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ERUPTIVE HISTORY AND LONG-TERM BEHAVIOR
OF KILAUEA VOLCANO

By Robin T. Holcomb

ABSTRACT

Long-term variations in Kilauea’s eruptive behavior are
revealed by mapping, paleomagnetic dating, and morphologic
analysis of the surficial lava flows.

About 70 percent of Kilauea’s surface is younger than 500
years, about 90 percent younger than 1,100 years. Much of its
present caldera dates from the 18th century. An earlier caldera
collapse about 1,500 years ago was followed by an eruptive
hiatus outside the caldera until summit overflows began about
1,100 years ago.

Kilauea'’s surface is dominated by the products of sustained
eruptions; it consists of 67 percent tube-fed pahoehoe, 14
percent surface-fed pahoehoe, and 16 percent aa. Eruptions are
sustained longer at the summit and are briefer along the rift
zones away from the magma reservoir beneath the summit.
More than 50 percent of Kilauea is still covered by lava flows
from long-sustained eruptions at the summit, despite an
absence of such overflows in the last 250 years. Local variations
in eruptive behavior along different rift structures probably
reflect different connections to the principal reservoir.

Changes in eruptive behavior have occurred over intervals
of decades and centuries. Some changes have been repeated,
and some appear to have been evolutionary. Two caldera col-
lapses and accompanying large explosive eruptions have been
followed by intervals of little activity along the subaerial rift
zones. Rift activity waxed as summit activity waned, and one
waxing sequence resembles an evolutionary progression: rift
eruptions, at first brief and widely separated in time and space,
gradually became frequent along restricted segments of the rift
zone and culminated in sustained activity at localities pro-
gressively farther from the summit. The current rift-zone
activity resembles that which occurred in the 18th century
preceding the explosive eruption of 1790.

The causes of long-term eruptive variation remain undeter-
mined, though shifts in the sites of principal magma storage are
probably involved. Slow development of integrated plumbing
along the rift zones is probably interrupted by sudden subsi-
dences of the summit and the unbuttressed south flank. Possible
behavioral models are classified as evolutionary, cyclical, and
stochastic; they differ greatly in their implications on long-
range forecasting.

INTRODUCTION

By the early 1970% it was clear that an eruption history of
Kilauea Volcano was needed for the period preceding the 1Sth
century. The Polynesian oral history had been lost early in that
century, and only a few scattered traditions had survived. During the
following one hundred years Kilauea’s eruptive behavior had shown
little change, being nearly continuous and almost completely
restricted to the caldera (fig. 12.1A). As a result, rift eruptions were

thought rare and volcanic hazards small, and the Puna District was
extensively developed (fig. 12.1B). However, summit activity had
become episodic after collapse of Halemaumau and explosions in
1924, and a flurry of rift eruptions began in 1955. Continued rift
activity through the 1960's raised the possibility of a higher long-
term eruption frequency outside the caldera and of consequent
greater hazard (fig. 12.1C). When I joined the staff of the Hawaiian
Volcano Observatory in 1971 [ began to reexamine the risk and the
usefulness of the historical record for assessing it.

One impediment to study of long-term eruption histories had
been a feeling that they could tell little about future behavior.
According to the idealized life history of Hawaiian volcanoes (fig.
12.2), a shield undergoes distinct developmental stages, including a
youthful growth stage and a mature caldera stage. The caldera
develops when magma supply can no longer overcome a tendency for
the summit to founder (Macdonald, 1965). Though eruptions may
continue vigorously for some time afterward, caldera formation
marks the end of shield growth. According to this view, Kilauea had
recently entered its mature stage; behavior preceding caldera forma-
tion differed from that occurring now, so little could be learned about
present hazards through study of precaldera events.

Powers (1948), however, had inferred that an ancient caldera
was filled and buried before the present one formed. If there had
been one earlier caldera there could have been many; perhaps the
volcano had no distinct shield-building and caldera stages but
underwent repeated caldera collapse and filling as it grew
(Holcomb, 1976b). If so, Kilauea might continue to grow long into
the future, and events that occurred before caldera formation might
be repeated. In particular, collapses might interrupt dikes transport-
ing magma into rift zones (Fiske and Jackson, 1972) and thereby
cause changes in long-term eruption patterns. If repeated patterns
occurred, they might tell much about the operation of the volcano
and lead to better forecasts of its behavior. The work reported here
was focused on those possibilities.
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FIGURE 12.1.—Historical eruptions and property development on Kilauea Volcano. A, Stratigraphy of Kilauea, showing historical lava
flows erupted before 1954, with dates given for some flows, from Stearns and Macdonald (1946). B, Property subdivisions, developed
mostly after 1950. C, Lava ows erupted during 1955-84.
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FicURE 12.2. —Life cycle of a Hawaiian volcano, from Macdonald and Abbott (1970).
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PURPOSE AND PROCEDURE

Kilauea’s recent history has been surveyed to evaluate long-term
eruptive changes. The work has focused on the interval recorded by
the surficial lava flows; a tentative history for this interval has been
derived from geologic mapping, age determinations, and mor-
phologic analysis of eruption products (Holcomb, 1980b).

GEOLOGIC MAPPING

In order to establish stratigraphic sequences and gather other
information, a reconnaissance geologic map of Kilauea’s subaerial
edifice was made at a scale of 1:50,000 (Holcomb, 1980a; many
subsequent illustrations herein are adapted from that map, as
indicated in fig. 12.3) Four years of general familiarization
(1971-75) were followed by several months of systematic pho-
tograph interpretation (1975-76) and three months of ground
checking (1977). Emphasis was placed on lava-flow morphology.
Standard procedures were adapted to suit the particular goals of the
work, time available, and characteristics of the mapped area.

The subaerial part of Kilauea is about 80 km long, averages
about 20 km wide, and includes about 1,500 km?. It is a long,
domelike ridge rising to a summit elevation of about 1,240 m (fig.
12.4A). The orographic rainfall pattern renders it climatically and
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FIGURE 12.3.—Index maps for Kilauea Volcano. A, Some named localities; others are shown on figure 12.5. B, Coverage of map and aerial-photograph
numbers.
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FIGURE 12.10.—Generalized history of Hawaiian geomagnetic secular variation
during the last 3,000 years. Track dashed where confidence is less. Ticks are
shown at approximate 100-yr intervals, and numbers indicate thousands of years
before present. Unpublished data have been used to modify earlier version by
Holcomb and others (1986).

could be the edge of a very broad, flat cone of lava banked against
an older, steeper slope. Such a cone could develop from several
causes; for example, a rise in relative sea level could have raised the
baselevel to which the slope was formerly adjusted.

No eruptions are known from this flank; for at least the last few
millenia it has passively accumulated lava, mostly as tube-fed flows
from the summit.

EARLIER PREHISTORIC ACTIVITY

Because of incomplete exposures and dating uncertainties, a
full eruption history of Kilauea is not yet possible, even for the last
few thousand years. Available information does, however, permit a
general history, having increased detail with younger age. The
history is reviewed in the following sections, in which many dating
uncertainties are discussed. Readers not interested in these details
may want to skip ahead to the section entitled “Summary of
Eruptive History.”

PLEISTOCENE SHIELD GROWTH

Kilauea’s early history was studied by Easton (chapter 11,
1978), who estimated that the volcano began to grow around
200-300 ka. Only the later subaerial part of shield growth has
been available for study; it is recorded by the Hilina Basalt, Pahala
Ash, and lower part of the Puna Basalt exposed in the Hilina fault
scarps of the central south flank (fig. 12.20). The lowermost Hilma
flows now exposed are estimated to have ages of 100 ka, and the
Pahala Ash was deposited between 25 ka and 10 ka (Easton,
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chapter 11). Rocks below the Pahala Ash are mostly tube-fed
pahoehoe flows, probably from sustained summit eruptions. Inter-
spersed among the flows are ash layers, probably erupted at the
summit in large explosions associated with successive caldera col-
lapses. Little is known about rift-zone activity during this interval.

OLDER HOLOCENE FLOWS

About 10 percent of Kilauea's surface consists of rock older
than about 1,100 years. Some of the older lava flows are veneered
by ash deposits. Among these are kipukas of picritic aa of about 5.2
ka (W—4536) on the north flank southeast of Keaau (fig. 12.21),
probably erupted from the northeast rift zone of Mauna Loa
(Lockwood and Lipman, chapter 18). Pahoehoe above ash in one
kipuka has been dated at about 3.7 ka (W-4177, fig. 12.5/). The
source of this lava is unknown; it could have come from the summit of
Kilauea or from the northeast rift zone of Mauna Loa. As discussed
later, it may be coeval with flows previously thought to have been
erupted 750—1,000 years ago. Buried flows resting on Pahala Ash
below the rim of Hilina Pali have been dated at about 6.6 ka and
4.8 ka (W-3873 and W-3798, fig. 12.5D). Younger flows,
separated from the older ones by thin ash and forming much of the
surface in Kipuka Ahiu and Kipuka Keana Bihopa (fig. 12.22),
have been dated at about 3.5 ka (W-3831, fig 12.5D). These
flows are veneered by ash and eolian sand thick enough te support a
carpet of high range grass and scattered ohia trees (Metrosideros
polymorpha). The ash on and between these older Puna flows
suggests that explosive eruptions occurred more than once between
6.6 and 1.5 ka, but the number of eruptions is not known. The flows
have various directions of magnetization, but not enough '%C ages
are available to derive a continuous magnetic history.

Several vents still exposed in kipukas along the east rift zone
may be older than 2,000 years; among them are Kapoho Crater,
Kiapu, lilewa, and Kalalua (fig. 12.5F-H). Some vents along the
lower southwest rift zone may also be older. The Cinder Hills 2 km
southeast of Pahala are overlapped by a lava flow dated by '4C at
about 3.5 ka (W-5324, fig. 12.5C). A thin lava flow issuing from
a prominent fissure along the Kilauea-Mauna Loa boundary 1 km
southeast of Pahala has been dated at about 3.6 ka (W-3884, fig.
12.5C); though Lipman and Swenson (1984) mapped this fissure as
an eruptive vent, a lava flow erupted elsewhere could have flowed
into it farther upslope and then overflowed its rim.

FLOWS BENEATH UWEKAHUNA ASH MEMBER
OF PUNA BASALT

Much of Kilauea may have been covered by lava in a short
interval preceding deposition of the Uwekahuna Ash Member. In
stratigraphic sections of the summit and upper east rift zone, flows
below the Uwekahuna Ash Member have remanent magnetizations
(crosses, fig. 12.11C) distinct from those of flows of the last
millenium. Examples occur in Uwekahuna Bluff (9B229A; sites
133 of Doell and Cox, 1965; 137D, E of Doell, unpublished work),
Tree Molds (1B121), Kilauea Iki (8B145), and Pauahi (9B385).
Surficial flows inland from Papalehau Point (3R457, fig. 12.5C)
may have been erupted at the summit also.
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FIGURE 12.11.—Semiquantitative method used to infer ages of lava flows. Unpublished data have been used to modify version by Holcomb and others (1986). Large ellipse
divided into fields containing sites of similar age; smaller ellipse is area of confusion having diverse ages clustered together. A, Age classification from dated flows; symbols
represent different ages: dots, younger than 250 years B.P.; triangles, 250-500 years B.P; squares, 500—1,000 years B.P.; hexagons, 1,000—1,500 years B.P;
crosses, 1,500-2,000 years B.P. Open symbols are doubted results. Arrows approximate secular variation. B, Site mean directions for undated surface flows of
Kilauea. Dots, pahoehoe; triangles, aa. Open symbols indicate doubted results. €, Stratigraphic section in Uwekahuna Bluff (Doell and Cox, 1965; R.R. Doell,
unpublished work). Symbols denote different parts of section: crosses, below Uwekahuna Ash of Puna Basalt (nos. 131—133, 137C-137E); squares, lower section
above Uwekahuna Ash Member (nos. 134-137B, 137F—137H); triangles, middle part of section; dots, upper part of section. D, Stratigraphic section in west wall of
Mokuaweoweo caldera, Mauna Loa Volcano (Doell, 1969). E, Buried flows of Kilauea, exposed in walls of caldera and pit craters. Symbols indicate stratigraphic
position: dots, below hiatus; triangles, above hiatus. Circle indicates anomalous magnetization below hiatus in Makaopuhi Crater. F, Groups of surface flows thought from
independent evidence to be closely similar in age: dots, Observatory; triangles, Ai-laau; squares, Kalue; crosses, Volcano; stars, Kipuka Nene; hexagons, Kukuau

(Mauna Loa); ellipses, older flows of Kalapana.

Flows with similar magnetization crop out along both rift
zones. Among them are a red tephra cone and lava flows (pa-
leomagnetic site 9B345) exposed beneath a yellow tephra layer in
the west wall of Pauahi Crater (fig. 12.23). Mixed flow assemblages
(6B253, 8B349, 8B313, 8B289, 8B277) between Kaimu and
Kupapau (fig. 12.5F,G; older Kalapana flows of fig. 12.11)
indicate sustained eruption from the middle east rift zone near
Kalalua, and other mixed flows around Kapoho (9B181, 8B973,
8B817) may represent sustained eruption from the lower east rift
zone near Puu Honuaula (fig. 12.5H). Tube-fed flows with similar
magnetization on the north flank in Hawaiian Beaches (9B853) and
Ainaloa (8B805) subdivisions (fig. 12.5H) may have been erupted

from the summit or from the middle east rift zone. This old north-
flank lava supports a monotonous forest in which separate flows
cannot be distinguished (figs. 12.24, 12.25); forest patchiness
probably is caused by ohia dieback (Jacobi, 1983) rather than flow
boundaries.

Their similar magnetizations suggest that these flows were
erupted within a few centuries preceding the Uwekahuna Ash
Member, but ages are not yet well constrained. Because a Mauna
Loa flow (8B697) dated by '*C at about 1.8 ka (WW-3850) is
magnetically similar, these Kilauea flows were assigned ages of
2.0-1.5 ka by Holcomb and others (1986). But Lockwood and
Rubin (1986) now judge the Uwekahuna Ash Member above them
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(1976a).
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FIGURE 12.15.—Bathymetry around eastern part of Hawaii, showing Puna Ridge. From Wilde and others (1980); depths in meters; contour interval
100 m. Hachures indicate area of closed low depression.

at all sites and spans more than 500 years from more than 1.5 ka to
less than 1.0 ka.

Coincident with this hiatus is a paucity of eruptions along
subaerial parts of the rift zones. A small pyroclastic cone of the
lower east rift zone east of Kiapu has been dated at about 1.3 ka by
14C (W-4674, fig. 12.5H), and paleomagnetic data have sug-
gested one group of flows (9B829, fig. 12.58; 3R409, fig. 12.5C)
in this interval along the southwest rift zone. No others are known,
however; most eruptions in this interval were probably confined to a
deep inner sink or submarine segments of the rift zones.

KIPUKA NENE FLOWS

The earliest overflows from the Powers caldera may be the
tube-fed flows of Kipuka Nene and Kipuka Papalinamoku, which
form much of the coast between Keauhou and Kaaha (fg. 12.5D).
The flows have a distinctive magnetization (1B224, 1B456,
3RO013; table 12.5) similar to Mauna Loa flows (4A276) dated at
about 1.1 ka by '4C (W-3910, 1,270 years B.P,; W—5083,
1,030 years B.P.). If the Kipuka Nene flows do postdate the

Powers caldera, they are probably about 1.1 ka. Available strat-
igraphic evidence, however, does not require them to postdate the
caldera. Additional uncertainty is caused by other nearby flows
having different magnetizations but '4C ages also of about 1.1 ka, as
noted later in discussion of the Kalue flows.

Initial errors in dating the Kipuka Nene flows illustrate well the
difficulties encountered in work of this kind. Though the Kipuka
Nene flows are clearly veneered by surficial deposits and vegetation
that are absent on overlying Kalue flows (fig. 12.29), it was difficult
to find the exact boundary between them. Initially inferring the
boundary to parallel the west side of a prominent band of trees, I
collected paleomagnetic samples in 1978 from sites 8B121 and
8B133 on each side of this boundary (fig. 12.30A). The results
revealed the same magnetization at both sites (table 12.5; fig.
12.30B). Wanting to make sure that [ had really sampled the older
flows, in 1979 | collected from site 9B169 south of a fault that
extended through Kipuka Nene. This fault seemed to be overlapped
to the west by the younger Kalue flows, and I reasoned that lava on
the southern rim of the fault scarp must belong to the older flows.
The results again gave virtually the identical magnetization, so I
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A Site on Kalue flows

FIGURE 12.30.— Location of Kalue flow margin adjacent to Kipuka Nene. A, Sketch map of Kipuka Nene picnic area, showing flow margin inferred initially and that
inferred currently. Margin, traced with certainty only near picnic shelter, does not coincide exactly with vegetation boundary, causing earlier confusion about ages of
Kipuka Nene and Kalue lava flows. Boundary between trees and barren lava may follow edge of thicker, inflated part of Kalue flows not easily penetrated by tree roots.
Thinner marginal lobes may be penetrated easily by roots of trees but not roots of grass, and sand and soil beneath may provide water and nutrients enhancing tree growth.
B, Paleomagnetic results from Kipuka Nene area; Kipuka Nene and Kalue flows are magnetically distinct. Ellipse divided into fields containing sites of similar age, as

defined in figure 12.11.

were sampled downwind from summit vents, their '*C ages could be
affected by fumarolic carbon, while samples beneath Ai-laau flows
from the rainy windward flank could be contaminated by modern
organisms. | his suggests that the Observatory flows may be youn-
ger; but three older ages from the southwest rift zone could also
represent Observatory flows (table 12.6), and they would raise the
Observatory mean to more than 500 years.

The two flow groups differ magnetically (hg. 12.11F), the
Observatory direction being intermediate between the Ai-laau and
18th century directions. However, the Observatory magnetization is
not far from the axial dipole direction and alone is not diagnostic of
age. Holcomb and others (1986) argued that the Observatory flows
are younger than Ai-laau flows because lava in Uwekahuna Bluff
beneath the Observatory flows seemed to have Ai-laau magnetiza-
tion, according to the data of Doell and Cox (1965, flows
138-144) and R.R. Doell (unpublished work, flows 1371, 138A,
138B, 139A, 140A, 141A, 141B, 142A). But later sampling

(1B582, 1B594, 1B606) has not confirmed the Ai-laau direction
in Uwekahuna Bluff; it appears that the inferred Ai-laau samples of
Doell and Cox were taken from a rotated fault block. Because the
Observatory flows are magnetically not very different from the
Volcano flows, they could be similar in age to the Volcano flows and
thus 500 years older than judged by Holcomb and others (1986).
Detailed mapping and chemical analyses should help sort out ages
and sources of these various interfingered flows from Kilauea and

Mauna Loa.

LATEST PREHISTORIC ERUPTIONS

Prominent widespread flows along both rift zones span a
narrow range of ages. Most of them probably date from the 18th
century, though some may be slightly older. This interval of frequent
rift eruptions ended with a caldera collapse and explosive eruption at
the summut.
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FIGURE 12.42.—Stratigraphic relation of circa 1750 flows at shoreline. A, Oblique aerial view showing circa 1750 flow of Macdonald (1941) on left and tube-fed flow of
Moana Hauae/Waipuku Point lava delta on right. Narrow, light-toned horn of pahoehoe extends along shoreline from delta to front of aa flow. Horns typically form when
surf retards spreading of delta front but permits lava to spread along shore. Photograph by J.P. Lockwood, June 1974. B, Seaward view from atop aa flow in contact
with pahoehoe delta. Marine erosion has removed clinkery top of aa flow, producing small cove indicated on figure 12.41, which extends to right of this view. Rock
hammer at left (circled) is on contact between flows. Pahoehoe is molded around underlying clinkers. Photograph by J.P. Lockwood, June 1976.
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vegetation may have been reestablished quickly along the coast.
Kaliu, Malama, and Honuaula could have dammed a flood of lava
and yet permitted some tongues to flow through the gaps between
them.

The most recent activity in Kapoho Crater (fig. 12.46) is of
uncertain age but probably occurred in the early 18th century or
17th century. An age significantly earlier than A.D. 1800 seems
required by the account of Ellis (1827), who in 1823 recognized the
volcanic nature of the tuff cone and questioned local residents about
its last eruption. Though tradition described it as a seat of vol-
canism, the people living there could give no specific information
about the last eruption, which suggests that it had occurred long
before. There had certainly been enough time for thick vegetation to
grow, because Ellis described the tuff cone as “overhung with trees,
and clothed with herbage” (Ellis, 1827, p. 205-206). On the other
hand, the aa flow extending east from the cone (fig. 12.47) is
magnetized (8B205) in a direction similar to the Observatory flows,
and a '*C age of less than 200 years B.P. (W—2970) has been
obtained from charcoal beneath a thick pyroclastic layer within the
cone. Given the uncertainty in the '*C and paleomagnetic ages, a
single eruption could have produced both the flow and pyrodastics a
century or so before Ellis’ visit.

The morphologies of flows and vents indicate that all of these
latest prehistoric eruptions, except for those of Kokoolau and
Heiheiahulu, and perhaps the one of circa 1790, had high dis-
charges and short durations. Though the flows typically extend
several kilometers from their fissure vents and terminate as aa lobes,
they are remarkably free of mappable lava channels.

ERUPTIONS FROM THE SOUTHWEST RIFT ZONE

The 18th century saw frequent and sustained eruptions from
the southwest rift zone as well as the east rift zone, with eruptions
occurring from all of its active parts.

Brief eruptions were widespread (fig. 12.58). A vigorous one
from the northern strand produced the Cone Peak ramparts
(8B745) and flows that extended nearly to Kamakaia. Subdued

eruptions near the end of the same strand built small shields and lava
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pads (9B841), similar to those of 1868, inland from Kamakaia;
some of the pads overlap the Cone Peak aa flow. Vigorous eruption
from the central strand produced Puu Koae and other spatter cones
and aa flows extending to about | km from Hilina Pali.

Another brief eruption occurred from the lower segment about
1.3 km east of Puu Nahaha and 600 m east of the upper end of the
Keaiwa flow of 1823 (fig. 12.5C). Lava flows from this eruption
reached the sea between Kapaoo Point and Waiwelawela Point.
They are more weathered than the overlying Keaiwa flow and have
been dated by 'C at about 200 years B.P. (W-3938, W—4452).
The Red Cones and their aa flows, which also overlie these flows,
are undated, but they too are overlapped by the Keaiwa flow. Both
the Red Cones and the earlier unnamed flows probably date from
the 18th century. Their eruptive fissures appear to have extended
through Yellow Cone from the southern strand of the upper segment,
but they cannot be traced far uprift because they are buried by other
18th-century lava flows of sustained eruptions.

The late prehistoric lava commonly termed the Kamooalu flow
(see Stearns, 1926) consists of two assemblages of similar age from
different strands of the rift zone. A sustained eruption from the
central strand built a lava shield at Puu Kou and Kealaalea Hills
(hg. 12.5B), and a complex flow assemblage extending seaward
across the Kau Trail and past the west side of Puu Ahi (fig. 12.5C).
The eastern part of the Kamooali flow is another complex
assemblage fed by vents of the southern strand, including Kamakaia
and Kamakalawaena (hg. 12.48). Kamakaia flows overlap those of
Kealaalea. Magnetization of Kealaalea (9B409) and Kamakaia
(8B517) flows is consistent with an 18th-century age, and the
Kealaalea flows have been dated by '*C as younger than 200 years
B.P. (W-3937). Both flow assemblages probably represent sus-
tained, unstable eruptions during the 18th century.

Yellow Cone is a small kipuka of pyroclastic material protrud-
ing through the flank of the Kealaalea shield (fig. 12.5B). It may
predate the 18th century; no young flows have been found seaward of
it beneath the flows of Kealaalea. While the lavas of Yellow Cone,
Red Cones, Kamakaia, Kamakaiawaena, and Kamakaiauka along
the southern strand of the southwest rift zone all have differentiated
compositions, the analyzed flows from the Great Crack and central
strand of the upper southwest rift do not (Wright and Fiske, 1971).

FIGURE 12.46.—Kapoho Crater, looking northeast from distance of about 1 km. Photograph by R.T. Holcomb, 1977.
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FiGURE 12.47.—Vertical view of Kapoho Crater. Tuff cone is incomplete,
possessing gap on its eastern side through which thick prehistoric aa flow extends
east about 1.5 km to present shoreline. This aa flow probably was erupted during
17th century and sits atop pahoehoe flows that have direction of magnetization
consistent with age of 350-500 yr B.P. (pars of small red dots, paleomagnetic
sample sites). Both flows veneered by ash distributed around tuff cone, suggesting
that pyroclastics postdate flows, but aa flow must be younger than cone if it has
extended through gap in cone, and sharp break in slope around cuter base of cone
suggests that cone protrudes through pahoehoe flows and predates them as well. A

The compositions of the 18th-century flows beneath Red Cones, and
of flows from other seaward vents such as the Lava Plastered Cones,
are not known.

In summary, the latest prehistoric interval saw from the north-
ern strand of the upper southwest rift zone a brief but vigorous
eruption at Cone Peak followed by brief, less vigorous eruptions
farther downrift. The central strand saw brief, vigorous eruption at
Puu Koae and sustained, unstable eruption at Kealaalea, with their
sequence not yet known. The southern strand saw a vigorous brief
eruption east of Puu Nahaha followed by a smaller eruption of Red
Cones and sustained eruption at Kamakaia farther uprift.

THE MODERN CALDERA

The age of the modern caldera and the timing of collapse with
respect to the explosive eruption of A.D. 1790 are not yet known.
There still remains much room for alternative sequences and mecha-
nisms.

Much—maybe all—of the collapse preceded the explosive
eruption, because all of the 1790 ash now exposed is draped

14C age of less than 200 yr B.P. was obtained from charred log beneath ash on
interior slope of tuff cone (large red dot). Both aa flow and its ash veneer may have
been erupted during 17th century from chain of craters within cone, while bulk of
cone is older than pahoehoe flows. Crater containing Green Lake 1s thickly rimmed
by ash. Ellis (1827, p. 206) described within Kapoho Crater “a smaller circle of
hills, equally verdant, and ornamented with trees” that may have comprised an
inner tuff ring (not now definable as morphologic feature, possibly destroyed by
quarrying). Aa flow and young ash deposits around chain of craters may be
products of single eruption.

unbroken across the modern caldera faults surrounding the inner sink
(Christiansen, 1979). Within the sink, the so-called sand spit
between Keanakakoi and Halemaumau and the deeply subsided
blocks adjacent to Uwekahuna Bluff and Waldron Ledge also are
draped by the ash. However, higher caldera walls in several places
lack ashy plaster and may have seen local collapse following ash
deposition. It remains possible that most of the collapse occurred
only a short time (hours or days) before the onset of explosive
eruption. It also remains possible that much collapse occurred within
the inner sink during, or even following, the explosive eruption
without continued displacement along the outer caldera structures.

Alternatively, the inner sink could have reached essentially its
present diameter sometime earlier than 1790. Incipient smaller scale
collapse probably did begin earlier, with alternating rise and fall of
the magma column. Many dikes and other intrusive bodies are
exposed along the north wall of the modern caldera (Powers, 1916);
those rising high through the stratigraphic section must postdate the
Observatory vent (Casadevall and Dzurisin, chapter 14). Some
dikes appear to follow structures bounding the inner sink of the
modern caldera: Some occurrences thought by Powers to be intru-
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sions within the truncated stratigraphic section are actually veneer a
few meters thick adhering to the caldera wall (fig. 12.49). These
probably are remnants of dikes intruded along older fissures con-
centric to the Observatory vent. Some thinner dikes seem to extend
irregularly into the wall away from these thicker concentric dikes
instead of rising vertically through fissures radial to the caldera. The
concentric fissures may have formed when the magma column
subsided to produce an enlarged Observatory pit like Halemaumau,
and dikes may have been intruded along these fissures later when the
magma column rose again. The column could have oscillated several
times, and successive collapses could have enlarged the sink to nearly
its present size long before the climactic explosive eruption in 1790.
(It was suggested by de St. Ours, 1979, that multiple collapses
occurred at different centers; see also, de St. Ours, 1982.) An

FIGURE 12.49.—Part of north caldera wall of Kilauea, showing light-toned
rectangular rock body that Powers (1916) interpreted as sill-like intrusion project-
ing into cliff face. Close inspection has shown instead that it adheres like plaster on
cliff face. Cliff and trees on its rim are 120 m and 10 m high, respectively. Steam in
foreground rises through lava flows of 1919. Photograph by J.D. Griggs, May
1979.
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active lava lake may have been present much of the time in this sink;
reticulite at the base of the Keanakakoi Ash Member shows that
high lava fountains occurred near the summit sometime before the
1790 explosions (Decker and Christiansen, 1984). A hypothetical
sequence showing the enlargement of an Observatory firepit followed
by a larger scale collapse to form the present inner caldera sink is
sketched in figure 12.50. This sequence was drawn assuming a
17th-century age for the Observatory flows, but other ages and
other sequences are possible.

Stratigraphic constraints on the age of the northwest part of the
inner caldera sink turn largely on the age of the Observatory lava
shield. Much of the caldera here must have developed after the
Observatory shield ceased to grow, because much of the shield was
engulfed by the collapse of the inner sink. If the Observatory flows
do date from the 17th century, they constrain caldera development to
the late 17th century and 18th century. But if the Observatory flows
are older than 700 years, the caldera could have begun to grow long
before the 18th century.

Neither is the age of caldera formation well constrained to the
south. A few eruptions from fissures concentric to the caldera
probably occurred after extensive collapse in the summit region. One
flow from a concentric fissure southwest of the caldera and having
18th-century magnetization (8B757) occurs between layers of the
Keanakakoi Ash Member and must date from 1790. Others
predate the ash by unknown amounts; magnetization of one (8B769)
south-southwest of the caldera implies that it could date from the
17th century, but its large within-site dispersion (4.7°) permits it to
be a century younger. An aa flow east of the Ahua Kamokukolau
triangulation station was probably fed by a concentric vent south of
Keanakakoi; as discussed earlier, the east side of this flow is
overlapped by pahoehoe probably from Kokoolau. Two of these
flows from caldera-concentric vents were deflected by preexisting
Koae fault scarps and then broken by recurrent displacements on
those scarps.

PIT CRATERS OF THE UPPER EAST RIFT ZONE

Subsidence and dilation of both rift zones also occurred during
the past few centuries, but the timing of these events with respect to
summit collapse is not yet known. Especially prominent are several
pit craters of the upper east rift zone. Some craters probably
collapsed in the 18th century, though a few show signs of complex
development that began earlier. Makaopuhi and Alae illustrate the
complexity especially well.

The coarse ejecta exposed in the wall of Makaopuhi (hg.
12.28C) indicate that an earlier pit existed at or near the site of the
present one. The present crater consists of two parts indenting the
flank of Kane Nui o Hamo (figs. 12.51, 12.52; see Aramaki and
Moore, 1969, fig. 7). The eastern pit may be older than 500 years;
it was partly filled by a thick lava lake followed by four thinner flows
(Stone, 1925). The lowermost of these flows sent dikes down into
columnar joints of the lake far enough to suggest that the lake cooled
for at least a few decades before it was covered ([Moore and Evans,
1967). The uppermost flow may have been erupted from the
southwest crater wall; its surface slopes slightly (0.3°) away from
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FIGURE 12.50.—Cross sections showing possible developmental sequence for Uwekahuna Bluff, assuming that Observatory shield ceased to grow during 17th century. Line
of profile shown on figure 12.36. A, About 1,500 years ago. Powers caldera mantled by Uwekahuna Ash Member. Profile of modern caldera shown for comparison. B,
About 300 years ago. Powers caldera filled by flows of three successive groups (Casadevall and Dzurisin, chapter 13). Lower fill broken by differential thermal
contraction above buried fault scarps. Dikes and sills surround magma column beneath Observatory lava shield, and dikes intrude along some peripheral caldera faults.
C, About 275 years ago. Drainage of magma has produced enlarged firepit. Continued contraction of caldera fill has broken surficial lava flows, forming low scarps
above buried faults. D, About 250 years ago. Magma has risen again into firepit and has fed dikes along fractures around pit. E, About 200 years ago. Inner sink
rejuvenated by caldera collapse, and dike remnants adhere to its wall. F, Present time. Modern caldera mantled by Keanakakoi Ash Member and partially filled by

historical lava flows.

lava drapery and spatter along a fissure in the wall. Lava also issued
from a fissure on the crater floor to form small pads atop the upper
flow. Another collapse then produced a western pit with the older
crater fill forming a mezzanine on its eastern side. The age of the
western pit is not known; though it is prehistoric, it must be fairly
young. Vegetation on the earlier mezzanine is similar to that
developed elsewhere on lava flows of the 18th century.

Alae also was a compound crater (figs. 12.53, 12.54). It
appears on aerial photographs that the older pit postdates Puu
Huluhulu and the flows of Keauhou; it may therefore be younger
than 350 years. The crater was partly filled by a lava lake capped
by thinner flows, and then a new collapse formed an inner pit
bordered by a western mezzanine. Phreatic explosions from the
mnner pit deposited a layer of lapilli 15 cm thick on the crater rim and
ejected blocks up to | m in diameter, some of them to nearly 1 km

west of the crater (Stearns and Clark, 1930, p. 143). The debris
was partly covered by lava that extruded from a fissure on the
northwest rim and flowed into the crater. This lava was overlaid by
additional ejecta, possibly from the caldera eruption of 1790, which
n turn was overlapped by more lava in 1840 that flowed across the
mezzanine into the inner pit. On aerial photographs, the vegetation
on a part of Alae mezzanine appears similar to that of 18th-century
flows elsewhere, but this cannot be confirmed; the inner pit was
floored by a new lava lake in 1963 (Peck and others, 1966), and the
entire crater was buried in 1969—71 (Swanson and others, 1972).

Pauvahi and Hiiaka are compound craters too (figs. 12.55,
12.56). Before it was buried in 1973, a small lava lake in the central
pit of Pauahi supported vegetation typical of 18th-century age, while
the lightly vegetated walls of the west pit appeared fresher. The
outer compartment of Hilaka is a sag instead of a sharp-rimmed
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FIGURE 12.52. —Cross section of Makaopuhi Crater, along longer red line of figure 12.51. Also shown are inferred precollapse profile (dashed line) along this section, and
present profile (solid line) across crater of Kane Nui 0 Hamo lava shield 800 m to the north (shorter red line of figure 12.51). Thick vertical lines are dikes that fed
prehistoric lava pad on mezzanine (east; see fig. 12.51), eruptions of 1922 and 1965 (west), and eruption on mezzanine in August 1972 (center). Dike of 1972 is shown as
rootless because it was probably fed laterally by Mauna Ulu lava ponded in west pit (Tilling and others, chapter 16).

crater (figs. 12.55, 12.56). Stearns and Clark (1930, p. 128)
attributed the sagging to subsidence of an intact block preceding
collapse of the inner pit, but other interpretations are possible. In the
alternative shown in figure 12.56, the sag developed by thermal
contraction of lava filling a buried crater, similar to the sag now
developed at Alae. A buried crater of this sort could be a source of
tephra now exposed in the wall of Pauahi (hg. 12.27).

The complex histories of several pit craters, and the coarse
ejecta exposed in the walls of some, indicate that they have long been

sites of repeated collapse and phreatic explosion. Nodes in the
plumbing system may occur at these places, developed where Koae
faults intersect the nft zone. Such nodes could form reservoirs for
producing differentiated and hybrid magmas along the rift zone
(Wright and Fiske, 1971; Swanson and others, 1976b, p. 28).
Though they are prehistoric, several of the simple craters and
younger pits of the compound craters must be very young. They
could have formed at the same time as a caldera collapse in or before

1790, all of them resulting from one drainage event lower along the
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FIGURE 12.57.— Approximate route and features probably observed by William Ellis on his trek from Kilavea caldera to Kealakomo in 1823. He saw
“three or four high and extinct craters” but no “deep” craters besides Kilauea Iki, though he was told that others were nearby (Ells, 1827, p. 179, 182).
Geographic features: KI, Kilavea Iki; KE, Keanakakoi; KO, Kokoolau; HI, Hiiaka; PHH, Puu Huluhuluy; KNOH, Kane Nui o Hamo.

neighborhood. Moreover, Ellis described this and some other craters
as high-standing edifices. Along the route that Ellis travelled from
the caldera to the coast are three such features: Kokoolau, Puu
Huluhulu, and the spatter cone near Devils Throat. Ellis would also
have seen Kane Nui o Hamo in the distance.

If Puu Huluhulu was the crater at issue it would contradict
Ellis’ other comments because Liloa’s reign occurred long after the
inferred time of conflict between Pele and Kamapua'a. According
to Kalakaua’s (1888) chronology Liloa preceded Liholiho (reigning
during Ellis’ visit of 1823) by 14 reigns, while Kamaiole preceded
Liloa by another eight reigns. Kalakaua believed Kamaiole to have
reigned around A.D. 1200 and Liloa around A.D. 1475. While
Liloa’s reign falls into the range indicated by the paleomagnetic data
(350—500 years B.P.), Kamaiole’s reign does not. If Puu Huluhulu
is the source of flows tied to Kamapua’a, the two traditions are in
conflict. Moreover, Kane Nui 0 Hamo should not be the active vent

of Liloas reign because it is clearly older than Puu Huluhulu.

Other interpretatiouns are possible. The Pele-Kamapua'a
tradition could refer to Kane Nui 0 Hamo, whose lava flows have a
paleomagnetic direction consistent with the dates assigned to
Kamaiole’s reign. Ellis clearly stated, however, that the Pele-
Kamapua'a conflict was associated with the young, dark lava flows
west of Kealakomo (the Keauhou flows), and these flows could not
have come from Kane Nui o Hamo; the flows from Kane Nui o
Hamo are the older ones upon which Kealakomo sat.

Another alternative would have Kokoolau as the vent of Liloa’s
reign and Puu Huluhulu the older source of the Kamapua'a flows.
This would preserve the chronology implied by the traditions; but
then both Kokoolau and Puu Huluhulu would be older than
expected from their paleomagnetic data, unless the reigns were
briefer than believed by Kalakaua.
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From the discussion above it should be clear that caution must
be used in extracting eruption history from the traditions. In fact, the
most useful comparisons between traditions and geologic information
may proceed in the opposite direction, the geologic data providing a
firmer base for reconstructing the social history.

HISTORICAL ERUPTIONS

The historical activity of Kilauea has been reviewed in detail
several times previously (Dana, 1890; Brigham, 1909; Hitchcock,
1909; Stearns and Clark, 1930; Stearns and Macdonald, 1946;
Macdonald and Abbott, 1970). Only a brief summary is given

here.

LONG-SUSTAINED SUMMIT ERUPTIONS, 1823-1924

Though brief references to Hawaiian volcanism were recorded
in the late 18th century (Ledyard, 1783; Beaglehole, 1967; Van-
couver, 1798; A. Menzies, in Hitchcock, 1909), the historical
record really began with Ellis (1827) description of Kilauea in
1823. At that time a sustained eruption was in progress, and most
of the inner sink was occupied by an active lava lake standing about
270 m below the north rim. About 90 m above the lake surface was
the Black Ledge a terrace of freshly congealed lava thought to
represent the level reached by caldera filling a short time before. The
caldera floor probably had subsided in the spring of 1823, when a
brief but voluminous eruption from the Great Crack flooded the
western south flank with lava (the Keaiwa flow, which reached the
sea from Kapaco Point to Waiapele Bay). The subsidence of the
caldera floor apparently did not generate large explosions at the
summit, though small phreatic explosions deposited tephra at two
places along the Great Crack (Stearns, 1926).

Continued activity after 1823 refilled the caldera to a level
about 15 m above the Black Ledge by 1832, when a small eruption
occurred on Byron Ledge and the caldera floor subsided again, this
time about 300 m (Goodrich, 1833). Filling then recommenced,
and in 1834 the caldera was much the way it had been in 1823, with
an mner pit 113 m deep surrounded by a black ledge (Douglas,
1905). Continued activity filled the pit and apparently overflowed
the black ledge so that it was no longer visible late in 1838
(Strzelecki, 1845). At this time the activity had become confined to
5 lava lakes, the largest of them called Hau-mau-mau in the
southwestern part of the caldera on the site of the pit crater now
called Halemaumau.

Vigorous summit activity in the spring of 1840 was followed by
another subsidence of the caldera floor and a rapid series of brief
eruptions along the east rift zone. The last eruption from the lower
east rift zone was especially voluminous and sent surface-fed lava
flows northeastward from the vicinity of Pahoa to the coast at
Nanawale (Coan, 1841). Shortly afterward Kilauea was visited and
described by members of the United States Exploring Expedition
(Wilkes, 1845; Dana, 1849). The subsided inner sink at this time
was about 100 m deep and was surrounded by a new black ledge
about 480 m wide rising to about 180 m below the western caldera
rim. By 1846 the inner basin had filled again (Dana, 1850), and by
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1848 a lava shield at the site of Halemaumau had grown nearly as
high as the lowest part of the caldera rim (Coan, 1851).

The next subsidence of the caldera floor occurred in 1868,
when large earthquakes shook the southern part of Hawaii and
simultaneous eruptions occurred from Mauna Loa and Kilauea
(Coan, 1868). One Kilauea outbreak produced a chain of small lava
pads near the distal end of the northern strand of the upper
southwest rift zone. Another small eruption from Byron Ledge fed a
lava flow that ponded on the floor of Kilauea Iki. An area about
1,900 m wide on the central caldera floor sagged about 100 m, and
a deeper conical pit about 900 m wide and about 200 m deep
developed at its southwest end at Halemaumau (Hitchcock, 1909).
The pit again filled, and by 1874 a lava shield at Halemaumau had
once again grown to about the elevation of the southern caldera rim
(Coan, 1874). Minor subsidences in and around Halemaumau
occurred again in 1879, 1886, 1891, and 1894 (Hitchcock, 1909).
None of those episodes was associated with known eruptions from
the rift zones, though some undated post-1790 flows south of Mauna
Ik (hg. 12.58; Holcomb, 1980b) could have been erupted at one
of those times.

The subsidence of 1894 was followed by 13 years of dormancy
and very subdued, episodic activity within the pit of Halemaumau
(Hitchcock, 1909). In 1908 the activity once again became more
vigorous, and it was nearly continuous until 1924, with minor
subsidences of the lava column occurring in 1916, 1919, 1922, and
1923 (Jaggar, 1947). The 1919 subsidence was followed by the
1919-20 eruption of Mauna ki along the southwest rift, the first
sustained eruption along either rift zone during the historical interval
and probably the first since the Heiheiahulu eruption of circa 1750.
The 1922 subsidence was associated with small eruptions from
Makaopuhi to Napau, and the 1923 event was followed by another
small eruption between Makaopuhi and Alae. The summit activity
once again built a broad lava shield that occupied the entire inner
sink of the modern caldera, with Halemaumau at its summt.

INTERMITTENT SUMMIT AND FLANK ERUPTIONS, 1924-1968

The century-long interval of nearly continuous activity in the
caldera ended in 1924 (Jaggar and Finch, 1924; Stearns, 1925). In
the spring of that year an 80-m drop of the magma column was
followed by a swarm of earthquakes that migrated from the summit
along the east rift zone past Kapoho. Though much ground
deformation developed near Kapoho, a subaerial eruption did not
occur; a submarine eruption may have occurred somewhere beyond
Cape Kumukahi. Renewed subsidence of the magma column at
Halemaumau was then followed by 17 days of repeated phreatic
explosions and collapse of the caldera floor around Halemaumau.

Lava returned to Halemaumau shortly after the 1924 explo-
sions ceased, but instead of being sustained the activity was now
episodic. A series of seven brief eruptions in the next 10 years
(Jaggar, 1947) reduced the depth of Halemaumau from 390 to 150
m, and then no eruptions occurred for 18 years, from 1934 to 1952.
Sustained eruption from June to November of 1952 filled
Halemaumau with another 120 m of lava. A bref eruption in
May—June 1954 added 6 m of lava in Halemaumau and a thin lava
flow on the caldera floor to the east (Macdonald, 1955).
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TaBLE 12.1.—Classification of Kilauea eruptions
[Types of lava flow: PS, surface-fed pahoehoe; PT, tube-fed pahochoe; A, aa]

Type Duration Character of effusion Vents Lava flows
Brief, fissure Hours to days Simple waxing, waning; small fountains. Open fissures, ramparts. Few; PS and A.
Brief, localized Days to weeks Simple waxing, waning or pulses; large fountains. Pyroclastic cones, mounds. Several; PS and A.
Sustained, unstable Months to years Complex sequence; waxing, pulses, waning. Small shields. Many; PS, PT, and A.
Sustained, stable Decades to centuries Mainly slow, steady; some interruptions. Large shield. Many; mainly PT.
Explosive Days to weeks Successive explosions. Crater. Few or none.

TaBLE 12.3.— Distribution of lava types on Kilauea’s subaerial surface

[Areas measured by digitizer on a generalized map at scale of 1:50,000. Types of lava:
PS, sutface-fed pahochoe; PT, tube-fed pahochoe; A, aa: T, pyroclastics; ML, all

types erupted from Mauna Loa]

Area Area
Structural subdivision T Percent of Lt:g: Percent of
T 12.2 distributi Kil 5 (km?) Kilauea (km?) subdivision
ABLE 12.2.—Age distibution of Kilameas surface Summic 516 36 PS 194 375
[Areas measured by digitizer on a generalized map at scale of 1:50,000] gl‘ ig gg
T 183 35.6
Ai, Area Cumulative area ML 7.4 14.3
(r B.P) (km?2) {percent) (km?) (percent) Koae fault system 65.7 4.5 [P,% 51? _:l"_l?g
0-50 146.5 10.1 146.5 10.1 A 6.3 9.6
50-150 382 2. 184.7 12.7 T 3 s
5%:%% }2?:2 }};‘;’ 235;‘3‘ 52;3 Upper southwest rift zone  88.4 6.1 PS 21.3 24.1
350-500 454.5 31.3 975.0 67.1 KT 43'53 5§-;
500-750 190.6 13.1 1,165.6 80.2 T 1'1 1'2
750-1,000 89.6 6.2 1,255.3 86.4 ML 11‘9 135
1,000-1,500 50.4 3.5 1,395.6 89.9 . -
>1,500 146.0 10.1 11,451. 100.0 Lower southwest rift zone 91.5 6.3 P?'SI‘ 53 ;g;
1A separate measurement of total area on the same map gave 1,451.0 km?, A 13.7 15.0
Upper east rift zone 55.1 3.8 PS 20.9 38.0
PT 31.2 56.6
A 2.8 5.0
T 2 4
Middle east rift zone 91.5 6.3 PS 36.7 40.1
PT 42.8 46.8
A 10.7 11.7
T 1.2 1.4
Lower east rift zone 81.8 5.7 PS 43.0 52.5
PT 8.1 9.9
A 25.9 31.7
T 4.9 5.9
North flank 445.7 30.8 PS 19.1 4.3
PT 403.4 90.5
A 214 4.8
ML 1.8 4
South flank 475.9 32.9 PS 17.4 3.7
PT 316.9 66.6
A 141.1 29.6
T 6 1
Total subaerial Kilauea 11,447.3 100.0 PS 199.4 13.8
PT 969.1 67.0
A 230.9 16.0
T 26.8 1.9
ML 21. 1.5

1A separate measurement of total area on the same map gave 1,447.9 km?2.

TaBLE 12.4.— Distribution of lave en Kilauea’s surface from different types of eruption
[Areas measured by digitizer on a generalized map at scale of 1:50,000]

Area covered by eruption type

Location of vents Brief Sustained, stable Sustained, unstable Explosive Total
(km?) (percent) (km?) (percent) (km?) (percent) (km?) (percent) (km?) (percent)

Summit 10.2 0.7 732.9 50.6 0 0 18.5 1.3 761.6 52.6
Upper southwest rift zone 35.8 2.5 0 0 34.0 2.3 0 0 69.8 4.3
Lower southwest rift zone 28.0 1.9 0 0 0 0 .0 0 28.0 1.9
Upper east rift zone 7.5 S5 0 0 183.3 12.6 0 0 190.8 13.1
dle east rift zone 93.9 6.5 0 0 100.2 6.9 0 0 194.1 13.4
Lower east rift zone 154.5 10.7 0 0 25.0 1.7 .0 0 179.5 12.4
Mauna Loa N — e e emmmm —- —_—- — 21.3 1.5
Undetermined @ _____ . e oo ——- —_— _— 2.6 2
Total 329.9 22.8 732.9 50.6 342.5 23.5 18.5 1.3 11,449.4 9.9

1A separate measurement of total area on the same map gave 1,450.4 km?.
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TABLE 12.5.— Paleomagnetic resul'tsté:nM lava flows in the Kipuka Nene area of

[Dand I are respectively, mean declination and inclination, in degrees, of remanent
magnetization in 12 specimens from each site. % is circle of 95-percent confidence
around the mean direction)

Site D I gy
Kalue flows
1B224 9.5 24.6 1.7
1B456 10.2 24.6 1.8
3R013 8.7 24.1 2.6
Kipuka Nene flows

8B121 357.0 39.2 1.6
8B133 357.5 379 1.2
9B169 357.9 37.4 1.6
3R001 1.9 39.2 2.1
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