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Abstract The Jagged Rocks complex is the eroded rem-
nant of the plumbing systems of closely spaced monoge-
netic alkaline volcanic centres in the southern Hopi Buttes
Volcanic Field (AZ, USA). It contains different clinopyrox-
ene populations with distinctive textures and geochemical
patterns. In the Northwestern part of the complex, which
exposes the best developed system of conduits, most of the
clinopyroxenes consist of large- to medium-sized resorbed
cores overgrown by euhedral rims (type 1), small moderately
resorbed greenish cores with the same overgrown rims (type
2), and phlogopite as an accessory phase. By contrast, in
the Southern part of the complex the majority of clinopy-
roxenes are euhedral with oscillatory zonation (type 3) and
are accompanied by minor euhedral olivine. The differences
between these mineral assemblages indicate a composite his-
tory of crystallization and magmatic evolution for the two
parts of the complex, governed by different mechanisms
and ascent patterns from a single source at ~ 50 km depth
(16 kbar). The Northwest system preserves a high-pressure
assemblage that cooled rapidly from near-liquidus condi-
tions, suggesting direct ascent from the source to the surface
at high-to-moderate transport rates (average ~ 1.25 m/s).
By contrast, the Southern system represents magma that
advanced upward at much lower overall ascent rates,
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stalling at times to form small-volume mid-crustal storage
zones (e.g., sills or a network of sheeted intrusions); this
allowed the re-equilibration of the magma at lower pres-
sure (~ 30 km; 8 kbar), and led to nucleation and growth of
euhedral clinopyroxene and olivine phenocrysts.
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Introduction

Monogenetic volcanic fields are clusters of small-volume
(> 1 km?) volcanic centres that result from spatially and
temporally dispersed volcanism; they contrast with long-
lived polygenetic central volcanoes (Connor and Conway
2000; Kereszturi and Németh 2012). Each volcano within
a field, which can include maars, tuff rings, cinder cones,
scoria cones, and small shields, is considered the result of
a single eruptive cycle spanning from several days to years
(Connor and Conway 2000; Valentine and Gregg 2008;
Németh 2010). Despite their small size and limited lifetime,
individual monogenetic volcanoes can have a complex archi-
tecture that reflects multiple eruption phases, with shifts
between different levels of explosive activity and effusive
intervals (Doubik and Hill 1999; Houghton et al. 1999; Ort
and Carrasco-Nunez 2009; McGee et al. 2012; Valentine and
Cortés 2013). Some studies have shown that single eruptive
centres were fed by different magma batches over the short
period involved in building a monogenetic volcano (Luhr
2001; Nemeth et al. 2003, 2014; Strong and Wolff 2003;
Blondes et al. 2008; Smith et al. 2008; Brenna et al. 2010,
2011; Erlund et al. 2009; McGee et al. 2012; Sohn et al.
2012; Boyce et al. 2015; Jankovics et al. 2015; Moorhouse
et al. 2015).
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In this paper, we present a study of the Jagged Rocks
Complex, which exceptionally exposes the shallow plumb-
ing system of a cluster of monogenetic volcanoes. Detailed
textural and chemical investigation of minerals, integrated
with X-ray fluorescence (XRF) groundmass geochemistry,
yields insight into the processes affecting magma during
ascent to form a complex of two or more closely spaced
monogenetic volcanoes. Compositional changes in the
crystal-growth stratigraphy (zonation) record modification
of the magmatic environment, and provide evidence of geo-
chemical complexities in the plumbing of these monogenetic
volcanoes and of discrete magma batches that went through
different levels (degrees) of evolution. There is evidence
for differentiation of magma by fractional crystallization,
and also for kinetic effects on crystal-growth in response to
different rates of cooling and decompression (Ginibre et al.
2007; Streck 2008; Mollo et al. 2010, 2015; Scarlato et al.
2014; Jankovics et al. 2015). Patterns of magma ascent, stag-
ing, and evolution ultimately help to control eruptive style,
with potential implications for changes in volcanic hazard
over relatively short time intervals (Brenna et al. 2010).

Geological setting and volcanological features
The Hopi Buttes Volcanic Field (7 Ma; Dallegge et al.

2003) was emplaced on the Colorado Plateau within a flat-
playa (lacustrine) environment during an episode of Late

Miocene alkaline volcanism (White 1991). The Hopi Buttes
erupted through a relatively thick continental lithosphere
(LAB ~ 90 km, Moho ~ 50 km; Levander et al. 2011; Reid
et al. 2012), which consists of a paleoproterozoic igneous
and metamorphic basement overlain by flat-lying Paleozoic
to Cenozoic sedimentary sequences. The southern portion of
the Hopi Buttes (Fig. 1), where the Jagged Rocks Complex
is located, had up to 400 m of post-volcanic erosion that
brought to light portions of the shallow plumbing system of
closely spaced monogenetic centres, including dikes, sills,
and pyroclastic massifs (remnants of volcanic conduits;
Re et al. 2016). Conversely, in the northern Hopi Buttes,
above the undisturbed sedimentary sequences, subaerial vol-
caniclastic products, and exhumed volcanic landforms crop
out as lava flows, tephra fall layers, and tuff ring deposits
that interfinger with Miocene sedimentary deposits (White
1990). Current exposure level at the Jagged Rocks Complex
is between 365 and 245 m below the pre-eruptive surface,
based upon the well-known and uniform regional stratigra-
phy of the area (Billingsley et al. 2013).

The Jagged Rocks Complex (Fig. 2) extends over a
2 km? area and consists of different intrusive and subvol-
canic deposits: (1) the Northwest en echelon dike system,
which holds five pyroclastic massifs at its midpoint (Re et al.
2016), (2) the Southwest dike, whose eastward portion is
truncated by a debris-filled diatreme, and (3) the Central and
the Southeast dikes, which are surrounded by two inward-
dipping transgressive sills associated with a saucer-shaped

Fig. 1 Simplified geologi-

cal map of the Hopi Buttes
Volcanic Field, modified from
Muirhead et al. (2016). The
stratigraphic column illustrates
the sedimentary country rock
succession across the Hopi
Buttes, and the epoch of deposi-
tion for each unit. Igneous rocks
are in black. Depth is based

on the average thicknesses

from Billingsley et al. (2013)
calculated from the pre-eruptive
paleosurface. On the map, the
locations of some volcanoes are
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intrusion (Re et al. 2015; Muirhead et al. 2016). The North-
west system reveals not only distinctive structural and vol-
canological features (Re et al. 2015, 2016), but also a distinc-
tive mineralogical assemblage visible at the outcrop scale,
with abundant and ubiquitous clinopyroxene megacrysts (up
to 5 cm) and rare phlogopite (Fig. 3); both appear nowhere
else across the Jagged Rocks Complex. This inequigranular
texture contrasts strongly with the equigranular texture of the
Southern system, which comprises all the other dikes and the
saucer-shaped intrusion. Rocks of the Southern system have
a fine- to medium-grained microcrystalline groundmass and
lack notable large crystals.

Sampling and analytical methods

Rock samples for this study were collected from intrusive
and volcaniclastic deposits across the Jagged Rocks Com-
plex. Samples were chosen, after hand specimens observa-
tions, from the freshest and least altered rocks, with the fin-
est-grained and mostly equigranular groundmasses, smallest
and least abundant phenocrysts, and fewest amygdales and

Sandstone clast’

% Cpxmegacrysts

Fig. 3 Top view of a coherent dike along the NW system. An overall
homogeneous groundmass bears very large clinopyroxene megacrysts
(type 1). The inset picture shows a phlogopite megacryst
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country rock xenoliths/xenocrysts. For fragmental deposits,
we chose the largest, least altered pyroclastic bombs, and the
most coherent, highly welded, spatter.

Samples selected for XRF determination of major and
trace-element compositions of the groundmass were ana-
lysed at the laboratory of the Geological Survey of Canada
(Ottawa, Ontario), courtesy of Bruce Kjarsgaard. First, sam-
ples were coarsely crushed and hand separated to exclude
wall-rock clasts, alteration domains along fractures, large
phenocrysts (or xenocrysts) and amygdales; despite these
efforts, it was impossible to completely avoid contamina-
tion. Samples were then pulverized using an agate mill and
analysed for major and trace elements by X-ray fluorescence
(XRF).

Analyses of clinopyroxenes, olivine, and oxides were
performed at the Victoria University of Wellington using
a JEOL JXA-8230 superprobe equipped with five WDS
spectrometers and one EDS. Operating conditions for min-
erals were 15 kV accelerating voltage, 12 nA beam current,
focused beam with a spot size of 5 pm and 210 s counting
time on peak position. The standard specimens used for cali-
bration were the Kakanui clinopyroxene for clinopyroxene
and olivine analyses, and an ilmenite for the oxides.

Trace and rare-earth elements (REE) in clinopyroxenes
and phlogopite were analysed at the Centre for Trace Ele-
ment Analysis, at Otago University, by laser ablation induc-
tively coupled mass spectrometer (LA-ICP-MS), using a
Resonetics RESOlution M-50-LR 193 nm excimer laser
ablation system coupled to an Agilent 7500 cs/ce Quadru-
pole ICP mass spectrometer. Data were acquired making
500 pm transects on megacrysts, or 75 pm spot for smaller
crystals; ablation lasts for 60 s at 5 Hz with a fluence of
2.5 J/em?. All runs used a mixture of Ar and He as a car-
rier gas. A rapid pre-analysis ablation was performed before
each transect to clean the analysed surface. Major element
compositions of the phlogopite were also acquired with
LA-ICP-MS.

Petrography and XRF groundmass geochemistry

Each of the studied samples has phenocrysts within a micro-
crystalline groundmass. Residual glass is nowhere preserved.
Rocks from the Northwest system display an inequigranular
texture (Fig. 3) with crystals of clinopyroxene (from < 1 mm
to up to 5 cm) and minor phlogopite in a groundmass of
clinopyroxene and spinel microlites (< 0.1 mm). Rocks from
the Southern system are nearly equigranular with micro-
phenocrysts (< 1 mm) of clinopyroxene and minor olivine,
in a groundmass of spinel and clinopyroxene microlites
(< 0.1 mm). Common glomerocrystic (< 2 mm) aggregates of
clinopyroxene and oxides with subordinate analcime and oli-
vine are ubiquitous across the complex. Groundmasses of dike
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and sill samples are more coarsely crystalline (holocrystalline
to hypocrystalline) than the volcaniclastic ones (hypocrystal-
line to glassy-cryptocrystalline), which have scattered micro-
vesicles filled with secondary carbonate + zeolite phases.

The petrography of Jagged Rocks products is consistent
with that of other Hopi Buttes volcanoes (Williams 1936;
Wenrich and Mascarenas 1982; Vazquez 1998; Hooten 1999;
Lefebvre 2013). The rocks are classified as monchiquite, a
feldspar-free alkaline lamprophyre bearing clinopyroxene
and mica, and basanite, composed exclusively of clinopy-
roxene, olivine, and opaque oxides (Streckeisen 1978; Wool-
ley et al. 1996; Le Maitre et al. 2002). Lamprophyres are
products of water-rich magmas (Wimmenauer 1973; Rock
1991) and volatile-rich conditions are essential to stabilise
the hydrous phases.

The groundmass compositions of these rocks (volatile-free
normalized) plot within the basanite—tephrite field of TAS
(Fig. 4a; after Le Bas et al. 1986). The analyses (Table 1) dis-
play strong silica undersaturation (SiO, 37.8-43.9 wt%) over
a wide range of MgO content (4.8-8.7 wt%) and moderate
degrees of evolution (Mg# 57.4-48.1), coupled with low Cr
and Ni concentrations (109-253 and 77-160 ppm, respec-
tively). These rocks have affinities with the sodic alkaline
series, displaying NaO + K,0/Al,0; < 1 and Na,O0/K,0 > 1
(Fig. 4b). From the geochemical classification of nephelinitic
rock (Le Bas 1989), based upon the CIPW normative Ne and
Ab, most of the samples plot in the field of melanephelinite
and basanite/tephrite (Fig. 4c) ranging between 10-20% nor-
mative Ne and 0-12% of normative Ab.

Chondrite-normalized rare-earth (REE) and trace (TE)
elements (Fig. 5) reveal trends very similar to those of other
Hopi Buttes volcanoes (Suda et al. 1982; Alibert et al. 1986).
Trace element composition is consistent with an intraplate
setting (Alibert et al. 1986), and additional enrichment in
Nb, Ta, Th, and U, geochemical tracers of alkaline magma
can be ascribed to a metasomatized-mantle source (Pilet
et al. 2002). There is strong fractionation between light-
and heavy-REE, consistent with partial melting of a gar-
net-bearing source. Experiments with lamprophyres and
other alkaline magmas have, however, failed to reproduce a
near-liquidus assemblage from either anhydrous or hydrous
garnet-bearing lherzolite at pressures lower than 40 kbar,
instead suggesting partial melting of a hydrous phlogopite-
bearing (olivine-) pyroxenite upper mantle source (Barton
and Hamilton 1979; Esperanca and Halloway 1987).

Mineral textures and major element geochemistry

Clinopyroxene

Clinopyroxene crystals in the studied rocks belong to the
diopside and augite groups (Wo % 39.52-55.50; En %
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Fig. 4 Classification diagrams. a Total Alkali vs Silica (after Le Bas
et al. 1986) plots of Jagged Rocks Complex groundmass, and some
other Hopi Buttes whole-rock compositions, indicate alkaline series
magmas. Jagged Rocks’ bulk-rock composition (dark arrow) has been
calculated by adding to the groundmass composition increasing pro-
portion (marked by the arrow direction) of clinopyroxene type 1 core.
Jagged Rocks pyroclastics (red circles) plot within the field of basalt,

49.61-30.81; Fe % 10.88—13.69; after Morimoto et al.
1988). They display distinctive textures and growth zona-
tions (Fig. 6) and a range of compositions (Fig. 7). Based
upon textural features, we identified four classes of clinopy-
roxene, whose abundances differ in the different sectors of
the complex.

@ Jagged Rocks pyroclastics

0 10 20 40

Ne Normative

30

@ Jagged Rocks intrusive sheets @ Jagged Rocks pyroclastics

probably because the contamination of country rock clasts dispersed
within the spatter. b Plot of Na20 Vs K20 discriminates among
K- and Na-series. ¢ Nephelinite classification diagram (after Le Bas
1989) plots also melanephelinite and tephrite fields; only the samples
from Massif 3 display 23% of normative Ab and none show norma-
tive Ne, probably because there is a significant contamination from
the quartz- and clay-rich sedimentary hosts

Type 1 (Table 2; Fig. 6a—c) are coarse (up to 5 cm) and
round clinopyroxene megacrysts that are a notable feature of
the Northwest system at outcrop scale (Fig. 3). They consist
of subhedral-to-anhedral cores with embayments and smooth
outlines, which range in size from several mm up to few cm,
surrounded by thin isopachous, subhedral-to-euhedral rims.
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Fig. 5 Spider diagrams of REE A
(a) and TE (b) elements for the
groundmass analyses. Jagged
Rocks samples show depletion
in heavy-REE relative to light
ones and high concentration

of elements as U, Th, Nb, and
Ta markers of alkaline magma.
Negative anomalies of K and
Rb are also recorded in other
analyses of Hopi Buttes vol-
canic rocks (e.g., Alibert et al.
1986)
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The cores, pale to translucent in plane light, grade into broad
mantling zones with a diffuse sieved texture. The sieved
zones consist of areas pervaded by hollows and fractures,
and in some specimens, the cores themselves display the
sieved texture. Sharp optical boundaries separate the man-
tling zones from the outer rims, which have a pale-brownish
shade and euhedral habit. Cores have very homogeneous
major element compositions that cluster in a narrow interval
(Mg# 77.6-85; Si0O, 48.9-53.3; TiO, 0.6-2.1 wt%; FeO,,
5.8-7.5 wt%; CaO 18.7-20.8 wt%; Na,O 0.4-1.5 wt%),
whereas rims have slightly evolved compositions (Mg#
74-77; Si0O, 45.2-47.9 wt%; TiO, 2.6-3.8 wt%; FeO,,
7.6-8.3 wt%; CaO 22-23.2 wt%; Na,O 0.3-0.7 wt%). Man-
tling zone compositions are intermediate, overlapping those
of cores and rims.

Type 2 (Table 2; Fig. 6f—h) are composite clinopyroxene
crystals characterized by anhedral cores, with a green-to-
pale-green shade under plane-polarized light, surrounded
by euhedral pale rims. The green cores have angular to sub-
round shapes with smooth outlines, which are pervaded by
fractures, big hollows, and local domains with sieve textures.

K Rb Ba Th U Nb Ta La Ce Nd Zr Hf Sm Eu Gd Ti

> -<

Dy Y Yb Lu

These crystals are only in the Northwest system. The green
cores have distinct geochemical trends, which span a
wide Mg# interval (64.3-80.6) at relatively constant SiO,
(48.6-51.3 wt%) and TiO, (1-1.5 wt%) contents, narrowly
varying Al,05 (4.8-7 wt%) and CaO (18.7-21.1 wt%), and
FeO,, (6.3-10.7 wt%) and Na,O (1-2.6 wt%) that increase
in direct proportion to the degree of evolution. Conversely,
the rims surrounding the green cores have compositions con-
sistent with type 1 clinopyroxene rims, and in particular the
most inward rims plot close to type 1 cores (high SiO, and
Mg#, low TiO,, CaO, and FeO,,,), whereas the outer rims
plot at more-evolved compositions (depletion in SiO,, MgO,
Na,O; enrichment in TiO,, CaO, FeO,,, and Al,O3).

Type 3 (Table 2; Fig. 6d) are mm-size clinopyroxenes
with a regular zonation and an undisturbed crystal-growth
stratigraphy that consists of multiple euhedral rims sur-
rounding mostly euhedral cores. They represent the main
clinopyroxene species in the Southern system, whereas they
have subordinate abundance in the Northwest system. These
crystals reveal a compositional interval consistent with the
trend of type 1 clinopyroxenes, and outermost rims display

@ Springer
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«Fig. 6 Photomicrographs and backscatter images of clinopyroxene
textures. a—¢ Type 1 crystals have homogeneous cores surrounded
by mantling zones with diffuse sieved textures and euhedral rims. d
Backscatter image of type 3 clinopyroxene with an undisturbed crys-
tal-growth stratigraphy consisting of mostly euhedral zones of more-
and less-enriched compositions. e Glomerocrysts are aggregates of
type 3 clinopyroxene and oxide crystals. f~h Type 2 clinopyroxenes
have anhedral cores with smooth outlines surrounded by mostly euhe-
dral rims. Microlites (type 4) are the main constituent of the ground-
mass in all the backscatter images

enrichment in TiO, and FeO,, relative to cores, which are
more primitive (low Mg#) and depleted in SiO,. The mid-
zones across the crystal stratigraphy show, however, compo-
sitional variability that swings from more-primitive to more-
evolved compositions and widely overlaps compositions of
cores and rims (Mg# 70.3-81.7; SiO, 43.4-50.9 wt%; TiO,
1.6-4.5 wt%; FeO,, 5.9-8.6 wt%; CaO 22.2-23.4 wt%;
Na,0 0.4-0.6 wt%). Type 3 clinopyroxenes are the main
constituent of (poly-) crystal clusters called glomerocrysts
(Fig. 6e).

Type 4 (Table 2) are clinopyroxene microlites, which are
the main constituent of the rock groundmasses across the
whole complex (Fig. 6). They cover a broad spectrum of
composition (e.g., Mg# 68.5-77.9; TiO, 2.2-5.3 wt%; FeO,,
7.1-9 wt%), but the majority are clustered together with the
outer rims, having more-evolved compositions.

Phlogopite

Rare phlogopite (Fig. 8a; average composition in Table 3)
is present in the Northwest dike and massifs as isolated
megacrysts (up to 3 cm) or as inclusions in fractures cut-
ting type 1 clinopyroxene cores. Tabular hexagonal dark
brown crystals reveal subhedral habits and a perfect lamel-
lar cleavage. Some phlogopite crystals have sharp euhedral
margins, whereas others display smooth and rounded shapes.
Qualitative major element compositions, acquired with LA-
ICP-MS, are characterized by high MgO (15.34% + 0.24),
K,0 (10.09% =+ 0.16), and TiO, (6.66% =+ 0.09), with SiO,
and Al,O; contents of 38.43% + 0.44 and 15.99% =+ 0.24,
respectively.

Olivine

Olivine is overall scarce, and is more abundant in the intru-
sions of the Southern system (Fig. 8b—d), while apparently
absent in the Northwest system. Olivines in the South-
ern system appear as pale-to-yellowish microphenocrysts
(< 0.2 mm), with euhedral habit. Bigger anhedral crystals
are very rare, broken apart, and altered. Olivines are well
separated from type 3 clinopyroxene crystals, except where
clustered into glomerocrysts, and this may indicate a syn-
chronous crystallization. Olivine crystals do not display

zonation and have a narrow compositional range (average
composition in Table 3; Fo % 81.3-79.8). These olivines are
Ca and Mn-rich (CaO 0.2-0.5 wt%; MnO 0.2-0.3 wt%) and
Ni-poor (NiO 0.05-0.2 wt%).

Fe-Ti oxides

Oxides (average composition in Table 3) are a ubiqui-
tous constituent of the groundmass of all rocks across the
complex. They are euhedral-to-subhedral crystals usu-
ally < 0.2 mm, and are often attached to or enclosed within
the external rims of clinopyroxene. This feature suggests
that oxides crystallized from magma during growth of
the clinopyroxene rims. Oxide compositions cover a wide
range of Cr,05 abundance (0-11.1 wt%) with the major-
ity <2 wt%, and of TiO, (10.5-18.9 wt%), with the major-
ity comprising between 14 and 17 wt%. Total FeO ranges
from 63 to 75 wt% and MgO is from 2.9 and 8.2 wt%. They
plot along the magnetite—ulvospinel (titano-magnetite) solid-
solution on the ternary diagram TiO,-FeO-Fe,0; (Fig. 9);
therefore, a conservative inference is that the fO, of the
system was within the magnetite vs stability range (above
the Wustite-Magnetite and below the Hematite—Magnetite
buffers).

Rare-earth (REE) and trace (TE) element
composition and modelling

Rare-earth and trace element compositions were determined
for a set of samples representative of the Northwest sys-
tem. In particular, type 1 and 2 clinopyroxene cores and
rims (Table 2) and one crystal of phlogopite (Table 3) were
analysed. In this section, we describe the patterns of incom-
patible elements in these minerals. Mineral compositions
are successively paired with appropriate distribution coef-
ficients (D) to develop a model that calculates the abundance
of incompatible elements within the hypothetical melt in
equilibrium with each mineral.

All clinopyroxene plots display similar shapes on REE
and TE spider diagrams (Fig. 10). There is depletion in
heavy-REE (HREE) relative to light ones (LREE), and TE
display depletion in large-ion lithophile elements (LILE; Cs,
K, Rb, Pb) relative to high field strength elements (HFSE),
with very low abundances of the most-compatible trace ele-
ments, such as Cr, Co, Ni, Cu, Zn, and Mn, in clinopyroxene.
There is a little evidence of partitioning between VG5
and Sc®? between cores (V/Sc ~ 5) and rims (V/Sc ~ 2),
with the former decreasing (from ~ 230 to ~ 180 ppm) and
the latter increasing (from ~ 50 to ~ 90 ppm) toward the
rims. The transects performed over type 1 clinopyroxenes
(Fig. 11) reveal that cores and mantling zones, which have
the most primitive compositions (Mg# ~ 80), have the lowest

@ Springer
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Fig. 7 Variation diagrams for clinopyroxene. Major oxides are plotted versus Mg#, except for Al,O; plotted versus SiO,. All the plots reveal two
different arrangements, with the type 2 (green-) cores diverging from the main array

concentrations of incompatible elements, whereas the outer-
most rims, about 100 pm thick, are evolved and display ~ 5
times enrichment. Type 2 green cores, the most evolved
cores (Mg# ~ 65), have higher REE and TE abundances
compared to type 1 cores and are comparable with the rim
compositions (Fig. 10). Phlogopite crystals have high con-
centrations of LILE cations, in particular Rb and K, and low
abundances of REE and HFSE, with the exception of Nd, Zr,
and in particular Ti, which have a strong positive anomaly.

The concentrations of incompatible elements for hypotheti-
cal melts in equilibrium with cores and rims of clinopyroxene
types 1 and 2, and with the phlogopite, are calculated by pair-
ing each incompatible element measured within the crystals

@ Springer

with the appropriate partition coefficient controlling the dis-
tribution of that element between solid and liquid phases. The
model, based upon the formulation XrTnEl (= ﬁi,
partitioning of the elements is governed only by the fractiona-
tion between solid and liquid occurring during the crystalliza-
tion process; the effects of temperature, pressure, fO, and
melt composition on the partition coefficients are not consid-
ered. To minimize the effect of the melt composition, how-
ever, most of the clinopyroxene and phlogopite TE and REE

were modelled with partition coefficients (DTE, ) measured
xIs/melt

assumes that

in an alkaline lamprophyre (Foley et al. 1996). For clinopy-
roxene, this set of partition coefficients is integrated with other



Page 13 of 27 94

Contrib Mineral Petrol (2017) 172:94

0¢'lL 6v°0 19°1 960 8¥°0 Gso £€'0 81°0 qd
88°¢9¥ €061 6L'8¢9 SS 1Y LS'8€T 68'60C 8LCEL 6L'86 p
10 0s0 €0 SLO 1o S0 ANV €0 °d
L0 90T SO'1 9¢'¢e LT 08T G8'C L8'C 1
L8'LET 05°66C 08'89 [©h4%% Sl 6£°08¢C 99°CS YE6L1 IS
80°0 00 €10 S00 80°0 €00 200 100 R
(wdd)
as Wil 7], 93eIoAy as Q100 7], 93BIoAY as wil | J, 93eIoAy as Q109 [ [, 93BIoAY SJUQUIQLD QvI],
I 6v’Il 90°¢ cO'Ir 091 eIl 9Tt geor vl Icer 09°1 LO'TT  +¥0C el TH'eT 1454 S 14 60Cl  €07C 8911 % sS4
e8¢ II'ly vo6'¢ S6'6€ CTLT 90y L¥'e Sy L6T w6e LIt iy 6S°¢ vely  eLe eeor  viv 08Iy 66'¢ 9L'TY % ud
o'c OvLy Ove w6y L6'T [v'87y 61T €6’'Ly  S6'1 LT8Y 161 6v'Ly 18T €69y TCT €S’y L9C [T9% €8T S Sy % OM\
(')
9'C S8¢L 99T LLYL  L8T 6L'8L 681 8G'6L 8€T 9L 880 9608 6¢£°S LL69 TI'E 9YL 6T 9r'6L P81 08 #IN
100 +0°0 100 ¥00 000 €00 200 00 100 ¥00 200 S0'0 €00 €r'o 100 ¥0°0 100 ¥00 200 L00 EN
200 160 10°0 60 100 160 S00 680 200 260 900 €80 200 6L0 200 60 00 680 900 080 €D
S00 1.0 S0'0 Lo v00 8L0  +0°0 6L°0 S0'0 1L°0 €00 80 L00 990 900 0L0 S0 LLO 00 080 SN
000 000 000 000 000 000 000 000 000 000 000 000 000 100 000 000 000 000 000 000 UN
€00 €I'0  T00 1o 100 170 200 1o €00 110 200 cro €00 L0 +00 7o 100 170 200 €ro +°d
€00 ¢TI0 €00 cro 200 01’0 200 600 €00 cro 200 800 €00 1o S0°0 €ro €00 600 200 L00 weod
000 000 000 000 000 000 000 000 000 000 10°0 100 000 000 000 000 100 1000 000 100 D
L00  9T0 L00 9T0 S00 61'0 900 0c0  LOO 60 00 0c0 €00 9T0 800 0€0 900 Y20 00 S0 v
€00 010 <T00 010 200 900 200 900 200 01°0 100 ¥00 000 ¥0°0 €00 01°0 €00 L00 200 ¥0°0 1L
900 2L L00 €Ll S00 181 S00 (42! 900 Ll 00 81 200 781 LO00 0L'1 90°0 6L'1 00 €81 IS
IS0 LE00l ¥+°0 0001 S€°0 8¥°001 ++°0 167001 €80 86001 €S0 5001 LEO 96°001 950 y€001 +¥°0 9001 1L°0 001 [e1o0L
600 0S50 LOO 0 80°0 8¥°0 §co §s0 €ro €50 €0 yL0  v¥0 8L'1 SI'o 960 LT°0 860  9T0 €60 0%N
0’0 vLTC 8TO 66'CC  ST0 00°€C 901 0§'CC  €£0 10'¢€c ST 91'lc 790 7861 650 L6'CC 10’1 e ee'l 1°0C O®D
€0’ 6LCI 680 L9CL  T60 Iyl LLO Syl 680 8¢l LSO 80°SI  LET 911 II'1 el L0 orvyl ¢80 oLyl OSIN
00 €10 Co €r'o 200 1o €00 cro 20 170 200 €0 LO0 0 200 cro 2o 1170 200 cro OUN
w0 €08 9¢°0 6S°L L0 L9 LY0 659 050 Ye'L ge0 (45 I 1| 91'6  +¥9°0 L 890 sv'9  6v0 S¥'9 00d
100 100 100 100 100 10°0 170 800 200 1000 LTO ye0  CI0 L0000 00  vT0 61°0 S1°0 90 04D
LY'1T  66'S 4! 819 Y1 ey 9¢'l 6y 891 6s9 ¢80 SLY  CTLO 809  TL1 89 Se'l s €0'1 98°S fouv
L80 65°¢ 6L0 (422 690 or'c 790 00T $8°0 Ly'e  0ovo 4! 910 1€l 860 99°¢ 160 yeec 50 0S'1 ‘o1L
06'l SI'9r L6l LO9Y  ¥81 €88y W'l gsor  IL1 LT9Y  ¥8°0 0C0s LLO L6y 97T oL'sy  +0¢C 658y  TT1 £6'6Y ‘o1s
9100 Juoz
wirx W pru S9100 wil WL pru uo0I3 wirx puew 2100
s oSemay S oSemay (S oSemay S oSeray S eSeray S eSeray S oSeray S dSemay S oSeroay S oSereay E:MNHMM
4 odA7, ¢ adAl, 7 dAL, 1 odA7, Jole]N

sad Ay auoxoiAdouro parpnis Jo uonisodwod aaneuasardoy g Iqer,

pringer

a's



Contrib Mineral Petrol (2017) 172:94

94 Page 14 of 27

09% L8°0 w8 0Ty A 70 o 120 sV
9C°091 ¥$TC6 £6'667 S6'68S1 €9°00T1 LL'188 6L°9¢T 68696 UN
6v'6 Y9°Sy Y9°I€ 19°¢8 8¢€T 98'¢cy 059 LEYY uz
LEE gee 6% §9C €9C oLy Ge'8 6Ty ny
(AWAY Yool 8L'99 0879 w1 LT €LOL €L'YST IN
'l Ieee €9y ¥L0g £€9°0 61°6¢ 68’1 LT'LE oD
01°¢8CI LL'EIL ¥8°L6€ £€'9CC LO'6ST €6'6LS €T1e01 L6°0181 D
00 610 90°0 61°0 10°0 00 €00 01°0 ny
970 9¢'1 £r'o Y1 LT°0 oW €C0 80 qx
Sv'y G8'¢T €59 Y€ L8'T w9vC ¥6'¢ 8¢l X
900 §To LO0 9T°0 €00 STo ¥0°0 ST°0 wr,
LEO e £€9°0 8CT (44 (4% 0¥'0 1€'1 q
81°0 860 8C°0 96°0 o [4N! 91°0 950 OH
171 Y79 861 009 8L°0 Sv'9 y0'1 1453 £a
Ly'81 79°¢8 LT (484 AN ¥L'68 SL'0T oS oS
68°LT COSLT Sy'or 6C°L0OT 9T'€T 0F'SLT 1S°61 9SET A
eV ELYE ST99€€C1 6£°96ST LS'668L GE€66C oI Tyevl 0T'L0TE 06798L IL
LT0 we LT0 8¢€T 00 ST §To L1'T °D
67T el 1T°¢ SL'ST L0 €0°¢l 66'1 erIl D
0 171 €€0 SI'T cro LT1 170 99°0 qL
v6'l 66'6 14N 16'8 A 6v°01 S9'l 9 NY PO
L0 er'e ¥6°0 9r'e Sv'0 9¢°¢ €50 8L'T nq
L9T 80°T1 16C ¥1°01 (4! 8G'11 8L'1 'S ws
80°¢ 17’6 86°¢ I1°6 61°C 10°01 10T sTe JH
w8 9S'vCT €98 60°0€T SL'TS €5°01C 89°LY 89°9L 1z
1LC1 68'cY [4°N! 09°6¢ w08 06°SY 61°L S8'61 PN
89C Sv'8 [4%4 LS'L 67’1 06'8 vl IL¢ Id
€081 19'6% 9911 w9ty 086 68°CS 856 £€6°0C D
Iv'L 6L'S1 IL'¢ 80°CI 61y (AWAL gse 19 e
€0 geo 01°0 8C°0 LT°0 6£°0 01°0 €10 EL
LEE 0sC 80T 8CT 90C €8T ¥S1 9I'l aN
cro LO0 900 900 (N0 600 80°0 00 n
w0 0¥°0 €C0 §To €0 L¥'0 91'0 S1'o yL
wo 8C°0 §To Seo 0€0 o 0 €0 qd
I7°€C LTl 11°6C ¥9°61 16'€6 ¥6°0¢€ SI'8 1494 edq
(wdd)

as W 7], 98eIoAy as 9100 7, 93eIoAy as Wi [ [, 98eIoAy as 9100 [, 93eIoAy SJUQUIA QJBI],

(ponunuod) g dqel,

pringer

Qs



Contrib Mineral Petrol (2017) 172:94 Page 15 0f 27 94

I A experimental measurements from alkali basalt (Hart and Dunn
A § % é i g 1993), which closely agree with those for lamprophyre (Foley
i - et al. 1996). The partition coefficient of V (DV) is strongly
& S H8&8ER dependent on the fO,, and the one chosen (from Laubier et al.
§¢ § aees 2014) is referenced to the QFM buffer.
<= - o = Modelling results reveal that all the hypothetical melt-cal-
N § g Q culated curves (Fig. 12) mimic the shape of the groundmass
2 n =S S S spider diagram, but at different concentrations. In particular,
o - o~ = < melts calculated from type 1 clinopyroxene cores closely
%Dé § 83 match the concentrations in the groundmass, with negligi-
zg ik ble differences in Ba, Th, U, Nb, and Ta, whereas the melts
s = calculated from green cores (type 2) and rims display ~ 7
A % E § § g times enrichment in incompatible elements compared to
@ o the groundmass. The hypothetical melt calculated from the
& 2 98888 phlogopite is overall comparable with the hypothetical melt
S 2 § es e calculated from the type 1 cores, thereby with the ground-
“F - o o mass, with major differences for Th and Ce.
28228
=) K IR
w2 —
% o Sangy Clinopyroxene—melt geothermobarometer
S = ® O S S —
3 e % Mineral-melt geothermobarometry was performed to esti-
o § % _ mate pressure and temperature of equilibria among solid and
A R == liquid phases. At Jagged Rocks, there coexist different sets
2 - of clinopyroxenes that were hosted in the magma, and all of
gb'é E § § = E them share a suite of geochemical features despite textural
>« E AR features indicating degrees of disequilibrium. For example,
“E= a type 1 clinopyroxene cores display sieve textures that indi-
o < g @ — cate disequilibrium, even though modelling of trace element
a wna333 o concentrations indicates that their compositions are in equi-
2 Smooy § librium with a melt with the observed groundmass composi-
58 Hoe S S e ;; tion. On the other hand, type 1 rims, which have euhedral
Z £ = 5] shapes and sharp margins, reveal a greater enrichment in
® @ ‘:;) incompatible elements (high REE, Ti, Al) than would be at
A -3 8gR|E equilibrium with a groundmass composition melt. We rec-
2 B b ognize that there are geochemical differences among the
gﬂ = % g § % 5 g melts in equilibrium with crystal’s cores and rims, but have
:% E o % cautiously applied the clinopyroxene—melt geothermoba-
Q & rometer (Putirka et al. 2003) using the groundmass composi-
88887 § tion as a single proxy for the liquid for all the sets of clino-
a ST pyroxenes. We infer that this approximation is an acceptable
e L2 x oy = simplification for the following reasons. (1) Groundmass
é S T‘a; | % =S S g analyses exclude the main mass of large crystals, because all
<PER|E E oversize crystals were picked out from the coarsely crushed
S % % samples prior to powdering (see “Sampling and analytical
) £ & 3883 _E methods” paragraph). (2) Residual glass, which could pro-
2 teees 2 vide direct evidence of the melt’s composition when
2 g” °§’ § 5 § § § E emplaced, is nowhere preserved in the deposits. (3) We
é f% = w T § attempted to calculate alternative melt compositions (by
§ o % adding and subtracting to the groundmass analyses different
|28 T = TE proportion of clinopyroxene, olivine, and phlogopite com-
= E = g < o 5|9 ponents), but no attempt produced a composition in a better
18 & N 2 o | equilibrium with the crystals than is the composition of the
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Fig. 8 Photomicrographs and backscatter images. a Phlogopite crys-
tal (PHL) in plane-polarized light as inclusion within a type 1 clino-
pyroxene core (CPX). b Picture taken in plane-polarized light of
the SW dike revealing some crystals of olivine (Ol) and a glomero-
crysts of aggregated clinopyroxene and oxides. ¢ Backscatter picture

groundmass. (4) In addition, the P-T trends obtained with
these new alternative melts display equivalent correlations
with the different clinopyroxene types. For these reasons, we
infer that, although the quantitative results are affected by
the uncertainties related to the approximation of the melt
composition, the geothermobarometric computations per-
formed have at least qualitative significance, because the
P-T paths for the different classes of clinopyroxene are
repeatable. To address how much each clinopyroxene—melt
pair diverges from equilibrium, we calculated the equilib-
rium constant for Fe-Mg exchange between clinopyroxene
and melt (Kd™ ™2 =0.27 + 0.03; Putirka et al. 2003); the

cpx/melt
standard error estimate with this calibration is 1.7 kbar and
33 °C (Putirka et al. 2003). An additional test for equilibrium
is performed by calculating the deviation between the (1)
“predicted” and the (2) “measured” diopside—hedenbergite
components of clinopyroxene (ADi-Hd; Mollo et al. 2013)
for (1) clinopyroxene—melt pairs in equilibrium and (2) at
the interior of the analysed crystal, respectively. The higher

@ Springer
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of SW dike sample, revealing microphenocrysts of olivine within a
groundmass of clinopyroxene and oxides. d Backscatter picture of an
inclined-sheet sample with euhedral crystals of olivine, two glomero-
crysts of aggregated clinopyroxenes and oxides within a groundmass
of the same mineral phases

the ADi-Hd value, the greater is the error in the T and P
estimation.

Figure 13 shows the P-T path obtained (results summa-
rized in Table 2) and the plot of average values for Kd and
ADi-Hd, which reveal that all the clinopyroxene—ground-
mass melt pairs are close to equilibrium. Type 2 green cores,
which reveal the highest disequilibrium with the host melt
(Kd ~ 0.296; ADi-Hd ~ 0.124), yield the highest pressures at
about 17 kbar (~ 60 km). Type 1 cores equilibrated at about
14 kbar (~ 50 km), together with some of the mid-zone growth
over the green cores. All the outermost rims display crystalli-
zation pressures between 8 and 5 kbar (~ 25 km), and the micr-
olites, indicating pressure between 5 and 0.5 kbar (average of
2 kbar; ~ 7 km), represent the shallowest bit of crystallization.

Empirical clinopyroxene geohygrometer

We computed the equilibrium melt H,O wt% with the
empirical geohygrometer of Armienti et al. (2013), which
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Table 3 Representative

. X Olivine Fe—Ti oxide Phlogopite
compositions of studied R -
phlogopite, olivine, and Fe-Ti Average SD Average SD Average®  SD
oxides
Si02 3923 0.15 SiO, 0.17 025 SiOo, 38.43 0.44
TiO, 0.03 0.02 TiO, 15.09 1.24  TiO, 6.66 0.09
ALO4 003 002 ALO, 428 0.53 ALO; 15.99 0.24
Cr,04 0.02 002 Cr,04 1.07 1.87 FeO,, 8.83 0.14
FeO,,, 17.40  0.33  FeO,, 71.53 2.02 MnO 0.04 0.00
MnO 030 0.03 MnO 0.52 0.11 MgO 15.34 0.24
MgO 4274 027 MgO 6.00 0.77 CaO 0.08 0.02
CaO 029  0.08 Na,O 0.69 0.05
Na,O 0.14  0.06 K,O 10.09 0.16
P,0; 0.01 0.00
Total 100.19  0.44 Total 98.66 0.85 Total 96.16 1.38
Si 1.00  0.00 Fe,0% 35.64 2.71
Ti 0.00  0.00 FeQP 35.89 194 Li 1.28 0.12
Al 0.00  0.00 Be 0.13 0.03
Cr 0.00  0.00 Mg# (Fe?*) 22.98 3.08 K 84,063.30  1369.01
Fe** 0.01 0.01 Cr# 10.55 12.83 Sc 6.27 0.14
Fe?* 036  0.01 Ti 39,951.72  512.96
Mn 0.01 0.00 \% 38291 6.58
Mg 1.62  0.01 Cr 1519.48 563.57
Ca 0.01 0.00 Mn 292.17 2.96
Na 0.00  0.00 Co 93.69 1.08
Ni 958.13 14.11
Mg# (Fe,,) 8141 034 Cu 13.33 10.19
Zn 81.42 16.20
Te % 032 0.03 Ga 16.88 0.72
Fo % 80.83  0.33 Ge 0.73 0.17
Fa % 1846  0.34 As 0.79 0.26
Ca-01 % 039 0.10 Rb 269.65 12.89
Sr 247.75 11.36
Y 0.08 0.02
Zr 10.09 0.25
Nb 10.97 0.38
Cs 1.39 0.05
Ba 5083.35 202.27
La 0.05 0.02
Ce 0.10 0.06
Pr 0.01 0.00
Nd 0.03 0.02
Sm 0.01 0.00
Eu 0.12 0.01
Gd 0.01 0.00
Tb 0.00 0.00
Dy 0.01 0.00
Ho 0.00 0.00
Er 0.00 0.00
Tm 0.00 0.00
Yb 0.01 0.00
Lu 0.00 0.00
Hf 0.30 0.03
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Table 3 (continued) Olivine

Average SD

Fe-Ti oxide Phlogopite

Average SD Average®  SD
Ta 0.63 0.02
Pb 1.77 1.24
Th 0.01 0.00
U 0.00 0.00

*Major elements are qualitative data

bCalculated values

TiO,

Rutile

FeTiO,

limenite

FeO Fe,O, Fe,0,

Wustite Magnetite Hemaite

Fig. 9 Classification diagram for Fe-Ti oxide minerals. The compo-
sitions lie along the magnetite—ulvospinel solid-solution boundary

is related to pressure (GPa), temperature (°C), and clinopy-
roxene compositions expressed in terms of the components
calculated with the formulation of Putirka et al. (2003). This
model is calibrated for clinopyroxene compositions associ-
ated with experimental alkaline melts of Etna (trachybasalt
and hawaiite compositions) at low pressure (1-8 kbar), with
an average error of + 0.5 wt% (Armienti et al. 2013). The
calibration of this model lies somewhat beyond the system
conditions during emplacement of the Jagged Rocks Com-
plex, but the data presented by Armienti et al. (2013) still
reveal good agreement at pressures up to 14 kbar.

The results (Table 2) indicate that melt-water content
was highest during growth of clinopyroxene cores, about
3.5 wt% H,O for the type 2 cores and about 3 wt% for the
type 1, dropping to about 1 wt% for microlites (type 4) and
crystal rims. These contents cannot be considered quantita-
tively accurate, although they are reasonable for an alkaline
lamprophyre melt, but the implied melt-water decrease from
cores to rims is consistent with progressive exsolution of
water from the melt (represented by groundmass) at decreas-
ing depths.

@ Springer

Discussion

At the Jagged Rocks Complex, different clinopyroxene
populations coexisted in host magma(s) represented by the
dikes, sills, and massifs. The clinopyroxenes have a range of
different textures, compositions, and pressures at which they
were at equilibrium with their host groundmass composition
melt(s). This large diversity indicates a complex petrogenetic
history that resulted from phases of growth, zonation, and
resorption.

Major element geochemistry separates clinopyroxenes
into two different groups. Clinopyroxene types 1, 3, and 4,
together with type 2 rims, lie on a common geochemical
trend that reveals a core-to-rim record of magma evolution,
whereas type 2 (green-) cores exhibit differences in all major
element behaviour and appear totally unrelated to the oth-
ers (Fig. 7). On the other hand, TE and REE geochemis-
try (Fig. 10) shows consistent proportions of incompatible
elements for all the clinopyroxene types, but at different
concentrations. The enrichment in incompatible elements
is directly proportional to the decrease in Mg#; type 1 cores
have the highest Mg# and the lowest abundance of TE; in
contrast, type 2 cores and all the rims have lower Mg# and
higher TE concentration. Moreover, based upon the geo-
chemistry of the calculated hypothetical melts (Fig. 12),
type 1 cores, despite their sieved textures, and the phlogo-
pite have a strong geochemical affinity with the groundmass
proxy for the melt. This evidence suggests that a melt with a
composition similar to the groundmass was in equilibrium
the type 1 cores, whereas type 2 green cores are foreign
xenocrysts that were incorporated at an early stage or at a
great depth into the magma. The similarities highlighted by
the TE compositions, however, point to a common man-
tle source. The rims of type 1 and 2 clinopyroxenes, which
share similar thicknesses (~ 100 pm) and geochemistry, were
grown onto their cores over the same time, during a later
crystal-growth stage.
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Fig. 10 Plots of the average
trace (top plot) and Rare-earth
(bottom plot) element composi-
tions. In both the plots, the thick
light blue line represents the
groundmass, which is a proxy
for the host melt, the black and
the light grey lines are core and
rim of type 1 clinopyroxene,
and dark-green and light-green
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10,00

are core and rim of type 2 clino- 1,00
pyroxenes, respectively. Purple
line in the trace elements plot is 010
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0,00
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Sources of different clinopyroxene core
populations

It is impossible to establish the source of the clinopyroxene
cores from their geochemistry alone, and since lamprophyre
magmas are known to host a variety of xenolith components,
there is the possibility that these cores are igneous clinopyrox-
ene “antecrysts” crystallized from different magma batches, or
xenocrysts plucked from the Colorado Plateau mantle.
Green Na—Fe augitic clinopyroxene (type 2 cores) have
been described from several continental alkaline basal-
tic provinces, particularly in monogenetic volcanic fields
including the French Massif Central (Pilet et al. 2002
and references therein), the Eifel in Germany (Duda and
Schmincke 1985 and references therein), the Central Italian
volcanoes (Civetta et al. 1979; Barton et al. 1982), the Leu-
cite Hills in USA (Barton and Van Bergen 1981), the Span-
ish central system (Orejana et al. 2007), the Isla de Trinidade
(Greenwood 1998), the western Yunnan region in China (Xu
et al. 2003), and many others. It is unlikely that type 2 green
cores are primary mantle clinopyroxene, because they have

= Average Typel core
Average Type2 rim

K Ba Th Nb La Pr

= Average Typel rim = Average Type2 core

e Average Phlogopite

Average Groundmass

Zr Sm Gd Ga Ti Sc Ho Tm Yb Cr Ni 2Zn

Average Typel rim
Average Groundmass

e Average Type2 core

Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

both low Mg# and a high abundance of incompatible ele-
ments; they might, however, have formed in mantle that was
metasomatized (Pilet et al. 2002). Rock (1991) interpreted
such components as semi-cognate, differentiated, mantle
inclusions, crystallized from an evolved lamprophyre melt
and subsequently plucked and entrained into batches of
more-primitive magma. Such green cores were recorded
from rocks as differentiated as alkaline monzogranite of the
Dariv intrusive complex in Mongolia (Bucholz et al. 2014).

Clinopyroxene megacrysts (type 1 cores) are also known
from several monogenetic centres across the Colorado Pla-
teau (Williams 1936; Lefebvre 2013; Schmidt et al. 2016),
as well as in other monogenetic volcanoes worldwide (Lio-
tard et al. 1988; Shaw and Eyzaguirre 2000; Dobosi et al.
2003). Rock (1991) considered these components as largely
cognate (high-P) inclusions, crystallized from the host melt
at greater depths and no longer in equilibrium with the host
melt crystallized into groundmass. Under this interpretation,
it is, however, difficult to explain the diffuse sieve textures,
or other resorption features that pervaded the type 1 clinopy-
roxenes at Jagged Rocks. If we hypothesize that type 1 cores

@ Springer
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Fig. 11 Laser-ablation

track across a clinopyroxene
megacryst (type 1). The lines
display a consistent concentra-
tion across the core, with most
variation confined to the thin
rim. The end of the track contin-
ued off the crystal edge into the
groundmass so as to be certain
of analysing the outermost part
of the crystal
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were resorbed after entrainment into a magma with a more-
evolved composition (albeit from the same original source
magma), it is uncertain why the crystal rims crystallized
along a single continuous compositional trend, but major-
and trace- element geochemistry supports a parental relation
of type 1 clinopyroxenes (and also the phlogopite) with the
host melt (groundmass), and this could result of one of the
following processes. (1) Type 1 cores were crystallized from
the host melt; in this case, the large size of these crystal’s
cores (up to few cm) and their very homogeneous composi-
tions must require a very stable crystallization environment;
for example, a large liquid-dominated reservoir with a high
melt/crystal ratio to keep stable the composition of the sys-
tem. This seems unlikely for a monogenetic volcano. (2) Type
1 cores are residua of the lithospheric mantle after the partial
melting beneath the Jagged Rocks Complex. In this context,
the sieved texture would be textural evidence that melt was
extracted from the mantle source. The pressure of equilib-
rium calculated with the thermobarometer indicates a depth
of partial melting (~ 50 km; 16 kbar) that matches that of the

@ Springer
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Moho discontinuity below this part of the Colorado Plateau
as observed geophysically (Levander et al. 2011; Reid et al.
2012). These data also agree with evidence from experimen-
tal petrology revealing that phlogopite and clinopyroxene are
close to liquidus at ~ 16 kbar with ~ 4.5 wt% of H,O at the
Iron—Wustite buffer (Esperanga and Halloway 1987). It is
also well documented that partial melting of a pyroxenite
source would produce alkaline magmas (Hirschmann et al.
2003; Kogiso et al. 2004; Pilet et al. 2008).

Type 3 and type 4 clinopyroxenes, with rims overgrown
on the above-mentioned type 1 and 2 cores, are the fully
cognate (low-P) phenocrysts (Rock 1991). They crystal-
lized from the host lamprophyre magma at shallow depths
(~ 30 km; 8 kbar), and are in equilibrium with the enclos-
ing groundmass. Type 3 clinopyroxenes are found mostly
in intrusions of the Southern system, associated with small
euhedral crystals of olivine. Their oscillatory zonation, with
bands of more- and less-primitive compositions across the
crystal’s stratigraphy, suggests rejuvenation of the magmatic
body by periodic injections of more-primitive melt. The
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Fig. 12 Rare-earth and trace element spider plots illustrate the com-
position of the hypothetical calculated melts in equilibrium with each
clinopyroxene and the phlogopite compositions. The thick blue line
is the average of the groundmass composition. Partition coefficients

crystals’ growth at low pressures agrees with experimental
evidences that reveal the suppression of olivine crystalliza-
tion at pressures greater than 7 kbar (Barton and Hamilton
1979). This is because olivine and phlogopite are competi-
tors and can coexist over only a small interval of pressure,
temperature and water content; at higher depths and higher
fO,, the equilibrium drifts toward phlogopite, whereas at

Gd

Tb Dy Ho Er Tm Yb Lu

used for the REE, Sr, Rb, Ba, Th, Nb, Zr, and Y are from Foley et al.
(1996), for Li, Be, K, Pb, Hf, Ga, Ti, V, Sc, Cr, and Cu from Hart
and Dunn, (1993), U from Hauri et al. (1994), Ta from Blundy et al.
(1998), and Co, Ni, and Mn from Laubier et al. (2014)

shallower depths and lower pressures, olivine is the most
stable phase (Esperanca and Halloway 1987; Modreski and
Boettcher 1973; Barton and Hamilton 1979). This indicates
that the magma of the Southern system re-equilibrated at low
pressures, whereas the magma that rose up in the Northwest
system, bearing phlogopite- and clinopyroxene, preserved a
high-pressure assemblage.
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Fig. 13 Temperature (K) vs pressure (kbar) plots show the results
of thermobarometry computations for the different groups of clino-
pyroxenes. Plots of the averages of the p,_yKd.py_mer (Putirka et al.
2003) and the deviations among the predicted and measured diop-

Clinopyroxene rim crystallization conditions

Crystal rims overgrown on type 1 (and type 2) cores reveal a
neat textural separation, as well as a distinctive geochemistry
marked by depletion in Si and Mg and enrichment in Ti, Al and
REE. The sharp increase in the concentration of incompatible
elements is confined to the outermost portions of the crystals
(~ 100 pm), which are volumetrically infinitesimal compared
to the large and homogeneous type 1 cores (Fig. 11).

This trend of enrichment in incompatible elements is
consistent with results from some experiments investi-
gating the dependence of clinopyroxene compositions on
magma cooling and decompression rates. These experiments
(Mollo et al. 2010, 2015) reveal that increasing cooling and
decompression rates cause crystals to become progres-
sively depleted in Ca, Mg, Fe*, and Si, counterbalanced by
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side-hedenbergite ADi-Hd components (Mollo et al. 2013) are pro-
vided to investigate the equilibrium within each clinopyroxene—-melt
pair

enrichments in REE, Na, Fe**, Al, and Ti. This is because
increases in AI**, and particularly AIY, cause substitutions
for Si** in the tetrahedral site, and act as charge-balancing
cations for the trivalent cations (REE, Zr, Th, Y, and Fe3+)
in the octahedral site (Francis and Minarick 2008; Scar-
lato et al. 2014). Increased cooling and decompression of
magma induced precipitation of crystal rims in a regime
largely governed by kinetic effects that modified the parti-
tioning of elements (Mollo et al. 2011; Scarlato et al. 2014)
and led to great geochemical variation. As a general model,
these geochemical variations formed in response to the crys-
tal growing next to a boundary layer of melt enriched in
incompatible elements (see inset in Fig. 14) that developed
at the crystal/melt interface (Lofgren et al. 2006). This layer
formed where the elements rejected by the crystal accumu-
lated within the melt just beyond the growing interface,
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Fig. 14 Cartoon illustrating the magmatic system underpinning the
Jagged Rocks Complex. Surficial features in white are eroded and
inferred from Re et al. (2016). The scale of the exposed features, in
grey, over the uppermost 500 m depth is exaggerated, as is the hori-
zontal scale compared to the vertical one. The main magma body
developed at about the Moho discontinuity. From that body magma
was carried in dikes to feed shallow level and surface activity. Dif-
ferent patterns of magma ascent controlled the mineralogical assem-
blage, and whether crystals in the magma re-equilibrated at mid-crus-
tal pressures (paragenesis = clinopyroxene + olivine) or were brought
directly to the surface (paragenesis = clinopyroxene + phlogopite)

because diffusion through the melt was much slower than
the crystal-growth rates (Coish and Taylor 1979; Gamble
and Taylor 1980; Watson and Baker 1991; Watson 1994;
Mollo et al. 2010 Zellmer et al. 2016).

We infer that the high ascent velocities of the magma
(melt plus mixture of phenocrysts and xenocrysts) beneath
the Jagged Rocks Complex generated the high decompres-
sion and cooling rates responsible for the high concentra-
tions of incompatible elements in the clinopyroxene rims.
We suggest that type 1 and 2 rims rapidly overgrew their
cores during the rise of magma toward the surface. For a
certain time, the crystal-grow rates must have been higher
than the diffusion rates of incompatible element away from
crystal/melt boundary, leading to the development of an
incompatible element-rich melt interface (Lofgren et al.
2006; Mollo et al. 2015).

If the velocity of diffusion (W) and the size of the melt
interface (x) were known, it would be possible to estimate
the time of diffusion (¢) for incompatible elements across the
interfacial melt using the following equation:
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r= .
REE
We

We calculate the time of diffusion (#) making the fol-
lowing assumptions. (1) The diffusion coefficient for REE
(W,) is chosen from those for basaltic melt (Zhang et al.

2010). (2) The size of the enriched-melt interface (x) can
be assumed to be double the thickness of the crystal rims
(r), which is about 100 pm, since the level of enrichment
in the crystal rims’ geochemistry is consistent with what
would be expected from about 50% fractional crystallization.
Based on these assumptions, the time calculated is about
11 h (“Appendix 17).

In this model, the crystal-growth rate (xl,) should be
higher than the diffusion rate, so the time of diffusion can
be considered of the same order of magnitude as the crystal-
growth rate (x/,,). Considering a 100 pm-wide crystal rim (r)
and a time of growth the same as the time of diffusion (1),
the crystal-growth rate is estimated as follows:
xly, = %

The calculated crystal-growth rate is 2.5 X 10~° m/s
(“Appendix 17). For comparison, clinopyroxene growth
rates in Mt Etna magmas are of the order of 107! m/s at
low degrees of undercooling (< 10 °C; Armienti et al. 2013).

Finally, assuming that the growth of the crystal rims took
place entirely during upward migration of magma from a
source 50 km below the Jagged Rocks Complex, the aver-
age magma ascent rate was ~ 1.25 m/s (“Appendix 1”). For
comparison, estimated ascent rates during the 1980 activity
of Mt St Helens, from the storage zone (8—11 km) to the sur-
face, are between 0.004 and 0.015 m/s during the lava dome
phase and 2-3 m/s during the plinian phase (Rutherford and
Gardner 2000). It is plausible that ascent rates at Jagged
Rocks were lower at the beginning and then increased drasti-
cally, with first CO, at depth, and then H,O at shallower lev-
els, exsolving into bubbles that would have reduced magma
density.

These calculations are founded on assumptions and
subject to uncertainties, which include (1) the size of the
enriched-melt interface, which is not fixed but migrates away
from the border of the crystal during the crystallization, (2)
the depth of the source, which is inferred from geothermo-
barometric computations, and (3) the choice of the REE
diffusion coefficients, which are dependent from T, P, and
composition of magma.

Differences within the plumbing system
of a monogenetic volcanic complex

At the Jagged Rocks Complex, the Northwest and Southern
sectors show different parageneses and different clinopyrox-
ene textures, which reflect different conditions of crystalliza-
tion related to different regimes of magma ascent.

The abundance of resorbed clinopyroxene cores (types 1
and 2) within the dike and feeder conduits of the Northwest
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system suggests rapid ascent of a batch of magma that
dragged up high-pressure mineral phases from the source
region, probably close to the Moho boundary (~ 50 km;
Levander et al. 2011; Reid et al. 2012). The sieve textures
of the clinopyroxene cores were generated before growth of
the rims. This indicates that clinopyroxene cores are either
residual xenocrysts from the mantle entrained during partial
melting, or igneous crystals that began ascent in disequilib-
rium with their host magma, implying an antecrystic origin.
Later, during a rapid ascent, the euhedral rims overgrew
these cores in a kinetically driven crystallization regime with
high cooling and decompression rates that led to enrichment
in incompatible elements. Preservation of phlogopite meg-
acrysts is consistent with a rapid ascent of magma through
the crust that precluded their re-equilibration with melt at
lower pressures and temperatures.

In contrast, the coexistence of a low-pressure paragenetic
assemblage within intrusive sheets of the Southern system,
which includes oscillatory-zoned clinopyroxenes (type 3)
and olivine microphenocrysts, suggests re-equilibration of
crystals with magma at a shallow crustal level. Both mineral
phases are euhedral with crystals that do not exceed a few
mm in size, and no clinopyroxene or phlogopite megacrysts
are preserved. This batch of magma probably rose slowly, in
stages, and stalled at shallow depths within dikes and small
sills or saucer-shaped intrusions. The transformation of a
dike into a sill, initiating development of a saucer-shaped
structure, may occur due to changes in magma buoyancy
(Francis 1982), changes in the local stress regime (Valen-
tine and Krogh 2006; Re et al. 2015), or ascent through
layers with contrasting rigidity (Burchardt 2008; Thomson
and Schofield 2008; Galland et al. 2009; Magee et al. 2013;
Kavanagh et al. 2006, 2015). In magma feeding, the South-
ern system type 1 and 2 clinopyroxene cores and phlogopite
were completely dissolved or the minimum rate of magma
ascent was less than the settling velocity of coarse (no more
than ~ 5 cm) crystals. Low ascent rates would enhance the
possibility of magma being trapped within the crust, with
episodes of nil upward transport (storage) potentially pro-
viding time for either, or both, crystal dissolution and set-
tling. Magma ascending in a slowly propagating dike has
reduced ability to penetrate weak layers that are prone to
viscous deformation (Schofield et al. 2012) when vertical
crack propagation ceases magma may intrude laterally along
bedding horizons (Muirhead et al. 2016).

The model proposed for the plumbing system below
the Jagged Rocks Complex is illustrated in Fig. 14. From
a source region located near the Moho at intermediate
depth (~ 50 km), magma batches rose toward the surface
as repeated injections. Some pulses ascended in dikes
propagating at high speed, carrying both green- and meg-
acrystic clinopyroxene cores into Jagged Rocks’ Northwest
system. In contrast, other magma batches rose at overall
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moderate-to-low rates, with stalling at low pressures/shal-
low depths within the middle crust. Perhaps coincidentally,
when these magmas finally reached the near-surface, they
produced dikes, sills, and saucer-shaped intrusions in the
upper half kilometre below the surface now exposed in the
Southern systems.

Conclusion

Jagged Rocks clinopyroxenes reveal a rich history of petro-
genetic processes. We infer that similar complexity com-
monly affects magmas feeding monogenetic volcanoes.
Multiple magma batches, fractional crystallization, crystal
recycling, and transfer of magmas through small storage
zones that form a multi-level magmatic system can strongly
influence cycles of magmatic recharge and discharge dur-
ing the lifetime of a monogenetic volcanic complex or a
volcanic field.

Strong petrographic differences between rocks of the
Northwest and Southern systems in the Jagged Rocks Com-
plex provide evidence for a diversified plumbing system in
a single small monogenetic complex (~ 2 km?). Specifically,
at least two batches of magma erupted at different times and
were physically separate, though near, to one another, with
a shared source at depth.

The inferred crystallization histories reveal different pat-
terns of magma ascent toward the surface, which can yield
different expressions of volcanism at the surface. Clinopy-
roxene overgrowths indicate that a batch of magma rose
quickly (high ascent rates) to feed eruptions directly from
a considerable depth and preserving the high-P mineralogi-
cal assemblage. The estimated time to accomplish transfer
of magma from 50 km depth to the surface, the time pre-
ceding onset of an eruption, is on the order of half a day,
which would give short warning to hazard managers. In
contrast, magma that rose slower had more opportunity to
become trapped for intervals within the middle crust where
the crystal population re-equilibrated at lower P conditions,
and again at very shallow levels in the upper half kilometre
below surface, where we find intrusive rocks not only as
dikes and pyroclastic massifs (conduit deposits), but also in
sills and inclined sheets.
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Appendix 1: Diffusion model calculation

In this section, we would expand the three equation
described in the paragraph “Clinopyroxene rim crystalliza-
tion conditions”

1. To calculate the time of diffusion for incompatible ele-
ments in the interfacial melt (7), we used the equation:
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1= ——
REE’
WC

x is the size of the interfacial melt layer in meters
(x =200 x 10~°m), and WREE is the diffusion coefficient for
REE within a basaltic melt from Zhang et al. (2010), which
is 10712 m%s. Therefore, we obtain:

(200 x 106 m)? \
t=————— —4x10*s =~ 11h.
10-12m?2 /s

2. To calculate the crystal-growth rate for clinopyroxene
(xly,), we used the equation:

r
ngr = ;,

r is the size of the rim in meters, 100 X 10~° m, and 7 is the
time of diffusion in seconds. Therefore, we obtain:

3. To calculate the average ascent velocity (v), we used the

—6
X r=w:2.sxlo_9m/5.
& 4x10%s

equation:

V=

)

h
t

h is the depth of the source in meters, 50,000 m, and 7 is the
time of diffusion in seconds. Therefore, we obtain:

p= 20.000m s
4x10%s
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