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Abstract Water is key to plate tectonics on Earth, which, in turn, is vital to the production of continental
crust. Although arc lavas erupt in a volatile‐rich state and calc‐alkaline arc plutons are distinguished by
the presence of hydrous minerals such as hornblende and biotite, the water content of arc magmas earlier
in their evolution—in the deep crust—remains poorly constrained. Here, we report H2O contents in
nominally anhydrous minerals measured in situ on petrographic thin sections by secondary ion mass
spectrometry of Proterozoic deep crustal xenoliths from Colorado, USA. Clinopyroxene, orthopyroxene,
and garnet contain average H2O contents ranging from 75–760, 233–410, and 42–139 ppm, respectively.
Reconstructed bulk rock H2O contents range from ~60 to ~650 ppm. Intermineral H2O ratios overlap
experimental mineral/melt D values and are used to calculate H2O of melts last in equilibrium with the
xenoliths. We propose that these xenoliths represent cumulates fractionated from a primitive, hydrous
(≥1 wt.% H2O) melt at high (~1 GPa) pressures, similar to conditions in modern subduction zones and
potentially associated with widespread arc accretion that formed the core of North America in the
Precambrian.

1. Introduction

Since ~3 Ga, global subduction has played an important role in generating extensive calc‐alkaline rocks asso-
ciated with continental crust (Arndt, 2013). Two distinct mafic, igneous protoliths exist in the lower arc
crust. The first is eclogite in a strict sense, a metamorphic rock derived from tholeiitic basalt of subducting
oceanic crust (Defant & Drummond, 1990), terranes of oceanic affinity (Cavosie & Selverstone, 2003;
Scholl et al., 1986), or accreted mafic underplates of oceanic plateaus (Condie, 1999). The second is arclogite
(Lee & Anderson, 2015)—defined as a pyroxene and garnet‐rich cumulate derived from deep crustal igneous
fractionation of primitive, hydrous basaltic arc magmas (Ducea, 2002; Lee, 2014). Owing to their mafic com-
positions, partial melting of both eclogite and arclogite will yield silica‐rich melts, making them appropriate
candidates for generating continental crust. Silica‐rich, buoyant arc crust can also be left behind if dense
mafic lower crust physically founders back into the mantle. How much of the continental crust over
Earth's history was derived from remelting preexisting eclogite (Rapp et al., 2003) versus de novo arclogite
fractionation (Jagoutz, 2010; Lee et al., 2006) remains an ongoing question.

Magmatic water content is central to this debate, because water content of primary magmas is an important
discriminator for tholeiitic versus calc‐alkaline settings (Sobolev & Chaussidon, 1996). Eclogitic protoliths
should be water‐poor owing to prograde metamorphism and dehydration; melts in equilibrium with such
protoliths would reflect these anhydrous conditions. By contrast, high‐temperature igneous arclogites
should, in theory, reflect equilibrium with hydrous melts because primitive calc‐alkaline magmas already
contain at least ~2 wt.% H2O (Plank et al., 2013). Subsequent fractional crystallization evolves more hydrous
derivative melts that have been shown to fractionate garnet and clinopyroxene‐rich cumulates in the lower
crust (Lee et al., 2006; Muntener & Ulmer, 2006) and amphibole‐rich cumulates in the middle crust
(Davidson et al., 2007). The budget of magmatic water in the deep crust has profound consequences for
cumulate mineralogy, lower crustal rheology, and ultimately bulk crustal composition. For instance, high
magmatic water expands the liquidus field of pyroxene over plagioclase (Kushiro & Yoder, 1969), resulting
in pyroxenite cumulates dominating arc lower crust, compared to plagioclase‐rich cumulates in oceanic
lower crust (Chin et al., 2018). Water also plays an important role in crusting melting (Collins et
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al., 2020). Even at ppm levels, water in mineral lattices can significantly
enhance crystal plasticity and decrease rock viscosity (Hirth &
Kohlstedt, 1995) that, combined with the pyroxene and garnet‐rich nature
of lower crustal arc rocks, may promote deformation and destabilization
of dense, mafic arc crust and survival of buoyant, felsic continental crust.

Determining the water content of a primary magma is challenging
because such magmas are rarely, if ever, directly sampled. However,
early‐formed phenocrysts or cumulates, if not subject to later rehydration
or dehydration, could “lock” in the water content of the melt last in equi-
librium with the crystal. Here, we use this approach to probe both the
hydration state of stable lower continental crust and to infer the water
content of magmas that fractionated this crust. We report water contents,
measured by secondary ion mass spectrometry, in nominally anhydrous
minerals (NAMs) in granulite xenoliths from the Devonian‐age State
Line Kimberlite District, northern Colorado, USA. Our samples are ideal
for constraining the water content of stable continental lower crust
because they record Paleoproterozoic crustal formation ages and, impor-
tantly, erupted well before the Cenozoic Laramide Orogeny, which is
thought to have caused a widespread hydrous overprint of the deep litho-
sphere beneath southwestern North America (Jones et al., 2015; Li et
al., 2008). An evaluation of previously published bulk rock major
element data, combined with new clinopyroxene major element data
and our new H2O contents in NAMs, suggests that the State Line
xenoliths could represent deep crustal cumulates, rather than restites or
crystallized basaltic melts. We go a step further and propose that the
melt that crystallized the protoliths of the State Line xenoliths was
hydrous (≥1 wt.% H2O), based on calculated H2O contents of liquids last
in equilibrium with the xenoliths. A plausible scenario for such a melt
could have been subduction magmatism associated with the Yavapai arc
terrane, one of several Proterozoic arc building blocks of the North
American continent.

2. Geologic Setting and Previous Work
2.1. Geologic Background

The State Line Kimberlite District comprises ~100 kimberlite diatremes of Devonian age, a large number of
which bear mantle and lower crustal xenoliths (Eggler et al., 1987). The diatremes were emplaced within
Proterozoic continental crust of the Colorado Province (Bickford et al., 1986), just south of the boundary
with Archean crust of theWyoming Craton (Figure 1). TheWyoming Craton andMedicine Hat Block repre-
sent part of a number of Archean cratonic cores amalgamated in the Paleoproterozoic to form the nucleus of
Laurentia (Whitmeyer & Karlstrom, 2007). Starting at ~1.8 Ga, a series of oceanic terranes and island arcs
accreted to the southern edge of the Wyoming Craton. These accreted arc terranes form large‐scale, north-
east trending belts with juvenile crust ages decreasing away from the cratonic core (Whitmeyer &
Karlstrom, 2007): the Yavapai Province (1.7–1.8 Ga), the Mazatzal Province (1.7–1.6 Ga), and the Granite‐
Rhyolite Province (1.55–1.35 Ga). The core of the North American continent coalesced completely by
~1.0 Ga (the Grenville Orogeny).

The Colorado Province remained quiescent until the end of the Paleozoic, when regional deformation devel-
oped the Ancestral RockyMountains. The next major tectonic event to impact the Colorado Province did not
occur until ~70 Ma with the Laramide Orogeny, classically attributed to low‐angle subduction of the
Farallon Plate beneath Western North America (Dickinson & Snyder, 1978). Low‐angle subduction
induced significant fluid metasomatism and hydration of the deep lithosphere across much of the western
United States (Humphreys et al., 2003). The impact of deep lithospheric hydrous metasomatism is mani-
fested by amphibole and biotite‐rich lower crustal xenoliths erupted in 3.0 to 0.89 Ma lamproites (Lange

Figure 1. Geologic and tectonic setting. Simplified map of the Wyoming
Province showing key geologic features. Xenolith localities are denoted
by red stars: BM = Bearpaw Mountains, EB = Eagle Butte,
HM = Highwood Mountains, CM = Cedar Mountain, LH = Leucite Hills.
GFTZ = Great Falls tectonic zone.
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et al., 2000) to the northwest of the Devonian‐age State Line kimberlites (Leucite Hills; Figure 1), as well as
distinctive geochemical signatures in Cenozoic volcanic rocks throughout the southwestern United States
ascribed to melting of hydrous metasomatized continental lithosphere (Farmer et al., 2020). Importantly,
the xenoliths from the State Line kimberlites do not show evidence for hydrous metasomatism (Farmer et
al., 2005), and their Devonian eruption ages means they were never impacted by the hydrous overprint of
the Laramide Orogeny. Thus, the State Line lower crustal xenoliths represent a potentially pristine glimpse
of the water content of lower continental crust preserved since its formation.

2.2. Lower Crustal Xenoliths

Lower crustal xenoliths from the State Line District include a variety of mafic lithologies but are dominated
by (nominally anhydrous) mafic granulites, with subordinate amphibolites, anorthosites, and gabbroic xeno-
liths (Bradley & McCallum, 1984; Farmer et al., 2005). We selected nine samples (Table 1) from the Sloan 2
(SD2), Nix (NX4), and Schaeffer (SH) kimberlite pipes located in the Front Range in north central Colorado
(Bradley&McCallum, 1984). Some of these xenoliths were previously analyzed for whole‐rock,mineral com-
positions, Sr‐Nd isotopes, and U‐Pb zircon ages (Farmer et al., 2005). Within the mafic granulites, Bradley
and McCallum (1984) defined three groups: two pyroxene granulites, two pyroxene garnet granulites, and
clinopyroxene garnet granulites. The final equilibration conditions of garnet‐bearing granulites range from
~1–1.5 GPa and ~700–800°C (Farmer et al., 2005). In addition, xenoliths of mantle eclogite are common
(Ater et al., 1984). Although most of these eclogitic xenoliths are eclogites in a strict sense (e.g., largely bimi-
neralic rocks containing >75% garnet and omphacitic clinopyroxene), a small number of xenoliths were also
classified as “eclogite” by Farmer et al. (2005) (e.g., sample SH‐E1), but as we discuss later in this paper, some
of these previously classified eclogites do not resemble mid‐ocean ridge basalts (MORB)‐eclogites in a strict
sense. Generally speaking, garnet‐bearing granulites are compositionally gradational to eclogites (Ater et
al., 1984; Bradley & McCallum, 1984). For example, Bradley and McCallum (1984) noted that the mafic gar-
net‐clinopyroxene granulites have relatively high jadeite content in their clinopyroxenes, similar to the sodic
clinopyroxenes in the eclogite xenoliths, suggesting a gradual transition into eclogite facies. Here, we will
refer to the aforementioned three groups of nominally anhydrousmafic granulites collectively as “lower crus-
tal xenoliths” and divide them into two broad groups based on mineralogy: garnet‐free and garnet‐bearing.
No “true” eclogites from Ater et al. (1984), nor amphibolites, are examined in this paper.

The modal mineralogy of the State Line lower crustal xenoliths is dominated by clinopyroxene,
orthopyroxene, plagioclase, and garnet; these phases constitute >90% by volume of most of the xenoliths
(Bradley & McCallum, 1984). Amphibole is present in some 2‐pyroxene granulites (Bradley &
McCallum, 1984; Farmer et al., 2005) but is absent or rare in garnet‐bearing xenoliths. The most common
accessory minerals are ilmenite, rutile, and apatite. Farmer et al. (2005) also reported minor amounts of zir-
con, barite, and K‐feldspar. The latter two minerals were interpreted as grain boundary contaminants from
the host kimberlite, as observed in K‐rich phases along grain boundaries and K‐feldspar occasionally repla-
cing plagioclase grains.

U‐Pb ages of zircons from State Line lower crustal xenoliths show a wide range of dates, with a dominant
population of 207Pb/206Pb dates of 1.73 to 1.6 Ga (Farmer et al., 2005). This age population overlaps the
Yavapai Orogeny (1.71–1.68; Whitmeyer & Karlstrom, 2007). There are also smaller populations of zircons
with Archean ages (presumably inherited and only present in amphibolites), ~1.4 Ga ages, as well as dates
coeval with the kimberlite eruption (Farmer et al., 2005). Unsurprisingly, zircons are rare in the more mafic
xenoliths (e.g., the garnet‐bearing, two‐pyroxene lithologies). The oldest ages recorded by zircons in themafic
xenoliths are ~1.72 Ga, with evidence of overprinting (deduced from sector zoning; Farmer et al., 2005). In
summary, Farmer et al. (2005) interpreted the U‐Pb age systematics of the State Line xenoliths to largely
reflect lower crustal growth during the Paleoproterozoic, with metamorphic zircon overgrowths occurring
at 1.3–1.4 Ga, coeval with the widespread regional metamorphic event at that time in North America.

3. Materials and Methods
3.1. Secondary Ion Mass Spectrometry

We analyzed H2O by ion microprobe in nominally anhydrous minerals in situ in petrographic thin sections.
New one‐inch round thin sections were made from previously collected xenolith material. Prior to thin
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section preparation, each billet was microdrilled and a grain of commercially available Suprasil glass (H2O
content 1 ppm; certified by Heraeus Quarzglas) was embedded in a central area of the xenolith (Figure 2b),
ensuring a completely flat and well‐polished surface. The purpose of the Suprasil is to monitor the
instrumental H2O background, a critical factor due to the ubiquitous presence of volatile‐rich epoxy in
petrographic thin sections and the typically low H2O concentrations of nominally anhydrous minerals.

To minimize the background, prior to analysis the ion microprobe was baked for ~2 days to attain ultrahigh
vacuum of ~2 × 10−10 torr. During a session, four thin sections, plus a separate block with mineral standards,
were simultaneously introduced into the airlock at ~5 × 10−9 torr for at least 4 days, and in some cases up to
7 days, to ensure complete degassing of extraneous H2O. Analyses were obtained using a CAMECA 7f‐Geo
SIMS, with the following operating parameters: primary Cs+ beam with current of 4.5–5 nA, accelerating
voltage of 10 kV, rastered over a 20 × 20 μm area with a field aperture limiting the secondary ion collection
area to an 8 μm spot in the center of the rastered area. Each analysis comprised 2 min of presputtering then
30 cycles through the mass sequence 12C, 16O1H, 18O, 19F, 27Al, Cl, and 30Si. OH (or H2O) was determined by
using a mass resolving power of ~5,200 to separate 16O1H from 17O; H2O concentrations were determined
using calibration curves (supporting information [SI] Figures S1–S6) developed using mineral standards
from Aubaud et al. (2007), Mosenfelder et al. (2011), and Mosenfelder and Rossman (2013a, 2013b).
During analyses, the ion image and counts were monitored at all times, and any visible “hot spots” in the
ion image (presumably corresponding to tiny, hydrous inclusions or cracks) were noted and corresponding
cycles deleted if necessary. 12C was used as a monitor for contamination and/or cracks. Any measurements
with high levels of 12C, 19F, or visible perturbations in the ion image were not reported.

Owing to the wide range of Si in minerals analyzed (garnet, pyroxene, plagioclase, amphibole, apatite, and
phlogopite), in order to minimize matrix effects we normalized masses to 18O, since the O contents of most
silicate minerals are very similar (in contrast to Si which can vary by tens of weight %). Estimation of uncer-
tainties followed the protocol outlined in Chin et al. (2016) and ranged from 10% to 15% (2 relative standard
error [RSE]). Over the course of two analytical sessions, the average H2O background ranged between ~15
and ~30 ppm; we background corrected all analyses using an average value of 23 ppm.

(a) (b)

(c) (d)

(g)

(f)(e)

(h)

Figure 2. Representative petrographic and microtextural features of the State Line lower crustal xenoliths. (a–d)
Plane‐polarized light scans of thin sections. (b) Shows an example of a 1‐inch round thin section with Suprasil glass
mounted in the center for SIMS analyses (standard size thin sections are shown for other xenoliths because more area is
available for observation). (a–h) Microbeam maps of SD2‐L110 and SD2‐LC71. (e) Is an EDS map of P highlighting
the widespread distribution of apatite in xenolith SD2‐L110. (f) Shows a false‐color stacked EDS map of a subarea of
e. (g) Is a mis2mean map of clinopyroxene grains from the red outlined area in (c). (h) Is the same area in (g) mapped by
EBSD (shown here is an inverse pole figure map of clinopyroxene, superimposed on band contrast, in the x sample
direction). Note abundance of deformation twins in plagioclase, as well as the similarity in IPF colors of within‐corona,
fine‐grained clinopyroxene but more random colors in coarser‐grained clinopyroxene.
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3.2. Electron Microprobe Analysis

Major element composition of pyroxenes, garnet, plagioclase, amphibole, and phlogopite were analyzed by
electronmicroprobe using a CAMECA SX100 at BrownUniversity (accelerating voltage 15 kV, beam current
20 nA, spot size 1 μm). In‐house mineral standards and secondary mineral standards were used for calibra-
tion. Relative standard deviation was <1% for major elements and ~5% for minor elements.

3.3. EDS Mapping

Energy dispersive spectroscopy (EDS) maps were obtained for selected thin sections using an FEI Apreo
LoVac field emission gun scanning electron microscope (SEM) at UC San Diego. Operating parameters were
an accelerating voltage of 20 kV, beam current of 3.2 nA, and 250 μs dwell time.

3.4. EBSD

Electron backscatter diffraction (EBSD) maps of selected thin sections were obtained with an Oxford
Instruments Symmetry EBSD detector on an FEI Apreo LoVac field emission gun (SEM) at UC San
Diego. Thin sections were not carbon‐coated prior to analysis, and maps were run in low vacuum mode.
Automated EBSD maps were obtained using a step size of 5 μm, working distance between 26 and
28 mm, and accelerating voltage of 20 kV. Raw EBSD data were first cleaned using Oxford HKL
CHANNEL5 software by removing wild spikes, followed by filling of nonindexed pixels down to five nearest
neighbor pixels. Typically, cleaning was minimal as most indexing rates were 90% or higher. The cleaned
EBSD data were then processed in the open source MTEX software to produce various types of crystal orien-
tation maps (inverse pole figure [IPF], mis2mean, GOS) and pole figures.

4. Data and Results
4.1. Mineralogy and Petrography

Although previous studies (Bradley, 1985; Bradley & McCallum, 1984; Farmer et al., 2005) reported three
distinct mineral assemblages in the State Line lower crustal xenolith suite, here we will broadly describe
the xenoliths as two groups: garnet‐free and garnet‐bearing (Table 1). Garnet‐free (i.e., two‐pyroxene gran-
ulite) xenoliths are characterized by equigranular texture and numerous grains meeting at 120° triple junc-
tions, exemplified in SD2‐LC75 (Figure 2d). Mineral modes are dominated by plagioclase (~70%), with
subequal amounts of clinopyroxene and orthopyroxene (~25–30% total pyroxene), and ~3–5% ilmenite. In
contrast, garnet‐bearing xenoliths vary widely in mineral modes and textures (Figure 2). Many garnet‐bear-
ing xenoliths have garnet‐clinopyroxene coronas formed around ilmenite and plagioclase (Farmer et
al., 2005). Below, we highlight notable features of three garnet‐bearing xenoliths that encompass the miner-
alogical and textural complexity of the lower crustal xenolith suite.

SH‐E1 (Figure 2a) (classified as an eclogite by Farmer et al., 2005) is very coarse grained (>1 cm) and com-
posed of approximately equal amounts of clinopyroxene and garnet, with ~2% rutile. Clinopyroxene grains
are often bent and deformed. Rutile occurs as 0.15 to 1.5 mm grains with various morphologies ranging from
euhedral to rounded. Garnet occurs as very large (1–3 cm) grains with irregular, interlobate grain boundaries
with clinopyroxene‐occupied embayments.

SD2‐L110 (Figure 2b) contains 40% clinopyroxene, 40% garnet, 15% orthopyroxene, 5% plagioclase + K‐
feldspar, ~1% apatite, and minor ilmenite, phlogopite, and hornblende. Clinopyroxene occasionally forms
coarse‐grained, equant bands (Figure 2b). Apatite is dispersed widely throughout the xenolith but is less
abundant in clinopyroxene‐rich bands (Figures 2e and 2f). Garnet‐clinopyroxene coronas are uncommon
and small in size.

SD2‐LC71 contains 23% plagiocase, 35% clinopyroxene, 12% opx, 29% garnet, minor ilmenite, and trace
amounts of K‐feldspar. A distinctive feature of SD2‐LC71 is the widespread occurrence of garnet‐
clinopyroxene coronas (Figures 2g and 2h), which may comprise up to 30% or more of the xenolith.
Farmer et al. (2005) noted the abundance of garnet‐clinopyroxene coronas in several State Line granulite
xenoliths and interpreted the coronas to form from precursor orthopyroxene and calcic plagioclase. The
coronas are irregular and lack concentric, mineral‐specific zoning often seen in typical granulites
(McLelland &Whitney, 1980). Within coronas, clinopyroxene occurs as small, worm‐like grains surrounded
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by garnet (Figures 2g and 2h); outside coronas, clinopyroxene occurs either as rims around orthopyroxene or
as large porphyroclasts (Figure 2c).

In summary, the State Line garnet‐free and garnet‐bearing lower crustal xenoliths constitute a relatively sim-
ple mafic mineralogy, comprising two pyroxenes, plagioclase, ilmenite, and/or garnet. Olivine is absent.
Garnet‐bearing xenoliths show a greater diversity of textures and deformation microstructures compared
to the garnet‐free group. Some of these features, such as garnet‐clinopyroxene coronas, attest to textural dis-
equilibrium (Bradley & McCallum, 1984).

4.2. Deformation Microstructures

Microstructures of two xenoliths, SD2‐L110 and SD2‐LC71, were investigated in detail using EBSDmapping.
In SD2‐L110, clinopyroxene and orthopyroxene define a foliation (Figure 3) and exhibit measurable, but
weak, crystallographic preferred orientations (CPOs) (Figure 3). The CPOs of both clinopyroxene and ortho-
pyroxene are similar: Though weak, they show [001] maxima parallel to and [010] maxima perpendicular to
the apparent lineation/trace of foliation (Figure 3). Such CPOs suggest slip along [001] and (010) as glide
plane, consistent with naturally deformed deep lithospheric enstatites (Avé Lallemant, 1969).

A similar macroscopic foliation, loosely defined by garnet and clinopyroxene, is also observed in SD2‐LC71
(Figure 2c). Large plagioclase grains record evidence of plastic deformation, as shown by deformation twins,
some of which are bent (Figure 2h). Garnet‐clinopyroxene textures in SD2‐LC71 appear to have formed by
reaction (Farmer et al., 2005), as evidenced by intricate garnet‐clinopyroxene coronas forming near and
around orthopyroxene, plagioclase, and occasionally ilmenite. Note that garnet and clinopyroxene, together,
constitute over 60% of the mineral mode (Table 1). Fine‐grained corona clinopyroxene grains share similar
crystallographic preferred orientations (based on IPF in the sample reference frame; Figure 2h) compared to

Figure 3. (top) Large‐area EBSD map of SD2‐L110. Only clinopyroxene and orthopyroxene are highlighted on top of
band contrast. Dashed red line represents trace of foliation plane. (bottom) Pole figures (one point per grain) of
orthopyroxene and clinopyroxene. n = number of grains, J = J index, a measure of the CPO strength.
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coarser‐grained clinopyroxene outside coronas. Interestingly, large clino-
pyroxene porphyroclasts appear to have higher degrees of lattice distor-
tion compared to fine‐grained clinopyroxene in garnet coronas. This is
shown in the mis2mean (misorientation to the mean) map in Figure 2g
and quantitatively in Figure 4. The mis2mean measures the extent of
intragranular misorientation by plotting the difference of orientation
(misorientation) between the crystal's average orientation and the mea-
sured orientation at a given point in the grain. Since crystal misorienta-
tions generally arise from dislocations, mis2mean maps provide a
graphical representation of the extent of ductile deformation in a grain
population.

4.3. Mineral Compositions: Major Elements and Water Content

Clinopyroxene major element compositions from Bradley and
McCallum (1984) and Farmer et al. (2005) along with new data from four
xenoliths (SD2‐L110, SHE‐1, SD2‐LC71, and SD2‐LC75) are plotted
against MgO in Figure 5; all data are reported in SI Table S1.
Clinopyroxenes are diopsidic with significant jadeitic components
(Bradley & McCallum, 1984; Farmer et al., 2005) and generally unzoned
with respect to major elements. The average H2O content of clinopyrox-
ene varies from 75 to 760 ppm and is inversely correlated with clinopyrox-
eneMg# (Figure 6 and Table 2). H2O contents are relatively homogeneous
within individual grains within a given xenolith (Figure S8); however,

Figure 5. Clinopyroxene compositions. Clinopyroxene major element oxides plotted against MgO (wt.%). Dashed red
lines highlight general trends followed by mantle rocks (high‐P mantle trend, exemplified by mantle eclogites) and
distinct trend followed by cumulates. Compositions of clinopyroxenes in eclogite xenoliths are from Hills and
Haggerty (1989), Fung and Haggerty (1995), Beard et al. (1996). Compositions of clinopyroxenes in garnet peridotites are
from Boyd and Mertzman (1987), Ehrenberg (1982), Hervig et al. (1986), Franz et al. (1996), Reid et al. (1975). (a) Na2O
versus MgO, (b) CaO versus MgO, (c) Al2O3 versus MgO, and (d) TiO2 versus MgO.

Figure 4. Grain orientation spread (GOS) versus grain size for 929
clinopyroxene grains in SD2‐LC71. The GOS is similar to mis2mean but
reports one value for each grain denoting the degree of internal
misorientation (higher numbers represent more intragranular
misorientation). Each gray point represents one grain. The data have been
contoured using a 2‐D histogram method to show that there are a large
number of small grains with low GOS (these correspond to clinopyroxene
inside garnet coronas) and a small number of large grains with high
GOS (these correspond to clinopyroxene porphyroclasts).
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some xenoliths show a range of H2O concentrations across individual
grains. Generally, grains are unzoned with respect to H2O, but a few xeno-
liths show grains with slightly higher H2O in cores versus rims.

We report new orthopyroxene major element compositions for SD2‐LC75,
SD2‐LC71, and SD2‐L110; these data as well as selected mineral data pub-
lished in Bradley and McCallum (1984) and Farmer et al. (2005) are
included in SI Table S1. Orthopyroxene is generally enstatitic (~70%)
and unzoned with respect to major elements. Average H2O content of
orthopyroxene ranges from 233 to 410 ppm (Table 2).

Major elements were analyzed in garnet from SD2‐LC71, SH‐E1, and
SD2‐L110 and reported in SI Table S2. Garnets are pyrope‐almandine.
The average H2O content of garnet varies from 42 to 139 ppm and is also
inversely correlated with bulk rock Mg# and clinopyroxene Mg#. Garnets
are unzoned with respect to H2O and also quite homogeneous in major
element composition within individual grain populations in a given xeno-
lith (SI Tables S2 and S4).

In addition to the modally abundant minerals clinopyroxene, orthopyrox-
ene, and garnet, we also analyzed H2O contents in accessory minerals
apatite, phlogopite, and amphibole. These are reported in SI Table 3.

4.4. Whole‐Rock Major Element Systematics

Whole‐rock major element oxides of 15 xenoliths previously reported in
Bradley and McCallum (1984) and Farmer et al. (2005) are plotted against
Mg# (atomic Mg/(Mg + FeT) * 100) in Figures 7a–7d. FeOT and MgO are
plotted against SiO2 in Figures 7e and 7f, respectively. Broadly, the State
Line lower crustal xenoliths are mafic, with Mg#s ranging from 51 to 69.
Average SiO2 contents are slightly lower (48.7 wt.%) than average
MORB (50 wt.%). Notably, some xenoliths extend to low SiO2 values
<47 wt.% (Figure 7c). The State Line xenoliths also trend toward lower
CaO with decreasing Mg# compared to average MORB (Figure 7e) and
toward higher FeO with decreasing Mg#. We point out xenolith SH‐E1,
which was previously classified as MORB‐type eclogite (Farmer et
al., 2005) plots away from average MORB in terms of Al2O3 (10 wt.% com-
pared to 15 wt.% for average MORB), MgO (13 wt.% vs. 7.5 wt.%), and
Na2O (2.2 wt.% vs. 2.6 wt.%) (Figure 7).

5. Discussion
5.1. Intermineral Partitioning of H2O

To assess equilibrium with respect to H2O contents between minerals, we
compare intermineral ratios of measured H2O concentrations (“R,” Table 2) to experimental mineral/melt
partition coefficients (“D”). Due to lack of published experimental H2O partition coefficients for lower
crustal rocks, we used experimental D values from Aubaud et al. (2004) and Tenner et al. (2009). Although
these experiments pertain to mantle assemblages, our xenoliths have a broadly similar basaltic mineralogy,
with the exception of olivine. We note, however, that published ranges of experimental H2O mineral/melt
partition coefficients are similar between plagioclase (0.001–0.006; Lin et al., 2019) and olivine (0.0013–
0.0021; Hauri et al., 2006). Similar to mantle rocks, lower crustal rocks of broadly basaltic compositions con-
tain abundant pyroxene, which has the highest DH2O mineral/melt compared to olivine, plagioclase, and
garnet. Thus, we can expect that H2O partitioning between nominally anhydrous minerals in basaltic gran-
ulites to share some similarities with mafic and ultramafic upper mantle rocks.

Using average mineral water contents, Rcpx/opx for garnet‐free xenoliths SD2‐LC118 and SD2‐LC75 are 1.9
and 1.5, respectively (Figure 6 and Table 2). These values agree well with D values of 1.4 ± 0.3 for a

Figure 6. Water content in major silicate nominally anhydrous minerals.
(a) H2O (ppm) in garnet, orthopyroxene, and clinopyroxene in State
Line lower crustal xenoliths. Intermineral ratios shown for cpx/opx and
cpx/garnet on left side; calculated melt H2O content shown on right side.
See text for details. (b) Clinopyroxene Mg# versus clinopyroxene H2O
(ppm). NCC granulite data from Yang et al. (2008); eclogite data from
Katayama et al. (2006). Shaded arrow shows calculated trend of increasing
melt H2O with decreasing Cpx Mg#.
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garnet‐free basaltic assemblage at 1–2 GPa from Aubaud et al. (2004). Rcpx/opx (using average values) for
garnet‐bearing xenoliths SD2‐LC120, SD2‐LC71, and SD2‐L110 Rcpx/opx are 3.1, 1.8, and 1.7 (Table 2),
which also overlap with the range of Dcpx/opx of 1.2 to 2 reported by Tenner et al. (2009) for garnet‐
bearing systems. Using average mineral water contents, Rcpx/gt range from 1.8 to 8.3 (Table 2). If the
maximum values for cpx and garnet water content is used, Rcpx/gt range from 1.4 to 12. For comparison,
experimental Dcpx/gt range from 5.5 to 14 as reported in Tenner et al. (2009).

While the R values between minerals in our xenoliths show decent overlap with experimental D's, the ques-
tion arises as to whether the kimberlite eruption itself could have modified mineral H2O concentrations.
Addition of H2O from the kimberlite magma into minerals was likely negligible, given that most individual
mineral grains are homogeneous and unzoned with respect to H2O. Furthermore, no correlation exists
betweenmineral H2O and grain size—if the host magmamodified mineral H2O, one might expect some cor-
relation given that large grains should retain more H2O and smaller grains either less H2O (degassing) or
gained H2O (ingassing). A few clinopyroxene grains do show slightly lower H2O at rims compared to cores,
which could indicate either a limited extent of H2O loss during eruption, or H2O decrease due to subsolidus
cooling (Chin et al., 2016). In summary, there is no evidence that H2O was added to mineral grains during
kimberlite eruption. While H2O could have been lost from mineral grains during eruption, the observation
that intermineral H2O contents largely reflect equilibrium D values suggests that eruption‐induced loss was
also probably minimal (since kimberlites erupt on extremely rapid timescales). However, H2O “loss”—or,
alternatively, as we discuss later—decreased H2O solubility within an approximate equilibrium state of sub-
solidus cooling, indicates that our measured H2O contents are minimum bounds.

5.2. Reconstructed Bulk Rock H2O and Calculated Melt H2O

In the previous section, we established that intermineral H2O ratios in the State Line xenoliths fall within
range of experimental mineral/melt D values. This observation justifies our approach, described below, of
calculating equilibrium melt H2O contents that could have last been in equilibrium with our xenoliths.

Before further discussing recalculated bulk rock H2O and hypothetical melt compositions, it is important to
revisit the cooling history of the State Line lower crustal xenoliths and the impact on measured H2O con-
tents. Petrographic and textural observations of the xenoliths point to subsolidus cooling, such as the

Table 2
H2O Content (ppm) in NAMs, Intermineral Partitioning, and Reconstructed Bulk H2O and Calculated Melt H2O Contents

SHE1 SD2L110 SD2LC71 SD2LC120 SD2LC75 SD2LC118

Garnet Min 19 69 99 70
Max 67 102 230 104
Average 42 77 139 83
1σ 13 9.9 41 15
n 6 2 9 7

Cpx Min 62 476 345 634 486 733
Max 96 1,225 1,178 835 766 775
Average 75 637 583 726 586 760
1σ 9.8 152 202 62 97 23
n 11 9 11 3 5 2

Opx Min 372 249 132 307 399
Max 380 647 322 547 425
Average 377 330 233 387 410
1σ 4.4 110 56 93 14
n 2 6 3 4 3

R cpx/opx (avg) 1.7 1.8 3.1 1.5 1.9
R cpx/gt (avg) 1.8 8.3 4.2 8.7
Bulk H2O

a 58 406 291 242
Bulk H2O

b (ppm) 82 651 564
Calc melt H2O

a (wt.%) 0.8 5.5 4.6 2.2

Note. n = number of individual grains analyzed; 1σ = 1 standard deviation calculated from total number of individual
spots per mineral (at least three spots per grain).
aReconstructed using average mineral H2O contents. bReconstructed using maximum mineral H2O contents.
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abundance of garnet‐clinopyroxene coronas interpreted to have formed at the expense of orthopyroxene and
plagioclase (Farmer et al., 2005). Although coronas could result from increasing temperature and pressure
(e.g., prograde metamorphism from medium to high‐grade granulites), they have also been proposed to
form via isobaric cooling (due to the slope of the spinel‐garnet transition; Figure 8; Kushiro &
Yoder, 1966) or cooling with increasing pressure (Chin et al., 2012; Saltzer et al., 2001). We consider that
State Line xenoliths experienced subsolidus cooling following lower crustal stabilization sometime in the
Proterozoic (as previously proposed by Farmer et al., 2005). If this is the case, H2O contents measured in
nominally anhydrous minerals likely represent minimum bounds, due to the lowering of H2O solubility
with decreasing temperature (cf. Zhao et al., 2004). Note that the effect of temperature on H2O solubility
is well constrained for olivine but not for pyroxenes. Unlike olivine, some mechanisms of water
incorporation in pyroxene are thought to be coupled to slow‐diffusing cations, such as the exchange
Al3+ + H+ = Si4+; Keppler and Bolfan‐Casanova (2006). Thus, it might be expected that the cooling effect
on H2O solubility may not be as extreme as that in olivine. Future experimental work may shed new
insights into H2O solubility in minerals other than olivine. What matters for the present study is that
calculated melt H2O contents using our measured H2O contents and D values are likely to be minimum
bounds due to cooling.

If we consider that subsolidus cooling could have decreased the absolute concentrations of H2O in NAMs,
but that cooling occurred such that intermineral H2O ratios continued to reflect ambient equilibrium con-
ditions (as observed in intermineral H2O ratios), we can reconstruct bulk rock H2O using maximum
observed mineral H2O contents as a way to “see past” the effect of cooling (cf. Chin et al., 2016).
Although the spread of H2O contents within individual mineral grains is low (i.e., negligible core‐rim
zoning), within individual xenoliths the H2O contents of the grain population can be variable (Table 2, SI
Figure S8, and SI Table S4) but does not vary more than ~30% (relative standard deviation [RSD]) within
a given xenolith. For instance, clinopyroxene H2O varies from a minimum of 476 ppm to a maximum of
1,225 ppm in SD2‐L110; out of a population of nine clinopyroxene grains, only two grains had H2O above
the average value of 637 ppm for the whole population. Within those two grains with high H2O, multiple

Figure 7. Whole‐rock major element systematics. Whole‐rock major element oxides of State Line lower crustal xenoliths.
Also plotted for comparison are average MORB, MORB cumulates, arclogites, and intraplate rift cumulates
(Tanzania). Dashed red lines are schematic trends corresponding to crystal fractionation of different minerals
(plagioclase, clinopyroxene, etc.). (a) Al2O3 versus Mg#, (b) CaO versus Mg#, (c) SiO2 versus Mg#, (d) Na2O versus Mg#,
(e) FeOT versus SiO2, and (f) MgO versus SiO2.
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spots yielded reproducible results (within 15%). We also note that because of the time‐resolved and in situ
context of the SIMS measurements, any measurements that could have been contaminated by fluid
inclusions or other impurities are easily resolved and can be removed during data reduction. Thus, we are
confident that any grains with H2O above the average value for a given xenolith are likely to be real and
still reflect minimum bounds on the naturally preserved H2O contents. Using maximum observed H2O
contents and mineral modes, reconstructed bulk rock H2O range from 82 ppm (SH‐E1) to 651 ppm
(SD2‐L110). In comparison, reconstructed bulk rock H2O using average mineral H2O values give a range
from 58 to 406 ppm.

Next, we calculate H2O contents of melts last in equilibrium with the bulk reconstructed xenolith H2O con-
tents (Table 2). To do so, we first determine a bulkDH2O value for each xenolith using experimentalD values
and mineral modes, which is then used to calculate CH2O melt. For garnet‐bearing xenoliths, we determined
melt water contents ranging from 0.8 wt.% (SH‐E1) to 5.5 wt.% (SD2‐L110) (using average mineral H2O; if
maximum mineral H2O are used, calculated melt H2O will be higher). We calculated melt water content
of 2.2 wt.% for one garnet‐free xenolith (SD2‐LC75). Calculated melt H2O contents increase with decreasing
clinopyroxene Mg# and decreasing modal garnet and clinopyroxene. The calculated melt H2O is noted next
to each xenolith in Figure 6a.

5.3. A Cumulate, Arclogite Origin for the State Line Lower Crustal Suite

Previous studies on the State Line lower crustal granulite xenoliths lack clarity on the origin and tectonic
setting of the protoliths. While all agreed the protolith had to be related to some form of basaltic

Figure 8. Petrologic and geologic interpretation. Phase diagram for a bulk composition of 1:1 molecular anorthite and
forsterite, from Kushiro and Yoder (1966). Numbers 1 and 2 represent hypothetical protoliths of SD2‐LC71 and SD2‐
L110, respectively. Number 1 is a magma with cpx, opx, spinel, and ±olivine on its liquidus; upon cooling it
would crystallize cumulates with the mineralogy cpx + opx + plagioclase + spinel (green field − gabbros). Number 2 is a
slightly higher pressure magma without olivine on the liquidus; upon cooling it would crystallize garnet + cpx
cumulates. Paths a, b, and c represent possible subsolidus P‐T paths. See text for details. (right) Proposed tectonic model
associated with the Proterozoic Yavapai orogeny. Block diagram after Eggler et al. (1988) showing architecture of the
crust and lithosphere following accretion and stabilization.
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magmatism, three competing hypotheses as to the magmatic process responsible were proposed by Lester
and Farmer (1998) and Farmer et al. (2005): cumulates, restites, or in situ crystallized basaltic melt.
Eggler et al. (1988) interpreted the diverse xenolith systematics of the Colorado‐Wyoming kimberlites as evi-
dence of tectonically juxtaposed lithospheric domains: an Archean terrane containing abundant eclogite and
a Proterozoic terrane dominated by peridotite and lower crustal rocks. However, this lithospheric structure
wasmost likely further complicated by the various subduction and accretion events that took place along the
southern border of the Wyoming Craton throughout the Proterozoic.

Using our new data on H2O concentrations in NAMs in the State Line xenoliths, we provide new insights
into the nature of the protoliths and their tectonic setting. A key finding from our analysis of the H2O data
is that theminimumwater content of the melt last in equilibrium with the most primitive xenolith is already
quite hydrous (~1 wt.% H2O) compared to typical primitive MORB (~0.1 wt.%; Sobolev & Chaussidon, 1996).
Calculated melt water contents increase with decreasing Mg# (Figure 6b), consistent with a fractional crys-
tallization trend wherein the xenoliths could represent (now metamorphosed) crystal cumulates. While a
similar trend might also be predicted for a restite (partial melting) trend, we might expect mineral and bulk
rock H2O contents to be even lower than observed if significant partial melting occurred, which should effec-
tively remove all or most of the water. It is also unlikely that the State Line xenoliths represent “frozen in”
basaltic melts trapped at depth, if we assume that their protoliths were MORB‐like in terms of H2O content,
as has been proposed for some arc basement in the Colorado Province (Cavosie & Selverstone, 2003).
Moreover, if MORB‐like melts crystallized at initially shallow pressures and then cooled during accretion
and thickening, as proposed by Cavosie and Selverstone (2003), we should expect bulk rock H2O contents
less than or equal to typical water contents of primitive MORBs, which are at least 10 times lower than
our reconstructed bulk rock H2O contents. Thus, we propose that the State Line lower crustal xenoliths
represent cumulates from a hydrous melt.

Comparison of the State Line lower crustal xenoliths with other deep crustal cumulates also supports an ori-
gin by crystal fractionation from hydrous magmas. Although the overall major element composition of most
of the xenoliths would place them within the field of typical MORB olivine tholeiite (Bradley &
McCallum, 1984; Lester & Farmer, 1998), from Figure 7 it is apparent that over 50% of the xenoliths have
whole‐rock Mg#'s greater than average MORB. In addition, the CaO and SiO2 content of most State Line
lower crustal xenoliths are lower than average MORB (Figures 7b and 7c). FeOT contents of the xenoliths
also extend to higher values than averageMORB (Figure 7e). The State Line lower crustal xenoliths also gen-
erally do not fall within the field of global MORB cumulates. Although the mean Mg# of MORB cumulates
(71; Chin et al., 2018) is higher than the meanMg# of the State Line xenoliths (60), the major element trends
of the State Line xenoliths differ from MORB cumulates. For instance, the State Line xenoliths do not show
Al2O3 enrichment at high Mg# signifying cotectic olivine + plagioclase crystallization characteristic of
MORB cumulates. This is manifested modally by the absence of olivine in the State Line xenoliths. The
State Line xenoliths also plot in regions distinct fromMORB cumulates in SiO2 versus Mg# and Na2O versus
Mg# plots (Figures 7c and 7d).

The State Line xenoliths do overlap compositionally with the Sierran and Arizona arclogite xenolith field.
Arclogites are distinct from eclogites, the former representing garnet and pyroxene‐rich cumulates from pri-
mitive, hydrous arc magmas (Lee & Anderson, 2015), whereas the latter are metamorphosed equivalents of
basalt. The mean Mg# of 60 for State Line xenoliths is similar to the range reported for low‐MgO garnet pyr-
oxenites from the Sierra Nevada (Lee et al., 2006) and also the mean of ~62 for island and continental arcs
(Chin et al., 2018). Furthermore, the State Line xenoliths have similar Al2O3 at a given Mg# range as low‐
MgO arclogites (Figure 7a); their FeOT contents also extend to elevated values similar to arclogites
(Figure 7e) and in contrast to Fe‐poor MORB cumulates. CaO contents are overall similar, but slightly lower,
than arclogite xenoliths (Figure 7b). Although the SiO2 content shows a wide range from 43 to 52 wt.%,
approximately half of the State Line xenoliths have SiO2 overlapping with Sierran and Arizona arclogites.

We compare clinopyroxene compositions from the State Line xenoliths to other published data on deep
lithospheric clinopyroxenes. These include clinopyroxenes from global peridotite and eclogite xenoliths
(see Figure 5 caption for references), arclogites from Mesozoic arcs in western North America (Erdman et
al., 2016; Lee et al., 2006), intraplate clinopyroxenite cumulates from Tanzania (Chin, 2018), and granulite
xenoliths from the lower crust of the North China Craton (Yang et al., 2008). The State Line clinopyroxenes
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clearly fall off the high‐pressure mantle array represented by garnet peridotite and eclogite xenoliths; the for-
mer are confined to a narrow range of Na2O and CaO contents, while the latter trend toward high Na2O and
low CaO (Figures 5a and 5b). Clinopyroxene from granulite xenoliths from North China are also distinct
from the State Line clinopyroxenes. This could be attributed to the lower modal abundance of garnet in
the North China granulites—most of these granulites are garnet‐free, and those that contain garnet have
it in abundances of 25% or less (Yang et al., 2008), in contrast to garnet‐bearing State Line xenoliths,
which have >25% garnet. Again, similar to bulk rock trends, State Line clinopyroxenes overlap most with
clinopyroxenes from low‐MgO garnet pyroxenites from arclogite xenoliths. Similarities between State Line
and low‐MgO arclogite clinopyroxenes are most clear in Na2O versus MgO, CaO versus MgO, and Al2O3

versus MgO (Figures 5a–5c). TiO2 contents are overall higher than arclogite clinopyroxene, but the steep
vertical trend in the TiO2 versus MgO plot is similar to steep trends observed in other cumulate‐type rocks
(e.g., North China and Tanzania). One possibility for the discrepancy in TiO2 between State Line and
arclogite clinopyroxene is that in many arclogites, rutile was reported as an exsolution product from
garnet and clinopyroxene (Erdman et al., 2016; Lee et al., 2006).

5.4. Deep, Hydrous Fractional Crystallization

Based on the discussion above, H2O systematics, whole‐rock, and clinopyroxene compositional data all sug-
gest that the State Line lower crustal xenoliths could represent crystal cumulates from primitive, hydrous
magmas. Crystallization experiments of hydrous basaltic andesites at deep crustal conditions (~1 GPa)
produced cumulates with variable amounts of garnet, plagioclase, hornblende, clinopyroxene, and
orthopyroxene (Muntener & Ulmer, 2006), broadly similar (with the exception of hornblende) to our xeno-
liths. The prevalence of hornblende in the experiments is probably due to the relatively high melt H2O con-
tents in the starting material (4–8 wt.%). Hornblende may have once been present in our xenoliths prior to
final equilibration in the granulite facies, and hornblende is present in small amounts in some xenoliths
(Farmer et al., 2005).

Olivine‐hosted melt inclusions from subduction zones worldwide show a well‐defined average H2O content
of 3.9 wt.% ± 0.4 (Plank et al., 2013). We calculated 5.5 and 4.6 wt.% H2O in melts equilibrated with garnet‐
bearing xenoliths SD2‐L110 and SD2‐LC71 (Table 2 and Figure 6). However, melt inclusions have likely
undergone diffusive H2O loss during ascent (Bucholz et al., 2013), and most melt inclusions appear to have
last equilibrated within the midcrust (~6 km; Plank et al., 2013), shallower than lower crustal cumulate
xenoliths. Thus, it may not be straightforward to compare H2O contents measured in melt inclusions and
H2O estimated from cumulates. The former may simply reflect vapor saturation at their last depth of equili-
bration prior to eruption (Plank et al., 2013), whereas the latter reflect a minimum bound on magmatic H2O
because of the effects of subsolidus cooling. Melt inclusions hosted in the most primitive olivines (>Fo86)
have higher H2O than those in <Fo85 olivine (Plank et al., 2013), with some values as high as ~6 wt.%
H2O (Figure 1 in Plank et al., 2013). Although the State Line xenoliths do not contain olivine, they have clin-
opyroxene withMg#'s ranging from 64 to 84 (Figure 6 and SI Table S1), similar to clinopyroxene from experi-
mental mafic arc cumulates (Alonso‐Perez et al., 2009) and overlapping some low‐MgO garnet pyroxenites
from the Sierra Nevada (Lee et al., 2006). The Sierran low‐MgO garnet pyroxenites most likely equilibrated at
depths <1 GPa and reflect a second, shallower stage of hydrous cumulate fractionation (Lee et al., 2006).
Although our comparisons have large uncertainties, our xenolith‐constrained estimates of ~1 to 5.5 wt.%
H2O in the melt show agreements with global melt inclusions systematics.

While in a broad sense, we interpret the State Line lower crustal xenoliths to represent cumulates from pri-
mitive, hydrous melts, it is unclear whether all the xenoliths in the suite represent one crystal line of descent
from a single parent magma, or “instantaneous” cumulates from various (but petrologically similar) mag-
mas. Due to the nature of xenolith sampling, it is probably impossible to answer this question. Thus, it is pos-
sible that the ~5 wt.% melt H2O we calculated for garnet‐bearing xenoliths SD2L‐110 and SD2LC‐71
(Table 2) could reflect a “snapshot” of part of the crystal line of descent, and so melt H2O would be expected
to vary where a given cumulate is along that line of descent. One way to “see through” to the H2O content of
the parental magma is to consider the most primitive (highest Mg#) cumulates, as these cumulates would
have fractionated out early along the magmatic differentiation path. If we consider the most primitive xeno-
lith in our suite, SH‐E1 (highest clinopyroxene Mg#) as one of the earliest crystal cumulates to fractionate
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from a hydrous basaltic melt, the observed mineral modes match the near bimineralic assemblages of early
experimental cumulates (Alonso‐Perez et al., 2009) as well as natural cumulate arclogites (Lee et al., 2006).
Using a simple Rayleigh fractional crystallization model, assuming we start with 1 wt.% H2O in the melt
(although we calculated 0.8 wt.% H2O in equilibrium SH‐E1, we use 1 wt.% for simplicity; using 0.8 wt.%
does not change the final result significantly), a fractionating assemblage of clinopyroxene and garnet in
ratios ranging from 50:50 to 25:75, and aDbulk = 0.004, and allowing this melt to crystallize to F= 0.4 results
in melt H2O of ~4 wt.%. Thus, even “low” initial melt H2O contents can still evolve relatively hydrous
magmas.We emphasize that this process is possible in the deep crust. Mafic melts have low critical melt frac-
tions, <20% (Paterson et al., 1998)—and so melt extraction could occur at lower crystallinities and generally
be more efficient compared to more silicic melts. This would be facilitated even more with hydrous melts,
owing to the high incompatibility of water; if early melts have high initial H2O, with increasing crystal frac-
tionation, they will become even more enriched in H2O. This could be one way that deep crustal fractional
crystallization sets the stage for further magmatic evolution in the middle crust, where amphibole can
become stable at high melt H2O contents (Davidson et al., 2007).

5.5. Geologic and Tectonic Implications

Though nowmetamorphosed into the granulite facies, we propose that the State Line lower crustal xenoliths
were originally crystal cumulates from hydrous melts. The presence of both garnet‐free, plagioclase‐bearing
xenoliths and garnet and clinopyroxene‐rich xenoliths could represent two magmatic lineages with lower
and higher melt H2O contents, respectively. One geologic scenario that could explain this dichotomy is
the following. The Yavapai arc terrane is thought to represent products of oceanic island arc magmatism that
accreted onto the North American continent during the Yavapai Orogeny (1.8–1.7 Ga). During oceanic
island arc magmatism, the lithosphere (as a whole) is generally under extension, and crustal thickness tends
to be lower than that in continental arcs (Chin et al., 2018). Thus, average degree of melting at thin crust arcs
can be moderate to high, producing primary melts at shallower pressures and with lower melt H2O (1 in
Figure 8). Such melts might fall more along a tholeiitic trend and would produce cumulates composed
mostly of pyroxene and plagioclase (gabbros).

The Yavapai arc system may have evolved to a continental arc as the terrane sutured onto North America;
Proterozoic calc‐alkaline plutons in the vicinity of the State Line District may be evidence of this
(Karlstrom & Houston, 1984). Cavosie and Selverstone (2003) proposed that the ~1.7 Ga arc magmatism
of the Colorado province may have been built initially on oceanic crust, which originated either as a
ridge‐transform intersection or a backarc spreading center, and then was subsequently entrapped during
accretion of the Yavapai terrane onto the Wyoming Craton. During this transition, the crust presumably
thickened, resulting in progressively deeper melt generation depths, thus lower degrees of melting (Plank
& Langmuir, 1988), and hence higher initial melt H2O (Chin et al., 2018). Such higher‐H2O and higher pres-
sure melts would crystallize liquidus garnet and clinopyroxene as early cumulates (2 in Figure 8), repre-
sented now in the State Line xenoliths as the garnet‐rich granulites. The scenario proposed above could
also explain the transitional nature of the State Line lower crustal xenolith suite, which shows gradation
from gabbros (tholeiitic trend) to more garnet and clinopyroxene‐rich assemblages (calc‐alkaline trend).
Following cooling into the granulite facies, the Proterozoic State Line lower crust stabilized and was subse-
quently tectonically juxtaposed over Archean lithosphere (Eggler et al., 1988) and then sampled by
kimberlites in the Devonian (Figure 8).

The occurrence of abundant garnet‐pyroxene coronas is also consistent with two, or possibly more, distinct
arc magma lineages that subsequently experienced P‐T paths governed by where they started along the soli-
dus in Figure 8. Analysis of the phase boundaries in Figure 8 shows that near‐solidus cumulates of a low
pressure, tholeiitic Melt 1 in Figure 8 would have to cool to a large extent to enter the garnet stability field
due to the slope of the spinel‐garnet transition (Path a). Note that garnet formation solely due to isobaric
cooling of plagioclase‐rich protoliths, such as Composition 1 in Figure 8, is kinetically inefficient
(Chapman et al., 2017). This could explain the substantial population of plagioclase‐bearing granulites in
the State Line suite. By contrast, near‐solidus cumulates of a deeper, presumably more calc‐alkaline and
hydrous, Melt 2 in Figure 8 would already have spinel, clinopyroxene ± orthopyroxene, and garnet as liqui-
dus phases, and a smaller extent of cooling would immediately precipitate garnet and clinopyroxene as early
cumulate minerals, like xenolith SD2‐L110 (Path b). Alternatively, a protolith starting at 1 in Figure 8 could
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undergo an increase in pressure while cooling (Path c) (Chin et al., 2016), which would pivot more quickly to
the garnet stability field due to the slope of the garnet‐in boundary, allowing coronas to form without a large
amount of cooling. This could be the case for SD2‐LC71 and the “mixed” granulites that contain various pro-
portions of plagioclase but abundant garnet + cpx coronas.

Our EBSD data also suggest a history more complex than simple isobaric cooling for the corona‐bearing
xenoliths. Microstructural observations in SD2‐LC71 show abundant deformation twins in plagioclase por-
phyroclasts, and large clinopyroxene grains more deformed than fine‐grained clinopyroxene inside garnet
coronas (Figures 2g and 4), suggesting that delicate corona structures formed after an earlier ductile defor-
mation. Such a two‐stage deformation history could be explained by a thickening + cooling path. We con-
clude that isobaric cooling alone—a P‐T path typically associated with mafic underplating—is likely not
sufficient to account for the high modal garnet (>25%) and clinopyroxene (>30%) in many of the State
Line xenoliths. Together with H2O contents in NAMs consistent with an igneous cumulate heritage and
microstructural evidence of a complex deformation history encapsulated between ~1.8 and ~400 Ma, we
therefore propose that the State Line granulites represent deep remnants of continental crust formed in
an evolving arc setting in the Proterozoic.

Finally, while garnet‐rich arc cumulates are critical for facilitating delamination or convective removal of
thickened arc roots (Lee & Anderson, 2015), it should not go unnoticed that plagioclase‐bearing cumulates
are also an important constituent of igneous arc lithosphere. The origin of these gabbroic cumulates is less
clear, since they could have formed either in juvenile arcs that were subsequently accreted or perhaps at
oceanic ridges. The buoyancy of gabbroic cumulates relative to garnet‐bearing cumulates may allow them
to survive capture and suturing, thereby providing a buoyant “life raft” onto which subsequent calc‐alkaline
continental arc magmatism may grow upon. In the Sierra Nevada Batholith, archetype of a continental arc,
Ducea and Saleeby (1996) showed that gabbros, cumulate gabbros, and plagioclase granulites are nearly as
abundant as garnet clinopyroxenites within the well‐studied Sierra Nevada deep lithospheric xenolith suite.
They further note that compositionally, the gabbroic cumulates and granulites overlap in terms of major ele-
ment bulk composition with garnet clinopyroxenites, indicating a similar gradational spectrum observed in
the State Line lower crust.

Parallels between the State Line xenoliths with Phanerozoic arclogites suggests that arcs could have operated
in a similar manner in the Proterozoic. Our data on the H2O content of granulite‐facies rocks—typically
thought to be “bone dry”—indicates that such rocks can contain significant H2O: up to ~1,000 ppm in clin-
opyroxene and bulk H2O up to ~650 ppm. Such values are at least a factor of 2 higher than maximum esti-
mates for the upper mantle, the layer directly beneath the lower crust. Moreover, our measured H2O
contents are likely to beminimum bounds due to decreased solubility during cooling. This implies that lower
crust formed in Proterozoic arcs could have been just as hydrous or even more hydrous than what is
observed today.

6. Conclusions

We investigated the water contents of nominally anhydrous minerals, as well as modal mineralogy and rock
microstructure, in lower crustal xenoliths from the State Line kimberlite district in northern Colorado, USA.
Average water contents for minerals range from 75 to 760, 233 to 410, and 42 to 139 ppm for clinopyroxene,
orthopyroxene, and garnet, respectively. Despite subsolidus cooling, intermineral water partitioning largely
reflects equilibriumD values, indicating closed system conditions. Importantly, the coherence betweenmea-
sured intermineral partitioning and D values allows us to constrain minimum bounds on water contents of
melts last in equilibrium with the xenoliths. Calculated melt water contents range from ~1 to ~6 wt.%.
Together with the high garnet and clinopyroxene mode in many of the xenoliths and their overall resem-
blance to arclogite xenoliths from well‐known arcs, we interpret the State Line xenoliths to have originally
been igneous cumulates from moderate to high‐pressure, hydrous magmas associated with arc magmatism
during Proterozoic accretion of North America.
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