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ARTICLE INFO ABSTRACT

Keywords: Shonkinites are rare alkali-rich igneous rocks found in the geological record from the Precambrian to the Eocene.

Shonkinite This study investigates the Upper Cretaceous shonkinites from the Adel Hills Volcanic Field (AHVF), central

i\g(rlxelo;s-lfetrology Montana. The AHVF shonkinites are porphyritic with large, euhedral to subhedral phenocrysts of diopside that
€. 111s

exhibit sector zoning. Other major mineral phases include plagioclase, sanidine, and secondary zeolites. Minor
and accessory phases identified with SEM-EDS include magnetite, apatite, rare ilmenite and pyrite, and sec-
ondary calcite. Bulk rock SiO, ranges from 47 to 49 wt% with NaxO + K20 varying from 5.50 to 7.34 wt% within
that silica range. Normalized bulk trace elements indicate LILE enrichment and Nb—Ta depletion, consistent
with a volcanic arc setting. Bulk rock, diopside, and apatite chondrite-normalized REE signatures collectively
exhibit a limited range of Eu anomalies (Eu/Eu* from 0.92 to 1.33). High-resolution elemental mapping of
sector-zoned diopsides reveals that Si and Mg-enrichment is accompanied by Al, Ti, Na, and Cr-depletion within
{—111} faces. In symmetrically equivalent prism sectors, Al, Ti, Na, and Cr enrichment with correlated de-
pletions in Si and Mg is documented. This is interpreted to result from low degrees of undercooling during
crystallization (AT = 13-25 °C). The lack of dendritic patterns at the Al sector boundaries further supports this.
Apatite trace element chemistries are consistent with crystallization from mafic, alkali-rich melts while
accompanying Ce/Ce* vs. Eu/Eu* systematics are consistent with formation in a hydrous, moderately oxidizing
magmatic environment in which plagioclase crystallization was suppressed. Petrogenesis of the AHVF shon-
kinites is inferred to have occurred in a contractional tectonomagmatic setting in which variably metasomatized,
heterogeneous mantle lithosphere experienced low degrees of partial melting. This occurred prior to the collapse
of the Cordilleran fold and thrust belt and subsequent lithospheric extension in the middle Eocene-early Miocene.

Alkali magmatism

1. Introduction

The study of igneous rocks has provided the foundation for our un-
derstanding of partial melting, magma generation, differentiation,
crystallization, emplacement, and eruption, alongside the role these
processes have played in Earth’s physicochemical evolution over a range
of spatial and temporal scales (e.g., Daly, 1914; Bowen, 1922, 1928;
Holmes, 1932; Bowen, 1945; Tyrrell, 1978; Hanson, 1980; Wilson,
1989; Bowring and Housh, 1995; Shirey et al., 2008; Grove and Brown,
2018). From this, a tectonomagmatic framework has been established in
which (broadly) characteristic textural, mineralogical, and geochemical
signatures can be linked to specific tectonic environments, magmatic
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processes, and differentiation mechanisms (e.g., Jagoutz, 2014; Xia,
2014; Tang et al., 2019; Navarrete et al., 2020).

Recent advances in the understanding of magmatic processes have
largely been achieved through the study of crystal cargoes and their
associated crystal-scale features (e.g., compositional zoning, dissolution
boundaries, reaction textures, overgrowths; Ohnenstetter and Brown,
1992; Mollo et al., 2010; Maruyama and Hiraga, 2017; Ubide et al.,
2019; Zhou et al.,, 2021). Modern microanalytical techniques (e.g.,
scanning electron microscopy-energy dispersive spectroscopy, SEM-
EDS; electron probe microanalysis, EPMA; and laser ablation induc-
tively coupled plasma mass spectrometry, LA-ICP-MS) have made it
possible to gain in-situ, spatially resolved chemical and physical
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observations that have significantly improved our understanding of the
chemical heterogeneity preserved within crystals at the millimeter to
micron scale (Pollington and Baxter, 2011; Zhou et al., 2021; Khar-
kongor et al., 2023). For example, in clinopyroxenes, enrichments of Al
and Ti and depletions of Si and Mg have been correlated with prism
sectors and interpreted to reflect relatively low degrees of undercooling
in a magmatic system, such as slow rates of magma ascent (Ubide et al.,
2019; MacDonald et al., 2023, 2024; Simpson et al., 2025), while trace
elements in apatite are increasingly used as petrogenetic indicators, with
elemental abundances and ratios applied as tracers of melt origin and
petrologic affinity (e.g., mafic vs. felsic, alkali-rich vs. metasomatic;
O’Sullivan et al., 2020; Kieffer et al., 2023, 2024a, 2024b).

The majority of igneous rocks on Earth are subalkaline and include
both tholeiitic and calc-alkaline series (e.g., Vermeesch and Pease,
2021). This subalkaline suite is characterized by saturation in silica with
relatively low total alkalis (wt% NagO + K30) across the same range of
wt% SiO5 when compared to alkaline igneous rocks. Subalkaline igneous
rocks are abundant throughout the magmatic rock record, from the
extensive network of mid-ocean ridge basalts at divergent plate
boundaries to the highly differentiated andesite to rhyolite suites at
continental arcs, as well as within intraplate settings (e.g., Wilkinson,
1982; Burns and de Silva, 2023). In stark contrast, alkaline igneous rocks
have relatively higher total alkali contents for the same range of silica
exhibited by the subalkaline suite and represent <1 % of all igneous
rocks on Earth. Despite their paucity, alkaline igneous rocks account for
~50 % of all igneous rock names and are associated with at least 400
alkaline rock types (Sgrensen, 1974). The relatively high abundance of
total alkalis, along with other highly incompatible elements (e.g., large
ion lithophile elements; LILEs), at low silica contents in alkaline systems
results in a relatively high abundance of minerals not typically found in
subalkaline systems (e.g., nepheline, arfvedsonite, leucite). Their
petrogenesis has, therefore, long fascinated geologists, not only from the
perspective of mineral evolution but also for their potential to provide
unique insights into petrogenetic processes that are otherwise not
captured in subalkaline magmatic systems (e.g., Poletti et al., 2016;
Wang et al., 2024).

Broadly, alkaline rocks form through low-degree partial melting of a
range of potential sources, such as mafic lower crustal lithologies,
metasomatized lithospheric mantle, the asthenospheric mantle, or
enriched geochemical reservoirs deep within the mantle that have
evolved due to variable inputs from ancient subduction systems over
time (e.g., EMI, EMII; Chen et al., 2010; Poletti et al., 2016; Yaxley et al.,
2022; Wang et al., 2024). They are found across various tectonic set-
tings, from intraplate environments to volcanic arcs, to continental rift
environments, and into post-orogenic continental regions (Nakamura
et al., 1985; Philpotts and Ague, 2009; Cruz-Uribe et al., 2018; Wang
et al., 2024). Historically, alkaline igneous systems have also been tar-
geted for their mineral resources, as they often contain economically
viable concentrations of rare-earth elements (REEs; e.g., Mountain Pass
in California and Mt. Weld in Australia; USGS, 1952; Poletti et al., 2016;
Cook et al., 2023; Chandler et al., 2024; Benson et al., 2025). Finally, the
eruption of alkaline magmas has also been proposed as a potential
mechanism for global warming due to the relatively higher abundance
of dissolved CO5 (which is released into the atmosphere during
emplacement) compared to subalkaline systems (Foley and Fischer,
2017; Solomatova and Caracas, 2021; Wang et al., 2024).

This study investigates an alkaline igneous system to provide new
crystal-scale insights into the magmatic processes related to the petro-
genesis of alkali-rich magmas. Specifically, a suite of diopside-phyric
shonkinite dikes are characterized for their textural, mineralogical,
and geochemical signatures.

1.1. Shonkinites

Shonkinites were named after their type locality in the Shonkin Sag
Laccolith in central Montana (Weed and Pirsson, 1895; Kendrick and
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Edmond, 1981; O’Brien et al., 1991; Ruggles et al., 2021). While the
etymology of “Shonkin” is debated, it likely comes from the Blackfoot
word “shonkan” meaning “to be brave/fearless” (Klassy, 2024). Ac-
cording to Weed and Pirsson (1895), the name of Shonkin Sag was
derived from the Blackfeet Tribe’s name for the nearby Highwood
Mountains.

According to the International Union of Geological Sciences (IUGS),
a shonkinite is defined as a plutonic rock where the modal proportion of
feldspathoids (F) range from 10 % to 60 %, the ratio of plagioclase
feldspar to the total amount of alkali feldspar and plagioclase (P/(A +
P)) is <10, and the proportion of mafic minerals (M) is between 60 %
and 90 %. The American Geosciences Institute describes a shonkinite as
“a dark-colored syenite composed chiefly of augite and alkali feldspar,
and possibly containing olivine, hornblende, biotite, and nepheline”
(Neuendorf et al., 2005). Although these definitions aid in identifying
shonkinites, they do not cover the mineralogical variations observed in
shonkinitic rocks described in the literature (e.g., Beall, 1973; Shad-
enkov et al., 1990; Cunningham, 1999; Petrovskii et al., 2014; He et al.,
2015; Poletti et al., 2016; Ghodke et al., 2018; Okrugin et al., 2018).
Fig. 1 summarizes the global distribution of shonkinites as reported in
the existing literature. Broadly, shonkinites range from porphyritic to
phaneritic and feature a major mineral assemblage that includes clino-
pyroxene (typically diopside or augite), K-feldspar (usually sanidine
and/or orthoclase), plagioclase, + biotite, + olivine, + feldspathoids
(typically nepheline), and + amphiboles. See Table S1. Minor and
accessory minerals consist of apatite, titanite, rutile, magnetite, spinel,
barite, zeolite, calcite, and quartz, depending on the occurrence.

This study presents results from the first comprehensive petrographic
and geochemical investigation of the mapped diopside-bearing shon-
kinite dikes in the Adel Hills Volcanic Field (AHVF) in north-central
Montana. These intrusive features are ~70 miles west-southwest of
the Shonkin Sag.

2. Geological setting
2.1. The Adel Hills Volcanic Field (AHVF)

The AHVF represents a spatially extensive, alkali-rich magmatic
system. It is located within the Great Falls Tectonic Zone (GFTZ) and at
the eastern terminus of the Montana Disturbed Belt (MDB; Fig. 2). It
exists to the north of the Laramide Belt and the Helena Salient (Parker
and Pearson, 2023). Previous work has proposed that the GFTZ repre-
sents either an intracontinental shear zone (e.g., Boerner et al., 1998) or
a Paleoproterozoic suture between the older, Archean-aged, Hearne and
Wyoming provinces which formed (in part) during ocean basin closure
at ~1.9 Ga (Mueller et al., 2002). Generally, the MDB represents a
northwest trending zone characterized by west-dipping thrust faults,
which are post-dated by normal faults associated with Basin and Range
lithospheric extension (Mudge, 1970). The AHVF is located northwest of
the Helena Salient, an arcuate curve in the MDB (e.g., Harlan et al.,
2008; Whisner et al., 2014; Howlett et al., 2024). Located near the
Western Interior Seaway during the Late Cretaceous (see below), the
AHVF formed within the retroarc foreland basin of the fold and thrust
belt (Kauffman and Caldwell, 1993; Fuentes et al., 2012). The bedrock
geology of the AHVF region is summarized in Fig. 2b and in the
accompanying cross-section (after Vuke, 2000, 2014).

The AHVF is bound to the west by the Coburn Mountain thrust fault
(Harlan et al., 2005) and unconformably overlies the Upper Cretaceous
Two Medicine Formation. Proterozoic Belt Supergroup lithologies
outcrop to the southwest with faulted (and repeated) mid-Paleozoic
(Mississippian) to upper Mesozoic stratigraphy underlying and sur-
rounding the AHVF (see cross-section, Fig. 2b). The observation of
folding and imbricate thrust faulting of volcanic rocks in the south-
western region of the AHVF, the eastward thrusting of the Two Medicine
Formation over AHVF units (see cross-section, Fig. 2b), and the over-
lapping of AHVF volcanic rocks (undeformed) onto Cretaceous strata in
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Fig. 1. Map of shonkinite localities discussed in the text. White diamond indicates the locale for this study, the Adel Hills Volcanic Field, Montana. AP = Alkaline
Province, IC = Intrusive Complex. Base map from NOAA https://www.ncei.noaa.gov/products/etopo-global-relief-model. Locations sourced from Lyons (1944);
Grubb (1965); Kendrick and Edmond (1981); O’Brien et al. (1991); Shadenkov et al. (1990); Madhavan et al. (1992); Saravanan and Ramasamy (1995); Brotzu et al.
(2007); Rokosova and Panina (2013); Petrovskii et al. (2014); Bogatikov et al. (1994); Poletti et al. (2016); Rokosova et al. (2016); Okrugin et al. (2018).

the southeast implies that magmatic activity was syntectonic with
respect to the thin skinned deformation of the MDB (Schmidt, 1978;
Harlan et al., 2005).

The AHVF is characterized by lava flows, volcaniclastics (including
ash-bearing breccias and conglomerates), dikes, and sills (see Fig. 3a;
Lyons, 1944; Schmidt, 1978; Harlan et al., 2005). Present-day exposure
of the AHVF (and associated intrusions) spans 900 km?. In some areas,
intercalated units of basaltic-andesite lavas, breccias, and other volca-
niclastic units related to the eruption of a stratovolcano reach up to
1000 m in thickness (Lyons, 1944; Harlan et al., 2005; Scarberry et al.,
2020). Early geochronologic work by Bellon et al. (1989) reported K—Ar
ages from the AHVF ranging from 74.2 to 60.4 Ma, but as was later
noted, the field sampling locations and sample descriptions were poorly
documented (Harlan et al., 2005). Similar attempts to constrain the
timing of AHVF magmatic activity were detailed by Mehnert and Cebula
(1984) in an internally distributed newsletter from the United States
Geological Survey (as cited in Harlan et al., 2005). They reported K—Ar
ages of 75 + 2.3 Ma (20) and 72.9 + 2.1 Ma (20) for hornblende and
biotite mineral separates from a trachybasalt in the southwestern region
of the AHVF. However, Sheriff and Gunderson (1990) later suggested
that this sampled unit was likely associated with the Late Cretaceous
Elkhorn Mountain volcanic field. In their work, and in Gunderson and
Sheriff (1991), a K—Ar bulk rock age of 81.1 + 3.5 Ma (10) from “deep
within the volcanic pile” was reported alongside a K—Ar age from bio-
tite within a crosscutting shonkinite dike of 71.2 + 2.7 Ma (106). These
age constraints imply that magmatic activity in the AHVF spanned 10
Myrs. From this, Gunderson and Sheriff (1991) assigned an average age
of 76 Ma to their reported paleomagnetic pole. In a broader tectonic
context, this also serves as one of the few valid reference poles for the
apparently rapid polar wander path of North America during the mid-
Cretaceous through the Tertiary. Given the importance of this pole
(and age), the range of previously reported ages, and the inadequate
field-constrained sampling in some earlier studies, Harlan et al. (2005)
conducted an extensive field campaign sampling both extrusive and
intrusive lithologies in the AHVF, reporting “°Ar/3°Ar and new K—Ar
ages from 13 locations. The results from their study indicate that
volcanism in the AHVF began around 76 Ma, with younger *“°Ar/>°Ar
ages on intrusives ranging from 74.74 to 73.17 Ma.

Specific lithologies within the AHVF include potassium-rich volcanic
rocks (trachybasalts and trachyandesites), which are clinopyroxene-
phyric; volcaniclastics characterized by graded ash beds, pyroclastic
debris, and matrix-supported breccias and conglomerates; and a wide
range of shonkinite, latitic gabbro, and syenite intrusive crystalline
rocks occurring as plugs and sills, along with thousands of dikes
(Cunningham, 1999; Harlan et al., 2005). Previous studies have noted
the radial (or subradial) nature of these dike complexes, with some dikes
also interpreted as feeders for the laccoliths to the north (Fig. 3a; Beall,
1973; Whiting, 1977; Hyndman and Alt, 1987).

2.2. Field sites

Shonkinite samples from the AHVF were collected from two roadcut
outcrops along the Missouri River (Fig. 3a,b). Site 1 is located at
47°09'22"N, 111°49'37"W on the east bank where a modern cliff face
exposes a cross-section through the AHVF’s volcanics, volcaniclastics,
and intrusives (Fig. 3c). The notable features of this roadcut include
grayish-brown to red, poorly sorted, variably competent, alternating
layers of volcaniclastic breccias, conglomerates, and ash beds that are
cross-cut by shonkinite dikes (Fig. 3c,d). The breccias and conglomer-
ates range in color from red to purple, are matrix-supported, and are
characterized by angular to rounded clasts mostly between pebble and
cobble size. Clasts are typically gray-green, gray, or gray-brown in color
and include shonkinite, latitic gabbro, and basalt lithologies (Fig. 3e).
Individual pyroxene crystals are also visible within the volcaniclastics.
The ash beds are red to beige with primarily sand to granule-size (with
rarer cobble-sized) clasts (Fig. 3e). These dikes are characterized by
abundant black, glossy, euhedral pyroxene crystals that range in size
from ~0.1 to 1.5 cm on the long axis (Fig. 3f,g), and white, anhedral,
mineral-filled, vugs (Fig. 3g). Pyroxene “rosette”-like textures are also
present but less common.

Sample site 2 is located at 47°16'28”N, 111°83'59”W. Here, the
roadcut outcrop consists of a shonkinite dike that crosses both volcani-
clastic conglomerates and porphyritic shonkinite lava flows. The shon-
kinite dike shares similar color and weathering characteristics with
crystals range from 0.1 to ~1.5 cm along the long axis, with the majority
ranging between 0.1 and 0.5 cm on the long axis (Fig. 3h). White,
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Fig. 2. a) Map showing the location of the Adel Hills Volcanic Field (AHVF) in relation to major basement structures and cratonic boundaries. Modified from Gifford
et al. (2014, 2018). Star shows the boundaries of map in b). United States: NV = Nevada; UT = Utah; WY = Wyoming; NE = Nebraska; SD = South Dakota; ND =

North Dakota; MT = Montana; ID =

Idaho. Canada: AB = Alberta; SK = Saskatchewan. b) Simplified geologic bedrock map and cross section of the AHVF and

surrounding area. Map after Vuke (2000, 2014), cross-section after Vuke (2000). All faults are SW-dipping thrust faults unless otherwise indicated. Cross-section
datum is mean sea level, vertical to horizontal scales 1:100,000. Cretaceous intrusive rocks include diorite and latite; Jurassic-Mississippian stratigraphy includes
Jurassic Morrison Fm, Ellis Group, and Madison Group as well as Mississippian Three Forks, Fm, Jefferson Fm, and Maywood Fm.

mineral-filled vugs are also present (Fig. 3h). The volcanic rocks are a
combination of red matrix-supported breccias and conglomerates, gray
to red weathered pyroxene-bearing porphyritic lava flows, and a gray
blocky lava flow. Similar to site 1, the conglomerates primarily contain
shonkinite clasts, with sizes ranging from cobble to granule.

3. Analytical methods

Bulk sample and in-situ mineral characterization were conducted via
polarized light microscopy, SEM-EDS, and powder X-ray diffraction
(XRD) at Miami University, X-ray fluorescence (XRF) and ICP-MS at
Washington State University, EPMA, and LA-ICP-MS at the University of
Arkansas. Further details are provided in the Supplementary

Tables (S2-S10).

Thin section images were acquired in both plane-polarized light
(PPL) and cross-polarized light (XPL) with a Leica DM2700P Petro-
graphic Microscope at MU. The images acquired document the textural
and mineralogical features of the samples, aiding in the evaluation of
bulk sample characteristics (e.g., modal mineralogies). Subsequently,
PLM images were used to identify crystals and areas of petrological in-
terest (e.g., sector and oscillatory zoning in pyroxenes) for further
analysis through scanning electron microscope energy-dispersive X-ray
spectroscopy (SEM-EDS) and electron probe microanalysis (EPMA).

Initial backscatter electron (BSE) images were acquired using the
Zeiss Supra 35 Variable-Pressure Field Emission Gun SEM (VP-FEG-
SEM) at MU’s Center for Advanced Microscopy and Imaging (CAMI).
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Fig. 3. a) Generalized geologic map with approximate sampling locations across the AHVF from Beall (1973), Cunningham (1999), and this study. Map modified
from Lyons (1944). b) view looking west across the AHVF from US highway 15. c) representative photo of multiple shonkinite dikes cross-cutting AHVF volcani-
clastics (field site 1). Author Cracas for scale in the lower right. d) close-up of intrusive shonkinite dike cross-cutting the highly variable, interbedded AHVF vol-
caniclastics. e) shonkinite clasts within a volcaniclastic breccia. f)-g) close up of sampled shonkinite dikes at Site 1 with white, mineral-filled (zeolite) vugs and
diopside crystals highlighted. h) shonkinite dike at Site 2, diopside crystals and zeolite-filled vugs also documented.

The images were captured with an accelerating voltage of 25-30 kEV,
working distances ranging from 7 to 11 mm, and a 120 pm aperture.
Elemental spectra and maps were obtained using the Bruker Xflash 5010
Energy Dispersive X-ray Spectroscope add-on. Both images and
elemental data were used to further characterize the sample mineralogy
and texture at higher spatial resolutions and to identify regions of in-
terest for subsequent in-situ analyses (e.g., zoned pyroxene crystals).
Additional BSE images and accompanying EDS spectra were collected on
a Thermo Axia ChemiSEM at the Trace Element and Radiogenic Isotope
Lab (TRAIL) at UArk, with an accelerating voltage of 25-30 kEV and a
working distance of 10 mm.

The major and minor mineralogy of bulk samples was further eval-
uated via X-ray diffraction (XRD) on six powdered samples, with three

taken from each field site. These powders originated from the same
powdered splits prepared for X-ray fluorescence (XRF) at WSU (as
detailed later). The powders were run at MU on a Bruker D8 Advance
ECO Powder X-Ray Diffractometer equipped with a LYNXEYE XE-T
detector using a CuKa radiation (\ = 1.5418 A) tube with a 40 kV
operating voltage and a 25 mA current. Each sample was analyzed for
110 min, from 4° to 70° 20 with a step size of 0.01° 20 and a dwell time
of 0.10 s/step.

Major and minor oxide abundances were obtained via bulk powder
X-ray Fluorescence (XRF). Analyses were conducted on powdered
sample splits from the same six samples characterized by XRD (see
above). These samples were processed and analyzed at the Peter Hooper
GeoAnalytical Lab at WSU using a ThermoARL Advant’XP+ sequential
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XRF spectrometer. 28 g of sample chips were ground in a swing mill with
tungsten carbide surfaces for two minutes. 3.5 g of the resulting powder
were weighed into a plastic mixing jar with 7.0 g spec pure Li2B407 and
mixed using a plastic ball for 10 min. The mixed powders were then
emptied into graphite crucibles and fused in a muffle furnace at 1000 °C
for 5 min. After heating, the glass beads were allowed to cool, then
reground in the swing mill for 35 s, placed back in the crucibles, and
then refused for 5 min. Following this, the beads were labeled with an
engraver, polished with 600 silicon carbide grit, finished with the grit
and alcohol on a glass plate, washed in an ultrasonic cleaner, rinsed in
alcohol, and dried. XRF analysis was conducted for 27 elements,
alongside an integrated analysis of the following USGS standards: AGV-
2, BCR-2, and GSP-2. Bulk trace element abundances from the same
powders were acquired via inductively-coupled plasma mass spec-
trometry (ICP-MS). Analyses were conducted at the Peter Hooper Geo-
Analytical Lab using the Finnigan Element2 ICP-MS.

In-situ major mineral oxide and minor element data were collected
using EPMA. These analyses were conducted using the JEOL JXA-8230
Electron Microprobe at the Chevron Geomaterials Characterization
Lab at LSU. Spot analyses were performed on selected pyroxenes, feld-
spars, iron oxides, and apatites. One pyroxene crystal was chosen for
high-resolution elemental mapping. The instrument parameters used
were a 5 pm spot size, a 15 kV accelerating potential, and a 20 nA beam
current.

In-situ trace element analysis of clinopyroxene and apatites was
conducted via laser-ablation ICP-MS (LA-ICP-MS) using the Thermo
iCapQ quadrupole mass spectrometer, which is coupled to a New Wave/
ESI 193 nm laser ablation system at the TRAIL facility at UArk. Analyzed
isotopes included 23Na, 24 Mg, 27Al, 29Si, 39 K, 43Ca, 44Ca, 45Sc,
48Ti, 52Cr, 55Mn, 66Zn, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 139La, 140Ce,

o
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141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159 Tb, 163Dy, 165Ho, 166kEr,
169Tm, 172Yb, 175Lu, 178Hf, 181Ta, 208Pb, 232Th, and 238 U. For all
analyses, the following laser settings were used: a 10 Hz repetition rate
over 20s, a laser fluence of ~4.3 J/cm2, and a He carrier gas flow rate of
0.800 L/min. Ablation was performed using a 25 pm laser spot diameter.
The instrument was tuned such that UO/U and ThO/Th were < 1.0 %.
NIST 612 was used as the calibration standard (see Jochum et al., 2011),
with 43Ca as the internal standard for all analyses. Calcium abundances
were acquired prior via EPMA analyses of the respective phases. Stan-
dards NIST 610 and NIST 612 were run as the primary and secondary
standards. Each standard was run before and at the end of each
analytical session and was bracketed after every ten analyses during the
analytical runs. Data reduction was performed using the Iolite v.4.8.0
Software package (Hellstrom et al., 2008; Paton et al., 2011) and the
Trace Elements data reduction scheme. While U—Pb dating of apatite
was attempted, the spot size of 50 pm was larger than the targeted
grains, resulting in a mixed signal from their host diopsides.

4. Results
4.1. Microscopy (polarized-light microscopy and SEM-EDS)

30 representative hand samples were collected from the field. From
six samples (three from Site 1 and three from Site 2) thin sections and
bulk powders were prepared. Their petrography was investigated using
polarized light microscopy (PLM). Samples from both field sites display
large unoriented, small to coarse-grained (0.1-1.3 cm), black, glossy
tabular euhedral pyroxene crystals (~25-30 %) within a dark-gray to
brown-gray matrix (~70 %); the size and abundance of the pyroxene
crystal population vary between field sites, with crystals from Site 1

Fig. 4. Summary of major shonkinite petrography. A) Entire thin section photograph. B) high-resolution scan in plane-polarized light (PPL). C) high-resolution scan
in cross-polarized light (XPL). D) diopside crystals with apatite and oxide inclusions (XPL, field site 1). E) sector-zoned diopside (field site 1). F) diopside and augite

(PPL, field site 2).
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being larger on average, ranging from 0.5 to 1.2 cm (Figs. 3f,g,h and 4a,
b). From Site 2, pyroxene crystals typically measure 0.1-0.4 cm but can
reach up to 1.5 cm (although rare). Shonkinites at both sites contain
zeolites as secondary minerals (1-3 %), which is consistent with previ-
ous work in the AHVF (Lyons, 1944; Beall, 1973; Cunningham, 1999).

The dominant pyroxene observed at both field locations is diopside
(Fig. 4). They were identified by their pleochroic green color in plane-
polarized light (PPL, Fig. 4a,b), inclined extinction, sector zoning and
their lamellar twinning (Fig. 4c-d). At Site 2, minor augite (<5 %) was
also identified by its high relief and brown color in PPL (Fig. 4e). The
diopsides from both sites exhibit both hourglass-style sector zoning
(Fig. 4d) and oscillatory zoning (Fig. 4c,d). The surrounding groundmass
is fine-grained, feldspathic, and altered with anhedral secondary zeolites
present often in vugs. Opaque phases, typically euhedral, are also
observed in the groundmass and as inclusions within the diopsides
alongside trace amounts of apatite (Fig. 4c). Although other inclusions
within the diopsides were observed, they could not be unambiguously
identified using PLM due to their relatively small sizes. Highly altered
amphiboles were observed in the groundmass, displaying significant
opacitization. Rare calcite was also observed in the groundmass at Site 2.
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Additional documentation of sector-zoned diopsides from throughout
the sampled shonkinites is provided in Supplementary Fig. la-f. A
representative image of a vug characterized by secondary zeolites,
plagioclase, and calcite is shown in Supplementary Fig. 1g (see also,
Fig. 3g,h).

Thin section-scale characterization was also conducted via SEM-EDS.
The diopsides exhibit clear oscillatory zoning (Fig. 5a,b) and are inter-
preted as Al-rich diopsides based on the corresponding EDS spectra.
Augites are euhedral, appear darker in backscatter, and show no zoning
(see Fig. 5¢). The opaque phases observed in PLM, and shown in Fig. 5d,
are interpreted as Ti-rich magnetites based on their EDS spectra
(confirmed via EPMA, see Section 4.4). These occur as inclusions within
diopsides and throughout the groundmass. Their sizes range from ~0.4
pm to >300 pm and make up 30-40 % of the clinopyroxene inclusions.
Apatites (as indicated by EDS spectra; Fig. 5d) occur both as inclusions
in diopsides (10-30 % of the inclusion population) and within the
groundmass. Ca-amphiboles were identified but are uncommon (<1 %)
in Site 1 samples and more abundant (<5 %) in Site 2 samples. They are
anhedral and display distinct, polymineralic reaction rims (Fig. 5e).
Feldspar inclusions in the diopsides were confirmed as both plagioclase

Fig. 5. SEM-BSE images of sampled shonkinites. a) amphibole reaction rim from field site 1. b) diopside with apatite, alkali feldspar, and magnetite inclusions from
field site 1. c) oscillatory zoning in diopside, fine-grained groundmass with minor amphibole from field site 1. d) oscillatory zoning in diopside, field site 2. e) vug

characterized by calcite, plagioclase, and zeolite, field site 2. f) augite, field site 2.
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and alkali feldspar. Plagioclase inclusions range in size from 100 to 500
pm and account for approximately 15 % of the diopside inclusions, while
alkali feldspar inclusions range from 50 to 300 pm and also comprise
~15 % of diopside inclusions. At Site 2, other previously unobserved
phases included a rare iron sulfide phase, rare biotite, and rare ilmenite.
The zeolites identified in hand samples and via light microscopy are
associated with complex intergrowths of calcite and plagioclase feldspar
(Fig. 5f). Some of these feldspars exhibit oscillatory zonation (Fig. 5f).

4.2. X-ray diffraction

Fig. 6 presents representative results from a single bulk shonkinite
powder XRD analysis. Six bulk samples (three from each site) were
characterized via XRD and their mineralogies were observed to be the
same (see S2). Results are consistent with field-based, PLM, and SEM-
EDS observations (see Section 4.1). Diopside is confirmed as the major
clinopyroxene while magnetite is identified as the primary iron oxide
phase. For diopside, peaks were observed at 29.83 (221 ), 30.33 (310),
30.84 (3117), 35.72 (221), 39.18 (311), 42.36 (331 ), and 65.74 (531)
26 (PDF-00-900-5560). Magnetite was identified by 26 peaks at 35.48
(311), 37.12 (222), and 62.63 (440) (PDF-00-900-2317). Additionally,
apatite, K-feldspar, zeolite, and plagioclase were all noted in the XRD
patterns, which is again consistent with microscopy and EDS data. These
mineral phases are further identified via XRD as fluorapatite, sanidine,
analcime, and bytownite, respectively (see Fig. 6). Fluorapatite was
identified by 20 peaks at 31.88 (32 1), 40.59 (42 1), 50.69 (53 1),
56.58 (53" 2) (PDF-00-154-9763). Sanidine was identified by 20 peaks at
21.08 (2017), 23.51 (130), 26.92 (220), 32.31 (132"), and 50.79 (043)
(PDF-00-900-8218). Analcime was identified by 20 peaks at 15.80
(211), 18.27 (220), 25.95 (400), and 30.52 (332) (PDF-00-900-0646).
Bytownite was identified by 20 peaks at 23.52 (131"), 25.68 (114 ), and
28.47 (220) (PDF-00-901-1201). This data is consistent with previous
studies of reported shonkinite mineralogy in the AHVF (e.g., Lyons,
1944; Beall, 1973; Cunningham, 1999; Harlan et al., 2005). Powder
diffraction files (PDF) for the minerals identified are provided in
Table S3.

Site 1
(Sample 1c¢)
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4.3. Bulk rock geochemistry

Bulk rock compositional data is presented in Table S4. Fig. 7a shows
wt% SiOq versus NapO + K30 for the sampled shonkinites, alongside
available bulk rock data from previous regional studies (Beall, 1973;
Cunningham, 1999). These earlier studies included samples from the
western fault block (Cunningham, 1999; Fig. 3a) and from dikes in the
south-central and eastern parts of the AHVF (Beall, 1973; Fig. 3a);
Cunningham (1999) notes that both early-stage and late-stage intrusion
shonkinites were sampled. Samples from Site 1 tightly cluster at ~48 wt
% SiO5 and ~ 8 wt% NayO + K50 within the trachyandesite composi-
tional field. Samples from Site 2 also tightly cluster at ~48 wt% SiO;
and ~ 6 wt% NayO + K30 between the trachybasalt and basaltic tra-
chyandesite fields. For comparison, samples reported in Beall (1973)
range between ~57-66 wt% SiO5 and ~ 8-12 wt% NayO + K30 across
the trachyandesite and trachyte fields. Samples analyzed by Cunning-
ham (1999) range from ~51 to 56 wt% SiO, and approximately 8 to 10
wt% NapO + K0 across the basaltic trachyandesite, tephriphonolite,
and trachyandesite fields. As seen in Fig. 7b, samples from this study can
also be classified as shoshonitic (very high-K) based on their wt% SiO5
versus wt% KO systematics: >3 wt% K0 at <50 wt% SiO,. Samples
from earlier work by Beall (1973) and Cunningham (1999) are also
shoshonitic at >4 wt% Ko0 (up to 6.6 wt% K»0; Fig. 7b). From MgO-
FeO*-Nag0O + K30 ternary systematics, the sampled shonkinites of this
study show a calc-alkaline magmatic affinity and are similar to the
shonkinites described by Cunningham (1999), (Fig. 7c).

Fig. 8a shows a primitive mantle-normalized multi-element plot that
compares shonkinites collected in this study compared to data from
Cunningham (1999). Each sample displays relative enrichment in large-
ion lithophile elements (LILEs; from K to U), a relative depletion of high
field-strength elements (HFSEs; Nb, Ta, Hf, Zr), and an enrichment in Pb.
Notably, all samples reveal a well-defined negative Nb—Ta anomaly.
Trace element patterns like those observed in this multi-element plot
have been interpreted as being consistent with arc volcanism. Fig. 8b
shows a chondrite-normalized plot for the AHVF shonkinites compared
to the LREE data of Cunningham (1999). All samples are LREE enriched,
HREE depleted, and characterized by comparatively flat HREE profiles:
Lan/Smy = 2.69-5.38, Smy/Dyy = 2.70-2.94, and Dyyn/Luy =

(Sample 2c)
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Fig. 6. X-ray powder diffraction (XRD) patterns for this study’s shonkinites. All minerals identified are present in all samples: three minerals labeled per pattern for
clarity. Di = diopside, Fap = fluorapatite, Mt. = magnetite, Anl = analcime, Byt = bytownite, Sa = sanidine.
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1.40-1.44. All samples are characterized by a minor negative Sm
anomaly (Sm/Sm* = 0.83-0.85) and a minor positive Eu anomaly (Eu/
Eu* = 1.12-1.22).

In summary, the bulk trace element signatures are consistent with
the shonkinites being associated with alkali-rich magmas in a volcanic
arc system, characterized by LILE enrichment, Nb—Ta depletion and
calc-alkaline affinities.

4.4. In-situ mineral chemistry

Diopsides, feldspars, apatites, and Ti-rich magnetites were analyzed
using EPMA for their major and minor element abundances (n = 100;
Tables S5-S8). Within the clinopyroxene ternary space, all analyses
consistently yielded diopside compositions within the limited range of
Es35_42Fs11_17W044_4g (Fig. 9a). These data are consistent with the PLM,
SEM-EDS, and XRD data reported earlier. The wt% Al,03 abundances of
diopside range from 2.6 to 6.7, with an average of 3.9 (+1.7, 2c), while
the Mg# values (Mg/[Mg -+ Fe?*1) span from 68.5 to 78.5, averaging
74.2 (4.3, 20).

Feldspars analyzed via EPMA represent feldspar populations in the
groundmass and those present as inclusions within diopsides (Table S6).
Feldspars show a range of compositions that are generally consistent
with XRD results. This includes plagioclase (predominantly bytownite)
and anorthoclase (K-rich albite) with compositions close to that of
sanidine. Plagioclase feldspars (n = 15) range from AnggAbyOrs (anor-
thite) to An;5AbgsOrg (oligoclase) with the majority being bytownite (n
= 8). Potassium feldspars (n = 9) specifically range from AnzAbg;Ors3g
(anorthoclase) to AngAb1(Orgg (sanidine).

Sixteen apatites, present as inclusions within diopsides, were
analyzed via EPMA, with OH calculated using the method proposed by
Ketcham (2015), (Table S7). The shonkinite apatites consistently plot as
fluorapatites (Fig. 9b). Fluorine contents range from 2.71 to 3.75 wt%,
while CI contents are an order of magnitude lower, ranging from 0.46 to
0.88 wt%. Calculated OH contents vary between 0.00 and 0.62 wt%.
Using the apatite ternary diagram of McCubbin et al. (2011), the
shonkinite apatite grains plot within fields indicate that melt F and/or Cl
are greater than H,0. Twelve Ti-rich magnetites from the groundmass
and those found as inclusions within the diopsides were analyzed using
EPMA (Table S8). The data is consistent with near-endmember magne-
tite compositions.

Selected diopsides and apatites were analyzed for their trace element
abundances using LA-ICP-MS. Data are provided in Tables S9 and S10,
respectively. Fig. 9c shows rare earth element chondrite-normalized
profiles, with all diopsides exhibiting an S-curve profile. Shonkinite di-
opsides display variable depletion in LREEs (Lay/Smy = 0.47-1.03),
MREE enrichment (Smy/Dyy = 2.30-2.37), and relatively flat HREE
profiles (Dyn/Luy = 1.64-1.91; Fig. 9¢). A minor Sm anomaly is also
detected (Sm/Sm* = 0.83-1.06). Calculated Eu anomalies in sampled
diopsides range from 0.92 to 1.33 however, only 3 analyses are <1
(average Eu/Eu*: 1.12 + 0.15 20). Shonkinite apatites show enrichment
in REEs ranging from 30 to 1000 times that of chondrite and exhibit an
LREE-enriched profile: Lay/Smy = 2.14-2.37, Smy/Dyny = 3.65-4.03,
Dyn/Luy = 2.59-3.18 (Fig. 9d). Minor negative Sm anomalies and
consistently positive Eu anomalies are also noted (Sm/Sm* = 0.85-0.89;
Eu/Eu* = 1.03-1.10).

High-resolution, elemental mapping was performed on one selected
diopside crystal via EMPA. The element map was collected by EDS at an
accelerating potential of 15.0 kV with a beam current of 50.0 nA, a dwell
time of 25 ms, and a step size of 2.0 pm. The resulting elemental maps
reveal significant sector and oscillatory zoning with respect to Si, Fe, Mg,
Ca, and Al (Fig. 10). The mapped crystal reveals low Al high Si, and high
Mg ‘hourglass’ sectors {—111}, alongside adjacent high Al, low Si, and
low Mg ‘prism’ sectors {hkO}. See discussion later.
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5. Discussion

In the following discussion, crystal-scale observations from the AHVF
shonkinites are used to evaluate their petrogenesis, with interpretations
later placed into a regional and global tectonomagmatic framework.
Collectively, this detailed petrological study and a review of shonkinite
occurrences globally are used to propose a petrogenetic model for
shonkinite magmatism during the Cretaceous in the AHVF.

5.1. Clinopyroxene sector zoning

Clinopyroxene can record a variety of processes related to magmatic
evolution, such as crystallization, magma storage, ascent, and eruption
conditions (e.g., Chen et al., 2018; Ubide et al., 2019; Zhou et al., 2021;
Qu et al., 2024). It has been established that the crystallization of cli-
nopyroxene is sensitive to variations in magmatic temperatures, pres-
sures, and HyO contents (e.g., Neave and Putirka, 2017; Putirka, 2017;
Mollo et al., 2018). For instance, clinopyroxenes have been utilized in
diffusion chronometry studies, using their oscillatory growth patterns to
determine timescales ranging from hours to years or even decades be-
tween the intrusion of magma at depth and its eventual eruption (e.g.,
Costa et al., 2020). While rare in nature, clinopyroxenes can develop

either dendritic or skeletal forms (e.g., Ni et al., 2014; Masotta et al.,
2020; MacDonald et al., 2022) where the specific growth pattern is
influenced by the degree of undercooling.

Kinetic effects operating during clinopyroxene crystal growth can
result in prominent sector zoning (e.g., Dowty, 1976; Ubide et al., 2019;
Zhou et al., 2021). These sectors can be categorized as “hourglass” for
the basal {—111} sectors which grow more rapidly along the crystallo-
graphic c¢ axis, and “prism” for the {100}, {010}, and {110} sectors
which grow perpendicular to the crystallographic ¢ axis (Ubide et al.,
2019; Zhou et al., 2021). An idealized model of sector zoning in diopside
is shown in Fig. 11a.

The driving force behind these sector growths is understood to be
linked to magmatic undercooling (represented as AT). The extent of
undercooling (AT) refers to the difference between the final temperature
at which crystallization of the mineral of interest occurs and that of the
mineral’s liquidus temperature (Kirkpatrick et al., 1981). Cooling or
degassing within magma can drive a system to experience undercooling
conditions, which initiates crystal nucleation due to newfound ther-
modynamic favorability (e.g., Mollo and Hammer, 2017). After crystal
nucleation occurs, particularly in the context of clinopyroxenes, the
degree of magmatic undercooling will determine the overall composi-
tion of the crystal as well as that of the discrete sectors during crystal

10
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growth (see Fig. 1la; e.g., Zhou et al., 2021). At lower degrees of
undercooling (i.e., in scenarios where the liquidus temperature and
system temperature are closely aligned), interface-controlled, near-
equilibrium growth occurs, resulting in polyhedral crystals (Herring,
1951). At higher degrees of undercooling, crystal growth becomes more
rapid and disequilibrated, leading to textural disequilibrium and the
formation of skeletal or dendritic crystal morphologies (Ni et al., 2014;
Masotta et al., 2020). Experiments have demonstrated that at small
degrees of undercooling (where AT = 13-25 °C), the {—111} hourglass
sector of diopside tends to be relatively enriched in Si and Mg, while the
prism sectors tend to be relatively enriched in Al and Ti (Kouchi et al.,
1983; Masotta et al., 2020). At higher degrees of undercooling (where
AT >40 °C), dendrites that are relatively enriched in Al and Ti can be
observed, surrounded by regions enriched in Si and Mg. In this scenario,
the contacts between crystal sectors are irregular (Masotta et al., 2020;
Zhou et al., 2021; MacDonald et al., 2022).

As shown in Fig. 10, the mapped diopside crystals from the AHVF
shonkinite reveals well-defined sector zoning with low Al, high Si and
high Mg hourglass sectors. The AHVF crystals display a {—111} hour-
glass zone characterized by Al depletion (see Fig. 10a) along with
relative enrichment in Si and Mg (see Fig. 10c, d). Although only one
elemental map at high resolution was acquired, the observed patterns
align with a well-established trend of Si and Mg enrichment alongside
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Al, Ti depletion on {—111}, contrasted with relative enrichment of Al,
Ti, and depletion of Si and Mg on the prism sectors (see also Zhou et al.,
2021).

As summarized in Ubide et al. (2019), the following cation exchange
between the hourglass {—111} sector and the prism sectors has been
proposed: [Si** + MgZJr + Fe2+],111 o [APT + Ti** + Fe3t + Na2t +
Cr¥* ko to account for the sector zoned chemical patterns of depletion
and enrichment (when observed). Given the observed chemical differ-
ences described between the diopside sectors, this implies that the AHVF
magmatic system experienced low degrees of undercooling (AT = 13-
25 °C) as outlined in Kouchi et al. (1983) and Masotta et al. (2020). The
apparent lack of dendritic growth patterns at the Al sector boundaries
(Fig. 10a) are consistent with this interpretation (Zhou et al., 2021). In
addition, no clear color ramp difference is observed for Ca or Fe, which
is consistent with the cation exchange process discussed.

While only one high resolution elemental map was acquired as part
of this study, the above chemical framework can be further evaluated by
the EPMA data that was collected from multiple crystals and sectors (n
= 89 analyses; Fig. 9a). Fig. 11b and ¢ summarize the wt% SiO5 vs. Al,03
and wt% SiOy vs. MgO systematics respectively. As shown, relative
enrichment in Si and Mg is consistently accompanied by relative
depletion in Al and Ti. In supplementary fig. S4, wt% SiO3 vs. TiO», FeO,
and NayO systematics are summarized where wt% NayO is the least well
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correlated with wt% SiO,, which is consistent with the weak sector
partitioning of Na (Ubide and Kamber, 2018).

5.2. Apatite as a shonkinite petrogenetic indicator

Apatite has been established as an excellent tracer of magma petro-
genesis due to its ability to incorporate petrogenetically useful trace
elements (including the REEs), which are collectively sensitive to the
magmatic environment in which they formed (e.g., Zafar et al., 2019;
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Bruand et al., 2020; Zhang et al., 2020; Kieffer et al., 2023). Much of the
recent advances in applying apatite trace element chemistry to
magmatic processes has focused on its applications to felsic magma
evolution and granite petrogenesis, where elemental abundances and
ratios are used to categorize apatites into the “granite alphabet” (e.g.,
Zhang et al., 2020; Kieffer et al., 2024a). However, recent studies have
also demonstrated the utility of apatites as tracers of mafic magma
provenance (Pedersen et al., 2021; Kharkongor et al., 2023; Kieffer et al.,
2023, 2024b). Specifically, the recent work of Kieffer et al. (2024a,
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2024b) developed a series of discrimination diagrams based on fluo-
rapatite trace element geochemistry to better differentiate apatite from
felsic, mafic, and even carbonatitic intrusions. Petrogenesis of the AHVF
apatites are therefore suitable for use within this framework.

The AHVF shonkinite apatites analyzed via EPMA and LA-ICP-MS in
this study are all inclusions within diopsides (e.g., Figs. 5d, 10f). Based
on wt% FeO and wt% MgO (not shown), they are demonstrably asso-
ciated with crystallization from a relatively mafic magmatic system with
wt% FeO > 0.1 at wt% MgO > 0.01 compared to apatites in felsic sys-
tems where wt% FeO extends to <0.1 at wt% MgO < 0.01 (Rakhimov
et al., 2022). In Fig. 12a-e, apatites are plotted within the geochemical
frameworks of Kieffer et al. (2023, 2024b). Generally, trace element
data are all consistent with a mafic, alkali-rich melt origin. For example,
in Fig. 12a, Y (ppm) vs. Sr (ppm) reveals AHVF apatites to be
geochemically similar to carbonatites. In the XLREE-Sr/Y framework
(Fig. 12b) the AHVF apatites fall between the ultramafic (UM) and I-type
granitoid/mafic igneous rock field (IM). Considering the Sr/Y-
(ZREE+Y)/10,000-Eu/Eu* framework (Fig. 12¢), a mafic to carbonatite
affinity is defined.

As outlined in Belousova et al. (2002), Ce®* and Eu®* have ionic radii
closer to that of Ca®" than Eu?* and Ge**. This means Ce>" and Eu®* will
more readily substitute into the apatite crystal structure (for Ca®"). In a
more oxidizing magmatic environment, the abundance of Ce in apatite
will be lower, and the abundance of Eu in apatite will be higher,
compared to relatively more reduced magmatic environments. There-
fore, the relationship between Ce/Ce* and Eu/Eu* can be used to
evaluate the oxidation state of the primary magma (e.g., Miles et al.,
2014; Zhang et al., 2020; Khan et al., 2025). The AHVF apatites show
Ce/Ce* ranges from 0.92 to 1.02 at Eu/Eu* values of 1.03 to 1.10 (minor
positive Eu anomalies as noted earlier). Collectively, these are consistent
with apatite crystallization in a moderately oxidized magmatic envi-
ronment (Fig. 12d). The relative consistency of Eu/Eu* values in
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shonkinite apatites, compared to Ce/Ce*, is also indicative of a
magmatic environment in which oxygen fugacity is relatively stable
(Rakhimov, 2024; Khan et al., 2025).

In order to further evaluate the lack of a negative Eu-anomaly in
shonkinite AHVF apatites (and clinopyroxenes), the role, or lack thereof,
of plagioclase crystallization in the magmatic system must also be
considered. Apatite Eu anomalies are significantly influenced by the
plagioclase crystallization as plagioclase will sequester Eu?" (along with
Sr?™) as Ca®" is replaced (e.g., Bromiley, 2021). In highly oxidizing,
hydrous magmatic environments, Eu®t will more readily partition into
apatite than plagioclase while the hydrous nature of the system can also
contribute to the suppression of the plagioclase liquidus (e.g., Bromiley,
2021; Chen et al., 2023; Kieffer et al., 2023; Khan et al., 2025). These
oxidizing, hydrous magmatic conditions as inferred from apatite trace
element are consistent with the calc-alkaline affinity of the shonkinites’
bulk geochemical signatures and the volcanic arc setting, and likely
accounts for the lack of significant negative Eu anomalies within apatite,
clinopyroxenes (Fig. 9¢,d), and bulk rock signatures (Fig. 8b).

5.3. Comparison of global shonkinite occurrences and petrogenesis

As summarized earlier, shonkinites are rare types of alkali igneous
rocks that are found throughout different tectonic settings (e.g., Shad-
enkov et al., 1990; Petrovskii et al., 2014; Ghodke et al., 2018; Okrugin
et al., 2018). Like many classifications, “shonkinite” can exhibit varia-
tions both within and between localities. Here, the occurrence of
shonkinite in the global geologic record is discussed and the proposed
petrogenetic formation models are explored. A summary of the minerals
associated with the global shonkinite occurrences discussed below and
can be found in Table S1.

The oldest shonkinite occurs in the Kola Alkaline Province on the
Kola Peninsula, Russia (Fig. 1; U—Pb zircon analyses from 1.67 Ga to
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1.58 Ga; Petrovskii et al., 2014; Mikhailova et al., 2019). Shonkinites
within this region occur as part of a shonkinite-malignite series within a
larger complex of nepheline-bearing alkalic igneous rocks with the
shonkinitic rocks located near the bottom of the laccolith (Mikhailova
et al., 2019). The different alkali rocks within this complex are inter-
preted to have formed via fractional crystallization along a nepheline-
enrichment, clinopyroxene-depletion trend (Mikhailova et al., 2019).
Elsewhere, the shonkinites occur as part of a K-enriched peridotite-
shonkinite intrusive series From bulk rock Sr—Nd (-eNd, +&Sr) iso-
topic systematics, Petrovskii et al. (2014) propose that the primary melts
for the peridotite-shonkinite series were derived from the EM II mantle
source reservoir.

The Mountain Pass locale is a moderately dipping, tabular, intrusive
complex in south-central California, which is interpreted to have been
preferentially emplaced along a zone of lithospheric weakness (Denton
et al., 2020). Here, Mesoproterozoic alkali-rich rocks intrude a Paleo-
proterozoic block and outcrop as a narrow belt for ~130 km (Castor,
2008; Denton et al., 2020). This complex includes carbonatite, shon-
kinite, ultrapotassic syenite, and alkali granite (Watts et al., 2021; Watts
and Andersen, 2025). Notably, the Sulfide Queen carbonatite contains a
significant rare-earth element orebody and contributes to Mountain Pass
being the second largest REE deposit in the world (after Bayan Obo in
Inner Mongolia, China; Castor, 2008; Verplanck et al., 2016; Gadea
et al., 2024; Benson et al., 2025). From the work of Poletti et al. (2016),
it was concluded that while the carbonatite and ultrapotassic units
(including the shonkinites) shared a mantle source and temporal simi-
larity, they were generated during distinct partial melting events as
there was no evidence for liquid immiscibility between the units and
evidence for fractional crystallization from a common primary melt was
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also not observed.

From Watts et al. (2021), shonkinite magmatism is proposed to have
resulted from partial melting of a heterogenous metasomatized mantle
source over millions of years with the metasomatic event constrained to
<1.5 Ga. 8'%0 signatures of primary zircon populations support a
shonkinite generation model in which alkali-rich magmas were derived
from metasomatized mantle source (with elevated REE, F, Ba) and
experienced crustal assimilation via interaction with a wide range of
overlying Paleo- and Mesoproterozoic crustal lithologies. While these
data provide a geochemical context, the tectonic context of Mountain
Pass is less well constrained with magmatism in the orogenic and
contractional settings proposed (e.g., Anderson and Bender, 1989;
Whitmeyer and Karlstrom, 2007). More recently, Poletti et al. (2016)
favored an orogenic environment, given the occurrence of alkali-rich
systems in other contractional settings worldwide. Most recently, Ben-
son et al. (2025) reported bulk rock eNd; signatures at —2.2 + 0.8, and
eHfj signatures in zircon 0.1 + 1.1for the Mountain Pass Intrusive Suite,
which are proposed as consistent with alkaline and carbonatitic melts
being derived from a common mantle source and not through liquid
immiscibility. This mantle source is further proposed to have been
influenced by the subduction of carbonate-bearing sediments ~300
Myrs before the emplacement of the Intrusive Suite.

The Elchuru alkaline pluton occurs within the larger Prakasam
Alkaline Province (PAP) of India’s Eastern Ghats region and is cross-cut
by a sequence of shonkinite, lamprophyre (minette variety), and dolerite
dikes (Madhavan et al., 1992; Ghodke et al., 2018). Magmatism
occurred from 1.35 to 1.20 Ga and is associated with the development of
a Mesoproterozoic continental rift system at the time of supercontinent
breakup along cratonic margins and is characterized by alkaline and
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tholeiitic magmatism (Vijaya Kumar and Ratnakar, 2001; Upadhyay
et al., 2006; Upadhyay, 2008; Vijaya Kumar et al., 2011; Ghodke et al.,
2018). Within the Elchuru pluton, shonkinite dikes occur in a swarm
perpendicular to the rift axis (Ghodke et al., 2018). Early work by
Madhavan et al. (1992) proposed that the shonkinite magma repre-
sented a primary melt, which then differentiated to form the different
rock types throughout the pluton. From more recent work by Upadhyay
et al. (2006), it was proposed that PAP alkaline magmas originated from
an enriched mantle source region within the subcontinental lithosphere
which was metasomatized between 1.9 Ga and 2.1 Ga (from tpy Nd
model ages).

The Salem Block of the Southern Granulite Terrane (SGT), near the
southernmost tip of the Indian subcontinent, formed during the Neo-
archean and was later metamorphosed in the early Paleoproteozoic
(Anderson et al., 2012). These plutons are inferred to have been
emplaced along a transcrustal zone within the SGT which represents a
failed rift caused by slab pull during assembly of Gondwana (Renjith
et al., 2014; Santosh et al., 2014; He et al., 2015, 2016; He et al., 2018;
Boraiaha et al., 2020). The Neoarchean Salem Block sits in the north-
center of the SGT and is composed mostly of metamorphic lithologies
with shonkinites and other ultramafic lithologies occurring along an E-
W trending zone which is coincident with the site of the proposed failed
rift (He et al., 2018). Shonkinite primary magmas are inferred to be
derived from the partial melting of a metasomatized lithospheric source
in a continental rift setting. The age of shonkinite magmatism was
constrained by U—Pb dating of zircons at 818 Ma (+ 6.3; He et al.,
2015).

The early Cretaceous shonkinites of the Aldan Shield in western
Siberia occur at three distinct localities; the MalyyMurun pluton, Rya-
binovyi Massif, and Inglali Massif (Shadenkov et al., 1990). The
MalyyMurun pluton, where shonkinite occurs with pyroxenite and sy-
enite varieties, formed as a lopolith between two sedimentary layers of
Mesozoic strata (Orlova, 1987; Shadenkov et al., 1990). Here, the
shonkinites are proposed to have formed via fractional crystallization
from a high-alkali, high-Ti, high-REE, high-volatile melt (Shadenkov
et al., 1990). The Ryabinovyi Massif, where the shonkinites occur as
necks and dikes within a complex series of high-alkaline intrusive and
extrusive rocks within a caldera, are proposed to have formed from an
alkali-rich, ultramafic, carbonate-silicate melt from a “deep-seated”
mantle source (Rokosova and Panina, 2013). Rokosova and Panina
(2013) further proposed that during early diopside crystallization of the
biotitic shonkinites, liquid immiscibility between silicate, carbonate-
salt, and carbonate melts occurred, supported by the presence of
calcite-bearing carbonatite veins (Kochetkov, 2006) and carbonate-salt
inclusions within shonkinite clinopyroxenes The Inglali Massif, where
shonkinites occur alongside ultramafics, varieties of syenites, and
pulaskites in a concentric ring around the core of the massif, are inter-
preted to represent a single and continuous comagmatic series
(Rokosova et al., 2016; Okrugin et al., 2018). Formation of the massif is
constrained to the Jurassic-Cretaceous with an early Cretaceous zircon
U—Pb age for the shonkinites at 120 + 2 Ma (Okrugin et al., 2018).
From the work of Bogatikov et al. (1994), it was suggested that the
central region of the Aldan Shield formed from a relatively depleted,
heterogeneous mantle source, which was influenced by subduction,as
indicated by bulk rock Sr-Nd-Pb-Hf isotopic signatures (Davies et al.,
2006).

From Grubb (1965), a shonknite sill intruding “assumed Tertiary”
potassic lavas in North Johor, Malaysia is reported. While data is
limited, the Pekan Jabi sill is proposed to have formed via metasomatic
processes (Grubb, 1965).

The Eocene Highwood Mountains of Montana, USAare directly east
of the AHVF. Here, shonkinites occur with a diverse suite of rocks (e.g.
glimmerite, latite, and minette; O’Brien et al., 1991). Highwood shon-
kinites display major olivine, diopside, biotite, sanidine, and in some
samples, nepheline (O’Brien et al., 1991). Here, shonkinites are pro-
posed to have formed from shallow-level fractional crystallization, likely
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from a combination of enriched lithospheric mantle, asthenospheric
mantle, and subduction-related fluids (O’Brien et al., 1991). Nearby is
the type locality for shonknites, Shonkin Sag; these rocks display augite,
olivine, biotite, and orthoclase as major minerals (Kendrick and
Edmond, 1981). Shonkin Sag shonkinites are proposed to have formed
as a result of immiscibility where mafic and felsic melts separated to
crystallize syenite and shonkinite (Kendrick and Edmond, 1981).

The shonkinites of the Morro de Sao Joao (MSJ) pluton, located
about 100 km east of Rio de Janeiro are structurally linked with the
Neoproterozoic Guanabara Rift, which was reactivated during the sep-
aration of Gondwanaland (de Almeida et al., 2000; Brotzu et al., 2007).
The MSJ shonkinites occur with nepheline syenites, ultramafic-mafic
rocks, alkali syenites, and phonolitic dikes (Brotzu et al., 2007).
Valenca (1980) suggested that the MSJ evolved via an initial pulse of
ultramafic-mafic magmatism followed by more felsic and alkali-rich
magmatism. From dating via whole-rock and mineral separates, the
MSJ is inferred to have formed between 77 and 56 Ma (Amaral et al.,
1967; Sichel et al., 1997). Brotzu et al. (2007) later proposed that the
MSJ pluton derived from a phlogopite-bearing, lithosphere-dominated
source region as is the case for many of the other Serra do Mar plutons.

Globally, shonkinites occur across a range of tectonic settings from
regions of extension associated with continental rifting and supercon-
tinent breakup, to convergent margin tectonics and orogenesis. Shon-
kinite primary magmas are often associated with heterogeneously
metasomatized, lithospheric mantle sources, specifically low degrees of
partial melting followed by fractional crystallization, + crustal assimi-
lation. In rare cases, shonkinite magmas have also been shown to frac-
tionate immiscible carbonate-silicate melts (the Aldan Shield, western
Siberia).

Within this global framework, the petrogenesis of the AHVF shon-
kinites can be evaluated. The first recorded observations of AHVF
shonkinites are from Merriwether Lewis on July 16th, 1805, where “a
hard black granite” was noted (Corps of Discovery, 1805). Weed and
Pirsson (1895) first proposed the term shonkinite after studying the type
locality at the nearby Shonkin Sag laccolith. At those locations, Kendrick
and Edmond (1981) proposed a magma immiscibility model, in which
the laccoliths differentiated in-situ with immiscible alkali-rich mafic and
felsic magmas forming as fractional crystallization occurred, leading to
an upper laccolith unit of compositionally evolved syenite.

Fig. 13 summarizes the bulk-rock geochemistry available from a
global compilation of shonkinite occurrences (discussed above). Some
general similarities are observable based on major and minor element
oxide compositions. For example, all locales with the exception of the
Elchuru alkaline pluton plot within mafic to intermediate alkaline fields
on the TAS diagram (Fig. 13a), above the alkaline-subalkaline compo-
sitional divide and are high-alkali in nature (as expected) across a
relatively restricted range of wt% SiO (~45-55). With the exception of
one sample from the Highwood Mountains, all shonkinites are part of
the calc-alkaline magma series with a relative lack of FeO enrichment
(Fig. 13b).

Fig. 13c shows bulk shonkinite trace elements normalized to primi-
tive mantle. While there is some variation between locales, generally,
shonkinites exhibit LILE enrichment and Nb—Ta depletion, a
geochemical signature consistent with arc settings. Global shonkinite
bulk REE patterns are also generally similar with LREE enrichment, the
lack of a prominent Eu anomaly, and relative HREE depletion (Fig. 13d).
As shown, the REE abundances of the Mountain Pass shonkinites are
consistently elevated which could (in part) be attributed to the sub-
duction of carbonate-bearing sediments ~300 Myrs before the
emplacement of the Intrusive Suite, as recently proposed by Benson
et al. (2025).

In summary, the global compilation of shonkinite characteristics,
including those from the AHVF in this study, indicate that their parental
magmas are derived from mantle sources which have previously expe-
rienced metasomatism, often in arc-related environments.
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5.4. Tectonomagmatic framework of the AHVF

Magmatic activity associated with the AHVF is constrained to a ~ 3
Myr period, from 73 Ma to 76 Ma as determined by *°Ar/3°Ar and K—Ar
dates obtained from bulk rock and mineral separates (e.g., biotite,
plagioclase; Harlan et al., 2005). The location of the AHVF within the
GFTZ, along the margins of the Wyoming craton and the Medicine Hat
Block (Fig. 2a), has the potential to provide insights into its unique,
highly alkalic chemistry. The Wyoming craton rifted from other Lau-
rentian cratonic blocks c. 2.15 Ga and later sutured to the Slave Craton c.
1.72 Ga(Kilian et al., 2016). The GFTZ exists partially below Phanero-
zoic sediments and the Mesoproterozoic Belt Basin (Gifford et al., 2018),
although the exact nature of the GFTZ is debated (an intracontinental
shear zone vs. a Paleoproterozoic suture; e.g., Boerner et al., 1998;
Mueller et al., 2002). Within the GFTZ, ~150 Myrs of orogenic events
are recorded, culminating in the Big Sky orogeny c. 1.78-1.71 Ga
(Mueller et al., 2002; Condit et al., 2015; Ronemus et al., 2022). This
event is associated with the Great Falls orogeny at c. 1.86 Ga, during
which new Paleoproterozoic crust was generated in an arc setting as
evidenced by the compositions of juvenile meta supra crustal suites in

the Little Belt Mountains, and the reworking of older, preexisting
Archean-aged crust (Mueller et al., 2002, 2016; Gifford et al., 2018;
Harms and Baldwin, 2023). This subduction-related phase of the Great
Falls orogeny is also associated with the closure of an ocean basin c. 1.77
Ga between the Medicine Hat Block and the Wyoming Craton (Mogk
et al., 1992; Mueller et al., 2002, 2005; Gifford et al., 2014, 2018;
O’Sullivan et al., 2021). These ancient periods of orogenesis, juvenile
crustal production and reworking, and subduction-related tectonism
play a crucial important role in establishing (and contributing to) the
composition of the mantle sources which later produced the alkali-rich
magmas of central Montana, including the AHVF.

The Central Montana Alkalic Province (CMAP) lies to the east of the
AHVF. Greater efforts to understand alkali magma petrogenesis in the
CMAP has likely occurred due to the potential for rare metal resource
mining and extraction (e.g., Nb and Ta; Montana Bureau of Mines and
Geology, 2023). The CMAP consists of a suite of predominantly Late
Cretaceous — early Tertiary volcanic and plutonic rocks including dikes,
laccoliths, sills, and stocks (Harlan, 2006). During the late Cretaceous
into the Eocene, the Wyoming Craton and surrounding regions were
impacted by convergent margin tectonics with subduction of the
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shallowly dipping Farallon plate leading to magmatism ~1000 km in-
wards of the continental margin (O’Brien et al., 1991; MacDonald et al.,
1992). The high alkali nature of the CMAP has been attributed to the
partial melting of a heterogenous, variably metasomatized, subconti-
nental mantle lithosphere with peak magmatism occurring during the
early-middle Eocene (54-45 Ma, Marvin et al., 1980, Chadwick, 1981).
Study of these highly-alkalic locales (and their entrained xenoliths),
particularly for their isotopic characteristics, provides additional insight
into the tectonomagmatic evolution of the lithosphere across this region.

From Dave and Li (2016), a shear wave velocity study revealed a very
low shear wave velocity zone underlying the Wyoming craton. This zone
was proposed to have formed as a result of Farallon Plate subduction
stripping away (in part) the underlying cratonic lithosphere and initi-
ating small-scale convection within the asthenosphere during the
Cretaceous. However, metasomatism of the lithospheric mantle may
have occurred prior to the onset of Farallon subduction. Study of an
ultramafic xenolith suite from the CMAP reported abundant petro-
graphic and geochemical evidence of metasomatism through the pres-
ence of veins, enrichment in fluid mobile elements, and depletion in
high field strength elements (Downes et al., 2004). Accompanying high
873r/805r ratios were interpreted as indicative of an ancient enrichment
event, likely during the mid-Proterozoic (c. 1.25 Ga). Along with this
xenolith suite, Downes et al. (2004) also investigated a suite of
clinopyroxene-rich mica peridotites, also present as xenoliths, in the
CMAP. From REE melt equilibration calculations, this suite of ultramafic
xenoliths was interpreted to represent a much younger period of litho-
spheric metasomatism, coincident with Eocene magmatism. In sum-
mary, three causes for metasomatism of the lithospheric mantle were
proposed by Downes et al. (2004): 1) the formation of clinopyroxenite
veins and mica-bearing websterite from silicate melts; 2) phlogopite
crystallization from hydrous, K-rich fluids; and 3) development of
orthopyroxenite veins, and porphyroblasts of orthopyroxene as a result
of mantle interaction with aqueous fluids.

From study of CMAP ultramafic peridotite xenoliths and calculated
Re-isotope model by Carlson and Irving (1994), older mantle partial
melting events beneath the Wyoming Craton at 2.9 Ga (Mesoarchean)
and 2.5 Ga (Neoarchean) are proposed. These ages are consistent with
late Archean Nd model ages from harzburgite and glimmerite xenoliths,
also reported in Carlson and Irving (1994). Throughout other CMAP
ultramafic xenolith occurrences, younger isotope model ages are re-
ported (e.g., Re-isotope model ages of 2.5 Ga to 1.7 Ga (Carlson et al.,
1999). In addition, monazite and zircon ages from glimmerite veins
yield ages c. 1.8 Ga (Carlson and Irving, 1994; Rudnick et al., 1999).
From Downes et al. (2004), this was interpreted as representing meta-
somatism of the mantle beneath the Wyoming Craton during the mid-
Proterozoic (and consistent with inferences from Sr-isotope data of
phlogopite). This may also correlate with the development of the GFTZ.
In order to account for the geochemical signatures of the CMAP cumu-
late xenoliths a model for subduction-induced metasomatism occurring
again during the Cretaceous is proposed, which resulted in a high-K,
phlogopite-bearing mantle wedge beneath Central Montana.

While the tectonomagmatic conditions under the Wyoming Craton
during Farallon Plate subduction led to the partial melting conditions
needed to generate a suite of alkali-rich melts and ultimately establish
the AHVF during the late Cretaceous, the role of previous mantle
metasomatism during continent (re)cycling over several billions of years
has likely led to a fertile, hydrous, and geochemically heterogeneous
mantle lithosphere at depth.

5.5. Directions for future work

The results of this study could be built on in several ways in order to
provide additional insights into the petrogenesis of shonkinites in the
AHVF, the magmatic evolution of the AHVF as contractional deforma-
tion waned, and to contribute highly alkali magma formation. First,
diopside mineral geothermobarometry is recommended in order to
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constrain the P-T conditions of magma storage within the (likely)
shallow lithosphere (e.g., Petrelli et al., 2020). Second, high resolution
element maps of multiple diopside crystals should be acquired via EPMA
and LA-ICP-MS in order to investigate element partitioning as it relates
to the growth of different crystal faces (e.g., Wang et al., 2022). Third,
bulk rock Sr-Nd-Pb-Hf-Os isotopes accompanied by in situ LA-MC-ICP-
MS analysis of diopsides and apatites for their 87Sr/%°sr signatures is
recommended in order to constrain the potential contribution from
mantle and crustal-derived sources to AHVF magmatism (e.g., Mulder
et al., 2023).

6. Conclusions

This study reports the first detailed petrographic, mineralogical, and
geochemical investigation of the shonkinite dikes within the AHVF in
central Montana. Studied samples are porphyritic (~25-35 %) and
characterized by glossy pyroxenes up to 1.1 cm. Shonkinite mineralogy
is dominated by clinopyroxene (mostly diopside with minor augite),
plagioclase, K-feldspar, and zeolite, along with minor apatite, amphi-
bole, magnetite, and rare calcite. Notably, clinopyroxenes display both
sector and oscillatory zoning. Sample analysis via SEM-EDS also
revealed rare pyrite. Bulk sample mineralogy via XRD reveals diopside,
bytownite, sanidine, analcime, fluorapatite, and magnetite. Bulk rock wt
% SiO9 ranges from 47 to 49 wt%, with total alkalis between 5.50 and
7.34 wt%, consistent with a shonkinite classification. Primitive-mantle
normalized bulk trace element signatures reveal LILE enrichment and
Nb—Ta depletion and are consistent with a volcanic arc setting.
Chondrite-normalized bulk REE signatures reveal significant LREE en-
richments: Lan/Smy = 2.69-5.38. In-situ mineral analysis via EPMA
reveals consistent diopside compositions (n = 100; Esss_42,Fs11-17,
Wo44-49) and confirms the presence of plagioclase (predominantly
bytownite), alkali feldspar, fluorapatite, and magnetite. High-resolution
mapping via EPMA of diopside reveals sector zoning and sub-mm
oscillatory zoning. In-situ mineral analysis via LA-ICP-MS of diopsides
reveals variable LREE depletion (Lan/Smy = 0.47-1.03) and MREE
enrichment (Smy/Dyy = 2.30-2.37). LA-ICP-MS of apatites reveals
LREE enrichment (Lay/Smy = 2.1-2.4; Lan/Luy = 21.3-26.7).

Bulk rock trace element systematics are consistent with the AHVF
shonkinites being associated with alkali-rich magmas in a volcanic arc
system. From high-resolution element mapping, diopside Si, Mg-
enrichment is accompanied by Al, Ti, Na, and Cr-depletion on {111}
and relative enrichment in Al, Ti, Na, and Cr is accompanied by deple-
tion in Si and Mg on prism sectors. This is interpreted to result from low
degrees of undercooling during crystallization (AT = 13-25 °C). The lack
of dendritic patterns at the Al sector boundaries further supports this.
The trace element chemistries of apatite present in diopsides as in-
clusions are consistent with crystallization from alkali-rich, mafic melts
with geochemical affinities to carbonatite-like compositions. Consid-
ering Ce/Ce* vs. Eu/Eu* systematics, apatites are interpreted to have
crystallized in a hydrous, oxidizing magmatic environment in which
plagioclase crystallization was suppressed. This is supported by the calc-
alkaline affinity of the shonkinites and the volcanic arc setting, and also
likely accounts for the lack of significant negative Eu anomalies within
apatites, clinopyroxenes, and bulk rock signatures.

From a comprehensive review of global shonkinite occurrences,
petrogenesis of the AHVF shonkinites is consistent with previous work
globally: partial melting of a variably metasomatized, heterogeneous
subcontinental mantle lithosphere. For the AHVF in central Montana,
this is inferred to have occurred in a contractional tectonomagmatic
setting in which a metasomatized arc mantle wedge experienced low
degrees of partial melting prior to the collapse of the Cordilleran fold
and thrust belt and subsequent lithospheric extension in the middle
Eocene-early Miocene.
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