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ARTICLE INFO ABSTRACT

Editor: Dr A Webb Constraining the absolute time and duration of geologic processes is one of the great challenges and goals in
Earth sciences. Increasingly, the integration of geochronologic constraints with petrologic information is being
qualitatively applied to understanding the timescales of metamorphic, igneous, tectonic, and fluid-related pro-
cesses. Many rocks and geochronometers preserve relative age constraints such as compositional zoning or cross
cutting relationships. This prior information can be formalized in a Bayesian statistical framework to generate a
probabilistic posterior chronology. As we show here, these “age-sequence” models can enhance precision on
geochronologic dates and rates and insight into tectonic models. Bayesian modeling of complex, concentrically,
zoned monazite from the northern Appalachian orogen was used to develop a detailed temperature-time history
through the Acadian (~405-395 Ma) and Neoacadian (~380-350 Ma) orogenies with significantly reduced
uncertainties (40-70 %). Modeling of zoned monazite from a southern Trans-Hudson orogen granulite yielded
durations of 0.5*9/_0'4 Ma and 20*5/_3 Ma for biotite-dehydration melting and suprasolidus conditions,
respectively. The relatively short intervals of heating and peak conditions are consistent with a back-arc tectonic
setting. A complementary approach, Bayesian change point detection, provides a framework to constrain the
timing of compositional changes that can be linked with metamorphic reactions. Applying this approach in the
northern Appalachian orogen demonstrates contrasting durations of low-Y monazite crystallization (~10 vs ~30
myr) in regions with different pressure-temperature histories. Compositionally distinct monazite domains can be
linked with garnet stability, which provides a key constraint on tectonic models. Bayesian statistical analysis
represent a powerful tool that can be widely applied to refine the absolute time and duration of geologic pro-
cesses. A more objective and reproducible set of interpretations are produced by this more formal, although not
necessarily complex, statistical analysis.
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1. Introduction

A key goal in Earth science is to utilize mineral compositions and
mineral reactions to constrain the timescales and rates of metamorphic,
igneous, tectonic, and fluid-related processes (Baxter et al., 2017;
Dumond et al., 2008; Foster et al., 2000). Over the last 20 years, de-
velopments in in-situ analytical methods have permitted the analysis of
smaller volumes and the simultaneous acquisition of paired geochemical
and geochronologic data (Engi, 2017; Kylander-Clark et al., 2013; Wil-
liams et al., 2017). However, key challenges remain in the interpretation
of geochronologic data. Relatively short-lived processes and events can
be challenging to differentiate within the uncertainty of in-situ analytical
techniques (~1-2 %; Kylander-Clark et al., 2013). Also, protracted
mineral growth may lead to a spread in measured dates in excess of
analytical uncertainty (Klein and Eddy, 2023). The range in dates may
make it challenging to evaluate the precise points at which mineral
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compositions change, particularly in a quantitative and systematic
manner.

Many rocks and minerals preserve compositional or textural (rela-
tive) age constraints that can be incorporated with radiometric dates to
yield a more precise understanding of the geologic history. In particular,
compositional zoning in minerals such as monazite, xenotime, zircon,
titanite, and garnet, and reaction textures among chronometer minerals
are important relative timing constraints. That is, a statistically-based
model can be developed for the tectonic history of a rock similar to
age-depth modeling that is widely applied in the radiocarbon commu-
nity (Haslett and Parnell, 2008) and, more recently, has been extended
to deep-time stratigraphic applications (Johnstone et al., 2019; Pye
etal., 2022; Trayler et al., 2019; Farrell et al., 2024). Bayesian statistical
analysis provides the formalism to integrate relative timing constraints
(priors) with geochronologic data (likelihoods) (Trayler et al., 2019,
2024; van de Schoot et al., 2021; Farrell et al., 2024).
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In this contribution, we demonstrate the utility and added insight of
applying Bayesian statistical methods to petrochronologic data. First, we
leverage relative timing constraints to improve the precision of
geochronologic dates and rates in zoned minerals (age-sequence
modeling). Second, we utilize a complementary Bayesian approach, step
change analysis, to develop a quantitative framework to interpret time
series data. The examples highlight how Bayesian analysis combining
textural and geochronologic data can provide a better understanding of
metamorphic heating and cooling rates and the duration of meta-
morphic events, which in turn yield new and tighter constraints on
tectonic models. Overall, application of a more formal, although not
necessarily complex, Bayesian statistical analysis to petrochronological
data may provide a more objective and reproducible set of in-
terpretations compared to visual inspection alone.

2. Methods

In this contribution we focus on monazite (LREEPO,4) and to a lesser
extent on xenotime (YPO,4). These phases have been viewed as “ideal”
for petrochronology due to their wide stability field in pressure-
temperature-composition (P-T-X) space, broad compositional range
that facilitates interaction in a variety of silicate reactions, high con-
centrations of U and Th, minimal common Pb, and high closure tem-
peratures (>800 °C) (Engi, 2017; Kylander-Clark et al., 2013; Spear and
Pyle, 2002; Williams et al.,, 2017). We applied Bayesian statistical
analysis to monazite and xenotime data from recent petrochronologic
studies (Hillenbrand et al., 2023a, 2023b, 2024a). Salient aspects of the
analytical methods in these studies are summarized below; readers are
referred to the original publications for detailed descriptions of the
samples, datasets, and the analytical methods.

2.1. Petrochronology

Compositional maps of Mg, Ca, Ce, and Y were collected for entire
polished thin sections using the Cameca SX100 at the University of
Massachusetts to identify all major phases and locate all monazite and
xenotime crystals in microstructural context. High resolution (0.5-to-
1.0-micrometer step size) maps of Y, Th, U, Ca in monazite and Yb, Dy,
Gd, and U in xenotime were collected for 25 to 40 grains per thin section.
Grains maps were simultaneously processed using Adobe Photoshop CC
to compare relative intensities and zoning characteristics across grains
(Williams et al., 2017, 2007). These maps were used to develop an
analytical strategy with the goal of analyzing each domain type, defined
here as a compositionally homogenous region in one or more grains.
Each domain type was analyzed (dated) multiple typically three or
more, times. Preference was given to grains with multiple compositional
domains to leverage their relative age constraints. Monazite and xen-
otime were analyzed for major- and trace-element compositions, and
U-Th-Pbyyta dating using the Cameca Ultrachron at the University of
Massachusetts (methods of Williams et al., 2017 and Hillenbrand et al.,
2023a and references therein;). Each compositional domain was
sampled with a single background analysis utilizing the multi-point
method (Allaz et al., 2019) followed by 3 to 7 “peak” measurements.
Uncertainty was calculated via propagation of the measurement and
background errors through the “age equation” following Williams et al.
(2017, 2007).

2.2. Trace element thermometry

Direct temperature-time constraints utilized the Y-based monazite-
xenotime (Heinrich et al., 1997), monazite-garnet (Hacker et al.,
2019), and xenotime-garnet (Pyle and Spear, 2000) thermometers
where appropriate. Equilibrium between monazite, xenotime, and
garnet equilibrium was assessed using the criteria of Pyle et al. (2001)
and Hillenbrand et al. (2023a). In general, monazite and xenotime pairs
were selected (1) that are located in the same microstructural domain
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and (2) that yield statistically indistinguishable dates. Monazite-garnet
and xenotime-garnet thermometry involved pairing monazite and xen-
otime crystals entirely enclosed by the garnet porphyroblast and which
did not intersect fractures in the associated garnet domain. Errors for
trace element thermometers have been estimated at ~50 °C (Daniel and
Pyle, 2006; Hacker et al., 2019; Heinrich et al., 1997; Pyle and Spear,
2000).

2.3. Bayesian age-sequence modeling

Bayesian ‘age-sequence’ analysis was carried out using the “Ages of
Stacked Beds” utility in Isoplot 4.0 (Ludwig, 2003). This Bayesian sta-
tistical tool uses a Monte Carlo approach and is applicable to cases where
a clear relative age progression is observed. This tool was originally
intended for stratigraphic analysis but is applicable to a broader range of
scenarios as described in this contribution. The models in this study were
conditioned with the combination of the obtained U-Th-Pby, dates for
each compositional domain (likelihood) and the prior that the age must
decrease following the observed zoning patterns and textural relation-
ships. Paths that violated this geometric constraint were rejected. The
models were run a minimum of 10,000 times. Steps to carry out this
analysis are as follows:

1. Identify a relative age progression from geologic and/or petrologic
observations.

2. Enter the ages and their uncertainties in an Excel worksheet The
values should be ordered with the relatively oldest values at the
bottom and youngest at the top.

3. Open the Ages of Stacked Beds utility. Select the relevant data and
access the Ages of Stacked Beds utility via the Stacked Beds button of
the Isoplot Charts & Isochrons toolbar or select Ages of Stacked Beds
from the Isochron or Plot Type drop-down menu.

4. Verify the ages and errors in the resulting dialog box, and specify the
type and sigma-level of the uncertainties. Specify the number of
trials, noting that fewer trials will yield faster results while more
trials will have better accuracy. Selecting the construct option will
graph the probability distributions for the ages themselves or their
differences. Selecting “go” will run the utility.

2.4. Bayesian change point analysis

Change point analysis identifies instances where the probability
distribution of a time series changes (Page, 1954). We carried out
change point analysis using the R-based package mcp (Lindelgv, 2020),
which uses a Bayesian Markov Chain-Monte Carlo (MCMC) approach for
univariate regression analysis. This package aims to provide maximum
flexibility for analyses with a priori knowledge about the number of
change points and the form of the intervening segments (Lindelgv,
2020). Here, we describe the application of this method to petrochro-
nologic data.

1. Import petrochronologic data. Datasets analyzed in mcp need dates
and one or more compositional parameters.

2. Select the number of change points. The number of change points for
which the model searched was manually specified based on the
number of inferred change points, in this case the number of
compositional domains. For example, a sample with three composi-
tional domains would have two change points, one corresponding to
each compositional change. We note that other change point algo-
rithms can automatically infer change points, our focus here is on the
insights gained from pairing petrologic observations with statistical
models.

3. Run MCMC model. Calculations in R used an initial 5000 runs as a
burn in followed by 10,000 iterations using three virtual cores
operating in parallel to reduce computational time.
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4. Assess convergence. The convergence of MCMC simulations can be
assessed using Gelman and Rubin’s convergence diagnostic (Rhat).
This metric compares the between- and within-chain estimates for
the model parameters. By using multiple chains and comparing
within-chain and between-chain variances, the Gelman-Rubin diag-
nostic helps ensure that the MCMC simulation has sufficiently
explored the parameter space and provides reliable estimates of the
posterior distribution. If Rhat is close to 1 (typically below 1.1), it
suggests that the chains have converged. This indicates that the
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within-chain variance and the between-chain variances are similar.
Values significantly greater than one indicates that the chains have
not yet converged, and more iterations or a different number of
change points might be needed.

3. Results and applications

We present several case studies in which we utilized Bayesian
modeling in order to refine the timescales of metamorphic and tectonic
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Fig. 1. Application of Bayesian age-sequence modeling to monazite petrochronologic data from sample 21IWHO1 of Hillenbrand et al. (2023a) from the Amherst
block, New England Appalachians. (A) Yttrium compositional X-ray map of representative monazite grain from Hillenbrand et al. (2023a). (B) Sketch of monazite
grain highlighting compositional domains one through seven. (C) Geochronologic results displaying the weighted mean U-Th-Pb,, date of each compositional
domain as a Gaussian distribution. (D) Probability density plot of monazite dates refined by Bayesian age-sequence analysis. (E) Time-temperature plot integrating
monazite dates constrained by Bayesian analysis with monazite-xenotime thermometry reported in Hillenbrand et al. (2023a).
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processes. These case studies highlight the benefits and added insight
provided by Bayesian analysis to temperature-time paths, the timescales
of partial melting, and duration of garnet stability.

3.1. Constraining thermal histories

Pressure-temperature-time (P-T-t) paths are key data used to
constrain tectonic histories, intensity of metamorphic events, and
juxtaposition of terranes (Foster et al., 2004; Harrison et al., 1989; Pyle
et al., 2005; Spear, 1993). The exchange of rare earth elements,
particularly Y, between monazite and xenotime is highly temperature
dependent and has been empirically calibrated as a thermometer
(Heinrich et al., 1997; Pyle et al., 2001), as has the exchange of Y be-
tween garnet and monazite (Heinrich et al., 1997; Pyle et al., 2001) and
xenotime (Pyle and Spear, 2000). As the thermally-activated diffusion
rates of Y in monazite, xenotime, and garnet are extremely sluggish
(Carlson, 2012; Engi, 2017; Williams et al., 2007), compositional do-
mains are interpreted to record the temperature at the time of formation.
This permits the recovery of T-t histories in polymetamorphic or
high-grade terranes not resolved by conventional thermobarometric or
thermochronologic methods.

3.1.1. Compositionally zoned monagzite

Sample IWH20-1 is a schist from the northern Appalachian Moun-
tains with a peak assemblage that includes biotite, muscovite, garnet
(Almyy_eePyr13-4Sps12-28Grss), quartz, plagioclase (Anjg 24), and silli-
manite (Hillenbrand et al., 2023a). The sample was collected from the
Ambherst block, an inlier of Paleozoic metamorphic rocks within the
Mesozoic Hartford basin, which has been interpreted as a high-level
thrust nappe that experienced Paleozoic metamorphism and then was
down-dropped during Mesozoic extension (Robinson et al., 1998). Peak
metamorphic conditions have been estimated at 0.45 + 0.1 GPa, 650 +
50 °C (Hillenbrand et al., 2023a).

Monazite crystals in sample IWH20-1 are complexly but systemati-
cally zoned with up to seven concentric domains defined by Y, labeled
domains 1-7 from core to rim (Fig. 1A-B). Domains one through seven
yielded weighted mean dates of 403 + 4, 395 + 12, 403 + 6, 400 + 5,
398 + 6, 382 + 10, and 366 + 3 Ma (Fig. 1C; Table 1) (Hillenbrand
et al., 2023a). The consistent, systematic, concentric monazite zoning
supports the application of Bayesian age-sequence modeling using the
order of domains as a prior and assuming core to rim growth. This
approach yielded dates of 404 *4/_5, 403 73/_4, 401 + 3, 399 =+ 3, 397
+3/ 6, 382 *°/_10, and 366 + 3 Ma (Fig. 1D; Table 1). Notably, the
Bayesian model resulted in the reduction of uncertainties for several of
the domains by 3 to 9 myr (40-70 %) with some asymmetric un-
certainties. Based upon microstructural analysis and overlapping dates,
Hillenbrand et al. (2023a) concluded that each monazite domain was in
equilibrium with xenotime, enabling the use of monazite-xenotime
thermometry.

Fig. 1E shows calculated monazite-xenotime temperatures paired
with the dates refined by Bayesian modeling. The data (tabulated in
Table 1) indicate heating from ~500 to ~610 °C between 404 *4/,3 and

Table 1
Summary of age-sequence modeling and monazite-xenotime thermometry of
monazite from sample IWH20-1.

Monazite Weighted mean Bayesian model Mnz-Xtm T Rate (
domain date (Ma+20)* date (Ma+20) (°C£50) °C/myr)
1 403 + 4 404 4/ 4 500 -

2 395 + 12 403 *3/_, 575 +42

3 403+ 6 401 +3 610 +26

4 400 + 5 399 + 3 550 -25

5 398+ 6 397 *3/ 600 23

6 382+ 10 382 %%/ 4 675 +5

7 366 + 3 366 + 3 585 -5

- Weighted mean dates presented in Hillenbrand et al. (2023a).
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401 + 3 Ma, followed by cooling to ~550 °C by 399 + 3 Ma. Then, the
rocks reached a peak temperature of ~675 °C at 382 +9/_10Ma followed
by cooling through ~590 °C by 366 + 3 Ma. The ca. 403 and 380 Ma
thermal peaks recorded by this sample correspond regionally with peak
metamorphism associated with the Acadian and Neoacadian orogenies,
respectively (Robinson et al., 1998). Overall, the (P-)T-t path is similar
to that inferred from the Chesham Pond nappe in New Hampshire (Pyle
et al.,, 2005). Notably, the second period of cooling involved much
slower rates (~5 °C/myr) than the first phase (~15 °C/myr). Slow
cooling (~2-5 °C/myr) associated with the Neoacadian orogeny is also
indicated by **Ar/3°Ar thermochronology (Harrison et al., 1989; Hill-
enbrand et al., 2021) and geospeedometry (Tracy and Dietsch, 1982).

3.1.2. Inclusions within zoned minerals

Age-sequence modeling can also be applied to zoned non-
chronometer minerals or inclusions within minerals which show a
relative age progression. Sample P101A of Hillenbrand et al. (2023a,
2021) from the central Massachusetts metamorphic high is a paragneiss
with the peak assemblage biotite, garnet (Almeg 70Pyrae_24Sps3Grss_2),
quartz, plagioclase (Angs_11), sillimanite, and K-feldspar with accessory
rutile, apatite, zircon, monazite, and xenotime. Garnet crystals are
zoned in terms of both composition and inclusion characteristics. Garnet
cores have relatively high CaO (~1.05 wt%) and Y (0.04-0.09 wt%) and
are separated from a lower CaO (~0.85-0.95 wt%) and Y (<0.03 wt%)
rim by a relatively high CaO (~1.15 wt%) annulus (Fig. 2A)
(Hillenbrand et al., 2023a). Xenotime is found as inclusions in the garnet
core, inwards of the high-Y annulus, while monazite is included in the
garnet rim, outward of the annulus (Fig. 2A). These inclusions are
interpreted as primary because they are included fully within the garnet
and do not intersect fractures. The core to rim constraint of garnet
growth (Baxter et al., 2017) requires that inclusions in the core predate
those in the rim (Foster et al., 2004).

The weighted mean dates of xenotime inclusions in garnet cores (382
+ 10 Ma) and monazite inclusions with garnet rims (384 + 6 Ma)
overlap within uncertainty (Table 2) (Hillenbrand et al., 2023a, 2021).
Applying the geometric constraint of garnet growth as a prior constraint
in Bayesian analysis yielded dates of 386 *8/—¢ Ma for xenotime in the
garnet core and 383 "5/_¢ Ma for the monazite included in the garnet
rim. Hillenbrand et al. (2023a), carried out quantitative thermometry by
pairing monazite and xenotime with the composition of the associated
garnet domains. Xenotime-garnet thermometry of the garnet core yiel-
ded a ~530 °C estimate and monazite-garnet thermometry of the garnet
rim yielded 650-725 °C temperatures (Table 2). Combining thermom-
etry with the dates refined by Bayesian modeling yields an apparent
heating rate of 240 *3/_53 °C.

3.1.3. Reaction dating

Dating specific generations of chronometer phases associated with
metamorphic reactions provides direct timing constraints on segments
of the pressure-temperature path. Hence, “reaction dating” is increas-
ingly becoming the focus of many researchers to characterize the timing
and duration of metamorphic, igneous, and fluid-related events (Baxter
etal., 2017; Hillenbrand et al., 2023a, 2023b; Pyle et al., 2005; Williams
et al., 2019, 2017; Yakymchuk et al., 2017).

3.1.4. Constraining the timescales of partial melting

The timing and duration of partial melting are important because of
the implications for rheology, strain localization, petrogenesis of asso-
ciated igneous rocks, differentiation of the continental crust, and tec-
tonic histories in general (Beaumont et al., 2006; Spear, 1993; Spear
et al., 1999; Yakymchuk et al., 2017). Monazite is commonly used as a
monitor of the timing of partial melting because, in rocks where
monazite and garnet are the only Y-bearing phases, changes in Y con-
centrations in monazite can be linked to (peritectic) garnet growth
(Mahan et al., 2006; Pyle et al., 2005; Williams et al., 2017).

Sample 21IWH16 is a migmatitic paragneiss sampled from drill core



LW. Hillenbrand and M.L. Williams

Grt rim

Earth and Planetary Science Letters 646 (2024) 118963

—] 750
o
Mnz £
g 650
[0
o
£
(0]
.J, Xtm F1 550
Age (Ma) 450

390 385 380 375

Fig. 2. Application of Bayesian age-sequence modeling to sample P101A from Hillenbrand et al. (2021; 2023a), central Massachusetts metamorphic high, New
England Appalachians. (A) Calcium and Yttrium X-ray compositional maps of garnet from sample P101A highlighting xenotime and monazite inclusions in the core
and rim, respectively. (B) Ytterbium X-ray compositional map of xenotime included in garnet labeled with U-Th-Pbye, date. (C) Yttrium X-ray compositional map of
monazite included in garnet labeled with U-Th-Pby,; date. (D) Time-temperature plot integrating monazite dates constrained by Bayesian analysis with the results of
xenotime-garnet and monazite-garnet thermometry reported in Hillenbrand et al. (2023a). Abbreviations: Grt: garnet, Mnz: monazite, Xtm: xenotime.

Table 2
Age sequence modeling of garnet inclusions from sample P101A.
Domain Weighted Bayesian Thermometry ( Rate (°C/
Analyzed mean date model date °C £ 50) myr)
(Ma+20) (Ma+20)
Xenotime in 382 + 10 386 78/, 530 -
garnet
core
Monazite in 384+ 6 383 T/, 650-725 24075/ _530

garnet rim

in the southern Trans-Hudson orogen (Hillenbrand et al., 2024a,
2024b). The sample experienced peak conditions of >900 °C, >1.0 GPa
based upon phase equilibria modeling and ternary feldspar thermometry
(Hillenbrand et al., 2024a). It has an assemblage that includes K-feldspar
(Org4_97; ~39.0 %), quartz (~28.9 %), biotite (~21.9 %), perthite
(exsolved ternary feldspar; Ans 10Abjg 370r54.76; ~8.0 %), garnet
(Almg;_g2GrsoPy14-13Sps4; ~2.1 %), and plagioclase (Abgs gg; ~0.1 %)
with accessory rutile, apatite, monazite, zircon, and xenotime. The peak
metamorphic assemblage is inferred to be ternary feldspar, quartz,
rutile, and melt with or without biotite. This assemblage and the rarity
or absence of plagioclase, sillimanite, and peak biotite indicate that a
reaction such as biotite 4+ plagioclase + aluminosilicate + quartz =
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garnet + K-feldspar + melt was exceeded (Mahan et al., 2006; Spear
et al., 1999; Williams et al., 2019).

Monazite occurs as both inclusions in garnet and as a matrix phase.
Here we focus on the complexly zoned matrix grains; description and
interpretation of monazite included in garnet is provided in Hillenbrand
et al. (2024a). Up to five compositional domains are observed in matrix
monazite crystals (Fig. 3A), referred to as domains one through five from
core to rim. From monazite domain one to two, the concentration of Y
decreases from ~22,000 to 2100 ppm and the Eu anomaly (Eu/Eu*)
decreases from 0.25 to 0.13 and Sr increases from 30 to 110 ppm.
Monazite domain three is characterized by relatively low Y (~2400
ppm) and oscillatory Th-zoning. Yttrium increases to ~9000 ppm and
~22,000 ppm in domains four and five, respectively. Weighted mean
U-Th-Pbya) dates calculated for matrix monazite are visualized as
Gaussian distributions in Fig. 3B and summarized in Table 3. The
weighted mean dates of each are, domain one: 1868 + 10 (n = 3;
MSWD=0.1); domain two: 1873 &+ 5 (n = 3; MSWD=0.2); domain three:
1842 4+ 9 (n = 4, MSWD=2); domain four: 1852 + 4 (n = 4;
MSWD=0.7); domain five: 1814 + 6 Ma (n = 4, MSWD=0.7). Bayesian
age sequence modeling of these domains yielded dates of 187378/ _s,
18724/ 5, 1852"%/_,, 185044, and 1813"%/_; Ma for domains one
through five (Table 2; Fig. 3C). Domains one through three can be
closely linked with the history of partial melting based upon micro-
structures and composition. The reader is referred to Hillenbrand et al.
(2024a) for a more detailed description and interpretation of the other
domains.

Low-Y domain-one monazite (1873"°/_s Ma) occurs as cores in
matrix monazite and as well as inclusions within garnet. The high-Y
concentrations of this population (Fig. 3A, D) suggest crystallization
prior to significant garnet growth (Foster et al., 2000; Williams et al.,
2017). Monazite-xenotime thermometry of domain-one monazite,
paired with co-existing xenotime grains, yielded 625-650+50 °C tem-
peratures. The depletion of Y and Eu/Eu* and enrichment in Sr in
monazite domain-two (Fig. 3D) is consistent with its crystallization
during or after biotite-dehydration melting (>750 °C), as this reaction
produces peritectic garnet and K-feldspar, which sequester Y and Eu,
respectively, and consumes plagioclase, the breakdown of which re-
leases Sr (Mahan et al., 2006; Williams et al., 2019, 2017). Bayesian
modeling indicates a difference of 0.57%/ 04 myr between monazite
domains one and two, suggesting relatively rapid heating rates associ-
ated with biotite-dehydration melting (Table 3). The oscillatory zoning
displayed by monazite domain three is consistent with crystallization
from anatectic melts (Dumond et al., 2008; Kohn et al., 2005; Williams
et al., 2019). This interpretation is supported by an 1850+9 Ma
weighted mean 2%Pb/2%°Pb SHRIMP-RG date (n = 41; MSWD=0.4)
from anatectic zircon from the same sample (Hillenbrand et al., 2024a).
Hence, the interval of 20%°/_g myr calculated between monazite do-
mains two and three, i.e. between melting and melt-crystallization, is
inferred to constrain the duration of suprasolidus conditions (Table 3).
The timescales of heating and suprasolidus conditions provide impor-
tant constraints on the tectonic setting of ultra-high temperature meta-
morphism (Jiao et al., 2023). In this case the rapid heating rate and short
duration of peak conditions (20*%/ _g myr) are consistent with a
back-arc tectonic setting (Jiao et al., 2023; Hillenbrand et al., 2024a).

3+8

3.1.5. Duration of garnet stability

The linkage between the concentrations of Y in monazite and garnet
has been used extensively in petrochronologic studies to infer the timing
of garnet growth and breakdown (Engi, 2017; Foster et al., 2004, 2000;
Larson et al., 2022; Williams et al., 2017). Garnet is an almost ubiquitous
metamorphic mineral in mid- and deep-crustal metasediments, and
widespread garnet growth commonly reflects regional crustal thick-
ening and heating (Baxter et al., 2017; Hillenbrand et al., 2023a; Spear,
1993). The common interpretation is that garnet largely controls the Y
(and HREE) budget in the rock and thus, when garnet is growing or
stable monazite tends to be depleted in these elements (Williams et al.,
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Fig. 3. Application of Bayesian age-sequence modeling to ultra-high tempera-
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Bayesian age-sequence analysis. (D) Bivariate plots showing dates of monazite
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Table 3

Summary of age-sequence modeling from sample 21TWH16.
Monazite Weighted mean date Bayesian posterior date Duration
domain (Ma+20) (Ma+20) (Ma)
1 186810 187378/ _¢ -
2 1873+5 1872/ 5 0.5"%/_04
3 1842+9 185275/ 4 207%/ g
4 1852:+4 1850+4 0.47%/ o5
5 1814+6 1813"%/_, 358/ ¢

2017). Similarly, widespread garnet-consuming reactions can indicate
decompression, cooling, and fluid influx. As garnet breaks down, it re-
leases Y (and HREE), which leads to elevated monazite Y concentrations.
Hence, the duration of low-Y monazite has been widely used as a proxy
for the stability of garnet (Foster et al., 2000; Mahan et al., 2006; Spear
and Pyle, 2010; Williams et al., 2017). Many studies have interpreted
inflection points in petrochronologic data (i.e., monazite-Y patterns) by
visual inspection (e.g. Markley et al., 2018; Williams et al., 2019; Hill-
enbrand et al., 2021), although this approach is less quantitative and
lacks robust uncertainty estimates.

The changes commonly observed in monazite composition can be
quantified using change point analysis, a statistical method used to
identify and analyze changes or shifts in a dataset over time. This
analysis can be applied using a Bayesian framework, using prior infor-
mation, such as the domains observed in compositional maps to inform
the number of change points. Then, a Markov Chain-Monte Carlo
(MCMC) approach is used to estimate uncertainties. The combination of
Bayesian change point analysis with MCMC allows the incorporation of
prior information to place quantitative constraints on complex petro-
chronologic datasets with robust uncertainty estimation.

We illustrate the utility of this method with an example from New
England, USA. The southern New England Appalachians are well known
for having contrasting P-T paths associated with the Devonian to
Carboniferous (Neo)Acadian orogeny (Armstrong et al., 1992; Spear,
1993). West of the Mesozoic Hartford basin, P-T paths are clockwise
while east of the Hartford basin counterclockwise paths are character-
istic, particularly in the central Massachusetts metamorphic high
(Fig. 4A) (Armstrong et al., 1992; Hillenbrand et al., 2023a; Thomson,
2001). These contrasting paths may reflect differences in the structural
position in the orogen, as rocks west of the Hartford basin formed the
orogenic retrowedge whereas the central Massachusetts metamorphic
high may represent the orogenic core (Hillenbrand et al., 2023a).
Despite contrasting P-T paths, monazite from garnet-bearing metapelitic
rocks from both domains have similar zoning: high-Y cores, low-Y
mantles, and high-Y rims. The monazite domains have been inter-
preted to reflect monazite growth (1) prior to significant garnet crys-
tallization, (2) in the presence of stable garnet, and (3) during garnet
breakdown, respectively (Hillenbrand et al., 2021, 2023a).

The Straits Schist is a Silurian-Devonian metapelitic rock unit located
west of the Hartford basin. Previous ca. 410-355 Ma ID-TIMS and LA-
ICP-MS U-Pb monazite, zircon, and garnet dates have been interpreted
to record metamorphism associated with the (Neo)Acadian orogeny
(Lanzirotti and Hanson, 1996, 1995; Millonig et al., 2020). These dates,
while yielding constraints on the timing and timescales of regional
metamorphism, lack paired compositional data, making it difficult to
link monazite age information to P-T conditions as well as to garnet
growth and breakdown. Hillenbrand et al. (2023b) reported U-Th-Pbygta)
monazite dates and compositions from two garnet-bearing samples of
The Straits Schist. These samples have peak assemblages with musco-
vite, biotite, quartz, garnet (Almss_76Pyrss 15Spsa2_2Grsg1_7), Kyanite,
and plagioclase (Anjg 22) with accessory ilmenite, apatite, zircon,
monazite, and xenotime (Hillenbrand et al., 2023b). Petrogenetic grid
analysis, internally consistent multi-equilibria thermobarometry, and
Gibbs modeling indicate a clockwise P-T path involving burial and
heating from 550 °C at 0.5 GPa to 700 °C at 1.0 GPa, followed by
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retrogression to 0.4-0.6 GPa at 540-590 °C (Fig. 4a) (Armstrong et al.,
1992; Hillenbrand et al., 2023b). The samples yielded consistent
monazite zoning patterns characterized by three compositional do-
mains: moderate-Y cores (4000-8000 ppm), low-Y mantles (500-1900
ppm), and high-Y rims (15,000-22,000 ppm). Cores yielded a weighted
mean date of 393+4 Ma, mantles yielded dates of 380+4 Ma and 386+4
Ma, and rims have been dated at 378+5 and 377+4 Ma (Hillenbrand
et al., 2023b). Bayesian modeling yielded the first change point, with
decreasing Y from higher-Y cores to low-Y mantles, at 38478/_g Ma. The
second change point, associated with increasing Y from mantles to rims,
is constrained to 375*4/,12 Ma. Rhat values of 1.0-1.1 for both change
points (Table 4) indicates that the MCMC chains have converged.

The central Massachusetts metamorphic high is a broad region of
upper amphibolite to granulite facies metamorphic rocks exposed from
northern Connecticut to southern New Hampshire east of the Hartford
basin (Robinson et al., 1998; Thomson, 2001). A relatively large
monazite petrochronology dataset has been developed from the central
Massachusetts metamorphic high (Hillenbrand et al., 2021; Massey
et al., 2017). Visual inspection has been used to suggest a decrease in Y
from ~20,000 to <500 ppm at ca. 380-370 Ma and an increase in Y to
~800-20,000 ppm at ca. 340-330 Ma (Hillenbrand et al., 2021).
Bayesian change point analysis with MCMC of this dataset yielded an
initial change point at 375+2/_, Ma associated with a decrease in Y from
monazite cores to mantles (Rhat=1.0). A second change point,
345*13/,15 Ma, is associated with increasing Y, linked with garnet
breakdown (Rhat=1.1). These results are consistent with visual in-
spection of composition vs date plots (e.g. Hillenbrand et al., 2021) and
add more robust uncertainty estimates on monazite compositional
changes.

Bayesian analysis highlights the dramatic differences in the duration
of low-Y monazite and garnet stability east and west of the Hartford
basin: approximately 9 myr west of the Hartford basin and approxi-
mately 30 myr to the east. As the duration of low-Y monazite is
commonly linked to the duration of garnet stability and thus residence at
depth, it suggests that the rocks east of the Hartford basin in the central
Massachusetts metamorphic high experienced a more prolonged tenure
at (near-) peak pressures. This is compatible with the counterclockwise
P-T path and very slow cooling rates (2-5 °C/myr) indicated by existing
petrologic, thermochronologic, and geospeedometric studies in this re-
gion (Armstrong et al., 1992; Dietsch et al., 2010; Hames et al., 1989;
Hillenbrand et al., 2023a; Tracy and Dietsch, 1982). The change points
also indicate differences in the absolute timing of garnet growth and
breakdown. The calculations suggest earlier garnet growth and break-
down in rocks west of the Hartford basin relative to those to the east
(Table 4).

4. Implications

4.1. Formally integrating geologic and petrologic observations with
geochronology

Relative age constraints provided by cross cutting relationships,
compositional zoning, and petrologic phase relationships have long
been used to infer the relative order of geologic processes, metamorphic
reactions, and the growth of mineral domains. Bayesian statistics pro-
vides a means to formally incorporate relative constraints into petro-
chronologic analysis. Formalized Bayesian “age-sequence” modeling
allows for the direct estimation of the ages and uncertainties of minerals
or mineral domains while incorporating constraints from geologic and
petrologic observations. This approach is, in many ways, analogous to
those applied in lower temperature geologic systems. Bayesian modeling
of sedimentary successions incorporates the law of stratigraphic super-
position and information from multiple age constraints (e.g. detrital
zircon maximum depositional ages, direct dates of ash beds, astrochro-
nology, and biostratigraphic data) to yield refined posterior chronolo-
gies (Johnstone et al., 2019; Trayler et al., 2019, 2024). Similarly,
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Fig. 4. Application of Bayesian Markov chain-Monte Carlo (MCMC) change point analysis to petrochronologic data from the New England Appalachians. (A)
Representative P-T paths for the central Massachusetts metamorphic high (Thomson, 2001; Hillenbrand et al., 2023a) and The Straits Schist (Hillenbrand et al.,
2023b). (B) Bayesian change point analysis of monazite data from The Straits Schist annotated with change points. (C) Bayesian change point analysis of monazite
data (Hillenbrand et al., 2021) from the central Massachusetts metamorphic high highlighting change points. Gray lines through the data point represent fitted lines
drawn randomly from the posterior. Blue lines are the change point posterior density distributions for each MCMC chain (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article).

Table 4
Summary of change point analysis.
The Straits Schist Central Massachusetts metamorphic high
Compositional change point Change point (Ma) Duration (Ma) Rhat* Change point (Ma) Duration (Ma) Rhat*
1: Decrease in Y 38418/ 4 - 1.1 37512/, - 1.0
2: Increase in Y 375"/ 12 912/ 45 1.0 34513/ 15 30M15/ 19 1.1

Gelman and Rubin’s convergence diagnostic.
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thermal history models for low temperature thermochronology incor-
porate prior geologic constraints for more precise and accurate models
(Flowers et al., 2015). Our approach incorporating prior petrologic in-
formation in high-temperature systems can lead to more refined chro-
nologies at spatial scales ranging from individual minerals to broad
regions.

One important aspect of Bayesian age-sequence modeling is the
reduction of uncertainties on geochronologic dates. Relative precision is
increased most where a clear relative age progression is observed across
multiple compositional domains with overlapping dates. Lesser amounts
of relative precision are gained in cases where dates are already resolved
within uncertainty, although the Bayesian analysis may provide more
robust estimates of the uncertainties and the intervals between domains.
This approach is illustrated by Farrell et al. (2024) who estimate garnet
growth rates using Bayesian model incorporating the geometric
constraint of core to rim growth. Thus, Bayesian age-sequence modeling
can provide temporal resolution where domains cannot be resolved
within analytical uncertainty.

4.2. Monazite compositional profiles: constraints on tectonic histories

Bayesian change point analysis provides a statistical framework in
which to constrain the timing and significance of compositional domains
in chronometer phases (monazite, xenotime, zircon, titanite, garnet,
etc.). The compositional changes likely signal changes in metamorphic
reactions and/or assemblages providing a direct linkage between chro-
nology and petrologic history (Foster et al., 2004, 2000; Kohn et al.,
2005; Williams et al., 2019; Larson et al., 2022; Farrell et al., 2024). As
shown in Fig. 5A, modified from Hillenbrand et al. (2023b), domains
with different tectono-metamorphic histories have different durations of
low-Y monazite. Because garnet and monazite are typically the main Y
hosts in xenotime-absent metapelites (Spear and Pyle, 2010), profiles of
Y vs. date have a characteristic shape that can represent the period of
garnet stability (crustal thickening?) in orogenic rocks (Williams et al.,
2019; Hillenbrand et al., 2021, 2023a).

Durations of garnet stability in amphibolite to granulite facies rocks
may range from <10 to several 10 s of myr or more. This variation has
been noted in many orogenic belts including the Grenville Province
(Markley et al.,, 2018; Williams et al., 2019; Regan et al., 2019),
southwest U.S.A. (Daniel and Pyle, 2006), Trans-Hudson orogen (Copley
and Weller, 2022; Dahl et al., 2005), and Athabasca granulite terrane,
Saskatchewan (Dumond, 2020; Dumond et al., 2008; Mahan et al.,
2006). Broadly, two types of Y concentration vs monazite date profile
can be recognized: one in which garnet breakdown swiftly follows
garnet growth and another in which garnet is stable for a prolonged

Early orogenesis Peak orogenesis

i, >«

prograde metamorphism
early crustal thickening

metamorphic peak
peak crustal thickness
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period. We refer to these as “V” and “U” shaped profiles, respectively,
referring to the age vs Y in monazite time sequence (Fig. 5). V-shaped
profiles are predicted by classic numerical models of Barrovian-style
metamorphism and predict burial, peak conditions, and exhumation
over timescales on the order of 5-15 myr (Fig. 5B) (Copley and Weller,
2022; England and Thompson, 1984a, 1984b). In contrast, U-shaped
profiles involve more protracted metamorphism and durations of garnet
stability that require long-term residence at garnet-stable pressures, i.e.
the middle or lower crust (Fig. 5C) (Hillenbrand et al., 2023a; Mahan
et al., 2006; Williams et al., 2019). We propose that U-shaped profiles
are characterized by durations of garnet stability on the order of 20 myr
or more as these timescales exceed the typical middle to deep crustal
residence predicted by many numerical models for Barrovian-style
metamorphism (England and Thompson, 1984a, 1984b; Jamieson
et al., 1998). This may reflect protracted deep burial within the middle
to lower crust of an orogenic belt where sustaining a thickened, rheo-
logically weak crust requires continued compressional stress and a bal-
ance of erosion and shortening. Alternatively, rocks may experience
deep crustal residence during and after an orogenic event (e.g. Ellis,
1987; Mahan et al., 2006; Dumond, 2020). In both scenarios, the rocks
are likely exhumed in a subsequent tectonic event following prolonged
deep crustal residence (Ellis, 1987; Harley, 1989). Change point analysis
provides quantitative constraints on the duration of garnet stability,
which in turn, can be used to compare these processes across samples,
regions within an orogen, or across different orogens. This metric can
provide a more objective and reproducible set of interpretations than
subjective visual inspection alone.

5. Conclusions and future directions

Bayesian statistical analysis provides an exciting avenue to refine the
timescales of geologic processes and strengthen tectonic interpretations.
While we have focused primarily on applications to accessory mineral
petrochronology, this approach could be applied to virtually any date-
able mineral phase or rock sequence that shows textural, microstruc-
tural, and/or compositional evidence of a relative age progression.
Future directions for age-sequence modeling may include the incorpo-
ration of additional priors such as constraints on the rates of meta-
morphic reactions, crystal growth, deformation, or dissolution-re-
precipitation processes, geospeedometry, or more detailed textural
fabric-related constraints such as the stages of crenulation cleavage
development. Moving forward, change point analysis may also incor-
porate more complex priors and multi-variate regression of several el-
ements to further tie dates with geologic reactions and processes. We
emphasize that this approach provides a formalism to integrate the
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Fig. 5. (A) Relationship between orogenic evolution (top row) and reactions involving monazite and garnet (bottom row) adapted from Hillenbrand et al. (2023a).
(B) Schematic sketch of monazite age vs Y composition in a sample with a relatively short (<20 myr) duration of garnet stability referred to here as a “V-shaped”
profile. (C) Schematic sketch of monazite age vs Y composition in a sample with a relatively long duration (>20 myr) of garnet stability referred to here as a
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relative age constraints routinely noted as part of geologic and petro-
logic analysis with geochronologic data and, while not necessarily
complex, it can provide a more objective and reproducible set of in-
terpretations compared to weighted means or visual inspection.
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