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Abstract. In or around 1790 A.D. an explosive eruption 
took place in the summit caldera of Kilauea shield vol- 
cano. A group of Hawaiian warriors close to the cal- 
dera at the time were killed by the effects of the explo- 
sions. The stratigraphy of pyroclastic deposits sur- 
rounding Kilauea (i.e., the Keanakakoi Ash Member) 
suggests that the explosions referred to in the historic 
record were the culmination of a prolonged hydrovol- 
canic eruption consisting of three main phases. The 
first phase was phreatomagmatic and generated well- 
bedded, fine fallout ash rich in glassy, variably vesicu- 
lated, juvenile magmatic and dense, lithic pyroclasts. 
The ash was mainly dispersed to the southwest of the 
caldera by the northeasterly trade winds. The second 
phase produced a Strombolian-style scoria fall deposit 
followed by phreatomagmatic ash similar to that of the 
first phase, though richer in accretionary lapilli and li- 
thics. The third and culminating phase was phreatic 
and deposited lithic-rich lapilli and block fall layers, in- 
terbedded with cross-bedded surge deposits, and accre- 
tionary lapilli-rich, fine ash beds. These final explo- 
sions may have been responsible for the deaths of the 
warriors. The three phases were separated by quiescent 
spells during which the primary deposits were eroded 
and transported downwind in dunes migrating south- 
westward and locally excavated by fluvial runoff close 
to the rim. The entire hydrovolcanic eruption may have 
lasted for weeks or perhaps months. At around the 
same time, lava erupted from Kilauea's East Rift Zone 
and probably drained magma from the summit storage. 
The earliest descriptions of Kilauea (30 years after the 
Keanakakoi eruption) emphasize the great depth of the 
floor (300-500 m below the rim) and the presence of 
stepped ledges. It is therefore likely that the Keanaka- 
koi explosions were deepseated within Kilauea, and 
that the vent rim was substantially lower than the cal- 
dera rim. The change from phreatomagmatic to 
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phreatic phases may reflect the progressive degassing 
and cooling of the magma during deep withdrawal: 
throughout the phreatomagmatic phases magma vesicu- 
lation contributed to the explosive interaction with wa- 
ter by initiating the fragmentation process; thereafter, 
the principal role of the subsiding magma column was 
to supply heat for steam production that drove the 
phreatic explosions of the final phase. 

Introduction 

Kilauea caldera is surrounded by well-bedded ash and 
lapilli deposits of the Keanakakoi Ash Member (Easton 
1987). The deposits are most conspicuous along the 
southern and southwestern margin of the caldera where 
vegetation is sparse and dissecting gullies are numer- 
ous. Rim exposures there are 5-12 m thick and com- 
prise more than a dozen separate layers distinguished 
by an impressive variety in color, grain size, texture, in- 
ternal bed thickness, and bed forms. 

The Keanakakoi Ash Member was deposited prior 
to the survey of Kilauea by William Ellis in 1823 (Ellis 
1827). Ellis established that Kilauea had erupted explo- 
sively in 1790, and that part of the member was deposi- 
ted then. The event figured prominently in local Ha- 
waiian history because it killed a party of warriors trav- 
elling near the caldera. However, no accurate and de- 
tailed record was made either of the course of the erup- 
tion, or of the condition of the caldera and vent(s) 
within it. It is thus imperative to supplement the scant 
historical data using the wealth of information incorpo- 
rated in the deposits. S Powers (1916), Stone (1926), 
Stearns and Clark (1930), Wentworth (1938), and HA 
Powers (1948) mapped the distribution and thickness of 
the deposits, and a very considerable advance was 
made by Swanson and Christiansen (1973) who recog- 
nized base surge deposits within the sequence and 
pointed out the critical role of magma-water interaction 



335 

� 9  

�9  

Mauna L o a ~  1 
Scenic Road "%~ 
~ 7 k m  ~ 

KILAUEA 

S0uthwost 
Rift Zone ~ "  
8.7 k ~ - "  

,footprints" 
78 

Mauna Iki 

5~ ow'~H A W A I I  15;ow 

Q 4p~ HitoJ.. z 
/E R Z~. 

Golf Course Road 
76. ~ 3 km 

1 �9 64 
=70 BP 6 6 � 9  

49, 50 KMC �9 Volcano �9 6 68 62 �9 5153~2~ ~ 24 1 " ~ 3 k m  

--  1167~'~o~H ale . . . . .  2 ~ - - r j  Kilauea [ki 
15 18 
26 39o 

42 .~2 ~3o v ~.28 

�9 ~'~14~ . ' 55  ~. Chainof 
45. 47 56 g29 " ~  Craters 
44 �9 K�9 �9 ~ S km �9 58 ~)H % 

�9 59 31�9 ~o2(~P a �9 60 
74�9 �9 

�9 61 33 
e CC *34 

35�9 
36�9 

�9 75 AIR =37 
�9 Kau '~ 

Desert / 
12 k m /  

KN 

0 5 km 
l I 

e77 *28 Section location 

16/03/4 

Fig. 1. Location of measured sections through the Keanakakoi 
Ash Member around and radial to Kilauea caldera, Hawaii. AR, 
Ainahou Ranch; BP, Bird Park; CC, Cone Crater; CP, Cone 
Peak; H, Hiiaka Crater; HVO, Hawaii Volcanoes Observatory; 
KMC, Kilauea Military Camp; Ke, Keanakakoi Crater; KN, Ki- 
puka Nene; Ko, Kokoolau Crater; L, Lua Manu Crater; Pa, 
Pauahi Crater; Pu, Puhimau Crater; U, Uwekahuna; VH, Vol- 
cano House. Inset: SWRZ, Southwest Rift Zone; ERZ, East Rift 
Zone 

in causing deviations from the typical effusive activity 
of Kilauea. The internal stratigraphy described by 
Christiansen (1979) and Decker and Christiansen 
(1984) formed a basis for their interpretation of the 
eruption dynamics. 

This paper reports the results of additional map- 
ping and detailed stratigraphic analysis of 13 sections 
around the rim of Kilauea caldera, and another 48 sec- 
tions distributed along six traverses radiating from the 
rim (Fig. 1). Correlation of the sections provides a 
framework for documenting the vertical and lateral var- 
iations within the deposits, assessing the importance 
and duration of time breaks during their accumulation, 
refining present interpretations of the eruptive style and 
emplacement processes, and reconstructing the course 
of events. For the purpose of hazards evaluation, an at- 
tempt is also made to identify the coincidence of condi- 
tions that will promote explosive eruptions at Kilauea. 
Investigation of grain size, grain shape, and component 
proportions is herein limited to qualitative descriptions 
only. 

The Keanakakoi Ash Member 

As defined by Easton (1987), the Keanakakoi Ash 
Member comprises well-bedded ash and lapilli sand- 

Table 1. Stratigraphic nomenclature, after Easton (1987) and 
Sharp et al. (1987) 

Puna basalt 
Historic lava flows 
Lithic ash and lapilli from Halemaumau (1924) 
Historic lava flows 

golden pumice, ~ 1820 
Keanakakoi Ash Member ~Keanakakoi ash, 1790 

/ 

[basal reticulite, pre-1790 
Prehistoric lava flows & the Uwekahuna Ash Member 

wiched between and including lower and upper reticu- 
lite pumice layers (Table 1). It rests on prehistoric lava 
flows or an older ash member (i.e., the Uwekahuna Ash 
Member, Easton 1987) of the Puna basalt. Close to the 
southwestern caldera rim there is a thin veneer of lithic 
debris from the 1924 phreatic eruption of Halemaumau 
(Jaggar and Finch 1924). 

The upper reticulite layer was informally named the 
"golden pumice" by Sharp et al. (1987), who considered 
it to be the composite of perhaps one or two years of 
lava fountaining within the caldera during the period 
1790-1823, most probably about 1820 A.D. The basal 
reticulite is widely distributed, except around the 
southern to southeastern sectors, and is separated from 
the rest of the member by an erosion surface. Like the 
golden pumice, the basal reticulite may also be a com- 
posite record of many summit fire-fountain eruptions. 

The time span represented by the deposits between 
the basal reticulite and the golden pumice is in dispute, 
largely arising from differing interpretations of the Ha- 
waiian eyewitness accounts and of the significance of 
internal disconformities. Several early authors (Hitch- 
cock 1909; S Powers 1916; Stone 1926; Stearns and 
Clark 1930; Wentworth 1938; Finch 1947; HA Powers 
1948) attribute only the upper, lithic-rich beds immedi- 
ately below the golden pumice to the 1790 explosions. 
More recent authors (Christiansen 1979; Malin et al. 
1983; Decker and Christiansen 1984; Easton 1987) pro- 
pose that all of the member between the two reticulite 
layers is the product of a single, essentially continuous 
eruptive phase lasting several days to a few weeks. 

We find merit and error in each interpretation. The 
explosions reported to have occurred in 1790 are read- 
ily correlated with the upper, lithic-rich beds of the 
member. However, this portion is separated from the 
remainder by a widespread disconformity, and there 
are at least two older erosion surfaces and reworked in- 
tervals (in part described by Malin et al. 1983). Further- 
more, features of the deposits reflect quite marked 
changes of eruptive style and dispersal direction during 
their accumulation. It is likely therefore that a more 
prolonged period was involved (several months?) than 
envisaged by modern interpretations. At the same time, 
the new data are consistent with the view that the entire 
sequence between the reticulite layers is genetically re- 
lated to a coherent, though punctuated, eruption epi- 
sode clearly different from the norm for Kilauea. It is 
proposed herein that the Hawaiians described only the 
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culminating phase of this eruption, lasting little more 
than a few days during 1790, to Ellis (1827) and Dibble 
(1843). 

The Keanakakoi Ash Member thus includes at least 
3 parts, the middle part being the principal concern of 
the following text wherein it is referred to as "Keanaka- 
koi ash". 

iolden pumice" 

upper, lithic-rich block 
and ash beds 

Keanakakoi ash 

Keanakakoi ash comprises 16 main layers distinguished 
by contrasts in color, grain size, composition, deposi- 
tional structures, and coherence, and commonly sepa- 
rated by sharp bedding planes (Fig. 2, Table 2). In thick 
proximal sections, each layer is internally bedded and 
could be subdivided further, though no attempt was 
made to map these fine-scale variations. No section in- 
cludes every one of the 16 layers, although the thickest 
sections along the southern rim lack only a few of the 
minor layers. The characteristics of each layer summar- 
ized on Fig. 2 and Table 2 are drawn mainly from these 
thick exposures. 

Notwithstanding the considerable complexity layer 
to layer vertically through Keanakakoi ash, most sec- 
tions can be readily subdivided into three parts: a low- 
er, well-bedded, vitric ash division, and an upper, lith- 
ic-rich block and ash division, separated by a heteroge- 
neous division of ash and lapilli variously showing af- 
finities with either or both of the lower or upper divi- 
sions. These divisions match the Lower Mixed Unit, 
Upper Lithic Unit, and Intermediate Vitric Unit, re- 
spectively, of Malin et al. (1983). 

The bulk deposit volume of the Keanakakoi ash is 
approximately 0.108 km 3, calculated by summing the 
area-times-thickness values of successive isopachs. The 
lower division accounts for about 40% of this total; the 
middle and upper divisions constitute some 30% each. 

The lower, well-bedded, vitric ash division 

The four layers included in this division (1, 2, 3, 4), are 
characterized by the following: 
a) olive-brown and pale-yellow color; 
b) relatively fine grain size - the predominant grade is 
ash, ranging to fine lapilli (~<16mm) with scattered 
coarser lapilli of low-density, basaltic pumice; 
c) dominance of juvenile pyroclasts comprising olive- 
yellow, sideromelane and shiny, black glass (tachylite?) 
in the ash grade, and black to dark-gray scoria and 
highly vesicular, yellow-olive, partly palagonitized pu- 
mice in the fine lapilli grade. The latter grade also con- 
tains significant amounts of nonjuvenile accessory 
clasts, principally dense basaltic lithics, and crystal 
fragments (olivine and feldspar); 
d) relatively good sorting of individual laminae or thin 
beds. In detail, the coarser grade, thin beds are locally 
poorly size sorted, including smaller, higher-density 
lithics and larger, lower-density pumice; 
e) well-developed bedding - planar, even, continuous 
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Fig. 2. Schematic stratigraphic section through the Keanakakoi 
Ash Member, showing the three main divisions and component 
layers 0 to 16, between basal and upper reticulite pumice deposits. 
el, e2, and e3 are erosion surfaces. The lower and middle divi- 
sions largely comprise fallout deposits; the upper division also in- 
cludes base surge deposits 



337 

Table 2. Summarized characteristics of the 16 layers comprising the middle part of  the Keanakakoi Ash Member (Keanakakoi ash) 

Layer Distribution, Tm,x ~ Color, fabric, and Grain size b Components c Contacts Other 
structure 

Upper, lithic-rich block and ash beds 

16 Close to rim; single Scattered clasts in Lapilli and 
clast thickness impact craters blocks 

15 

14 

SW Rift Zone, Golf  Purplish-gray, len- Cross-beds: fine 
Course Rd, Volca- ticular, and cross- ash to lapilli; 
no? 40 cm (14A) bedded with con- Mantling: fine 

tinuous, even lami- ash 
nae mantling 
dunes; typically 
has continuous, 
thin bed of fine ash 
at the top 

All rim sections; Dark-gray-brown; Matrix poor, 
Chain of Craters single continuous, moderately 
Rd, Kau Desert, even, mantling bed sorted, lapilli 
part of SW Rift + diffuse internal and blocks 
Zone; 60 cm (8), bedding defined by 
80 cm (21) grading 

13 

12 

11 

Most rim sections 
(not the NE); SW 
Rift Zone, Kau De- 
sert, part of  Chain 
of Craters Rd; 
70 cm (14A) 

Pinkish-orange; 
compact, contin- 
uous, mantling 
layer, commonly 
with 3 subdivi- 
sions : 
c, thin, even ash 
bed; 
b, matrix-poor, 
lensing bed; 
a, thin, even ash 
bed with abundant 
accretionary lapilli 

All rim sections; c, purplish, loose 
Kau Desert, SW to compact, discon- 
Rift Zone, part of tinuous, uneven 
Chain of Craters with diffuse inter- 
Rd; - 100 cm (9) nal lenticular- and 

cross-lamination; 
thicker in depres- 
sions; 
b, purplish and 
dark-gray, loose, 
continuous, uneven 
bed with diffuse 
grading and inter- 
nal bedding; 
a, pinkish to olive- 
brown, lenticular, 
uneven bed with 
diffuse, low-angle 
cross lamination 

S rim (20, 9); SW Pink, compact, 
Rift Zone;  2 cm (9) continuous, even, 

very thin bed; pla- 
nar or mantling 

Small-volume lava flow in Kau Desert 

Very poorly 
sorted blocks 
to fine ash; 
c, ash and 
sparse lapilli; 
b, blocks and 
lapilli 
a, ash and 
sparse lapilli 

c, poorly 
sorted coarse 
ash to blocks; 
ash coating On 
coarser clasts ; 

b, poorly 
sorted, lapilli 
to blocks; ma- 
trix-poor; 

a, coarse ash 
to lapilli 

Ash; sparse 
ash-coated 
fine lapilli 

Coarse ash 
and lapilli: L, 
C , A ;  
Fine ash: L, 
C, A? 

L 

Coarse ash 
and lapilli: L, 
C , A ;  
Fine ash: L, 
C , A ?  

L , C , A  

L 

Lapilli: L 
Coarse ash: 
mixed 

L, C0 A? 

Impact craters de- 
form underlying 
layers (mainly 15) 

Gradational lower 
contact with layer 
14; contains em- 
bedded blocks and 
lapilli from layer 
16 

Underlying layers 
deformed by lapilli 
and blocks; some 
blocks deeply em- 
bedded into layer 
13 and protruding 
through layer 15 

Sharp top; sharp 
base or else grada- 
tion to layer 12 
(Chain of Craters 
Rd); basal ash bed 
deformed by blocks 
and lapilli of mid- 
dle bed 

c, lower contact 
gradational or ero- 
sional, lining chan- 
nels (e.g., section 
9); 

b, blocks protrude 
into 12c and de- 
form bedding of 
12a; infilling precut 
channels (e.g., sec- 
tion 55); 
a, gradational to 
erosional contact 
with layer 11, ero- 
sional contact with 
lower layers 

Sharp base; not al- 
ways distinguisha- 
ble from 12 

Difficult to distin- 
guish from layer 14 

Distributed in two 
lobes (N and SW); 
fine ash laminae 
rich in accretionary 
lapilli; surface 
dunes 

Distinct SE bias in 
distribution 

Blocks of middle 
bed protrude 
through top ash 
bed; + vesicles; --- 
uppermost accre- 
tionary lapilli layer 
at "Footprints" 

12b is the most 
widespread; 12a is 
more widespread 
than 12c, both are 
associated with 
channels; cannot 
everywhere identify 
a, b, c subdivi- 
sions; juvenile ash 
component in 12a 
is accidental (not 
primary) 

Accretionary lapilli 
c o m m o n  
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Table 2 (continued) 

Layer Dis t r ibu t ion ,  Tmax a Color, fabric, and Grain size b Components c Contacts Other 
structure 

Middle, heterogeneous, ash and lapilli beds 

10 S rim; 102 cm (9, Olive-brown lami- 
20) nae and thin beds 

interbedded with 
dark-gray, laminae 
and thin beds; 
Top, lenticular, 
wavy and broad, 
low-angle cross- 
lamination; 
Base, continuous, 
even, planar bed- 
ding 

9 Widespread, S and Top, (1) olive-yel- 
SW rim, SW Rift low, compact, thin 
Zone, Mauna Loa beds interbedded 
Scenic Road, Golf with (2) dark-gray, 
Course Road; loose laminae; con- 
177 cm (8) tinuous, even, pla- 

nar 
Middle, compact, 
internally laminated 
or cross-laminated 
thin bed 
Base, (1) pale-olive, 
compact thin beds 
interbedded with (2) 
gray, loose laminae; 
continuous, even, 
undulating 

8 S rim, SW Rift Top, olive-yellow, 
Zone; 110 cm (20) diffuse lamination 

or thin bedding, 
common cross-lam- 
ination; 
Base, purplish 
brown, non-bedded 
to poorly thin bed- 
ded, laminated or 
cross-laminated; 
discontinuous 

7 Most rim sections; Purple, compact, 
Kau Desert, SW thick bed with in- 
Rift Zone, part of ternal laminae, very 
Mauna Loa Scenic thin and thin beds; 
Road; > 44 cm (8) continuous even, 

planar; at base, 
speckled, pinkish, 
loose, normally 
graded, continuous 
lamina 

6 Kau Desert; Chain Predominantly 
of Craters Road; black, loose, inter- 
41 cm (6) nally graded (nor- 

mal oi" symmetric 
reverse-normal), 
continuous, even, 
mantling bed 

Coarse ash in- Ash: J Top commonly 
terbedded eroded (e3); sepa- 
with well- Lapilli: L, C, rated from layer 9 
sorted fine la- J by reworked inter- 
pilli val (e.g., 9) or by 

erosion surface 
(e.g., 40), or grada- 
tional contact (e.g., 
20) 

Top, finer; Thin beds: Contact with layer 
Base, coarser; J >> L, C 8 is gradational 
(1) poorly laminae: and poorly de- 
sorted ash mixed fined; bedding lo- 
with scattered cally deformed be- 
pumice and neath lapilli 
scoria lapilli; 
(2) well-sorted 
fine lapilli 

Top, poorly Top, ash J > L, Top, poorly de- 
sorted ash and C; lapilli fined gradational 
lapilli L > J; contacts; 
Base, very Base, ash Base, lower contact 
poorly sorted mixed; lapilli is commonly ero- 
ash and lapilli L; sional; confined to 

depressions 

Fine ash, mixed Gradational to 
some laminae sharp, conformable 
of coarse ash; contact with layer 
graded coarse J, L, C, A? 6; top contact is 
to fine ash at erosional 
base 

Well-sorted la- Black scoria Separated from 
pilli to coarse >> L, C layers 1-4 by ero- 
ash; sparse sion surface, (el), 
blocks + reWorked inter- 

val 

Uncommon accre- 
tionary lapilli (e.g., 
8); cannot distin- 
guish from layer 8 
where layer 9 is 
missing (e.g., 41) 

Abundant accre- 
tionary lapilli in 
thin beds, _+ vesi- 
cles; =- lower ac- 
cretionary lapilli 
layer at "Foot- 
prints" 

Uncommon accre- 
tionary lapilli (e.g., 
14); vesicles, intra- 
clasts of layer 7 
(e.g., 14, 41) 

Abundant  accre- 
tionary lapilli and 
vesicles; flame 
structures (e.g., 41) 
sparse fresh, black 
scoria fine lapilli 
(e.g., 41) 

_+ Yellow, ash 
coated pumice; 
_+ Red scoria la- 
pilli at top 
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Table 2 (continued) 

Layer Distribution, Tma~ a Color, fabric, and Grain size b Components c Contacts Other 
structure 

Lower, well-bedded, vitric ash 

5 Section 27, NE Olive-brown, mas- Very poorly Mixed (ash Not established Scattered accretion- 
rim; > 140 cm (27) sive, discontinuous sorted, ash, la- mostly J; la- ary lapilli in lower 

bed pilli and pilli and part; ash coating 
blocks; ma- blocks J + L) on black scoria la- 
trix-supported pilli 

4 Kau Desert; Yellow, compact, Fine and J Top contact ero- mm-sized, rounded, 
270 cm (9) continuous, planar, coarse ash sional, locally re- yellow pumice 

even laminae (some worked grains; similar to 
1 mm thick) layer 2 

3 Kau Desert; Main upper part, (1) well-sorted (1) mixed Contact with layer Coarser than layers 
250 cm (9) (1) dark-gray, fine lapilli; (2) J>>L, C 4 is gradational, or 2 and 4; _+ vesicles 

loose, very thin to (2) coarse ash; (3) J sharp and planar, in ash beds; mm- 
thin beds, interbed- (3) fine and and conformable; sized accretionary 
ded with (2) gray- coarse ash locally separated lapilli and ash- 
olive, compact, with sparse la- by thin reworked coated pumice la- 
laminae and minor pilli interval; pilli in the lower 
thin beds; contin- lower part is sepa- part 
uous, planar, even; rated from the rest 
includes one low- by a low-angle 
angle truncation; truncation 
Lower quarter, as 
above with addi- 
tional interbedded 
(3) olive, compact, 
medium, beds 

2 S and SW rim, SW Olive, compact, Well-sorted J >> L, C Separated from Finer and poorer 
Rift Zone, Kau De- continuous, even fine and layer 3 by cross- in lithic compo- 
sert; 250 cm (20) to undulating lam- coarse ash; laminated, re- nents than layer 1 

inae; single thin bed at base is worked interval, or and 3; accretionary 
bed at base; inter- poorly sorted low-angle erosion lapilli near top at 
nal low-angle trun- ash to fine la- surface location 20 
cations (e.g., 9) pilli 

1 SW rim, SW Rift Upper two-thirds, (1) well-sorted (1), (3), mixed Separated from Not present in all 
Zone; 194 cm (41) (1) dark-gray, loose fine lapilli, (2), (4), J ~. L, layer 2 by low-an- sections; internal 

laminae and very (2) coarse ash C gle erosion surface; low-angle trunca- 
thin beds, interbed- _+ pumice la- lower part sepa- tions locally within 
ded with (2) olive, pilli; rated from upper lower part (e.g., 48) 
compact laminae; (3) coarse ash; part by low-angle 
continuous, even, (4) fine ash erosion surface _+ 
diffuse; reworked interval 
Lower third, (3) (e.g., 41), or else 
dark-gray, loose contact is gradation- 
laminae, interbed- a�93 in most sections, 
ded with (4) pale- layer 1 lies on lava 
olive, compact lam- or basal reticulite 
inae and thin beds; 
continuous, even, 
mostly planar, dif- 
fuse 

0 NW rim only (at Pink, internally Fine ash L, A? Apparently mant- Locally eroded, 
locations 21 and massive, thin bed ling reticulite be- discontinuous; 
68); 6 cm low; top contact abundant accre- 

may be erosional tionary lapilli and 
vesicles 

T,,,,.,, maximum thickness; (14 A), location where Tmax was measured; b grain size in proximal sections, fine lapilli 2-16 mm; eL, 
dense lithic and red scoriaceous clasts; C, crystal fragments, principally olivine and /or  feldspar; A, pale, dull, altered (?) ash; J, juvenile 
pyroclasts (glassy ash, fresh scoria, pumice); mixed, combination of L, C, A and J 



340 

laminae (~< 1 cm) and very thin beds (1-3 cm) are ubi- 
quitous. 

Given all these features, the subdivision into four 
layers is based mainly on subtle grain size differences. 
Layers 2 and 4 are overall finer, comprising laminae of  
vitric coarse and fine ash, whereas 1 and 3 include very 
thin beds of  fine lapilli richer in nonjuvenile compo- 
nents. No single mapped section contains all four 
layers. The four layers cannot be distinguished in very 
thin, distal, or poorly exposed sections. 

The middle, heterogeneous, ash and lapilli division 

The bulk of this part of Keanakakoi ash (layers 9, 10) is 
dominantly juvenile, olive ash and fine lapilli, with 
well-developed lamination or thin bedding similar to 
the lower division. However, like the upper  division, 
the middle division includes thin to medium ash beds 
with abundant  accretionary lapilli (layer 7, within layer 
9), cross-bedded intervals (parts of layers 8 and 10), and 
lithic-rich layers (part of  layer 8, layer 7). In addition, 

layer 6 has features which set it apart from all the other 
layers; specifically, layer 6 is composed of  black and 
gray, well-sorted scoria in a single, internally massive 
or graded, even, continuous bed that mantles the depo- 
sitional surface. At the base of layer 7, there is a very 
thin, but remarkably widespread deposit of  reddish, 
speckled, well-sorted, coarse ash. The rest of  layer 7 is a 
very compact,  purple, continuous, medium-thickness 
bed of fine ash rich in accretionary lapilli and inter- 
nally bedded. This distinctive pair of layers (6 and 7) 
provides a most useful marker around much of  the cal- 
dera rim and in the southern and southeastern areas, 
and it constitutes a striking departure from both the 
lower division and the remainder of the middle divi- 
sion. 

The lower part of  layer 8 is purplish and lithic rich 
like layer 7, but is coarser, poorly bedded or cross-lam- 
inated, and laterally discontinuous. The upper  part of  
layer 8 is olive-brown, richer in juvenile components,  
and in places contains accretionary lapilli. At the top it 
grades into layer 9 with an increase of  juvenile compo- 
nents, decrease in grain size, and development of  pla- 

Fig. 3. a Layer 16 block within original impact crater at locality 
46, approximately 1 km southwest of Kilauea caldera rim. The 
hammer is 33 cm long; its handle is parallel to 060 ~ and points 
toward the caldera, b Section through Keanakakoi ash at locality 
55, Kau Desert, about 500 m south of Kilauea caldera rim. Layer 
6 scoria fall of the middle division overlies an erosion surface, el, 
that cuts down into layer 4 of the lower division. Note also the 

two higher erosion surfaces, e2 and e3. The section shows the top- 
most one metre of the exposure, e Intraclast (upper arrow) of layer 
7 accretionary lapilli ash within reworked deposits at the base of 
layer 8 in a section through Keanakakoi ash at locality 41 approx- 
imately 600 m southwest of Kilauea caldera rim. Erosion surface 
e2 separates layers 7 and 8, and el separates layers 7 and 3. Note 
flame structures (lower arrow) between thin beds within layer 7 



nar, even, continuous bedding. The main feature of  
layer 9 is the presence of thin to medium beds packed 
with accretionary lapilli. One of  these extends at least 
to the "Footprints" locality in the Southwest Rift Zone; 
its upper surface is remarkable in preserving fossil hu- 
man footprints and dessication cracks first reported by 
Jaggar (1921). Layer 10 also includes a small number of 
well-sorted, thin, continuous, fine lapilli beds, and un- 
like layer 9, the topmost part has low-angle cross-bed- 
ding and wavy bedding in many exposures. 

The upper, lithic-rich, block and ash division 

The six uppermost layers of Keanakakoi ash (11-16) 
are conspicuously lithic rich and display a wide range 
in grain size, sorting, and bed forms. Two layers (12 
and 13) each include three subdivisions easily identif- 
ied in proximal areas, giving a total of ten depositional 
units. In simplest terms the sequence is composed of  
four block and lapilli beds (12b, 13b, 14, 16) intercal- 
ated with three separate beds of ash (11, 13a, 13c) and 
three cross-bedded ash and lapilli intervals (12a, 12c, 
15) 

The ash beds are pinkish orange, compact, even, 
and continuous, and mantle irregularities on the un- 
derlying surface. Layer 13 ash beds have delicate inter- 
nal laminae and include abundant accretionary lapilli 
and sparse lithic lapilli. At the "Footprints" locality 
in the Southwest Rift Zone, human footprints are im- 
pressed into the top surface of layer 13. The block and 
lapilti beds of  the upper division are clast supported, 
matrix poor, and laterally continuous. Bed thickness 
variation ranges from uneven in rim sections where 
blocks occur and where bedding sags are infilled, to 
even in more distal areas where the sorting of clasts is 
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better and blocks are absent. Of the four block beds, 
layer 14 is the thickest and most widespread. The top- 
most block "bed", layer 16, is more accurately de- 
scribed as a scattering of lapilli and blocks at the same 
stratigraphic level and is responsible for the numerous 
impact sags on the surface close to the caldera rim in 
the Southwest Rift Zone (Fig. 3a). Distinguishing be- 
tween the upper two block layers (14 and 16) is possible 
only where layer 15 occurs. 

The upper and lower parts of layer 12 and layer 15 
comprise wavy, lenticular, and cross-bedded ash and 
fine lapilli. In all three cross-bedded intervals, but par- 
ticularly in layer 15, even, continuous laminae and very 
thin beds of accretionary lapilli-bearing fine ash sepa- 
rate some of the bed sets (cf. Walker 1984). In some 
sections, lapilli in layer 12c (e.g., section 40) and layer 
15 (e.g., section 12) are coated with fine ash. Foresets of 
well-defined cross-bed sets have unidirectional dip azi- 
muths, indicating downcurrent movement radially 
away from the caldera rim. The basal contacts of the 
layer-12 cross-bedded intervals are commonly erosion 
surfaces ranging from shallow disconformities to spec- 
tacular, deeply incised channels along the southern rim 
(sections 9, 55, 56; Fig. 4a). Layer 15 typically has a 
gradational lower contact with layer 14; the top contact 
is a regularly undulating dune surface (e.g., sections 12, 
18, 24, 21) where not modified by erosion or sagged be- 
neath blocks belonging to layer 16. 

Throughout the upper division, clasts coarser than 
about 1 mm are accessory lithics, principally dark- 
grayish or reddish basaltic lava accompanied by varia- 
ble amounts of  olivine and feldspar crystal fragments. 
Juvenile magmatic clasts have not been identified 
among the components of this size and are apparently 
limited to finer ash fractions. Ash in the cross-bedded 
and accretionary lapilli-bearing layers (11, 12a, 12c, 

a i ~ l m  I b LOCALITY 55, KAU DESERT 

Upper, lithic-rich 
division 

rA~ L~ i;Tdomn~ ddle ~ . ~  ~ 

Basalt lava / / / / ~ ' ~ ' / "  
~2m 

W I I E 

Fig. 4. a Section through Keanakakoi ash at locality 9 on the 
southern rim of Kilauea caldera. A U-shaped erosion surface 
within the upper lithic-rich division (base of 12c) cuts deeply into 
underlying ash of the middle division where it merges with ero- 
sion surface e3. The view is upcurrent, toward the caldera, b Pro- 

23/OV/23 

file of a modern gully cutting Keanakakoi ash in the Kau Desert 
near locality 55 showing the similarity of its shape and the e3 ero- 
sion surface. The upper lithic-rich division drapes the undulating 
e3 surface. The view is toward Kilauea caldera about 500 m south 
of the rim 
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13a, 13c, 15) is distinctly purplish or pinkish. The color 
is imparted by reddish particles derived from oxidized 
scoria or lava, combined with very fine, pale-grayish, 
dull ash; other components are crystal fragments (oliv- 
ine, clear feldspar) and dull, gray-black, basaltic lithic 
grains. The very fine, pale ash appears to be derived 
from altered rocks (cf. Heiken and Wohletz 1985, p. 
15). Juvenile ash pyroclasts were confidently recog- 
nised only in the cross-bedded intervals, ranging from 
conspicuous to trace proportions. However, it cannot 
be assumed that these pyroclasts were a primary com- 
ponent of the ejecta, as is explained below. 

In most sections there is a subtle color change coin- 
ciding closely with the base of layer 11 from olive- 
brown below to pinkish-purple above, reflecting the 
changeover from dominantly juvenile to dominantly 
lithic ash fractions. However, along part of the South- 
west Rift Zone (sections 14A, 40, 41, 42, 43, 48; Fig. 1), 
only the upper part of layer 12a is pinkish-purple, the 
lower part being olive-brown. Close to the caldera rim 
(e.g., section 14A) layer 11 is missing, and the base of 
layer 12 is erosive into the underlying olive, ash-rich 
beds. It thus appears that the juvenile component at the 
base of 12a in Southwest Rift Zone sections was scav- 
enged from lower parts of Keanakakoi ash at the rim 
and more proximal locations, diluting the initially lit- 
hie-rich ejecta, and then the mixture was deposited 
farther downcurrent. That is, the juvenile ash at the 
base of layer 12a is not considered to be a primary com- 
ponent, but rather is accidental (Wright et al. 1980) and 
intraformational in origin. The upper part of layer 12 
(12c) also contains trace amounts of juvenile pyroclasts, 
but the coincidence with cross bedding again means 
that it cannot be assumed that these are primary com- 
ponents and instead are most likely to have been recy- 
cled from older Keanakakoi ash deposits. 

Other layers 

Two layers of very restricted extent have not been in- 
cluded in the three subdivisions described above. Layer 
0, limited to sections 21 and 68 close to the northern 
rim of Kilauea, is a single thin bed of pink, fine ash 
with accretionary lapilli and vesicles. Layer 5, identif- 
ied only in section 27, is a massive, poorly sorted, thick 
bed composed of both juvenile (yellow ash, pumice, 
ash-coated black scoria) and lithic (blocks and lapilli) 
fragments. 

A thin lava flow is locally intercalated with the Kea- 
nakakoi ash in the Kau Desert (Stone 1926; Stearns 
and Clark 1930; Christiansen 1979; Decker and Chris- 
tiansen 1984), and apparently erupted from a fissure lo- 
cated about 1.25 km from the caldera rim. It evidently 
occurs at or near the top of the middle division between 
layers 10 and 11 (Fig. 2). 

Shapes of juvenile ash pyroclasts 

Juvenile ash is the principal component of the lower 
and middle divisions of Keanakakoi ash; the excep- 

tions are layer 6 which is generally coarser, layer 7 
which is rich in altered lithic ash, and the lower part of 
layer 8 which is both coarser and lithic rich. Ash sam- 
ples were examined with a binocular microscope in or- 
der to determine the shapes of the juvenile pyroclasts. 
Five main shapes occur: 
(1) blocky or platy, nonvesicular fragments of glossy 
black (tachylite?) or clear yellow (sideromelane) 
glass; 
(2) blocky fragments of glossy black glass with isolated, 
small, spherical vesicles bounded by planar or 
smoothly curving surfaces; 
(3) irregularly shaped, highly vesicular, glossy, yellow- 
ish glass fragments with very high surface area; many 
vesicles are in contact and deformed; 
(4) cusps and spines of nonvesicular, glossy yellow 
glass; 
(5) fragments of Pele's hair and Pele's tears. 

Shapes (1) and (2) are similar to the type-I pyro- 
clasts of Wohletz (1983). Shape (3) may include both 
true pumice and type-Ill mosslike pyroclasts of Woh- 
letz (1983). Shape (4) matches the type-V shards de- 
scribed by Wohletz (1983). Pele's hair and Pele's tears 
are the typical products of in-flight solidification of 
lava spray ejected during Hawaiian or Strombolian- 
style eruptions (Walker and Croasdale 1972). Pyroclasts 
with shapes (4) and (5) are much less abundant than the 
other three, and shapes (1) to (4) occur together in the 
same samples. 

Blocky, poorly or nonvesicular pyroclasts and high- 
surface-area, mosslike pyroclasts are considered to be 
diagnostic of magma-water interaction during fragmen- 
tation and prior to explosive ejection (Wohletz 1983). 
Broken bubble-wall shards and the juvenile pumice la- 
pilli scattered through the lower and middle divisions 
of Keanakakoi ash indicate that for parts of the magma 
this interaction was delayed until after vesiculation. 
Such a sequence is consistent with the suggestion by 
Wohletz (1983, 1986) that mixing of magma and water 
to produce hydrovolcanic explosions is enhanced if the 
magma is partly fragmented to begin with. 

Lateral correlations and distribution of Keanakakoi ash 

Figure 5 correlates the measured sections. The southern 
and southwestern rim exposures are the most complete 
and thickest ( > 4  m to 11 m). The deposits are much 
thinner (<  2 m) in the remaining rim sections, as a re- 
sult of  both absence of  some layers and reduced thick- 
ness of those present. Stratigraphic subdivision and 
correlation are most difficult around the northern to 
eastern arc where the ash is covered with dense vegeta- 
tion and suitable exposures are uncommon. 

The upper division occurs all around the rim, and 
two layers (12, 14) are present in every rim section. 
Both the middle and lower divisions are missing at dif- 
ferent sites along the perimeter. The upper division is 
also continuously represented (mainly by layers 13 
and/or  14) along four of the six radial traverses (South- 
west Rift Zone, Kau Desert, Chain of Craters Road and 
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Fig. 6. Isopachs in centimetres for Keanakakoi ash and selected component layers, x,  layer not present; II, layer not identified as a 
separate unit or thickness not recorded; r, thickness measurement includes reworked ash; H, Halemaumau 

Volcano; Fig. 5). Layers of  the middle division are even 
more widespread, occurring in every section along all 
but one (Volcano) of the radial traverses. Layers 6 and/  
or 7 are consistently exposed in the Kau Desert and 
Chain of  Craters Road traverses, whereas layer 9 is the 
principal representative in the Southwest Rift Zone, 
Mauna Loa Scenic Road, and Golf  Course Road trav- 
erses. The lower division is not continuous as a primary 
deposit in any of  the radial traverses, and thins rapidly 
to zero outward from the caldera rim (e.g., Chain of 
Craters Road traverse), or else is reworked (e.g., Kau 
Desert and Southwest Rift Zone traverses). 

The isopach map (Fig. 6a) for the total Keanakakoi 
ash indicates an overall bias in dispersal toward the 
southwest, but masks the divergent dispersal directions 
shown by some layers. In particular, layers 6, 7, 12, and 
14 are distributed more toward the southeast or south, 
and layer 15 has a northern as well as a southwestern 

lobe. The isopach maps, isopleth maps of  selected 
layers (Fig. 7), and inferred dispersal axes based on 
these (Fig. 8) confirm the conclusion of  Stearns and 
Clark (1930) that all the component layers of  Keanaka- 
koi ash originated from a vent (or vents) in the vicinity 
of  the modern Kilauea caldera. 

When traced laterally away from the caldera rim, 
each layer maintains a consistent set of  textural and 
compositional features, though systematically becomes 
finer grained. This is most marked for the block-rich 
beds of  the upper division, but still detectable in the 
ash-dominated layers. Accretionary lapilli in fine ash 
beds also decrease in size outward from the caldera 
(Fig. 7e, f). 

Erosion surfaces within Keanakakoi ash 

Almost every layer of  the lower and middle divisions is 
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bounded by an erosion surface ranging in importance 
from barely incised local discordances within otherwise 
conformable sequences, to deeply incised, widespread 
unconformities, in places associated with reworked de- 
posits. The main unconformities occur between layers 4 
and 6 (el, separating the lower and middle divisions), 
between layers 10 and 11 (e3, separating the middle and 
upper divisions), and e2 (within the middle division; 
Fig. 2). 

The timing and significance of the lowermost ero- 
sion surface (el, Figs. 2 and 5) are evident from the 
Kau Desert traverse. At the caldera rim (section 20) 
layers 6 and 4 are conformable, or else separated by a 
thin (10cm), slightly reworked interval (section 9). 
About 500 m farther south (section 55) layer 6 overlies a 
disconformity excavated into layer 4 (Fig. 3b). In the 
next section (56) another 500 m to the south the thick- 
ness of the lower, well-bedded ash is greatly reduced, 
and layer 4 almost eliminated. At the base of all re- 
maining Kau Desert sections (except the most distal, 
77), very well sorted, cross-bedded, juvenile ash under- 
lies layer 6. The composition of this ash is very similar 
to that of layers 1-4 in that juvenile particles (olive 
glass) predominate and are accompanied by lithic and 
crystal fragments. The cross-bedded intervals are dis- 
continuous: they infill depressions and pinch out at 
highs in the substrate. Cross-beds are steep (at or near 
angle of repose), and foreset dip directions are variable 
in single exposures. This cross-bedded ash is evidently 
the redeposited equivalent of layers 1-4, and the princi- 
pal agent responsible for redeposition is inferred to 
have been wind. The break between emplacement of 
the lower division and layer 6 thus had to be suffi- 
ciently long to allow aeolian erosion, transportation, 
and redeposition of much of the proximal layer 1-4 
section. 

from/sopachs 
~posi t ion of max. thickness 7 

- - - - ~  from ML isop/eths 14 

1, 2 ,3 ,  

j '  

\ 
\ \  

~4 

/ pC 0 5kin I 
13 '~ 1, 2 , 3 , 4  1 I 

I 
16/o3/1 o 

Fig. 8. Dispersal axes of Keanakakoi ash and of selected compo- 
nent layers based on the shapes of isopach and isopleth maps 

The tradewinds are dominantly northeasterly and 
yet both the principal area of aeolian reworking of 
layers 1-4 and the dispersal of layer 6 are more south- 
ern and southeastern, respectively, from Kilauea (Fig. 
6b, d). Evidently the layer 4-layer 6 break was long 
enough to accomodate shifts from the trades to these 
directions. The erosion and reworking were probably 
not confined exclusively to the south-southeastern cor- 
ridor: in sections along the Southwest Rift Zone (14A- 
43, Fig. 1), layer 7 overlies an erosion surface excavated 
into the lower, well-bedded ash. This surface cannot be 
uniquely constrained as the same pre-6 surface in the 
Kau Desert, as it could be the result of a post-6, pre-7 
event. However, there is very little evidence elsewhere 
of a break between these two layers, and the absence of 
layer 6 is due to the off-dispersal axis position, rather 
than to pre-7 erosion. It is thus apparent that a single 
pre-layer-6 erosion and reworking episode has affected 
the southwest and southeast sectors, the southwest be- 
ing consistent with the typical tradewind pattern and 
the southeast indicating intermittent deviations from 
the norm. 

Erosion surface e2 separates layers 7 and 8 (Fig. 2). 
On the southern and southwestern rim of the caldera 
(e.g., sections 20, 9, 8, 14, 40, 41 ; Fig. 5) layer 7 has been 
locally eroded and then overlain by reworked deposits 
at the base of layer 8; intraclasts of layer 7 are scattered 
within layer 8 close to the contact (e.g., sections 14, 41 ; 
Fig. 3c). The reworked deposits comprise discontin- 
uous, cross-bedded, lithic lapilli and mixed juvenile- 
lithic coarse ash, mostly confined to depressions in the 
underlying erosion surface. Both the erosion and re- 
working were probably the result of surface water wash 
during and following rain storms after layer 7 was em- 
placed. Rain storms are common at Kilauea's summit 
and in this case, it is also likely that steam condensed 
from the eruption column contributed. Beyond the 
limit of dispersal of layer 7 along the Southwest Rift 
Zone traverse (Fig. 5), e2 cannot be distinguished from 
el, and their relative roles in eroding and reworking of 
the pre-layer-6 section is unknown. 

The upper division overlies a widespread erosion 
surface, e3, established in exposures at the southern rim 
and extending into the Kau Desert and the distal 
Southwest Rift Zone. At the southern rim (sections 20, 
9; Fig. 5) sections are nearly complete up to and includ- 
ing layer 10. At a distance of about 500-700 m south of 
the rim in the Kau Desert, the pre-layer-12 deposits 
rapidly thin (section 55), and in places layer 12 rests on 
layer 4 or deeper layers (section 56). The lithic-rich 
layers drape a deeply incised and irregular to undulat- 
ing erosion surface, similar in shape to modern rain- 
water runoff gullies (Fig. 4b). Where layers 7 to 10 are 
missing, especially in more distal Kau Desert sections, 
e3 merges with e2. 

At the southern rim (near sections 9, 20) there are 
examples of smooth, U-shaped erosion surfaces that 
begin within layer 12 (at the base of 12a or in 12c) and 
can be traced down into layer 10 or deeper where they 
are indistinguishable from e3 (Fig. 4a). Decker and 
Christiansen (1984) have related erosion of these chan- 
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Table 3. Summary of interpreted emplacement processes and eruption styles for the Keanakakoi Ash Member 

Layer Emplacement process Eruption style Evidence for H20 involvement 

000 Golden pumice Pumice fall Explosive magmatic None 

16 Lapilli & blocks Lapilli & block fall 
15 Cross-bedded ash Surge (+ cosurge ash ] 

& lapilli fall) ~ Fatal eruption- 
14 Lapilli & blocks Lapilli & block fall j column collapse? 

t c Fine ash +_ Rain flushed ash fall "Wet" 
accretionary lap. } 

13 b Lapilli & blocks Lapilli & block fall 
a Fine ash + Rain flushed ash fall ~ "Wet" 

accretionary lap. 
t o  Cross-bedded ash Surge (+ cosurge ash Eruption-column 

& lapilli fall) / 
12 b Lapilli & blocks Lapilli & block fall j collapse? 

a Cross-bedded ash Surge (+ cosurge ash 
& lapilli fall) 

11 Fine ash + Rain flushed ash fall "Wet" 
accretionary lap. 

.2 

dz 

Abundant accretionary lapilli ___ vesicles ___ ash- 
coated lapilli in fine ash beds; surge deposits; 
paucity or lack of juvenile magmatic components; 
hydrothermally? altered ash 

e3 Lava Flow Effusive magmatic None - separate fissure vent 

10 f Well-bedded ash & 
fine lapilli ___ acc. 

9 lap; J>L 

8 Cross-bedded ash 
& lapilli 

e2 
7 J" Fine ash + acc. lap; 

J+L 
6 ~" Well-sorted scoria 

lapilli 
el 

Ash fall, rain ] 
flushed ash fall 
+ wind-drifted Phreatomagmatic 
fall or surge? 
Reworked-surface n.a. 
wash, fluvial 

Rain flushed ash fall 

"Dry" scoria fall 

"Wet" phreatomagmatic 

Explosive magmatic 
(Strombolian-style) 

Fine grain size, even near source; abundant accre- 
tionary lapilli + vesicles; palagonite alteration of 
glassy pyroclasts; blocky shapes of juvenile pyro- 
clasts 

None - separate "dry" vent? 

5 Poorly sorted ash 
blocks 

i }  Well-bedded ash; 
J>L 

0 Fine ash + acc. lap 
(L?) 

Redeposited slump? n.a. 

Ash fall (+ minor 
rain flushing; + 
minor wind drifted 
ash fall) 
Rain flushed ash fall 

Relatively "dry" 
phreatomagmatic 

"Wet" phreatic 

Fine grain size, even near source; accretionary la- 
pilli, ash-coated lapilli _ vesicles; palagonite alter- 
ation of glassy pyroclasts; blocky shapes of some 
juvenile pyroclasts; lamination 

Acc. lap., vesicles, fine grain size 

000 Basal reticulite Pumice fall Explosive magmatic None 

nels to events associated with the emplacement  of  the 
upper, lithic-rich beds (in particular, layer 12). Hence 
they cannot be taken to indicate significant post-e3 
breaks in the accumulation of  the deposits. Also, else- 
where around the caldera the upper  division of  Keana- 
kakoi ash lacks evidence for interruptions. 

The duration of the break represented by e3 is infer- 
red from distal sections of the Southwest Rift Zone;  re- 
lationships at section 78 ("Footprints" locality, Figs. 1 
and 5) are particularly clear. Most exposures there in- 
clude two very thin beds of  accretionary lapilli-bearing 
fine ash, each underlain by cross-bedded, well-sorted, 
mixed juvenile-lithic coarse ash interpreted to be aeol- 
ian deposits from the erosion and reworking of  the 
tephra from more proximal localities. Correlations 
through the Southwest Rift Zone traverse show that the 
accretionary lapilli beds are the distal representatives of  
layer 13 (upper) and layer 9 (lower). The aeolian depos- 

its below layer 9 are therefore the reworked equivalents 
of layers 1 to 7 inclusive, and are principally related to 
the el  break with a possible contribution during the e2 
break. The aeolian deposits between layer 9 and layer 
13 are the reworked equivalents of  at least layers 8 to 10 
and most probably the entire pre- layer- l l  section, ini- 
tially emplaced at the rim but eroded and transported 
downwind to distal sites during the e3 break. 

Emplacement processes and eruptive styles 

Table 3 summarizes the interpretation of  the foregoing 
description of  the Keanakakoi  Ash Member  in relation 
to emplacement processes and eruptive styles. The bulk 
of  the tephra was emplaced by pyroclastic fall. Rain 
flushing of  the source ash cloud was a common occur- 
rence. The phase represented by the upper  division was 
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marked by the periodic ejection of much coarser debris, 
forming block and lapilli fall layers (12b, 13b, 14, 16), 
and also includes the only significant deposits em- 
placed by pyroclastic surges (12a, 12c, 15). Parts of the 
lower division (e.g., base of layer 1) and the middle div- 
ision (e.g., upper layer 8, upper layer 10) may also have 
been generated by primary surges but their close simi- 
larity in grain size, components, and sorting to asso- 
ciated definite fallout ash layers suggests instead that 
they were deposited in windy weather conditions (cf. 
Carey and Sparks 1986) or were reworked by wind. Se- 
dimentation, principally by aeolian or fluvial processes, 
accounts for a very small part of the accumulation ex- 
cept in the distal Kau Desert exposures, even though 
recognition of its role is otherwise important in assess- 
ing the duration of interruptions. 

Most of the Keanakakoi Ash Member was pro- 
duced by explosive activity. A small fissure-fed lava in 
the Kau Desert (Christiansen 1979; Decker and Chris- 
tiansen 1984) is the only evidence of contemporary ef- 
fusive eruptive behavior. Explosive activity driven by 
magmatic volatiles produced the basal reticulite, the 
golden pumice, and, during emplacement of Keanaka- 
koi ash, a single scoria fall layer (layer 6). The eruptions 
responsible for all other layers were affected to lesser 
or greater extents by the involvement of water (Table 
3). The lower and middle divisions are largely the prod- 
ucts of strictly phreatomagmatic eruptions with abun- 
dant juvenile magmatic pyroclasts in all grain size 
classes. In contrast, the block fall and accretionary la- 
pilli-bearing ash fall beds of the upper division lack ju- 
venile magmatic components. If the conclusion reached 
above regarding the accidental origin of the juvenile 
ash found in the cross-bedded surge deposits is correct, 
then the entire upper, lithic-rich division can be consid- 
ered as the product of phreatic eruptions. 

Thus, the Keanakakoi ash eruption comprised three 
phases generated by two different styles of explosive 
hydrovolcanic activity. Initially (phases 1 and 2, lower 
and middle divisions), water had access to actively vesi- 
culating and already partly fragmented magma, causing 
steam explosions in the conduit. Conditions were ap- 
propriate for contact-surface steam explosivity (cf. Ko- 
kelaar 1986), leading to further magma fragmentation 
and a combination of magmatic volatile- and steam- 
driven explosive ejection of pyroclasts. The uniform 
and relatively minor lithic content suggests that once 
established, open-vent conditions were maintained 
from a vent with stable walls. It seems that for most of 
first two phases the magma-water mass ratio promoted 
a high explosive efficiency, manifest by the thoroughly 
fragmented ejecta, and fluctuated only slightly, be- 
tween a minimum that resulted in the fine ash and fine 
lapilli falls and a maximum when the "drier" scoria la- 
pilli fall (layer 6) was emplaced. Some highly vesicu- 
lated pumice lapilli were deposited at the same time as 
hydrovolcanic ash. Perhaps the margins of the magma 
column closest to the aquifer were most affected by in- 
teraction with water whereas the central parts were 
freely vesiculating, at least intermittently, so that the 
two pyroclast types were generated simultaneously. An- 

other possibility is that magmatic and hydrovolcanic 
explosions occurred in such rapid succession that pyro- 
clasts from each were mixed in the eruption column 
and deposited together. 

The phreatic eruptions (phase 3) that produced the 
upper division were presumably not aided by magmatic 
volatiles either as a means of initiating magma frag- 
mentation through vesiculation or as a contributory 
driving force for explosions. In this case, the energy 
available from the explosive expansion of steam was 
expended mainly in the fragmentation and expulsion of 
wall rock, not of the magma that had simply served as a 
heat source in steam generation. This phase of the erup- 
tion included several major discrete explosions which 
may have been initiated when withdrawal of magma 
exposed red-hot conduit walls to water draining from 
the aquifer. Subsequent explosions were possibly both 
triggered and accompanied by vent wall collapse that 
disrupted the hydrothermal system surrounding the 
conduit. Spells between explosions probably reflect res- 
toration of the aquifer and heating of water entrapped 
in the wall rocks and in the lithic debris that had accu- 
mulated in the conduit. 

Some consequences of the first and second eruptive 
phases may have influenced the style of the activity that 
followed. In particular, the two phreatomagmatic 
phases effected the degassing and partial cooling of the 
magma so that what remained would have been rela- 
tively dense and likely to subside deeper into the con- 
duit (cf. Walker 1986). Thereby the magma would have 
been removed from direct contact with water and ren- 
dered less efficient in transferring heat during any con- 
tact that did occur. The vent walls would have been 
fractured and weakened by the foregoing explosions 
and further destabilized if in fact magma withdrawal 
did take place; there would have been abundant lithic 
debris available during subsequent explosions. Howev- 
er, of overriding importance in causing the change from 
phreatomagmatic to phreatic activity was the decline in 
magma supply: the phreatomagmatic explosions in- 
volved new magma, whereas the phreatic explosions 
did not, although they developed from the heat re- 
leased by the otherwise passive residual magma. Even 
though there is evidence for a pause between the phrea- 
tomagmatic and phreatic phases (e3, Fig. 2), they may 
both be closely related effects of a continuous process 
of magma withdrawal from Kilauea's summit caldera. 

Kilauea in 1790 

The dimensions and geometry of Kilauea's summit cal- 
dera at the start of the Keanakakoi ash eruption are un- 
known. The account of Dibble (1843 p. 51, 52) uses the 
terms "crater" and "pit" for the source of the explo- 
sions, so a well-defined depression must have existed. 
The margins of the modern caldera include younger 
fault scarps which truncate Keanakakoi ash (e.g., 
southeastern and northwestern sectors), and older fault 
scarps draped by it (e.g., northeastern and western sec- 
tors). Also, the lowest part of the modern caldera rim in 
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involved phreatomagmatic explosions in the summit conduit 
when groundwater mixed with actively vesiculating magma (1 and 
3). Many explosions must have occurred, punctuated by pauses 
(2) reflecting the temporary depletion of  groundwater and reduc- 
tion of  magma volatile pressure. Steam-rich eruption plumes were 
blown southwestward by the trade winds and frequently rain 
flushed, d Phreatic explosions during the third phase resulted 
from the interaction of  groundwater with wall rock and lithic de- 
bris that had been heated by the largely degassed magma 



the southern and southwestern sectors may also have 
been the lowest in 1790 because the lithic-rich surge de- 
posits were preferentially distributed in this direction. 
Thus, the modern caldera is somewhat wider than the 
1790 caldera as a result of subsequent formation of 
fault scarps outside the rim. 

The basal reticulite of the Keanakakoi Ash Member 
indicates that "normal" summit eruptions (i.e., fire 
fountaining with or without generation of lava flows; 
Fig. 9a) took place prior to the 1790 outburst, and that 
magma was present at shallow levels in Kilauea's sub- 
volcanic plumbing system (Decker and Christiansen 
1984). 

Lava was erupted from Kilauea's East Rift Zone 
around 1790 (Ellis 1827; Hitchcock 1909; Finch 1947), 
presumably coinciding with retreat of magma from the 
summit (Christiansen 1979; Decker and Christiansen 
1984). The vent(s) was in the Malama district (Ellis 
1827, p. 201), which ranges in elevation between about 
300 m and 400 m above sea level. Lava issuing from the 
East Rift Zone could have drained magma from the 
summit storage until it reached the same level (Fig. 9b). 
Thus the magma column at the summit could have been 
as deep as 700 m below the southern rim (present eleva- 
tion about 1100 m) at the time of the explosive activity 
of 1790. The modern groundwater table about 1 km 
south of Halemaumau lies 488 m below the surface ele- 
vation (Zablocki et al. 1974). The floor of Kilauea is 
presently relatively shallow, only about 170 m below 
the rim, and the caldera is quiet. However, conditions 
were dramatically different during the early decades of 
the nineteenth century when the deepest part was some 
300-500 m below the rim (Ellis 1827; Douglas 1834; 
Dibble 1843; Brigham 1909; Hitchcock 1909), and there 
were several eruption points and active lava lakes. The 
drop from the rim to the floor was stepped by ledges 
that marked former levels of lava in the caldera. It is 
therefore possible that the Keanakakoi deposits were 
generated by deep-seated explosions (deeper than 
500 m and perhaps as deep as 700 m) within Kilauea, 
and that the rim of the eruptive vent was several 
hundred meters below the rim of the caldera. Eruptive 
events that produced ejecta unable to clear the former 
caldera rim have been screened from the record of the 
eruption as seen in deposits on the modern caldera rim 
and beyond. 

Reconstruction of the Keanakakoi ash eruption 

The Keanakakoi ash eruption opened with explosive, 
steam-driven disruption of the oxidized and altered 
crust capping the lava surface, deep in the conduit (lith- 
ic-rich, accretionary lapilli-bearing fine ash, layer 0). 
Thereafter, actively vesiculating magma was supplied 
to the open vent, but subjected to further explosive 
fragmentation on encountering groundwater before 
ejection in steam-rich eruption plumes (layers 1, 2, 3, 4). 
Hundreds of explosions are recorded by the lower divi- 
sion clearly repeating a definite pattern (Fig. 9c: 1, 2, 3), 
such as (a) rising of the magma in the conduit in re- 
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sponse to buildup of volatile pressure; (b) vesiculation 
and partial fragmentation of the magma; (c) mixing of 
the variably vesiculated fragments with water and/or  
steam at the level of the aquifer; (d) steam- and vola- 
tile-driven explosive eruption of the thoroughly frag- 
mented, mostly juvenile ejecta; (e) deflation and subsi- 
dence of the remaining degassed magma below the site 
of interaction with water, resetting conditions favorable 
to (a). The vertical oscillation of the magma level may 
have been short, perhaps only a few metres, because the 
volume of material expelled by each separate explo- 
sion, preserved by individual beds or coarse + fine pairs 
of beds, was small. This phase appears to have been 
controlled by the magma volatile pressure, given appar- 
ently steady and balanced magma and water supplies. 
Two larger cycles are also evident in that layers 1 and 3 
are overall coarser than 2 and 4, reflecting couplets of 
more vigorous followed by less vigorous explosion se- 
ries perhaps related to subtle shifts in the magma:water 
mass ratio. 

The first major departure from the opening phrea- 
tomagmatic activity followed a break (el), during 
which considerable aeolian erosion and redeposition 
affected the fresh mantle of fallout ash. During the 
break, the degassed magma may have remained at 
much the same level as before, but it was prevented 
from mixing with groundwater because either (1) it was 
not fragmented, (2) the groundwater may have been 
temporarily exhausted by the earlier explosions, and/or  
(3) it was insulated by a stabilized jacket of steam. 

Eventually a new batch of magma rose, vesiculated, 
and erupted free of interference by groundwater to 
form the scoria lapilli fall (layer 6). The isopach and 
isopleth maps (Figs. 6d and 7a) suggest the possibility 
that layer 6 emanated from a vent slightly displaced 
from the source area for preceding and following erup- 
tions, a circumstance which would help to account for 
the markedly "dry" style of this explosion compared 
with the others. Isopachs of layer 7 (Fig. 6e) indicate 
eruption from the former source area. Layer 7 is rich in 
oxidized and altered ash, and may be derived from a 
crust that had developed above the stagnant lava in the 
main conduit during the el break. Fluvial gullies excav- 
ated into layer 7 (e2) record a second interruption of 
sufficient duration for rain storms to gather and break. 
Later, the groundwater reservoir recovered and the 
supply of fresh magma resumed, initiating a second se- 
ries of phreatomagmatic explosions that produced 
more well-bedded vitric ash (layers 8, 9, 10; Fig. 9c: 1, 
2, 3). These deposits are in most respects similar to 
layers 1 to 4, though somewhat richer in accretionary 
lapilli. Toward the end of this series, lava locally 
reached the surface via a route away from the main 
conduit in the caldera, bypassing the aquifer altogeth- 
er. 

On cessation of the phreatomagmatic explosions, 
the first of two main stages in the Keanakakoi ash erup- 
tion ended. There is good evidence for a pause (e3) dur- 
ing which aeolian erosion and reworking redistributed 
the ash, and at least the southwestern margins of the 
ash blanket were visited by Hawaiians, as recorded by 
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their footprints on an accretionary lapilli-bearing ash- 
fall bed in layer 9 (location 78, Fig. 10; see also Jaggar 
1921). This wet ash later dried out and cracked before 
being covered by dunes drifting downwind during the 
e3 break. The magma subsided deeper into the conduit, 
removing support for the already weakened and frac- 
tured vent walls. A small number of discrete, powerful, 
steam-driven explosions registered the final events 
(phase 3) in the Keanakakoi ash eruption. Magma did 
not participate directly but was the heat source for 
steam production. The explosions ejected country rock 
and congealed, degassed lava, either as blocks or as 
pulverized and milled fine wet ash (upper division, Fig. 
9d). 

At least four major explosions were responsible for 
the upper division. Layer 11 may be the product of an 
initial, relatively weak ash plume eruption that was 
quickly overtaken by a more vigorous outburst of later- 
ally directed base surges (layer 12a). Couplets compris- 
ing a lower block or lapilli fall bed overlain by dune- 
bedded surge deposits (e.g., layers 12b+12c; layers 
14+ 15) are interpreted to record eruption column col- 
lapse events. Layer 13 is actually a composite of one 
block fall horizon sandwiched between upper and 

lower accretionary lapilli-bearing, fine, fallout ash 
beds. Some time after phase 3 ended, footprints were 
impressed upon one of the layer 13 accretionary lapilli- 
bearing, fine ash beds downwind of the caldera (local- 
ity 78), before being alternately concealed then revealed 
by shifting ash dunes, a process that continues today. 

The spectacular activity responsible for Keanakakoi 
ash was eventually followed by fire fountaining and 
lava effusion from vents in the summit caldera, generat- 
ing the golden pumice (Sharp et al. 1987). 

Whereas the basal reticulite and the golden pumice 
indicate the presence of magma at Kilauea's summit, 
the intervening layers (0-16) record its retreat, evidently 
at a rate and to a depth ideally suited to explosive inter- 
action with groundwater. A faster rate of retreat would 
allow magma to escape from the system before condi- 
tions conducive to magma-water interaction were estab- 
lished. At a slower rate, a steam jacket and selvedge of 
congealed lava could be maintained around the con- 
duit, sealing the magma from direct encounters with 
water while it cooled. 

The fatal explosion 

Fig. 10. Fossil human footprints impressed into layer 9 (accretion- 
ary lapilli ash) at locality 78, Southwest Rift Zone about 9 km 
from Kilauea caldera rim. Note also the fossil dessication cracks; 
these formed when the wet fine ash dried out 

The earliest written report of the 1790 eruption (Ellis 
1827) based on the recollections of local Hawaiians de- 
scribed one explosion that resulted in the deaths of 80 
people at an unspecified locality close to Kilauea. The 
more detailed account by Dibble (1843, p 51) refers to 
four main explosions, one on each of three successive 
nights, then the most violent during the next day. The 
last was fatal for all in the middle one of three parties 
of Keoua's warriors travelling separately along the 
same route from Kilauea southwest toward Kapapala. 
Some members of the forward party were also killed, 
while all in the rear party survived. Dibble does not 
specify the route followed or the precise positions of 
the three parties. Brigham (1909), Jaggar (1921), Finch 
(1947), and Swanson and Christiansen (1973) favor the 
north rim trail via Uwekahuna, whereas Douglas 
(1834), Hitchcock (1909), and S Powers (1916) favor the 
trail that passed south of the caldera. 

The internal stratigraphy of the upper, lithic-rich 
division suggests that phase 3 involved about four or 
five explosive pulses. Although it is clear that each 
pulse was a complex combination of overlapping out- 
bursts, the upper division stratigraphic record and the 
historic record are in excellent accord. The two earlier 
phases of the eruption did not feature in Hawaiian tra- 
ditions probably because they were relatively mild and 
caused little inconvenience. 

The fatal explosion may have been the second 
surge-generating event, recorded by block fall layer 14 
and the immediately overlying base surge layer 15 (Fig. 
2; Table 3). The dispersal of the block fall shows a 
strong southeastern bias, whereas the surges appear to 
have been directed to the southwest and to a lesser de- 
gree to the north of the caldera (Fig. 11). The positions 
of each o f  the three parties of warriors proposed by 
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Fig. 11. Dispersal of layer 14 (block fall) and layer 15 (base surge) shown by isopachs in centimeters, compared with the positions of 
warrior parties proposed by Swanson and Christiansen (1973) 

Swanson and Christiansen (1973, Fig. 1; Fig. 11) fit 
these dispersal patterns very well: the middle party 
would have been directly in the path of the southwest- 
directed surges, whereas the forward party was beyond 
the surge runout in this direction, and the rear party 
was safely located between the southwest- and north- 
directed surge lobes. All three probably experienced 
showers of lithic lapilli and ash because they were with- 
in, but on the margins of, the block fall (layer 14) dis- 
persal. Of the three, the middle party was in the range 
of the coarsest and thickest layer-14 accumulation. 

The warriors' camp was close to the caldera but evi- 
dently unaffected by the explosions of the first three 
nights. In particular, they escaped the base surges of 
layer 12 which would have scoured much of the west- 
ern, southern, and southeastern margins of the caldera 
(Fig. 6g). The northwestern and northern section of the 
rim remained largely unaffected by earlier explosions, 
whereas sites near Keanakakoi crater, or elsewhere 
south of the caldera, would have been repeatedly show- 
ered by fallout ash and lapilli. The evidence presented 
here thus supports the north rim route as that travelled 
by the warriors, in agreement with Swanson and Chris- 
tiansen (1973) and others. 

Conclusions 

The Keanakakoi Ash Member comprises three parts: 
reticulite layers at the base and the top are separated by 
well-bedded ash and lapilli (Keanakakoi ash). The reti- 
culite layers record fire fountaining from vents within 
the summit caldera. The Keanakakoi ash eruption com- 
menced within a long series of phreatomagmatic explo- 
sions separated into two phases by a period of repose 
during which the deposits were partially eroded. 
Phreatic explosions of the third phase followed after 
another pause. Most of Keanakakoi ash comprises fall 
deposits, accompanied by base surge deposits gener- 
ated during the third phase. 

Explosive hydrovolcanic eruptions from Kilauea 
caldera are rare. The special circumstance promoting 
such behavior over more typical lava effusion appears, 
in this case, to have been exceptionally deep with- 
drawal of magma in the summit conduit at a rate that 
was in delicate balance with the rate of degassing and 
of groundwater supply. Otherwise, neither the phreato- 
magmatic nor the phreatic activity would have oc- 
curred. 

Any events leading to movement of magma from or 
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to the  s u m m i t  o f  K i l a u e a  are  p o t e n t i a l l y  h a z a r d o u s  in  
the i r  c a p a c i t y  to  in i t i a te  exp los ive ,  p h r e a t o m a g m a t i c  o r  
p h r e a t i c  act ivi ty.  A n  a p p r o p r i a t e  b a l a n c e  a m o n g  the  
rates  o f  m a g m a  w i t h d r a w a l  (or  return) ,  m a g m a  ves icu-  
l a t ion  a n d  g r o u n d w a t e r  s u p p l y  is ev iden t ly  cr i t ica l  in 
p r o m o t i n g  an  exp los ive  e rup t ion .  P h r e a t o m a g m a t i c  
phases  invo lv ing  ves icu la t ing  m a g m a  are  l ike ly  to com-  
pr i se  long  series  o f  exp los ions ,  each  s imi la r  in magn i -  
t ude  and  effects ,  t h o u g h  d i sp l ay ing  subt le  va r i a t ions  in 
the  course  o f  the  who le  phase .  Phrea t i c  phases  are  ex- 
pec t ed  when  the m a g m a  reaches  the  deepes t  levels  o f  
the  g r o u n d w a t e r - s a t u r a t e d  condu i t  du r ing  its f inal  re- 
t rea t  (or  f irst  app roach ) .  These  exp los ions  are  p r e d i c t e d  
to be  d iverse  in style,  effects,  and  d u r a t i o n  a n d  e r ra t ic  
in f requency .  
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