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Abstract Samples of basalt were collected during the
Rapid Response cruise to Loihi seamount from a brec-
cia that was probably created by the July to August
1996 Loihi earthquake swarm, the largest swarm ever
recorded from a Hawaiian volcano. *'°Po->'°Pb dating
of two fresh lava blocks from this breccia indicates that
they were erupted during the first half of 1996, making
this the first documented historical eruption of Loihi.
Sonobuoys deployed during the August 1996 cruise re-
corded popping noises north of the breccia site, indicat-
ing that the eruption may have been continuing during
the swarm. All of the breccia lava fragments are tho-
leiitic, like the vast majority of Loihi’s most recent lav-
as. Reverse zoning at the rim of clinopyroxene pheno-
crysts, and the presence of two chemically distinct oliv-
ine phenocryst populations, indicate that the magma
for the lavas was mixed just prior to eruption. The trace
element geochemistry of these lavas indicates there has
been a reversal in Loihi’s temporal geochemical trend.
Although the new Loihi lavas are similar isotopically
and geochemically to recent Kilauea lavas and the man-
tle conduits for these two volcanoes appear to converge
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at depth, distinct trace element ratios for their recent
lavas preclude common parental magmas for these two
active volcanoes. The mineralogy of Loihi’s recent tho-
leiitic lavas signify that they crystallized at moderate
depths (~8-9 km) within the volcano, which is approx-
imately 1 km below the hypocenters for earthquakes
from the 1996 swarm. Taken together, the petrological
and seismic evidence indicates that Loihi’s current
magma chamber is considerably deeper than the shal-
low magma chamber ( ~3-4 km) in the adjoining active
shield volcanoes.

Key words Hawaii - Loihi - Magmatic processes -
Submarine volcanism - Petrology - Geochronology -
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Introduction

The largest swarm of earthquakes ever observed at any
Hawaiian volcano occurred at Loihi seamount during
late July and early August of 1996. To investigate this
event, a marine expedition was dispatched to Loihi in
early August on the R/V Kaimikai-O-Kanaloa (K-O-
K). The volcanological, tectonic, hydrothermal, and
biological activities associated with this event were in-
vestigated during the Rapid Response (RR) cruise us-
ing Seabeam surveys of the entire volcano, numerous
water sampling deployments, sonobuoys, an ocean bot-
tom seismometer (OBS), and two PISCES V submersi-
ble dives. The most obvious result of the earthquake
activity was the formation of a new large summit pit
crater (Loihi Science Team 1997). Intense hydrother-
mal plumes were detected in the surrounding water co-
lumn, and fresh glassy rocks were recovered, indicating
that an eruption may have accompanied the earth-
quake swarm.

In this paper, we report the results from petrologi-
cal, geochemical, and geochronological studies of lavas
collected during two submersible dives from a new
breccia deposit that was created during the earthquake
swarm. The breccia is not present near the new pit crat-
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er, which appears to have collapsed without ejecting
debris. Our results show that two glassy rocks from this
breccia, the freshest ever recovered from Loihi, were
erupted during the first half of 1996. This is the first
documented case of a historical eruption of Loihi, al-
though ten previous earthquake swarms have been re-
corded from the volcano (Bryan and Cooper 1995). Al-
though the eruption dates for these two lavas predate
the major earthquake swarm, sonobuoys deployed near
the end of the swarm recorded popping noises that may
have been related to an ongoing submarine Loihi erup-
tion (Loihi Science Team 1997). Insufficient data are
available to determine whether there was more than
one eruption at Loihi in 1996. All of the new lavas are
tholeiitic and are remarkably similar in composition to
other Loihi summit tholeiites (e.g., Garcia et al. 1995).
The rocks from the breccia display mineralogical evi-
dence of magma mixing just prior to their eruption. We
hypothesize that magma mixing may have triggered the
1996 eruption.

Petrological and seismic evidence indicate that the
magma for this eruption probably ascended from a
moderate depth reservoir (~8-9 km), which is deeper
within the volcano than the crustal magma chamber in
the other active Hawaiian volcanoes (3-4 km; Decker
et al. 1983; Klein et al. 1987) but is shallower than a
previous estimate for Loihi (16 km; Clague 1988).
Many of the younger tholeiitic lavas from the summit of
the volcano have mineralogical evidence of storage in a
moderate depth magma chamber. This evidence is ab-
sent in the older alkalic Loihi lavas. We propose that
the formation of this moderate depth magma chamber
is a relatively recent feature at Loihi (<10-20 ka) and
that it is related to the higher magma supply rates asso-
ciated with Loihi’s transition from alkalic to tholeiitic
volcanism. The greater depth of Loihi’s chamber may
be related to the cooler thermal regime in this submar-
ine volcano.

Geologic setting

Loihi seamount is the most southern and recent shield
volcano formed by the Hawaiian hotspot (Moore et al.
1982). It is located ~35 km south of the island of Ha-
wail and is built on the flanks of two other active Ha-
waiian shield volcanoes (Mauna Loa and Kilauea),
which formed on ~105 Ma Pacific Ocean crust (Epp
1984; Waggoner 1993). Loihi reaches a maximum thick-
ness of ~3.5km (Garcia et al. 1995) and rises to
~1000 m below sea level (Fornari et al. 1988). Lavas
collected from a stratigraphic section on the deeply dis-
sected east flank of the volcano (total stratigraphic
thickness ~500 m) have yielded reliable K-Ar ages of
5%+4 to 102*13 ka. These ages have been used to esti-
mate the overall age of Loihi as 250 ka (Guillou et al.
1997).

Loihi has two rift zones that strike north and
south-southeast, giving the seamount a pronounced el-

ongate shape; this led to it being given the Hawaiian
name Loihi, “the long one” (Emery 1955). The rift
zones connect to a summit platform at ~1200 m water
depth, which has two ~300-m-deep pit craters on its
east and west flanks (Fig. 1). A third, slightly smaller,
pit crater was created on the southern margin of the
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Fig. 1 Bathymetric map of the summit area of Loihi Volcano
based on new Seabeam bathymetry collected after the 1996 earth-
quake swarm (compiled by J. R. Smith). Loihi’s summit platform
is defined by the 1200-m contour. The pit craters are labeled W
(west), E (east), and P (Pele’s). The new Pele’s crater formed
during the 1996 earthquake swarm (Loihi Science Team 1997).
The locations where samples were collected during the two 1996
Pisces V dives (286 and 287) are shown by solid circles; solid trian-
gles indicate the locations for the 1987 Alvin dive 1802 samples
20-25. Sample 1802-25 was collected just east of dive 287 sample
site. Pisces Peak is the hill just south of the dive 286 sample site. It
was bisected during the 1996 earthquake swarm (Loihi Science
Team 1997). Rift zone axes are shown by dashed lines. The con-
tour interval is 50 m



platform during the 1996 earthquake swarm (Loihi
Science Team 1997). These pit craters are similar in
diameter to some Kilauea pit craters but are ~100 m
deeper.

Loihi was assumed to be a Cretaceous seamount un-
related to the Hawaiian hotspot (Moore and Fiske
1969) until it had major earthquake swarms in
1971-1972 and 1975 (Klein 1982). A marine expedition
was organized in 1978 to investigate the source of the
earthquakes. Dredging of the seamount recovered glas-
sy basalt, confirming that the volcano was recently ac-
tive, but no evidence was found for eruptions related to
these earthquake swarms (Moore etal. 1982). Since
1975, eight earthquake swarms have occurred at Loihi
(in 1984-1986, 1989-1991, 1993, 1995; Bryan and Coop-
er 1995). Earthquake swarms on active Hawaiian volca-
noes are thought to be related to the movement of
magma (Bryan and Cooper 1995), but no evidence of
historic volcanic activity had been observed at Loihi
prior to 1996, despite extensive camera and submersi-
ble surveys of the volcano. One problem with recogniz-
ing young lavas on Loihi is that they are covered with
iron oxides shortly after eruption, so their potential
youthfulness is obscured. Low-temperature (~30°C)
hydrothermal venting has been reported in several ar-
eas around the summit of Loihi prior to 1996, especially
at Pele’s vents (e.g., Karl et al. 1988), the site where the
new pit crater formed (Loihi Science Team 1997). Tem-
peratures of ~200°C have been measured at vents in
this new crater (T. Kerby, pers. commun.).

1996 Earthquake swarm and sampling summary

Between 16 July and 9 August 1996, over 4000 Loihi
earthquakes were detected by the seismic network of
the U. S. Geological Survey’s Hawaiian Volcano Ob-
servatory (HVO). The initial phase of seismic activity
continued for 2 days and was followed by 30 h of quies-
cence. Earthquake activity resumed and continued at a
higher rate, averaging over 88 events per day for the
next 10 days before slowing again. Hypocentral loca-
tions for these earthquakes are concentrated at depths
7-8 km below the volcano’s summit (Caplan-Auerbach
et al. 1997). Few shallow earthquakes (between 0 and
5 km) were located from this swarm, despite the forma-
tion of a new pit crater and a ring fracture with several
meters of offset along the northern half of the summit
platform (Loihi Science Team 1997).

Sonobuoys dropped from the K-O-K in early Au-
gust during the RR cruise to listen for earthquakes and
eruption sounds detected bangs, pops, and grinding
noises with frequencies from tens to several hundred
Hertz at three distinct locations on the northeast side of
the summit, moving from south to north with time (Loi-
hi Science Team 1997). Many of these sounds are simi-
lar to those recorded from Kilauea’s shallow submarine
pillow lava extrusion.
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Two dives were made with the PISCES V submersi-
ble during the RR cruise to investigate the geological
consequences of the earthquake swarm. The first dive
(286) collected samples from the west flank of the sum-
mit platform just north of Pisces Peak, now the highest
point on Loihi (Fig. 1). This area was visited in 1987
with the Alvin submersible (dive 1802; Garcia et al.
1993). In 1987 the Pisces Peak area was covered with
pillow lavas with little or no coral growth but with a
thin surface coating of iron oxides. After the 1996
earthquake swarm, this area was littered with broken
weathered-rock debris. In the saddle just north of
Pisces Peak, glassy rock fragments were found emerg-
ing from a deposit beneath the weathered rock debris.
These glassy rocks are the freshest that have been re-
covered from Loihi. The glassy debris was found only
in a localized area (30 x50 m). The deposit seemed to
form a thin veneer, ~30cm thick, over older pillow
lavas. The size of the larger glassy rock fragments in-
creases toward the west pit crater where a new scarp
with ~40 m of offset was observed. This scarp bisects
Pisces Peak and was traced to the north for several
hundred meters. During the second dive (287) on the
northwest flank of the west pit, diving conditions were
poor and only one weathered rock sample was col-
lected from loose debris at the site (see Fig. 1).

Petrography and mineral chemistry

The lava samples collected during the Loihi RR cruise
were photographed and described immediately follow-
ing the cruise. These images were made available over
the World Wide Web (http://www.soest.hawaii.edu/
GG/HCV/loihirocks.html) with an invitation to scien-
tists to request samples for study. This invitation re-
mains open. The following is a compilation of the pe-
trological and geochemical studies that have been com-
pleted on these rocks prior to August 1997.

The rocks collected from the Loihi 1996 breccia de-
posit range in length from 6 to 15 cm; all have glassy
rims and appear to be fragments of pillow lava. Two of
the samples have fresh glassy flow tops (286-1 and
286-06); the others appear to be slightly older because
they have thin coatings of iron oxides on glass and frac-
ture surfaces. The vesicularity of the samples varies
from low (~5vol.%) to moderate (15-20 vol.%). All
of the lavas contain sparse (2vol.%) to common
(2-4 vol%) olivine and clinopyroxene phenocrysts and
microphenocrysts (Table 1) in a glassy matrix. The cli-
nopyroxene phenocrysts are unusual for Hawaiian
shield lavas, especially because some contain small
(<0.05 mm across) inclusions of olivine near their core.
The clinopyroxenes are euhedral and commonly sector
zoned with concentric zoning near their rims. The oliv-
ines are mostly euhedral and undeformed, although
some are resorbed and a few are weakly kink banded.

Olivine and clinopyroxene phenocrysts and micro-
phenocrysts were analyzed by electron microprobe to
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Table 1 Petrography and XRF whole-rock chemistry of lavas
from the Loihi 1996 eruption breccia. The modes are based
on 500 counts/sample except vesicularity, which was estimated.

Phenocrysts (ph) are >0.5 mm wide; microphenocrysts (mph) are
0.1-0.5 mm wide. Mg # is calculated assuming 10% oxidized iron.
Total iron is reported as Fe,O3*

Sample 286-1 286-2 286-5 286-6 287-1
Whole-rock major elements (wt. %)
SiO, 47.60 47.69 47.79 47.85 47.79
TiO, 2.44 2.39 2.53 2.54 2.42
ALO; 12.32 12.01 12.71 12.85 12.20
Fe,O3* 13.31 13.33 13.24 13.23 13.30
MnO 0.19 0.19 0.19 0.19 0.19
MgO 9.50 10.27 8.51 8.19 9.65
CaO 11.16 10.97 11.46 11.47 11.05
Na,O 2.38 2.09 2.44 2.37 2.27
K,O 0.42 0.39 0.47 0.45 0.41
P,Os 0.24 0.23 0.25 0.25 0.24
Total 99.57 99.55 99.59 99.40 99.51
Mg # 61.1 62.9 58.6 57.6 61.5
Modes (vol. %)
Olivine

ph 2.4 1.6 1.2 1.0 2.8

mph 3.0 1.6 22 1.6 3.6
Clinopyroxene

ph 0.8 0.8 0.4 0.8 1.0

mph 12 0.6 12 0.8 1.0
Matrix 92.6 93.2 95.0 95.8 91.6
Vesicularity 15-20 5 10-15 5-10 10-15

better understand their crystallization histories. The
methods used in these analyses are the same as de-
scribed in Garcia et al. (1995). The analyses reported in
Table 2 are an average of three points/grain. The oliv-
ines form two compositionally distinct groups: one with
higher forsterite contents (~87%) that includes re-
sorbed and euhedral crystals, and the other with lower
forsterite contents (81-82%) for euhedral crystals and
inclusions in clinopyroxenes. All of the olivines are
normally zoned, except the inclusions, which are un-
zoned. The clinopyroxenes are normally zoned in their
cores away from the olivine inclusions but are reversely
zoned near their rims (outer 0.01-0.02 mm; Table 2).
The Al,O; content of the clinopyroxene cores is higher
than the rims (20-120% relative), which may indicate
polybaric crystallization (e.g., Gasparik and Lindsley
1980).

Whole-rock and glass geochemistry

Whole-rock XRF analyses were made of five represent-
ative rocks from the RR cruise (Table 1) using methods
described in Rhodes et al. (1988). These rocks exhibit a
substantial range in MgO concentration
(8.2-10.3 wt.%). The difference in MgO concentrations
between the two glassy lavas (286-1 and 286-6) can be
related to their modal differences in mafic minerals
(~3vo0l.%; Table 1). The Mg# [(Mg/Mg+Fe?*)x100]
of the RR cruise lavas are relatively high for Hawaiian
shield lavas (58-63; Table 1) indicating that they proba-
bly were not stored in the crust for significant time pe-

riods, which would have allowed crystallization of Mg-
rich minerals

Glass was separated from each of the lava blocks
collected during the RR cruise. It was then crushed,
sieved, washed, and carefully picked using a binocular
microscope for determination of major elements by
electron microprobe, trace elements by laser ablation
ICP-MS, volatiles by high-temperature Knudsen cell
mass spectrometry, He isotopes by mass spectrometry,
219Po analyses by a spectrometry, and Pb, Sr, Th, and
U abundances and Pb, Sr, and Nd isotopic composi-
tions by thermal ionization mass spectrometry. Major
and trace element analyses were also determined for
glasses from five pillow lavas collected from the Pisces
Peak area (triangles in Fig. 1) during Alvin dive 1802
during 1987 (see Garcia et al. 1993 for more informa-
tion on this dive).

The microprobe glass analyses are an average of five
spot analyses on at least two grains per sample (see
Garcia et al. 1995 for methods used). All of the breccia
glasses are similar in composition to each other and to
dive 1802 glasses, although there are subtle differences
between the glasses (see Table 3). Like the vast majori-
ty of recent Loihi lavas (Garcia et al. 1995), the breccia
glasses are low-SiO; tholeiites (Fig. 2). The MgO varia-
tion of the breccia glasses is limited (6.7-7.0 wt.%),
which is probably an indication that the lavas were
quenched at similar temperatures, ~1150°C, based on
the MgO thermometer for Kilauea tholeiites (Helz and
Thornber 1987). This temperature is typical of the
eruption temperature of the lavas from the ongoing
Pu'u ’O’o eruption of Kilauea (e.g., Mangan et al.



Table 2 Representative microprobe analyses of the cores of oliv-
ines and the cores and rims of clinopyroxenes phenocrysts in lav-
as from Loihi 1996 eruption breccia. All values are in wt. % ex-
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cept forsterite (Fo) and Mg# [Mg/Mg+Fe) x100]. Olivine phe-
nocrysts (ph), a resorbed phenocryst (rph), microphenocrysts
(mph) and inclusions in clinopyroxene (incl) were analyzed

Olivine
286-2 286-6
rph ph mph incl ph ph mph incl
SiO, 40.25 39.3 39.2 39.15 40.1 39.2 39.1 38.9
FeO 12.0 17.05 17.0 17.24 12.25 16.9 17.4 17.9
MnO 0.16 0.23 0.22 0.25 0.18 0.25 0.24 0.24
MgO 47.3 43.1 433 42.8 47.2 432 43.0 42.25
CaO 0.28 0.32 0.31 0.36 0.29 0.36 0.36 0.38
Total 99.99 100.00 100.03 100.20 100.02 99.91 100.10 99.67
Fo% 87.5 81.8 82.0 81.6 87.3 82.0 81.5 80.0
Clinopyroxene
286-2 286-6
Core Rim Core Rim Core Rim Core Rim
SiO, 49.7 50.95 49.25 512 49.85 51.0 48.6 52.0
TiO, 1.20 0.76 1.35 0.78 1.16 0.96 1.4 0.78
AlLO; 425 2.78 4.55 2.95 4.15 34 51 23
Cr,0; 0.80 0.78 0.87 0.82 0.82 0.62 0.95 0.57
FeO 6.30 5.55 6.35 5.60 6.10 5.59 6.8 5.70
MnO 0.12 0.11 0.13 0.12 0.12 0.14 0.15 0.13
MgO 15.5 16.45 153 16.8 15.65 16.25 153 16.95
CaO 21.5 21.5 215 21.6 21.6 21.3 20.6 21.0
Na,O 0.26 0.25 0.28 0.25 0.25 0.25 0.28 0.22
Total 99.63 99.13 99.58 100.12 99.70 99.87 99.18 99.65
Mg # 81.5 84.1 81.1 84.2 82.0 83.0 80.0 84.1
Loihi Glasses 1995). The CaO contents of these Loihi glasses are high
' ' ' ' ' ' compared with typical Hawaiian tholeiites (~12.0 vs.
_ 10-11 wt.% ), which may explain the presence of clino-
Mugearites . : . .. .
70 -| pyroxene in these relatively mafic tholeiites. Typically,

Hawaiites

sio,

Fig. 2 SiO, vs total alkalis (Na,O+K,0) plot for Loihi glasses
(all values in weight percent). The dashed line encompasses the
stippled field for all Loihi glasses (see Garcia et al. 1995). The
field boundaries for rock compositions are from LeBas et al.
(1986), except the dividing line for tholeiites and alkalic basalts,
which is from Macdonald and Katsura (1964). Closed triangles
1996 eruption lavas; open triangles other blocks from the 1996
breccia. Note that the glasses from the 1996 breccia are all tho-
leiitic and occupy only a small portion of the Loihi field. Two-
sigma error bars are given in the lower left corner

Hawaiian tholeiites with MgO>6.8 wt.% contain only
olivine (e.g., Wright 1971; Garcia et al. 1996). The
slightly variable CaO/AlL,Oj; ratios at nearly the same
MgO in these glasses (0.85-0.89; Fig. 3) is probably the
result of minor clinopyroxene fractionation, which oc-
curs as both phenocrysts and microphenocrysts in these
rocks (Table 1). One sample has distinctly lower TiO,
(Fig. 3) and, therefore, must have a different parental
magma from the other lavas.

Volatile concentrations (H,O, S, Cl, and CO,) were
determined for the glasses from the two fresh Loihi lav-
as (Table 3) and one “older” breccia sample using tech-
niques described by Byers et al. (1985). The H,O con-
centration in these glasses (~0.60 wt.% ) are among the
highest values reported for Loihi tholeiitic pillow rim
glasses (0.35-0.61 wt.%; Byers et al. 1985; Garcia et al.
1989). The CO; and ClI concentrations for these glasses
are on the low side of the range of previous values
(CO,- 0.035-0.046 vs 0.03-0.17 wt.%; Cl- ~0.07 vs
0.06-0.11 wt.%); S concentrations in the glasses
(~0.11 wt.%) are well within the range of other Loihi
tholeiitic glasses (0.08-0.17 wt.% ).

Trace element analyses were performed on glasses
from six RR cruise rocks and five pillow lavas from the
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Table 3 Major element, volatile, and helium isotope analyses of
glass from the Loihi 1996 eruption breccia and from lavas col-
lected along the northwest rim of Loihi’s west pit during ALVIN
dive 1802 in 1987. Major elements were determined using a mi-

croprobe; volatiles by high-temperature Kundsen cell mass spec-
trometry; He isotopes by mass spectrometry (see text). All values
are in wt. % except as noted. Total iron reported as FeO*

Sample 286-1 286-2 286-4 286-5 286-6 287-1 1802-22 1802-24 1802-25
Major elements
SiO, 48.75 49.0 48.85 48.95 48.9 49.1 49.2 49.4 49.3
TiO, 2.63 2.56 2.62 2.64 2.68 2.62 2.61 2.73 2.67
Al O; 13.7 13.8 13.6 13.9 13.8 13.8 13.71 13.85 13.8
FeO* 11.8 115 11.6 11.9 11.8 11.9 12.0 11.7 11.6
MnO 0.14 0.16 0.15 0.15 0.15 0.16 0.18 0.19 0.17
MgO 6.91 6.85 7.01 6.80 6.72 6.85 6.80 6.73 6.87
CaO 12.05 11.75 12.15 12.1 11.95 11.95 11.72 11.8 11.8
Na,O 2.53 2.48 2.60 2.60 2.56 2.52 2.48 2.49 2.49
K,O 0.45 0.39 0.43 0.44 0.46 0.40 0.42 0.43 0.41
P,Os 0.24 0.20 0.21 0.22 0.24 0.20 0.27 0.25 0.24
Total 99.20 98.65 99.21 99.70 99.28 99.52 99.39 99.66 99.66
Volatiles
H,O 0.625 0.586 0.606
CO, 0.035 0.046 0.041
S 0.108 0.116 0.103
Cl 0.072 0.073 0.069
Subtotal 0.840 0.821 0.819
Total 100.04 100.52 100.00
Helium and vesicle CO,
Crushed (vesicle)
*He/*He 25.0+03 24.8%+0.2
He, ncc/g 12.43 34.45
COs, cclg 0.000100 0.000687
C/*He 2.32E£08+5.0E+0.7 5.79E+08+44E +07
C/*He 8.07E+03 1.99+04
Melted powder
*He/*He 25.0+03 244+0.4
He, ncc/g 48.74 44.41

Alvin dive 1802 using the laser ablation ICP-MS tech-
nique (Table 4; see Norman et al. 1996 for a description
of the methods used). Two samples (286-1, 287-1) were
analyzed twice using separate splits; the replicate values
agree to within 1% for all elements except Ni and Ho at
1-2%, and Eu, U, and Lu at ~3% (Table 4).

The concentrations of trace elements in these glasses
are typical of those for Loihi tholeiites (see Garcia et
al. 1995). For example, the REE patterns for the brec-
cia glasses are similar to those for Loihi tholeiites, in-
cluding a slightly positive Eu anomaly. The slopes of
the REE patterns for the breccia samples are slightly
flatter than for most Loihi tholeiites, which is reflected
in their slightly lower La/YDb ratios (5.2-5.7 vs 5.6-7.5;
Fig. 4). The glasses from the surface flows in the Pisces
Peak area collected in 1987 during Alvin dive 1802
have similar low La/YDb ratios (5.1-5.3; Fig. 4).

Sr, Nd, and Pb concentrations and isotopic ratios
were determined for the glassy breccia samples using
methods described by Mahoney et al. 1991 (Table 5).
The Sr and Pb isotopic ratios for the two samples are
remarkably similar to each other (within analytical er-
ror) and are typical of values obtained for other Loihi
lavas, especially recent summit lavas (Fig. 5).

Th and U abundances were determined by thermal
ionization mass spectrometry (TIMS) in the two glassy
lavas using ***Th and #*U spikes (Table 5). The accu-
racy of our concentration measurements was verified
by analyses of three rock standards (BHVO-1, BCR-1,
and JB-1a), all of which agree to within 1.5%. Although
the TIMS U and Th data are slightly lower than the
laser-determined values, the two data sets are within 2-
o errors. The concentrations of Th and U in the glasses
from these two lavas are similar to those of Kilauea
tholeiites (see Jochum and Hofmann 1995), but the Th/
U for Loihi are slightly higher (3.2 vs 3.0£0.1).

*He/*He ratios were determined both by crushing
and by melting powders from the crushing experiments
(dissolved component) on two 1996 breccia samples
(286-1 and 286-5), following methods outlined in Gra-
ham et al. (in press). The *He/*He ratios for both sam-
ples by each method are nearly identical within analyti-
cal uncertainty (sample 286-5 had a slightly lower dis-
solved *He/*He) and all values are ~25 times the at-
mospheric ratio (R4; Table 3). Intriguingly, each sam-
ple also has the same amount of “dissolved” helium
(released by fusion; 47.3+3.0x10~° STP/g), although
they differ in their vesicle helium contents by a factor
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summit tholeiites. Symbols as in Fig. 2, except closed circles for
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er Loihi summit tholeiite glasses (data from Garcia et al. 1993,
1995). The range in CaO/Al,O3; among the 1996 breccia glasses
probably represents variable amounts of clinopyroxene crystalli-
zation from similar parental magmas. Arrows show the expected
effects of olivine-only (OI) and clinopyroxene (CPX) fractiona-
tion. The whole-rock compositions and most of the glasses are
colinear for TiO, which is probably caused by magma mixing.
Note the wide TiO, range for other Loihi tholeiites but the rela-
tively restricted range for glasses from the 1996 breccia and the
Alvin 1802 lavas. Two-sigma error bars are given in the upper
right portion of each plot

of 3 (released by crushing; 12 vs 35x 10~ STP/g in 286-
1 and 286-5, respectively). The factor of 3 difference in
vesicle helium content may be due to differences in ves-
icle sorting within the magma during ascent or to bub-
ble loss during eruption. The vesicle CO,/*He ratios
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Fig. 4 Variation in the La/Yb ratios with stratigraphic position
for tholeiitic glasses from Loihi’s east pit crater (gray circles; only
more mafic samples, >6.7 wt.% MgO, are shown to avoid the ef-
fects of crystal fractionation; Garcia et al. 1993), from Alvin dive
1802 samples 20-25 and from the 1996 breccia (symbols as in
Fig. 3). Note the break in section between the east pit section and
surface samples from the Pisces Peak area, the shallowest feature
on Loihi. The temporal variation that was noted for the east pit
samples (stippled band) seems to continue for the Alvin samples
and the older 1996 breccia samples but may have reversed for the
1996 eruption glasses. A 2-o error bar is given in the lower right
corner of the plot for the new analyses

measured in samples 286-1 and 286-5 were 2.3 and
5.8 x10® (Table 3).

The *He/*He ratios of the two 1996 breccia samples
(24.8-25.0 R,) are within the range reported previously
for Loihi seamount (20-32 R4; Kurz et al. 1983; Rison
and Craig 1983; Kaneoka et al. 1983; Hiyagon et al.
1992; Honda et al. 1993). The new *He/*He ratios are
higher than the ratio of 22.5 R, measured for an
evolved alkali basalt glass previously sampled from the
nearby Pele’s vents area in 1987 (1804-19; D. W. Gra-
ham, unpublished data).

Geochronology

Eruption ages for the two freshest Loihi breccia sam-
ples (286-1 and 286-6) have been determined using the
210po-219Ph method (Rubin et al. 1994). This technique
relies upon the fact that ?'°Po is volatile at magmatic
temperatures (Vilenskiy 1978; Le Guern et al. 1982)
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Table 4 Laser ablation ICP-MS analyses of trace elements in
glasses from the Loihi 1996 eruption breccia and lavas from the
Pisces Peak area collected in 1987. Samples 286-1 and 287-1 were

analyzed twice and the values are averaged. All values are in
ppm

1996 Eruption breccia

Prehistoric Pisces Peak area

Sample  286-1 286-2 286-4 286-5 286-6 287-1 1802-20  1802-22  1802-23  1802-24  1802-25
Cs 0.10 — 0.10 0.09 0.10 0.11 0.07 0.09 0.09 0.10 0.07
Rb 9.9 £0.1 9.0 10.1 9.55 10.0 9.0 £0.1 8.1 8.8 9.0 10.0 8.8
Ba 121 #1 114 130 126 127 117 %1 112 111 113 121 112
Nb 159 £0.1 15.9 17.2 16.8 16.9 16.1 £0.2 15.9 15.5 15.8 16.8 154
Ta 0.95+0.01 0.98 1.00 1.01 1.03 0.98£0.00 0.99 0.92 0.94 0.98 0.95
8] 0.29+0.01 0.26 0.34 0.29 0.31 0.28£0.01 0.28 0.28 0.29 0.32 0.29
Th 0.87£0.01 0.88 0.97 0.92 0.95 0.92£0.01 0.87 0.81 0.84 0.90 0.84
Pb 1.6 £0.2 1.5 1.4 1.5 1.6 14 £00 1.3 13 1.3 1.5 15
La 12.6 £0.1 12.5 13.3 12.8 13.1 123 +0.1 121 11.6 12.0 12.7 12.0
Ce 30.5 £0.2 29.9 32.6 312 31.8 30.0 £0.3 29.5 29.2 29.7 319 29.5
Pr 4.52+0.03 4.53 4.82 4.64 4.76 4.55+0.01 4.38 4.38 443 4.61 4.42
Nd 214 £0.01 21.8 23.0 21.8 22.4 21.8 £0.0 20.9 2.02 20.7 22.5 21.0
Sm 5.57%0.03 5.87 5.59 5.50 5.66 5.53%0.25 531 5.26 5.41 5.73 5.45
Eu 1.87+0.01 1.95 2.04 1.87 1.91 1.85+0.05 1.92 1.83 1.86 1.96 1.84
Gd 5.70£0.01 5.72 5.87 5.94 6.00 5.95£0.04 5.70 5.45 5.57 5.98 5.81
Dy 53 *£0.1 5.8 5.35 5.35 5.55 5.6 £0.0 5.29 5.13 5.18 5.57 5.70
Ho 1.02+0.02 1.07 1.02 1.07 1.06 1.12%£0.01 1.06 0.99 0.99 1.05 1.05
Er 2.51%0.02 2.82 2.84 2.72 2.82 2.78%£0.02 2.65 2.62 2.58 2.88 2.73
Yb 2.27£0.02 2.38 2.45 2.45 2.28 2.28£0.01 2.28 221 2.26 242 2.35
Lu 0.31£0.01 0.32 0.33 0.32 0.34 0.33£0.01 0.33 0.30 0.31 0.34 0.32
Sr 381 =*1 372 397 394 398 378 %3 369 360 367 387 369
Zr 146 1 154 157 155 154 154 £0 146 139 143 154 147
Hf 3.70£0.05 3.92 3.92 3.88 3.99 3.39%£0.07 391 3.61 3.63 4.05 3.94
Y 262 0.1 27.3 26.7 274 273 27.7 £0.1 26.3 25.1 25.6 27.6 26.6
Sc 333 £0.1 334 34.0 335 32.6 33.6 £0.1 32.0 31.6 31.3 32.0 33.0
v 378 %2 371 386 380 387 384 *2 377 383 384 414 376
Co 475 %1 48 48 45 46 47 *0 45 46 47 51 47
Ni 92 *2 90 97 84 82 8 =*1 83 87 84 87 87
and degasses nearly completely (95-100% ) from erupt-
ing subaerial (Gill et al. 1985; Bennett et al. 1982) and
15.50 - shallow submarine basalts (Rubin and Macdougall
) +2g 1989). In basalts erupted in >2-km-deep water, Po de-
gassing has been observed to be 75% (Rubin et al.
o 15.48 1 1994). This degassing during eruption starts a “clock”
g within the lava that results in a measurable radioactive
3 disequilibrium between *'°Po and grandparental *'°Pb
'80- 15.46 - that persists for 2-2.5 years. An age is determined by
& Summit repeatedly analyzing the activity of ?!°Po in a lava over
only a few of its half lives (t;,=138.4 days) and a fit of the
15.44 - resulting data to an exponential ingrowth curve for the
210po—219Pb pair. *'°Po is an « particle emitter in the
1 ' ! 38U decay scheme and was analyzed at the University
18.05 18.35 18.45 of Hawaii by « spectrometry.
0B /204 In this grandparent-granddaughter pair, time since
Pb/“**Pb eruption diminishes the magnitude of radioactive dise-

Fig. 5 Pb isotopic ratio plot for Loihi lavas. The large field en-
compasses all published Loihi data (~30 analyses; see Garcia et
al. 1995 for data sources); the intermediate-size elongate field
(bounded by the dashed line) is only for data from the University
of Hawaii isotope lab (16 analyses); the smaller field is for just
summit samples determined at the University of Hawaii (eight
analyses), which are probably among Loihi’s youngest lavas (Gar-
cia et al. 1993). The two new 1996 breccia samples are nearly
identical to each other in their Pb isotopic ratios and plot near the
center of the summit field. Two-sigma error for these isotope ra-
tios is shown in the upper left corner of the plot

quilibrium, generally equating to poorer age resolution
on a given sample the longer the time between eruption
and the first '°Po analysis. For this reason, analyses
were begun on two fresh 1996 eruption breccia glasses
as soon as practical following sample collection (within
~2 months). Our analytical techniques are summarized
in the legend for Fig. 6.

Sample ages were calculated by regressing the 2'°Po
time series data to the equation
(2'9Po), = (2'°Po),_o X [e ]+ (2'°Pb) x [1-¢~*1],



Table 5 Thermal ionization mass spectrometry data and alpha
spectrometry ?'°Pb data for the two fresh glasses from the Loihi
1996 eruption breccia. Elemental abundances are in ppm; activi-
ties, in parenthesis by convention, are in dpm/g

Sample 286-1 286-6
206pp/204pp 18.330 18.328
207pp/204Ph 15.457 15.460
208pp/204Pp 38.054 38.059
143Nd/ ' Nd 0.512967 -
87Sr/%°Sr 0.703479 0.703466
Pb 1.15 1.13
Nd 20.76 -

Sr 372 -

Th 0.867 0.896
U 0.270 0.280
Th/U 3211 3.203
(*'°Pb) 0.232 0.225
(*'°Pb/*8U) 1.16 1.09

All analyses were made at the University of Hawaii. Sr and Nd
measurements were made using a VG Sector solid-source mass
spectrometer; Pb, Th and U analyses were made on a VG Sector
54 fitted with a WARP filter. >'°Pb activities were derived from
repeat *'°Po measurements (see Fig. 6 and text). Po measure-
ments were made with partially depleted Si barrier detectors. Sr
isotopic fractionation corrections are *Sr/*Sr=0.1194. The Sr
and Nd isotopic data are reported relative to standard values for
NBS 987, ®Sr/*¢Sr=0.710258, and La Jolla Nd (***Nd/
44Nd =0.511855%0.000012). Pb isotopic ratios are corrected for
fractionation using the NBS 981 Pb standard values of Todt et al.
(1984). The estimated uncertainties (2 ) are based on repeated
measurements of the standards: 2°°Pb/?*Pb, +0.011; >*’Pb/>**Pb,
+0.010, 2°°Pb/?*Pb, +0.024; *Sr/%¢Sr, +0.000024. Within-run
uncertainties on individual sample measurements of Pb and Sr
isotopic ratios are <10 mean external uncertainties of the NBS
987 and NBS 981 standards in all cases. Total procedural blanks
are negligible: <10-20 pg for Pb, <20 pg for Nd, <120 pg for Sr,
5 pg for U, 2 pg for Th, and 0.002 dpm for *'°Po
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where t is time since eruption, A is the decay constant,
0.005007 day~*, and parentheses indicate activities. The
equation describes the closed-system *'°Po content of a
degassed lava as a function of time. This equation ap-
plies rigorously only to the time evolution of the
210po_219Ph pair after the first 25 days following erup-
tion. This is the time period after which any eruption-
induced disequilibrium between 2'°Bi (the only inter-
mediate nuclide between the two) and *'°Pb will have
been erased by their return to secular equilibrium.
The ingrowth regressions (Fig. 6) were determined
by finding the best value of time (¢) that fit the data to

Fig. 6 *'°Po time-series data, analytical error, and #'°Po ingrowth
curves for the two freshest Loihi breccia samples. Ingrowth curves
were determined by regression (as described in the text). Curves
for raw *'°Po activity (dpm/g) and the 2'°Po/*'°Pb activity ratio
are plotted vs time for both samples. Also shown are the “erup-
tion window” (gray area) and date of sample collection (dashed
line) for both samples. Aliquots of 2**Po spiked “mother solu-
tions” prepared from 0.5 g of dissolved sample were periodically
removed and analyzed over the course of 9 months for *'°Po ac-
tivity to generate these time-series data. Aliquots were 33, 21, 16,
and 30% of the total for sample 286-6; and 28, 25, and 47% of the
total for sample 286-1. Samples were digested with HF/HNO;,
dissolved in 3 N HCl, spiked with a calibrated >*®Po tracer, dried
to a small volume to equilibrate and then redissolved into a stock
sample solution consisting of 20-40 ml of 3 N HCI. Po was plated
onto Ag disks for @ spectrometric analysis (Flynn 1968). Detector
backgrounds were measured prior to counting each sample. Sam-
ple count times ranged from 10 to 20 days. The 2°Po tracer we
used also contains a fraction of 2*’Po, which can have a small
peak overlap with 2**Po during counting depending on the sample
plate quality. The difference between the 2°’Po/?**Po ratio in
each sample and the known value was used for peak overlap cor-
rections to yield a best 2*Po integral in a manner similar to that
of Fleer and Bacon (1984)
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the ingrowth function, where t is the time in days be-
tween eruption (unknown) and the date of the first
219Po analysis in the time series (known). Additional
analyses in the time series are assigned time values of
t+Xy, t+X,... t+X,, where n represents the number of
analyses in the time series and x; represents the
(known) time interval between the first and each addi-
tional analysis. The regressions are based on three ali-
quot measurements on both of the samples. Sample
286-1 had a correlation coefficient of >0.999 for its re-
gression. A fourth aliquot was analyzed for sample 286-
6 (shown as an open circle in Fig. 6), but the datum is
questionable due to a very poor polonium « spectrum
that resulted from an inferior source plate, so it was not
included. The difference in curve parameters between
the 4-point vs the 3-point regressions is very small, re-
sulting in an age difference of only 3 days (which is well
within the other sources of error). However, removing
this one data point resulted in an improved correlation
coefficient (R?) from 0.722 to 0.997. 2'°Pb activity can
be determined from these regressions from (*'°Po),_ ..,
where o was approximated as 10,000 days (>70 half-
lives). Samples 286-1 and 286-6 have (*'°Pb)=0.232
and 0.225, respectively, which are the same within error
(£5 and 7%).

Using each data regression, the maximum age of the
lava is determined from the value of ¢ where the in-
growth function intercepts the origin (=0 and
(?'“Po),—¢=0). This point represents complete Po de-
gassing (e.g., the case of all subaerial and shallow sub-
marine basalts). Higher values of ¢ are not allowed, as
this results in negative (*'°Po),—, (implying greater
than 100% Po loss on eruption). Lower values of ¢ cor-
respond to incomplete degassing of Po upon eruption.
If Po was not completely degassed from a lava upon
eruption, the time corresponding to the intercept of the
ingrowth function overestimates the true lava age. It is
possible that Po was not completely degassed during
the Loihi eruption(s), which occurred under more than
10 bars hydrostatic pressure. Because of uncertainty in
the extent of Po degassing during the eruption, lava
ages are reported as eruption “windows,” which are the
most probable time of eruption between the calculated
maximum and estimated minimum ages (Fig. 7).

The minimum age bound of this window is conserva-
tively estimated at 57 days using observations made on
basalts erupted at 9°50’N on the East Pacific Rise in
1991 and 1992. Two of the five samples from this locale
were =75% degassed during eruption, since (*'°Po/
219Ph) =0.25 in these lavas on the date of sample collec-
tion (the ultimate “minimum” age). In constructing
their eruption windows, it was assumed that all five of
these basalts had very similar initial *'°Po (Rubin et al.
1994), because all had very similar chemical composi-
tions and were erupted at the same 2.5-km water depth
(both factors which should largely govern Po degassing
efficiency). Thus, all of these Rise lavas were con-
strained to lie within the part of the ingrowth curve be-
tween 100 and 75% 2'°Po degassing (which is a time

#10po-21°Ph dating: Loihi seamount
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Fig.7 “Eruption windows” (gray boxes) for Loihi 1996 glassy
breccia lavas. These eruption windows are bounded by the dates
of maximum (100% ) and assumed minimum (75%; younger date)
initial Po degassing (as discussed in the text). Also shown is the
error in maximum age (black bars) based on data-regression qual-
ity, the date of sample collection, and the time period of the
earthquake swarm (gray vertical band). These results indicate that
the two glassy breccia lavas were erupted prior to the swarm, and
have different eruption windows. Time scales are given in both
days and months for reference

“window” of 57 days, or ~2 months). Although these
are conservative time windows (as it is highly probable
that the Rise lavas used to constrain the minimum age
bound of the eruption windows were not erupted the
day they were collected), we continue to use 2-month
eruption windows for all submarine lavas erupted at
depths >200 m until samples from deep eruptions can
be confirmed to have degassed more than 75% of their
Po upon eruption.

The eruption windows of samples 286-1 and 286-6
are from the first half of 1996, prior to the July to Au-
gust earthquake swarm (Fig. 7). Sample 286-6 probably
erupted in a 2-month interval starting 8 May *+13 days,
whereas sample 286-1 appears to have erupted during
the 2-month interval starting on 28 January =+7 days.
The two eruption windows do not overlap even when
analytical and regression errors are considered. The
only scheme that would allow for these two lavas to
have erupted together is for them to have been erupted
in May with sample 286-1 to have degassed only 62% of
its Po and the other lava to have degassed 100% of its
Po. This variable degassing scheme for the two 1996
lavas is not supported by the other volatile data. Thus,
it appears the 2'°Po ages for the two very glassy lavas
are distinct and predate the earthquake swarm. Unfor-
tunately, we cannot narrow the width of the eruption
windows using earthquake data because few earth-
quakes were recorded from the Loihi area during the
first half of 1996. Loihi is monitored by the HVO seis-
mic network, whose closest station is ~35 km from the
summit of the volcano; thus, many Loihi earthquakes
are unrecorded by the HVO network. This conclusion



is supported by data recorded by the ocean bottom
seismograph that was located at the summit of Loihi
and detected 471 Loihi earthquakes during the latter
part of the 1996 earthquake swarm [during which time
the HVO network detected only 23 (~5%) of the ac-
tual earthquakes; J. Caplan-Auerbach, pers. com-
mun.].

How many Loihi eruptions in 1996?

In addition to the one or two dated eruptions during
the first half of 1996, there is circumstantial evidence
that an eruption was occurring on Loihi during the
July—August 1996 earthquake swarm. Seawater sam-
pled during the RR cruise from within the newly
formed pit crater contained anomalously high *'°Po
and other volatile heavy-metal concentrations (Rubin
1997), and anomalously high-temperature, pH and CO,
signatures, and sonobuoys detected popping noises
(Loihi Science Team 1997). All of these observations
are consistent with an eruption at the summit of Loihi
during the earthquake swarm. Whether there were
three separate eruptions at Loihi within a 6-month peri-
od or just one prolonged eruption cannot be resolved
with the current data.

Magmatic history of Loihi 1996 breccia blocks

The mineralogy of the blocks from the 1996 breccia re-
cords two distinct magmatic processes: magma mixing
just prior to the eruption and moderate pressure crystal
fractionation. A magma mixing event is indicated by
the presence of reverse zoning in the clinopyroxene
crystals and two compositionally distinct populations of
olivine phenocrysts in the lava blocks. One of the mag-
mas was mafic and contained only olivine with relative-
ly high forsterite content (~87%). The other magma
was more evolved and contained olivine with forsterite
contents of 81-82% and clinopyroxene. The close prox-
imity of reverse zoning to the clinopyroxene crystal
margin (outer 0.01-0.02 mm) indicates that the mixing
event probably occurred shortly before the eruption.
How soon before eruption is unclear because we are
unaware of any studies on the growth rates of clinopy-
roxene in basaltic liquids. If the rate for augite growth
in a liquid of its own composition is used
(4x107° cm s7'; Dowty 1980), the mixing and eruption
events would have been essentially simultaneous. This
would indicate that mixing probably triggered the erup-
tion.

An earlier magmatic history is recorded in the pres-
ence of olivine inclusions near the core of many clino-
pyroxene phenocrysts. Such inclusions are extremely
rare in Hawaiian tholeiites because clinopyroxene is
normally a late crystallizing phase (e.g., Wright 1971).
To better understand the origin of these inclusions, the
crystallization history of the fresh, more evolved 1996
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Fig. 8 Synthetic phase diagram created using the MELTS pro-
gram (Ghiroso and Sack 1995) for the fresh, more evolved whole-
rock composition (sample 286-6). Modeling conditions were
0.5 wt.% H,O (the glass contained 0.61 wt.% H,O), oxygen fu-
gacity of 1 log unit below FMQ (based on the Fe?*/Fe*™ results
of Byers et al. 1985), and equilibrium crystallization (i.e., crystals
remained with the melt). For each pressure (shown by dots), the
liquidus temperature was determined and then the magma was
cooled in 1°C increments. The dashed curve for olivine marks its
lower-temperature and higher-pressure stability limits

rock (286-6) was modeled using the MELTS program
(Ghiorso and Sack 1995). The modeling was done at
pressures ranging from 1 atm to 0.5 GPa under equili-
brium crystallization conditions. The first step at each
pressure was to find the liquidus temperature; the
“magma” was then cooled in 1°C intervals and the pro-
portion of each crystallizing phase was recorded (see
Fig. 8 for the other modeling conditions).

The MELTS program indicates that olivine is the li-
quidus phase at pressures <0.3 GPa for the 8.2-wt.%
MgO composition of sample 286-6. This result is consis-
tent with the observation that olivine is the sole pheno-
cryst in most Hawaiian tholeiites with MgO concentra-
tions >7 wt.% MgO (e.g., Wright 1971; Garcia et al.
1996). At low pressures (0.1 GPa), olivine is followed
by plagioclase and then clinopyroxene at temperatures
40-50°C below the liquidus. For pressures of
0.22-0.28 GPa (depths of ~6.5-9 km), the temperature
interval between the liquidus and the onset of clinopy-
roxene crystallization decreases to <10 °C. In this pres-
sure interval, olivine reacts with the melt and is com-
pletely resorbed over a ~30°C temperature interval as
clinopyroxene crystallizes; the dashed olivine curve in
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Fig. 8 marks the temperature where olivine is complete-
ly resorbed by the cooling magma under equilibrium
conditions. For pressures =0.3 GPa, olivine is no long-
er a stable liquidus phase and it is replaced by clinopy-
roxene (Fig. 8). This was an unexpected result because
previous studies have assumed olivine is the liquidus
phase at higher pressures (e.g., Wright 1971), although
most experimental studies on Hawaiian tholeiitic com-
positions have used a more mafic starting composition
(e.g., 16 wt.% MgO; Eggins 1992). However, unpub-
lished experimental work by E. Tahakashi (pers. com-
mun.) on Kilauea lava compositions found that olivine
was stable only at low to moderate pressures for melts
with 7.4-11 wt.% MgO.

The results from the MELTS modeling indicate that
the magma for the 1996 breccia samples was stored at a
pressure <0.3 GPa to allow for the early crystallization
of olivine, but at >0.2 GPa to allow for crystallization
of clinopyroxene without plagioclase. This moderate
pressure is consistent with a pressure estimate of 0.37 to
0.39%£0.12 GPa at 1172£15°C for samples 286-2 and
286-6 determined from the clinopyroxene-melt thermo-
barometer of Putrika et al. (1996) using just the mineral
core compositions, and the relatively high water and
CO, concentrations in the glasses (Table 3). With this
pressure constraint and assuming a normal mafic crust
density of 2.85 g cm™ for the region below the summit
of Loihi (equal mixtures of oceanic crust layers 2 and 3;
values from Kennett 1982), we estimated the probable
depth of magma storage for the new Loihi lavas at
8-9 km (Fig. 9), which is ~1 km below the main con-
centration of earthquake hypocenters from the 1996
swarm (Loihi Science Team 1997). Magmatic earth-
quakes at Kilauea Volcano commonly occur just above
magma bodies (e.g., Klein et al. 1987) and presumably
the same is true for Loihi. Thus, the interpretations
from the seismic and petrological modeling are in good
agreement.

Our proposed magma chamber for the 1996 erup-
tion (Fig. 9) is considerably deeper than a previous esti-
mate for Loihi based on the neutral buoyancy model
(2-3 km; Ryan 1987) and the inferred magma-chamber
depths for the adjacent and more active Hawaiian vol-
canoes (i.e., Mauna Loa: 3-4 km depth; Decker et al.
1983; Kilauea: 3-6 km; Klein et al. 1987). However, it is
much shallower than another depth estimate for a Loihi
alkalic magma chamber (16 km; Clague 1988), which
was based on CO, inclusions in ultramafic xenoliths
from four Loihi alkalic lavas. The primary CO, inclu-
sions in olivines from those xenoliths were reported to
have been trapped at depths of 8-17 km (Roedder
1983). Our modeling does not preclude the existence of
a deeper magma chamber at Loihi, especially during
the previous alkalic stage. On the other hand, the CO,
results for the Loihi ultramafic xenoliths do not require
that their host lavas were stored at those depths. They
only indicate that the host magmas probably were not
stored in a shallower magma chamber after entraining
the xenoliths. Furthermore, there is no mineralogical
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Fig. 9 Cross section of Loihi Volcano drawn to scale (no vertical
exaggeration) showing the inferred basement for the volcano in-
cluding lavas from Mauna Loa Volcano (probably interbedded
with some Kilauea lavas), mid-Cretaceous (~ 105 Ma; Waggoner
1993) Pacific oceanic crust and mantle (see Garcia et al. 1995 for
details on how the cross section was constructed). The interme-
diate depth (8-9 km) magma chamber for the 1996 and other re-
cent Loihi tholeiitic eruptions is shown relative to the shallow lev-
el reservoir that was assumed to be present at Loihi (dashed
oval). This is also the approximate depth within the volcano of
the magma reservoir at the nearby active volcanoes, Mauna Loa
and Kilauea (Decker et al. 1983; Klein et al. 1987), although those
reservoirs may be considerably larger than the one shown. The
location of the new Pele’s pit crater is shown as a notch near the
inferred vent location for the 1996 breccia. The first stage of the
inferred magmatic history of this eruption (1) was the intrusion of
mafic magma into the moderate depth reservoir, which contained
more evolved magma. This mixing event is thought to have been
rapidly followed by the eruption of this hybrid magma (2)

evidence for this deeper chamber (e.g., high-pressure
pyroxenes) in Loihi lavas.

The longevity of our proposed 8- to 9-km-deep mag-
ma chamber was evaluated by an examination of the
petrography of two suites of stratigraphically controlled
Loihi lavas. One suite consists of three sections, each
~300 m deep, from the east and west summit pit crat-
ers (Fig. 1), and from along the crest of the upper por-
tion of the south rift zone. These lavas are considered
to be among the youngest on Loihi and are predomi-
nantly tholeiitic (>90%; Garcia et al. 1993). The other
suite is from the deeply dissected east flank of Loihi;
only the lavas from the upper few hundred meters of
this section are tholeiitic. The rest of the section is
dominantly alkalic (~90%; Garcia et al. 1995). Ap-
proximately 75% of the summit tholeiitic lavas contain
clinopyroxene phenocrysts; 33% of these rocks have ol-
ivine inclusions in the clinopyroxenes, like the 1996
eruption blocks. In contrast, the east-flank lavas con-
tain only phenocrysts of olivine; no clinopyroxene phe-
nocrysts are present in any of the 35 samples from this
section (Garcia et al. 1995). Thus, the older, predomi-
nantly alkalic lavas offer no record of the 8- to 9-km-
deep magma reservoir, which is consistent with the in-
terpretation of the CO, concentrations in the inclusions
in the ultramafic xenoliths from Loihi alkalic lavas
(Roedder 1983; Clague 1988).

Based on the mineralogical evidence presented
above and the dominance of tholeiitic over alkalic lavas



among the youngest Loihi lavas (90-95%), we infer
that the formation of a moderate-depth magma cham-
ber is probably a recent occurrence related to the vol-
cano’s transition from alkalic to tholeiitic magmatism.
This transition may have started at ~20 ka (Guillou et
al. 1997) and may now be essentially complete. The for-
mation of this magma chamber may be related to an
increase in magma supply rate, which is thought to ac-
company the alkalic to tholeiitic transition on Hawaiian
shield volcanoes (e.g., Frey et al. 1990). The greater
depth of Loihi’s magma chamber, compared with those
at the more active shield volcanoes to the north, may
be a consequence of Loihi’s cooler thermal regime.
Thus, the depth of Loihi’s magma chamber may be con-
trolled by thermal conditions, which are largely gov-
erned by magma supply rate, rather than by the volca-
no’s density structure, as was proposed by Ryan
(1987).

Temporal geochemical evolution of Loihi

A previous study of the geochemistry of lavas from a
~300-m-thick stratigraphic section of tholeiites from
Loihi’s summit east pit crater showed a temporal varia-
tion in the ratios of highly to moderately incompatible
elements (e.g., La/Yb; Garcia et al. 1993). Similar cyclic
variations were noted for the Mauna Kea lavas from
the Hawaii Scientific Drilling Project, where individual
cycles may have spanned thousands of years (e.g., Yang
et al. 1996), and for the historical lavas of Kilauea,
where recent individual cycles may be only ~ 200 years
long (1790-1982; A. Pietruszka and M. O. Garcia, un-
published data). In both cases, these trace element var-
iations correlate with Pb and Sr isotopic variations indi-
cating that this cyclicity is related to changes in propor-
tions of the source components, which may be con-
trolled by melting processes, and are modulated within
a crustal magma chamber (A. Pietruszka and M. O.
Garcia, unpublished data).

The older lavas from the 1996 eruption breccia and
the surface lavas from the Pisces Peak area extend the
temporal variation of Loihi summit tholeiites to lower
values of La/Yb (Fig. 4). This trend appears to have re-
versed for the lavas from the 1996 eruption (Fig. 4). A
reversal in the La/Yb ratio for historical Kilauea lavas
is correlated with the collapse and accompanying ex-
plosions of the volcano’s summit in 1924 (A. Pietruszka
and M. O. Garcia, unpublished data). The La/Yb rever-
sal at Loihi predates the 1996 earthquake swarm, but
we cannot relate it to any specific volcanic or tectonic
event at Loihi.

Pele’s vents, previously most hydrothermally active
locale on Loihi, is thought to be a site of recent volcanic
activity (Garcia et al. 1993). An alkalic basalt collected
from Pele’s vents in 1987 (1804-19; Garcia et al. 1993)
has the highest helium content yet measured for a Loihi
basalt (4.5 x 107 ccSTP/g), a CO,/*He ratio of 2.2 x 10°,
and a vesicularity of 42 vol.%, indicating the gas-rich
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nature of the Pele’s vents magma. The 1996 breccia
glasses are distinct from the Pele’s vents glass in having
mafic tholeiitic vs evolved alkalic compositions, rela-
tively low ratios of vesicle CO,/*He, and distinct He
isotope compositions (~ 25 vs 22.5 R,). These features
clearly indicate that the 1996 breccia lavas were derived
from a different magmatic source than the one which
fed the very young alkalic lavas that formed Pele’s
vents.

The two glassy lavas from the 1996 breccia are re-
markably similar in composition (see Tables 1, 2, 4, 5).
The small differences that do exist can be explained by
accumulation of ~3 vol.% olivine and clinopyroxene in
sample 286-1. This implies that the two lavas were de-
rived from the same magma reservoir, and that it
changed little between the times the two lavas were
erupted. The Alvin dive 1802 glasses from the Pisces
Peak area are geochemically similar to the 1996 glasses,
but ratios of highly over moderately incompatible ele-
ments are slightly lower for the Alvin samples (e.g., La/
Yb; Fig. 4), indicating similar but distinct parental mag-
mas for these lavas.

Do Loihi and Kilauea lavas have common parental
magmas?

Seismically, the primary magma conducts for Loihi and
Kilauea volcanoes appear to merge under the south
flank of the island of Hawaii, and it has been proposed
that they tap a common source (Klein 1982). Geochem-
ically, tholeiites from Kilauea and Loihi tholeiites have
strong isotopic, major and trace element similarities
(Garcia et al. 1995). The small differences in SiO, and
CaO concentrations between the lavas from these two
volcanoes can be explained by high-pressure orthopy-
roxene fractionation in Loihi magmas (Garcia et al.
1995). To further examine how similar the magmas are
from these two adjacent active volcanoes, we compared
the incompatible trace element concentrations of the
1996 lavas and the other recent Loihi lavas to historical
Kilauea summit lavas. A primitive mantle-normalized
diagram with a linear scale, rather than the more com-
monly used log scale, was constructed for this compari-
son. The shape of the patterns for the Loihi breccia
lavas are remarkably similar to those of the Alvin 1802
suite of samples, including negative anomalies for Th,
U, Zr, and Hf, and a strong positive anomaly for Nb
(Fig. 10). Thus, there appears to be a distinctive trace
element geochemical signature among recent Loihi tho-
leiites.

Historical Kilauea summit lavas span the range of
trace element ratios for this volcano and have Pb, Nd,
and Sr isotopic ratios similar to the Loihi samples (A.
Pietruszka and M. O. Garcia, unpublished data). The
Kilauea lavas lack a strong positive Nb anomaly and
have smaller negative Hf and Zr anomalies than do
Loihi glasses (Fig. 10). The mild negative Sr anomaly in
some Kilauea lavas (including the 1982 lava shown in
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Fig. 10 Primitive mantle-nor- 25

malized diagram comparing
lavas from the Loihi 1996
eruption breccia, a representa-
tive sample from Alvin dive
1802, and the April 1982 Ki- —
lauea summit eruption. Note 20—
that the y-axis is plotted on a
linear scale, rather than the
commonly used log scale. The
patterns for all of the Loihi
samples are remarkably simi-
lar. In contrast, the Kilauea
lava, like other historical Ki-
lauea lavas, lacks a strong po-
sitive Nb anomaly and a steep
drop between Nd and Zr.
Mantle-normalizing values
from Sun and McDonough 10—
(1989), except for Sr

(23.4 ppm). Data sources: Ta-
ble 4 for Loihi, and A. Pie-
truszka and M. O. Garcia (un- ~
published data) for Kilauea —

15—
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Fig. 10) is related to plagioclase fractionation (A. Pie-
truszka and M. O. Garcia, unpublished data). A com-
mon feature of these patterns is the nearly identical
heavy REE and Y values for both the Loihi and Ki-
lauea lavas, despite the slightly variable MgO contents
of the lavas (7-10 wt.%; Fig. 10). Constant heavy REE
and Y concentrations for fractionation-normalized
lavas have been noted in many previous studies of Ha-
waiian lavas and explained by residual garnet in the
source (e.g., Hofmann et al. 1984).

There are differences in the Th/U ratios of Loihi and
Kilauea glasses that are not obvious in Fig. 10. All but 3
of the 45 published TIMS and spark source mass spec-
trometry analyses of Kilauea historical and prehistoric
lavas have yielded Th/U ratios <3.05 and all are <3.15
(see Jochum and Hofmann 1995). In contrast, the two
1996 Loihi lavas have Th/U ratios of ~3.20 (TIMS
data), and we have measured a ratio of 3.24 for an
older alkalic Loihi lava. Even higher Th/U ratios
(3.28-3.42) were reported by Sims et al. (1995) for
three Loihi lavas. We conclude that although the
sources for the Kilauea and Loihi lavas are similar iso-
topically and in trace elements, some important trace
element differences are present. These differences indi-
cate that magmas for Loihi and Kilauea do not share a
common conduit at depth. Furthermore, the higher Th/
U and Nb/La ratios for Loihi lavas might be related to
a more primitive source (higher ratio) for Loihi lavas,
which is consistent with He isotopic data for these lavas
(e.g., Kurz et al. 1983).

< |ncompatibility

Conclusion

Our petrological and geochronological results indicate
that glassy Loihi lavas from a new breccia deposit were
erupted in the first half of 1996, before the start of the
July to August 1996 Loihi seismic event. The 1996
eruption(s) is the first documented historical eruption
of Loihi, despite the ten earthquake swarms that have
occurred at the volcano since 1970 and the numerous
submersible dives and camera tow runs that have been
made on the volcano. This eruption may have contin-
ued during the earthquake swarm based on the ele-
vated water temperatures, anomalous geochemical fea-
tures of water samples, and the popping noises re-
corded by sonobuoys during the swarm. The petrologi-
cal and seismic evidence indicates that many of Loihi’s
tholeiitic magmas, including those from the 1996 erup-
tion, were stored at moderate depths (~8-9 km). Mi-
neralogical evidence indicates that some of these mag-
mas were mixed with more mafic magmas shortly be-
fore eruption, which may have triggered their eruption.
Loihi’s moderately deep magma chamber is considera-
bly deeper than the summit magma chambers for the
other active Hawaiian volcanoes. This magma chamber
may have developed during the past 10-20 ka as tho-
leiitic volcanism became dominant and the magma
supply rate increased.
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