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ABSTRACT. We measured the oxygen isotopic compositions of car-
bonate, garnet, and whole-rock specimens from four localities in the
Waits River Formation (WRF) and Standing Pond Volcanics (SPV) in
eastern Vermont to constrain further the amount, geometry, and timing
of fluid infiltration proposed to have occurred throughout a several
thousand km?, deep seated (25 km), Barrovian metamorphic terrane.
Our results indicate that WRF carbonate, garnet, and whole-rock 3180
values decrease by 3 permil near the contact with the SPV. Our data
yield two lines of evidence that confirm that this $'80 gradient existed
prior to and was folded by nappe-stage deformation: (1) Nappe-stage
garnet cores from a traverse across the WRF/SPV contact preserve the 3
permil gradient; (2) The 3 permil gradient in WRF carbonate and
whole-rock 3'%0 values is symmétric about a nappe-stage fold in the
section, consistent with the previous observation in folds northeast of
the Strafford Dome that contours of WRF carbonate 3'80 values and the
WREF/SPV contact are subparallel. Modeling of the isotopic data yields
“early” layer-perpendicular fluid fluxes 2 to 3 orders of magnitude less
than time-integrated fluid fluxes calculated previously by petrologic
methods. Alternatively, the 3!®0 gradient could have resulted from
diffusive mass transfer in a stagnant, interstitial fluid if an intercon-
nected porosity was at least 1 to 3 orders of magnitude lower in the WRF
than the SPV prior to nappe-stage deformation. We note that the 3
permil 3'%0 gradient in WRF carbonate observed at the outcrop scale
overprints a larger 6 permil oxygen isotopic variation observed on a
regional scale and speculate that this larger 6 permil variation may
have resulted from fluid-rock exchange during diagenesis if WRF
burial depth varied regionally by 2 km. Previous studies disagree on
whether peak metamorphic fluid flow during the Acadian event in
eastern Vermont was prédominantly perpendicular or parallel to litho-
logic layering. Our results indicate that the pattern of 380 values in
WREF rocks is largely a result of layer-parallel fluid flow and/or diffu-
sive mass transfer which occurred prior to na pe-stage deformation
and the peak of Acadian regional metamorphism. The results are
important because they suggest that the pattern of 3'°0 values was
acquired early in the diagenetic/metamorphic history of the WRF and
was preserved despite subsequent fluid-rock interaction during dome-
stage deformation and peak Acadian metamorphism.

INTRODUCTION
Knowledge of the scale and extent of fluid flow during metamor-
phism is critical because if fluid fluxes are sufficiently high, fluids are
important agents of both heat and mass transfer (Hoisch, 1987; Bickle
and McKenzie, 1987; Brady, 1988; Peacock, 1989; Ague, 1991). Evaluat-
ing the extent of fluid-rock interaction accompanying deformation and
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metamorphism therefore provides essential information for understand-
ing the thermal, chemical, and structural evolution of continental crust.

Nowhere is the question of the scale and extent of fluid-rock interac-
tion more pertinent than in the Acadian metamorphic terrane in eastern
Vermont. Ferry (1992, 1994) and Léger and Ferry (1993) have recently
proposed that terrane-scale hydrothermal systems were active in this
area during Barrovian regional metamorphism. From their petrologic
studies, they suggest that two types of hydrothermal systems were pre-
sent: (1) a “giant” hydrothermal system that covered thousands of square
kilometers and was centered on a major antiformal axis, and (2) smaller
hydrothermal systems that covered hundreds of square kilometers and
were centered on Acadian plutons. The fluid-flow model is provocative in
that it implies that metamorphic fluids are mobile over a larger scale (100
km) than previously recognized at such deep crustal levels (25 km).

Some of the stable isotopic data previously collected from the Siluro-
Devonian section in eastern-Vermont (Barnett and Chamberlain, 1991;
Stern and others, 1992) are broadly consistent with the Ferry model: (1)
Decreases in carbonate 30 values of up to 3 permil have been identified
in the Waits River Formation (WRF) near its contact with the Standing
Pond Volcanics (SPV) in two locations and could reflect isotopic fronts
displaced downstream in the flow system. (2) Large decreases in 3!8C and
3180 values of 6 to 9 permil have been noted in WRF rocks concentric to
the mid-Devonian Black Mountain pluton and could reflect mixing of
regional and pluton-derived hydrothermal fluids. (3) Progressive homog-
enization of carbon and oxygen isotopic compositions in WRF carbonate
with increasing metamorphic grade has been observed and is consistent
with a model of increased fluid-rock interaction downstream in the flow
system. Although each of these observations is consistent with the isotopic
effects that would result from regional-scale, metamorphic fluid flow,
they could also reflect variations in protolith bulk composition or other
premetamorphic effects, metamorphic devolatilization reactions, or
closed-system homogenization of isotopes at high temperature.

Some isotopic data are inconsistent with the proposed geometry of
the hydrothermal system, however. Ferry’s model suggests that fluid flow
was pervasive, subhorizontal, parallel to lithologic layering and in the
direction of increasing temperature (fig. 8 of Ferry, 1992, 1994). Al-
though recent isotopic work in nearby Cambro-Ordovician rocks has
shown that in at least one area Acadian fluid flow was largely layer-
parallel (Kohn and Valley, 1994), previous researchers working in the
WREF in eastern Vermont have argued for a large component of fluid flow
perpendicular to lithologic layering (Stern and others, 1992).

Many recent studies have utilized isotopic profiles across two or
more adjacent lithologies to quantify cross-bed metamorphic fluid fluxes
and porosity-time relationships (Bickle and McKenzie, 1987; Bickle and
others, 1988; Baker and others, 1989; Ganor, Matthews, and Paldor,
1989, 1991; Bickle and Chapman, 1990; Bickle and Baker, 1990; Cart-
wright and Valley, 1991; Bickle, 1992; Wickham and Peters, 1992; Puris
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and Wickham, 1994). Advective-diffusive mass transfer across the contact
between two isotopically distinct lithologies can produce characteristic
isotopic gradients with measurable displacements which are a function of
the amount of fluid infiltration (time-integrated fluid flux) and a retarda-
tion factor (the rock-fluid partition coefficient of the exchanging isotopic
species; Bickle and McKenzie, 1987; Baumgartner and Rumble, 1988;
Lassey and Blattner, 1988; Blattner and Lassey, 1989; Bowman and
Willett, 1991).

It was within this context that we conducted a thorough, oxygen
isotopic investigation of fluid-rock interaction that occurred in the Siluro-
Devonian strata of eastern Vermont. Our overall objective was to con-
strain further the amount, geometry, and timing of fluid infiltration by
constructing detailed isotopic profiles across the contact between the
WRF and the SPV. Our specific objectives were threefold: (1) to deter-
mine if the heavy isotope depletions in the WRF adjacent to the SPV
observed by previous workers (Barnett and Chamberlain, 1991; Stern
and others, 1992) represent displaced isotopic fronts attributable to
metamorphic fluid flow, and if so, te quantify time-integrated fluid fluxes
for comparison with thosé obtained by petrologic methods (Ferry, 1992,
1994); (2) to resolve the controversy surrounding the geometry of fluid
flow by using the oxygen isotopic record to distinguish between layer-
parallel and layer-perpendicular fluid flow; and (3) to ascertain whether
or not garnets in the WRF and SPV record evidence of fluid infiltration
during metamorphism via oxygen isotope zoning, and if so, to constrain
the timing of fluid flow. We chose to study the WRF and SPV for several
reasons: (1) Ferry’s study of the WRF (1992, 1994) proposed a fluid flow
model that was readily testable by isotopic methods and supplied petro-
logic data for direct comparison; (2) previous isotopic studies in the WRF
(Barnett and Chamberlain, 1991; Stern and others, 1992) provided a
broad foundation upon which to construct our own detailed, outcrop-
scale work; (3) garnets in the vicinity were the subject of detailed study of
microtextural features (Rosenfeld, 1968, 1970) and oxygen and stron-
tium isotopic compositions (Chamberlain and Conrad, 1993; Kohn and
Valley, 1994; Christensen, Rosenfeld, and DePaolo, 1989); and (4) the
units are isotopically distinct and were therefore likely to preserve
isotopic gradients that could be readily modeled.

GEOLOGIC SETTING

An overview of the geologic and petrologic setting of the WRF and
adjacent rocks is provided elsewhere (see references in Ferry, 1992; Stern
and others, 1993)—only a brief summary is included here. The WRF is a
calcareous metaflysch composed of alternating layers of pelitic and quart-
zose limestone beds with the carbonate component increasing eastward
(Hatch, 1987, 1988a, b). Although the stratigraphic age of the WRF is
disputed, current best estimates assign it to the Silurian (Hueber and
others, 1990). Rocks in the WRF were affected by a Barrovian-type,
regional metamorphism during the Acadian orogeny (=380 Ma) which
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locally reached peak metamorphic temperatures of 575°C resulting in
diopside-bearing assemblages (Ferry, 1992). Peak metamorphic pres-
sures in eastern Vermont, calculated from mineral equilibria in the WRF
and adjacent pelitic rocks, appear to be relatively uniform from 7 to 8 kb
(Ferry, 1992, 1994). Along its eastern margin, the WRF is typically
overlain by mafic volcanic rocks assigned to the SPV, but to the north, the
SPV thins and the WRF is directly overlain by metamorphosed turbidites
of the lower Devonian Gile Mountain Formation (GMF). The Siluro-
Devonian strata were deformed by early isoclinal folding into west-
vergent nappes and by subsequent refolding associated with uplift of the
Willoughby-Chester antiform and formation of the Athens, Chester,
Pomfret, and Strafford Domes (see fig. 1).

ANALYTICAL METHODS

Sample collection.—Samples were obtained from the WRF and the
SPV at four different localities where outcrop is relatively continuous and
the contact between the two units is well-exposed (see fig. 1). These
outcrops were the most suitable exposures we found for the continuous
sampling necessary to construct isotopic profiles. OQutcrops 1 and 2 are
chlorite-grade roadcuts on opposite limbs of a nappe-stage fold approx. 7
km east of the Chester Dome and are located on Route 11 southeast of
Springfield, Vermont (Stops 1-2 to 1-3 of Thompson, Rosenfeld, and
Chamberlain, 1993). These outcrops are hereafter referred to as the
Chester Dome east and west limb traverses, respectively. Outcrop 3
consists of biotite-grade rocks on the east flank of the Pomfret Dome and
is located on the banks of the White River along Route 14 between West
Hartford and Sharon, Vermont (hereafter referred to as the Pomfret
Dome traverse). Outcrop 4 consists of garnet-grade rocks in another
nappe-stage fold approx. 6 km east of the Chester Dome and is located on
the north bank of the Williams River just east of Brockways Mills,
Vermont (Stop 1-8 of Thompson, Rosenfeld, and Chamberlain, 1993;
hereafter referred to as the Brockways Mills Traverse).

At each location, samples were collected along traverses approxi-
mately perpendicular to the WRF-SPV contact. Wherever possible, sam-
pling traverses were completed without moving along strike to maintain
one-dimensional control. However, because samples could not be col-
lected in traverses exactly perpendicular to the plane of the contact,
distances along the sampling profile have been corrected for the strike
and dip of the contact and regional foliation. This has the effect of
compressing the distance dimension in the resulting isotopic profiles, but
in most cases the correction is quite small (less than 8 percent). Estimated
errors in sample distances are approx. 0.1 m.

Data collection.—All isotopic analyses were obtained using the vacuum
extraction lines and Finnigan delta E gas source mass spectrometer
located in the Dartmouth Laboratory for Isotope Tracers in the Environ-
ment (D-LITE) at Dartmouth College. Carbon and oxygen isotopic
compositions are reported relative to the PDB and V-SMOW isotopic






