




















CONTENTS 

VOLUME 1 

PHYSIOGRAPHY, TECTONICS, AND SUBMARINE GEOLOGY 

GEOLOGY OF THE ISLAND OF HAWAII 

PETROGENESIS AND VOLCANIC GASES 

VOLUME 2 

STRUCTURE 

Chapter 36. Hawaiian volcanic features: A photoglossary 845 
Taeko lane Takahashi and Jim D. Griggs 

37. Geophysical constraints on the structure of Kilauea and Mauna Loa Volcanoes 
and some implications for seismomagmatic processes 903 

David I? Hill and John J. Zucca 

38. Seismic structure and tectonics of Kilauea Volcano 919 
C l i M  H. Thurber 

39. Aeromagnetic and near-surface electrical expression of the Kilauea and Mauna 
Loa volcanic rift systems 935 

Vincent J. Flanigan and Carl L. Long 

40. Regional self-potential anomalies at Kilauea Volcano 947 
Dallas B. Jackson and James Kauahikaua 

41. The dike complex of Koolau Volcano, Oahu: Internal structure of a Hawaiian 
rift zone 961 

George P.L. Walker 

DYNAMICS 

Chapter 42. Dynamics of Hawaiian volcanoes: An overview 997 
Robert W. Decker 

43. The seismicity of Kilauea's magma system 1019 
Fred W KIcin, Robert Y. Koyanagi, Jennifer S. Nakata, and Wilfred R. Tanigawa 

44. Structural damage and ground failures from the November 16, 1983, Kaoiki 
earthquake, Island of Hawaii 1187 

Jane M. Buchanan-Banks 



CONTENTS VIII 

Chapter 45. Origin of volcanic tremor in Hawaii 
Part I. Data from the Hawaiian Volcano Observatory 1969-1985 1221 

Robert Y. Koyane. Bernard Chouct, and Keiiti Aki 
Part 11. Theory and discussion 1259 

Bernard Chouet, Robtrt Y. Koyanagi, and Keiiti Aki 

A hydraulic model to explain variations in summit tilt rate at Kilauea and Mauna 
Loa Volcanoes 1281 

John J. Dvorak and Arnold T. Okamura 

Elastic and inelastic magma storage at Kilauea Volcano 1297 
Daniel J. Johnson 

Cycling of magma between the summit reservoir and Kilauea Iki lava lake during 
the 1959 eruption of Kilauea Volcano 1307 

Jerry I? Eaton, Donald H. Richter, and Harold L. Krivoy 

Tidal effects on Hawaiian volcanism 1337 
Daisuke Shimozuru 

Geoelectric character of Kilauea Iki lava lake crust 1345 
Lennart A .  Anderson 

Uniqueness of volcanic systems 1357 
Herbert R .  Shaw 

Elasticity and contractancy of Hawaiian olivine tholeiite and its role in the stability 
and structural evolution of subcaldera magma reservoirs and rift systems 1395 

Michael P. Ryan 

Origins of blade-like dikes in volcanic rift zones 1449 
Allan M. Rubin and David D. Pollard 

Heat and mass transport in the east-rift-zone magma conduit of Kilauea 
Volcano 1471 

Harry C. Hardec 

Conceptual models of brine evolution in magmatic-hydrothermal systems 1487 
Robert 0. Foiirnier 

A geochemical model of the Kilauea east rift zone 1507 
Donald Thomas 

A a  flow dynamics, Mauna Loa 1984 1527 
Peter W. Lipman and Norman G. Banks 

Preliminary estimates of the rheological properties of 1984 Mauna Loa 
lava 1569 

Henry J. Moore 



CONTENTS IX 

Chapter 59. The role of lava tubes in Hawaiian volcanoes 1589 
Ronald Greeley 

HISTORY OF INVESTIGATIONS OF HAWAIIAN VOLCANISM 

Chapter 60. James D .  Dana and the origins of Hawaiian volcanology: The U.S. Exploring 
Expedition in Hawaii, 1840-41 1607 

Daniel E. Appleman 

61. Thomas A. Jaggar, Jr., and the Hawaiian Volcano Observatory 1619 
Russell A .  Apple 

62. Staff of the Hawaiian Volcano Observatory, 191 2-~resent 1645 
Compiled by Taeko Jane Takahashi and Thomas L. Wight 

Guide to pronunciation of Hawaiian words 1663 
Compiled by Taeko Jane Takahashi 

























































































































































































































































































































































































































































































































































































































































































































VOLCANISM IN HAWAII 
Chapter 44 

STRUCTURAL DAMAGE AND GROUND FAILURES FROM THE 
NOVEMBER 16,1983, KAOIKI EARTHQUAKE, 

ISLAND OF HAWAII 

By Jane M. Buchanan-Banks 

ABSTRACT 

On Noorober 16, 1983, at 0813 (H.s.~.), a nna&de 6.6 
earthquakeoccurred on the Island of Hawaii at adepth of 12 km 
midway between the active volcanoes of Mauna Lon and Kilau- 
L The right-lateral strike-slip faulting was probably generated 
by compressional streÃ§Ã§ caused by inflation of the c r u d  
magma reservoir* of both volcanoes. The earthquake shaking 
WM felt for nearly oneminuteand cawed Ã§ubÃ§tanti damage to 
structures in the southeastern part of the island. Landslides 
occurred on steep slopes throughout the island and, together 
with cracking of the ground and vibrational settling of aubaur- 
face material*, caused temporary closure of some roads. For- 
tunately, only a few people received minor injuries as a result of 
the earthquake; this was most likely because it struck at an early 
how, when moat people were still in bed. 

INTRODUCTION 

A t  0613 Hawaii standard time (H.s.I.) on Wednesday, 
November 16, 1983, most residents of the Island of Hawaii were 
awakened by a m&tude 6.6 earthquake. The shaking from this 
earthquake was felt for nearly one minute and caused substantial 
damage in the southeastern part of the island, throwing houses from 
foundations, toppling water tanks, and causing electrical power and 
telephone outag~ in the epicentral area. Instruments at the U.S. 
Geological Survey's Hawaiian Volcano Observatory (HVO) were 
rendered temporarily inoperative. Landslides occurred on the steep 
caldera and crater walls in Hawaii Volcanoes National Park and on 
steep slope! elsewhere on the island. These landslide; together with 
ground cracking and failure of subsurface materials made some roads 
impas~able. 

Only four or five people were injured in the earthquake and 
their injuries were slight. This was probably because it occurred at 
an early hour, when most residents were still in bed. However, 
financial losses from the earthquake were estimated at $7 million 
(Harry Kim, Hawaii Civil Defense Director, oral commun., 1983) 
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THE EARTHQUAKE 

The earthquake was located in the Kaoiki region between the 
centers of Hawaii's most active volcanoes, Mauna Loa and K i i c a ,  
a~ a dmth of nrarlv I2 km ((.Ã 44.11 Inflation of the sumnil refions -~ 
of both Mauna -h and kiauca apparently caused sufficient 
horizontal compressional stress between the two crustal magma 
reservoirs to generate the faulting. A P-wave first-motion analysis 
from local seismic data indicates a strike-slip mechanism with a 
northeast-trending nodal plane (see fig. 44.1, inset); right-lateral 
motion is preferred on the basis of the pattern of ground cracking 
from this and previous seismic events in the Kaoiki region (Koyanagi 
and others, 1984. p 1). Ground cracking indicating right-lateral 
faulting included a system of left-stepping echelon extension fractures 
found at about the 1,900-111 elevation on M m a  Loa Road. T h e  
fractures were traced 4.5 km to either side of the road. Extension of 
20-30 cm was common across the longer fractures (Ehdo, 1985, p. 

671 
Detailed analysis d the mainsbock and aftershock sequence, 

however, did not substantiate a simple strike-slip mechanism. There 
were several discrepancies: (1) The distribution of aftershocks did 
not define a fault plane that substantiated the mechanism derived 
from the mainshock. (2) Most aftershocks occurred at shallower 
depths than the mainshock. (3) TekseisnuC fault-plane solutions 
from other locations were slightly, but s i g n i i t l y ,  different (Ehdo, 
1985, p. 186-187, 21 1-213) To explain these discrepancies Endo 
suggests that the initial right-lateral strike-slip movement was inune- 
dialely followed by southeastward low-angle slip of part of the 
toutheast flank of Mama Loa (Endo, 1985, p. 213-2151 Such slip 
would relieve the compressional stresses in the epicentral area, 
thereby altering the pattern and depth of the aftershocks, and would 
account for the differences in teleseismic solutions. 
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VOLCANBM IN HAWAII 

KAOIKI EARTHQUAKES 
Seismic events called Kaoild earthquakes occur in a region 

midway between the summits of Mauna Loa and Kilauea Vol- 
canoes. Although the region takes its name from the Kaoiki fault 
system, a prominant geologic feature on the southeast flank d 
Mauna Loa, the seismically active area lies more than 5 km 
northwest of the Kaoiki system. The Kaoiki fault system probably 
developed as a result of gravitational stresses induced by forceful 
intrusions d magma alone; the southwest rift zone of Mauna Lon 
before Kilauea was large enough to provide a buttress (Swanson and 
others. 1976, p. 32). Radiocarbon dating d lava Bows and 
stratigraphic relationships along the fault system, however, indicate 
that the normal faults of the Kaolin system have been inactive for tens 
of thousands d years (Lipman and Swenson, 1984). 

The Kaoiki region, on the other hand, is an area d constantly 
high seismicity with hundreds to thousands of earthquakes recorded 
by nearby seismographs each year. During the past 25 years, three 
earthquakes of magnitude greater than 5 have occurred in the Kaoiki 
&on (table 44.1); these events were a l i e d  within the seismic zone 
1 a northeast-southwest direction and were separated from each 
other by about 3 km (Koyanagi and others, 1984, p. 3). This 
pattern of seismicity could not be related to any known geologic 
structure until 1976, when surface fissures probably related to the 
Nwanbu 1974 Kaoiki earthquake were discovered (Endo, 1985, 
p. 42). First-motion data compiled by Endo (1985) for cnutal 
eartbquaka ham 1959 to 1982 at depths tot than 16 km beneath 
the southeast flank of Mauna Loa and nearby areas d Kilauea 
confirm a fauk system trending predominantly northeast-southwest 
between Mauna Loa and Kilauea. However, the combination of 
strike-slip and dip-slip solutions from this compilation also imply a 
complex tectonic region having both compressional and extensional 
local stresses (KoyanG and o h ,  1984, p. 4). 

SEISMIC INTENSITY 

The greatest structural damage and abundance of landslides 
occurred in the epicentral area. Maximum intensity was estimated at 
VIII to IX (modified Mercalli scale) in parts d Kau and Piina 
Districts (fig. 44.2). Especially hard hit were the summit area d 
Kilauea and parts of Hilo. A table of relative intensities for the 
island was compiled from residents' reports received at the HVO, 
from information provided by the Hawaii Civil Defense Acency, 
and from fiddwork (table 44.2; for locations see fig. 44. I). 

DESCRIPTION OF DAMAGE 

The fault rupture in the epicentral area occurred in an unim 
habited p u t  d the island (fig. 44.1) and therefore caused no direct 

more than 350 homes and 35  businesses in the southeastern part of 
the island (Hawaii Tribune-Herald. 19831 A nreliminarv mrvev of , . 
public buildings conducted by governmental agencies found minor to 
moderate damage to two health facilities (one in Hib, one in south 

Kona), seven schools (five in Hilo, two in Kau), two libraries (one in 
Hilo, one in Lauphoehoe), and one church in North Kohala 
(Hawaii County Civil Defame, written c o m m . ,  1983). In addi- 
tion, there was structural damage to Hilo Hospital, resulting in a 
reduction in available beds in some units. The new Hilo Hospital 
under construction at the time of the earthquake was almost 
undamaged. 

In the epicentral area, telephone service, electricity and water 
supplies were affected (Chin and others, 1984). Most telephone and 
electrical services were restored within a few hours. However, 
residents of the area obtain water from rain-catchment systems; 
hence the destruction of, and damage to, water tanks and connecting 
pipes caused great inconvenience and disruption to many people. 

STRUCTURAL DAMAGE 

Most houses on the island are a ide -a tory  wood-frame sinic- 
hires with either post-and-pier (fie. 44.3) or concrete slab founda- 
tions. In this earthquake, houses with post-and-pier construction 
sustained greater structural damage, primarily because of lateral 
displacement d the piers and consequent decoupling of the piers 
from the houses. The piers often moved with respect to each other as 
well as to the ground. Most structures with concrete slab founda- 
tions, on the other hand, had little damage, generally limited to 
hairline cracks through the slabs. However, the degree of shaking 
damage to loose objects inside houses seemed to have little or no 
relation to the type of foundation. 

KAU DISTRICT 
KA LAE. WAIOHINU. N-HU, PUNAWL AND PAHALA 

There was little structural damage reported from these towns. 
One house about one mile south d the highway on the Ka Lae Road 
moved 1.2-1.5 m northward off its foundation (fig. 44.1, locality I ;  
V i  and Robert Taylor, oral conmun., 1983). The house was 
supported on cylindrical concrete piers almost I m high and about 
0.4 m in diameter with a 2.5-cm length of reinforcing steel bar 
(rebar) protruding through the piers into beams in the subfioor of the 
house, The rebars penetrated the subflooring when the house landed 
OD them during the ground movement. 

Wood Valley is a sparsely populated agricultural community 
built mostly on an ash deposit and on deposits of landslides induced 
by the magnitude 7.5-8 1868 earthquake and earlier earthquates 
(Bngham, 1869, p. 574-576; Tiling and others, 1976, p. 29-30; 
fig. 44.1, locality 2; fig. 44.4). Several houses d post-and-pier 
construction (two built on ash and (or) landslide deposit) moved 
more than 0.5 m off their foundations toward the southeast at 
arimuths 105Â°-155 (fig. 44.4, wetors a, b, c). The 8-m by &on 
posts of one house were connected to the foundation piers with 0.5- 
crn-thick steel plates. The plates were not always on the same sided 
the posts, and therefore some posts were snapped at the anchor bolts 
connecting the post to the plate; other posts were relativdy 
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undamaged, but the steel plate was bent at an angle d about 45O 
(fig. 44.5A, B). Nearby houses with concrete slab foundations on 
ash or with post-and-pier foundations on a pahoehoe flow sustained 
little movement (fig. 44.4, vectors d, e l  Greenhouses were moved as 
much as 0.15 m in a complex pattern toward azimuths anywhere 
from 67' through 340' (fig. 44.4, victor e) These structures had 
few central supports or walls, hence the various structural elements 
may have failed at different times during the shaking, which could 
account for the range in direction of failure. 

The Wood Valley Buddhist Temple had only a few centimeters 
d displacement with respect to its piers, but the two-story frame 
dormitory structure situated in the front yard d the temple shifted 
0.26 m northeastward (fig. 44.4, vector 0. Nearly every headstone 
in the cemetery was overturned, according to a spokesperson. The 
pattern of movement was complex: One headstone that had been 
mortared to a l a r m  base was dianlaced 0.28 m to the northwest (az - 
290'), but a similarly constructed headstone fell in a southeasterly 
direction (az 1 W 1  This divergence in direction of fall may be due 
to the headstones breaking loose from their mortar at different times 
during the earthquake shaking. Restoration work was nearly com- 
pleted when the site was visited eight days after the mainshock, 
hence no other observations were possible (E.T. Endo, written 
u n . ,  1984). 

The main house shifted 0.18 m downhill toward the south- 
southeast (fig. 44.1, locality 3; fig. 44.4, rector g) wha-eal a ranch 
house (locality 4 on figs. 44.1, 44.6) located 19 km (12 mi) to the 
northeast, nearer the epicenter, was displaced about 0.8 m north- 
eastward (az 5 5 9  off its foundation piers (fig. 44.7). A water tank 
about 100m uphill from the ranch house had a length of P V C  pipe. 
which was originally connected to the body d the tank, trapped 
underneath it (fig. 44.8). It seems likely that the pipe was severed 
early in the shaking, fell to the ground, and then rolled beneath the 
tank as the tank swayed back and forth. Several wooden water tanks 
located elsewhere on the ranch, one with a 378,500-L (100,000- 
gal) capacity and nearly full, were leaning precariously and leaking 
profusely; they were eventually dismantled. 

Most houses in this subdivision were built on a thin pahoehoe 
flow that overlies an ash deposit at least 0.5 m thick (locality 5 on 
fiss. 44.1. 44.61 A t  the time of the earthquake, 48 house, had 
been buih or were under construction in the subdiviiion. Of  these, 
18 houses with post-and-pier construction were displaced 0.2-1.2 
m southwest ironi their foundations. Only one of the houses had 2.5 
cm of reinforcing rebar protruding through the foundation piers into 
the wsts (fie. 44.9) After theeardmuake. thi house was southwest . . -  
d its piers, but the posts were not sheared by the rebar nor were 
most of the rebars bent, suggesting that the house rocked laterally 
and slid up along the rebars during the earthquake shaking. 

Some houses with post-and-pier foundations had attached 
garages with concrete-slab foundations. In most such cases, the 

house moved farther than the garage, causing a tearing of the shared 
wall (figs. 44.10A. B). In one case, however, the garage was 
situated on the southwest side of the home (the general direction d 
movement) and because d its greater rigidity, may have kept the 
house on its foundation. 

Of the 30  other houses in the subdivision, 9 moved on their 
post-and-pis foundations and suffered minor damage, and the 
remaining 21 buses, most of which were on concrete slabs, showed 
no evidence of movement. However, large metal water tanks adja- 
cent to some of these houses showed 5-9 cm of movement north- 
northeastward. A few fiberglass water tanks had vertical ruptures in 
their sides wide enough to allow loss of all the water. 

There were reports d extensive breakage inside many houses, 
regardless of foundation type, and of heavier appli- and 
furniture displaced more than lighter pieces. 

Although no buildings within the national park moved off their 
foundations. there was extensive interior damaxe in some buildinns - - 
(locality 6 on figs. 44.1,44.61 A t  the HVO, a concrete foundation 
slab was cracked in two places but not offset, and work areas were 
chaotic with toppled equipment and books (fig. 44.11). Some 
seismic stations were disabled because of damage to the sensors or 
recorders, while the operating stations were saturated for several 
hours with signals from ground oscillations. T i s  could not be 
reset until there was a substantial reduction in the oscillation of the 
ground. Within the park residential area j u t  south of park head- 
quarters, damage to houses was minor and seemingly arbitrary. 
Similarly constructed and situated houses differed xeatlv in the - .  
amount of dishevehnent of the interiors. There was no damage nor 
dishevehnent to the park headquarters' buildings. Damage to leaking 
water pipes and valves in the park amounted to $16,000. 

A t  Kilauea Military Camp within the national park boundary, 
buildings moved but stayed on their foundations. In the Short Stop, 
a grocery store, bottled foods and beverages were broken and the 
concrete slab floor, supported on piers about 1 m h i ,  was aacked 
and vertically offset about I cm. The Post Exchange also had 
breakage of glass items. Concrete slabs and walkways were aacked, 
and some concrete steps were buckled compressidy where they 
abutted buildings. Service pipes from the water storage tanks to the 
camp were damaged and had to he replaced (Glenn Hiia, Fore- 
man, Engineers' Section, oral conunun., 1985). Stone chimneys 
were cracked but could be repaired. 

PUNA DISTRICT 

UPPER WRIGHT ROAD, VOUNO 

Damage was severe and affected nearly every structure in this 
part of Volcano, which is underlain by an ash deposit locally as 
much as 4.7 m thick (locality 7 on figs. 44.1, 44.61 P a w n s  of 
movement were complex and are difficult to interpret; many houses in 
this part of Volcano are older and have combined post-and-pier and 
slab construction. Houses were displaced off their post-and-pier 
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foundations as much as 0.7 m, generally in either a southwesterly 01 

northeasterly direction. One three-story-high wood frame house had 
recently had its o r & d  piers replaced with steel-reinforced concrete 
piers poured as a single unit (fig. 44.12A. B) This house was 
displaced about 0.3 m northeastward (az 3 5 7  d the piers, and the 
steel rebar had sheared most d the posts that supported the upper 
story d the house. The u s e d  rebar alone to connect the posts to the 
foundation proved inadqate .  The superstructure of the house 
appeared to be undamaged. 

More water tanks collapsed or were damaged in this corn- 
munity than elsewhere in the epicentral area; others, though 
undamaged, were moved as much as 0.8 m southeastward (E.T. 
Endo. written commun.. 1984; fig. 44.13) Wooden water tanks 
were more severely damaged than those made d fiberglass or metal, 
probably because the former were less rigid. Many of the collapsed 
tanks were observed by residents to sway back and forth during the 
period of shaking before their failure. Evidence of a few centimeters 
of movement of heavier metal tanks could be seen in the soft ground. 
Connecting pipes were often severed or damaged. 

In this largely argicukural community, financial losses resulted 
from crop damage when the earthquake shaking caused greenhouses 
to collapse, shook vegetables off plants (fig. 44.141 and caused 
vibrational settling d loose earth into adjacent furrows, thereby 
uncovering seeds and seedlings. 

SOUTH HILO DISTRICT 

Him 

Major structural damage in Hilo occurred in two main areas, 
shown in fieure 44.15 as areas A and B. There was also structural 
damage at Hilo Hospital, located near a cliff overlooking the 
Wailuku River (see table 44.2 for details) Minor structural 
damage, rangig from collapsed rock stairways to cracked rock 
walls, was common throughout the Hilo area. 

Most of the damaged residences in Hilo were built on a thick 
ash deposit or near the edges of lava flows overlying an ash deposit 
(fig. 44.1. locality 8 ;  fig. 44.15. area A) Several ho- were 
damaged when they moved downslope off their post-and-pier foun- 
dations in response to the earthquake shaking. Others were severely 
damaged because d the steeper slopes on which they were buii (fig. 
44.16A) or their location alongside unbuttressed slopes such as 
stream channels. A few houses built across steep slopes were 
structurally damaged by the shaking (fig. 44.16B1 although there 
was no evidence of ground failure. Houses with concrete slab 
foundations fared better, with only minor hairline cracks in some 
slabs. 

The old part d Hiio, built on an ash deposit locally as thick as 
4.7 m (fig. 44.15, area B1 was also severely shaken; major 
stnictural damage resulted to two bmldincf (figs. 44.17, 44.181 
but most losses were due to breakage of plate-glass windows and 
damage to goods. A heavy canopy that recently had been installed 
on a commercial structure fell off during the shaking. It probably 
had been inadequately connected to the structural elements d the 

building. A gas station reported the &of connecting pipes to 
an underground gasoline-storage tank, causiw the loss of some 
11,355 L (3,000 gal) d Sad. 

ANALYSIS OF STRUCTURAL DAMAGE 

Structural damage was influenced by three main factors: (1) 
shaking d the ground, (2) litholoey d the substrate, and (3) 
construction practices. 

SHAKING OF THE GROUND 

Damage to structures in the epicentral area may have been 
caused by the prolonged, strong pound shaking of greater than one- 
tenth the acceleration of zravitv (0.1 a) for 8.5 seconds (table 44.31 - . .  -. 
One exception to this may have been the ranch house at location 4 
(fig. 44.11 Because of its nearness to the epicenter, it is likely that 
the P and 5 waves arrived there nearly simultaneously. thus causing 
greatly enhanced first motion at this locality. The block south of the 
fault on which the ranch house was located, moved laterally to the 
southwest, decoupling the piers from the house and leaving the house 
northeast d its foundation. 

In Hilo, the shaking damage in the Kaumana area (fig. 44.15, 
area A) may have been enhanced by the decoupling effect of a thin 
lava flow from Mauna Loa Volcano overlying a 3- to 6-m-thick ash 
deposit and deeply-weathered lava flows from Mama Kea Volcano. 
That this type of enhancement could be expected was anticipated by 
Nielsen and others (19771 Wieczorek and others (19821 and 
Buchanan-Banks (1983) 

LITHOLOGY OF THE SUBSTRATE 

Structural damage appeared to be worse in areas where 
buildings were constructed on ash deposits 0.5 m or more thick; 
however, not every area underlain by ash had structural damage to 
buildings. 

The volcanic ash was originally composed d particles d 
volcanic glass and crystal fragments, but severe weathering resulting 
from high average annual temperatures and abundant rainfall has 
altered most of the original constituents (Bates, 1960; W~eczorek 
and others, 1982; Buchanan-Banks, 1983) The ash has a large 
amount of clay-size material and a water content as high as 392 
percent (weight of water as a percentage d weight of dry sample) 
Undisturbed deposits are fairly well Indurated and resistant to 
erosion, forming road cuts at angles dten steeper than W ,  even 
greater than the high angle of internal friction d the material 
(40'-437 However, the ash has been found to become plastic after 
repeated passes of heavy equipment but to subsequently harden 
again after cessation of the vibrational stress (Hiashima, 1948, p. 
4851 Although the ash deposits were found to have a sensitivity to 
slope failure classed as medium to very sensitive ( W i d  and 
others, 1982, p. 5 1  no evidence of large-scale slope failures were 
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found in the Hilo area. The shear wave velocity of the ash was 
calculated by Nielsen and others (1977, p 34) to be between 67 to 
142 m/s (219 to 467 Ws) at strain percents of 10-1-10-3 and an 
undrained shear strength of 136 Wm2 (300 Iblftz). 

Data on the response of the ground to strong motion from this 
earthquake was collected and analyzed by the USGS from strong- 
motion accelerographs scattered throughout the island (Acosta and 
Maley, unpub. data, 1984; see fig. 44.1 for location d acceler- 
ographs and thickness of ash deposits at some recording sites). The 
amplification of the earthquake waves because of ash deposits is 
apparent when data from the U.S. Fish and Widlife acceler- 
ograph, located on ash deposits about 3 m thick, and the University 
of Hawaii, Hilo, accelerograph, located on lava flows, are com- 
pared (table 44.3); these two accelerographs are essentially equidis- 
tant from the epicenter. The records from the accelerograph situated 
on ash show peak accelerations that are 5 to 6 times greater than the 
accelerations recorded on the lava flow, indicating that the amplitude 
of the earthquake waves was increased in the ash deposits. 

In the 1973 Honomu earthquake (for data on this earthquake 
see table 44.11 similar results were found after analysis of a 
pseudovelocity response spectrum derived from seismic data from a 
selected aftershock. A simple response peak was obtained from the 
spectrum from a seismometer sited on lava about 17 km (I I mi) 
south of the epicenter, whereas a spectrum from a seismoroeter on 
ash (located about 14 km (9 mi) south of the epicenter near the U.S. 
Fish and Wildlife accelerograph that recorded the 1983 earthquake) 
showed a complex pattern with at least three periods of high response 
indicating greater wave amplitude on the ash (Nielson and others, 
1977, p. 11-12) Nieken and others (1977) estimate that the 
velocity response of the volcanic ash was 5-1 0 times greater than the 
response measured on the lava flows. Although the difference in 
response in 1973 between the ash and lava might be attributed to the 
closer location of the seismoroeter on ash deposits to the epicenter, 
the data are consistent with the 1983 damage pattern. 

On  the other hand, during the 1975 Kalapana earthquale (for 
data about this earthquake see table 44.11 data from two a&- 
rooscopes at the same locations as the seismometers that recorded the 
1973 earthouake do not indicate an increase in velocity resoonse in . . 
the ash; the maximum motion d the seismoscope pen was 3.4 cm on 
the University of Hawaii, Hilo. senmoicope, 43 km (29 mi) from 
the epicenter, and the seismoscope on ash, 4 5  km (31 mi) from the 
epicenter, recorded 3.1 cm displacement (Rojahn and Morrill, 
1977, p. 499) It seems likely that the 1975 earthquake did not 
produce enough energy in a frequency band to cause the ash to 
respond. 

CONSTRUCTION PRACTICES 

Few houses with post-and-pier construction had structural ties 
between the house, the piers, and the ground, and each element was 
therefore left free to move with respect to the others. In the few cases 
where structural ties such as rebar and bracing were used between 
the house and the piers, they appear to have been too few, flimsy, or 
poorly connected. Neither rebar nor bracing was adequate when 
used alone. Houses built across steep breaks in slope or near the 
edges of unsupported slopes generally sustained structural damage. 

GROUND FAILURES 

For several hours after the earthquake, the air at Kilauea's 
summit was brown with dust from the initial and continuing land- 
slides off the caldera walls and within Halemaumau Gater (fig. 
44.19). Hundreds dlandslides, d volume generally less than 3.000 
m3, occurred within the epicentral area; rock slides, falls, and 
topples were the dominant types d failure. These failures caused 
extensive road and trail damage in Hawaii Volcanoes National fark 
and temporarily closed the major highway around the island. For 
many kilometers southwest and northeast of the epicentral area, 
small rock falls, extensional cracks in the ground, and collapsed lava 
tubes were evident. Slope failures also occurred at Kealakekua Bay, 
about 50 km from the epicenter, and along the Hamakua Coast, 
nearly 60 km from the epicenter. The generation of landslides at such 
distances from an epicenter is in good agreement with the findings of 
Keefer (1984. fig. 2A. B)  for worldwide data on earthquake- 
induced landslides. Only small failures occurred in the thick and 
seismicaUy sensitive ash deposits near Hiio and M a .  

No fatalities or damage to dwellings resulted from the land- 
slides, but two people were injured in rock falls onto the highway 
along the Hamakua coast about 2 5  km north of Hilo. 

KAU DISTRICT 

HAWAII VOLCANOES NATIONAL PARK 

Most landslides from the earthquake occurred within Hawaii 
Volcanoes National Park, when- the lava flaws of Kilauea Volcano 
form cliffs as much as 120 m high (locality 6 on figs. 44.1. 44.6). 
These nearly flat-lying lava flows are a few tens of centimeters to a 
few meters thick, and thin ash beds occur between some of them. 
The flows are well indurated and fairly young (0.2-1.5 la), but are 
extensively cracked and jointed because of rapid cooling and initial 
defamation (fig. 44.20) Locally the flows are overlain by about 
2 m d loosely consolidated tephra deposits from phreatoroagroaric 
eruptions of Kilauea Volcano. 

Hiking trails along the northern edge d the caldera between 
Kilauea lid Crater and Uwekahuna Bluff were extensively damaged 
where perhaps as many as 200 rock slides and rock falls removed 
sections d trails and covered those at lower elevations with landslide 
debris (fig. 44.20) A few had volumes greater than 3,000 m3. 
Some vertical cliff faces failed by toppling, when outward-rocking 
slabs of coherent material felled at the top because of imbalance; the 
upper parts of such landslides traveled farthest from the slope. 

A reconnaissance survey d damage along Gater Rim Drive 
was conducted immediately after the earthquake. Although the road 
pavement was extensively cracked throughout its length, only the 
zones of greatest damage are shown in figure 44.6. Most of the road 
cracks depicted in this figure were caused by cracking of the ground 
beneath the road. The road damage included small apparent offsets 
in both right- and left-lateral senses, major to minor failures of 
subsurface material, and atensive compressional and extensional 
cracking, with the most severe damage where the road crosses 
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fracture systems rdated to Kilanea caldera (fig. 44.6. sites a. b, c; 
St. Ours, 1982). All the damage was attributable to the shaking 
effects of the earthquake. 

A t  the eastern roadway into Kilauea Military Camp (fig. 
44.6, site a) ribrational compaction of till caused the road to 
collapse where a system of earth cracks l i e  under the road (fig. 
44.21). Earlier failures of this type had occurred periodically along 
the verge of the road at this location, though on a smaller scale and 
usually induced by drenching rains removing supporting material. 
Tilling and others (1976, p. 26) describe compressional damage to 
a roadway near this locale in the 1975 earthquake. 

Highway 11 near the northwestern roadway into Kilanea 
Military Camp (fig. 44.6. site b) was dosed for several hours 
because of failure of subsurface material at a circum-caldera fault. 

The southwest rift zone of Kilauea lies parallel to the Kaoiki 
fault system and is characterized by gaping aacks and fissures. 
Where Crater Rim Drive crosses the 0.5-km-wide zone (fig. 44.6, 
site c), there was both octensional and compressional damage 
throughout the zone, with an overall extension of about 4 cm (fig. 
44.22A. B\ 

The roadway cracks at Keanakakoi Gater are subparallel to 
the west wall of the crater and probably reflect a subsurface zone of 
fractured rock related to the collapse of the pit crater. The aacks 
show only small right-lateral offsets and slight upward movement of 
the northeast side. The viewing overlook had extension cracks 
approximately I cm wide through it, and the rock wall slumped 
downward and outward toward the crater. 

From Keanakakoi Gater. Crater Rim Drive was ortensivdy 
cracked for 2 km. This earthquake-induced cracking is most likely 
rdated to preexisting crack systems in the area (St. Ours, 1982) as 
well as to settling of uncompacted tephra deposits from the 1959 
Kilauea Iki eruption upan which the road was built. 

Gater Rim Drive, which is adjacent to Crater Rim Trail 
between Waldron Ledge and Volcano House, was permanently 
dosed to traffic, and the hiking trail rerouted, because of landslide 
damage and cracking of the road from vibrational settling of tephra 
deposits and fill (fig. 44.6, site d\ This section of road also was 
badly damaged In the 1975 Kalapana earthquake, when cracks as 
much as I m wide Conned parallel to the caldera rim (Tilling and 
others, 1976, p. 24). The cracks were subsequently filled in and the 
road repaired; many of the repaired areas failed again in the 
November 1983 earthquake. 

Of the several large landslide that formed on the cliffs. 
60-120 m high. along Waldron Ledge, the largest failure was a 
rock slide with a volume of about 4.600 m3 that occurred at a site 
that had been identified as an incipient landslide and had been 
monitored since April 1980 by the USGS (compare fig. 44.23A. 
B\ Details of this monitoring proffram are included at the end of this 
section. At  the time of the earthquake, a resident of the park housing 
area. who ran outside after the severe shaking had ceased, heard a 
whooshing sound that lasted 15-20 seconds and came from the 
direction of the caldera. This sound was probably generated by the 
rapid failure of this slide and others along this section of cliff. 
Judging from the shape of the headwall scarp, the slide probably 

began as a block slide and disintegrated as it fell down the cliff face 
(fig. 44.24A, B) T h e  debris did not travel far from the base of the 
cliff. 

Major to minor m a t e  cracking reflecting subsurface move- 
ment of material toward a free face also occurred at several locations 
along the road, from the park residential area to park headquarters 
and between the headquarters and Sulphur Bank. 

South of Kilauea caldera. the Chain of Craters and Ainahou 
Ranch Roads (fig. 44.1) were atenaively cracked by the shaking, 
and the road cracks in the Hilina Pali Road originally caused by a 
large intrusion in March 1980 were reactivated by the earthquake 
shaking. North of the caldera, damage to Mauna Loa Road was 
particularly severe and increased toward the epicenter and the zone 
of surface faulting. Some cracks in the epicentral area showed 
extension of as much as 5 cm. while others showed evidence of the 
pavement on either side having been repeatedly compressed (fig. 
44.251 

Soon after torrential rainstorms in early 1979, a series of 
cracks appeared in a section of Crater Rim Drive along Waldron 
Ledge (fig. 44.6, sited\ These aacks widened in the heavy rains of 
March 1980. In order to watch tor changes that might forecast the 
failure by landslidiw of this part of Crater Rim Drive and Trail, a 
monitoring program was established by the USGS in April 1980. 

Monitor I consisted of five nails set out as a quadrilateral 
centered over the road cracks (fig. 44.26). The distance between the 
nails was measured with steel tape once a week for the first month, 
then once a month for the next few months, and (hereafter with 
lessened frequency (table 44.4) Within the first few months, nearly 
all the lines began showing measurable and cumulative extension, 
particularly those normal to the cracks (figs. 44.26, lines AE, BC, 
BD, 44.27A) In addition, the cracks had lengthened at both ends, 
and vertical offsets had become apparent. 

To assess the rate of vertical chance. a levelins line was added 
to monitor 1 in November 1980; it consited of twolengths of rebar 
driven into bedrock, rebar I and Base, in a line northeast of, and 
off, the landslide (fig. 44.26). The level gun was placed at point 0 
between the rebars to check their respective stabilities (fig. 44.26, 
right center); the gun was then moved to rebar 1 and the rod to each 
nail of the quadrilateral to measure its elevation. 

Monitor 2 was added to the program in April 1981 to measure 
horizontal movement on cracks not crossed by the quadrilateral (fig. 
44.26) Line X'-X was established northwest of the quadrilateral 
beyond the zone of visible cracking, it extended 23.7 m from X', a 
nail in a tree at the caldera edge to X ,  a nail in the centerline of the 
road. A second line was established across the quadrilateral and 
comprised two segments; one segment, line Y'-Z (24.1 m) was 
measured from Y', a nail in a tree at the caldera's edge to Z ,  
another nail in a tree northeast of the road, and the second segment, 
line Y' to Y. 

The monitors were measured frequently until mid- to late 
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1982. Measurements were discontinued in January 1983 because of 
the onset of the prolonged east rift eruption of Kilauea Volcano. 

RESULTS OF THE MONITORING PROGRAM 

During the period of measurement, all of the monitors normal 
to the cracks showed lengthening of lines and small vertical offsets 
indicating that the incipient landslide block was moving slowly 
outward and downward toward the caldera. 

The lines of the quadrilateral were measured 14 times between 
April 1980 and October 1982 (table 44.4). Cumulative atensions 
above background level on the lines normal to the aacks (for 
background level see data for line ED, parallel to the cracks) was 
detected within a few months of the establishment of monitor I (fig. 
44.27A). Continued documented movement of the incipient land- 
slide block toward the caldera led to a decision by the Superinten- 
dent, Hawaii Volcanoes National Park. to close this section of road 
to traffic in April 1981 (fig. 44.6, site d )  Although monitoring 
frequency decreased after the closing of the road, accelerated 
movement both laterally and vertically can be seen in the data after 
July 1981. The largest changes in line lengths within the quad- 
rilateral occurred between July 1981 and July 1982 on lines AC, 
AD, AE, BC and BD, crossing the crack (table 44.4. fig. 
44.27A). The largest vertical changes also occurred during the 
same period when nails C, D, and E (the three on the caldera side 
of the cracks), moved downward with respect to rebar 1 (table 44.4, 
fig. 44.27B) 

Line Y'-Z, which also crossed the cracks curving away from 
the caldera (see fig. 44.23A. B, location B) as well as the cracks 
monitored by the quadrilateral, extended about 7 mm more than the 
shorter quadrilateral lines, A E  and BD, over the ~eriod June 1981 
to July 1982 (table 44.4, fig. 44.27C), suggesting that incipient 
failure was also developing on the cracks curving away from the 
caldera. 

The monitors were destroyed by landslides caused by ground 
shaking associated with the November 1963 earthquake. Nails A,  
B and E of the quadrilateral survived the earthquake but E was on a 
separated block and could not be reached for measurement. The 
distance between A and B shortened 0.3 m. Lines X'-X, Y'-Y 
and Y'-Z, could not be remeasured because the trees on the 
caldera rim holding the nails, and the section of road where nail Y 
was located, were gone. 

SOUTH AND NORTH HILO DISTRICTS 

Dozens of soil falls and slides of volume about 15 m3 occurred 
in the ash deposits near Hilo, and at one location along Kaumana 
Drive there was evidence of minor subsidence (fig. 44.281 Narrow 
aacks in asphalt were common. 

Small (volume <20 m3) rock falls and soil slumps were 
observed along the highway from Hilo northward to Ookala, where 
Manna Kea ash deposits blanket lava flows of the Hamakua 
Volcanic Series, also from Mauna Kea Volcano (Steams and 
Macdonald, 1946, pi. 1). These flows are deeply weathered and 
have locally produced sapmlite consisting of well-rounded to s u b  

Migular rock remnants in a clayey matrix. The rocks are in large part 
soft and frequently slide during periods of heavy rain. Six landslides 
with volumes less than 500 m3 deposited debris on the highway 
between Maulua Bay and Kaawalii Gulch causing temporary 
closure of the road (fit. 44.1. locality 9; fig. 44.29). The debris 
was removed by midday of November 16 and the highway was 
reopened (Harry Kim, oral commun., 1983). 

In mid-January, when fieldwork was conducted north of Hilo, 
only four of the six landslides could be located. All the observed 
failures were rock slides from the steep roadcuts and all appeared to 
have shallow head scarps. 1-2 m deep. Close examination of the 
landslides was limited because of the busy, narrow road and the 
steep slopes. Rock slides could be seen in the readouts in each of the 
highway's large horseshoe bends, with the largest slide occurring in 
Laupahdoe Gulch (estimated volume 420 m3) from the near- 
vertical cliff west of the road. During the next heavy rainstorm, 
material loosened by the earthquake shaking west of the eardiquake- 
indilced slope failure in Laupahoehoe Gulch caused another large 
landslide in this gulch (tg. 44.30). For several months after the 
earthquake, similar landslides occurred in this location dill-ing rainy 
periods. 

The earthquake-induced rock slide in Maulua Gulch ( v o l u i  
about 6 m3) was the one that caused injury to two people travelline 
in autos. Another rock slide (volume about 36 m3) covered both 
lanes of the narrow secondary road to Laupahoehoe Point (fiff. 
44.31) m a & i  it impassable for a short time. 

Similar ground failures occurred at these locales as a result of 
the 1975 earthquake (Tilling and others, 1976, table I) and the 
1973 earthquake (Nielsen and others, 1977, p. 15). Rock and soil 
falls also occurred on the steep wave-cut cliffs just north of Hido. 
about 17 km south of the 1973 earthquake qicenter (Nielsen and 
othcra, 1977, p 141 

KONA DISTRICT 
KEALAKEKUA BAY 

Shortly after the earthquake occurred, a large dust cloud over 
Kealakekna Bay was reported to the USGS as possible volcanic 
venting from beneath the bay (fig. 44.1, locality 10). Aerial 
reconnaissance determined the cause of the cloud as dust from several 
rock slides off the steep slopes around the bay. Currents of brown, 
cloudy water were observed from the air to extend about one 
kilometer from the shore 0.P. Lodewood, written commun., 1983). 

Several rock slides at Kealakekua Bay occurred from about the 
120-m elevation on the face of a nearly vertical cliff of weathered 
Manna Loa lava flows with intercalated thin ash beds (fig. 44.32; 
Steams and Macdonald, 1946, pi. 1). This cliff section has bteil 
dated as spanning the interval 2-30 ka by charcoal samples 
collected from beneath lava flows near the top and at the base of the 
cliff, respectively U.P. Lockwood, oral commun., 1985). The 
largest of thesis rock slides had a volume of about 5,500 m3. The 
slides could not be examined closely because of the steep slopes, but 
the head scarps appeared to be fairly shallow (volume <3 m). 
Several smaller rock falls also occurred from the stewer lower 
slopes. 
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ANALYSIS OF GROUND FAILURES 

Ground failures appeared to be influenced by three main 
factors: ( I )  proximity to the epicenter, (2) lithology of the substrate, 
and (3) slope steepness. 

PROXIMITY TO THE EPICENTER 

The greatest ground cracking occurred in the epicentral area; 
most landslides also occurred there, the size and abundance of 
failures decreasing with distance from the epicenter (fig. 44.33). 
This localization d ground failures is most probably due to the 
shallow depth of the earthquake and to the generating mechanism. 
The strike-slip faulting occurred on a near-vertical fault plane that 
ruptured the ground surface; the seismic energy released along the 
fauk was thereby transferred to the surface as earthquake waves, 
and the resulting strong ground shaking in the epicentral area caused 
abundant ground failures. 

LITHOLOGY OF THE SUBSTRATE 

The lava flows from Hawaii's five volcanoes are typically flat 
lying, forming broad, shield-shaped volcanic edifices. These gentle 
slopes are locally modified by faulting, collapse features, and 
erosional processes, each of which can form steep cliffs. The lava 
flows, extensively cracked and jointed as a resuk of cooling and 
initial deformation, vary in their degree of weathering with the age of 
the deposit, the density of the rock, and the amount of rainfall to 
which they have bea subjected. The thickness of the flows also 
varies from a few centimeters to several meters, and they are 
sometimes interbedded with volcanic ash deposits that are locally as 
much as 9 m thick (Hirashima, 1948, p 484; Buchanan-Banks, 
1983) In some areas the ash units are the surftcial deposits. 
Landslides and small soil slips frequently occur in the ash and, 
locally, in the underlying materials following heavy rains. The deeply 
weathered Matma Kea lava flows are particularly susceptible to 
failure induced both by saturating rains and by earthquake shaking. 

SLOPE STEEPNESS 

Topography was a factor in controlling the location of land- 
slides, and, to a lesser degree, areas of structural damage in the 
November 1983 earthquake. The lar@ landslides invariably 
occurred from the near-vertical cliffs in the epicenha1 area and From 
steep slopes elsewhere on the island. Numerous rock falls could be 
observed along highways where roads were cut through lava flows 
regardless of the height of the cut. Small soil slumps in ash deposits 
also occurred where the slope had been steeply cut. 

CONCLUSIONS 

The 1983 Kaoiki earthquake provided a unique opportunity 
to examine earthquake-induced structural damage and ground 
failures in Hawaii. Although the 1975 Kalapana earthquake had a 
higher magnitude (M 7.2) and hence more seismic energy, its 

ocation near the coast allowed some d this energy to be propagated 
ieaward away from the main cultural centers of the island. The 
nland location d the Kaoiki earthquake, therefore, resulted in 
pa te r  structural damage (Koyanagi and others, 1984, p. 4). 

Damage to structures was greatest in the epicenhd area, 
vhere- the foundations under some houses moved as much as 1.2 m 
iway from the house. Structures with post-and-pier foundations 
wre more severely damaged in this earthquake than those with 
:oncrete slab foundations. In some cases, the posts and piers were 
oined together with steel plates or rebar reinforcement; these houses 
ionetheless came off their foundations. 

Lithology and topography also seemed to affect the location 
md degree of structural damage. Houses in Wood Valley, Volcano 
%If and Country Club Subdivision, Volcano, and Hilo were 
iamaged where ash deposits at or near the surface were at least 0.5 
n thick. Houses built across breaks in slope. on uneven terrain, on 
doping ground, or near the edges d unsupported embankments 
iiistained greater damage than those on flat ground. 

The redonal distribution of landslides resembles the overall - 
 att tern of seismic intensity, most failures occurring in the epicentral 
m. The threshold intensity for triggering small rock falls and soil 
lumps was I V  to V (modified Mcrcalli scale) 

The predominant types d landslide generated by this earth- 
make were shallow rock slides and falls. They most commonly 
xxurred on the steep slopes and were induced by the earthquake 
hakinp. 

Virtually all large landslides occurred in extensively cracked 
md jointed lava flows. Small soil failures and extensional cracks also 
murred in the duck ash d d s  in the &central area and in Hilo. ~ ~~ ~~~ 

Because d the relatively sparse population in the epicentral 
ma and the early hour at which the earthquake occurred, there 
were few injuries from the landslides. However, landslides along the 
-1amakua coast slightly injured two people and caused closure of the 
ircun-island highway for a few hours until debris was removed. 
knpactional failure of road fill also closed the circum-island 
lighway in the epicentral area for a few hours. 
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Measured change (mm) 

1980 1981 1982 

Length changes in lines of m i t o r  1 originally m e a s u r e d  April 7, 1980 

Line AB 
Line AC 
Line AD 
Line AE 
Line EC 
Line ED 
Line EB 
Line BC 
Line ED 

Elevation changes, relative to rebar 1, at Â¥onito 1 originally m e a s u r e d  Hoveaber 25, 1980 

Line X'-X 
Hard pull 23.764 -- - -- - -- -- -- -- -- '6 10 -- 6 - -- 
S o f t p u l l  23.771 - - -- - - - - - -- %I 11 -- 3 - -- 

Line Y'-Y 
Hard p u l l  7.620 - -- -- - - - - -- '5 o -- 11 - -- 
Sof t  p u l l  7.623 -- - - - -- -- - - -- 35 11 -- 32 -- -- 
Line Y'-Z 
Hardpul l  24.098 - -- - - -- -- - - -- '14 12 -- 52 - -- 
S o f t p u l l  24.101 -- -- -- - - -- - - -- '16 14 -- 54 - -- 

i r e m e n t  by J.M. Buchanan-Banke and R.B.  Moore. 
Measurement by K.H. Yanashita and M.K. Sako. 

3 H e s u r e n t  by J.M. suchanan-Banks and N.G. Banks. 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































