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ABSTRACT. Progress (�) of the infiltration-driven reaction, muscovite � ankerite �
quartz � rutile � H2O � biotite � calcite � plagioclase � CO2, which occurred during
Barrovian and Buchan regional metamorphism in east-central Vermont and south-
central Maine, can vary by a factor of ten or more at all spatial scales down to that of
adjacent lithologic layers <1 cm thick. Values of proxies for the activity of CO2 and
�18Ofluid, Ks(6) � [(aphl)(aan)(acal)

2]/[(ams)(adol)
3(aqtz)

2] and �18OCal, are uniform
within error of measurement over distances up to �1 m across layering. The conven-
tional explanation of cm- to dm-scale variations in � in terms of layer-parallel chan-
neled fluid flow cannot explain the uniformity in the proxies. Observed cm- to dm-scale
variations in � are better explained by (a) mineral reactants and products that are solid
solutions, (b) layer-by-layer variations in the amounts and compositions of minerals
prior to reaction, and (c) uniformity of Ks(6) on a spatial scale larger than the scale of
variations in � during subsequent infiltration and reaction. The m-scale uniformity in
Ks(6) and �18OCal is interpreted as homogenization of aCO2

and �18Ofluid caused by the
combined effects of intergranular diffusion and hydrodynamic dispersion. Reaction
progress therefore was driven by the interplay of layer-parallel advection of chemically-
reactive H2O-rich fluid at decameter and larger scales and cross-layer transport of CO2
and H2O by diffusion/dispersion at scales of �1 m and less. Regardless of whether
mineral reactants and products are solid solutions, the geochemical tracer considered,
or the mechanism of fluid-rock reaction, the geometry of fluid flow can never be
determined at a scale smaller than the one over which the concentration of the tracer is
homogenized in the fluid within error of measurement by diffusion and dispersion.

introduction
It is now well documented that decarbonation reactions during metamorphism

are commonly driven by infiltration of rock by chemically reactive fluid (Ferry and
Gerdes, 1998). Ignoring the combined effects of diffusion and hydrodynamic disper-
sion (referred to in the rest of the paper for brevity as “diffusion/dispersion”), reaction
progress (�) is related to molar time-integrated fluid flux (q) by

q � �CO2��1 � XCO2)/��XCO2/�z�, (1)

where z is distance along the flow path, XCO2
is mole fraction of CO2 in fluid, and �CO2

is the stoichiometric coefficient of CO2 in the reaction (Baumgartner and Ferry, 1991).
Accordingly, the spatial distribution of the progress of infiltration-driven reactions in
metamorphic rocks has been interpreted as a direct image of fossil fluid flow channels,
some as small as several mm wide (for example, Ferry, 1987, 1994). Spatial variations in
� directly image spatial variations in time-integrated fluid flux only if rocks considered
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were chemically isolated from each other during fluid flow and mineral reaction.
Recent field (for example, Bickle and others, 1997; Evans and others, 2002; Ague,
2003), theoretical (for example, Ague and Rye, 1999; Ague, 2000, 2002), and experi-
mental studies (for example, Wark and Watson, 2004), however, indicate that homoge-
nization of fluid composition by diffusion/dispersion of H2O, CO2, and other volatile
species should be very efficient at the scale of a m or greater at the conditions of
regional metamorphism. Variations in � at the cm to dm scale therefore seem to
require some explanation other than variations in time-integrated fluid flux. An
alternative explanation is cm- to dm-scale variations in the amount and composi-
tions of mineral solid solutions that participate in an infiltration-driven reaction
prior to reaction coupled with uniformity in proxies for fluid composition during
reaction at the same or larger scale, as could develop, for example, if fluid composition
were homogenized by diffusion/dispersion (Ferry and others, 2005). In cases
where the alternative interpretation is correct, cm- to dm-scale variations in � image
variations in modes and mineral compositions prior to reaction rather than fluid
flow channels.

We investigated occurrences of regionally metamorphosed micaceous carbonate
rocks in east-central Vermont and south-central Maine to determine which of the two
explanations better accounts for cm- to dm-scale variations in progress of infiltration-
driven reaction, and correspondingly, how the variations in � are to be best understood
in terms of metamorphic process. The two locations are appropriate for several
reasons. First, the locations expose carbonate rocks in which � differs between cm-thick
layers in some cases by more than an order of magnitude. The variations in � have
previously been interpreted as a record of cm-scale differences in time-integrated fluid
flux (Ferry, 1987, 1988a, 1988b, 1994). Second, the two areas permit comparison of
metamorphic processes in a low-P Buchan terrain at the relatively shallow crustal depth
of 10 to 15 km (Maine) with those in an intermediate-P Barrovian terrain at the
mid-crustal depth of 25 to 30 km (Vermont). Third, for practical purposes, rocks
experienced a single infiltration-driven decarbonation reaction during prograde
regional metamorphism. Five of the minerals that participate in the reaction (ankerite,
muscovite, biotite, calcite, plagioclase) are solid solutions. Fourth, rocks contain
proxies that may be used to evaluate the spatial scale of the uniformity of the activity of
CO2 (aCO2

), �18Ofluid, and �13Cfluid. Fifth, the study benefits from decades of geological
and petrologic studies in both areas (as reviewed, for example, by Osberg and others,
1989 and Tucker and others, 2001).

geologic setting

East-central Vermont
The location and geologic setting of outcrops investigated are illustrated in figure

1. Basic geologic relations in the area have been established by White and Jahns
(1950), Lyons (1955), Doll and others (1961), Woodland (1977), Fisher and Karabinos
(1980), Hatch (1988a), and Hueber and others (1990), among others. The study
focused on the Siluro-Devonian Waits River Formation, a metamorphosed turbidite
that is typically composed of interbedded pelitic schist and micaceous carbonate rock
in variable proportions (Hatch, 1988b). The Waits River Formation was deformed and
regionally metamorphosed during the Devonian Acadian orogeny (Thompson and
others, 1968; Thompson and Norton, 1968; Osberg and others, 1989). Radiometric
ages of monazite neoblasts in pelitic schists of the Gile Mountain Formation suggest
mineral reactions that produced kyanite occurred at 353 	 9 Ma (Wing and others,
2003). The study focused on large fresh roadcuts at locations 21-21, 21-32, and 21-35
(fig. 1). Locations 21-21 and 21-32 are entirely composed of micaceous carbonate rock,
mostly bedded on a scale of �1 to 10 cm, and quartz veins; location 21-35 is composed
of �21 percent carbonate rock, �75 percent pelitic schist, and �4 percent quartz veins
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Fig. 1. Geologic sketch map of the study area in east-central Vermont (after Lyons, 1955; Doll and
others, 1961; Ferry, 1994). Isograds are labeled on high-grade side. Sample location numbers are the same as
in Ferry (1994). SDwr 
 Siluro-Devonian Waits River Formation; SDgm 
 Siluro-Devonian Gile Mountain
Formation; pre-S 
 pre-Silurian units, undifferentiated.
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(Ferry, 1994). Mineral equilibria in the area record P � 7-8 kbar (Barnett and
Chamberlain, 1991; Ferry, 1992, 1994; Menard and Spear, 1993, 1994); for purposes of
calculations in this paper a value of P 
 7.8 kbar was adopted. Locations 21-21 and
21-32 lie in the kyanite zone where mineral equilibria record T � 550°C (Ferry, 1994).
Mineral equilibria at location 21-35 in the garnet zone record T � 500°C.

South-central Maine
The location and geologic setting of the outcrop investigated are illustrated in

figure 2. Basic geologic relations in the area have been established by Osberg (1968,
1979, 1988) and Tucker and others (2001). The study focused on the limestone
member of the Silurian Waterville Formation, a metamorphosed turbidite that is
composed almost entirely of micaceous carbonate rock, usually bedded on a scale �1

Fig. 2. Geologic sketch map of the study area in south-central Maine (after Osberg, 1968, 1979, 1988
and Ferry, 1976; 1980a,b; 1984; 1987; 1988b). Sample location 5 is the same as in Ferry (1994) and earlier
publications.
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to 50 cm. The Waterville Formation was deformed (Osberg, 1988), intruded by 378 	 1
to 381 	 1 Ma granites (Tucker and others, 2001), and regionally metamorphosed
during the Devonian Acadian orogeny (Osberg, 1968, 1979, 1988). Radiometric ages
of monazite neoblasts in pelitic schists of the normal Waterville Formation indicate
mineral reactions that produced andalusite occurred at 364.3 	 3.5 Ma (Wing and
others, 2003). The study focused on a large working quarry at location 5 (fig. 2). Rare
thin pelite layers constitute ��1 percent of the exposure. Mineral equilibria record
P � 3.5 kbar in the area of figure 2 and T � 450°C specifically at location 5. Rocks from
location 5 have been the subject of numerous studies of fluid-rock interaction during
regional metamorphism (Ferry, 1979, 1987, 1988b, 1994; Bickle and others, 1997;
Evans and Bickle, 2005).

methods of investigation
Lithologic layering occurs at a variety of scales in micaceous carbonate rocks from

both Vermont and Maine (for example, fig. 3), defined by differences in the amounts
of calcite (Cal), quartz (Qtz), plagioclase (Pl), and micas. (These and all other
abbreviations for minerals follow Kretz, 1983.) Samples were therefore collected along
traverses across layering at a corresponding range of scales to investigate the distances
over which variations in � and uniformity of proxies for fluid composition occurred
during metamorphism. In Vermont, at the smallest scale, 9- and 16-cm traverses were
examined from single large hand specimens obtained at locations 21-21 and 21-32,
respectively (designated samples 9cm-a1 to 9cm-g and 16cm-a to 16cm-i in tables,
figures, and text). In addition, 15 samples were collected along a 5-m-long traverse,

Fig. 3. Lithologic layering in metamorphosed micaceous carbonate rocks, location 21-32, Vermont (fig.
1). Layering occurs on a range of scales between several mm and several dm (notebook is �20 cm long). The
16-cm and 5-m sample traverses were obtained within and near the field of view.
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and 24 samples were collected along a 35-m-long traverse at location 21-32 (designated
samples 5m-1 to 5m-15 and 35m-1a to 35m-22). Finally, 12 samples were collected
across each of two different carbonate beds at location 21-35 beginning and ending at
their contacts with surrounding pelitic schist (designated samples 21-35-A to 21-35-L
and 21-35-1 to 21-35-12). Sample positions along all but the longest traverse were
measured with compass and steel measuring tape; positions along the longest traverse
were measured to an accuracy of 	5 cm or better in three dimensions with a
tripod-mounted laser rangefinder and digital fluxgate compass. All reported positions
and spatial coordinates along each traverse were calculated by projecting actual sample
positions to a line perpendicular to layering. Layering strikes 305° and dips 35°NE at
location 21-21; 335° and 45°NE at location 21-32; 0° and 75°W along traverse A-L,
location 21-35; and 5°, 40°W along traverse 1-12, location 21-35.

Samples from Maine are from collections made for earlier investigations (Ferry,
1979, 1987, 1994). At the largest scale, new data were obtained for 23 samples from a
100-m-long traverse oriented perpendicular to layering beginning at the contact
between the normal and limestone members of the Waterville Formation (samples
designated with a “T” or “TP” prefix in tables, figures, and text). Layering strikes �35°
and is approximately vertical along the traverse except in rare hinges of isoclinal folds.
At the smallest scale, pairs of adjacent cm-thick layers from the same thin section were
examined from 7 samples along the 100-m traverse (designated samples TP-6, -8, -17,
-29, -47, -72, -89) and from a large hand specimen from another part of the quarry
(designated sample BB1). At an intermediate scale, 14 samples (designated F-A3 to
F-A9 and F-B1 to F-B7) were examined from two different adjacent lithologic layers
evenly-spaced over �1 m2 in the hinge of an isoclinal fold (fig. 4). Finally, new data
were obtained for 6 samples (designated FT-A to FT-F) along a 12-cm traverse across
the contact between the two lithologic layers exposed in the hinge of the fold (fig. 4).

Mineral assemblages were determined in thin section with optical petrography
and back-scattered electron (BSE) imaging using the JEOL JXA-8600 electron micro-
probe at Johns Hopkins University. Almost all mineral compositions were measured
using wavelength-dispersive X-ray spectrometry with natural and synthetic mineral
standards and a ZAF correction scheme (Armstrong, 1988) at Johns Hopkins Univer-
sity; mineral compositions in a few samples were measured with the Cameca SX50
electron microprobe at the Natural History Museum, London. For most thin sections,
single spot analyses of �10 widely-spaced grains of Cal, biotite (Bt), muscovite (Ms),
ankerite (Ank), and chlorite (Chl) were obtained, and the average composition is
reported. Fewer analyses were collected in rare cases when a mineral occurred in very
small abundance. For determination of average Pl composition in samples from
Vermont, 12 to 42 spot analyses arranged on a square or rectangular grid were
obtained from the Pl grain at or nearest each grid point. The composition of the most
calcic Pl in each sample was obtained by additionally searching for the Pl grain with the
brightest BSE image. For samples from Maine, the core and rim of the largest Pl grain
in the field of view of the microprobe at �100x were analyzed in 10 areas evenly spaced
along a traverse across a thin section or layer. Average Pl composition was estimated by
averaging all 20 analyses, and the most calcic Pl in the sample was taken as the most
calcic of the 20 analyses.

Mineral modes were measured for each sample by counting �2000 points in thin
section using BSE imaging with the electron microprobe. Any question of mineral
identification was resolved by obtaining an energy-dispersive X-ray spectrum. Uncertain-
ties in modal analyses were estimated following Chayes (1956). Mineral modes were
converted to moles per liter using mineral compositions and molar volumes of mineral
components (Holland and Powell, 1998).

The O- and C-isotope compositions of bulk carbonate were measured in almost all
samples from both Vermont and Maine. For samples along the 9- and 16-cm traverses
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Fig. 4. Sketch of hinge area of isoclinal fold exposed on vertical quarry wall at location 5, Maine (fig. 2).
Axis and axial plane of fold are perpendicular to plane of figure. Top of figure summarizes measurements of
progress of reaction (2), lnKs(6), �18OCal, and �13CCal for layers A and B based on data for the 14 samples
whose locations are illustrated. Single values are weighted means; uncertainties are a 95% confidence
interval based on the standard error. Bold line “FT traverse” denotes location of supplementary cm-scale
sample traverse in figure 13. Figure and sample location numbers are the same as in figure 3 of Ferry (1994).
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from Vermont and for the adjacent layer pairs from Maine, a powder was drilled from
the center of each layer using a 2-mm-diameter diamond-tipped drill. For all other
samples, a �4 cm3 fragment was powdered for analysis with a tungsten carbide ball
mill. Carbonate was dissolved from �2 to 10 mg of the powders in phosphoric acid for
1000 s at 90°C in the laboratory of A. J. Kaufman at the University of Maryland. Prior
work in this laboratory demonstrated that a reaction time of 1000 s at 90°C is adequate
for complete dissolution of calcite and ankerite. The released CO2 was purified and
analyzed for O- and C-isotope composition with a dual-inlet Micromass Isoprime mass
spectrometer. Values of �18O and �13C are reported relative to VSMOW and VPDB
respectively. The analytical precision could be evaluated for each analytical session
because at least 10 measurements were made of one or two Cal working standards. In
all cases for �13C and for most cases for �18O, analytical precision was 	0.1 permil (1�).
In a few sessions, however, the analytical precision for �18O was 	0.1 to 0.2 permil
(1�). Duplicate analyses were made of all samples, and analyses were accepted only if
they agreed within 	2� of the analytical precision. Samples containing less than �15
percent carbonate were not analyzed because they did not release sufficient CO2. In
most cases CO2 was evolved from a mixture of Cal and Ank. The O-isotope acid
fractionation factor, therefore, was computed from measured modes of Cal and Ank
for each sample and equations for Cal-acid fractionation in Swart and others (1991)
and Dol-acid fractionation in Rosenbaum and Sheppard (1986).

Thermodynamic calculations used the Berman (1988, updated June, 1992) data-
base, the Kerrick and Jacobs (1981) equation of state for CO2-H2O fluids, metamor-
phic P-T conditions recorded by mineral equilibria, and activity-composition relations
for minerals specified below.

mineralogy and mineral chemistry
Modes and mineral compositions for representative samples of metamorphosed

carbonate rock from Vermont and Maine are listed in tables 1 and 2. Modes and
mineral compositions for all analyzed samples from Vermont are tabulated in Penniston-
Dorland (ms, 2004). Most samples from both regions contain the same mineral
assemblage: Cal, Ank, Ms, Bt, Chl, Pl, and Qtz with various combinations of accessory
rutile (Rt), titanite, ilmenite, apatite, graphite, allanite, pyrrhotite, tourmaline, zircon,
and garnet. Paragonite occurs additionally in one sample and sphalerite in another.
Although all samples contain Cal, Pl, and Qtz, some samples may lack Ms, Ank, Bt, or
Chl depending on whether prograde Bt- and Chl-forming reactions either did not
occur (no Bt and/or Chl) or went to completion (no Ms and/or Ank). Modes in table
1 document that lithologic layering observed in the field (fig. 3) expresses layer-by-
layer variations in carbonate, micas, Qtz, and Pl. Accessory garnet, titanite, ilmenite,
paragonite, and sphalerite are restricted to samples from Vermont.

Biotite, Ms, Chl, Ank, and Cal are approximately Fe-Mg solid solutions with
compositions (table 2) that deviate little from the average formulas in table 3.
Furthermore, average formulas for each mineral for Vermont and Maine are almost
the same. The range of measured Fe/(FeMg) of Bt is between 0.14 and 0.45 in
Vermont and between 0.23 and 0.43 in Maine; corresponding pairs of ranges are 0.11
to 0.39 and 0.20 to 0.41 for Ms, 0.12 to 0.39 and 0.21 to 0.37 for Chl, 0.04 to 0.26 and
0.11 to 0.25 for Ank, and 0.10 to 0.42 and 0.23 to 0.42 for Cal (table 3). The
partitioning of Fe and Mg among Bt, Ms, Chl, Ank, and Cal is systematic (table 3).
Average Fe-Mg exchange coefficients for mineral pairs from Vermont and Maine
overlap at the 	1� level. Plagioclase in individual samples from both regions varies
much more in composition than do Bt, Ms, Chl, Ank, and Cal. Variations in Pl
composition result both from differences among individual grains in the same sample
and from chemical zonation within grains. Chemical zonation is complicated and
typically does not display a simple concentric pattern. In general, the rims of Pl are
more calcic than cores, but the relationship in composition between rims and cores is

482 S. C. Penniston-Dorland and J. M. Ferry—Development of spatial variations in reaction



not universal. Accordingly, both average and maximum mole fraction of the CaAl2Si2O8
component (Xan) are reported in table 2. The range in average and maximum Xan
among all analyzed samples from Vermont is 0.10 to 0.82 and 0.19 to 0.92, respectively.
The corresponding ranges for all analyzed Pl from Maine are nearly the same, 0.09 to
0.84 and 0.18 to 0.90.

stable isotope geochemistry
The O- and C-isotope compositions of bulk carbonate for all analyzed samples

from Vermont and Maine are listed in table 4. Measured �18Ocarbonate and �13Ccarbonate
fall within the fairly restricted ranges of 18.2 to 19.7 permil (VSMOW) and
�1.4 to 0.5 permil (VPDB), respectively, for samples from locations 21-21 and
21-32 in Vermont. Values of �18Ocarbonate are even more uniform for samples from
location 21-35 (17.9 � 18.6‰); values of �13Ccarbonate (�3.5 to �1.1‰), however,
are generally lower and more variable. Measured �18Ocarbonate and �13Ccarbonate
in table 4 fall within the range of values reported in other studies of the O- and
C-isotope composition of carbonates from the Waits River Formation (Barnett and
Chamberlain, 1991; Stern and others, 1992; Vyhnal and Chamberlain, 1996; Evans

Table 1

Mineral assemblages and modes for selected samples of metacarbonate rock

Values in volume percent; tr, �0.05%.
*Prefix for Vermont samples denotes sample traverse within location 21-32 (16-cm, 5-m, 35-m traverses).

Suffix denotes sample along traverse. Prefix for Maine samples denotes adjacent layer pairs from 100-m
traverse (TP), other samples from the 100-m traverse (T), or samples from the fold (F). Numerical suffixes
for samples from 100-m traverse indicate distance in m along traverse to the SW from 0 at the contact
between metacarbonate rock and pelitic schist; alphabetical suffixes, a and b or b and c, refer to the different
members of adjacent pairs of layers from the same thin section. Suffix for samples from the fold indicate the
layer and sample number (see fig. 4).
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Table 2

Compositions of minerals in selected samples of metacarbonate rock
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Table 2

(continued)
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and others, 2002). Values of �18Ocarbonate and �13Ccarbonate can be less than those in
table 4 near the contact between the Waits River and Gile Mountain Formations
and where the Waits River Formation is intruded by Acadian granites. Other values
of �18Ocarbonate and �13Ccarbonate are greater than those in table 4 in parts of
Vermont outside the area in figure 1 where the Waits River Formation occurs at
lower grades of metamorphism.

Measured �18Ocarbonate and �13Ccarbonate for samples from location 5 in Maine fall
in the range 17.3 to 20.4 permil and �4.0 to 0.0 permil, respectively, and are slightly
more variable than those from the three locations in Vermont. Values of �18Ocarbonate
and �13Ccarbonate in table 4 fall within the range reported by Bickle and others (1997)
for the limestone member of the Waterville Formation both at location 5 and at lower
grades.

prograde mineral reactions, measurement of reaction progress, and initial
mineralogy and mineral compositions

Micaceous carbonate rocks from locations 21-21 and 21-32 in Vermont and
location 5 in Maine differ from equivalent rocks at lower grades primarily in the
occurrence of Bt, Chl, and intermediate to calcic Pl. The equivalents at an immediately
lower grade of metamorphism lack Bt, contain no or only trace Chl, and contain more
sodic Pl (Ferry, 1987, 1992, 1994). The mineralogical differences are explained by
prograde net-transfer reactions that were formulated following Thompson (1982).
Carbonate rocks from both the Waits River and limestone member of the Waterville
Formations are considered to have bulk chemistry described by 12 system components
(SiO2, TiO2, Al2O3, MgO, FeO, CaO, Na2O, K2O, P2O5, CO2, H2O, S2). Biotite, Ms,
Chl, Ank, and Cal are considered Fe-Mg solid solutions with each represented by two
phase components; Pl is represented by two phase components (ab, NaAlSi3O8, and
an, CaAl2Si2O8); Qtz, Rt, pyrrhotite, and apatite are considered pure substances; and
fluid is taken as a CO2-H2O solution. Accessory minerals that occur in abundances �1
modal percent (allanite, titanite, garnet, ilmenite, zircon, tourmaline, paragonite,
sphalerite) are not significant participants in the prograde reactions and are ignored.
There are then 18 phase components and 18 � 12 
 6 linearly independent reaction
relationships that can be written among the phase components. Four of the six are

Table 2

(continued)

Micas: cations per 11 oxygen atoms (less H2O). Chlorite: cations per 14 oxygen atoms (less
H2O). Ankerite: cations per 2 oxygen atoms (less CO2). Calcite: cations per oxygen atom (less
CO2). Plagioclase: mole fraction anorthite (an), albite (ab), and orthoclase (or) components.
“Oxide Sum” refers to sum of metal oxides (less H2O and CO2). Both structural formulas and
“Oxide Sum” consider all Fe as FeO.

*Sample notation as in footnote to table 1.
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Table 4

Oxygen and carbon isotope compositions of carbonate
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Table 4

(continued)

Values of �18Ocarb and �13Ccarb are measured for bulk Cal  Ank in each sample; values of
�18CCal and �13CCal are estimated values for Cal computed from measured �18Ocarb and
�13Ccarb, measured modes, and the Dol-Cal O- and C-isotope fractionation factors at the T of
metamorphism from Sheppard and Schwarcz (1970). Values of �18O relative to VSMOW;
values of �13C relative to VPDB. 2� uncertainty in �13C is 	0.2‰ for all analyses except for
samples FT-A1 to FT-F; 2� uncertainity in �18O is 	0.2‰ for all analyses except for samples
9cm-e, 35m-1, 21-35-A, 21-35-B, 21-35-D to 21-35-F, 21-35-I, and 21-35-L (	0.3‰), samples
21-35-1 to 21-35-10, and 21-35-K (	0.4‰) and samples FT-A1 to FT-F. The �18O and �13C
reported for samples FT-A1 to FT-F are the weighted mean of 5-8 analyses of the same specimen
that are statistically consistent with a single value (MSWD 
 0.4-1.4); “i” refers to groups of
analyses not statistically consistent with a single value (MSWD 
 2.9-7.8). The 95% confidence
interval of the weighted mean values of �18O, based on the standard error, is 	0.10‰ (FT-E),
	0.11‰ (FT-F), or 	0.16‰ (FT-A1, FT-B, FT-C); the 95% confidence interval of the
weighted mean value of �13C of sample FT-C is 	0.14‰.

*9-cm traverse is from sample location 21-21 (fig. 1). Samples with the “21-35” prefix are
from traverses across thick carbonate layers within pelitic schist at location 21-35 (fig. 1).
Samples with “FT” prefix are from a 12-cm-long traverse across folded layers A and B (figs. 4,
13). Samples T-82A and T-82B are located �1 m apart along the 100-m traverse but are not
from the same hand specimen. Other sample notation as in footnote to table 1.

†Bulk measurement of layers a1 and a2 and of layers c1, c2, and c3.
§Pairs of values refer to analyses of 2 samples separated by �3 cm parallel to layering.
‡Measured from center of sample perpendicular to layer from its western contact with

pelite.
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Table 4

(continued)
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linearly-independent Fe-Mg exchange reactions among Bt, Ms, Ank, Chl, and Cal. The
other two are net-transfer reactions that explain the development of Bt and Chl and
the change in Pl composition. In schematic form, the two adopted are:

Mg-ms � Mg-ank � qtz � rt � H2O � Mg-bt � Mg-cal � an � ab � CO2 (2)

and

Mg-ank � an � qtz � rt � H2O � Mg-chl � Mg-cal � CO2, (3)

where Mg-ms, Mg-ank, Mg-bt, Mg-cal, and Mg-chl represent the Mg-components of the
minerals, and qtz and rt represent the phase components SiO2 and TiO2. Formal
consideration of MnO as a system component introduces four additional linearly-
independent exchange reactions but no additional net-transfer reactions. Stoichiomet-
ric coefficients are omitted from reactions (2) and (3) because they depend in detail
on the compositions of Ms, Ank, Bt, Cal, and Chl in each sample. Using average
mineral compositions in sample 5m-12 from Vermont (table 2), examples of balanced
reactions are:

0.97 K0.90Na0.06Mg0.22Ti0.03Al2.63Si3.15O10�OH�2 � 2.36 Ca1.01Mg0.99�CO3�2

� 0.90 SiO2 � 0.03 TiO2 � 0.03 H2O

� 1.00 K0.88Na0.01Mg2.45Ti0.06Al1.53Si2.85O10�OH�2 � 2.00 Ca0.95Mg0.05CO3

� 0.49 CaAl2Si2O8 � 0.04 NaAlSi3O8 � 2.72 CO2 (2a)

and

4.96 Ca1.01Mg0.99�CO3�2 � 1.27 CaAl2Si2O8 � 0.25 SiO2 � 4 H2O

� Mg4.59Al2.54Si2.79O10�OH�8 � 6.60 Ca0.95Mg0.05CO3 � 3.32 CO2 (3a)

Because the formulas of minerals are similar in analyzed samples from Vermont and
Maine (tables 2 and 3), the stoichiometric coefficients of net-transfer reactions (2) and
(3) are also similar.

Reactions (2) and (3), and the analysis upon which they are based, assume
isochemical metamorphism in the petrologic sense. Isochemical metamorphism of
the Waits River Formation and the Waterville limestone at the regional scale is
indicated by the absence of any statistically significant difference in the average
major-element composition of metacarbonate rocks in the different metamorphic
zones, except in H2O and CO2 (Ferry, 1988b, 1992). Prograde changes in mineral
assemblages, however, suggest that some K- and Na-metasomatism may have
occurred at the outcrop or smaller scales. Possible effects of K-metasomatism were
ignored in this study for two reasons. First, loss of K from metacarbonate rocks in
both Vermont and Maine is associated petrographically with the prograde forma-
tion of calcic amphibole and diopside (Ferry, 1988b, 1992). None of the rocks
considered in this study contain amphibole or diopside. Second, Evans and Bickle
(2005) conclude that K-metasomatism of metacarbonate rocks at location 5 in
Maine cannot explain the observed range in Bt modes. The conservative assump-
tion of isochemical metamorphism is adopted because it leads to an adequate
quantitative understanding of the variations in reaction progress observed in
metacarbonate rocks from Vermont and Maine. Nevertheless, for completeness,
the effect of possible Na-metasomatism at the cm- to dm-scale on the progress of
reactions (2) and (3) is evaluated in a later section.

Progress of reactions (2) and (3), �2 and �3, were simply taken as the number of
moles Bt and Chl per L rock, respectively (table 5); measured values then are with
reference to 1 L rock after reaction. The determination of �3 ignores the trace
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Table 5

Measured reaction progress, lnKs(6), and calculated fluid composition

A.  East-central Vermont. 
Sample* Dist† ξ2 (mol/L)§ ξ3 (mol/L)§ lnKs(6)‡ XCO2**
9cm-a1 0.1   0   0 <-0.641 (0.183) >0.126 (+0.011/-0.010) 
9cm-a2 0.4   0.32 (0.08)   0.01 (0.01)    -0.728 (0.134)   0.131 (+0.009/-0.008) 
9cm-b 1.4   0.27 (0.03)   0.07 (0.01)   -0.755 (0.162)   0.133 (+0.011/-0.010) 
9cm-c1 2.5   0.39 (0.08)   0.03 (0.02)   -0.699 (0.116)   0.130 (+0.007/-0.007) 
9cm c2 2.7   0   0 <-0.524 (0.143) >0.120 (+0.008/-0.007) 
9cm-c3 3.0   0.38 (0.10)   0.04 (0.03)   -0.714 (0.121)   0.131 (+0.008/-0.007) 
9cm-d 3.7   0.28 (0.04)   0.06 (0.02)   -0.665 (0.127)   0.128 (+0.008/-0.007) 
9cm-e 5.2   0.24 (0.03)   0.03 (0.01)   -0.755 (0.110)   0.133 (+0.007/-0.007) 
9cm-f 6.9   0.36 (0.06)   0.07 (0.02)   -0.785 (0.112)   0.135 (+0.008/-0.007) 
9cm-g 8.1   0.36 (0.07)   0.02 (0.01)   -0.712 (0.153)   0.131 (+0.010/-0.009) 

   

16cm-a 0.4   0.24 (0.05) 0.01 (0.01)   -1.406 (0.401) 0.185 (+0.046/-0.035) 
16cm-b 3.0   0.43 (0.07) 0.05 (0.02)   -1.333 (0.185) 0.178 (+0.019/-0.016) 
16cm-c 5.9   0.97 (0.10) 0.10 (0.03)   -1.340 (0.287) 0.179 (+0.030/-0.025) 
16cm-d 7.0   0.72 (0.09) 0.03 (0.02)   -1.381 (0.205) 0.183 (+0.021/-0.018) 
16cm-e 7.7   0.83 (0.10) 0.10 (0.03)   -1.316 (0.147) 0.176 (+0.014/-0.013) 
16cm-f 8.4   0.55 (0.08) 0.03 (0.02)   -1.547 (0.333) 0.199 (+0.041/-0.032) 
16cm-g 9.9   0.33 (0.06) 0.01 (0.01)   -1.344 (0.181) 0.179 (+0.018/-0.016) 
16cm-h  13.3   0.83 (0.10) 0.03 (0.02)   -1.276 (0.305) 0.173 (+0.031/-0.025) 
16cm-i  14.7   0.54 (0.07) 0.02 (0.01)   -1.294 (0.335) 0.174 (+0.034/-0.027) 

   

5m-1 0.1   0.89 (0.10)   0.06 (0.02)   -1.389 (0.204)   0.183 (+0.021/-0.019) 
5m-2 0.4   0.39 (0.07)   0.05 (0.02)   -1.407 (0.529)   0.185 (+0.063/-0.044) 
5m-3 0.7   0.33 (0.06)   0.06 (0.02)   -1.658 (0.266)   0.212 (+0.034/-0.029) 
5m-4 1.0   0.32 (0.06)   0.05 (0.02)   -1.665 (0.303)   0.213 (+0.040/-0.032) 
5m-5 1.7   0.27 (0.05)         0   -1.210 (0.178)   0.167 (+0.016/-0.014) 
5m-6 2.4   0.55 (0.08)   0.03 (0.02)   -1.231 (0.183)   0.169 (+0.017/-0.015) 
5m-7 2.5   0.09 (0.03)   0.03 (0.02)   -1.419 (0.331)   0.186 (+0.037/-0.029) 
5m-8 3.0   0.02 (0.02) <0.01 (0.01)   -1.111 (0.142)   0.159 (+0.012/-0.011) 
5m-9 3.4   0   0.04 (0.02) <-0.873 (0.221) >0.141 (+0.016/-0.014) 
5m-10 3.5   0.02 (0.02)   0.01 (0.01)   -0.924 (0.119)   0.145 (+0.009/-0.008) 
5m-11 3.7   0.27 (0.06)   0.06 (0.02)   -0.727 (0.154)   0.131 (+0.010/-0.009) 
5m-12 3.8   0.39 (0.07)   0.07 (0.02)   -0.742 (0.152)   0.132 (+0.010/-0.009) 
5m-13 3.9   0.22 (0.05)   0.06 (0.02)   -0.790 (0.166)   0.135 (+0.011/-0.010) 
5m-14 4.0   0.16 (0.04)   0.04 (0.02)   -0.776 (0.164)   0.135 (+0.011/-0.010) 
5m-15 4.7   0.26 (0.05)   <0.01 (<0.01)   -1.157 (0.285)   0.162 (+0.026/-0.022) 

   

35m-1a 1.1   0.03 (0.03)   0.04 (0.02)   -1.029 (0.138)   0.152 (+0.011/-0.010) 
35m-1 2.3   0.34 (0.04)   0.09 (0.03)   -0.741 (0.123)   0.132 (+0.008/-0.007) 
35m-2 4.3   0.47 (0.08)   0.08 (0.03)   -0.795 (0.091)   0.136 (+0.006/-0.006) 
35m-3 6.5   0.42 (0.07)   0.06 (0.02)   -0.835 (0.114)   0.138 (+0.008/-0.007) 
35m-4 8.2   0.14 (0.04)   0.05 (0.02)   -0.833 (0.111)   0.138 (+0.008/-0.007) 
35m-5 9.3   0.07 (0.03)   0.04 (0.02)   -0.892 (0.128)   0.142 (+0.009/-0.009) 
35m-6  12.4   <0.01 (<0.01)   0.01 (0.01)   -0.802 (0.093)   0.136 (+0.006/-0.006) 
35m-7  12.8   0   0.05 (0.02) <-1.454 (0.221) >0.190 (+0.024/-0.021) 
35m-7a  13.8   0.03 (0.02)   0.01 (0.01)   -1.084 (0.154)   0.156 (+0.013/-0.012) 
35m-7b  15.8   0.10 (0.04) <0.01 (0.01)   -0.760 (0.201)   0.134 (+0.014/-0.012) 
35m-8  18.1   0.01 (0.01)   <0.01 (<0.01)   -0.723 (0.177)   0.131 (+0.012/-0.010) 
35m-9  19.1   0.01 (0.01)   0.01 (0.01)   -0.825 (0.161)   0.138 (+0.011/-0.010) 
35m-10t  19.7 <0.01 (0.01)   0.02 (0.01)   -0.963 (0.254)   0.147 (+0.020/-0.017) 
35m-10b  19.7   0   0.01 (0.01) <-0.992 (0.120) >0.149 (+0.009/-0.009) 
35m-10a  21.4  <0.01 (<0.01)   0.03 (0.02)   -0.948 (0.082)   0.146 (+0.006/-0.006) 
35m-11  21.9 <0.01 (0.01)   0.04 (0.02)   -0.719 (0.238)   0.131 (+0.016/-0.014) 
35m-12  23.9  <0.01 (<0.01)   0.01 (0.01)   -0.952 (0.197)   0.147 (+0.015/-0.013) 
35m-13  24.9   0   0.06 (0.02) <-0.842 (0.259) >0.139 (+0.019/-0.016) 
35m-13a  26.0   0.06 (0.03) <0.01 (0.01)   -1.368 (0.221)   0.181 (+0.023/-0.020) 
35m-14  27.1 <0.01 (0.01)   0.01 (0.01)   -1.441 (0.487)   0.188 (+0.059/-0.042) 
35m-15  28.1   0.26 (0.05)   0.06 (0.02)   -1.247 (0.162)   0.170 (+0.015/-0.014) 
35m-17  31.2   0.51 (0.08)   0.02 (0.01)   -1.434 (0.288)   0.188 (+0.032/-0.026) 
35m-18  32.1   0.36 (0.06)   0.06 (0.02)   -1.281 (0.190)   0.173 (+0.018/-0.016) 
35m-22  34.8   0.70 (0.09)   0.02 (0.01)   -1.329 (0.156)   0.178 (+0.015/-0.014) 
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amount of Chl (�0.01 mol/L) that occurs in a few samples of carbonate rock at
lower grades of metamorphism. Measured �2 varies widely in the range 0 to 0.97
and 0 to 2.75 mol/L in Vermont and Maine, respectively; corresponding ranges in
�3 are 0 to 0.10 and 0 to 0.18. Decarbonation of micaceous carbonate rocks during
metamorphism in both areas therefore was largely controlled by the formation of
Bt by reaction (2).

The initial molar abundance of each mineral i prior to reactions (2) and (3), ni
o,

was calculated for all analyzed samples from the present molar abundance of mineral i,
ni (computed from modes and molar volumes of minerals) and measured values of �2
and �3:

ni
o � ni � �i,2�2 � �i,3�3, (4)

where �i,2 and �i,3 are the coefficients of mineral i in reactions (2) and (3). The
compositions of minerals prior to reaction were also calculated. Initial plagioclase
composition (Xan

o ) is nan
o /(nan

o  nab
o ), with nan

o and nab
o calculated from equation (4).

Table 5

(continued)
B.  South-central Maine. 

Sample* Dist† ξ2 (mol/L)§ ξ3 (mol/L)§ lnKs(6)‡ XCO2**
T-3 3   1.52 (0.13)   0.03 (0.02) >-0.737 (0.116) <0.117 (+0.007/-0.007) 
T-4 4   0.07 (0.03)   0.01 (0.01)   -1.169 (0.206)   0.148 (+0.019/-0.016) 
TP-6a 6   0   0.01 (0.01) <-0.937 (0.122) >0.130 (+0.009/-0.008) 
TP-6b 6   0.92 (0.10)   0.09 (0.03)   -0.896 (0.086)   0.127 (+0.006/-0.006) 
TP-8a 8   2.40 (0.14) <0.01 (<0.01) >-1.243 (0.116) <0.154 (+0.011/-0.010) 
TP-8c 8   0.76 (0.09)   0.01 (0.01) >-1.289 (0.132) <0.159 (+0.013/-0.012) 
T-12A 12   0.44 (0.07)   0.16 (0.04)   -1.139 (0.094)   0.145 (+0.008/-0.007) 
T-12B 12   2.75 (0.14)   0.11 (0.03) >-1.111 (0.138) <0.143 (+0.012/-0.011) 
TP-17a 17 <0.01 (<0.01)   0.01 (0.01)   -1.164 (0.142)   0.148 (+0.012/-0.012) 
TP-17b 17   0.60 (0.08)   0.04 (0.02)   -1.089 (0.118)   0.141 (+0.010/-0.009) 
TP-23a 23   0   0 <-1.191 (0.168) >0.150 (+0.015/-0.014) 
TP-23b 23   n.m.   n.m.   -1.091 (0.164)   0.141 (+0.014/-0.012) 
T-24 24   0   0 <-1.297 (0.172) >0.159 (+0.018/-0.015) 
TP-29b 29   0.32 (0.06)   0.01 (0.01)   -1.281 (0.154)   0.158 (+0.015/-0.014) 
TP-29c 29   1.46 (0.12)   0.03 (0.02)   -1.203 (0.134)   0.151 (+0.012/-0.011) 
T-33 33   2.21 (0.l4) <0.01 (<0.01) >-1.513 (0.140) <0.182 (+0.016/-0.015) 
TP-47a 47   0.12 (0.04)   0.07 (0.02)   -1.057 (0.128)   0.139 (+0.010/-0.010) 
TP-47b 47   1.84 (0.13)   0.18 (0.04)   -1.015 (0.116)   0.136 (+0.009/-0.009) 
T-50 50   0.30 (0.06)   0.02 (0.01)   -1.023 (0.160)   0.136 (+0.013/-0.011) 
T-52 52   0   0 <-0.983 (0.118) >0.133 (+0.009/-0.008) 
T-57 57   0.29 (0.06)   0.01 (0.01)   -0.893 (0.126)   0.127 (+0.009/-0.008) 
T-62 62   0   0 <-1.857 (0.180) >0.226 (+0.030/-0.025) 
T-66 66   0.04 (0.02)   0.01 (0.01)   -1.772 (0.156)   0.214 (+0.023/-0.020) 
TP-72a 72   0.04 (0.02)   0.01 (0.01)   -0.906 (0.108)   0.128 (+0.007/-0.007) 
TP-72b 72   0.25 (0.06)   0.04 (0.02)   -0.933 (0.136)   0.130 (+0.010/-0.010) 
T-78 78   1.79 (0.13)   0.08 (0.03)   -0.804 (0.122)   0.121 (+0.008/-0.008) 
T-82A 82   0.68 (0.09)   0.05 (0.02)   -0.938 (0.102)   0.130 (+0.008/-0.007) 
T-82B 82   0   0.01 (0.01) <-1.132 (0.180) >0.145 (+0.016/-0.014) 
T-87 87   1.47 (0.12)   0.13 (0.03)   -0.948 (0.102)   0.131 (+0.007/-0.007) 
TP-89b 89   0.65 (0.09)   0.05 (0.02)   -1.113 (0.114)   0.143 (+0.010/-0.009) 
TP-89c 89   0.06 (0.03)   0.02 (0.01)   -1.072 (0.134)   0.140 (+0.011/-0.010) 

      

BB1b      --   0   0 <-1.158 (0.128) >0.147 (+0.011/-0.010) 
BB1c      --   2.39 (0.14)   0.13 (0.03) >-1.108 (0.134) <0.143 (+0.011/-0.010) 

      

F-A3    n.m.   n.m.   -1.282 (0.194)   0.158 (+0.020/-0.017) 
F-A4    0 <0.01 (0.01) <-1.217 (0.172) >0.152 (+0.016/-0.014) 
F-A5    n.m.   n.m.   -1.142 (0.144)   0.146 (+0.012/-0.012) 
F-A6    0.02 (0.02)   0.02 (0.01)   -1.481 (0.154)   0.178 (+0.018/-0.016) 
F-A7    n.m.   n.m.   -1.222 (0.146)   0.153 (+0.013/-0.013) 
F-A8    0.10 (0.04)   0.02 (0.01)   -1.382 (0.166)   0.168 (+0.018/-0.016) 
F-A9    0.02 (0.01)   0.01 (0.01)   -1.284 (0.146)   0.158 (+0.015/-0.013) 
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The Mn-content of minerals is small (table 2); initial compositions of Ms, Ank, and Cal
therefore were calculated from mass balance of Fe assuming that the minerals were
Fe-Mg solutions:

FeT � XFeMs
o �M,MsnMs

o � XFeAnk
o �M,AnknAnk

o � XFeCal
o �M,CalnCal

o , (5)

where FeT is the moles Fe per L contained in Bt, Chl, Ms, Ank, and Cal (estimated
from modes and mineral compositions), XFei

o is the Fe/(FeMg) of mineral i prior
to reaction, and �M,i is the moles FeMgMn per mole mineral i. The three XFei

o

terms are computed from equation (5) and the values of KCal/Ank and KMs/Ank in
table 3.

A small number of irregularities emerged in the set of 104 samples for which
initial amounts and compositions of minerals were computed. Calculated values of nan

o

(and hence Xan
o ) are negative for four samples from Vermont and four from Maine. In

all but one sample, however, the negative values are statistically indistinguishable from
0, considering errors in point counting. In an additional seven samples from Vermont
and three from Maine, calculated values of nCal

o are negative. The negative values
cannot be explained simply by statistical errors in point counting and probably
indicate that the volume of rock involved in reactions (2) and (3) in a few cases was
larger than the thin section or portion of thin section in which Bt and Chl modes were
measured for determination of �2 and �3.

Table 5

(continued)
B.  South-central Maine. 

Sample* Dist† ξ2 (mol/L)§ ξ3 (mol/L)§ lnKs(6)‡ XCO2**
F-B1    n.m.   n.m.   -0.817 (0.096)   0.122 (+0.006/-0.006) 
F-B2    0.66 (0.09)   0.14 (0.03)   -0.894 (0.084)   0.127 (+0.006/-0.006) 
F-B3    n.m.   n.m.   -0.926 (0.142)   0.129 (+0.011/-0.009) 
F-B4    1.06 (0.11)   0.06 (0.02)   -1.031 (0.090)   0.137 (+0.007/-0.007) 
F-B5    0.69 (0.09)   0.08 (0.03)   -1.000 (0.200)   0.134 (+0.017/-0.013) 
F-B6    n.m.   n.m.   -0.888 (0.118)   0.126 (+0.009/-0.007) 
F-B7    0.89 (0.10)   0.16 (0.04)   -0.943 (0.116)   0.130 (+0.009/-0.008) 

      

FT-A3  0.3     -0.887 (0.120)   0.126 (+0.009/-0.007) 
FT-A1  0.9   0.15 (0.04)#   0.03 (0.01) #   -1.072 (0.112)   0.140 (+0.009/-0.009) 
FT-B  2.7   0.05 (0.03)   0.05 (0.02)   -1.067 (0.150)   0.140 (+0.012/-0.012) 
FT-C  5.4   0.01 (0.01)   0.01 (0.01)   -1.370 (0.180)   0.166 (+0.020/-0.016) 
FT-D -1.0   2.29 (0.14)   0.18 (0.04)   -0.802 (0.094)   0.121 (+0.006/-0.006) 
FT-E -3.5   1.03 (0.11)   0.06 (0.02)   -0.830 (0.118)   0.123 (+0.008/-0.008) 
FT-F -6.1   0.71 (0.09)   0.09 (0.03)   -0.859 (0.090)   0.124 (+0.007/-0.005) 

*Samples T-12A and T-12B and samples T-82A and T-82B are located �1 m apart along the 100-m
traverse but are not from the same hand specimen. Samples BB1b and BB1c are adjacent layers in the same
thin section of a sample collected at location 5 (fig. 2) away from the 100-m traverse. Other sample notation
as in footnotes to tables 1 and 3.

†Distance along traverse perpendicular to lithologic layering measured at center of layer or sample.
East-central Vermont: origin placed arbitrarily close to first sample. South-central Maine: 100-m traverse
measured to the southeast from the origin at limestone-pelite contact; traverse across fold in fig. 4 measured
in direction of layer A from origin at contact between layers A and B. Units are cm for samples 9cm-a1 to
9cm-g, 16cm-a to 16cm-i, and FT-A3 to FT-F, and m for sample 5m-1 to 5m-15, 35m-1a to 35m-22, and T-3 to
T-89c.

§Progress of reactions (2) and (3) with reference to 1 L rock after reaction. Uncertainties in parentheses
represent 2� based on the statistics of point counting (Chayes, 1956). n.m. 
 not measured.

‡lnKs based on equilibrium (6) evaluated using measured mineral compositions and mixing models for
minerals as described in text. Uncertainties in parentheses represent 2� based exclusively on variations in
mineral composition in each sample.

**XCO2
calculated from equilibrium (6) using measured values of lnKs(6) and thermodynamic data and

mixing models for fluid components as described in text. Uncertainties in parentheses represent 	2� based
exclusively on variations in mineral composition in each sample.

#FT-A1 and FT-A3 are two areas in the same thin section. Value of reaction progress refers to both areas
combined.
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measurement of proxies of fluid composition

Activity of CO2

The proxy for aCO2
considered is Ks(6) for the equilibrium,

KAl3Si3O10�OH�2 � 3 CaMg�CO3�2 � 2 SiO2 � KMg3AlSi3O10�OH�2

muscovite ankerite quartz biotite

� 2 CaCO3 � CaAl2Si2O8 � 4 CO2, (6)
calcite plagioclase fluid

defined as [(aphl)(aan)(acal)
2]/[(ams)(adol)

3(aqtz)
2], where subscripts refer to the relevant

mineral component. The proxy Ks(6) was considered, rather than aCO2
or XCO2

, to avoid
uncertainties introduced by thermodynamic data for mineral and fluid species, by esti-
mates of P and T, and by making any assumption about the approach to mineral-fluid
equilibrium during metamorphism. Activities of components in minerals were calculated
assuming an ideal ionic model for carbonates, equations in Holland and Powell (1990) for
micas, and the equations in figure 5 for Pl (see Appendix for details). Average mineral
compositions for all but Pl were used as input to the estimates of activity. Because �2���3,

Fig. 5. Activity of CaAl2Si2O8 in Pl (aan) calculated from experimental data of Goldsmith (1982) at 8 to
10 kbar and 400° to 730°C following the general method of Carpenter and Ferry (1984) but consistent with
the Berman (1988, updated June, 1992) thermodynamic database. Each experimental datum defines either
an upper or lower bound on aan. Solid curve and equations are empirical representations of Xan-aan relations
that are consistent with experimental results within error of measurement. See Appendix for details.
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Xan increased in almost all samples during progress of reactions (2) and (3). The most
calcic rather than average measured Pl in each sample therefore was used to compute aan.
For rocks that lack Bt because reaction (2) did not initiate, a fictive Bt formula was
estimated either from the average of Bt compositions in samples from the same layer
(sample F-A4, Maine), from the composition of Bt in the adjacent layer (adjacent layer
pairs, Maine), or from the average of Bt compositions along the same traverse (all other
Bt-free samples). The Fe/(FeMg) of the fictive Bt was then calculated from the composi-
tion of Ank in the sample and the average KBt/Ank of the same group of samples used to
estimate the Bt formula. A model aphl was estimated from the fictive Bt composition. The
value of Ks(6), computed using the model activity for Bt-free samples, represents an upper
limit. For rocks that lack Ank and/or Ms because reactions (2) and (3) went to completion
(Maine only), fictive Ank and/or Ms formulas were estimated similarly as for Bt. Model adol
or ams was estimated from the fictive Ank or Ms composition. The value of Ks(6), computed
using the model activities for Ank- or Ms-free samples, represents a lower limit.

Because the goal of the study is to compare differences in Ks(6) among samples
from the same location and because P and T were probably uniform during metamor-
phism at the scale of each location, uncertainties in Ks(6) were computed by only
considering uncertainties introduced by variations in mineral composition within
individual samples. The approach further assumes that any errors in calculated Ks(6)
introduced by the activity-composition relations are the same for all samples com-
pared. Values of ams, adol, aphl and acal were calculated from each individual mineral
analysis for each sample; from these, � was then computed for each average activity in
the sample. The 2� uncertainty in aan was taken as 0.025 which approximately
corresponds both to a 2� measurement uncertainty of 0.02Xan propagated through
the equation in figure 5 for Pl with 0.1�Xan�0.421 and to a reasonable uncertainty in
aan 
 0.975 for Pl with Xan�0.421 (see Appendix). Uncertainties in Ks(6) and lnKs(6),
in turn, were calculated by propagating the uncertainties in mineral activities through
the computation of Ks(6) and lnKs(6).

Results for all analyzed samples are listed in table 5. Samples that contain Ms, Ank,
Qtz, Bt, Cal, and Pl record lnKs(6) 
 �0.79 to �0.67 and �1.67 to �0.72 at locations
21-21 and 21-32 in Vermont, respectively, and �1.77 to �0.80 at location 5 in Maine.
Samples that record only upper or lower bounds on Ks(6) give results consistent with
these ranges. Except for location 21-21, the ranges are larger than the uncertainty of
measurement, and significant differences in Ks(6) existed among samples from the
same outcrop during regional metamorphism.

Activities of mineral components and Ks(6) were independently calculated for
selected samples from Vermont using the program AX associated with Holland and
Powell’s (1998) thermodynamic database. Although absolute values of Ks(6) differ
slightly from those reported in table 5, differences in Ks(6) among samples are
indistinguishable from those in table 5 within estimated uncertainties.

�18O and �13C of Fluid
Values of �18OCal and �13CCal were used as proxies for �18Ofluid and �13Cfluid to

avoid uncertainties introduced by estimates both of Cal-fluid O- and C-isotope
fractionation factors and of XCO2

and by any assumption about the degree to which
mineral-fluid equilibrium was attained. Measured values of �18Ocarbonate and
�13Ccarbonate were converted to estimates of �18OCal and �13CCal using measured
modes of Ank and Cal and the Dol-Cal O- and C-isotope fractionation factors of
Sheppard and Schwarcz (1970), as compiled in Friedman and O’Neil (1977).
Because most samples contain much more Cal than Ank, the corrections in most
cases are small, typically �0.1 permil. The difference between measured �18Ocarbonate
and estimated �18OCal, however, may be as large as 0.3 permil for one sample
from Maine. The difference between measured �13Ccarbonate and estimated �13CCal may be
as large as 0.3 permil for some samples from Vermont and as large as 0.5 permil for
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one sample from Maine. Uncertainties in estimated �18OCal and �13CCal were taken
as the same as the analytical precision in the measurement of �18Ocarbonate
and �13Ccarbonate.

Results are listed in table 4. Estimated �18OCal and �13CCal are 18.7 to 19.1 permil
and �0.9 to �0.1 permil, respectively at location 21-21 in Vermont; 18.2 to 19.7 permil
and �1.4 to 0.2 permil at location 21-32 in Vermont; 17.9 to 18.5 permil and �3.7 to
�1.2 permil at location 21-35 in Vermont; and 17.2 to 20.4 permil and �4.0 to �0.2
permil at location 5 in Maine. Except for locations 21-21 and 21-35, the ranges in
�18OCal are larger than the uncertainty of measurement, and significant differences in
�18Ofluid existed among samples from the same outcrop during regional metamor-
phism. Significant differences in �13CCal occur among samples at each of the locations.

spatial distribution of reaction progress and proxies for fluid composition

East-central Vermont
Centimeter scale.—Significant differences in �2 exist across layering between samples

even at the smallest spatial scales investigated along the 9-cm traverse at location 21-21
(0-0.39 mol/L) and along the 16-cm traverse at location 21-32 (0.24-0.97 mol/L) (figs.
6 and 7). Some differences in �2 between adjacent layers �1 cm thick are outside the
error of measurement (fig. 6). A calculated mean square weighted deviation (MSWD)
of 0.39 (Mahon, 1996), however, demonstrates that all measured lnKs(6) along the
9-cm traverse at location 21-21 are statistically consistent with a single value whose best
estimate is the weighted mean, �0.728 	 0.055 (uncertainties here and elsewhere are
95 percent confidence intervals based on the standard error unless stated otherwise).
Likewise, values of �18OCal along the 9-cm traverse are statistically consistent with a
single value whose best estimate is 18.94 	 0.12 permil (fig. 6). Values of �13CCal, on the
other hand, are not consistent with a single value (MSWD 
 8.00). Similarly, along the
16-cm traverse, lnKs(6) and �18OCal are statistically consistent with single values whose
best estimates are �1.345 	 0.089 and 19.16 	 0.14 permil (fig. 7), respectively, but
values of �13CCal are not (MSWD 
 6.50). There does not appear to be any systematic
correlation between either lnKs(6), �18OCal, or �13CCal and proximity to Qtz veins at the
scale of the 16-cm traverse (fig. 7). Over distances of at least 8 to 15 cm across layering,
significant differences in the progress of reaction (2) developed during regional
metamorphism while at the same time values of the proxies, Ks(6) and �18OCal, were
uniform within error of measurement. An explanation for the apparently discrepant
behavior of 13C is presented later.

Meter scale.—As is observed along the 9- and 16-cm traverses, measured �2 varies
significantly along the 5-m traverse at location 21-32, 0-0.89 mol/L (fig. 8). Values
between samples as close as 0.1 m apart differ outside the error of measurement.
Unlike along the 9- and 16-cm traverses, Ks(6) and �18OCal are not statistically
consistent with single values over the entire 5-m traverse (fig. 8). Nevertheless, there
are three regions in which measured lnKs(6) is statistically uniform: �1.520 	 0.297 at
0.1 to 1.0 m along the traverse, �1.191 	 0.197 at 1.7 to 3.0 m, and �0.826 	 0.089 at
3.5 to 4.7 m. Measured �18OCal within two of the regions is also statistically consistent
with single values (diagonally ruled areas in fig. 8). There are insufficient O-isotope
data to assess whether �18OCal is statistically uniform as well in the third region 0.1 to
1.0 m along the traverse. As along the 9-cm and 16-cm traverses, �13CCal is not
consistent with a single value within error of measurement along the entire 5-m
traverse or even in regions where �18OCal is uniform.

Two traverses at location 21-35 further constrain the distance over which �18OCal is
uniform at the m scale. Measurements of �18OCal along the 0.5- and 1.1-m traverses are
statistically consistent with single values whose best estimates are 18.11 	 0.09 permil
and 18.34 	 0.10 permil, respectively (figs. 9 and 10). As along the other traverses,
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Fig. 6. Values of progress of reaction (2), lnKs(6), �18OCal, and �13CCal for 10 samples along the
9-cm-long traverse perpendicular to lithologic layering at location 21-21, Vermont. Sample numbers have
“9cm” prefix omitted. Thin vertical lines represent boundaries between visually distinct adjacent layers. For
the purposes of O- and C-isotope analyses, layers a1 and a2 and layers c1, c2, and c3 were treated as single
layers, a and c, respectively. Error bars are 	2�; error bars omitted when smaller than size of symbol. Scale
for XCO2

, computed from mineral-fluid equilibrium, is not linear. Downward pointing arrows indicate an
upper bound on lnKs(6) in samples that lack Bt because reaction (2) did not occur. The lnKs(6) and �18OCal
are statistically consistent with single values along the traverse, �0.728 	 0.055 and 18.94 	 0.12‰,
respectively (dashed horizontal lines are weighted means; horizontal gray bands are 95% confidence
intervals based on the standard error). The �13CCal, however, are not statistically consistent with a single value.
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Fig. 7. Values of progress of reaction (2), lnKs(6), �18OCal, and �13CCal for nine samples along the
16-cm-long traverse perpendicular to lithologic layering at location 21-32, Vermont. Sample numbers have
“16cm” prefix omitted. Format the same as in figure 6. The lnKs(6) and �18OCal are statistically consistent
with single values along the traverse, �1.345	0.089 and 19.16 	 0.14‰, respectively. The �13CCal, however,
are not statistically consistent with a single value.
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Fig. 8. Values of progress of reaction (2), lnKs(6), �18OCal, and �13CCal for 15 samples along the
5-m-long traverse perpendicular to lithologic layering at location 21-32, Vermont. Sample numbers have
“5m” prefix omitted. Format the same as in figure 6. Boxes contain weighted means, 95% confidence
intervals based on the standard error, and values of MSWD. The lnKs(6), �18OCal, and �13CCal are not
statistically consistent with single values across the entire traverse. Along three segments of the traverse,
however, the lnKs(6) are statistically consistent with single values, and along two of the segments both lnKs(6)
and �18OCal are consistent with single values (diagonally-ruled regions).
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however, �13CCal is not consistent with a single value. Nevertheless, both traverses can
be divided into two segments along which �13CCal is uniform within error of measure-
ment. No measurements of reaction progress or estimates of Ks(6) were made for
samples from location 21-35.

Values of Ks(6) and �18OCal are uniform over distances up to 1.3 m along the 5-m
traverse at location 21-32 and along the two traverses at location 21-35. Evans and
others (2002) observed a similar scale of uniformity in �18Ocarbonate across five marl
layers from other regions of the Waits River Formation outside the area of figure 1.
Data from the 5-m traverse further reveal at what spatial scale uniformity in Ks(6) and
�18OCal was not attained. Specifically, some groups of samples separated by as little as
0.5 to 0.7 m record values of Ks(6) that fail to overlap at the 95 percent confidence level
(between 1.0 and 1.7 m and between 3.0 and 3.5 m along the 5-m traverse, fig. 8). The
MSWD test additionally indicates that while samples 1.7-3.0 and 3.5-4.7 m along the
traverse record statistically uniform �18OCal, measured �18OCal is not consistent with a
single value over the entire distance 1.7 to 4.7 m at a �95 percent level of confidence.
The proxies for aCO2

and �18Ofluid appear to have been uniform across layering within
error of measurement during metamorphism in Vermont certainly over a distance

Fig. 9. Values of �18OCal and �13CCal for 12 samples along a 0.5-m-long traverse perpendicular to a
carbonate layer surrounded by pelitic schist at location 21-35, Vermont. Sample numbers have “21-35” prefix
omitted. Format the same as in figures 6 and 8. The �18OCal are statistically consistent with a single value
along the traverse, 18.11 	 0.09‰. The �13CCal, however, are not statistically consistent with a single value.
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�15 cm (figs. 6 and 7), and in some cases up to �1 m (figs. 8 and 10), but not always at
significantly larger scales (fig. 8).

Decameter scale.—The spatial distributions of �2, Ks(6), �18OCal, and �13CCal along
the 35-m traverse at location 21-32 (fig. 11) are similar to those along the 5-m traverse
(fig. 8). Significant differences in �2 are observed across layering at the dkm scale, some
between samples separated by as little as �1 m. Values of Ks(6), �18OCal, and �13CCal are
not uniform along the entire traverse. Nevertheless, measured lnKs(6) is statistically
consistent with a single value in three regions: �0.833 	 0.054 at 1.1 to 12.4 m along
the traverse, �0.881 	 0.074 at 15.8 to 23.9 m, and �1.316 	 0.116 at 26.0 to 34.8 m
(fig. 11). Because of the larger spacing of samples along the 35-m traverse compared to
the 5-m traverse, however, it probably would be unsafe to conclude that Ks(6) was
necessarily uniform within error of measurement over distances as large as 8 to 11 m
across layering during metamorphism without additional data. In portions of two of
the regions, 8.2-12.4 and 26.0-28.1 m along the traverse, measured �18OCal is also
statistically consistent with a single value (diagonally ruled areas in fig. 11). Within the
third region, 15.8 to 23.9 m along the traverse, no triplet of adjacent �18OCal

Fig. 10. Values of �18OCal and �13CCal for 12 samples along a 1.1-m-long traverse perpendicular to a
carbonate layer surrounded by pelitic schist at location 21-35, Vermont. Sample designations have “21-35”
prefix omitted. Format the same as in figures 6 and 8. The �18OCal are statistically consistent with a single
value along the traverse, 18.34 	 0.10‰. The �13CCal, however, are not statistically consistent with a single
value.
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Fig. 11. Values of progress of reaction (2), lnKs(6), �18OCal, and �13CCal for 23 samples along the
35-m-long traverse perpendicular to lithologic layering at location 21-32, Vermont. Sample numbers have
“35m” prefix omitted. Format the same as in figures 6 and 8. The lnKs(6), �18OCal, and �13CCal are not
statistically consistent with single values across the entire traverse. Along three segments of the traverse,
however, the lnKs(6) are statistically consistent with single values and along portions of two of the segments
both lnKs(6) and �18OCal are consistent with single values (diagonally-ruled regions).
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measurements are consistent with a single value. The scale over which both Ks(6) and
�18OCal are uniform, 2.1 to 4.2 m, is the same order of magnitude as that along the 5-m
traverse.

The 2.1 to 3.4 m separation of the three regions with statistically uniform lnKs(6),
between 12.4 and 15.8 m and between 23.9 and 26.0 m along the traverse, however,
documents that uniformity in the proxy for aCO2

in some cases did not occur over
distances more than �2-3 m across layering. In assessing the significance of data for
individual samples from the 35-m and other traverses, overlap at the 	2� level is
considered agreement; difference at more than the 	3� level is considered significant;
and difference at the 2 to 3� level is considered inconclusive. On this basis, sample
35m-6 records lnKs(6) (�0.802, 3� 
 0.140) that is significantly greater than the value
recorded by sample 35m-7 (��1.454, 3� 
 0.332); the separation between the two
samples is 0.4 m (fig. 11). The two pairs of samples with the smallest separation that
record significantly different values of �18OCal (difference �0.6‰) are 35m-1a (18.5‰)
and 35m-2 (19.3‰), separated by 3.2 m, and sample 35m-7a (19.0‰) and 35m-7b
(18.2‰), separated by 2.0 m (fig. 11). Data from the 35-m traverse, along with those
for the 5-m traverse, demonstrate that the upper limit of the distance over which
proxies for aCO2

and �18Ofluid were uniform within error of measurement is on the
order of �1 m across layering. As along the shorter traverses, �13CCal along the 35-m
traverse is not necessarily uniform even in regions where both Ks(6) and �18OCal are
(for example, 8.2-12.4 m along the traverse).

Data from the 35-m traverse additionally provide estimates of the scale at which
reversals in gradients in the proxies for aCO2

and �18Ofluid occurred across layering
during regional metamorphism. The information constrains the geometry of metamor-
phic fluid flow and the processes that drove decarbonation reaction. Samples 35m-6
and 35m-7b both record lnKs(6) (�0.802, 3� 
 0.140; �0.760, 3� 
 0.302, respec-
tively) that is significantly greater than the value recorded by sample 35m-7 in between
(��1.454, 3� 
 0.332). A reversal in the gradient of Ks(6) therefore occurs over the
distance between samples 35m-6 and 35m-7b, 3.4 m (fig. 11). Samples 35m-7a and
35m-10a both record �18OCal (19.0‰ and 18.9‰, respectively) that is significantly
greater than the value recorded by sample 35m-7b in between (18.2‰). A reversal in
the gradient of �18OCal therefore occurs over the distance between samples 35m-7a and
35m-10a, 7.6 m (fig. 11). Statistically resolvable reversals in the gradient in proxies for
fluid composition appear to occur across lithologic layering over distances of �4 to 8 m
or less.

South-central Maine
Centimeter scale.—Significant differences in �2 exist between each of the eight,

cm-thick, adjacent layer pairs from the same thin section of samples collected at
location 5 in Maine (samples with “TP” and “BB1” prefixes). The smallest difference is
0.21 mol/L between layers TP-72a and TP-72b, and the largest difference is 2.39 mol/L
between samples BB1b and BB1c (table 5, fig. 12A). Measured lnKs(6) for each
adjacent pair, on the other hand, overlap at the 	1� level, and values of �18OCal
overlap at the 	2� level (figs. 12B and 12C). Values of �13CCal for three adjacent pairs,
however, do not overlap at the 	2� level, and values for one pair do not overlap at a
�	3� level; the different behavior of �13CCal is explained later. Similar to the area in
Vermont, large differences in progress of reaction (2) developed during metamor-
phism at the same cm scale over which proxies for fluid composition, Ks(6) and
�18OCal, were uniform within error of measurement.

Meter scale.—Seven samples were investigated from each of two adjacent layers
exposed over an �1 m2 area in the hinge of the isoclinal fold at location 5 (fig. 4). In
one layer (A) �2 is relatively low (0-0.10 mol/L); in the other (B) �2 is relatively high
(0.66 – 1.06 mol/L). Measured lnKs(6), �18OCal, and �13CCal are statistically consistent
(MSWD 
 0.18 – 2.50) with single values in each layer (fig. 4). All three proxies
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evidently were uniform within each layer during metamorphism, but the 99 percent
confidence intervals of both lnKs(6) and �18OCal for the two layers fail to overlap. Data
for six additional samples collected along a 12-cm traverse across the contact between
layers A and B (FT traverse, fig. 4) more precisely constrain the distance over which the
changes in Ks(6) and �18OCal occur between the layers to �10 cm (fig. 13). The two
proxies for fluid composition were uniform within error of measurement across
layering certainly over a distance no more than �1 m (fig. 4) and probably over a
distance no more than �10 cm (fig. 13). Additionally, the spatial distribution of Ks(6)
and �18OCal in figure 4 documents a reversal in gradients of their values over a
distance � 1m across layering.

Decameter scale.—The spatial distributions of �2, Ks(6), �18OCal, and �13CCal along
the 100-m traverse (fig. 14) confirm earlier conclusions. Over a distance of �90 m

Fig. 12. Comparison of values of progress of reaction (2), lnKs(6), �18OCal, and �13CCal between pairs of
adjacent cm-thick lithologic layers along the 100-m-long traverse perpendicular to lithologic layering at
location 5, Maine. Sample numbers have “TP” prefix omitted. Error boxes are 	2� for �2 and �18OCal, 	1�
for lnKs(6), and either 	2� (black) or 	3� (white) for �13CCal. Scale for XCO2

, computed from mineral-fluid
equilibrium, is not linear. Upper bounds on lnKs(6) refer to samples that lack Bt because reaction (2) did
not occur; lower bound on lnKs(6) refers to sample that lacks Ank because reaction (2) went to completion.
Values of lnKs(6) for sample pair TP-8 omitted because both members record lower bounds only. No O- and
C-isotope data measured for samples BB1b and BB1c.
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across layering, the total range in measured �2 (0 – 2.75 mol/L) is only slightly larger
than that measured in adjacent layer pairs (0 – 2.40 mol/L). The pairs of layers
therefore are representative of the outcrop as a whole. Over the length of the 100-m
traverse, the ranges in lnKs(6), �18OCal, and �13CCal are �1.77 to �0.80, 17.2-20.4
permil, and �4.0 to �0.2 permil, respectively. Results for some samples that record just
a lower or just an upper bound on lnKs(6) are consistent with the range in lnKs(6)
recorded by the other samples. As shown by the 	3� error bars in figure 14, significant

Fig. 13. Values of progress of reaction (2), lnKs(6), and �18OCal for six samples along the 12-cm-long
traverse perpendicular to the contact between layers A and B in the hinge of the isoclinal fold at location 5,
Maine (see fig. 4). Sample numbers have “FT” prefix omitted. Format the same as in figure 6. Values of
lnKs(6) were calculated for two portions of the same thin section of sample A (A1 and A3); �18OCal refers to
the portion A1; �2 refers to both portions combined. Error bars for �2 and lnKs(6) are 	2�. Values of �18OCal
represent the weighted mean of 5 to 8 analyses of each specimen; error bar is the 95% confidence interval
based on the standard error. Shaded gray bands represent either 	2� (�2) or 95% confidence intervals based on
the standard error [lnKs(6), �18OCal] in layers A and B away from their mutual contact (from fig. 4).
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Fig. 14. Values of progress of reaction (2), lnKs(6), �18OCal, and �13CCal for samples along the
100-m-long traverse perpendicular to lithologic layering at location 5, Maine, starting at the NW contact
between the normal and limestone members of the Waterville Formation. Sample numbers have “T” and
“TP” prefixes omitted and correspond to the samples’ positions along the traverse, measured in m. Format
the same as in figure 6. Values of �2 for adjacent layer pairs connected with vertical dashed line. Samples 12A
and 12B and samples 82A and 82B were collected �1 m apart but are not adjacent layers. Upper and lower
bounds on lnKs(6) the same as in figure 12. Error bars for lnKs(6), �18OCal, and �13CCal are 	3� to highlight
significant differences between individual samples; for adjacent layer pairs the error bar is the overlap in the
	3� errors of the two samples. No triplet of adjacent samples is consistent with both a single value of lnKs(6)
and with a single value of �18OCal (adjacent layer pairs treated as a single sample in this analysis).



differences in lnKs(6) and �18OCal occur between samples as close as several m apart:
lnKs(6) differs at a �	3� level over 5 m between samples T-57 and T-62, and �18OCal
differs at a �	3� level over 2 m between samples T-50 and T-52. Calculation of MSWDs
further demonstrates that there are no triplets of adjacent samples along the 100-m
traverse in which both lnKs(6) and �18OCal are statistically consistent with single values
(taking adjacent layer pairs as a single sample). Uniformity in proxies for aCO2

and
�18Ofluid did not occur within error of measurement over a distance more than several
m during regional metamorphism along the 100-m traverse, consistent with conclu-
sions drawn from samples from the hinge of the fold illustrated in figure 4. Reversals in
gradients in both lnKs(6) and �18OCal occur along the 100-m traverse. For example, the
gradient in lnKs(6) reverses over a distance of �15 m between samples T-57 and
TP-72a,b (fig. 14). The gradient in �18OCal reverses over a distance of �15 m between
samples TP-8a,c and sample T-23a and over �10 m between samples TP-72a,b and
T-82B (fig. 14). The reversals in gradients in proxies for fluid composition across
layering over distances no greater than �10-20 m are consistent with data for samples
summarized in figure 4. Values of �18OCal along the 100-m traverse in figure 14 are also
broadly consistent with the results of Bickle and others (1997) who concluded that
�18Ocarbonate homogenized over a distance on the order of several m at location 5,
figure 2.

explanation of spatial variations in reaction progress

Conventional Explanation
Because of the relationship between time-integrated fluid flux and reaction

progress specified by equation (1), cm- to m-scale layer-by-layer variations in progress
of the decarbonation reactions in east-central Vermont and south-central Maine have
been explained by spatial variations in time-integrated fluid flux with elevated flow in
layers with higher � and reduced or no flow in layers with low � (Ferry, 1987, 1988b,
1994). The conventional explanation, however, is valid only if rocks were chemically
isolated from each other during metamorphism at the same cm scale over which
variations in � are observed. Otherwise � in any one sample will depend on infiltration
and reaction in adjacent samples. Because reactants and products of reactions (2) and
(3) are solid solutions, Ks(6) increases monotonically with reaction progress in a given
sample (fig. 15). The predicted change in Ks(6) during reaction (�0.6 ln units) is
significantly larger than the error of measurement (table 5). If individual layers of
micaceous carbonate were chemically isolated from each other during regional
metamorphism, a measurable positive correlation between Ks(6) and �2 would be
expected. No such correlation is observed (figs. 6-8, 11-12). Moreover, in regions
between �1-dm- and �1-m-wide in which there are significant differences in �2,
measured Ks(6) is statistically consistent with a uniform value. Not only does the
conventional explanation for cm- to m-scale layer-by-layer variations in progress of
decarbonation reactions appear to be incorrect, but any successful explanation also
must consider the cross-layer uniformity in Ks(6) at that same scale.

New Explanation
Qualitative description.—Layer-by-layer variations in progress of an infiltration-

driven reaction will inevitably develop in rocks that experience the same reaction if (a)
one or more mineral participants is a solid solution, (b) different layers initially
contained different amounts and/or compositions of reactant minerals, and (c) Ks of
the relevant mineral-fluid equilibrium is the same, or nearly so, in the layers during
subsequent reaction (Ferry and others, 2005). The process can be explained qualita-
tively with reference to reaction (2) in micaceous carbonate rocks in Vermont and
Maine. Consider two rocks that contain Ms, Ank, Cal, Pl, Qtz, Rt, and other accessory
minerals but no Bt or Chl prior to reaction; for the sake of simplicity Ms, Ank, and Cal
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are pure Mg compounds without Fe or Mn. The first rock contains 1 mole Pl/L with
Xan

0 
 0, and the second rock contains 2 moles Pl/L with same composition. Both rocks
are infiltrated by chemically reactive fluid and reaction (2) proceeds at constant T and
P; for simplicity, reaction (3) is considered not to occur. When reaction (2) initiates
and at all times afterwards, Ks(6) in both rocks is the same; Xan must be the same as
well. As reaction proceeds and Xan increases in both rocks, �2 in the second rock must
be twice �2 in the first rock to maintain the equality in Pl composition. The difference
in �2 between the two rocks develops because, from a mass balance constraint, the rate
of reaction (2) on a volume basis in the second Pl-rich rock is twice that in the first
Pl-poor rock. All else being equal, rocks that start with a greater abundance of Pl prior
to reaction will experience a higher rate of reaction (on a volume basis) and record a
higher value of �2 than rocks with less Pl.

Alternatively, consider two rocks that both contain the same amount of Pl (for
example, 1 mol/L) but the Pl differs in composition prior to reaction. Plagioclase in
the first rock, as before, has Xan

o 
 0, but the second rock contains a more calcic Pl, Xan
o


 0.2. Both rocks are infiltrated by chemically reactive fluid, reaction (2) proceeds at
constant T and P, and reaction (3) does not occur. Consideration of Ks(6) leads to the
conclusion that as long as Xan in the first rock remains �0.20, reaction (2) initially
proceeds in the first rock but not in the second. With continued infiltration and
reaction, however, Xan in the first rock eventually reaches 0.2; with further infiltration,

Fig. 15. Calculated evolution of lnKs(6) with �2 for two representative samples, 16cm-i from Vermont
and TP-17b from Maine. Initial amounts and compositions of minerals prior to reaction specified in the
insets. For each value of �2, �3 
 (nChl/nBt)�2 where nChl and nBt are present measured mole concentrations
Chl and Bt in the samples. Moles of Ms, Ank, Bt, Chl, Cal, CaAl2Si2O8, and NaAlSi3O8 were calculated from
equation (4), and compositions of the Fe-Mg minerals were calculated from an equation analogous to
equation (5) (with terms added for Bt and Chl), using measured mineral formulas and the Fe-Mg exchange
constants in table 3. The composition of Pl is considered homogeneous. Values of the activity of components
in the solid solutions and lnKs(6) were then computed as described in the text. Curves for both samples
terminate at the measured value of �2.
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reaction (2) then proceeds in both. If reaction (2) progresses until Xan 
 0.4 in both
rocks, for example, �2 in the first rock will be approximately twice �2 in the second. In
this case, the difference in �2 develops not so much because of a difference in rate of
reaction between the two rocks but because of the longer duration of reaction (2) in
the first rock compared to the second. All else being equal, rocks that start out with
more sodic Pl prior to reaction will experience a longer duration of reaction and
record a higher value of �2 than rocks with initially more calcic Pl.

As qualitatively explained for another reaction by Ferry and others (2005),
differences in the amounts and compositions of reactant Fe-Mg minerals among rocks
prior to reaction likewise will result in significant differences in reaction progress by
the same mechanism. Specifically, carbonate rocks from Vermont and Maine with a
relatively greater abundance of Ank, Ms, and/or Cal and rocks that contain minerals
with relatively higher Fe/(FeMg) prior to reaction will develop greater progress of
reactions (2) and (3) than rocks with initially smaller amounts of Ank, Ms, and/or Cal
or that contain minerals with lower initial Fe/(FeMg).

Quantitative analysis.—The effect of different initial amounts and compositions of
Pl work together with different initial amounts and compositions of Ank, Ms, and Cal
to control the layer-by-layer variations in �2 and �3 at the dm to m scale over which Ks(6)
was uniform during regional metamorphism. A systematic quantitative analysis of the
process appears in figure 16, specifically for the progress of reactions (2) and (3). The
analysis is with specific reference to samples along the 16-cm traverse at location 21-32,
Vermont, but applies to other samples from both Vermont and Maine. Calculations
follow those described in the caption to figure 15 using the average mineral formulas
and Fe-Mg exchange coefficients for the 16-cm traverse in table 3. In one set of
calculations (fig. 16A), the initial amounts and compositions of Ms, Ank, and Cal were
held constant at representative values for samples along the 16-cm traverse (see inset to
fig. 16A), and initial amounts and compositions of Pl were varied within limits relevant
to the samples. Reactions (2) and (3) were allowed to proceed until a value of
lnKs(6) 
 �1.35 was attained (fig. 7), and reaction progress recorded. As predicted
from the qualitative analysis of the process, �2 is larger in rocks with an initially greater
abundance of Pl and/or more sodic Pl. The effect of Pl alone can produce differences
in �2 of up to 0.3 to 0.4 mol/L. In a second set of calculations (fig. 16B) the initial
amounts and compositions of Ms, Cal, and Pl were held constant at representative
values for samples along the 16-cm traverse (see inset to fig. 16B), and initial amounts
and compositions of Ank were varied within limits relevant to the samples. Reactions
(2) and (3) were allowed to proceed until a value of lnKs(6) 
 �1.35 was attained, and
reaction progress recorded. As predicted from the qualitative analysis of the process by
Ferry and others (2005), �2 is larger in rocks with an initially greater abundance of Ank
and/or Ank with higher Fe/(FeMg). The effect of Ank alone can produce differ-
ences in �2 of up to �1.0 mol/L. Figure 16 illustrates the results of two additional sets
of calculations in which the initial amounts and compositions of Cal (fig. 16C) and Ms
(fig. 16D) are allowed to vary with everything else held constant (as specified by the
insets). Variations in the initial amounts of Ms and Cal have little effect on �2 because
the minerals contain much less MgFe per mole than do Ank, Bt, and Chl. The effect
of variation in initial Fe/(FeMg) of Ank, Cal, and Ms on �2 are almost the same
because they cannot vary independently; Fe/(FeMg) of the minerals are always
interrelated by the Fe-Mg exchange coefficients in table 3. Taken together, inferred
variations in the amounts and compositions of Pl, Ank, Cal, and Ms prior to reaction
can adequately explain the variations in �2 between 0.24 and 0.97 mol/L along the
16-cm traverse provided that Ks(6) was spatially uniform at the end of reaction (as is
indicated by data in fig. 7). Furthermore, the mechanism effectively produces signifi-
cant layer-by-layer differences in reaction progress even if homogenization of Ks only
proceeds until small but non-zero differences occur between layers.
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Validity tests.—The validity of the new explanation for cm- to m-scale variations in
progress of reactions (2) and (3) in Vermont and Maine was tested by two additional
sets of calculations. The first involved seven pairs of the adjacent cm-thick layers from
location 5 in Maine (fig. 12). (A comparison of pair TP-8 is meaningless because
reactions (2) and (3) have gone to completion in both layers.) The effect of variations
in the initial amounts and compositions of Pl, Ank, Ms, and Cal on �2 effectively can be
reduced to a consideration of Pl and Ank alone (fig. 16). If the new explanation is
correct, therefore, the member of each pair with higher �2 should have initially
contained a greater abundance of Pl, more sodic Pl, a greater abundance Ank, and/or
more Fe-rich Ank than its companion with lower �2. Initial amounts and compositions
of Pl and Ank were computed for all 14 samples from measured modes and mineral
compositions using equations (4) and (5); results are presented in figure 17. Consis-

Fig. 16. Systematic evaluation of the effect of variations in initial amounts and compositions of minerals
on reaction progress calculated following the method described in caption to figure 15. Calculations are with
reference to samples from the 16-cm traverse, location 21-32, Vermont. Mineral formulas and Fe-Mg
exchange constants from table 3. All calculations take initial amounts and compositions of minerals as
specified by the inset, abscissa, and contours of each panel. Model �3 
 0.0477�2 (Penniston-Dorland, ms,
2004). Calculation of �2 proceeds until a final lnKs(6) 
 �1.35; some curves terminate in the interior of the
diagram where a reactant mineral is exhausted before lnKs(6) 
 �1.35 is attained. (A) Effect of variations in
initial amount (nPl

o ) and composition (Xan
o ) of Pl with initial amounts and compositions of other minerals

held constant as specified by the inset. Effect of variations in initial amount and composition of Ank (B), Cal
(C), and Ms (D). Termination of curves in (A) at the horizontal line and kinks in curves in panels (B)-(D)
result from the stoichiometry of the reactions and the Xan-aan relations for Pl in figure 5.
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Fig. 17. Initial amounts and compositions of Pl and Ank in the seven pairs of adjacent layers from the
100-m traverse, location 5, Maine, calculated from equations (4) and (5). Calculated Xan

o �0 in three samples
represented as Xan 
 0. In every pair, the layer that records higher �2 contained a greater abundance of Ank,
more sodic Pl, and Ank with higher Fe/(FeMg) than its companion prior to reaction, and, in all but one
case, the layer with higher � contained a greater abundance of Pl than its companion. Representative 	1�
uncertainties in calculated results are shown as boxes for layer pair TP89.
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tent with the new explanation, the sample of every pair with higher �2 contained a
more sodic Pl prior to reaction, and in all but one pair (TP-47), the sample with higher
�2 initially contained a greater abundance of Pl as well (fig. 17A). Further consistent
with the new explanation, the sample of every pair with higher �2 contained both a
greater abundance of Ank and Ank with a higher Fe/(FeMg) prior to reaction (fig.
17B).

Results in figure 17 additionally argue against the conventional explanation of
cm-scale spatial variations in reaction progress. If reaction was just controlled by
variations in time-integrated flux in chemically isolated channels that correspond to
lithologic layers and was independent of amounts and compositions of minerals prior
to reaction, it would be a surprising coincidence that in the case of every adjacent pair
of layers investigated, fluid was preferentially focused into the layer that initially
contained more Ank, Ank with higher Fe/(FeMg), and more sodic Pl, and, in all but
one pair, the layer that initially contained more Pl. On the other hand, the new
explanation provides a straightforward explanation for the systematic correlations
between reaction progress and the amount and composition of Pl and Ank in adjacent
pairs of layers prior to reaction (fig. 17).

A second test was applied both to the adjacent layer pairs from Maine and to
representative samples from the 16-cm traverse from location 21-32 in Vermont. In the
case of samples from the 16-cm traverse, �2 in samples 16cm-a, -d, -e, and -g was
simulated as a function of �2 in sample 16cm-c (that records the highest value of �2
along the traverse) following calculations described in the caption to figure 15. For a
given value of �2 in sample 16cm-c, �2 in the other samples has a unique value
determined by the constraint that Ks(6) in all samples is the same at all times during
reaction. (As a hypothetical example, if Ks(6) were the same during reaction in
samples 16cm-i and TP-17b, fig. 15, �2 in sample TP-17b is �0.15 when �2 in sample
16cm-i is 0.20.) Results are illustrated in figure 18. All simulations start at the origin of
the diagram (“S,” fig. 18). In two samples (16cm-e, -g) reaction begins after reaction
has already started in reference sample 16cm-c (their initial trajectories in the
simulation follow the abscissa of fig. 18). Reaction starts in the other two samples
(16cm-a, -d) prior to reaction in the reference sample (their initial trajectories in the
simulation follow the ordinate of fig. 18). The trajectory of a sample enters the interior
of the diagram when reaction occurs simultaneously in it and the reference sample.
The simulation ends for each sample (“E,” fig. 18) when the measured value of �2 for
the sample is attained. Final values of �2 predicted for sample 16cm-c in the four
simulations, 0.89 to 1.13 mol/L, agree with the measured value (0.97 mol/L) within
the uncertainty of the modal analyses of Bt and Chl. Perfect agreement between
measured and predicted values of �2, in any case, is not expected because the
simulations do not account for the chemical zonation observed in natural Pl. Results in
figure 18 indicate that not all layers started reaction at the same time. Specifically, layer
16cm-a began first, followed in order by layers -d, -c, -e, and -g. Thus, part of the reason
�2 is larger in sample 16cm-c than in samples -e and -g is that reaction occurred for a
longer duration in sample 16cm-c. Duration of reaction, however, cannot explain
larger �2 in sample 16cm-c than in samples -a and -d. The slope of the trajectory of all
samples in the interior of the diagram is �1. Measured �2 is highest in sample 16cm-c
additionally because the rate of reaction was higher in sample 16cm-c than in any of
the others. This is explained by higher initial amounts of both Pl and Ank in sample
16cm-c than in the others.

Simulations were similarly conducted for reaction in the six adjacent layer pairs
from Maine in which reaction (2) proceeded in both layers (fig. 19). For five pairs (all
but TP-8), reaction progress in the layer with lower �2 was computed as a function of
reaction progress in the layer with higher �2, subject to the constraint of equal Ks(6) in
each pair during reaction, and the simulation was ended when the measured value of
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�2 in the layer with lower �2 was attained. The final value of �2 predicted by the
simulations for the layer with higher �2 agrees with the measured value within the
uncertainty of the modal analyses. Perfect agreement between measured and pre-
dicted values of �2 is not expected because the simulations do not account for the
chemical zonation observed in natural Pl. For pair TP-8, the simulation ended when
measured �2 in the layer with higher �2 was attained because reaction (2) went to
completion in the layer with lower �2 before the measured value of �2 in its companion
was attained. In all pairs but TP-8, reaction started in the layer with higher �2 before it
started in its companion (fig. 19A). In addition, reaction (2) never occurred at all in
the member of two other pairs with lower �2 (TP-6, BB1; not illustrated in fig. 19A
because their simulations simply follow the abscissa). When both layers of pairs TP-29,
-47, -72, and -89 were reacting at the same time, the rate of reaction was nearly the same
(trajectories of simulations in the interior of fig. 19A have slope �1). Thus for seven
adjacent layer pairs, the layer with higher �2 records a larger value of reaction progress
because it experienced reaction for a longer duration than its companion with lower
�2. This, in turn, occurred because the member of each pair with higher �2 contained
both more sodic Pl and Ank with higher Fe/(FeMg) than its companion with lower �2
prior to reaction (fig. 17). Layer pair TP-8 is the exception (fig. 19B). The layer with
lower �2 began reaction before the layer with higher �2. The layer with higher �2 has
higher measured �2 because once reaction started in the layer with higher �2, the rate

Fig. 18. Quantitative simulation of reaction progress in samples 16cm-a, -d, -e, and -g as a function of �2
in sample 16cm-c, location 21-32, Vermont (thick solid and dashed gray curves). Calculations followed the
method described in caption to figure 15 with the constraint that Ks(6) at any stage of reaction is the same in
all samples. Initial amounts and compositions of minerals prior to reaction computed from equations (4)
and (5). All simulations start at “S” and terminate at “E.” For measured values of �2 in samples 16cm-d, -e, and
-g, the simulated value of �2 for sample 16cm-c agrees with the measured value within 	2� (vertical black line
and diagonally-ruled band); there is also agreement between predicted and measured values for the
simulation of sample 16cm-a if 	2� uncertainties in both �2 and �3 are considered.
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Fig. 19. Quantitative simulation of reaction progress in each of the six adjacent layer pairs from the 100-m
traverse, location 5, Maine, in which reaction (2) has occurred in both members. Progress of reaction (2) in the
member of each pair with lower � was calculated as a function of �2 in the member with higher � using the
same method to compute curves in figure 18. Kinks in calculated curves result from Xan-aan relations
assumed for Pl (fig. 5). For measured �2 in the member of each pair with lower � in panel (A), the calculated
value of �2 for its companion reproduces the measured value within the uncertainty of the modal analyses.
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of reaction greatly exceeded that in its companion (slope of trajectory of the simula-
tion in the interior of fig. 19B �1). This, in turn, occurred because the layer with
higher �2 contained both more Pl and more Ank than its companion prior to reaction.

The good agreement between predicted and measured values of �2 in both sets of
simulations (figs. 18 and 19) is quantitative confirmation of the new explanation for
spatial variations in reaction progress. Additionally, the good agreement emphasizes
that it is the effects of variations in the initial amounts and compositions of Pl, Ank, Cal,
and Ms acting in concert that account for the layer-by-layer variations in �2 observed
along the traverse.

discussion

Uniformity in Proxies for Fluid Composition and Attainment of Equilibrium
Mechanism for development of uniformity in proxies for fluid composition.—The explana-

tion presented in the last section for layer-by-layer variations in reaction progress is
strictly based on the empirical observation that Ks(6) is uniform at a spatial scale larger
than layering, and the explanation does not require an understanding of what caused
the uniformity in Ks(6). Nevertheless, the likeliest mechanism for producing unifor-
mity in Ks(6) and �18OCal, the proxies for aCO2

and �18Ofluid, is homogenization of
metamorphic fluid composition across layering at the 1 to 10 m scale, probably by
diffusion/dispersion, as has been argued by others on the basis of field, theoretical,
and laboratory experiment (Bickle and others, 1997; Ague and Rye, 1999; Ague, 2000,
2002, 2003; Evans and others, 2002; Wark and Watson, 2004).

Attainment of mineral-fluid equilibrium.—The numerical values of proxies for aCO2

and �18Ofluid in those regions where they are uniform are open to several interpreta-
tions. One is that mineral-fluid equilibrium was attained, or nearly so, during metamor-
phism. In this case, fluid composition can be calculated from values of the proxies
using thermodynamic data for minerals and fluid, an equation of state for the fluid,
and estimates of the P-T conditions of equilibration. If the fluid was a CO2-H2O
solution, measured values of Ks(6) correspond to XCO2


 0.13-0.21 for samples from
east-central Vermont and to XCO2


 0.12-0.21 for samples from south-central Maine. In
more detail, values of equilibrium XCO2

can be read from the righthand or top scales of
the panels for lnKs(6) in figures 6-8 and 11-14 and are listed for every analyzed sample
in table 5.

Numerous studies, however, have argued that mineral-fluid equilibrium is not
necessarily closely approached during infiltration-driven metamorphism (for example,
Lasaga and Rye, 1993; Lasaga and others, 2000, 2001; Lüttge and others, 2004). In this
case, estimation of XCO2

from measured values of Ks(6) would require a kinetic model
for coupled fluid flow and mineral-fluid reaction that is beyond the scope of this study.
If a kinetically controlled steady state were attained during infiltration-driven metamor-
phism, the difference between the true XCO2

and the fictive equilibrium XCO2
would be

some constant value (or nearly so) for a given set of P, T, and fluid flow conditions
(Lasaga and others, 2000). In the circumstance of a decarbonation reaction driven by
infiltration of rock by chemically reactive H2O-rich CO2-H2O fluid, the kinetically
controlled value of XCO2

is less than the equilibrium value (Lasaga and others, 2000,
2001).

Alternatively, if the metamorphic fluid-rock system were far from equilibrium,
there might not be any simple relationship between the values of proxies for fluid
composition and fluid composition itself. Even in this case, however, simply the
empirical observation that Ks(6) is spatially uniform at a scale larger than that of
lithologic layering is a sufficient basis for the explanation of layer-by-layer variations in
reaction progress presented in the last section.
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Reaction Rate During Infiltration-driven Regional Metamorphism
The standard treatment of the kinetics of metamorphic mineral-fluid reactions

considers that the rate at which a mineral product is produced is controlled by the
intrinsic rate constant and order of the reaction, the change in Gibbs free energy of
reaction at the conditions of reaction (�G), and the surface area (Ai) of the rate-
limiting mineral i (for example, Ague and Rye, 1999). This study demonstrates that
there is an additional control on reaction rate in individual layers that fundamentally is
based on mass balance. Specifically, if Ks associated with the reaction is uniform over
some region across layering, the rate of reaction on a volume basis in all but one layer
in that region depends on the abundance of mineral solid solutions involved in the
reaction. The phenomenon is illustrated in figure 16 specifically for layers undergoing
reactions (2) and (3). With reference to figure 16A, for example, if Xan

o is the same in
two samples, reaction will initiate and end at the same time in both. The final value of
�2, however, will be larger in the sample that initially contained a greater abundance of
Pl; the rate of reaction (2) therefore also must be larger in the sample that initially
contained a greater abundance of Pl.

The two different considerations of reaction rate are not incompatible. In a
sequence of rock layers of variable bulk composition composed of the same mineral
reactants and products, some or all of which are solid solutions, the mineral-fluid
reaction and its order and intrinsic rate constant will be the same (or nearly so) in all
layers. If uniformity in Ks associated with the reaction develops by efficient homogeni-
zation of fluid composition across layering by diffusion/dispersion, �G will be the
same (or nearly so) in all layers undergoing reaction. There will be one layer, however,
in which the rate-limiting mineral i has a surface area, Ai, that sets a rate of reaction
slower than in all the other layers. Provided Ks is uniform, the rate of reaction (on a
volume basis) in the other layers undergoing reaction then is set relative to the slowest
reacting layer by the amounts of solid solutions in them that participate in the reaction
(fig. 16).

In a sequence of rocks all with the same mineral reactants, some or all of which are
solid solutions, reaction may occur in some layers but not in others depending on the
composition of the reactants. Figure 16, for example, illustrates the phenomenon
specifically for the initial Fe/(FeMg) of mineral reactants of reactions (2) and (3). In
terms of the standard theory of reaction kinetics, the absence of reaction is appropri-
ately considered as controlled by a value of �G that is either zero or of the wrong
algebraic sign in non-reacted layers.

Advection, Diffusion/Dispersion, and Mineral-fluid Reaction during Regional Metamorphism
The mechanism of infiltration-driven reaction.—Reaction progress and its spatial

variation in micaceous carbonate rocks from east-central Vermont and south-central
Maine are best understood in terms of the coupled effects of transport of CO2 and H2O
by both fluid flow and diffusion/dispersion. The evidence for reactive fluid flow is the
significant progress of decarbonation reactions (2) and (3) in rocks that coexisted
during reaction with H2O-rich CO2-H2O fluid (XCO2

� 0.12-0.21 with exact values
depending on the degree to which mineral-fluid equilibrium was attained). Because
there are no significant local sources of H2O-rich fluid exposed within outcrops 21-21
and 21-32 in Vermont and outcrop 5 in Maine (for example, other rock types that
underwent dehydration or synmetamorphic granitic rocks) and because the length
scale of mass transport of CO2 and H2O by diffusion/dispersion across layering during
metamorphism was certainly no more than �1 to 10 m (documented by this study),
H2O must have been transported at the outcrop and larger scales by flow that then
drove the decarbonation reactions. After reactions (2) and (3) initiated in favorable
layers, diffusion/dispersion caused CO2 transport from layers undergoing reaction to
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adjacent layers that were not and H2O transport in the opposite direction. Assuming
homogenization of fluid composition by diffusion/dispersion is what caused the
observed m-scale uniformity in Ks(6), variations in the amounts and compositions of
minerals prior to reaction, in turn, controlled � within individual layers over distances
up to �1 to 10 m (figs. 16, 18, and 19). Specifically, decarbonation reactions
proceeded for a longer duration in layers with relatively more sodic Pl and/or Ank with
relatively higher Fe/(FeMg) prior to reaction and proceeded at a faster rate in layers
with relatively greater initial amounts of Pl and/or Ank. Cross-layer transport of CO2
and H2O by diffusion/dispersion effectively inhibited reaction in some layers and
promoted reaction in others depending on the amount and composition of minerals
present prior to reaction (in turn controlled by sedimentation and diagenesis). Results
for the areas in Vermont and Maine demonstrate that the combination of fluid flow
and cross-layer mass transport by diffusion/dispersion controls decarbonation of
micaceous carbonate rocks during regional metamorphism in both intermediate-P
Barrovian terrains and low-P Buchan terrains over a depth interval of at least 15 km in
the crust. Further, results firmly substantiate the conclusion of Ague and Rye (1999)
and Ague (2000, 2002) that cross-layer diffusion/dispersion of CO2 and H2O is a vital
driving force for decarbonation reactions during metamorphism and the important
conclusion of Evans and Bickle (2005) that cm-scale variations in � at location 5 in
Maine are controlled by variations in bulk rock composition.

Resolution of an apparent contradiction.—This study resolves the apparent contradic-
tion between cm-scale layer-by-layer variations in progress of infiltration-driven decar-
bonation reactions and field and theoretical evidence for transport of CO2 and H2O by
diffusion/dispersion across layering at a scale of a meter or more (Bickle and others,
1997; Ague 2000, 2002, 2003; Evans and others, 2002). If the cm-scale variations in
reaction progress resulted from channeled fluid flow at the scale of lithologic layering
(Ferry, 1987, 1988a, 1994), the scale of CO2 and H2O transport by diffusion/
dispersion could not have been greater than the width of individual layers. Our results
resolve the apparent contradiction by verifying that the scale of transport of CO2 and
H2O by diffusion/dispersion across layering during regional metamorphism is on the
order of 1 m or more and by demonstrating that cm-scale spatial variations in progress
of decarbonation reactions are better explained in terms of layer-by-layer variations in
modes and compositions of minerals prior to reaction than in terms of layer-by-layer
variations in fluid flow.

Spatial variations in reaction progress as an image of fluid flow channels.—When
mineral reactants and products of an infiltration-driven reaction are solid solutions
and the relevant Ks is completely homogenized (or nearly so) over some distance,
spatial variations in reaction progress at that scale simply image spatial variations in the
amounts and compositions of reactant minerals prior to reaction (that is, bulk
composition). The distribution of reaction progress cannot image fluid flow pathways
over the length scale of homogenization of Ks. On the other hand, when mineral
reactants and products of an infiltration-driven reaction either are pure substances
(such as calcite, quartz, and wollastonite) or have compositions fixed by mineral
equilibria (such as calcite and dolomite during the dolomite-periclase-calcite reac-
tion), reaction progress is independent of the amounts and compositions of minerals
prior to reaction. Unless there is a control by differences in grain size, reaction
progress in those circumstances does faithfully image pathways of fluid flow, with
elevated flow in areas where reaction has occurred and reduced flow where it has not.
Thus, many studies of contact metamorphism that have used progress of the calcite-
quartz-wollastonite and dolomite-periclase-calcite reactions to directly image channel-
ways of reactive fluid flow remain valid (Ferry and Rumble, 1997; Roselle, ms, 1997;
Ferry and others, 1998, 2001, 2002; Lackey and Valley, 2004).
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A limit on the scale of investigation of the geometry of fluid flow.—Progress of reaction
(2) in metamorphosed carbonate rocks from Vermont and Maine cannot image
pathways of reactive fluid flow at scales smaller than the one over which Ks(6) is
uniform. As a generalization, regardless of the geochemical tracer considered (iso-
topes, molecular fluid species, trace elements) and regardless of whether mineral-fluid
reactions involve solid solutions or not, the geometry of reactive fluid flow in any fossil
hydrothermal system can never be determined at a spatial scale smaller than the one at
which the proxy for that geochemical tracer is homogenized, presumably by diffusion/
dispersion. Diffusion/dispersion simply obliterates any geochemical record of flow
geometry. Over the scale of homogenization of the proxy, it is impossible to distinguish
whether the physical mechanism of flow was along a single thin fracture, pervasive and
uniform, or something in-between and/or more complicated.

Reactive Fluid Flow during Regional Metamorphism in Northern New England
Layer-parallel reactive fluid flow.—To what extent, if any, do earlier arguments for

layer-parallel flow of reactive fluid during metamorphism of carbonate rocks in
east-central Vermont and south-central Maine remain correct? In cases of decarbon-
ation reactions driven by infiltration of rock by reactive H2O-rich fluid, XCO2

increases
monotonically along the flow path regardless of the approach to mineral-fluid equilib-
rium at the reaction site, regardless of whether reactants and products are solid
solutions or not, and regardless of whether mineral-fluid reaction is driven by the
gradient flow mechanism or the disequilibrium flow mechanism (Ferry and Gerdes,
1998). Reversals in gradients in the proxy for aCO2

, Ks(6), at locations 21-32 in Vermont
(fig. 11) and at location 5 in Maine (figs. 4 and 14) therefore rule out a significant
cross-layer component of fluid flow at a scale larger than the reversals (�1 – 15 m). By
default, large-scale flow of reactive fluids in both areas must have been largely parallel
to lithologic layering. The study confirms, as have many others (for example, Kohn and
Valley, 1994; Vyhnal and Chamberlain, 1996; Bickle and others, 1997; Wing and Ferry,
2002; Ague, 2003), the occurrence of layer-parallel flow during Acadian regional
metamorphism in New England. Results of this study, however, do not disprove earlier
conclusions of cm- to m-scale layer-by-layer channeled fluid flow during regional
metamorphism in Vermont and Maine (Ferry, 1987, 1988b, 1994); rather they demon-
strate that the spatial distribution of reaction progress is inconclusive about whether
channeled fluid flow occurred or not at the layer-by-layer scale.

Time-integrated fluid flux.—There are now two reasons to reconsider published
values of time-integrated fluid flux (q) during regional metamorphism of the Water-
ville and Waits River Formations (Ferry, 1992, 1994). First, this study establishes that q
should be computed from the value of reaction progress averaged over the distance
that Ks was uniform during metamorphism rather than from individual samples as was
done in the earlier studies. Second, the earlier studies computed q assuming that the
widespread spatial distribution of reactants and products of reaction (2) in east-central
Vermont and south-central Maine indicates the gradient flow mechanism for the
decarbonation reaction. Solid solution in reactants and products or sluggish reaction
kinetics, however, can stabilize a widespread spatial distribution of mineral reactants
and products even if decarbonation results from the disequilibrium flow mechanism
(Ague and Rye, 1999; Lasaga and others, 2001). A way to circumvent the question of
reaction mechanism in calculating q is to compute a fluid-rock ratio for the entire flow
system; q then is the product of the fluid-rock ratio and the distance of reaction along
the flow path (Ferry, 1991). A minimum whole-system fluid-rock ratio was estimated
for the two terrains from equation (1) of Ferry (1991) taking the average of all
measured values of �2 and XCO2

for each area in table 5 and assuming infiltration of the
system by pure H2O fluid; values are 3.8 and 11.8 mol/L for Vermont and Maine,
respectively. For flow and reaction over a distance on the order of 10 km, either
horizontal, vertical, or inclined (figs. 1 and 2), q 
 3800 and 12,000 mol fluid/cm2
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rock for Vermont and Maine, respectively. These are minimum values because
calculations assume infiltration of pure H2O, mineral-fluid equilibrium at the site of
reaction, and reaction at the inferred maximum metamorphic T. Previously reported
average q �5000 mol/cm2 for locations 21-21 and 21-32 in east-central Vermont and
�20,000 mol/cm2 for location 5 in Maine (Ferry, 1994), therefore, are consistent with
the new values. The new estimates of q confirm that enormous quantities of reactive
fluid were involved in driving mineral reactions during Acadian regional metamor-
phism in northern New England.

Source of reactive fluid.—Several sources of the reactive H2O-rich fluid that drove
decarbonation reactions in micaceous carbonate rocks during regional metamor-
phism in New England have been suggested. One is that H2O is derived by dehydration
in nearby pelitic rocks and transported by diffusion/dispersion across layering into the
carbonate rocks (Ague and Rye, 1999; Ague, 2000, 2002). In the case of location 21-32
in Vermont and location 5 in Maine, however, reversals in the gradients in the proxy
for aCO2

, Ks(6), over distances of 1 to 15 m indicate that diffusion/dispersion could not
have transported H2O over the �50 m distance that separates carbonate rocks that
have experienced progress of reactions (2) and (3) from the nearest exposures of
pelitic schist. In other areas of New England, reactive H2O-rich fluids appear to have
been introduced along fractures (now Qtz veins), probably from a plutonic source (for
example, Ague, 1994, 2003; van Haren and others, 1996). This possibility is appealing
in the case of east-central Vermont because locations 21-21 and 21-32 are �20 percent
Qtz veins by volume (Ferry, 1994). Unfortunately, no spatial correlation between
locations of Qtz veins and either reaction progress, Ks(6), or �18OCal were detected
because the spacing of veins is smaller than the distance over which Ks(6) and �18OCal
are uniform. Consequently, this study is inconclusive whether Qtz veins represent fossil
channels for the reactive fluid flow or whether the veins were precipitated from fluid
derived from or equilibrated with igneous rock. The source of reactive fluid during
regional metamorphism in New England where many 1000s km3 of rock experienced
infiltration-driven reactions remains an unsolved problem.

Mass Transport of Na, Ca, and C Isotopes
Two puzzling results of the study lead to additional considerations of mass

transport of Na and Ca and of C isotopes during regional metamorphism.
Intergranular Na-Ca interdiffusion.—Two irregularities in the estimated modes and

mineral compositions prior to reactions (2) and (3) point to possible Na-Ca-
metasomatism during metamorphism of the adjacent layer pairs of carbonate rock
from Maine. First, for three of the pairs (TP-29, TP-47, BB1), calculated Pl composition
prior to reaction in the layer with higher �2 is impossible (Xan

o �0), although Xan
o in only

one sample is statistically different from 0 given the uncertainties in measured Pl
modes. Second, estimated Xan

o in every member with lower �2 of the analyzed adjacent
pairs of layers is surprisingly large (fig. 17A; up to 0.51). The large value of Xan

o cannot
be easily explained by isochemical metamorphism because equivalent rocks at lower
grades contain albite (Xan�0.1), and no prograde reactions are observed at lower
grades that produced the CaAl2Si2O8 component of Pl without Bt or Chl. Both
irregularities can be explained by Ca-Na exchange at the cm- to dm-scale between
adjacent layers and subsequent Pl-fluid reaction:

CaAl2Si2O8 � 4 SiO2 � 2 Na � 2 NaAlSi3O8 � Ca (7)

(speciation of Na and Ca in the fluid is irrelevant to the discussion and is chosen
arbitrarily). When the member with higher �2 of an adjacent pair of layers started
reaction (2) first, as was typically the case (fig. 19), the increase in Xan locally drove
reaction (7) forward, which, in turn drove Ca-Na exchange between the adjacent
layers. As Ca and Na transport proceeded, reaction (7) was driven forward in the layer
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with higher �2 (producing Pl with lower Xan than it otherwise would have) while
reaction (7) was driven in reverse in the layer with lower �2 (producing Pl with higher
Xan than it otherwise would have). Exchange of Ca and Na between adjacent layers,
coupled with reaction (7), thus can explain the anomalously high calculated Xan

o in the
layers with lower �2, the negative calculated Xan

o in some layers with higher �2, and the
complicated chemical zoning in Pl. Significantly, the effect of reaction (7) on the
layers with higher �2 is the same as increasing the amount of Pl prior to reaction and
lowering Xan

o , causing reaction (2) to proceed further than it would otherwise (fig.
16A). The complementary effect of reaction (7) on the layers with lower �2 is the same
as decreasing the initial amount of Pl and raising Xan

o , inhibiting progress of reaction
(2). The Ca-Na exchange between adjacent layers is an additional process that in part
can explain the difference in �2 between adjacent pairs of layers. Reaction (7) may have
also occurred in the Waits River Formation, but the evidence is not as conclusive. A
quantitative analysis of the effect of reaction (7) on progress of reactions (2) and (3)
could not be made in an uncontrived fashion without additional data to constrain the
amount and scale of Na and Ca transport.

Intracrystalline 13C-12C interdiffusion.—Values of �18OCal are uniform within error of
measurement over �50-100 cm across entire layers of marl in pelitic schist at location
21-35 of the Waits River Formation, Vermont, while values of �13CCal can differ over a
distance �5 cm (figs. 9 and 10). Similarly, measured �18OCal is uniform over distances
on the order of �100 cm across layering in marls from locations 21-21 and 21-32 of the
Waits River Formation (figs. 8 and 11), while measured �13CCal is not uniform even
over distances across layering as small as 9 cm (fig. 6). Considering the carbonate
contents of rocks (table 1) and XCO2

of fluid (table 5) involved, a comparison of the
characteristic diffusion distances for �18O and �13C using equation (1) of Bickle and
others (1997) predicts that the distance over which �13CCal is homogenized by
intergranular diffusion should be 0.5 to 1.1 times the corresponding distance for
�18OCal (�50-100 cm). Direct measurement, however, indicates that the distance for
�13CCal homogenization is much smaller (figs. 6, 7, 9, and 10). Equation (1) of Bickle
and others (1997) assumes mass transport controlled by intergranular diffusion with
intracrystalline diffusion of isotopic tracers fast in comparison to the time scale of
intergranular diffusion. A simple explanation of diffusion distances for �13C that are
smaller than expected therefore is that �13CCal failed to fully homogenize by intracrys-
talline diffusion at the time scale of metamorphism.

Prediction of intracrystalline homogenization of �18OCal but not of �13CCal during
regional metamorphism is confirmed by measurements of the intracrystalline diffu-
sion coefficients for C and O isotopes in calcite (Farver, 1994; Labotka and others,
2000). Using data for “wet” diffusion of O (C isotope diffusion appears independent of
XCO2

of coexisting fluid), the Dodson (1973) closure temperature (Tc) for a spherical
calcite crystal with a representative 200 �m radius cooling at a rate of 20°C/My
(appropriate for regional metamorphism), is 350°C for O isotopes and 540°C for C
isotopes. The Tc for C isotopes is comparable to T recorded by mineral equilibria
at locations 21-21, 21-32, and 21-35 in the Waits River Formation (500 – 550°C)
while Tc for O isotopes is significantly below it. Slow intracrystalline C-isotope diffusion
thus likely explains why the behavior of �13CCal in this study as a proxy for �13Cfluid
seems to be aberrant in comparison to the behavior of �18OCal as a proxy for
�18Ofluid (figs. 6 – 12).
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Appendix
Activity-composition relations for plagioclase solid solutions were derived from experiments by Goldsmith

(1982) on the equilibrium among zoisite, kyanite, quartz, plagioclase solid solution, and H2O fluid. Experiments
determined the stability of zoisite  kyanite  quartz versus plagioclase  fluid as a function of P, T, and
plagioclase composition. Although most experiments were synthesis experiments, Goldsmith verified that results
obtained by several true reversals were the same. Given the reported values of P, T and Xan, each of Goldsmith’s
successful experiments can be used with Berman’s (1988, updated June, 1992) thermodynamic database to
calculate either an upper or lower bound on aan (Carpenter and Ferry, 1984). Only experiments at 8, 9, and 10
kbar were considered. Additional experiments at 10.7 kbar in some cases are complicated by partial melting, and
they do not span the entire plagioclase composition coordinate. Calculated results for all experiments at 8 to 10
kbar and 400 to 730°C (fig. 5) are consistent with a simple empirical representation within experimental error of
the measurement of plagioclase composition (	0.02Xan). A three-part subdivision of the aan-Xan relations follows
Orville (1972). For 0.1�Xan�0.421, upper and lower bounds on aan are separated by a quadratic curve based on a
visual fit to the data. For 0.421�Xan�0.975, aan 
 0.975 correctly separates upper and lower bounds within
	0.025aan (considering that values of aan�1 are impossible). For Xan�0.975, Raoult’s Law is assumed. Activity-
composition relations for Xan�0.1 are not specified, but they must follow Henry’s Law at some sufficiently low
value of Xan. The implied limited dependence of the aan-Xan relations on P and T is firmly based on Goldsmith’s
experimental data. For example, the change from aan as a function of Xan to constant aan 
 0.975 occurs in the
experimental data over a range of P and T (615°C at 8 kbar; 665°C at 9 kbar; 715°C at10 kbar) but at the same
Xan � 0.42.
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