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ABSTRACT. A new powerful method of analyzing mineral zoning
data is developed which extends the power of geospeedometry using
inverse theory to extract complex tectonic and thermal histories from
the geologic record. The theory is first tested with simple models of
thermal histories. The theory is then applied to complex thermal
histories involving both heating and cooling during contact and cool-
ing during regional metamorphism. The extracted thermal histories
are compared with the known thermal histories from the forward model
calculations. The new technique is then tested on field data obtained
from the Cortlandt Complex aureole in southeastern New York.

INTRODUCTION

There has been much interest in the past few years in applying
geothermometers and geobarometers to deduce P-T paths from chemi-
cal zoning data in such minerals as garnets (Spear, 1992; Rubenach,
1992; Bergman, 1992; Hansen, 1992; Spear and others, 1991; Frost and
Tracy, 1991; Anovitz, 1991; Lamb, Brown, and Valley, 1991; Motoyoshi,
Thost, and Hensen, 1991; Clarke and Powell, 1991; Nichols and Berry,
1991; Spear and other, 1991; Perchuk, Gerya, and Nozhkin, 1989;
Tournon, Triboulet, and Azema, 1989; Ernst, 1988; Goffe and others,
1988; Spear and Rumble, 1986; Selverstone and Spear, 1985; Selver-
stone and others, 1984; Spear and others, 1984; Thompson and En-
gland, 1984; Spear and Selverstone, 1983). These paths have been
compared to simple tectonic models of overthrusting, crustal thickening,
burial, and erosion (England and Thompson, 1984). The inclusion of
geospeedometry (Lasaga, 1983) and the effect of diffusion on these
calculations have been also addressed ( Jiang and Lasaga, 1990; Spear,
1988, 1991; Florence and Spear, 1991). Nonetheless, these calculations
yield only P-T points, and so time can only be incorporated by some type
of dating technique as well as a kinetic treatment of “closure tempera-
tures.” There is much to do in deciphering the meaning of ages in
complex terranes. Recent work using the *°Ar/*9Ar analysis of minerals
during heating (Richter and others, 1991; Lovera, Richter, and Harri-
son, 1989, 1991; Harrison, Lovera, and Heizler, 1991) has provided one
avenue to extend significantly the rather crude methods based on simple
“closure temperatures.”

Recent applications of geospeedometry approaches have appeared
in the literature (Docka, Berg, and Klewin, 1986; Smith and Barron,
1991; Sautter and Harte, 1990; Lindstrom and- others, 1991). In this
paper, a new approach will be presented based on extensions of the
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earlier development of geospeedometry. A major premise in the paper is
that the available chemical data in the zonation of minerals can provide a
wealth of previously untapped information on the thermal processes that
took place as well as on the petrologic details such as the growth history of
minerals. .

The chief new contribution is the full use of inverse theoretical
techniques to improve substantially the extraction of thermal histories.
By combining the kinetic theory of ion-exchange processes, diffusion in
minerals, and the use of inverse theory on many zoning profiles, a new
technique akin to tomography is developed which will dramatically
enhance our window into the tectonic processes to which rocks have been
exposed. Even uncertainties in the diffusion data can be incorporated
into the inversion and thereby constrain not only the thermal histories
but also the diffusion coefficients.

The initial test of the theory has been carried out inverting dis-
cretized zoning data from the exact numerical solution of the diffusion
kinetics under a variety of thermal regimes. The next test has been the
application of the theory to contact metamorphism, where some con-
straints on the thermal history may be used as checks on the results. In
particular, we have begun the application to rocks from the contact
aureole of the Cortlandt Complex, which intruded regionally metamor-
phosed rocks in the waning stages of the Taconic orogeny. The thermal
histories obtained using the new technique are consistent with the
observed size of the intrusion, although the new tool changes our view of
the growth of the garnets near the Cortlandt Complex.

%
BASIC KINETIC EQUATIONS

One of the most important properties of the technique developed
here is the knowledge of the correct equations governing the kinetics.
This property is in contrast with other important techniques that require
understanding the nucleation and growth behavior (implicitly the possi-
bility of equilibrium) of complex mineral reactions. The chemistry is
based on the use of classical geothermometers as continuous recorders of
the thermal history of rocks.

Let us consider two minerals (A, B) which can exchange cations 1
and 2 between them, and let us assume that the minerals are in grain
boundary contact and therefore maintain local thermodynamic equilib-
rium. At a given temperature (and pressure), then, the concentration of
components 1 and 2 at the boundary of each of the minerals will have to
satisfy the equation:

_ ¢41(0)/¢42(0)

\ 4 epi(0)/epa(0)

Because the systems studied here are good geothermometers, the value
of K, in eq (1) will be a strong function of temperature. (Note that K,, in

eq 1 1s usually defined using concentrations and not activities. However,
in most cases, the non-ideal behavior is not sufhicient to cause K,, to vary
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much within typical ranges of compositional variations). If the AH, of the
exchange reaction remains reasonably constant, it is possible to write,

AH, (1 1
K,=Kyexp|— R T_Fo (2)

where the value of K,, at the arbitrary reference temperature, T, has
been labeled K.

As the temperature varies during the tectonic history of a rock, K,
will also vary. In turn, this variation causes all the boundary concentra-
tion values of the two minerals to change with time. This time variation of
the concentration at the boundary immediately leads to diffusion of
cations toward or away from the mineral edge. Therefore, the chemical
evolution of the system must incorporate equations:

dc4 d%c,
Y = D) o2 (3)
dcp 3%y
L = Dyl = @

which account for the cation movement within the crystals. Of course,
these equations can be generalized to include multi-component diffusion
(Lasaga, 1979).

Diffusion coeflicients in minerals have very high activation energies
(Lasaga, 1981; Freer, 1981). Therefore, the D’s in eqs (3) and (4) will vary
by several orders of magnitude as the temperature changes a few hun-
dred degrees. In fact, it is this strong variation of D with temperature that
forms the basis for the technique being developed in this and subsequent
papers. In general, we can introduce a reference temperature, 7y, and
use the value of D at that temperature, Dy, to write the time variation of D
as:

D(t) = Dyd(t) (%)

where, from the Arrhenius equation, d(t) will be given by

E, {1 1
dt) = exp | — 7 (? - FO)} (6)

Given some thermal history, T(t), and an initial zoning profile for the
exchangeable ions in a pair of adjacent minerals, these equations can be
readily solved by finite difference methods. In any thermal history, the
temperature will ultimately drop to low values (for example, in our case
temperatures less than 300°C). Once this happens, the profiles at dis-
tances of 1 w or more from the interface will cease to evolve even on a
billion year time scale. This final zoning profile will be termed the
“quenched” zoning profile and is the primary focus of interest in the
development of this paper.
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The fundamental question raised here is the degree to which the
details of the thermal history have been preserved in the quenched
zoning profile. This question is a typical one in the area of inverse theory,
and we shall return to its full answer after the next section.

Simple models.—If the quenched zoning profiles are to be good
indicators of the thermal history, the “shape” of the profiles should be
rather sensitive to the details of the thermal history. It is best to include
some simple forward modeling calculations to illustrate the sensitivity of
the zoning profile to T(t). This sensitivity will, of course, be quite
desirable in the process of inverting the problem. Two models will exhibit
the sensitivity. One is a simple conductive model for the cooling of an
intrusive. The other is a regional metamorphic model for the burial and
uplift of a rock.

The intrusive model is taken to be a simple slab (see fig. 1) of
half-thickness a with an initial temperature 7). The country rock is taken
to be initially at temperature, Ty. At any position, X, in the country rock
the thermal history will therefore be given by the analytic solution:

1° x+a X —a
T@) = Ty + 5 (T, — TR),{eTf (ﬁ) ~erf (m” (7)

where « is the thermal diffusivity of the rock. The thermal history will
vary with the parameters, Ty, T, a, and x. Suppose that the “real”
thermal history was that resulting from the parameter values: Ty =
300°C, T, = 1175°C, a = 1000 m, and x = 50 m from the contact. The
thermal history is given ip figure 2. The quenched zoning profile result-
ing from this thermal history is given in figure 3 for the case of a garnet of

intrusion country rock

A>T >l
A 1.7 Tr
SAT>S crystal

-

Fig. . Model of a contact metamorphic event. The thermal history will be a function of
the distance from the contact, x, the size of the pluton, a, the initial intrusion temperature,
T, and the initial temperature of the country rock, 'I’,.
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Fig. 2. Temperature-time plot for the contact metamorphism of a rock sample 50 m
from the contact with a pluton of half-width; a = 1000 m, and with T; = 1175°C and T, =
300°C.

radius 210 p in contact with a biotite with a radius of 525 u (Kp of Ferry
and Spear, 1978). The interesting question then is the amount of informa-
tion stored in this given profile. In other words what is the degree of
deviation from this given profile of a new calculated profile based on
variations in the thermal history parameters. For example, the distance
from the contact or the initial country rock temperature may be different,
generating a different thermal history and a different quenched zoning
profile. If one were to measure the zoning profile in the garnet with a
microprobe, the result would be a discretization of the data shown in
figure 3. Let us assume that the scan analyzed the profile in figure 3 in
intervals of 5 p for a total distance of 100 p away from the contact, a total
of 20 points. This “measured” profile will be compared with the calcu-
lated profile using different thermal histories. To compare the profiles
we need to define a penalty function:

20
] = Zl [C;nm.\' _ C[mqu - (8)
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GARNET ZONING PROFILE
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Fig. 3. Magnesium zoning profile in a garnet grain that underwent the thermal history
shown in figure 2. The garnet 1s assumed to be 210 microns in length and to be adjacent to a
biotite with a width of 525 microns.

where C™ corresponds to the “exact” (that is, T = 300°C and a distance
of 50 m from contact) measured profile and C¢ to the profile calculated
from the particular values of Ty and distance from the contact assumed in
the new thermal history. The next task is to determine whether the value
of J is high enough to claim that the thermal history used in obtaining
Ce could not be the same as the one that gave rise to the “measured”
profile. If the microprobe data have a certain inherent error in the
concentration (for example, 0.2 mole percent Mg), AC,,,,, then the
critical value of | used to decide the significance of the deviation is given
by:

jcrit = NACzrobe (9)

where N is the number of points in the profile. For example, for 20 points
and a AC,, 4, of 0.2 mole percent, ], = 0.8. (Note that other values of N
and other error bars will produce different values of J,,;.) Therefore, if a
thermal history produces a profile that in comparison with the “mea-
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sured” profile has a | value of 0.5, then it is possible that such a thermal
history could have produced the observed profile. On the other hand, if
values of | on the order of 10 are obtained, the two profiles are definitely
different and the thermal history can be ruled out with confidence.
Figure 4 gives a contour plot of the values of ] obtained by varying the
distance from the contact and the country rock temperature, Ty, away
from the values used in generating the “measured” profile. The impor-
tant point to note from figure 4 is the rapid increase in J above the critical
value for 20 points. In fact, based on the | contours, the thermal history
would be known to an accuracy close to the 0.0 contour (that is, in the
middle) shown in the figure.

A similar calculation can be done for a regional metamorphism
example. Using the simple uplift model of Lasaga (1983) (fig. 5), the

ZONING ERROR - CONTACT METAMORPHISM
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Fig. 4. Contour plot of the difference between the concentrations of 20 points in a
zoning profile. Contour intervals are in units of 10 ((mole/%)?). A standard profile is set at
the “exact” value of 50 m from the contact and 300°C for the initial country rock
temperature. The other groﬁle is computed assuming different distances and tempera-
tures. The plot shows the difference in the two concentrations squared for 20 distances from
the rim of a garnet. Based on the accuracy of the microprobe, two profiles with a difference
greater than 2 on this contour plot would be regarded as “different,” that is, the thermal
parameters can be resolved quite accurately.
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temperature history now becomes:

1 — Aetwz/wr

T =T, ——

-

(10)

where
A = exp (—v,2,,/K)

Ty, 1s the mantle temperature at the bottom of the figure, v, is the uplift
rate, z, is the depth of the layer, and « is the thermal diffusivity. In a
similar fashion, an “exact” (that is, measured) profile can be calculated
assuming the parameters, z,, = 25 km, v, = 3.0 mm/yr, and T,, = 650°C.
Figure 6 exhibits the temperature-depth path taken by the mineral
assemblage. If a 210 w radius garnet exchanges with a 525 w radius
biotite according to the K, (Ferry and Spear, 1978):

Kp = 2.18602 exp (—(2089.2°+ 9.562 P)/T) P in Kbars Tin K (11)

then figure 7 shows the resulting’ zoning profile. To obtain the penalty
function, only 20 points will be used in the profile with a uniform spacing
of 5 u. The variation of the penalty function, J, with the variables, T,, and
v, 1s given in figure 8. Recall that ], = 0.8 for 20 points. Therefore, once
more the zoning profile can narrow down the possible thermal histories
in these simple models.

1
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Fig. 5. Regional metamorphism model. A constant uplift rate of v, is assumed due to
erosion. The temperature at depth z,, is set at T,,. The temperature profile is assumed to be
at steady state (see Lasaga, 1983).
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Fig. 6. Temperature-depth (P-T) path followed by the mineral assemblage using the
model in figure 5 and the parameters z, = 25 km, v, = 3.0 mm/yr, and T,, = 650C .
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Fig. 7. 'The magnesium zoning profile in a garnet of 210 microns length adjacent to a
biotite 525 microns in diameter. The thermal history used correspond to the P-T-t path in
figure 6.
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ZONING ERROR - REGIONAL METAMORPHISM

700.0 —
e /’-’—_/
650.0 @/ .
— — e —
600.0 ] | ) ! 1 l L
2.0 2.5 3.0 3.5 4.0
Uplift Rate (mmy/yr)
Fig. 8. Same as figure 4. In this case the “exact” profile assumed an uplift rate of 3
mm/yr and a temperature, T,, = 650 C. The contour interval in this case is 3 (mole/%)2.

GENERAL SOLUTTONS

The best method of dealing with the time variation of D in eqs (3)
and (4) is to introduce the new time variable, t’ (Lasaga, 1983):

/= fo’d(T)dT (12)

Use of this t simplifies the diffusion equations:

E)CA 826A
o, Dyq a2 (13)
5 = D (14)

12
Note that there are two different t’ scales, one for each mineral. Each of
the last diffusion equations is trivial to solve, if we know the boundary
condition for the concentration as a function of t/, g.4(ty) or gg(ty) using
the appropiate t’ scale. If we write the initial concentration variation as



