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The origin of rejuvenated volcanism on mantle plume related oceanic islands remains
controversial. One commonly cited model is decompressional melting related to plate
flexure from the rapid loading of the lithosphere by the formation of a shield volcano
above the plume stem. This model provides testable predictions about the timing and
subsidence history of the island. Here we evaluate the flexure model by examining
the products of three well dated rejuvenation stage eruptions at Kı̄lauea Point, Kaua‘i,
(Hawaii); the 2.65 ± 0.35 Ma Mōkōlea Point lava, 1.67 ± 0.11 Ma for Crater Hill tuff
cone and 0.69 ± 0.03 Ma for Kı̄lauea Point lava events. These eruptions record the
flexure of the island over a 2 Ma period, the longest sequence of rejuvenated volcanism
within the Hawaiian Islands. These three eruptions, including two subaerial flows (the
Mōkōlea Point and Kı̄lauea Point lavas) and the only phreatomagmatic vent structure
on Kaua‘i (the Crater Hill tuff cone), document the progressive sinking and uplift of the
island related to sea level as the island drifted away from the Hawaiian hot spot at
∼10 cm/year. The timing of volcanism and the elevation of Kı̄lauea Point relative to
sea level are inconsistent with the predictions of the flexural melting model. These new
results indicate that decompression melting cannot be the sole driver for rejuvenated
volcanism on Kaua‘i. Additional explanations are needed to account for the timing and
volume of rejuvenated volcanism in Hawai‘i.

Keywords: Hawai‘i, Kaua‘i, Kı̄lauea Point, rejuvenated volcanism, volcanic succession, geochronology,
phreatomagmatic, effusive

INTRODUCTION

Rejuvenated magmatism on Hawaiian and other ocean islands occurs hundreds of kilometers
downstream from the stem of the ascending mantle plume following a hiatus of ∼0·5–2 millions
of years (Myrs) in volcanism (e.g., Macdonald et al., 1983; Garcia et al., 2010). The six oldest of
nine main Hawaiian Islands (spanning the age range of ∼6 to 1.5 Myrs; Garcia et al., 2010) feature
rejuvenated volcanism. Although, products of rejuvenated volcanism represent a small fraction
of the total volume of individual islands or ≤0.1 vol. % (e.g., Walker, 1990; Garcia et al., 2010),
it poses significant risk on the more densely populated islands (i.e., Kaua‘i, O‘ahu, Moloka‘i, and
Maui). The rejuvenated volcanic products are commonly highly alkalic in nature and geochemically
distinct from the underlying shield lavas (e.g., Clague and Frey, 1982; Cousens and Clague, 2015).
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The indication of a depleted source for the rejuvenated
magmatism in Hawaii, inferred to be either in the ocean
lithosphere or as a component of the deflected mantle plume
(e.g., Maaløe et al., 1992; Lassiter et al., 2000; Yang et al., 2003;
Fekiacova et al., 2007), has resulted in three conceptual models
for its origin: (i) melting of the oceanic lithosphere (e.g., Gurriet,
1987), (ii) decompressional melting of the plume following lateral
spreading beneath the lithosphere (e.g., Ribe and Christensen,
1999), and (iii) decompressional melting caused by flexural uplift
as a consequence of lithospheric loading above the plume stem
(e.g., Jackson and Wright, 1970). Accordingly, as each volcano
drifts off the plume, the subsidence is followed by uplift as it
rides the fore-bulge of the Hawaiian flexural arch and subsides
after passing its crest (e.g., Wessel, 1993). It has been proposed
that the distance (i.e., the temporal gap) between the loading
islands and the flexural arch is on par with the distance between
contemporaneous shield and rejuvenation volcanism, implying
that these features are intrinsically linked (e.g., Bianco et al.,
2005).

These models provide predictions on the age range of the
rejuvenated volcanic constructs as well as the range in erupted
magma volumes and compositions. The lithospheric melting and
decompressional melting models fail to account for the South
and North Arch Volcanic Fields (e.g., Lipman et al., 1989; Clague
et al., 1990) that formed on the flexural arch ∼250 km off the
of the island-chain axis (e.g., Bianco et al., 2005). However,

the predictableness of the flexural uplift model implies that it
could be evaluated, or even validated, via examination of age-
constrained sequences of rejuvenated volcanic units. Such an
opportunity is provided at Kı̄lauea Point on Kaua‘i (Figure 1),
where three pulses of rejuvenated volcanism span ∼2 Myrs,
covering the main pulse of rejuvenated volcanism (e.g., Garcia
et al., 2010). This site also records two oscillations of the island
relative to sea level. Here we present a new map and analysis of
the rejuvenated volcanic succession at Kı̄lauea Point. The results
and interpretations are used to evaluate the timing of subsidence
and flexural uplift, and its impact on rejuvenated volcanism on
Kaua‘i.

GEOLOGIC BACKGROUND

The island of Kaua‘i features the second oldest and the
most voluminous record of rejuvenated volcanism among the
Hawaiian Islands, covering the eastern half of the island
(Figure 1). The rejuvenated lavas rest unconformably on shield-
building Wameia Canyon tholeiite lavas (∼3.9–5.1 million years
ago) and post-shield lava (3.6–3.9 million years ago; Macdonald
et al., 1960; Sherrod et al., 2007; Garcia et al., 2010; Cousens
and Clague, 2015; Sherrod et al., 2015). The rapid loading of
Cretaceous lithosphere under the Hawaiian Islands has caused
several km of subsidence for the older shield volcanoes (Moore,

FIGURE 1 | Geological map of island of Kaua‘i showing the distribution of the main rock units including vents (purple areas) for the rejuvenated Kōloa Volcanic Series.
The location of the study area, Kı̄lauea Point, is indicated by the red box. The dark blue areas are lakes and the black circles outlines the study area of Hearty et al.
(2005), see text for further details. (Inset: map of the chain of Hawaiian Islands showing the approximate outlines of Maui Nui (Greater Maui). This volcanic complex
was forming over the Hawaiian hotspot when the Kōloa Volcanic Series was erupted. Redrafted using information from Sherrod et al. (2007) and Garcia et al. (2010).
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1987). The shield stage shoreline of the island until ∼4 million
years ago is currently at least 6 km offshore from Kı̄lauea Point
and ∼0.85 to 1 km below sea level (Flinders et al., 2010).
Rejuvenated volcanism on Kaua‘i (Kōloa Volcanic Series) formed
∼58 km3 (dense rock equivalent) of alkali basalt tephra cones and
lava flow fields between 0.15 and ∼2.6 million years ago (Garcia
et al., 2010). Recent 40Ar/39Ar dating of chips of basanite and
nephelinite from drilling in Lihue Basin reveal ages in the range
of ∼3.1 to ∼3.4 million years ago (e.g., Sherrod et al., 2015),
suggesting that Kōloa-like magmatism may have followed the
post-shield stage without a significant break in volcanic activity
(e.g., Cousens and Clague, 2015). About 40 widely dispersed
Kōloa vent structures have been identified (Macdonald et al.,
1960). Most of the vent structures consist of scoria or spatter
cones and their associated ‘a‘a and pāhoehoe lava flow fields
cover the lowlands the eastern side of the island and also filled
many of the deep valleys on the island to depths of hundreds
of meters (Macdonald et al., 1960; Garcia et al., 2010). Volcanic
units within the Kōloa Volcanic Series are either separated by
sedimentary deposits (mostly conglomerates) or soil horizons.
The northernmost subaerial Kōloa vents are found at Kı̄lauea
Point on the northeast shore of the island (Figure 1). Here
the volcanic succession is unique in the Hawaiian Islands in
recording at a single location three eruptive events spanning the
bulk of the main period of rejuvenation stage volcanism on Kaua‘i
as well as preserving the only phreatomagmatic vent structures of
the Kōloa Volcanic Series (Macdonald et al., 1960).

VOLCANIC SUCCESSION AT KĪLAUEA
POINT: LITHOLOGY, ARCHITECTURE
AND HISTORY

Our new geological map of the Kı̄lauea Point area highlights
the superbly exposed Kōloa volcanic sequence (Figure 2). Here
a nephelinite lava outcrops at the nearby Mōkōlea Point. It is
overlain by a ∼90-m-thick cone sequence of phreatomagmatic
tephra, which is cut by ∼1-m-thick olivine-bearing basanitoid
dike that produced a ∼100-m-thick fountain-fed basanite spatter
and lava that cap the succession (Figures 2, 3a). These three
eruptive units are referred to here, from the oldest to the
youngest, as the Mōkōlea Point lava, Crater Hill tuff cone, and
Kı̄lauea Point lava.

Mōkōlea Point Lava (2.65 Ma)
The Mōkōlea Point lava is exposed along the base of the
Mōkōlea Point (Figures 2, 3). The Mōkōlea Point lava is ≥8 m
thick at the northern tip of the point as its lower contact is
submerged (Figure 3). The upper part of this exposure consists
of decimeter to meter thick pāhoehoe sheet lobes and spongy
pāhoehoe (i.e., equivalent to P- and S-type pāhoehoe of Wilmoth
and Walker, 1993). Figure 4 illustrates the typical three-fold
vertical division of the Mōkōlea Point lava lobes into vesicular
upper crust, lava core and basal crust, which is indicative of
emplacement by insulated transport and flow inflation (e.g., Self
et al., 1998; Thordarson and Self, 1998). On the northern tip
of the Mōkōlea Point and at the very top of the lobe sequence,

a 0.5–2 m-thick sheet lobe is separated from the rest of the
Mōkōlea Point lava by 5–20 cm-thick normally graded, ash to
fine lapilli tephra bed (Figure 3d). The tephra contains abundant
sub-mm size olivine macrocrysts, similar to those observed in the
Mōkōlea Point lava. Also, morphologically and petrographically
the top lobe is identical to the lobes beneath the tephra. This
indicates that a distinct explosive phase with associated tephra
fallout that took place toward the end of the Mōkōlea Point
eruption. Consequently, the top lobe represents a late-stage lava
emplacement in that event.

The pāhoehoe nature of the Mōkōlea Point lava confirms that
it was formed by a subaerial eruption. The surface of the lava
slopes inland (i.e., to the west-southwest, Figures 2, 3b) at a
shallow angle of ∼1◦. It drops 8 m over a distance of 620 m
disappearing below sea level to the west along the shoreline
of the bay (Figure 2). It is noteworthy that upper surface of
the Mōkōlea Point lava is partly eroded, providing evidence
of subaerial erosion. The distinctive slope of the flow surface
strongly indicates that the lava advanced from the east-northeast,
implying that the source vent was located ocean ward of the
present-day shoreline (Figure 5). Hence, when the Mōkōlea Point
lava formed at ∼2.6 Ma, the island of Kaua‘i stood significantly
higher relative to sea level than it does at present.

Sample KR-5 (Table 1) was collected from a quarry on the east
side of the point from a weakly vesicular (<0.5 vol. %) pāhoehoe
sheet lobe (X on MP-lava in Figure 2). It is an olivine and melilite
phyric nephelinite (foidite; Figure 6A) with 10–15 vol. % olivine
(>0.5 mm) and 15–25 vol. % melilite microphenocrysts (0.1–
0.5 mm) along with rare cm-size dunite fragments (Figure 3c) in
a fine-grained (<0.1 mm) holocrystalline matrix dominated by
clinopyroxene with lesser nepheline and magnetite plus minor
melilite. No secondary minerals were observed. An unspiked
K-Ar age determination on the groundmass from this sample
gave an eruption age of 2.65 ± 0.35 Ma (Table 1), making it the
oldest verified Kōloa event on Kaua‘i. It is also one of the most
alkalic lavas on Kaua‘i, probably produced by very low degree of
partial melting (Figure 6B).

Crater Hill Tuff Cone (1.67 Ma)
The Crater Hill tuff cone is the only known Kōloa
phreatomagmatic vent (e.g., Macdonald et al., 1960). The
2-km-long coastal cliff exposure from Mōkōlea Point to
Kı̄lauea Point (Figure 2) is comprised of >90 m-thick, bedded
phreatomagmatic tephra sequence (Figure 7). This sequence is
a remnant of ∼2-km wide tuff cone, which is twice the size of
the famous Honolulu landmark Diamond Head and larger than
any other Hawaiian tuff cone. It is comprised of a well-bedded
sequence with a radial dip of 11–21◦ (Figure 2). The intercepts
of dip-directions (Figure 5) indicate a probable vent location
about 750 m off the shore. The base of the tuff cone is exposed at
Mōkōlea Point, where the tephra sequence rests on the Mōkōlea
Point lava.

The lowest part of the tuff cone consists of three meters-
thick, very poorly sorted, massive lapilli-tuff breccia (LTB) units
featuring decimeter to a meter-size ballistic blocks and juvenile
bombs often forming similarly large bomb-sags. The LTB units
are intercalated with decimeter-thick units of cross-bedded and
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FIGURE 2 | Geological map and simplified stratigraphic column (right) of the Kōloa Volcanic Series at Kı̄lauea Point, Kaua‘i based on new mapping. The red soil
horizon is not visible on the map, but its position is indicated as shown on the stratigraphic column. BRS stands for the Big Red Soil. See text for further details.

ash-rich lapilli tuff (LT1 on Figure 7). The upper part of the
sequence of the tuff cone consists of alternating decimeter to a few
meters thick lapilli tuff (LT2) and tuff (T) units (Figure 7). The LT

units are diffuse-bedded, poorly sorted lapilli tuffs with multiple
meters-long, clast-supported pumice lapilli lenses (Figure 7). The
bedding is frequently deformed by decimeter-size ballistic blocks
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FIGURE 3 | Photographs of the Kı̄lauea Point area. (a) Oblique view looking east along the coast from Kı̄lauea Point. (b) The Mōkōlea Point (MP) lava and lowest
part of the Crater Hill (CH) tuff cone sequence at Mōkōlea Point. View looking south from the north end of the point illustrating the slight southward dip of the MP lava
surface (indicated by white broken line). (c) A stack of three, decimeters to meters thick, pahoehoe sheet lobes overlain by the CH tuff cone deposits (white broken
line) at the northern tip of the point. View is to the east. The thickest sheet lobe is at the base and the thinnest at the top (the white dotted lines indicate lobe
boundaries). Each lobes contains dunite nodules (inset) in its lava core, as indicated by the circle-ended bars. The boundary between the top two lobes is
demarcated by a cm-thick alkali basalt tephra fall deposit (see d for close up). The overlying CH tuff cone deposits consist of massive lapilli-tuff breccia (LTB) units.
People (lower left) for scale. (d) Close up of the contact (white broken line) between the MP-lava and the CH tuff cone. The white arrow points to the tephra layer that
separates the top two lobes of the MP-lava. View is to the east.

and bombs. The T units are either comprised of cross-bedded,
moderately sorted medium to coarse ash (T1 on Figure 7) or
diffuse cross- or planar-bedded, very poorly sorted ash with
dispersed armored and accretionary lapilli (T2 on Figure 7).

We interpret the LBT units to have been formed by discrete
tephra jets fed by rooster-tail explosions at the onset of the
eruption. The diffuse-bedded and poorly sorted LT units are

taken to represent aggradational deposition from simultaneous
fall and flow sustained but pulsating activity lasting for several
hours. Such activity has also been described as continuous
uprush (Thorarinsson, 1967). The lapilli fraction corresponds
to the tephra fall, while the ash-grade portion is deposited by
dilute pyroclastic density currents (i.e., base surges). The cross-
and planar-bedded bedded tuffs are interpreted to have been
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FIGURE 4 | A vertical section through a representative pahoehoe sheet lobe
within the Mōkōlea Point (MP) lava, showing the three-fold division of upper
lava crust, lava core and basal crust, along with segregation features such as
pipe vesicles at the top of the basal crust and vesicle cylinders and associated
horizontal vesicle sheets in the lava core. When present, the dunite fragments
are confined to the lower part of the lava core, which corresponds to the liquid
lava portion of the lobe during emplacement. These internal structures typify
pāhoehoe formed by endogenous growth and inflation (e.g., Self et al., 1998).
The total thickness of the lobe is about 2.25 m.

emplaced by dry (T1) and wet (T2) dilute pyroclastic density
currents (Figure 7). Their occurrence as distinct horizons in-
between the LT units indicates that they were formed after a brief
lull in the activity. By analog to the 1963–1967 Surtsey eruption
in Iceland, the early stage rooster tail explosions were formed

when the crater was inundated by sea water, while the periods
of continuous up-rush took place when the crater alternates
from being almost free of and partly filled with sea water
(Thorarinsson, 1967). These evidence, along with the presence of
reef-limestone fragments in Crater Hill deposits, are consistent
with the interpretation that the eruption site was in shallow
coastal waters. Thus, when the Crater Hill tuff cone was formed
at ∼1.7 Ma sea level relative to the island was almost the same as
today.

A juvenile bomb (KR-2 in Table 1) collected from the tuff cone
(labeled Y on Figure 2) is a weakly vesicular (<5 vol. %) olivine
nephelinite (foidite Figure 6A) with 5–8 vol. % olivine and minor
(1–2 vol. %) of 0.1–0.5 mm clinopyroxene microphenocrysts
sitting in a holocrystalline matrix of clinopyroxene, nepheline
and magnetite. Some olivine have thin (<0.01 mm thick) rims
of iddingsite but no other secondary minerals are present. An
unspiked K-Ar age determination on the groundmass of this
bomb gave an eruption age of 1.67 ± 0.11 Ma (Table 1).

The Red Paleosol Horizon
The Crater Hill tuff cone sequence and Kı̄lauea Point lava are
separated by a 2–3 m thick red paleosol (i.e., saprolite) horizon
formed by weathering of the tuff cone tephra during sustained
surface exposure (Figures 3a, 7). It signifies that a substantial
weathering period between eruptions consistent with the ∼1 Myr
age difference between the Crater Hill tuff cone and the Kı̄lauea
Point lava (i.e., Table 1). This paleosol horizon is probably

FIGURE 5 | Proposed vent positions for the Kı̄lauea Point eruptions. The circles show the inferred vent positions of Mōkōlea Point lava (green) and Crater Hill tuff
cone (orange). The broken red line marks the inferred position of the Kı̄lauea Point lava feeder dyke. The Line A-B indicates the location of the cross section in
Figure 7. The strike and dip symbols for bedding in the tuff come are shown without dip values for sake of clarity (see Figure 2 for values).

Frontiers in Earth Science | www.frontiersin.org 6 September 2018 | Volume 6 | Article 121

https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-06-00121 September 3, 2018 Time: 16:35 # 7

Thordarson and Garcia Thordarson and Garcia – Rejuvenated Volcanism in Hawai‘i

TABLE 1 | The rock type, chemical composition and unspiked K-Ar ages for the
three Kōloa Volcanic Series units making up the succession at Kı̄lauea Point on
the island of Kaua‘i.

Sample Mōkōlea Point
lava (KR-5)

Crater Hill tuff
cone (KR-2)

Kı̄lauea Point
lava (KR-3)

Rock type Olivine-melilite
nephelinite

Olivine
nephelinite

Basanite

Major elements (wt.%)

SiO2 37.75 39.90 43.53

TiO2 3.46 3.31 2.81

Al2O3 9.25 10.14 13.55

Fe2O3
∗ 15.39 14.44 13.40

MnO 0.23 0.21 0.19

MgO 14.42 13.67 6.88

CaO 13.29 12.75 14.39

Na2O 3.32 3.61 2.67

K2O 0.98 0.49 1.30

P2O5 0.93 0.70 0.49

Total 99.01 99.21 99.20

Trace elements (ppm)

V 323 270 310

Cr 493 528 336

Ni 329 331 111

Rb 27 10 30

Sr 1085 802 699

Y 25 22 21

Zr 292 203 151

Nb 88 69 51

Ba 991 763 708

La 59 46 30

Ce 127 98 59

Age (Ma) 2.65 1.67 0.69

1 sigma 0.35 0.11 0.03

For further information on samples and analytical procedures see Garcia et al.
(2010). The labels given in the parenthesis are sample numbers. ∗Total iron as
Fe2O3.

the time equivalent of the Big Red Soil (BRS) of Hearty et al.
(2005) on the south coast of Kaua‘i. The BRS is 0.5–1.5 m thick
and present within a raised carbonate platform formation. It is
thought to have formed during a prolonged surface exposure of
the platform between 0.5 and 1.0 Ma (Hearty et al., 2005).

Kı̄lauea Point Lava (0.69 Ma)
The Kı̄lauea Point lava is the youngest eruptive unit at Kı̄lauea
Point. The north to south trending dike connects to the Kı̄lauea
Point lava near the center of coastal outcrop (Figures 2, 6). The
near-vent deposits are ∼100-m-thick accumulation of spatter
and scoria, representing a crater rampart that rests directly on
the red paleosol horizon at the top of Crater Hill tuff cone
sequence (Figure 7). Down slope, this succession grades into
>60-m-thick fountain-fed lava flow that was flowed south and
northwest from the erupting fissure (Figure 2). The lava features
a massive columnar jointed core that is flanked by compound
pāhoehoe lobes (Figure 8). The massive facies may represent the
fill of lava channel and the compound facies probably were levees

FIGURE 6 | Plots of XRF major element abundance and ratio for the
rejuvenated eruption units at Kı̄lauea Point (large colored symbols) and other
the Kōloa Volcanic Series lavas (black triangles; from Garcia et al., 2010).
(A) Total alkalis vs. SiO2. Kı̄lauea Point units are nephelinite (i.e., fodite) and
basanite, typical of the Kaua‘i rejuvenated lava compositions. The
tholeiitic-alkalic dividing line (red) is from Macdonald and Katsura (1964).
(B) CaO/Al2O3 vs. MgO. Kōloa Volcanics. The higher CaO/Al2O3 value is
indicative of larger degree of partial melting and the horizontal offshoot
removal of olivine by fractional crystallization. MP: Mōkōlea Point lava, tuff:
Crater HIll tuff cone, KP: Kı̄lauea Point lava.

and overbank flows. The northwest branch of the Kı̄lauea Point
lava extends seaward at least to the islet of Moku‘ae‘ae (>300 m
beyond the present coastline; Figure 2). A 3

◦

dip of lobe contacts
and laterally continuous internal planes indicate that the flow
may extend >20–30 m below sea level at Moku‘ae‘ae (Figure 8).
Therefore, the Kı̄lauea Point lava must have been emplaced when
sea level relative to the island stood was 10’s of meters lower than
today.

Sample KR-3 is from Kı̄lauea Point lava feeder dyke which
yields an unspiked K-Ar eruption age of 0.69 ± 0.03 Ma (Table 1).
It is comprised of nearly aphyric basanite (Figure 4a) with <1 vol.
% olivine phenocrysts and microphenocrysts of clinopyroxene
(3–5 vol. %) in a holocrystalline matrix of clinopyroxene,
nepheline and magnetite (no plagioclase). It is massive and
moderately vesicular (15–25 vol. %) with calcite partially filling
some vesicles.

DISCUSSION

Vertical Movement of the Island of Kaua‘i
Revealed by the Kōloa Succession at
Kı̄lauea Point
The rapidly loading of the ∼90 million year old Pacific Ocean
lithosphere by a growing Hawaiian volcano causes the crust to
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FIGURE 7 | Stratigraphic log of the CH tuff cone tephra sequence and its contacts with underlying MP lava and overlying KP lava units. Lower tephra consists of
massive lapilli-tuff breccia (LTB) intercalated cross-bedded lapilli tuff (LT1) units. The overlying section consists of alternating lapilli tuff (LT1/LT2) and cross bedded tuff
(T1/T2) units. The LT2 units are diffuse-bedded lapilli tuffs with multiple clast-supported pumice lapilli lenses. The tuff units are either cross-bedded medium to coarse
ash (T1) or diffuse cross- or planar-bedded fine to medium ash (T2), usually containing accretionary lapilli. Throughout the sequence the bedding is commonly
deformed by decimeter- to meter-size ballistic blocks and bombs. The lower contact with the MP lava represents a 1 Myr-long hiatus, while the contact between the
CH tuff cone and the KP lava is demarcated by thick red soil horizon (RS) formed by weathering of the very top of the tuff cone sequence in the time between the
two events.

subside at rate of ∼2.6 mm/year (Moore, 1987; Ludwig et al.,
1991). As each volcano drifts off the plume, the subsidence is
followed by uplift as it rides up the Hawaiian flexural arch and
subsides again after passing its crest (e.g., Wessel, 1993). The
island Kaua‘i has been exposed to this type of “subsidence-rise-
subsidence,” with a vertical extent of ∼500 m or more, during
the 5 Myr passage from its formation above the Hawaiian mantle
plume to its current position. It has been hypothesized that the
distance (=the temporal gap) between the loading islands and the
flexural arch is similar to the distance between contemporaneous
shield and rejuvenation volcanism, underpinning the proposal
that these features are intrinsically linked (e.g., Bianco et al.,
2005).

The succession of Kōloa volcanics at Kı̄lauea Point is unique
in the Hawaiian Islands in that it provides, at one location,
three rejuvenated eruptive units spanning ∼2 Myrs all recording

formation at different sea level stands (Figure 9). Furthermore, it
is evident, that at the time of the Crater Hill eruption (∼1.7 Ma)
the relative sea level was similar to the present, while the
overlying ∼0.7 Ma Kı̄lauea Point lava and underlying ∼2.7 Ma
Mōkōlea Point lava were formed when the relative sea level was
substantially lower than today (Figure 9). Thus, the volcanic
succession at Kı̄lauea Point records a subsidence of the island
of Kaua‘i in the ∼1-Myr-long hiatus between the formation of
Mōkōlea Point lava and the Crater Hill tuff cone and a rise at
least up until formation of the Kı̄lauea Point lava, again followed
subsidence (Figures 9, 10).

Kı̄lauea Point is situated about 1000 m above paleoshoreline
of Kaua‘i near the end of its shield-building stage (Flinders et al.,
2010). It follows for Crater Hill tuff cone eruption to have taken
place at sea level at ∼1.7 Ma, the island of the Kaua‘i subsided
∼1000 m in the time between drifting off the hot spot at ∼3.9 Ma
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FIGURE 8 | (a) The vent facies of the Kı̄lauea Point (KP) lava on top of the Crater Hill (CH) tuff cone at the main bay. The view is to the west. The white broken line
delineates he contact between the two eruptive units. Directly below the contact is a 2–3 m –thick red soil horizon (BRS). (b) The massive KP lava (channel fill) facies
at Kı̄lauea Point flanked by the compound lava. View is to the northwest. (c) Schematic cross section of the KP lava from Kı̄lauea Point to Moku‘ae‘ae island (see
Figure 2 for position) illustrating the seaward dip of the strata and the minimum degree of subsidence since formation (lower right).

and the Crater Hill eruption. This indicates a mean subsidence
rate of 0.45 mm/year for this period. This rate is about factor six
lower than the current subsidence rate of the Big Island of Hawaii,
which is ∼2.6 mm/year over the last 0.46 Myrs (Ludwig et al.,
1991). However, the estimated average subsidence rate of O‘ahu
since its shield volcanoes became inactive at ∼2.2 Ma (Yamasaki
et al., 2011) was also slow (∼0.3 mm/year, equal to 600 m of
subsidence; Walker, 1990), because it has been counterbalanced
by an uplift rate in the range of 0.015–0.06 mm/year (equal to 7.5–
30 m of uplift) over the last 0.5 Myrs (Hearty, 2002; McMurtry
et al., 2010). Moore (1987) indicated the subsidence rate of the
Hawaiian Islands is highest during the first million years. Volcano
subsidence rate decreases from 2.6 mm/year to <0.3 mm/year
as it migrates away from the mantle plume. Using the mean
subsidence rate of 0.45 mm/year for Kaua‘i in the period ∼3.9
to ∼1.7 Ma implies that the Kı̄lauea Point area would have been
situated 500–600 m above sea level at the time of the Mōkōlea

Point lava eruption at ∼2.7 Ma. These vertical movements on
the scales of 100’s of meters make it unlikely that the cyclic
changes in the relative sea level described above are recording
the rise and fall of the global sea level during the latter stages
of the Plio-Pleistocene period, because in none-glaciated areas
those changes have amplitudes of meters to 10’s of meters (e.g.,
Hearty et al., 2005; Hansen et al., 2013). Our data do not allow
assessment of the islands’ rise rate during the period between
the ∼1.7 million year old Crater Hill tuff cone and the ∼0.7
million year old Kı̄lauea Point lava eruption. The rise rate of
Kaua‘i as it ascended the Hawaiian flexural arch was probably
similar to the rate estimated for nearby O‘ahu, or ≥ 0.015–
0.06 mm/year (Hearty, 2002; McMurtry et al., 2010). This implies
a rise of 15–60 m for the island in the period leading to the
Kı̄lauea Point lava eruption. Hearty et al. (2005) describe three
older couplets (I-III) that are separated from the younger ones
by the Big Red Soil (BRS) that was developed during the period
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FIGURE 9 | Schematic illustrations of the three eruption scenarios from a
viewpoint looking west: (A) Mōkōlea Point lava (MP), (B) Crater Hill (CH) and
(C) Kı̄lauea Point lava (KP) events. BR indicates the red soil horizon (see text
for details). Age of each event is indicated and the blue horizontal line
indicates current sea level. Sea level at the time of the eruptions is shown by
the blue pattern. Note the illustrations are not drawn to scale and the
presence of a cone in (A) is inferred.

from ∼1.0 to ∼0.5 Ma by sustained upward tectonic motion of
the island of Kaua‘i as it crossed the fore-bulge of the Hawaiian
flexural arch, a passage expected to have taken about 0.9 Myrs.
The red paleosol horizon at top of the Crater Hill tuff cone
sequence developed during approximately the same time interval,
i.e., from ∼1.7 and ∼0.7 Ma, underpinning the inferences made
by Hearty et al. (2005). Hence, we conclude that the volcanic
succession at Kı̄lauea Point records the key vertical tectonic
movements (i.e., “subsidence-rise-subsequence”) during the last
∼3 Myrs when the island of Kaua‘i traveled from the hot spot
over and down the Hawaiian flexural arch to its current location
(Figure 10).

The Kı̄lauea Point Succession and the
Rejuvenated Volcanism-Flexural
Decompression Model
Here we evaluate how the scenario outlined above conforms
to the rejuvenated volcanism-flexural decompression model
of Bianco et al. (2005). In addition to the observations on

Kaua‘i presented above, it is useful to consider these additional
observations:

(i) The paleo-island Maui Nui (Figure 1, inset), which
consisted of seven shield volcanoes, provided the crustal
loading when Kaua‘i was passing over the flexural moat and
arch. Kaua‘i is situated about 350 km west-northwest of the
weighted center of Maui Nui (represented by West Maui),
about 250 km from western Maui Nui (=West Moloka‘i)
and 370 km from eastern Maui Nui (=Haleakalā). The Maui
Nui volcanoes featured its major shield-building phases in
the period from > 2.1 to 0.95 Ma (e.g., Sinton et al., 2017).

(ii) Current distance from the volcanoes producing the crustal
loading (i.e., the Island of Hawai‘i volcanoes) to the flexural
moat is in the range of 110–140 km and about 250 km to the
crest of the flexural arch. For the purpose of this discussion,
similar distance values are assumed for the times of Maui
Nui.

(iii) Assuming a plate spreading rate of 10 cm per year (e.g.,
Garcia et al., 1987), the island of Kaua‘i had been displaced
from the anticipated loading shield volcanoes at the time of
the ∼2.7 Ma Mōkōlea Point lava, the ∼1.7 Ma Crater Hill
tuff cone and the ∼0.7 Ma Kı̄lauea Point lava eruptions as
indicated in Figure 10.

(iv) Rejuvenated volcanism on Kaua‘i spans at least 2.45 Myrs
(2.65–0.15 Ma; Garcia et al., 2010) and possibly 3.25 Myrs
(3.4–0.15 Ma; e.g., Cousens and Clague, 2015).

(v) About 58 km3 magma was erupted during Kaua‘i’s
rejuvenation stage (Garcia et al., 2010). The reconstructed
magma production rate indicates steady increase in magma
production from onset of rejuvenated activity at ∼2.65 to
∼1.3 Ma, followed by a sharp decline until ∼0.8 Ma and
stops at 0.15 Ma (Figure 10).

The data presented in this paper along with the evidence
collated above on the Kōloa Volcanic Series highlight significant
inconsistencies between the flexural decompression model as
outlined by Bianco et al. (2005) and data obtained for the
Kı̄lauea Point sequence (Figure 10). Firstly, the model does not
predict uplift during the early onset of rejuvenated volcanism
on Kaua‘i. This volcanism precedes the predicted model onset
by at least ∼0.7 Myrs, as exemplified by the Mōkōlea Point
lava event on Figure 10. Secondly, observed magma production
rates (24 km3/Myrs; Garcia et al., 2010) are almost a factor
two higher than predicted by the flexural decompression model
(13 km3/Myrs; Bianco et al., 2005). Thirdly, data presented
here do not match well with the model predicted rate of
flexural uplift induced by loading of the Maui Nui complex
(weighted loading center = West Maui) onto a Pacific plate
with effective elastic plate thickness (Te) of 25 and 35 km,
respectively (Figure 10a). However, if the weighted loading
center is shifted east toward Haleakalā, then the model predicted
rate of flexural uplift for the case of Te = 25 km exhibits a
good match to observations of the last 1.5 Myrs, especially the
peak in magma production centered on ∼1.3 Ma (Figure 10).
This is also consistent with the prediction that flexure-driven
asthenosphere decompression, as Kaua‘i passed over the Arch,
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FIGURE 10 | Schematic representation of the subsidence history as depicted by the volcanic succession at Kı̄lauea Point, with the weighted center of the load focus
as (A) West Maui and (B) Haleakalā. Solid black curve represents the reconstructed subsidence path of the Kı̄lauea Point area striding across the flexural arch
between ∼3.9 and ∼0.7 Ma. The elevations of the Mōkōlea Point (MP) and Kı̄lauea Point (KP) lavas is inferred to be 500 and ≤60 m, respectively (see text for
details). Temporal variation in predicted rate of flexural uplift ( = magma flux rate) from the loading of the Pacific plate by Maui Nui volcanism (Bianco et al., 2005) is
illustrated with broken lines for effective elastic plate thickness (Te) of 25 and 35 km, respectively (see key). The y-axis on the right indicates also the relative observed
magma production rate (gray shaded area) as constructed by Garcia et al. (2010). The Pacific plate is assumed to have moved WNW at a rate of ∼100 km/Myr. It is
noteworthy that rejuvenated volcanism began, at least, ∼0.7 Myr (Te = 25 km; Haleakalā) to about 1.8 Myrs (Te = 35 km; West Maui) earlier than predicted by the
model. The observations on magmatism in the last 1.5 Ma only exhibits a reasonable fit with the model prediction for an effective elastic plate thickness Te = 25 km
and Haleakalā volcano as the weighted loading center. (C) Histogram of rock types vs. age in ∼0.5 million-year bins. Oldest rocks are strongly alkalic, foidites and
basanites and no alkali basalts. At the peak in rejuvenated volcanism on Kaua‘i about 1.3 Ma, the rejuvenated magmatism is producing all three rock types and
maintains that feature thereafter. Drafted based on information from Bianco et al. (2005) and Garcia et al. (2010).

increases degree of melting and magma production (Bianco et al.,
2005). The change from foidite/basanite dominated magmatism
to production of significant amounts of alkali basalt magma

at ∼1.3 Ma adds credence to this perception. Even so, the
observations demonstrate that the flexural decompression model
does not on its own capture all aspects of the rejuvenated
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magmatism on Kaua‘i. The inconsistencies listed above indicate
that flexural uplift (e.g., Bianco et al., 2005) or buoyancy-
driven melting (Ribe and Christensen, 1999) do not fully explain
the onset of rejuvenated magmatism (e.g., Garcia et al., 2010;
Cousens and Clague, 2015). However, as suggested by Garcia et al.
(2010), it may be possible to overcome these discrepancies by
combining these two plume source models. In this context, it is
noteworthy that the aerial extent of Maui Nui is estimated to have
been 40% larger than that of the Big Island of Hawaii, while its
mass is estimated to be 14% less (Robinson and Eakins, 2006).
Also, the mass distribution is different between the two, where the
main mass loading on the Big Island (i.e., Mauna Loa and Mauna
Kea) is close to the islands center, but on Maui Nui it is situated
at the far east end the center island (i.e., Haleakalā). Is it possible
that these differences in aerial extent and mass distribution played
a role in generating the observed pattern of age, rock type and
geochemistry that typifies the rejuvenated magmatism on Kaua‘i.

CONCLUSION

In general, the observations and data presented here do not
provide support for the flexural decompression model of by
Bianco et al. (2005) as the sole driver for rejuvenated volcanism
on Kaua‘i, especially during the early stages of volcanism (2.6–
2.0 Ma; Figure 10). However, as current models can only
explain part of the key features of rejuvenated volcanism
on Kaua‘i and other Hawaiian islands (see Garcia et al.,
2010 for further discussion), the quest for the all-inclusive
model is still on. In this context, it might be fruitful to
look at the possible role of the loading-island-mass as a
variable.

The following deductions on the volcanism at Kı̄lauea Point
may also be of interest. The eruptions that formed the Crater
Hill tuff cone and Kı̄lauea Point lava appear to have had conduits
that followed effectively the same lineament toward the surface,
despite having taken place about 1 Myrs apart. This strongly
suggests that the magma that fed these eruptions, and possibly
the Mōkōlea Point lava eruption as well, followed the same,
preexisting structural weakness to reach the surface as implied by
Macdonald et al. (1960), rather than creating their own pathway.
Hence, it may be practical to explore other rejuvenated volcanic
vent constructs on Kaua‘i and other islands, such as O‘ahu, in
this context and assess if they exhibit similar relationships with
preexisting structural lineaments. Such knowledge would be of
value for volcanic risk assessment and mitigation plans regarding
future rejuvenation stage eruptions on the Hawaiian Islands.
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