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ABSTRACT

A combined petrologic, structural, and geochronologic approach has
been used to characterize a zone in southwestern New England affected by
superimposed metamorphisms, and the unroofing history of an area that
records only the youngest metamorphism. The area chosen for the study
of polymetamorphism, northwestern Connecticut and adjacent New York
and Massachusetts, records Taconian (Ordovician) peak metamorphic
effects in the west and Acadian (Devonian) peak effects in the east. In
between, a complicated zone of overlap contains predominantly Taconian
mineral assemblages that have been variably affected by Acadian processes.
40Ar/39Ar data presented here indicate that the timing of the Taconian
thermal maximum was approximately 445 Ma, and that of the Acadian was
approximately 390 Ma. Cooling ages suggest that the highest-grade
Taconian assemblages at the present erosion surface remained at elevated
metamorphic conditions between the Taconian and Acadian thermal
maxima.

Rim compositions of the highest-grade porphyroblasts in the
Taconian zone generally yield P-T estimates that are inconsistent for
subareas within a given thin section. With the onset of Acadian
metamorphic overprinting conditions of approximately 500° C, the rim
compositions of porphyroblasts yield P-T estimates that are much more
consistent, and vary by only a maximum of +50° C and 1 kb. These results
are interpreted to indicate that the rims of preexisting Taconian
porphyroblasts reequilibrated pervasively at approximately 500° C and

above, whereas reequilibration was incomplete at lower Acadian



overprinting temperatures. Garnet developed texturally and chemically
distinct rims which appear to reflect prograde Acadian metamorphism in
higher-grade parts of the Acadian metamorphic zone.

Previous studies of garnet zoning have emphasized volume and
surface diffusion as the primary means of changing mineral composition.
However, in this polymetamorphic zone changes in the composition of
preexisting garnet occurred by metasomatic dissolution and reprecipitation
along porphyroblast surfaces in the presence of a metamorphic fluid.
Diffusion seems significant for changing the garnet composition during the
initial overprint only as an agent to move material in an intergranular
fluid.

The pressures and temperatures of the Acadian metamorphism define
a consistent metamorphic field gradient of 16 bar/° C, increasing eastward.
In an area mainly affected by Acadian metamorphism, peak metamorphic
temperatures were 8.2 kb and 575° C. Nonlinear unroofing rates from ~ 10
to less than 1 mm/yr following the high-pressure Acadian metamorphism
have been documented using combined petrologic, fluid inclusion,
thermochronometric, and thermal modeling techniques. The calculated
unroofing path is initially nearly isothermal and is followed by more
isobaric cooling. Comparison of the inferred path to those predicted by
thermal models suggests unroofing was characterized by initial rapid
upward en bloc velocity (~ 1 cm/yr) of brief duration, followed by much
slower unroofing rates (< 0.3 mm/yr). This proposed unroofing history is
consistent with the Paleozoic sedimentary and igneous record of western

New England.
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Prologue

It was six men of Indostan
To learning much inclined,
Who went to see the Elephant
(though all of them were blind),
That each by observation
Might satisfy his mind.

The first approached the Elephant,
And happening to fall
Against his broad and sturdy side,
At once began to brawl:
"God bless me! But the Elephant
Is very like a wall!”

The second, feeling of the tusk,
Cried, "Ho! What have we here
So very round and smooth and sharp?
To me 'tis mighty clear
This wonder of an Elephant
Is very like a spear”

The third approached the animal,
And happening to take
The squirming trunk within his hands,
Thus boldly up and spake:
"I see,” quoth he, "the elephant
Is very like a snake!"

The fourth reached out his eager hand
and fell about the knee.
"What most this wonderous beast is like
is mighty plain,” quoth he;
"Tis clear enough the Elephant
is very like a tree."

The fifth, who chanced to touch the ear,
Said:"E’'en the blindest man
Can tell what this resembles most;
Deny the fact who can,
This marvel of an elephant
Is very like a fan!"

The sixth no sooner had begun
About the beast to grope,
Than, siezing on the swinging tail
That fell within his scope,

"I see,” quoth he, "the Elephant
Is very like a rope!"

And so these men of Indostan
Disputed loud and long,

Each in his own opinion
Exceeding stiff and strong,
Though each was partly in the right
And all were in the wrong!

John Godfrey Saxe, The Blind Men and the Elephant, A Hindoo Fable
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INTRODUCTION TO THE DISSERTATION

This dissertation comprises three chapters, one of which has been
published and the other two are intended for publication upon revision.
The common thread to these chapters is the combined application of
petrologic and geochronologic techniques to examine different aspects of
the pressure, temperature, and time evolution of a complex metamorphic
terrane. Chapters 1 and 2 of this dissertation focus on the characterization
of polymetamorphic rocks in southwestern New England that have been
affected by both (Taconian) Ordovician and (Acadian) Devonian orogenic
events. This area was chosen for detailed study largely because of the
previous general synthesis of Taconian and Acadian relationships in
western New England by Sutter et al. (1985), represented in Figure 1.
Three distinct metamorphic episodes have been recognized within the
region shown in Figure 1, and the field effects of these metamorphisms
merge in the region discussed in chapters 1 and 2. The superimposed
metamorphisms in the study region have been alternatively interpreted as
the result of Taconian and Acadian events by various previous studies. The
new geochronologic and petrologic data presented in this study are
consistent with the interpretation of Sutter et al. (1985) that the western
part of the study area mainly records Taconian metamorphic effects and
the eastern part Acadian effects. The data provided in chapter 1 necessitate
revision of the estimate of the timing of the thermal maximum of the main
Taconian metamorphism in the study region (T3, Figure 1), and define the

metamorphic overprint on the basis of integrated geochronologic,



Figure 1. Regional geologic map of southwestern New England showing
the location of areas studied; adapted from Sutter et al. (1985). More
detailed maps of the study areas, including field coordinates, are given in

Figures 2, 3, 10, 28, and in Appendix 1.
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petrologic, and published structural data. Chapter 2 examines the
progressive effects of the superimposed Acadian metamorphism across the
zone of metamorphic overprint defined in Chapter 1.

Chapter 3 focuses on the determination of the post-peak
metamorphic unroofing history in part of southwestern New England
where the metamorphic record is dominantly of the Acadian event (Figure
1). Chapter 3 combines several techniques in order to constrain the peak P-
T conditions of the Acadian metamorphism, and the P-T path during
subsequent unroofing. This study documents the relatively high-pressure
characteristics of the Acadian metamorphism in western New England, and
that the rates of unroofing following the peak metamorphic conditions
were extremely non-linear and initially very rapid.

The three chapters in this dissertation present information from a -
metamorphic perspective for the regions indicated in Figure 1. The new
data presented in these studies are used to characterize relationships that are
specific to the time that the rock features formed in a given area. This new
data provides mineralogic and intensive parameter constraints to the
geology of southern New England that form a basis for deciphering its

Ordovician to Devonian tectonic evolution.



CHAPTER 1: PETROLOGIC, STRUCTURAL, AND
GEOCHRONOLOGIC CHARACTERISTICS OF THE ACADIAN
METAMORPHIC OVERPRINT ON THE TACONIAN ZONE IN

SOUTHWESTERN NEW ENGLAND



ABSTRACT

A combined petrologic, structural, and geochronologic approach has
been used to characterize a polymetamorphic zone in southwestern New
England. The area chosen in northwestern Connecticut and adjacent New
York and Massachusetts records a Taconian (Ordovician) peak
metamorphic event in the west, and Acadian (Devonian) peak effects in the
east. In between, a complicated zone of overlap contains predominantly
Taconian mineral assemblages that have been thermally and mechanically
affected by Acadian processes.  Within the Taconian zone the rim
compositions of the highest-grade porphyroblasts have been modified,
resulting in P-T estimates that are inconsistent for subareas within a given
thin section. With the onset of fibrolite-grade Acadian overprinting
metamorphic conditions (approximately 500° C) the rim compositions of
porphyroblasts yield P-T estimates that are much more consistent, varying
by only a maximum of 50° C and 1 kb, despite significant textural
complexity within a thin section. These results are interpreted to indicate
that the rims of preexisting Taconian porphyroblasts reequilibrated
pervasively at approximately 500° C and above, whereas reequilibration
was incomplete at lower Acadian overprinting temperatures. The subtlety
of the metamorphic overprinting was emphasized by the apparently similar
P-distance and T-distance gradients within each metamorphic zone.
40Ar/39Ar data presented here indicates that the timing of the Taconian
thermal maximum in the staurolite zone was approximately 445 Ma, and
that of the Acadian thermal maximum was approximately 390 Ma. Cooling

ages of Taconian metamorphic minerals also suggest that the highest-grade



Taconian assemblages at the present erosion surface remained at elevated
metamorphic conditions between the Taconian and Acadian thermal

maxima.



INTRODUCTION

All orogens contain extensive regions that have undergone a
polyphase metamorphic and deformational evolution. Within these regions
the effects of multiple orogenic episodes are superimposed within single
exposures and even single thin sections. A clear understanding of the
textural and chemical responses of early porphyroblast minerals to a
superimposed metamorphism is essential in order to discern
polymetamorphic effects from those produced by discontinuous reactions
within a single event, and to apply thermobarometric techniques to
polymetamorphic rocks.

The principal goal of this study was to evaluate how best to unravel
features of different ages in a zone of metamorphic overlap and therefore
to obtain meaningful pressure-temperature (P-T) estimates from multiply
metamorphosed rocks. This investigation is also an attempt to document the
critical relationships of textural and chemical modification across the
polymetamorphic zone. This study focuses on a previously well
characterized area in southwestern New England as a setting in which to
apply a variety of analytical techniques in a transect across the younger
metamorphic front. These goals were pursued by combined application of
petrographic, petrologic, geothermobarometric and “°Ar/*°Ar
geochronologic techniques in a part of the New England Appalachians that
has undergone both Taconian and Acadian Barrovian metamorphisms of

similar grade.



Geology of the Taconian and Acadian Polymetamorphic Zone of
Southwestern New England

A region comprising parts of New York, Connecticut and
Massachusetts was chosen for this study because it has an excellent basis of
structural, petrologic, and geochronologic investigations (Figures 2, 3, and
4). The earliest modern petrologic studies in the region are the careful
petrologic descriptions of Agar (1932) on northwestern Connecticut and
the classic works of Balk (1936) and Barth (1936) on Dutchess County,
New York. Geologic quadrangle maps (1:24,000) have been published for
most of the region represented in Figure 2 and 3 (Figure 4), and these
establish the relative chronologic framework summarized in the following
discussion.  More comprehensive discussions of the Early Paleozoic
tectonic evolution of this region have been presented by Zen (1967, 1972),
and Stanley and Ratcliffe (1985). In all of the following discussions
references to the geologic timescale conform to the timescales of Harland et
al. (1982) and Palmer (1984).

The Late Proterozoic and Paleozoic evolution of the region began
with the deposition of a miogeoclinal sequence of clastic to carbonate rocks
unconformably upon Middle Proterozoic gneisses of the eastern, rifted
margin of the old North American craton. Deposition of this sequence was
relatively continuous from the Upper Proterozoic/Lower Cambrian
(Dalton formation and Cheshire Quartzite) to the late Early Ordovician
(Stockbridge Formation). A regional unconformity and local karst

topography developed in the Middle Ordovician, and were followed by



Figure 2. General lithologic and structural map of the study region as
adapted from the maps of Zen (1983) and Rodgers (1985) and Sutter et al
(1985). (Ow = Walloomsac Formation.) The western extent of penetrative
foliation related to Acadian structural development and metamorphic
mineralization is indicated. Acadian structures and cleavages are present
throughout the western part of the study area, and extend west of the area
to Silurian rocks at Mt. Ida, New York (Ratcliffe, 1975). The line that
represents this front of foliation development coincides with the Acadian
amphibolite-grade overprint indicated by Sutter et al. (1985). Field

coordinates and quadrangle names are indicated in Figure 4.
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Figure 3. Mineral isograds of the Taconian and Acadian metamorphisms in
the study region and the distribution of the pelitic lithologies upon which
they are based. The general isograd distribution is from Ratcliffe
(1974a,b,c), Zen (1981), and Hatch and Stanley (1976); the Acadian
fibrolite isograd is modified from these sources on the basis of
observations in this study. Representative locations of fibrolite and relict
kyanite (discussed in text) are shown. Transect XX' refers to data presented
in Figure 9, and the sample localities represented in Figure 9 are shown in
this figure. Localities and characteristics of samples for which data is
presented in this study are presented in Appendix I. Field coordinates and

quadrangle names are indicated in Figure 4.
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Figure 4. 71/2' quadrangles within the study area. Quadrangles that are
directly referred to in the text are referenced in the bibliography to this

dissertation. For other references, see Zen (1983) and Rodgers (1985).
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Figure 24. FeO, MnO, MgO, and CaO profiles along the line XX' indicated
in Figures 23A and 22. The numbers on the top profile indicate the garnet
core (1) and successive rims (2 and 3). Note the marked changes in
concentration for each element, especially Ca, that begin at the boundary

with the third rim. Discussion in the text.
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Figure 25. Ternary Mn-Fe-Mg and Ca-Fe-Mg diagrams representing the
core to rim variation of the garnet in Figures 21-24. The arrows were
visually fit to the data, and begin with the garnet core composition and end
with the garnet rim composition. Almost all of the variation reflects zoning
patterns established in the third garnet rim. In the Ca-Fe-Mg projection, a
closed loop is formed by the abrupt Ca increase at the begining of the third

gamet rim and subsequent decrease toward the outer garnet edge.
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core region with the same elemental increases and decreases as in Figures
23 and 24) occurs in samples from throughout the Acadian zone which
differ in both matrix texture and host lithology. Note that the
photomicrograph and compositional data for this sample indicate that the
clear, inclusion-free garnet zone is continuous around the garnet core, but
that the outer, euhedral rim is discontinuous and appears to have grown
preferentially along the matrix cleavage. The garnet appears to have been
"pinned" at the end of the second stage of growth by fibrolitic sillimanite
and plagioclase in the direction perpendicular to the cleavage.

FTIR spectroscopy of the fluid inclusions in the core of the gamet
represented in Figures 22-25 indicate that the inclusions contain both H,O

and CO, (Figure 26).

The rim compositions of plagioclase, muscovite, and biotite in this
sample are very consistent, however the rim composition of gamet is
variable, and results in pressure estimates that vary by 4 to 6 kb depending
on the part of the garmnet analyzed (Figure 27). This variation occurs
because the surfaces of gamet that seem to have been pinned during growth
have approximately twice as much Ca as the euhedral rims that lie in the
plane of the foliation. The lower pressures defined by the euhedral rim are
interpreted to correspond to the actual pressure conditions during final
garnet growth, because the euhedral rims are interpreted to be the last part

of the garnet to have formed.
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Figure 26. FTIR spectra for two parts of the gamet core shown in Figure
22 and 23, indicating that the fluid inclusions observed in the cores of this
garnet contain both CO; and H,O (the decreased transmittance at

approximate wavenumbers 3660 and 2400, respectively).
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Figure 27. P-T conditions indicated by the compositions of matrix
porphyroblasts and gamet in the assemblage garnet-biotite-muscovite-
plagioclase, for the outside edge of the garnet along the euhedral third
stage rim and an earlier formed, pinned rim as discussed in the text. In
subsequent discussion, the estimate based on the pinned rim is interpreted
to be a specious one, resulting from disequilibrium between the pinned rim
and matrix minerals. The garnet composition along the euhedral rim is

interpreted to reflect the P-T conditions during final garnet growth.
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DISCUSSION

Garnet Growth and Resorption Reactions

The compositional profiles, X-ray maps, and ternary Mn-Fe-Mg
projection for the garnet sample of the Taconian metamorphic zone
(Figures 11-14) indicate that core-rim compositional gradients formed
during prograde garnet growth, an interpretation consistent with that of
Zen (1981) and Wang (1988) for numerous samples at different localities
in the Taconian metamorphic zone. A subtle increase in Mn and decrease
in Mg 1s indicated along the outer 150um of the garnet in Figures 11-14,
and is interpreted to reflect an attempt of the garnet rim to reequilibrate
during growth of a mineral which was more Mg-rich and less Mn-rich than
garmet. Chlorite porphyroblasts are present at all grades within the
Taconian zone, and their occurrence together with the chemical changes
indicates that growth of chlorite after the peak staurolite-grade
metamorphism is responsible for the gamet rim composition changes. I
also interpret the discordance of P-T estimates in Figure 15 to indicate that
the rim compositions of garnet, plagioclase, muscovite, and biotite partially
reequilibrated following peak Taconian metamorphic conditions. The
partial reequilibration of mineral rims could have occurred during either
slow cooling from the Taconian metamorphism or during the distinctly
later Acadian metamorphism.

Within the overprint zone the resorbed and embayed margins of
garnet porphyroblasts are often accompanied by conspicuous fibrolite,

magnetite, and muscovite (Figure 16). The mineral textures suggest a
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breakdown of garnet during the metamorphic overprint, and growth of

fibrolite, magnetite, and muscovite in reactions such as the following:

Almandine + O, = Magnetite + Fibrolite 1)
Grossular + Quartz = Plagioclase + Fibrolite  (2)
Grossular + Quartz + K¥ i + H,O = Plagioclase + Muscovite  (3)

Grossular+ (Fe,Mg)-Biotite + Quartz = Muscovite + (Mg,Fe)-Garnet + Plagioclase (4)

The increase in Mn in the clouded garnet rim of sample 2 is
consistent with previous studies which have suggested that Mn is
concentrated as a residual component during garnet resorption (Bethune et
al., 1975; Yardley, 1977; Tracy, 1982; Karabinos, 1984). Reactions
involving the removal of grossular component from gamnet are indicated
by the marked decrease in Ca observed within the clouded rim (Figure 17).
It is more problematic to account for the necessary Fe to produce
magnetite as a product of resorption and to increase the almandine
component of the gamnet rims. Magnetite is consistently present around the
margins of the resorbed gamet, even "decorating” cracks within the garnet,
and smaller, euhedral porphyroblasts of muscovite are present inside the
biotite (Figures 16 and 17), and the Mg increase in the garnet rim is
proportionally greater than the Fe increase (Figure 19). These relationships
suggest that Fe and Mg were redistributed during consumption of biotite in
a reaction such as (4), and the increase in Fe in the gamet rim was required
by the Ca decrease, even though a magnetite-producing reaction such as (1)

was occurring simultaneously. The abundant magnetite suggests that an
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oxidizing fluid may have been present during resorption, and that the fluid
was saturated in magnetite. An O, activity of approximately 10-20 is
indicated for rection (1) based on calculations with data from Berman and
Brown (1988). Comparison of this O, activity with the data of Ohmoto
and Kerrick (1977) indicates that the metamorphic fluid principally
contained H,0 and CO,.

Additional evidence for the presence of a fluid during resorption is
provided by inclusions in the clouded garnet rim. These are in part fluid
inclusions that contain both liquid and vapor, and Raman and FTIR
spectroscopy indicate that they contain both H,O and CO, (Figure 20). The
composition of these inclusions thus appears consistent with the oxidizing
reactions previously discussed, and the presence and entrapment of a fluid
was part of the process by which gamet reequilibrated during resorption.
Chemical reequilibration of the porphyroblast rims is suggested by the P-T
estimates of Figure 21: repeated analyses of gamet, plagioclase, biotite,
and muscovite define internally consistent P-T estimates which indicate that
reequilibration of rim compositions occurred during resorption at
approximately 500° C and 4 kb.

The complexity of garnet textures within the Acadian metamorphic
zone appears in part to reflect the varying degree to which altered
Taconian gamet was incorporated as cores to Acadian garnet. Garnets in
the Acadian metamorphic zone commonly have cores of homogeneous
composition that are densely populated by fluid and mineral inclusions.
The Raman and FTIR spectroscopy of these garnet cores (Figure 26)
document that the fluid inclusions contain both H,O and CO,. I interpret
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the inclusion-rich cores as the final relicts of resorption that began prior to
or during early stages of Acadian metamorphism, and that an early stage of
the resorption processes is preserved in the sample from the overprint zone
(Figures 16-21). This interpretation requires that reactions similar to those
proposed in the overprint zone (1-4) occurred throughout the southeastern
part of Figure 10 and were accomplished in the presence of a metamorphic
fluid. The Acadian garnet rims, that surround the fluid inclusion—bearing
cores, do not contain fluid inclusions. This relationship suggests that a
different set of fluid conditions, possibly coupled with changing rates of
gamet growth, existed between formation of the garnet cores and growth
of the successive rims. In addition, the zoning pattern and variable Ca
content along the rim of the garnet in Figure 23B indicate that
reequilibration of gamet during the final stages of Acadian growth was

limited by the rate of intergranular and volume diffusion.

Implications regarding Metamorphic Fluids, Metasomatism and
Diffusion

All previous studies which have discussed changes in garnet
composition that accompanied polymetamorphism have explicitly
considered volume and intergranular surface diffusion to be the
mechanisms that produced compositional changes, and have considered
interaction of gamet with a fluid only insofar as it may increase the rate of
intergranular diffusion or be necessary for the growth of hydrous minerals
(e.g., Yardley, 1977; Tracy, 1982; Karabinos, 1985). A discrepancy cited

by these studies is that the penetration depth of compositional modification
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on gamet edges (typically 100-300 pm) 1is greater than can be easily
modeled with accepted garnet diffusion parameters (e.g., Karabinos, 1985).

The observations of this study (noted above) document the presence
of a fluid during the gamet resorption reaction(s). The incorporation of
this fluid into the garnet edge as fluid inclusions, along with small mineral
inclusions, suggests that the garnet surface was vigorously dissolved and
recrystallized in the outer 150pum during the overprint. Obviously, mass
transport of material both toward and away from the garnet surface
through the intergranular fluid medium must have accompanied the
resorption reaction. It is likely that this transport involved intergranular
diffusion at least of Fe, Mg, Mn and Ca, and perhaps of other components
as well. The recrystallization process is metasomatic, in the sense that the
bulk composition of the gamets’ outer 150 pm changed.

The data of this study are from only a small part of a single
polymetamorphic zone, and thus not sufficient for a comprehensive
reinterpretation of zoning in polymetamorphic garnets. However, textural
and compositional changes that are strikingly similar to those in Figure 16-
19, including a "clouded rim zone", have been observed in
polymetamorphic garnets by de Bethune et al. (1975) in the Italian and
Swiss Alps, Yardley (1977) in the Dalradian of Scotland, and Karabinos
(1985) in the Vermont Appalachians, indicating that this process may have
operated more extensively than previously recognized. Numerous studies in
the petrological literature in a variety of settings that can broadly be
considered metamorphic (e.g., the alteration of volcanic glass; Zhou and

Fyfe, 1989 and references therein) have documented a zone on the scale of
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10-300 pm enriched in fluid and mineral inclusions that proceeds an
alteration front. Metasomatic alteration of mineral compositions in a
process similar to the model presented here may therefore occur in a
variety of metamorphic settings.

The inclusion rich garnet cores in the Acadian subarea are
interpreted to be relicts of Taconian metamorphism as previously
discussed. The second stage garnet rim, which is interpreted to have
formed during Acadian metamorphism, appears to have essentially the
same composition as the core. The change in Ca content at the boundary of
the second and third stage garnet rims (Figure 24D) is step-like, and it is
more curved and gradual for Fe, Mn, and Mg; similarly, note that Figure
23 indicates a distinct change in Ca concentration at the boundary (Figure
23B), and a more diffuse, gradual change in Fe, Mn, and Mg (Figures 23A,
C, and D). If the boundary was originally step-like for the other cations,
then relaxation of the boundary for the smaller cations occurred by volume
diffusion. The diffusion modification of chemical zoning across a boundary
in gamet was discussed in a model proposed by Tracy (1982, his Figure
15), in which the changes in elemental concentrations were symmetric
across the boundary. Alternatively, the changes at the boundary in these
samples may reflect changing conditions of the third stage garet growth.
Because the changes in concentration of the smaller cations consistently
occur at varying distances outside of the textural boundary, and outside of
the step in the Ca concentration, they appear consistent with changing
garnet composition in response to changing conditions of growth; this

interpretation is also consistent with the relatively low temperatures of the
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final stages of garnet growth in sample 4 (<550° C), at which volume
diffusion would likely be negligable.

The record of metamorphic fluid(s) in garnets of this study is
specific to gamnets, or parts of garnets, that formed in the Taconian event
and which have been overprinted by the Acadian metamorphism. The
compositional changes of the Taconian garnets are interpreted to be the
result of metasomatic alteration in the presence of a metamorphic fluid.
The parts of garnet that are interpreted to have formed during Acadian
metamorphism do not contain fluid inclusions, and they preserve zoning
and compositional relationships that can be discussed purely in terms of
diffusion processes. This association indicates an episodic interaction of
metamorphic fluids on a regional scale during the early stage of Acadian
metamorphism, and further indicates more limited involvement of such

fluids at later stages in the prograde Acadian metamorphism.

Implications for the Taconian and Acadian events

The rim compositions of porphyroblasts near the westward limit of the
Acadian overprint record conditions of approximately 500° C and 4 kb.
The sample which records these conditions (represented in Figures 16-21)
contains coarse kyanite and staurolite, inferred to have initially formed
during Taconian metamorphism, that are rimmed by muscovite, biotite,
and fibrolite. Quantitative estimates of the Taconian P-T conditions in the
zone of Acadian overprint cannot be calculated directly from the mineral
compositions, however one can reasonably infer that pressures in the

Taconian staurolite-kyanite zone were greater than the 4 kbar that the
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porphyroblast rims presently record. The studies of Zen (1981) and Wang
(1988) indicate approximately 6 kbar and 550° C for the staurolite-kyanite
zone. This suggests that the initial Acadian overprint reequilibrated the
Taconian mineral rims at conditions below those of their original
formation. There is a consistent increase in recorded Acadian pressures to
the southeast, reaching approximately 7.5 kb in the southeastern corner of
Figure 10 (chapter 1 of this dissertation).

I have observed textural features of garnet in the Acadian zone that
suggest three stages of growth (see Figures 22 and 23). The widespread
garnet cores (stage I garnet) are interpreted to be of Taconian origin, and
the distribution of these gamet cores in the Acadian zone, along with the
observation that fibrolite-grade pelitic rocks in the Acadian metamorphic
zone usually contain relict kyanite (chapter 1 of this dissertation), suggest
Taconian metamorphic effects were originally more extensive eastward
than shown in Figure 10. The compositions of the clear garet overgrowths
(stage II garnet) appear to be the same as the garnet cores. However, at the
boundary of the stage IT garnet and the euhedral, inclusion-bearing rim
(stage III), there is a marked change in the abundance of Ca and Mg.
Stages II and III of gamet growth are interpreted to have formed during
Acadian metamorphism, and thus the changes in composition may
correspond to changing Acadian pressure and temperature conditions. The
physical significance of these chemical relationships, and their potential
relationship to the relatively high pressures of Acadian metamorphism

observed in this region, will be the subject of future study in this area.
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Conclusions

Garnet porphyroblasts throughout the Taconian zone typically are
zoned from core to rim in a manner consistent with prograde growth
zoning, as also concluded by Zen (1981) and Wang (1988). Locally within
the Taconian zone, there are compositional changes in the outer 150pum of
the garnet which I infer to have formed during growth of chlorite after
peak metamorphic conditions. The modification of garnet rim
compositions commonly results in discordant P-T estimates from subareas
within a given thin section, and even occurs in samples that do not present
any obvious textural criteria of a disturbance subsequent to garnet growth.
This compositional disturbance could have been caused either by incipient
retrogression of prophyroblasts during retrograde Taconian cooling, or by
incipient reequilibration during a distinctly later Acadian overprint.

Textural and chemical changes are pervasive within the region of
initial Acadian metamorphic overprint on Taconian minerals. An
approximately 150pm zone containing abundant fluid and mineral
inclusions is present around the external, embayed gamnet rims, and this
zone penetrates core garnet along cracks and mineral inclusion boundaries.
The fluid inclusions contain both H,O and CO,, and proposed magnetite-
forming mineral reactions for the matrix assemblage also suggest that the
fluid was oxidizing. This zone of inclusions corresponds to the area of
modification of prograde gamet zoning, including a dramatic decrease in
Ca concentration and increase in Fe, Mn, and Mg.

In contrast to the complex textural relationships of porphyroblasts in

the overprint zone, the rims of porphyroblastic garnet, biotite, plagioclase,
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and muscovite have compositions that define consistent P-T estimates, and
thus appear to have been pervasively reequilibrated at approximately 500°
C. The record of fluid interaction and compositional change that
acompanied the Acadian overprint indicate that garnet reequilibrated by
recrystallization, and that intergranular and volume diffusion were not
directly involved as mechanisms of initial compositional change. Both
processes may have been indirectly involved, however, in transport of
material toward and away from reacting garnet edges. The widespread
distribution of fluid inclusions in garnet cores in the Acadian zone suggests
that the metasomatic alteration occurred on a regional scale, and that it
ended prior to the final stages of Acadian garnet growth.

Growth of gamet during Acadian metamorphism is inferred to have
occurred in two stages, on the basis of textures and composition. The
growth of the final gamnet rims in the Acadian zone was generally
nonuniform, because some growth surfaces of gamet appear to have
become "pinned" against other minerals, especially feldspar and fibrolite.
The chemical zoning pattern in the third stage garnet and the compositional
differences between it and the earlier pinned rim both indicate that
intergranular diffusion and volume diffusion may have been the fastest
processes to affect chemical change during the final growth of Acadian
garnet. These zoning and inclusion relationships therefore suggest: 1)
episodic fluid interaction during Acadian metamorphism; and 2) sluggish

diffusion rates limited chemical changes in garet when fluid was absent.
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DETERMINATION OF A METAMORPHIC P-T-t PATH USING
COMBINED PETROLOGIC, FLUID INCLUSION, GEO-
CHRONOLOGIC, AND THERMAL MODELING TECHNIQUES:
AN EXAMPLE FROM SOUTHWESTERN NEW ENGLAND
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ABSTRACT

Nonlinear unroofing rates from ~ 10 to less than 1 mm/yr
following high-pressure Acadian (Devonian) metamorphism have been
documented in southwestern New England using combined petrologic, fluid
inclusion, thermochronometric and thermal modeling techniques.
Thermobarometry of pelitic schists from the Rowe-Hawley belt of western
Connecticut indicates peak Acadian P-T (pressure-temperature) conditions
of 575 °C and 8.2 kbar. Densities of CO72- and H2O-rich fluid inclusions
require nearly isothermal decompression followed by more isobaric
cooling from these conditions. Comparison of this observed path to those
generated by thermal models suggests decompression was characterized by
initial rapid upward en bloc velocity (~ 1 cm/yr) of brief duration,
followed by much slower unroofing rates (< 0.3 mm/yr). Published
geochronologic ages in this region constrain the rapid uplift to the Middle
Devonian, and uplift slowed dramatically by the end of the Devonian. This
differential uplift has major implications for interpretation of Devonian

igneous activity and sedimentation in southwestern New England.

114



INTRODUCTION

Studies of mineral equilibria as recorded by mineral compositions,
zoning, and solid inclusions provide a powerful means of determining
metamorphic P-T paths (e.g., Spear et al., 1984). Application of this
approach is limited by the availability of suitably constrained mineral
assemblages. This is especially true for parts of P-T paths following peak
conditions where mineral assemblages commonly do not reequilibrate.
Resolution of later parts of P-T paths is critical because most
geochronologic constraints to cooling history apply to conditions below ~
500 °C (e.g., Sutter et al., 1985).

Fluid inclusions can provide a means of evaluating peak conditions
of metamorphism (Crawford, 1981), P-T conditions during uplift
(Hollister et al., 1979), and direct evidence of metamorphic fluid
composition (e.g., Frey et al., 1980). These applications are limited by the
tendency of inclusions to reequilibrate during decompression. However,
this tendency enables fluid inclusions to record later parts of P-T paths, and
thus combined mineral equilibrium and fluid inclusion studies can yield
constraints that are not generally available when the techniques are applied‘
singly. In this study we have evaluated the P-T path of part of the Rowe-
Hawley belt of western Connecticut by using petrologic and fluid inclusion
techniques; these data were combined with geochronologic constraints of
the region to derive the P-T-t (time) path. We then compare this path to
those generated by thermal models to evaluate crustal processes during

decompression. This approach is essentially the inverse to studies which
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extrapolate model paths from crustal constraints and then use them to
evaluate regional geologic history (e.g., Chamberlain and England, 1985).

The Rowe-Hawley belt (Figure 28) represents part of the Iapetus
eugeocline that was transported westward and variably metamorphosed
during the Taconian orogeny (Stanley and Ratcliffe, 1985). Within
western Connecticut, the Rowe-Hawley belt was remetamorphosed to
amphibolite grade during the Acadian orogeny (Sutter et al., 1985; Dietsch
and Sutter, 1987). Samples considered in this study are from the Roxbury
71/ minute quadrangle (Gates, 1959), west of the Waterbury dome, where
the Rowe-Hawley belt consists of pelitic and mafic schists, quartzites, and
small granitic bodies. Peak metamorphic conditions of Acadian
metamorphism in the vicinity of the Waterbury dome were 550-600 °C
and 5-8 kbar (Dietsch, 1988).

Microstructures and Petrology

Pelitic schists of the Rowe-Hawley belt typically contain quartz,
muscovite, biotite, chlorite and ilmenite, with one or more of the phases
gamet, kyanite, staurolite and plagioclase. Garnet and staurolite occur as
porphyroblasts that contain quartz and ilmenite inclusions defining a plane
concordant with schistosity. These internal surfaces are locally sigmoidal,
suggesting syn- to postdeformation porphyroblast development. Chlorite
occurs as lath-shaped crystals that parallel schistosity and appear to be
prograde. Kyanite is locally abundant, yet coexisting garnet and kyanite
were not observed. Intracrystalline strain features (e.g., undulose

extinction, subgrains) were not observed, and grain boundaries among
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Figure 28: Location of the study area within a portion of the Tectonic map

of Connecticut (Rogers, 1985; see Appendix I for field coordinates).
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quartz and feldspar form 120° triple junctions, indicating
postdeformational annealing of minerals.

Two or three domains containing garnet-biotite or garnet-biotite-
plagioclase-muscovite-quartz were analyzed for each sample. Rim
compositions of adjacent minerals were averaged to obtain the components
and associated uncertainties summarized in Figure 29. Mineral
compositions were determined using an ARL-SEMQ electron microprobe
at Virginia Polytechnic Institute (analytical scheme discussed in Solberg
and Speer, 1982). Mineral formulas were calculated on the basis of
number of oxygens per anhydrous formula.

Compositions and textural relations in the assemblage
quartz+muscovite+garnet+biotite+ staurolite+chlorite suggest the reaction
garnet + muscovite + chlorite = staurolite + biotite + quartz + HbO (1)

In the model KFMASH system, this reaction is univariant and buffers HpO
activity at either specific pressure or temperature. This suggests the
assemblage is unlikely for a rock in which fluid composition is controlled
externally, but very reasonable if fluid composition is internally controlled
(e.g. Guidotti, 1974). The analyzed sample contains no carbonate minerals
and no calcareous units have been observed in the vicinity of the sample
locality. The H20:CO7 ratio of fluids present during metamorphism
cannot be calculated because of the absence of carbon-bearing phases.
However, sample occurrence and mineralogy qualitatively indicate that
metamorphic fluids evolved predominantly through dehydration reactions,

and fluid composition was internally controlled.
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Peak metamorphic temperatures were estimated using the Hodges
and Spear (1982) modification of the Ferry and Spear (1978) calibration
for Fe-Mg partitioning between garnet-biotite. Peak metamorphic
pressures were estimated using the calcium exchange reaction between

garmnet and plagioclase expressed by
almandine + grossular + muscovite = annite + anorthite. (2)

Reaction 2 was calibrated empirically by Ghent and Stout (1981)
using ideal solution models and by Hodges and Crowley (1985) utilizing a
larger data set and solution models consistent with Hodges and Spear
(1982).

Simultaneous solution of the thermobarometric equilibrium
expressions of Hodges and Spear (1982) and Hodges and Crowley (1985) -
using data from Figure 29 yields 575 °C and 8.2 kbar. We defined a 95%
confidence interval ellipse for this solution (Figure 30) using a Monte
Carlo-type propogation of uncertainties as described by Hodges and
McKenna (1987); the mineral component standard deviations of Figure 29
were the basis for this error propogation, and thus the ellipse represents
the precision (combined analytical error and natural sample variability) of
the P-T estimate. This treatment indicates an uncertainty of + 60 °C and 1.6
kbar (26), which is consistent with commonly accepted uncertainties for
these equilibria and is primarily a function of the grossular and anorthite
uncertainties. Also shown in Figure 30 are the P-T projections of reaction
(1) (Guidotti, 1974), the aluminum silicate triple point (Holdaway, 1971),

and fluid inclusion isochores described below.
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TABLE 1. DATA USED TO CONSTRAIN PEAK
METAMORPHIC CONDITIONS IN FIGURE 2

Mincral* Component Mole fraction Uncertainty!
Garnet Almandine 0.7470 0.0155
n=6 Pyrope 0.0983 0.0166
Spessartine 0.0090 0.0059
Grossular 0.1457 0.0257
Biotite Annite 04224 0.0082
n=16 Phlogopite 0.3894= 0.0099
Muscovite ~ AIV! 0.9290 0.0066
n=38 K/Z(alkalis) 0.7706 0.0221
Na/Z (alkalis) 0.2275 0.0214
Plagioclase Albite 0.6966 0.0477
n=24 Anorthite 0.2919 0.0434
j n = number of analyses,
[

Uncertainty is 20,
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Figure 29. Estimated peak metamorphic conditions for the study area,
represented by a 95% confidence level ellipse. Also shown are reaction (1)
(Gudiotti, 1974), the aluminum silicate tripple point (Holdaway, 1971),

and fluid inclusion isochores discussed in the text.
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Fluid Inclusions

Doubly polished sections were examined on a petrographic
microscope equipped with a gas-flow heating/freezing stage. Measured
temperatures have a precision and accuracy of + 0.1 °C at temperatures <
50 °C, and * 2.5 °C at temperatures around 375 °C (Sterner et al., 1988).
Fluid isochores were calculated using the modified Redlich-Kwong
equations of Holloway (1981; corrected to make the a-term temperature-
dependent) and data extrapolated from Potter (1977).

Matrix quartz in these samples contains inclusions of varying

morphology and composition. CO7-rich inclusions are present as equant,

solitary inclusions up to 4 pum in diameter, and in decrepitation clusters up

to 100 pum across. HpO-rich inclusions ranging from 1-5 pm in diameter
are both solitary and within planes. Veins of course grained quartz that
locally crosscut the foliation contain only H2O-rich inclusions.

Figure 31 shows the range of isochores defined by the different
types of inclusions. All CO2- rich inclusions homogenize to the liquid

phase between -4.3 and +6.2 °C (average bulk density = 0.866 g/cm3;

N=19), and melt at -59.3 to -57.0 °C (N=20). The freezing point of these
inclusions is depressed between 0.4 to 1.7 °C below that of pure CO»p,

suggesting the presence of a phase with a freezing point lower than CO».

This component is most likely CH4 (assuming that it is within the C-O-H

system). There is no systematic relation between the densities of the
solitary and decrepitated CO2-rich inclusions, and therefore all CO»

inclusions appear to have reequilibrated during decompression.
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