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Abstract

Magma mixing is a common process and yet the rates, kinematics and numbers of events are difficult to establish.
One expression of mixing is the major, trace element, and isotopic zoning in crystals, which provides a sequential but
non-monotonic record of the creation and dissipation of volumes of distinct chemical potential. We demonstrate a
wavelet-based correlation (WBC) technique that uses this zoning for the recognition of the minimum number of
mixing, or open-system events, and the criteria for identifying populations of crystals that have previously shared a
mixing event. When combined with field observations of the spatial distribution of crystal populations, WBC provides
a statistical link between the time-varying thermodynamic and fluid dynamic history of the magmatic system. WBC
can also be used as a data mining utility to reveal open-system events where outcrop is sparse. An analysis of zoned
plagioclase from the Tuolumne Intrusive Suite provides a proof of principle for WBC. 1 2002 Elsevier Science B.V.
All rights reserved.
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1. Introduction

Igneous rocks often show evidence for repeated
mixing of distinctive magmas and/or remobiliza-
tion of within-chamber material [1,2]. In addition,
the mixing processes can have a characteristic rise
time as short as days to weeks [3,4], can occur
intermittently throughout the history of a magma
body (system) and may act as triggers to eruption
[5]. But how are the scales of progressive mixing
events preserved in the rock record, and how are

they related to the transient response of a magma
body to the repeated input of heat and mass?
Given that the conditions represented in some
mixed magmas and plutons often preserve an ar-
rested or late, low-energy state, how can one look
through this to understand the dynamic, earlier
states? This issue is especially challenging in the
case of composite-intermediate plutons, which
provide much of the geological record of mag-
matic activity [6].
Mixing is fundamentally a process of particle

(crystal) and melt gathering and dispersal fol-
lowed by equilibration by di¡usion (Fig. 1) [7,8].
Repeated mixing can also be conceptualized as
the creation and dissipation of volumes of distinct
chemical potential. In the mechanical sense, mix-
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ing can be de¢ned in terms of the time-varying
statistics of the dispersal of melt compositions
and related to the buoyancy £ux [9,10]. Regard-
less of how mixing is described, progressive mix-
ing usually degrades the record of previous con-
ditions in the melt phase and so the instantaneous
melt composition may not reveal the temporal
record of mixing.
However, in the crystalline record, mixing is

sometimes preserved as complex resorption and
zoning surfaces, melt inclusions and changes in
the stable assemblage [11^17]. It has been pro-
posed that crystals might provide an imperfect
time-series and perhaps a ‘stratigraphy’ that
might reveal progressive events in a magma cham-
ber [18^24]. In this regard, one of the key ob-

stacles to further progress is the absence of su⁄-
cient data density and a comprehensive set of
analysis tools capable of quantitatively identifying
the schedule of magma mixing, growth, fraction-
ation and eruption in a time-stratigraphic frame-
work. Notable conceptual progress has been made
[6,25], but a quantitative framework for testable
hypotheses of processes is still elusive.
In this paper, we demonstrate an objective data

analysis approach to the study of crystal zoning
that allows us to identify populations of crystals
that have shared common thermodynamic envi-
ronments. The central concept is that crystal zon-
ing provides for a non-monotonic, but progressive
time-series, and that magmatic events can be iden-
ti¢ed and correlated among crystals. We intro-
duce the concept of wavelet-based correlation
(WBC) which allows for simultaneous spatial^sta-
tistical inversion of all crystal zoning patterns for
all crystals. This provides: (1) the minimum num-
ber of thermodynamic volumes involved in mixing
and the populations of crystals that participated
in a mixing event and, (2) when coupled with £uid
dynamic models and geologic map data, estimates
of relative motion between crystals and minimum
residence times in portions of the system.

2. Crystal zoning

Crystals often display a compositional zoning
that is a type of ‘spatiotemporal’ pattern, typical
of many natural systems [26]. For example, the
zoning of plagioclase, olivine, apatite and pyrox-
ene crystals has been interpreted as progressive-
ly recording changes in magmatic environments
[23,27^29].
Of special interest in magmatic systems is com-

positional zoning in plagioclase which has two
characteristic scales [28]. Type I zoning is small-
scale, generally in the range 1^10 Wm, and has
been shown to be the result of a deterministic
process [26]. Type I zoning is interpreted to be
controlled by a mismatch in the rates of crystal
growth and di¡usion of elements through the
boundary di¡usion layer, which causes an oscilla-
tory depletion in major elements that is preserved
as ¢ne-scale zoning.

Fig. 1. Schematic diagram of the mixing of two distinctive
magmas with arbitrarily assigned 87Sr/86Sr ratios. Black rims
on crystals represent crystal growth during and after the mix-
ing event. The output of the mixing event (A+B) is a mixed
population (C) growing in a new hybrid melt.
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Type II zoning is wider, at scales in the range
3^100 Wm and of greater amplitude, up to tens of
mole percent anorthite. It likely re£ects £uctua-
tions in the local bulk-liquid composition, temper-
ature, pressure and/or volatile content. In situ iso-
topic analyses within plagioclase grains show that
type II zoning can be correlative with changes in
isotopic ratios [30,31] and so, in these cases, can-
not be the result of crystal boundary layer or
complex growth e¡ects. This provides support
for the suggestion that type II zoning records pro-
gressive, but non-monotonic, changes in the mag-
matic environment which can be related to mag-
ma mixing processes.
In general, type I zoning in plagioclase does not

correlate among grains, while type II zoning can
be correlative between neighboring grains [32].
However, the superposition of types I and II zon-
ing produces complex zoning patterns [33^35] that
make it di⁄cult to use zoning to interpret events
recorded by suites of crystals. It has not generally
been possible to uniquely interpret the combined
e¡ects of changes in temperature, pressure and
composition within a magma chamber from the
zoning of crystals. This is due to the fact that
coupled component di¡usivities and kinetics are
not well known [17,26,36] and that crystals of
di¡ering ages will be gathered and dispersed dur-
ing mixing. While it may be obvious from the
¢nal crystalline assemblage that mixing has oc-
curred, understanding the mechanisms, extent
and duration of mixing is not straightforward
from complex zoning patterns.
An approach that may prove useful in extract-

ing quantitative information is to examine crystal
zoning in a signal processing framework. The sig-
nal processing framework is useful because it de-
composes the complex expression of crystal zon-
ing into component signals of distinct scales
simultaneously for a very large number of crystals
and in a way that is not possible in a rigorous
sense with standard petrographic methods. One
example of this approach is that chamber-wide
melt evolution trends are generally preserved at
a length scale approaching the entire core-to-rim
length of the zoning pro¢le, while processes oper-
ating at crystal melt interfaces are preserved at a
length scale of a few micrometers. A signal pro-

cessing approach explicitly allows for the separa-
tion and identi¢cation of these parts of the raw
zoning data and thus provides the basis for cor-
relation of distinct magmatic events between crys-
tals.
If crystal zoning records progressive changes

in the local thermodynamic environment, then
crystals growing in the same thermodynamic en-
vironment should record the same progression of
zoning features. Thus, identi¢cation of multiple
zoning populations in a single sample can be geo-
logically interpreted as a convergence of crystals
from distinctive thermodynamic environments
[37]. Once the full range of scales of zoning is
characterized for a mineral system, it should be
possible to compare the transport history of crys-
tals in the context of integrated changes in the
thermodynamic environment. However, in order
to compare zoning pro¢les in a signal processing
framework, a quantitative technique that can re-
solve the locations of features in zoning pro¢les is
needed.

3. The continuous wavelet transform (CWT)

An objective data analysis technique that is well
suited for structured data such as crystal zoning is
the CWT [38,39]. The wavelet transform separates
the components of the zoning without losing in-
formation as to their location within the crystal.
One can then look at the components without the
complications of their inherent superposition. Pre-
viously, Fourier-based methods have been used to
identify the dominant amplitudes of crystal zon-
ing [17]. The Fourier-based methods make the
implicit assumption that the zoning is periodic,
or stationary, and so represents the zoning in
terms of a repeating, orthogonal set of basis func-
tions such as sines and cosines. However, these
assumptions preclude the resolution of the distri-
bution of frequency components in the spatial
domain, such as the particular location in the
crystal where dominant frequencies occur. Hence,
Fourier-based methods cannot serve as a tech-
nique for time-correlative analysis among crystals.
The CWT is a departure from Fourier-based tech-
niques, in that it can resolve time^frequency
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relationships in non-periodic, or non-stationary,
structured data. Reviews of the wavelet technique
with geophysical applications can be found in
[39^42] ; there are also tutorials available on the
World Wide Web.
The CWT represents a signal, such as a pro¢le

of crystal zoning, by comparing the zoning signal
to a reference function called the mother wavelet
function (referred to hereafter as the wavelet) over
a range of translations and scales, thereby allow-
ing localized, multi-scale resolution (Fig. 2). For
one-dimensional data analysis, the CWT has the
form:

CWTðs; d Þ ¼ 1
s

Z
f ðxÞP x3d

s

� �
dx ð1Þ

where f(x) is the zoning pro¢le (it is implied that x
is the coordinate from core to rim), P is the wave-
let, d is a translation term and s is the scale. For
discrete data, iteration over a range of trans-
lations and scales appropriate to f(x) results in
a matrix of wavelet coe⁄cients (CWTs;d ). Each
wavelet coe⁄cient is a calculation of the CWT
at the speci¢ed scale and translation. The scale,
or dilation, of the wavelet determines the width
and frequency response of the wavelet. Transla-
tion determines where the wavelet is aligned rela-
tive to the zoning pro¢le. An intuitive way to view
wavelet coe⁄cient values is as a measure of the
similarity between f(x) and P at a particular dila-
tion and location in f(x). Positive wavelet coe⁄-
cients result from peaks in the zoning pro¢le and
negative coe⁄cients result from valleys, or mini-
ma in f(x). Thus the wavelet can have a dual role;
it re-represents the signal as a collection of com-
ponent signals at a certain scale and also acts as a
probe for features in the data with morphologies
similar to the mother wavelet.
In summary, the advantage of the wavelet

transform is that it decomposes the zoning pro¢le
into a set of component pro¢les that can better
reveal the underlying structure in the zoning,
while not losing the information of the location
of the components in the original zoning pattern.
This allows for the selective recognition and com-
parison of spatiotemporal features among crys-
tals.

Fig. 2. Example wavelet analysis of a non-stationary signal.
(a) The input has two sections with periods of 112 and
12 points. The signal is not strictly periodic because the fre-
quency content of the signal changes across the signal.
(b) Wavelet coe⁄cient matrix. Coe⁄cients are calculated
with the DOG wavelet as the mother wavelet function.
(c) Positive and negative wavelet coe⁄cients correspond to
peaks and valleys in the input data. The shift in scale corre-
sponds to a change in frequency in the input data at 400.
(d) For comparison purposes, the dominant scales in the sig-
nal determined by wavelet analysis are shown in a plot of
scale vs. average coe⁄cient values, with maxima at scales
s=3 and s=28. An empirically determined 4:1 scaling rela-
tionship for the DOG wavelet ties to Fourier analysis with
the Fourier amplitude spectra of the sample input showing
dominant periods of V=12 and V=112 points. (e) Peaks are
sharper in (e) because the basis function in Fourier analysis
matches the sample signal. The key point of this ¢gure is
comparison between (b) and (e). Fourier analysis gives excel-
lent frequency resolution, but o¡ers no information on where
in a signal speci¢c frequencies are located. Wavelet analysis
provides information on the dominant frequencies and their
location in a signal. For the purposes of WBC, only the in-
formation in (b) is used.
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4. WBC

One objective of the wavelet analysis is to iden-
tify populations of crystals that have some shared
history both within a sample and/or between sam-
ples which can be from the same outcrop or sep-
arate outcrops. To determine the populations of
zoned crystals, WBC addresses the questions:
what crystals have similar zoning patterns and
where are those patterns the same between pro-
¢les and samples? This provides the basic criteria
for the de¢nition of crystal populations and also
where in their zoning pro¢le crystals began grow-
ing in a common environment. WBC is imple-
mented in four steps.

4.1. Step one: data acquisition

The uncertainties in the WBC analysis will de-
pend on the data quality, which has two aspects :
the inherent uncertainties in the data gathering
technique, and the respective orientation, geome-
try and nucleation time of the individual crystals.
Ginibre et al. [17] review the techniques for the
characterization of compositional zoning and
their associated uncertainties. Pearce and Kolisnik
[43] review the criteria for crystals that will be
optimal for zoning study. They should be euhe-
dral, nearly center-cut, and with zoning nearly
perpendicular to the plane of the thin section. In
practice, it is di⁄cult to obtain optimal grain ori-
entations without resorting to prohibitively labo-
rious methods and strict criteria that bias selec-
tion towards a restricted size range and crystal
shape.
This selective bias can result in incomplete sam-

pling of a crystal population with a diverse crystal
size distribution. O¡-center pro¢les are readily
measured and are more likely to provide a char-
acteristic sampling of a population, but are di⁄-
cult to compare due to geometric e¡ects. The
range of geometric e¡ects generally reduces to
pro¢le stretching and/or removal of information
from the crystal core. If the actual orientation and
position of a random pro¢le are known relative to
the optimal section, it is trivial to stretch and
translate a pro¢le for comparison. However, this
information is rarely, if ever, available. We have

developed an adaptive pro¢le normalization tech-
nique that objectively translates and stretches pro-
¢les in preparation for wavelet analysis. In short,
the technique generates an array of possible
stretching and translations for each pair of pro-
¢les. Then, the best ¢t for that pair of crystals is
determined by standard correlation and used in
WBC. Preliminary Monte Carlo experiments in-
dicate that this approach improves the accuracy
of WBC by about 30%, as compared to WBC of
pro¢les with no normalization.

4.2. Step two: wavelet transformation

The target output of the wavelet transformation
step is a matrix of wavelet coe⁄cients, which rep-
resent only the zoning widths of interest for the
geologic analysis. As discussed above, these are
calculated with the wavelet transform. Each
mother wavelet function has a scaling function
that can be used to relate scale to a wavelength.
This relationship, in conjunction with observatio-
nal, theoretical or empirical knowledge of zoning
types, is used to determine what range of scales
should be used in the wavelet analysis of zoning
pro¢les, such that only the zoning type of interest
is represented in the ¢nal wavelet coe⁄cient ma-
trix (Fig. 4). Alternatively, the scale range of in-
terest can be extracted from a wavelet coe⁄cient
matrix after wavelet analysis over a broader range
of scales, but this results in unnecessary calcula-
tions.
The choice of the appropriate wavelet function

for a given application is not obvious as many
wavelets may give qualitatively similar results. Be-
cause wavelet coe⁄cients are dependent on the
similarity between P and f(x), the wavelet should
be matched to the spectral properties of the sig-
nal. However, there has been little analysis of how
best to match a particular wavelet for a particular
spatiotemporal signal. Leblanc [44] proposes a
combination of power spectrum analysis and oth-
er statistical tools in evaluating the selection of a
wavelet for analysis when data recovery from
wavelet coe⁄cients is required, but no widely
applicable guidelines have been identi¢ed. For
the analysis of plagioclase zoning pro¢les, we em-
ploy the Mexican Hat, or Derivative of Gaussian
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(DOG) wavelet (Fig. 2), de¢ned as:

P ðxÞ ¼ 2ffiffiffi
3

p Z
31=4

� �
ð13x2Þe3x2=2 ð2Þ

Our wavelet selection is based on two criteria: (1)
the DOG wavelet has the best resolution in WBC
correlation coe⁄cients in duplicate WBC analyses
with Haar, Morlet, DOG and Daubechies wave-
lets ; (2) the DOG has a narrow spectral range and
a single well-de¢ned peak in the spatial domain,
providing better sensitivity to abrupt features in
zoning pro¢les.
The ends of pro¢les produce edge e¡ects that

reduce resolution and produce spurious results
when used in data correlation analysis. Edge ef-
fects can be mitigated in a number of ways. In
traditional Fourier analysis, data are padded
with either a periodic, symmetric or zero exten-
sion of the signal. In addition to generating dis-
tortion at the edges of padding segments in wave-
let analysis, these padding routines implicitly
assume periodicity and are not well suited for
wavelet analysis of non-stationary zoning pro¢les.
Padding zoning pro¢les with the ¢rst and last
measured values generates the smallest edge ef-
fects and is chosen for the analyses presented in
this paper.

4.3. Step three: correlation and cluster analysis

Two criteria for quantitative data comparison
are correlation and covariance. Both compare
how pairs of points from pro¢les behave relative
to the pro¢le means and provide a measure of the
similarity of pairs of pro¢les. The correlation co-
e⁄cient for two data sets x and y is de¢ned as:

r ¼ covðx; yÞffiffiffiffiffiffiffiffiffiffiffiffiffiffi
varðxÞ

p ffiffiffiffiffiffiffiffiffiffiffiffiffi
varðyÞ

p ð3Þ

Where variance and covariance are de¢ned as:

varðxÞ ¼ 1
N31

XN
i¼1

½xi3x�2 ð4Þ

and:

covðx; yÞ ¼ N
PN

i¼1xiyi3
P N

i¼1xi
P N

i¼1yi
NðN31Þ ð5Þ

Where x is the arithmetic mean of the data set
and N is the number of data points. In situations
where the variance of pro¢les is likely to be di¡er-
ent the use of correlation is preferable. However,
when the magnitude of similarity is important,
covariance is a useful tool, but perhaps less intui-
tive to interpret. Where pro¢les have similar var-

Table 1
Correlation coe⁄cients

Correlation coe⁄cients of zoning pro¢les from Kcp and Khdp, see text. Values above the diagonal are calculated using the WBC
technique while those in italic below the diagonal are standard correlations from the raw zoning pro¢les. Shaded region indicates
correlation of grains between samples. WBC was implemented in the scale range 5:20 using the DOG wavelet, as shown in
Fig. 2.
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iances, covariance and correlation will produce
similar results.
Standard correlation and WBC are sensitive to

di¡erent components of the signal and therefore
generate di¡erent correlation coe⁄cients for the
same set of pro¢les (Table 1). Normal zoning
trends dominate standard correlation because
the deviation from the mean and variance associ-
ated with normal zoning is larger than any other
component of the signal. Because WBC selects
only the type II component of the zoning signal,
WBC correlation coe⁄cients are not a¡ected by
longer wavelength zoning trends.
Because population determination is based on

correlation, signi¢cance levels for correlation val-
ues are needed for reference. Independently mea-
sured pro¢les from the same grain generally cor-
relate around the 0.95 level using WBC, de¢ning
the upper end of reasonably expected correlations.
We determined the minimum signi¢cant correla-
tion by Monte Carlo WBC of 200 synthetic zon-
ing pro¢les. Correlations above 0.80 are signi¢-
cant at the 95th percentile. Correlation values
that fall below the signi¢cance level cannot be
distinguished from a random population and are
grouped as non-correlative.
Cluster analysis provides a framework for the

determination of crystal zoning populations on
the basis of their correlation coe⁄cients from
WBC. The number of populations determined
by cluster analysis for a single sample is a measure
of heterogeneity of the pro¢les. Because heteroge-
neity is a result of mixing of crystal populations,
cluster analysis provides a measure of the com-
plexity of the mixing history. Cluster analysis col-
lects correlation coe⁄cients into groups that are
similar at or above a correlation threshold that is
set between one and the minimum signi¢cant cor-
relation. A minimum of two crystals are required
to de¢ne a population at the given level of corre-
lation, which implies that the maximum number
of populations that can be resolved is limited to
half the number of analyzed pro¢les.
Neither correlation nor covariance yields infor-

mation on what segments of the zoning pro¢les
are similar or what type of feature is controlling
correlation. Both aligned peaks and aligned £at
portions of zoning pro¢les will increase correla-

tion. In order to resolve the detailed progression
of mixing, a framework for the identi¢cation of
where, within pairs of zoning pro¢les, grains cor-
relate is required.

4.4. Step four: mixing phylogeny

One of the assumptions of WBC is that crystals
growing in di¡erent environments are unlikely to
develop (nearly) identical zoning pro¢les and
those that are growing in the same environment
will. Implicit in this assumption is that if two
grains are brought together, they will have iden-
tical rims and di¡erent cores, and the transition
between these two zoning segments marks the
convergence of the crystals to a common growth
history. This convergence point in zoning pro¢les
is identi¢ed on a pair-by-pair basis by a decrease
in cross-correlation on a rim-to-core traverse (Fig.
3a). Cross-correlation is determined by calculating
the correlation between windowed segments of the
wavelet coe⁄cient matrices along the rim-to-core
traverse. When this process is repeated for many
pairs of crystals, it may be seen that individual
crystals have multiple convergence points, corre-
sponding to multiple gathering events with other
individual or sets of crystals.
The synthesis of convergence points for all crys-

tal pairs is a phylogeny diagram showing the
growth-normalized history of gathering events
for the population (Fig. 3b). Each convergence
point in a cross-correlation diagram is a branch-
ing point in the phylogeny diagram. Therefore,
the number of branching points in a phylogeny
diagram is the minimum number of gathering
events for that set of crystals. Because the phylog-
eny diagram is based on cross-correlation and
convergence, it o¡ers a di¡erent measure of the
mixing history than cluster analyses in that it in-
corporates a speci¢c time-stratigraphic history in-
stead of a generalized heterogeneity (Fig. 3c). The
number of populations in cluster analysis is qual-
itatively related to the number and distribution of
branching points in the mixing phylogeny (Fig.
3c). Cross-correlation diagrams yield similar in-
formation to cross-wavelet spectra, a similar
wavelet-based analytical tool used in seismic to-
mography [41,42].
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5. Integrating WBC with geology

WBC can identify populations of crystals that
have shared some common thermodynamic histo-
ry. Recall that a single crystal may have belonged
to many populations during its growth, as a con-
sequence of dispersal during magmatic processes.
Considered as an end member, if magma is con-
tinuously well mixed and homogenized, all sam-
ples from that system should produce internally

consistent WBC correlation and phylogeny results
because all crystal populations will be evenly dis-
tributed throughout the magma volume. Con-
versely, heterogeneity in WBC populations and
phylogeny between samples lead to an interpreta-
tion of a heterogeneous environment where inde-
pendent magma volumes were combined. Thus
the spatial distribution of populations, as ex-
pressed by the distribution of zoned crystals in
outcrop, provides a measure of preserved length
scale, geometry and e¡ectiveness of mixing events
[45]. By mapping the relative positions and styles
of zoning of crystals that form the populations
that are dispersed, one can estimate the amount
of transport that has taken place. The recognition
of particle paths by the identi¢cation of shared
transport and subsequent dispersal by many par-
ticles is called ‘Lagrangian trajectory analysis’
[46].
This approach can only work in igneous rocks

that have remained mechanically connected. By
this we mean that they have not undergone com-
plete fragmentation and dispersal by eruption.
Eruption destroys information of the relative po-
sition of adjoining elements in the magma cham-
ber and so proximity in deposits of fragmented
rocks does not imply proximity within the magma
chamber. For this reason plutonic rocks and e¡u-
sively erupted volcanic rocks o¡er the best oppor-
tunities for the application of WBC.
One application of the ‘data mining’ utility of

WBC is to the geological history of magmatic
systems that are sparsely represented in the rock
record. The premise is that the information con-
tent of an outcrop is not necessarily related to the
size of that outcrop. A modestly sized outcrop
may contain enough crystal populations that
many open-system events can be recognized,
events that may have in£uenced the entire mag-
matic system. The application of WBC, in con-
junction with emerging microanalytical dating
techniques [47], may aid the identi¢cation of the
recurrence interval of eruptions and open-system
events in volcanic systems, where much of the
edi¢ce has been removed by erosion or eruption,
a common occurrence in volcanic arcs.
One expression of the processes of mixing is the

amplitude of compositional zoning. A corollary of

Fig. 3. Mixing phylogeny based on WBC analysis of a hypo-
thetical set of crystals A, B, C and D that converge through
mixing events 1, 2 and 3. (a) Events are identi¢ed in each
crystal by a decrease in cross-correlation on rim-to-core tra-
verses and synthesized into a phylogeny diagram (b). (c) Hy-
pothetical correlation coe⁄cients are simply scaled by the
amount of shared history between grains. Correlation coe⁄-
cients de¢ne two populations, which only require a minimum
of one mixing event, but do not o¡er information on the
possibility of a larger number of mixing events. At the initial
condition in the phylogeny, each of the crystals is in a di¡er-
ent environment. At event 1, A and B are brought together,
which is indicated in the cross-correlation diagrams by a
transition to higher correlation, while C and D show no
change because they are not brought together by the event
either because they were not involved, or they did not record
the event. At event 2 in the phylogeny, C and D are brought
together and have a corresponding transition to higher corre-
lation in the cross-correlation diagrams. A and B continue to
grow together, but do not record event 2. At event 3, all
crystals converge, as indicated by C and D transitioning to
higher correlation with A and B in cross-correlation dia-
grams.
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WBC is that it can only identify distinct crystal
gathering events whose duration is longer than
the sampling time of the mineral. The duration
of a mixing event is controlled by the initial vol-
ume of material and the buoyancy £ux, which is a
function of the kinematics of the £ow ¢eld. The
reaction or sampling rate is controlled by the ki-
netics of the resorption rate or the growth rate at
the crystal^melt interface. The ratio of the char-
acteristic time of the £uid dynamics to the reac-
tion rate is known as the Damko«hler number [8].
If the reaction rate goes to zero, the Damko«hler
number becomes in¢nite and composition can be
considered to be a state variable, and the crystal
will record all local chemical changes during mix-
ing. Conversely, at very slow reaction rates, the
Damko«hler number is vanishing, and the crystals
will not record the details of the mixing event, but
only the average compositions that are present
after complete homogenization. For a Damko«hler
number of about unity, both the ¢nite-rate ki-
netics of the reaction and the details of the £ow
¢eld must be considered explicitly as an evolving
process. The uncertainties in the application of
WBC increase as the Damko«hler number drops
below a value of order unity, indicative of a
time-lag between a mixing event and its appear-
ance in crystal zoning. In summary, the preserva-
tion of sharp, large-amplitude £uctuations, such
as type II zoning in plagioclase, indicates a large
Damko«hler number and means either that the rate
of mixing was slow and that compositional gra-
dients persisted in the mixed system, or that the
reaction rate of the plagioclase grain was rapid
compared to the mixing time. If reaction rates
can be independently assessed, minimum mixing
times can be estimated.
We close this discussion with a number of ca-

veats in the application of WBC to geological ex-
amples. Mixing events may not be distinctly re-
corded in zoning pro¢les if their chemical e¡ect is
close to the scale of type I zoning (or equivalent in
minerals other than plagioclase), if multiple events
occur close enough in time to be resolved as a
single event, or if the zoning is simply removed
by resorption. We have developed a Monte Carlo
approach which we will use to determine the
e¡ects of variable crystal size, signal noise, o¡-

center sections and progressive new-crystal nu-
cleation on WBC correlation and phylogeny
results. The objective of the Monte Carlo ap-
proach is to generate objective guiding criteria
for the number and quality of grains that must
be analyzed for reasonable con¢dence in geologic
interpretations. Results of the Monte Carlo ex-
periments will be presented elsewhere.

6. Application of WBC to an example of mixing in
the Tuolumne Intrusive Suite (TIS)

Plutonic suites of intermediate composition of-
fer the opportunity to demonstrate WBC. They
often manifest mixing and mingling of distinct
compositional domains with conspicuous crystal
transfer [37]. A plutonic example is chosen be-
cause the spatial relationships between samples
are preserved. We will demonstrate the use of
WBC on a data set from the Cretaceous TIS in
the Sierra Nevada of California. The TIS was
selected because it has been well characterized
and o¡ers independent evidence of magma mixing
and mingling [48^50].
The concentrically zoned TIS is composed of

¢ve plutonic units, from the inner, youngest
unit : the Johnson Porphyry (Kjp), the Cathedral
Peak Granodiorite (Kcp), the Half Dome Por-
phyritic Granodiorite (Khdp), the Half Dome
Granodiorite (Khd) and the equivalent Glen Au-
lin and Kuna Crest Tonalites (Kga and Kkc, re-
spectively). These units are divided on the basis of
texture, major and accessory mineral assemblages
and contact relationships [51].
The aim of our ¢eld study is to assess whether

WBC can reveal mass transport, or mixing, be-
tween the Khd and Kcp to create, or at least
contribute to, the intervening Khdp. Mechanical
and chemical mixing between units of the TIS is
interpreted from several lines of evidence, includ-
ing: geochemical evidence: overlapping whole
rock composition trends between units [48] ; kine-
matic evidence: textural evidence in felsic enclaves
for hypersolidus transfer, aplite dikes transpor-
ting pods of Kcp into Khdp, and gradational
contacts; isotopic evidence: increasing 87Sr/86Sr
across the Khd^Khdp^Kcp contact zone [52].
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6.1. Analysis

Two samples were collected from the TIS for
analysis : the ¢rst from a gradational portion of
the Khd^Khdp contact (sample Khdp), and a sec-
ond from the main phase Kcp, 2.7 km away (sam-
ple Kcp). Anorthite pro¢les were measured from
plagioclase grains using a calibrated BSE imaging
technique modi¢ed from Ginibre et al. [17] at an
initial resolution of about 600 points per pro¢le
and subsequently adaptively normalized on a

pair-by-pair basis, as discussed above. All grains
show stepped, oscillatory zoning superposed on a
normal zoning trend in the range An50^An24
(Fig. 4). Wavelet coe⁄cient matrices were calcu-
lated with the DOG wavelet over the scale range
5^25. This scale range corresponds to resolutions
of 20^100 pixels, which is well above the mini-
mum sampling requirement for wavelet analysis.
Correlations of wavelet coe⁄cient matrices are
generally high between Kcp grains and patchy
between Khdp grains (Table 1). A number of

Fig. 4. Selected zoning pro¢les and wavelet coe⁄cient matrices from the Kcp and Khdp, as discussed in text. Scale bars show
the magnitude and sign of wavelet coe⁄cient matrix values. Positive and negative values on wavelet coe⁄cient matrices corre-
spond to peaks and valleys in the data, respectively, as in Fig. 2. These pro¢les have not been adaptively normalized, so visual
inspection of similarity between wavelet coe⁄cient matrices may not be strictly meaningful for comparison against correlation co-
e⁄cients presented in Table 1.
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grains have statistically signi¢cant correlations be-
tween Kcp and Khd. Correlation between samples
occurs less often than correlation within Kcp, but
more often than correlation within Khdp. Cross-
correlation diagrams are not shown because the
data set is too small to reliably construct a phy-
logeny diagram.
The WBC results show a slightly greater degree

of heterogeneity at the Khd^Khdp contact than in
the Kcp. The larger number of crystal populations
is consistent with an interpretation that the inter-
mediate unit, Khdp, is composed of some crystals
that may have a complex transport history. The
heterogeneity of the crystal population in Khdp is
consistent with mingling of at least two crystal
populations. This may be due to mixing within
Khdp, introduction of plagioclase grains from a
third reservoir such as ma¢c or felsic enclaves, or
mass transfer between adjoining units. The obser-
vation of schlieren and the heterogeneous distri-
bution of potassium feldspar megacrysts in the
Khd^Khdp contact zone indicate mingling with
length scales of at least tens of meters. This is
also consistent with evidence for hypersolidus in-
teraction between units and is consistent with the
correlation of Khdp grains with grains from Kcp
(Table 1).

7. Conclusions

WBC provides a new technique to investigate
the record of mechanical mixing in magmatic sys-
tems by the identi¢cation of linked crystal popu-
lations. Integration of WBC and in situ microana-
lytical isotopic and geochemical measurements
presents a framework for mutually testable phys-
ical and chemical models of magmatic systems.
Preliminary results from the TIS indicate that
WBC is capable of making crystal population
determinations that are in agreement with other
geological evidence. Populations de¢ned by mean
correlation values indicate that plagioclase crys-
tals in the analyzed samples have complex trans-
port histories and are consistent with independent
interpretations of both mechanical and chemical
mixing in the TIS.
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