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ABSTRACT

The timing and processes of ductile deformation and metasomatism can be documented us-
ing apatite petrochronology. We integrated microstructural, U-Pb, and geochemical analyses of
apatite grains from an exhumed mylonitic shear zone in the St. Barthélémy Massif, Pyrenees,
France, to understand how deformation and metasomatism are recorded by U-Pb dates and
geochemical patterns. Electron backscatter diffraction (EBSD) analyses documents crystal
plastic deformation characterized by low-angle boundaries (<5°) associated with dislocation
creep and evidence of multiple slip systems. Laser ablation—-inductively coupled plasma-mass
spectrometry (LA-ICP-MS) U-Pb maps indicate that dates in deformed grains reflect, and
are governed by, low-angle dislocation boundaries. Apatite rare earth element (REE) and
U-Pb behavior is decoupled in high-grade gneiss samples, suggesting REEs record higher-
temperature processes than U-Pb isotopic systems. Apatite from (ultra)mylonitic portions of
the shear zone showed evidence of metasomatism, and the youngest dates constrain the age
of metasomatism. Collectively, these results demonstrate that crystal plastic microstructures
and fluid interactions can markedly change apatite isotopic signatures, making single-grain
apatite petrochronology a powerful tool for dating and characterizing the latest major defor-
mation and/or fluid events, which are often not captured by higher-temperature chronometers.

INTRODUCTION

Chronologic constraints paired with micro-
structural and geochemical information (i.e.,
petrochronology) are critical for understanding
the pressure-temperature-time (P-7-f) evolution
of ductile deformation and metasomatism. Re-
setting of U-Pb dates by crystal plastic deforma-
tion can directly date deformation events if dates
can be linked to deformation-related textures
(e.g., Reddy and Potts, 1999; Erickson et al.,
2015) in zircon (e.g., Reddy et al., 2007; Pia-
zolo et al., 2012), monazite (e.g., Erickson et al.,
2015), and titanite (e.g., Gordon et al., 2021),
which have temperature sensitivities between
>1200 °C and 600 °C. Similarly, timing and
conditions of metasomatism can be constrained
through petrochronology if dates can be linked
with fluid-related alteration (e.g., coupled dis-
solution-precipitation) or new growth (Condit
et al., 2018; Varga et al., 2020).

Apatite U-Pb has a temperature sensitivity
of ~450-550 °C (Watson et al., 1985; Cher-
niak et al., 1991; Smye et al., 2018), dynami-
cally recrystallizes during deformation (e.g.,
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Nakano et al., 2001; Saka et al., 2008; Ribeiro
et al., 2020), and is susceptible to dissolution-
precipitation (Harlov, 2015). Apatite trace and
rare earth element (TREE) geochemistry is a
sensitive recorder of petrogenic processes dur-
ing (re)crystallization (Belousova et al., 2002;
Bruand et al., 2017). Therefore, apatite may be
a robust tool for directly dating and geochemi-
cally characterizing deformation and metaso-
matism. However, it is critical to link U-Pb and
TREE data to specific microstructures in order
to understand how thermal, fluid, and deforma-
tion processes affect element distributions. We
applied microstructural, TREE, and U-Pb map-
ping of apatite from an exhumed shear zone to
gain quantitative insights into the nature, tim-
ing, and evolution of grain-scale deformation
mechanisms and metasomatism.

GEOLOGIC SETTING, SAMPLES, AND
METHODOLOGY

The Saint Barthélémy Massif (SBM) is lo-
cated in the North Pyrenean Zone (NPZ), France
(Fig. 1). The NPZ represents an inverted Creta-
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ceous rift margin (e.g., Lagabrielle et al., 2010;
de Saint Blanquat et al., 2016). In the SBM,
an exhumed high-strain, ~100-m-thick, top-
to-the-S (ultra)mylonitic shear zone, the Main
Mylonitic Band (MMB; Figs. 1A and 1C), sepa-
rates granites, migmatites, and mica schists in
the hanging wall from middle- to lower-crustal
amphibolite-granulite mylonitic gneisses in the
footwall (Figs. 1A and 1B; e.g., Passchier, 1982;
de Saint Blanquat et al., 1990). The MMB is a
Cretaceous-aged, S-dipping, low-angle detach-
ment that was tilted to a presently N-dipping po-
sition by Cenozoic shortening (Passchier, 1982,
1984; de Saint-Blanquat et al., 1986; Odlum and
Stockli, 2020).

Previous major-element thermobarometry
studies indicated that granulite-facies meta-
morphism occurred at ~700 °C and 5 kbar,
followed by development of an initial foliation
at ~600 °C and 3 kbar (de Saint Blanquat et al.,
1990), which occurred between 300 and 280 Ma
based on zircon and monazite U-Pb geochronol-
ogy (Fig. 1A; Lemirre, 2018). The MMB de-
veloped through progressive strain localization
within the deforming footwall gneisses during
the retrograde evolution at temperatures between
550 and 450 °C (Passchier, 1984; de Saint Blan-
quat et al., 1990). MMB biotite and muscovite
Ar-Ar ages (110-100 Ma; Costa and Maluski,
1988), apatite U-Pb ages from mylonitic gneiss-
es (120-100 Ma; Figs. 1D and 1E; Odlum and
Stockli, 2020), and titanite, rutile, and mona-
zite U-Pb geochronology within talc-chlorite
mineralization in the hanging wall (122-97 Ma;
Boutin et al., 2016) indicate that the latest duc-
tile deformation and metasomatism in the SBM
occurred during Early Cretaceous rifting.

We chose samples (first characterized by Od-
lum and Stockli, 2020; Figs. 1D and 1F) from
the MMB and footwall gneiss (FWG; Fig. 1).
The MMB sample, 16-SB-14, yielded bulk sam-
ple apatite U-Pb dates between 300 and 100 Ma
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(Figs. 1D and 1E). Sample 15-SB-05 was taken
from a high-grade paragneiss with a bulk sam-
ple apatite U-Pb age of 109.8 + 2.8 Ma, which
was interpreted to record Early Cretaceous ex-
humation and(or) deformation, and enrichment
in light rare earth elements (LREEs; Figs. 1D
and 1F; Odlum and Stockli, 2020). The detailed
methodology, including electron backscatter
diffraction (EBSD) and laser ablation—induc-
tively coupled plasma—mass spectrometry (LA-
ICP-MS) operating conditions, is summarized
in Supplemental Material'.

APATITE MICROSTRUCTURES AND
DEFORMATION MECHANISMS

FWG apatite exhibits internal lattice mis-
orientation characteristic of crystal plasticity
(Fig. 2; Figs. S1 and S2). EBSD maps display
intragranular distortion expressed as lattice
bending about the crystallographic (a) axis, con-
centrated at low-angle (<5°) dislocation bound-
aries (Figs. 2A and 2D). Misorientation profiles

!Supplemental Material. Detailed SEM and
LA-ICP-MS methodologies, U-Pb and TREE data
tables, and supplemental figures. Please visit https://
doi.org/10.1130/GEOL.S.19233003 to access
the supplemental material, and contact editing@
geosociety.org with any questions.
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(A-A’) exhibit 14° of cumulative misorientation
in grain 334 (Fig. 2C) and 35° in grain 321
(Fig. 3E). Misorientation boundaries are con-
sistently aligned parallel to the {(a) axis and
commonly transect the entire grain (Figs. 2A
and 3E). Crystallographic axes are systemati-
cally dispersed around a common rotation axis
(Fig. 2B), and the presence of discrete low-angle
boundaries indicates a dislocation creep defor-
mation mechanism (e.g., Reddy et al., 2006).
Pole figures indicate that dislocation creep is
accommodated by the {10 10}(0001) (prism {c})
slip system (Figs. 2B and 2E), consistent with
slip systems reported from apatite deformation
experiments (Nakano et al., 2001; Saka et al.,
2008). Low-angle misorientation inverse pole
figures (IPF) for grains 334 and 321 (Figs. 2A
and 3E) indicate basal (a) and prism (c) slip
systems, and potentially rhomb (a) slip in grain
321.

EBSD data from MMB apatite provide evi-
dence for dislocation creep, but most grains
show limited to no lattice bending or low-an-
gle boundaries (Figs. 2D and 4E; Figs. S1 and
S3). Grain 202 displays intragranular misori-
entation concentrated along low-angle bound-
aries oriented parallel to the (a) axis (Fig. 2F)
that accommodate <2° of misorientation, and
cumulatively <6° of lattice bending across the

grain (Fig. 2D). Crystallographic orientations
along a diffuse low-angle boundary exhibit a
systematic dispersion consistent with prism
(c) slip (Fig. 2E), and the IPF shows basal
(a) and prism (c) slip. Other MMB grains dis-
play low to no lattice misorientation, with some
weak intragranular misorientation patterns that
lack well-defined low-angle boundaries, and
yield random IPFs (Fig. 4E; Fig. S3).

TREE AND U-Pb RESULTS

FWG apatite TREE maps (Fig. 3C) display
two patterns. St, Y, and La, Ce (LREEs) show
patterns defined by significant variation in con-
centrations (tens to hundreds of parts per mil-
lion) subparallel to the apatite (c) axis, and near-
ly orthogonal to low-angle boundaries (Fig. 3C).
Eu exhibits a similar pattern with less variation
(<10 ppm). Yb and Lu (heavy [H] REEs) are
generally uniform, with concentrations varying
between 1 and 10 ppm (Fig. 3C). TREE patterns
in MMB grains are patchy and characterized by
significant variations in concentration (tens to
hundreds of parts per million; Fig. 4C) that, to
first order, coincide with dark and bright zones
in cathodoluminescence (CL) images (Figs. 4A
and 4C). The lowest LREE and Eu concentra-
tion zones are collocated with dislocation arrays
(Figs. 4B and 4C). Y and HREEs generally have
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Figure 2. (A, D) Electron backscatter diffraction (EBSD) misorientation to point maps, (B, E) pole figures of subset area (gray boxes in A and
D), with black ticks denoting strike of subset boundaries, and (C, F) misorientation profiles. Laser-ablation pits are from previous analysis of
Odlum and Stockli (2020), summarized in Figure 1.

higher concentrations in the center that decrease
toward the rim, with a secondary, more subtle
variation that appears to mirror patchy CL pat-
terns (Figs. 4A and 4C).

U-Pb dates in the FWG (15-SB-05 grain 321)
are ca. 120-100 Ma, with a small area of ca.
300 Ma (Fig. 3F). The MMB apatite (16-SB-14

grain 220) U-Pb dates range between ca. 300 and
100 Ma (Fig. 4F) with a patchy pattern (Figs. 4D
and 4F). Mapped dates and single-grain Tera-
Wasserburg concordia plots (Figs. S1 and S2)
yield consistent dates/date ranges as compared
to bulk sample U-Pb dates (Figs. 1D and 1E;
Odlum and Stockli, 2020).
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DISCUSSION
Crystal Plastically Deformed Apatite

The U-Pb date pattern is evidence of het-
erogeneous radiogenic Pb (Pb*) loss across the
grain at ca. 100 Ma. There is a small area of ca.
300 Ma (Fig. 3F), which is likely a relict portion
of the grain preserving the original apatite age,
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Figure 3. Footwall gneiss sample 15-SB-05 apatite. (A) Grain 334 cathodoluminescence (CL) image, (B) electron backscatter diffraction (EBSD)
misorientation to point map, and (C) trace and rare earth element (TREE) maps. (D) Grain 321 CL image, (E) EBSD misorientation to point map,
and (F) U-Pb date map. See the legend in Figure 2 for boundary lines in B and E. IPF—inverse pole figure.

which overlaps with zircon and monazite U-Pb
ages in these units (Lemirre, 2018) and hang-
ing-wall apatite ages (Fig. 1D), supporting the
interpretation that ca. 120-100 Ma dates are iso-
topically reset ages (i.e., Pb* loss) and not Early
Cretaceous neoblastic apatite. We did not ob-

serve rim-to-core U-Pb date diffusional profiles
that would indicate dates are simple thermochro-
nologic cooling ages associated only with ther-
mally activated Pb volume diffusion. Instead,
the U-Pb age pattern coincides with low-angle
boundaries to first order (Fig. 3F). Dislocation

arrays may act as fast pathways for Pb* diffu-
sion out of grains, similar to proposed mecha-
nisms in monazite (Erickson et al., 2015) and
zircon (Reddy et al., 2007; Moser et al., 2009;
Timms et al., 2011; Piazolo et al., 2012, 2016).
We suggest that progressive deformation led to
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Figure 4. Main Mylonitic Band (MMB) sample 16-SB-14 apatite. (A) Grain 202 cathodoluminescence (CL) image, (B) electron backscatter diffrac-
tion (EBSD) misorientation to point map, and (C) trace and rare earth element (TREE) maps. (D) Grain 220 CL image, (E) EBSD misorientation
to point map, and (F) U-Pb date map. See the legend in Figure 2 for boundary lines in B and E. IPF—inverse pole figure.

sweeping of Pb* to dislocation arrays followed
by pipe diffusion out of the crystal (Piazolo
et al., 2012, 2016), and thus U-Pb dates reflect
and were also governed by intragrain misorien-
tation boundaries. These observations together
with mylonitization temperatures of 450-550 °C
(de Saint Blanquat et al., 1990) indicate that
deformation and Pb* loss processes were likely
coeval, and thus deformed apatite U-Pb ages
directly date ductile deformation.

The Sr, Y, Eu, and LREE patterns are distinct
from microstructural patterns and U-Pb date pat-
terns. We suggest that these elements preserve
higher-temperature processes than U-Pb because
TREEs are only mobile in apatite at higher

temperatures (>700-800 °C) than Pb (>450-
550 °C; Cherniak, 2010). Possible scenarios
for observed patterns are (1) TREE diffusion
parallel to the (c) axis (fast diffusion pathways;
Dykes, 1971; Iqdari et al., 2003) at tempera-
tures >700-800 °C, (2) a different dominant slip
system operative in apatite at higher tempera-
tures (similar to quartz slip behaviors) that may
control TREE patterns, or (3) a combination of
the two. If apatite slip systems are temperature
sensitive, then higher-temperature slip systems
could have created dislocation arrays parallel
to the (c) axis (via prism (a) or basal (a)) that
controlled TREE diffusion (e.g., Chapman et al.,
2019). IPFs of deformed grains support the in-

Geological Society of America | GEOLOGY | Volume XX | Number XX | www.gsapubs.org

Downloaded from http://pubs.geoscienceworld.org/gsa/geology/article-pdf/doi/10.1130/G49809.1/5576733/g49809.pdf

bv Lniv of Nevada | as Veaas user

ference that these slip systems were active at
some point. Further work characterizing apa-
tite deformation at various temperatures is nec-
essary, but both scenarios suggest that TREEs
capture higher-temperature processes (e.g., the
700 °C metamorphism event), and together with
U-Pb ages and microstructures, they can provide
amore complete record of the prograde and ret-
rograde evolution of rock units.

Metasomatized Apatite

Patchy MMB apatite textures in CL images,
U-Pb dates, and TREE maps (16-SB-14 grain
220) are collectively interpreted as evidence
of coupled dissolution-precipitation reactions



(Fig. 4F). Patchy patterns may indicate enhanced
fluid infiltration into grains due to (1) pervasive,
interconnected, three-dimensional micro- and
nanoporosity developed during dissolution-pre-
cipitation reactions (Harlov et al., 2005; Putnis,
2009), and(or) (2) cracks or subgrain/low-angle
boundaries formed during crystal plastic defor-
mation. The 300 Ma dates overlap with zircon
U-Pb ages from these units (Lemirre, 2018),
suggesting that these domains represent unre-
acted portions maintaining the original age. The
youngest 120 to 100 Ma dates represent reacted,
or reprecipitated, apatite (Fig. 4F). Dates falling
between 300 and 100 Ma may represent some
inheritance of less mobile elements (including
U, Th, and Pb systematics) from precursor apa-
tite (Varga et al., 2020), portions of the grain
that have undergone partial resetting, and(or)
domain mixing within the 12 pm laser spot size
during analysis. Dates between 300 and 100 Ma,
which also make up the wedge shape in Terra-
Wasserburg space (Fig. 1D; Fig. S5), are likely
geologically meaningless, with the true age of
metasomatism represented by the youngest clus-
ter of dates (Varga et al., 2020).

The TREE maps patterns mirror CL zoning
(Figs. 4A and 4C), which we interpret to reflect
domains of original and reprecipitated apatite.
Bright areas in CL correspond to areas with
higher LREE concentrations (Figs. 4A and 4C),
which likely represent reacted portions of grains,
based on prior work that suggested reprecipitated
apatite is enriched in LREEs relative to HREE
and hanging-wall apatite (Fig. 1F; Odlum and
Stockli, 2020). The HREEs and Y display pat-
terns distinct from LREEs and Eu. The difference
in behavior between LREE and Eu versus HREE
and Y may be explained by (1) HREE and Y are
less incompatible elements and less fluid-mobile
elements, so they are less affected by dissolution-
precipitation processes, or (2) the fluids did not
contain significant HREEs orY, so reprecipitated
apatite maintained concentrations similar to origi-
nal apatite. While both factors were likely at play,
we favor the interpretation that fluid composition
was the dominant control, because prior work has
shown that HREE-rich fluid composition can en-
rich apatite in HREEs (e.g., Glorie et al., 2019).

Most MMB apatite grains display low to no
lattice misorientations (Figs. 4B and 4E; Fig.
S3). Internal misorientations may have been a
result of earlier crystal plastic deformation that
was subsequently overprinted by dissolution-
precipitation (i.e., partial replacement reactions
with a high degree of epitaxy) or a direct effect
of the dissolution-precipitation process itself
(Spruzeniece et al., 2017). We favor the inter-
pretation that most dislocation arrays were cre-
ated as apatite was deforming via dislocation
creep, and as rocks were exhumed and strain
and fluids were progressively localized to form
the MMB, dissolution-precipitation reactions
variably overprinted microstructures.

Challenges and Opportunities in Apatite
Petrochronology

Apatite petrochronology is a robust tool for
constraining the timing and geochemistry of
the most recent deformation and(or) fluid-rock
interaction event. Crystal plastic deformation
microstructures can change apatite chemical
and age signatures. Apatite U-Pb dates can be
reset in deformed apatite, with the youngest date
representing the age of the last major deforma-
tion event. Similarly, in fluid-altered apatite,
the youngest dates are robust for constraining
the timing of the latest dissolution-precipita-
tion and(or) chemical exchange. Older dates
obtained may or may not represent the origi-
nal apatite age, and a priori or complementary
zircon U-Pb ages are necessary to interpret the
older apatite dates.

LA-ICP-MS maps showed several important
geochemical relationships. LREEs and HREEs
behave differently in both deformed and meta-
somatized grains. LREEs and Eu show greater
variation and appear more affected by deforma-
tion and metasomatism. Decoupling between
TREESs and U-Pb behavior in the FWG (Fig. 3),
which has also been observed in titanite (Gordon
et al., 2021), suggests that TREEs record high-
er-temperature processes than respective U-Pb
systems. Future work characterizing apatite de-
formation mechanisms and isotopic signatures
at variable P-T conditions is necessary to fully
understand these relationships. Fluid-mediated
replacement reactions affect TREE and U-Pb
systems, and in reprecipitated apatite, the U-Pb
and TREE values record the age and geochem-
istry of metasomatism, respectively. Microstruc-
tural analysis and(or) single-grain depth profile
analysis are(is) critical for robust apatite U-Pb
date interpretation. Significant intragrain TREE
concentration variations can occur, and CL im-
ages can aid in accurate geochemical character-
ization. The presented approach is powerful for
in situ apatite petrochronologic studies and a ro-
bust tool in ductile shear zones, metasomatized
rocks including those at ambient temperatures
<450 °C (e.g., fluid-rock interactions in brittle
faults, mineral deposits of economic interest),
and exhumed subduction zone complexes.
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