb loss (Figure 3b). Overgrowth rims were
too thin for meaningful analysis via laser ablation.
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COM-22 zircons also exhibit dark, high-U cores and bright, low-U rims (Figure 2c).
Based on 31 analyses on 14 grains, the darker cores yielded Archean dates (3.5-2.7 Ga),
with peak 207Pb /2%Pb ages of 2747 + 30 and 3210 + 33 Ma, and one outlier at 3568 Ma.
These zircons also appear to have experienced recent Pb loss (Figure 3c). Overgrowths
on some grains were wide enough to analyze and consistently yielded 23U /2%Pb ages
near 20-30 Ma, albeit with large uncertainty owing to both low concentrations of U and
radiogenic Pb and difficulty in applying common Pb corrections using LA-ICP-MS [39].

SK-3 zircons exhibit the most complex morphologies, with variably shaded cores
and bright, low-U overgrowths (Figure 2d). Based on 17 analyses of 11 grains, the darker
cores yield Archean dates (3.3-2.7 Ga), with apparent peak 2%’Pb/2%Pb age populations of
2770 £ 35 and 3142 £ 61 Ma. A core in one grain records a lone date near 3.3 Ga. These
zircons also exhibit recent Pb loss (Figure 3d).

Finally, most zircons from the Idaho batholith granitoids of the Owyhee Mtns. are
euhedral to subhedral, although complexly zoned cores occur in populations from the
biotite granodiorites. Previously reported U-Pb analyses [38] were specifically aimed at
dating late-formed rims of zircons in plutons from this area and largely avoided the issue
of inheritance of earlier-formed zircon. In our study, 74 analyses were made on 57 grains,
with a primary emphasis on the cores. The majority of 23U /2%Pb dates are Cretaceous,
with most clustering between ~85-90 and ~95-109 Ma. However, cores of two grains
in sample 07DU-02 yielded approximate Paleo-Mesoproterozoic dates (1.9 and 1.4 Ga).
Two grains in sample 07DU-12 yielded similar 2"/ Pb /2%Pb dates (1.7 and 1.2 Ga), albeit
with considerable discordance. These data are consistent with the incorporation of early
Paleo-Mesoproterozoic material in some of these granitic rocks cf. [14] and suggest the
presence of a basement at least this old beneath southwestern Idaho.

5. Discussion

Although of a reconnaissance nature, this study bears on two significant questions:
(1) the areal distribution of Archean basement and overall architecture of continental litho-
sphere, and (2) the apparent resilience of Archean crust in the face of profound Phanerozoic
tectonic and magmatic evolution of the interior northwestern United States.

Despite the fact that complex zoning is typical of zircons from most of the xenoliths
studied so far, the xenolith data record a spectrum of igneous and/or metamorphic events
that is virtually restricted to the Archean. Some samples exhibit a broad span of apparent
zircon dates ranging mainly between 3.3-2.6 Ga, with no distinct modality. The youngest
apparent dates observed in the xenoliths are ca. 2.4 Ga. Similar age spectra are observed
in exposed basement terranes of the Wyoming Craton (cf. papers in the 2006 Canadian
Journal of Earth Sciences Special Issue on the Wyoming Province; e.g., [13]). Notably,
dates for the Craters of the Moon xenoliths overlap dates (2.67-2.60 Ga) obtained for the
oldest components of the allochthonous Wildhorse gneiss in the nearby Pioneer Mtns. [22].
Collectively, the xenoliths provide compelling evidence for the westward extension of the
Wyoming Province terrane beneath the eastern and central Snake River Plain. Similar
granulite xenoliths have been observed in lavas as far west as the Mountain Home area
(~115.69° W), but because these are rare and very small, they have not been analyzed.

It remains to be established whether or not true Archean basement extends all the
way to the cratonic western margin. There are numerous indications that the Proterozoic
basement may extend to the western margin north and south of the SRP cf. [13,28], and
our data from the Owyhee Mountains support this interpretation. However, the loci
of contacts or sutures between Archean and younger basement terranes remain poorly
defined, except as inferred from the distribution of isotopic compositions of Mesozoic and
younger magmatic rocks. Notably, many samples of the Idaho Batholith (especially in
the southern part or Atlanta lobe) carry inherited zircons of Mesoproterozoic to Archean
age [14,28]. These data imply the presence of old (ca. 2.4-3.5 Ga) lithosphere north of
the SRP, beneath westernmost Idaho. Interpretation of the latter data is complicated
by petrogenetic uncertainties and the fact that many older plutons have been laterally
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displaced by tectonic processes associated first with Mesozoic contraction and then by
Cenozoic Basin and Range extension cf. [42—45].

Significantly, the xenolith zircons display no record of accretionary events associated
with the assembly of younger cratonic blocks. Proterozoic and younger accretionary and
contractional tectonism cf. [46] apparently did not impose a significant thermal impact on
the Archean crust that they represent. Particularly surprising is the absence in the xenolith
zircons of any evidence of the profound late Cretaceous regional plutonism that produced
the voluminous Idaho and Boulder batholiths [10,28,47]. This magmatism is thought to
reflect crustal anatexis in response to crustal thickening coeval with the ca. 75-100 Ma
Sevier orogeny, e.g., [48-51], perhaps coupled with the input of mantle-derived mafic
magma [52].

There is also no record in the xenoliths of widespread Eocene (Challis) extensional
volcanism and related plutonism or of voluminous mid-Miocene and younger silicic vol-
canism associated with the SRPY hotspot track. The formation of thin zircon overgrowths
(at ca. 20-30 Ma) in some xenoliths does not correspond to any recognized widespread
igneous, metamorphic, or tectonic events, although late Oligocene deformation has been
documented locally (e.g., Grouse Creek/Raft River ranges; [53]), and remnants of Oligocene
(20-26 Ma) Salmon Creek volcanics occur in the Owyhee Mtns. of southwestern Idaho [37].
Moreover, preliminary Hf isotopic data show that zircon overgrowths consist entirely of
recycled Archean components; there appear to be no significant open system contributions
of more juvenile material [54].

At the Square Mt. locality, the host lava rests directly on a dissected erosion surface on
Idaho batholith granitoid rocks, yet the xenolith population consists entirely of high-grade
gneissic blocks and fragments; virtually no granitoid xenoliths have been identified. The
plutonic rocks could have intruded as sills or diapirs within the mid- to upper crust such
that they overlie a granulite basement, or they may represent tectonic slivers that were
decapitated from their deeper magmatic roots and thrust eastward over the metamorphic
basement. The fact that zircons from crustal xenolith DM-103 show no thermal impact
coeval with Idaho batholith plutonism supports an interpretation that the granitic rocks
may be allochthonous.

It appears that some, perhaps extensive, parts of the cratonic crust remained isolated
and unaffected by external events since the waning phases of craton formation (ca. 2.4 Ga).
Perhaps parts of the lithospheric mantle behave in this manner as well, attesting to the
perseverance of cratons. An important question concerns the physical thickness of the
craton. If it is as thick beneath the Snake River Plain and Yellowstone as estimated for
other Archean cratons to the east (i.e., >150-200 km; cf. [13,55,56]), the lithospheric lid
could impede and perhaps prevent decompression melting of upwelling mantle plumes,
thereby casting doubt on a plume origin for the SRPY melting anomaly [57]. Conversely, if
the present-day lithosphere has been thinned sufficiently (to <~100 km; cf. [58]) to allow
decompression melting of a rising mantle plume, the processes responsible for attenuation
are unclear, and it is remarkable that there is no obvious evidence for such events recorded
in the chronology of the xenoliths or in age-correlative outcrops in the region. However,
the current picture is based on a few samples, and there is a clear need for further research.

6. Conclusions

The main conclusions from this study are as follows: (1) Archean-aged rocks are
present in the middle to upper crust underlying the central and eastern Snake River Plain
and preserve varying degrees of complexity in zircon morphology and recorded magmatic
histories, and (2) crustal xenoliths, where available, provide direct constraints on age and
composition of the underlying crust where surface exposures are not available. What is
unclear is the perspective on the present-day depths to which ancient cratonic material
(including lithospheric mantle) extends. This is perhaps best evaluated on the basis of
isotopic tracers (e.g., St, Nd, Pb, etc.) in late Cenozoic volcanic rocks across the region. While
older plutonic rocks clearly demonstrate the presence of inherited ancient components, they
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potentially have been laterally displaced to varying degrees in response to contractional
and extensional tectonics since Mesozoic time. Additionally, there is uncertainty regarding
the formation of granitoid bodies (e.g., Idaho batholith and younger Challis plutons; cf. [28])
that likely represent extensive melting at crustal depths cf. [49]. Even Miocene and younger
silicic volcanics associated with the SRPY melting anomaly are, in part, products of crustal
anatexis to a significant degree [5,59]. To better evaluate the lateral distribution of Archean
cratonic mantle (i.e., lithosphere), isotopic variations in young basaltic lavas likely provide
more direct evidence, and regional investigations thereof are warranted [3,60]. However,
there remain questions regarding the extent to which the voluminous SRPY basalts derive
from the melting of old lithospheric mantle vs. upwelling mantle plume material [59,61-64].
These questions will be reassessed elsewhere.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/min14060578 /s1. Table S1. Analyses of zircons from crustal
xenoliths, Snake River Plain, Idaho; Table S2. Analyses of zircons from Idaho Batholith, Owyhee
Mountains, SW Idaho.
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