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ABSTRACT. Evidence for mass and volume changes attending the
Barrovian (chlorite to kyanite zone) metamorphism of aluminous pel-
ites of the Wepawaug Schist, Connecticut, is examined using a petro-
logic mass balance af)Proach that takes full account of the closure
problem and the multivariate nature of compositional data. Quartz
veins are not included in the analysis so that mass and volume changes
in aluminous pelite can be effectively isolated and quantified. Statistical
analysis and regional mapping of chemistry and density variations
strongly suggest that the Pll)nysicochemical properties of the pelites are
correlated with geographic position and metamorphic grade. The na-
ture and degree of the variations indicate that they are the result of
metamorphism, not sedimentary or diagenetic processes. The concen-
tration systematics of relatively “immobile” low solubility elements (for
example, Ti, Zr, and Nb) are consistent with the hypothesis that the
garnet, staurolite, and kyanite zone pelites had initial (protolith) compo-
sitions that were comparable to those of the presently exposed chlorite
and biotite zone rocks.

Mass balance analysis strongly suggests that metamorphism led to
significant mass and volume changes over minimum length scales on
the order of typical hand sample dimensions. The average degree of
physicochemical change increases in a general way with metamorphic
¥rade. Avera§e total mass change estimates, computed relative to the

ow-grade chlorite and biotite zone rocks using a Ti reference frame,
are —10 = 9 percent, —19 * 6 percent, and —23 * 6 percent for the
garnet, staurolite, and kyanite zone pelites, respectively (+20; negative
values indicate mass loss). A diverse spectrum of elements were appar-
ently mobile during metamorphism. S1 was lost from upper greenschist
and amphibolite facies 1pelites; average silica mass change values are
—15%]7 percent, —32*}" percent, and —38*} percent for the garnet,
staurolite, and kyanite zones, respectively (*20). P was lost from
kyanite zone pelites, and Na was lost from the amphibolite facies
pelites. On average, Mn and Zn were added to staurolite and kyanite
zone pelites, and K and Ba were added to staurolite zone pelites.
Amphibolite facies pelites may have lost some Ca and Sr, but the
analysis is complicated by protolith heterogeneity. The grain densit

(rock density on a Eorosity- ree basis) of the pelites increases systemati-
cally as metamorphic grade increases. The mass loss and grain densit

increases are interpreted to have caused significant decreases in vol-
ume. Estimates of average volume change for the garnet, staurolite, and
kyanite zone pelites are —12 * 10 percent, —22 *+ 6 percent, and —28 *
6 percent, respectively (+20), relative to the chlorite and biotite zone
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rocks. The degree of mass transfer and volume change was variable
within individual outcrops.

The results of this study indicate that significant, heretofore unrec-
ognized changes in the composition and volume of aluminous pelite
may occur during Barrovian style metamorphism.

INTRODUCTION

Regional metamorphic terranes develop as dynamic hydrothermal
systems in which fluid flow plays an active role in driving mineral
reactions and transporting heat (Garlick and Epstein, 1966; Rye and
others, 1976; Rumble and others, 1982; Tracy and others, 1983; Bickle
and McKenzie, 1987; Brady, 1988; Chamberlain and Rumble, 1988;
Hoisch, 1991; Symmes and Ferry, 1991; Ferry, 1992). Major fluid move-
ment will also have the potential to produce widespread metasomatic
alteration of rocks owing to solute transport by the processes of advection,
hydrodynamic dispersion, and diffusion. However, metasomatism during
regional metamorphism has received surprisingly little attention in re-
cent years, even though a number of studies provide strong evidence of
fluid-driven mass transfer of major and trace elements in a diverse
spectrum of crustal processes. Examples include: (1) shear zone develop-
ment (Beach, 1976; Kerrich and others, 1980; Sinha and others, 1986;
O’Hara and Blackburn, 1989; Dipple and Ferry, 1992); (2) subduction
(Sorenson, 1988; Bebout and Barton, 1989; Philippot and Selverstone,
1991); (3) seafloor hydrothermal alteration of basalt (Wood, Sibson, and
Thompson, 1976); (4) granulite facies metamorphism (Bridgwater and
others, 1989); and (5) fluid-rock interactions involving metacarbonates
(Orville, 1969; Vidale and Hewitt, 1973; Thompson, 1975; Ferry, 1982;
Tracy and others, 1983; Leger and Ferry, 1993).

Although mass transfer processes may operate in a number of
regional metamorphic settings, the role of metasomatism during typical
“Barrovian” style metamorphism of pelitic rocks remains highly contro-
versial and largely unexplored. The ubiquitous presence of syn-
metamorphic quartz veins in pelitic terranes demonstrates unequivocally
that mass transfer of rock-forming elements does occur during Barrovian
metamorphism (Vidale, 1974; Walther and Orville, 1982). Nonetheless,
except for the loss of volatiles and the movement of certain trace ele-
ments, the regional metamorphism of pelitic rocks has been traditionally
regarded as an isochemical process (Shaw, 1956; Butler, 1965; Ronov
Migdisov, and Lobach-Zhuchenko, 1977; Yardley, 1977, 1986; Ferry,
1982; Haack and others, 1986; Wood and Walther, 1986; Moss and
others, 1992). In contrast to this view, Ague (1991) has presented
geochemical evidence for major mass loss of silica and mobility of alkali
and alkaline earth elements as a result of metamorphic processes opera-
tive in the greenschist and amphibolite facies. Mass balance relations
strongly suggest that the average pelitic rock may lose 20 to 30 percent of
its mass and volume during metamorphism to amphibolite facies condi-
tions (Ague, 1991). Furthermore, large mass losses have been inferred to
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occur during penetrative cleavage development in pelitic and siliciclastic
rocks (Wright and Platt, 1982; Erslev and Mann, 1984; Bell, 1985;
Beutner and Charles, 1985; Henderson, Wright, and Henderson, 1988),
although considerable disagreement exists over the amounts, scales, and
processes of deformation-related mass transfer (Wintsch, Kvale, and
Kisch, 1991).

The possible occurrence of widespread mass transfer during re-
gional metamorphism has fundamental implications for the physicochemi-
cal evolution of the crust. Chemical alteration of rocks will influence
directly the mineral reactions that may take place during burial and
uplift. As shown by Hosheck (1967), the index minerals chloritoid and
staurolite only grow in a restricted range of bulk compositions, character-
ized by low molar (Ca + Na + K)/Al. Metasomatic modifications of bulk-
rock chemistry involving alkali transport during metamorphism could,
therefore, provide potentially powerful constraints on the development
of key index minerals in orogenic belts (Phillips, 1988). Changes in
volume due either to fluid-driven mass influx or outflow must be known
in order to clarify strain partitioning in mountain belts. Furthermore, itis
essential to quantify metasomatic volume changes before the reaction
progress approach (Brimhall, 1979; Ferry, 1983; Ferry and Dipple,
1991) can be used to calculate fluid fluxes, heat budgets, and directions of
fluid motion relative to temperature and pressure gradients. Metamor-
phic mass transfer may also exert profound controls on the major and
trace element composition of magmas derived ultimately from partial
melting during orogenesis.

In order to obtain a better understanding of the nature and magni-
tudes of metasomatic mass and volume change that may occur during the
regional metamorphism of pelites, a petrologic mass balance study of the
Wepawaug Schist, a classic Barrovian terrane in southern New England,
has been carried out. In the first part of this paper, a general overview of
the geologic history and mineralogy of the Wepawaug Schist is pre-
sented. The mass balance approach to metasomatic problems is then
discussed. Because many previous mass balance studies have been com-
promised by the fact that compositional data are inherently multivariate
and subject to closure (Chayes, 1960; Aitchison, 1986), special emphasis is
placed on the statistical methods required to analyze quantitatively
compositional data sets. Finally, variations in the chemical compositions
and bulk grain densities of the schists as functions of metamorphic grade
and geographic position are investigated, and metasomatic changes in
composition and volume are quantified. Future papers in this series will
be devoted to determining the role that metasomatism may play in the
mineralogical evolution of pelites and the processes of local and regional
scale mass transfer.

GEOLOGIC RELATIONS
Overview.—The Wepawaug Schist lies within the Orange-Milford
belt of the Connecticut Valley Synclinorium (Rodgers, 1985) (fig. 1). The
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synclinorium is composed primarily of Middle to Early Paleozoic (350-
500 Ma) metasedimentary and metaigneous rocks whose protoliths are
interpreted to have formed in the lapetus ocean basin. Fritts (1962a, b,
1963, 1965a, b) carried out the first petrologic studies and detailed
mapping in the Wepawaug and surrounding areas. Typical chlorite zone
outcrops of the Wepawaug are composed of ~70 volume percent pelite
and ~ 30 volume percent massive metasandstone and massive metasilt-
stone. The pelitic units can be easily distinguished from the metasand-
stones and metasiltstones in the field at all metamorphic grades (fig. 2).
In addition, the formation contains ~ 1 percent impure marble (Hewitt,
1973; Palin and Rye, 1992) and dispersed intrusive and extrusive igneous
rocks of broadly tonalitic composition (Fritts, 1962a, b, 1963, 1965a).
Metamorphism of the Orange-Milford belt sequence is thought to be
primarily the result of the Acadian orogeny (Palin and Seidemann, 1990;
Lanzirotti and Hanson, 1992). The most striking metamorphic feature of
the Wepawaug is the east-to-west progression of Barrovian zone isograds
across the Formation (Fritts, 1963, 1965a, b) (fig. 3). Metamorphic grade
increases from chlorite zone in the east to kyanite zone in the west.
“Peak” metamorphic temperatures ranged from ~400°C in the chlorite
zone to ~650° in the kyanite zone, and “peak” pressures were 0.7 to 0.9
GPa throughout the field area (Ague, 1994). The marbles of the
Wepawaug Schist have been the focus of several comprehensive petro-
logic and stable isotopic studies (Hewitt, 1973; Tracy and others, 1983;
Palin, ms; Palin and Rye, 1992), but the pelites have received consider-
ably less attention.

Prograde mineralogy.—The mineral assemblages that grew during
metamorphism correspond to those in the classical Barrovian sequence
(Barrow, 1893, 1912; Harte and Hudson, 1979; McLellan, 1985). Chlo-
rite zone pelites (phyllites) are characterized by the following assemblage:

Quartz + muscovite + chlorite + albite

+ ankerite * calcite + Mn-rich garnet.

The minerals have been listed in the approximate order of decreasing
abundance. The garnets occur sporadically, are small (~0.5-2.0 mm),
and have spessartine mole fractions in the range of 0.16 to 0.20 (mineral
chemistry is presented in detail in Ague II, this journal, November,
1994). Both rutile and ilmenite may be present. Biotite zone assemblages
are similar; biotite occurs intimately intergrown with muscovite and
chlorite.

The garnet isograd is mapped here on the basis of the first field
occurrence of garnets that are large enough to be easily discerned by the
naked eye (2-10 mm). The rims of the garnets contain significantly more
almandine component and less spessartine than the garnets in the
lower-grade rocks. The typical garnet zone assemblage is:

Quartz + muscovite + biotite + oligoclase + garnet *+ chlorite.
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Fig. 1. Generalized geologic map of the Orange-Milford belt of south-central Connecti-
cut, modified from Fritts (1962b, 1963, 1965a,b), Dieterich (ms), and Rodgers (1985). WS:
axis of the Wepawaug syncline based on the work of Fritts (1965a), Dieterich (ms), and A§ue
(unpublished mapping). MF: Mixville fault. Dip-slip displacements on this fault, quantified
from observations of Mesozoic rocks to the north ()Fthe Wepawaug Schist, are small (~ 100
m; Fritts, 1965a). The position of the Orange-Milford belt (OMB) in the Connecticut Valley
Synclinorium (CVS) is shown on the inset location map.
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Fig. 3. Sample locations. Isograd positions modified from Fritts (1963, 1965a, b) based
on field mapping by Ague (5/90-1/93). All samples belong to sample set JAW.
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facies pelites, staurolite, and, at appropriate metamorphic grade, kyanite
porphyroblasts tend to be concentrated in ~1-10 cm wide zones adja-
cent to quartz veins.

With respect to accessory phases, sulfides, zircon, apatite, monazite,
and metamorphosed organic matter are widespread in the pelites at all
metamorphic grades. Chlorite zone rocks contain pyrite, whereas higher
grade rocks contain pyrrhotite (sometimes altered to pyrite along cracks).
Traces of chalcopyrite have been found in some staurolite and kyanite
zone samples.

MASS BALANCE APPROACH

In this section, the mass balance equations and statistical methods
required to assess quantitatively metasomatic phenomena are presented
in order to provide a rigorous foundation for interpreting the composi-
tional systematics of the metapelites as a function of metamorphic grade.

A metasomatic process can be defined in a general sense as “. . . any
process involving a change in the bulk composition of the mineral
assemblage” (Thompson, 1959). With respect to the metasomatic alter-
ation of rocks, study of mass transfer associated with veins has been
central to the discipline of economic geology for many decades. In
metamorphic systems, the classical articles of Korzhinski (1950) and
Thompson (1959) laid a firm thermodynamic foundation for the interpre-
tation of metasomatic processes.

For our purposes, two types of chemical element behavior can be
distinguished. “Immobile” or, alternatively, reference or residual species
are those that are not transported into or out of the chemical system of
interest. On the other hand, mobile elements have their chemical poten-
tials fixed outside the system of interest, and, therefore, they can be
transported into or out of this system during alteration.

The mass balance approach is one of the most powerful methods
available for assessing metasomatic changes in rocks. The basic premise
of a mass balance study is to compare the chemical compositions and
physical properties of unaltered rocks, or “protoliths,” with their altered
equivalents in order to obtain information relating to volume changes
and chemical mass transfer. The two fundamental requirements of any
quantitative mass balance study are: (1) the protolith material must be
characterized, and (2) a frame of reference for assessing mass and volume
changes between the protolith and altered states must be established
(Thompson, 1959). Determining gains and losses of mobile elements in
altered rocks relative to the protolith state can be done in terms of: (1)
constant mass of a residual species, (2) a constant volume system, or (3) a
constant mass system. Because cases (2) and (3) would appear to be the
exception rather than the norm during alteration, attention is focused
only on the first case in the following discussion.

Mass balance approaches describing various aspects of metasomatic
mass and volume change have been advanced by a number of workers
over the years, including Emmons (1918), Ridge (1949, 1961), Ramberg
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(1952), Poldervaart (1953), Turner and Verhoogen (1960), Gresens
(1967), Meyer and others (1968), and Grant (1986). The work presented
here is based on the recent formulations of Brimhall and Dietrich (1987)
and Brimhall and others (1988), because they provide simple and direct
constitutive relations between rock physical, chemical, volumetric, and
mechanical properties in metasomatic systems.

The appropriate mass balance equations for determining rock mass
changes, mobile element mass changes, and volume strain are summa-
rized briefly here. Detailed derivations are given in app. A. A primary
goal of the derivations was to arrive at final mass balance expressions that
were amenable to statistical analysis.

Total rock mass change determined using a reference species i,
defined here as T; (Ague, 1991), is given by:

Final Mass — Initial Mass C?
! Initial Mass B L

c ()
where C? and C/ are the initial (protolith) and final (altered state) concen-
trations (for example, wt percents) of {. Negative and positive T; values
denote mass loss and mass gain, respectively. For example, a T; value of
—0.5 means that 50 percent of the rock mass was lost during alteration.
Residual enrichment or dilution of ¢ results from the net removal or
addition of mobile species, respectively. The concentration of i changes as a
result of metasomatism because of closure (all components in the compo-
sition must sum to 100 percent), but the mass of i remains unchanged.

Changes in the masses of individual mobile species j can be deter-
mined using the transport function 7 of Brimhall and others (1988). As
discussed by Ague (1991), the mass change of j computed using the
reference species ¢, denoted as 7/, can be written as:

| Final Mass j — Initial Mass j G\ (C]
Tl = — - =|l=1l=]-1[ (2)
Initial Mass j C c

The advantage of characterizing metasomatic behavior using the trans-
port function is that there are no assumptions about local fluid-rock
equilibrium, fluid-rock ratios, time-integrated fluid-fluxes, or elemental
fluid-rock distribution coefficients inherent in the calculations.

Volume strain computed on the basis of a reference species 7,
denoted as ¢;, is given by (Brimhall and Dietrich, 1987; Brimhall and
others, 1988):

_ | Final Volume — Initial Volume Co\ [P} [(1 —n°) 5

G = Initial Volume —\C pg/\1 —n') R S
where p; and py are the initial and final grain densities (rock density on a
p0r051ty -free basis), and n° and n’ are the initial and final rock porosities,




998  J. J. Ague—Mass transfer during Barrovian metamorphism of pelites,

respectively. As discussed in app. A, (1 —n“)/(1 —n’) will be ~1 for
regionally metamorphosed pelites and can safely be neglected.

Statistical treatment of compositional data.—Because protoliths are het-
erogeneous, and altered rocks may undergo different degrees of metaso-
matism, uncertainties in calculated mass balance results should be given.
However, the application of statistical techniques is complicated by the
fact that compositional data are inherently multivariate and subject to
closure such that the sum of all components in the composition must be
one. Until the recent work of Aitchison (1986), no clear-cut methods of
dealing with these complications were available. Fortunately, rigorous
statistical treatments of compositional data sets are now possible, largely
because Aitchison (1986) made the important realization that multivari-
ate statistical methods can be applied to compositional data, if the data
are cast in terms of appropriate logratios. In this section, we will examine
how Aitchison’s (1986) novel statistical approach can be used to analyze
mass balance problems.

Many standard statistical concepts (for example, the average) cannot
be used directly with compositional data if the unit-sum constraint
(closure) and the multivariate nature of the data are not taken into
account. The key to the closure problem is that the statistical analysis of
compositions must focus on the ratios of components in a composition,
not the absolute values of each component (Chayes 1960; Aitchison,
1986; Nicholls, 1988). A composition provides information only about
the relative magnitudes of its components.

A number of difhculties are encountered, however, when dealing
with the statistics of ratio data (Spiegel, 1961, p. 60; Aitchison, 1986;
Woronow and Love, 1990). For example, ratios of the concentrations of
two species, such as C;/Cj, are generally not normally distributed, and the
variance of C;/C; is not precnsely related to the variance of C;/C,. Aitchison
(1986) has shown that these and other difliculties are largely overcome by
considering the means and variances of the logarithms of the ratios,
rather than the means and variances of the ratios themselves. For a
compositional data set of N composm()m each compnsmg D individual
constituents, the logratio mean, ; ;, and variance, §7, for the constituents

1y [’
iandj can be expressed as:

N
g, =N [2 In (C,,/C,p) )
and,
$2 =N - 1) E [In (C,)/C;)) = E, )2 (5)

Aitchison (1986, 1990) showed how the E,/ and s values for a given
problem may be cast into a “compositional variation array "which summa-
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rizes compositional variability in terms of the mean logratios and their
covariance structure. Woronow and Love (1990) discussed why the ratios
of concentrations will tend to have lognormal distributions.

Turning first to the problem of computing a mean composition,
Aitchison (1989) showed that the E;; values for a given data set can be
transformed into a measure of location free from the pathologies of the
closure problem. This mean composition vector, herein referred to as the
Aitchison measure of location, 1, is given by:

n (g]’gQ"‘ . ’gD)
n=——,

2 &n

m=

(6)

where g,, denotes the geometric mean concentration of constituent m:

N
gn = exp [N' > In (Cm,i):|~ o
=1

Thus, the Aitchison measure of location (or AML) is an average composi-
tion formed from the geometric means of all components in the composi-
tion by the process of closure. It should be pointed out that even if the
underlying distribution of a given variable is normal (gaussian), calcula-
tion of the “average” and dispersion using the geometric mean and its
associated standard deviation is generally acceptable (Gaddum, 1945).
For example, a normal distribution with an arithmetic mean of 10 and a
sample standard deviation of 1 has a geometric mean of 9.95 and
corresponding standard deviation limits of +1.06 and —0.96. Therefore,
geometric means are suitable for a broad spectrum of statistical analyses.

In cases where there is substantial curvature to the compositional
data set (Aitchison, 1989), or when the amount of variability in the
compositional data set is large, the AML will be clearly superior to the
conventional arithmetic mean. In situations where the amount of compo-
sitional variability is small, however, the AML and the conventional
arithmetic mean may be quite similar. Although it is possible to use the
conventional arithmetic mean under some circumstances, the reader
should bear in mind that, in the strict sense, the means and variances of
raw compositional proportions have no direct interpretive value (Aitchi-
son, 1989).

Evaluation of the mean and dispersion of 7/, T;, and ¢; values must
also be carried out using ratios in a multivariate way. With respect to the
transport function, the first step is to recast eq (2) as:

(e e
-[(EE) -]

T
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so that statistical analysis based on logratio-means (Woronow and Love,
1990) can be done. The logratio-means are given by:

N°
= Nn I 2 ln (Co[/cn ) (9)
and,
1\/’
E;=M*gpnwman (10)

where N° and N’ are the numbers of samples representing the protolith
and altered states, respectively. The standard deviation on E}, (standard
error) is then:

‘ :Vll - ( 1/2

6?,} —_ N“—I/z (Nu _ 1)—] 2 [ln ((w /C ) _ —«;']] (11)
The standard error associated with = s Glis 1s computed in the same
fashion. By analogy with eq (8), the average, or “most probable,” 4/ value
computed using logratio-means is:

= exp (B, + 5, = op,) — 1, (12)

where oy 15 the total standard error associated w1th the sum of 5 57 and
2j,, estimated by adding the individual 6, and 6, terms in quadrature:

o = [(67)% + (67" (13)

The calculation of o7, 1s based on the reasonable assumption that 67; and
are independent random variables. ’

A new bootstrap statistical technique has been devised to evaluate the
standard deviation on the average 7T, and ¢, for a group of samples. The
average T, value, T;, can be computed easily by:

]I

. Cn

T,=\= 1), (14)
C;
where the C; terms denote mean values calculated using the AML.
Because uncertainties in the numerator and denominator in the concen-
tration ratio term are not readily computable, it is best to assess uncertain-
ties in 7} using non- parametric bootstrap techniques. Non-parametric
techniques are powerful in that they do not require specific statistical
model assumptions (Efron, 1982). Bootstrap methods are based on
repeated resampling of the original data sets so as to form a large number
of hypothetical data sets, or “bootstrap samples.” The resampling is done
with replacement such that each observation may occur more than once
in a given bootstrap sample. The statistic of interest, 8, is then calculated
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using each bootstrap sample in order to produce a large number of
“replicates,” 8*. In the case of estimating standard deviations on T;
values, the calculations are carried out according to the following Monte
Carlo algorithm. First, bootstrap sample composition vectors are
constructed from the set of protolith and altered rock compositions.
Second, the C?* and C’* values for the bootstrap samples are computed
using the AML. Third, 6% is calculated as:

N o
p* =|—"—|- 1. (15)

c*
The above steps are independently repeated a large number (typically
~5000) B of times so as to construct the replicates 8*!, %2, ... 0*8. The

standard deviation on 6, y,,, can then be evaluated by:

B . 172
Gpoor = [(3 1) (8% - 9*')2] , (16)
h=1
where 8* denotes the average:

B
f* =B-1 Y §*. (17)

) ce
Tz = P 1)+ &bnot' (18)
o

The frequency distributions of the 6* values for the rock suites studied
herein are normal, or very nearly so, which justifies the use of the
arithmetic mean in eqs (16) and (17). The small downward bias in
bootstrap standard deviation estimates was eliminated by using bootstrap
samples containing N — 1 observations, where N is the original number of
observations in the data set (see Efron, 1982, p. 62).

A fully analogous procedure can be used to estimate uncertainties on
the mean volume strain. The appropriate 8* statistic is (compare eq 3):

. Co* "0*
0* = ol Bl B 19
C* pg* {19

where the " symbol over the density terms denotes averaging. In prac-
tice, it has been found that the arithmetic mean is adequate for computa-
tion of mean densities. Because p, is closely related to bulk-rock composi-
tion, the rock samples used in computing p3* for a given replicate must be
the same as those used to calculate the corresponding C7*. The computa-
tion of p* and C * yalues must be handled in the same fashlon
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One further consideration involves the problem of testing the statis-
tical significance of differences among means of compositional data
suites. Aitchison (1986) discussed techniques appropriate for deciding
whether or not two composition vectors are different from one another.
Woronow and Love (1990) provided a method for isolating the differ-
ences between compositional data suites which has wide applicability in
studies of metasomatism. Briefly, Woronow and Love (1990) pointed out
that the significance tests should focus on the geometric mean ratios of
components, not on the mean values of the components themselves. The
discussion here will assume that a reference species has been identified,
and that it is the final componentinan{ = 1. .. D-part composition. The
key step of the analysis is to construct logratio-mean vectors for the
protolith and altered states with the following general form:

Epoip) (20)

o ey
(Eips Eops -+ - s

For example, for compositions in a ternary system composed of the
components SiOy, MgO, and TiO, in which TiO; is the reference species,
the logratio-mean vector can be written as: (Esio,tio, Zmgo.1i0,)- Stan-
dard methods, such as the parametric ¢-test (Press and others, 1992), can
then be applied in order to detect statistically significant differences
between the E;p * §)p for an altered suite of rocks and the correspond
ing =7, * §},, for the protolith (Woronow and Love, 1990). Similarly, the
F-test can be used to determine if the two distributions have significantly
different variances.

Graphical evaluation of element mobility.—Although the mass balance
equations can be applied easily in an attempt to evaluate mass transfer,
the results are worthless if a reference species has not been properly
identified, or if the protolith material is poorly characterized. In this
section, a simple graphical technique for assessing protolith heterogene-
ity and immobile and mobile element behavior is discussed.

As a starting point, we seek to develop a relationship between any
two reference species ¢ and k in a metasomatic system. Gresens (1967),
Grant (1986), MacLean and Kranidiotis (1987), and Woronow and Love
(1990), among others, have pointed out that during metasomatism, the
ratio C}/C’; must remain constant. From eq (A-4) in app. A it follows that:

0

k
(65

!

Ch=—C" (21)

'

Differentiation with respect to C; yields:
aC, C;
ac, ¢

l

(22)

Therefore, on a plot of C, versus C,, the slope of lines describing residual

enrichment or dilution are given by C;/C;. Although similar equations
have been derived and used elsewhere (Gresens, 1967; Grant, 1986;
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Dipple, Wintsch, and Andrews, 1990), they have not been applied to the
problem of establishing the geochemical reference frame in cases where
significant protolith heterogeneity exists.

As a practical example, a plot of the possible concentrations of two
ideal reference species ¢ and k is illustrated in figure 4A. The field of
protolith compositions is indicated by the ruled circle. The concentra-
tions of 7 and k in altered rocks derived from this protolith must lie in a
wedge-shaped region which has its apex at the origin (fig. 4A). Thus,
residual enrichment or dilution will not be characterized by simple linear
trends in composition space if the protolith material had some initial
variability. Residual enrichment is indicated by compositional arrays
extending to the right of the protolith field, whereas residual dilution
compositional arrays extend to the left of it (fig. 4A). If the protolith has
been incorrectly identified, then it is likely that data arrays formed by the
altered rock compositions will not emanate from the assumed protolith
compositional field (fig. 4A). Eq (22) will hold true for any two mobile
species only under the highly fortuitous circumstances that both have
undergone precisely the same amounts of relative enrichment or dilu-
tion. It is important to point out in this regard that if two species have
undergone different degrees of metasomatic mass change, then the
concentration systematics shown in figure 4A will not hold, thereby
facilitating the identification of metasomatic behavior (fig. 4B).

It should be noted that additional statistical tests, including tests for
subcompositional invariance and subcompositional independence, may
be employed to help establish the geochemical reference frame (Aitchi-
son, 1986; Woronow and Love, 1990). For the particular mass balance
problem at hand, however, the simple graphical techniques discussed
above (fig. 4) have proven to be highly effective.

GEOCHEMISTRY AND DENSITY OF ALUMINOUS PELITE

We now turn to the central question of this study: is the Barrovian
metamorphism of pelitic schist necessarily an isochemical process? Our
first step in addressing this question will be to test the null hypothesis that
the composition of aluminous pelite in the Wepawaug is independent of
metamorphic grade.

Length scales of mass transfer—The length scales of material transport
must be constrained in any mass balance analysis. In this study, the
chemistry and density of ~0.5 to 1.0 kg bulk pelite samples were
determined. Quartz veins were not analyzed; all samples were taken at
least 0.25 cm away from the nearest quartz vein contact. Consequently,
the results presented here provide no direct information about the
maximum length scales of transport and volume change. However, the
minimum length scales must be on the order of typical hand sample
dimensions. This length scale is critical to investigate because virtually the
entire body of modern field-based knowledge regarding metapelite
petrology, including mineral chemistry, P-T-t evolution, and mineral
reactions, is based on the study of hand samples and thin sections.
Attention is focused on the vein-free system in order to isolate and
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quantify eftectively chemical and volumetric changes in aluminous pelite
independently of any assumptions regarding vein formation processes.
Forthcoming papers (including Ague, this journal, November, 1994) will
address more fully the problems of channelized fluid flow and regional
scale physicochemical change in the Wepawaug.

Methods of investigation.—Sampling and limited mapping were under-
taken at 143 field localities. Petrographic observations were made on 125
thin sections cut from 89 rock samples. In addition, macroscopic observa-
tions were made in the field and on over 300 cut rock slabs. Seventy bulk
samples of pelitic rock (fig. 2) from 58 localities were chosen for grain
density and chemical composition determinations on the basis of fresh-
ness and the absence of retrograde metamorphic effects (fig. 3; app. B, C,
and D). The prograde mineralogy of the samples is listed in app. B. In
order to assess chemical variability within outcrops, multiple samples
from several localities were studied. Rock grain densities (p;) were
measured on pulverized samples using a Micromeritics 1305 manual gas
pycnometer at Yale University. The p, measurements are accurate to
within £0.005 g cm™!, based on replicate analyses of a pulverized quartz
standard. Whole-rock major, minor, and trace element chemical analyses
were done using X-ray fluorescence methods by X-ray Assay Laborato-
ries, Ltd., Don Mills, Ontario. The accuracy of the analyses made by this
laboratory has been verified previously (Ferry, 1988), and the long-term
reproducibility of results is documented in app. D.

Chemical behavior consistent with residual enrichment or residual dilu-
tion.—The geochemical reference frame must be rigorously identified if
mass balance analysis is to be successful. Good reference species have: (1)
low total concentrations in metamorphic fluids, and (2) small changes in
concentration with respect to temperature (T) and pressure (P) gradients
along fluid flow paths. Both experimental results and field observations
provide critical constraints on the reference frame. For example, the
experimental results of Ayers and Watson (1991, 1993) indicate that
rutile and zircon solubilities and solubility gradients in the P-T fields
characteristic of greenschist-amphibolite facies metamorphism will be
extremely low for typical water-rich fluid compositions. Significant mobil-
ity of Ti and Zr appears to take place only under the extreme P-T
conditions realized in the deep parts of subduction zones or in halogen-
rich fluids (Philippot and Selverstone, 1991; Ayers and Watson, 1991,
1993). Furthermore, if significant mobility of Ti and Zr took place during
metamorphism, then it is likely that rutile and zircon would have grown
in metasomatic vein structures (Schandl and others, 1990; Zeitler and
others, 1990). However, no primary Ti- or Zr-bearing phases have been
identified in the veins that cut the Wepawaug pelites. In view of the above
evidence, Ti and Zr provide a logical starting point in the search for the
best geochemical reference frame.

Two important observations can be made from the concentration
systematics of Ti and Zr (fig. 5A). First, the Ti and Zr contents of the
chlorite and biotite zone pelites form a tight cluster on figure 5A at
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average concentration levels that are markedly lower than those found in
the higher-grade rocks. Second, the Ti and Zr contents of garnet,
staurolite, and kyanite zone samples form a data array extending to the
right of the chlorite + biotite zone field to Ti and Zr concentrations that
may be as much as ~100 percent greater than those of the average
low-grade pelite. Furthermore, the kyanite zone rocks have the highest
average Ti and Zr contents. Similar chemical relations are evident for Nb,
Ni, Al, Fe, and Mg (fig. 5B-F). The relations shown in figure 5 strongly
suggest that compositional variations in the Wepawaug are correlated
with metamorphic intensity.

The concentration systematics of reference species must be consis-
tent with the residual enrichment/dilution model (abbreviated as “re-
sidual model”) shown in figure 4. This requirement is satisfied for the
arrays of Ti, Zr, Nb, Ni, Al, Fe, and Mg abundances defined by nearly all
of the garnet, staurolite, and kyanite zone samples, under the constraint
that the low-grade chlorite and biotite zone rocks are representative of
the “protolith” (fig. 5). This result holds true regardless of which element
is used as the x-axis variable (the full set of graphs is not shown for
brevity). Consequently, Ti, Zr, Nb, Ni, Al, Fe, and Mg are viable candi-
dates for the geochemical reference frame.

It should be noted that in the following discussion, the chlorite and
biotite zone rocks are grouped together because no significant differ-
ences in composition were found between them, other than minor
differences in volatile content. .

Evidence of element mobility.—The residual model (fg. 4) and E),
values (eq 4) serve as powerful tools for determining if evidence for
element mobility exists in the Wepawaug Schist. For convenience, the
standard of comparison in this effort should be an element whose
chemical behavior is consistent with the requirements for a reference
species. Although any of the elements shown in figure 5 could serve as the
reference, Tiis used here for reasons discussed in detail below.

The geochemical systematics of SiOy, PyOs, and NayO relative to
TiOy are shown in figure 6. The behaviors of Si, P, and Na are grossly
inconsistent with the residual model. In general, SiOy, PyO5, and Na,O
concentrations decrease with increasing TiOy content (fig. 6A, B, and C).

The behavior of Ca is probably inconsistent with the residual model
because there is no discernible positive correlation between TiO, and
CaO for the garnet, staurolite, and kyanite zone pelites (fig. 6D). How-
ever, interpretation is made difficult by the fact that there is a large
variation in CaO/TiOy in the low-grade rocks (CaO/TiO; varies over an
order of magnitude range). The heterogeneity could be due to a number
of factors. For example, because the Ca content of the low-grade pelites is
strongly dependent on modal Ca-carbonate content, small variations in
carbonate mineral abundance can lead to relatively large variations in
whole-rock CaO. Moreover, there is field evidence of very late remobiliza-
tion of calcite into small (millimeter to centimeter scale) vein structures
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associated with kink folding in some of the chlorite zone rocks (Ague,
1994).

MnO-TiOy relations are shown in figure 6E. A sizeable proportion
(~25 percent) of the amphibolite facies rocks have MnO/TiO, ratios
significantly higher than those observed in the chlorite, biotite, and
garnet zones. This fact can be highlighted by constructing a theoretical
residual enrichment/dilution field using the chlorite + biotite zone rocks
as the “protolith” (fig. 6E).

KoO-TiOy relations are illustrated in figure 6F. Many of the samples
are consistent with the residual model, but the KyO/TiOs ratios of the
staurolite zone rocks are, on average, noticeably higher than those of the
other zones.

The geochemical behaviors of the trace elements Rb, Sr, Ba, and Zn
are shown relative to Ti in figure 7. Rb-Ti systematics are generally
consistent with the residual model (fg. 7A). Sr-Ti1and Ba-Ti relations (fig.
7B and C) are similar to those described above for CaO-TiO, and
KoO-TiOy, respectively (compare fig. 6D and F). With respect to Zn,
about ~30 percent of the amphibolite facies rocks have Zn/Ti ratios
significantly higher than those observed in the chlorite, biotite, and
garnet zones (fig. 7D).

While the residual model can be used to ascertain general relations
between elements, it is also instructive to examine the geochemistry of the
“average” chlorite + biotite, garnet, staurolite, and kyanite zone pelite.
Average chemical trends were investigated by examining ; 1;o, values as
functions of metamorphic grade.

Significant major and minor element compositional differences exist
between the various metamorphic zones. For example, Egio,1i0, values
decrease progressively with increasing grade (fig 8A). Kyanite zone rocks
have very low Ep,0, 1i0, (fig- 8B), and staurolite and kyanite zone rocks
have ENaQO,TiO< values markedly lower than the greenschist facies pelites
(fig. 8C). The iarge amount of variability in chlorite + biotite zone pelite
CaO/TiOy makes interpretation of overall trends inA'ECao,Tio2 difficult to
assess. However, although uncertainties are large, Ec,0.1io, values may
decrease slightly from the garnet to the kyanite zone (fig. 8D). Staurolite
and kyanite zone rocks have the highest EMn(),'l‘i02 (fig. 8E). The highest
values ofEKQO‘TiO2 are found in the staurolite zone suite (fig. 8F).

A diverse spectrum of chemical behavior is apparent for the trace
elements Sr, Ba, Zn, and Rb. The systematics of Eg, 1; and Eg,1; (fig. 9A
and B) are similar to those of E¢,0 1i0, and §K2(),1‘i02, respectively (com-
pare fig. 8D and F). Although E,,1; and EMHO;n% relations are also
broadly similar (compare figs. 9C and 8E), the correlation between
In (Zn/Ti) and In MnO/TiO,) is poor (fig. 10). Rocks with elevated
Zn/Ti need not have elevated MnO/TiO, and vice versa. Thus, the
chemical behaviors of Zn and Mn appear to have been decoupled largely
from one another. Finally, Eg,+; values (not illustrated) do not vary
significantly as a function of metamorphic grade.
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In summary, the relations presented above are inconsistent with the
null hypothesis that the chemistry of aluminous Wepawaug pelite is
invariant as a function of metamorphic grade. However, it remains to be
shown that the chemical variations are the result of metamorphic pro-
cesses.

Rock density. —Knowledge of rock density variations is essential for
computing volume strain. In the Wepawaug pelites, p, increases with in-
creasing metamorphic grade (fig. 11). Average p, values for the chlorite +
biotite, garnet, staurolite, and kyanite zones are 2.78 = 0.008, 2.85 +
0.038, 2.89 + 0.026, and 2.95 + 0.042 g cm ™3, respectively (£20).

REGIONAL VARIATIONS IN ALUMINOUS PELITE COMPOSITION AND DENSITY

Mapping of chemical alteration phenomena caused by crustal fluid
transport processes provides perhaps the most critical constraints for
understanding regional flow patterns in hydrothermal systems (Meyer
and others, 1968; Rye and Rye, 1974; Taylor, 1974; Lowell and Guilbert,
1970; Wickham and Taylor, 1985; Chamberlain and Rumble, 1988;
Ferry, 1992). Therefore, surface contour maps of key physicochemical
variations in the Wepawaug Schist were prepared. The maps were
constructed using Precision Visuals Inc. computer subroutines, as dis-
cussed previously by Ague and Brimhall (1988). No smoothing of the
input data sets was performed, and the contour surfaces pass through all
the input data points. In cases where multiple samples from a particular
outcrop were analyzed, results were averaged so that the outcrop could
be represented by a single value for the purposes of contouring. The
contour maps are intended to illustrate general changes in bulk-rock
chemistry and p, as functions of geographic position; they are not meant
to be interpreted as highly precise representations of the full spectrum of
composition and density variations that may occur from one outcrop to
the next in the field. The physicochemical variations illustrated are
independent of any assumptions regarding the protolith or the geochemi-
cal reference frame.

The concentrations of species whose chemical behavior is consistent
with the residual model (Ti and Zr) increase progressively from east-to-
west across the Wepawaug. As an example, contours of TiOy content are
shown in figure 12A. The regional gradients in TiOq content are clearly
related to the pattern of metamorphic isograds such that increases in
TiOg and metamorphic grade are spatially coupled.

The regional variations in grain density (p,) are equally impressive
(fig. 12B). The systematic east-to-west increases in p, in the formation
mirror the east-to-west increases in both the metamorphic grade of the
rocks and the concentrations of residual species such as Ti. These
relationships strongly suggest that there are important links between
metamorphic grade, chemical composition, and physical properties in
the Wepawaug pelites.

Values of In (SiOs/ TiOs), In (PoO5/TiOs), In (Na,O/TiOs), and In (Na/
Al) also vary strongly with geographic position. In general, In (SiOy/
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tary rocks. In table 1, the average low-grade Wepawaug pelite composi-
tion computed from the data given in app. D is shown relative to the
average shale and slate composition computed from the data compiled by
Ague (1991). From inspection, it can be seen that the two averages are
very similar. The most obvious difference is that the Wepawaug rocks
have less CaO than average shale and slate. The close correspondence
between shale and slate and the low-grade Wepawaug pelite composi-
tions strongly suggests that the low-grade Wepawaug rocks retain a
sedimentary/diagenetic chemical signature that has not been severely
modified by metamorphism (with the possible exception of Ca).

TaBLE 1
Low-grade Wepawaug pelite compared to shale and slate

Low-grade Shale and

Wepawaug* Slatet
SiO, 60.34 60.34
TiO, 0.99 0.76
Al O3 18.20 17.05
Fe O3 7.37 7.37
MgO 3.02 2.69
MnO 0.11 0.09
CaO 0.36 1.45
NayO 1.55 1.55
K,O 3.52 3.64
H,O — 4.25
COy — 1.05
LOI 4.42 —

Notes: All Fe as FeoOg. LOI: Loss on ignition.
* Chlorite and biotite zone average computed using the method of Aitchison (1989).
1 Average from Ague (1991).

The compositions of the higher-grade Wepawaug rocks, on the
other hand, may deviate substantially from those of typical shale and
slate. As shown in figure 13A and B, the medium- and high-grade
Wepawaug schists may have extremely low SiOy/TiOg and SiOy/AlyO5—
much lower than typical shales and slates. The most silica-poor We-
pawaug sample has 32.7 wt percent Al;O3, 1.58 wt percent TiOy, and only
38.1 wt percent SiO, (JAW-114A; kyanite zone). In contrast, the vast
majority of shales and slates have Al;O5; and TiOy contents less than about
22 and 1.2 wt percent, respectively, and SiO, contents well in excess of 50
wt percent (compare Pettijohn, 1975; Ague, 1991; Wintsch and others,
1991). The greenschist and amphibolite facies rock compositions com-
piled by Ague (1991) also form a data array which extends to SiOy/Al,O5
and Si0,/TiOy values significantly lower than those of shales and slates
(fig. 13C and D). A sizeable proportion of the higher-grade rocks studied
here and by Ague (1991) apparently have no compositional analogues in
the shale and slate group (fig. 13B, C, and D).

Residual clay-rich soils formed in situ due to severe weathering of
underlying bedrock sometimes have SiQy/TiO, or SiO./Al,O5 ratios
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comparable to the silica-poor compositions of many of the greenschist
and amphibolite facies pelites. However, the prolonged leaching by
meteoric fluids in the near-surface environment required to produce
residual weathering clays results in bulk Na/Al, K/Al, and Ca/Al ratios far
lower than those observed in metapelites (Pettijohn, 1975, p. 280). Fur-
thermore, residual clay-rich soils form as relatively thin layers which
mantle bedrock, in sharp contrast to the regionally extensive, volumi-
nous accumulations of pelitic sediment deposited in sedimentary basins.

The simplest explanation of the Si—Ti—Al relations between shales
and slates and the higher grade rocks is that silica can be removed from
pelites by metamorphic processes which, in turn, results in increases in
the concentrations of the more residual elements Ti and Al (Ague, 1991).
The silica removal may produce SiOy/AlyO5 and SiO/TiOg much lower
than observed at the hand sample scale in typical shales and slates. The
ubiquitous presence of quartz veins in the Wepawaug (Tracy and others,
1983; Ague, 1992; van Haren and others, 1992) and in orogenic belts
worldwide provides clear evidence of silica mobility during regional
metamorphism.

Protolith relations.—The residual model involving low-solubility spe-
cies such as Ti and Zr (figs. 4 and 5) establishes the critical identifying
links between the protolith and the altered rocks derived from it. As
demonstrated above, Ti, Zr, Nb, Ni, Al, Fe, and Mg relations for the
garnet, staurolite, and kyanite zones are consistent with a metasomatic
residual enrichment model in which the low-grade chlorite and biotite
zone pelites represent the protolith (fig. 5). Moreover, the compositional
arrays formed by the garnet, staurolite, and kyanite zone samples ema-
nate directly from the field of chlorite + biotite zone compositions in
figure 5, A to F. This evidence strongly supports the hypothesis that the
higher-grade samples had initial compositions corresponding to the
chlorite + biotite zone rocks. The chlorite + biotite zone rocks have
compositions typical for shale and slate (table 1). Because the concentra-
tions of the residual species increase with increasing grade (compare fig.
4), the prograde metamorphism was almost certainly accompanied by
significant mass loss—consistent with the evidence for major silica loss
summarized in figure 13.

Regional systematics.—Most of the regional variations in key physico-
chemical variables are spatially coupled to the pattern of metamorphic
isograds (fig. 12). A critical test of the hypothesis that the variations are
due to metamorphism is to determine if the isograds cut across the
original sedimentary layering in the sequence. Average attitudes of relict
bedding were measured at a number of localities where pelite-massive
psammite contacts (fig. 2) or pelite-marble contacts could be confidently
identified (fig. 14). The results indicate that throughout the central and
southern portions of the Wepawaug, the regional isograds cut across the
strike of the relict layering at a significant angle (fig. 14). These relations
imply that lithologic units exposed in the low-grade zones have lateral
equivalents extending across the isograds into the high-grade zones. In
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Fig. 14. Average strike of relict bedding (indicated by short lines). Note that in the
central and southern portions of the Wepawaug, the isograds cut across relict bedding at a
significant angle. WS: axis of the Wepawaug syncline (Fritts, 1965a; Dieterich, ms).
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addition, the isograds and the inferred axis of the major fold structure in
the region (the Wepawaug syncline; Fritts, 1965a; Dietrich, ms) are not
parallel (figs. 1 and 14). It is concluded that the observed east-to-west
gradients in rock chemistry and density almost certainly reflect metamor-
phic processes. Regional chemical variations within the chlorite and
biotite zones (fig. 12) are probably due mainly to original protolith
heterogeneity.

Chemical trends in the inferred protolith—Another way to assess the
origins of the compositional changes in the Wepawaug is to examine the
chemical trends in the chlorite + biotite zone rocks. Because these rocks
have an average composition very similar to that of average shale and
slate world-wide (table 1), it is reasonable to make the first-order assump-
tion that their chemical variability is the result of low-temperature
sedimentary or diagenetic processes. If the inferred sedimentary/
diagenetic compositional trends differ from those observed in the higher-
grade rocks, then it is logical to conclude that the higher-grade rocks
were altered by metamorphic processes.

S10,/Ti0y is 2 convenient reference variable for two reasons. First, it
decreases dramatically with metamorphic grade (fig. 8A). Second, the
chlorite + biotite zone rocks cover a fairly broad spectrum of SiOy/TiO,
values. For example, SiOy content ranges from about 52 to 67 wt percent
(app. D). Thus, the slope of compositional trends as a function of primary
(sedimentary/diagenetic) silica content should be easily observable. Con-
sider the In (Nay,O/TiO,) versus In (SiOy/TiOy) relations of figure 15A.
From figure 8A and C it follows that if the observed decreases in
NayO/TiOg in the high-grade rocks were the result of sedimentary
processes, then In (NayO/TiOy) and In (SiOy/TiOy) should be positively
correlated in the chlorite + biotite zone group. However, this is not the
case—In (NayO/TiOs) is virtually invariant as a function of In (SiOy/
TiOy). The same is true for In (Na/Al) versus In (S5iOy/TiOy) (fig. 15B).
Chlorite + biotite zone geochemical trends for the other elements that
display evidence of mobility at higher grades (P, Ca, Mn, K, Sr, Ba, Zn)
are shown in figures 15 and 16. In all cases, systematic trends in
In (j/TiOg) (j = a given mobile element) as a function of In (Si09/TiOy)
are not evident.

In terms of the reference species ¢ identified previously, most have
In (1/TiQy) values that are invariant as a function of In (S10,/TiOy).
Zirconium, however, is a notable exception. In (Zr/Ti) appears to increase
with increasing In (SiOy/TiOy) (fig. 16D). This behavior is in contrast to
the relations summarized above (fig. 5A), where it was shown that Zr and
Ti concentrations both increase according to the residual model with
increasing grade (and decreasing average SiOy/ TiQy).

The above relations indicate that the bulk of the compositional
variations in the chlorite + biotite zone rocks are simply the result of
variations in silica content. The variations are probably directly related to
the detrital quartz content of the original sediments. In addition, the
most siliceous pelitic sediments were apparently enriched in Zr. The



1034 J. J. Ague—Mass transfer during Barrovian metamorphism of pelites,

trends of chemical variation defined by the higher-grade pelites involve a
broad spectrum of elements besides Si and are therefore inconsistent
with the chemical signature of sedimentary/diagenetic processes pre-
served in the low-grade pelites.

Summary.—The following four lines of evidence support the hypoth-
esis that the observed variations in rock composition are the result of
metamorphism. First, upper greenschist and amphibolite facies pelites
may have SiO/TiOy and SiOy/AlyO5 values far lower than observed in
the vast majority of shales and slates. Second, Ti, Zr, Nb, Ni, Al, Fe, and
Mg relations for the garnet, staurolite, and kyanite zones are consistent
with a metasomatic residual enrichment model in which the low-grade
chlorite and biotite zone pelites represent the protolith. Third, regional
scale gradients in key physicochemical variables are spatially correlated
with the pattern of Barrovian isograds, not the pre-existing sedimentary
layering in the sequence. Finally, the chemical trends that resulted from
sedimentary or diagenetic processes, as inferred from the low-grade
chlorite and biotite zone rocks, are inconsistent with the observed changes
in rock composition as a function of metamorphic grade.

ESTIMATION OF MASS AND VOLUME CHANGES

Quantitative estimation of mass and volume changes requires knowl-
edge of the protolith composition and the geochemical reference frame.
Based on the full body of evidence presented above, we will make the
reasonable assumptions that protolith composition is represented by the
chlorite + biotite zone rocks, and that low-solubility species such as Ti
and Zr form a geochemical reference frame. Ti is used as the reference
because: (1) its relative immobility has been documented experimentally
(Ayers and Watson, 1993), and (2) compared to the other residual
species, it has the lowest relative compositional variability in the low-
grade chlorite + biotite zone rocks.

Mass changes.—Mass changes resulting from metasomatism were
estimated using the statistical mass balance formulation presented above.
The calculation results strongly suggest that significant decreases in
aluminous pelite mass accompanied progressive metamorphism (table
2). Total mass loss estimates increase systematically from the garnet to the
kyanite zones, such that kyanite zone pelites are inferred to have lost, on
average, ~ 23 percent of their mass, relative to the low-grade protolith.
This amount of mass loss is comparable to that calculated by Ague (1991)
for the “average” pelite undergoing metamorphism to amphibolite facies
conditions. Volatile loss can account for only several percent of the total
mass change that occurred at high metamorphic grades. Mass transfer of
rock-forming constituents other than volatiles was the primary cause of
the major changes in mass.

The mass change estimates for individual mobile constituents are
also given in table 2. The diverse spectrum of elements that were mobile
during metamorphism is striking. The most obvious chemical change is
the progressive loss of silica as a function of increasing metamorphic
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TABLE 2
Average mass changes

Garnet Zone Staurolite Zone Kyanite Zone
Rock Mass —10 %= 9% 19+ 6% 23+ 6%
s -1 Tl =52 oy o
P + oon -9 1 o gy
Na 2 Lo =55 L5 =5 Do
Mn 2 Lo o Tiiw % 3
zn =iz 5y 1o 19 15
‘ B R B
. SR P
-
- i

Notes: Percentage mass changes computed relative to chlorite + biotite zone protolith using
a Ti reference frame, unless otherwise noted. Underlined italic type indicates that the mass
changes are statistically significant at the 95 percent (or greater) confidence level; plain type
indicates that the mass changes are not statistically significant. Significance tests were done
using Student’s (-tests (Press and others, 1992, p. 615-619). Na results do not include
JAW-41, because this sample has an anomalously low Na/Ti ratio. Uncertainties are +2g.

* Mass changes computed relative to garnet zone.

intensity. Considerable losses of P and Na also occurred at high metamor-
phic grades. On average, Mn and Zn were added to amphibolite facies
pelites, and K and Ba were added to staurolite zone schists. Mass loss of
Ca and Sr may have occurred in the amphibolite facies pelites, but the
analysis is complicated by protolith heterogeneity.

The results of the quantitative mass balance analysis lead to the
surprising conclusion that the bulk of the total rock mass change was due
to loss of silica, not volatiles, from the schists. The correspondence
between estimates of total rock mass change and silica loss is illustrated in
figure 17. It could be argued that the Wepawaug pelites are somehow
unusual in that they have suffered mass changes far greater than “nor-
mal” for rocks undergoing progressive Barrovian zone metamorphism.
This is not the case, however, as illustrated in figure 13. The Wepawaug
pelites have In (SiOy/TiOy) and In (SiOy/AlyOs3) values perfectly analo-
gous to those of metamorphosed pelites from around the world. I
conclude that the loss of silica that accompanied the metamorphism of
the Wepawaug pelites was due to processes that operated in other
Barrovian zone terranes worldwide.
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Fig. 17. Silica mass loss (T'?»ii) versus total rock mass loss (T'1;). The calculations indicate
that some pelites have lost as much as half of their mass and 60 to 70 percent of their silica,
relative to the average chlorite + biotite zone rock (the inferred protolith). The average

chlorite + biotite zone rock would plot at 75, = 0 and Ty = 0.

It should be noted that statistical uncertainties, particularly those
due to protolith heterogeneity, can sometimes be so large that metaso-
matic mass changes are obscured. Given the degree of protolith variabil-
ity and the number of samples analyzed in the present study, the
minimum detectable relative mass changes for mobile elements are about
+10 percent. Thus, the possibility exists that some element mobility has
gone undetected.

Mg/ Fe ratios.—Because the bulk rock Mg/Fe ratio is an important
control on pelite mineralogy (Thompson, 1957; Chinner, 1960; Ho-
schek, 1967; Thompson and others, 1977), a detailed investigation of
Mg-Fe relations is warranted. As shown in figure 18, In (Mg/Fe") (molar
basis; Fel! = total Fe) appears to be ~ constant as a function of In (8iOy/
TiOs) or metamorphic grade. However, the sample with the lowest
S$i0y/Ti0, (indicative of severe silica depletion) also has the lowest
Mg/Fe’. This relationship may indicate that Mg/Fe! can be modified in
cases of extreme rock alteration.

A note on trace elements and closure.—It is worth making a small
digression to point out a potentially serious pitfall in studies of trace
element mobility during metamorphism. From figure 5A it is evident that
major element mass transfer can affect significantly the concentrations of
trace elements. For example, although the concentration of the trace



south-central Ct. I: Evidence for changes in composition & volume 1037

! '« CHL+BIO
+ GNT
E:.\ 1.0 ® ST 7
0 " KY
o 0.5 —
5 .
K 0.0 -TwT T L. I*l.' 'ﬁ*mm** —
~ = = « O Nyl *
—0.5 —___~l_ﬁ____-£_I__t¢-* v
Q ®
+
H —1.0la -
] 1
3.5 4.0

Ln (SiOz2/TiO2)

Fig. 18. In (Mg/Fe") (molar basis; Fe' = total iron) versus In (SiOy/TiOy). The range
mn In ($109/TiOy) for the chlorite + biotite zone rocks is shown with the dashed lines.

element Zr increases by as much as 100 percent from chlorite zone to
kyanite zone rocks, no detectable changes in Zr mass occurred during
metamorphism. The concentration changes are simply a result of the
residual enrichment process. This example highlights the fact that the
concentrations of trace elements are subject to closure just as are those of
the major elements. Thus, in any study of trace element mass transfer,
major element metasomatism must also be assessed.

Volume changes.—The quantitative relationship between changes in
rock chemistry, p,, and volume in the Wepawaug pelites is illustrated in
figure 19. The loss of rock-forming constituents (table 2) and the well-
defined increases in p, (fig. 11) are inferred to have produced significant
decreases in aluminous pelite volume. Application of the constitutive
mass balance equation for volume strain (eq 3) yields the remarkable
result that some schists have lost as much as half their volume owing to
metamorphism (fig. 19). Estimates of average volume strain for the
garnet, staurolite, and kyanite zones are —12 * 10, —22 = 6, and, —28 =
6, percent respectively (+20). At the scale of investigation, the metamor-
phism of the Wepawaug pelites was not isochemical, and it also was not
isovolumetric.

Within-zone variations in metasomatic intensity.—One of the most pro-
vocative results of the mass balance analysis is that rocks within any given
metamorphic zone have apparently undergone markedly different de-
grees of mass and volume change. For example, the suite of kyanite zone
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aluminous pelites have lost as much as half their volume, relative to the average chlorite +
biotite zone rock, as a result of metasomatic processes. ‘T’he minimum length scales of

volume change are on the order of typical hand sample dimensions. C%, (0.986 wt

percent) and p” (2.78 g cm™~3) are the mean TiO, content (computed using the AML) and
grain density (arithmetic mean) of the chlorite + biotite zone rocks.

samples indicate mass changes ranging from around 0 to —50 percent
(fig. 17). Therefore, metasomatic processes must have operated at differ-
ent intensities in different parts of the formation, even within a single
zone.

To investigate this phenomenon further, In (Na/Al)—In (SiOy/
TiOy) relations of multiple samples from two large (100 m scale) railroad
grades in the kyanite zone are shown in figure 20. We focus on Na and Si
because these are the two major elements most strongly affected by mass
transfer processes (table 2). In each sample suite, there is a notably wide
variation in rock chemistry, ranging from compositions essentially equiva-
lent to the chlorite + biotite zone rocks to low Na/Al and low SiQ,/TiO,
compositions indicative of significant metasomatism. The Na loss is
particularly important, because the bulk rock Na/Al ratio plays a crucial
role in determining pelite mineralogy—low Na/Al favors the growth of
aluminous index minerals such as staurolite and kyanite (Hoschek, 1967;
Thompson, Lyttle, and Thompson, 1977). The main conclusion to be
drawn from the data is that the intensity of metasomatism was variable
even within individual outcrops. The fluid-driven processes responsible
for this variation will be investigated in detail in forthcoming papers
(including Ague, this journal, November, 1994).
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Fig. 20. In (Na/Al) (molar basis) versus In (SiOg/TiOg) for specimens from two large
kyanite zone outcrops. JAW-15A, -15B, and -59B are from one of the outcrops, whereas
AW-21,-113B, -120B, and -120Ci are from the other (fig. 3). Note the positive correlation
etween In (Na/Al) and In (SiO9/TiOy). In the rocks with the highest Na/Al (-15B and
-120Ci), staurolite and kyanite are rare (-15B) or absent (-120Ci). Field of low-grade
(chlorite + biotite zone) logratios shown for comparison. See text for additional discussion.

CONCLUSIONS

Statistical analysis and regional mapping of rock chemistry and
density relations strongly suggest that the composition and density of
aluminous pelite varies significantly across the Wepawaug Schist. The
nature and degree of the physicochemical variations indicate they are the
result of metamorphic, not sedimentary or diagenetic, processes.

The results of quantitative mass balance analysis accounting for
closure and the multivariate nature of compositional data (Aitchison,
1986) suggest that the rocks underwent significant chemical and volume
changes as a result of metamorphism. The average degree of physico-
chemical change increases in a general way with metamorphic grade.
The minimum scales of mass and volume change were on the order of
typical hand sample dimensions. The compositional systematics of low
solubility elements such as Ti and Zr are consistent with the hypothesis
that the presently exposed chlorite + biotite zone rocks are representa-
tive of the “protolith” for the garnet, staurolite, and kyanite zone schists.
The most striking compositional change is that, on average, silica was
progressively lost from aluminous pelites with increasing metamorphic
grade. Significant Na was lost from amphibolite facies pelites. Further-
more, on average, staurolite zone pelites gained K and Ba, kyanite zone
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pelites lost P, and amphibolite facies pelites gained Mn and Zn. Some Ca
and Sr may also have been lost from amphibolite facies rocks. The
calculation results strongly suggest that aluminous pelites lost significant
mass as a result of the metamorphism. Average total mass loss estimates
increase from ~ 10 percent in the garnet zone to ~23 percent in the
kyanite zone. The bulk of the lost mass was silica, not volatiles. Rock
density on a porosity-free basis increases systematically with metamor-
phic grade. The density increases and overall rock mass loss are inter-
preted to have produced significant decreases in aluminous pelite vol-
ume. Average volume loss estimates range from ~12 percent for the
garnet zone to ~ 28 percent for the kyanite zone. The computations were
done under the reasonable assumption that porosity changes did not
contribute significantly to the volume changes. Metasomatic mass and
volume changes were variable within individual outcrops.

It is concluded that aluminous pelites may undergo substantial
chemical alteration and volume strain during Barrovian metamorphism.
Forthcoming papers in this series will focus on clarifying the relationships
between regional scale fluid flow, local and regional scale element trans-
port, and the mineralogical evolution of pelitic terranes.
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APPENDIX A
Review of the mass balance equations

The basic mass balance equation for a reference species i is simply:
V”p"C:-' — V’p’C:, (A-1)

where V? and V' are the initial (protolith) and final (altered state) rock volumes, p° and p’
are the initial and final rock densities, and C; and C/ are the initial and final concentrations
(for example wt percents) of i. Because the focus here is on mass and volume changes of
solid rock material, the composition, density, and volume of pore fluids are ignored. The
volume strain € is given by:

Vo v
Vl) :

€ =

(A-2)

By combining eqs (A-1) and (A-2) we obtain (Brimhall and Dietrich, 1987; Brimhall and

others, 1988):
C:] pll
(@) | s

where ¢; denotes that strain is being computed on the basis of a reference species i. It follows
that residual enrichment or dilution of’i is given by:

Ci= e A-4
NSNS @A
Eq (A-3) can be expanded by taking into account the relationship between the bulk
density of the rock, p, the density of the mineral grains, p,, and porosity, n:
p

porosily =n =1 — p_ (A-b)
(4

Substitution for the density terms in eq (A-3) yields (Brimhall and Dietrich, 1987):

[ o) fa=m)
@)

The concentration ratio term describes changes in volume due to addition or subtraction of
mass from the rock. In pelites, dehydration reactions leading to the loss of volatile species
can result in bulk volume loss. Furthermore, mass transfer of rock-forming elements, such
as Si, can produce significant volume strain at high metamorphic grades (Ague, 1991). The
second term describes volume changes that result from changes in grain density (rock
density on a porosity-free basis). In aluminous pelites, the growth of high density phases
such as garnet, staurolite, and kyanite at high metamorphic grades can give rise to small
overall bulk density increases and corresponding decreases in rock volume. More impor-
tantly, major removal of low-density rock-forming constituents, such as quartz, by mass
transfer processes can leave the residual rock enriched in high density aluminous phases.
Here, proper interpretation of volume strain requires that changes in both chemical
composition and rock density be known. The third term in eq (A-6) describes changes in
rock volume owing to porosity gain or porosity loss. In our case, it is reasonable to assume
that the porosities of the pelites under metamorphic conditions were small (~ 1 percent or
less), and that the porosities of the protolith and the higher-grade rocks were approxi-
mately equal. Under these assumptions, (1 —n°)/(1 —n") will be ~1, and, therefore,
porosity changes can be neglected when computing volume strain. Eq. (A-6) is the complete
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expression for the total volume strain attending metasomatism which links quantitatively
changes in rock chemical and physical properties. Although no direct information is
provided about the nature of shape change, it is reasonable to expect that in metamorphic
rocks, a significant amount of volume strain occurs parallel to penetrative cleavage fabrics
(Wright and Platt, 1982).

The total change in mass resulting from metasomatism, denoted as T by Ague (1991), is
defined as:

Final Mass — Initial Mass Vp’

= Initial Mass = Vopt -1 (A-7)
Given that:
Vip' = Vp” ﬁ (A-8)
€q (A-7) can be rearranged to yield:
[,=[Zf:— IJ. (A-9)

The total change in mass based on the reference species i, T}, is the result of the individual
mass fluxes of all mobile species j. Following Brimhall and others (1988), a transport
function 7/, relevant for each mobile species, is defined as follows:

Final Mass j — Initial Mass j|  V'p’C]
o = < : = 1. (A-10)
Initial Mass j Veprcy
Because
— =€+ 1, A-11
e (A-11)
it follows that:
o
75=&4(e,+1)—1. (A-12)
0’ ¢

/

Eq (A-12) provides a quantitative relationship between mass change, and rock physical,
chemical, and volumetric properties. However, it may be simplified further by substituting

for the ¢; term (Ague, 1991):
! = (—(" (—; 1 A-13
T e ' A-19)

Therefore, changes in the mass of mobile species can be computed without knowledge of
rock density terms, but the volumetric strain (eq A-6) cannot. Negative values of T; and 7/
indicate mass loss, whereas positive values correspond to mass gain. For example, a 1/ value
of +1 (+100 percent) means that the mass of element j has doubled in going from an initial
to a final state.
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APPENDIX B

Prograde silicate mineralogy

Zone Chl <2mm Gnt* Bio Alm Gnt St Ky
JAW-1 CHL X — - — _ -
JAW-2 CHL X - — — —- —
JAW-3 CHL X — — — - —
JAW-4 CHL X — — — - —
JAW-5 CHL X — — — - -
JAW-6 CHL X - — — -
JAW-12 GNT — — X X — -
JAW-15A KY — —_ X X X X
JAW-15B§ KY — — X X X X
JAW-19D ST — — X X X —
JAW-21 KY — — X X X X
JAW-22A KY — — X X X X
JAW-22B KY — — X X X X
JAW-24 CHL X X — — - —
JAW-25 BIO X X X — — =
JAW-25-2 BIO X X X — — —
JAW-26A ST — — X X —
JAW-29 BIO X X X — - —
JAW-30 GNT — — X X —_ =
JAW-31 GNT X — X X - —
JAW-32A ST — — X X - —
JAW-32B ST — — X X X —
JAW-32C ST — — X X X —
JAW-33 CHL X — — — - —
JAW-34A CHL X — — — - -
JAW-35B GNT — — X X - =
JAW-36 ST — — X X - —
JAW-37 ST — — X X —
JAW-39A GNT X — X X —_ =
JAW-40 CHL X — — — — =
JAW-41 CHL X — — — - —
JAW-42 CHL X — — — _ —
JAW-43 CHL X — — - — —
JAW-44 CHL X — — — - —
JAW-44-2 CHL X — — — —_ —
JAW-45A CHL X — — — — —
JAW-47 CHL X X — — —_ —
JAW.-48 ST — — X X X —
JAW-49 BIO X X — -
JAW-50 KY — — X X X X
JAW-53 KY — — X X X —
JAW.-57 KY — — X X - —
JAW-59B KY — — X X X
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APPENDIX B

(continued)

Zone Chl <2mm Gnt* Bio Alm Gnt St Ky

JAW-61 ST — - X el
JAW-63 KY — — X X X

JAW-68 CHL X — — — — =
JAW-69 BIO X — X — - —
JAW-T1A KY — - X X X

JAW-72 ST — — X X X

JAW-75 GNT — . X X — —
JAW-78 KY — — X X X —
JAW-83 KY — . X X X X
JAW-88 KYy — — X X X X
JAW-90A KY — — X X X X
JAW-92 GNT — — X X i
JAW-93 GNT X — X X —
JAW-99A GNT X — X X I
JAW-100 ST X — X X I
JAW-103A KY — — X X X —
JAW-104 KY — . X X X X
JAW-105A KY — — X X X X
JAW-110 KY — — X X -
JAW-113B KY — — X X X X
JAW-114At KY — — X X X X
JAW-120B KY — — X X X X
JAW-120Ci KY — — X X - —
JAW-124 CHL X — — — — —
JAW-126A GNT — — X X — —
JAW-127A ST — — X X —
JAW-137B KY — — X X - -

Notes: CHL = chlorite, BIO = biotite, GN'T' = garnet, ST = staurolite, KY = kyanite.
All rocks contain quartz and muscovite, unless noted otherwise.

* Small spessartine-rich garnets which occur sporadically in the chlorite and biotite
zones.

" This sample lacks prograde muscovite.

% Contains only trace amounts (<0.1 volume percent) of staurolite and kyanite.
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APPENDIX C

Sample locations and grain densities

Zone Latitude* Longitude* py (g cm™3)
JAW-1 CHL  41.34496 72.98642 2.77
JAW-2 CHL  41.34526 72.98665 2.80
JAW-3 CHL  41.35421 72.99062 2.81
JAW-4 CHL  41.35977 72.99243 2.79
JAW-5 CHL 41.36320 72.99265 2.79
JAW-6 CHL  41.37625 72.97782 2.78
JAW-12 GNT  41.39332 72.98638 2.82
JAW-15A  KY 41.24784 73.08859 3.02
JAW-15B KY 41.24784 73.08859 2.94
JAW-19D ST 41.25703 73.06730 2.92
JAW-21 KY 41.26932 73.08272 3.02
JAW-22A KY 41.27101 73.08257 2.89
JAW-22B  KY 41.27101 73.08257 2.84
JAW-24 CHL 41.39541 72.97417 2.74
JAW-25 BIO 41.41277 72.96707 2.73
JAW-25-2 BIO 41.41277 72.96707 2.79
JAW-26A ST 41.36208 73.02187 2.84
JAW-29 BIO 41.28229 73.02335 2.77
JAW-30 GNT  41.28138 73.02885 2.77
JAW-31 GNT  41.30351 73.03416 2.84
JAW-32A ST 41.31104 73.04129 2.95
JAW-32B ST 41.31104 73.04129 2.86
JAW-32C ST 41.31104 73.04129 2.87
JAW-33 CHL  41.31259 73.00334 2.76
JAW-34A CHL  41.31522 73.01623 2.77
JAW-35B GNT  41.30564 73.03456 2.82
JAW-36 ST 41.29265 73.03834 2.88
JAW-37 ST 41.28328 73.04586 2.87
JAW-39A GNT  41.29992 73.03537 2.78
JAW-40 CHL 41.39087 72.97361 2.78
JAW-41 CHL 41.39061 72.97359 2.79
JAW-42 CHL 41.38920 72.97380 2.76
JAW-43 CHL 41.38807 72.97400 2.79
JAW-44 CHL  41.38730 72.97414 2.73
JAW-44.2 CHL  41.38730 72.97414 2.81
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APPENDIX C

(continued)

Zone Latitude* Longitude* pg (g cm™3)

JAW-45A CHL  41.38576 72.97458 2.78
JAW-47 CHL  41.39398 72.97389 2.78

JAW-48 ST 41.34736 73.02722 2.88
JAW-49 BIO  41.27762 73.01971 2.79
JAW-50 KY 41.31417 73.05777 2.97
JAW-53 KY 41.26916 73.09617 2.98
JAW-57 KY 41.28632 73.07076 2.88
JAW-59B KY 41.24917 73.08732 2.95
JAW-61 ST 41.27000 73.05094 2.96
JAW-63 KY 41.28154 73.05216 2.94
JAW-68 CHL  41.27481 73.01536 2.79
JAW-69 BIO 41.28769 73.02283 2.76
JAW-T1A KY 41.24312 73.09220 2.97
JAW-72 ST 41.25869 73.06437 2.90
JAW-75 GNT  41.36696 73.01851 2.86
JAW-78 KY 41.28308 73.06904 2.88
JAW-83 KY 41.28313 73.06761 2.97
JAW-88 KY 41.28492 73.06704 2.98

JAW-90A KY 41.28114 73.06999 3.03
JAW-92 GNT  41.30317 73.03555 2.91
JAW-93 GNT  41.29890 73.03584 2.89
JAW-99A GNT  41.36626 73.00736 2.83
JAW-100 ST 41.24488 73.06666 2.89
JAW-103A KY 41.26513 73.08997 3.01
JAW-104 KY 41.26500 73.09099 2.84
JAW-106A KY 41.26427 73.09124 2.99
JAW-110 KY 41.28862 73.06788 2.88

JAW-113B  KY 41.26932 73.08272 3.00
JAW-114A KY 41.24402 73.07619 3.33
JAW-120B  KY 41.26932 73.08272 2.88
JAW-120Ci  KY 41.26932 73.08272 2.85
JAW-124 CHL  41.35304 72.99098 2.77

JAW-126A GNT  41.30317 73.03555 2.96
JAW-127A ST 41.29265 73.03834 2.80
JAW-137B  KY 41.26513 73.08997 2.83

* Format: degrees.decimal degrees.
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APPENDIX D

Bulk chemastry

Sample JAW-45A was analyzed four times over the period September 7, 1990 through
February 3, 1993. The arithmetic mean o sample standard deviation for each oxide or ele-
ment is listed below to illustrate the long-term reproducibility of results. Major and minor
oxide results are given in wt percent, whereas the trace element concentrations are in ppm.
Bulk-compositional variations due to original protolith heterogeneity and metasomatism are
far greater than the analytical uncertaintly levels.

S10y 59.05 =#=0.310 Rb 153 *2.7
TiOp, 092 *0.014 Sr 142 4.8
Al,O3 16.83 =x0.150 Ba 633 =+16.1
FeyOs* 7.46 %=0.060 Zr 193 +9.0
MgO 336 0.0 Zn 95 7.0
MnO 009 =0.003 Ni 72 %05
CaO 153 =0.013 Nb 26 34
NaO 115 =0.030
K,0 319 +0.040
P05 0.14  +0.009
LOI 558 +0.180

For the following bulk chemistry tables, the average of the four JAW-45A analyses was
computed using the method of Aitchison (1989).
General notes for bulk chemistry tables

All Fe is taken as Fe3* (FeyO3*). LOI refers to loss on ignition. A dash (—) indicates that
the element was present at levels below the detection limit (10 ppm for trace elements).
Total weight percents include the trace elements summed as oxides.

Chiorite and biotite zones; major and minor elements (wt %)

Si0; TiO; Al O3 Fe;Oz* MgO MnO CaO NaO K0 P05 LOI Total

JAW-1 60.6 0.94 17.7 751 3.74 011 0.29 1.41 3.66 0.12 3.93 100.1
JAW-2 579 095 18.2 831 416 013 0.22 123 395 0.12 454 99.8
JAW-3 51.5 0.98 18.8 9.86 4.41 024 1.56 1.09 387 021 6.54 99.2
JAW-4 616 0.92 19.0 539 249 0.05 0.10 147 424 008 4.23 99.7
JAW-5 63.9 0.86 17.6 551 226 007 0.10 1.13 3.82 0.09 3.85 994
JAW-6 60.1 0.87 17.1 539 272 013 171 221 342 0.08 577 99.7
JAW-24 63.1 0.98 17.3 601 212 008 021 215 3.10 0.13 3.85 99.2
JAW-25 65.1 0.88 15.2 7.09 261 0.16 046 1.86 238 0.15 3.70 99.7
JAW-25-2 58.2 1.10 18.1 815 2.88 021 0.62 241 274 021 416 989
JAW-29 629 0.88 15.8 6.54 3.18 0.09 0.50 1.24 362 0.13 3.77 988
JAW-33 60.2 1.03 17.5 771 387 013 0.17 198 3.06 0.19 4.47 100.5
JAW-34A  56.5 1.06 19.5 869 4.04 009 0.18 1.84 346 0.17 4.93 100.6
JAW-40 61.1 0.99 18.4 709 234 011 042 145 355 0.14 4.23 100.0
JAW-41 61.8 0.94 19.0 6.84 207 007 015 030 431 014 408 99.9
JAW-42 61.7 1.03 18.9 6.67 210 0.09 0.13 1.37 373 013 3.93 999
JAW-43 53.8 1.13 21.0 9.01 3.24 015 0.55 120 403 0.16 5.23 99.7
JAW-44 66.8 0.95 15.0 6.05 191 008 034 192 234 0.15 3.62 99.3
JAW-44-2 542 1.16 22.5 8.02 2.68 009 035 152 4.55 011 4.70 100.1
JAW-45A  59.3 0.92 16.9 749 338 0.09 1.54 1.15 3.31 0.14 5.59 100.0
JAW-47 659 0.86 15.7 6.89 2.11 0.09 0.26 1.68 256 0.18 3.47 99.8
JAW-49 59.0 0.96 17.1 820 3.82 0.12 0.60 144 334 019 4.00 989
JAW-68 55.9  0.98 19.5 9.01 4.29 0.12 0.18 1.62 400 0.14 4.23 100.1
JAW-69 58.7 1.08 19.2 748 3.96 0.08 0.25 1.45 381 0.10 4.23 100.5
JAW-124 556 1.03 19.0 841 4.03 0.19 133 1.30 3.84 6.15 5.23 1003
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APPENDIX D

(continued)

Chlorite and biotite zones; trace elements (ppm)

Rb Sr Ba Zr Zn Ni Nb

JAW-1 142 48 585 167 103 69 16
JAW-2 162 44 585 176 124 85 —
JAW-3 162 113 771 173 132 88 32
JAW-4 181 101 931 174 80 26 23
JAW-5 168 88 914 170 88 25 23
JAW-6 140 148 762 178 71 43 20
JAW-24 153 92 599 271 83 52 24
JAW-25 113 96 482 217 105 60 16
JAW-25-2 132 131 551 270 116 77 16
JAW-29 182 108 684 125 94 63 15
JAW-33 126 75 662 257 107 40 32
JAW-34A 156 91 685 174 101 61 24
JAW-40 168 132 684 207 106 70 33
JAW-41 208 78 801 185 93 43 14
JAW-42 168 106 736 255 97 49 22
JAW-43 203 120 715 212 123 103 32
JAW-44 113 105 501 302 90 41 16
JAW-44-2 211 128 805 279 114 57 31
JAW-45A 153 142 635 193 95 72 25
JAW-47 118 89 513 234 109 58 18
JAW-49 147 95 679 203 117 56 17
JAW-68 157 80 650 223 99 76 13
JAW-69 163 175 767 228 109 73 25
JAW-124 184 85 856 182 114 74 42
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(continued)

Garnet zone; major and minor elements (wt %)
Si0; TiO, AlO3 Fe,O3* MgO MnO Ca0 Na;0 K,0 P05 LOI Total
JAW-12 60.5 0.99 18.8 7.33 224 013 067 092 349 0.16 4.08 995
JAW-30 60.1 1.01 17.3 7.28 342 013 0.77 1.90 3.15 0.16 3.77 99.1
JAW-31 56.6 1.03 18.3 829 391 0.2 1.56 1.85 3.87 0.16 3.31 99.2
JAW-35B 58.2 1.00 18.2 7.52 357 020 180 260 3.32 0.16 223 99.0
JAW-39A 62.7 0.98 16.3 6.73 3.26 0.08 0.89 217 282 0.16 293 99.2
JAW-75 62.1 0.94 18.5 7.76 174 0.17 048 0.78 3.39 0.4 3.54 99.7
JAW-92 57.8 1.04 18.9 9.25 298 0.15 1.04 1.68 332 038 323 999
JAW-93 55.9 1.07 20.0 7.84 340 009 1.07 1.95 449 0.11 3.04 99.2
JAW-99A 46.7 1.25 23.0 10.10  4.26 0.9 1.13 223 491 016 431 985
JAW-126A 435 1.56 25.5 12.70 461 0.32 146 144 498 0.10 3.70 100.1

Garnet zone; trace elements (ppm)

Rb Sr Ba Zr Zn Ni Nb

JAW-12 124 95 669 210 108 48 26

JAW-30 139 129 640 203 92 63 14

JAW-31 171 171 840 215 90 82 22

JAW-35B 187 210 588 184 104 70 18

JAW-39A 135 217 525 280 75 38 39

JAW-75 162 83 691 233 87 37 23

JAW-92 185 136 638 293 89 46 18

JAW-93 192 179 911 292 91 52 30

JAW-99A 255 193 785 359 127 92 29

JAW-126A 212 160 1080 544 135 85 53




1050 /. J. Ague—Mass transfer during Barrovian metamorphism of peliles,

APPENDIX D

(continued)

Staurolite zone; major and minor elements (wt %)

Si0; TiO; Al;03 Fe;03* MgO MnO CaO NayO K0 P05 LOI Total

JAW-19D 46.4 1.34 23.6 10.50 4.93 044 0.76 131 519 0.13 447 993
JAW-26A 61.8 1.05 18.9 7.37 201 015 0.29 1.04 371 012 323 998
JAW-32A 47.7  1.06 21.7 13.40 4.37 0.10 0.64 041 621 020 3.62 99.6
JAW-32B 58.2 1.16 20.3 6.69 251 0.16 1.54 1.32 404 0.16 293 99.2
JAW-32C 50.3 1.31 24.6 727 282 0.15 1.29 1.19 555 0.20 3.93 98.8
JAW-36 444 1.26 26.3 8.15 455 0.16 1.32 1.58 644 0.12 439 99.0
JAW-37 55.7 1.01 19.4 9.34 337 033 171 1.07 4.03 038 2.77 993
JAW-48 55.6 1.01 21.6 796 249 022 097 141 390 0.14 3.85 993
JAW-61 44.1 1.23 25.2 11.80 491 043 1.81 1.97 517 0.12 3.31 100.3
JAW-72 435 1.51 25.7 1250 546 0.26 045 123 470 0.12 4.70 100.4
JAW-100 472  1.16 23.2 9.95 493 039 175 223 517 0.13 270 99.0
JAW-127A 45.9 1.32 24.7 10.00 4.42 0.13 0.85 1.26 580 0.15 5.62 100.4

Staurolite zone; trace elements (ppm)

Rb  Sr Ba Zr Zn Ni Nb

JAW-19D 231 106 955 278 321 78 32
JAW-26A 172 118 617 259 87 33 29
JAW-32A 301 70 865 170 160 39 29
JAW-32B 172 161 876 319 131 35 25
JAW-32C 206 153 1120 355 112 33 43
JAW-36 216 178 1870 237 128 85 27
JAW-37 179 129 931 288 93 63 34
JAW-48 197 192 776 220 167 65 17
JAW-61 215 173 1390 217 105 106 30
JAW-72 207 101 919 311 350 94 40
JAW-100 188 173 844 246 112 100 11
JAW-127A 219 85 1520 237 123 72 55
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Kyanite zone; major and minor elements (wt %)

Si0, TiO; Al;0s Fe;03* Mg0 MaO CaO Na,O K;O Py0s LOI Total
JAW-15A  41.2 127 261 1210 4.85 064 128 149 552 0.0 4.62 994
JAW-15B 558 111 203 933 3.79 039 109 145 387 013 247 99.9
JAW-21 434 147 276 1140 5.04 025 137 104 497 017 3.16 100.1
JAW-22A 582 110 207  7.35 275 018 108 156 401 013 270 99.9
JAW-22B 588 104 195  7.91 277 012 065 086 459 0.5 3.62 100.2
JAW-50 401 168 261 1320 651 010 041 101 7.05 0.05 347 100.0
JAW-53 402 191 3L7 1160 206 0.6 0.1 119 621 0.07 470 100.2
JAW-57 495 117 257 768 2.65 009 067 167 599 010 470 100.1
JAW-59B 420 136 264 1200 555 034 119 137 512 0.7 3.85 99.6
JAW-63 443 132 271 1050 458 020 137 135 596 0.1 3.47 100.5
JAW-T1A 510 117 221 10.80 4.66 026 1.07 117 426 0.16 293 99.8
JAW-78 51.8 114 248 745 256 010 099 157 535 030 4.00 100.3
JAW-83 420 135 264 1150 478 022 134 150 591 012 347 988
JAW-88 483 127 255 1010 413 013 133 159 3.99 0.14 277 994
JAW-90A 435 151 275 1130 401 029 157 129 526 012 331 99.9
JAW-103A 423 149 297 1140 359 0.6 041 130 455 003 400 99.1
JAW-104  59.6 103 200  7.02 248 0.6 057 125 429 010 270 994
JAW-108A 427 124 247 1290 548 0.44 154 241 432 019 262 987
JAW-110  50.0 115 253 827 288 0.5 1.08 147 550 0.16 410 100.3
JAW-113B 425 122 272 1250 4.80 021 099 120 556 0.13 3.00 99.5
JAW-114A 381 158 327 1500 535 0.75 141 027 3.70 0.09 147 100.6
JAW-120B 574 111 208 841 269 0.8 069 109 431 0.12 2.93 100.0
JAW-120Ci 579 096 195 914 334 012 066 1.14 437 014 262 100.1
JAW-137B 645 101 163 778 239 015 085 131 327 0.1 212 1000
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(continued)

Kyanite zone; trace elements (ppm)

Rb Sr Ba Zr Zn Ni Nb

JAW-15A 210 118 1020 259 119 122 30
JAW-15B 163 128 602 218 191 76 33
JAW-21 274 101 692 264 180 129 32
JAW-22A 172 169 794 231 126 54 29
JAW-22B 179 113 846 226 121 53 32
JAW-50 329 97 1140 391 169 140 29
JAW-53 238 180 1020 630 315 60 43
JAW-57 238 133 1020 226 107 54 27
JAW-59B 239 136 651 305 206 124 29
JAW-63 217 140 1330 247 209 74 33
JAW-T1A 201 105 739 228 127 108 32
JAW-78 207 163 1040 242 137 34 17
JAW-83 276 151 1120 235 187 88 22
JAW-88 203 142 687 239 152 124 12
JAW-90A 233 120 1230 400 144 87 44
JAW-103A 209 153 760 304 334 58 23
JAW-104 170 103 919 245 86 52 24
JAW-105A 273 149 633 213 261 114 39

JAW-110 220 161 923 196 155 — 31
JAW-113B 277 80 926 213 170 113 —
JAW-114A 196 — 454 337 207 132 36

JAW-120B 193 122 856 238 1256 37 34
JAW-120Ci 233 119 771 180 176 78 28
JAW-137B 152 186 535 336 47 38 23
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