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ABSTRACT

Although the relationship between silicic volcanic and plutonic rocks has been extensively studied, it remains
controversial whether most plutons have volcanic counterparts and how the volcanic-to-plutonic ratio has
evolved through time. This stems primarily from the scarcity of geologic examples with both volcanic and
plutonic counterparts, especially in ancient terranes where volcanic deposits have likely been eroded. Here, we
introduce a novel approach to identify remnant volcanic crystals in proximal siliciclastic/detrital rock forma-
tions. As most erupted crystals stop their growth before reaching the solidus, in contrast to plutonic crystals, the
distribution of Ti (a proxy for temperature of crystallisation and/or magma evolution) in (weathering-resistant)
quartz and zircon can help in identifying volcanic crystals in sedimentary rocks derived from supracrustal sources
that have been completely eroded. Laser-ablation inductively coupled plasma-mass spectrometry (LA-ICP-MS)
analyses of quartz and zircon from volcanic and plutonic units that are known to be spatially and temporally
related (from Southern Rocky Mountain Volcanic Field, Colorado, and Taupo Volcanic Zone, New Zealand)
reveal that volcanic crystals have generally distinct distributions of, and on average higher Ti contents than,
plutonic crystals. To further develop and test this methodology, we analysed samples from the 1.075 Ga Pikes
Peak granite (CO, USA) and from the associated series of intra-granite sedimentary dikes that form part of the
Cryogenian Period Tava sandstone. Blue band cathodoluminescence (CL) images can be used as a proxy for Ti-in-
quartz. Our CL-screening method provides a statistically representative distribution of Ti contents in quartz
crystals from individual thin sections. The Tava sandstone contains a higher concentration of high-Ti (and hence
high-temperature) quartz and zircon grains than the average Pikes Peak batholith, interpreted as grains eroded
from a no longer exposed, volcanic counterpart of the Pikes Peak magmatic system. Our study illustrates a means
to test whether magmatic reservoirs that are now represented by crystallised ancient plutons once fed volcanic
eruptions, and identifies a strategy for reconstructing volcanic-plutonic relationships, even when parts of the
geological association have been eroded.

1. Introduction

in many instances (since the work of Wager et al., 1960), up to now, the
existence of silicic cumulates and the importance of plutonic-volcanic

For centuries, the relationship between silicic volcanic and plutonic connections remain controversial. Recent studies addressed the
rocks has been debated, starting with the work of James Hutton in the numerous arguments for or against the volcanic-plutonic connection in
late 1700s. Although the volcanic-plutonic connection is considered an silicic rocks (Bachmann et al., 2007; Bachmann and Huber, 2016;
axiom for mafic rocks, with mafic plutons widely accepted as cumulates Glazner et al., 2018; Clemens et al., 2022; Wallrich et al., 2023).
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Supporting a co-genetic link, “kinships” that connect plutonic and vol-
canic realms (Bachmann et al., 2007) include:

1. Spatial and temporal kinship: in magmatic provinces where plutons
are exposed by erosion, volcanic and plutonic rocks of the same age
have been found (e.g. Sesia Magmatic System, Italy, Quick et al.,
2009; Karakas et al., 2019; Takidani pluton in Japan, Hartung et al.,
2021; Farina et al., 2024; the Campo Alegre-Corupa Basin in Brazil,
Martins Lino et al., 2023; Early Andean Magmatic Province in Chile,
Oliveros et al., 2006; White Mountain magma series, Kennedy and
Stix, 2007; Southern Rocky Mountain volcanic field, Lipman, 2007;
Turkey Creek in Arizona, Deering et al., 2016, Searchlight-Highland
Range system, Wallrich et al., 2023) .

2. Geochemical and petrological kinships: volcanic and plutonic rocks
that are spatially and temporally related have similar and/or com-
plementary whole-rock compositions, as well as similar mineral as-
semblages and ranges in isotopic ratios (e.g.Barth et al., 1993;
Metcalf et al., 1995; Deering et al., 2016).

3. Geophysical kinship: large silicic crystal-rich magma reservoirs have
been identified beneath various active calderas through negative
gravity anomalies (e.g. Heiken et al., 1990; De Silva et al., 2006),
magnetotelluric (Heise et al., 2010), and seismic experiments (e.g.
Wilson et al., 2003; Ward et al., 2014; Delph et al., 2017).

Owing to the architecture of magmatic systems, exposed examples
with both volcanic and plutonic counterparts are rare, so the previously
mentioned arguments are mainly derived from the study of relatively
young (i.e. Mesozoic and younger) systems. Exceptions are tilted crustal
sections (e.g. the Permian Sesia Magmatic System in NW Italy; Quick
et al., 2009; Tavazzani et al., 2020, 2023) or unroofed plutonic domains
with preserved associated volcanic rocks (e.g. the Paleoarchean Bar-
berton TTGs and silicic volcanics; Laurent et al., 2020, 2022). The
prevalence of plutons in pre-Mesozoic crust begs the question of whether
(1) older systems underwent more erosion, alteration and/or over-
printing metamorphic processes, leading to systematic removal of vol-
canic formations, or (2) older pluton formation was not systematically
associated with volcanism, and instead suggests a lower volcanic:
plutonic ratio for the Early Earth. The volcanic:plutonic ratio is also an
important parameter for evaluating the mechanisms of Earth’s internal
heat dissipation, i.e. global geodynamic systems (Crisp, 1984; Rozel
etal., 2017). Therefore, the inherent limitations and preservation bias in
the crustal record prevent the understanding of the volcanic-plutonic
connection throughout Earth’s history and leave key questions unan-
swered: Do all plutons have a volcanic counterpart? If not, what pro-
portion of them were associated with an eruptive stage? Has the
volcanic:plutonic ratio changed during Earth’s history and if so, what
does it imply about the geodynamic evolution of the planet?

When volcanic strata are eroded, the resulting detrital sediments
may preserve parts of the extrusive record. In ancient lithologies, how-
ever, many of the original crystals may have been affected by post-
crystallisation alteration. Likely to survive are quartz and zircon, both
common in evolved, silicic volcanic rocks and resistant to chemical and
mechanical weathering. Therefore, they are likely the best candidates to
preserve information on the original magmatic conditions (e.g. Stalder
et al., 2017) and to occur as volcanic remnants in the sedimentary re-
cord. Their trace element concentrations can be used for geo-
thermometry, notably Ti-in-quartz (e.g. Wark and Watson, 2006; Huang
and Audétat, 2012; Osborne et al., 2022), and Ti-in-zircon (Ferry and
Watson, 2007; Loucks et al., 2020; Crisp et al., 2023), and thus help to
constrain crystallisation temperatures, a parameter that can be used to
statistically ~distinguish volcanic, plutonic, and pegmatitic/hy-
drothermal crystals (see next section). Therefore, determining the dis-
tribution of Ti contents in representative quartz and zircon populations
in siliciclastic rocks represents a promising tool to investigate the
plutonic-volcanic connection throughout Earth’s history.

In this study, we establish the differences in Ti distribution between
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plutonic and volcanic quartz and zircon through forward modelling and
direct analysis of two well-studied modern silicic magmatic systems
(Colorado Southern Tocks Mountain Volcanic Field, USA; and the Taupo
Volcanic Zone, New Zealand). Having established these differences, we
use the Pikes Peak batholith (1.075 Ga; Smith, 1999) and spatially
related sediments of the Tava Sandstone to develop a method to identify
contributions from ancient, no longer present volcanic units. The Tava
sandstone formed ca. 676 Ma (Jensen et al., 2018) and incorporated
detritus eroded from Proterozoic basement, including a large population
of 980-1100 Ma zircon (Siddoway and Gehrels, 2014).

We employ a novel approach based on Ti-thermometry to statisti-
cally assess the provenance of detrital quartz and zircon, and thus allow
fingerprinting of coeval volcanic, plutonic, and hydrothermal/pegma-
titic contributions to the sedimentary record. We measure the Ti con-
tents of quartz using LA-ICP-MS, and calibrate the Ti values to the blue
band cathodoluminescence (CL) properties of quartz, to enable classi-
fication of large quartz populations in thin section. Numerous studies
have observed that quartz CL intensity directly correlates with Ti con-
centrations (e.g. Rusk et al., 2006; Spear and Wark, 2009). Although
other elements (e.g. Al) can influence CL in quartz, their impact is
generally less significant (Miiller et al., 2003). As a result, Ti contents of
a representative population of quartz crystals (i.e. hundreds or thou-
sands of grains in an individual thin section) can be analysed in a rela-
tively fast, convenient, and cost-efficient manner. Our study of post
magmatic sedimentary rocks identifies detrital grains (zircon, quartz)
having the Ti content that is diagnostic of erupted units, as distinct from
grains derived from plutonic and hydrothermal/pegmatitic sources. The
technique shows promise for identification of the ‘missing’ supracrustal
component of ancient igneous systems, and a means to advance our
understanding of volcanic-plutonic processes.

1.1. Rationale of the Ti-based method to investigate the volcanic-plutonic
connection

A key distinction between silicic volcanic and plutonic rocks is their
thermal history. Volcanic eruptions typically sample the mobile, high
temperature, melt-rich part of magma reservoirs, which therefore usu-
ally registers temperatures higher than the solidus. Some crystals in
volcanic units can be recycled from lower-temperature wall rocks
(xenocrysts) or crystalline rinds on the edge of the magma chambers
(Miller et al., 2007; Ellis et al., 2014; Siégel et al., 2018; Troch et al.,
2018; Szymanowski et al., 2019), but they should not be dominant in
terms of volume. In contrast, plutons crystallise to completion and
ordinarily are comprised of minerals that record extended cooling until
the solidus. In some instances, late saturated magmatic volatile phase
and/or residual melts rich in fluxing elements may generate peri-plu-
tonic systems (hydrothermal veins, pegmatites) recording temperatures
even below those of the typical wet granite solidus (e.g. Fonseca Teixeira
et al., 2022). Subsolidus recrystallisation of igneous plutonic minerals
would record similar temperature ranges. Of course, plutons may pre-
serve some high-temperature minerals, and volcanic rocks may contain
ante- and/or xenocrysts recording low temperatures, but statistically,
temperature estimates of plutonic rocks can be expected to be skewed
towards lower temperatures compared to volcanic units for a given
mineral phase and comparable bulk rock compositions.

Two minerals that have high preservation potential and crystallise
commonly in high-silica magmas are quartz and zircon. Ti contents in
both minerals record crystallisation temperatures (see references
above). In simple terms, for a given aTiO, (aTiO49"d e o the aTiO,
in the melt relative to rutile saturation), quartz/zircon formed at higher
temperatures have higher Ti contents than crystals formed at lower
temperatures (e.g. Wark and Watson, 2006; see Introduction for other
references). During volcanic activity, eruption of quartz and/or
zircon-saturated magma leads to extraction of these phases from a
magma body before it has fully solidified. For the plutonic residual, two
possible crystallisation scenarios arise: (1) crystals nucleate prior to and
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continue crystallising beyond an eruption, forming minerals with
pre-eruptive cores overgrown by a post-eruptive rim, and (2) crystals
that only begin to grow after material loss to an eruption. Consequently,
a partial overlap in the crystallisation temperatures and in the Ti content
of plutonic and volcanic quartz and zircon should occur, but their sta-
tistical distribution is expected to differ. Both minerals initiate crystal-
lisation when the melt becomes saturated with the respective
component, but volcanic crystals stop growing upon eruption, pre-
venting their Ti content from reaching the lower near-solidus values
found in plutonic crystals. Therefore, we hypothesize that the distribu-
tion of Ti in detrital quartz and zircon from siliciclastic sedimentary
rocks should on the first order reflect the relative proportions of volca-
nic, plutonic, and hydrothermal/pegmatitic sources that fed the sedi-
mentary system.

2. Geological background
2.1. The Pikes Peak batholith and associated rocks

The 1.075 Ga Pikes Peak batholith is an A-type granitic intrusion in
the southern Colorado Front Range (Barker et al., 1975; Wobus et al.,
1976; Smith, 1999). It covers an area of 3100 km? with the longer axis
reaching 100 km, but more than half of the batholith might be unex-
posed (Tweto et al., 1980). It comprises alkali feldspar granite with
biotite, hornblende, magnetite, ilmenite, and occasionally, allanite and
fluorite. Zircon and apatite are common accessory phases. Pegmatites
are abundant, many of which are enriched in REE. Although no volcanic
rocks sensu strictu have been reported around the Pikes Peak batholith,
the presence of the Keeton Porphyry, a small subvolcanic rhyodacitic
body spatially and temporally associated with the Pikes Peak batholith
(Sanders, 1999), suggests magmatic activity was not limited to pluton
formation.

The batholith hosts the Tava sandstone “injectites” (Fig. 1), a series
of Cryogenian intra-granite sedimentary dikes of up to 6 m in width that
consist primarily of quartz (95 %) with subsidiary feldspar, mica,
magnetite, and zircon (Siddoway and Gehrels, 2014). The Tava sand-
stone “injectites” (clastic dikes) formed approximately at 676 + 26 Ma
(Jensen et al., 2018), under conditions of catastrophic fluid overpressure
that caused liquefaction and injection of sediments that were derived
largely from Proterozoic igneous sources (Siddoway et al., 2013). The
most likely cause of such over-pressure events is ground acceleration
induced by earthquakes (Jonk, 2010), possibly triggered along the
ancestral Ute Pass Fault (Siddoway, 2023). Detrital zircon ages (Siddo-
way and Gehrels;2014; Jensen et al. 2018) show significant populations
of zircon grains between 980 and 1100 Ma.

2.2. Colorado southern rocky mountain volcanic field (SRMVF)

The SRMVF is an area within in Colorado and northern New Mexico
known for hosting many voluminous ignimbrites and associated plu-
tonics rocks, all yielding ages between 37 Ma and 26 Ma, with an esti-
mated volume greater than 50,000 km?® (Lipman, 2007). In this study,
we focus on the following volcanic-plutonic systems, considered to be
connected due to their spatial and geochronological kinship:

- Wall Mountain Tuff-Mount Princeton batholith (~37 Ma): The Wall
Mountain Tuff, a crystal-rich rhyolite, erupted from vents above the
granodioritic Mount Princeton batholith (Lipman, 2007; Zimmerer
and McIntosh, 2012).

Lake City Caldera (~23 Ma): this complex encompasses resurgent
quartz syenite and the Sunshine Peak Tuff (SPT). The lower and
middle SPT units are crystal-poor rhyolites, and the upper SPT is a
crystal-rich trachyte (Lubbers et al., 2020; Pamukcu et al., 2022).
San Luis Caldera (~27 Ma): Several volcanic units are associated
with this caldera, including the dacitic Nelson Mountain tuff, the
rhyolitic Rat Creek tuff, and the Captive Inca dacite (Lipman and
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Fig. 1. (A) Tava sandstone dike hosted by Pikes Peak Granite(PPB). (B)
Example CL image of a Tava Sandstone thin section (110-5A). The image shows
mostly (95%) quartz crystals with variable brightness.

Sawyer, 1988). Their plutonic counterpart is a resurgent granodio-
rite (Lipman, 2007).

- Bonanza Caldera (~33 Ma): the andesitic-to-rhyolitic Bonanza tuff is
associated with the granodioritic Turquoise Mine pluton (Lipman
et al., 2015).

2.3. Taupo volcanic zone (TVZ)

The 300 km long TVZ in New Zealand includes one of the most active
rhyolitic volcanic complexes on Earth (Wilson et al., 2009). The TVZ is
comprised of multiple caldera complexes. Many of the ignimbrites and
tephra deposits include comagmatic plutonic lithics (Brown et al., 1998)
that allow for direct comparison of cogenetic volcanic and plutonic li-
thologies (Brown et al., 1998). For this study, we focused on the
following locations (Brown et al., 1998; Graeter et al., 2015):

- Okataina volcanic complex containing granitoid lithics from the
Karahoa and Rotoiti ignimbrites.
- Ohakuri caldera with granitoid lithics from the Ohakuri ignimbrite.
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3. Methods
3.1. Linking cathodoluminescence images to Ti-in-quartz

In order to obtain statistically representative Ti-in-quartz distribu-
tions for sedimentary samples, we developed a method of calibration of
Ti contents against cathodoluminescence (CL) response (see Leeman
et al., 2012 for calibration at the scale of a single quartz grain). This
allows one to obtain the Ti content distribution across an entire thin
section within ca. 6 h, whereas the same time would allow a maximum
of a few hundred point analyses (e.g. via LA-ICP-MS), at a significantly
higher running cost.

Full thin section CL images of the Tava Sandstone were acquired at
the Géosciences Environnement Toulouse laboratory of the Observatoire
Midi-Pyrénées (GET-OMP) in Toulouse, France with a Tescan Vega4
Scanning Electron Microscope (SEM) equipped with a Tescan Rainbow-
CL detector, acquiring red, blue, green, and panchromatic images
simultaneously. Brightness and contrast were calibrated based on blue
band emissions (300-500 nm), as this wavelength range is most sensi-
tive to Ti content of quartz (Spear and Wark, 2009). Feldspars and other
accessory phases were identified with EPMA BSE and aluminium WDS
maps acquired with a JEOL JXA iSP 100 superprobe at RWTH Aachen
University, using a pixel size of 10 um, at 15 kV acceleration voltage. The
step-by-step treatment to remove feldspars and the sedimentary matrix
is described in the U Material.

For the calibration of Ti contents against CL response, 68 individual
quartz crystals were measured in the thin section, via femtosecond laser-
ablation inductively coupled plasma-mass spectrometry (fs-LA-ICP-MS)
at GET-OMP (see Supplementary Material for further details). Quartz
crystals were chosen to represent the span from very low to very high
brightness in the CL intensity range. After excluding faulty points (e.g.
feldspars, cracked crystals, uneven signals), 49 crystals were included in
the calibration. The calibration curve was constructed by fitting the Ti
contents obtained from fs-LA-ICP-MS with CL brightness values on the
same spots obtained from CL images using the ®MATLAB Curve Fitting
toolbox. The robustness of the CL-based calibration was assessed by an
independent comparison of the results with statistical distributions of Ti
contents analysed by fs-LA-ICP-MS in two smaller areas of the same thin
section (~300 grains in each area).. In each area, the points correspond
to a specific pattern:

(1) Grid pattern (n = 332), in which points were automatically
distributed over a regular (200 pm-spaced) grid, which accepts
more than one point inside a crystal.

(2) Single grain pattern (n = 286), in which one point was
measured per grain, on randomly chosen grains, disregarding
size.

3.2. Analysis of Ti contents in zircon and quartz

Zircons from the Pikes Peak batholith, the Keeton Porphyry and the
Tava sandstone were separated using traditional mineral separation
procedures (crushing, sieving, heavy liquids separation, magnetic sep-
aration, and picking under a binocular microscope). Zircons were
annealed for ~ 60 h at 900 °C in a muffle furnace. Zircon mounts from
volcanic-plutonic pairs from the SRMVF were provided by J. Sliwinski.
Data from the original dataset (Sliwinski et al., 2022) is also utilised in
this study (see Supp. for detailed information). SEM-CL images were
acquired at ETHZ to help avoiding potential inherited cores. Following
image acquisition, we analysed 50 to 200 points for each sample,
including rim and core of mounted grains. Zircon U-Pb ages and trace
element measurements were acquired simultaneously via LA-ICP-MS at
ETHZ. We note that our Ti data uncertainty is ~5 % relative.

Zircons in the sandstone were filtered by: (1) considering only zir-
cons with ages similar to the Pikes Peak batholith (1000-1150 Ma), and
(2) selecting only zircons with euhedral shapes, to exclude zircon from
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distal sources that could yield similar ages to the Pikes Peak system (e.g.
Siddoway and Gehrels, 2014). By filtering, we selected for zircon likely
to originate in the Pikes Peak system when identifying high Ti grains.

Additionally, we analysed quartz from the Keeton Porphyry, and the
TVZ and coeval plutonic lithics as a baseline for expected CL behaviour
on volcanic versus plutonic quartz. Further information on all zircon and
quartz analyses is available in the Supplementary Material.

3.3. Modelling of zircon Ti distributions in volcanic-plutonic pairs

To better illustrate the distribution between volcanic and plutonic
crystals, and to help interpret the observed in natural data, we simulated
hypothetical zircon Ti distributions for different zircon and quartz
crystallisation histories and eruption temperatures. We calculated Ti
contents for quartz and zircon crystallising within a magma body as
temperature decreases. For volcanic minerals, crystallisation stops upon
eruption and thus removal of a given fraction of mobile zircon/quartz-
bearing magma. Plutonic crystals comprise non-erupted zircon leftover
after eruption, as well as crystals growing upon further cooling of the
reservoir. Our model counts number of crystals formed between 850 and
680 °C, at aSiO3 = 1, and a pressure of 400 MPa (crystallisation pressure
estimated for a significant part of the Pikes Peak batholith; Fonseca
Teixeira et al., 2022). Ti contents in zircon are based on the calibration
of Loucks et al. (2020). In quartz, Ti is estimated using the calibration of
Huang and Audétat (2012). The model can trigger eruption based on a
given temperature or percentage of crystallised minerals. The following
variables were tested for their effect on the Ti distribution curves:

1. Number of crystals formed per 1 °C: Two cases were tested: 1) linear
(1000 crystals per 1 °C), and 2) an exponential curve (see Supple-
mentary Data for further information).

2. Fraction of erupted crystals (percentage of erupted crystals from
total in magma chamber). The following eruption fractions were
tested: 1 %, 5 %, 10 %.

3. aTiOy: 0.3, 0.5, 1.0.

4. Percentage of crystallised minerals (and consequently, eruption
temperature): the percentage of zircon or quartz formed in the
magma chamber at the time of eruption (100 % corresponds to no
eruption): 40 %, 50 %, 60 %, 70 %, 80 %.

Additionally, we attempted to match our models with the natural
data obtain from quartz (TVZ) and zircon (SRMVF) from natural sys-
tems. For these simulations, we chose an exponential crystallisation rate,
as it matches better the shape of the observed natural zircon distribu-
tion. In order to reproduce the natural data, we further adjusted the
pressure, aTiOo, aSiO,, solidus, saturation, and eruption temperature.

4. Results

4.1. Natural and modelled Ti distributions in zircon and quartz from
modern volcanic-plutonic systems

For zircon, all case studies but Lake City Caldera show at least a small
statistical gap between populations in which the volcanic crystals have a
higher Ti content than their plutonic counterparts. The gap (Fig. 2)
becomes more apparent in pairs with higher Ti contents (Mount
Princeton). In lower Ti examples, the gap is narrow and can be better
appreciated from density plots (Fig. 2): in Bonanza Caldera, volcanic
crystals peak at 15 ppm Ti, and plutonic at 10 ppm; in San Luis Caldera,
volcanic crystals peak at 6 ppm, and plutonic at 3 ppm.

A similar pattern is seen in Ti distribution in quartz crystals: data
from quartz in volcanic units and in lithic plutonic clasts from TVZ also
show that volcanic and plutonic quartz are statistically distinct, in that
the distribution of volcanic crystals is enriched in Ti (peaking at ~75
ppm) relative to those from co-erupted plutonic crystals (peaking at ~
60 ppm Ti; Fig. 3).
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Fig. 3. Titanium distribution in quartz grains from volcanic (n = 471) and
lithic plutonic (n = 343) samples from the Taupo Volcanic Zone shown as
histograms and kernel density estimations (KDEs). Result of Kolmogorov-
Smirnov (KS) statistical analyses is shown as p(KS), with the low value indi-
cating that the two populations are unlikely to be derived from the same un-
derlying distribution.

Our Ti distribution from crystallisation simulations shows that the
size of the gap between volcanic and plutonic medians is controlled by
atioz and eruption temperature. Although crystallisation rate and
eruption fraction affect the overall shape of the curves, they have no
effect on the gap size (see Supplementary). At lower atio2 and/or lower
eruption temperatures the gap becomes considerably smaller (Fig. 4),
and it would likely be difficult to spot in natural examples, due to po-
tential analytical limitations. This is likely the case at San Luis Caldera
(Fig. 5), where a combined effect of lower aTiO2 and a small difference
between eruption and solidus temperatures may have only produced a
very small gap in the Ti distribution between the volcanic unit (Sunshine
Peak Tuff) and its plutonic equivalent. For quartz, these conditions may
be less crucial, as the absolute numbers are higher, facilitating the visual
identification of a gap in Ti distribution: for instance, we simulated
conditions that reproduce the TVZ distributions, and although they fit a
scenario with low eruption temperature (Fig. 5), the gap is still very
discernible. We note that while our models provide possible crystal-
lisation conditions for some of the natural systems analysed in this study,
illustrating the concept of non-equivalent Ti distributions in co-
magmatic plutonic-volcanic units, they should not be seen as a perfect
reproduction of nature.

4.2. Zircon Ti distribution in the rocks of the Pikes Peak region

The comparison between zircon Ti distributions in the Pikes Peak
granite and the sub-volcanic Keeton Porphyry reveals a pattern similar
to that observed in most of the modern volcanic-plutonic pairs: zircon
crystals from the Keeton Porphyry show a pronounced shift towards
higher Ti contents (Fig. 6).

Distributions of Ti concentrations in zircon from both the Pikes Peak
granite and Tava sandstone are asymmetrical, with a high-density peak
and a tail towards higher concentrations (Fig. 7). In the granite, Ti-in-
zircon concentrations peak near 7 ppm and extend upwards to >30
ppm. In the Tava sandstone, the filtered zircon Ti distribution shows a
peak at 11 ppm with a tail that extends to 40 ppm. Hence, the kernel
density estimation (KDE) of the Tava Sandstone is shifted towards
higher Ti contents than the Pikes Peak batholith (Fig. 7). The
Kolmogorov-Smirnov (KS) test determines the probability of two
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populations being derived from the same underlying distribution (Press
et al., 1988), when applied to both zircon populations this test yields a
low value (p(KS) = 1.304e-8). This result (p < 0.05) allows to reject the
null hypothesis that these populations are drawn from an identical un-
derlying distribution, thus demonstrating that they are statistically
distinct Ti groups.

4.3. Quartz Ti distribution in the rocks of the Pikes Peak region

4.3.1. Correlating CL intensity with Ti contents in the Tava sandstone

Blue band CL images of the Tava Sandstone (Fig. 1) show quartz
crystals ranging from dark grey to completely white. Typically, dark
crystals are larger and more abundant compared to bright crystals.
Amongst the crystals measured via fs-LA-ICP-MS, darker crystals show
Ti < 50 ppm, whereas bright crystals are generally above 150 ppm.

A number of studies have proposed a linear calibration between Ti
content in quartz and CL intensity (Landtwing and Pettke, 2005; MacRae
et al., 2010; Matthews et al., 2012; Leeman et al., 2012; Tavazzani et al.,
2020). Following a similar approach, we derived a linear equation of
Ti-in-quartz against blue-band CL grayscale (brightness) value from our
dataset (Fig. 8):

Ti —in — quartz (ppm) = 0.721 *GrayScale — 6.828 (€D)]

Where GrayScale stands for the grey value (from 0 to 255) retrieved
from image analysis. Fig. 9 shows the Ti-in-quartz distribution in the
analysed Tava thin section based on this calibration. The distribution of
quartz grayscale values is highly non-linear, with a large proportion of
both dark crystals (< 100 in grayscale) and of very bright crystals (255
in grayscale). The high percentage of bright crystals results from CL
brightness and contrast limitations owing to this non-linear distribution:
all crystals having Ti content greater than 177 ppm correspond to a
GrayScale value of 255 and have completely white CL response. We note
that CL grayscale always depends on the brightness and contrast settings
during image acquisition, hence, when applying this technique to future
studies, it will be necessary to adjust the calibration through a calibra-
tion dataset linking CL brightness to Ti contents directly measured by
LA-ICP-MS.

The results of the calibration test (see Section 3.1 for details) show a
similar distribution of Ti contents between values actually measured by
fs-LA-ICP-MS and those determined using the CL-based calibration
(Fig. 10). In terms of relative error, a larger error (30 %) is observed
when comparing proportions of high-Ti quartz in the CL-based data from
the Tava sandstone with the single grain-pattern validation data.
Although significant, in absolute terms the deviation is small (1.2 %) and
might be related to minor selection bias when placing analysis points, as
bright crystals are often much smaller than dark ones and thus more
likely to be missed, or to natural variations in the distribution of low,
medium, and high-Ti grains across different areas of the sample.

4.3.2. Comparison between Pikes Peak granite and Tava sandstone

In the Tava sandstone, high-Ti grains (>177 ppm) account for ~ 3.5
% of the total quartz area in the thin section (Fig. 10). Grains <45 ppm Ti
are grouped as low-Ti and make up to the majority (~72 %) of the
analysed area. Visually, these low-Ti areas generally correspond to the
larger grains in the analysed sample. These crystals are broadly
considered as pegmatitic/hydrothermal, without any inference of the
particular process of formation, because low Ti contents in the Pikes
Peak granite are found only in (1) pegmatitic quartz or (2) in hydro-
thermal rims and fluid inclusions trails in quartz in the main granite
(Fonseca Teixeira et al., 2022). Crystals ranging from 45 to 177 ppm Ti
are considered medium-Ti and make up ~24 % of the thin section. We
highlight that percentages are determined based on total quartz area in
the thin section, as other phases were previously excluded.

When considering only grains designated magmatic in origin and
excluding the contribution from purported hydrothermal crystals,
medium-Ti quartz represents 87 % and high-Ti quartz represents 13 % of
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Fig. 4. Zircon and quartz crystallisation models for various aTiO, at exponential crystallisation rate. Y axis displays the relative probability of a crystal with a certain
Ti content (X axis) to be volcanic or plutonic, i.e. at lower Ti contents, crystals are more likely to be plutonic; at higher Ti contents they are more likely to be volcanic.
Models are based on fixed values for pressure (4 kbar), silica activity (aSiO, = 1, for zircon), eruption fraction (5%), and eruption at 50% of crystallised zircons.

Eruption is triggered at 750 C.

the sample (Fig. 4). In comparison, the Pikes Peak batholith quartz data
(from Fonseca Teixeira, 2022) yields significantly less (~3 %) high-Ti
quartz.

5. Discussion

5.1. The distinction between volcanic and plutonic crystals in silicic
magmatic systems

To understand the systematic differences between volcanic and
plutonic crystals sourced from a common system, we analysed the Ti
distribution of zircons from four examples from SRMVF and TVZ. Our
results show a clear statistical difference between the Ti distributions
observed in some volcanic and plutonic samples (Mount Princeton,
TVZ), in agreement with the original hypothesis that volcanic crystals
are expected to be richer in Ti in comparison to their plutonic
relatives. This difference is still present, although less obvious, in the
Bonanza and San Luis calderas, but absent at the Lake City volcanic
centre. The method proposed in this study implicitly assumes a simple
cooling history and constant aTiO, throughout the system’s evolution,
spanning from hot lavas to cooler hydrothermal pegmatites. This

approach is over-simplistic, if anything because aTiO, is known to
change during the lifetime of a magmatic reservoir even in closed-
system conditions (Fonseca Teixeira et al., 2023). Therefore, the possi-
bility exists that under a specific set of circumstances Ti distributions in
quartz and zircon may not follow our modelled distributions in volcanic
and plutonic counterparts.

This is shown by the example of the Lake City magmatic system
(Fig. 2a, e). In this case, the Ti distribution in plutonic zircon is statis-
tically higher than in volcanic zircons. We propose two explanations for
this counter-intuitive observation:

1) The Sunshine Peak Tuff (the volcanic unit from which zircons were
analysed in the Lake City system), is an typical zoned ignimbrite,
dominated in volume by extremely evolved, high-SiO, rhyolite melt
stored at low temperature. Therefore, crystallisation from this melt
would generate low-Ti zircons (and quartz). The late-erupted part of
the Sunshine Peak Tuff is however less evolved, more crystal-rich,
and shows zircons with higher Ti contents overlapping with the
plutonic unit, a quartz syenite intrusion interpreted as the left-over
plutonic equivalent of the late-erupted Sunshine Peak Tuff (Lub-
bers et al., 2020).
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Fig. 5. Models simulating potential conditions on which the rocks from SRMVF and TVZ may have formed to match the curves observed in Figs. 2 and 3. See text and
Supplementary material for further information on the model. The models here provided are one possible solution, and do not necessarily represent the only

possibility to generate such curves.

2) Mafic recharge of Ti-rich magma after eruption of the Sunshine Peak
Tuff, leading to resurgence of the quartz syenite pluton, was likely
enriched in Ti, causing an increase the arjog, as recorded by thin
bright CL rims in plutonic quartz (Lubbers et al., 2020).

Application of this technique to sediments derived from a setting
such as Lake City Caldera would lead to inconclusive results. This is
because the absence of high-Ti crystals in the sediments does not rule out
an eruption, only that the eruption is not recorded by Ti contents. Hence,
this technique may successfully be used to determine if a pluton has
erupted in the past, but it cannot determine if it has not (particularly if
erupted material is a low-temperature high-SiO, rhyolite). While we
anticipate these instances to be relatively infrequent (high SiO, rhyolites
are a small fraction of volcanic units in most magmatic provinces; see for
example Iceland(Gunnarsson et al., 1998), and the Cascade arc (Hil-
dreth, 2007), we emphasize the importance of meticulously examining
numerous crystals within plutonic rocks to determine the applicability
of the proposed method and account for any complexities arising from
disequilibrium growth (e.g. Matthews et al., 2012; Barbee et al., 2020).
In fact, the technique has potential even without good constraints on
either the magmatic history of the system or aTiO,, since the direct
comparison of statistical distributions of Ti contents in plutonic vs.
sedimentary quartz and zircon already informs on a similarity or dif-
ference in the proportions of high vs. low temperature crystals.

In general, we emphasize that our models and the data from SRMVF
and TVZ demonstrate that (i) the difference between volcanic and
plutonic crystals is related to their Ti-in-zircon/quartz statistical distri-
bution, and not to their absolute Ti content; and (ii) a successful use of
the approach applied to sedimentary zircon/quartz requires a good
knowledge of the Ti distribution in plutonic zircon/quartz from which
the sediment derived.

5.2. Fingerprinting quartz and zircon provenance in the Tava sandstone

As the Pikes Peak batholith is a rutile-saturated system (at least
approaching the solidus, as demonstrated by Fonseca Teixeira et al.,
2022) and Ti contents in quartz and zircon of the Pikes Peak batholith
and the Keeton Porphyry are relatively high (Fig. 6; see also Fonseca
Teixeira et al., 2022), aTiOs is constrained to ~1. Thus, low, medium,
and high-Ti populations can be broadly considered low (<695 °C),
medium (695-865 °C), and high temperature (>865 °C, temperatures
calculated using the calibration of Huang and Audétat, 2012). Our an-
alyses reveal a significant fraction of low-Ti quartz into the investigated
sediments. In the Pikes Peak batholith, low-Ti quartz only occurs in
pegmatites or as hydrothermal rims and recrystallised fluid inclusion
paths in the granitic quartz (Fonseca Teixeira et al., 2022). However, in
the Tava Sandstone, evidence of such rims or trails is rarely observed,
probably due to the scale of observation (i.e. fluid inclusions trails in
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Fig. 6. Ti in quartz and Ti in zircon contents in the Keeton Porphyry and Pikes
Peak batholith.

individual crystals are likely too thin to be visible in a full thin section
image) or due to breakage of crystals during erosion and sedimentary
transport. Thus, we consider a majority of low-Ti quartz to be of
pegmatitic origin.

In the case of zircon, pegmatitic zircon crystals are known for their
enrichment in U and REE, are commonly metamict and fail to provide
accurate age information (e.g. Hoskin, 2005; Yin et al., 2013). Our age
filtering procedure automatically excluded zircons of this sort because
they fell outside the Pikes Peak age bracket, likely due to lead loss.
Therefore, the statistical distribution of Ti in zircon observed in the Tava
Sandstone reflects minimal to no contribution of zircon from pegmatitic
environments.

Several factors may have led to an elevated pegmatitic input into the
Tava Sandstone:

(1) The siliciclastic source of Tava injectites likely was proximal to
pegmatite exposures in the Pikes Peak region, so that a substan-
tial component of pegmatitic minerals was introduced into the
sedimentary system.

(2) Large pegmatitic quartz crystals may have withstood mechanical
erosion and been incorporated in higher proportion in Tava
source sediments.

(3) Quartz constitutes a volumetrically significant proportion of
zoned pegmatites with massive quartz cores (consisting almost
entirely of quartz), in contrast to 30 % in typical granite
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compositions (Johannes and Holtz, 2012). In a theoretical sce-
nario, an equivalent eroded volume of pegmatite would
contribute twice as much quartz as granite. While such was not
the case for the Pikes Peak batholith where granites are volu-
metrically dominant, it highlights how the contributed volume
does not always directly relate to the source volume .

Once pegmatitic quartz grains(<45 ppm of Ti) are excluded, Tava
Sandstone displays a greater abundance of high-temperature quartz
(>177 ppm of Ti), reaching nearly four times the high-Ti quartz pro-
portion in the Pikes Peak batholith. The implication is that the Tava
Sandstone contains quartz crystallised in a hotter environment. The

Calibration test
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zircon Ti distribution in the Tava Sandstone exhibits a shift towards
higher Ti contents compared to the Pikes Peak batholith (Fig. 7), indi-
cating the possible contribution of a source of similar age as the bath-
olith but containing zircons with higher Ti contents. We consider it
likely that the higher temperature, higher-Ti igneous source was a
comagmatic erupted phase.

5.3. Contribution of high-Ti crystals to the Tava sandstone: volcanic
activity in the Pikes Peak system

Quartz and zircon Ti distributions exhibit a higher proportion of
high-Ti crystals in Tava Sandstone than in Pikes Peak batholith. U-Pb
dates on euhedral zircon fall within our 1000-1150 Ma age filter,
making it plausible that the zircon originated from a volcanic unit of the
batholith’s magmatic system, that is absent from or under-represented at
the current level of exposure. These units were eroded prior to the ~676
Ma formation (Jensen et al., 2018) of the Tava injectites. We therefore
consider the proximal Tava sandstone to preserve an indirect record of
lavas or ignimbrites of Pikes Peak age that are absent from the region
today.

One subvolcanic, comagmatic remnant of Pikes Peak age is the
Keeton Porphyry (Sanders, 1999), which provides evidence that the
Pikes Peak system was not exclusively plutonic. The Keeton Porphyry
displays consistently high Ti contents in quartz (400-430 ppm) and
zircon (20-25 ppm - Fig. 6). Based on this evidence, we conclude that the
Pikes Peak’s magmatic system likely underwent one or several eruptive
event(s), generating silicic volcanic materials with geochemical affinity
to the Keeton porphyry (bearing high-Ti quartz and zircon), whose
subsequent preferential erosion contributed to the formation of the Tava
Sandstone.
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Fig. 10. A) Ti distribution in quartz in the Tava Sandstone, obtained by this study’s CL-calibration and in validation LA-ICP-MS data. B) Comparison between
proportions of low, medium, and high-Ti quartz in the Pikes Peak batholith and Tava Sandstone.
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6. Outlook: how to locate volcanic centres that have been
completely eroded?

Our study sheds light on the significance of sedimentary-hosted
quartz and zircon as potential recorders of eruptive activity
throughout Earth’s magmatic history. With the rationale that volcanic
and plutonic quartz/zircon should show different Ti distributions owing
to the distinct thermal histories of erupted vs. unerupted magmatic
units, we develop a new approach based on a comparison of Ti distri-
butions between exposed plutonic and sedimentary quartz/zircon to
assess the likelihood of a now-eroded volcanic counterpart to ancient
plutonic systems. Although the tests on recent, well-constrained volca-
nic-plutonic systems (SRMVF and TVZ) show that the working hypoth-
esis is generally valid, the specific chemical affinity (i.e. aTiO2) and
magmatic evolution of each system complexifies the picture (see below).

We apply this method to the Tava Sandstone, a proximal sedimentary
unit that records a detrital contribution from high-Ti quartz and zircon,
which are not observed in the Pikes Peak granite itself and possibly
derived from volcanic units. This finding suggests that our method holds
promise as a means to discriminate “missing” magmatic sources by
means of quartz and zircon in sedimentary units. Expanding our
approach to sedimentary provenance studies will open new avenues for
refining the magmatic history of continental crust through sedimentary
formations.

The benchmark for new applications is the source pluton, charac-
terised in terms of zircon and quartz Ti content distributions. On this
basis, one can assess how different the detrital zircon and quartz Ti
distributions are and, in turn, likelihood of input of volcanic material.
Considering the examples from SRMVF, and the discussed potential
problems regarding aTiO2, we caution against use of our technique on
systems marked by:

(1) very low Ti in quartz and zircon (due to low aTiO or low crys-
tallisation temperatures), as the volcanic-plutonic gap may
become too small to be identified with currently available
analytical technology.

(2) recharge from a Ti-rich melt, as it can increase aTiO,. Evidence of
recharge may be indicated by bright CL rims upon quartz crystals
in the plutonic rocks.

The techniques introduced here will be more readily applied to
systems with higher quartz and zircon saturation temperatures (e.g. A-
type systems) or higher aTiO,. Application to systems with cooler
crystallisation temperatures (e.g. wet arc magmas) may be explored,
provided that the source granite is the baseline to be carefully analysed
for its suitability. In examples where Ti concentrations are very low, we
suggest the use of additional elements that record fractionation (e.g. Hf,
Th/U; see Yan et al., 2018).

Although our study compares currently exposed plutonic and vol-
canic units, in reality, the volcanics that exist may not represent the full
range of erupted materials, which may include lavas and ignimbrites
with a wide range of compositions. The more silicic extrusive units
might be more similar to the exposed plutonic lithologies, but less
differentiated lavas if present could also appear in the detrital record,
with distinct and variable Ti content. Finally, we stress that while our
technique can be used to identify plutons that had associated volcanic
rocks, it cannot be used to unambiguously determine plutons that did
not erupt.

In summary, our CL-based calibration successfully reproduces pro-
portions of pegmatitic and plutonic contribution in the sedimentary
rocks. Hence, the present technique can be used to understand sedi-
mentary provenance and to quantify contributions from known
magmatic sources with well quantified Ti-contents. If multiple systems
contribute to sediments, the technique can still be used but only to
distinguish rocks with quartz of different Ti contents, rather than tem-
perature, due to potential differences in aTiO;. This can be done by
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selecting potential contributors (i.e. any quartz bearing rock in the re-
gion) and analysing their quartz crystals, which then can be matched
with the results quantified from the image coupled with the CL
calibration.

Understanding of the connections between silicic volcanic and
plutonic realms requires analyses of examples that bridge these do-
mains. The novel approach of exploring sediments as potential reser-
voirs of information about eroded volcanic units offers a promising
avenue for our comprehension of the volcanic-plutonic connection. This
new perspective holds the potential to further characterise the chemical
evolution and growth of the Earth’s crust throughout time.
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