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Abstract

Residence times of plagioclase crystals in magma reservoirs can be determined by modeling
the compositional zoning of trace elements in these crystals. We present a formulation to
model diffusion of trace elements in plagioclase paying special attention to certain
thermodynamic and kinetic aspects. In particular, we account for the compositional
dependence on anorthite content of the chemical potential and diffusion coefficients of trace
elements (e.g., Mg), the choice of suitable boundary conditions and potential effects of
diffusion in more than one dimension. We show that contrary to intuition, diffusive fluxes of
trace elements may be coupled to major element concentration gradients, and ignoring such
coupling can lead to incorrect estimates of timescales. We illustrate application of the model
using plagioclase crystals from a suite of gabbroic xenoliths from a Holocene dacitic lava
flow of Volcan San Pedro (Chilean Andes, 36°S). The inferred timescale for metasomatism of
the xenoliths by evolved liquids is on the order of 100 (30 to 148) yr and serves to illustrate
how trace element zoning in plagioclase provides a window into timescales of magmatic
processes inaccessible by isotopic or other methods.

1. Introduction

Lifetimes of magma reservoirs and the rates of igneous differentiation are important
parameters in understanding the thermal and chemical evolution of the crust. Furthermore,
these are key concerns in volcanic hazard management and mitigation. Isotopic methods have
been used to assess these parameters, but short timescales on the order of a few hundred years
or less are not ideally suited for the resolution of isotopic methods, even if U-Th and Ra-Th
isotopic disequilibria have provided major insights into processes approaching the upper end
of this temporal spectrum (e.g., Volpe and Hammond 1991; Schaefer et al 1993; Zellmer et al
2000; Cooper et al 2001 and Sigmarsson et al 2002. A tool that is complementary to these
techniques is kinetic modeling. It relates timescales directly to specific processes and is
capable of accessing the shorter timescales of interest (e.g., Nakamura 1995; Zellmer et al
1999 and Pan and Batiza 2002. A strength of the kinetic approach is that it can be applied to
individual grains such that it is possible to test reproducibility and obtain insight into the
statistical distribution of the retrieved parameters. In this regard, plagioclase is perhaps the
most important group of minerals for a number of reasons: (1) it is one of the commonest
igneous minerals, (2) it crystallizes practically over the entire temperature and compositional
range of igneous differentiation, and (3) it shows pronounced compositional zoning, spanning



a wider fraction of the total solid solution series than any other mineral group. Indeed, these
latter two aspects have been widely utilized, sometimes in conjunction with plagioclase—melt
partition coefficients, to study magmatic processes (e.g., Blundy and Shimizu 1991; Singer et
al 1995; Brophy et al 1996; Davidson and Tepley 1997; Bindeman et al 1999 and Ginibre et al
2002. This listing of favorable characteristics of plagioclase can be extended by recognizing
that diffusion rates (D) of different elements in plagioclase can differ by up to seven orders of
magnitude at a given set of conditions (e.g., Dyg ~100 x Dg; ~.100,000 X Dnasi-caat [Grove et
al 1984; Giletti and Casserly 1994 and LaTourrette and Wasserburg 1998] at 1000°C), so that
different elements can record different aspects of the thermal history experienced by a
plagioclase crystal. Modeling the differing degrees of modification of compositional zoning
of various elements in one crystal provides a unique tool to constrain timescales of processes
in a magma chamber. This potential was recognized by Zellmer et al. (1999), who provided a
model to treat Sr concentration profiles in plagioclase to constrain residence times. However,
the compositional variability and large range of diffusion rates also imply that special care is
required to address these aspects in kinetic modeling using plagioclase compositions. In
particular, an adequate kinetic model needs to consider the following: (1) under any given
ambient condition, the chemical potential of trace elements (e.g., Mg, Sr, Ba) in plagioclase
crystals of different anorthite contents (An) are very different (e.g., Blundy and Wood 1991
and Bindeman et al 1998, (2) the diffusion rates of trace elements in plagioclase crystals of
different An content can be very different (Sr, Ba, K; Cherniak and Watson 1994; Giletti and
Casserly 1994; Giletti and Shanahan 1997 and Cherniak 2002, (3) the choice of proper
boundary conditions, that closely reflect natural conditions, and (4) possible two-dimensional
diffusion effects in elongate prismatic grains, depending on grain size.

In the following, we develop a set of generalized equations for kinetic modeling that
incorporates these considerations using the specific example of Mg in plagioclase. It is found
that diffusive fluxes of trace elements may be strongly coupled to major element
concentration gradients, and that ignoring such coupling can lead to incorrect estimates of
timescales. The outline of the article is as follows: after the mathematical derivation and
discussion of the model parameters, we present some results of model calculations to illustrate
the behavior of trace elements in such systems. Next, we address additional issues that need to
be tackled for modeling natural crystals, and finally, we illustrate the application of the model
to plagioclase crystals from gabbroic crustal xenoliths found within Holocene dacitic lava
flows of Volcan San Pedro (Tatara San Pedro volcanic complex, 36°S, 71°W; Singer et al
1997; Dungan et al 2001 and Costa et al 2002. The inferred timescales for metasomatism of
the xenoliths by evolved liquids in crustal magma chambers on the order of 100 yr serve to
illustrate how this approach provides a window into timescales inaccessible by isotopic or
other methods.

2. Diffusion model

2.1. Equilibrium distributions, driving forces, and boundary conditions

The development and evolution of compositional profiles (e.g., An content) within a
plagioclase crystal depends on intensive thermodynamic variables such as temperature and the
composition of the melt from which the crystal is growing. The trace element composition
(e.g., Mg content) depends, in addition, on the An content of the plagioclase itself. After
formation of the core of a plagioclase crystal (Fig. la), either the liquid composition or
temperature (or some other intensive variable such as pressure) or both might change, so that
the next increment of plagioclase that grows has a different major and trace element



composition (Fig. 1b). Diffusion rates for NaSi-CaAl exchange in plagioclase are exceedingly
slow (Grove et al 1984 and Liu and Yund 1992) such that the An profile, once formed,
remains essentially unmodified by subsequent diffusion under most geological circumstances.
However, the same does not necessarily apply for all trace elements, as these may equilibrate
by diffusion to varying extents. The crucial questions are: (1) what is the final “equilibrium”
state that the elements strive to achieve under these circumstances?, (2) what are the driving
forces for diffusion of a trace element in plagioclase?, and (3) under what boundary
conditions does this diffusion occur?. We address these three points in sequence below.
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Fig. 1. Schematic illustration of major and trace element zoning in a plagioclase crystal and how the Mg
diffusive equilibrium profiles depend on boundary conditions. (a) Cross section of a crystal showing rim and
core with very different major and trace element compositions. (b—d) Concentration profiles that would be
measured on a cross section through the crystal such as the one shown in (a). (b) Mgi is the initial Mg profile
before diffusion. The large gradient in Mg concentration between the rim and the core will drive diffusion.
Because the NaSi-CaAl interdiffusion is very slow (Grove et al., 1984), the anorthite content will remain fixed,
whereas a trace element such as Mg will try to equilibrate. (c) The equilibrium profile (Mge) of the trace element
will depend on the boundary conditions. One alternative is to treat the crystal as a closed system, i.e., no flux
between the crystal and the liquid (the approach taken by Zellmer et al., 1999). In this case, the total amount of
the trace element in the crystal will remain constant during the diffusion process and will have an equilibrium
profile very different from that of (d), where the crystal is allowed to exchange trace element with the liquid (the
approach taken in this study in this case taken to be an infinite reservoir). Gray bars represent the physical
boundary of crystals.

2.2. “Equilibrium” profiles

Zellmer et al. (1999) proposed that the final “equilibrium” state would not be one of complete
homogenization of the trace element compositional profile. Rather, the trace element
compositions would strive to come to equilibrium with the An content in each zone (which
remains unmodified), i.e., there would be a final equilibrium compositional zoning ( Figs.
Ic,d). This expected behavior is somewhat analogous to the “two-liquid partition coefficient”
concept introduced for silicate melts by Watson (1976) and Ryerson and Hess (1978).



However, commencing with compositional distributions such as those illustrated in Figure 1b,
it is impossible to obtain profiles such as those illustrated in Figures 1c and 1d by means of a
standard formulation of the diffusion equation. In particular, to obtain a “trough” from a
“hill,” it is necessary to continue diffusion even after the diffusing element has attained a
homogeneous distribution, i.e., a flat profile. This behavior may be obtained by so-called
uphill diffusion, but uphill diffusion of a trace element in a solid silicate is not generally
anticipated from straightforward multicomponent coupling (e.g., see Allnatt and Lidiard,
1993). This prompted us to analyze the process of trace element diffusion in plagioclase in
detail, starting from fundamental axioms of irreversible thermodynamics.

2.3. Driving forces

The commonly used irreversible thermodynamic formulation assumes that the diffusive flux
of a trace element such as Mg in plagioclase (Jug) 1s linearly related to its own chemical
potential (pvg) gradient as well as that of the other constituents of plagioclase, e.g.,
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where Lj; is the phenomenological coefficient with the subscripts indicating the elements of
interest, and X is distance. It can be shown that the cross terms in such a formulation are
related to the two-atom correlation function of the form <rir; (Allnatt and Lidiard, 1993),
which is small for two trace elements, and the term involving MgAn can also be ignored to a
very good approximation, because the diffusion rate of the An component, which is many
orders of magnitude smaller, enters into this term (e.g., see Lasaga, 1998). Therefore, the

diffusive flux of Mg in plagioclase may be well approximated by

LTRYE
ar

Sz =—Lz

Expanding the chemical potential term in Eqn. 1 by using concentration in units of mass per
unit mass, at a given temperature, one obtains
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where i, 1s the standard-state chemical potential of Mg and Cy, the concentration of Mg.
The main task is to find a form to express the activity coefficient, yme. For a plagioclase
crystal equilibrating with a given liquid, this may be obtained by expressions provided by
Blundy and Wood (1991) and Bindeman et al. (1998) to describe the compositional
dependence of Mg partitioning. The compositional dependence of trace element partitioning
between plagioclase and melt can be approximated by a linear function of Xa, (mol fraction of
anorthite) and is given by:



where CMgPl1 is the concentration of Mg in plagioclase, CMgl is the concentration of Mg in
the liquid, T is temperature, and R is the gas constant. This equation was used by Bindeman et
al. (1998) to obtain A = —26.1(+1.1) kJmol ™' and B = —25.7 (+0.7) kJmol ' for Mg. At
equilibrium, the chemical potential of Mg in plagioclase (uUMgPl) is the same as that of the
liquid (uMgl):
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On rearranging and setting u’lMg - u’PlMg = o, we have
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If we now substitute Eqn. 3 into this equation, we finally obtain
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Substituting this into Eqn. 2, we obtain
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because the other terms are independent of distance. The elimination of the term involving
yMgl requires some clarification. Although yMgl of a liquid in equilibrium with a given Cy,
and Xa, need not be independent of composition a priori, this is reasonable in the present case
because the partitioning of Mg between plagioclase and liquid has been found to be
independent (at least within experimental resolution) of liquid composition (Blundy and
Wood 1991 and Bindeman et al 1998). Furthermore, direct measurements of activity
coefficients of oxides of several divalent cations (e.g., FeO, NiO, CoO) in a wide range of
silicate liquids have shown them to be independent of/relatively insensitive to compositional
variations (Holzheid et al., 1997) when liquid standard states are used, as we have done
above. Note that the Mg flux results from two components—a direct contribution due to Mg
diffusing in response to its own concentration gradient, and a second one related to gradients
in An content, which results from the fact that the activity or chemical potential of Mg in
plagioclase depends strongly on the An content, which is zoned in this case. This is somewhat
analogous to the vacancy wind effect of Manning (1968) and ignoring this component of the
flux could lead to incorrect estimates of timescales. Whether timescales would be under- or
overestimated depends on the sign of the second flux term relative to the first one (see below),
1.e., the disposition of the An gradient relative to the gradient of Mg (note also that the sign of
the constant A is also important, but for most trace elements it is negative; Blundy and Wood
1991 and Bindeman et al 1998. We emphasize that this dependence of the flux of a trace
element on the major element gradient arises not from a direct diffusive coupling. Rather, it is



the influence of the major element on the chemical potential of the trace element that drives
the diffusion of the trace element. Thus, it is not the diffusion coefficient, but the driving force
that is changed through the presence of a major element gradient. The final, time-dependent
form of the diffusion equation is obtained by the usual procedure of applying the continuity
relation to the flux Eqn. 5,
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where Dy stands for diffusion coefficient of Mg in plagioclase. Eqn. 7 describes, via the
framework of irreversible thermodynamics, how the concentration gradient of a trace element
such as Mg evolves in a zoned plagioclase crystal where it strives to come to equilibrium with
a liquid and a distribution of (rather than a single) An contents. This can easily be extended to
two dimensions. In cases where grain size is small enough and crystals are prismatic such that
diffusive flux from both ends reach a particular point, compositions will change much faster.
Accordingly, ignoring such multidimensional effects can lead to incorrect estimates of
timescales. We have implemented a finite difference algorithm to calculate the compositional
evolution of Mg for a number of cases using Eqn. 7.

2.4. Boundary conditions

Having obtained a suitable form of the diffusion equation, the next issue that arises is the
choice of boundary conditions. Zellmer et al. (1999) assumed that (1) the plagioclase crystal
becomes a closed system after growth (insulating boundary conditions with no loss or gain of
trace elements) and that (2) the liquid composition with which the trace elements strive to
equilibrate in each An zone has a hypothetical composition in equilibrium with the mean
composition of the plagioclase (Fig. 1c). We think that condition 1 is unrealistic for a crystal
immersed in a melt, which is more likely to exchange elements with the melt. Thus, a fixed
(FEC) or variable (VEC) edge composition model is more appropriate (e.g., Chakraborty and
Ganguly, 1991). Most noteworthy for the present purposes is the observation that a closed
system model underestimates timescales (Chakraborty and Ganguly, 1991). An immediate
consequence of this modification of condition 1 is that it reveals condition 2 to be a contrived
artificial construct. If the crystal remains open to the exchange of trace elements with the
melt, then the liquid composition with which the different parts of the crystal strive to
equilibrate should be the last melt in equilibrium with the edge of the crystal. These
differences between the two approaches are schematically illustrated in Figures lc,d. As
shown in Figure Ic, this consideration is of nontrivial consequence because the final, “target”
profiles for diffusion are very different under these different sets of assumptions (also, see
below). Accordingly, a given measured compositional profile represents a very different



degree of modification (i.e., timescales) under the two schemes. A related consideration may
be if and how the interior of the plagioclase crystal responds to the liquid composition. This is
accomplished through the relevant point defects; the point defects (e.g., vacancies) that are
responsible for the diffusion of a given trace element equilibrate with the liquid at the surface
of the crystal. As these always diffuse orders of magnitude faster than the elements concerned
(e.g., see Schmalzried, 1995), they allow the interior of the crystal to sense the conditions at
the surface. Further evidence that this may indeed be a good approximation to the processes
occurring in nature is provided from actual measurements of compositional gradients in
natural crystals. Figure 2 shows profiles of anorthite and Mg in a plagioclase from a basaltic
andesite from Volcan Pellado (Tatara-San Pedro volcanic complex; Singer et al 1997 and
Dungan et al 2001. Superimposed on the measured profile is a calculated line, wherein we
have assumed that the Mg concentration equilibrated with the melt with which the rim was in
equilibrium (e.g., using Eqn. 3) and the An content in each zone, and a given temperature.
The correspondence of the calculated and measured Mg profiles shapes is consistent with the
contentions above.
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Fig. 2. Anorthite and Mg concentration profile of a plagioclase crystal from the Tatara-San Pedro volcanic
complex (sample EML-9 from Volcan Pellado; Singer et al 1997 and Dungan et al 2001. Note that the Mg
profile is almost a mirror image of the An profile and it shows the same profile shape as the calculated
equilibrium profile (gray line). The equilibrium concentration was calculated at 900°C and by Eqn. 3 (see section
2.4 for details). Plagioclase was analyzed with an electron microprobe (Cameca SX-50) in Orléans (CNRS-
BRGM) operating with a beam current of 15nA, accelerating voltage of 15 kV, and a counting time of 20 s for
Al, Si, Ca, Na, Fe, K, and 60 s for Mg.



3. Model parameters

Before calculating an actual example (section 4), we discuss below the parameters and
sources of error that enter the calculations for any given trace element. These are the
composition dependent plagioclase—melt partition relations and diffusion coefficients of the
element concerned. In addition, each of these may depend on other environmental variables,
particularly temperature.

3.1. Partition Coefficients

Recent determinations of partition coefficients for different trace elements between
plagioclase and melt of a variety of compositions are available (e.g., Blundy and Wood 1991
and Bindeman et al 1998. We have used partition coefficients of Mg from Bindeman et al.
(1998) in our modeling.

3.2. Diffusion coefficients

There are a number of determinations of trace element diffusion coefficients in plagioclase
and many of them depend on plagioclase major element composition (Sr, K, Ba; Cherniak and
Watson 1994; Giletti and Casserly 1994; Giletti and Shanahan 1997 and Cherniak 2002.
LaTourrette and Wasserburg (1998) determined Mg diffusion coefficients in anorthite and
showed that it is among the elements that diffuse the fastest, about two orders of magnitude
faster than Sr (Cherniak and Watson 1994 and Giletti and Casserly 1994), and approximately
seven orders of magnitude faster than NaSi-CaAl interdiffusion under “dry” conditions
(Grove et al., 1984). Thus, the basis for modeling Mg diffusion relative to a “fixed” An
content is justified. Although the Mg diffusion coefficient for albitic plagioclase has not been
determined directly, we have estimated it by assuming a compositional dependence similar to
that of Sr. Although this estimate does not eliminate the need for direct measurements, it
appears to be a reasonable approximation because: (1) the activation energy for diffusion of
Sr is similar to that of Mg (Giletti and Casserly 1994 and LaTourrette and Wasserburg 1998),
so that assuming similar behavior as a function of composition may be a point of departure,
and (2) we tried varying the compositional dependence of diffusion coefficient of Mg keeping
the same functional form as that for Sr. Although there is some room for variation, the
detailed shape of the profiles themselves preclude diffusion coefficients with arbitrary
compositional dependencies. Thus, the equation we have used is
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where Dy, 1S in microns® s ! and T is in Kelvin.

3.3. Influence of environmental variables such as temperature

The discussion so far has ignored the influence of temperature and pressure that can affect the
model by influencing the parameters above, partition coefficients, and diffusion rates. The
variability in partition coefficients over the temperature interval of interest during growth of a
crystal is relatively limited (e.g., Blundy and Wood, 1991) and can be ignored to a first
approximation. A far stronger influence of temperature is on diffusion rates. However, it has



been shown that a nonisothermal problem can always be reduced to an equivalent isothermal
one (e.g., Dodson 1973 and Lasaga 1983, and calculations carried out at a constant,
characteristic temperature yield the same results (Chakraborty and Ganguly, 1991).

3.4. Uncertainties

The main uncertainties in this kind of model arise from uncertainties in temperature
determinations and uncertainty in measured diffusion coefficients. Under favorable
circumstances, geothermometers are capable of yielding crystallization temperatures within
+25°C. These translate to uncertainties of less than an order of magnitude in diffusion rates at
typical magmatic temperatures and for typical activation energies of around 200 to 300
kJ/mol. For the case of Mg, a 50°C difference modifies the calculated times by a factor of ~.3.
Uncertainties in diffusion coefficients are wvariable, but recent determinations have
uncertainties well within a factor of two at magmatic temperatures (for a discussion of data on
plagioclase, see Giletti 1994 and LaTourrette and Wasserburg 1998.

4. Simulations to illustrate the behavior of trace element
diffusion in plagioclase

We carried out a set of model calculations that used the diffusion equations and the boundary
conditions outlined above. In each case, a homogeneous plagioclase crystal is considered on
which an overgrowth of a second composition is formed instantaneously (e.g., Fig. 1a). We
illustrate four possible end-member cases ( Fig. 3): (1) the An and the trace element (e.g., Mg)
are normally zoned (higher content in the core than in the rim; Fig. 3a), (2) the An content is
normally zoned but the trace element is reversely zoned (higher concentration in the rim than
in the core; Fig. 3b), (3) reversely zoned An profile and normally zoned trace element content
( Fig. 3c), and (4) both the An and the trace element are reversely zoned ( Fig. 3d). For
comparison, we also show the calculated evolution using the standard formulation where the
coupling with An contents is neglected and a simple compositionally dependent diffusion of
Mg (i.e., by using only the first term within square brackets in Eqn. 7) is modeled. In these,
we use the same diffusion coefficients and the profiles are illustrated after the same number of
time steps. It is apparent how the extent of modification of a compositional profile (i.e.,
retrieved timescales) depends strongly on the coupling term (e.g., insets of Fig. 3). Details of
each simulation are provided in the figure caption; the overall conclusion from a comparison
of the two models is that for the early stages of diffusion, the difference between the
calculated profiles (and therefore timescales) is relatively small but it increases with
increasing extent of diffusion and the maximum difference in timescale retrieved from a given
measured profile using the two models can be as much as a factor of 5. Also note the
appearance of inflections in the compositional profiles due to uphill diffusion in some
simulations ( Figs. 3a,c,d), depending on the nature of the initial Mg and anorthite profiles.
Such inflections would be on the order of the resolution of standard ion-probe or laser
ablation inductively coupled plasma mass spectrometry analyses and unless special care is
taken to detect these, they may go unnoticed, as is seen in the natural samples we simulate
below.
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Fig. 3. Model calculations of diffusive equilibration using Eqn. 7 (accounting for coupling of Mg diffusion to An
content; profiles in solid lines, upper panels) and a compositional dependent diffusion equation without coupling
(i.e., using only the first term in brackets in Eqn. 7; profiles in gray, lower panels). For the dependence of Dy, on
anorthite content and temperature, Eqn. 8 was used at an arbitrarily chosen temperature of 1100°C. Dotted lines
are the initial Mg profiles, and larger black dots are the equilibrium profiles. Insets show the An profile and the
time evolution for homogenization at the center of the crystal [%h = 100 x (Cyy— Cyeequilibrium)/(Cyginitial —
Cwmgequilibrium)]. (a) Anorthite and initial Mg profile are normally zoned. The evolution toward equilibrium is
faster when the full equation is used (see inset in lower panel), which means that the calculated times, ignoring
coupling, will be longer compared with the case where coupling is accounted. The amount of overestimation
depends on the time that has elapsed, on the anorthite content, and on the An gradient. For the example shown in
this figure, the time can be overestimated by a factor of 2. (b) Anorthite is normally zoned and initial Mg profile
reversely zoned. For this case, Eqn. 7 reaches equilibrium much more slowly compared with the case when
coupling is not considered, which means that the calculated times can be underestimated. For the example shown
in this figure, the time can be underestimated by a factor of 5. (c) Anorthite is reversely zoned, and initial Mg
profile is normally zoned. The time evolution calculated with coupling can be over- or underestimated depending
on the gradient of the anorthite profile. For steep An profiles, times will be underestimated, and for lower An
gradients, times can be overestimated. Note also the uphill diffusion at the beginning of the calculation using
Eqn. 7. (d) Anorthite and initial Mg are reversely zoned; Eqn. 7 tends to evolve faster than an algorithm without
coupling, although it is very sensitive to initial An gradients.



Finally, Figure 4 shows the effect of multidimensional diffusion when a finite difference
adaptation of Eqn. 7 for two dimensions is used. The effects of two-dimensional diffusion
become significant for relatively small and prismatic crystals and if this is ignored, in spite of
good fits to profile shapes, one would retrieve incorrect timescales. We shall see examples of
this effect in our modeling of the natural crystals below. Thus, even though diffusion of
elements such as Mg in plagioclase are found to be only weakly anisotropic (e.g., LaTourrette
and Wasserburg, 1998), it is important to consider multidimensional diffusion in cases where
substantial compositional modification has taken place.
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Fig. 4. Model calculation showing the effect of two-dimensional diffusion in small prismatic plagioclase crystals.
(a) Initial concentration distribution of Mg in two dimensions for a crystal with an aspect ratio of 2:1. (b)
Concentration distribution of Mg after some diffusion. (c) Concentration profile calculated using a one-
dimensional diffusion model at two different times (solid lines). Dotted line is the initial Mg profile and bold
black dots indicate the equilibrium profile. Inset shows the An profile. (d) Concentration profile through the
center of the crystal shown in (b) after the same number of time steps as for the one-dimensional model in (c).
Note that the time evolution for homogenization (see inset and caption of Fig. 3 for abbreviation) is much faster
in two dimensions, and that ignoring such effects can largely overestimate the time. (¢) For small and prismatic
crystals, the position of the traverse with respect to the center of the crystal is also very important for retrieving
the correct timescales. For example, the profile with the label X1 goes right through the center of the crystal
shown in (b), whereas the profile labeled x2 is from a location 2 distance units removed from the center at the
same point of time. Note that such small difference in position may have a large influence on the profile and thus
on the calculated times.



Differences in behavior may also be expected on the basis of variable compatibility of the
modeled element. In the case of a plagioclase crystal in contact with a finite reservoir of melt,
the likelihood that the melt reservoir will be depleted during crystallization increases with
increasing compatibility of the element of interest (where compatibility refers to the bulk
crystallizing mineral assemblage, not only plagioclase). Thus, for a compatible element one
would need to apply a VEC model, and in this case, it is necessary to have an estimate of the
equilibrating melt volume in addition to the other parameters to estimate the rate of change of
the rim composition. For an element behaving incompatibly it is more likely that the melt
reservoir is large enough that the composition does not change dramatically and conditions
suitable for the application of the FEC model obtain. Thus, incompatible trace elements are
likely to be more suitable for this kind of modeling.

The variation in the detailed shape of profiles resulting from such factors as compositional
dependence of the diffusion coefficient (profile asymmetry), choice of boundary conditions
(closed or open system; i.e., whether flux at the boundary is zero or not) and two-dimensional
effects on diffusion point to the nonuniqueness of any single composition in the crystal as an
indicator of its thermal history. It is important to fit the shape of the entire profile to obtain
robust and meaningful information about timescales. This is well known in the meteorite
literature, where the “central composition method” that was used to model taenite-kamacite
lamellae in iron meteorites in the 1960s and the 1970s, has been abandoned in favor of fitting
the entire compositional profiles, and cooling rates obtained via the older method have been
revised (for reviews and discussion, see Rasmussen 1988 and Saikumar and Goldstein 1988.

5. Modeling natural crystals

Modeling natural crystals requires some extra steps beyond the forward models we have
presented so far. Our approach consists of: (1) estimating the initial concentration distribution
of a given trace element within the crystal, (2) estimating the boundary conditions, and (3)
carrying out a diffusion calculation with the initial and boundary conditions as noted above to
reproduce the observed concentration distributions. We have discussed (3) in detail so far,
here we outline the details of (1) and (2). We consider Mg in plagioclase for illustrative
purposes because the faster (e.g., see section 3.2), well constrained (from precise laboratory
measurements) diffusion rate of this element makes it ideally suited for this kind of modeling.
Further, as shown in Figure 2 and by Ginibre et al. (2002), it is possible to measure Mg
concentration profiles by using long counting times in an electron microprobe, which makes it
one of the most accessible trace elements for routine petrologic work. The approach can be
extended to any other trace element or isotope.

5.1. Estimating the Initial Concentration Distribution of a Given Trace Element
within the Crystal

This is inherently difficult to constrain because it is necessary to infer the composition
distribution in the crystal before diffusion. The approach that we have taken is to use crystals
with large and sharp anorthite changes, from which we infer that the initial profile of the trace
element also showed a sharp change (e.g., crystals of Fig. 5). In this case, we still do not know
the liquid composition from which these An contents were derived, and this introduces an
uncertainty in the inferred initial Mg content of the zone. For profiles that are not strongly
modified and the zones are wide (e.g., a core composition overgrown by a single rim
composition), we have taken compositions from the central unmodified portions of a zone as
the initial Mg content, with the form of the distribution dictated by the An profile. This



situation would apply for modeling crystals with large and sharp changes in anorthite
contents—zoning patterns common in plagioclase xenocrysts found in mixed silicic magmas
(e.g., Feeley and Dungan 1996; Umino and Horio 1998 and Clynne 1999. In cases where
there are oscillations over narrow zones, it becomes more difficult to estimate the initial Mg
distribution and ultimately may require some degree of arbitrariness.

Fig. 5. Photomicrographs (crossed polars) of the three modeled crystals. Note that they all consist of a distinct
core and a rim (zones with very different extinction ANGLES = gray levels) despite their different sizes. Arrows
illustrate the direction of the electron- and ion-microprobe traverses shown in Figure 6.



5.2. Establishing the boundary conditions subject to which diffusion took place

We calculate the liquid composition in equilibrium with the plagioclase rim (e.g., using Eqn.
3) and then carry out the diffusion calculations subject to the condition that the rim always
remains in equilibrium with this liquid, i.e., the plagioclase rim/liquid boundary is open to
exchange of the trace element concerned; a significant difference with the model of Zellmer et
al. (1999). Our approach has the caveat that in some cases, fast growth rates immediately
before eruption may prevent plagioclase rims from attaining equilibrium compositions (e.g.,
Albaréde and Bottinga 1972 and Singer et al 1995. However, careful observation allows such
late disequilibrium features to be identified as sudden compositional jumps in the profile, and
the last composition to have equilibrated with a liquid can be used for modeling. As long as
the composition in the plagioclase strives to come to equilibrium with a single liquid
composition; real or hypothetical, our approach remains valid. The timescale retrieved,
depends strongly on the chosen liquid composition, because this determines the “distance to
equilibrium” of the measured profile in a plagioclase. Irrespective of what liquid composition
is chosen, we note that all the different An contents cannot be in equilibrium with the same
liquid; this situation arises only because of the slow diffusion rates of the anorthite component
so that the trace elements that can diffuse try to attain a distribution commensurate with the
distribution of An as well as the composition of the liquid surrounding the crystal. After some
point of time the An component of plagioclase will also start diffusing and a true overall
equilibrium situation would be one where the An as well as trace elements are
homogeneously distributed.

5.3. Example of application to natural samples: plagioclase zoning profiles from
gabbroic xenoliths of Volcan San Pedro

To illustrate applications of our model we have focused on plagioclase crystals from a suite of
gabbroic xenoliths found in a dacite flow of the Holocene Volcan San Pedro (Tatara-San
Pedro Volcanic complex, 36°S, Chilean Andes; Singer et al 1997 and Dungan et al 2001.
Detailed geochemical analyses and petrography of the xenoliths were presented by Costa et
al. (2002), so only a brief summary is given here. The xenoliths are thought to be fragments of
a partially crystallized zone that was shattered during the Holocene eruption of Volcan San
Pedro, and are probably comagmatic with the zoned silicic magma reservoir (Costa and
Singer, 2002). The studied samples are olivine norites to melanorites, they contain interstitial
glass, and they show prominent reaction textures involving resorbed olivine, Cr-spinel and
clinopyroxene, mantled by orthopyroxene, hornblende, and phlogopite. Plagioclase occurs
mainly as euhedral crystals, either as inclusions in orthopyroxene, hornblende, and
phlogopite, or in the matrix glass ( Fig. 5). Center to margin electron microprobe analyses
were performed across 42 plagioclase crystals. Most plagioclases typically consist of a flat or
normally zoned core of Angs to Anys, mantled by a normally zoned or flat rim of Angs to Anj,
occasionally down to Ane. The transition between cores and rims is very abrupt, with a
decrease of 30 to 40 mol % An occurring over a distance of less than 50 um. This shift
coincides with large and abrupt changes in Fe, K, La, concentrations (Fig. 6). In contrast, Mg
concentrations do not show the large composition changes at the boundary between cores and
rims, and in crystal P14 the Mg concentration profile is almost flat, suggesting that Mg
concentrations have been modified by diffusion. Costa et al. (2002) suggested that the whole-
rock compositions, textures, mineralogy and the bimodal plagioclase major and trace element
compositions of these xenoliths could be explained by a metasomatic event with infiltration of
a silicic, water-rich liquid into a crystal-rich framework. In this scenario, the high An cores of
the plagioclases crystallized before the metasomatic event, and the albite-rich rims grew from



the infiltrating evolved liquid. Thus, modeling the trace element concentration profiles
provides constraints on the duration of the metasomatic event.
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Fig. 6. Major and trace element profiles in three plagioclase crystals. Note the large and abrupt shift in An in the
three crystals despite their difference in size. Trace elements mimic the An shift except for Mg, which is almost
flat in P14, which suggests that diffusion has modified the Mg profiles. The “equilibrium” concentrations (gray
line) were calculated as described in section 2.4 and using a temperature of 850°C. Photomicrographs of the
crystals are shown in Figure 5. Major element plus minor elements in P18 were analyzed with an electron
microprobe (Cameca SX-50) of the University of Lausanne and in Orléans (CNRS-BRGM) with the following
conditions: 15 nA (beam current), 15 kV (accelerating voltage), with a counting time of 20 s for Al, Si, Ca, Na,
Fe, and K and 60 s for Mg. Trace and minor element analyses in crystals P17 and P14 were performed at the
University of Edinburgh with a Cameca IMS-4f ion microprobe with a O primary beam of net impact energy of
15 keV (10.7 keV primary and 4.5 keV secondary) and an operating current of 5 to 8 nA. The secondary ion
accelerating voltage was 4500 keV. Only ions with energies falling between 55 and 95 eV (75 £ 20 eV) were
analyzed to reduce molecular ion interferences. Beam diameter ranged between 15 to 30 um. The following
isotopes were measured: 26Mg, 3981, 'K, **Ca, *°Fe, "L, plus mass 60 for CaO overlap on Fe and mass 130.5 to
monitor the background. The concentrations were obtained by normalization of mass *°Si to the silica values
obtained by electron microprobe analyses. The SRM-610 glass standard was used as a monitor of day-to-day
changes in instrumental conditions (the nominal concentrations for SRM-610 are provided in Hinton, 1995). The
ion yields for plagioclase relative to SRM-610 were determined with Lake County (LC) plagioclase, an alkali
feldspar SHF1 (AF), and Corning glass (CG). The 2c precision for most elements is under 5% relative. Only La
is in some cases slightly above 10%.



5.4. Modeling mg diffusion profiles

To test whether the trace element profiles have been affected by diffusion, we have first
calculated the equilibrium compositions by means of the method outlined above (e.g., 2.2 and
2.4) and a temperature of 850°C (the lowest temperature obtained by the hornblende—
plagioclase geothermometer of Holland and Blundy, 1994). As is apparent from Figure 6, the
K profiles are rather close to the calculated equilibrium values, whereas the rest of the
elements are not. This is consistent with the observation that K diffuses much faster than the
other cations (e.g., Giletti, 1994). Consequently, whereas some elements such as La and Fe
might provide information about magmatic processes (in this case the abrupt and large
difference in La concentrations between core and rims record the arrival of the metasomatic
liquid), others such as Mg or K may offer clues about the thermal history of such processes.

We have modeled compositional profiles of three plagioclase crystals with sizes ranging from
900 to 200 um (Fig. 5 and Fig. 6). Note from our preceding discussion that we would need
different diffusion models to simulate the different crystals; one-dimensional diffusion model
would suffice for the larger crystals (e.g., P17 and PI8), whereas at least a two-dimensional
model should be used for the smaller and prismatic crystals where the core composition is
substantially modified (e.g., Pl4). We have modeled the concentration profiles by two
different approaches: (1) Fick’s Law based diffusion equation with concentration dependent
diffusion coefficients (i.e., accounting for only the direct flux resulting from the first term of
Eqn. 7) and (2) the fully developed diffusion equation ( Eqn. 7) accounting for the
dependence of chemical potential of Mg in plagioclase on An contents. The results of the best
fits using these two types of equations are illustrated in Figure 7 and the retrieved timescales
(30 to 225 yr) are listed in Table 1. The second model reproduces some of the details of the
profiles somewhat better, although the uphill diffusion predicted by the model is undetected in
the ion probe analyses carried out via standard procedures or the noisy electron microprobe
data. The timescales of diffusion required to fit the compositional profiles in the three crystals
with very different sizes and consequently, very different shapes of Mg profiles, are similar
when the two models are used, although model 2 consistently requires shorter diffusion
timescales to reproduce the observed profiles. Had we chosen to model only one crystal and
selected the most evolved profile of the smallest crystal, a simple one-dimensional model
would have yielded a timescale of ~.200 yr ( Fig. 7¢), which is considerably longer than, and
inconsistent with, results from the other crystals. With all crystals and factors considered
together, data from Table 1 show that a consistent picture is obtained. Our results show that
the metasomatic event lasted from a few tens to about a hundred years, and thus the xenoliths
remained at high temperatures at best for a few tens of years and this probably places a
constraint on the lifetime of the silicic magma reservoir that yielded the spectacular Holocene
zoned eruption of Volcan San Pedro (Costa and Singer, 2002).
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Fig. 7. Modeling results of natural crystals. Dotted lines are the initial Mg profiles; solid lines are from model
calculations that use Eqn. 7, and gray lines are from the model that uses only the first term in brackets of Eqn.
7—that is, without considering coupling with major elements. Photomicrographs of the crystals are shown in
Figure 5. (a) For crystal P17, both models yield similar times (132 yr using Eqn. 7 and 148 yr, ignoring coupling)
and reproduce the natural data quite well. Note that the trough shown by the model using Eqn. 7 is below the
resolution of the ion-microprobe analyses. (b) Modeling of crystal P18 gives times ranging from 30 to 60 yr, with
the shorter times being obtained by Eqn. 7. (c) One-dimensional model for crystal P14. For this crystal, we have
used the maximum Mg concentration of crystal P17 as a proxy for the initial concentration. The profile ignoring
coupling gives a better fit to the data and a longer time (225 yr) than the model using Eqn. 7 (190 yr). (d) Model
of crystal P14 using a two-dimensional diffusion equation. Note that both models reproduce the data quite well
and that the calculated times are about three times smaller than in the one-dimensional model shown in (c).



Table 1. Summary of calculated times (yr) using Mg diffusion modeling.

Crystal Eguation 7 Comp. dep.®
FI7 132 148
PIE 30435 30-60
P4, 1-dim 190 225
Pl4, 2-dim 60 B35

* Model using 2 compositionally dependent eguation (first tenm in
brackets of Eqn. 7).

6. Conclusions

We have provided a mathematical formulation to model the diffusive modification of
compositional zoning of trace elements in plagioclase. The approach has been illustrated
using Mg zoning in plagioclase crystals from a suite of gabbroic xenoliths. To obtain an
internally consistent picture of the thermal history from Mg concentration profiles in multiple
plagioclase grains from the same sample, it was necessary to (1) account for diffusive
coupling of trace element to the major element gradient, (2) account for compositionally
dependent diffusion rates, (3) account for two-dimensional effects on diffusion in the smaller
crystals, and (4) use a realistic boundary condition where the crystal continuously exchanged
material with the surrounding melt. Although for the specific profiles that we have modeled
the retrieved timescales are very similar for models with or without coupling, this will not
always necessarily be the case. As we have shown, the difference in retrieved timescales may
increase (depending on the specifics of the system) with increasing extent of diffusion (i.e., as
the trace element profile approaches equilibrium with the anorthite profile). More importantly,
it is impossible to obtain certain features that may develop when a model without coupling is
used (e.g., a final trough from an initial hill-shaped profile). However, once all these features
of diffusion were taken into account, we were able to retrieve timescales of 100 yr from the
diffusion modeling—a resolution that would be impossible to obtain via any isotopic method
applicable to magmatic processes.
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