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Abstract

Intrusion of mafic magma in a silicic crustal reservoir has been reported in numerous studies of subduction-related volcanoes

and is considered a main process for triggering explosive eruptions and for transferring geochemical signatures from the mantle

to the crust. Here we determine the timescales between mafic–silicic encounters and eruption by exploiting the fact that during

such interactions, magmas exchange crystals, and their mineral compositions will strive to equilibrate to the new environmental

conditions. Specifically, we model the Fe–Mg zoning patterns of olivine found in the dacites, andesite, and quenched mafic

inclusions of the Holocene zoned eruption of Volcán San Pedro (368S, Chilean Andes). The San Pedro eruption is an example

where mixing between silicic and mafic magmas produced intermediate compositions (e.g., andesite) at depth, in the magma

reservoir. For modeling the compositional profiles, we took into account the anisotropy of Fe–Mg diffusion in olivine and also

the effects of diffusion in multiple dimensions, aspects that have been largely neglected in previous works. The retrieved

timescales for olivine–melt equilibration by diffusion display an array ranging from ~1 year for the most silica-rich dacite to ~50

years for the andesite. This array of timescales, rather than a single value, provides new insight into the details of mafic–silicic

mixing at depth. They reveal processes that occur on a longer timescale than the days to weeks time gap for cases where the

mafic intrusion triggered the eruption and they might be associated with the instances where seismic activity or significant

inflation of the volcanic edifice was not immediately followed by eruption. On the other hand, the year to decade timescales that

we report for producing magmas of intermediate composition (e.g. andesites) are much shorter than the 103–105 years inferred

from U-series disequilibria data for igneous differentiation by closed-system fractionation to produce similar magma

compositions at subduction zones.
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1. Introduction

Volcanoes and their eruptions are major agents that

shape the landscape, climate, thermal and chemical
tters 227 (2004) 517–530
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structure of the Earth, in addition to having triggered

major biotic extinctions in the past. Arc volcanoes are

particularly significant because they are the sites of

hazardous explosive eruptions and play a key role in

the formation of silicic continental crust [1–3]. Field

work, geochemistry and petrography combined with

experimental and modeling studies have established

the main magmatic processes (e.g., partial melting of

the mantle, crystal fractionation, magma mixing) that

are involved in producing the different igneous rock

series, and triggering mechanisms of explosive

eruptions have been identified [4]. However, little is

known about the duration or timescales on which such

magmatic processes operate. Most of what we know

about the timescales of magmatic processes comes

from the study of the U-series disequilibria [5–10],

which has established that about 103–105 years elapse

between partial melting of the mantle and eruption.

Closed system differentiation can produce high-silica

magmas in subduction zones over similar timescales

(103–105 years), although Sigmarsson [11] has shown

that differentiation from basalts to intermediate

magmas in Iceland happened within 10 years. How-

ever, the U-series disequilibria method cannot be

applied reliably to open systems because the isotopic

clock is disturbed. An alternative and complementary

tool to determine the timescales of magmatic pro-

cesses is kinetic modeling [12–28]. The power of the

kinetic approach lies in that it relates timescales to

specific processes, it can be used with rocks of any

age, it is capable of accessing the short timescales of

interest (days to hundreds of years), and can be

applied to multiple grains making it possible to test

reproducibility and obtain insight into the statistical

distribution of the retrieved parameters. Diffusion

modeling of crystals to retrieve timescales requires

gradients in mineral composition which can be

established during magma mixing (or mingling) and

during interactions of the ascending magmas with the

crust. In this regard, the occurrences of xenocrysts in

many eruptive products should be regarded as an

invaluable source of information to constrain the

duration of open-system magmatic processes.

Here we introduce a methodology for determining

the time elapsed between mafic–silicic magma inter-

actions and eruption by modeling the concentration

profiles of olivines from a suite of dacite to andesite

lavas and quenched mafic inclusions of Volcán San
Pedro (368S, Chilean Andes). We find a relation

between eruption sequence or composition of the bulk

rock and the retrieved timescales: some years for the

dacites to decades for the andesite. This relation was

only observed when we took care to avoid artifacts

arising from the effects of Fe–Mg anisotropy of

diffusion in olivine and from the use of compositional

profiles acquired in one dimension to model three-

dimensional crystals, and highlights the importance of

using realistic modeling approaches to obtain reliable

time information of magmatic processes. Previous

works that have neglected these aspects of diffusion

modeling have probably under- or overestimated the

timescales of magmatic processes by as much as a

factor of 6. The approach developed here could be

applied to many other eruptions for which evidence of

mafic–silicic interactions is clear [29–31].
2. The Holocene Volcán San Pedro zoned eruption

Volcán San Pedro is located in the southern

volcanic zone of the Andes (368S), and is the

Holocene and most prominent volcanic edifice

(3621 m asl) of the larger Quaternary Tatara–San

Pedro Volcanic Complex [32–34]. Costa and Singer

[35] distinguished between two periods of volcanic

activity at San Pedro: an Older Holocene phase during

which basaltic andesites and andesites produced a

cone of ~1 km3, and a Younger Holocene eruption

which is characterized by a chemically and minera-

logically zoned sequence of silicic lavas (~1 km3).

This was followed by basaltic andesites which rebuilt

the summit cone of Volcán San Pedro. This younger

volcanic activity might have been triggered by the

sector collapse of the southeastern flank of the older

volcanic edifice, and started explosively, with the

formation of a tephra fall dacitic deposit. We have

concentrated on the products of the zoned eruption

which comprises four units: (1) a biotite-hornblende-

bearing dacite (unit Qcf1), (2) a dacite similar to the

previous one (unit Qcf2) but containing minor

proportions of quenched mafic inclusions (QMI) and

gabbroic xenoliths [36], (3) a less silicic dacite (unit

Qcf3) containing numerous QMI, two pyroxenes, and

breakdown products of hornblende and biotite, and (4)

a two-pyroxene andesite (~0.1 km3; unit Qcf4). These

lavas were erupted in sequence (from 1 to 4), and
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record the downward tapping of a zoned magmatic

reservoir. Using petrological and geochemical data,

Costa and Singer [35] proposed that the zoned

character of the eruption was due to incomplete

mixing between the most silica-rich dacite and the

basaltic andesites which rebuilt the summit cone.

Moreover, the major and trace element zoning

patterns of plagioclase phenocrysts of the most

silica-rich dacite [32] indicate that the mafic–silicic

interaction occurred at depth (~6 km, [37]), and not in

the conduit. The main volume of individual plagio-

clase crystals of the dacite consists of normal zoning

cycles that oscillate between An65–60 and An50–45,

before they progressively reach compositions of

An40–35 at the rims. The high anorthite peaks are

correlated with high Mg and Fe concentrations and can

be attributed to the presence of thermal and composi-

tional gradients induced by a hot mafic magma at the

base of the silicic reservoir [35]. As we will show

below, the conclusion that mixing occurred at depth is

also reflected in the timescales that we obtain. Olivine

crystals derived from a mafic magma are found within

the glass matrix and in the quenched mafic inclusions

that occur in the dacite and andesite lavas, and these

should record the time span between initiation of

magma mixing and eruption.

The chemical and mineralogical zonation of the

silicic eruption is also reflected in intensive variables:

the temperature (T) and oxygen fugacity ( f O2) of the

most silica-rich dacite (Qcf1) has been estimated to be

850F10 8C and ~1.7�10�12 bar (or close to the

NNO+1 buffer [38]), respectively, from experimental

constraints [37], and also the compositions of co-

existing Fe–Ti oxides using both the Ghiorso and

Sack [39] and the Andersen and Lindsley [40] Fe–Ti

oxide solution models. The pre-eruptive temperature

and f O2 of the other flows were estimated using the

compositions of co-existing Fe–Ti oxides [35]: 840–

910 8C for Qcf2, 880–970 8C for Qcf3, 900–990 8C
for the Qcf4, all at about NNO+1.
3. Olivine zoning profiles and textural observations

Rim to rim electron microprobe (Cameca SX-50)

traverses with a spacing of 2–4 Am between analyses

were performed across 32 olivine crystals ranging in

size from ~50 to ~1200 Am. Most traverses were
done along the shortest dimension of the crystals,

more or less parallel to a crystal face and through the

center of the crystals. In the most silica-rich dacite

(Qcf1) olivine is typically resorbed and surrounded

by hornblende and orthopyroxene rims (~20 Am)

except for some crystals which are euhedral (Fig. 1a).

Olivine from the two other dacites (Qcf2 and Qcf3)

and from the andesite (Qcf4) can be anhedral or

euhedral but commonly lack reaction rims. Olivines

from the most silica-rich dacite display nearly flat or

normally zoned (decreasing values from core to rim)

Fo content [Fo=100*Mg/(Mg+Fet) in mol; Fet=total

iron], from Fo76 to Fo73, with changes in composition

only in the outermost 5–10 Am (Fig. 1a–c). Olivines

from the two other dacites are normally zoned, from

Fo78F2 at the centers to Fo72–69 at the rims. The width

of the zoned regions varies from ~20 Am in the Qcf2

(Fig. 1d–f) to ~150 Am in the most mafic dacite

(Fig. 1j–l). Most olivines from the QMI show nearly

constant compositions at Fo78F2 with little or no

zoning (Fig. 1g–i), except for those crystals with rims

in contact with the silicic glass of the host which are

normally zoned from Fo78F2 at the centers to Fo74F2

at the rims (Fig. 1m–o). Large olivine crystals in the

andesite (Qcf4) show two distinct populations, one

with a plateau composition at Fo82F1, and another as

that found in the dacite at Fo78F1. Both types of

olivines are normally zoned with rims of Fo72F2

(Fig. 1p–r). The presence of two distinct maximum

Fo contents (Fo78 and Fo82) in the olivines from the

andesite suggests that at least two mafic magmas

were involved in the petrogenetic history of the V.

San Pedro.
4. Model system

For proper interpretation of timescales obtained

by modeling the concentration profiles of minerals,

one needs to know the main igneous process that is

responsible for the zoning patterns. In the present

case, the petrological and geochemical observations

of Costa and Singer [35] of the San Pedro zoned

eruption indicate that the olivines found in the

dacites and andesite originated from a mafic magma

that forcefully intruded the silicic reservoir. Evidence

of this mafic magma is found in the form of

quenched mafic inclusions, although the fact that
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more than one olivine population has been found in

the andesite (see above) suggests that at least two

mafic magmas intruded the silicic reservoir. Disag-

gregation of the inclusions dispersed the olivine

crystals throughout the silicic reservoir and, thus, the

olivine Fe–Mg zoning profiles are due to diffusion,

and is a response of the olivines striving to

equilibrate their compositions with the more silicic

magma. This is supported by the fact that olivines

inside the QMI have nearly constant compositions

with little or no zoning (e.g., Fig. 1g–i), except

where crystals from the QMI have rims in contact

with the host lava (e.g., Fig. 1m–o). Thus, the

timescales we obtain should record the time span

between intrusion of the mafic magma and eruption.

Costa and Singer [35] interpreted the zoned character

of the eruption from dacite to andesite as due to

partial hybridization of the most silicic dacite with a

basaltic andesite and thus the timescales should also

record the progressive creation of a zoned reservoir

by magma mixing. As noted above, the magma

mixing event occurred at depth and thus the time-

scales apply to deep-seated processes and not to

those happening during eruption (e.g., magma mix-

ing in the volcanic conduit).
5. Methodology of modeling

As in any diffusion model, one should clearly

address the initial and boundary conditions at which

diffusion took place. In addition, retrieval of time-

scales from modeling the concentration profiles in

olivine crystals requires paying careful attention to

various factors such as the compositional dependence

and anisotropy of diffusion of Fe–Mg in olivines, the

contribution of fluxes from more than one dimension

and random sectioning effects. In the following, we
Fig. 1. Representative photomicrographs of olivine crystals, diffusion mod

the orientation of the electron microprobe traverse (tr), relative to crystallog

show the position and direction of the compositional traverse. (a–c) Olivine

reversed zoning in Fo content. (d–f) Olivine found in the matrix glass of a

Olivine inside a quenched mafic inclusions found in the same dacite as th

from the hottest dacite shows a pronounced zoned profile in Fo content. (m

dacite as the previous crystal. Note that the rim of the olivine in contact w

other rim which is in contact with the interior of the inclusion. Black dotte

andesite shows pronounced Fo zoning. Fo=100*Mg/(Mg+Fet) in mols,

measured compositions and solid lines are best fit diffusion models to the
detail the modeling strategy that we have used and

also the uncertainties.

5.1. Diffusion equation, initial and boundary

conditions

The fact that Fe–Mg diffusion in olivine depends

on the Fo content requires using an equation where

the diffusion coefficient depends on the olivine

composition. Thus, we have used the following

expression of Fick’s second law:

BC

Bt
¼ B

Bx
D
BC

Bx

� �
ð1Þ

where C is concentration, t is time, D is the diffusion

coefficient, and x is distance, with the following initial

and boundary conditions:

C ¼ Co; t ¼ 0 ð2Þ

C r1; r2ð Þ ¼ C1; tN0 ð3Þ

where r1 and r2 are the coordinates corresponding to

the rims of the crystal. Condition 2 expresses that we

have used initial homogeneous compositions (Co)

either at Fo78F1 or at Fo82F1, corresponding to the

maximum Fo values found in large olivines of all

lavas (Table 1). If the olivines that entered the silicic

lavas were already zoned, our calculations could

overestimate the actual time that occurred between

mixing and eruption. However, three observations

suggest that using an initial flat Fo profile is realistic:

(i) the zoning patterns of large olivines found in the

coldest dacite are virtually flat or slightly reversed

(Fig. 1a–c), (ii) olivines inside the QMI have little or

no zoning (Fig. 1g–i), whereas crystals also from the

QMI but with rims in contact with the host lava are

zoned (Fig. 1m–o), and (iii) the length of the zoned

portions of the crystals increases systematically from
els of the concentration profiles, and lower hemisphere projection of

raphic axis (a, b and c) of olivine. Arrows on the photomicrographs

found in the matrix glass of the coldest dacite shows flat or slightly

slightly hotter dacite shows normally zoned Fo composition. (g–i)

e previous crystal shows almost no Fo zoning. (j–l) Olivine crystal

–o) Olivine crystal found in a quenched mafic inclusion of the same

ith the host lava is zoned in contrast with the lack of zoning of the

d line in (m) marks the limit of the inclusion. (p–r) Olivine from the

Fet=total iron. Open symbols in (b), (e), (h), (k), (n) and (q) are

data.



Table 1

Summary of calculated times and main attributes of the samples and olivine crystals

Sample Crystal T

(8C)
SiO2

(wt.%)a
Initial Fo

(mol%)b
w
(8)c

1-D, non -oriented

(years)d
1-D, oriented

(years)e
2-D, oriented

(years)f

Dacite (Qcf1) 1, 2, 4 850 65.8 78 b1g

Dacite (Qcf2) 2in 875 64.5 78 17 12 48 21

8 875 64.5 78 60 14 76 67

9c 875 64.5 78 4 1.3 3 2

9d 875 64.5 78 4 0.6 0.8 0.8

Dacite (Qcf3) 1in 925 63.6 78 7 2 9 9

3in 925 63.6 78 28 3 15 9

3b 925 63.6 77 58 6 33 26

5 925 63.6 77 36 2 13 8

6 925 63.6 82 60 21 127 91 (84, 5)

Andesite (Qcf4) 1in 950 61.4 78 50 12 65 52

3c 950 61.4 83 5 10 59 44 (42, 2)

7 950 61.4 78 68 0.5 2 2

8 950 61.4 78 64 1.0 3 2

9 950 61.4 78 60 1.1 5 5

5 950 61.4 83 4 32 156 52 (49, 3)

6 950 61.4 82 5 32 73 62 (57, 5)

6c 950 61.4 83 47 13 28 28 (26, 2)

6d 950 61.4 78 51 2 6 7

T=temperature.

In bold are the times that we consider more reliable because they were determined from crystals with small w (see text and Fig. 4). Crystal labels

with dinT at the end are those from mafic inclusions.
a Of the bulk-rock, for detailed major and trace element analyses, see [35].
b Initial composition used for modeling the crystal, Fo=100*Mg/(Mg+Fet) in mol, Fet=total iron.
c Angle between the c-axis of the olivine and the thin section plane.
d Calculated time only using diffusion in one dimension and assuming that the electron microprobe traverse is parallel to the c-axis of the

olivine (e.g., Eq. (1)).
e Calculated time in one dimension but taking into account the diffusion anisotropy of Fe–Mg.
f Calculated time in two dimensions and taking into account the diffusion anisotropy of Fe–Mg. The numbers in parentheses are the times

obtained from crystals that required two boundary conditions.
g The short diffusion profiles (b10 Am) displayed by olivines of this sample precluded detailed modeling, but we estimate a time of less than

a year, because longer times would have produced a longer zoning profiles than we observe.
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~20 Am in the cold dacite to ~150 Am for the hotter

andesite, a trend that would not be present if olivines

entered in the silicic magma with a significant amount

of zoning.

The boundary condition is expressed by condition

#3 above: we have used a single boundary compo-

sition (C1) at the rims. This was the case for all

olivine crystals with low Fo plateaus, but for olivines

with high Fo (82F1) plateaus, it was necessary to

use two different compositions at the boundary. The

significance of this observation is described below,

but for these crystals we could retrieve two time

estimates.

Finally, one should consider whether the olivine

crystals were growing or dissolving because this

would have an effect on the calculated timescales.
In the present case, there is a possibility that the

olivine crystals were dissolving during their residence

in the silicic magma. However, textural observations

show that many olivines have rather euhedral crystal

shapes (Fig. 1), so that although dissolution may have

occurred it should not have substantially affected the

timescales we have determined. In general, if the

crystals were dissolving, the retrieved timescales from

diffusion modeling would lead to underestimation of

time, because the length of the diffusion profiles

would have been shortened by dissolution.

5.2. Diffusion coefficient and anisotropy

For the diffusion coefficient of Fe–Mg in

olivine, we have used the data of [41,42] which
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describe D as a function of T, f O2, and Fo

content:

DFe�Mg
c ¼ 5:38!103

fO2

10�12

� �1=6

!103
86�Fo
100ð Þ

� exp
� 226; 000

8:314T

� �
ð4Þ

where Dc is the diffusion coefficient of Fe–Mg parallel

to [001] in Am2 s�1, T is in Kelvin, and f O2 is in bars.

This equation shows that Dc
Fe–Mg increases with

decreasing Fo content and that it increases with

increasing f O2. The exponent on the f O2 is not yet

very well characterized, but the available data [43,44]

suggest that 1/6 is a good approximation. Moreover,

Fe–Mg diffusion in olivine depends on the crystallo-

graphic direction, diffusion along [001] is about six

times faster than along [100] or [010] [42,44], so that

Db
Fe–Mg and Da

Fe–Mg were determined from Dc
Fe–Mg

using the relationship Dc
Fe–Mg~6Da

Fe–Mg~6Db
Fe–Mg,

independent of temperature [42]. Knowing Dc
Fe–Mg,

Da
Fe–Mg and Db

Fe–Mg, it is possible to determine the

diffusion coefficient along any analytical traverse

using [45]:

D
Fe�Mg
trav ¼ DFe�Mg

a cosað Þ2 þ D
Fe�Mg
b cosbð Þ2

þ DFe�Mg
c coscð Þ2 ð5Þ

where a, b and c are the angles between the traverse

and the a-, b- and c-axes of the olivine, respectively,
Fig. 2. Plots showing the effects on calculated times of taking into

account the Fe–Mg diffusion anisotropy (1-D oriented) and of two

dimensions (2-D oriented) compared to the times retrieved by a

model that uses only a Fe–Mg diffusion coefficient along the c-axis

(1-D non-oriented) for the different San Pedro samples (shown as the

SiO2 content of the bulk rock). The data are shown as the ratio of

times obtained from different kinds of models. (a) Plot of the ratio

between the times obtained by taking into account the Fe–Mg

diffusion anisotropy (1-D oriented) and a model that uses diffusion

coefficient along the c-axis (1-D non-oriented). It is apparent that

neglecting anisotropy may result in underestimation of the calculated

times by up to a factor of 6. (b) Plot of the ratio between the times

obtained by taking into account the Fe–Mg diffusion anisotropy (1-D

oriented) and a model that also considers the two-dimensional

contribution to the diffusion (2-D oriented). The effect of modeling

the crystals in two dimensions is to decrease the timescales, in this

case up to a factor of 3. See also Fig. 3. (c) The overall effect on time

determinations of the diffusion anisotropy and two dimensions (2-D

oriented) compared to times retrieved by a model that uses only a

Fe–Mg diffusion coefficient along the c-axis (1-D non-oriented).
which we have determined by electron backscatter

diffraction (EBSD; [46]). The orientations of the

crystallographic axes and calculated profiles are shown

as fits to the measured points in Fig. 1. Note that a

diffusion model ignoring anisotropy or the effects of

diffusion in more than one dimension (see below)

would yield fits that are just as good, only the retrieved

timescales would be incorrect (Fig. 2a; Table 1).

5.3. Diffusion in more than one dimension and the

effect of using two-dimensional thin sections

To properly model the equilibration of a crystal

with its surrounding melt, one should consider that
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flux of matter will occur in all three spatial

dimensions (Fig. 3; F1, F2 and F3). As a first

approximation (but see below), one can at least

consider the flux from the two dimensions that are

available for study using petrographic thin sections

(F1 and F2) to assess the extent to which the two-

dimensional effect will influence the calculated times

(Fig. 3). This effect cannot be anticipated and

depends on the amount of diffusion and the size

and morphology of each particular crystal. Costa et

al. [21] illustrated this problem using prismatic

plagioclase crystals, and showed that not paying

attention to the position of the compositional traverse
with respect to the morphology of the crystals can

yield underestimation of timescales by factors larger

than 3. The case of Fe–Mg diffusion in olivine has

the same size and crystal morphology problems

explained in [21] but with the added factor that Fe–

Mg diffusion in olivine is quite anisotropic (see

above) and thus the two-dimensional effect will be

unavoidable in many instances.

An example of the importance of taking into

account diffusion in two dimensions can be seen in

Fig. 3 where we compare the results of modeling a

hypothetical olivine crystal only in one dimension

(e.g., by taking into account only the flux parallel to

the direction of the measured data, F1) with those

which incorporate the flux also from the direction

perpendicular to the measured data (F2) and which

resolve the problem of two dimensions (e.g., F1+F2).
Fig. 3. Numerical calculations showing the effect of two-dimen-

sional diffusion in modeling the Fe–Mg concentration in olivine. (a)

Rectangular crystal (500�250 Am) with the horizontal dimension

parallel to the c-axis and the vertical dimension parallel to the a-

axis. Also shown are the locations of two compositional traverses

measured through the center of the crystal (Trav1, solid and dotted

lines) and closer to the rim (Trav2, gray line). Note that in a rea

situation the crystal would exchange matter with the surrounding

melt (shown as gray zone outside the crystal) in all three

dimensions. In the figure, contributions of the fluxes from two of

these dimensions are shown as large black arrows. F1 represents the

flux from the direction parallel to the traverses and F2 is the flux

from a direction perpendicular to them. Note that since diffusion

parallel to the c-axis is six times larger than parallel to a or b, the

contribution of the flux F2 is six times larger than that of F1. No

shown is the contribution of the flux from the direction perpendic-

ular to the plane of the page (F3, but see Fig. 4). (b) Diffusion

calculation for traverse 1 (Trav1) showing the time evolution of the

concentration using a one-dimensional model which only takes into

account the flux parallel to the traverse (F1, solid line) and a two-

dimensional model that considers the contribution of the flux from

the two directions (F1+F2, dotted line). The profiles are shown for

the same period of time for both models. The evolution of the two-

dimensional model is much faster even though the traverse is

through the center and along the shortest dimension of the crystal

Note that a diffusion model ignoring anisotropy or the effects of

diffusion in more than one dimension would yield as good fits to the

natural data, only the retrieved timescales would be incorrect. (c)

Plot of the time evolution of the concentration at the center of the

crystal [% h=100�(Fo�Foequilibrium)/(Foinitial�Foequilibrium)] show-

ing the effects of two dimensions and that of the position of the

traverse (compare Trav1 with Trav2). Neglecting the flux from the

horizontal direction (perpendicular to the traverse, Fig. 3a) can lead

to overestimate of the time, in this specific example by a factor of

2–3.
l

t

.
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The time evolution of the concentrations shows that

even by measuring the olivine composition through

the center of the crystal and along the shortest

dimension, the timescales can be overestimated by a

factor of 2 (Fig. 3c), and the effect is much larger for

compositions that are not precisely measured through

the center of the crystal (Fig. 3c). We note that the

precise amount of neglected flux and thus the extent

to which timescales will be overestimated depends on

the size and position where the compositional data

were acquired and thus it is typically different for each

crystal. A lack of recognition of the two-dimensional

effect in the San Pedro olivine crystals would have

lead to overestimation of time by up to a factor of ~3

(Fig. 2b). However, the combined effect of neglecting

the Fe–Mg anisotropy of diffusion and that of two

dimensions could have resulted in an underestimation

of timescales by a factor of up to 5 (Fig. 2c).

The contribution of the flux from the third

dimension is more difficult to evaluate but can be

addressed by measuring the angle (w) between the

section of the olivine plane and the c-axis of the

olivine (Fig. 4; Table 1). Timescales obtained from

modeling crystals with high w (e.g., N458) are

unlikely to be correct, since the contribution of the

flux from the third dimension was probably signifi-

cant (because DcNNDa, Db) and unaccounted for in the

two-dimensional models. We have therefore consid-

ered only the data obtained from crystals with wb458
for deriving our geological inferences.
Fig. 4. (a) Schematic picture showing an olivine crystal (3-D olivine crystal

olivine was measured with electron microprobe (EMP, dotted arrow), and

angle between the c-axis of the olivine and the thin section plane. (b) Plot o

thin section against calculated times considering the Fe–Mg diffusion anis

diffusion parallel to the c-axis is a factor of 6 faster than along the a- or b-

more reliable because the contribution of the flux from the third dimension

of the andesite, circles are those from dacite Qcf3, and triangles from dac
Using concentration profiles obtained from ran-

domly sectioned three-dimensional crystals, as is the

case when using conventional two-dimensional thin

sections, could lead to incorrect estimation of time-

scales because the length and shape of the measured

profiles could be affected. However, the effects can be

recognized and minimized by avoiding the use of

profiles that have dipping plateaus, and making sure

that the maximum Fo plateau compositions of crystals

of roughly the same size are the same [47]. Moreover,

in a numerical experiment, Pan and Batiza [20]

showed that only 20% of the times obtained from

modeling Fe–Mg concentration profiles (using an

isotropic diffusion coefficient) produced by randomly

cutting a normally zoned sphere were shorter than the

real time, and thus the effects of using two-dimen-

sional thin sections should not compromise the

retrieved timescales to a significant extent.

5.4. Uncertainties

As in most diffusion studies, the main uncertainty

comes from the temperature estimation. A temperature

uncertainty of 50 8C varies the calculated times by a

factor of 2–3 (for T between 950 and 850 8C), and
f O2 uncertainty of 2 log units varies the times by a

factor of ~2. The temperature and f O2 uncertainties

for the present study are limited for the most evolved

dacite (Qcf1) because both parameters are well

constrained by Fe–Ti thermometry and experimental
 

 

), the plane of the thin section (gray) on which the composition of the

the olivine crystallographic axes (arrows labeled a, b, c). w is the

f the angle (w) between the c-axis of the olivine and the plane of the

otropy in olivine and two-dimensional effects (2-D oriented). Since

axis, timescales determined from crystals with wb458 (gray area) are

is probably very small. Squares are time determination from olivines

ite Qcf2.
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work [37]. For the other samples, the temperature

estimates by Fe–Ti thermometry should have an error

of about 25 8C. Thus, the overall uncertainties in the

worst case should be lower than a factor of 6, which

still allows us to distinguish between timescales of

months, decades or hundreds of years.
6. Results and discussion

We have modeled the zoning profiles of olivines

with the diffusion coefficients and boundary condi-

tions stated above and using a finite difference

numerical solution to the diffusion equations. Example

of fits to the natural data are shown in Fig. 1, and the

calculated times are shown in Fig. 5 and Table 1. When

all rock types and olivine crystals are considered, the

retrieved timescales appear to vary widely, from about

a year to ~90 years, with no apparent trend of

calculated times as a function of eruption sequence

or silica content (Fig. 4). However, considering only

crystals with the more reliable low w values (Fig. 5;

Table 1), a systematic trend between eruptive sequence
Fig. 5. Plot of the calculated times and the silica content or eruption

sequence of the dacite and andesite lavas. These times were

calculated considering the Fe–Mg diffusion anisotropy in olivine

and two-dimensional effects (2-D oriented). The black squares are

determinations obtained from olivines with a low w and are

considered more reliable (3-D screened, see text and Fig. 4 for more

details). Open squares denote times obtained for the last equilibra-

tion stage of the andesite. The data show that two mafic intrusions

were involved in the petrogenetic history of V. San Pedro, one at

about 50 years and the other at 2–5 years prior to eruption. This

latter estimate is also found in the dacites. See text for more

discussion.
and time emerges, and the range in calculated time-

scales decreases by half to vary between ~1 and 50

years. As noted above and shown in Table 1, we were

able to calculate two times for crystals with high Fo

(82F1): the time for the last equilibration stage is

between 3 and 5 years and coincides with the short

timescales (2–7 years) obtained from crystals with

lower Fo (78F2). We interpret these data to imply that

two mafic magmas intruded the silicic chamber at

different times, one at 1–9 years, and the other at ~50

years before eruption. In this way, the two times

obtained from the high Fo crystals reflect the physical

process of transferring olivines from the mafic to the

silicic magma: during an initial stage, the olivines

remained enclosed in the mafic inclusions, but once

the second mafic magma intruded (40–48 years later),

the magma reservoir was disturbed anew, the inclu-

sions were disaggregated and the olivines came into

contact directly with the more silicic melt of the

andesite. Such a process of disaggregation of mafic

inclusions and transfer of crystals from mafic to silicic

magmas has been described in other volcanic systems

[29–31]. Irrespective of the details of the processes,

these data imply that the timescales between intrusion

of mafic magma and eruption are on the order of

several years to some decades. Since the intrusion of

mafic magma has played a main role in the petroge-

netic history of the San Pedro magmatic system, these

years to decades times also constrain the duration

required for creating the zoned silicic reservoir and the

intermediate andesite by magma mixing at depth.

Complementary information for the residence time of

these lavas comes from the study of a suite of gabbroic

cumulate xenoliths found in the erupted products.

Costa et al. [21] retrieved timescales varying from 30

to 150 years by modeling the trace element zoning

patterns of plagioclase from the gabbroic xenoliths,

which are consistent with our decadal time estimates.

The coexistence of the dacite and andesite at

different temperatures within the magma reservoir

places additional constraints on timescales from

thermal considerations. We have used Eq. (9) of

Snyder [48] to calculate the thermal homogenization

time (Th):

Th ¼ 0:26L
qC2

pl

gaDTk2

 !1=3
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where L=vertical thickness of the silicic magma,

q=density, l=effective viscosity, a=thermal expan-

sion, k=thermal conductivity, DT=temperature gra-

dient, g=gravitational acceleration, Cp=effective heat

capacity. All these values where calculated following

[48]. In addition, we have used the following values

[35,37]: 850 8C, 5.5 wt.% H2O and 20 vol.% crystals

for the dacite, and 950 8C, 2 wt.% H2O and 30 vol.%

for the andesite. Using DT=100 8C and L=1000 m

(because the total size of the eruption was 1 km3), we

obtained Th ~2 years for the dacite and Th ~3 years

for the andesite, which are approximations to having a

magma reservoir completely filled with dacite or

andesite. This is shorter than the maximum time of 50

years that we have obtained but very similar to the 2–

5 years retrieved for the minimum timescales. While

both the thermal and compositional modeling yield

timescales on the order of years to decades, the

correspondence of the thermal calculation to the lower

end of the temporal spectrum obtained from composi-

tional modeling may be caused by several factors,

independently or in combination: (i) the simple

boundary conditions of the thermal model may not

be directly applicable to the San Pedro magmatic

system where there is evidence of forceful injection of

basaltic magma into the silicic magma chamber, rather
Table 2

Summary of times related to mafic–silicic magma interactions or differen

References Time

(prior to eruption)

Magmatic system Me

[25] hours to days Saga–Futagoyama

(Japan)

reac

plag

[48–50] days to weeks various num

[51] days to weeks Pinatubo (Philippines) seis

[14,17] weeks to months Unzen (Japan) Fe–

[24] days to 6 months Ceboruco (Mexico) Fe–

plag

[18] days to 2 years Trident (Alaska) Fe–

oliv

[22] 10–1200 years Montserrat

(Lesser Antilles)

Sr a

[23] days to weeks Montserrat

(Lesser Antilles)

Fe–

[5–10] 103–105 years Various subduction-zone

volcanoes

Th–

[11] 10 years Iceland Pb–

This work year to decades San Pedro (Chile) Fe–
than simple underplating, and (ii) as we have noted

above, there is evidence for injection of at least two

mafic magmas. Therefore, the thermal model may

reflect the timescale of relaxation of only one—the

latest, of these pulses and this is also recorded in the

shortest timescales obtained from the compositional

record.
7. Implications for timescales of mixing, andesite

formation, and eruption triggering

The new timescales of years to decades that we

have obtained for intrusion of mafic magma, mixing,

and eruption are substantially longer than those

reported from petrological, numerical modeling and

geophysical works on other volcanic systems, which

are on the orders of hours to months (Table 2). For

example, [25] estimated that mixing of dacite and

basalt may occur in the matter of hours to days if it

happens in the volcanic conduit, whereas numerical

models [48–50] and seismological data for the 1991

Pinatubo eruption [51] suggests timescales of days to

weeks between intrusion of basaltic magma into a

silicic reservoir and eruption. Moreover, timescales

ranging from days to 2 years have been reported from
tiation

thod Process

tion coronas,

ioclase dissolution

basalt dacite mixing in conduit

erical modeling basaltic intrusion in silicic reservoir

mological data basaltic intrusion in silicic reservoir

Ti oxide zoning dacite–dacite mixing

Ti oxide zoning,

ioclase overgrowth

rhyodacite–dacite–mafic mixing

Ti oxide and Fe–Mg

ine zoning

dacite–andesite mixing

nd Ba plagioclase zoning andesite remobilization by

mafic intrusions

Ti oxide zoning andesite remobilization by

mafic intrusions

U, Ra–Th disequilibria mafic to silicic closed system

differentiation

Ra disequilibria mafic to intermediate closed

system differentiation

Mg olivine zoning basaltic andesite–dacite

mixing at depth
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some volcanic systems for dacite–dacite, dacite–

andesite, and rhyodacite–dacite–mafic magma mixing

[14,17,18,24]. The differences of these timescales

with the ones that we report can be explained by

considering that: (i) the San Pedro eruption was

induced by collapse of the eastern flank of the volcano

[35] and, thus, intrusion of mafic magma did not

necessarily trigger the eruption, (ii) magma mixing

occurred at depth, in the reservoir [32,35], and thus

longer timescales could be expected compared to

mixing in the conduit, and (iii) in San Pedro, basaltic

andesite and dacite magmas interacted extensively to

produce the intermediate andesite whereas in other

systems the two end-members were compositionally

more similar [14,17,18,24]. It can also be possible

that, in some cases, intermediate timescales (days to

years) might reflect that the mixing process started at

depth but continued in the conduit.

Our calculations show that immediate eruption

following injection of mafic magma is not always the

case and that petrological evidence of magma mixing

should not be interpreted to have necessarily triggered

a given eruption. Instead, the data that we report imply

that to produce zoned silicic reservoirs and andesites

by extensive mafic–silicic hybridization at depth, the

time gap between intrusion of the mafic end-member

and eruption has to be substantially longer than

previously recognized, from years to decades. More-

over, these new time gaps between intrusion and

eruption can be related to data obtained from seismic

and deformation monitoring of active volcanoes.

There have been several reports where seismic activity

at depth was not immediately followed by eruption,

but rather decades passed or eruption has yet to occur

[52]. Similarly, monitoring of crustal deformation

with tilt and interferometric synthetic aperture radar

data has shown that subduction-related volcanoes can

display periods of pre-eruptive inflation and post-

eruptive deflation on the order of several years to

decades, and the source (magma reservoir) has been

constrained to be between 3 and 9 km deep [53,54].

These timescales and depths of magma reservoirs

retrieved from deformation data are very similar to

those obtained by kinetic and petrologic modeling for

Volcán San Pedro. Thus, combination of real time

monitoring of active volcanoes with detailed studies

of erupted rocks could allow precursory activities to

be related to specific magmatic processes.
On the other hand, compared to timescales of

other magmatic processes that occur at depth and

which produce intermediate (e.g. andesitic) compo-

sitions at subduction zones, our year to decade

timescales are short. Andesite remobilization by

intrusion of mafic magma appears to occur on

timescales of a decade to 103 years [22], although

it could be as short as days to weeks [23]. U-series

disequilibria data suggest that to produce silica-rich

magmas by closed-system crystal fractionation at

subduction zones about 103–105 years are necessary

[5–10], although in other tectonic settings (Iceland) it

can be as short as 10 years [11]. Thus, each mode of

producing magmas of intermediate composition (e.g.,

andesites) has a different and, perhaps, representative

timescale: mixing in the conduit (hours to days),

mixing at depth (years to decades), andesite remobi-

lization (weeks to 103 years), and closed system

fractionation (103–105 years). Therefore, determina-

tion of timescales from eruptive products may not

only provide important clues to petrogenetic pro-

cesses but also help to associate the time gaps

between precursor activity (e.g., seismic and surface

deformation data) and eruption to specific magmatic

processes.
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