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Abstract The 1998 eruption of Volcdn Cerro Azul in the
Galdpagos Islands produced two intra-caldera vents and a
flank vent that erupted more than 1.0x10% m® of lava.
Lava compositions changed notably during the 5-week
eruption, and contemporaneous eruptions in the caldera
and on the flank produced different compositions. Lavas
erupted from the flank vent range from 6.3 to 14.1%
MgO, nearly the entire range of MgO contents previously
reported from the volcano. On-site monitoring of eruptive
activity is linked with petrogenetic processes such that
geochemical variations are evaluated in a temporal con-
text. Lavas from the 1998 eruption record two petroge-
netic stages characterized by progressively more mafic
lavas as the eruption proceeded. Crystal compositions,
whole rock major and trace element compositions, and
isotope ratios indicate that early lavas are the product of
mixing between 1998 magma and remnant magma of
the 1979 eruption. Intra-caldera lavas and later lavas have
no 1979 signature, but were produced by the 1998 mag-
ma incorporating olivine and clinopyroxene xenocrysts.
Thus, early magma petrogenesis is characterized by mix-
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ing with the 1979 magma, followed by the magma pro-
gressively entraining wehrlite cumulate mush.
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Introduction

The 1998 eruption of Cerro Azul volcano offered an
unprecedented opportunity to monitor the eruption of an
active Galdpagos volcano, because of early detection by
the GOES satellite (Mouginis-Mark et al. 2000), the
eruption’s long duration, and relative accessibility of the
vents and lava flows. Through fieldwork and remote
sensing imagery, the eruptive events were documented
from the first detection of the eruption through the fi-
nal days of eruptive activity (Ellisor and Geist 1999;
Mouginis-Mark et al. 2000). Samples were collected both
during and after the eruption from well-documented lo-
cations whose time of emplacement is known.

The 1998 eruption produced lavas with a large com-
positional range, ranging from 6.3% MgO early in the
eruption to 14.1% MgO at the end. The purpose of this
paper is to describe the eruption, present mineral and
whole rock compositions that reveal the petrogenetic
history of the magma, and quantify the contributions of
magmatic components. The results suggest that lavas
erupted from the flank vent formed by progressive mix-
ing between the parental magma and remnant magma
from the 1979 eruption. The contribution of the 1979
magma progressively decreased and was followed by
incorporation of exotic olivine and clinopyroxene crys-
tals during the last two weeks of the eruption.

Although this is the first eruption in the Galapagos that
has been studied well enough to document large intra-
eruption compositional variations, of course it is not the
first volcano to show such petrologic variations. Other
eruptions, such as Pu’'u O’o (e.g. Garcia et al. 1992,
1995), Mt. Pinatubo (e.g. Newhall and Punongbayan
1996), and Mt. St. Helens (e.g. Lipman and Mullineaux
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Fig. 1 a Galdpagos Archipelago map with regional location map in
inset. b Geologic Map of Volcdn Cerro Azul. 1998 intracaldera
vent locations are shown with *. Flank vent is shown with solid
triangle. Locations of 1979 and 1998 flows are shown in fine and
coarse stipple patterns, respectively. Pre-1998 geology from Nau-
mann (1998)

1981), have played an important role in understanding the
time scale of petrologic processes over the course of hours
to years.

Brief history of the eruption

Cerro Azul is the southwestern-most volcano on Isla
Isabela in the western Galdpagos Islands (Fig. 1la),
the region where most recent volcanic activity in the
archipelago has occurred (Simkin and Siebert 2000).
Recent detailed work at Cerro Azul volcano (Naumann
1998; Naumann and Geist 2000, Naumann et al. 2002)
has provided an invaluable geologic and petrologic
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Fig. 2 a Geologic map of Cerro Azul caldera. The *s indicate
western and southern vents of the 1998 eruption. Modified from
Naumann (1998) b Intra-caldera vent, western end of caldera floor

baseline on which to interpret the 1998 eruption. Those
studies thoroughly characterized the eruptive history and
petrology and geochemistry of pre-1998 lavas. Prior to
1998, the most recent activity at Cerro Azul occurred in
1979 when eruption from intra-caldera and flank vents
resulted in the emplacement of lavas on the eastern flank
of the volcano (Fig. 1b). On September 15, 1998, the
GOES satellite detected eruptive activity within the cal-
dera (Fig. 2a); eruptive activity on the southeastern flank
of the volcano was then detected on September 16, 1998
(Mouginis-Mark et al. 2000).

Intra-caldera activity

At least two new vents were established inside the caldera
of Cerro Azul in 1998, the largest being a NE-oriented
fissure in the west end of the caldera floor (Fig. 2a,b).
This vent built a chain of elongate cinder cones, with a
combined length of approximately 750 m, from which
lava erupted and traveled north-northeast, toward the
northern caldera wall. Satellite monitoring indicates that
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Fig. 3 a Flank vent, September 17, 1998; photo by Howard Snell. b
Flank vent September 23, 1998; view faces NNE

the first intra-caldera activity was on September 15
(Mouginis-Mark et al. 2000).

The second intra-caldera vent is located on the
southern bench (Fig. 2a), from which lava flowed north
toward the southeastern caldera wall, then over the bench,
cascading to the floor of the caldera. Spatter from the vent
on the south bench covered the caldera wall above the
vent, agglutinated, and flowed down the caldera wall to
the floor. A third possible vent on the west end of the
southern bench was not observed during fieldwork in
1998 nor by the GOES images, but was identified dur-
ing fieldwork in 1999. By October 1, 1998, intra-caldera
vents were no longer active except for gas emissions.
Effusive activity from the intra-caldera vents can be
constrained from GOES images and fieldwork to have
lasted less than 17 days.

Flank activity
The flank activity started as a fissure eruption approxi-

mately 1 km in length (Fig. 3a; Ellisor 1998a, 1998b) that
began erupting on September 16 (referred to as day 1 of

the flank eruption). By day 7, fissure activity had built an
elongate cone approximately 40 m in height (Fig. 3b). By
day 17 of the eruption, the fissure focused to one main
vent system with three small cones that fountained and
issued lava. The final vent complex is approximately
80 m tall and 1 km in length.

Lava initially erupted from the southeastern (lower)
end of the vent complex and simultaneously developed
two main a’a flow lobes, each traveling southeast
(Fig. 1b). The longest of the two flow lobes progressed
east approximately 15 km from the vent, then banked
against the 1979 flow, turned south and flowed an addi-
tional 5 km. The shorter of the two flows traveled
southeast from the vent for approximately 7 km then
turned south for an additional 3 km. The flows are up to
20 m thick.

Eruptive activity at the flank vent waned for 3—4 days
during the fourth week of the eruption. The eruption then
reactivated and became more vigorous for an additional
two weeks, during which time short a’a and pahoehoe
flow lobes erupted and flowed directly to the southwest.
The second phase of eruptive activity corresponds to
changes in both the compositions and surface morphology
of the erupted lavas, as detailed below.

On the basis of mapping and remote sensing data,
flows from the flank vent are estimated to have a volume
of approximately 1.1x10* m® (P. Mouginis-Mark, per-
sonal communication). The long lavas that were emplaced
early in the eruption are channelized a’a with well-de-
veloped flow levees. They contain rafted blocks up to 6 m
in diameter, and large layered accretionary lava balls up
to 4 m across. The later phase near-vent lavas are shorter
flows dominated by a’a, but also include the only pa-
hoehoe erupted from the flank vent. GOES satellite ra-
diance data show heat anomalies that indicate the flank
eruption continued until October 21, making the entire
duration of eruptive activity 37 days (Mouginis-Mark et
al. 2000).

Sampling and analyses

Thirty samples collected from the flank flows during and
after the eruption were examined petrographically and
analyzed for major and trace elements (Tables 1, 2, 3, 4).
Samples erupted prior to day 18 of the eruption are re-
ferred to as “early erupted” lavas; those erupted from day
19 onward are referred to as “later erupted” flows. Two
samples that are designated “transitional” erupted be-
tween the 18" and 21°" days of the eruption.

Whole rock major and trace elements were determined
at the Washington State University geoanalytical facility,
using methods of Johnson et al. (1999). Additional trace
element analyses by ICP-MS were completed at Col-
gate University, according to the methods described in
Standish et al. (1998). Isotope analyses were completed at
Woods Hole Oceanographic Institute using methods de-
scribed by Kurz and Geist (1999).
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Olivine, clinopyroxene, plagioclase, and Cr-spinel com-
positions were determined using the Washington State
University Cameca Camebax electron microprobe and the
University of Oregon CAMECA SX50 microprobe. A
<5 um diameter beam was used with a beam voltage of
15 kV and currents of about 10 nA.

Petrography/mineral chemistry

The 1998 lavas have a wide range of crystallinity, with
between 2.4 and 38.5% total phenocrysts, defined here as
crystals >1 mm in greatest dimension. Most samples are
dominated by 2-20% phenocrysts of plagioclase with
fewer phenocrysts of olivine (0.2 — 17%), clinopyroxene
(0-10%) and microphenocrysts of Cr-spinel (up to 5.5%,
defined here as 50-1000 um in length).

Plagioclase phenocrysts are coarse-grained and sub-
hedral to anhedral. Many form glomerocrysts with olivine
and clinopyroxene and generally have ragged crystal fa-
ces. Some microphenocrysts (50—1000 um) of plagioclase
have swallowtail habits. In the early erupted lavas, many
plagioclase cores are resorbed, some with glass inclusions
in their interiors.

Plagioclase core and rim compositions range from
Any3 to Angy. The oldest and youngest groups of 1998
lavas have the smallest range of anorthite compositions
(Angs to Ang; and Angq to Angy, respectively); whereas
samples of lavas erupted between days 19-25 tend to have
plagioclase with broader compositional ranges (An;3 to
Ang,). In general, plagioclase cores tend to be more anor-
thitic than the rims, but all lavas have examples of pla-
gioclase crystals with both normal- and reverse-zoned
phenocrysts. In nearly all cases, groundmass plagioclase
has the lowest anorthite composition (An;3 to Angy),
similar to phenocryst rim compositions.

Olivine phenocrysts are most abundant and largest in
the later erupted lavas, up to 1 cm in diameter in sample
16 (which erupted day 25). Many phenocrysts in later
erupted lavas have kink bands and are highly fractured
(Fig. 4a). Olivine phenocrysts in sample 14 (day 18) have
abundant Cr-spinel inclusions in crystal cores that in-
crease in abundance toward olivine rims, where they form
clusters up to 130 um thick (Fig. 4b). Nearly all of the
olivine phenocrysts are single crystals; multi-crystal
glomerocrysts and xenoliths are rare.

Olivine core and rim compositions range from Fo,; —
Fogo. Variations are greatest in the oldest and intermedi-
ate-aged lavas, whereas olivine compositions in younger
lavas are limited to Fog; — Fogg. Most grains are normal
zoned; approximately 15% of the measured olivines are
reverse zoned. The relative age of samples (early erupted
lavas vs. later erupted lavas) does not appear to correlate
with zoning variations.

Clinopyroxene phenocrysts are relatively rare in early
erupted lavas (<2% of the mode) but tend to be more
abundant in later erupted lavas (up to 10%). Clinopy-
roxenes have Mg#s ranging from 74.4-87.2 and CaO
from 19.9%-22.8%.

Fig. 4 a Kink banded olivine (undulose extinction zones) in sample
16. Field of view is 4 mm wide. b Sample 14 olivine with Cr-spinel
inclusions. Upper view is 0.32 mm across, lower view is ~] mm
wide

Application of the Putirka et al. (1996) geobarometer
to these pyroxene compositions is problematic, because
the liquid compositions are unknown and most of the
lavas have probably incorporated xenocrysts. If one as-
sumes that the liquid from which the pyroxenes crystals
formed had the composition of the proposed parental
magma (sample TNCA28, see discussion below), then
crystallization pressures of 7.6 + 1.1 kb are obtained. We
believe that these pressures are greater than the probable
crystallization depth, because the pressure at the Moho in
this area is <4 kb (Feighner and Richards 1994). Either
our assumptions of liquid composition are incorrect
(many were tried, with similar results), or the calibration
is inappropriate for these compositions.

Cr-spinels are abundant in the groundmass of most
samples and occur as microphenocrysts (50-1000 um)
and as inclusions in olivines in lavas with intermediate
MgO content. They are rare in the later erupted samples.
The greatest abundances of Cr-spinel occur in rocks with
low abundances of clinopyroxene phenocrysts. Cr-spinels
also occur in the groundmass of intermediate aged sample
14.
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Fig. 5 1998 flank lava (gray squares) whole rock MgO vs. number
of days after start of flank eruption (September 16, 1998) based on
field observations. Elongate bars represent the range of time during
which sample emplacement could have occurred for samples that
were not collected the day they were emplaced. Gray circle shows
the MgO composition of the 1979 magma present on day O of the
eruption. The intracaldera composition is shown with a closed
circle but the age is constrained only by the duration of the erup-
tions in the caldera having lasted 2 weeks (see text)

Major and trace element analyses

All lavas are tholeiitic basalts, and the lavas erupted from
the flank vents are generally more mafic with time (Fig. 5
and Tables 1, 2, 3, 4). The precision of the MgO-time
relationship for six samples that were collected in 1999 is
limited, and the horizontal error bars shown on Fig. 5
show the range of possible eruptive days of these samples.

The compositional range of lavas from the 1998 erup-
tion is extraordinary; whole rock compositions span near-
ly the entire range of known compositions from Cerro
Azul, which is one of the most compositionally diverse of
the western Galdpagos shields (Naumann et al. 2002). The
earliest-erupted 1998 lavas are compositionally similar to
the volcano’s most MgO-rich prehistoric lavas and are
among the most primitive lavas within the entire western
Galédpagos Archipelago (White et al. 1993; Naumann et
al. 2002).

The lavas form strongly curved arrays on plots of MgO
versus Al,O3, FeO, Ca0, and K,O (Fig. 6), indicating that
simple two-component mixing or assimilation is not re-
sponsible for the variations. Positive correlations occur
between MgO and Al,O3, and MgO and CaO for the first-
erupted lavas, whereas there are negative correlations in
the younger lavas (Fig. 6). Increasing MgO correlates
positively with Ni and Cr for all samples (Fig. 6g). All
1998 lavas have negative correlations between MgO and
TiO,, K;0O, Zr, Rb, Sr, Y, and Nb (Figs. 6 and 7). The
87Sr/%°Sr and *He/*He isotopic compositions of the 1998
lavas (Tables 1, 2, 3, 4) are nearly identical to the range
reported for prehistoric Cerro Azul tholeiite lavas (Fig. 8;
Kurz and Geist 1999; Naumann et al. 2002). Variation of
87Sr/%0Sr is only slightly beyond analytical uncertainty but
decreased with time through day 19 of the eruption, then
increased. *He/*He ratios in crushed olivine separates
increased from 12.5 Ra to 13.5 Ra as the eruption pro-
gressed, which is within the range previously reported
from the volcano but beyond analytical uncertainty.

Mineral-rock compositional relationships

Measured compositions of olivine crystals are compared
to those predicted to be in equilibrium with whole rock
compositions in Fig. 9 (using K4 = 0.30 + 0.03; Roeder
and Emslie 1970). Olivine compositions are not related to
whole rock compositions, because the average core
composition is essentially the same in all lavas (Fig. 9). In
general, olivines in the early erupted, low Mg# samples
are too forsteritic for their whole rock compositions, and
olivines in the later erupted, more mafic samples are too
forsterite-poor for their whole rock Mg#. In contrast,
sample 14 (erupted at an intermediate stage, with Mg# =
0.66) has core compositions that are in equilibrium with
the whole rock Mg#. All olivines are likely to have
crystallized at shallow levels, because they range from
0.24-0.39% CaO, well within the range of olivines con-
sidered to have crystallized at low pressure (e.g. Ulmer,
1989).

Petrogenetic constraints and modeling

Fractional crystallization and partial melting processes

Before discussing the processes most likely responsible
for the secular variation of lava compositions in the 1998
eruption, we first show that neither simple fractionation of
a single parental magma nor progressive partial melting
of a homogeneous source can explain the observed trends.

Fractional crystallization

Although some of the compositional variations of the
1998 lavas suggest that the magmas are related by frac-
tional crystallization of olivine, clinopyroxene, and pla-
gioclase from a parental magma with >14% MgO, other
evidence indicates that this is not the only process relating
them. Sr/Zr ratios are consistent with fractionation of
olivine and clinopyroxene to generate the later erupted
lavas, and fractionation of all three phases to generate the
earliest-erupted lavas (Fig. 10). MELTS fractionation
calculations (Ghiorso and Sack 1995) that use the most
mafic measured composition (14.1% MgO) as the pa-
rental magma, at mid-crustal depths (other studies indi-
cate that Cerro Azul magmas undergo cooling and crys-
tallization at ~ 2 kb; Geist et al. 1998; Naumann et al.
2002), successfully reproduce the compositions of the
later erupted lavas but do not reproduce the compositions
of the early lavas (Fig. 11). Fractionation would require a
mechanism for erupting the most evolved magmas (6.3%
MgO) prior to the more mafic magma (Fig. 5); clearly, the
lavas are not related by progressive cooling and crystal-
lization over the duration of the eruption. The possibility
of a zoned magma body, with cooler, aphyric, evolved
basalt overlying hotter, porphyritic more primitive basalt
is unlikely because of the lack of correlation between
whole rock and olivine compositions. In addition, mea-
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surable variations in the isotopic ratios of Sr and He
preclude simple crystal-liquid fractionation (Tables 1, 2,
3, 4).

Partial melting

Variations in major and trace element compositions
through the course of single eruptions have also been
attributed to progressive partial melting (e.g. Hoffmann et
al. 1984; Garcia et al. 1996). Such a process would result
in nearly constant concentrations of compatible trace el-
ements, decreasing concentrations of incompatible trace
elements, and decreasing La/Sm and La/YDb ratios with
time (Reiners 2002). Incompatible element ratios indica-
tive of progressive partial melting (e.g. La/Sm, La/Yb) do
not vary systematically through the eruption (Fig. 7b).
Thus, the compositional variations of the 1998 eruption
cannot be explained by progressive extraction of partial
melt from the mantle.

J@h
0 . : T T

MgO

10 12 14
time >

Compositional constraints on the parental magma

The 1998 eruption at Cerro Azul is the first basaltic
eruption in the Galdpagos Islands documented to have
intra-eruption compositional variations (Volcan Alcedo
erupted a zoned rhyolite-dacite; Geist et al. 1995a,
1995b).

The limited range of olivine compositions in the 1998
lavas is consistent with crystallization of most of the
olivine from a relatively homogeneous parental magma.
The average core composition of all measured olivines
(Fogs.s) corresponds to a parental liquid with an Mg# of
0.64, or approximately 10% MgO. The inflection of major
element compositional trends occurs at approximately
10% MgO and 16% Al,0s, and is also the boundary be-
tween the early and later erupted lavas (Fig. 12). There is
no such composition among the 1998 lavas, but a sample
from a young flow on the south flank of Cerro Azul has
the major element composition close to that of the in-
flection on a plot of MgO versus Al,O5 (sample TNCAZ2S,
Table 5). This flow is slightly vegetated, hence at least a
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couple centuries old (Naumann 1998; Kurz and Geist,
1999), so it is unlikely that magma directly related to the
lava flow from which TNCA28 was taken remained
within the volcano by 1998, but sample TNCA28 simply
represents a “typical” liquid composition that might re-
peatedly intrude into the shallow magmatic system.

Probable petrogenesis: magma mixing
then crystal accumulation

We propose that the 1998 magma formed by two separate
processes in which the early erupted lavas were generated
when the parental magma with approximately 10% MgO
(TNCA28) mixed with residual magma from the 1979
eruption. Once the last 1979 magma was flushed from the
system, the magma began incorporating olivine and
clinopyroxene crystals from a cumulate crystal mush
zone, generating the later erupted lavas.
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Fig. 8a,b Isotope ratios a ®’Sr/*°Sr vs. MgO for early (samples 49,
14c) intermediate (14) and later-erupted (16) lavas; b *He/*He vs.
87Sr/%6Sr. Cross symbols represent isotope compositions of Cerro
Azul lavas from Kurz and Geist (1999). Solid vertical bar repre-
sents 5’ Sr/*°Sr value for sample TNCA28 (modeled as 1998 source
magma) and dashed vertical bar represents ®’Sr/*°Sr value for 1979
magma. Error bars indicate 20

Early-erupted lavas, days 1-19

Major element variations, particularly Al,O; and MgO,
suggest that the early-erupted lavas result from mixing
between the 1998 parental magma (composition similar to
TNCAZ28) and remnant magma from the 1979 eruption
(Fig. 12). Olivine zoning patterns provide important evi-
dence for the mixing event. The range of olivine core
compositions in the first-erupted magmas is much greater
than in later erupted magmas, which suggests that olivines
in the early erupted 1998 lavas crystallized in that magma
but then mixed with the 1979 magma (Fig. 9). The
equilibrium olivine composition for the 1979 liquid is
Fo;¢ (Fig. 9). Samples 8 and 11 both have olivine grains
that are close to this value (Fo,g and Fo;;) and erupted
during the latter half of the early stage of the eruption
(days 12 and 13). On this basis and age relations, we
believe that the 1998 magma intersected the 1979 reser-
voir and progressively mixed with it (Fig. 13). Mass
balance calculations suggest that the earliest lavas erupt-
ed in 1998 had very high proportions of 1979 magma
(approximately 90%, Fig. 12). Subsequent lavas have



95 || @ cores Caleulated Fo composition from
c [ | @ Rims (K lig/ol of major element
o W TNCAZS compositions of samples
=
v
o
£
o ———————
Q =
L
2 0
L
2 0
S 14
= - Average core Fo
o has Mg# = 0.64
75 L B e e B e L

053 0.58 063 0.68 0.73 0.78

1979 Whole Rock Mg #

Fig. 9 Whole rock Mg # vs. forsterite composition (Fo = Mg/
Fe+Mg in olivine). Gray field represents calculated values for
olivine crystals that would be in equilibrium with liquids with Mg #
of lava samples using Kd = 0.3 +/- 0.03 (Roeder and Emslie 1970).
Gray squares represent rim compositions, filled circles are core
compositions, and filled square is TNCA28 olivine composition
from Naumann 1998. Mg # = whole rock Mg/Fe+Mg

34
Early Later
3.2 Erupted | Erupted EE A
3.0 “ [ ]
¢ O
E! <4 - B Early Erupted Lavas
%] 26 - ] O Transitional Lavas
’ A Later Erupted Lavas
24 4 h O @ Intracaldera Scoria
’ 01979
22 " #TNCAZ8
—»
2.0 O ; ; v time ;
6 7 8 9 10 1" 12 13 14 15

MgO
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progressively decreasing proportions of 1979 magma,
through at least day 19 of the eruption.

Mixing of the 1998 magma with the 1979 reservoir is
also consistent with variations of Sr/Zr and CaO/Al,O3
with MgO (Figs. 10-12); calculated mixing curves closely
match measured compositions of the earliest erupted 1998
lavas (lowest MgO on Fig. 12). Moreover, such an origin
is consistent with the minor changes in Sr and He isotopic
ratios. This would require that the parental 1998 magma
and the remnant-1979 magmas had slightly different
isotopic ratios. Because the proportion of the 1979 end
member steadily decreases, mixing probably occurred
during transport. Thus, physical mixing of the two batches
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of magma may have occurred in the conduit as magma
advanced towards the surface.

Later erupted lavas, day 19-end of eruption

Between the 19" and 25" day of the eruption, a change in
eruptive style and volumetric flux accompanied a com-
positional shift in the lavas. By day 17, the intra-caldera
vents were no longer active. By day 19 lava fountaining
and flow activity at the flank vent were visibly dimin-
ished.

Intermediate-aged samples (14 and 44, Tables 1, 2, 3,
4) have major and trace element compositions interme-
diate to early and later erupted lavas. Lavas erupted after
day 18 have higher MgO, Al,03, and CaO than early
erupted lavas. The timing also corresponds with a change
in slope for most major and trace elements (e.g. Y, Rb, Sr,
and Zr) (Tables 1, 2, 3, 4, Figs. 6 and 7). Analyzed lavas
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Table 5 Mixing and crystal in-

. Mixing Crystal Incorporation
corporation end member com-
positions 1979 Magma 1998 Magma 1998 Magma  Accumulated Incorporated
(DG-CA17) (TN-CA28) (TN-CA28) Olivine Clinopyroxene

Mg# 0.49 0.65 0.65 0.85 0.85
Si0, 48.37 48.80 48.80 39.63 50.44
AL O; 14.99 15.97 15.97 0.00 4.30
TiO, 3.02 1.83 1.83 0.00 0.95
FeO* 11.47 9.08 9.08 13.94 5.01
MnO 0.19 0.15 0.15 0.20 0.08
CaO 11.20 13.05 13.05 0.36 21.93
MgO 6.28 9.42 9.42 44.82 15.62
K,O 0.69 0.35 0.35 0.00 0.00
Na,O 3.41 2.37 2.37 0.00 0.28
P,05 0.36 0.18 0.18 0.00 0.00
Total 100.00 101.20 101.20 98.95 98.61
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normal zoned and
deformed olivines
(from crystal mush).

Fig. 13 Cartoon cross section of proposed petrogenetic model for
the 1998 eruption at Cerro Azul

emplaced after day 18 do not indicate any compositional
relationship to the 1979 magma. The compositions of
these later-erupted lavas are instead indicative of pro-
gressive entrainment of olivine and clinopyroxene into the
1998 magma once the 1979 magma was flushed from the
conduit. The modal proportions of olivine and clinopy-
roxene megacrysts increase with Mg# and order of
erupted lavas. Sample 50 was the first of the later erupted
lavas to be emplaced and has the lowest Mg# (0.69) and
the lowest modal olivine (2.4%) and no clinopyroxene.
Lavas erupted after sample 50 have increasing Mg#s and
modal proportions of olivine (up to 17.1%) and clinopy-
roxene (up to 10.6%).

Compositional variations similar to those in the later
erupted lavas at Cerro Azul have been attributed to pro-
gressive incorporation of olivine in Mauna Loa magmas
(Garcia 1996; Rhodes 1996). In those rocks, olivine xe-
nocrysts have kink bands but there is little compositional

variation in the olivine crystals within single lavas (Gar-
cia 1996). Entrainment of kink-banded olivine xenocrysts
from cumulate zones has also been documented for xe-
nocrysts described in Kilauea lavas (e.g. Helz 1987,
Clague and Denlinger 1994, Clague et al. 1995). Similar
xenocrystic textures are observed in olivines from the
later erupted lavas of the 1998 Cerro Azul eruption
(Fig. 4a).

Isotopic analyses of key samples from the 1998
eruption support the two-stage model presented here. The
early erupted lavas from the 1998 eruption plot along
mixing curves between the 1979 and the proposed pa-
rental 1998 magma (Fig. 12). The later erupted lava,
sample 16, has more radiogenic ®’Sr/*°Sr and higher
*He/*He ratios, which suggest that the incorporated
crystals did not crystallize from the parental 1998 mag-
ma. Sample 14 is intermediate aged and consistently
plots beyond both the 87Sr/%°Sr mixing curve and accu-
mulation curves. This sample is anomalous and discussed
below.

There are several possible sources for the crystals that
became incorporated into magma that produced the later
erupted lavas. Moderate CaO content in olivine phe-
nocrysts suggests that they crystallized at fairly shallow
levels (e.g. Ulmer 1989; Garcia et al. 1995). All measured
olivine cores from later erupted lava samples have com-
positions within ~2% Fo (Fog4-Fogg), which constrains
the liquid that crystallized them to range in Mg# between
0.60 and 0.66 MgO = 8.2%-10.1%; Fig. 9). A cumulate
crystal mush zone with appropriate olivine and clinopy-
roxene compositions could have formed prior to the 1998
eruption by crystallization from the proposed parental
1998 magma itself, or from an older magma. Crystalli-
zation from a parental magma with 10% MgO could have
produced the crystals, which were then stored as a cu-
mulate mush until day 25 of the eruption, when the
original mafic liquid entrained the crystals and erupted as
the later erupted lavas. We call on a “mush” because very
few of the olivines occur in multigranular xenoliths;
nearly all are as isolated single crystals.



Transitional lavas

The most difficult 1998 samples to explain are 44 and 14,
both of which have intermediate MgO (9.33% and
10.12%, respectively), but Al,O3 compositions are lower
than other 1998 lavas with equivalent MgO (Fig. 12).
Both samples were collected from flows erupted between
days 18 and 25, when we propose that the principal pet-
rogenetic process shifted from mixing with 1979 magma
to entrainment of crystals from a mush. Neither of the
anomalous lavas can be modeled as the product of mixing
(Fig. 12, open squares) between the 1979 and 1998 pa-
rental magmas. Moreover, crystal incorporation cannot
reproduce either composition (Fig. 12). Sample 14 is
unique in that it has olivine crystals that are riddled with
spinel inclusions at their rims, which do not occur in
olivine crystals of later erupted lavas (Fig. 4b). Thus,
these two intermediate-aged magmas may have experi-
enced both mixing and crystal assimilation processes or
may result from incorporation of exotic magma and
crystals not otherwise encountered by the 1998 parental
magma.

Discussion

The two-stage process proposed here for the petrogenesis
of the 1998 Cerro Azul lavas accounts for field observa-
tions, mineral compositions, modal abundances, and rock
compositions. The transition from early mixing of the two
magmas to eruption of less-modified 1998 magma is
suggested by the decrease of the 1979 magma signature
from day 1 through day 18. The triggering of crystal
disaggregation and incorporation into the 1998 magma
and the change in eruptive behavior is consistent with
injection of a new pulse of the same parental magma after
a slight Iull in eruptive activity.

Physical constraints on mixing

Injection of the more mafic magma into the remnant 1979
magma reservoir provides a plausible explanation for the
initiation of the 1998 flank eruption (e.g. Sparks et al.
1977). The orientation of a dike that fed the 1998 eruption
can be estimated from the location of the intra-caldera and
flank vents (Figs. 2a and 13). The flank vent is probably
the result of radial dike emplacement (Chadwick and
Howard 1991, Chadwick and Dietrich 1995). Simultane-
ous eruption and similar orientation of the intra-caldera
and flank vents suggest that a single E-SE trending dike
fed all vents. The intra-caldera lava (which erupted early
in the eruption) shows no influence of the 1979 magma;
instead, its composition is similar to the last-erupted flank
lava. This suggests that the dike split into at least two
separate segments, one advanced towards the caldera,
where it disaggregated and entrained cumulates from a
shallow, subcaldera cumulate crystal mush body. The
other branch intruded towards the southeast flank where it
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intercepted the 1979 reservoir just prior to eruption
(Fig. 13). The 1979 end-member decreased from 90% to
0% over the first 19 days of the eruption, indicating that
once the two magmas intersected, they mixed progres-
sively until the 1979 reservoir was diluted.

The process of mixing with pre-existing magma at
shallow depths has been described for compositional
variations observed in Hawaiian eruptions (Wright and
Fiske, 1971). For example, over the course of the first two
years of the Pu’u O’o eruption, new mafic magma mixed
with older differentiated magmas to produce the first 20
episodes of the eruption (e.g. Garcia et al. 1992, 1996).
Similarly, during the first days of the 1991-1993 eruption
of Etna, new magma intersected and mixed with magma
stored in the feeder system (Armienti et al. 1994).

Evidence for mixing provides insight into the internal
magma systems in ocean island volcanoes, where erup-
tions occur fairly frequently (e.g. approximately 45
recorded eruptions in the Galdpagos Islands during the
last 100 years, Simkin and Siebert 2000). Mixing of
shallow-stored magmas with new mafic injections sug-
gests that after initial eruption, the volume of magma is
sufficiently large that it can remain molten and not
crystallize significantly for years to decades (19 years in
the case of the 1979 Cerro Azul magma). This may be a
common and important process in ocean island volcan-
ism, especially where eruptions are focused into concen-
trated rift zones, as is the case in Hawaii, as well as for
volcanoes like Cerro Azul that lack rift zones but where
consecutive eruptions have occurred from the same sector
of the volcano.

Volume constraints of 1979 magma

The transition from early mixing between 1979 and 1998
magmas to late crystal accumulation occurred at least by
day 25 of the 5-week eruption. From field evidence and
mass balance calculations, it appears that the bulk of the
1979 magma was flushed through the system by the 19"
day of the eruption. The rate at which the 1979 magma
was mixed can be extrapolated from physical constraints
on the volume of lava erupted from the flank vent. There
is no chemical evidence for consumption of 1979 material
in lava erupted in the caldera, so it is not included in
calculations.

The total volume of lava emplaced on the flank of
Cerro Azul is estimated to be 1.1x10% m> (based on field
mapping and DEM comparison before and after the
eruption; P. Mouginis-Mark, personal communication).
Fifteen centimeters of subsidence were observed through
November 1998 (Amelung et al. 2000), but the defor-
mation data do not bracket the eruption closely enough to
permit estimation of the pre-eruptive magma volume.
Mapping suggests that magmas with mixing signatures
constitute approximately 90% of the total volume of lava
erupted. The average eruption rate for the first 20 days of
the eruption is approximately 500,000 m3/day. If the
proportions of the two lava end members erupted from
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Fig. 14 Crystal incorporation rates for olivine and clinopyroxene
by eruption date indicating maximum 5.6% crystal accumulation
per day

day 8 (90% 1979 composition) to day 13 (30% 1979
composition) are extrapolated to the 19™ day of the
eruption, a total of 50x10° m> of 1979 lava is calculated
to have been consumed in the first 13 days of the 1998
eruption. This should be considered a conservative esti-
mate, because eruption rates were visibly higher earlier in
the eruption when the proportion of 1979 magma was
highest.

Crystal incorporation rates

The rates at which olivine and clinopyroxene were dis-
aggregated from a cumulate mush and incorporated into
the 1998 magma of the later erupted lavas was determined
by least squares mass balance calculations (Table 5).
Proportions of crystals incorporated by the 1998 magma
(in terms of the total proportion of olivine plus clinopy-
roxene) are plotted on Fig. 14 by the date of the eruption
of each sample. Prior to day 25, calculated crystal in-
corporation rates are very low (0.6% per day). The
maximum crystal incorporation rate indicates entrained
crystals increased by 5.6% per day between day 25 and
day 27 of the eruption (Fig. 14). From day 27 through day
29 (the date of emplacement for the last well-constrained
sample from the 1998 eruption) incorporation rates de-
crease by 2.8% per day.

A long-duration eruption at Lanzarote in the Canary
Islands from 1730-1736 produced a range of lava com-
positions, even within individual (month-long) phases of
the eruption (Carracedo et al. 1992). Progressive incor-
poration of peridotite inclusions during the first phase of
the Lanzarote eruption is analogous to the incorporation
of the olivine and clinopyroxene crystals during the later
stages of the 1998 Cerro Azul eruption. These eruptions
illustrate that crystal incorporation can occur over days
(e.g. Cerro Azul) or years (e.g. Lanzarote). The main
difference is that in Cerro Azul, we observed no multi-
granular xenoliths.

Conclusions

Field observations, whole rock compositions and mineral
compositions indicate that the eruption rate and petroge-
nesis of lavas from the 1998 eruption at Cerro Azul oc-
curred in two stages. Mixing between the 1998 magma
and the 1979 magma storage reservoir produced the bulk
of the volume of erupted lava. No 1979 component can be
traced beyond the 18" day of the eruption. Later erupted
lavas were produced by the 1998 magma disaggregating
and incorporating olivine and clinopyroxene crystals from
a cumulate mush. Intra-caldera lavas show no evidence of
the 1979 magma component, indicating the 1979 magma
was present only beneath the flank vent, but did not un-
derlie the caldera.

Field observations recorded during the eruption permit
estimation of the shallow level mixing and crystal in-
corporation rates and processes of the 1998 magma to
be put in temporal context, because the emplacement
chronology of lavas was documented. Multiple petroge-
netic processes and incorporation of shallow level mag-
mas may be common at other ocean island volcanoes (e.g.
Garcia et al. 1992; Carracedo et al. 1992; Rowland and
Munro 1993; Rhodes 1996), but heterogeneous lava flows
in the Galédpagos Islands have not previously been re-
ported, probably due to limited sampling of individual
flows. Also, with the exception of Cerro Azul, and pos-
sibly Volcan Ecuador (Geist et al. 2002), most of the
western Galdpagos shields are characterized by exceed-
ingly limited compositional variation over the entire
volcano (Allan and Simkin, 2000; Reynolds and Geist,
1995). Nevertheless, it is important to recognize that
single samples may not represent the compositional di-
versity of an entire lava flows or individual volcanic
events. The complex, short time-scale, shallow level pro-
cesses required to generate the 1998 lavas indicate that
detailed study of single flows are needed to characterize
the petrogenetic processes of other ocean-island lavas.
Surely other eruptive centers experience similar process-
es, so intra-eruption compositional variations should be
considered in combination with larger-scale processes in
discussions of the petrogenesis of oceanic magmas.
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