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Abstract

Lavas and volcaniclastic deposits were observed and collected from 4 submarine cones that are part of the Honolulu Volcanics
on Oahu, Hawaii. The locations of these and a few additional, but unsampled, vents demonstrate that nearly all the vents are located
on or very close to the shoreline of Oahu, with the most distal vent just 12 km offshore. The clastic samples and outcrops range
from coarse breccias to cross-bedded ash deposits and show that explosive volcanism at depths between about 350 and 590 m
depth played a part in forming these volcanic cones. The eruptive styles appear to be dominantly effusive to strombolian at greater
depths, but apparently include violent phreatomagmatic explosive activity at the shallower sites along the submarine southwest
extension of the Koko Rift. The compositions of the recovered samples are broadly similar to the strongly alkalic subaerial
Honolulu Volcanics lavas, but the submarine lavas, erupted further from the Koolau caldera, have slightly more radiogenic Sr
isotopic ratios, and trace element patterns that are distinct from either the subaerial Honolulu Volcanics or the submarine North
Arch lavas. These patterns are characterized by moderate to strong positive Sr and P anomalies, and moderate to strong negative
Cs, Rb, U, Th, Zr, and Hf anomalies. Most samples have strong negative K and moderate negative Ti anomalies, as do all subaerial
Honolulu Volcanics and North Arch samples, but one group of samples from the Koko Rift lack this chemical signature. The data
are consistent with more garnet in the source region for the off-shore samples than for either the on-shore Honolulu Volcanics lavas.
New Ar—Ar ages show that eruptions at the submarine vents and Diamond Head occurred between about 0.5 Ma and 0.1 Ma, with
the youngest ages from the Koko Rift. These ages are in general agreement with most published ages for the formation and suggest
that some much younger ages reported previously from the Koko Rift are probably erroneously young.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The Honolulu Volcanics includes the famous land-

mark Diamond Head and the almost equally famous

* Corresponding author. Tel.: +1 831 775 1781; fax: +1 831 775 snorkeling site at Hanauma Bay on O*ahu’s south coast,
1620. among 37 vents or groups of vents (Stearns and Vaks-
E-mail address: clague@mbari.org (D.A. Clague). vik, 1935, 1938; Stearns, 1940; Winchell, 1947). The
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formation has been studied extensively because of the
large range of strongly alkalic compositions of the
eruptive products (Clague and Frey, 1982; Yang et al.,
2003), the abundant mantle xenoliths erupted at numer-
ous vents (e.g. Jackson and Wright, 1970; Beeson and
Jackson, 1971; Frey, 1980; Sen, 1988; Sen and Lee-
man, 1991) including Salt Lake Crater where spinel
lherzolite and various garnet-bearing pyroxenite and
lherzolite xenoliths occur in great abundance, and be-
cause many of the vents, particularly those close to the
south shoreline, are tuff cones that formed during vio-
lent phreatomagmatic (Surtseyan) eruptions (Went-
worth, 1926; Hay and Iijima, 1968; Moberly and
Walker, 1987).

K—-Ar ages reported for the Honolulu Volcanics
range from 30 ka to 2.01 Ma (Funkhouser et al.,
1968; Gramlich et al., 1972; Stearns and Dalrymple,
1978; Lanphere and Dalrymple, 1980; Ozawa et al.,
2005), but many of the reported ages, particularly

157°50'W

those ages >0.8 Ma, are deemed unreliable either
because they are inconsistent with stratigraphic se-
quence or because ages determined for the same
vent or flow are inconsistent. The variability of results
has been attributed to the presence of excess argon
trapped in xenocrysts or small fragments of mantle
xenoliths in the lava samples (Lanphere and Dalrym-
ple, 1980). The ages, and the field observation that the
flows and cones erupted after deep erosion of the
underlying Ko‘olau shield volcano, suggest that the
eruptions forming the Honolulu Volcanics occurred
significantly after the formation of the underlying
subaerial shield, whose age is also poorly constrained
at about 2.2-2.6 Ma (McDougall, 1964; Doell and
Dalrymple, 1973). Haskins and Garcia (2004) suggest
that the transition from early submarine shield lavas
with Mauna Loa affinities to late shield lavas with
typical high-SiO, Ko‘olau compositions took place
about 2.9 Ma.

157°40'W

Fig. 1. Map of eastern O‘ahu with topography displayed as a sun-illuminated (from the northwest) image and offshore 30 kHz swath bathymetry
(Dartnell and Gardner, 1999) shown as a slope-illuminated image with 100 m contours. The locations of the 37 known subaerial vents or groups of
vents comprising the Honolulu Volcanics (Winchell, 1947; Jackson and Wright, 1970) are indicated by pentagons. The Koko Rift is the string of
vents along the SE corner of O‘ahu. The four ROV Tiburon dives are labeled. Boxes indicate the locations of Figs. 3 and 10.
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The Honolulu Volcanics ranges from alkalic basalt
containing 46 wt.% SiO,, through basanite and neph-
elinite, to nepheline melilitite containing as little as
35.5 wt.% SiO, (Clague and Frey, 1982). Many of
the tuff cones, including Diamond Head, are of
unknown composition because the ash samples are
too weathered and zeolitized (Hay and Sheppard,
1977) to extract meaningful geochemical data al-
though Winchell (1947) suggested that Diamond
Head was nephelinite in composition based on pe-
trography. The vents aligned along the Koko Rift
(Kahauloa, Kalama, Koko Head-including the craters
forming Hanauma Bay, Koko Crater, and Kaup) con-
sist of alkalic basalt with the exception of Manana
Island, which is nepheline melilitite (see summary in
Clague and Frey, 1982). The range in compositions
of the lavas has been attributed to variable degrees of
partial melting of garnet-bearing lherzolite leaving
residual apatite, phlogopite, and titanite at the smal-
lest degrees of melting that produced the nepheline
melilitites (Clague and Frey, 1982; Yang et al,
2003). The source has been inferred to be relatively
homogeneous based on the small range in radiogenic
isotopic ratios reported (Stille et al., 1983; Roden et
al., 1984; Lassiter and Hauri, 1998). However, some
details of the source characteristics have been diffi-
cult to determine due to significant mobility of
many key trace elements during subaerial weathering
and leaching (Clague and Frey, 1982; Yang et al.,
2003).

High-resolution swath bathymetric and backscatter
mapping of the region offshore from Ko‘olau Volca-
no (Dartnell and Gardner, 1999) reveals several ad-
ditional submarine vents of the Honolulu Volcanics,
as well as hard (high-backscatter) substrate inferred
to be lava flows on the south flank of Diamond
Head. In 2001, we used the MBARI R/V Western
Flyer and ROV Tiburon to conduct three dives on
these recently mapped submarine cones and deposits
of the Honolulu Volcanics and one dive in a canyon
on the northeast side of O‘ahu (Fig. 1). Dive obser-
vations demonstrate that the submarine cones consist
of lava flows and volcaniclastic deposits. Samples
recovered during these dives include fresh glass,
providing the first melt compositions for the Hono-
lulu Volcanics, and samples for geochemical analysis
and Ar—Ar dating. Data from these dives and sam-
ples allow us: (1) to evaluate the distribution of all
the vents of the Honolulu Volcanics; (2) to determine
the characteristics of these eruptions in shallow
(<600 m) water; (3) to determine the age of several
additional vents; and (4) to evaluate the homogeneity

and characteristics of the mantle source of the mag-
mas involved.

2. Analytical methods

Dive video was analyzed in context of the high-
resolution bathymetric map data. Each dive was anno-
tated for observed substrate and the results were then
integrated with petrographic observations, glass com-
positions, and whole-rock compositions.

Fresh glass, found as sand grains and lapilli in
volcaniclastic rocks and as individual sand grains
sieved from push cores, was analyzed by electron mi-
croprobe with a JEOL Superprobe at the U.S. Geolog-
ical Survey in Menlo Park using natural and synthetic
standards. Methods and analytical precision and accu-
racy are described in Davis et al. (1994). A subset of the
analytical data, selected to represent the range of com-
positions, is presented in Table 1.

Sixteen whole-rock lava samples from dives T298,
T273, and T272 were analyzed for major and trace
elements using a combination of XRF (X-ray fluores-
cence) and ICP-MS (inductively coupled plasma-mass
spectrometry) techniques at the GeoAnalytical Labora-
tory at Washington State University (Table 2). Informa-
tion on methods, precision, and accuracy for samples
analyzed at this facility are available at http://www.wsu.
edu/~geology/Pages/Services/Geolab.html. The whole-
rock and glass analyses are plotted on a total alkalies
versus silica diagram in Fig. 2.

Six lava samples, all analyzed for major and trace
elements and representing 5 different compositions,
were analyzed for Sr, Nd, and Pb isotopic ratios at
Carleton University, Ontario using techniques outlined
in the footnotes to Table 3, which also presents the
analyses and analytical errors for the Sr and Nd isotopic
data.

Three samples from the flank of Diamond Head
(T272-R1, R6, and R11), 3 from the submarine south-
west end of the Koko Rift (T273-R5, R6, and R9), and
2 from the cone northeast of O‘ahu (T298-R8 and R16)
were analyzed using *’Ar/*® Ar dating methods. Ground-
mass concentrates were prepared because electron mi-
croprobe observations showed that K was concentrated
in the interstitial matrix in all eight samples. In samples
from dives T272 and T273, the interstitial matrix
contained variable but generally abundant interstitial
glass, in some cases altered. In contrast, interstitial
matrix in dive T298 samples appeared to be entirely
crystallized and relatively unaltered. Groundmass con-
centrates were prepared using crushing, ultrasonic dis-
aggregation, and Franz magnetic separation, hand
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Table 1

Selected electron microprobe glass analyses. Final number following Rock samples is the number of analyzed grains averaged. Final number
following Push Core samples is the number of the grain analyzed. High-Na,O glass analyses are from Sen et al. (1996) for SL6-SMP, a melt phase
within a xenolith from Salt Lake Crater, and Clague (unpublished data) for 88SAL1-4, a rind on a different Salt Lake Crater xenolith

Sample/analysis SiO, TiO, Al,O3 FeO* MnO MgO CaO Na,O K,O P,Os S Cl Total
Northeast cone—nephelinite

298-R04 12 41.12  3.67 13.57 13.02  0.16 5.36 1442 515 2.18 1.11 0.152  0.109 100.01
298-R10 5 40.90 3.61 14.36 12.81 0.22 498 1349 526 2.37 1.30 0.164  0.115 99.56
298-R12 4 41.19  3.62 14.08 13.16  0.17 5.13 13.70  5.46 2.34 1.22 0.160  0.121 100.35
298-PC73 5 40.77  3.55 13.49 13.04  0.16 5.30 1425 524 2.09 1.17 0.149  0.114 99.31
298-PC73 10 40.87  3.73 13.52 13.09  0.18 5.24 1423 534 2.18 1.15 0.158  0.113 99.79
298-PC73 6 41.12  3.56 13.35 13.06  0.15 542 14.51 4.98 2.09 1.10 0.146  0.114 99.61
298-PC68 3 41.21 3.57 13.42 13.23  0.15 5.05 14.08 5.29 2.20 1.16 0.178  0.099 99.64
298-PC68 1 41.47  3.60 13.37 13.11 0.21 5.04 1434 538 2.16 1.10 0.153  0.108 100.03

Northeast cone—alkalic basalt

298-PC65 9 4453 313 13.93 1237 0.17 5.97 13.04 422 146  0.75 0.057  0.075 99.69
298-PC65 6 4465 282 14.16 1220  0.14 6.38 12.65 437 1.40  0.75 0.057  0.071 99.66
298-PC65 4542 274 14.58 11.99  0.18 6.56 12.56  3.96 1.24  0.62 0.048  0.062 99.95
298-PC65 46.06  2.38 14.69 12.05  0.19 7.02 12.00  3.79 1.06  0.50 0.064  0.048 99.86
298-PC65 1 46.32  2.54 14.66 11.74  0.17 6.03 1227  4.06 126 0.67 0.041  0.063 99.81
298-PC65 46.36 251 14.50 11.80  0.20 6.46 1249  3.85 1.11 0.54 0.048  0.063 99.92

5
9
1
5
298-PC65 4 46.54 233 14.74 12.14  0.16 7.04 11.81 3.75 098  0.51 0.046  0.049  100.09
298-PC65 4 4692 235 14.55 12.10  0.20 6.60 11.79  3.85 1.04  0.59 0.048  0.053 100.08
298-PC65 8 4735 214 14.81 11.81  0.14 6.96 11.65  3.68 093  0.44 0.046  0.052  100.00
298-PC78 4 4827 223 14.81 11.33  0.17 6.01 11.59  3.87 1.03  0.53 0.026  0.049 99.91

Northeast cone—tholeiitic basalt

298-PC69 5 5244 293 13.26 1235 0.14 5.41 10.07  2.59 0.51 0.32 0.010  0.011 100.04
298-PC69 11 5199 295 13.05 12.50  0.17 5.58 10.13 240 047 031 0.010  0.003 99.55
298-PC69 3 52.11 2.72 13.41 11.80  0.22 5.79 10.73 234 043 025 0.010  0.016 99.83
298-PC69 13 5209 245 13.55 11.37  0.13 6.14 1098 242 0.41 0.25 0.011 0.008 99.79
298-PC66 1 5196 233 13.62 11.24  0.19 6.27 11.08  2.34 038 0.24 0.010  0.002 99.65
298-PC66 4 53.02 232 13.94 10.89  0.18 6.33 10.74  2.24 034 022 0.002  0.022  100.23

298-PC69 15 51.97 244 13.69 11.10  0.14 6.37 11.09 235 038 0.23 0.007  0.007 99.78

298-PC78 6 53.11 2.12 14.16 10.14  0.16 6.70 10.79  2.26 042 0.25 0.005  0.000  100.12
298-PC66 5 53.17 2.18 13.32 10.84  0.18 7.21 1097  2.15 032 021 0.002  0.011 100.56
298-PC69 2 52,57 1.88 13.70 1048  0.13 7.73 10.66 227 035 0.21 0.004  0.002 99.97
Koko Rift

273-R03 8 47.68 223 15.46 11.74  0.19 5.87 12.03  3.16 0.80 0.33 0.067  0.023 99.58
273-R0O8 20 4583 2.67 14.38 12.55  0.19 6.15 1239 384 1.12  0.55 0.061 0.056 99.80
Diamond Head

272-R03 10 46.12  2.61 14.68 12.73  0.16 6.22 1237  3.85 1.11 0.53 0.071  0.061 100.51
272-PC63 3 46.61 2.62 15.13 11.91 0.17 5.31 12.76 ~ 3.96 .13 0.58 0.062  0.059  100.27
272-PC63 7 46.13 249 14.72 1220 0.19 5.92 1237 3.82 1.05 049 0.066  0.073 99.60
272-PC63 2 4647  2.52 14.55 12.16  0.19 6.16 1229  3.79 1.05  0.51 0.072  0.052 99.81
272-PC63 6 4581  2.55 14.52 1222 0.14 6.33 1237  3.86 1.11 0.53 0.087  0.056 99.72
272-PC63 12 46.75 246 14.87 12.18  0.18 6.38 12.02  3.59 094  0.44 0.058  0.049  100.01
272-PC63 8 46.64  2.54 14.87 1237 0.15 6.41 12.14  3.70 1.03 045 0.060  0.050  100.48
272-PC63 2 46.25  2.52 14.69 12.13  0.20 6.46 11.96  3.62 099 047 0.067  0.047 99.51

3

272-PC63 4544 261 14.05 11.37  0.14 7.46 1449 296 091  0.50 0.049  0.061 100.12
Northeast canyon
299-R03 4 40.79 241 15.38 13.14  0.21 4.56 13.68  6.81 1.69  1.51 0.144  0.141 100.46

High-Na,O glasses
SL6-SMP 4527 270 2081 729  0.19 3.05 7.81 831 3.06 - - - 98.49
88SAL1-4 48.16 195 18.96 8.10  0.26 2.82 6.23 823 262 1.09 0.057 - 98.47
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picking, and, in some case, dilute HCI acid etching. The
goal was to remove low-K plagioclase, pyroxene, and/
or olivine phenocrysts from the higher K interstitial
matrix and to remove or reduce authigenic clays. The
groundmass concentrates were analyzed at the New
Mexico Geochronology Research Laboratory using
the resistance-furnace incremental heating method.
The gas was extracted in 9 increments A to I at 575
(repeated), 650, 700, 750, 825, 925, 1025, 1200, and
1630 W. Abbreviated analytical methods are provided
in the footnotes to Table 4, which summarizes the
results. Age spectra, inverse isochron plots, complete
analytical data, and detailed descriptions of the results
for each sample provided by WCM are also posted at
http://www.mbari.org/volcanism/HonoluluVolcMS/.

3. Cone on O‘ahu’s northeast flank
3.1. Morphology and dive observations

The newly identified offshore vents include a solitary
cone off the northeast shore of O‘ahu where dive T298
was located (Fig. 3). The cone rises about 300 m above
the regional slope to a minimum depth of 589 m. The
cone is nearly symmetrical and has slopes of about 25°
that increase towards the summit. A prominent, high-
backscatter ridge extends to the southeast, in the upslope
direction, and a less-defined high-backscatter ridge
extends due north from the base of the cone. The dive
began on this north-oriented ridge in pillow lavas (sam-
ples Rock 1 and R2; Fig. 4a), but quickly encountered
fine bedded, eroded, volcaniclastic deposits that drape
the lower flanks of the cone (R3, R4, R5; Fig. 4b). These
deposits are only loosely consolidated and were also
sampled using Push-Core 68 and PC73. The volcani-
clastic deposits are increasingly coarser grained breccia
towards the summit of the cone (Fig. 4c) and most
samples collected from the upper slopes are basaltic
clasts (R6, R7, R8, R9, and R11) from this breccia
deposit (R10, and R12). The dive then crossed over the
summit of the cone, which consists of blocky lava flows
with few identifiable pillow lava shapes (R13-R16; Fig.
4d), before traversing down the south flank of the cone
towards the south-southwest. The south flank mirrored
the north side of the cone, with volcanic breccia deposits
near the summit (R17) that contain basalt clasts (R18)
and fining volcaniclastic deposits downslope.

3.2. Petrography

The samples from the cone are all nephelinite. Pil-
low samples R1 and R2 contain olivine and titanaugite

microphenocrysts in a tachylite to fine crystalline ma-
trix. Pillow rinds are altered to palagonite so that no
glass remains. Titanaugite crystals are commonly sec-
tor-zoned and arranged in rosettes (Fig. 5g). These
samples are moderately vesicular (10-15%) with open
irregular vesicles up to about 2 mm across. Samples R3,
R4, and RS5 are volcanic sandstone to lapillistone (Fig.
6¢) with dense to vesicular (to 40-50%) dark-brown
glassy clasts in a matrix of fresh and altered glass,
crystals, and tachylite fragments. The samples are var-
iably altered with increasing amounts of palagonite
from sample R3 to R4 to RS. The finer sand and silt
matrix grains in R3 are mostly a different paler brown
glass with only olivine microphenocysts. Similar grains
are absent in R4 and rare in R5. These paler colored
grains are part of slope-mantling deposits discussed in
Section 6. Unconsolidated volcanic sands and lapilli
recovered in PC65 and in PC73 and a loosely cemented
clast from PC73 are similar in mineralogy, texture, and
alteration to the darker brown lapilli in R3 to RS.
Microphenocrysts of olivine in the clastic fragments
are roughly the same size (<3 mm) as in the pillow
lava samples, but titanaugite crystals are smaller and
less abundant. Lava fragments collected from the vol-
canic breccia and from the summit are texturally similar
to the samples collected from the pillows, except the
vesicles are generally smaller and the groundmass of
R8 and R16 is finely crystalline. Sample R11 contains
olivine microphenocrysts that are surrounded by laths
of titanaugite (Fig. 5h). Breccia sample R10 includes
cm-sized irregular-shaped clasts with glass rinds on all
sides, whereas sample R12 contains only a single un-
altered glassy clast, the remainder is altered to bright
orange—red palagonite (Fig. 6d). Breccia sample R17
contains unaltered glassy irregular clasts of highly ve-
sicular basalt, but the sample is cemented by colorless
clays and zeolites (Fig. 6¢) and the matrix is completely
altered except for the crystals of olivine and titanaugite.

3.3. Glass compositions

Glass from the northeast cone, with the exception of
alkalic basalt sand grains in volcaniclastic rocks R3 and
RS, is all nephelinite in composition (83 sand or lapilli
analyses; Figs. 2 and 7, group A), although the grains
vary from lower MgO (4.98 wt.%), lower CaO (13.5
wt.%), and higher Al,O5 (15.0 wt.%), Na,O (5.6 wt.%),
and K,0 (2.5 wt.%) to higher MgO (5.42 wt.%) and
CaO (14.7 wt.%) with lower Al,O5 (13.25 wt.%), Na,O
(4.9 wt.%) and K,O (2 wt.%) compositions. These
glasses are high in S (average 1500 ppm), Cl (average
1100 ppm), TiO, (average 3.6 wt.%), FeO* (average 13
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wt.%), K,0 (2.2 to 2.4 wt.%) and P,0s (average 1.2
wt.%), but these elements do not have strong trends as a
function of MgO content. The alkalic basalt glass frag-
ments in R3 and RS are described in Section 6.

3.4. Whole-rock chemistry

Six lava samples from the cone were analyzed (Table
2) and all are nephelinite in composition (Fig. 2). The
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lavas are relatively primitive, containing 12.3 to 12.9
wt.% MgO, and uniform in major element composition,
with the exception of K,O, which varies from 1.29 to
1.59 wt.%. The primitive mantle-normalized trace ele-
ment data (Fig. 8) are consistent among the 6 samples
and are strongly enriched in incompatible elements. The
patterns are distinctive in having small negative Y, Ti,
Hf, Zr, and Pb anomalies; large negative K, U, Th, Rb,
and Cs anomalies; and small positive P and Sr anoma-

Table 2

Whole-rock analyses of submarine Honolulu Volcanics lavas. 273-R9 and 273-R12 were acid washed to remove secondary carbonate
Sample 272-R1 272-R6 272-R7 272-R9 272-R11 273-R1 273-R5 273-R6
SiO, 44.93 44.85 45.15 4531 4527 46.52 46.36 46.20
TiO, 2.24 2.23 2.27 1.98 1.95 1.89 1.94 1.86
AlLO; 12.34 12.34 12.49 12.64 12.70 13.47 13.62 13.47
FeO 12.55 13.02 12.12 12.12 11.95 11.95 12.12 12.05
MnO 0.19 0.18 0.19 0.19 0.19 0.18 0.17 0.18
MgO 12.24 12.33 12.23 11.63 12.23 11.66 11.25 11.98
CaO 11.07 11.07 11.21 11.37 11.08 10.42 10.83 10.63
Na,O 2.67 2.70 2.64 2.84 2.75 2.65 2.53 2.53
K,0 0.87 0.81 0.90 0.76 0.70 0.64 0.65 0.63
P,0s 0.38 0.39 0.40 0.45 0.44 0.28 0.30 0.28
Total 99.49 99.91 99.59 99.30 99.26 99.66 99.77 99.80
Trace element analyses (ppm)

Ni 304 299 299 286 304 293 277 303
Cr 483 477 474 439 449 438 414 454
Vv 292 281 284 259 270 265 274 263
Ga 19 23 16 18 18 18 23 21
Cu 84 82 81 83 83 79 73 83
Zn 107 106 106 107 104 100 101 107
La 21.24 22.25 22.44 26.89 25.65 13.18 13.64 12.66
Ce 41.77 43.58 43.79 51.40 49.18 27.42 28.16 26.31
Pr 5.29 5.53 5.56 6.38 6.15 3.65 3.75 3.51
Nd 22.49 23.64 23.51 26.72 25.72 16.30 16.66 15.55
Sm 5.56 5.77 5.73 6.30 6.11 431 441 4.13
Eu 1.83 1.88 1.90 2.06 2.00 1.47 1.51 1.41
Gd 5.42 5.49 5.59 5.99 5.83 4.42 4.59 4.29
Tb 0.79 0.80 0.81 0.85 0.83 0.66 0.68 0.65
Dy 4.19 423 431 4.48 4.40 3.66 3.75 3.54
Ho 0.75 0.75 0.76 0.80 0.79 0.68 0.71 0.67
Er 1.85 1.86 1.90 1.96 1.94 1.74 1.80 1.72
Tm 0.24 0.24 0.25 0.26 0.25 0.24 0.24 0.23
Yb 1.40 1.39 1.45 1.50 1.49 1.40 1.45 1.40
Lu 0.21 0.21 0.21 0.22 0.22 0.22 0.22 0.22
Ba 340 343 359 374 344 254 265 248
Th 1.77 1.86 1.89 2.32 2.19 0.99 1.02 0.94
Nb 30.56 30.85 32.28 31.62 30.67 19.76 20.45 19.63
Y 20.78 20.41 21.81 22.41 22.19 19.02 19.60 19.30
Hf 2.97 2.97 3.02 2.76 2.73 2.36 2.45 2.29
Ta 1.90 1.92 1.93 1.76 1.69 1.24 1.27 1.21
U 0.47 0.52 0.50 0.62 0.58 0.32 0.30 0.34
Pb 1.32 1.38 1.37 1.79 1.70 0.90 0.92 0.87
Rb 20.9 19.6 222 17.9 16.4 15.7 12.1 12.3
Cs 0.27 0.46 0.29 0.26 0.23 0.18 0.16 0.17
Sr 516 515 540 609 589 427 476 442
Sc 243 22.1 25.3 24.8 24.0 24.3 26.0 26.5
Zr 111 108 115 106 105 84 87 84
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Table 2 (continued)
Sample 273-R9 273-R12 298-R2 298-R6 298-R7 298-R8 298-R16 298-R18
SiO, 43.31 42.37 41.08 40.79 41.22 41.02 41.21 40.31
TiO, 2.16 2.16 3.16 3.09 3.13 3.16 3.15 3.16
Al,O4 12.31 12.35 11.02 10.78 10.89 11.07 11.04 10.91
FeO 12.59 12.84 13.74 14.07 13.82 13.91 13.50 14.04
MnO 0.20 0.20 0.18 0.19 0.20 0.19 0.19 0.19
MgO 12.66 12.74 12.79 12.90 12.65 12.29 12.56 12.63
CaO 11.06 10.96 12.12 11.91 12.00 12.15 12.12 12.21
Na,O 2.76 2.72 3.66 3.85 3.72 3.89 3.68 3.61
K,0 0.54 0.51 1.35 1.30 1.41 1.53 1.59 1.29
P,0s 0.52 0.53 0.89 0.87 0.88 0.89 0.90 0.91
Total 98.11 97.38 99.99 99.75 99.92 100.10 99.93 99.25
Trace element analyses
Ni 259 254 293 307 291 268 282 288
Cr 458 455 523 539 535 522 516 521
v 267 260 340 303 323 318 320 325
Ga 18 17 22 22 20 21 21 22
Cu 71 82 72 78 74 63 79 74
Zn 114 116 132 131 130 129 138 131
La 28.11 28.52 51.41 50.88 50.79 51.90 52.44 51.53
Ce 54.26 54.61 99.08 97.98 97.88 100.07 101.39 99.43
Pr 6.78 6.85 12.35 12.21 12.20 12.50 12.59 12.44
Nd 28.39 28.46 51.20 50.25 50.28 51.47 51.79 51.08
Sm 6.73 6.72 11.46 11.17 11.18 11.48 11.48 11.45
Eu 221 2.19 3.50 3.41 3.45 3.47 3.52 3.48
Gd 6.36 6.36 9.69 9.48 9.52 9.61 9.75 9.78
Tb 0.90 0.89 1.23 1.21 1.21 1.22 1.24 1.24
Dy 4.65 4.64 5.78 5.66 5.66 5.80 5.85 5.90
Ho 0.81 0.81 0.89 0.88 0.89 0.92 0.92 091
Er 1.98 1.95 1.96 1.94 1.95 1.98 2.03 1.97
Tm 0.25 0.25 0.23 0.23 0.23 0.23 0.24 0.24
Yb 1.46 1.43 1.27 1.28 1.27 1.30 1.31 1.28
Lu 0.22 0.21 0.18 0.18 0.18 0.19 0.19 0.18
Ba 418 430 738 738 720 810 818 720
Th 2.49 2.50 431 423 425 433 437 434
Nb 34.50 34.77 71.83 70.95 71.93 66.60 74.09 66.45
Y 23.98 23.98 26.09 26.16 26.22 26.90 27.56 25.63
Hf 2.97 2.95 5.24 5.18 5.21 5.28 5.39 5.21
Ta 1.87 1.86 4.03 3.87 3.96 3.63 4.03 4.03
U 0.60 0.63 0.74 0.98 1.04 1.01 0.98 0.66
Pb 2.07 2.10 2.88 3.05 3.16 2.77 2.84 2.90
Rb 12.2 12.3 30.2 29.8 329 339 41.0 29.4
Cs 0.15 0.15 0.39 0.30 0.46 0.41 0.54 0.26
Sr 768 768 937 1031 1062 1101 985 962
Sc 26.7 25.1 22.2 24.7 23.7 24.2 24.7 19.0
Zr 120 119 226 229 228 233 239 219

lies. Several elements, particularly Cs, Rb, U, K, Pb, and
Sr, are variable beyond analytical precision. These sam-
ples have more enriched light-REE and more depleted
heavy-REE than any of the other samples.

3.5. Ar-Ar age data
The age spectrum for sample T298-R8 is slightly

disturbed (Fig. 9a). Individual step errors are on the
order of £ 0.1 Ma although radiogenic yields are some-

what higher than those of previous samples, ranging
from about 2% to about 6%. K/Ca ratios reach 1.4 for
the central part of the age spectrum, considerably higher
than K/Ca ratios of samples from the other two local-
ities, in keeping with higher K,O contents of the whole-
rock sample. The weighted mean age of steps B to G is
0.48 £0.10 Ma, with an MSWD (mean square of
weighted deviates; York, 1969) value of 1.59, indicat-
ing that analytical error accounts for age variations
among steps in this interval. The data form a fairly
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Fig. 2. Total alkalies versus silica diagram showing all the whole-rock and glass analyses for submarine samples from the Honolulu Volcanics. For
comparison, whole-rock data for the subaerial Honolulu Volcanics (Clague and Frey, 1982) and Koloa Volcanics (Clague and Dalrymple, 1988) and
the submarine North Arch lava field (Clague et al., 1990) are plotted. The submarine Honolulu samples range from alkalic basalt to nephelinite.

tight cluster on an isotope correlation diagram, but fail
to form a well-defined linear array. The intercept age
(0.25 £0.18 Ma) has a large uncertainty, but overlaps
with the weighted mean age.

The age spectrum of T298-R16 yielded relatively
high quality results (Fig. 9b). K/Ca ratios are as high
as 2.8 and radiogenic yields reach a maximum of more
than 15%. The uncertainties of individual steps are
on the order of £0.05 Ma, and the weighted mean
age of concordant steps B to F is 0.52+0.05 Ma
(MSWD=1.22). The data from these steps form a rela-
tively well-defined linear array on an isotope correlation
diagram, with an atmospheric *“’Ar/*°Ar intercept value
(291 £10) and an intercept age that agrees closely with
the weighted mean age (0.58 = 0.14 Ma, MSWD=1.3).

4. Cones on the submarine Koko Rift
4.1. Morphology and dive observations

The southwest submarine extension of the Koko Rift
on the southeastern part of O‘ahu consists of a series of
irregularly shaped cones and an elongate ridge in a
northeast—southwest direction where dive T273 ex-
plored the deeper two adjacent cones (Fig. 10) with
the deepest cone rising about 110 m above the island
slope to a summit at 427 m depth. The next cone to the
northeast rises 110 m to a summit depth of 357 m. This
small cone is perched on a sloping ridge with another
small cone whose summit is at about 177 m depth. The
shallowest, and easternmost, cone is broad and relative-

Table 3

Isotopic analyses

Sample 208pp,204py, 207pp204py 206pp,204py, 87Sr/36Sr 20 14N d/"3Nd 20

T272-R7 38.001 15.541 18.242 0.703451 10 0.513075 4

T272-R9 37.509 15.349 18.021 0.703378* 20 0.513075 16

T273-R1 37.759 15.462 18.116 0.703467 11 0.513070 4

T273-R12 37.708 15.431 18.094 0.703426 12 0.513067 5

T298-R16 37.652 15.419 18.002 0.703633 17 0.513002 10
0.703414* 8

T298-R18 37.695 15.432 18.020 0.703624 14 0.513041 15
0.703375* 9

Determined at Carleton University utilizing techniques described in Cousens (1996) on a Finnigan MAT261 multicollector mass spectrometer
running in static mode. Nd isotope ratios are normalized to '**Nd/"**Nd=0.72190. 67 runs of the La Jolla standard average
N/ **Nd=0.511876 + 18 (20, September 1992-December 1999). Sr isotope ratios are normalized to *¢St/**Sr=0.11940 to correct for
fractionation. Two Sr standards are run at Carleton, NIST SRM987 (¥7Sr/*¢Sr=0.710251 + 18, n=50, September 1992-December 1999) and
the Eimer and Amend (E&A) SrCO; (*7Sr/*Sr=0.708032 + 25, n=22, September 1994-December 1999). All Pb mass spectrometer runs are
corrected for fractionation using NIST SRM981. The average ratios measured for SRM981 are 2°°Pb/***Pb=16.890+0.012,
207pp 2% Pb=15.429 + 0.014, and 2** Pb/*** Pb=36.502 + 0.048 (20), based on 73 runs from September 1992-December 1999. The fractionation
correction is +0.13%/amu based on accepted values of Todt et al. (1984). Samples with * were leached for 24 h in 2N HCI at 125 °C and then kept
at room temperature for 4 days; all others leached for 3 h in warm 2N HCI.
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Table 4

Summary of “*Ar/*°Ar results

Sample Unit Lab # Sample wt. n% ¥ Ar MSWD K/Ca Age (Ma) +20
T272-R1 Diamond Head 53245-01 159.9 mg 6 57.9 1.32 0.4 0.36 0.07
T272-R6 Diamond Head 53244-01 159.0 mg 6 65.2 3.16 0.2 0.81 0.62
T272-R11 Diamond Head 53240-01 164.1 mg 3 55.4 0.97 0.2 —0.43 0.63
T273-RS Koko Rift 53265-01 159.0 mg 5 84.9 4.00 0.2 0.14 0.10
T273-R6 Koko Rift 53241-01 162.5 mg 4 72.4 0.66 0.2 0.14 0.06
T273-R9 Koko Rift 53242-01 162.3 mg 6 58.4 0.87 0.2 0.06 0.05
Mean Koko Rift 0.14 0.05
T298-R8 NE Cone 53243-01 161.1 mg 6 73.9 1.59 0.9 0.48 0.10
T298-R16 NE Cone 53246-01 161.3 mg 5 69.9 1.22 2.0 0.52 0.05
Mean NE Cone 2 0.51 0.04

Age determinations shown in bold are considered more reliable.

Sample preparation and irradiation: Groundmass concentrates were prepared using crushing, dilute HCI acid treatment, Franz magnetic separator,
and hand-picking techniques. Groundmass concentrates were loaded into a machined Al disc and irradiated for 1 hour in the D-3 position, Nuclear
Science Center, College Station, TX. Neutron flux monitor Fish Canyon Tuff sanidine (FC-1) equivalent to Mmhb-1 at 520.4 Ma (Samson and
Alexander, 1987). Assigned age=27.84 Ma (Deino and Potts, 1990).

Instrumentation: Mass Analyzer Products 215-50 mass spectrometer on line with automated all-metal extraction system. Separate was step-heated
using a Mo double-vacuum resistance furnace. Heating duration in the furnace was 10 min. Reactive gases removed during furnace analysis by reaction
with 3 SAES GP-50 getters, 2 operated at ~450 °C and 1 at 20 °C. Gas also exposed to a W filament operated at ~2000 °C.

Analytical parameters: Electron multiplier sensitivity averaged 2.09 x 10~ '® mol/pA. Total system blank and background for the furnace averaged
2100, 8.1, 2.2, 42, 9.0 x 10~ '® mol. J-factors determined to a precision of +0.1% by CO, laser-fusion of 4 single crystals from each of 4 radial
positions around the irradiation tray or 4 radial positions at two heights for encapsulation tubes. Correction factors for interfering nuclear reactions
determined using K-glass and CaF, are as follows: (**Ar/*° Ar)x=0.0002 + 0.0003; (*°Ar/” Ar)c,=0.00028 + 0.000005; and (*° A/’ Ar)c,=
0.00072 + 0.00002.

Age calculations: Plateau age or preferred age calculated for the indicated steps by weighting each step by the inverse of the variance. Plateau age
error is inverse-variance-weighted mean error (Taylor, 1982) times root MSWD where MSWD>1. MSWD values are calculated for n — 1 degrees
of freedom for plateau age. Isochron ages, *° Ar/*® Ar; and MSWD values calculated from regression results obtained by the methods of York (1969).
Decay constants and isotopic abundances after Steiger and Jéger (1977). All errors reported at + 2¢.

157°46'0"W 157°44'0"W 157°42'0"W 157°40'0"W

21°32'0"N

21°30'0"N

21°28'0"N

Fig. 3. Map showing the region on the northwest side of O‘ahu and the dive tracks for ROV Tiburon dives T298 and T299. The known subaerial
vents of the Honolulu Volcanics are shown as pentagons labeled with vent group numbers (smallest numbers are inferred to be oldest Honolulu
Volcanics vents) from Jackson and Wright (1970). Offshore bathymetry as in Fig. 1 with additional nearshore Lidar data (U.S. Army Corps of
Engineers, Mobile, Alabama, http://shoals.sam.usace.army.mil/default.htm). The locations of the bottom photographs in this figure are indicated
along the track of dive T298, as are the first and last rock sample collected during the dive.


http://shoals.sam.usace.army.mil/default.htm
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Fig. 4. Framegrabs of video recorded during ROV Tiburon dive T298. Each image shows an area of the seafloor roughly 3—4 m across. (a) Pillow
basalt near collection site of Rock-1 at 868 m, (b) volcaniclastite deposits near collection sites for R-3 to R-5 at 863 m, (c) coarse volcanic breccia
similar to collection sites of R-10 to R-12 at 668 m, (d) blocky lava flows at summit of cone at 589 m, (e) thin-bedded volcaniclastite deposits near
collection site of R-19 at 832 m, (f) rippled sediment at end of dive near PushCore-66 and PC69 at 830 m.

ly flat-topped with the summit <100 m deep. The top is
complex and may represent several nested cones and
craters, subsequently eroded and smoothed during at
least the last Pleistocene glacial period when the sum-
mit of this cone was emergent. The deeper, steep cones
all have high backscatter, whereas the shallowest cone
has irregular moderate backscatter.

The deeper westernmost cone consists of bedded
fine-grained volcaniclastic deposits (R3, R4, and RS)
with a veneer of angular basalt talus (R1, R2, and R5)
and thin discontinuous unconsolidated sediment (Fig.
11a). The distribution of the talus is patchy with some
areas entirely covered and others with virtually none.
Towards the top of the westernmost cone, in-place
pillow lava (R6 and R7; Fig. 11b), presumably the
source of the talus observed downslope, was observed
on top of the volcaniclastic deposits. In several places
the volcaniclastic deposits are strongly laminated and
display cross-bedding (RS8; Fig. 11c). The small cone

directly to the east also consisted of volcaniclastic
deposits with loose talus fragments of basalt (R9 to
R13) scattered on the surface.

4.2. Petrography

The samples from the two cones have different pe-
trography with the lava samples from the southwestern
deeper cone (R1, R2, R5, R6, and R7) having micro-
phenocrysts of olivine and plagioclase and those from
the northeastern cone (R9 to R13) having micropheno-
crysts of olivine and augite. The lava samples from both
cones are moderately (20%) to highly (60%) vesicular
and many have calcite filling or partly filling the vesicles.

The volcaniclastic samples from the southwestern
cone (R3 and R4) have olivine plus plagioclase micro-
phenocrysts, like the lava samples from the same cone,
whereas the sample from the saddle (R8) between the
two cones has the mineralogy of the eastern cone. The
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Fig. 5. Photomicrographs of samples from dives T272, T273, and T298. Images are in plane light unless otherwise indicated. (a) and (b) Stretched
vesicular pyroclasts in T272-R4; (c) fluidal pyroclast in T273-R8, reflected light; (d) fluidal vesicular lapillus containing olivine phenocrysts in
T298-R19; (e) highly vesicular lapillus in T298-R19; (f) glass grain (center bottom) adjacent to round foraminifer (center top) in T298-R19; (g)
stellate cluster of sector-zoned titanaugite crystals in sample T298-R1, a characteristic of nephelinite comprising cone explored during dive T298;
(h) olivine phenocryst surrounded by elongate titanaugite crystals in sample T298-R11, another petrographic characteristic of the nephelinite

comprising the cone explored during dive T298.

volcaniclastic samples R3 and R4 are sandstones to
lapillistones with irregular vesicular to dense glass
shards (Fig. 6b) that in the case of R3 are completely
altered to palagonite. Sample R8 is a graded volcanic
siltstone to sandstone that displays cross-bedding. Glass
shards and angular vesicular fragments are best pre-
served in the coarser sand layers and include fluidal
shapes (Fig. 5c¢).

4.3. Glass compositions

The 26 glass analyses (all from R3 and RS8) from
the two cones on the Koko Rift define two alkalic

basalt compositions (Table 1) that are most likely
representative of the two cones, although R8 was
collected from the saddle between the cones (Fig. 7,
group D includes both compositions). The higher-SiO,
composition also has higher Al,O3, and lower TiO,,
FeO, CaO, Na,O, K,0, P,Os and is from the deeper
cone. These glasses have low MgO contents (5.76 to
6.31 wt.%) and intermediate S contents (440 to 920
ppm) with a broad trend of increasing S with decreas-
ing SiO, (Fig. 12). Except for their elevated S content
caused by their submarine eruption, these alkalic
basalts are similar in composition to alkalic basalt
that characterizes the subaerial Koko Rift.
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Fig. 6. Photomicrographs of samples from dives T272, T273, and T298. Images are in plane light. (a) Vesicular glassy pyroclast (center left), euhedral
olivine phenocrysts, and detrital coralgal grain (right center) in fine altered matrix, T272-R2; (b) glassy vesicular lapilli with palagonite rims, clear
space between orange palagonite and tan glass is shrinkage as palagonite dessicated, T273-R4; (c) variety of glass sand morphologies in T298-R3
ranging from elongate stretched vesicular grains to grains with round vesicles; (d) palagonitized lapillus with small fresh glass core remaining around
cluster of titanaugite phenocrysts in T298-R12; (e) zeolite cement surrounding glass lapillus with fresh glass core in T298-R17; (f) vesicular glass
lapillus with slightly elongate vesicles (center left), orange—brown palagonitized glass grains, and planktonic foraminifer (right center).

4.4. Whole-rock chemistry

Five lava samples were analyzed from the two cones
on the Koko Rift (Table 2). The deeper, more westerly
cone is composed of primitive alkalic basalt (T273-R1,
-R5, and -R6) with 11.25 to 11.98 wt.% MgO. The
primitive mantle normalized trace element data (Fig. 8)
and the major element data are compositionally identi-
cal within analytical precision. These samples have
small negative Y, Zr, Hf, and Pb anomalies; large
negative U, Th, Rb, and Cs anomalies; a small positive

Ti anomaly; and large positive P and Sr anomalies.
These are the only samples from the Honolulu Volca-
nics or North Arch volcanic field that do not have
strong negative K anomalies.

The 2 samples from the shallower eastern cone are
primitive basanite (MgO=12.66 and 12.74 wt.%) that
contained secondary carbonate in vesicles. We treated
these samples with a warm acetic acid wash prior to
crushing the sample to remove the carbonate. The trace
element data for the two samples are identical (Fig. 8)
and are characterized by large negative Ti, Zr, Hf, K, U,
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composition. Plotted points include average compositions of glasses in volcaniclastic rock samples and individual point analyses of grains recovered

in sediments.

Th, Rb, and Cs anomalies; a small negative Y anomaly;
and large positive P and Sr anomalies.

4.5. Ar-Ar age data

The age spectrum for sample T273-R5 (Fig. 9c¢) is
reasonably flat, with precision of individual steps on the

order of +0.07 Ma, and radiogenic yields ranging from
about 1% to 5%, and maximum K/Ca ratios on the
order of 0.2. The weighted mean age of steps B to F is
0.14+0.10 Ma, although the MSWD value for this
interval is 4.0, attesting to some discordance greater
than that attributable to analytical error. The data fail to
form a well-defined linear array on an isotope correla-
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strong positive P and Sr anomalies and the strong negative Cs, Rb, U, Th, Zr, and Hf anomalies in all the lavas. These features are discussed in the

text.

tion diagram and yield an isochron age younger that the
weighed mean age of steps B to F.

The age spectrum of sample T273-R6 (Fig. 9d) is
similar to that of T273-R5. Individual steps are slightly
less precise (£0.04 to £0.10) with radiogenic yields
ranging from 0.4 to 2.6. K/Ca ratios are generally
between 0.2 and 0.3. Although the entire age spectrum
is somewhat less concordant that that of T273-RS, steps
B to E are concordant, with an MSWD value of 0.66
and a weighted mean age of 0.14 £0.06 Ma. On an
isotope correlation diagram, the data form a crude linear
array with a near atmospheric *°Ar/*®Ar intercept and
an intercept age (0.10 = 0.03 Ma) that overlaps with the
weighted-mean age.

The age spectrum for sample T273-R9 (Fig. 9e) is
relatively flat, although it appears slightly less reliable
than the age spectra of the other two T273 samples.
Step C is relatively precise (0.113 £0.023 Ma, radio-
genic yield of 6.2%), but subsequent steps have lower
radiogenic yields (—1.5% to 1.0%), poorer precision
(£0.04 to £0.05 Ma), and are somewhat discordant
relative to step B, with steps C and D having negative
to near zero ages. The weighted mean age of steps B to
H is 0.06 £ 0.05 Ma. K/Ca ratios for this interval are on
the order of 0.3. When plotted on an isotope correlation
diagram, the data fail to form a well-defined linear
array.

5. South flank of Diamond Head
5.1. Morphology and dive observations

Dive T272 was located on the south flank of
Diamond Head (Fig. 10) in a region of hummocky,
high-backscatter terrain. The dive started at 562 m
depth and traversed north up a low, rough high-back-
scatter hill, through a saddle roughly 20 m deep with
moderate backscatter, and then upslope through more
high-backscatter rough terrain, finally ending at 494 m
depth.

Much of the dive traversed similar terrain with
sculpted volcaniclastic deposits draped over in-place
pillow lavas (Fig. 11d). Irregular or patchy outcrops of
volcaniclastic deposits occur interspersed between pil-
low lavas. The entire surface is dusted by moderate
amounts of unconsolidated sediment. As the dive
progressed upslope, the relative coverage of volcani-
clastite increased, as did the thickness of the deposits
(Fig. 1le). At one point, the depth increased as we
continued towards shore. This saddle is buried in
thick, unconsolidated rippled sediment at least 20 cm
thick (push core length). Continuing towards shore,
we encountered pillow lava and talus of pillow frag-
ments. One isolated block of carbonate (Fig. 111),
apparently a large loose block that slid down from
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Fig. 9. Ar—Ar age spectra for samples T298-R8 (a) and T298-R16 (b) from the isolated cone off the northeast shore; T273-R5 (c), T273-R6 (d), and
T273-R9 (e) from the submarine Koko Rift; and T272-R1 (f), T272-R6 (g), and T272-R11 (h) from the submarine slope of Diamond Head. Spectra
and reliability of the argon age data are discussed in the text.

upslope, was encountered and sampled near the end of with samples R1, R6, and R11 having the most crys-
the dive. talline groundmass with the coarsest augite and pla-

gioclase crystals. The volcaniclastic samples (R2, R3,
5.2. Petrography and R4) are siltstones to sandstones with minor to

abundant fresh glass shards remaining (Figs. 5a,b and

All the lava samples are dense to only slightly 6a). Some glass shards have highly elongate bubbles
vesicular (<2%) and have similar mineralogy, contain- (Fig. 5a and b). All three samples contain a minor
ing only olivine microphenocrysts. Many of the sam- component of carbonate coralgal grains (fragment cen-
ples have fine-grained quench groundmass textures, ter right in Fig. 6a). Sample RS is a siltstone with
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Fig. 10. Map showing the region on the south side of O‘ahu and the dive tracks for ROV Tiburon dive T273 on the southwestern submarine
extension of the Koko Rift and dive T272 on the southern flank of Diamond Head. The known subaerial vents of the Honolulu Volcanics
are shown as pentagons labeled with vent group numbers from Jackson and Wright (1970). Previously unidentified vents along the Koko
Rift are indicated by diamonds, with two additional westernmost vents beneath the dive track for T273. Offshore bathymetry as in Fig. 1
with additional nearshore Lidar data (U.S. Army Corps of Engineers, Mobile, Alabama; http://shoals.sam.usace.army.mil/default.htm). The
locations of the bottom photographs in Fig. 11 are indicated along the dive tracks, as are the first and last rock sample collected during each

dive.

about half volcanic and half fossiliferous carbonate
grains.

5.3. Glass compositions

Analyses of 77 glass sand and lapilli from volcani-
clastic sandstone and siltstone define a range of alkalic
basalt compositions (Table 1; Fig. 2; Fig. 7, group E)
with MgO ranging from 5.31 to 6.46 wt.%. Glass from
volcaniclastite samples R2 to R4 are nearly identical and
fall within the range of compositions of solitary glass
sand grains extracted from PC63. None of the samples
collected in the later, shallowest part of the dive had any
unaltered glass. The analyses have some broad trends
with lower MgO grains having higher Al,0;, CaO,
Na,0, K,0, and TiO,. The lower SiO, grains also
have higher S (Fig. 12). A single analyzed glass inclu-
sion in an olivine crystal contains about 0.2 wt.% S.

5.4. Whole-rock chemistry

The five analyzed samples from the south flank of
Diamond Head are all primitive alkalic basalt (MgO=

11.63 to 12.33 wt.%) that can be divided into two
slightly different compositional groups. The first
group, the samples from deeper on the slope (T272-
R1, -R6, and -R7) is slightly less enriched in light-REE
(Fig. 8) and has small negative Y and Pb anomalies; a
small positive Ti anomaly; large negative Zr, Hf, K, U,
Th, Rb, and Cs anomalies; and large positive P and Sr
anomalies. The second group of samples (T272-R9 and
-R11) has a small negative Y anomaly; large negative Ti,
Hf, Zr, K, U, Th, Rb, and Cs anomalies; and large
positive P and Sr anomalies. This group has more
light-REE enriched patterns and larger negative K and
Ti anomalies compared to the first group.

5.5. Ar-Ar age data

Following low-precision initial steps, the age spec-
trum of sample T272-R1 (Fig. 9f) is reasonably flat
near 400 ka, with a somewhat older final step near
600 ka. Uncertainties on individual steps are on the
order of +0.06 Ma (uncertainties on individual steps
are quoted at £ 1o). Radiogenic yields (the percent of
“OAr that is radiogenic, as opposed to atmospheric)
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Fig. 11. Framegrabs of video recorded during ROV Tiburon dives T273 (a—c) and T272 (d—f). Each image shows an area of the seafloor roughly 3—4
m across. (a) Thin-bedded volcaniclastite deposits containing some angular clasts at 491 m; (b) pillow lava near collection site of T273-R6 and -R7
at 498 m; (c) cross-bedded fine volcanic ash beds near collection site of T273-R8 at 513 m; (d) thin-bedded volcaniclastite deposits draped over
pillow lavas at 558 m; (e) thick-bedded volcaniclastite deposits at 513 m; (f) karstic carbonate block at 503 m.
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Fig. 12. S versus SiO, diagram for glasses. Symbols as in Fig. 6. A
single glass inclusion in an olivine phenocryst in Group E glass is
labeled.

vary from 0 to 5.8% throughout the bulk of the
spectrum (excluding the final low-precision heating
step). The K/Ca ratio (calculated from the measured
ratio of *’Arc,/*’Ar) is typical for a basalt, reaching
a maximum near 0.6 in the low- to middle-temperature
parts of the spectrum as glass and plagioclase degas
then dropping at higher temperatures as low-K, high-
Ca pyroxene degasses. A weighted-mean age calculat-
ed for steps B to G for this sample is 0.36 £ 0.07 Ma
(all errors for calculated and intercept ages are quoted
at 20). The MSWD value for this interval of the age
spectrum is 1.3, indicating that all of the age variation
among steps can be accounted for by analytical error.
Because of the low radiogenic yields of individual
analytical steps, the isotope correlation plot of this
data appears as a tight cluster of points near the Y-
axis rather than forming a well correlated linear array.
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Nonetheless, the isochron intercept age (0.32 +0.04
Ma) is within error of the weighted mean age, and the
“OAr/°Ar intercept (297.1 +2.4) is within error of the
atmospheric value (295.5).

The age spectrum for sample T272-R6 (Fig. 9g) is
considerably less precise and more disturbed than that
of the previous sample. Uncertainties on individual
steps are on the order of +0.5 Ma. Radiogenic yields
in the middle part of the age spectrum reach a max-
imum of only 2.7%. K/Ca ratios reach a maximum of
only 0.2. The weighted mean age of steps B to G is
0.8 0.6 Ma, although the high MSWD of 3.1 for this
interval demonstrates that the age variation among
steps is larger than can be accounted for by analytical
error alone. The data do not define a sensible linear
array on an isochron correlation diagram; the slope of
the intercept age is positive, yielding a negative inter-
cept age.

The age spectrum for sample T272-R11 (Fig. %h) is
even more problematic than T272-R6. Precision of
individual steps is on the order of 0.6 Ma, and
radiogenic yields for the majority of the age spectrum
are close to zero. The age spectrum is strongly discor-
dant, with ages of initial steps climbing from initial
negative ages (reflecting uncertainties in correcting for
large amounts of atmospheric *°Ar) to more than 3 Ma.
The mean age of the three relatively concordant lower
temperature steps is —0.4 0.6 Ma. The data fail to
form a well-correlated array on an isochron correlation
diagram.

6. Slope and canyon deposits
6.1. Locations and dive observations

Volcaniclastic deposits were observed on the north-
east flank of O‘ahu during dive T298, both north and
southwest of the isolated cone, and in a submarine
canyon on the northeast flank of O‘ahu that was ex-
plored during dive T299 (Fig. 3).

After crossing over the solitary cone during dive
T298, we continued through a trough consisting of
bedded volcaniclastic deposits, sculpted by erosion
(R19, PC78 and PC65; Fig. 4e). This region has mod-
erate backscatter and extends about 0.75 km from the
base of the cone. Farther south and moving upslope, the
dive ended in rippled unconsolidated sediment (PC66
and PC69; Fig. 4f) that has low backscatter on the sonar
maps. Some of the volcaniclastic deposits on the down-
slope side of the cone (R3 and R5) contain admixed
slope deposits with distinct alkalic basalt glass compo-
sitions discussed below.

Dive T299 began in layered sediments exposed near
the axis of the canyon and recovered several clasts
transported down the canyon. This dive is included
here only because a single volcaniclastic sample with
fresh glass was recovered.

6.2. Petrography of recovered samples

The fine-grained pale glass that comprises much of
the matrix in T298-R3, and occurs rarely in T298-RS5,
consists of highly vesicular fragments. Fluidal frag-
ments are common (Fig. 13a, ¢, and f). Stretched-bub-
ble scoria-like fragments (Fig. 13d and f) or thin
bubble-wall fragments (Fig. 13a, b, and ¢) occur less
frequently. In many fragments, bubbles are elongate
(Fig. 13b, d, and f), coalesced (Fig. 13d, and f), or
burst (Fig. 13c¢). Sample T298-R19 is volcaniclastic
sandstone to lapillistone that is lithologically similar
to the fine matrix grains in R3 and R5. It contains
only olivine microphenocrysts and the lapilli-sized
glassy clasts of alkalic basalt composition are highly
vesicular (>50%, Fig. 6f) and are largely altered to
yellow—brown palagonite. Some fragments are tachy-
lite, but no crystalline rock fragments occur in the
sample. Mixed in the volcaniclastite samples are rare
planktonic foraminifers (Figs. 5f and 6f). Some clasts
are highly fluidal (Fig. 5d) or highly vesicular (>90%,
Fig. 5¢). Loosely cemented volcaniclastite recovered in
PC 65 is nearly identical in texture, composition, and
alteration to R19. PC78, collected near R19, contains
some of the volcaniclastic sands seen in R19 but is
mainly unconsolidated biogenic sediment observed at
the surface near the end of the dive. The silt-to-sand
component of this composite sample contains plank-
tonic and benthic foraminifera, sponge spicules, gastro-
pod and bivalve shells and fragments, pteropods, rare
squid beaks, abundant transparent green euhedral oliv-
ine crystals and glomerocrysts, and rare vesicular and
dense glass fragments of alkalic and tholeiitic basalt
composition, respectively (see glass chemistry section
below).

Samples T298-PC66 and T298-PC69, collected at
the end of the dive, are similar hemipelagic muds. The
small silt-to-sand component consists of planktonic and
benthic foraminifera, sponge spicules, pteropods, rare
ostracods, radiolarians, gastropod and bivalve shells,
wood and/or charcoal fragments, rare squid beaks,
rare angular dense glass fragments of tholeiitic compo-
sition (see below), and rare, irregular, translucent yel-
low—green olivine crystals.

The samples from dive T299 all appear to be clasts
transported down the canyon. One sample is a dense,
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Fig. 13. Photomicrographs of glass pyroclasts in T298-R3, all in reflected light. (a) Fluidal hairpin-shaped pyroclast (center); (b) slightly curved
limu o Pele fragment (center) and range of vesicular pyroclasts, some with elongate and others with round vesicles; (c) fluidal vesicular pyroclast
with large burst vesicle; (d) lapillus with coalesced vesicles; (e) thick limu o Pele fragment; (f) fluidal vesicular lapillus with coalesced vesicles.

altered tholeiitic basalt (based on petrography) and
three others are carbonate sandstones that include shal-
low water coralgal fragments, large foraminifers, other
unidentified carbonate fragments, rare plagioclase and
olivine crystals, and rare altered volcanic fragments.
The final sample (R3) is another sandstone, but with
about half carbonate sand grains and half vesicular,
altered volcanic grains. A single lapillus has a fresh
glass core remaining.

None of the samples was analyzed for whole-rock
chemistry, isotopes, or Ar—Ar age dating due to their
tiny size (individual sand and silt grains) or alteration
characteristics.

6.3. Compositions of glass

From dive T298, we analyzed 78 glass grains from
R19, from loosely cemented volcaniclastic deposits
sampled by PC65 and PC78 upslope from the cone,
and sand grains in R3 and R5 on the downslope side
of the cone. These glasses are alkalic basalt (Fig. 7,
group B) with a wide range of compositions
(Si0,=43.6-48.35 wt.%, MgO=5.58-7.83 wt.%,
K,0=0.91-1.52 wt.%, and S=260-760 ppm). There
are two broad trends in the data with decreasing MgO:
one to slightly higher SiO,, higher Al,O3, and similar
CaO, and the second to lower Al,O; and SiO,, and
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higher CaO. Trends for other major elements are not
well defined. The lower SiO, samples also have
lower S contents than the higher-SiO, ones (Fig.
12). Several grains with the highest SiO, (around
48 wt.%) are more SiO,-rich than any previously
analyzed lava from the Honolulu Volcanics (Clague
and Frey, 1982).

Glass analyses of 26 grains recovered from uncon-
solidated biogenic sediments (PC66, PC69, some in
PC78) even farther upslope near the end of the dive
are tholeiitic basalt with Si0,=52.0-53.2 wt.%, MgO=
5.4-7.7 wt.%, K,0=0.32-0.54 wt.%, TiO,=1.88-2.93
wt.%, and <110 ppm S (Table 1; Fig. 7, group C). TiO,,
FeO, Na,O, K,O, and P,0s increase with decreasing
MgO, whereas Al,O3 and CaO first increase and then
decrease at MgO below about 6.5 wt.%.

A single unaltered lapillus in R3 recovered during
dive T299 is sodic nephelinite (Table 1; Fig. 7, group
F) with up to 7.0% NayO. The four analyses plotted in
Fig. 7 are from a single lapillus. Previously reported
analyses of 13 nephelinite whole-rock lava samples
from the Honolulu Volcanics have Na,O between 2.6
and 4.5 wt.% (Clague and Frey, 1982), significantly
lower than either the T299 or the T298 nephelinites
reported here. For the most part, the compositions
extend the trends of nephelinite compositions from
dive T298 to lower MgO and higher Al,O3;, Na,O,
P,Os, and CI contents. However, the glass is higher in
CaO and lower in TiO, and K;,O than extrapolation of
the T298 trends would predict. Sen et al. (1996)
presented analyses of interstitial melts in xenoliths
with similar high alkalis, but much higher Al,O;,
and we have analyzed a glassy rind on xenolith
88SAL1-4 from Salt Lake Crater with similar charac-
teristics (cited in Sen et al., 1996). Similar high-Na,O
nephelinite glasses are reported from the slope of
Kilauea Volcano (Sisson et al., 2002).

7. Radiogenic isotopic analyses

The subaerial Honolulu Volcanics have depleted,
and generally moderately homogeous isotopic ratios
with 14 samples having *’Sr/*®Sr ranging from
0.70328 to 0.70348 and '*Nd/'**Nd ranging from
0.51303 to 0.51308 (Stille et al., 1983; Roden et al.,
1984; corrected to common standard values). Pb isoto-
pic data are even more homogenous with 12 samples
having *°°Pb/°*Pb ranging from 18.04 to 18.20,
*pb/*Pb from 15.44 to 15.47, and *”*Pb/**Pb
from 37.69 to 37.83 (Sun, 1980; Stille et al., 1983).
Only the samples reported by Stille et al. (1983) were
analyzed for all three isotopic systems.

The submarine samples of the Honolulu Volcanics
are also homogeneous, but have *’Sr/**Sr ratios at the
high end of the range for subaerial Honolulu Volca-
nics (Table 3 and Fig. 14; Stille et al., 1983; Roden et
al., 1984). Five of the samples have Nd isotopic ratios
similar to previously reported values and one sample
from the northeast cone has lower '*Nd/'**Nd than
previous reported for subaerial Honolulu Volcanics
(Stille et al., 1983; Roden et al., 1984). Pb ratios
slightly expand the range reported for subaerial Hon-
olulu Volcanics lavas (Sun, 1980; Stille et al., 1983)
with one Diamond Head sample having 2°°Pb/**‘Pb
and 2°*Pb/2**Pb higher than previously reported and
samples from each dive having Pb ratios lower than
the ranges cited above. Other than slightly expanding
the ranges of values for the Honolulu Volcanics, the
data for the submarine samples are similar to pub-
lished data for subaerial samples. The nephelinite
samples from the northeast cone (dive T298) re-
quired a more rigorous acid leaching for Sr isotopic
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Fig. 14. Isotopic data for published subaerial Honolulu Volcanics
samples (Stille et al., 1983; Roden et al., 1984) and for 6 samples
from the submarine Honolulu Volcanics vents (Table 3). (a)
15Nd/"Nd versus 7St/%°Sr and (b) ¥7St/*°Sr versus 2°°Pb/2%*Pb.
The submarine lavas generally have slightly more radiogenic Sr iso-
topic ratios, but similar ranges of Nd and Pb isotopic ratios, compared
to the subaerial lavas.
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analyses. Our initial treatment, outlined in Table 3,
was inadequate and led to anomalously radiogenic
results.

8. Discussion
8.1. Distribution of Honolulu Volcanics vents

The swath bathymetry offshore Ko‘olau Volcano
(Fig. 1) increases the number of Honolulu vents from
the 37 onshore and nearshore vents that formed small
islands (Winchell, 1947) to 42 vents. Jackson and
Wright (1970) defined a series of roughly parallel
northeast-trending fissures along which most vents
could be grouped. The offshore vents do not change
their general interpretation. However, the new offshore
data demonstrate how few additional vents occur on the
submarine flanks of the volcano in comparison to the
numerous vents on or close to the island. Even more
striking is that 5 of the 6 submarine vents occur aligned
with and adjacent to the 13 known vents comprising the
Koko Rift. The data demonstrates that the Honolulu
Volcanics erupted almost entirely through the island
with the most distal vent only 12 km from the northeast
shoreline.

Several of the lithologies recovered during dives
T298 and T299 cannot be traced back to known vents.
For example, all of the vents upslope in the vicinity of
Ulupa‘u Head (labeled 1-6 in Fig. 2) are nephelinite or
melilitite, so there is no known vent on the northeast side
of Ko‘olau that could be the source for these deposits.
The recovered glasses range from submarine-erupted
high-S (up to 760 ppm), lower-SiO, alkalic basalt com-
positions to low-S (as little as 260 ppm) higher-SiO,
alkalic basalt compositions (see Fig. 12). Reiners and
Nelson (1998) have documented changes in composi-
tion during rejuvenated-stage eruptions of the Koloa
Volcanics on Kaua‘i that progress from more to less
alkalic. If decreasing S content in these glasses is inter-
preted to indicate decreasing eruption depth as the vent
grew towards sea level, then the compositional sequence
of this unknown Honolulu Volcanics vent is, like the
Koloa vents, from more to less alkalic. The low S
contents of the least alkalic glasses suggest that the
vent approached, but did not breach, sea level. The
vent may be located northeast of Ulupa‘u Head, buried
beneath younger reef deposits that form several terraces
shallower than 100 m deep (Fig. 3). The most likely
location is near 157°41’30”, 21°28' 40" where a northeast
oriented flat-topped ridge rises above 100 m depth.

Likewise, the sodic nephelinite composition of the
glass recovered during dive T299 is unknown from any

vent in the Honolulu Volcanics. The high-S in this glass
suggests that it erupted below sea level from a vent now
buried beneath later-formed vents in the vicinity of
Ulupa‘u Head.

Dive T272 on the flank of Diamond Head recovered
lavas having two distinct compositions with the shal-
lower samples (R9 and R11) being less alkalic and
therefore larger degree melts than the deeper samples
(R1, R6, and R7). Since there is a small saddle between
these samples, it is possible that the deeper samples
were erupted from a separate small vent on the flank of
Diamond Head. However, the sequence here is also
consistent with evolution from earlier (downslope)
smaller-melting-degree more-alkalic magmas to less-
alkalic larger-melting-degree magmas with time, as
proposed by Reiners and Nelson (1998) for vents of
the Koloa Volcanics on Kaua‘i. Although no interme-
diate composition glasses or rocks were recovered, we
prefer this interpretation as a hypothetical vent on the
flank of Diamond Head would be of miniscule volume.

8.2. Eruption styles

The submarine vents each consist of lava flows and
volcaniclastic deposits that range from fine-bedded ash
to volcanic breccia. The young age of the vents and the
relative vertical stability of O‘ahu (Moore, 1987) indi-
cate that the vents are situated at approximately the
same depth at which they formed. The summit of the
isolated cone on the northeast flank of the island, at
about 590 m depth, consists of breccia and lapillistone
consisting of vesicular glassy clasts. The lack of finer-
grained deposits suggests that these volcaniclastic
deposits formed during pyroclastic eruptions, with little
role for seawater beyond quenching the ejected magma
clots to glass. The glass contains high concentrations of
S (average 1500 ppm), consistent with their nephelinite
composition and submarine eruption (Dixon et al.,
1997). The coarse clast sizes and confinement of depos-
its to the flanks of the cone suggests that activity was
not highly energetic; such eruptions were probably
strombolian. Lava fragmentation was apparently caused
by exsolution and escape of large amounts of magmatic
volatiles, as has been proposed for as deep as 4200 m
around Hawai‘i for similar strongly alkalic magmas
(Davis and Clague, 2005) or as deep as 3800 m along
the Gorda Ridge for mid-ocean ridge basalt composi-
tions (Clague et al., 2003). The summit of the cone
consists of blocky lava flows that resemble talus depos-
its, except they occur at the summit of the cone. These
lavas erupted effusively and formed blocky flows. Such
flow forms suggest the lava was more viscous than that
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producing pillow lava, consistent with their fractionated
compositions (5-5.4 wt.% MgO) and vesicle- and crys-
tal-rich petrography. The alkalic basalt fragments in the
deposits that blanket the slope on the northwest side are
highly vesicular (Fig. 13) and retain significant volatiles
in the quenched glasses (Fig. 12), consistent with for-
mation during submarine pyroclastic eruptions. The
deposits consist only of fine-grained fragments, sug-
gesting that the fragments were transported down slope
from a shallower eruption site.

Other deposits on two vents on the submarine ex-
tension of the Koko Rift, at depths of 450 and 370 m,
are dominantly fine-bedded ash. These deposits are
most likely ash produced during Surtseyan eruptions
that occurred at the depth of the top of the cones or
slightly deeper (<500 m). The ash was apparently
erupted from the cones and was deposited by density
currents on their slopes. The glasses have intermediate
S contents (440-920 ppm) consistent with their subma-
rine eruption. These same cones also have blocky lava
flows whose flow forms are again consistent with vis-
cous lavas with fractionated glass compositions (6—6.4
wt.% MgO) that are crystal-rich.

Dense pillows with small pillow buds on the flank of
Diamond Head are draped by younger bedded ash
deposits. Fresh undegassed glasses in fine-grained vol-
caniclastite samples have S contents ranging from 440
to 1290 ppm, consistent with submarine eruption. A
single glass inclusion in an olivine contains 2060 ppm
S, suggesting that the melt contained at least this much
S prior to degassing at shallow depths, during which
37-79% of the initial S was lost. The S data are
consistent with formation of the ash deposits during
submarine Surtseyan eruptions as Diamond Head grew
upwards towards sea level. Underlying pillow lavas are
dense, most likely distal, flows of submarine erupted
effusive lavas that predate the Surtseyan eruptions that
formed Diamond Head. No degassed glass was recov-
ered so either glasses formed during the subaerial phase
of Diamond Head’s growth were not transported down
slope as far as the dive location or the quenched frag-
ments are completely altered to palagonite.

8.3. Petrogenesis of lavas

8.3.1. Tholeiitic glass from dive T298

The compositions of the tholeiitic glass grains re-
covered during dive T298 do not match the high-SiO,
character of late Ko‘olau lavas erupted during the
Makapu‘u stage (e.g. Frey et al.,, 1994; Hauri et al.,
1996; Jackson et al., 1999) but are similar to the lower-
SiO, (Mauna Loa-like) lavas recovered from deeper in

the shield by the Ko‘olau Scientific Drilling Project
(Haskins and Garcia, 2004) and to numerous samples
recovered from the offshore blocks of the Nuuanu
landslide which were derived from Ko‘olau Volcano
(Tanaka and Nakamura, 2002; Shinozaki et al., 2002;
Clague et al., 2002). We infer that the tholeiitic glasses
recovered from the northeast flank of Ko‘olau erupted,
probably from within Ko‘olau caldera based on their
location, before the transition to high-SiO, Makapu‘u
stage lavas slightly after 2.9 Ma (Haskins and Garcia,
2004). The lack of younger Makapu‘u stage glasses
suggests that such lavas did not overflow the caldera
bounding faults on the northwest side of the caldera.

The tholeiitic glasses are all evolved melts derived
from a narrow range of parental melts by crystal frac-
tionation. Both olivine and then multiphase crystalliza-
tion stages are represented by the melt compositions.
All elements increase as MgO decreases down to about
6.8 wt.% during olivine crystallization. Al,O5 and then
CaO decrease while all other elements increase as MgO
continues to decrease as plagioclase, augite, and pi-
geonite crystallize, similar to other tholeiitic lavas in
Hawai‘i (Helz, 1987; Clague et al., 1995). Al,O5 begins
to decrease at about 6.8% MgO but CaO does not peak
until about 6.3 wt.% MgO, suggesting that plagioclase
crystallization begins at about 1168 °C and is followed
by augite crystallization at about 1157 °C, applying the
geothermometer for compositionally similar Mauna
Loa glasses (Montierth et al., 1995). The temperature
at which plagioclase first appears is similar, but augite
crystallization is suppressed (compared with melts;
Helz and Thornber, 1987) by about 10 °C, presumably
due to the lower CaO content of Mauna Loa and these
Ko‘olau melts compared with Kilauea melts.

The low S contents indicate that these glass grains
were derived from subaerially erupted and degassed
lavas during the shield stage of Ko‘olau Volcano, pre-
sumably from numerous flows that entered the ocean
where explosive secondary (littoral) eruptions produced
the glass grains. The grains formed at the coast were
then transported downslope, mixed with biogenic sed-
iment on the slope, and deposited where we collected
them.

8.3.2. Submarine Honolulu Volcanics lavas

All the rocks are alkalic, ranging from alkalic basalt
(all T272 samples, T273-R1, -RS5, and -R6), through
basanite (T273-R9, and -R12), to nephelinite (all T298
samples, T299-R3. Glasses from each location are dis-
tinctive but the compositions, with the exception of a
sodic nephelinite glass from dive T299, are broadly
similar to whole-rock compositions previously found
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for the subaerial Honolulu Volcanics (Clague and Frey,
1982).

The trace element characteristics of rejuvenated
stage lavas from O‘ahu, Kaua‘i, and the North Arch
(Clague and Frey, 1982; Feigenson, 1984; Clague and
Dalrymple, 1988; Clague et al., 1990; Maaloe et al.,
1992; Dixon et al., 1997; Frey et al., 2000; Yang et al.,
2003) are consistent with partial melting of a garnet
lherzolite source, leaving varying amounts of residual
garnet, clinopyroxene, and olivine, and at low degrees
of melting, phlogopite and Fe—Ti oxides. New glass and
whole-rock data on submarine samples allow us to
evaluate: (1) the primitive or near-primary character
of the magmas and melts in the Honolulu Volcanics;
(2) the behavior during partial melting of some ele-
ments (such as Na, K, Rb, Sr, and Ba) that may be
mobile during post-eruptive weathering of subaerial
lavas (Clague and Frey, 1982); and (3) the spatial
distribution of lava characteristics that reflect either
variability in melting processes or source composition
and mineralogy.

The off-shore Honolulu Volcanics whole-rock anal-
yses have high MgO (11.25 to 12.90 wt.%), Ni (254—
307 ppm), and Cr (414-539 ppm), consistent with
primitive or near-primary magmas, as seen for nearly
all the lavas on land. The major element analyses are
shown on P,0Os-variation diagrams in Fig. 15 with data
for subaerial Honolulu Volcanics (Clague and Frey,
1982), Koloa Volcanics on Kaua‘i (Clague and Dalrym-
ple, 1988) and for North Arch volcanic field samples
(Clague et al., 1990). The submarine lavas generally
plot within the fields for subaerial Honolulu lavas and
have compositional trends similar to all three rejuve-
nated stage groups of lavas. Glass analyses from the
subaerial Honolulu Volcanics have not been reported,
reflecting the rarity of glass in the subaerial environ-
ment. Glass compositions of the submarine samples,
however, are all evolved melts with low MgO contents
(ranging from 4.56 to 7.83 wt.%) and demonstrate that
these near-primary magmas consist of low-MgO, low-
temperature, Kilauea melts that contain abundant oliv-
ine and (sometimes) augite microphenocrysts. The sub-
marine Honolulu magmas have therefore cooled
significantly during transit through the upper mantle
and crust, but the melt and crystals did not separate.

Similar observations have been made of the North
Arch lavas (Clague et al., 1990) where 15 of 23 whole-
rock analyses have MgO> 10 wt.% but the glasses have
35 of 36 compositional groups with MgO<10 wt.%
and 26 have MgO<8 wt.%. Clague and Dixon (2000)
argued that the more evolved melt compositions in the
North Arch, compared to the near-primary magmas of

the on-land rejuvenated stage lavas like the Honolulu
Volcanics, reflected transport through cold lithosphere
away from the islands compared to transport through
lithosphere heated by the plume beneath the islands.
Most of the glasses from the submarine Honolulu Vol-
canics are from clastic deposits and are highly vesicular.
They therefore represent melt compositions erupted at
the vents. The new data suggest that both the North
Arch and Honolulu Volcanics are mostly near-primary
magmas consisting of evolved melts that cooled and
crystallized small olivine and, in some cases, augite
microphenocrysts during melt migration, and that in
cach case the melt and crystals did not fractionate
significantly during transport.

The submarine samples, even those treated with mild
acid to remove secondary carbonate, appear to be little
affected by post-eruptive element mobility of Na, K,
Rb, Ba, and Sr (Fig. 8) compared with the variability
observed for subaerial samples (Clague and Frey,
1982). We noted that Cs, Rb, U, K, Pb, and Sr varied
among the six nephelinite samples from dive T298, and
these variations suggest limited element mobility, par-
ticularly for Cs, in the more strongly alkalic lavas.
Likewise, it appears that the more alkalic subaerial
lavas have been the most susceptible to incompatible
element mobility during late stage crystallization and
alteration (Clague and Frey, 1982). These elements
form linear trends with other highly incompatible ele-
ments such as La, unlike the broad scatter observed in
their subaerial counterparts.

The new isotopic data indicate that the time-aver-
aged composition of the source region for both on-
shore and off-shore Honolulu Volcanics was depleted
and homogeneous, with the possibility of a small in-
crease in Sr-isotopic ratios for the offshore region (Fig.
14). The isotopic homogeneity of the samples allows us
to use relatively simple melting models to evaluate
melting processes and source mineralogy.

For example, models developed by Yang et al.
(2003) suggest that the source of the North Arch
lavas contained significantly more garnet and more
clinopyroxene than the source for the subaerial Hono-
Iulu Volcanics. The steeper positive slope for the sub-
marine Honolulu Volcanics samples on a Tb/Yb-Th
plot (Fig. 16a) than for either the North Arch or the
subaerial Honolulu Volcanics suggests that the source
for the submarine Honolulu Volcanics lavas has even
more garnet than the North Arch source. The source
region for these rejuvenated stage lavas is strongly
zoned with low garnet content beneath the island and
greater garnet content peripheral to the island, then
lower (but not as low as beneath the island) garnet
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Fig. 15. P,Os-variation diagrams for whole-rock compositions from submarine vents of the Honolulu Volcanics and comparable data for
rejuvenated stage lavas from the subaerial Honolulu Volcanics (Clague and Frey, 1982), subaerial Koloa Volcanics on Kaua‘i (Clague and
Dalrymple, 1988) and from the submarine North Arch volcanic field (Clague et al., 1990). All the whole-rock data was normalized on a dry-reduced

basis.

content several hundred kilometers from the island
(beneath the flexural North Arch). The submarine Hon-
olulu Volcanics have roughly constant Zr/Sm (Fig. 16b)
and a positive slope on a Zr/Tb-Th plot (Fig. 16¢) in
contrast to the subaerial Honolulu Volcanics, which
have the opposite (although the subaerial Honolulu

samples are more scattered). These relations indicate
that Dg,,~D <Dy, for the submarine Honolulu Vol-
canics compared to having Dg, <Dz ~Dt, for the
subaerial Honolulu Volcanics. These differences are
similar to the differences between group A and B
lavas from the North Arch, which Yang et al. (2003)
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attributed to different proportions of garnet or Fe—Ti
oxides in the sources, with a greater amount in the
source for the offshore samples. This spatial zonation
of source mineralogy occurs despite the nearly homo-
geneous isotopic composition of the sources.

Yang et al. (2003) also inferred that the source for
the Honolulu Volcanics was characterized by K deple-
tion and Ba enrichment. The submarine samples also
have relative Ba enrichment, although the primitive
mantle-normalized plots suggest that the apparent en-
richment is due to depletions in adjacent Cs, Rb, U and
Th. The depletion in Th relative to Ba results in high
Ba/Th, a characteristic of Hawaiian lavas (e.g. Yang et
al., 2003). Some of these samples have even higher Ba/
Th (up to about 265) than previously reported for
Hawaiian lavas. The lack of a negative K anomaly
(Fig. 8) for the deep group of samples from the Koko
Rift (T273-R1, -RS5, -R6) suggests that the K depletion
results from the melting process rather than from an
inherent source characteristic. This observation sug-
gests that the K depletion observed in all the subaerial
Honolulu Volcanics, as well as the North Arch Volca-
nics probably results from K retention in phlogopite or
amphibole during melting and that only during the
largest degrees of melting is this residual K-rich
phase completely exhausted.

The trace element data also show that Sr is enriched
in these samples (Fig. 8), as previously noted for sub-
aerial Honolulu Volcanics and North Arch Volcanics
samples by Yang et al. (2003). The submarine samples
with the greatest Sr enrichment have the lowest Th and
are the largest degree partial melts (Fig. 16d). The

isotopic analyses for several samples from T298
(Table 3) suggest that some portion of the Sr enrich-
ment may be due to seawater addition since Sr isotopic
ratios decrease with more severe acid leaching. How-
ever, simple mass balance calculations show that no
more than about 40 ppm Sr with seawater Sr isotopic
ratio could be added to these samples which contain in
excess of 900 ppm Sr. Thus the effects of seawater
addition are limited to 5% of the Sr present and do not
account for the much larger Sr enrichments observed in
most samples. A similar Sr enrichment in glass inclu-
sions in olivine crystals in tholeiitic lavas from Mauna
Loa Volcano has been attributed to a recycled ocean
crust effect where the chemical signature of cumulus
“ghost” plagioclase is preserved in eclogite in the
source region (Sobolev et al., 2000). The Sr enrichment
in the submarine Honolulu Volcanics samples could
reflect the same ocean crust signature, although these
samples also have a smaller enrichment in P, which has
similar incompatibility to Sr. Simultaneous enrichment
of Sr and P is unlikely to result from a “ghost” plagio-
clase effect of recycled ocean crust, but could result
from incorporation of an altered crustal component.

8.4. Ages

We collected numerous pillow lava (Figs. 4a and
11b) and blocky lava (Fig. 4d) fragments, but none
retained any glass rind. The young ages of the subma-
rine Honolulu Volcanics vents, discussed below, appear
at odds with this observed lack of glassy rinds on the
lava flows observed and collected. This discrepancy is
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so striking that at first we thought the lack of glass was
an indication that the Honolulu eruptions were older
than previously proposed. The rate of glass replacement
by palagonite is, however, exponentially dependent on
temperature (e.g. Moore et al., 1985) and the lack of
glass rinds is consistent with alteration in warm, rela-
tively shallow waters. Water temperatures, measured
during the dives where these samples were collected,
ranged from 4.5 °C at 870 m to 10.2 °C at 380 m,
consistent with alteration rates up to 5 times more rapid
(Moore et al., 1985) than in typical deep water envir-
onments where water temperatures are generally only a
few degrees.

The age spectra from all eight samples (Fig. 9) begin
with one or more highly imprecise steps, which, in
some cases, are anomalously old. These initial steps
reflect low-temperature release of large amounts of
atmospheric argon, probably chiefly from hydrated ma-
trix glass and interstitial authigenic clay. The anoma-
lously old apparent ages of some of the initial steps in
some cases are probably due to excess *’Ar in the
glassy matrix, although swamping of the mass spectro-
meter’s electron multiplier detector by large atmospher-
ic argon signals and remaining reactive gasses may also
have affected the accuracy of measurement of these
steps. Following these initial irregular, low-precision
steps, the age spectra of all eight samples tended to
become more precise and generally flatter, although the
precision of individual steps and the degree of discor-
dance vary widely from sample to sample.

“OAr*?Ar dating results from these samples are con-
siderably better than those obtained from many other
young basalts erupted in submarine or littoral environ-
ments (for example, Duncan and Hogan, 1994). Com-
plicating factors in dating such basalts include low K,O
contents, excess *’Ar in glass (Dalrymple and Moore,
1968) and overwhelming amounts of atmospheric *“’Ar
and reactive gasses released from hydrated glass and
authigenic phases, especially clays. Efforts were made
in this study to minimize these effects by electron
microprobe characterization followed by ultrasonic
and HCI acid treatments to reduce observed authigenic
phases. Because of the young age and uniformly low
radiogenic yields of the analyzed samples, weighted
mean ages of flat central portions of the age spectra
are preferred to isochron intercept ages determined
from poorly defined arrays on isotope correlation dia-
grams. This approach is supported by the near atmo-
spheric *°Ar/*®Ar ratios of the low-temperature, low-
radiogenic-yield steps which follow anomalously old
initial steps, arguing against a homogeneous trapped
component containing significant excess *°Ar. Howev-

er, there is still some uncertainty about the role of
excess “’Ar in these rocks. The old apparent ages of
some of the initial heating steps (as old as 213 £ 30 Ma
for the first heating step of T272-R6) may reflect
mantle derived excess *°Ar trapped in glass (Dalrymple
and Moore, 1968), but these initial measurements were
analytically compromised by huge atmospheric *°Ar
signals, as well as by large amounts of reactive gases
which inhibited gas cleanup prior to measurement. It is
unlikely that the weighted mean apparent ages are
strongly affected by excess *°Ar which would make
them appear much older than their actual eruption ages.
However, the possibility that small amounts of excess
“OAr are having some effect on the quoted weighted
mean ages cannot be entirely discounted. Some or all of
the discordance observed in the age spectra may be due
to reactor-induced recoil of *°Ar from relatively high-K
phases into relatively low-K phases. Recoil related
discordance in age spectra is not uncommon in fine-
grained polymineralic samples, particularly where fine-
scale alteration has occurred (e.g. Lo and Onstott,
1989).

The highest quality results were obtained from sam-
ples T298-R8 and T298-R16. The weighted mean ages
of these two samples, 0.48 0.10 Ma and 0.52 + 0.05
Ma, respectively, agree closely, and their weighted
mean age, 0.51 = 0.04 Ma, is considered the best esti-
mate of their eruption age and the formation of the
solitary cone northeast of O‘ahu. Nearby cones on
Ulupa’u Head have ages ranging from 0.4 to 0.7 Ma
(Ozawa et al., 2005).

The age of the northeast cone relative to the age of
the eruption that formed the alkalic basalt glasses re-
covered during dive T298 is not certain. Several volca-
niclastic samples (R3 and R5) from the base of
northwest base of the cone consist of nephelinite lapilli
and alkalic basalt sand grains. All other volcaniclastic
samples are either all nephelinite (R4, R10, R12, PC73,
PC68) or all alkalic basalt (R19, PC65) fragments. The
grainsize relations show that the alkalic basalt grains are
distal turbidites compared to the local origin of the
nephelinite lapilli, and the presence of alkalic basalt
glass fragments in mixed lithology samples from the
downslope side of the cone suggests that the cone
postdates the emplacement of the alkalic basalt turbi-
dites, and that the pyroclastic deposits from the cone
entrained existing alkalic basalt sands.

Results from samples T273-R5, T273-R6, and
T273-R9 from the submarine southwest end of the
Koko Rift are of somewhat lower quality, reflecting
their lower K,O content and glassier, more altered
matrix. Weighted mean ages from these three samples
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are 0.14 £0.10 Ma and 0.14 £ 0.06 Ma for the deeper
southwestern cone, and 0.06 + 0.05 Ma for the north-
eastern cone. These weighted-mean ages overlap at 2o
and the weighted mean of all three is 0.10 +£0.06 Ma.
However, given the discordance and lower radiogenic
yields of much of the age spectrum of T273-R9, the
weighted mean of T273-R5 and T273-R6 of 0.14 =
0.05 Ma, is our best estimate for the eruption age of the
deeper cone. The shallower cone could be the same age
or slightly younger. These age estimates are between
those previously reported for vents along the subaerial
Koko Rift by Gramlich et al. (1972) and Lanphere and
Dalrymple (1980), but in general agreement with new
ages between 0.06 and 0.10 Ma reported by Ozawa et
al. (2005).

Samples T272-R1, T272-R6, and T272-R11 from
the submarine flank of Diamond Head yielded the
lowest quality results in this study, also reflecting
their low K,O and glass-rich, variably altered inter-
stitial matrix. The age spectra of T272-R6 and T272-
R11 are discordant and have low radiogenic yields.
Their weighted mean apparent ages (0.81 £0.62 Ma
and —0.43 £0.63 Ma respectively) have low preci-
sion and questionable accuracy, and are not consid-
ered reliable estimates of eruption age. The age
spectrum of sample T272-R1 is more concordant
and has higher radiogenic yields. The weighted
mean age of T272-R1, 0.36 =0.07 Ma, may be an
accurate estimate of the eruption age of Diamond
Head. This age is consistent, within analytical preci-
sion, with reported ages of the overlying Black Point
basalt (0.29£0.01 Ma, Gramlich et al, 1972;
0.41+£0.04 Ma, Stearns and Dalrymple, 1978; and
0.369+0.012 Ma, Ozawa et al., 2005) and an age
of 0.38%£0.06 Ma for the overlying Kaimuku lava
flow (Ozawa et al., 2005), and suggests that the
Diamond Head tuff and the conformable Black
Point basalt erupted closely in time and space.

9. Conclusions

(1) Lavas and volcaniclastic deposits were observed
and collected from 4 submarine cones that are part of
the Honolulu Volcanics on O‘ahu, Hawai‘i.

(2) The locations of these vents demonstrate that
nearly all the vents of the Honolulu Volcanics are
located on or very close to the shoreline of O‘ahu,
with the most distal vent just 12 km offshore.

(3) The clastic samples and outcrops range from
coarse breccias to cross-bedded ash deposits and
show that explosive volcanism occurred at depths be-
tween about 350 and 590 m.

(4) The eruptive styles appear to be dominantly
effusive to strombolian at greater depths, but apparently
include violent phreatomagmatic explosive activity at
the shallower sites along the submarine southwest ex-
tension of the Koko Rift.

(5) The compositions of the recovered samples are
broadly similar to the strongly alkalic subaerial Hono-
lulu Volcanics lavas, but the submarine lavas, erupted
further from the Ko‘olau caldera have slightly more
radiogenic Sr isotopic ratios, and trace element patterns
that are distinct from either the subaerial Honolulu
Volcanics or the submarine North Arch lavas.

(6) Trace element patterns are characterized by mod-
erate to strong positive Sr and P anomalies, and moder-
ate to strong negative Cs, Rb, U, Th, Zr, and Hf
anomalies. Most samples have strong negative K and
moderate Ti anomalies, as do all subaerial Honolulu
Volcanics and North Arch samples, but one group of
samples from the Koko Rift lack this chemical signature.

(7) The data are consistent with more garnet in the
source region for the off-shore samples than for the on-
shore Honolulu Volcanics lavas and indicate that the
minerology of the source is zoned away from the
islands, despite the homogeneous isotopic characteris-
tics of the on-shore and off-shore samples.

(8) Ar—Ar ages show that eruptions at the subma-
rine vents and Diamond Head occurred between about
0.5 Ma and 0.1 Ma, with the youngest ages from the
Koko Rift, in general agreement with most published
ages for the formation.
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