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Alleghanian phyllonites in a shear zone in southern New England were formed by the
retrogression and hydration of a high-grade Acadian pelitic schist. The retrogression was
locally incomplete, resulting in both heterogeneous mineralogy and mineral
compositions, and in many arrested reaction textures. These features, documented by
backscattered electron and element map imaging, and by 40Ar/3%Ar dating, provide a
record of the processes active as the schist was converted to a phyllonite. On the margins
of the shear zone relic biotite and garnet grains survive but are partially replaced by
chlorite. Relic high-grade muscovite flakes containing up to 35 % paragonite (pg) also
persist but are entrained in swarms of pg-poor muscovite flakes producing folia with an
anastomosing network of muscovite grains of variable composition. Single crystals of
pg-rich muscovite are truncated by muscovite in successively younger cross-cutting folia
that contain decreasing pg contents, falling to <5% pg in the youngest folia. In the core of
the shear zone all high-grade minerals are destroyed, but recrystallization continues with
earlier greenschist facies folia replaced by lower grade and pg-poorer muscovite in
younger folia. Muscovite grains in truncated folia are commonly kinked and selective
recrystallization of muscovite in kink bands to pg-poor-compositions demonstrates that
strain energy helped drive recrystallization. The boundaries of these new pg-poor
muscovite folia are sharp, and truncations indicate that grain boundary sliding (GBS)
involved dissolution. GBS also enabled folding by flexural slip along muscovite grain
boundaries. Fold amplitudes increased as chlorite dissolved from fold limbs precipitated
in fold hinges producing crescent-shaped saddle-reef-like structures. Together these
observations of truncation and replacement by dissolution and precipitation demonstrate
that pressure solution and GBS facilitated both the formation of the phyllonitic shear

zone and slip along it.

1. INTRODUCTION

Retrograde shear zones are common worldwide where they
record important parts of the exhumation history of moun-
tain belts (Fossen & Cavalcante, 2017). They typically con-
tain well developed foliations defined by phyllosilicates
that are relatively weak (Kronenberg et al., 1990), and that
replaced higher grade and commonly stronger minerals
(Ceccato et al., 2022; Wintsch et al., 1995). This evolution
toward weakening leads to strain localization and fault re-
activation (e.g., Diener et al., 2016; Samsu et al., 2023). It
may also produce or enhance ductility contrasts that lead
to the development of stretching faults and stretching fault

systems (Bailey et al., 2004; Fossen & Cavalcante, 2017;
Means, 1989; Scharf et al., 2013).

Despite this progress questions about the dominant de-
formation mechanisms operating, and the role and the
availability of H,O in micaceous shear zones persist (Sten-
vall et al., 2020; Tenczer et al., 2006). The mineralogy and
microstructures in retrograde shear zones can be especially
revealing because these fault rocks can retain textural evi-
dence of retrograde reaction and deformation mechanisms
(e.g., McAleer et al., 2017; Nosenzo et al., 2023; Wiest et al.,
2020), but more work is necessary to identify details of how
these shear zones deform. Of the several mechanical and
chemical deformation mechanisms involved in the produc-
tion of strong foliations, those most commonly proposed
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are dislocation creep and pressure solution (Passchier &
Trouw, 2005; Wallis et al., 2015; Wenk et al., 2020). With re-
gard to phyllosilicates, experimental deformation of single
crystals with orientations oblique to the shortening direc-
tion shows that these crystals are relatively weak, and that
dislocation glide operates in the basal plane of mica flakes
(Kronenberg et al., 1990). Experiments using natural and
synthetic micaceous rocks show that increasing mica con-
tent and increasing mica grain contiguity greatly decrease
rock strength (Mariani et al., 2006; Shea & Kronenberg,
1992, 1993; Tokle et al., 2023). However, evidence for dislo-
cation glide in nature is not always strong (Bons, 1988; Mc-
Namara et al., 2024; Wallis et al., 2015), and the a- and b-
axis preferred orientation anticipated for dislocation glide
in muscovite (Mares & Kronenberg, 1993) is commonly ab-
sent (e.g., Wenk et al., 2020).

In contrast, most studies of naturally deformed rocks
identify pressure solution processes as important deforma-
tion mechanisms in many crustal settings (e.g., Ceccato et
al., 2022; De Caroli et al., 2024; Gratier et al., 2013; A. L.
Lee et al., 2022; Rutter, 1983; Tulley et al., 2022; Wintsch &
Yi, 2002). Evidence for this comes from (1) the truncation
of grains in earlier fabrics by new minerals defining over-
printing foliations (Wenk et al., 2020; Wintsch et al., 2005),
(2) from minerals in foliations with new compositions com-
pared to precursor minerals (Airaghi et al., 2017; McAleer
et al., 2017; McWilliams et al., 2007; White & Johnston,
1981), and (3) from petrochronology, that is, the identifi-
cation of younger ages of grains in succeeding foliations
(Beaudoin et al., 2020; Oriolo et al., 2022; Torgersen et al.,
2022; Villa et al., 2023).

The present contribution builds on these studies with
detailed microstructural observations placed in metamor-
phic, geochronologic, and aqueous geochemical contexts
to identify the metamorphic conditions and deformation
mechanisms that operated in a belt of retrograde Alleghan-
ian phyllonites in a shear zone in southern New England,
USA (fig. 1). Our study takes advantage of the persistence
of relic high-grade, Na-rich muscovite flakes from the pro-
tolith identified with element maps and electron micro-
probe analysis (EMPA) to help determine the relationships
among different generations of muscovite grains in the ret-
rograde phyllonites. These microstructures are compared to
those expected from possible deformation mechanisms to
determine the dominant mechanisms that operated there.

2. GEOLOGIC BACKGROUND

The retrograde East Derby shear zone (EDsz; ‘shear zone’ is
not capitalized because the name is informal) in the south-
western New England Appalachians (fig. 1) cuts high-grade
schists and gneisses accreted to the eastern margin of Lau-
rentia in the early Paleozoic. The zone is characterized by
a band of lower greenschist facies phyllonites from 0.5 to
1.0 km wide. The phyllonitic foliation dips steeply west and
cuts at a small angle steeply east-dipping foliations in adja-
cent wall rocks (Fritts, 1965; Wathen et al., 2015). Outcrop-
scale folds are not common, but where present the asym-
metry of the folds suggests sinistral strike-slip translation

as does the transposition of foliations and quartz veins into
the dominant foliation (Wathen et al., 2015). In contrast,
folds in the Wepawaug Schist (Growdon et al., 2013) and
transposition of isograds in the Wepawaug Schist (fig. 2)
suggest a component of dextral shear. This belt of phyl-
lonites was originally interpreted as a stratigraphic unit
correlating with the greenschist facies Ordovician pelitic
Savin Schist to the south and east (fig. 2) around a NNE
plunging Wepawaug Syncline (Fritts, 1962). However, Hatch
and Stanley (1973) recognized that the phyllonites consti-
tuted a retrograde fault zone and are not part of any folded
stratigraphy.

East of the EDsz lies the Early Devonian Wepawaug
Schist that marks the southern-most exposure of Connecti-
cut Valley Trough sediments (Hatch & Stanley, 1973; fig.
1B). The schist was metamorphosed during the Acadian
orogeny in the Middle to Late Devonian. Sm-Nd ages of a
garnet core and rim (~389 and ~380 Ma, respectively, Lan-
caster et al., 2008) and a U-Pb age of monazite (~388 Ma,
Lanzirotti & Hanson, 1996) document this event. The rocks
display a metamorphic field gradient toward the south-
west from chlorite to staurolite-kyanite grade (Fritts, 1962,
1965) where metamorphic conditions reached ~650 °C and
~1.0 GPa (fig. 3B; Ague, 1994a, 1994b, 2002). The schist
was exhumed to greenschist facies conditions in the early
Carboniferous as established by 40Ar/39Ar amphibole and
muscovite cooling ages of ~375 and ~365 Ma, respectively
(Growdon et al., 2013; this study). The rocks and isograds
were subsequently telescoped and shortened to ~30% in the
late Paleozoic (green dashed line, fig. 2; Growdon et al.,
2013).

West of the EDsz lies a complex of Ordovician and Sil-
urian orthogneisses and paragneisses (Sevigny & Hanson,
1993, 1995). These were also metamorphosed to upper am-
phibolite facies in the Devonian as documented by U-Pb
ages of garnet (~380 Ma) and monazite (395-375 Ma; Se-
vigny & Hanson, 1993, 1995), and of staurolite and mon-
azite (400-380 Ma, Lanzirotti & Hanson, 1995, 1997). The
gneisses show a metamorphic field gradient from regional
staurolite + kyanite grade in NW Connecticut with meta-
morphic conditions reaching 700 °C and 1.0 GPa near the
Waterbury and Bristol domes (fig. 1B; Hillenbrand et al.,
2023, 2024) to about 650 °C and 0.7 GPa in the greater
Bridgeport area (Matthews et al., 2008). West of the EDsz
(fig. 2) the metamorphic field gradient shows an increase in
metamorphic grade from regional staurolite-kyanite grade
to sillimanite + muscovite followed by the disappearance
of first staurolite and then kyanite to the southeast. These
‘isograds’ are extrapolated from the mapping of isograds in
pelitic paraschists and gneisses primarily west of the An-
sonia quadrangle (Matthews et al., 2008) into the felds-
pathic orthogneisses where these index minerals are lack-
ing (dotted lines, fig. 2; Wathen et al., 2015). Rb-Sr, K-Ar,
and 40Ar/39Ar cooling ages and a Triassic non-conformity
show that the rocks were cooling from the Late Devonian
through to exposure in the early Mesozoic (Clark & Kulp,
1968; Dietsch et al., 2010; Growdon et al., 2013; Moecher et
al., 1997; Wheeler, 1937).
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Figure 1. (A) Map of northeast North America (from Thomas, 2006) showing the locations of promontories and
embayments in Laurentia (blue) created by rifting of the Rodinia supercontinent ~600 Ma producing rifts and
transform faults (double and single green lines, respectively). The New York promontory is highlighted in green,
and the location of Connecticut (Ct) is indicated. Gondwana (lilac) rotated clockwise during its late Paleozoic
convergence with Laurentia (Hatcher, 2002). (B) Geologic terrane map of Connecticut (modified from Hibbard et al.,
2006; Rodgers, 1985) showing Laurentia (blue), accreted rocks (gray), Connecticut Valley Trough (apple green),
Bronson Hill terrane (brown), Merrimack belt (pale green), and peri-Gondwanan terranes (shades of lavender).
Sediments (yellow) and volcanic rocks (ochre) lie in the down-faulted Hartford Basin. Bold dashed red line shows
the trace of the East Derby shear zone (EDsz) with the possible extension to the Dobsonville Pond shear zone (DPsz)
and brittle reactivation cutting the Hartford Basin near Meriden (Wintsch et al., 2003). B.D. and W.D. with +
identifies the Bristol and Waterbury domes, respectively. Box identifies the location of figure 2.
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Figure 2. A generalized geologic map of southwest Connecticut (modified from Deasy et al., 2017; Fritts, 1965;
Rodgers, 1985) showing the location of the East Derby shear zone (yellow) truncating rocks and isograds of the
Wepawaug Schist (green) and high-grade orthogneisses (pink). Dashed red lines show the locations of
metamorphic isograds (Ague, 1994a; Fritts, 1965; Matthews et al., 2008). Locations of samples with P > 0.8 GPa in
pelitic and calcareous rocks are indicated with black and green +, respectively. Kyanite zone pelitic samples with
P < 0.8GPa are indicated with blue + (Ague, 1994b, 2002). Pale blue circles show the location of sample sites
examined; those with sample numbers (e.g., WP-166) are described in this study and in Wathen (2020). Isograds
west of the EDsz from Matthews et al. (2008). Stars give locations of villages. Abbreviations used here or in the
following figures: Ab, albite; And, andalusite; Ap, apatite; Bt, biotite; C, chlorite; Grt, garnet; Ky, kyanite; Ms,
muscovite; P, plagioclase; Q, quartz; Sil, sillimanite; St, staurolite.

3. METHODS

The field and laboratory methods described below have
been employed to identify the deformation mechanisms

to establish a more detailed geological context for these
rocks. The analytical work was conducted primarily at a
scale <1mm to best identify the grain-scale processes that
produced the foliations in these rocks.

that operated in the phyllonites of the retrograde EDsz and
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Figure 3. Pressure - temperature diagrams. (A) Diagram showing the stability fields of biotite, garnet, staurolite,
and the aluminosilicates in the Wepawaug Schist of average chlorite-biotite zone composition calculated in a
pseudosection using Perple_X (see Supplementary information). Green lines contour the paragonite (pg)
component of muscovite, with a maximum of ~ 35 mole % in the staurolite field. (B) A pressure-temperature
diagram showing the PTt path of rocks in the EDsz (bold black dashed line). Black and blue crosses show the PT
conditions for kyanite-grade and recrystallized rocks, respectively, of the pelitic Wepawaug Schist with 2o error
bars (Ague, 1994b, 2002). Orange diamond shows calculated PT conditions from intersecting fluid inclusions
(Dabrowski & Evans, 2009). The blue and pink ovoid fields show the P-T conditions of deformation in the EDsz
and of fabric development in sample WP-162, respectively. The calculated closure temperature of Ar diffusion in
muscovite is given by the bold dashed gray line. Red stars mark the P-T conditions used for aqueous geochemical
calculations. White horizontal boxes show the effective 40Ar/3%Ar cooling ages of amphibole (Am, Growdon et al.,
2013) and muscovite (Ms, this study) in the Wepawaug Schist. Vertical white boxes show the times and PT
conditions of recrystallized fabric-forming (white) and pseudomorphic (confetti filled) muscovite. For other

explanation refer to text. Abbr. as in figure 2.

3.1. Sample strategy, structural and mineral
nomenclature

The shear zone was mapped in the Bridgeport, Milford, An-
sonia, and Mount Carmel quadrangles (Wathen, 2020; Wa-
then et al., 2015; fig. 2). Exposure is moderate but be-
comes excellent in across-strike stream cuts in the Ansonia
and Milford quadrangles. One hundred thin sections cut
perpendicular to both the dominant foliation and to local
crenulations were studied using optical and electron pet-
rography. Those samples showing the most diverse mi-
crostructures were selected for detailed study. We refer to
the dominant foliation in any outcrop or thin section as
‘Sn,” but because of the complicated overprinting cleavages,
the dominant foliations (Sn) among these samples have
demonstrably different ages. Older and younger foliations
with relative ages established by cross cutting relationships
within an outcrop or thin section are identified as Sn-1,
Sn+1, and so on. To avoid clutter and to minimize conceal-
ing important microstructures only a subset of microstruc-
tures displayed in the figures below are highlighted with

colored symbols; details of other features can be identified
by enlarging the digital images. Metasomatic replacement
reactions written below are balanced with Fe end-member
formulae (given in Holland & Powell, 2011). This simplifies
the reactions and allows activity diagrams to be calculated
with SUPCRTBL (Zimmer et al., 2016). Abbreviations follow
Spear (1995) and Holland and Powell (2011) except where
longer abbreviations would mask the microstructures being
described. These include C for chlorite, Q for quartz, and T
for tourmaline.

3.2. Electron beam analysis

Most electron microprobe analyses (EMPA) and all element
maps and backscattered electron (BSE) images were gener-
ated in the U.S. Geological Survey, Reston Microbeam Labo-
ratory on a fully automated JEOL 8900 Electron Microprobe
with five wavelength dispersive analyzers. Supporting elec-
tron microprobe analyses of sample WP-29 were made on a
Cameca SX50 at Indiana University (Wathen, 2020). Details
of methods including results are given in Supplementary
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information (text, tables S1-S7, figs S1-S5) and in Wintsch
et al. (2024). Na element maps show the distribution of
muscovite blades with contrasting Na contents at the scale
of the grains. EMPA analyses provide quantitative context
for the color intensity variations present on these maps.

3.3. Argon isotopic analysis

Sample preparation for argon isotopic analysis of muscovite
involved two separation methods: standard bulk rock mus-
covite separation (McWilliams et al., 2013) and a micro-
scope-mounted micro-drill to isolate selected microstruc-
tures in phyllonites (Supplementary information; Wathen,
2020). These separates were irradiated for 30 MWH in the
central thimble of the USGS-TRIGA facility in two irradia-
tions in 2014 (KD61) and 2017 (KD65). Age plateaus are de-
fined as consisting of three or more contiguous steps that
contain > 60% of the 3%Ary and the probability-of-fit of the
weighted-mean age of those steps is greater than 5% (Lud-
wig, 2012). Details of the analytical methods and constants
used during data reduction are given in Supplementary in-
formation (text and table S8) and in Wintsch et al. (2024).

3.4. One-dimensional thermal modeling: P-T-time
path

To establish a pressure-temperature-time (PTt) path for
the rocks of the EDsz that is geodynamically plausible, we
model this path to comply with the metamorphism of the
protolith, the Wepawaug Schist. We employ the 1-dimen-
sional thermal models of England and Thompson (1984)
and Haugerud (1989) for conductive heating produced by
crustal loading and unloading. Values of crustal properties
given in Wintsch et al. (1992) in eastern Connecticut are
appropriate for western Connecticut because peri-Gond-
wanan lower crust has been identified there as well (Sevi-
gny & Hanson, 1993). The model PTt path was constrained
to capture (1) the thermobarometric estimates in P-T space
from both metamorphic petrology (Ague, 1994b, 2002) and
from fluid inclusion data (Dabrowski & Evans, 2009; fig.
3), (2) the geochronologic and thermochronologic data in
T-t space (see sec. 2.0), (3) the age of deposition of the
original sediment (~410 Ma, by correlation with The Straits
Schist, Wintsch et al., 2017), and (4) the non-conformity
with Upper Triassic sediments on the western margin of
the Hartford basin (Wheeler, 1937). The path was calcu-
lated iteratively by adjusting the times, rates, and durations
of loading and unloading events until all these data were
captured. Loading and unloading rates of 3, and 3 and 9
mm/yr., respectively (fig. 3B) captures these constraints.
It also captures the ~100 m.y. dwell-time at lower green-
schist facies conditions required by the muscovite 40Ar/3%Ar
data in the EDsz (sec. 5.2). Trial calculations show that the
choice of values for geophysical variables given in Wintsch
et al. (1992) does not significantly affect the position or the
shape of the PTt path calculated.

3.5. Thermodynamic calculations
3.5.1. PSEUDOSECTIONS

Phase equilibrium (pseudosection) modeling was per-
formed using Perple_X (Connolly, 2005, 2009) and the ther-
modynamic database (DS622) of Holland and Powell (2011)
in the MNNCKFMASHT1 system with HyO in excess over the
P-T range of 0 to 1.2 GPa and 300-700 °C (fig. 3A). Details
of the calculations and bulk rock compositions for aver-
age chlorite-biotite grade and kyanite grade compositions
of the Wepawaug Schist from Ague (1994a) are reported in
Supplementary information. We adopt the pseudosection
calculated from the average composition of chlorite-grade
rocks (figs. S4, S5) because it better predicts the mineral
compositions and assemblages present in the Wepawaug
Schist at higher grades.

3.5.2. AQUEOUS GEOCHEMISTRY

To elucidate the role of aqueous fluids that facilitate reac-
tion and pressure solution we employ SUPCRTBL (Zimmer
et al., 2016) to calculate aqueous activity diagrams using
equilibrium constants for the replacement reactions pre-
sented below. Aqueous activity diagrams have an advan-
tage over pseudosections in that they show the effect of
temperature and pressure on the size of the stability field
of each mineral in chemical potential space. A limitation
of SUPCRTBL is that it cannot calculate the compositions
of aqueous fluids in equilibrium with complex solid solu-
tions. We opt for the Fe end-member system because it is
more germane to the Fe-rich minerals of these rocks (stau-
rolite, garnet, Ague, 1994b; chlorite, this study). However,
calculations of both the pseudosection and the activity dia-
grams are derived from the same thermodynamic database
for solid phases (version DS622, Holland & Powell, 2011)
and are thus consistent regarding solid end-member data.
The consequence of choosing the Mg-free system on the ac-
tivity diagrams calculated is to reduce the size of the biotite
and chlorite stability fields. However, neither the topology
of the diagrams nor the conclusions reached in this contri-
bution are affected by this simplification.

4. RESULTS

4.1. Metamorphic history: establishing a PTt path

The pressure-temperature (PT) diagram of figure 3 provides
a metamorphic context for the development of the mi-
crostructures in the phyllonites described below. Key data
from this pseudosection (see Supplementary information)
included on this figure are the biotite, garnet, and stauro-
lite isograds (dashed red lines) and contours of the parago-
nite component (pg) of muscovite (solid and dashed green
lines). These calculations predict a maximum of 36 mol %
pg at ~600 °C and ~0.5 GPa, dropping to < 10 mol % pg at
greenschist facies conditions (fig. 3A) making the pg con-
tent of muscovite a good monitor of the metamorphic con-
ditions of muscovite crystallization. Added to this PT di-
agram (fig. 3B) are the results of 1-dimensional thermal
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modeling of the PTt path (section 3.4) of the Wepawaug
Schist (bold dashed black line).

4.2. Structural relationships

Rocks of the EDsz are dominated by phyllites and phyl-
lonites of pelitic composition that contain small (> cm
thick) concordant quartz ribbons and beards (figs. 4-8, S3,
S4; Wathen, 2020; Wathen et al., 2015). Foliation is very
well developed but mineral lineations on phyllonitic sur-
faces are absent. Rather, multiple overprinting foliations
dominate most foliation surfaces. Almost all structures at
the outcrop scale are ductile, but brittle faults with slicken
lines are present in some outcrops; these can never be
traced beyond a single outcrop.

The Wepawaug Schist marks the eastern boundary of the
shear zone. The contacts between the lower greenschist fa-
cies phyllonites and the host schists are sharp but the rocks
are locally interlayered. For example, muscovite # chlorite
bearing foliations cut and replace amphibolite facies mus-
covite + biotite schists on the scale of mm, while adjacent
biotite and garnet are incompletely replaced by chlorite
(fig. 5A, B). In the same sample at least four foliations dom-
inated by muscovite truncate earlier muscovite + biotite fo-
liations (fig. 5C-F). In fact, multiply overprinting foliations
are characteristic of the phyllonites in general (figs. 4-11).
Porphyroblasts of garnet, staurolite, kyanite, and interme-
diate plagioclase that survive exhumation in the Wepawaug
Schist (Ague, 1994b; T. H. Bell & Newman, 2006; Growdon
et al., 2013; Wathen, 2020) become progressively replaced
by randomly oriented muscovite or chlorite near the shear
zone (figs. 4-8, S4); this replacement is complete in the in-
terior of the shear zone (e.g., fig. 4).

Pelitic schist and orthogneiss mark the western bound-
ary of the shear zone. There the schist becomes pinstriped
and orthogneisses are strongly foliated, locally becoming
mylonitic schist (Wathen et al., 2015). Phyllonites ap-
proaching the western boundary include tectonic slivers
of Wepawaug Schist, muscovite-quartz granofels, quartzite,
and amphibolite, especially in the southern Ansonia quad-
rangle (Fritts, 1965). The progressive replacement of por-
phyroblasts and the occurrence of tectonic slivers of
Wepawaug Schist within the phyllonite provide evidence
that the phyllonites are derived from the Wepawaug Schist.

4.3. Microchemical results

The compositions of all rock-forming minerals in the
Wepawaug Schist are available (Ague, 1994b, 2002; Grow-
don et al., 2013). The compositions of minerals in the EDsz
are given in table S5 and Wintsch et al. (2024), and gen-
erally overlap with those in the Wepawaug Schist (Ague,
1994b). To preserve microstructural context, the locations
of EMPA analyses are plotted on optical and backscattered
electron images of the minerals (figs. 4G, 6B-E, 8A, C, D,
10, S3, S4), and their numbers are keyed to the analysis
number in table S5. The suite of muscovite analyses shows
a continuous compositional variation in pg content, from
>35% to < 5% (fig. 6E, F; fig. S1). This range records com-
positions reflecting near maximum P-T conditions of the

Wepawaug Schist to the lower greenschist facies of the
EDsz (green contours, fig. 3). The compositions of chlorite
are all Fe-rich ripidolite, analyses across single chlorite
grains or clusters of grains show no strong zoning at the
scale of our analyses (fig. S2).

4.4. Petrography

Mineral reactions in the phyllonites and adjacent wall rocks
occur in two settings. One is pseudomorphic replacement
of high-grade minerals by low-grade minerals. The other is
the replacement of earlier minerals by minerals that define
new cleavages. They are discussed in this order below.

4.4.1. STATIC REPLACEMENT REACTIONS

Staurolite replaced by muscovite. — Staurolite porphyroblasts
up to 1 cm long occur in the high-grade Wepawaug Schist
where they are surrounded by foliations defined by mus-
covite + biotite (T. H. Bell & Newman, 2006). However,
within the EDsz the staurolite porphyroblasts are com-
pletely replaced by muscovite of two grain sizes (figs. 4G,
S4). The larger of the two contains slightly more Na and
less Fe — Mg than the finer grains (Supplementary informa-
tion) but all contain < 0.15% pg (figs. 4G, 6F). These small
grains also contain more Al and less Si than fabric-form-
ing muscovite (fig. 6G). This replacement can be described
by reaction 1 (table 1) that requires the introduction of
both H,0 and H*. Quartz is not present within the pseudo-
morphs (e.g., fig. 4) which supports the operation of re-
action 1 that consumes SiO,. As written the reaction in-
volves a large increase in volume, but if the reactant SiO,
is treated as quartz (inclusions are common in staurolite,
Newman, 2001) the volume increase is much less (table 1).

Garnet replaced by chlorite. — Garnet (X}, = 0.65-0.80,
Ague, 1994b) is common in the higher-grade Wepawaug
Schist (T. H. Bell & Newman, 2006). On the margins of
the EDsz garnet is partially replaced by chlorite (figs. 5A,
B, 6A; 8A), but within the shear zone garnet is completely
replaced by randomly oriented chlorite flakes (e.g. fig. 4B,
C, lower left). The compatibility of chlorite with muscovite
(small flakes with chlorite, fig. 5B) indicates that the re-
placement occurred under lower greenschist facies condi-
tions. The reaction describing this replacement (no. 2, table
1) requires the introduction of H,O and releases H*. It also
predicts a significant volume increase, but this increase
drops to +25% using the compositions of ripidolite analyzed
here.

Biotite replaced by chlorite. — Some relic grains of biotite
are partially or completely replaced by chlorite. Petro-
graphic evidence for this replacement is found in grains
where the replacement is incomplete, preserving the shape
of the original biotite grain (figs. 5A, B, 7E, F, 8A). This
pseudomorphic replacement involves a small loss in vol-
ume (reaction 3, table 1) especially if quartz precipitates lo-
cally.

Plagioclase replaced by albite. — Plagioclase is present in
the Wepawaug Schist with intermediate compositions from
~An, to ~Any in pelitic rocks (Ague, 1994b). However, pla-
gioclase grains in muscovite + chlorite phyllonites have An
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Figure 4. Images of textures and microstructures from sample WP-29 (refer also to fig. S4) on the eastern margin
of the EDsz. The legend explains the symbols here and in figures below. (A) Crossed polarized light CPL) image of
the dominant muscovite + biotite (Bt, black arrows) foliation (Sn) interlayered with quartz (Q) ribbons and
hosting a muscovite (Ms) pseudomorph after staurolite ([St], grainy orange pattern). Dashed and dotted boxes
show the locations of plates B and D. (B) and (C) Plain polarized light (PPL) and CPL images of pseudomorphs
(bi-directional black arrows) within Sn defined by muscovite > biotite. Weakly deformed (right) and flattened
(dashed white outline) pseudomorphs of muscovite after staurolite, and a moderately flattened pseudomorph of
chlorite after garnet (dashed green outline, [Grt]) are indicated. Foliation Sn-2 is defined by trails of ilmenite
(Ilm) inclusions in the staurolite pseudomorph; Sn-2 is folded against the former staurolite porphyroblast
producing Sn-1. Sn with a parallel quartz (Q) ribbon wraps around the larger pseudomorph. Some of many grain
boundary sliding (GBS) surfaces are marked by dotted orange lines. Red-white arrows point to truncated
crenulations. (D) BSE of quartz-free muscovite (gray) pseudomorph after staurolite showing ilmenite inclusions
(small white bars) defining Sn-2 foliation. Sn-1 and Sn matrix foliations are indicated. (E) A Na element map
showing two grain sizes of muscovite (Ms; and Ms,) in the pseudomorph after staurolite in contact with external
foliation composed of muscovite flakes of Na-rich (sky blue) and Na-poor (dark blue) compositions. A
microlithon (ML) containing Sn-1 and a tourmaline (T) grain is outlined with a dashed white line. GBS surfaces
show muscovite folia truncating muscovite (reaction 7, table 1) and dashed white arrows identify boudinaged
grains. (F) An Fe element map of the area in plate E, showing the distribution of ilmenite, and the very limited
participation of chlorite in Sn. (G) A BSE image (location in plate D) showing the textures and distribution of
muscovite and chlorite on the margin of a staurolite pseudomorphed by two grain sizes of muscovite. Numbered
white dots show the locations of EMPA analyses, and yellow numbers in italics indicate the average molar % pg
in muscovite (Wintsch et al., 2024). A large relic pg-rich muscovite grain (left) that defines Sn truncates earlier
crenulated (Sn-1) chlorite-bearing foliations (red-white arrows). The pg-poor muscovite in the pseudomorph
cuts Sn (violet arrow, upper left). White dashed arrows mark steps in Na content identified in plate H. (H) A Na
element map showing the distribution of Na in muscovite in grains shown in plate G. The pg composition
(graphed) of the 200 um long muscovite flake that defines Sn is stepped with dotted white lines marking the
boundaries between compositional zones.
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Table 1. Balanced reactions describing replacement of metamorphic minerals.

No. Abbr. Balanced reaction (1 AV go1ig)%?) AV(g1iq) %
Static Replacement Reactions
(1) St=Ms 1 Fe4AI1857V5044(OH)4 + %95 SiOz(aq) +6K*+2H*+3H,0= +88 +23
6 KAl3Siz01o(OH), + 4 Fe
2) GCr:]I= 1FesAl,Siz0q5+2 Fe2* +6 H,0 = 1 FegAl,Siz04o(OH)g + 4 H* +85
Bt = Chl 2 KFe,AlSia044(OH), + 4 H* = -31 -9
3) 3A1SIzY g 2 e . ]
1FesAlySia04o(OH)g+ 1Fes" + 2K+ 3 SiOy(aq)
() Pl =Ab 0.93 Na_SSCaAlSAI.1_15Si2_8508 + 0.1i+N9a+ +0.28Si0y(,q) = +9 +0.5
Na 95Ca y7Al4 7Si5 9305 +0.07 Ca
Cleavage-Forming Reactions
(5) Bt =Ms 3 KFe3AlSi;0(OH), + 20 H* = -70 -40
1KAI5Si3010(0H), + 9 Fe2* + 2 K* +6 SiOy, ) + 12 H,0
6) Chl= 3 FesAlySiz040(OH)g + 2K* +28 H = -56 -45
Ms 2 KAI3Siz04(OH), + 3 SiOp(aq) + 15 Fe™ +24H,0
Ms = Ms 2.8 Ky 7Nag 3Al5Sis044(0OH), + 0.74K* + 0.9Fe** + 0.65i09(,q) + +7 +3.6
7) 1.2H,0 =

3KqgNag 1Feq 3Alp gSis044(0OH), +0.54Na* + 2 H*

1. Reactions balanced on Al (Carmichael, 1969) with formulae given in Holland and Powell (2011).

2. AV{,qiq) calculated without aqueous species, consistent with petrography.

3. AV{,ua) calculated with SiO, volume as quartz.

compositions of Angy-Anyg (e.g., figs. 10, S3, S4). Where
relic plagioclase is present, grains are partially replaced by
albite (aqua and dark blue, Ca element map, fig. 7D). Using
generalized compositions of plagioclase analyzed in these
rocks, the reaction involves a small volume increase unless
SiO, is treated as quartz (no. 4, table 1). The reaction con-
sumes SiO,y, which may account for the lack of quartz in
these muscovite + albite folia.

4.4.2. CLEAVAGE-FORMING REACTIONS

Biotite replaced by muscovite. — Biotite is ubiquitous in the
Wepawaug Schist of appropriate metamorphic grade where
it helps define Acadian foliations (Newman, 2001; e.g., figs.
4, 5, 6A, E). Small grains of biotite persist in many phyl-
lonite samples, but muscovite flakes defining Sn truncate
biotite grains leaving wedges and slivers of biotite between
new blades of muscovite (figs. 4B, 5, 6A). In the Na element
map of figure 5D four generations of muscovite cleavages
cut earlier muscovite + biotite fabrics, with Na-rich grains
appearing yellow, and muscovite in progressively younger
folia displaying decreasing Na content consistent with
falling metamorphic temperatures. The truncation of bi-
otite by muscovite grains is described by reaction 5 (table
1). This replacement involves a large volume decrease and
requires the introduction of reactant H', so the reaction
could be driven by a high normal stress and by an increase
in the acidity of the grain boundary film.

Chlorite replaced by muscovite. — In some samples folia-
tions containing muscovite + chlorite are truncated by fo-
liations containing nearly pure muscovite folia (figs. 6B, 9,
10, S3). The replacement of chlorite by muscovite (reaction
6, table 1) involves a large volume decrease and requires the
introduction of H*. Thus, increases in normal stress and in
acidity would drive the reaction toward muscovite.

Muscovite replacement by muscovite. — The most impor-
tant reaction producing foliations is the replacement of
muscovite in earlier foliations by muscovite in crosscutting
foliations. Evidence for this reaction comes from the per-
vasive truncations of the muscovite grains in the older mi-
crostructures by muscovite in cross cutting folia, commonly
along GBS surfaces. Such truncations can be recognized op-
tically (figs. 4-8) but are more easily identified in BSE im-
ages and element maps (figs. 4-11). For example, in sam-
ple WP-29 splinter-shaped Na-rich muscovite grains (pale
blue, fig. 4E) are sheathed and locally truncated by folia of
Na-poor muscovite grains (dark blue). Reaction 7 (table 1)
describes this replacement in which quartz is a reactant.
The absence of quartz in the new Na-poor muscovite folia
(refer to most figures) is consistent with its consumption.
Less common are folia defined by Na-rich muscovite trun-
cating folia containing Na-poor muscovite. Sample WP-29
(fig. 4G, H, S4B) shows that folia containing relic Acadian
muscovite (pg up to 30%) cut both earlier muscovite folia
and muscovite in pseudomorphs after staurolite. In this
case, the relic Na-rich muscovite survived in the Sn folia-
tion despite its chemical metastability.

Also common in more thoroughly recrystallized samples
are foliations containing Na-poor muscovite truncated by
foliations with similarly Na-poor muscovite. In sample
WP-45 all the muscovite analyzed contains < 12% pg (figs.
9, 10). However, the concentrations of pg in muscovite in
three successive foliations falls from ~11 to ~7% (fig. 10B).
The falling pg content follows a trend of increasing mus-
covite mode in the host foliations. This demonstrates disso-
lution, recrystallization, and metamorphic differentiation
in these overprinting cleavages.

Evidence for muscovite recrystallization is also found
in the hinges of folds. For example, the overturned limbs
of the kink bands in sample WP-02 have gained both K
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Figure 5. Optical and element map images of sample WP-124 (refer also to fig. 7E, F). (A), (B) PPL and CPL images of
muscovite + chlorite * biotite Sn folia (blue birefringence, plate B) cutting and replacing muscovite + biotite
plagioclase folia in Sn-1. Biotite (Bt/C) and a fractured garnet porphyroblast (Grt, right) are partially
pseudomorphed by chlorite with small flakes of muscovite. (B). Late muscovite (double headed arrows) cut across all
grains. (C) A K element map showing that Na-rich muscovite flakes (yellow) are distributed in several overprinting
folia (-1, 1, 2, 3, dotted through long dashed lines) and that Na-poor muscovite and biotite have similar K
concentrations (red). (D) A Na element map of region C showing that the Na content of muscovite falls following
yellow to green to blue in succeeding younger folia. Feathered arrows point to Fe-Mg-bearing muscovite flakes in S2
and S3. (E) Fe element map in which red through green blades are biotite. Dark blue regions contain Na-rich
muscovite, whereas pale blue bands reflect Fe-bearing muscovite. Biotite occurs as interstitial wedges (W) between
muscovite folia. (F) Mg element map showing biotite (warm colors), Na-rich muscovite (dark blue), Mg-bearing
muscovite (pale blue), and the right lateral slip direction (red arrows).
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Figure 6. (A). PPL image of sample WP-162 showing muscovite + biotite Sn interlayered with quartz ribbons
crenulated by Sn+1 (dashed blue lines and arrows). Blades of amphibolite facies (fig. S4) ilmenite inclusions
(black) in garnet preserve an Sn-2 foliation and chlorite occurs in sigma-shaped strain shadows. Crenulations in
the center, and around the garnet formed by fsf with amplitudes dying out against GBS surfaces (orange dotted
lines) where muscovite replaces muscovite. The pink and green dotted circles identify areas like those dated by
40Ar/39Ar methods (refer to text; fig. 8). The asymmetry of folds and chlorite beards indicate a dextral sense of
shear (black barbed arrows). (B) A backscattered electron image (yellow box, plate A) showing the truncation by
dissolution of Sn along GBS surfaces and the crenulation of Sn muscovite by Sn+1. The darker gray muscovite
reflects a higher pg content (refer to panel C). Some sliding surfaces (orange dotted lines) and fold hinges are
filled with chlorite (white, green arrows). Thin white lines joining white dots show the locations of EMPA points
with numbers keyed to analyses in table S5. Scale bar below for plates B and C. (C) Na element map of image B
showing the distribution of Na-rich muscovite (pale blue, yellow numbers give pg mole %); some are boudinaged
(dashed arrows) with necks filled by Na-poor muscovite. Regions of tight overturned kink folds (white circles)
contain Na-poor muscovite. (D) An enlargement from plate B (dotted box) showing Sn crenulated by very late
cleavage (Sn+2, dotted blue line). EMPA spots (white circles) show that the region of the fold hinge (paler gray,
white arrow) is recrystallized to a low pg content relative to the limbs of the fold (7% vs. 18%). The core of the
fold is intensely crenulated (red/white arrow). (E) A CPL image showing Sn defined by muscovite with biotite
truncated by Sn+1. The dotted white line outlines the muscovite grain analyzed by EMPA; black arrows show the
start and end point of the analytical traverse. The lower graph shows steps in the mole % pg in this boudinaged
grain, where dashed vertical black lines identify these steps. Compositions range from 0.35% at its interior core
to <7% in the beards and boudin neck (#1 to #3 refer to EMPA analyses in appendix A, table 6A). (F) A plot of
muscovite analyses from sample WP-29 showing pg % vs Fe+Mg cpfu (based on 11 O) in grains in Sn, Sn+1, and in
muscovite pseudomorphs after staurolite (e.g., fig. 4). Wavy line at ~12% pg shows approximate boundary
between muscovite crystallized during the Acadian and retrograde muscovite crystallized during the
Alleghanian. (G) A plot of the muscovite analyses from plate F showing octahedral Al vs. Mg + Fe. Black dashed
lines contour Si (cpfu).
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Figure 7. (A-D) A set of images of folded composite muscovite folia (sample WP-06). GBS surfaces show the
reaction of muscovite muscovite (no. 7, table 1). 100 um scale bar applies to all. (A) BSE image of folded Sn folia
defined by muscovite (Ms, gray) with chlorite (C, green arrows) and ilmenite (Ilm, white laths). Sn-1 preserved in
microlithons (ML). Quartz and plagioclase appear black. GBS surfaces are sub-parallel to Sn. Red barbs indicate
slip direction in flexure-slip fold (fsf). (B) Mg element map showing that chlorite (in colors of green, orange, red,
and white) is absent from fold limb, but is localized in Sn-1 and as crescent-shaped grains in the hinges of
flexural slip folds (fsf). Tourmaline grains (T) are present in fold limbs. (C) Na element map showing that Na-rich
muscovite grains (aqua) are entrained in the dominant foliation Sn but are truncated and/or boudinaged along
dissolution and GBS surfaces. These are in a matrix of younger Na-poor muscovite grains that define Sn.
Plagioclase (P1) is white, and quartz is black. (D) Ca element map showing the distribution of relic intermediate
plagioclase partially replaced by albite. Apatite grain (Ap) is white. (E) PPL image of sample WP-124 showing a
muscovite + biotite composite foliation (Sn) between a quartz ribbon above and a cluster of plagioclase grains
below. Sn contains multiple GBS surfaces and is boudinaged with the zig-zag shaped boudin neck filled with
randomly oriented, coarse chlorite flakes. Biotite in the quartz ribbon is partially pseudomorphed by chlorite. (F)
CPL image of E showing the boudin neck, the random orientation of plagioclase grains, and the weakly sutured
boundaries between quartz grains.

(brighter red in fig.11A) and Mg (fig. 11C, F) and lost Na made up of only muscovite (bright red) whereas in figure
(darker blue in fig. 11B, E). This recrystallization is more 11E selected grains are more completely recrystallized, los-
complete in the complicated flexural slip folds (identified in  ing Na and gaining Mg (fig. 11E, F). Muscovite flakes in the
fig. 11B by ‘fsf”). The fold hinges are especially thoroughly kink bands of sample WP-162 are also recrystallized at the
recrystallized (fig. 11D-F). Figurel1D shows the hinge is scale of a few pm (fig. 6D).
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Figure 8. Images of sample WP-02. White and green dots numbered M077 etc. and C134 etc. in plates A, C, and D
refer to muscovite and chlorite analyses given in Supplementary information. Truncations along GBS surfaces
show dissolution of chlorite and muscovite, and precipitation of new muscovite (reactions 6, 7, table 1). (A) PPL
photomicrograph of sample WP-02 showing a garnet porphyroblast [Grt] incompletely replaced by chlorite and
enveloped in muscovite-rich folia and quartz ribbons. Relic garnet (high relief) and partial pseudomorphic
replacement of biotite by chlorite (Bt/C) are indicated. A double fold train (fsf) defined by muscovite alone on
left. Dashed line box indicates location of plate B. (B) PPL image of muscovite folia (Sn) crenulated by Sn+1. An
earlier foliation, Sn-1 (dashed yellow line) is crenulated by Sn+2 (dashed dark blue line). Chlorite (C) fills fold
hinge regions. Dashed line box indicates location of plates C, E, F. (C) A backscattered electron image of most of
the region of plate B showing two Sn muscovite folia crenulated by Sn+1 and sandwiched between quartz ribbons
and separated by GBS surfaces. Sn+2 crenulates Sn-1 (right side of the image). Folia are composed of almost pure
muscovite and hinges are filled with coarse-grained chlorite with minor quartz (Q). (D) An BSE enlargement of
the boxed region in plate C showing detail of crenulated Sn, with chlorite filling fold hinges. Analytical spots
127-133 shows minimal zoning in Na-rich muscovite flake (pg 25-30%). Rare muscovite flake subparallel to Sn+2
axial plane cutting chlorite in Sn-1(double-headed arrow) contains 0.03 % pg (e.g., EMPA spot M102 upper right).
Yellow numbers in italics show % pg in adjacent EMPA spots. Medium gray grains in starred region shows
overturned limb of crenulation is Na-poor. (E) A Na element map showing the intimate mixture of Na-rich blades
and wedges (W) of Na-rich muscovite (pg > ~20%, pale blue) in a matrix of Na-poor (dark blue, pg <~12%)
muscovite flakes. Na-rich muscovite folia define an Sn-1 foliation on the right side of the image. Dotted dark blue
lines trace Sn + 2. Starred regions show the overturned limbs of crenulations are Na-poor. (F) An Fe element map
showing the distribution of chlorite in extension sites (C, magenta) and small ilmenite blades (Ilm) within Sn
folia. Note that chlorite participates in Sn-1 (yellow dashed line, right side of image) but is absent from Sn.
Dotted white lines show EMPA traverses; numbers are keyed to EMPA data in Wintsch et al. (2024).
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Figure 9. GBS surfaces truncate grains on both sides, showing the dissolution of chlorite and muscovite, and
precipitation of new muscovite (reactions 6, 7, table 1). (A) BSE image from sample WP-45 showing Sn defined by
muscovite (dark gray) with very minor chlorite. Sn folds Sn-1 (yellow dashed lines) creating microlithons (ML,
white dashed bi-directional arrows) that contain coarse muscovite and interlayered chlorite. The microlithons
are isolated by through-going GBS surfaces (dotted orange lines) and by smaller truncation surfaces (orange
arrows). Dark gray laths are albite (Ab); ilmenite laths and epidote are labeled (Ilm, Ep). Disharmonic flexural
slip folding identified by fsf. (B) Na element map of plate A showing the distribution blocky and lath-shaped
grains of albite (pink) in Sn-1 and Sn, respectively. Muscovite is uniformly Na-poor (dark blue) showing complete
replacement of Na-rich muscovite. (C) BSE image showing Sn defined by ~50 pm grains of muscovite (red dashed
line) with rare chlorite crenulating Sn-1 (yellow dashed lines) that contains coarse-grained chlorite > muscovite;
both (>~75um). Less common small straight muscovite flakes (black arrows) cut muscovite and chlorite in both
Sn and Sn-1. Disharmonic flexural slip folding identified by fsf. Red/white arrows point to crenulated grains in
Sn-1. (D) 40Ar/3%Ar age spectra from muscovite from Sn-1 (yellow bars) and from Sn (red bars). Two other
muscovite 40Ar/3%Ar age spectra from sample WP-162 are magenta and green corresponding to colors in figure
5A.

Chlorite filling extension sites. — Chlorite fills extension 4.5. Deformation mechanisms in the EDsz
sites in deformed and crenulated foliations and around por-
phyroblasts. The latter site is common and involves chlorite 4.5.1. PRESSURE SOLUTION
forming beards in pressure shadows and boudin necks (figs.
6A, TE, F, 10). Chlorite also commonly fills the gap between ~ 1he reactions described above all involve dissolution, diffu-

muscovite folia in fold hinges (green arrows, figs. 6A, B, 74,  Sive transport of aqueous species, and precipitation. Some
B, 8). reactions involve pseudomorphic replacement, but the

cleavage-forming reactions define new microstructures.
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Figure 10. (A) BSE image of a portion from sample WP-45 (refer to fig. 9

) showing Sn dominated by muscovite

folia truncating and replacing muscovite in earlier folia (Sn-1, Sn-2). White numbers refer to analysis number
(M, muscovite, P, plagioclase in Supplementary information); yellow and blue numbers in italics show the
average pg and An contents of muscovite and plagioclase respectively in adjacent grains. GBS surfaces truncate
muscovite and chlorite demonstrating dissolution and replacement by new muscovite in three generations of
foliation. Note chlorite beards on large ilmenite (white) grain (left). (B) Graph comparing muscovite
compositions in three microstructural sites. Relative to Sn, coarse muscovite grains (double headed arrows) have
slightly more Fe and Na, Sn-1 contains less Na and Fe, whereas grains in Sn with albite and very little chlorite

contain the lowest concentrations of Na and Fe.

The latter involve pressure solution that is more fully ex-
plored in section 5.4.

4.5.2. FRACTURING AND BOUDINAGE

Brittle features such as joints and small-scale faults are
present in some outcrops; these likely reflect Mesozoic re-
activation. Decimeter-scale cracking and boudinage in the
field are rare except where ductility contrasts are high, such
as broken quartzite layers in phyllonites (Wathen et al.,
2015). At the grain scale, however, fracture of single mus-
covite grains or of packets of muscovite flakes in folia does

American Journal of Science

occur. The coarsest grained example shows chlorite filling a
boudin neck in a muscovite folium (fig. 7E, F). The parallel
walls of the zigzag-shaped opening fit together, confirming
a fracture-boudinage origin.

Fracture at the single grain scale also occurs. Na element
maps identify single blades of Na-rich muscovite that have
been boudinaged in their matrix of Na-poor muscovite
(dashed white arrows, figs. 4E, G, H, 6C, E, 7C, 8E, 11B, E).
They are recognized by the green to pale blue color of the
Na-rich muscovite in the boudins and the dark blue color of
the Na-poor muscovite filling the boudin necks. In general,
the Na-rich boudinaged flakes contain > 15 % pg and the
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Figure 11. K, Na, and Mg element maps showing details of muscovite from kinked folds in sample WP-02 (fig. 8).
Kink-band boundaries are identified with dashed white lines. Green arrows identify chlorite (C), and white
arrows identify relic Na-rich muscovite flakes. (A), (B), and (C) show that muscovite flakes in the short,
overturned limbs of the kink folds are richer in K (red, plate A), poorer in Na (dark blue, plate B), and richer in
Mg (pale blue, plate C). The region of complicated folding (fsf) is especially thoroughly recrystallized. Boxes
show the location of panels D, E, and F. (D), (E), (F) Details of the images in A, B, and C, showing (1) relic Na-rich
muscovite flakes (white arrows) sandwiched between Na-poor and Mg richer muscovite blades, and (2) selective
recrystallization of muscovite in the kink band to Na-poor and Mg-rich compositions.

necks contain < 7% pg (fig. 6C). In sample WP-29 a longer
muscovite grain shows at least four steps of falling pg con-
tent from a maximum of ~35% in the core to < 5% in the
boudin neck and beards (fig. 6E; table S7). Reference to the
pg contours of figure 3 shows that this boudinage occurred
during falling metamorphic temperatures with pg concen-
trations > 15% (yellow field) recording Acadian deforma-
tion, whereas boudin necks and beards crystallized during
Alleghanian deformation (orange field, fig. 6E). Another ex-
ample is shown in figure 4H, where steps are marked by
dashed lines in the graphed compositions. These bound-
aries are not conspicuous in the BSE of figure 6G (analy-
ses 1-7) suggesting crystallographic continuity across the
steps in this grain.

4.5.3. GRAIN BOUNDARY SLIDING

Grain boundary sliding (GBS) textures are very common in
these phyllonites (figs. 4-12). GBS surfaces separate any
combination of muscovite-rich folia, quartz ribbons, mi-
crolithons, relic porphyroblasts, and their pseudomorphs.
Perhaps the most dramatic example is in sample WP-02

(fig. 8). Here the folds on the left side of figure 8A are out
of phase and terminate abruptly against straight muscovite
folia, quartz ribbons, and against each other.

4.5.4. FLEXURAL SLIP FOLDS AND KINK BANDS

Folds and kink bands occur in many samples at scales >
100um (figs. 4A, B, 6A, 7-9, 12) to scales of <50 um (figs.
6B-D, 11). Most folds are kink folds, but isoclinal folds also
occur (figs. 7, 9, S3). Kink folds may occur in sets (e.g., fig.
$3) and generally die out within a few half wavelengths of
the short limb. For example, in figure 6A between X and X’
kinks are bounded by sliding surfaces between muscovite
and quartz ribbons (fig. 6A). Similar surfaces enclose kinks
in figures 6B-D, 8A, 11, and S3.

These observations show that flexural slip was important
in the development of kink folds, such as in figure 7, al-
though they likely began as incipient kink bands with par-
allel dislocation loops (Basu et al., 2009). Here the limbs of
the fold slid down (barbed arrows) toward the fold hinge,
truncating folia in their footwalls, including straight mus-
covite flakes in the nose at ‘X’. The Mg element map (fig.
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Figure 12. (A) An aqueous activity diagram calculated using SUPCRTBL (Zimmer et al., 2016) showing two
superimposed diagrams reflecting the metamorphic conditions near the PTt path of the Wepawaug Schist and
the EDsz (red stars fig. 3). The circled numbers refer to the reactions in Table 1. At high-grade conditions
muscovite is stable with all minerals except chlorite. At low-grade the muscovite field expands greatly, and the
only mafic mineral in equilibrium with muscovite is daphnite. (B) Aqueous activity diagram showing the effect of
pressure on the size of the stability field of muscovite (blue) relative to that of daphnite (green) and microcline

(pink) at 300 °C.

7B) shows that the limbs are nearly chlorite-free, whereas
the hinge of the fold contains chevron-shaped domains of
chlorite (red and white). The noses of kink folds shown in
figure 6B are similarly filled with chlorite, as are the cores
of synforms in figure 8. We interpret this microstructure
to reflect dissolution and removal of chlorite (* muscovite)
from the limbs of the fold and precipitation of chlorite in
the extensional sites in the fold noses in “saddle reef” -like
structures. Where flexural slip did not lead to extension in
the fold hinge, but to contraction, crenulation is unusu-
ally intense. The crenulated folds in sample WP-02 led to
selective recrystallization of pg-rich muscovite to pg-poor
compositions (especially clear in fig. 11C). The core in the
synform in figure 6D (red/white arrow) is similarly recrys-
tallized.

4.5.5. DISLOCATION GLIDE

Microstructures unambiguously supporting the operation
of basal dislocation glide in phyllosilicates are rare. One ex-
ample could be deformed Na-rich muscovite flakes in fig.
4E. There, the wide white arrow (upper right) points to a
splintered Na-rich muscovite flake that could be explained
by dislocation glide in the basal plane. Other candidates for
dislocation glide (e.g., wide white arrow, fig. 6C) might also
be explained by GBS. However, evidence for abundant dis-
location glide is not strong.

American Journal of Science

4.6. 40Ar/3%Ar geochronology

40A1/39Ar geochronology is used to compare the apparent
ages of muscovite in high-grade assemblages with those in
the phyllonites. Two domains in staurolite-grade sample
WP-162 (fig. 6A) from the western margin of the shear zone
(fig. 2) were analyzed. One domain contained continuous
Sn foliation (inside pink dotted line, fig 6A), and the second
contained crenulated Sn (inside green dotted line). Detailed
imaging and corresponding EMPA of muscovite show that
the undeformed muscovite is relatively sodic (>15 % pg,
figs. 6B, C). However, deformed grains, especially in over-
turned limbs of kink bands contain muscovite with <10 %
pg. The age spectrum produced by muscovite from the con-
tinuous Sn foliation yielded a plateau age of ~ 367 = 4 Ma
(fig. 9). Muscovite from the crenulated domain (green cir-
cled area, fig. 6A) produced a similar plateau age of 366 + 4
Ma (20).

To compare this result with the apparent ages of re-
crystallized muscovite with pg concentrations < 11% from
within the EDsz, we analyzed muscovite from two foliations
from sample WP-045E (fig. 9). An earlier foliation con-
taining coarse muscovite (flakes > 100um long) with chlo-
rite and minor albite occurs in microlithons as folded Sn-1
(dashed yellow lines, figs 9A-C). A second foliation con-
taining finer grained muscovite (< 50um long) defines Sn
(red dashed lines in fig. 9) with Na contents <~10% pg (fig.
10). Coarse muscovite flakes interpreted to represent Sn-1
and fine-grained composite flakes of muscovite from the
truncating Sn cleavage were handpicked for analysis. An
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aliquot of several coarse flakes produced a sigmoidal age
spectrum with age steps ranging from ~296 to ~314 Ma,
with a total gas age of ~304 Ma. The finer grained muscovite
flakes produced an age spectrum with steps climbing from
~265 to ~280 Ma with a total gas age of ~270 Ma (fig. 9).

5. DISCUSSION

The above observations help to identify the primary
processes producing cleavages in the EDsz. The metamor-
phic context for the history of these rocks is important and
is constrained in part on the Ar isotopic data. We begin the
discussion below with the isotopic results that help estab-
lish the P-T-time path by establishing the time of cooling of
the protolith rocks and the duration of the zone’s residence
under greenschist facies conditions.

5.1. 40Ar/39Ar isotopic analysis

The cooling history of the Wepawaug Schist establishes the
context for the thermal history of the relic minerals in the
EDsz. Amphibole cooling ages of ~375 Ma are available
from Growdon et al. (2013), and a muscovite cooling age
of ~365 Ma is established above and discussed in Supple-
mentary Information. Calculated closure temperatures for
these minerals are 544 °C and 391 °C, respectively (Reiners
& Brandon, 2006; see Supplementary Information). These
data constrain the PTt path for these rocks (horizontal
boxes, fig. 3B). The age spectra from phyllonitic sample
WP-45E thus record approximate ages of crystallization of
retrograde muscovite.

5.2. PTt path

The retrograde portion of the calculated PTt path of figure
3B is constrained to pass through the Late Devonian horn-
blende and muscovite closure temperatures, and to remain
in greenschist facies conditions through the Permian as re-
quired by the crystallization ages of phyllonitic muscovite.
This path constrains the PT conditions of Acadian foliations
and of fabric development in phyllonites (blue field, fig. 3B)
It is remarkably similar to the path presented by Wolfe et
al. (2021) for correlative rocks in Vermont.

5.3. Reaction mechanisms

The reactions described in section 4.4 all involve aqueous
species. The mechanism of these reactions was thus one
of dissolution, diffusive transfer, and precipitation. This
process is equally germane to petrology as a metamorphic
reaction mechanism (Carmichael, 1969) and to structural
geology: pressure solution (Gratier et al., 2013), although
the former is driven by reaction overstepping (Pattison et
al., 2011), whereas the latter is driven by the energy dissi-
pated from inelastic deformation (Hobbs et al., 2010). The
implied presence of H,O in the grain boundary is signifi-
cant because it acts as a catalyst lowering the activation en-
ergy barriers for dissolution, diffusive transfer, nucleation,
precipitation, and growth (Putnis, 2021). These steps were

involved in both the static replacement reactions and the
cleavage-forming reactions.

5.3.1. STATIC REPLACEMENT REACTIONS

The retrograde reactions involving the replacement of stau-
rolite and garnet (reactions 1 and 2, table 1) require the in-
troduction of H,O and produce volume increases. These al-
teration reactions could thus be driven by an increase in the
activity of H,O and by a drop in pressure. The replacement
of biotite by chlorite (reaction 3, table 1) similarly requires
the introduction of H* but involves a volume reduction.
The association of muscovite + chlorite with all three reac-
tions indicates that the replacements occurred under lower
greenschist facies conditions. At these low-grade condi-
tions these Acadian reactant minerals are metastable with
their stability fields replaced by muscovite and chlorite (fig.
12A). This metastability provided the activation energy to
drive the replacement reactions, a form of reaction over-
stepping (e.g., Pattison et al., 2011; Wolfe & Spear, 2018).
The survival of muscovite with high pg contents in the
phyllonites is unique among relic Acadian minerals. The
green contours of figure 3A show that muscovite with
>~15% pg content is metastable with respect to a less sodic
muscovite at temperatures < 350 °C. For such an overstep in
composition (AX) the activation energy, or reaction affinity
(A) of Pattison et al. (2011) is expressed by the relationship:
A=RT(Alna)where Alna=1na-1In 3eq (where the sub-
script eq refers to the equilibrium activity). Apparently, the
magnitude of overstepping based on composition (e.g., re-
action 7, table 1) is insufficient to drive its replacement, as
is typical of low A entropy reactions (Pattison et al., 2011).

5.3.2. CLEAVAGE-FORMING REACTIONS

Muscovite is the primary fabric-forming mineral in the
phyllonites of the EDsz. In every microstructure a younger
muscovite-bearing cleavage truncates an earlier foliation.
This process involves either the dissolution of the minerals
in the truncated structure, or the precipitation of muscovite
in the truncating structure, or both. In each case muscovite
in the younger cleavage defines a new and strong foliation.
This strong foliation indicates that the process was syn-tec-
tonic.

Reactions 5 and 6 involving the replacement of biotite
and chlorite by muscovite can be driven by an increase
in acidity, and given the large negative volume changes,
also by a high normal stress. However, the microstructures
show that the replacement of muscovite by muscovite (no.
7, table 1) is probably the most penetrative reaction pro-
ducing new cleavages. Typically, pg-rich muscovite flakes
are truncated by pg-poor muscovite blades (figs. 4E, 6C, 7C,
8E), but pg-poor muscovite is also truncated in more thor-
oughly recrystallized folia (figs. 4E, 6C, and especially figs.
9, 10).

Less common is the truncation of pg-poor muscovite and
chlorite by pg-rich muscovite (figs. 4G, S4). The AV is pos-
itive, so a high normal stress cannot explain the driving
force for this reaction, and the chemical affinity is opposite
that of reaction overstepping. Our interpretation is that the
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Na-rich muscovite grain was in a strong orientation with
the (00l) planes at a high angle to the shortening direc-
tion and remained undeformed, whereas the (00]) planes
of muscovite flakes in truncated microstructures were in
orientations sub parallel to the shortening direction where
elastic and plastic strain energy in the bent grains drove
their dissolution (Hobbs et al., 2010). Thus, pressure solu-
tion must have been involved (section 5.5.1).

5.4. Deformation mechanisms: pressure solution

Of the several deformation mechanisms identified in this
study (section 4.5), pressure solution is the most important.
GBS is also important and is a necessary consequence of
diffusion creep at the grain scale (McClay, 1977; Stevens,
1971). However, we find abundant evidence for GBS on dis-
crete surfaces at a multi-grain scale (section 4.5.2.). Mi-
crostructural evidence for the dominance of pressure so-
lution comes from (1) the truncation of grains in earlier
cleavages, including muscovite, chlorite, biotite, and lo-
cally quartz and plagioclase (figs. 4-10), and (2) the precip-
itation of new muscovite grains that define new cleavages
(many images) with new tetrahedral and octahedral compo-
sitions (e.g., figs. 6, 10; Supplementary information). More
evidence for muscovite precipitation comes from the mul-
tiple muscovite overgrowths on a pg-rich muscovite boudin
(fig. 6E). New, crosscutting folia tend to have very little
chlorite, even though the components of chlorite are
clearly available to precipitate. Figures 4, 7-10 show mus-
covite folia devoid of chlorite but also show the precipita-
tion of chlorite in extensional sites, especially fold hinges
(figs. 5B, 7B, and 8). The precipitation of chlorite in these
folds allowed the fold amplitudes to grow (fig. 8). These re-
lationships show that the sites of dissolution may be de-
coupled from the sites of precipitation, requiring diffusive
transfer.

The driving force for pressure solution is the strain en-
ergy in the deformed grains (e.g. Gratier et al., 2013; Hobbs
et al., 2010). Support for this interpretation comes from
the selective recrystallization of bent or kinked muscovite
grains in microfolds described in section 4.4.2. EMPA data
demonstrating changes in composition confirm this recrys-
tallization. The pg contents of muscovite across the set of
crenulations in the upper left of figure S3 oscillate between
>20% and <15% in the long and short limbs of kinks. The
short limb of the small kink band of figure 6C recrystallized
to muscovite with 7% pg from precursor muscovite with
18% pg. Muscovite in the overturned limbs on the kink folds
of figure 8 (stars) are also pg-poor (~10% pg) but host a
relic muscovite blade of 27% pg (fig. 8C, D, E). These exam-
ples demonstrate that the elastic strain in muscovite, prob-
ably also associated with dislocations (I. A. Bell et al., 1986)
and perhaps other high energy defects (Barber et al., 2010;
Brantley et al., 1986; Engelder, 1982; M. R. Lee & Parsons,
1995; Wenk et al., 2008) provided enough energy to drive
recrystallization.

The replacement of chlorite by muscovite (reaction 6,
table 1) can be best assessed through use of aqueous ac-
tivity diagrams that show the effect of pressure on the
boundaries of their stability fields. An increase in pressure

from 250 MPa to 300 MPa moves the muscovite-chlorite
field boundary to the right to solutions with a higher
a(FeZ™)/a(H")?2 ratio (dashed yellow line, fig. 12B). To main-
tain equilibrium a solution would have to increase its
a(Fe2)/a(H"?2 ratio from the composition of the blue star
to that of the yellow star in figure 12B. To accomplish this
chlorite must dissolve, and following reaction 6 (table 1)
the solution composition will move to the lower right fol-
lowing the blue arrow with a slope of - 2/15. This relation-
ship describes most of the textures defining new muscovite
cleavages described here.

The opposite situation occurs with a decrease in pres-
sure. In this situation the solution composition must lower
its o (Fe2*)/ a (H")? ratio from compositions of the blue
star to that of the green star (fig. 13B). In this case chlorite
must precipitate, removing Fe2* from solution and the so-
lution composition will move along a path of the green ar-
row. If differential stress exists in a microstructure, then
sites of local high and low pressure will exist at the same
time. Thus, in sites of high normal stress chlorite will dis-
solve and muscovite may precipitate, while in sites of low
normal stress chlorite will precipitate. This describes both
the redistribution of chlorite from the limbs to the hinges
of folds in figures 7 and 8, and the pressure solution process
in general.

6. A PRESSURE SOLUTION MODEL FOR
THE EVOLUTION OF CLEAVAGES IN THE
EDSZ

The above observations are assembled as a conceptual
model in figure 13. E-W Alleghanian shortening provides
the context for the steep foliations in the diagram. The ear-
liest fabric depicted (identified as Sn-2) is an Acadian com-
posite foliation (T. H. Bell & Newman, 2006) of muscovite
(ocher) and biotite (brown) that occurs in microlithons (ML,
figs. 4, 9) and as quartz and ilmenite inclusion trails in
some pseudomorphed porphyroblasts (left side, fig. 4).
Muscovite in an early Alleghanian composite foliation,
Sn-1 (yellow dashed lines) with moderate pg content (apple
green) contains relic wafers (W) and lenses of pg -rich mus-
covite and rarely biotite (brown) as documented in figures
4-8. Sn-1 also contains lenses of albite (the by-product of
reaction 7, table 1) and blades of ilmenite.

A younger Alleghanian foliation (Sn, red dashed lines,
most figs.) is defined by pg -poor muscovite (sky blue).
Clusters of Sn muscovite blades may contain some relic
wedges of pg-richer muscovite and biotite (yellow and
brown, respectively). Sn also defines the axial planes of
folded Sn-1 (center). Sn is locally crenulated with sub-hori-
zontal axial planes defining Sn+1 (bright blue dashed lines,
right side of fig. 13). A pseudomorph of randomly oriented
muscovite after staurolite [St] is sandwiched within Sn fo-
lia. A few randomly oriented muscovite blades (long white
rectangles) cut all other structures (e.g., black double ar-
rows in fig. 9C). These are probably associated with the
late static pseudomorphic event. These many generations
of muscovite create an array of muscovite age populations
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Figure 13. A schematic diagram summarizing the fabric-forming processes identified in the EDsz. Circled
numbers refer to figures after which the microstructures were modeled. Relic Acadian foliation (Sn-2) contains
Na-rich muscovite and biotite (5A). An early Alleghanian fabric (Sn-1, dashed yellow line) is composed of
muscovite with moderate Na content (pale green) with minor chlorite (dark green), ilmenite (black blades, Ilm),
and albite (pink). The latter replaces older plagioclase with a higher An content (7D). It may also include relic
wedges (W) of Acadian muscovite and biotite. A younger Alleghanian cleavage, Sn, (red dashed lines) defined
almost exclusively by Na-poor muscovite (sky blue) cuts all other structures. It contains a few relic grains of
chlorite, albite, and older Na-rich (yellow) muscovite. Sn deformation is axial planar to folded Sn-1 (figure
center). Sn truncates most other structures and can penetrate muscovite pseudomorphs after staurolite (3). Sn+1
locally crenulates other fabrics, producing fold trains (8). Areas around tight crenulations (bright blue) are
selectively recrystallized (black/white arrows, figs. 6D, 11). The latest randomly oriented flakes of muscovite
(white laths, 9C) cut all structures. Pressure solution dissolves earlier muscovite, biotite, and chlorite in earlier
cleavages, and leads to increasingly pure muscovite folia with decreasing Na contents (yellow to green to blue).
The reactions progress in a system partially open to the addition of H,0, to the loss of Ca*™* and Na*, and to the
diffusive transfer of Fe**, Mg**, and Na* (white arrows) to extensional sites where chlorite and albite precipitate.

For other discussion, refer to text.

that probably accounts for the disturbed age spectra of the
two younger 40Ar/3%Ar age spectra of fig. 9D.

Differential stress between o; and 05 created a standing
chemical potential gradient in the electric double layer that
coats the grain boundary network in mineral aggregates
(e.g., Hickman & Evans, 1991; Moore & Lockner, 2004,
Schott et al., 2009; Spiers et al., 2004). This gradient drove
the diffusive transfer of dissolved cations of chlorite and
pg-rich muscovite (white arrows, fig. 13) from the limbs to
the hinges of this fold (black double-headed arrows) where
they precipitated as chlorite (figs. 6A, B, 7B, 8) and albite
(fig. 9C). The precipitation of chlorite in fold noses facil-
itated flexural slip folding (fsf) that increased fold ampli-
tudes. The same precipitation of chlorite allowed the train

American Journal of Science

of disharmonic folds (right side, fig. 13) to grow in ampli-
tude and GBS between the trains put them out of phase.

7. TECTONIC SIGNIFICANCE

7.1. Fabric development

Muscovite flakes with (001) planes in orientations sub-par-
allel to S1 tend to dissolve against flakes in strong orienta-
tions with (001) planes normal to S1. Folding of earlier folia
would bring those phyllosilicates into relatively weak ori-
entations where the strain energy added by folding and as-
sociated dislocations (Bons, 1988) would make them more
soluble and susceptible to dissolution and selective replace-
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ment (figs. 4, 5, 8-10). This conclusion is consistent with
deformation-induced recrystallization in general (Chap-
man et al., 2019; Giuntoli et al., 2018; Hobbs et al., 2010;
Koons et al., 1987; McWilliams et al., 2007; Moecher &
Wintsch, 1994; Putnis, 2021; Wintsch & Andrews, 1988).
It is also possible that the far-field shortening direction
rotated because the approaching Gondwana plate rotated
clockwise during the Alleghanian orogeny (Hatcher, 2002;
Pastor-Galan, 2022; Wintsch & Lefort, 1984; fig. 1A). It is
likely that diffusion creep was activated at lower stresses
than dislocation creep, making the latter less important
(Stockhert et al., 1999).

The selective dissolution of chlorite from some folia and
precipitation in adjacent folia has led to mineralogical
banding. In this case the less soluble muscovite precipi-
tated locally in the actively growing cleavage folia, whereas
the components of the more soluble chlorite migrated to
extensional sites where they precipitated as new chlorite.
This concentrated muscovite grains at sites of high normal
stress in some samples (figs. 4G, 7) and produced min-
eralogical banding in others (e.g., figs. 9, 10). Such dif-
ferential solubilities of minerals in deforming mineral ag-
gregates might be an explanation for metamorphic
differentiation in many settings (Putnis, 2002).

7.2. Displacement and stretching fault

Displacement across the EDsz is difficult to prove because
it lies largely within the Wepawaug Schist (fig. 2). The ev-
idence for any displacement on the EDsz comes from the
truncation of the contact between the Wepawaug Schist
and the Maltby Lakes Metavolcanics near sample WP-124,
and the truncation of isograds in the wall rocks on its NW
and SE margins (fig. 2). On the other hand, the south-
ern increase in metamorphic grade on both sides of the
EDsz requires a differential vertical stretch increasing to
the south. Indeed, kilometer-scale telescoping of the iso-
grads has been identified (Growdon et al., 2013), and the
lack of horizontal displacement requires the telescoping to
be largely vertical. This telescoping fits the properties of
stretching faults or stretching shear zones (Bailey et al.,
2004; Fossen & Cavalcante, 2017; Means, 1989) and is the
best explanation available for the occurrence of phyllonites
in the EDsz.

The location and trend of the ED-DP shear zone was
probably controlled by structural inheritance along the
eastern margin of Laurentia in the early Paleozoic. This
margin was established during late Neoproterozoic
(Aleinikoff et al., 1995; Cawood & Nemchin, 2001; Li et al.,
2008) rifting of the supercontinent Rodinia that produced
a series of rifts offset by intervening transform faults (fig.
1A; Thomas, 2006). One such rift produced the New York
promontory that established a headland along the Laurent-
ian margin. This relatively thick, cool, and thus strong crust
acted as a buttress that localized deformation during sev-
eral succeeding orogenic accretionary events (Long, 2024).
The latest Alleghanian event affected much of SE New Eng-
land where Pennsylvanian and Permian metamorphism
overprinted Acadian metamorphic rocks in most of eastern
Connecticut (e.g., Wintsch et al., 2014; Zartman et al.,

1970). The EDsz marks the western margin of rocks thor-
oughly recrystallized during the Alleghanian orogeny,
where its deformation accommodated NW-SE shortening
and helped to localize late Paleozoic strain that generally
did not penetrate farther west into the Acadian buttress.

8. CONCLUSIONS

In this study of the EDsz, we find evidence that pressure
solution and GBS were the dominant deformation mech-
anisms operating in these phyllonites. This evidence in-
cludes (1) dissolution of relic Acadian high-grade pg-rich
muscovite from the Wepawaug Schist protolith, (2) pre-
cipitation of new pg-poor muscovite * chlorite selectively
in the younger cleavages, (3) precipitation of only mus-
covite in the latest cleavages, (4) the precipitation of chlo-
rite in extensional sites, and (5) up to mm scale GBS facili-
tated by the dissolution of grains in truncated folia. Where
cleavage-forming muscovite replaced muscovite flakes with
(001) orientations at a high angle to the shortening direc-
tion, the strain energy in the deformed grains drove their
selective dissolution, whereas the selective dissolution of
chlorite was probably also driven by its higher solubility
relative to muscovite. This study supports the observation
of Putnis (2021) that the sites of dissolution and precipi-
tation may be decoupled. This decoupling is at the core of
the metamorphic differentiation in the phyllonites found
in these rocks, and selective or differential solubility con-
tributed to this metamorphic differentiation.

The deformation mechanism operating in these phyl-
lonites is one of dissolution-diffusive mass transfer, and
precipitation or pressure solution and concomitant grain
boundary sliding leading to flow by diffusion creep. This
is contrary to the predictions of experimental studies that
dislocation glide should be the dominant deformation
mechanism in muscovite. The implication is that diffusion
creep with GBS is activated at lower differential stresses
than those causing dislocation creep. If this is true, the op-
eration of these deformation mechanisms would limit the
differential stresses to values below that necessary to acti-
vate dislocation creep. These processes may also be respon-
sible for mitigating against the higher stresses necessary to
produce earthquakes.
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