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ABSTRACT

Thermodynamic calculations based on addition of mass balance equations to the Gibbs Method
(Spear, 1986) are used to model the cordierite-producing reaction in pelitic gneiss from the
McCullough Range, southern Nevada. Calculations which treat the model paragenesis as a system
open to transfer of H,O are consistent with textural relations. Results indicate that cordierite grew by
the continuous net-transfer reaction:

076 BIO + 1-72 SILL + 3-55 QTZ + 027 PLG +0-005 GRT
+006 AL,R2*Si_,[BIO] = 1-00 CRD + I-02KSP + 0-76 H,0
+0-30 FeMg_,[CRD] +0.15 FeMg_ ,[BIO] + 00005 FeMg_ ,[GRT]
+0-005 CaNaAl _,Si_,[PLG]

with decreasing P, decreasing T, and increasing ay,o. The steep retrograde dP/dT path for these low-
pressure granulites contrasts with isobaric cooling paths typical of higher pressure granulites, and
suggests uplift and erosion were active during Proterozoic granulite-grade metamorphism in this area.

INTRODUCTION

The importance of continuous net-transfer reactions, which affect changes in mineral
compositions and modal abundances during metamorphism, has been emphasized by
Loomis (1975) and Thompson (1976). Characterization of these important reactions has
historically relied upon interpretation of topologies of simplified projections. More recently,
several workers have utilized quantitative approaches to study changes in mode during
metamorphism (Rice & Ferry, 1982; Thompson, 1982; Thompson et al., 1982; Chamberlain,
1986). Korzhinskii (1959) illustrated the advantages of considering both the intensive and
extensive factors of state of a simple thermodynamic system. Full understanding of the
effects of continuous net-transfer reactions requires examination of both types of variables in
concert.

In this paper, the evolution of independent intensive variables and changes in mode
during the later stages of granulite grade metamorphism of a pelitic gneiss are examined. The
gneiss is part of a Proterozoic low-pressure granulite complex exposed in the McCullough
Range of southern Nevada. The petrology of these rocks is summarized in a companion
paper (Part I, Young et al, 1989). The method proposed by Spear (1986) is used here to
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demonstrate quantitatively that cordierite in the pelitic gneiss grew by a reaction involving
consumption of biotite, sillimanite, quartz, and plagioclase, and growth of K-feldspar. It is
further shown that the cordierite-producing reaction progressed with a substantial decrease
in pressure, a small decrease in temperature, and an increase in activity of H,O. These results
are consistent with textural evidence and published experimental data, and illustrate the
usefulness of this approach for interpreting parageneses related by continuous net-transfer
reactions. The derived P-T path lends a constraint on possible causes for the Proterozoic
low-pressure granulite grade metamorphic event recorded by these rocks.

PELITIC GNEISS PARAGENESES

The pelitic gneisses contain the assemblage K-feldspar+ plagioclase + quartz + biotite
+ garnet + cordierite + sillimanite + ilmenite + hercynite + graphite. The petrology and con-
ditions of metamorphism are described in Part L. In brief, mineral based geothermobarome-
try yields temperatures of 590-750°C and pressures of ~ 3 to 4 kb. Mineral equilibria record
low fo, (<QFM) and ay,o (<0-26) during at least the later stages of metamorphism.

Cores of cordierites poikilitically enclosing biotite and lesser garnet, together with those
inclusions, comprise part of a paragenesis in these rocks distinct from that defined by other
matrix grains, including cordierite oikocryst rims. The inclusions of biotite + garnet within
cordierite are significantly more magnesian than matrix grains. Biotites enclosed in
cordierite also have higher Al concentrations relative to matrix biotites. Zoning in
cordierites devoid of ferromagnesian silicate inclusions is characterized by relatively flat
compositional gradients presumably attributable to partial homogenization by efficient
volume diffusion at high temperatures (Tracy et al., 1976; Woodsworth, 1977; Grew, 1981;
Tracy & Dietsh, 1982; Indares & Martignole, 1984; Schreurs & Westra, 1986). In contrast,
cordierite oikocrysts exhibit pronounced zoning characterized by significantly higher
Mpg/(Mg+Fe) in cores near inclusions of biotite +garnet (Fig. 1). The magnesium-rich
composition of the inclusions and adjacent host cordierite (hereafter referred to as inclusion
assemblages) cannot be attributed to cation exchange in that they alone comprise the major
ferromagnesian silicates. Moreover, an increase in Mg/(Mg+ Fe) in all three phases is
inconsistent with retrograde cation exchange (cf. Tracy et al., 1976; Schreurs & Westra,
1986). These compositions must be related to cordierite rim and matrix grain compositions
(hereafter referred to as matrix assemblages) by a continuous net-transfer reaction. Although
the shape of zoning profiles in cordierite oikocrysts may have been modified by diffusion, the
change in composition from the inclusion assemblages to the matrix assemblages is a vestige
of zoning incurred during this reaction. Inclusion assemblages reflect conditions which
prevailed during the early stages of cordierite growth. Matrix assemblages record conditions
attained after crystallization of cordierite was complete. The differences in compositions of
phases in these two parageneses are used to deduce the variations in P, T, ay,0, and modal
abundances of minerals which occurred during cordierite growth.

METHOD
Theory

The Gibbs Method (Spear et al., 1982) is a thermodynamic formulism permitting changes
in mineral compositions to be related to corresponding variations in intensive factors of
state. The method involves solving a system of linear differential equations, yielding useful
partial derivatives. Spear (1986) has shown that the addition of mass-balance equations to
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F1G. 1. Contour map of 100-0(Mg/(Mg + Fe)) for cordierite enclosing biotite (lined pattern) and garnet (fine stipled
pattern). Note abrupt increase in x,,, near inclusions. Solid dots indicate microprobe analysis points. Mg/(Mg + Fe)
of included grains also shown. Coarse stipled pattern represents quartz.

the Gibbs Method can be used to solve simultaneously for changes in intensive and extensive
variables. A useful aspect of this approach is that the total number of independent factors
required to specify the state of the system may be less than that predicted by the Gibbs phase
rule.

For example, the total number of independent factors, both intensive and extensive, which
govern the state of a simple thermodynamic system is C+2 (Korzhinskii, 1959). When
considering the number of intensive degrees of freedom using the Gibbs phase rule, the
inherent assumption is that the number of extensive factors of state is equal to the number of
phases P. This is the minimum number of extensive factors required to define the state of the
system. However, in a closed system there are C constant extensive factors, one for each
independent system component, leaving only 2 independent factors. The foregoing conclu-
sion is a restatement of Duhem’s Theorem.

In order to incorporate extensive variables, including the amounts of each phase M, and
amounts of each system component n;, C mass balance equations of the form:

I~ 1 Ix—1
0=;li JZI (xt,j"x.j,t)""’t..l.,.t‘ jzl (xk,jvk. Jk.l)]th )]

Jx=1

+zk: jzl M (vi ji— Vi, 500 dx, j—dny

are added to the system of equations relating intensive variables. Equation (1) is a slightly
modified version of that found in Spear (1986). The dx, ; terms are already present in the
Gibbs formulation and serve to link the mass balance equations with the thermodynamic
equations. The system of equations involving only intensive parameters has C—P+2
degrees of freedom (see Spear et al., 1982), yet addition of P+ C extensive variables and C
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equations with the form of equation (1) yields:
Fo ,=(C—P+2)+(P+C-C)=C+2

or C+2 total degrees of freedom. The resulting set of equations permits description of the
variations in state of the thermodynamic system in terms of both intensive and extensive
variables. For each constant system component i, dn;=0 so that a system closed to transfer
of all system components yields a variance of 2, consistent with Duhem’s Theorem.

Model

The biotite—cordierite~garnet pelitic gneiss is modeled in the system K,0-Na,O-
CaO-FeO-MgO-MnO-Al,0,-Si0,-H,0 (KNCFMMASH). The phases, phase compo-
nents, and required thermochemical data are given in Table 2. The compositions of phases
comprising the inclusion and matrix assemblages used in the calculations are given in Table
3.

Cordierite in the pelitic gneiss contains negligible channel-filling fluid (Part I), allowing
cordierite to be treated as an anhydrous phase. Preserved phase compositions are not
consistent with equilibration with a silicate melt (Part I); thus the present calculations do not
include melt as a stable phase. A fluid phase is also excluded, based on the fluid-absent
conditions documented in Part 1. Finally, hercynite is not included in the model because it is
not found in textural equilibrium with the other phases, occurring exclusively as inclusions
in cordierite.

Mixing-on-sites models are used to calculate AGX,, and AS%,, for phases k. Because the
compositional variables are end member phase components j, transformation from site-
specific cation mole fractions x, . to end member mole fractions x, | is required to calculate
the Gibbs function curvature and cross-curvature terms (6ZGA"/6x,fJ)T_ P and
(02G*/0xy ;0x, 1. p x> TESPectively (see Spear et al., 1982 for explanation of curvature
terms). The required partial second derivatives are calculated from the expression

02G* 2G*\ [ ox, . *G*
(‘kij)r; P, xx - ; ;[(5"3.) <6x”> * 24: <ax3.cax:,d>

ox 0x, 4 x aG*
5,C 5, 5 C 2
* (axu) (axu) * <6xf,, > (5":.:)] @
for curvatures, and

*G* G\ [x, .\ [0x, .
e I I e
0%y ;0%x1 )1 P T ¢ 0x3.. ) \0xx, ;) \Oxy
3*G* \ [0x,.) [9x, *x,. \[oG*
+ Z 3 X + . (3)
7 \0x, 0%, 4) \0x, ;/ \0x 0x,, ;0xy. 1) \0x, .
for cross-curvatures, where j and I designate independent end members. The (dx, ./0x, ;)
terms are the elements of the Jacobian matrix used to transform the x, . to x,_;. In the cases
where mixing occurs on only one site (e.g., garnet), equations (2) and (3) reduce to the forms
given by Spear & Selverstone (1983).
To construct the set of equations comprising the model system, a starting point consisting

of initial phase compositions and abundancgs, and a corresponding initial 7 and P must be
chosen. The matrix assemblage (Table 3) was chosen as the starting point for these
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TaBLE 1

List of symbols

M, moles of phase k
n, moles of system component i
Xy g mole fraction of phase component j in phase k
Xy mole fraction of phase component [ in phase k
X, . mole fraction of cation ¢ on crystallographic site s
X,.4 mole fraction of cation d on site s
J, total number of phase components for phase k
Vi g moles of system component i in phase component j for phase k
Vil as above for dependent system component J,
° superscript signifying pure phase at P and T
Gt molar Gibbs free energy for phase k
AGE, Gibbs free energy of mixing for phase k
ASE, entropy of mixing for phase k
S20s molar third law entropy for pure substance at 298:15K, Jmol ' K ™!
V% 208 molar volume for pure substance at 1b and 298 15K, Jb™!
Gas constant
& fugacity of H,O at P and T, bars

TABLE 2
Phases, phase components, and thermochemical data for model

Phases Components Abbreviations S208 17 15298
J/K-mol J/b-mol

garnet (GRT) Mg,AL,Si,0,, Py 26076 11-327"
.. Fe,ALSi,0,, alm 31631 11-528?

Ca,Al;S8i,0,, gros 255-50 12-530!
... Mn,ALSi;0,, spes 3171 117917
cordierite (CRD) Mg,AL,Si,AlO, Mg-crd 40720 23322
.. Fe,ALSi AlO, Fe-crd 46675 23707°
biotite (BIO) KMg,AlSi,0, (OH), ph 319.66 14991
... KFe,AlSi,0,4(OH), ann 397.90 154322

KMn,AlSi;0,,(OH), Mnb 42049 159212
. KFe,AlIALSi;0,(OH), Al-ann 469.22 17-776*
plagioclase (PLG) NaAlSi,0, abp 207-40 10-007*
.. CaALLSi,0, an 199-30 10079
K-feldspar (KSP) KAISi,O or 21420 10872
... NaAlISi, 0, abk 207-40 10007
sillimanite (SILL) Al SiO4 sill 9611 4-990!
quartz (QTZ) Sio, qtz 41-46 2:269!

1. Robie et al. (1978).

2. Spear & Selverstone (1983).

3. Holdaway & Lee (1977), reaction 5.

4. Calculated from data of Robie et al. (1978).

calculations. In other words, the final state of the system has been used to provide the initial
conditions for the model.

Starting compositions for biotite, garnet, plagioclase, and K-feldspar were taken from
rims of matrix grains near the poikilitic cordierite shown in Fig. 1. The rim of the cordierite
oikocryst in Fig. 1 was used as the initial cordierite composition. The cordierite-garnet
thermobarometer of Martignole & Sisi (1981) yields a temperature of 670°C and a pressure
of 3-2 kb for this assemblage, serving as the starting 7 and P, respectively. A norm calculated
from a whole-rock analysis of the pelitic gneiss provided an initial estimate of the modal
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TABLE 3

Mineral compositions for model in cations per formula unit

Matrix assemblage Inclusion assemblage*

BIO GRT CRD PLG KSP BIO GRT CRD
Si 2-671 3092 5020 2:699 2979 2:696 2940 4-872
Al 1-562 1-869 3975 1-310 1024 1-721 2035 4116
AV 0233 — — — — 0417 — —
AY 1-329 — — — — 1-304 — —
Fe,, 1-277 2:340 0-802 — — 1-105 2292 0576
Mn 0-001 0118 — — — 0-003 0-081 —
Mg 1-109 0-469 1-188 — — 1-304 0-584 1-490
Ca 0-002 0084 — 0-291 0-009 0-001 0097 —
Na 0018 — — 0678 0250 0-023 — —
K 0956 — — 0-009 074 0-905 — —

* Inclusion assemblage feldspar compositions calculated from model.

abundances of phases for the matrix assemblage. Calculated molar abundances were
normalized to 100 moles. The initial abundance of cordierite was iteratively modified during
the course of the calculations (see Results below). A more accurate estimate of the initial
mode for the matrix assemblage is not required for the calculations presented below (see the
discussions in the Results and Error Analysis sections).

With the exception of H,O, the model system is assumed to be closed to exchange of
system components with the surroundings. Two sets of calculations are used to account for
the behaviour of H,O. In the first, dny,q is set equal to 0, eliminating dny,o as a variable.
These calculations depict the system as completely closed. The second set includes dny,q,
corresponding to the system open to transfer of water.

The homogeneous system of linear differential equations comprising the model is
available from the author. The Gibbs phase rule indicates an intensive variance of 4 for this
system. Incorporation of the extensive constraints dn,=0 reduces the total variance (F,,) to
2 or 3, depending on the status of H,O as a mobile or immobile component. Solutions for the
system of equations permit variations in phase composition to be related to corresponding
changes in factors of state. In this case, the compositions of biotite, cordierite, and garnet in
the inclusion assemblage shown in Fig. 1 are used to derive the changes in T, P, y1}y,4, and M,
attending growth of the cordierite oikocrysts. Microprobe analyses show that the concentra-
tion of Mn in biotite does not vary from inclusions to matrix grains. This observation is used
to calculate solutions in the H,O-open system model by setting dxB, equal to zero.

Manipulations required to solve the system of equations have been described by Spear et
al. (1982). Solution vectors for inhomogeneous, square equivalents of the matrix equation
have been obtained using Gaussian elimination with partial pivoting and iterative improve-
ment. The accuracy of the calculations is discussed in the Error Analysis section.

RESULTS
Intensive parameters
Pand T

Calculated P-T isopleths for the mole fractions of the Fe-end member in cordierite,
almandine in garnet, annite in biotite, and Al-annite in biotite are shown in Fig. 2. The slopes
and spacings are identical for both the H,O-losed and H,0-open models. The diagram
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therefore applies to both cases and serves to corroborate the validity of using constant xBS,
in the latter. Trial numerical integration calculations show that the slopes and spacings of
isopleths do not change significantly over the P-T interval of interest, and the composition
isopleths are adequately represented by straight lines. Composition isopleths for the
feldpsars and grossular component in garnet are not shown in Fig. 2 for clarity. It is
noteworthy that the garnet and cordierite isopleths are similar to those used for thermo-
barometry by Martignole & Sisi (1981) and Aranovich & Podlesskii (1983).

The four independent composition parameters shown in Fig. 2 can be used to obtain the
temperature and pressure of equilibration of the inclusion assemblage relative to that of the
matrix assemblage. Using all four parameters, rather than the requisite two, provides a
closure error which serves as a measure of internal consistency and as an ad hoc test for
preservation of equilibrium compositions. The inclusion assemblage isopleths are shown as
the heavy lines in Fig. 2. The cordierite and biotite isopleths yield a crossing corresponding
to a temperature and pressure approximately 50°C and 1 kb higher, respectively, than that
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FIG. 2. P-Tisopleths for xGRT, xBI0 B0 and xEXP..,. Matrix assemblage is marked by the solid dot at 670° and

3-2 kb. Isopleths for inclusions and their host cordierite core are shown as heavy contours. Intersection of isopleths

for cordierite oikocryst core and enclosed biotite and garnet defines P and T for the inclusion assemblage. The

preferred inclusion assemblage intersection is represented by the solid dot at 720° and 4-3 kb. Arrow marks the P-T
path defined by the matrix and inclusion assemblages.

TT0Z '6T 1900100 U0 sajabuy so ‘eluioyed Jo Ausianiun e Bio'sreuinolpioxo ABojonad woly papeojumoq


http://petrology.oxfordjournals.org/

68 EDWARD D. YOUNG

of the matrix assemblage. The almandine isopleth is consistent with this higher T and P of
equilibration, but lies somewhat below the intersection of the other three isopleths.

The anomalously high almandine component in the garnet inclusions can be explained by
rotation of tie lines about a bulk composition lying near the composition of cordierite during
retrograde resetting of K{$!#/™s*Fe) for garnet and cordierite. Cordierite is presently more
voluminous than garnet in the assemblage being modeled (Fig. 1) by a factor of approxi-
mately 10 to 1. This requires cation exchange between the garnet inclusions and the host
cordierite along the retrograde path to result in large changes in garnet composition with
comparatively little change in cordierite composition. In fact, the inclusion almandine and
nearby host Fe-end member cordierite isopleths also cross at a P-T point below the starting
point corresponding to the matrix assemblage (Fig. 2). This low P-T point is either a
spurious crossing, or represents a valid point encountered during retrogression and final
equilibration. The pressure and temperature indicated by this point are consistent with reset
pressures and temperatures recorded by several thermobarometers in the pelitic gneiss
(Part I). Compositions of included biotites have not been significantly effected by retrograde
cation exchange with their cordierite host apparently because the amounts of these phases
are more comparable in the assemblage of interest, and because the temperature dependency
of the distribution coefficient for these phases is apparently less than that for garnet and
cordierite (Holdaway & Lee, 1977).

The high almandine component not withstanding, overall agreement between the four
independent parameters in defining a P-T region in Fig. 2 is strong evidence that the
inclusions and nearby host cordierite comprise an equilibrium assemblage. This assemblage
is related to the matrix phase and cordierite rim compositions by a continuous net-transfer
reaction involving growth of the cordierite oikocryst. The indicated dP/dT path is
approximately 22 b/°C.

a0

In the H,O-closed system model, the chemical potential of water (p,0) is buffered,
varying with T"and P subject to the constraints imposed by mineral equilibria. In the H,O-
open system model, gy, is also buffered because no fluid phase is present to impose a
constant chemical potential. In both models, H,O is therefore not a K-component as defined
by Thompson (1970). The H,O-open system calculations are seemingly at odds with the
assertion of Korzhinskii (1959) that either the mass or the chemical potential of a system
component must be an equilibrium factor of state. Both parameters for water are treated as
variables in the open system calculations, with ny_ o and gy, being defined by 7, P, xgi5,, and
the constant moles of other system components. The H,0-open model corresponds to
conditions where H,O diffuses at such low rates that a fluid phase is not sustained along
grain boundaries (Thompson, 1983). Rumble (1982, p. 231) discussed this apparent
inconsistency in the ‘either/or nature’ of the J- vs. K-component classification of system
components.

The buffered behaviour of H,O permits calculation of Apy,, P-T isopleths for both the
H,0-closed and H,0-open models. The results of these calculations are shown in Fig. 3
where the matrix assemblage has arbitrarily been assigned a Auy, o of zero. In Fig. 3, the P-T
path defined by the inclusion and matrix assemblages in Fig. 2 defines the attendant change
in py.0. The exact slopes and spacings of the chemical potential isopleths are slightly
different in the open and closed system calculations, but both scenarios indicate an increase
in py,0 on the order of 5 to 6 kJ/mol during growth of cordierite (Fig. 3).

A more explicit expression of the behaviour of the H,O component with progression
along the P-T path is afforded by relating the derived Auy,q to the corresponding change in
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F1G. 3. P-Tisopleths for Ay, relative to the matrix assemblage in the H;O-closed (A) and H,O-open (B) models.
P-T path from Fig. 2 defines the change in py,o from the inclusion assemblage to the matrix assemblage.

ay,o- The activity of H,O for the matrix rim compositions has been calculated using the
method of Phillips (1980) (Part 1), yielding a mean value of 0-16 for ay,, relative to a standard
state of pure H,O vapor at P and T. The expressions

RTInay,o=RTIn(ff,5)—RTIn (fiho 4)

uind =St T+HRTIn(f )+ RTInay o &)
HoT — uhio ' =RT,In(a",6)+ RT; In(f 7% ™)

—~RTIn(@%,6")—RT In(f5™) (6)

and the f, tables of Burnham et al. (1969) have been used to calculate the change in ay,0
from Apy,o. The activities for the matrix and inclusion assemblages are shown in Fig. 3.
Activities for H,O defined by the inclusion assemblage are 0-03 and 0-04 for the H,O-closed
and H,0-open models, respectively. Both models indicate an increase in ay, o on the order of
0-10. From equation (4) the corresponding changes in f,, for the closed and open system
models are +191 and + 211 b, respectively.

Extensive parameters

Calculation of the changes in modal abundances of mineral phases accompanying
progression along the P-T path shown in Fig. 2 is afforded by contouring P-T space with
isopleths of censtant abundance for each phase. The assumption is made that the amount of
cordierite in the inclusion assemblage, representing early growth of cordierite, was ex-
ceedingly- small. The assumption provides an initial condition of nearly zero moles of
cordierite at the high-P high-T end of the path in Fig. 2. This initial condition does not
significantly effect the final outcome (see Error Analysis below), but is preferred over the
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alternative of assuming that the observed average modal proportion (or average normative
quantity) of cordierite in the pelitic gneiss is appropriate for the matrix model assemblage.
Use of the average mode or norm is considered to be unreliable because this value will not in
general correspond to the more relevant effective modal proportion of cordierite which
actually was reacting in the domain being modeled. This domain was eventually dominated
by cordierite (Fig. 1), resulting in an effective abundance of cordierite much greater than the
average mode for the rock. The initial condition of nearly zero cordierite for the inclusion
assemblage was satisfied by iteratively adjusting the starting (matrix assemblage) moles of
cordierite.

In contrast to the intensive variable calculations, the calculated variations in abundances
of phases is critically dependent on the mobility of H,O. For example, because biotite is the
sole hydrous phase, its abundance must obviously be fixed if the system is treated as closed
to transfer of water. A fixed amount of biotite in turn requires cordierite to grow primarily at
the expense of garnet.

Textural evidence (Part I) clearly indicates that biotite, and not garnet, was a major
reactant phase in the cordierite-producing reaction. This empirical constraint can only be
satisfied by treating the model system as one open to transfer of H,O. Therefore, only the
H,0-open system calculations are presented below.

Inspection of equation (1) and the coefficient matrix for the complete system of equations
shows that for a linear P-T path, such as that in Fig. 2, the changes in coefficients involving
M, terms are linear and cancel, with the exception of +2Mp,o and —3M o for dx22 , oice-
The result is that P-T isopleths for phase abundances can be adequately depicted as
regularly spaced straight lines. Trial numerical integration calculations confirm this
conclusion.

To approximate modal or volume proportions of phases, the mole unit isopleths have
been converted to oxygen equivalent units normalized to 100 total oxygens. The P-T %
oxygen unit isopleths for the H,0-open model, together with the P-T path from Fig. 2, is
shown in Fig. 4. Only isopleths for cordierite, biotite, garnet, and sillimanite are shown for
clarity. The M, isopleths show that cordierite grew with decreasing pressure and tempera-
ture primarily at the expense of biotite and sillimanite. It should be pointed out that using
the open system model does not force biotite to be consumed. The reaction, in terms of moles
of phases, along the P-T path is:

0-76 BIO + 1-72SILL + 3-55QTZ +0-27 PLG + 0-005 GRT=

+1-00 CRD + 1:02KSP +0-76 H,O. 0]
The oxygen unit proportions of phases for the matrix and inclusion assemblages are listed in
Table 4. It is emphasized that the exact proportions of phases derived from this analysis are
effective abundances, or amounts of phases participating in the reaction in the domain being
modeled. Therefore, the proportions of phases shown in Table 4 do not necessarily reflect the
average mode of the pelitic gneiss. A complete depiction of the reaction represented by
equation (7) requires addition of exchange components, representing the variations in phase

composition shown in Fig. 2. The complete reaction is described in mole units by the
equation:

0-76 BIO + 172 SILL + 3-55QTZ + 0-27 PLG + 0-005 GRT
+0-06 Al,R**Si_,[BIO] = 1-00 CRD + 1-02 KSP+0-76 H,0O
+0-30 FeMg_,[CRD]+015FeMg_,[BIO]
+0-0005 FeMg_,[GRT] + 0005 CaAlNa_,Si_,[PLG]. (8)
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FiG.4. P-Tisopleths for per cent oxygen unit abundances of biotite, cordierite, garnet, and sillimanite for the H,0-
open model. P-T path from Fig. 2 defines the changes in phase abundances from the inclusion assemblage to the
matrix assemblage.

Several petrographic features characteristic of the pelitic gneiss unit are consistent with
Fig. 4. Foremost is the strict spatial association among biotite, cordierite, and sillimanite
(Part I). Proximity of these phases is to be expected in light of the strong negative correlation
between the amount of biotite and sillimanite, and the amount of cordierite along the
calculated P-T path. The lack of any regular spacial relationship between garnet and
cordierite is consistent with evolution along a P-T path nearly parallel with isopleths for
modal garnet, and with the large spacing of these isopleths relative to those for the other
phases. The substantial consumption of reactant sillimanite suggested by Fig. 4 is evidenced
by extensive mantling of sillimanite by cordierite (Part I). Apparently, overgrowth of
cordierite reduced the amount of sillimanite available for further reaction. Agreement
between the textural features of the pelitic gneiss and Fig. 4 indicates that at least portions of
the rock behaved as fluid-absent systems open to transfer of H,O.

ERROR ANALYSIS

Computational uncertainties in these calculations derive from potential rounding errors
attributable to the degree of ill-conditioning of the coefficient matrices, uncertainty in the
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TaABLE 4

Oxygen unit proportions of phases in model assemblages (%)

Inclusion Matrix*
BIO 25 1
CRD <01t 30
GRT 29 28
PLG 36 33
KSP 62 20
SILL 15 04
QTZ 15 28

* Calculated from whole rock chemis-

try.
t Assumed, see text.

initial estimates for effective modal abundances, and analytical errors inherent in the
electron microprobe analyses.

Rounding errors have been controlled by performing iterative improvement to refine
solutions until convergence to within 5 decimal points was achieved. In addition, answers
obtained using Gaussian elimination were cross-checked against answers calculated from a
least squares algorithm. Solutions from both methods agreed to within 4 or 5 decimal points.
Minor perturbations of elements of the coefficient matrices showed no signs of instability.
Calculated solutions are believed to be numerically exact to 4 or 5 decimal points.

Slopes and spacings of intensive parameter isopleths are not sensitive to the relative
amounts of phases used, as shown by trial calculations and inspection of the coefficient
matrix and equation (1). Slopes of isopleths for phase abundances are also insensitive to the
proportions of phases, as might be predicted from equation (1). However, spacings of phase
abundance isopleths are dependent upon the relative abundances of phases (Fig. 5). Once the
initial relative modal abundances have been established, dependencies such as that shown
in Fig. 5 cancel with progression along a linear P-T path, as described above. These
dependencies are important, however, because the initial estimate for the mode influences
the spacings of M, isopleths traversed by the P-T path. The significance of this influence can
be better evaluated by first establishing the uncertainty associated with isopleth spacings
arising from analytical error in the mineral analyses.

A Monte Carlo routine (see Anderson, 1976) was used to propagate the uncertainties in
mineral analyses (referred to as analytical errors) to all of the solutions used to construct the
P-T isopleth diagrams (Figs. 2—4). Variances obtained from replicate analyses were
propagated through calculations of composition and thermochemical parameters to obtain
standard errors for the stochastic elements of the coefficient matrices (e.g. mol fractions,
molar volumes, molar entropies, Gibbs function curvatures). Errors for solution vectors
were obtained by recalculating solutions 700 times (Monte Carlo iterations) using random
draws from normal parent populations for each stocastic coefficient. The large number of
iterations provided stable variances for each solution.

Results show that relative uncertainties for isopleth slopes and spacings attributable to
analytical errors are generally on the order of + 5% to +35% at the 68% confidence level
(Table 5). These uncertainties substantially reduce the need to determine accurately the
effective mode of the initial (matrix) assemblage when deriving modal isopleth spacings
(Fig. 5).

The uncertainties in isopleth slopes and spacings stemming from analytical errors are not
large enough to affect changes in topologies of P-T contours (e.g., Figs. 2-4), and therefore
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F1G. 5. Plot of isopleth spacing for abundance of cordierite in mole units ((0P/0Mgp)r) vs. moles of cordierite
(M p) with all other amounts of phases fixed. Dashed lines represent 1o uncertainty in spacing from Monte Carlo
analysis. Solid dots mark the proportions of cordierite in oxygen units corresponding to indicated moles.

TABLE §

Examples of partial derivatives for P-T isopleth slopes and spacings and their 1o uncertainties
from Monte Carlo analysis

Parameter Mean Uncertainty
@T/oP),,, ... 0032 +41%
OT/3%0" ondr 1130 +58%
(3T/aP), 0124 +15%
@T/oxuly 1051 £27%
dT/oP),,. .., 0-089 +34%
(OT/0xpe - cra)r 4400 154%
(@P/AT e 1088 +13%
(3P/dM czp)r —3575 +21%
@P/AT \unro 1031 +17%
(OP/dMgo)r 5136 +14%

do not obviate the fundamental conclusions of the Gibbs Method analysis. They are
sufficient, however, to demand consideration when deriving exact quantities for the
magnitude of changes in intensive and extensive parameters. Similar effects of microprobe
analytical error on calculated P-T paths have been reported by Spear & Rumbile (1986). To
illustrate the effects of analytical error, the P-T regions defined by 16 errors in cordierite and
biotite composition isopleths for the inclusion assemblage, their zone of intersection, and the
P-T path from Fig. 2 are shown in Fig. 6. The figure shows that the steeply positive slope of
the P-T path is not altered by the analytical errors, but absolute values for AP and AT are
sensitive to these uncertainties. With the exception of garnet, analogous plots for extensive
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F1G. 6. P-T plot showing fields defined by 1¢ uncertainties from Monte Carlo analysis for inclusion assemblage

X290 xR0 orand xE22_ isopleths. Shaded overlap of fields illustrates uncertainty in P~T location of the inclusion

assemblage. P-T path from Fig. 2 is shown for comparison.

parameters similarly show that relative changes in phase abundances are preserved, but
magnitudes of changes in mode vary. The uncertainty in the P-T isopleths for modal
abundance of garnet is large enough that their slopes in Fig. 4 are questionable. As a result,
exceedingly small quantities of garnet may appear on either side of equation (8) with
commensurably small changes in the coefficients for plagioclase.

DISCUSSION
Growth of cordierite

Cordierite coexisting with biotite + K-feldspar + sillimanite + garnet comprises the zone
corresponding to the highest grade in some regionally metamorphosed terranes (e.g.,
Reinhardt, 1968; Hollister, 1977; Jamieson, 1984; Schreurs & Westra, 1986), suggesting that
where biotite and sillimanite are important reactant phases, cordierite is stabilized by
prograde reactions. Experimental studies (Hoffer, 1976; Holdaway & Lee, 1977) confirm that
formation of cordierite at the expense of biotite and sillimanite is favored by increasing
temperature at constant pressure. In view of these data, one might question the feasibility of
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growth of cordierite with decreasing T in this assemblage. It will be shown that the model
presented here is not in conflict with the existing body of data pertaining to the stability of
cordierite in pelitic rocks.

As pointed out by A. B. Thompson (1983), interpretations of multiple parageneses related
to one another by dehydration reactions are often unduly influenced by consideration of
temperature alone (i.e. prograde vs. retrograde). The variable P-T trajectories of metamor-
phic paths shows that pressure is an equally important factor of state. Comparison of the
results presented here with the experimentally derived P-T relations presented by Holdaway
& Lee (1977) serves to illustrate this point.

The steeply positive slope for the univariant reaction:

BIO+SILL+ QTZ=CRD+GRT+KSP+H,0

in the system K,0-FeO-MgO-Al,0,-Si0,-H,0 (KFMASH) at P, =04 P, ., shown by
Holdaway & Lee (1977) is reproduced in Fig. 7. A clockwise prograde metamorphic P~T
path at moderate pressures would intersect this univariancy, resulting in initial growth of
small amounts of cordierite at the expense of biotite, sillimanite, and quartz. Subsequent
decreases in pressure and temperature brought about externally may result in progression
along the KFMASH univariancy (Fig. 7), resulting in changes in compositions of ferromag-
nesian phases, as well as variations in the modal proportions of phases.

The equilibria modeled in this paper constitute the fluid-free, multivariate,
KNCFMMASH analogue of the univariant KFMASH reaction shown in Fig. 7. The P-T
pathin Fig. 2 is analogous to migration along the KFMASH univariancy after cordierite has
been stabilized. Persistence of the phase assemblage in the multivariate case does not depend
on fortuitous variations in T'and P required for the univariant system. The present analysis
has not addressed the P-T history which led to the initial formation of cordierite, just as
movement along the KFMASH univariancy gives little information about the P-T path
prior to stabilization of the univariant phase assemblage. The first appearance of cordierite
at high grade in the McCullough pelitic gneisses may well have occurred along the prograde
path (Part I), as described for the fictive clockwise path in Fig. 7. However, once cordierite
was present as a stable phase, variations in its modal abundance were a function of the
subsequent P-T path. It must be borne in mind that this later path may have had a very
different slope from that which originally intersected the cordierite stability field.

Clearly, insofar as comparisons are possible, results presented here are not at odds with
the data of Holdaway & Lee (1977). Their data and the present calculations (Fig. 2) both
indicate an increase in Fe/(Fe+ Mg) for cordierite in equilibrium with biotite, garnet,
sillimanite, quartz, and K-feldspar as P and T decrease along a steep, positively sloping P-T
path. In addition, the present calculations have provided a means for quantitatively
monitoring variations in mode along this path. Holdaway & Lee’s data give no information
regarding extensive parameters.

Tectonic implications

In Part I it was concluded that spatially and temporally coincident granitic plutonism was
a likely cause for Proterozoic high-grade metamorphism of the pelitic gneiss. Decomp-
ression resulting from uplift and erosion and/or extensional tectonism may have contributed
to the low pressures attained at near-peak temperatures. The steep decompression path in
Fig. 2 is evidence that unroofing was an important factor in determining the thermo-
barometric history of these rocks.
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The time-dependent conductive heat transfer models of England & Thompson (1984)
suggest that the slope of the P-T path calculated here can be explained by an episode of
tectonic thickening. Their models predict that relatively low pressures attending near-peak
temperatures are favored by isobaric heating followed by erosion in such an event. However,
transient thermal gradients induced by conductive heating of tectonically thickened crust
cannot alone accommodate granulite-grade low-pressure metamorphism (Thompson &
England, 1984). For this reason, high thermal gradients brought about by denudation, as
evidenced by the steep P-T path recorded in these rocks, must have been significantly
enhanced by advective heating from rising plutons.

Bohlen (1987) has shown that medium pressure facies series granulites (kyanite-sillimanite
facies series) characteristically exhibit evidence for essentially isobaric cooling paths. He
argued that isobaric cooling of these rocks represents the high-pressure culmination of
evolution along a counterclockwise P-T path in an active magmatic arc setting. Thompson
& England (1984) noted that isobaric cooling is not sufficient evidence for magmatic
involvement in metamorphism, and suggest that accelerated unroofing of a collision zone by
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late stage extensional tectonism can result in isobaric cooling along a clockwise P-T path
(Thompson & England, 1984, fig. 7C). In either case, the P-T path segment shown in Fig. 2
for the low-pressure McCullough granulites contrasts sharply with that for higher pressure
granulites and indicates that these two classes of high-grade rocks evolve in distinctly
different thermal regimes. The retrograde path of the McCullough granulites was strongly
influenced by synmetamorphic unroofing, while the retrograde path for kyanite-sillimanite
facies series granulites involve minimal erosion, except perhaps during the latest stages.

As shown by Sleep (1979) and Chamberlain (1986), disparate, even diverging P—T paths
may occur in metamorphic terranes where metamorphism is synchronous with rapid, large-
amplitude folding. Structural evidence for synmetamorphic napp¢ development has not
been recognized in the McCullough complex, but is not precluded by the P-T path shown in
Fig. 2.

CONCLUSIONS

Compositional differences between inclusion and matrix mineral assemblages in granul-
ite- grade biotite—cordierite—garnet gneisses exposed in the McCullough Range are the result
of a continuous net-transfer reaction. A thermodynamic model based on the approach of
Spear (1986) permits reconstruction of variations in both intensive and extensive parameters
which accompanied this reaction. Textural evidence and mineral compositions require the
model assemblages to be treated as a fluid-absent system open to transfer of H,O.

The model indicates that the continuous reaction is characterized by the growth of
cordierite and K-feldspar, breakdown of biotite, sillimanite, and quartz, an increase in
FeMg_, in the ferromagnesian phases, and a decrease in Al,RZ%Si_, in biotite. This
reaction progressed with decreasing P, decreasing 7, and increasing ay,o. The calculated
P-T path slope is approximately 22 b/°C. The magnitude of decompression is subject to
significant uncertainty but is on the order of 1 kb with a range of 0-5-3 kb. Decompression
during minimal cooling distinguishes these low-pressure granulites from higher pressure
granulite terranes which commonly exhibit evidence for isobaric cooling.

Consideration of extensive as well as intensive parameters can facilitate thermodynamic
analysis of high variance systems largely closed to mass transfer by reducing the total
number of independent factors of state. Linkage of mass balance equations to the Gibbs
Method, as suggested by Spear (1986), is a useful formulism for including extensive variables
in the analysis of parageneses.
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