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ABSTRACT
Open-system processes have a large capacity to modify magma compositions during

differentiation. Obtaining the rates of such processes is essential to understanding and
constraining the evolution of magmatic systems. Here we quantify the time scales for
magmatic assimilation of hydrous mafic to ultramafic cumulates by ascending basalts
using the zoning patterns of olivine xenocrysts. Robust diffusion modeling results have
been obtained by treating multiple compositional profiles for multiple elements (Fe-Mg,
Ni, Mn, Ca) on multiple crystals from multiple flows. We find that the time between
assimilation and eruption ranges from a few months to ;25 yr, although 80% of the
results are ,10 yr. These ranges are shorter than either magma transport times from the
mantle to the surface or typical repose periods of arc volcanoes. Thus, modification of the
geochemical and mineralogical features of basalts by assimilation of plutonic rocks is a
fast and probably unavoidable magmatic process.
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INTRODUCTION
The rates of geological processes implicated

in magma generation and evolution are still
poorly known despite their importance for
quantifying magmatic systems (e.g., Reid,
2003; Hawkesworth et al., 2004). Constraints
on the timing and duration of magma migra-
tion at shallow levels have been obtained for
a few active volcanoes, mainly using real-time
geophysical monitoring (e.g., White, 1996).
Diverse applications of U-series disequilibria
to the study of magmatic rates and residence
times are proving to be extremely powerful
(e.g., Condomines et al., 2003; Turner et al.,
2003), but young eruptive ages (,300 ka) are
an absolute necessity.

Kinetic modeling of chemical gradients in
minerals provides an alternative chronological
tool that can access a large range of time
scales and can be applied to rocks of any age
(e.g., Jurewicz and Watson, 1988; Nakamura,
1995; Zellmer et al., 1999; Coombs et al.,
2000; Klügel, 2001; Pan and Batiza, 2002;
Costa et al., 2003; Morgan et al., 2004; Costa
and Chakraborty, 2004; Shaw, 2004). Com-
positional profiles across zoned grains ob-
tained with in situ analytical techniques can
be used to determine the residence times of
such crystals at magmatic temperatures if the
relevant diffusion rates are available and if the
processes responsible for zoning can be in-
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dependently established. In this way one can
directly link the temporal information with the
magmatic process recorded in the mineral.

Here we model the compositions of olivines
from a sequence of 30 basaltic lava flows, the
Upper Placeta San Pedro sequence (235 ka;
Tatara-San Pedro complex, 368S, Chilean An-
des; Dungan et al., 2001), to establish the time
scales of partial assimilation of mafic to ultra-
mafic lithologies by basaltic magmas (e.g.,
Kelemen, 1986; Dungan and Davidson, 2004).
These olivine xenocrysts are the remnants of
partially melted and disaggregated xenoliths.
The chemical impact of assimilation of the xe-
noliths and their grain-boundary partial melts
is manifested by large but poorly correlated
variations in both compatible and incompati-
ble elements in these lavas (e.g., Figs. 19–20
of Dungan et al., 2001; Fig. 2 of Dungan and
Davidson, 2004).

TEXTURAL AND MINERALOGICAL
OBSERVATIONS
Evidence for and Implications of a
Xenocrystic Origin of Olivine Crystals

Many of the Upper Placeta San Pedro lavas
are 10–20 m thick and contain microxenolith-
ic fragments (3–10 mm) that are characterized
by plutonic textures (e.g., Fig. 1 of Dungan
and Davidson, 2004). A typical feature of ol-
ivine xenocrysts (diameters of ;250–2000
mm) and some augites is the presence of
healed microfractures that apparently reflect a
subsolidus history. These are also present in

Miocene gabbroic xenoliths of Volcán San Pe-
dro (Costa et al., 2002). Many of the olivines
in these lavas have embayed morphologies
wherein channels are filled with Mg- and
alkali-rich mineral assemblages (Dungan and
Davidson, 2004). The large single crystals and
multigrain clots in lavas are interpreted as be-
ing derived from initially much larger partially
melted and disaggregated xenoliths of mafic
to ultramafic cumulates.

Xenocrystic olivines display decreasing Fo
contents [Fo 5 (100*Mg)/(Mg1Fetot), Fetot 5
total iron, in mols] toward crystal margins
(Fig. 1). Core plateaus range from Fo84 to
Fo79. Rim compositions vary depending on
whether they are in contact with basaltic
groundmass (Fo72–68), or terminate at chan-
nels containing the alkali- and Mg-rich assem-
blage (Fo76–72). Olivine appears to have been
stable in these magmas until eruption, because
some samples contain minor groundmass ol-
ivine (Fo70–68). The core compositions of
small olivine phenocrysts (,150 mm, Fo81–77)
in the weakly contaminated basalts overlap
with the xenocrysts. NiO profile shapes are
similar to those of Fo, whereas MnO and CaO
show core plateaus and increasing concentra-
tions toward crystal rims (Fig. 1).

APPROACH TO DIFFUSION
MODELING
Diffusion Equation, Initial and Boundary
Conditions

Because the diffusion rates of Fe, Mg, Mn,
and Ni in olivine are dependent on Fo content,



838 GEOLOGY, October 2005

Figure 1. Example of zon-
ing patterns and model-
ing results from Oliv1 of
sample QCNE.14. A: X-
ray map of Mg concentra-
tion in Oliv1. Arrows T6
and T7 mark positions of
electron microprobe tra-
verses for which data
and modeling results are
shown in C and D, re-
spectively. Asymmetric
zoning in this olivine
shows effect of more rap-
id Fe-Mg diffusion paral-
lel to c axis (approxi-
mately parallel to T7)
compared to parallel to a
axis (approximately par-
allel to T6) and effect of
diffusion in two dimen-
sions (e.g., upper margin
above T7). B: Crystallo-
graphic axis orientations
for Oliv1 and electron
microprobe traverses
projected onto lower
hemisphere. C and D:
Concentration profiles
for traverses T6 and T7
showing measured con-
centrations, initial condi-
tions, model profiles, and
calculated times for 1125
8C and at NNO buffer.fO2

Results of two traverses
for all elements overlap
at 5.4 6 2.5 yr. This sug-
gests that zoning pat-
terns are due to diffusive
exchange, that assump-
tion of initial profiles is
appropriate, and that dif-
fusion coefficients are
correct.

we have used the following form of Fick’s Sec-
ond Law for these elements (1 dimension):

]C ] ]C
5 D , (1)1 2]t ]x ]x

where C is concentration, t is time, D is the
diffusion coefficient, and x is distance. As the
experimental data for Ca do not record a de-
pendence on Fe/Mg (see following), a com-
positional term was not included for Ca. We
used the following initial (2) and boundary (3)
conditions:

C 5 C , t 5 0, (2)o

C(r) 5 C , t . 0, (3)1

where r is the coordinate corresponding to the
rim of the crystal. Condition 3 expresses the
fact that we have used a constant composition
(e.g., time invariant, C1) at the rims. Initial
conditions in which the olivine xenocrysts
were uniform in composition (Co) are sup-
ported by their volumetrically significant core
plateaus. The near absence of zoning in such
cores is probably due to long plutonic resi-
dence times during which olivine equilibrated
with adjacent minerals. The variations in core
plateau compositions between and within
samples are consistent with entrainment of
xenocrysts from compositionally diverse plu-
tonic lithologies (Costa et al., 2002), and this
variability does not compromise our approach.

The boundary condition for the diffusion

calculation is taken as the composition at the
edge of the crystal (condition 3). Uncertainties
about the boundary conditions could arise be-
cause the olivine experienced an initial dis-
solution event during partial melting of the in-
ferred gabbroic sources. However, as long as
the dissolution event was fast (Dungan, 2005),
this would only erase zoning at the olivine
rims inherited from a plutonic history. Thus,
with our approach we only consider the im-
mersion time of olivines in host melts after
grain-boundary melting and xenolith
disaggregation.

Diffusion Coefficients, Anisotropy, and the
Effect of More than One Dimension

Experimental determinations of cation dif-
fusivities in olivine show that that they depend
on temperature (T), oxygen fugacity ( ),fO2

crystallographic direction, and composition
(Fe and Mg—Chakraborty, 1997; Dohmen et
al., 2003; Ni and Mn—Petry et al., 2004;
Ca—Coogan et al., 2005). The diffusion rates
of these elements depend on Fo content, ex-
cept for Ca, which within Fo90–83 is indepen-
dent of Fe-Mg (Coogan et al., 2005). The de-
pendence on ( ) decreases in the order CafO2

. Ni . Fe-Mg ; Mn. Anisotropy of diffu-
sion is strong and of similar magnitude for Fe-
Mg, Mn, and Ni, for which diffusion parallel
to the c axis is approximately six times faster
than parallel to the a or b axis, whereas for
Ca, diffusion parallel to the c axis is only ap-
proximately two times faster than to the a or
b axis. The expressions that we have used for
the diffusion coefficients can be found in the
Data Repository.1

Following Costa and Chakraborty (2004),
we have modeled diffusion anisotropy by de-
termining the D parallel to the traverses after
obtaining the orientations of the olivine crys-
tallographic axes by electron backscatter dif-
fraction (at Ruhr-Universität Bochum). Most
electron microprobe traverses (Cameca
SX-50, University of Lausanne and Ruhr-
Universität Bochum) of olivine were done
parallel to one crystal face. We commonly
made more than one traverse in the same crys-
tal, and we also obtained X-ray maps to es-
tablish the zoning patterns in two dimensions
(Fig. 1).

Accounting for the effects of diffusion in
more than one dimension is essential to re-
trieval of accurate times (Costa et al., 2003;
Costa and Chakraborty, 2004). Crystal shapes
and X-ray maps were used to select traverses
that are least affected by diffusion in two di-

1GSA Data Repository item 2005165, Expres-
sions for the diffusion coefficients, is available on-
line at www.geosociety.org/pubs/ft2005.htm, or on
request from editing@geosociety.org or Documents
Secretary, GSA, P.O. Box 9140, Boulder, CO
80301-9140, USA.



GEOLOGY, October 2005 839

Figure 2. A: Effect of temperature on calcu-
lated times for Oliv1-QCNE.14. Range of cal-
culated times decreases with increasing
temperature. Gray field highlights tempera-
ture used for calculations. B: Increasing fO2

decreases range and absolute values of cal-
culated times. Gray field highlights usedfO2

for calculations. C: Histogram of calculated
crystal residence times (at 1125 8C and NNO)
from modeling Fe-Mg chemical gradients in
olivines from Upper Placeta San Pedro se-
quence lavas. D: Comparison of calculated
times using two rims of same crystal. Note
that many crystals show same time for both
rims (fall on line with slope of 1) and most
of rest show maximum difference of 3 yr be-
tween opposite rims (dotted lines).

mensions (Fig. 1A). Uncertainties arising
from diffusion in the third dimension were
minimized by excluding crystals for which the
olivine c axis is highly oblique with respect
to the plane of the thin section (see Costa and
Chakraborty, 2004). Of 130 traverses, 57
passed these tests and have been modeled for
Fe-Mg.

Effects of Temperature and Oxygen
Fugacity Plus Uncertainties

Critical parameters for retrieving time in-
formation from olivine compositional profiles
are T and . We have constrained a T rangefO2

of the basalts using the MELTS algorithm
(Ghiorso and Sack, 1995) and the composition
of the least contaminated lava (sample
QTW11.36, no. 106, in Table 2f of Dungan et
al., 2001) at an typical for arc mafic mag-fO2

mas (NNO buffer, Huebner and Sato, 1970)
and over a range of water contents (1–5 wt%
H2O) and pressures (P, 0.1–0.6 GPa), for
which we obtained liquidus temperatures (TL)
between 1175 and 1120 8C. Phenocryst and
groundmass core compositions of olivine
(Fo83–80) and plagioclase (An85–80) and the ab-
sence of pyroxene phenocrysts in this sample
are most closely reproduced at 0.2–0.3 GPa
(2–3 wt% H2O) and T 1120–1145 8C. Because
assimilation and diffusive equilibration of
xenocrysts occurred over a P-T range below
the TL during magma ascent, we chose a T
range of 1100–1150 8C, and we report cal-
culated times for a mean T of 1125 8C because
most of the diffusion must have occurred at
the high end of the temperature range (Figs.
1C, 1D, and 2C).

Uncertainties in the calculations are related
to estimates of T and . Varying T overfO2

1100–1150 8C changes D by a factor of 3.5
for Fe-Mg to a maximum of 5.5 for Ca (Fig.
2A), and a change of two log units in atfO2

1125 8C (NNO-1 to NNO11; Fig. 2B) causes
D to vary by a factor of 2 for Fe-Mg up to a
maximum of 4 for Ca. Experimental uncer-
tainties for the diffusion coefficients that we
have used could change our calculated times
by a factor of two. The consistent results from
modeling multiple elements in a single crystal
(Fig. 1) lead to a confidence level that is high-
er than the preceding discussion would
suggest.

MODELING RESULTS AND
GEOLOGICAL IMPLICATIONS

Using the strategy outlined here we have
modeled the Fe-Mg concentrations for 57 tra-
verses from 25 crystals plus the Ni, Ca, and
Mn concentrations for 2 traverses on a single
crystal using the finite differences numerical
technique. These results bear not only on the
time scales of magmatic processes but also on
the validity and robustness of the approach.

Modeling Results: Consistent Time
Determinations from Multiple Elements
and Olivine Crystals

The results of modeling Ni, Ca, Mn, and
Fe-Mg from two nearly perpendicular travers-
es (T6 and T7), each of which is parallel to a
different crystallographic axis (a and c, re-
spectively) in a single crystal, show remark-
able agreement (Fig. 1). Virtually identical

times for the two traverses are calculated for
Fe-Mg (T6 5 4.1 and T7 5 4.7 yr), Mn (4.5
yr), and Ca (7.1 and 7.9 yr). The times cal-
culated from Ni (2.9 and 6.3 yr) show a great-
er dispersion, but are still within the error of
the D (Petry et al., 2004). The times deter-
mined with different elements overlap within
5.4 6 2.5 yr. The results from modeling Fe-
Mg concentrations from all crystals vary be-
tween ;2 months and ;22 yr, but (1) there
is a prominent mode between 3 and 6 yr (Fig.
2C), and ;80% of the times are ,10 yr, and
(2) opposite rims of the same crystal com-
monly yield consistent results (Fig. 2D). Thus,
Fe-Mg modeling in many crystals agrees with
our more detailed analysis of multiple ele-
ments in Oliv1 (Fig. 1). The overall spread of
a few months to ;25 yr could in part arise
from cryptic geometric irregularities, but there
is certainly a natural range in residence times
of different crystals from a single flow. The
fact that we calculate somewhat different
times for the opposing rims of some crystals
(Fig. 2D) could reflect the dynamics of xe-
nolith disaggregation and is consistent with
petrographical evidence that the olivines are
derived from completely solidified plutons.

The agreement between elements with dif-
ferent diffusion anisotropies and diffusion
rates (12 experimentally determined diffusion
coefficients were used) would not be observed
unless the natural initial and boundary con-
ditions were close to those we have inferred.
It follows that diffusive exchange between ol-
ivine and host melt is primarily responsible
for these zoning patterns. Although crystal
growth and probably dissolution are also an-
isotropic, it is unlikely that they vary by pre-
cisely the same factors as the anisotropy of
diffusion for multiple elements with different
diffusion anisotropies. Jurewicz and Watson
(1988) found that olivine dissolution was fast-
er parallel to the a than to the c axis, which
is opposite to the cation diffusion anisotropy
and lends support to our assumption that dis-
solution has a negligible effect on our time
determinations. The concordance of the results
obtained using diffusion coefficients for Fe-
Mg, Ni, Ca, and Mn verifies the accuracy of
these determinations within the variability
range of our samples.

Geological Implications
Most of the calculated times (Figs. 1 and 2)

record short durations of ,10 yr for the dis-
aggregation of mafic to ultramafic cumulates
in evolved basalt followed closely by erup-
tion. The independent evidence for a subsoli-
dus source of these xenocrystic olivines com-
bined with their short residence times leads to
the conclusion that digestion of xenoliths in-
corporated in basaltic magma is extraordinari-



840 GEOLOGY, October 2005

ly rapid. If thermomechanical barriers to xe-
nolith partial melting and disaggregation are
as minimal as these rates imply, it follows that
geochemical diversity among and within sin-
gle eruptive episodes, hence variable over-
printing of mantle geochemical signatures re-
lated to dispersion of grain-boundary melts
and xenocrysts, is potentially common in maf-
ic magmas. For example, the time between
partial melting of the mantle and eruption at
subduction zones has been proposed to be on
the order of hundreds to hundreds of thou-
sands of years on the basis of U-series dis-
equilibria (e.g., Turner et al., 2003). Typical
repose periods between eruptions at arc vol-
canoes range from decades to millennia. Thus,
it seems that there is ample time for arc mag-
mas to assimilate even refractory mafic to ul-
tramafic lithologies.

Broader implications and applications of
our study are that modeling the chemical gra-
dients in igneous minerals can provide a
unique window into the time scales and rates
of magmatic process. In particular, modeling
multiple elements in multiple traverses from
multiple olivine crystals provides an unprec-
edented level of precise, consistent, and robust
time estimates on rocks of any eruption age,
which is impossible to achieve by any isotopic
method. Combining this approach with min-
eral dissolution data (e.g., Edwards and Rus-
sell, 1998) and detailed thermodynamical
models (Ghiorso and Sack, 1995; Spera and
Bohrson, 2004) should increase our under-
standing of how magmatic systems work and
constrain the time pathways along which they
function.
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