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ABSTRACT

The high-silica rhyolitic Joe Lott Tuff was erupted at 19.2 = 0.4 Ma from the Mount Belknap
caldera in Utah, USA. Despite having a volume of ca 150 km? it is compositionally
homogeneous and contains <3 modal% phenocrysts. The tuff also shows two very unusual
aspects of the REE-bearing phases, monazite and the chevkinite-group minerals (CGM): (i)
the presence of perrierite-(Ce) in a high-silica rhyolite, and (ii) the replacement of CGM in the
stratigraphic sequence by monazite, with a subsequent return to a CGM. Evidence from CGM
distribution and variations in monazite and apatite-group composition with stratigraphic
height in the deposit are used to infer that prior to eruption the magma was compositionally

zoned, the zonation being partially obliterated by convective overturn in the reservoir.
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ABSTRACT

The high-silica rhyolitic Joe Lott Tuff was erupted at 19.2 = 0.4 Ma from the Mount Belknap
caldera in Utah, USA. Despite having a volume of ~150 km? it is compositionally
homogeneous and contains <3 modal% phenocrysts. The tuff also shows two very unusual
aspects of the REE-bearing phases, monazite and the chevkinite-group minerals (CGM): (i)
the presence of perrierite-(Ce) in a high-silica rhyolite, and (ii) the replacement of CGM in the
stratigraphic sequence by monazite, with a subsequent return to a CGM. Evidence from CGM
distribution and variations in monazite and apatite-group composition with stratigraphic
height in the deposit are used to infer that prior to eruption the magma was compositionally

zoned, the zonation being partially obliterated by convective overturn in the reservoir.

KEYWORDS: Joe Lott Tuff; chevkinite-group; monazite; apatite-group; compositional zonation; convective

overturn

1. Introduction
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The Joe Lott Tuff Member of the Mount Belknap Volcanics is a high-silica rhyolitic ash
flow tuff sheet associated with the collapse of the Mount Belknap caldera in west-central Utah
at 19.2 + 0.4 Ma (Fig. 1; Budding et al., 1987; Cunningham and Steven, 1979). The tuff has
several unusual petrological features. High-silica rhyolitic eruptions greater than 1 km? in size
are generally considered to be zoned compositionally and in phenocryst abundance, the
zonation being reflected in the nature of the deposits (Hildreth, 1981; Smith, 1979). Despite
its size, with a dense rock equivalent (DRE) volume of ~150 km?, the Joe Lott Tuff is
phenocryst-poor (1-3 modal%) and has a very homogeneous composition, e.g. 75.4 to 76.7
wit% SiO; (calculated 100%, volatile-free). We are unaware of any other ignimbrite of this
volume of such uniformly high-silica composition and phenocryst-poor nature. For example,
the Bishop Tuff, California, erupted at 0.7 Ma during formation of the Long Valley caldera,
has a DRE volume of 170 km®, phenocryst abundances ranging from 5 to 25 modal% and
SiO; in the range ~75 to >77 wt% (Hildreth, 1979). The Devine Canyon Tuff, Oregon, has a
minimum volume of 200 km?® and SiO, contents in the range 74.6-77.6 wt%, but has
phenocryst abundances ranging from 7 to 30 modal % (Wacaster et al., 2011). The high-silica
portion (SiO, 73-77 wt%) of the Younger Toba Tuff, Indonesia, has a volume >1000 km? and

contains12-25 wt% phenocrysts (Tierney et al., 2019).

In this study, we report on two further unusual features of the tuff. First, the presence in
different units of phenocrysts of chevkinite-(Ce) and perrierite-(Ce), the most common
members of the chevkinite-group of minerals (CGM; simplified formula [(REE,
Ca)sFe?*(Fe®* ,Fe* Ti,Al),Tix(Si»07),]), although these phases normally form in
compositionally different igneous lithologies (Baginski and Macdonald, 2013; Macdonald and
Belkin, 2002; Macdonald et al., 2019a). Second, chevkinite-(Ce) and perrierite-(Ce)

phenocrysts are absent from certain units, their place as the main REE-bearing phase being
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taken by monazite (REEPO,). So far as we are aware, this is the first record of such a

relationship between these phases in an igneous body.

The specific aims are: (i) to document the occurrences and compositions of the CGM and
monazite; (ii) to explain the occurrence of perrierite, rather than chevkinite, in a high-silica
rhyolite; and (iii) to discuss the factors which controlled the distribution of the minerals. Data
for the apatite-group phenocrysts are also included, to determine whether compositional

variations in the monazite and CGM are mirrored by those in the apatite.

2. The Joe Lott Tuff

The Joe Lott Tuff Member of the Mount Belknap Volcanics is a composite sheet, changing
laterally from a single cooling unit near source to four distinct cooling units distally (Fig. 2).
Samples used in this study are all from outflow facies of the tuff. The Lower Unit is up to 64
m thick and has a basal vitrophyre. Initial collapse of the Mount Belknap caldera
accompanied eruption of the Lower Unit (Fig. 3). The unit is followed upward by a Middle
Unit up to 43 m thick, a 26 m pink-coloured unit, and an Upper Unit 31 m thick (Fig. 3). On
the basis of the amount of erosion at the top of cooling units prior to eruption of the next unit,
Budding et al. (1987) estimated that the time interval between the Lower and Middle Units
was at least several years, whilst that between the Middle and Upper Units may have been on

the order of tens of years.

The major variability in the tuff is in the degree of welding and the abundance of
phenocryst phases. The most densely welded, eutaxitic, rocks are at the base of the Lower

Unit (the basal vitrophyre; Fig. 3); the degree of welding increases upwards in both the Lower
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and Middle Units. The content of quartz and feldspar phenocrysts increases upwards from 1%

to 3% in both the Lower and Middle Units (Budding et al., 1987).

3. Samples and analytical methods

Budding et al. (1987) presented, for the Joe Lott Tuff, field observations, petrography and
chemical analyses of whole-rocks and phenocrysts. Available for this study were their
samples (U.S. Geological Survey collections; prefix M-) and additional material collected by
the present authors in 2012 at the main sampling localities of Budding et al. (1987) (Fig. 1,

prefix JLT-; details in Appendix 1).

Accessory phases were initially identified by SEM, using a Zeiss Zigma™ VP FE (variable
pressure, field emission) SEM equipped with two Bruker XFlash 6]10™ energy-dispersive
silicon drift detectors (SDD EDS). Identifications and images were acquired at 20 kV whereas
mineral and glass compositions were determined using two electron probe microanalyzers,
both using a 15 kv accelerating voltage. The ¢(pZ) correction model developed by Merlet
(1994) was used for matrix corrections (“X-PHI correction model in the EPMA stock

software — Peaksight).

Chevkinite and apatite compositions were determined using a Cameca SX-100 electron
microprobe equipped with four wavelength dispersive spectrometers. Apatite was analysed
with a 10 nA defocussed (5 um) electron beam), where F and CI were determined first, with a
method of interception to initial time (“Time O intercept” from the subcounting options of
Cameca’s Peaksight software). Chevkinite and perrierite were analyzed with a fully focussed
electron beam. A Cameca SXFiveFE microprobe equipped with five WDS spectrometers was

used in determinations of monazite and matrix glass. Glass analyses were conducted with a 10
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nA defocussed (20 um) beam. Certain problems can arise with the analysis of glass, related
especially to loss of volatiles. As well as compositional variations related to incomplete
mixing of melts, glasses may be heterogeneous because of (i) proximity to different
phenocrysts, and (ii) contamination by microlites. We have attempted to mitigate these
problems by analyzing in sample M820 clear pools of matrix glass located as far as possible
from phenocryst phases. Also, the glass analytical protocol was optimised by first measuring
Na, F and CI simultaneously, with the interception method to the initial time. Monazites were
analyzed with different beam currents due to the differences in grain size. Common monazite
and the carbon coating (20 nm) can withstand 10 minutes of a fully focussed 100 nA beam (or
higher current up to 200 nA when defocussed accordingly) without experiencing internal
damage or loss of the coating. Unfortunately, the host tuff matrix is susceptible to heat and
loses volatiles, in our case the induced heat in monazite analyzed by a high current beam led
to a carbon-coating bubble building around the monazite, culminating in an explosion
resulting in a charging effect. Thus the beam current for the monazite analyses was on a point
basis depending on the grain size, where the largest were analyzed at a few spots with a 150
nA defocussed (2 um) beam, and the smallest at a single spot with a 20 nA fully focussed

beam, as noted in Supplementary Table 2b.

The element standards, diffracting crystals, X-ray lines, overlap corrections, estimated
detection limits, and standard deviations for glass and monazite are given in the

Supplementary Materials.

Eight whole-rock samples, using powder splits from the Budding et al. (1987) collection,
were analysed for major and trace elements at the Activation Laboratories Ltd, Ancaster,
Canada. Major elements were determined by fusion-inductively coupled plasma spectrometry

(FUS-ICP) and trace elements by combinations of FUS-ICP, fusion mass spectrometry (FUS-
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MS) and total digestion inductively coupled plasma spectrometry (TD-ICP). Inductively
coupled plasma-mass spectrometry (ICP-MS) and inductively coupled plasma-optical (ICP-
OES) emission spectrometry were done using a lithium metaborate—tetraborate fusion
procedure before sample dissolution. Analytical techniques are as follows: ICP-MS (Ag, Ce,
Co, Cs, Dy, Er, Eu, Ga, Gd, Ge, Hf, Ho, La, Lu, Mo, Nb, Nd, Pb, Pr, Rb, Sm, Sn, Ta, Tb, Th,
Tm, U, W, Y, and Yb); ICP-OES (major oxides, Ba, Be, Cu, Ni, Sr, V, Zn, and Zr), and loss
on ignition (LOI) at 1000 °C. Quality control at Activation Laboratories is assessed by
comparison with USGS, CANMET, and other appropriate in-house standards. Estimated
uncertainty determined by duplicate, blank, and standard values is <+5% if the analyte is >10

x the detection limit and £20% at the detection limit.

4. Petrography

The tuff contains about 1-3 vol% phenocrysts; most abundant is quartz, followed by
sanidine and plagioclase, with lesser amounts of augite, biotite and FeTi-oxides (Table 1).
The quartz is commonly heavily resorbed. The feldspars, up to 250 um across, tend to be
subhedral with some internal resorption. Plagioclase occurs in association with alkali feldspar
in seven of the eight analysed samples, forming from 22-57% of the feldspar population. The
compositional range is from Any,7Abgg 6Or5 7 t0 Anpp sAbg2 20r62) (Budding et al., 1987).
Sanidine compositions range from An, gAbg3 0Or34.1t0 Ang7Absg 70rs96. The clinopyroxene
varies from Cags.9M(as sFes.4 10 Casp4MgazoFers s and is moderately aluminous (<4.86 wt%
Al,O3; 0.22 apfu). The feldspars and pyroxenes show no systematic compositional variation
with stratigraphic height (Budding et al., 1987). According to Budding et al. (1987), apatite
and zircon are present as accessories in all units, accompanied by allanite and a chevkinite-

group mineral in the basal vitrophyre. The presence of allanite has not been confirmed in this
6
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study, even in a re-examination of the Budding et al. thin sections. We note, however, that
they found allanite in a mineral separate and its source is perhaps uncertain. In this study,
monazite has been recorded in rocks from the Lower and Middle Units but was not indentified

by Budding et al. (1987) in these Units.

The CGM occur as euhedral to subhedral crystals, rarely up to 65 um across but more
usually <20 um. The forms vary from prismatic to platy; some are marginally and/or centrally
resorbed (Fig. 4). Some 15-20 crystals are present in a standard thin section. The presence of a
CGM as an inclusion in a large alkali feldspar phenocryst indicates that the phase was of
relatively early-magmatic crystallization. While the CGM in sample M820 tend to be
homogeneous, zonation from higher to lower Z on BSE images is common in sample M833.
The crystal shown in Fig. 4a has a darker core with a lighter mantle, that in Fig. 4b shows

indistinct sector zoning.

Monazite is a common microphenocryst; in sample M831, for example, 36 crystals have
been identified in one thin section. Crystals range in size from 10 to 100 um and occur in
several forms: as discrete crystals (Fig. 5a), in clusters with, or mantled by, rutile, and in
association with zircon (Fig. 5b) and magnetite (Fig. 5¢). Resorption is common (Fig. 5d),
zoning less so (Fig. 5¢). There is no systematic compositional variation with stratigraphic
height. Apatite is present in all samples, ranging from rare euhedral prismatic crystals up to 40
um long (Fig. 6a) to isolated grains (Figs. 6b, c, d). As for monazite, there is no systematic

compositional variation with stratigraphic height.

The basal vitrophyre contains four main varieties of glass (Fig. 7): (i) large- to medium-
sized ( <2 cm long ), partially collapsed, aphyric, brown or grey, fiamme and shards,
commonly showing perlitic cracks (Gl 1); (ii) smaller, irregularly shaped brown, grey and

white fiamme and shards (<1 cm long), occasionally with perlitic cracks (Gl 2); and (iii)
7
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small, colourless fiamme (Gl 3); and (iv) the densely welded, sparsely porphyritic brown

matrix glass.

The basal vitrophyre contains small amounts (2-4 per thin section) of black inclusions up to
4 mm across (Fig.8). The larger examples tend to be triangular in shape. A notable feature is
that the inclusions have haloes, which are lighter-coloured than the host matrix glass (Fig. 8).
The haloes appear to consist of complex mixtures of matrix glass, which sometimes takes on a
yellowish colour, and devitrified zones comprising alkali feldspar and quartz (Fig. 8a). The
inclusions commonly show internal zonation. That in Fig. 9b has a rim enriched in P (Fig. 8c),
Ca (Fig. 8d) and S, and a concentric zonation in Fe, Na and K. The inclusions will be the
subject of a separate study but the zonation must be the result of element diffusion within the
inclusion. A possible interpretation is that the inclusions are enclaves, sufficiently hotter than
the host glass to partially devitrify it in the haloes after eruption and to promote internal
rearrangement. The P-Ca-enriched rim, presumably formed of apatite, strongly suggests that
the enclaves had more mafic compositions than their host, which is P-poor (<0.02 wt%; Table

2).
5. Whole-rock and matrix glass compositions

First, it must be noted that, as recognized by Budding et al. (1987), the rocks have been
affected by post-emplacement redistribution of certain elements, especially Na, by
devitrification and secondary hydration. The modifications are clearly shown in the high
values of loss on ignition (0.94-5.57 wt%; Table 2), by the fact that Fe in the rocks is mainly
present as Fe** (titrimetric determination; Budding et al., 1987) and by the peraluminous
nature [A/(CNK): mol. Al,O3/(CaO+Na,0+K,0) >1] of seven of the study rocks. In
acknowledgment of the compositional modifications, element concentrations discussed in the

text have been recalculated to 100 wt%, volatile-free. The compositional range is from
8
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peraluminous to metaluminous but values have been affected by sodium loss. Given the
phenocryst assemblage (quartz, sanidine, plagioclase, biotite, augite and FeTi-oxides), it is

probable that the Joe Lott magmas were metaluminous.

The Joe Lott Tuff rhyolites are highly evolved compositionally: the summed values of
CaO0+MgO+FeO*+MnO+TiO; are <2.5 wt% (Table 2, recalculated to 100%). The tuff has a
near-eutectic composition, in the sense that it plots close to low-pressure minima in the
Quartz-Albite-Orthoclase system (Blundy and Cashman, 2001). The evolved nature is also
shown in the rare earth element (REE) data); chondrite-normalized plots show strong light
rare earth (LREE; La-Sm) enrichment ([La/Yb]cn 14.6-15.5, where CN is chondrite-
normalized) and large Eu anomalies (Eu/Eu* 0.25-0.33) (Fig. 9). Nevertheless, the major and
trace element abundances are all within the range of rhyolitic obsidians from continental
interiors compiled by Macdonald et al. (1992), i.e. rocks of broadly similar tectonic setting.
There appears to be no abnormal features about the tuff’s composition that can be related to

the CGM-monazite relationships.

Variations in major element compositions are generally small; the range of SiO; values, for
example, is 75.4 to 76.7 wt% and that of Al,O3 from 12.2 to 13.1 wt%. Trace elements
commonly show wider variations, e.g. Zr 125-210 ppm, Nb 30-41 and Sr 127-152 ppm. The
ratios between geochemically coherent elements are also variable, e.g. Zr/Hf 23-32 and Nb/Ta

12-16.

Representative matrix glass analyses are given in Table 3 and the full data set in
Supplementary Table 1. SiO; is in the range 73.4 to 75.8 wt% (75.2-78.6 wt%, recalculated to
100%). Apart from a positive correlation between SiO, and Al,Os, no pairs of elements show

a significant correlation and it has not been possible to show the presence of discrete groups



211 of glass. Thus, the various forms of glass distinguished microscopically (Fig. 7) appear to be

212 compositionally similar in major element terms.

213

214 6. Chemical composition of CGM, monazite-(Ce) and apatite-group minerals

215  6.1. Chevkinite-group minerals

216 Representative compositions of the CGM are given in Table 4 and the full data set is in
217  Supplementary Table 2a. The analyses plot in the fields of the chevkinite and perrierite

218  subgroups in the empirical classification scheme of Macdonald et al. (2009) (Fig. 10).

219  Chevkinite-(Ce) occurs in the basal vitrophyre and perrierite-(Ce) in the Upper Unit (Fig. 3).
220  The perrierite-(Ce) has higher contents of Al,03, MnO, Hf, REE, Sc and Zr, and lower Th and
221 U contents, than the chevkinite-(Ce). The highest ThO, contents in the chevkinite-(Ce) (7.15
222 wt%) are comparable to those recorded by Budding et al. (1987) and are the highest yet

223 recorded in a CGM, with the exception of the so-called thoriochevkinite reported by Doelter
224 (1931) from the Urals, Russia (20.9 wt%). Levels of ThO, in the perrierite-(Ce) are lower
225  (1.32- 2.05 wt%). Abundances of UO, in the chevkinite-(Ce) are in the range 0.19-0.53 wt%;
226 inthe perrierite-(Ce) they are mostly below detection level. The lowest Th and U in the

227  chevkinite-(Ce) are from an anomalously Nb-rich crystal (5.00 wt% Nb,Os). Abundances of
228  SC03 (<0.39 wt%) and V03 (<0.27 wt%), although low, are the highest recorded in

229  chevkinite, according to the compilation of analyses by Macdonald et al. (2019a). Chondrite-
230 normalized LREE patterns for the CGM (Fig. 11) show that the chevkinite-(Ce) and

231 perrierite-(Ce) are very similar, although there are some small differences between them, e.g.

232 [La/Nd]cn ranges from 2.7 to 3.5 and from 4.1 to 7.3, respectively. The monazite-(Ce) and

10
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whole-rocks show broadly similar patterns (Figs. 9 and 11): [La/Nd]cn values range from 3.7

to 6.5 and 4.6 to 5.2, respectively.

Core to rim zonation in the perrierite-(Ce) crystal shown in Fig. 4a indicates a trend
towards more “chevkinitic” composition, i.e. higher LREE and Y and lower Al,O3, CaO, Zr
and Hf. Such zonation trends are thought to be a result of cooling differentiation (Macdonald

etal., 2013, 2019a; Muhling et al., 2014).

6.2. Monazite-(Ce)

Representative compositions of monazite-(Ce) are given in Table 5: the full data set is in
Supplementary Table 2b. The data lie between the huttonite (REE*" + P°* = Th*" + Si*") and
cheralite (2REE®*" = Th* + Ca®") compositional substitutions (Fig. 12). The chondrite-
normalized patterns show strong LREE enrichment (Fig. 11), with some fractionation
between elements, e.g. [La/Nd]cn 3.7 to 6.5. Abundances of FeO* are mainly <0.7 wt% but
four analyses are in the range 1.1-2.1 wt%; they lie beneath the cheralite line on Fig. 12.
Levels of ThO, reach ~17 wt%. A notable feature is the within-sample compositional range;
in sample M830, for example, ThO, values range from 0.09-12.12 wt%, raising the possibility

of mixed populations.

6.3. Apatite group

Representative apatite/fluorapatite compositions are given in Table 6; the full data set is in
Supplementary Table 2c. The most important substituents are the LREE; the highest britholite

component, judging from REE+Si contents is about 6%. Sodium and Fe are present in minor
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amounts. Silica contents are up to 5.27 wt% (0.46 apfu) but it is possible that some higher
values (>0.15 apfu?) are due to beam contamination by quartz. The maximum Cl value is 1.01
wt%. Fluorine contents range from below detection to 4.5 wt% and are very variable within

samples (Supplementary Table 2c).

We note that in stoichiometric fluorapatite the maximum F content is 3.77 wt%, yielding an
apfu = 1for the X-site. Halogen diffusion during EPMA experiments can yield excess F
values, as discussed by Goldoff et al. (2012) and Chakhmouradian et al. (2017). However, a
coupled substitution (PO4)* « (CO3)* + F, suggested by Yi et al. (2013), may allow F
contents up to ~4.5 wt%. Definite assignment of specific species to particular crystallographic

sites is beyond the scope of this paper.

There are significant compositional variations within samples: in sample M831, for
example, Ce,O3 ranges from below detection to 0.91 wt% and in M833 from 0.18-0.98 wt%.
The variability seems to be independent of the stratigraphic height of the samples. There is no
totally systematic variation in any parameter with height either, except that the higher samples
tend to have higher REE contents. It might be predicted that in a compositionally zoned
reservoir certain elements would show a systematic distribution with temperature. In the
Bishop Tuff apatites, for example, F and Y contents increased, and MgO and ClI contents

decreased, with decreasing temperature (Hildreth, 1979).

7. Discussion
7.1. The Joe Lott magma system: conditions of crystallization

It is difficult to constrain the P-T conditions under which the tuff magma was stored and

crystallized. There is a lack of suitable mineral pairs for geothermobarometry, such as two
12
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oxides or two pyroxenes, and the use of clinopyroxene-melt or feldspar-melt pairs is
precluded by post-emplacement modification of melt compositions, notably Na loss. Budding
et al. (1987) suggested on the basis of plotting whole-rock data into the Quartz-Orthoclase-
Albite system, that the pre-eruptive tuff was stored at ~0.8 + 0.2 kbar pressure, under water-
saturated conditions, at temperatures ranging from 750-770 °C. However, post-eruptive loss
of Na has affected the normative Ab content of the magmas and thus their plotted positions.
Nevertheless, the fact that the tuff is of high-silica composition and is saturated in quartz and
feldspar indicates that the magma formed at low pressures, in the shallow crust (Blundy and
Cashman, 2001, 2008; Gualda and Ghiorso, 2013). Furthermore, the temperatures are
consistent with those estimated for other high-silica rhyolites: Fe-oxide temperatures of 720-
790 °C for the Bishop Tuff were presented by Hildreth (1979), while the Zr-in-titanite method
indicated temperatures possibly as low as 720 °C during crystallization of the high-silica part
of the Peach Springs Tuff (Pamucku et al., 2013). Tierney et al. (2019) estimated that the

high-silica portion of the Younger Toba Tuff crystallized at 700-740 °C.

The very low phenocryst abundances (<3%) in the tuff seem to be at odds with the inferred
low temperatures of formation and storage. They might infer that the magmas were very
water-rich, with a corresponding lowering of crystallization temperatures. Possibly they point
to highly efficient removal of melt from some underlying crystal mush with minimal

subsequent crystal growth before eruption.

7.2. Was the Joe Lott reservoir compositionally zoned?

The Joe Lott Tuff is a highly fractionated magma body, of near-eutectic composition. In
such compositions, trace elements can be a better guide to magma differentiation than major
elements. The trace element abundances show some variability, e.g. Zr 125-210 ppm, Ba 56-

193 ppm and Sr 27-152 ppm (Table 2). Ratios of geochemically coherent trace elements also
13
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show small ranges, e.g. Zr/Hf 23-31 and Nb/Ta 11-16. In standard models of zoned magma
chambers (Hildreth, 1981; Smith, 1979), many trace elements show coherent patterns of
behaviour, being upward-concentrating or downward-concentrating, that is they are enriched
or depleted in the higher, cooler parts of the reservoir. However, in the Joe Lott Tuff the trace
elements more generally show variable patterns of behaviour. In the Lower Unit, for example,
Ba and Rb are downward-concentrating but then both increase into the basal vitrophyre. In the
Middle Unit, Ba increases in the same direction as Rb (Fig. 13; Table 2). The abundances of
the LREE remain about constant in the Middle Unit, but are upward-concentrating in the
Lower Unit, with a strong increase into the basal vitrophyre. If the magma reservoir was
systematically compositionally zoned, the zoning was disturbed prior to, or during, eruption.
It is possible that very active convection wiped out a subtle compositional zonation, the
convection being promoted by an input of comparatively hot magma at a scale sufficiently
large to partially homogenize the pre-eruptive chamber, as suggested by Huber et al. (2012)
for the Southern Rocky Mountain volcanic field, or by overturn driven by gas exsolution
(Bachmann and Bergantz, 2006). Little hybridization seems to have taken place, at least at the
levels now represented in the tuff, the interaction between the injected and resident magmas
being limited to heat transfer, as proposed for various magmatic systems by Bachmann et al.
(2002), Bachmann and Bergantz (2006), Devine et al. (2003) and D’Oriano et al. (2017). A
reheating event is consistent with the evidence of resorption in the feldspars, pyroxene,
monazite and CGM and with the occurrence of inclusions interpreted above as magmatic

enclaves.

Further evidence for disturbed compositional zonation may be the within-sample
compositional ranges in the monazite-(Ce) and chevkinite-(Ce), and to a lesser degree in the

apatite/fluorapatite data. The ranges of ThO, contents in monazite-(Ce) in samples M827 and
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M831 are 0.2 to 7.6 wt% and 0.9 to 18.6 wt%, respectively (Table 5). A chevkinite-(Ce) in
sample M830 has a Nb,Os content of 5.0 wt% while all other analysed crystals have <0.8

wt% (Table 4). The variations may reflect mixing of crystals from different layers.

7.3. Distribution of CGM and monazite

There are records of monazite and CGM coexisting in the same rocks. Macdonald et al.
(2016) reported monazite-(Ce) and chevkinite-(Ce) in a quartzolite from the Kola Peninsula,
Russia. Both phases have been found in a Martian breccia meteorite (Liu et al., 2016).
Monazite and chevkinite mantled by allanite were recorded by Li and Zhou (2017) in the Sin
Quyen Fe-Cu-LREE-Au deposit, northwestern Vietnam. Miyawaki et al. (2012) found a CGM
and monazite in volcanic rocks from Boso, Japan. However, the phases are not usually found
together in igneous rocks. For example, in their comprehensive study of accessory mineral
assemblages in 30 units of felsic volcanic rocks of the Timber Mountain-Oasis Valley caldera
complex in Nevada, Broxton et al. (1989) recorded monazite and perrierite phenocrysts

occurring together in only three units.

In the Joe Lott Tuff, chevkinite-(Ce) occurs in the basal vitrophyre and perrierite-(Ce) in
the stratigraphically highest part of the Upper Unit. Intermediate facies contain monazite-
(Ce). Such a relationship between CGM and monazite has not, to our knowledge, been
recorded before in an igneous body. What caused the apparent changeovers? An increase in
the activity of P, stabilizing the phosphate, can be ruled out: all rocks contain 0.02 wt% P,0s
(Table 2). An alternative possibility is varying Ca activity. The relative stabilities of allanite
and monazite, for example, are related to the bulk contents of CaO, Al,O3 and Na,O in the

host rock, higher Ca activities resulting in allanite formation (Janots et al., 2008; Budzyn et
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al., 2017). This can hardly be the case in the CGM/monazite relationships in the Joe Lott Tuff;
values of A/CNK in the CGM-bearing units are 1.0-1.1, in the monazite-bearing units 1.0 -
1.2. A further possibility might have been pH,O. It is highly likely that pH,O increased
downwards in the reservoir, perhaps promoting monazite growth, but we are unaware of any

experimental evidence on this point.

7.4. Occurrence of perrierite in high-silica rhyolite

In igneous parageneses, perrierite is normally found in mafic and intermediate rocks. To
our knowledge, it has not previously been confirmed in a high-silica rhyolite. McCurry (1988)
reported it in the middle member of the rhyolitic Wild Horse Mesa Tuff, California (SiO,
74.7-75.7 wt%), but no analysis was presented. Figure 14 shows that the Joe Lott perrierite-
(Ce), along with selected samples from rocks of broadly trachyandesitic composition, plots in
the field of CGM from mafic and intermediate rocks. The chevkinite-(Ce), in contrast, plots in

or close to the field of CGM from evolved, oversaturated rocks.

The distribution of the CGM may be related to either a compositional effect or to
differences in some important parameter or process in the pre-eruptive chamber. Perhaps the
formation of perrierite-(Ce) was due to higher CaO and TiO, contents, and lower REE+Y
contents, in the host melt than those in the chevkinite-(Ce)-bearing melt. However, sample
M833 does have marginally lower REE+Y contents than sample M820 (160 and 170 ppm,

respectively), but lower CaO (0.36, 0.82 wt%) and TiO, (0.14, 0.16 wt%) values (Table 2).

Alternatively, the perrierite-(Ce) may have been introduced by mixing of rhyolitic and
trachyandesitic melts, as suggested by the presence of possible magmatic enclaves in the tuff.
In their study of the pantelleritic Gold Flat Tuff, Black Mountain volcanic centre, Nevada,
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Macdonald et al. (2019b) described a mixed-magma rock containing both chevkinite-(Ce) and
perrierite-(Ce). In this case, and in contrast to the Joe Lott Tuff, the rock hosting both phases
was clearly a mixture of rhyolitic and intermediate magmas. If the possibility, suggested
above, that the pre-eruptive magma chamber underwent convective overturn is valid, the
perrierite-(Ce) may have been introduced from a slightly deeper, hotter source than their
current host, inferring that the crystallization of perrierite rather than chevkinite is controlled
more by temperature than magma composition. The absence of a systematic distribution of

fluorapatite compositions is also compatible with convective overturn.

Unusual features of the 150 km?® Joe Lott Tuff include its near-eutectic composition, its
crystal-poor nature and the non-systematic behaviour of many trace elements. We have
attempted to use accessory minerals and whole-rock geochemistry to infer critical evidence of
the magmatic evolution, such as the possible role of magma mixing. Further insights into the
tuff will require an extensive vertical and lateral sampling programme, more detailed studies
of textural/compositional relationships in the major phases, and additional studies of the

accessory minerals, such as zircon and titanite.

8. Conclusions

(1) The high-silica rhyolitic Joe Lott Tuff has a volume of ~150 km?, yet is compositionally

homogeneous.

(2) The tuff was erupted from a compositionally zoned magma chamber where the zonation

was disturbed by pre-eruptive convective overturn.

(3) The stratigraphically lowest and highest units contain phenocrysts of chevkinite-(Ce) and

perrierite-(Ce), respectively, while intermediate units carry monazite-(Ce) phenocrysts.
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(4) Both the CGM and monazite-(Ce) show significant inter-sample compositional variations
which, along with the presence in the tuff of enclaves interpreted to have mafic-intermediate
composition, are taken to suggest some mixing of the rhyolite with trachyandesitic (?)

magma.

(5) No robust explanation is given as to why perrierite-(Ce) replaced chevkinite-(Ce) in the
stratigraphically highest unit: it may have been related to the greater stability of perrierite-

(Ce) at higher temperatures.
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Figure captions

Fig. 1. Distribution of the Joe Lott Tuff and the location of samples (prefix JLT-) collected for
this study by the authors at the sites marked by Budding et al. (1987); the latter samples are

shown in Figure 3 (prefix M-) and the two sets of samples are correlated in Appendix 1.

Fig. 2. Joe Lott Tuff Member, exposed along State Route 4 at the eastern end of Clear Creek
Canyon, where it is 138 m thick. The Lower, Middle and Upper cooling units are marked; the

Pink cooling unit is absent from this locality (cf. Budding et al., 1987, fig. 5).

Fig. 3. Stratigraphic relationships in the Joe Lott Tuff Member, the underlying Bullion
Canyon Volcanics and the overlying crystal-rich member of the Mount Belknap Volcanics
(after Budding et al., 1987, fig. 4). The approximate positions of the Budding et al. samples
(M-) are shown; the equivalent JLT- samples are listed in the Appendix and located in Figure

1. Also shown are the positions of samples containing CGM or monazite phenocrysts.
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Fig. 4. Back-scattered electron (BSE) images of perrierite-(Ce) in sample M833. (a)
Subhedral crystal with magmatic zonation. (b) Prism with partly preserved magmatic zonation

and some internal resorption. Numbered spots refer to those in Supplementary Table 2.

Fig. 5. BSE images of monazite (Mnz). (a) Subhedral grains, with lighter rims in
quartzofeldspathic matrix (Fsp). Sample M831A. (b) Enclosed in partially resorbed zircon
phenocryst (Zrn), with fluorapatite (Ap) inclusion. Sample M830. (c) Anhedral crystals
associated with magnetite phenocryst (Mag). Sample M830. (d) Aggregate of partially
resorbed crystals. (b), (c) and (d) all enclosed in quartzofeldspathic matrix. Sample M831A.

The letters on analysis spots refer to those in Supplementary Table 2.

Fig. 6. BSE images of fluorapatite (arrows). (a) Euhedral prism in coarsely devitrified matrix.
Sample M827. (b) Aggregate of small anhedral crystals in coarsely devitrified matrix. Sample
M833A. (c) Very small crystals typical of sample M832. Note glass shards and finely

devitrified matrix. (d) Subhedral plate in devitrified matrix. Sample M833A.

Fig. 7. Photomicrograph of sample M820 from the basal vitrophyre. Three types of glass
shards and pumice are marked (Gl 1, Gl 2, Gl 3). The main, brown, glass (the original ash
component) is partly devitrified. Dark inclusion En 1 is shown in Fig. 8a. Inclusion En 2 is

shown in Fig. 8b-d.

Fig. 8. (a) Photomicrograph of inclusion En 1 marked in Fig. 7. The glass shards around the
inclusion have assumed a yellow colour. (b) BSE image of inclusion En 2 and the zonal
arrangement around it. The outermost part shows small shards. It is followed by a grey zone
which is mainly finely devitrified glass. The white rim encloses a dark central zone. (c) and
(d) Compositional WDS X-ray maps of Ca and P in the inclusion, showing that the white rim

is almost certainly formed of an apatite-group mineral.
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Fig. 9. Chondrite-normalized REE patterns for whole-rocks. Data source: Table 2.

Normalizing factors from Sun and McDonough (1989).

Fig. 10. Chevkinite-group minerals plotted in the FeO*-(CaO+SrO) discrimination diagram of
Macdonald et al. (2009), where FeO* is total Fe as Fe?*. CGM in sample M820 are
chevkinite-(Ce), those in sample M833 are perrierite-(Ce). Also plotted are selected perrierites
from volcanic rocks of broadly trachyandesitic composition: Lewotolo volcano, Indonesia (de
Hoog and van Bergen, 2000), south Peruvian potassic province (Carlier and Lorand, 2008),
Amiata volcano, Italy (van Bergen, 1984) and Montecatini Val de Cecina, Italy (Cellai et al.,

1993).

Fig. 11. Chondrite-normalized REE patterns for CGM and monazite shown as fields. Data

source: Supplementary Table 2. Normalizing factors from Sun and McDonough, 1989).

Fig. 12. Monazite compositions indicate substitution between the huttonite and cheralite

mechanisms.

Fig. 13. Ba-Rb plot for rocks from the Lower (open circles) and Middle Units (solid circles).

Arrows point towards stratigraphically higher samples in each unit.

Fig. 14. Triangular plot to show that chevkinite and perrierite generally tend to occur in
different igneous lithologies. From Macdonald and Belkin (2002). The fields marked
“evolved, undersaturated” and “evolved, oversaturated” are occupied only by chevkinite. The
field marked mafic and intermediate igneous rocks includes only perrierite. Perrierite-(Ce)
from the Joe Lott Tuff plots in the mafic and intermediate field, along with examples from the
trachyandesites used in Figure 10, while the chevkinite-(Ce) plots in the evolved,

oversaturated field.
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ABSTRACT

The high-silica rhyolitic Joe Lott Tuff was erupted at 19.2 = 0.4 Ma from the Mount Belknap
caldera in Utah, USA. Despite having a volume of ~150 km? it is compositionally
homogeneous and contains <3 modal% phenocrysts. The tuff also shows two very unusual
aspects of the REE-bearing phases, monazite and the chevkinite-group minerals (CGM): (i)
the presence of perrierite-(Ce) in a high-silica rhyolite, and (ii) the replacement of CGM in the
stratigraphic sequence by monazite, with a subsequent return to a CGM. Evidence from CGM
distribution and variations in monazite and apatite-group composition with stratigraphic
height in the deposit are used to infer that prior to eruption the magma was compositionally

zoned, the zonation being partially obliterated by convective overturn in the reservoir.

KEYWORDS: Joe Lott Tuff; chevkinite-group; monazite; apatite-group; compositional zonation; convective

overturn

1. Introduction
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The Joe Lott Tuff Member of the Mount Belknap Volcanics is a high-silica rhyolitic ash
flow tuff sheet associated with the collapse of the Mount Belknap caldera in west-central Utah
at 19.2 + 0.4 Ma (Fig. 1; Budding et al., 1987; Cunningham and Steven, 1979). The tuff has
several unusual petrological features. High-silica rhyolitic eruptions greater than 1 km? in size
are generally considered to be zoned compositionally and in phenocryst abundance, the
zonation being reflected in the nature of the deposits (Hildreth, 1981; Smith, 1979). Despite
its size, with a dense rock equivalent (DRE) volume of ~150 km?, the Joe Lott Tuff is
phenocryst-poor (1-3 modal%) and has a very homogeneous composition, e.g. 75.4 to 76.7
wit% SiO; (calculated 100%, volatile-free). We are unaware of any other ignimbrite of this
volume of such uniformly high-silica composition and phenocryst-poor nature. For example,
the Bishop Tuff, California, erupted at 0.7 Ma during formation of the Long Valley caldera,
has a DRE volume of 170 km®, phenocryst abundances ranging from 5 to 25 modal% and
SiO; in the range ~75 to >77 wt% (Hildreth, 1979). The Devine Canyon Tuff, Oregon, has a
minimum volume of 200 km?® and SiO, contents in the range 74.6-77.6 wt%, but has
phenocryst abundances ranging from 7 to 30 modal % (Wacaster et al., 2011). The high-silica
portion (SiO, 73-77 wt%) of the Younger Toba Tuff, Indonesia, has a volume >1000 km? and

contains 12-25 wt% phenocrysts (Tierney et al., 2019).

In this study, we report on two further unusual features of the tuff. First, the presence in
different units of phenocrysts of chevkinite-(Ce) and perrierite-(Ce), the most common
members of the chevkinite-group of minerals (CGM; simplified formula [(REE,
Ca)sFe?*(Fe®* ,Fe* Ti,Al),Tix(Si»07),]), although these phases normally form in
compositionally different igneous lithologies (Baginski and Macdonald, 2013; Macdonald and
Belkin, 2002; Macdonald et al., 2019a). Second, chevkinite-(Ce) and perrierite-(Ce)

phenocrysts are absent from certain units, their place as the main REE-bearing phase being
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taken by monazite (REEPO,). So far as we are aware, this is the first record of such a

relationship between these phases in an igneous body.

The specific aims are: (i) to document the occurrences and compositions of the CGM and
monazite; (ii) to explain the occurrence of perrierite, rather than chevkinite, in a high-silica
rhyolite; and (iii) to discuss the factors which controlled the distribution of the minerals. Data
for the apatite-group phenocrysts are also included, to determine whether compositional

variations in the monazite and CGM are mirrored by those in the apatite.

2. The Joe Lott Tuff

The Joe Lott Tuff Member of the Mount Belknap Volcanics is a composite sheet, changing
laterally from a single cooling unit near source to four distinct cooling units distally (Fig. 2).
Samples used in this study are all from outflow facies of the tuff. The Lower Unit is up to 64
m thick and has a basal vitrophyre. Initial collapse of the Mount Belknap caldera
accompanied eruption of the Lower Unit (Fig. 3). The unit is followed upward by a Middle
Unit up to 43 m thick, a 26 m pink-coloured unit, and an Upper Unit 31 m thick (Fig. 3). On
the basis of the amount of erosion at the top of cooling units prior to eruption of the next unit,
Budding et al. (1987) estimated that the time interval between the Lower and Middle Units
was at least several years, whilst that between the Middle and Upper Units may have been on

the order of tens of years.

The major variability in the tuff is in the degree of welding and the abundance of
phenocryst phases. The most densely welded, eutaxitic, rocks are at the base of the Lower

Unit (the basal vitrophyre; Fig. 3); the degree of welding increases upwards in both the Lower
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and Middle Units. The content of quartz and feldspar phenocrysts increases upwards from 1%

to 3% in both the Lower and Middle Units (Budding et al., 1987).

3. Samples and analytical methods

Budding et al. (1987) presented, for the Joe Lott Tuff, field observations, petrography and
chemical analyses of whole-rocks and phenocrysts. Available for this study were their
samples (U.S. Geological Survey collections; prefix M-) and additional material collected by
the present authors in 2012 at the main sampling localities of Budding et al. (1987) (Fig. 1,

prefix JLT-; details in Appendix 1).

Accessory phases were initially identified by SEM, using a Zeiss Xigma™ VP FE (variable
pressure, field emission) SEM equipped with two Bruker XFlash 6]10™ energy-dispersive
drift detectors (SDD EDS). Identifications and images were acquired at 20 kV whereas
mineral and glass compositions were determined using two electron probe microanalyzers,
both using a 15 kv accelerating voltage. The ¢(pZ) correction model developed by Merlet
(1994) was used for matrix corrections (“X-PHI correction model in the EPMA stock

software — Peaksight).

Chevkinite and apatite compositions were determined using a Cameca SX-100 electron
microprobe equipped with four wavelength dispersive spectrometers. Apatite was analysed
with a 10 nA defocussed (5 um) electron beam), where F and Cl were determined first, with a
method of interception to initial time (“Time O intercept” from the subcounting options of
Cameca’s Peaksight software). Chevkinite and perrierite were analyzed with a fully focussed
electron beam. A Cameca SX-5 FE microprobe equipped with five WDS spectrometers was

used in determinations of monazite and matrix glass. Glass analyses were conducted with a 10

4
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nA defocussed (20 um) beam. Certain problems can arise with the analysis of glass, related
especially to Na volatility. As well as compositional variations related to incomplete mixing
of melts, glasses may be heterogeneous because of (i) proximity to different phenocrysts, and
(if) contamination by microlites. We have attempted to mitigate these problems by analyzing
in sample M820 clear pools of matrix glass located as far as possible from phenocryst phases.
Also, the glass analytical protocol was optimised by first measuring Na, F and CI
simultaneously, with the interception method to the initial time. Monazites were analyzed
with different beam currents due to the differences in grain size. Common monazite and the
carbon coating (20 nm) can withstand 10 minutes of a fully focussed 100 nA beam (or higher
current up to 200 nA when defocussed accordingly) without experiencing internal damage or
loss of the coating. Unfortunately, the host tuff matrix is susceptible to heat and loses
volatiles, in our case the induced heat in monazite analyzed by a high current beam led to a
carbon-coating bubble building around the monazite, culminating in an explosion resulting in
a charging effect. Thus the beam current for the monazite analyses was on a point basis
depending on the grain size, where the largest were analyzed at a few spots with a 150 nA
defocussed (2 um) beam, and the smallest at a single spot with a 20 nA fully focussed beam,

as noted in Supplementary Table 2b.

The element standards, diffracting crystals, X-ray lines, overlap corrections, estimated

detection limits, and standard deviations are given in the Supplementary Materials.

Eight whole-rock samples, using powder splits from the Budding et al. (1987) collection,
were analysed for major and trace elements at the Activation Laboratories Ltd, Ancaster,
Canada. Major elements were determined by fusion-inductively coupled plasma spectrometry
(FUS-ICP) and trace elements by combinations of FUS-ICP, fusion mass spectrometry (FUS-

MS) and total digestion inductively coupled plasma spectrometry (TD-ICP). Inductively
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coupled plasma-mass spectrometry (ICP-MS) and inductively coupled plasma-optical (ICP-
OES) emission spectrometry were done using a lithium metaborate—tetraborate fusion
procedure before sample dissolution. Analytical techniques are as follows: ICP-MS (Ag, Ce,
Co, Cs, Dy, Er, Eu, Ga, Gd, Ge, Hf, Ho, La, Lu, Mo, Nb, Nd, Pb, Pr, Rb, Sm, Sn, Ta, Tb, Th,
Tm, U, W, Y, and Yb); ICP-OES (major oxides, Ba, Be, Cu, Ni, Sr, V, Zn, and Zr), and loss
on ignition (LOI) at 1000 °C. Quality control at Activation Laboratories is assessed by
comparison with USGS, CANMET, and other appropriate in-house standards. Estimated
uncertainty determined by duplicate, blank, and standard values is <+5% if the analyte is >10

x the detection limit and £20% at the detection limit.

4. Petrography

The tuff contains about 1-3 vol% phenocrysts; most abundant is quartz, followed by
sanidine and plagioclase, with lesser amounts of augite, biotite and FeTi-oxides (Table 1).
The quartz is commonly heavily resorbed. The feldspars, up to 250 um across, tend to be
subhedral with some internal resorption. Plagioclase occurs in association with alkali feldspar
in seven of the eight analysed samples, forming from 22-57% of the feldspar population. The
compositional range is from Anys7Abgg 6Ors 7 t0 Anpp sAbg2 20r62) (Budding et al., 1987).
Sanidine compositions range from An, gAbg3 ¢Or34.1t0 Ang7Absg 70rs96. The clinopyroxene
varies from Cags 9MQas sFes.4 10 Cas4MyazoFe1s6 and is moderately aluminous (<4.86 wt%
Al,O3; 0.22 apfu). The feldspars and pyroxenes show no systematic compositional variation
with stratigraphic height (Budding et al., 1987). According to Budding et al. (1987), apatite
and zircon are present as accessories in all units, accompanied by allanite and a chevkinite-
group mineral in the basal vitrophyre. The presence of allanite has not been confirmed in this

study, even in a re-examination of the Budding et al. thin sections. We note, however, that
6
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they found allanite in a mineral separate and its source is perhaps uncertain. In this study,
monazite has been recorded in rocks from the Lower and Middle Units but was not indentified

by Budding et al. (1987) in these Units.

The CGM occur as euhedral to subhedral crystals, rarely up to 65 pm across but more
usually <20 um. The forms vary from prismatic to platy; some are marginally and/or centrally
resorbed (Fig. 4). Some 15-20 crystals are present in a standard thin section. The presence of a
CGM as an inclusion in a large alkali feldspar phenocryst indicates that the phase was of
relatively early-magmatic crystallization. While the CGM in sample M820 tend to be
homogeneous, zonation from higher to lower Z on BSE images is common in sample M833.
The crystal shown in Fig. 4a has a darker core with a lighter mantle, that in Fig. 4b shows

indistinct sector zoning.

Monazite is a common microphenocryst; in sample M831, for example, 36 crystals have
been identified in one thin section. Crystals range in size from 10 to 100 um and occur in
several forms: as discrete crystals (Fig. 5a), in clusters with, or mantled by, rutile, and in
association with zircon (Fig. 5b) and magnetite (Fig. 5¢). Resorption is common (Fig. 5d),
zoning less so (Fig. 5¢). There is no systematic compositional variation with stratigraphic
height. Apatite is present in all samples, ranging from rare euhedral prismatic crystals up to 40
um long (Fig. 6a) to isolated grains (Figs. 6b, c, d). As for monazite, there is no systematic

compositional variation with stratigraphic height.

The basal vitrophyre contains four main varieties of glass (Fig. 7): (i) large- to medium-
sized ( <2 cm long ), partially collapsed, aphyric, brown or grey, fiamme and shards,
commonly showing perlitic cracks (Gl 1); (ii) smaller, irregularly shaped brown, grey and

white fiamme and shards (<1 cm long), occasionally with perlitic cracks (Gl 2); and (iii)
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small, colourless fiamme (Gl 3); and (iv) the densely welded, sparsely porphyritic brown

matrix glass.

The basal vitrophyre contains small amounts (2-4 per thin section) of black inclusions up to
4 mm across (Fig.8). The larger examples tend to be triangular in shape. A notable feature is
that the inclusions have haloes, which are lighter-coloured than the host matrix glass (Fig. 8).
The haloes appear to consist of complex mixtures of matrix glass, which sometimes takes on a
yellowish colour, and devitrified zones comprising alkali feldspar and quartz (Fig. 8a). The
inclusions commonly show internal zonation. That in Fig. 9b has a rim enriched in P (Fig. 8c),
Ca (Fig. 8d) and S, and a concentric zonation in Fe, Na and K. The inclusions will be the
subject of a separate study but the zonation must be the result of element diffusion within the
inclusion. A possible interpretation is that the inclusions are enclaves, sufficiently hotter than
the host glass to partially devitrify it in the haloes after eruption and to promote internal
rearrangement. The P-Ca-enriched rim, presumably formed of apatite, strongly suggests that
the enclaves had more mafic compositions than their host, which is P-poor (<0.02 wt%; Table

2).
5. Whole-rock and matrix glass compositions

First, it must be noted that, as recognized by Budding et al. (1987), the rocks have been
affected by post-emplacement redistribution of certain elements, especially Na, by
devitrification and secondary hydration. The modifications are clearly shown in the high
values of loss on ignition (0.94-5.57 wt%; Table 2), by the fact that Fe in the rocks is mainly
present as Fe** (titrimetric determination; Budding et al., 1987) and by the peraluminous
nature [A/(CNK): mol. Al,O3/(CaO+Na,0+K,0) >1] of seven of the study rocks. In
acknowledgment of the compositional modifications, element concentrations discussed in the

text have been recalculated to 100 wt%, volatile-free. The compositional range is from
8
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peraluminous to metaluminous but values have been affected by sodium loss. Given the
phenocryst assemblage (quartz, sanidine, plagioclase, biotite, augite and FeTi-oxides), it is

probable that the Joe Lott magmas were metaluminous.

The Joe Lott Tuff rhyolites are highly evolved compositionally: the summed values of
CaO0+MgO+FeO*+MnO+TiO; are <2.5 wt% (Table 2, recalculated to 100%). The tuff has a
near-eutectic composition, in the sense that it plots close to low-pressure minima in the
Quartz-Albite-Orthoclase system (Blundy and Cashman, 2001). The evolved nature is also
shown in the rare earth element (REE) data); chondrite-normalized plots show strong light
rare earth (LREE; La-Sm) enrichment ([La/Yb]cn 14.6-15.5, where CN is chondrite-
normalized) and large Eu anomalies (Eu/Eu* 0.25-0.33) (Fig. 9). Nevertheless, the major and
trace element abundances are all within the range of rhyolitic obsidians from continental
interiors compiled by Macdonald et al. (1992), i.e. rocks of broadly similar tectonic setting.
There appears to be no abnormal features about the tuff’s composition that can be related to

the CGM-monazite relationships.

Variations in major element compositions are generally small; the range of SiO; values, for
example, is 75.4 to 76.7 wt% and that of Al,O3 from 12.2 to 13.1 wt%. Trace elements
commonly show wider variations, e.g. Zr 125-210 ppm, Nb 30-41 and Sr 127-152 ppm. The
ratios between geochemically coherent elements are also variable, e.g. Zr/Hf 23-32 and Nb/Ta

12-16.

Representative matrix glass analyses are given in Table 3 and the full data set in
Supplementary Table 1. SiO; is in the range 73.4 to 75.8 wt% (75.2-78.6 wt%, recalculated to
100%). Apart from a positive correlation between SiO, and Al,Os, no pairs of elements show

a significant correlation and it has not been possible to show the presence of discrete groups



210  of glass. Thus, the various forms of glass distinguished microscopically (Fig. 7) appear to be

211 compositionally similar in major element terms.

212

213 6. Chemical composition of CGM, monazite-(Ce) and apatite-group minerals

214  6.1. Chevkinite-group minerals

215 Representative compositions of the CGM are given in Table 4 and the full data set is in
216  Supplementary Table 2a. The analyses plot in the fields of the chevkinite and perrierite

217  subgroups in the empirical classification scheme of Macdonald et al. (2009) (Fig. 10).

218  Chevkinite-(Ce) occurs in the basal vitrophyre and perrierite-(Ce) in the Upper Unit (Fig. 3).
219  The perrierite-(Ce) has higher contents of Al,03, MnO, Hf, REE, Sc and Zr, and lower Th and
220 U contents, than the chevkinite-(Ce). The highest ThO, contents in the chevkinite-(Ce) (7.15
221 wt%) are comparable to those recorded by Budding et al. (1987) and are the highest yet

222 recorded in a CGM, with the exception of the so-called thoriochevkinite reported by Doelter
223 (1931) from the Urals, Russia (20.9 wt%). Levels of ThO, in the perrierite-(Ce) are lower
224 (1.32- 2.05 wt%). Abundances of UO, in the chevkinite-(Ce) are in the range 0.19-0.53 wt%;
225 inthe perrierite-(Ce) they are mostly below detection level. The lowest Th and U in the

226  chevkinite-(Ce) are from an anomalously Nb-rich crystal (5.00 wt% Nb,Os). Abundances of
227 Sc03 (£0.39 wt%) and V703 (<0.27 wt%), although low, are the highest recorded in

228  chevkinite, according to the compilation of analyses by Macdonald et al. (2019a). Chondrite-
229  normalized LREE patterns for the CGM (Fig. 11) show that the chevkinite-(Ce) and

230  perrierite-(Ce) are very similar, although there are some small differences between them, e.g.

231 [La/Nd]cn ranges from 2.7 to 3.5 and from 4.1 to 7.3, respectively. The monazite-(Ce) and
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whole-rocks show broadly similar patterns (Figs. 9 and 11): [La/Nd]cn values range from 3.7

to 6.5 and 4.6 to 5.2, respectively.

Core to rim zonation in the perrierite-(Ce) crystal shown in Fig. 4a indicates a trend
towards more “chevkinitic” composition, i.e. higher LREE and Y and lower Al,O3, CaO, Zr
and Hf. Such zonation trends are thought to be a result of cooling differentiation (Macdonald

et al., 2013, 2019a; Muhling et al., 2014).

6.2. Monazite-(Ce)

Representative compositions of monazite-(Ce) are given in Table 5: the full data set is in
Supplementary Table 2b. The data lie between the huttonite (REE*" + P°* = Th*" + Si*") and
cheralite (2REE®*" = Th* + Ca®*) compositional substitutions (Fig. 12). The chondrite-
normalized patterns show strong LREE enrichment (Fig. 11), with some fractionation
between elements, e.g. [La/Nd]cn 3.7 to 6.5. Abundances of FeO* are mainly <0.7 wt% but
four analyses are in the range 1.1-2.1 wt%; they lie beneath the cheralite line on Fig. 12.
Levels of ThO, reach ~17 wt%. A notable feature is the within-sample compositional range;
in sample M830, for example, ThO, values range from 0.09-12.12 wt%, raising the possibility

of mixed populations.

6.3. Apatite group

Representative apatite/fluorapatite compositions are given in Table 6; the full data set is in
Supplementary Table 2c. The most important substituents are the LREE; the highest britholite

component, judging from REE+Si contents is about 6%. Sodium and Fe are present in minor
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amounts. Silica contents are up to 5.27 wt% (0.46 apfu) but it is possible that some higher
values (>0.15 apfu?) are due to beam contamination by quartz. The maximum Cl value is 1.01
wt%. Fluorine contents range from below detection to 4.5 wt% and are very variable within
samples (Supplementary Table 2¢). Analyzed apatite with low or nil Cl and/or F may suggest

that these calcium phosphate apatites are dominated by hydroxylapatite component.

We note that in stoichiometric fluorapatite the maximum F content is 3.77 wt%, yielding an
apfu = 1for the X-site. Halogen diffusion during EPMA experiments can yield excess F
values, as discussed by Goldoff et al. (2012) and Chakhmouradian et al. (2017). However, a
coupled substitution (PO4)* « (CO3)* + F, suggested by Yi et al. (2013), may allow F
contents up to ~4.5 wt%. Definite assignment of specific species to particular crystallographic

sites is beyond the scope of this paper.

There are significant compositional variations within samples: in sample M831, for
example, Ce,O3 ranges from below detection to 0.91 wt% and in M833 from 0.18-0.98 wt%.
The variability seems to be independent of the stratigraphic height of the samples. There is no
totally systematic variation in any parameter with height either, except that the higher samples
tend to have higher REE contents. It might be predicted that in a compositionally zoned
reservoir certain elements would show a systematic distribution with temperature. In the
Bishop Tuff apatites, for example, F and Y contents increased, and MgO and CI contents

decreased, with decreasing temperature (Hildreth, 1979).

7. Discussion

7.1. The Joe Lott magma system: conditions of crystallization

12
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It is difficult to constrain the P-T conditions under which the tuff magma was stored and
crystallized. There is a lack of suitable mineral pairs for geothermobarometry, such as two
oxides or two pyroxenes, and the use of clinopyroxene-melt or feldspar-melt pairs is
precluded by post-emplacement modification of melt compositions, notably Na loss. Budding
et al. (1987) suggested on the basis of plotting whole-rock data into the Quartz-Orthoclase-
Albite system, that the pre-eruptive tuff was stored at ~0.8 + 0.2 kbar pressure, under water-
saturated conditions, at temperatures ranging from 750-770 °C. However, post-eruptive loss
of Na has affected the normative Ab content of the magmas and thus their plotted positions.
Nevertheless, the fact that the tuff is of high-silica composition and is saturated in quartz and
feldspar indicates that the magma formed at low pressures, in the shallow crust (Blundy and
Cashman, 2001, 2008; Gualda and Ghiorso, 2013). Furthermore, the temperatures are
consistent with those estimated for other high-silica rhyolites: Fe-oxide temperatures of 720-
790 °C for the Bishop Tuff were presented by Hildreth (1979), while the Zr-in-titanite method
indicated temperatures possibly as low as 720 °C during crystallization of the high-silica part
of the Peach Springs Tuff (Pamucku et al., 2013). Tierney et al. (2019) estimated that the

high-silica portion of the Younger Toba Tuff crystallized at 700-740 °C.

The very low phenocryst abundances (<3%) in the tuff seem to be at odds with the inferred
low temperatures of formation and storage. They might infer that the magmas were very
water-rich, with a corresponding lowering of crystallization temperatures. Possibly they point
to highly efficient removal of melt from some underlying crystal mush with minimal

subsequent crystal growth before eruption.

7.2. Was the Joe Lott reservoir compositionally zoned?

The Joe Lott Tuff is a highly fractionated magma body, of near-eutectic composition. In

such compositions, trace elements can be a better guide to magma differentiation than major
13
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elements. The trace element abundances show some variability, e.g. Zr 125-210 ppm, Ba 56-
193 ppm and Sr 27-152 ppm (Table 2). Ratios of geochemically coherent trace elements also
show small ranges, e.g. Zr/Hf 23-31 and Nb/Ta 11-16. In standard models of zoned magma
chambers (Hildreth, 1981; Smith, 1979), many trace elements show coherent patterns of
behaviour, being upward-concentrating or downward-concentrating, that is they are enriched
or depleted in the higher, cooler parts of the reservoir. However, in the Joe Lott Tuff the trace
elements more generally show variable patterns of behaviour. In the Lower Unit, for example,
Ba and Rb are downward-concentrating but then both increase into the basal vitrophyre. In the
Middle Unit, Ba increases in the same direction as Rb (Fig. 13; Table 2). The abundances of
the LREE remain about constant in the Middle Unit, but are upward-concentrating in the
Lower Unit, with a strong increase into the basal vitrophyre. If the magma reservoir was
systematically compositionally zoned, the zoning was disturbed prior to, or during, eruption.
It is possible that very active convection wiped out a subtle compositional zonation, the
convection being promoted by an input of comparatively hot magma at a scale sufficiently
large to partially homogenize the pre-eruptive chamber, as suggested by Huber et al. (2012)
for the Southern Rocky Mountain volcanic field, or by overturn driven by gas exsolution
(Bachmann and Bergantz, 2006). Little hybridization seems to have taken place, at least at the
levels now represented in the tuff, the interaction between the injected and resident magmas
being limited to heat transfer, as proposed for various magmatic systems by Bachmann et al.
(2002), Bachmann and Bergantz (2006), Devine et al. (2003) and D’Oriano et al. (2017). A
reheating event is consistent with the evidence of resorption in the feldspars, pyroxene,
monazite and CGM and with the occurrence of inclusions interpreted above as magmatic

enclaves.
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Further evidence for disturbed compositional zonation may be the within-sample
compositional ranges in the monazite-(Ce) and chevkinite-(Ce), and to a lesser degree in the
apatite/fluorapatite data. The ranges of ThO, contents in monazite-(Ce) in samples M827 and
M831 are 0.2 to 7.6 wt% and 0.9 to 18.6 wt%, respectively (Table 5). A chevkinite-(Ce) in
sample M830 has a Nb,Os content of 5.0 wt% while all other analysed crystals have <0.8

wt% (Table 4). The variations may reflect mixing of crystals from different layers.

7.3. Distribution of CGM and monazite

There are records of monazite and CGM coexisting in the same rocks. Macdonald et al.
(2016) reported monazite-(Ce) and chevkinite-(Ce) in a quartzolite from the Kola Peninsula,
Russia. Both phases have been found in a Martian breccia meteorite (Liu et al., 2016).
Monazite and chevkinite mantled by allanite were recorded by Li and Zhou (2017) in the Sin
Quyen Fe-Cu-LREE-Au deposit, northwestern Vietnam. Miyawaki et al. (2012) found a CGM
and monazite in volcanic rocks from Boso, Japan. However, the phases are not usually found
together in igneous rocks. For example, in their comprehensive study of accessory mineral
assemblages in 30 units of felsic volcanic rocks of the Timber Mountain-Oasis Valley caldera
complex in Nevada, Broxton et al. (1989) recorded monazite and perrierite phenocrysts

occurring together in only three units.

In the Joe Lott Tuff, chevkinite-(Ce) occurs in the basal vitrophyre and perrierite-(Ce) in
the stratigraphically highest part of the Upper Unit. Intermediate facies contain monazite-
(Ce). Such a relationship between CGM and monazite has not, to our knowledge, been
recorded before in an igneous body. What caused the apparent changeovers? An increase in

the activity of P, stabilizing the phosphate, can be ruled out: all rocks contain 0.02 wt% P,0s
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(Table 2). An alternative possibility is varying Ca activity. The relative stabilities of allanite
and monazite, for example, are related to the bulk contents of CaO, Al,O3 and Na,O in the
host rock, higher Ca activities resulting in allanite formation (Janots et al., 2008; Budzyn et
al., 2017). This can hardly be the case in the CGM/monazite relationships in the Joe Lott Tuff;
values of A/CNK in the CGM-bearing units are 1.0-1.1, in the monazite-bearing units 1.0 -
1.2. A further possibility might have been pH-O. It is highly likely that pH,O increased
downwards in the reservoir, perhaps promoting monazite growth, but we are unaware of any

experimental evidence on this point.

7.4. Occurrence of perrierite in high-silica rhyolite

In igneous parageneses, perrierite is normally found in mafic and intermediate rocks. To
our knowledge, it has not previously been confirmed in a high-silica rhyolite. McCurry (1988)
reported it in the middle member of the rhyolitic Wild Horse Mesa Tuff, California (SiO,
74.7-75.7 wt%), but no analysis was presented. Figure 14 shows that the Joe Lott perrierite-
(Ce), along with selected samples from rocks of broadly trachyandesitic composition, plots in
the field of CGM from mafic and intermediate rocks. The chevkinite-(Ce), in contrast, plots in

or close to the field of CGM from evolved, oversaturated rocks.

The distribution of the CGM may be related to either a compositional effect or to
differences in some important parameter or process in the pre-eruptive chamber. Perhaps the
formation of perrierite-(Ce) was due to higher CaO and TiO, contents, and lower REE+Y
contents, in the host melt than those in the chevkinite-(Ce)-bearing melt. However, sample
M833 does have marginally lower REE+Y contents than sample M820 (160 and 170 ppm,

respectively), but lower CaO (0.36, 0.82 wt%) and TiO, (0.14, 0.16 wt%) values (Table 2).
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Alternatively, the perrierite-(Ce) may have been introduced by mixing of rhyolitic and
trachyandesitic melts, as suggested by the presence of possible magmatic enclaves in the tuff.
In their study of the pantelleritic Gold Flat Tuff, Black Mountain volcanic centre, Nevada,
Macdonald et al. (2019b) described a mixed-magma rock containing both chevkinite-(Ce) and
perrierite-(Ce). In this case, and in contrast to the Joe Lott Tuff, the rock hosting both phases
was clearly a mixture of rhyolitic and intermediate magmas. If the possibility, suggested
above, that the pre-eruptive magma chamber underwent convective overturn is valid, the
perrierite-(Ce) may have been introduced from a slightly deeper, hotter source than their
current host, inferring that the crystallization of perrierite rather than chevkinite is controlled
more by temperature than magma composition. The absence of a systematic distribution of

fluorapatite compositions is also compatible with convective overturn.

Unusual features of the 150 km?® Joe Lott Tuff include its near-eutectic composition, its
crystal-poor nature and the non-systematic behaviour of many trace elements. We have
attempted to use accessory minerals and whole-rock geochemistry to infer critical evidence of
the magmatic evolution, such as the possible role of magma mixing. Further insights into the
tuff will require an extensive vertical and lateral sampling programme, more detailed studies
of textural/compositional relationships in the major phases, and additional studies of the

accessory minerals, such as zircon and titanite.

8. Conclusions

(1) The high-silica rhyolitic Joe Lott Tuff has a volume of ~150 km?, yet is compositionally

homogeneous.
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(2) The tuff was erupted from a compositionally zoned magma chamber where the zonation

was disturbed by pre-eruptive convective overturn.

(3) The stratigraphically lowest and highest units contain phenocrysts of chevkinite-(Ce) and

perrierite-(Ce), respectively, while intermediate units carry monazite-(Ce) phenocrysts.

(4) Both the CGM and monazite-(Ce) show significant inter-sample compositional variations
which, along with the presence in the tuff of enclaves interpreted to have mafic-intermediate
composition, are taken to suggest some mixing of the rhyolite with trachyandesitic (?)

magma.

(5) No robust explanation is given as to why perrierite-(Ce) replaced chevkinite-(Ce) in the
stratigraphically highest unit: it may have been related to the greater stability of perrierite-

(Ce) at higher temperatures.
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Figure captions

Fig. 1. Distribution of the Joe Lott Tuff and the location of samples (prefix JLT-) collected for
this study by the authors at the sites marked by Budding et al. (1987); the latter samples are

shown in Figure 3 (prefix M-) and the two sets of samples are correlated in Appendix 1.

Fig. 2. Joe Lott Tuff Member, exposed along State Route 4 at the eastern end of Clear Creek
Canyon, where it is 138 m thick. The Lower, Middle and Upper cooling units are marked; the

Pink cooling unit is absent from this locality (cf. Budding et al., 1987, fig. 5).
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Fig. 3. Stratigraphic relationships in the Joe Lott Tuff Member, the underlying Bullion
Canyon Volcanics and the overlying crystal-rich member of the Mount Belknap Volcanics
(after Budding et al., 1987, fig. 4). The approximate positions of the Budding et al. samples
(M-) are shown; the equivalent JLT- samples are listed in the Appendix and located in Figure

1. Also shown are the positions of samples containing CGM or monazite phenocrysts.

Fig. 4. Back-scattered electron (BSE) images of perrierite-(Ce) in sample M833. (a)
Subhedral crystal with magmatic zonation. (b) Prism with partly preserved magmatic zonation

and some internal resorption. Numbered spots refer to those in Supplementary Table 2.

Fig. 5. BSE images of monazite (Mnz). (a) Subhedral grains, with lighter rims in
quartzofeldspathic matrix (Fsp). Sample M831A. (b) Enclosed in partially resorbed zircon
phenocryst (Zrn), with fluorapatite (Ap) inclusion. Sample M830. (c) Anhedral crystals
associated with magnetite phenocryst (Mag). Sample M830. (d) Aggregate of partially
resorbed crystals. (b), (c) and (d) all enclosed in quartzofeldspathic matrix. Sample M831A.

The letters on analysis spots refer to those in Supplementary Table 2.

Fig. 6. BSE images of fluorapatite (arrows). (a) Euhedral prism in coarsely devitrified matrix.
Sample M827. (b) Aggregate of small anhedral crystals in coarsely devitrified matrix. Sample
M833A. (c) Very small crystals typical of sample M832. Note glass shards and finely

devitrified matrix. (d) Subhedral plate in devitrified matrix. Sample M833A.

Fig. 7. Photomicrograph of sample M820 from the basal vitrophyre. Three types of glass
shards and pumice are marked (Gl 1, Gl 2, Gl 3). The main, brown, glass (the original ash
component) is partly devitrified. Dark inclusion En 1 is shown in Fig. 8a. Inclusion En 2 is

shown in Fig. 8b-d.
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Fig. 8. (a) Photomicrograph of inclusion En 1 marked in Fig. 7. The glass shards around the
inclusion have assumed a yellow colour. (b) BSE image of inclusion En 2 and the zonal
arrangement around it. The outermost part shows small shards. It is followed by a grey zone
which is mainly finely devitrified glass. The white rim encloses a dark central zone. (c) and
(d) Compositional WDS X-ray maps of Ca and P in the inclusion, showing that the white rim

is almost certainly formed of an apatite-group mineral.

Fig. 9. Chondrite-normalized REE patterns for whole-rocks. Data source: Table 2.

Normalizing factors from Sun and McDonough (1989).

Fig. 10. Chevkinite-group minerals plotted in the FeO*-(CaO+SrO) discrimination diagram of
Macdonald et al. (2009), where FeO* is total Fe as Fe*". CGM in sample M820 are
chevkinite-(Ce), those in sample M833 are perrierite-(Ce). Also plotted are selected perrierites
from volcanic rocks of broadly trachyandesitic composition: Lewotolo volcano, Indonesia (de
Hoog and van Bergen, 2000), south Peruvian potassic province (Carlier and Lorand, 2008),
Amiata volcano, Italy (van Bergen, 1984) and Montecatini Val de Cecina, Italy (Cellai et al.,

1993).

Fig. 11. Chondrite-normalized REE patterns for CGM and monazite shown as fields. Data

source: Supplementary Table 2. Normalizing factors from Sun and McDonough, 1989).

Fig. 12. Monazite compositions indicate substitution between the huttonite and cheralite

mechanisms.

Fig. 13. Ba-Rb plot for rocks from the Lower (open circles) and Middle Units (solid circles).

Arrows point towards stratigraphically higher samples in each unit.

Fig. 14. Triangular plot to show that chevkinite and perrierite generally tend to occur in

different igneous lithologies. From Macdonald and Belkin (2002). The fields marked
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“evolved, undersaturated” and “evolved, oversaturated” are occupied only by chevkinite. The
field marked mafic and intermediate igneous rocks includes only perrierite. Perrierite-(Ce)
from the Joe Lott Tuff plots in the mafic and intermediate field, along with examples from the
trachyandesites used in Figure 10, while the chevkinite-(Ce) plots in the evolved,

oversaturated field.
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Table 1. Phenocryst assemblages in Joe Lott Tuff

Unit Quartz Alkali Plagioclase | Augite | Biotite | FeTi- Zircon | Apatite | CGM | Monazite
Sample feldspar oxides
Upper
M833 ‘ + + + + + + + + + -
Pink
M832 ‘ + + + + + + + + - -
Middle
M831 + + + - + + + - +
M830 - + + + + + + - +
Lower
M829 + + + + + + + - +
M828 + + + + + + + - +
M827 - + + + + + + + - +
M820 + + + + + + + + -

Compiled from data in Budding et al. (1987) and this paper. CGM, chevkinite-group minerals.
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Table 2
Whole-rock compositions of Joe Lott Tuff

Cooling unit Lower Unit Middle Unit Pink Unit Upper Unit
Sample M820 M827 M828 M829 M830 M831 M832 M833
wt%

Sio, 7330 74.60 71.30 73.80 74.50 74.52 71.62 74.18
TiO, 0.15 0.12 0.13 0.13 0.13 0.13 0.15 0.13
Al,O, 12.60 12.30 12.20 13.00 13.10 12.66 12.85 13.12
FeO* 0.98 0.79 0.82 0.83 0.85 0.91 0.96 0.91
MnO 0.08 0.06 0.06 0.02 0.06 0.08 0.09 0.06
MgO 0.18 0.124 0.22 0.26 0.16 0.14 0.50 0.12
Ca0 0.79 0.49 0.91 0.46 0.35 0.35 0.68 0.35
Na,O 3.54 3.74 3.60 2.96 3.53 3.67 3.40 4.29
K,0 4.59 5.01 4.80 5.22 5.36 5.05 3.69 5.21
P,0s 0.01 <0.01 0.02 0.01 <0.01 <0.01 0.01 0.02
LOI 4.20 2.25 4.72 3.11 1.55 0.94 5.57 1.32
Total 100.42 99.48 98.78 99.80 99.59 98.45 99.52 99.72
A/CNK 1.1 1.0 1.1 1.2 1.1 1.1 1.2 1.0
mgt 25 22 32 36 25 22 48 19
ppm

Be 7 7 8 6 7 8 8 6
Vv 9 <5 5 13 6 5 7 8
Ni 2 <1 2 2 1 2 2 4
Cu 8 4 4 6 2 4 2 3
Zn 68 44 39 43 52 63 195 41
Ga 21 21 20 22 22 22 22 22
Ge 1.6 1.5 1.4 1.4 1.6 1.7 1.5 1.3
Mo 5 <2 <2 <2 <2 <2 5 <2
Ag 0.3 0.3 0.4 0.4 0.4 0.4 0.4 0.6
Sn 3 2 2 6 2 2 4 3
Rb 293 276 258 294 294 280 267 267
Sr 52 50 152 114 114 27 47 34
Cs 17.2 4.0 33 1.6 4.0 3.6 11 2.6
Ba 86 61 124 170 56 65 77 193
Sc 2 2 2 1 2 2 2 2

Y 18.2 15.1 16.1 14.2 20.1 17.2 20.6 18.1
La 49.2 44.3 44.2 32.9 47.9 46.6 49.9 45.8
Ce 79.7 70.2 71.2 61.7 77.2 76.3 79.8 74.6
Pr 6.70 6.31 6.30 4.49 6.82 6.76 7.36 6.65
Nd 20.0 18.0 17.4 12.4 19.0 19.2 21.2 19.1
Sm 3.14 2.71 2.76 2.07 3.08 2.78 3.27 3.12
Eu 0.28 0.21 0.22 0.20 0.24 0.24 0.34 0.24
Gd 2.40 1.99 2.06 1.55 2.37 2.26 2.66 2.22

Tb 0.42 0.33 0.35 0.28 0.41 0.39 0.44 0.39


http://ees.elsevier.com/lithos/download.aspx?id=782877&guid=b6bee5e1-ddc0-47a2-94de-92aab2a9fe64&scheme=1

Table 3

Click here to download Table: Joe Lott - Table 3 -glass - revision.xIsx

Table 3. Representative compositions of glass

Set 1 1 1 2 2 2 3 3
Sample M820B M820A M820A M820 M820B M820B M820A M820A
Point 7/1. 15.0 19.0 1/1. 9/1. 18/1. 1/1. 2/1.
wt%

Sio, 73.44 75.46 75.75 75.66 75.27 75.13 74.67 75.43
TiO, 0.15 0.15 0.08 0.11 0.12 0.11 0.15 0.13
Al,O4 12.05 12.12 12.21 12.30 11.96 12.06 12.09 12.27
FeO* 1.91 0.80 0.19 0.10 0.12 0.43 0.76 0.24
MnO 0.13 0.10 bd bd bd bd 0.08 bd
MgO 0.11 0.04 0.06 bd bd bd 0.05 bd
Ca0 0.29 0.33 0.20 0.27 0.25 0.21 0.40 0.25
Na,O 4.12 2.35 4.26 3.72 4.44 4.23 4.22 3.58
K,0 4.94 4.94 5.06 4.95 4.97 5.10 5.03 5.07
F 0.31 bd bd bd bd bd 0.36 bd
Cl 0.11 0.11 0.06 0.11 0.11 0.08 0.12 0.11
SO, 0.06 bd bd bd bd bd bd bd
Sum 97.62 96.40 97.87 97.22 97.25 97.36 97.92 97.07
Oo=FKl 0.16 0.03 0.01 0.03 0.02 0.02 0.18 0.02
Total 97.46 96.37 97.86 97.19 97.23 97.35 97.74 97.05
A/CNK 0.97 1.27 0.96 1.05 0.93 0.95 0.95 1.06

FeO*, all Fe as Fe’. bd, below detection.

Details of glass types ar given in Supplementary Table 1.
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Table 4. Representative compositions of chevkinite-group minerals in Joe Lott Tuff

Sample M820 M833

1 2 3 4 5 6 7 8
Host quartz glass quartz glass alkali feldspar phen
Form euhedral suhedral oval, anhedral elongate elongate, subhedr
Max.size 20 um 20 um 8 um 55 um 30 um
Species C C C P P P P P
wt.%
Nb,Os 0.63 0.70 5.00 0.18 0.75 0.82 0.33 0.09
Ta,05 0.08 0.16 0.49 0.12 0.13 0.08 bd 0.10
Sio, 19.64 19.78 19.44 20.63 20.80 20.87 21.00 20.42
TiO, 16.60 16.74 11.24 18.29 16.81 16.31 18.18 17.85
ZrO, 0.48 0.44 0.26 1.11 0.61 0.81 0.87 0.67
HfO, 0.09 bd bd 0.20 0.17 0.09 0.09 0.09
ThO, 7.15 5.93 3.13 1.70 1.58 1.90 1.91 1.37
uo, 0.49 0.50 0.19 bd bd bd bd bd
Al,O4 0.78 0.75 0.63 2.07 1.91 2.04 2.15 2.03
Sc,0; 0.07 0.10 0.39 0.23 0.66 0.61 0.32 0.24
V,0; 0.24 0.16 bd bd bd bd bd bd
Y,0, 0.58 0.50 0.55 0.39 0.69 0.72 0.30 0.32
La,0; 8.26 8.98 9.39 12.53 10.38 10.25 12.66 13.10
Ce,0; 18.40 18.74 21.88 19.58 20.41 20.41 19.43 19.96
Pr,0, 1.52 1.54 1.77 1.09 1.20 1.42 1.06 1.03
Nd,03 5.99 6.12 5.23 3.62 4.90 4.39 3.69 3.64
Sm,0; 0.67 0.73 0.61 bd 0.45 0.37 0.43 0.35
Gd,04 0.49 0.41 0.38 0.26 0.39 0.31 bd bd
Dy,0; 0.17 0.29 bd bd bd 0.19 bd bd
MgO 0.81 0.72 0.26 0.59 0.42 0.41 0.69 0.74
Ca0 3.87 4.00 2.52 5.50 4.87 4.82 5.58 5.01
MnO bd bd 1.64 0.57 1.04 1.05 0.45 0.51
FeO* 10.46 10.67 11.57 8.46 8.56 8.18 8.17 8.37
Total 97.47 97.96 96.57 97.12 96.73 96.05 97.31 95.89

Formulae on the basis of 22 oxygens

Ca 0.871 0.894 0.586 1.179 1.057 1.053 1.189 1.092
Th 0.342 0.282 0.155 0.077 0.073 0.088 0.086 0.063
u 0.023 0.023 0.009 0.000 0.000 0.000 0.000 0.000
Y 0.065 0.056 0.064 0.042 0.074 0.078 0.032 0.035
La 0.640 0.691 0.752 0.925 0.776 0.771 0.928 0.983
Ce 1.415 1.432 1.740 1.434 1.514 1.523 1.414 1.487
Pr 0.116 0.117 0.140 0.079 0.089 0.105 0.077 0.076
Nd 0.449 0.456 0.406 0.259 0.355 0.320 0.262 0.264
Sm 0.048 0.052 0.046 0.000 0.031 0.026 0.029 0.025

Gd 0.034 0.028 0.027 0.017 0.026 0.021 0.000 0.000
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Table 5. Representative compositions of monazite

Sample M827 M828 M830

1 2 3 4 5 6 7 8
wt%
P,05 30.11 27.10 25.89 25.62 29.36 22.87 24.18 29.10
Nb,Os - ; - - bd bd 0.04 bd
Ta,05 - - - - bd bd bd bd
Sio, 0.23 1.77 2.54 3.22 0.20 4.59 4.29 0.19
Tio, - - - - bd bd bd bd
Zr0O, - - - - 0.10 0.04 0.07 0.07
HfO, - - - - bd bd bd bd
ThO, 0.13 6.25 9.81 11.28 0.40 16.97 12.12 0.09
uo, 0.10 0.13 0.15 0.09 0.08 0.17 0.18 0.11
Al,O4 bd bd bd 0.11 bd 0.09 0.23 bd
5¢,0; - - - - bd bd 0.01 bd
V,0, - - - - bd bd 0.34 bd
Cr,03 - - - - bd bd 0.06 0.06
As,04 bd bd bd 0.04 0.06 0.09 0.09 bd
Y,0; 0.22 0.17 0.06 0.64 0.60 0.32 0.31 0.46
La,0; 20.16 18.51 17.21 13.20 18.49 14.30 18.18 21.09
Ce,04 36.01 32.90 31.75 26.43 36.17 28.00 28.07 36.11
Pr,04 3.68 3.21 3.08 2.88 3.41 2.66 2.82 3.17
Nd,O; 8.14 7.10 7.47 10.26 8.93 7.60 7.13 7.35
Sm,0, 0.62 0.61 0.43 1.58 1.10 0.89 0.74 0.86
Gd,0; 0.26 0.21 bd 0.85 0.67 0.52 0.52 0.43
Dy,0;3 bd bd bd 0.12 bd bd bd 0.10
Tb,0; 0.21 bd bd bd - - - -
Lu,04 bd bd bd bd bd 0.04 0.02 bd
MgO bd bd bd bd bd 0.10 0.04 bd
Cao 0.74 0.13 0.08 0.33 0.19 0.16 0.14 0.37
MnO bd bd bd 0.06 bd bd bd bd
FeO* bd 1.07 0.20 0.64 0.35 0.07 0.83 0.19
SrO bd bd bd bd bd bd bd bd
BaO - - - - bd 0.07 0.08 bd
PbO bd bd bd 0.02 bd bd bd bd
Na,O - - - - bd bd bd bd
K,O0 - - - - 0.02 0.10 0.09 0.02
SO, bd 0.09 bd 0.05 0.04 0.05 0.10 bd
cl - - - - 0.02 0.03 0.03 0.02
Total 100.63 99.25 98.68 97.41 100.20 99.74 100.73 99.79
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Representative compositions of apatite and fluorapatite in Joe Lott Tuff

Sample M827 M828 M831 M832 M8:
apl-1 apl-4 ap-5 ap2-2 ap-3 ap-2 ap-1 ap2-1
wt%
P,05 40.94 39.32 39.79 39.57 37.86 41.45 40.69 41.43
Sio, bd bd 0.80 0.78 2.86 0.53 0.25 0.26
ThO, bd bd bd bd bd bd bd bd
uo, bd bd bd bd bd bd bd bd
Al,0; bd bd 0.23 bd 0.23 0.24 0.05 0.12
Y,03 bd bd 0.09 bd bd 0.14 bd bd
La,0; 0.19 0.24 bd 0.23 0.11 bd 0.15 bd
Ce,0; 0.35 0.45 bd 0.16 0.23 0.15 0.18 0.21
Pr,03 bd bd bd bd bd bd bd bd
Nd,03 bd 0.23 bd bd bd bd bd bd
Dy,03 0.26 0.30 bd bd bd bd bd bd
MgO bd bd 0.04 0.04 0.06 0.06 bd bd
CaO 54.66 55.29 53.82 55.12 51.52 55.41 52.93 55.09
MnO bd bd 0.37 bd 0.10 bd bd 0.29
FeO* bd bd 0.11 bd bd bd 0.11 bd
SrO bd bd bd 1.08 bd bd bd bd
Na,O bd bd 0.08 bd 0.16 0.10 bd 0.18
K,O bd bd - - - - 0.05 0.11
F bd bd 2.23 1.33 1.66 1.88 1.87 2.55
Cl 0.07 0.15 bd bd 0.74 0.97 0.15 0.22
Sum 96.46 95.98 97.55 98.31 95.53 100.93 96.41 100.45
O=F,Cl 0.02 0.05 0.94 0.57 0.87 1.01 0.82 1.12
Total 96.44 96.02 96.60 97.74 94.67 99.92 95.59 99.33
Formulae on the basis of 13 oxygens
Na 0.000 0.000 0.013 0.000 0.028 0.017 0.000 0.030
K 0.000 0.000 0.000 0.000 0.000 0.000 0.005 0.012
Mg 0.000 0.000 0.005 0.006 0.008 0.007 0.000 0.000
Ca 5.226 5.366 5.065 5.211 4.942 5.053 5.024 5.041
Mn 0.000 0.000 0.028 0.000 0.008 0.000 0.000 0.021
Fe 0.000 0.000 0.008 0.000 0.000 0.000 0.008 0.000
Sr 0.000 0.000 0.000 0.055 0.000 0.000 0.000 0.000
Al 0.000 0.000 0.024 0.000 0.024 0.024 0.005 0.012
Y 0.000 0.000 0.004 0.000 0.000 0.006 0.000 0.000
La 0.006 0.008 0.000 0.007 0.004 0.000 0.005 0.000
Ce 0.011 0.015 0.000 0.005 0.008 0.005 0.006 0.006
Pr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Nd 0.000 0.007 0.000 0.000 0.000 0.000 0.000 0.000
Dy 0.008 0.009 0.000 0.000 0.000 0.000 0.000 0.000
Th 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
u 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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Supplementary Table 1. Compositions of matrix glass in basal vitrophyre

Set 1

Sample M820B

Occurrence large grey fiamma large grey fiamma white fiamm
Point 1 2 3 4 5 6 7 8
Sio, 75.77 75.15 75.26 75.18 74.55 75.33 73.44 74.49
TiO, 0.10 0.10 0.12 0.08 0.09 0.08 0.15 0.12
Al,O4 12.32 12.16 12.12 11.79 11.78 11.96 12.05 12.06
FeO* 0.17 0.28 0.13 0.48 0.54 0.51 1.91 0.83
MnO bd bd bd bd bd bd 0.13 0.07
MgO bd bd 0.02 bd bd bd 0.11 0.10
Cao 0.26 0.25 0.26 0.45 0.39 0.44 0.29 0.27
Na,O 4.24 4.14 4.23 4.13 4.05 3.95 4.12 4.17
K,0 4.99 5.12 4.93 4.72 4.90 4.87 4.94 5.01
F bd bd 0.28 bd 0.33 0.32 0.31 0.32
cl 0.12 0.10 0.12 0.04 0.05 0.05 0.11 0.09
SO, bd bd bd bd bd bd 0.06 0.08
Total 97.96 97.38 97.47 96.88 96.66 97.51 97.62 97.62
A/CNK 0.98 0.97 0.97 0.96 0.96 0.98 0.97 0.96
Set 2

Sample M820B

Occurrence large grey fiamma
Point 1 2 3 4 5 6 7 8
Sio, 75.66 75.09 75.28 75.22 75.23 74.82 74.61 74.90
TiO, 0.11 0.14 0.12 0.14 0.12 0.12 0.11 0.11
Al,O4 12.30 12.19 12.11 12.11 11.93 11.86 12.07 12.08
FeO* 0.10 0.11 0.12 0.09 0.14 0.22 0.64 0.31
MnO bd bd 0.06 0.07 bd bd bd bd
MgO bd bd bd bd bd bd 0.05 0.03
Cao 0.27 0.26 0.26 0.29 0.27 0.30 0.27 0.30
Na,O 3.72 4.13 4.18 4.10 4.10 3.94 4.11 4.18
K,0 4.95 5.04 5.08 4.97 5.05 5.18 5.20 5.15
Ca0 0.27 0.26 0.26 0.29 0.27 0.30 0.27 0.30
F bd bd bd bd bd bd bd bd
Cl 0.11 0.11 0.10 0.11 0.12 0.11 0.12 0.13
SO, bd 0.05 bd bd bd 0.05 0.04 bd
Sum 97.22 97.12 97.30 97.11 96.95 96.62 97.22 97.18
Oo=Fl 0.03 0.02 0.02 0.03 0.03 0.03 0.03 0.03
Total 97.19 97.09 97.28 97.08 96.93 96.59 97.19 97.15
A/CNK 1.05 0.98 0.96 0.98 0.96 0.96 0.96 0.95
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Supplementary Table 2a.
Compositions of chevkinite-group minerals in Joe Lott Tuff

Sample  M820 M833

1 2 3 4 5 6 7 8
Host quartz glass quartz quartz
Form euhedral crystal subhedral euhedral, zoned anhedral
Size 21 x18 pm 16x11 um 16 x 15 pum 7 x5 pum
Species c C c C P P P P
wt%
Nb,Os 0.74 0.63 0.70 5.00 0.18 0.77 0.75 0.16
Ta,05 0.12 0.08 0.16 0.49 0.12 0.12 0.13 0.08
Sio, 19.76 19.64 19.78 19.44 20.63 20.53 20.80 20.75
TiO, 16.91 16.60 16.74 11.24 18.29 16.70 16.81 18.13
ZrO, 0.48 0.48 0.44 0.26 1.11 0.52 0.61 0.91
HfO, bd 0.09 bd bd 0.20 0.14 0.17 0.13
ThO, 5.62 7.15 5.93 3.13 1.70 2.05 1.58 1.68
uo, 0.53 0.49 0.50 0.19 bd bd bd bd
Al,03 0.72 0.78 0.75 0.63 2.07 2.13 1.91 1.87
Sc,0; 0.08 0.07 0.10 0.39 0.23 0.62 0.66 0.21
V,0; 0.27 0.24 0.16 0.05 bd bd bd bd
Y,03 0.50 0.58 0.50 0.55 0.39 0.69 0.69 0.39
La,03 9.10 8.26 8.98 9.39 12.53 10.26 10.38 11.96
Ce,03 19.30 18.40 18.74 21.88 19.58 20.66 20.41 18.96
Pr,04 1.67 1.52 1.54 1.77 1.09 1.51 1.20 1.16
Nd,03 5.41 5.99 6.12 5.23 3.62 4.96 4.90 3.55
Sm,0; 0.60 0.67 0.73 0.61 bd 0.32 0.45 0.38
Gd,0, 0.21 0.49 0.41 0.38 0.26 0.26 0.39 0.23
Dy,03 bd bd 0.29 bd bd bd bd bd
MgO 0.69 0.81 0.72 0.26 0.59 0.46 0.42 0.58
Ca0 3.98 3.87 4.00 2.52 5.50 4.63 4.87 5.73
MnO bd bd bd 1.64 0.57 1.14 1.04 0.58
FeO* 10.42 10.46 10.67 11.57 8.46 8.32 8.56 8.37
Total 97.11 97.3 97.96 96.62 97.12 96.79 96.73 95.81

Formulae on basis of 22 oxygens

Ca 0.892 0.871 0.894 0.586 1.179 1.009 1.057 1.239
Th 0.268 0.342 0.282 0.155 0.077 0.095 0.073 0.077
u 0.025 0.023 0.023 0.009 0.000 0.000 0.000 0.000
Y 0.056 0.065 0.056 0.064 0.042 0.075 0.074 0.042
La 0.703 0.640 0.691 0.752 0.925 0.770 0.776 0.890
Ce 1.479 1.415 1.432 1.740 1.434 1.539 1.514 1.401
Pr 0.127 0.116 0.117 0.140 0.079 0.112 0.089 0.085
Nd 0.404 0.449 0.456 0.406 0.259 0.360 0.355 0.256

Sm 0.043 0.048 0.052 0.046 0.000 0.022 0.031 0.026
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Supplementary Material 1. Analytical conditions for chevkinite-(Ce)
Element | Line | Crystal Standard Approx. detection
limit (ppm)

Al Ka | TAP orthoclase 200

Ca La PET diopside 300

Ce Ka | PET CePO, 900

Dy LB | LLIF DyP:044 1800

Fe Ka LIF hematite 800

Gd LR | LLIF GdPs0y4 1900
Hf Ma | TAP HfO, 600

La La PET La glass 900
Mg Ko | TAP diopside 200
Mn Ka LIF rhodonite 900

Nb La PET Nb metal 800

Nd LR LIF NdGaO; 2200

Pr LB LIF Pr glass 1800
Sc Ka PET Sc metal 300

Si Ka | TAP diopside 300
Sm LB | LLIF SMP50,4 1800
Ta Ma | TAP Ta metal 700

Th Ma PET | ThO, synthetic 1200

Ti Ka PET rutile 600

U MR PET vorlanite 1200

V Ka LIF V205 800

Y La | TAP YPO, 700

Zr Lo PET zircon ED 800

Acceleration. voltage 15 kV, probe current 50 nA, L- large crystal
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Supplementary Material 2. Analytical conditions for monazite on Cameca SXFiveFE microprobe

Element/  Diffracting Peak overlap Approx. det. Peak/backg.
x-ray line  Crystal Correction Standard Limit (ppm) Time (s)

Al Ka TAP Al,O; 90 - 260 30/30
As La TAP Nd M,N, GaAs 140 — 710 40/80
Ba La TAP Ti Ka Barite 650 - 930 30/30
CaKa LPET Wollastonite 60 — 240 30/60
Ce La LPET CePO, 200 - 620 30/30
Cl Ka LPET Nd La 2™ Sodalite 30 - 100 30/60
Cr Ka LLIF Cr,04 250 - 360 30/60
Dy La LLIF Mn KB DyPO, 510 - 1660 30/60
ErLa LLIF Tb LB, Fe KB ErPO, 290 - 1280 30/60
EuLa LLIF Pr LB, Nd LB 3 Mn Ka EuPO, 2 - (1680) 30/60
Fe Ka LLIF Hematite 230 - 460 20/40
Gd La LLIF LaLy, CeLy, NdLB, GdPO, 40 - 320 30/40
Hf Ma TAP HfO, (880) 30/60
K Ka LPET Orthoclase 90 - 130 30/20
La La LPET Nd LI LaPO, 260 — 990 30/30
Lu Ma LTAP Yb MpB LUPO, 120 - 170 100/200
MgKa  LTAP MgO 70 - 380 30/60
Mn Ko LLIF Rhodonite 240 - 660 20/40
Na Ko TAP Sodalite 260 - 370 15/30
Nb La LPET Nb (metal) 300 - 440 30/60
Nd La LLIF Celp NdPO, 700 - 2050 30/30
P Ka LPET Y LB CePO, 150 - 580 30/60
Pb Mg LPET Crocoite 120 - 600 50/80
PrLa LPET LaLB,V Ka PrPO, 90 - 340 30/40
S Ka LPET FeS, 60 - 180 30/30
Sc Ka LPET Sc (metal) 80 - 110 30/60
Si Kot TAP Nd La * Sio, 90 - 250 20/20
Sm La LLIF CelB, SmPO, 410 - 1270 20/30
Sr La LPET SrsO, 280 — 780 30/60
Ta Ma TAP LiTaO3 340 - 470 40/80
Tb La LLIF TbPO, 480 - 1340 30/60
Th Ma LPET ThO, 190 - 530 40/80
Ti Ka LLIF HfLB 2, U M;N3, Sc KB TiO, 90 - 130 30/40
U Ma LPET Th Mp uo, 50 - 450 50/100
V Ka LLIF Ti Ka V (metal) 250 - 340 30/60
Y La TAP YAG 140 — 420 40/40
YbMa  LTAP Dy My YbPO, (780) 100/100
Zr La LPET Zr (metal) 230 - 320 60/120

Detection limits and standard deviation are given as ranges, as they are dependent on counting time and beam curren
which in this experiment ranged from 20 to 150 nA per point basis.
The det. lim. approximation, which takes into account beam current and counting times, is reported by Cameca Peak
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Supplementary Material 3. Analytical conditions for matrix glass on SXFiveFE EPMA

Element/ Approx. Det. Peak/Backg. Approx.
x-ray line  Crystal Standard Limit (ppm) Time (s) Std Dev. wt%
Al Ka TAP Al,O, 170 30/40 0.12
CaKa LPET Wollastonite 160 20/40 0.02
Cl Ka * LPET Sodalite 260 15/30 0.03
F Ko * LTAP Topaz (synth.) 2700 15/30 0.26
Fe Ka LLIF Hematite 490 30/60 0.06
K Ka LTAP Orthoclase 230 20/20 0.20
Mg Ka LTAP MgO 130 20/40 0.01
Mn Ka LLIF Rhodonite 460 30/60 0.04
NaKa *  TAP Sodalite 490 15/30 0.19
P Ka LPET CePO, 220 20/40 -

S Ka LPET FeS, 200 20/20 0.02
Si Ka TAP Sio, 220 20/40 0.44
Ti Ka LPET TiO, 190 20/40 0.02
Zr Lo LPET Zr (metal) 1050 30/60 -

Approximate detection limits and standard deviations is given
for single points for given counting time and 10 nA beam current
* Cl, F and Na were measured first with "time O intercept"” option
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Supplementary Material 4. Analytical conditions for apatites
Element | Line | Crystal | Standard Approx. detection
limit (ppm)

Al Ka | TAP orthoclase 300
Ca Ko | PET diopside 450

Ce La | PET CePO, 1000
Dy LB | LIF DyPO, 900

Cl LR | LLIF | tugtupite 300

F Ka | TAP apatite 9000
Fe Ka | LIF hematite 800

La Lo | PET LaPO, 1000

K Ko | PET orthoclase 400
Mg Ka | TAP diopside 250
Mn Ka | LIF rhodonite 800
Na Ka | TAP albite 200
Nd LB | LLIF NdGaO; 1400

P Ka | PET apatite 600

Pr LB | LIF Pr glass 2400

Si Ko | TAP diopside 200

Sr La | TAP celestine 700
Th Ma | PET ThO, synthetic 1600

U MR | PET vorlanite 1800

Y Lo | TAP YPO, 600

Acceleration voltage used - 15 kV, probe current - 20 nA, LLIF- large
crystal
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