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tholeiitic basalts of the shield stage, an observation further reinforced by
Macdonald and Katsura (1964). Macdonald (1968) built on these early
observations and recognized a transitional period between the main
shield and later postshield stages, which he referred to as the caldera-
filling stage, a term that reflected the observation that by the end of
the shield stage calderas are no longer a feature of Hawaiian summits.
Macdonald (1968) also noted that it was during this transitional, calde-
frequent.
1. Introduction

Hawaiian volcanoes are known to evolve through a series of growth
stages (Stearns, 1940; Stearns and Macdonald, 1946; Macdonald, 1968;
Macdonald et al., 1983; Clague and Sherrod, 2014), now generally
interpreted to reflect the passage of the volcano over a region of mantle
upwelling or hotspot. Geologic observations of the subaerial portions in-
dicate thatmany can be divided into early and late stages on the basis of
the physical nature of lava successions and their petrographic and
chemical character. These stages have come to be known as shield and
postshield stages of volcanism.

Shield successions form by frequent eruptions of very fluid lava
(Macdonald, 1968), and consist of a high proportion of basaltic
pāhoehoe flows and a very low proportion of pyroclastic deposits
(Macdonald et al., 1983). In contrast, the overlying postshield succes-
sions typically form a thin capping sequence of thicker-bedded and ligh-
ter colored lava flows. Common soil horizons between postshield flows
indicate a marked decrease in eruption frequency, while tephra layers
are increasingly common (Macdonald, 1968; Diller, 1982; Macdonald
et al., 1983; Sinton, 1987;Wolfe et al., 1997; Sinton, 2005). The observed
differences between shield and postshield strata guided geologic map-
ping of individual islands and are the basis for the development of a
stratigraphic lexicon for Hawaiian volcanoes (Macdonald et al., 1983;
Langenheim and Clague, 1987; Fig. 1). Notably, the fundamental strati-
graphic divisions within most Hawaiian volcanoes preceded the avail-
ability of chemical data on them.

Powers (1935) noted petrographic differences among shield and
postshield samples, and Tilley (1950) showed that some postshield
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ra-filling stage that, at least on some volcanoes, eruptions become less

The expanded chemical data constrained by field relations of
Macdonald (1968) demonstrated conclusively that the latter part of
the highly effusive shield stage is characterized by lava successions in
which alkalic basalts first appear, commonly interbeddedwith tholeiitic
lavas, and some sequences include samples that are chemically grada-
tional (compositionally transitional) in character (Macdonald, 1968;
Diller, 1982; Feigenson et al., 1983; Sinton, 1987; Zbinden and Sinton,
1988; Frey et al., 1990; Chen et al., 1991; Wolfe et al., 1997). In each
case these sequences all are in the upper parts of stratigraphic units
that were designated as shield-stage sequences, e.g., Wailuku Basalt of
West Maui (Stearns and Macdonald, 1942), Pololū Basalt of Kohala
(Stearns and Macdonald, 1946), Lower Member of the East Moloka‘i
Volcanics (Stearns and Macdonald, 1947), Honomanū Volcanics of
East Maui (Stearns and Macdonald, 1942), Hāmākua Basalt of Mauna
Kea (Stearns and Macdonald, 1946), Kamaile‘unu Member of the
Wai‘anae Volcanics (Sinton, 1987).

Thus, two different evolutionary “events” characterize the declining
eruptive phases of Hawaiian volcanoes - the period of compositional
transition to alkalic volcanism (within the upper parts of sequences
mapped as shield successions), and the change in lava flow color and
thickness and the nature of eruptions that are the signature of mapped
postshield stratigraphic units. The earlier transition to alkalicmagmatism
has not been mapped in any volcano, primarily because thin-bedded
alkalic basalts and hawaiites are rarely distinguishable from tholeiitic ba-
salts in the field, coupled to the problem that tholeiites and alkalic lavas
are commonly interbedded. In contrast, eight Hawaiian volcanoes (Fig. 1,
including West Moloka‘i based on data presented in this paper), have
mapped postshield sequences, wherein a fundamental change in erup-
tive character has been identified, and whose areal distribution has
been determined. Some of these volcanoes record a significant composi-
tional change across the boundary, such as frommixed tholeiites, alkalic
basalts and hawaiites in the upper part of the Wailuku Basalt of West
awai‘i: Implications for the shield to postshield transition inHawaiian
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Fig. 1. Stratigraphic lexicon of Hawaiian volcanoes showing oldest available ages and age of demise in Ma, based mainly on compilations of Macdonald et al. (1983) and Sherrod et al.
(2007b), with additional information from Clague and Calvert (2009), Garcia et al. (2012), Sinton et al. (2014), and Sherrod et al. (2015). Age of zero indicates eruptions in the 20th or
21st centuries. There likely are scattered postshield lava flows at the top of the Waimea Canyon Basalt on Kaua‘i (Clague and Dalrymple, 1988), that have not been separated
stratigraphically. This compilation follows Macdonald (1968) in designating a late shield stage characterized by declining eruption rates and first appearance of alkalic basalts.
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Maui to the benmoreites and trachytes of the Honolua Volcanics (e.g.,
Sherrod et al., 2007a). In other volcanoes the compositional change, if
any, is more subtle with alkalic basalts and hawaiites occurring on both
sides of the mapped stratigraphic contacts at East Maui and Wai‘anae
volcanoes.

The presence of two different manifestations of declining magma
supply inHawaiian volcanic evolution gives rise potentially to two alter-
natives for assigning stage boundaries. The initial concept was an out-
growth of mapping of individual volcanoes (Stearns, 1940, 1946) and
many subsequent contributions retained the relationship between
mapped stratigraphic units and the volcanic stages represented by
them (e.g., Macdonald, 1968; Macdonald et al., 1983; Sinton, 1987;
Zbinden and Sinton, 1988; Presley et al., 1997). An alternative is the as-
signment of volcanic stages on the basis of rock type or chemical criteria
(e.g. Clague and Dalrymple, 1987; Frey et al., 1990; Wolfe et al., 1997),
although whether the alkalic postshield should begin with eruption of
the first alkalic lava or the last erupted tholeiite is unclear (Clague and
Sherrod, 2014). Neither of these lithologic milestones corresponds typ-
ically to the first-order stratigraphical relations revealed by geologic
mapping. The tholeiitic-to-alkalic chemical criterion for volcanic stage
also leads to ambiguities, such as the presence of tholeiitic basalts in
the traditionally designated postshields of Hualālai (Hualālai Volcanics)
and the Kolekole Basalt of Wai‘anae volcano.

1.1. The shield to postshield transition in Hawaiian volcanoes

The appearance of magmas with alkalic affinity late in the shield
stage can confidently be attributed to a decline inmean extent of partial
melting of theunderlyingmantle as the volcanomigrates away from the
center of upwelling, as predicted from experiments on mantle analog
systems (e.g., Yoder and Tilley, 1962; Green and Ringwood, 1967), and
supported by geochemical modeling (Feigenson et al., 1983; Presley et
al., 1997). Furthermore, the change in chemistry tends to coincide
Please cite this article as: Sinton, J.M., et al., Volcanic evolution ofMoloka‘i, H
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with a decline in eruption frequency, confirming a general correspon-
dence between decreasing mean extent of mantle melting and de-
creased magma supply to the volcano.

Many petrological studies have concluded that postshield magmas
evolved at pressures higher than the 1–2 kbar typical of shield-stage
magmas, and the postshield stage has become associated with the dis-
appearance of shallow chambers and eruption from magma reservoirs
residing near the base of the crust or within the upper mantle (e.g.,
Clague, 1987a; Frey et al., 1990; Sinton, 2005; Shamberger and
Hammer, 2006; Clague and Sherrod, 2014). These moderately differen-
tiated alkalicmagmas tend to be degassed and aphyric, producing short,
thick, ‘a‘ā lava flows from vents composed primarily of cinder, making
them distinctive enough to be awarded member or formation status
in the Hawaiian stratigraphic nomenclature (e.g., Sherrod et al., 2007b).

The petrological signatures of high-pressure evolution include early
(high-temperature, high-MgO) appearance of clinopyroxene as a
liquidus phase (e.g., Bender et al., 1978; Mahood and Baker, 1986) and
the suppression of plagioclase crystallization to low MgO contents.
The prominent role of early clinopyroxene fractionation has been docu-
mented in studies of Mauna Kea (West et al., 1988; Frey et al., 1990),
Kohala (Spengler and Garica, 1988), Haleakalā (Chen et al., 1990), Ka-
ho‘olawe (Fodor et al., 1992), East Moloka‘i (Beeson, 1976), and
Wai‘anae (Presley et al., 1997), although this effect has rarely been cal-
ibrated to yield precise estimates of the pressure or depth of postshield
magma evolution. More quantitative constraints have emerged from
the study of xenolith populations (e.g., Clague, 1987a, 1987b, 1987c;
Bohrson and Clague, 1988; Chen et al., 1992; Shamberger and
Hammer, 2006), and from petrologic modeling and the use of mineral
barometers (Bergmanis et al., 2000; Shamberger and Hammer, 2006;
Hammer et al., 2016). These studies indicate that postshield magmas
have been erupted mainly from reservoirs lying between about 11 and
25 kmbelow the volcano summit, fromnear the base of the volcanic ed-
ifice into the underlying oceanic crust and upper mantle. Many
awai‘i: Implications for the shield to postshield transition inHawaiian
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postshield lavas contain xenoliths from the lower crust (Diller, 1982;
Clague, 1987a; Bohrson and Clague, 1988; Fodor and Vandermeyden,
1988; Fodor, 2001; Shamberger and Hammer, 2006), but no upper
mantle xenoliths have been described from any Hawaiian postshield
lava flow. Thus, if postshield magmas reside in the upper mantle prior
to eruption, they either do not entrain or at least do not retain fragments
from that depth by the time they reach the surface.

In contrast to the deep magma reservoirs inferred for postshield
lavas, Wolfe et al. (1997) argued that petrologic evolution of alkalic ba-
salts of theHāmākua Volcanics (Mauna Kea) occurredmainly at shallow
levels, as is also the case for alkalic magmas of the Kamaile‘unu late-
shield sequence of Wai‘anae volcano. Thus, evidence suggests the tho-
leiitic to alkalic decline in extent of partial melting occurs in the late
part of the shield stage while shallowmagma reservoirs persist. The de-
velopment of stratigraphically defined postshield caps then reflects the
disappearance of shallow magma chambers and eruption from magma
reservoirs much deeper in the edifice.

These two manifestations of declining magma supply are not con-
temporaneous in most Hawaiian volcanoes. Within the Kamaile‘unu
late-shield sequence in Wai‘anae volcano (Sinton, 1987), the first ap-
pearance of chemically transitional basalts occurs within theMammoth
reversed magnetic polarity subchron (~3.3 Ma, within the Gauss Nor-
mal-Polarity Chron), and the oldest erupted alkalic lavas are ~3.2 Ma,
or 140 k.y. older than the beginning of theWai‘anae postshield (Pālehua
member) at 3.06 Ma (Presley et al., 1997). Transitional and alkalic ba-
salts of the Hāmākua Volcanics, which Wolfe et al. (1997) designate as
the postshield basaltic substage of Mauna Kea, first appeared about
250 ka, 185 k.y. prior to the onset of Laupāhoehoe postshield volcanism
at 65 ka. Honomanū alkalic basalts (Haleakalā, East Maui) were erupted
at least as early as 1.10 Ma (Chen et al., 1991), whereas the oldest dated
(postshield) Kula lava is 0.93 Ma, a difference of at least 170 k.y.

A critical control on magma chamber depth is the balance be-
tween magma supply and heat loss. The depth of magma reservoirs
beneath mid-ocean ridges correlates inversely with magma supply
(Hooft and Detrick, 1993; Detrick et al., 2002; Colman et al., 2015),
reflecting the interplay between magma supply and vigorous hydro-
thermal cooling in the shallow crust (e.g., Bergmanis et al., 2007).
Although significant differences are expected in the way subaerial
Hawaiian volcanoes lose heat compared to submarine volcanic sys-
tems, thermal considerations predict that the depth of magma resi-
dence will be generally inverse to the rate of magma supply.
Because it takes time for the volcanic edifice to lose heat, dictated in
Fig. 2.Geologicmap ofMoloka‘i, after Stearns andMacdonald (1947) using digital compilation o
red box. Ka‘āpahu lava dome (Fig. 6E) denoted kld. New samples collected and analyzed petrogr
blue circles are those samples analyzed chemically (Table 2); diamonds enclose sampleswith ra
the reader is referred to the web version of this article.)
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part by the thermal conductivity of the surrounding rock, a time lag be-
tween the decrease in magma supply and the final disappearance of
shallow magma chambers in the postshield stage of Hawaiian volca-
nism is expected. That lag is on the order of 140,000–185,000 years
judging from evidence cited above.

Hawaiian volcanoes differ in their evolutionary histories. Some ap-
parently never experienced any transitional or postshield volcanism
(Ko‘olau, Lāna‘i), while at least eight developed postshield caps exten-
sive enough to have been mapped. Differentiated alkalic lavas are
known to have been erupted on Ni‘ihau, Kaua‘i, and Kaho‘olawe, al-
though their distribution and extent have not been determined suffi-
ciently to allow rendering at 1:24,000 map scale (e.g., Sherrod et al.,
2007b). In some cases this might be because they are too thin or too
eroded. Some volcanoes might never have evolved beyond the late-
shield transition in melting and expired prior to the stabilization of
deep magma reservoirs. Not all Hawaiian volcanoes are equally well
mapped, andmost lack sufficient petrological study to quantitatively as-
sess depths of magma evolution.

In this paperwe present new data for the twomain shield volcanoes
that make up the island of Moloka‘i. We assign the transitional period,
where present, to a designated late shield stage of volcanism following
Macdonald (1968) and Sinton (1987), and assign the mapped alkalic
cap stratigraphic units to the postshield stage of volcanic evolution
(Fig. 1). We show for the first time the extent of postshield volcanism
onWest Moloka‘i and propose a revision to the stratigraphic nomencla-
ture for that volcano. New 40Ar/39Ar ages better define the timing of the
transition from shield to postshield volcanism at both West and East
Moloka‘i volcanoes, and new geochemical data are used to assess the
petrological evolution of the postshield lavas in each volcano, which
contrast significantly in composition, depth of magma evolution, and
erupted volume.
2. The geology of Moloka‘i

Moloka‘i is composed of twomajor shield volcanoes, designated East
andWest Moloka‘i by Stearns andMacdonald (1947). The island's east-
west elongate shape and spectacular sea cliffs on the north side resulted
from removal of a significant portion of the island during major mass
wasting that formed the Wailau Slide deposit (Moore et al., 1989). The
Kalaupapa peninsula formed from rejuvenated-stage eruptions some-
time after 0.65 Ma (Clague et al., 1982), almost 1 million years after
f Sherrod et al. (2007b). Index in upper left corner shows area of this figure. Area of Fig. 3 in
aphically for this study from EastMoloka‘i (Supplementary Table S1) are shown as circles;
diometric ages (Table 3). (For interpretation of the references to color in this figure legend,
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the cessation of volcanism on East Moloka‘i and the formation of the
Wailau Slide (Clague and Moore, 2002).

East Moloka‘i is higher (1515 m) than West Moloka‘i (437 m;
National Geodetic Survey, 2017) and East Moloka‘i volcano covers
more than two thirds of the island area (Fig. 2). However, Robinson
and Eakins (2006) estimated the total volume of West Moloka‘i to be
larger than that of East Moloka‘i (30.3 versus 27.9 × 103 km3, values
that include Penguin Bank as part ofWestMoloka‘i, assign the total vol-
ume of the Wailau Slide deposit to East Moloka‘i, and assume a vertical
contact between the two edifices).

Lavas and dominantly east-facing faults along the eastern flank of
West Moloka‘i are partially buried by younger lavas of East Moloka‘i
(Fig. 2). Stearns andMacdonald (1947) divided the EastMoloka‘i Volca-
nics into lower and upper members and showed a caldera complex in
the vicinity of Pelekunu and Wailau valleys. In contrast, they lumped
all lava flows of West Moloka‘i into a single stratigraphic unit, the
West Moloka‘i Volcanics, although they published a small-scale figure
showing possible distribution of “late lava flows”, which was incorpo-
rated into the compilation of Sherrod et al. (2007b) (Fig. 2). Clague
(1987b) and Xu et al. (2007) studied some of these and other “late”
lava flows and designated them as postshield. Sinton and Sinoto
(1997) analyzed several sites of archeological interest onWestMoloka‘i,
including the Mo‘omomi, Ka‘a, Ka‘eo, and ‘Amikopala adze quarries.
These studies indicated that a postshield sequence was present on
West Moloka‘i, one not fully delineated by prior work.

Sherrod et al. (2007b) reviewed radiometric ages of McDougall
(1964), Naughton et al. (1980), and Clague (1987b) and concluded
that West Moloka‘i transitioned from shield to postshield ~1.8 Ma,
whereas the boundary on East Molokai developed about 1.5 Ma.

3. Methods

New field mapping was conducted on Moloka‘i, beginning with a
major effort on West Moloka‘i in 2006, with subsequent visits in 2008
Table 1
Representative Whole-Rock XRF analyses: West Moloka‘i.

West Moloka‘i Volcanics
Sample WMO-94 WMO-120 WMO-125 WMO-24 WMO-46 WMO-104 W

Long W 157.182 157.298 157.227 157.256 157.214 157.187 1
Lat N 21.107 21.102 21.095 21.089 21.217 21.128 2
Polarity R R R N N N N
type ThB ThB ThB ThB ThB ThB Tr
SiO2 50.54 51.45 50.94 50.81 49.12 51.97 4
TiO2 3.02 2.53 2.57 3.13 2.82 2.60 3
Al2O3 14.19 13.98 14.07 14.76 14.43 13.80 1
FeO(t) 13.10 11.81 11.72 12.90 12.57 11.68 1
MnO 0.17 0.16 0.17 0.18 0.17 0.16 0
MgO 5.86 6.63 7.14 5.47 7.30 6.45 6
CaO 10.23 10.79 10.70 10.26 10.88 10.35 9
Na2O 2.24 2.10 2.00 2.39 2.34 2.29 2
K2O 0.44 0.36 0.44 0.34 0.19 0.53 0
P2O5 0.37 0.33 0.32 0.46 0.37 0.31 0
Sum 100.16 100.14 100.08 100.72 100.18 100.14 9
LOI* 0.51 0.12 0.28 0.13 0.29 0.14 −
Sc 32 29 31 28 28 33 3
V 364 278 316 331 292 322 3
Cr 56 213 191 113 108 190 3
Co 39 37 37 35 39 37 7
Ni 72 90 87 79 97 96 9
Zn 124 114 109 126 118 134 1
Rb 6 5 6 5 1 8 9
Sr 419 408 416 456 464 384 5
Y 35 30 30 39 28 76 4
Zr 203 167 173 244 185 171 2
Nb 15 11 13 17 15 12 1
Ba 96 90 79 81 99 85 3
Pb b2 b2 b2 b2 b2 b2 b

Th b1.5 b1.5 b1.5 b1.5 1.7 b1.5 b

All analyses at University of Hawai‘i. LOI = loss on ignition at 900 °C. See Supplementary Mate
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and 2014 (see Supplementary Material, Molokai_geo for GIS data incor-
porating newmapping results). Sixty-seven rock samples fromWestMo-
loka‘i have been analyzed by X-ray fluorescence (XRF) at the University
of Hawai‘i (Table 1, see Supplementary Material Table S1 for a complete
listing of all new analytical data). Magnetic polarities of most of these
samples were determined with a portable, flux-gate magnetometer of
several samples at each locality (Fig. 3). Effort was made to avoid mea-
surements along exposed ridges that might be susceptible to lightning
strikes. Consistency among multiple samples at most sites suggests the
flux-gate determinations are generally reliable, but some localities
yielded weak or inconsistent results. Seven samples from East Moloka‘i
analyzed by XRF were reported in Sherrod et al. (2007b), and Sinton et
al. (2014). An additional eight samples analyzed by XRF at the University
of Massachusetts are reported in Table 2. Sample powders for XRF were
prepared using a tungsten carbide hydraulic splitter, with final crushing
in an alumina swing mill. XRF data are presented in this paper with
total Fe expressed as FeO (FeO*), excluding loss on ignition (LOI) with
data for all oxides recalculated to preserve the original analytical total.
Data from other sources compared on various plots in this paper have
been recalculated in the same manner prior to plotting. Repeat analyses
of standard rocks run as unknowns with Moloka‘i samples indicate rela-
tive precision of our analytical results is ~1% or better for SiO2, TiO2, FeO*,
and CaO, ~1.5% for Al2O3, P2O5, and K2O, 2–4% for Na2O, and ~5% forMnO
and MgO. Absolute precision for trace elements ranges from ~0.2 ppm
(Nb) to ~8 ppm (Ba). (See Supplementary Table S1 for all unknowns
and standards data.)

We obtained new incremental heating 40Ar/39Ar radiometric ages
for two samples fromWest Moloka‘i and four samples from East Molo-
ka‘i (Table 3), selected to constrain boundaries in the transitions of
these volcanoes. We have dated what we think is likely to be the youn-
gest lava from East Moloka‘i, but the deeper shield lavas of both volca-
noes remain poorly dated by conventional K/Ar ages obtained
N30 years ago. Clean, hand-picked, 0.1–0.5 mm size fractions of each
sample were irradiated in the TRIGA experimental nuclear reactor at
Wai‘eli Volcanics
MO-76 WMO-29 WMO-30 WMO-170 WMO-90 WMO-153 WMO-172

57.152 157.196 157.244 157.222 157.139 157.25 157.219
1.1714 21.208 21.189 21.194 21.127 21.206 21.194

N N N R R R
B Haw Haw AB Haw Haw AB
9.48 47.63 48.92 46.19 49.28 48.83 45.61
.16 3.62 3.68 4.25 3.50 3.72 4.15
3.73 15.92 16.18 16.36 16.69 16.35 15.99
3.65 13.60 12.92 14.66 12.55 13.26 14.35
.29 0.20 0.18 0.16 0.18 0.16 0.16
.08 5.43 4.63 4.63 4.37 3.67 5.89
.55 7.43 7.66 8.60 7.08 7.33 9.01
.85 3.87 4.07 3.32 4.46 4.11 3.08
.66 1.30 1.39 0.95 1.54 1.47 0.84
.44 0.92 0.91 0.63 1.00 0.94 0.55
9.88 99.91 100.54 99.77 100.68 99.85 99.63
0.07 0.71 −0.17 0.69 0.75 1.13 −0.04
0 12 10 17 14 13 19
18 144 161 276 124 165 299
2 b3 −b3 33 −b3 −3 36
6 26 30 51 22 25 48
9 9 10 84 11 5 89
64 123 153 146 150 157 135

23 25 15 27 24 13
24 1035 916 802 1060 906 784
05 48 48 86 69 61 50
28 408 399 278 424 400 258
9 39 40 24 44 40 23
63 362 364 301 667 682 213
2 3 3 b2 2 b2 b2
1.5 3.1 3.5 1.6 3.1 3.2 1.5

rial Table S1 for complete listing of all new XRF data for West Moloka‘i.
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Fig. 3.New geologic map ofWest Moloka‘i. Shield strata are in shades of green; postshield strata in shades of blue; vent deposits are stippled. Circles denote sample localities, color-coded
by magnetic polarity determined with a portable, flux-gate magnetometer. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Table 2
NewWhole-Rock XRF analyses of East Moloka‘I Volcanic Rocks.

Sample EMO-7 EMO-11 EMO-13 EMO-18 EMO-21 EMO-25 EMO-27 EMO-29 EMO-30

Long W 157.067 156.927 156.996 157.054 156.933 156.793 156.939 156.878 156.878
Lat N 21.1052 21.1275 21.1638 21.1181 21.0709 21.0752 21.0735 21.0699 21.0751
Unit um um um um um um lm um um
Lithology mug haw haw ben mug mug AB mug ben
SiO2 53.33 50.05 48.83 55.59 52.61 52.10 46.92 53.55 58.00
TiO2 1.96 2.53 2.69 1.76 2.20 2.27 3.51 2.02 1.22
Al2O3 17.43 16.89 17.36 18.29 18.49 16.93 14.91 17.59 19.03
FeO(t) 10.05 11.32 10.61 9.47 10.41 10.89 14.15 10.10 7.63
MnO 0.22 0.23 0.25 0.19 0.21 0.22 0.18 0.22 0.16
MgO 2.34 3.66 3.79 1.27 1.65 2.96 6.08 1.74 0.89
CaO 5.49 6.72 7.11 3.97 5.29 6.27 9.84 5.65 2.76
Na2O 5.76 5.02 5.16 6.14 5.59 5.45 2.72 5.73 6.60
K2O 2.14 1.79 1.85 2.37 2.22 2.01 0.96 2.12 2.83
P2O5 1.13 1.67 1.97 1.01 1.30 1.13 0.46 1.20 0.62
Sum 99.85 99.88 99.64 100.06 99.96 100.23 99.74 99.92 99.75
LOI* 0.56 0.28 0.30 1.30 1.36 0.33 1.68 1.69 1.69
V 29 62 64 21 55 54 310 32 3
Cr b2 7 b2 b2 b2 b2 223 2 b2
Ni 1 6 3 2 3 1 141 6 6
Zn 111 132 129 130 133 137 114 120 101
Ga 23 22 23 24 25 24 25 22 24
Rb 44.5 34.6 38.9 50.0 52.4 39.0 14.2 39.3 63.7
Sr 1398 1369 1874 1315 1185 1212 585 1459 944
Y 42.8 64.5 59.5 39.7 44.7 44.7 29.4 61.2 35.4
Zr 516 453 368 590 544 511 241 530 688
Nb 73.4 66.4 71.6 85.4 83.3 67.0 26.5 74.4 95.8
Ba 798 683 930 855 967 640 283 1844 936
Pb 4 b2 3 4 5 3 2 2 5
Th 5 5 5 6 6 5 2 5 7
La 67 67 86 67 73 65 21 94 72
Ce 145 135 164 130 145 143 57 158 118

All analyses byXRF atUniversity ofMassachusetts. *LOI= loss on ignition.Unit designations for lowermember (lm) anduppermember (um) of the EastMoloka‘i Volcanics. Lithologies are
mugearite (mug), hawaiite (haw), benmoreite (ben), and alkali basalt (AB). For analyses of East Moloka‘i upper member basanites, see Sinton and Sinoto (2015) or Supplementary Ma-
terial Table S1.
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Table 3
40Ar/39Ar incremental heating analyses of Moloka‘i volcanic rocks.

Sample Sample type Age spectrum Total fusion Inverse isochron analysis
Age ± 2σ (Ma) 39Ar% K/Ca MSWD n Age ± 2σ (Ma) Age ± 2σ (Ma) 40Ar/36Ar MSWD

West Moloka‘i
WMO-24 Groundmass 1.83 ± 0.03 55 0.034 1.06 12 1.75 ± 0.03 1.72 ± 0.15 299.8 ± 5.75 0.94
WMO-30 Groundmass 1.75 ± 0.01 90 0.136 1.21 27 1.75 ± 0.01 1.75 ± 0.01 291.3 ± 4.38 1.10

East Moloka‘i
EMO-5 Groundmass 1.31 ± 0.01 43 0.449 2.11 11 1.32 ± 0.01 1.33 ± 0.01 285.2 ± 4.94 0.52
EMO-13 Groundmass 1.38 ± 0.01 45 0.598 1.13 9 1.38 ± 0.03 1.40 ± 0.02 269.5 ± 19.9 0.46
EMO-18 Groundmass 1.53 ± 0.02 84 0.900 0.85 17 1.53 ± 0.02 1.53 ± 0.05 295.7 ± 5.04 0.91
EMO-27 Groundmass 1.64 ± 0.01 61 0.223 1.66 12 1.64 ± 0.01 1.65 ± 0.01 291.7 ± 2.36 0.81

Ages calculated using sanidine monitor FCT-3 (28.201Ma) and the total decay constant λ=5.530E-10/yr. N is the number of heating steps defining plateau/isochron; MSWD is an F-sta-
tistic that compares the variance within step ages with the variance about the plateau age.
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Oregon State University (OSU), then loaded into an all-metal gas extrac-
tion line. Each samplewas heated in ~30 temperature steps from 400 °C
to fusion,with gas released at each step passed over several sets of Zr-Al
getters before analysis of Ar-isotopic composition (masses 36, 37, 38,
39, and 40) using an ARGUS VI multi-collector mass spectrometer
with four Faraday cups and an ion multiplier, operated in the Argon
Geochronology Laboratory at OSU. Sample ages were calculated using
the ArArCALC software (Koppers, 2002) with the corrected Steiger
and Jäger (1977) decay constant of 5.5 ± 0.097 × 10−10/yr (2σ) as re-
ported by Min et al. (2000). Plateau ages (Table 3) are the weighted
mean (by inverse variance) of nine or more contiguous, concordant
Fig. 4. High-resolution incremental heating 40Ar/39Ar age spectra for Moloka‘i volcanic roc
temperature steps, comprising a majority of the 39Ar released (see Supplementary Material). E
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heating steps comprising a majority of the total 39Ar released (Fig. 4).
Isochron ages (Table 3; Fig. 5) calculated from the slope of linear regres-
sions of 36Ar/40Ar vs 39Ar/40Ar (“inverse”) step compositions agree with
the plateau ages, and initial 40Ar/36Ar ratios are within error of the at-
mospheric value (295.5). Additional analytical details are given in Sup-
plementary Material, with complete experimental data, tables, and
plots included in the Supplementary file MolokaiAgeData.pdf.

Amphiboles in two East Moloka‘i samples were analyzed using the
JEOL JXA-8500F field-emission electron microprobe at the University
of Hawai‘i (Table 4). Sample datawere calibrated against a range of nat-
ural and synthetic mineral standards (see Supplementary Material for
ks. The 40Ar/39Ar ages are weighted estimates of nine or more contiguous concordant
rrors are reported at the 2σ level.
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Fig. 5. High-resolution incremental heating 40Ar/39Ar isochron plots for Moloka‘i volcanic rocks. Calculated isochrons (pink) are compared to dark gray reference lines that connect the
295.5 atmospheric intercept on the 36Ar/40Ar axis and the plateau age on the 39Ar/40Ar axis. Green squares indicate the steps included in the age calculations. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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analytical details and conditions). Repeat analyses of diopside and
sphene glass standards give 1-σ uncertainties of 0.27 wt% SiO2,
0.03 wt% TiO2, 0.06 wt% Al2O3, 0.09 wt% FeO, 0.02 wt% MnO, 0.11 wt%
MgO, 0.09 wt% CaO, 0.03 wt% Na2O, 0.01 wt% K2O, and 0.01 wt% Cl.

4. Results

4.1. West Moloka‘i results

Newgeologicmapping and analytical study ofWestMoloka‘i (Fig. 3)
shows that both tholeiitic and alkalic rocks are present but, unlike most
Hawaiian volcanoes, we found no evidence for interbedded tholeiitic
and alkalic lavas onWest Moloka‘i. To our knowledge all alkalic basalts
and hawaiites stratigraphically overlie all tholeiites, with the boundary
occurring within normal-polarity magnetized strata of Olduvai
subchron age (1.77–1.95 Ma, Cande and Kent, 1995). The presence of
Please cite this article as: Sinton, J.M., et al., Volcanic evolution ofMoloka‘i, H
volcanoes, J. Volcanol. Geotherm. Res. (2017), http://dx.doi.org/10.1016/j.
tholeiites with both normal and reversed magnetic polarities and both
normal and reversely magnetized alkalic lavas allows West Moloka‘i
volcano to be divided into four chronostratigraphic units (Fig. 3).

We divide the volcanic strata of West Moloka‘i into two formations
on the basis of composition and stratigraphic position. We retain West
Moloka‘i Volcanics (Stearns andMacdonald, 1947) for the volumetrical-
ly dominant tholeiitic shield strata and apply the termWai‘eli Volcanics
to the younger alkalic units mapped here. We designate the region
around Wai‘eli (Fig. 3), where the succession includes older lavas with
normal magnetic polarity and younger units with reversed magnetic
polarity, as the type locality of this newly defined unit, which represents
an elevation in status of the informally named map unit “Wai‘eli and
other late lava flows” of Sherrod et al. (2007b).

There is no expression of a caldera onWestMoloka‘i. The summit re-
gion near Kukui (Fig. 3) consists of sparsely porphyritic (plagioclase +
clinopyroxene), reversely magnetized tholeiitic basalts (e.g., WMO-77,
awai‘i: Implications for the shield to postshield transition inHawaiian
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Table 4
Amphibole analyses.

EMO-8-1 EMO-30-1 EMO-30-2

SiO2 40.77 44.36 42.11
TiO2 5.42 2.43 4.08
Al2O3 12.30 9.44 11.78
FeO* 11.54 11.04 9.93
MnO 0.24 0.35 0.25
MgO 13.46 14.93 14.76
CaO 11.25 11.21 11.87
Na2O 2.96 3.27 2.94
K2O 0.74 1.26 1.18
Cl 0.00 0.03 0.03
Sum 98.70 98.31 98.91
O = Cl 0.00 0.01 0.01
Sum 98.70 98.30 98.30

Cationsa

Si 5.944 6.483 6.119
AlIV 2.056 1.517 1.881
AlVI 0.058 0.109 0.136
Ti 0.594 0.267 0.446
Fe3+ 0.290 0.161 0.081
Mg 2.926 3.253 3.197
Fe2+ 1.118 1.189 1.126
Mn 0.030 0.043 0.031
Ca 1.758 1.755 1.848
Na 0.837 0.927 0.828
K 0.138 0.235 0.218
Sum 15.748 15.937 15.909

Amp calcb output
T°C 1009 ± 22 920 ± 22 999 ± 22
P (MPa) 400 ± 44 197 ± 22 348 ± 38
logfO2 −10.3 ± 0.4 −10.6 ± 0.4 −9.9 ± 0.4
H2Omelt 4.3 ± 0.6 1.6 ± 0.2 3.1 ± 0.5

a Cations calculated according to Robinson et al. (1982).
b Physical and chemical conditions from single-crystal model of Ridolfi and Renzulli

(2012).
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78). Normally magnetized, non-vesicular tholeiitic basalts including the
‘Amikopala lava shield (Figs. 3 and 6) crop out downslope to the west
and southwest from Kukui. The center of the 270mGal Bouguer gravity
anomaly (Moore and Krivoy, 1965; Strange et al., 1965) lies 4–8 km to
the east of the summit region. The geological relations suggest that cal-
dera-filling atWestMoloka‘i consisted of tholeiitic volcanism, culminat-
ing with the eruption of vesicle-poor tholeiites within the Olduvai
Normal-Polarity Subchron.

Most tholeiitic samples are relatively SiO2 rich, broadly similar to
samples from Kīlauea and Mauna Loa (see Sherrod et al., 2007b, their
Fig. 15). Within the West Moloka‘i Volcanics, compositionally transi-
tional lavas are rare (Fig. 7). Only two transitional lavaswere recovered,
both from the normallymagnetized, fault-bounded block on the eastern
edge of the edifice south of Mo‘omomi (Fig. 3). One of these (WMO-
144) is highly plagioclase phyric (~20%). There is little discernible dif-
ference in the chemical compositions of tholeiites with reversed- and
normal-polarity magnetization, with overlap in most chemical varia-
tions. However, normal-polarity samples extend to slightly higher con-
centrations of most incompatible elements, including P, Rb, Sr, Zr, Nb,
and Ba, compared to most reversed-polarity tholeiites (Fig. 7), indicat-
ing a slight enrichment in incompatible elements in the younger units.
Many samples show evidence of alteration with loss on ignition (LOI)
values N1 wt%, low K2O/P2O5 ratios likely indicative of K-loss during
subaerial weathering, and partial to complete replacement of olivine
by clay and other alteration minerals. In addition, several samples
have high Y contents, in some cases exceeding 200 ppm, an unusual al-
teration characteristic of subaerial ocean island lavas (Fodor et al., 1987;
Clague, 1987b; Fodor et al., 1992; Cotton et al., 1995; Presley et al.,
1997).

As noted by Macdonald et al. (1983) and Xu et al. (2007), the West
Moloka‘i postshield is among the uniformly least differentiated of any
Hawaiian volcano, consisting only of alkalic basalts and hawaiites.
Please cite this article as: Sinton, J.M., et al., Volcanic evolution ofMoloka‘i, H
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Alkalic basalts and hawaiites define separate differentiation trends on
chemical variation diagrams (Fig. 7), indicating they cannot be related
by differentiation. The alkalic basalts form trends higher in Al2O3, CaO,
TiO2, and Sc, and significantly lower in the incompatible elements K2O,
P2O5, Rb, Sr, Zr, Nb, and Ba compared to those for Wai‘eli hawaiites.
Alkalic basalts have lower Nb/Zr than West Moloka‘i hawaiites (Fig.
7F). Note that we include lava flows of Pu‘u Apalu (Fig. 3) with the
hawaiite group, which shows close chemical affinity despite that
Apalu samples plot in the alkalic basalt field of Le Bas et al. (1986) on
Fig. 7A. Apalu samples have normative andesine, a characteristic of
hawaiites according to the classification of Coombs and Wilkinson
(1969).

The change from tholeiitic to alkalic volcanism occurs between sam-
ples WMO-24 (normally magnetized tholeiite, 1.83 ± 0.03 Ma) and
WMO-30 (normally magnetized hawaiite, 1.75 ± 0.01 Ma) (2σ uncer-
tainty) (Table 3, Fig. 8). The age of WMO-30 is younger than the gener-
ally accepted value for the upper Olduvai transition (1.77 Ma according
to Cande and Kent, 1995), indicating that the geological error, possibly
including element migration during alteration, is greater than the ana-
lytical error. Our new evidence confirms the suspicions of Sherrod et
al. (2007b) that at least three tholeiitic samples dated by Naughton et
al. (1980) at 1.29 to 1.65 Ma are too young. Three other samples with
ages of 1.75–1.90 (McDougall, 1964; Naughton et al., 1980) are all
from the tholeiitic section that we interpret to be older than the lower
Olduvai transition at 1.95 Ma. Thus, most of the tholeiitic shield section
of West Moloka‘i was emplaced prior to the Olduvai Normal-Polarity
Subchron, but this part of the section remains poorly dated. We obtain-
ed normal magnetic polarities at three localities relatively deep within
the tholeiitic shield section south and east of ‘Amikopala (Fig. 3). If
these determinations are accurate, they likely represent eruptions dur-
ing the brief Réunion Normal Polarity Subchron (2.14–2.15 Ma).

Three previously published ages on alkalic lavas (Clague, 1987b; Xu
et al., 2007) gave ages from 1.81 ± 0.16 to 1.72 ± 0.16Ma. However all
of these samples are from units with reversed magnetic polarity and
therefore must be younger than 1.77 Ma. We calculate the beginning
of Wai‘eli volcanism to be 1.79 ± 0.04 Ma, which is the average age of
samples WMO-24 and WMO-30, with 2-sigma uncertainty for sample
WMO-30 set to 0.03 Ma to conform with its magnetic polarity. The dis-
tribution ofWai‘eli vents and flows (Fig. 3) requires at least 22 separate
eruptions. About a third of these have normalmagnetic polarity and col-
lectively cover 26% of the total Wai‘eli area of Fig. 3. These results are
consistent with the beginning of postshield volcanism in the latter
part of the Olduvai period.

The ages of the four dated Wai‘eli samples (Fig. 8) are not signifi-
cantly different from each other at 95% confidence. The weighted aver-
age age of them is 1.75±0.12Ma, calculated byweighting the age value
by the inverse of the variance. This indicates that the likely duration of
Wai‘eli activity could be from ~40,000 years (1.79–1.75 k.y.) to
200 k.y. (1.83–1.63 Ma), although the large error for a sample from
Pu‘u Apalu (1.74± 0.26Ma, Xu et al., 2007) yields amaximumduration
of 270 k.y. (1.83–1.56 Ma).
4.2. East Moloka‘i results

Lower member lavas typically contain olivine, plagioclase and
clinopyroxene phenocrysts and are dominated compositionally by tran-
sitional and alkalic basalts with some tholeiites deeper in the section.
The abundance of alkalic and transitional lavas in the subaerial lower
member indicates that it represents mainly late-shield volcanism.
Upper member East Moloka‘i lavas are strongly enriched in incompati-
ble elements compared to lower member lavas. At the same MgO or
Zr content, alkali elements, P, Nb, and Sr are enriched by factors of 2–
5. Differences in parental magma incompatible elements are much
greater between the upper and lower members than between alkalic
and tholeiitic samples of the lower member.
awai‘i: Implications for the shield to postshield transition inHawaiian
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Fig. 6. A. Outcrop near Hale o Lono onWest Moloka‘i showing 30-m thick, normally magnetized hawaiite of the Wai‘eli Volcanics overlying a 1-m thick soil and underlying basalt of the
WestMoloka‘i Volcanics. B. View looking northwest; prominent hill is ‘Amikopala, which is a 3 km3 lava shield of normal-polarity tholeiitic basalt, representative of the late shield stage of
West Moloka‘i. C and D. Views looking south across the northern cliffs of East Moloka‘i, showing 20–30 m-thick upper member lavas overlying thin-bedded basalts of the lower member.
Note that upper member flows in panel C partially fill an erosional gully (photo courtesy of S.K. Rowland). E. View looking northwest at the Ka‘āpahu lava dome, East Moloka‘i. Lower
member basalts of the East Moloka‘i Volcanics are overlain in turn by upper member mugearite and benmoreite flows, the latter erupted from the Ka‘āpahu vent.
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Uppermember flows are nearly all ‘a‘ā lavas that were erupted from
at least 35 different vents that formed cinder cones and in some cases
bulbous domes. Compositions of upper member flows range from
basanite or nepheline hawaiite to benmoreite (Fig. 9). Our study relied
heavily on the previous mapping of Stearns and Macdonald (1947),
and we concentrated our analytical efforts on the postshield lavas of
the upper member. Sinton and Sinoto (2015) separated the flows of
Pu‘u Pāpa‘i from other upper member flows in the region near Kamalō;
similarly we determined the approximate flow boundaries of upper
member flows emanating from Pu‘u ‘Ōlelo, Kauluwai, and several un-
named vents near Kamakou, and separated the upper member lavas
of Ka‘āpahu into two eruptive units (Fig. 6), a lower, plagioclase-phyric
mugearite (EMO-29, 53.55 wt% SiO2) surmounted by benmoreite
(EMO-30, 58.00 wt% SiO2, see also sample C-161 of Macdonald, 1968)
that forms the upper flow unit and dome. In addition, we assign alkalic
basalts in the Kawela region (EMO-27, 1.64 ± 0.01 Ma) mapped by
Stearns and Macdonald (1947) as upper member to lower member
(Supplementary Material, Molokai_geo).

Naughton et al. (1980) dated a sample from Hālawa Valley with
0.52 wt% K2O at 1.75 ± 0.14 Ma. This is the oldest radiometric age for
East Moloka‘i and is consistent with the finding of Hoffman (1991) of
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the upper transition of the normal-polarity Olduvai subchron
(1.77 Ma, Cande and Kent, 1995) at Hāka‘a‘ano, on the north shore be-
tween Hālawa and Wailau valleys. The age of the shield to postshield
boundary on East Moloka‘i was previously constrained to be 1.50 ±
0.06 Ma based on K-Ar ages of the youngest lower member and oldest
upper member lavas dated by McDougall (1964). Our new, high-preci-
sion age of upper member benmoreite EMO-18 (1.53 Ma ± 0.02, Table
3) suggests the boundary is slightly older. A boundary age of 1.52 ±
0.01 Ma (Fig. 8) is consistent with all available age data including their
uncertainties.

Ages of McDougall (1964) indicate upper-member volcanism to be
as young as 1.35 ± 0.13 Ma. We obtained an age of 1.31 ± 0.01 Ma
for EMO-5 (Table 3), consistent with it being the youngest of several
uppermember flowunits near Pu‘u Pāpa‘i. The duration of EastMoloka‘i
postshield volcanism permitted by the data and their uncertainties is
190–310 k.y. (1.51–1.32 Ma to 1.53–1.22 Ma). No upper member lavas
have been shown to drape the sea cliff above Kalaupapa, which agrees
with the arguments of Clague and Moore (2002) that the present mor-
phology of the sea cliff is much younger than the off-shore landsliding
that occurred ~1.5 Ma (Clague et al., 2002). Most likely the present
sea cliff is younger than 1.3 Ma, the age of youngest volcanism of the
awai‘i: Implications for the shield to postshield transition inHawaiian
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Fig. 7. Chemical variations of samples fromWest Moloka‘i. All data are whole-rock analyses by X-ray fluorescence. Samples from this study are color-coded by magnetic polarity (R =
reversed; N = normal) of the sample site. Other samples are those of Xu et al. (2007). In panel A the alkalic-transitional-tholeiitic classification is after Sinton et al. (2014); rock names
are after Le Bas et al. (1986). Crosses denote ±1-σ analytical uncertainty; uncertainty in panel F smaller than symbol size.
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EastMoloka‘i uppermember, but older than the 330–650 ka lavas of the
Kalaupapa Volcanics (Clague et al., 1982).

We divide East Moloka‘i upper member lavas into two geochemical
groups based on their degree of silica undersaturation and incompatible
element compositions. Most (11 of 15 analyzed flow units) range from
hawaiite to benmoreite and straddle the critical plane of silica
undersaturation, being either weakly nepheline- or hypersthene-nor-
mative. Their alkalinity index (Rhodes and Vollinger, 2004) values
range from 1.85–2.75. A second group, including lava from Pu‘u Pāpa‘i,
are more silica undersaturated with 5–10 wt% normative nepheline,
have A.I. values N3, and significantly higher Nb/Zr ratios (Fig. 9). This
group ranges from nepheline-hawaiite to benmoreite in composition
and includes both Pu‘u Pāpa‘i (EMO-5) and lava from Pu‘u Ōlelo
(EMO-13), two of the youngest dated lavas on EastMoloka‘i, suggesting
a possible temporal evolution to increasing silica undersaturation and
lower extents of partial melting in the younger flow units.

Upper member East Moloka‘i lavas are distinctive in the ubiquitous
presence of magnetite and apatite as microphenocryst phases in lavas
ranging from hawaiite to benmoreite in composition. Pu‘u Pāpa‘i lava
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(East Moloka‘i upper member) has 2.5 wt% P2O5 and 2500 ppm Sr and
contains apatite with a composition about half-way between
fluorapatite and hydroxyapatite (Sinton and Sinoto, 2015). P2O5 and
Sr correlate positivelywithMgO and negativelywith indices of differen-
tiation, such as SiO2 or Zr, which we attribute to the effects of apatite
fractionation (Fig. 10). Covariation of Sr with P2O5 indicates that Sr is
compatible in apatite. Apatite fractionation also is evident in
benmoreites and trachytes from West Maui, Hualālai, and Mauna Kea
(Fig. 10; see also Shamberger and Hammer, 2006). However, only East
Moloka‘i and Kohala have lava compositions with N1.2 wt% P2O5 at
b50 wt% SiO2.

Another distinctive feature of East Moloka‘i upper member lavas is
the presence of amphibole and rare biotite in the more highly evolved
samples (Fig. 11), as also noted previously by Stearns and Macdonald
(1947). East Moloka‘i amphiboles vary from dark reddish brown and
pleochroic to paler varieties. Analyzed grains (Table 4) classify as
magnesio-hastingsite (e.g., Ridolfi and Renzulli, 2012). Most amphibole
grains show evidence for dehydration to an assemblage of oxide +
clinopyroxene + plagioclase; many former amphiboles are completely
awai‘i: Implications for the shield to postshield transition inHawaiian
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Fig. 8.Age and stratigraphy ofMoloka‘i volcanic rocks, compared to the geomagnetic polarity time scale (GPTS) of Cande and Kent (1995). Previously published data (from the compilation
of Sherrod et al., 2007b) are shown ±2σ uncertainty as circles, triangles, and diamonds, color-coded to the stratigraphic unit of the analyzed sample. Three West Moloka‘i shield ages
determined by K-Ar dating (white fill) are too young to be consistent with the chronology of Moloka‘i volcanic evolution determined in this study. New 40Ar/39Ar incremental heating
data of this study (Table 3) are shown as squares with sample number, where analytical uncertainty is less than the size of the symbol. Downward-arrow on West Moloka‘i sample
WMO-30 indicates that the age is too young to be consistent with its normal magnetic polarity. Solid horizontal lines separate shield from postshield sequences. Bold horizontal arrow
denotes the approximate age of the Wailau Slide.
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replaced (Fig. 11). Amphiboles or pseudomorphs after amphibole have
only been found in some, but not all, East Moloka‘i mugearites and
benmoreites with b2.88 wt% MgO.

Similarities between the upper member lavas of East Moloka‘i and
theHāwī lavas of Kohala volcano are striking. These includewidespread
presence of apatite microphenocrysts in lavas ranging from hawaiite to
benmoreite, amphibole phenocrysts in rocks ranging frommugearite to
benmoreite (trachyte at Kohala), and P2O5 contents up to 2.5 wt% with
up to 2500 ppmSr inhawaiiteswithMgOvalues of 5–6wt%. Of the eight
volcanoes with well-developed postshields (Fig. 1), only Kohala (Hāwī)
and East Moloka‘i (upper member) have these unusual mineralogical
and compositional characteristics. Mauna Kea (Laupāhoehoe), East
Maui (Kula andHāna),WestMoloka‘i (Wai‘eli), andWai‘anae (Pālehua)
hawaiites and mugearites become saturated with apatite at ~1.2 wt%
P2O5 at 2.5–3.3 wt% MgO (Fig. 10). Hualālai trachytes have low P2O5

from apatite fractionation, but Hualālai basalts have only 0.5 wt% P2O5

and ~500 ppm Sr at 5 wt% MgO. West Maui (Honolua) benmoreites
and trachytes have fractionated apatite and the P2O5 content of their
parent magmas are unknown. Among younger volcanoes of the Hawai-
ian chain, only Kohala (Hāwī) and upper member East Moloka‘i lavas
appear to have the extreme P2O5, Sr (and H2O) enrichments at
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moderate MgO, SiO2 and Zr contents (Fig. 10). However, remarkably
similar high-P2O5 alkalic lavas have been found also at Koko Seamount
(Clague, 1987c, Fig. 10) in the far northwestern Emperor Seamount
Chain. Thus, although the nature and origin of parental magmas that
lead to such compositions is obscure, this unusual magma series has
been erupted repeatedly in the Hawaiian province and must be consid-
ered a recurring aspect of Hawaiian postshield magmatism. Neither
lower degrees of melting of a common source nor apatite accumulation
explain the distinct compositional characteristics of this unusual
magma type (e.g., Spengler and Garica, 1988), and it most likely re-
quires a metasomatic component in the source. Interestingly, this
source component is most apparent in the postshield lavas of Kohala
and East Moloka‘i, and not in alkalic lavas of the (late) shield members.

5. Petrologic modeling

5.1. Postshield evolution of West Moloka‘i volcano

Compositional variations in West Moloka‘i tholeiites are consistent
with low-pressure fractionation. A subtle change in slope in CaO/Al2O3

versus MgO at ~6.5 wt% MgO (Fig. 7) indicates incoming of
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Fig. 9. Chemical variations in East Moloka‘i volcano. All data are by X-ray fluorescence on whole rock samples. New data (Table 2 and Supplemental Table S1) (new) are shown as large
symbols; previous data (other) are fromMacdonald (1968) and Xu et al. (2005). Data fromWest Moloka‘i (Fig. 4) occupy the colored fields. Hāwī (Kohala postshield) data (gray shaded
fields of panels D and E) are shown for comparison (data of Feigenson et al., 1983; Lanphere and Frey, 1987; Spengler and Garica, 1988; andWolfe andMorris, 1996). Crosses denote±1-σ
analytical uncertainty; uncertainty in panel D smaller than symbol size.
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clinopyroxene. Tholeiites with K2O/P2O5 N 1.0 (least-altered samples)
are restricted to Al2O3 values b14.3 wt%, indicating that plagioclase
also fractionates at moderate MgO. The decreases in FeO and TiO2 and
increase in SiO2 below 5–5.5wt%MgO (Fig. 12) indicate incoming of ox-
ides in the fractionating assemblage. These features arematchedwell by
1 kb-model runs at 0.4 wt% H2O in the starting composition (Supple-
mentary Material Fig. S5). In contrast to West Moloka‘i tholeiites,
Wai‘eli postshield lavas have lower SiO2 and CaO/Al2O3, and significant-
ly higher Al2O3 and incompatible elements, e.g., K, Sr, Zr, Nb. Chemical
attributes of Wai‘eli magmas are consistent with formation at relatively
low extents ofmelting. Slight differences in isotope ratios in alkalic lavas
compared to West Moloka‘i tholeiites (Xu et al., 2007) indicate varying
source contributions.

Wai‘eli alkalic basalts and hawaiites follow distinct trends on most
chemical variation diagrams, including Nb versus Zr (Fig. 7F), and can-
not be related to each other by simple differentiation. Hawaiite, which
ranges from 5.4 to 2.8 wt% MgO at Nb/Zr = 0.10 ± 0.005, is the more
common lithology of the two. Anti-correlation of Al2O3 with MgO (Fig.
7B) indicates that plagioclase did not fractionate from Wai‘eli magmas,
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even at b3 wt% MgO. Another important feature of Wai‘eli chemistry is
the gradual increase in FeO* and TiO2 with decreasingMgO (Fig. 12), in-
dicating that Wai‘eli magmas in this compositional range did not frac-
tionate oxides. This observation partly explains why Wai‘eli has been
considered to be a relatively unfractionated postshield sequence despite
having a moderate range of MgO contents. The lack of oxide fraction-
ation and consequent silica enrichment restricted compositions to the
basalt and hawaiite fields on an alkali versus silica diagram. In fact,
Wai‘eli magmas are moderately differentiated, as indicated by substan-
tial variation inMgO, but the fractionation conditions prevented the de-
velopment of silica-rich differentiates.

We modeled fractional crystallization using the alphaMELTS
(Antoshechkina andAsimow, 2010) implementation of theMELTS algo-
rithms for thermodynamic modeling of phase equilibria in magmatic
systems (Ghiorso and Sack, 1995; Smith and Asimow, 2005). Most Mo-
loka‘i postshield lavas are nearly aphyric and therefore closely approxi-
mate liquid compositions. We conducted a series of isobaric fractional
crystallization runs using MELTS for a range of fO2, initial H2O contents,
and crystallization pressures, using a starting (parent) magma
awai‘i: Implications for the shield to postshield transition inHawaiian
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Fig. 10. Chemical variation diagrams showing the effects of apatite fractionation. Symbols for East Moloka‘i upper member lavas are same as in Fig. 9. Data for Hāwī Volcanics (Kohala
postshield) same as in Fig. 10. Data for Koko Seamount (orange diamonds) from Clague (1987c). Other postshield data fields shown for comparison are Laupāhoehoe Volcanics of
Mauna Kea (MK-L), Wai‘eli Volcanics, West Moloka‘i (Wai‘eli), Pālehua member of Wai‘anae Volcanics (Pāl), Kula and Hāna Volcanics of East Maui (EMaui), Hualālai Volcanics (Hua),
and Honolua Volcanics of West Maui (WM-H). Trends for apatite fractionation (ap frcn) and hypothetical parental magmas required for the high-P2O5 magmas of East Moloka‘i, Hāwī,
and Koko Seamount (par) are shown. Most Hawaiian postshield magmas become saturated with apatite at b1.5 wt% P2O5, typically at 50–55 wt% SiO2. Data sources are those of Fig. 9,
in addition to Clague et al. (1980), Diller (1982), West et al. (1988), Frey et al. (1990), Presley et al. (1997), Bergmanis et al. (2000), and Sherrod et al. (2003, 2007b).

13J.M. Sinton et al. / Journal of Volcanology and Geothermal Research xxx (2017) xxx–xxx
composition near the MgO-rich end of the data. Selected results are
shown in Fig. 12. Details of themodeling procedure and comprehensive
results are described in the Supplementary Material.

We calculate an overall misfit for each model run following the pro-
cedure of Eason and Dunn (2015). A mean scaled absolute deviation
(MSAD) for each oxide-MgO pair is normalized by the standard error
(spread) of the data from an idealized fractionation trend. The resulting
‘misfit’ for a given oxide-MgO pair represents the number of standard
errors a particular model run is from the compositional trend of that
oxide versus MgO, which we then combine into a total MSAD using a
weighted average. The total weighted average misfit is shown in Fig.
12H as a function of total pressure and the H2O content in the starting
liquid composition with 6 wt% MgO; lower values indicate better fits
to major element compositional trends. Because the most important
fractionation controls involve clinopyroxene, plagioclase, and Fe-Ti ox-
ides, the misfits for CaO, Al2O3, FeO* and TiO2 are given twice the
weighting as the other oxides. Figures showing averagemisfits calculat-
edwith equal weighting for all oxides are available in the Supplementa-
ryMaterial. Weighting has little effect on the identification of minimum
misfit conditions, but has a slight effect on their magnitude and contour
distribution.

ExtremeWai‘eli compositions with N17 wt% Al2O3 at b2.5 wt%MgO
(Fig. 7B) require suppression of plagioclase fractionation, which can re-
sult from crystallization at high pressure (e.g., Green and Ringwood,
1968) or high water contents (Kushiro, 1972; Grove and Baker, 1984).
However, high water content promotes oxide fractionation and the sta-
bilization of hydrous minerals, neither of which are observed in Wai‘eli
hawaiites. High-pressure MELTS runs with low H2O provide a better
match to SiO2, TiO2 and FeO* than runswith highwater at moremoder-
ate pressure. For a starting H2O value of ~0.5 wt%, we obtain an opti-
mum (minimum misfit) pressure of ~7 ± 1 kbar.
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To convert pressure to depthwe consider the thickness of the volca-
nic edifice and the density structurewithin it and in the underlying oce-
anic crust and upper mantle. According to Watts and ten Brink (1989)
the top of the oceanic crust beneath Moloka‘i is at a depth of 8–8.5 km
below present sea level, and Clague and Moore (2002) estimated the
peak height of West Moloka‘i to have been 1.6 km above sea level. In
our calculation we assume West Molokai edifice thickness (summit to
top of oceanic crust) of 10 km during postshield volcanism. Like previ-
ous authors (e.g., Ryan, 1987; Hammer et al., 2016) we assume the
upper 3 km of the edifice (region above the dominant magma chamber
during shield stage volcanism) has a mean density of 2700 kg m−3. The
presence of dense cumulates in a pipe-like body extending to thebase of
the edifice (or below) means that the deeper density structure within
the central part of a typical Hawaiian volcano overlying a deep magma
chamberwill be greater than that of typical Hawaiian basalt.We assume
the cumulate-rich region has a mean density of 3000 kg m−3 and ex-
tends through the base of the edifice and the oceanic crust, and is under-
lain by mantle with density of 3300 kg m−3.

The MELTS-derived fractionation pressure of 7 ± 1 kbar suggests
Wai‘eli postshield magma evolution mainly took place 20–26 km
below the summit. This depth is well within the upper mantle beneath
West Moloka‘i.

5.2. Postshield evolution of East Moloka‘i volcano

EastMoloka‘i uppermember lavas include high-P2O5 hawaiiteswith
high Nb/Zr and a sequence from hawaiite to benmoreite with lower
P2O5 and Nb/Zr of 0.14 ± 0.01. We selected the latter group for petro-
logic modeling because it represents the more common type on East
Moloka‘i, and showsmore coherent variation over a greater range of ap-
parent differentiation. MgO ranges from N4 to b1 wt% MgO; with
awai‘i: Implications for the shield to postshield transition inHawaiian
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Fig. 11. Photomicrographs of selected East Moloka‘i uppermember lavas, showing common occurrence of apatite (ap), magnetite (m) and amphibole (am), the latter commonly replaced
by an anhydrous assemblage of oxide+ plagioclase+ clinopyroxene. Other phases locally present include olivine (ol) and biotite (biot). All views in plane-polarized light. Red crystals in
EMO-8 and EMO-21 are alteration pseudomorphs after olivine.
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decreasingMgO, oxide fractionation is indicated by decreasing FeO* and
TiO2, and increasing SiO2. Steep slopes of CaO/Al2O3, Sc, and V versus
MgO reflect extensive clinopyroxene fractionation throughout the se-
quence. Moderately high H2O contents are indicated by the presence
of hydrous minerals in some samples with b3 wt% MgO. East Moloka‘i
upper member lavas extend to even higher Al2O3 (N19 wt%) than
Wai‘eli lavas of West Moloka‘i.

We used the same procedure for modeling East Moloka‘i chemical
variations as for West Moloka‘i. Pressures of at least 4 kbar and water
contents N1 wt% are required to suppress plagioclase crystallization
and produce high Al2O3 at low MgO as observed (Fig. 13). None of our
fractional crystallization MELTS runs reached 19 wt% Al2O3 at b1 wt%
MgO, like benmoreite sample EMO-30 fromKa‘āpahu. That sample con-
tains ~5% plagioclase phenocrysts larger than 0.9 mm. Its composition
therefore likely deviates from the fractional crystallization models be-
cause of modest plagioclase accumulation.

Optimum (minimummisfit) conditions of evolution are obtained
at 3–5 kbar pressure for water contents of ~1.5 wt% in the parent
magma, which has 4.5 wt% MgO. To convert this to depth, we use
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Clague and Moore's (2002) estimate of 3 km peak height for East
Moloka‘i, an edifice thickness of 11.5 km, and the same density
structure described for West Moloka‘i. Our results suggest East
Moloka‘i upper member magmas evolved at depths of ~14 ± 3 km
beneath the summit of East Moloka‘i within the underlying oceanic
crust (Fig. 14).

Another constraint on the conditions of evolution comes from the
presence of amphibole in the crystallizing assemblage. Much attention
has been given to amphibole stability in calc-alkaline and alkaline
magmas, partly because of its use in constraining pre-eruptive volatile
contents and ascent rates (e.g., Rutherford and Devine, 2003; Blundy
and Cashman, 2008), and its apparent precision relative to other igne-
ous barometric equations involving pyroxenes and plagioclase (e.g.,
Putirka, 2008). We analyzed relict amphiboles in samples EMO-8 and
EMO-30 and used the single-crystal model of Ridolfi and Renzulli
(2012) to calculate equilibrium pressure and magma chemistry (Table
4). Ridolfi and Renzulli (2012) estimate the uncertainties of their
model to be ±11.5% for pressure, ±23.5 °C in temperature, and
±0.78 wt% melt H2O. Of the three analyzed amphiboles, two Mg-
awai‘i: Implications for the shield to postshield transition inHawaiian
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Fig. 12. Chemical variations inWest Moloka‘i postshield (Wai‘eli) hawaiite samples only, compared toMELTS runs at the specified range of pressure (kb) and H2O contents in the starting
(parental) composition. Best (minimummisfit) conditions are indicated in panel H. See Section 5.1 for discussion.
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hastingsite grains (one each in EMO-8 and EMO-30) gave nearly identi-
cal results within uncertainty of 350–400 MPa, 1000 °C, and melt H2O
contents of 3.1–4.3 wt%. These single-crystal amphibole results agree
well with those from MELTS — the amphibole crystallization pressure
of 400 MPa is within the optimum conditions from MELTS (Fig. 13),
and MELTS runs with initial (parental) H2O of 1.4 to 1.8 wt% have
~3 wt% H2O at ~1 wt% MgO (e.g., EMO-30) or 1000 °C, consistent with
the melt composition predicted by the amphibole chemometric results.
The third analyzed amphibole yielded lower pressures and water con-
tents, possibly reflecting degassing during ascent. Despite general
agreement between the amphibole barometry and MELTS results, we
note that none of ourMELTS runs actually predicted the presence of am-
phibole in the fractionating assemblage, possibly reflecting that,
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although amphibole-bearing assemblages are included in theMELTS ex-
perimental database, this phase is not used to constrain the liquid ther-
modynamic model (Ghiorso and Sack, 1995).

Although East Moloka‘i upper member magmas contained signifi-
cant water under the conditions of evolution, most erupted lavas are
devoid of vesicles and many of the eruptive vents are gas-poor endoge-
nous domes. It is therefore apparent that most upper member magmas
were significantly degassed upon eruption, probably during slow ascent
to the surface. Low ascent rates also would promote breakdown of am-
phiboles to the observed anhydrous assemblages (Fig. 11). The associa-
tion of cinder cones with some eruptive units, and the irregular extent
of amphibole reaction among upper member samples indicate that as-
cent rates were not uniformly low in all units.
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Fig. 13. Chemical variations in EastMoloka‘i postshield (uppermember, symbols as in Fig. 9) hawaiite-benmoreite samples compared toMELTS runs at the specified range of pressure (kb)
and H2O contents in the starting (parental) composition. Best (minimummisfit) conditions are indicated in panel H; see Section 5.2 for discussion.
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6. Discussion

6.1. Moloka‘i volcanoes and their submarine extensions

Macdonald (1963) estimated the proportion of (postshield) alkalic
cap to the volumes of six Hawaiian volcanoes and suggested an overall
average of ~1%. Total volcano volume estimates are imprecise owing to
uncertainty in the base of any given volcano and lack of knowledge of
the subsurface contact relations among overlapping volcanic edifices
(DePaolo and Stolper, 1996; Lipman et al., 2006; Robinson and Eakins,
2006; Lipman and Calvert, 2013; Sinton et al., 2014). In the case of Mo-
loka‘i there are additional uncertainties with respect to the lateral di-
mensions of individual volcanoes, specifically the assignment of
Penguin Bank and Pa‘uwela Ridge to their respective volcanic centers.
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Suggestions that Penguin Bank might represent a separate volcano
upon which West Moloka‘i was built originated with Stearns (1946),
and was favored by Macdonald et al. (1983), who argued that the
amount of erosion required to truncate Penguin Bank was dispropor-
tionately large compared to the relatively low sea cliffs on the west
end of Moloka‘i. Carson and Clague (1995), Price and Elliott-Fisk
(2004), and Xu et al. (2014) adopted the separate volcano hypothesis,
while Clague and Sherrod (2014) list Penguin Bank as a “suspected
volcano”.

Penguin Bank is a shallow submarine bank, approximately 55 km
× 25 km that shoals to b40 m deep near its western end and gradually
deepens east toward Moloka‘i. High-resolution bathymetry (http://
www.soest.hawaii.edu/pibhmc/pibhmc_mhi_pb_bathy.htm) reveals
that the upper surface is covered by lithified longitudinal dunes
awai‘i: Implications for the shield to postshield transition inHawaiian
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Fig. 14. (A) Oblique Mercator map of the Moloka‘i region. Rift zones are shown as broad dashed lines, inferred from the distribution and orientation of dikes and vents on land, and
bathymetry off shore. Gravity anomaly contours (mGal) are from Strange et al. (1965). (B) Interpretative cross section along profile (solid line in A); longitude labels denote profile
changes in azimuth. Carbonate horizons are shown. Subaerial to submarine transitions (dash-dot lines) are constrained only at observed paleo-shorelines. The uncertainty in the
extension of the East Moloka‘i subaerial transition (denoted by?) is compounded by the possible presence of West Maui in this region. Magmatic conduits are shown schematically
beneath the centers of gravity anomalies from panel A. Magma reservoirs are shown schematically at the depths indicated by the MELTS modeling (Figs. 12 and 13).
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(eolianite), with long axes approximately parallel to those on land (Fig.
3, Stearns and Macdonald, 1947; Macdonald et al., 1983). Assuming
they are contemporaneous with those at Mo‘omomi on the north
shore of Moloka‘i (Fletcher et al., 2005), these eolianites likely formed
during the late Pleistocene (~82–116 Ka), indicating that Penguin
Bank was subaerial at that time. On the south side, 15–17 ka coral
(Rubin and Fletcher, 2012) crops out at 125–170 m depth, which were
likely emergent ~18 ka, but completely drowned during rapid sea
level rise by about 10 ka (e.g., Faichney et al., 2010; Rubin and
Fletcher, 2012). Downslope from this shallow platform is a series of ter-
races and scarps that surround Moloka‘i mainly in the range of 500–
700 m depth (Fig. 14, see also Faichney et al., 2010). Pisces submersible
dives on the southwest end of these deeper terraces traversed pillow
basalt at 800 m depth, overlain by approximately 600 ka coral at
700 m (K.H. Rubin, pers. comm., 2016), consistent with the finding of
Kroenke (1965) that ~230 m-thick reef occurs below 500 m water
depth in this region.

Xu et al. (2014) cited the easterly slope of Penguin Bank and a mis-
alignment of the present topographic axes of Penguin Bank and the
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West Moloka‘i southwest rift zone in support of the separate volcano
hypothesis. The topography of Penguin Bank is dominated by the south-
west-trending eolianite dunes (Late Pleistocene wind direction),
whereas the eastward deepening of Penguin Bank is likely part of the re-
gional tilting around theMaui Nui complex in response to volcanic load-
ing to the east and southeast (Moore and Campbell, 1987; Faichney et
al., 2009). The slope reversal therefore represents the boundary be-
tween the regionally sloping Pleistocene carbonate platform and south-
westward deepening rift zone ofWest Moloka‘i. As shown in Fig. 14 the
volcanic substrate can be traced continuously beneath Penguin Bank
and non-volcanic surface topography is dominated by regional tilt. Pil-
low lavas at 800 m on the southwest end of Penguin Bank can be con-
nected to the island along a gently sloping gradient, obviating the
requirement for extensive erosion of the underlying volcanic edifice.
Rather, the planar nature of Penguin Bank reflects the extensive, post-
volcanic carbonate deposition that has occurred there, which originally
was flat-lying and subsequently tilted.

Volcanic material collected by dredging and submersible along the
deeper parts of Penguin Bank (Xu et al., 2014; K.H. Rubin, pers.
awai‘i: Implications for the shield to postshield transition inHawaiian
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comm., 2016) is geochemically and isotopically indistinguishable from
samples from subaerial West Moloka‘i, although many are very oliv-
ine-rich basalts, as is common for the distal rift zones of Hawaiian volca-
noes (e.g., Clague et al., 1995). Radiometric dating would provide an
additional test of the separate (older) volcano hypothesis, but none of
the Penguin Bank samples has yet been dated.

Contoured Bouguer gravity anomalies in the Moloka‘i region (Fig.
14; Strange et al., 1965) show no closures along the summit of Penguin
Bank, such as might mark an older shield's now-solidified central
magma system. Instead, the gravity field decreases west and southwest
from the center ofWestMoloka‘i out along Penguin Bank, as expected if
Penguin Bank is a submarine extension of West Moloka‘i volcano. Thus,
presently available topographic, geochemical, and geophysical data are
all entirely consistent with Penguin Bank being part of West Moloka‘i
volcano. Robinson and Eakins (2006) included Penguin Bank in their
calculation of the volume of West Moloka‘i.

Even less is known about Pa‘uwela Ridge on the east flank of Molo-
ka‘i, although it is generally recognized as a submarine extension of a
Hawaiian rift zone (Moore et al., 1989; Holcomb and Robinson, 2004;
Eakins and Robinson, 2006), and its location and orientation are consis-
tent with it being part of East Moloka‘i (Lipman and Calvert, 2011;
Sinton et al., 2014). The distribution of limited gravity anomalies (Fig.
14) support this interpretation although the lack of data east of
156°30′W leaves some uncertainty. Pa‘uwela Ridge has not been sam-
pled, so geochemical and geochronological evidence are lacking.
Existing geometric considerations, gravity anomaly distribution, and
shoreline correlations all support the interpretation that Pa‘uwela
Ridge represents a submarine extension of the East Moloka‘i east rift
zone.
6.2. Postshield accumulation on Moloka‘i and other Hawaiian volcanoes

The contrasting compositions and evolutionary histories of the
postshield sequences on West and East Moloka‘i volcanoes exemplify
the diversity among Hawaiian postshields, even though the two volca-
noes formed in close proximity within only a few hundred thousand
years of one another. The present summits are 30–35 km apart, but
the distance between the centers of the gravity anomalies shown in
Fig. 14, which presumablymarks the locations of themain volcanic con-
duits, is only ~23 km. The two postshield sequences show striking con-
trasts not only in their erupted magma compositions, but also in
respective erupted volumes and durations.

The Wai‘eli postshield of West Moloka‘i is a small geological unit,
with an outcrop area of only 31 km2, equal to 15% of the area of present-
ly exposed West Moloka‘i. Many outcrops are only one flow unit thick,
typically b10 m, although others, particularly near Pu‘u Ka‘a and the
Wai‘eli cone complex (Fig. 6A), are thicker. Assuming an average thick-
ness of 20 m, the total volume of exposed, present-day Wai‘eli is
0.6 km3. Additional Wai‘eli strata are expected to be buried beneath
overlying East Moloka‘i to the east and possibly along the off-shore ex-
tensions of the ‘Īlio (northwest) and Lā‘au (southwest, including Pen-
guin Bank) rift zones. The present summit of West Moloka‘i is on the
western edge of its central Bouguer gravity anomaly (Fig. 14), possibly
indicating that the present land area represents only about half of the
original. We therefore assume that the amount ofWai‘eli currently bur-
ied beneath East Moloka‘i is approximately equal to that presently ex-
posed. Hawaiian postshield strata tend to be concentrated near
volcano summits and are not expected to comprise substantial volumes
of distal rift zones. Furthermore, Wai‘eli is less abundant along the sub-
aerial SW rift zone than along the NW rift (Fig. 3). These considerations
suggest that the total amount of additional (not currently exposed)
Wai‘eli could be as much as 2 km3. Even with the addition of this hy-
pothesized hidden strata, the total Wai‘eli accumulation sums to
b3 km3, making it the smallest of any mapped postshield sequence in
the Hawaiian islands.
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On East Moloka‘i the areal extent of the upper member is 234 km2.
Stearns and Macdonald (1947) describe this unit as varying from 6 to
150 m (20 to 500 ft) in thickness, although their mapping indicates
upper member sections N300 m (1000 ft) thick along the headwalls of
Pelekunu Valley. Upper member sequences typically are several hun-
dred meters thick close to their eruptive vents, but most of the western
and southern slopes of East Moloka‘i is covered by upper member lava
successions 10–40m thick, similar to the sections exposed in the north-
ern sea cliffs (Fig. 5C and D). We assume an average thickness of 40 m
over the presently exposed upper member strata to derive a volume
of 9 km3. A significant portion of the former summit region near
Pelekunu and Wailau valleys, where postshield accumulation should
have been thickest, has been removed by erosion. We estimate that
~12 km3 of uppermember section, averaging 200m thick, was removed
from an area of ~60 km2 in this region. We made similar estimates of
area and thickness of removed upper member material along other
prominent valleys on the north side of east Moloka‘i, and along the
cliff sections extending to both the east and west of the Kalaupapa pen-
insula. Together these areas account for an additional 1–2 km3. Finally
we consider the amount of upper member cover lying off shore.
Clague and Moore (2002) found only tholeiites and rejuvenated-stage
lava during two Pisces submersible dives in this region, and no upper
member lava compositions have been found in the Wailau debris ava-
lanche deposit (Clague et al., 2002). We therefore consider only the
450 km2 region lying off-shore above 1000 m depth. For this region
we assume coverage (50%) and upper member thickness (40 m) to be
the same as for south-facing, subaerial East Moloka‘i. In total, we calcu-
late East Moloka‘i upper member accumulation of 42 km3, N15 times
that of the West Moloka‘i postshield, but much smaller than the
300 km3 estimated by Sherrod et al. (2003) for Haleakalā on Maui.

We estimatemost likely postshield duration of 120± 80 k.y. atWest
Moloka‘i (Section 3.1) and 250 ± 60 k.y. at East Moloka‘i (Section 3.2),
whichyield volumetric accumulation rates of 13–66 km3/m.y forWai‘eli,
and 135–221 km3/m.y. for the East Moloka‘i upper member. These rates
are much lower than production estimates for the long-lived Haleakalā
postshield, which produced ~300 km3 over 0.95 m.y. (Sherrod et al.,
2003), and the short-lived (but probably not yet finished) Laupāhoehoe
postshield of Mauna Kea, which Wolfe et al. (1997) estimated to have
produced 25 km3 since 65 ka (385 km3/m.y.). Even shorter term but
much higher accumulation rates have been suggested for Hualālai.
Moore et al. (1987) estimated that Hualālai produced 0.2 km3 per centu-
ry (~2000 km3/m.y.) during the last 3000 years, and Clague and Sherrod
(2014) assign the entire edifice volume above sea level (~300 km3) to
the postshield stage, which began 115–130 ka (~2400 km3/m.y.). We
hesitate to compare volcanoes not yet finished and over short periods
of observation, however. Detailed studies of Haleakalā andHualālai indi-
cate that eruptive activity can be extremely irregular over time scales of
only a few thousand years (Moore et al., 1987; Bergmanis et al., 2000;
Sherrod et al., 2006).

Notwithstanding the problems inherent in volcano volume estima-
tion, it is obvious that the proportion of Wai‘eli extrusives to West
Moloka‘i's total volcano volume is exceedingly small — 0.02% of Bargar
and Jackson's (1974) West Moloka‘i volume of 17 × 103 km3, and
0.01% of Robinson and Eakins's (2006) volume of 30.3 × 103 km3. The
proportion of the upper member of East Moloka‘i is about an order of
magnitude greater, 0.25% of the Bargar and Jackson (1974) estimate of
16.6 × 103 km3 and 0.16% of the Robinson and Eakins (2006) estimate
of 26.4 × 103 km3. The proportion of East Moloka‘i postshield is similar
to those estimated by Macdonald (1963) for Kohala (0.1%) and
Wai‘anae (0.3%) but much lower than his overall average of 1%.

6.3. Postshield magma systems in Hawaiian volcanoes

As Hawaiian volcanoes migrate with plate motion, they become iso-
lated from the locus of mantle melting and eventually become inactive.
Complementary to this process is the formation of new volcanoes
awai‘i: Implications for the shield to postshield transition inHawaiian
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downstream, which requires a reorganization of themagmatic conduits
arising from depth. Althoughwe know almost nothing about the timing
and processes involved in the development of new volcanoes and their
associatedmagmatic conduits, critical aspects of when and howHawai-
ian volcanoes die are preserved in the geological record. As with many
aspects of Hawaiian magmatic evolution, no single volcano fully exem-
plifies the process. Rather, there are nearly as many variations as there
are volcanoes. At one extreme is Lānai, which became extinct before
exhibiting any compositional effects of declining magmatic vigor. East
Maui (Haleakalā) exemplifies the other end of the spectrum with its
protracted postshield duration of nearly 1 m.y. (Fig. 1).

Most Hawaiian volcanoes show at least the initial indications of de-
creased melting and lower eruption frequency that Macdonald (1968)
characterized as caldera-filling or late shield. Whether or not some of
those should be categorized as postshield depends on the completeness
of themapping and petrological study they have received. The presence
of alkalic rocks and lack of an exposed caldera on Māhukona, Kaho‘ola-
we, Ka‘ena, Kaua‘i andNi‘ihau, indicate those volcanoes progressed to at
least the late shield stage (Fig. 1) or possibly to have erupted thin, un-
mapped postshield sequences (Clague and Sherrod, 2014). For most of
these, detailed petrological investigation for the depth of magma evolu-
tion is lacking. Regardless of how they are classified, it is clear that sev-
eral Hawaiian volcanoes (5 of 17 listed in Fig. 1) went extinct as they
were making the transition from late shield to postshield stage of
evolution.

Among Hawaiian volcanoes with mapped postshield sequences
(Fig. 1), West Moloka‘i is unique in showing little manifestation of
an intervening period of compositionally transitional volcanism,
and is the only one of these volcanoes where the stratigraphic shield
to postshield stage boundary corresponds to the first appearance of
alkalic rocks. The presence of degassed flow units at the top of the
West Moloka‘i Volcanics suggests that effusion rates might have
slowed toward the end of the shield stage, but the chemical signa-
tures of decreased melting are indicated only by slight increases in
most incompatible elements. The West Moloka‘i postshield repre-
sented by theWai‘eli Volclanics is characterized by very low-volume
production of magma that evolved in extremely deep magma
Fig. 15. A comparison of estimates of the depth of magma evolution to the postshield volum
uncertainty estimates on the volumetric extrusion rate combine those of the duration and ini
is plotted as depth below the volcanic summit, as are the approximate depths of crust and m
Moloka‘i are consistent with an inverse relationship between magma supply and reservoir dep
based on MELTS modeling of Hāna Volcanics from the southwest rift zone (Bergmanis et
(Hammer et al., 2016).
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reservoirs. In contrast, at East Moloka‘i the majority of analyzed sam-
ples from the late shield lowermember are chemically transitional to
alkalic basalt, followed by a productive period of extrusion of
postshield magmas ranging from hawaiite to benmoreite that
evolved in magma reservoirs lying within the lower crust.

We compare depth of magma evolution to postshield volumetric
production rate in Fig. 15, exploring the possibility that the latter
might provide a proxy for time-averaged magma supply that is other-
wise impossible to assess in extinct volcanoes. The relationship between
the twoMoloka‘i postshield sequences is consistentwith a thermal con-
trol on magma residence depth, such that low-supply, low-extrusion
rateWai‘eli magmas resided extremely deep prior to eruption, whereas
the more prolific East Moloka‘i upper member magmas resided at
shallower depths prior to average volcanic production rates 5–10
times higher.

Extrapolation of this relationship to other Hawaiian postshields is
inhibited by the lack of comparable data on most of them. Although
the total volume and age of extrusion are moderately well known for
the Laupāhoehoe postshield of Mauna Kea, only semi-quantitative
depths of magma evolution have been derived from comparison to
clinopyroxene saturation experiments in analog systems (e.g., Frey et
al., 1990; Wolfe et al., 1997). The only value for long-term postshield
production at Hualālai is the “crude estimate” of Clague and Sherrod
(2014, 300 km3/0.1 m.y.) and only a broad range of crystallization pres-
sures are known from an evaluation of the crystallization depths of
Hualālai mafic, ultramafic and leucocratic xenoliths (Bohrson and
Clague, 1988; Shamberger and Hammer, 2006).

The only other Hawaiian volcano for which there exists quantitative
results for postshield magma residence are two studies at Haleakalā,
East Maui. Bergmanis et al. (2000) modeled chemical trends of b50 ka
Hāna Volcanics from the southwest rift zone using MELTS, and
Hammer et al. (2016) applied mineral-melt thermobarometric con-
straints to clinopyroxene from a ca. 214 ka Kula ankaramite. Sherrod
et al. (2003) estimated the volumetric production rate of the Haleakalā
postshield to be ~300 km3/m.y. The two Haleakalā depth estimates also
indicate crustal residence for Haleakalā postshield magma systems, and
bracket our result for East Moloka‘i (Fig. 15).
etric extrusion rate for Moloka‘i volcanoes and for Haleakalā (East Maui). Asymmetric
tial volumes; plotted symbols are the medians of both values. Depth of magma evolution
antle layers shown schematically. The extreme depth and low extrusion rate for West
th. Our depth estimate for East Moloka‘i is bracketed by two estimates for Haleakalā, one
al., 2000) and one based on thermobarometry of clinopyroxene in Kula anakaramite
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Overall, our determination that West Moloka‘i Wai‘eli magmas
evolved in extremely deep reservoirs is consistent with feeble extrusion
rate and short eruptive duration. Although published pressure con-
straints on other Hawaiian postshield strata vary, our new results for
East Moloka‘i and quantitative constraints from East Maui suggest that
postshield volcanoes experiencingmoderate extrusion rates are mainly
fed by magma systems residing within the lower crust. Whether or not
an archipelago-wide, systematic relationship exists between reservoir
depth and extrusion rate requires better constraints on both parameters
from other Hawaiian volcanoes.

7. Summary and conclusions

The waning late stages of activity of Hawaiian volcanoes can be sep-
arated into two different but related phases of volcanism. The earlier
one is a decrease in eruptive frequency, commonly accompanied by a
decrease in the extent ofmantlemelting, which ismanifest by the erup-
tion of chemically transitional to alkalic basalts in the late shield stage of
evolution. This phase has rarely been mapped in Hawaiian volcanoes. A
later period is characterized by the eruption of alkalicmagmasmainly at
low effusion rates to form distinctive postshield stratigraphic units.

We determined the extent of postshield lava extrusion on West
Moloka‘i, which we formally designate as Wai‘eli Volcanics. Less than
1 km3 ofWai‘eli alkalic basalt and hawaiite is presently exposed,mainly
along the northwest rift zone and near Wai‘eli along the southwest rift
zone. Wai‘eli volcanism began toward the end of the Olduvai subchron
~1.8 Ma, and continued for about 100–200 k.y. or possibly less. Most
lava units exhibit reversed magnetic polarity indicating eruption after
the end of the Olduvai period (b1.77 Ma).

West Moloka‘i is unique among Hawaiian volcanoes that reached
the postshield stage of evolution in its paucity of eruptions with transi-
tional chemical composition. A brief period dominated by degassed lava
eruptions with slight enrichment in most incompatible elements is the
only manifestation of late-shield evolution prior to the stabilization of
postshieldmagma reservoirs lyingwithin the uppermantle, N20 kmbe-
neath the edifice. We use the MELTS algorithms to model chemical dif-
ferentiation conditions and derivemagma reservoir depths of 20–26 km
at b0.5 wt% H2O.

The regional bathymetry and chemical composition of basalt sam-
ples from Penguin Bank are consistent with this feature being an exten-
sion of the southwest rift zone ofWestMoloka‘i, a conclusion supported
by the disposition of Bouguer gravity anomalies in the region. Previous
arguments that Penguin Bank is underlain by an older volcano that had
undergone extensive erosion likely arose from an underestimation of
the amount of carbonate deposition and extent of down-to-southeast
tilting in the region.

Following a well-developed late-shield transitional period, East Mo-
loka‘i volcano entered a productive period of postshield extrusion of
magmas ranging fromhawaiite to benmoreite that evolved in reservoirs
lying within the crust. Parental magmas to the East Moloka‘i upper
member magmas were hydrous and enriched in P2O5 (as high as
2.5 wt%) and Sr (2500 ppm) at 6 wt% MgO, 45 wt% SiO2, a magma
type known previously only from Kohala volcano and Koko Seamount.
Although East Moloka‘i volcano likely includes a long, east-trending
rift zonemarked by Pa‘uwela Ridge, the overall volume of East Moloka‘i
is less than that of West Moloka‘i, while its proportion of postshield ex-
trusives is greater by about a factor of 10. Postshield volumetric produc-
tion rate at East Moloka‘i is about 8 times greater than that at West
Moloka‘i.

The lower volume and deeper magmatic evolution of the West
Moloka‘i postshield compared to that of East Moloka‘i is consistent
with a thermally controlled relationship between magma supply, as in-
ferred from volcanic production rate, and magma reservoir depth. Two
comparable studies of Haleakalā (East Maui) bracket our magma reser-
voir depth estimates for East Moloka‘i, but at almost twice the volumet-
ric production rate. More volcanoes will need to be similarly evaluated
Please cite this article as: Sinton, J.M., et al., Volcanic evolution ofMoloka‘i, H
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before we can conclude whether systematic relationships exist among
Hawaiian postshields.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jvolgeores.2017.04.011.
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