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ABSTRACT 

The distribution patterns of mafic phenocrysts in some Hawaiian basalt flows 

are consistent with simple in situ. gravitational settling. The patterns are used to 

estimate the crystal settling velocity and hence viscosity of the lava, which in turn 

can be correlated with surface structures. Numerical modeling generates theoreti

cal crystal concentration profiles through lava flow units of different ~hicknesses 

for differing settling velocities. By fitting these curves to field data, crystal-settling 

rates through the lavas can be estimated, from which the viscosities of the flows 

can be determined using Stokes' Law. Lavas in which the crystal settling velocity 

was relatively high (on the order of 5x10-4 cm/sec) show great variations in 

phenocryst content, both from top to bottom of the same flow unit, and from one 

flow unit to another. Such lava is invariably pahoehoe, flow units of which are 

usually less than 1 m thick. Lavas in which the crystal-settling velocity was low 

show a small but measurable variation in phenocryst content. These lavas are 

part of a progression from rough pahoehoe to toothpaste lava to a'a. Toothpaste 

lava is characterized by spiny texture as well as the ability to retain surface 

grooves during solidification. Flow units of toothpaste lava are usually thicker 

than 1 m. In the thickest of Hawaiian a'a flows, those of the distal type, no sys

tematic crystal variations are observed, and high viscosity coupled with a finite 

yield strength prevented crystal settling. The amount of crystal settling in 

pahoehoe indicates that the viscosity ranged from 600 to 6000 Pas. The limited 

amount of settling in toothpaste lava indicates a viscosity greater than this value, 

approaching 12,000 Pa ·s. It is inferred that distal-type a'a had a higher viscosity 

still and also possessed a yield strength. 

Toothpaste lava, an important basalt structural type that illustrates the 

transition from pahoehoe to a'a, is particularly well displayed on the 1960 Kapoho 

lava of Kilauea Volcano. Its transitional features stem from a viscosity higher 
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than that of pahoehoe and a rate of flow slower than that of a'a. Viscosity can be 

quantified by the limited settling of olivine phenocrysts, and rate of flow by field 

observations related to the low-angle slope on which the lava flowed. Much can 

be learned about the viscosity, rheological condition, and flow velocity of lava 

flows long after solidification by analysis of their structural characteristics, and it 

is possible to make at least a semi-quantitative assessment of the numerical values 

of these parameters. 

The 1859 and 1880-81 eruptions of Mauna Loa each produced a distinctive 

pair of lava flows, an earlier one entirely a'a and a later one entirely pahoehoe. 

The members of each pair have similar volumes, lengths, and areas though their 

eruptive and flow characteristics differed considerably. Correlation of mapped 

features with historical accounts allows reconstruction of the eruptive characteris

tics of these paired flows and a strong dependency of lava type with discharge 

rate is found. A'a results when lava is erupted at a high discharge rate (>20 

m3 /sec), and pahoehoe forms at a low discharge rate ( <20 m3 /sec). 

The relationship holds for more than 90% of well-constrained historical 

Mauna Loa and Kilauea flank eruptions. In paired flows, a relatively short (1 day 

to several weeks) eruption of high discharge rate {20-500 m3 /sec), associated with 

high fountaining and construction of pyroclastic cones, favors the development of 

fast-moving channelized a'a flows. A long (1 to 9 months) eruption of low 

discharge rate {1-20 m3 /sec), associated with little or no fountaining, and without 

significant pyroclastic vent structures which follows, favors the development of 

pahoehoe associated with extensive tube systems. The eruptions of 1840, 1859, 

1880-81, and 1935-36 were also paired and occurred on the N and NE side of 

Mauna Loa but most Mauna Loa eruptions (including all those from the SW rift 

zone) are of the high discharge-rate a'a-forming type. Historic pahoehoe erup

tions occurred on Mauna Loa only from vents at elevations higher than 3000 m 

and none occurred from the SW rift. This is attributed to the distribution of 
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compressive stresses on the rift zones. Implications of this eruptive style distribu

tion suggest that regarding volcanic hazards, a'a diversions would be advisable for 

densly populated areas downhill of Mauna Loa's SW rift. Diversion of pahoehoe 

flows is important to the city of Hilo . 
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INTRODUCTION 

This dissertation encompasses three separate but related aspects of the 

basalt flows of Hawaii. All three sections have been prepared as separate 

manuscripts and have been submitted for publication in forms similar to these 

presented here as chapters . 
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CHAPTER 1 

MAFIC-CRYSTAL DISTRIBUTIONS, VISCOSITIES, 

AND LAVA STRUCTURES OF SOME HAWAIIAN LAVA FLOWS 

INTRODUCTION 

Viscosity is an important property of lava flows, but few attempts have been 

made to correlate it with the structures in lavas. It is generally recognized that 

pahoehoe on the whole forms from a more fluid lava than does a'a. There is how

ever no simple correlation of lava type and viscosity because shear rate during 

flow is also important (Peterson and Tilling, 1980). Some observations indicate 

that the more mobile lavas exhibit Newtonian behavior, but Hulme (1974) argued 

that even pahoehoe lava is non-Newtonian and possesses a yield strength, and 

Pinkerton and Sparks (1978) demonstrated the presence of a yield strength by 

measurements made on smooth-surfaced Etnean lava. This study establishes a 

simple way to estimate the viscosity that a now-solidified lava flow had during the 

time it was moving. 

Some basaltic flows carry phenocrysts of olivine and/or augite which are con

siderably denser than the liquid and therefore tend to sink. The variation of 

phenocryst content with depth in many flows was measured. The distribution of 

these crystals through the solid lava should provide insights into the rheological 

condition of the lava when it was fluid and yield quantitative estimates of the 

viscosity. It is found that simple gravitational settling after the flow came to rest 

can quite well account for many of the distributions observed; sett ling during flow 

is relatively insignificant . 

Gravitational settling of dense crystals has long been acknowledged as an 

important petrological process, but comparatively few studies have been made of 

the settling or sorting of crystals in lava flows and few have exploited crystal dis

t ributions as tools for understanding lava flows. Fuller (1939) clearly recognized 
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that crystal-concentration and depletion zones in olivine-bearing pahoehoe lava 

from Oregon had been generated by settling of olivines, and he likened the pro

cess to "the deposition of sediments at the delta of a river." Church et al. (1964) 

and Yagi (1965) found that olivine content increased downward in pillows of an 

Icelandic pillow lava and used this to estimate the viscosity of the lava. A similar 

variation has been noted in basalt flows around the world (McBirney and Aoki 

1968; McBirney and Williams 1969) and various explanations have involved flow 

differentiation and eruption from zoned magma chambers. Pinkerton and Sparks 

(1978) demonstrated that a smooth-surfaced Etnean lava possessed a yield 

strength which they correlated with a high crystal content; they explained the 

lack of obvious variations in crystal content through the lava by the presence of 

this yield strength. 

. METHOD OF STUDY 

Field studies were made of mafic phenocryst distributions in sections 

through selected Hawaiian lavas by marking off measured areas on rock surfaces, 

in bands 2 or 4 cm wide parallel to the top and bottom flow surfaces, and count

ing the number of mafic crystals exceeding a chosen threshold size (chosen as 4 

mm across) in each area (fig. 1). Samples were also collected and the crystal 

counts were repeated on sawn slabs in the laboratory; this was particularly neces

sary where the olivine had oxidized to a dark color and was hence rather difficult 

to distinguish from the matrix under field conditions. 

The crystal counts obtained (fig. 2) are given as the number of crystals larger 

than 4 mm across per cm2 of counted surface; this is termed the "C-number". By 

numerical modeling, families of crystal-concentration profiles for different settling 

rates through flows of different thicknesses were generated. A measured profile 

that compared well with a model profile for the same fl~w thickness was assumed 

to have a similar crystal settling rate. This enabled the calculation of the lava 
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viscosity employing Stokes' Law. Constraints on the numerical modeling process 

are discussed in the appendices . 

THE GENERATION OF VARIATIONS IN PHENOCRYST CONCENTRATIONS 

In many Hawaiian lavas the concentration of phenocrysts. varies with depth . 

Typically the upper several centimeters has a moderate C-number. Below this 

zone, the C-number rapidly decreases, often to zero. This depleted zone usually 

persists to about half way through the flow. Below that, the C-number rises, sur

passes the value in the upper zone, reaches a maximum, and drops again to 

attain a value at the base similar to that in the topmost zone. 

The upper and lower C-numbers are interpreted to represent the initial 

phenocryst content of the lava as it flowed from the vent. This value was frozen 

into the rapidly cooled top and bottom skins of the flow (Fuller, 1939). The flow 

began cooling as soon as it left the vent, but the middle portion remained hotter . 

and fluid longer than the top and bottom parts. Crystals not frozen into the top 

crust were hence able to sink through the still molten interior of the flow (fig. 3). 

There is actually a range of viscosity between that of the just-erupted lava and 

the lava right before crystals stop settling. The viscosity being considered here 

occurs within this interval. 

The lava acquired a yield strength as it cooled. A "holding isotherm" can be 

defined at which the lava yield strength was sufficient to prevent a crystal of 

olivine bigger than the chosen threshold size from sinking. This temperature is 

probably about 1130° C (Shaw, 1969), the yield strength required to support a 

crystal 4 mm in diameter being around 4 N/m2 (Sparks et.al., 1977) . 

A zone devoid of crystals was generated where the crystal settling rate 

exceeded the rate at which the holding isotherm moved downward into the flow. 

Meanwhile, another holding isotherm moved upward from the bottom of the flow . 

Crystals settled through the middle of the flow only until they encountered this 
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Fig. 1. Photograph of outcrop of 1868 lava flow of Mauna Loa, showing method of 

determining crystal counts vs. depth. Note numbers along right side of marked 

areas, indicating number of crystals greater than 4 mm in size counted in each 

area . 
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Fig. 2. Data collected in this study, presented as plots of C-number (number of 

crystals greater than 4 mm per cm2 ) vs. depth, from various lava flows on Hawaii 

and O'ahu. Dots represent field data and lines show the the results of best-fit 

numerical modeling for each distribution (the poorer fits are discussed later and 

some field data were impossible to match). Where a good match was made, set

tling rate used to generate modeled distribution is presented (top number in 

cm/sec) along with its corresponding Stokes' Law viscosity for a 4 mm olivine 

sphere (bottom number in Pa sec). Horizontal (C-number) scales differ to accom

modate different absolute crystallinities. Vertical scale for all diagrams given by 1 

meter reference at right. Three-letter codes correspond to locations as follows: 

KAG=Kapoho graben (Halekamahina fault); WAI=Sheraton Waikoloa (Kapaloa 

lava flow); LAH=Mauna Lahilahi, (west coast of O'ahu); 960=1960 Kilauea E. 

Rift lava at Kapoho; 868=1868 Mauna Loa flow (in road cut 11 km west of 

Na'alehu; HAK=ankaramites of Hualalai volcano (exposed in and around Kailua); 

840=1840 Kilauea East Rift lava on the Puna coast; KOO=Ko'olau lava flow 

exposed in gulch 4 km south of Haleiwa, O'ahu. The code for lava type (top right 

corner of each graph) is as follows: p=pahoehoe; rp=rough pahoehoe; 

t=toothpaste lava; a=a'a. 
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rising isotherm, upon which a relatively high concentration of crystals accumu

lated. The C-number thereafter decreases downward from the maximum to its 

initial value at the base of the flow . 

PHENOCRYST-DISTRIBUTION PATTERNS 

A wide spectrum of crystal distribution patterns was observed in the 

Hawaiian flows that were studied. At one end of the spectrum, flows show great 

variations in phenocryst content that occur laterally and vertically in the same 

flow unit as well as from one flow unit to another of the same flow. Parts of these 

flows show high phenocryst concentrations and have evidently been strongly 

enriched, while other parts are totally devoid of phenocrysts. Near the middle of 

the spectrum the flows show small systematic vertical variations in phenocryst 

content, though only careful measurements establish their existence. At the 

other end of the spectrum, flows show a more or less uniform distribution of 

phenocrysts and there is no evidence that crystals moved through the liquid 

under the influence of gravity. In the following, specifc examples of lava flows 

that illustrate the viscosity spectrum are described . 

HIGHLY FLUID LAVAS 

An example of a fluid pahoehoe, a prehistoric flow, occurs low on the east rift 

zone of Kilauea, exposed in the 10 m high Halekamahina fault scarp north of the 

main vents of the 1960 eruption at Kapoho (KAG in fig. 2). It has many flow 

units, most of which contain olivine phenocrysts. Some flow units have a lower 

concentration zone and a corresponding upper depletion zone, and the measured 

profile well matches modeled profiles consistent with the in situ settling of olivine 

crystals at 4x10-4 cm/sec. The concentration zone has a maximum C-number of 

0.07 . 
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Another example is the prehistoric Kapaloa pahoehoe flow well exposed in 

cuts alongside the Sheraton Waikoloa Hotel (WAI in fig. 2). Mild explosions 

occurred where the flow entered the sea, building up a mound of flow units inter

mixed with scoria and coated with spatter. All of the flow units contain olivine 

phenocrysts, the largest of which measure 16 mm across. Typical flow units have 

a concentration zone, in which the C-number reaches about 0.5, and an upper 

depletion zone. Two measured flow units match modeled profiles for settling rates 

of Sxl0-4 cm/sec . 

One unit of the Kapaloa flow is connected by a dike-like feeder channel to 

the underlying flow unit. The margins of this lava dike were fed mostly from the 

depletion zone, while the middle was fed from the olivine concentration zone . 

The overall content of olivine in the overlying flow unit is less than that in the 

concentration zone of the source unit. Slight crystal enrichment attributed to in 

situ settling occurs toward the lower part of the overlying unit, indicating that 

lava viscosity was still low, even in a secondary flow unit. 

Three other lava flows which were investigated showed crystal distributions 

indicative of low viscosities. The distributions in these particular flows were 

modified by extreme absolute crystallinity however, and are described in a later 

section discussing modifications to gravitational distribution patterns . 

INTERMEDIATE-VISCOSITY LAVAS 

Two structural varieties of pahoehoe were singled out, namely, rough 

pahoehoe and toothpaste lava (Chapter 2). Rough pahoehoe exhibits some 

features common to both pahoehoe and a'a. It represents a stage between them 

and almost invariably forms as a late ooze-out on pahoehoe flow fields, commonly 

as flow units 1 m wide and up to 10 m long (fig. 4). It is ropy but rougher

surfaced than ordinary pahoehoe. Evidence of its intermediate viscosity is the 

formation of clinker accompanying the ropes, along the margins of flow units. 
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Fig. 3. #Ideal" sinking process to cause distribution of crystals commonly 

observed. Blocks a, b, c, and d are arranged in order of increasing time. Boun

dary between the two zones is "holding isotherm N. Note 'how original concentra-

tion of crystals is preserved in both top and bottom of flow. Block e is hypotheti

cal depth vs. C-number graph for final distribution . 
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Here much shearing took place due to a high velocity gradient. Some such units 

broke up wholly to clinker at their distal ends. Examples of rough pahoehoe are 

pl~ts 960-1, 960-3, and 840-1 in fig. 2. 

A volumetrically more important variety of pahoehoe is toothpaste lava, 

interpreted to form slowly from intermediate-viscosity lava which, if it moved fas

ter, would form a'a flows. The surface of toothpaste lava is covered with charac

teristic spines and longitudinal grooves, both indicators of a viscosity greater than 

that of typical pahoehoe (fig. 5). Buckles on the surface are analogous to 

pahoehoe ropes yet are 20 cm or more across~ Clinker occurs on the margins of 

flow units where shearing was highest. 

Toothpaste lava is particularly common on the 1960 Kapoho flow of Kilauea 

volcano. Olivine phenocrysts occur rather sparingly (averaging <10 volume per

cent) and range up to 15 mm across. Olivine conte~ts of the lava were measured 

at 7 sites in the flow, some near the vent and others near the distal end of the 

flow, which include rough pahoehoe, toothpaste lava, and a'a. 

One particularly significant relation is that the C-number in the uppermost 

and lowermost few centimeters of upper and lower crust is about the same in all 

measured sections (fig. 2). The thickness of upper crust, within which the C

number is constant, ranges from 5 cm on the typical pahoehoe to more than 20 

cm on the toothpaste lava. The uniformity of the upper-crust C-number may 

indicate that no significant crystal settling took place while the lava flowed from 

the vent to the measurement locations. Comparison of sinking rates with average 

durations of lava flowage strengthens this interpretation. The erupting lava must 

also have been homogeneous, with no significant variation in crystal concentra

tion, during at least the later stage of the eruption when these flow units were 

formed (the earlier lavas were generally aphyric; Macdonald, 1962; Richter et al., 

1970) . 
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Fig. 4. Rough pahoehoe of prehistoric Mauna Loa flow, showing representative 

combination of ropy structure and clinker on these flows. Proportion of clinker to 

ropes increases downstream. Flow was toward observer . 
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Fig. 5. Toothpaste lava on Kapoho 1960 flow, Kilauea. Characteristic pulse struc

tures, grooves, and spiny texture shown. Flow from lower right to upper left . 
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The C-number varies in a manner consistent with in situ crystal settling in 

the interior of each flow unit. It increases slightly but distinctly downward. The 

concentration of crystals is neither high (the C-number is less than 2 times that 

in the crust) nor very low (the C-number exceeds about 1/4 that of the crust). 

The measured concentration profiles are interpreted to show in situ settling of 

olivine crystals, implying that the settling rate was low, about 5x10-5 to lxl0-4 

cm/ sec, and took place mostly in the static lava during the relatively long time

period of in situ cooling (960-2 in fig. 2) . 

One anomaly is that the average C-number of the flow-unit interior is gen

erally less than that of the homogeneous crust. If no crystal enrichment occurred 

in the crust, some crystals were lost from the flow unit after the crust formed but 

before flowage ceased. However no sections in which the resulting crystal concen

trations could be identified were found . 

RELATIVELY HIGH-VISCOSITY LAVAS 

In Hawaii, flowing lava having a relatively high viscosity forms a'a. Two 

types of a'a can be distinguished, proximal and distal (see Chapter 2), which 

differ markedly in their characteristics and rheology. Proximal-type a'a has a 

viscosity similar to that of toothpaste lava and forms relatively fast-moving flows, 

usually less than 2 m thick, which advance like pahoehoe with a rolling 

caterpillar-track-like motion. Distal-type a'a flows in contrast are commonly 10 m 

or more thick, and move more slowly, apparently by plug flow. Distal-type a'a 

thickens by shearing on internal sloping planes (ramp structures), and cascades of 

debris ranging in size from boulders to fine sand fall from the advancing flow-front 

and are pushed aside or over-ridden by the advancing flow. 

Proximal-type a'a flows have crystal concentration profiles closely compar

able with those in toothpaste lava (K00-1 in fig. 2). No crystal settling is evi-
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dent in distal-type a'a. This lava undoubtedly had a yield strength too high to 

permit movement of crystals relative to liquid. 

FACTORS THAT COMPLICATE SINKING-GENERATED 

CRYSTAL DISTRIBUTIONS 

A small proportion of the lava flow-units that were investigated have crystal 

concentration profiles that do not conform in detail with those generated by 

numerical modeling (KAG-2, W AI-3, 868-1, and HAK-1 i.n fig. 2). Two factors 

explain most of the anomalous flows. One is that a practical limit to the concen

tration of crystals exists at which the crystals are so closely spaced that they form 

a crystal-supported framework with interstitial fluid. The other is that secondary 

flowage of crystal-rich slurries or crystal-depleted layers can take place after sink

ing occurs. 

A good example of a flow that was locally too crystal rich to allow further 

sinking forms the surface of Hualalai volcano in and near Kailua, Kona. It is well 

exposed in numerous shallow cuts up to 6 m deep and also in low coastal cliffs. 

Phenocrysts in the Kailua flow are mainly olivine and augite, in roughly equal 

amounts, reaching a maximum size of 16 mm. Small inclusions of gabbroic or dia

basic rock with diktytaxitic texture also occur and have a distribution similar to 

the larger mafic phenocrysts . 

In one particular flow unit of the Kailua flow, an aphyric upper layer 10 cm 

thick is underlain by an extremly porphyritic ankaramitic layer. The contact 

between the two layers is sharp (less than 1 cm across) and coherent. It is not a 

flow unit boundary. The extreme depletion and concentration of crystals in this 

flow unit (HAK-2 in fig. 2) indicate a very low viscosity. The upper surface of the 

flow shows a slight ropiness, similar to that of hummocky pahoehoe (Swanson, 

1973). The development of an upper layer completely devoid of large phenocrysts 

and the abrupt top of the concentration layer indicate that crystals sank rapidly. 
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Crystals that sank to the concentration zone were stopped by grain-grain interac

tions, not by a holding isotherm. Probably the eruption concentration of crystals 

was high, not much less than that of the concentration zone. 

The Mauna Loa flow of 1868, exposed in road cuts 11 km west of Na'alehu is 

also highly porphyritic. Its crystal distribution (868-3 in fig. 2) shows a wide con

centration zone with no well-defined peak, although a depletion zone exists 

beneath the top. Sinking was relatively rapid but stopped once the concentration 

reached a certain limiting value ( C-number about 2.5) . 

The sinking of olivines in some of these crystal-rich lava flows was modeled 

(fig. 2; WAI-3, 868-1, and HAK-1). Model profiles match the depth of highest 

concentration rather well, but not the zones of crystal depletion. This is attri

buted to the inability of the crystal concentration to reach a C-number much 

greater than 2 in the flows due to inter-grain interactions, whereas the simple 

numerical modeling took no such maximum concentration limit into account . 

The complications introduced when the proportion of sinking particles becomes 

high are many. They include the fact that upward-forcing of fluid displaced by 

sinking negates the assumption of stagnant fluid. Modeling of such conditions 

has been done (c.f. Shirley, 1987; Weinstein et. al. , 1987) but it was deemed 

unecessary for this study. 

The second major process that can affect the sinking-derived distributions is 

secondary flowage. At one place, the above-mentioned Kailua ankaramite con

tains an internal shear zone that juxtaposes contrasting settling-derived layers 

(fig. 6). Another Hualalai flow, exposed in a road cut near mile post 85 on the 

Queen Ka'ahumanu Highway north of Kailua is a more extreme example. This 

flow has many thin pahoehoe flow units. Phenocrysts are nearly absent except in 

one flow unit , which has a concentration zone up to 40 cm thick of gabbroic or 

diabasic xenoliths up to 10 cm as well as olivine and augite crystals u'p to 3. 7 cm 

m size. The xenoliths and megacrysts in this zone have a more or less coarse-
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grain-supported fabric. The concentration zone is in sharp contact with the host 

lava or grades into it over only a few centimeters. The contact is very irregular 
I 

(fig. 7), suggesting that it did not form by in-situ settling in its present position. 

Possibly an extreme crystal and xenolith concentration formed somewhere by set

tling and then moved like an olistostrome within the flow unit . 

LAV A STRUCTURAL TYPES AND TRANSPORT MECHANISMS 

The lava flows that were investigated form a spectrum of rather distinct 

structural types. This spectrum is determined mainly by viscosity during flow 

and grades from common pahoehoe through rough pahoehoe, toothpaste lava, and 

proximal-type a'a to distal-type a'a. Increasing viscosity through the spectrum is 

evidenced by a number of structural features. For instance, the ease with which 

the surfaces can fold due to shortening (Fink and Fletcher, 1978) decreases as the 

viscosity increases. Pahoehoe can form "ropes" less than 1 cm across, toothpaste 

lava has surface buckles up to about 1 m wide, and distal-type a'a flows have 

pressure ridges commonly many meters across. 

The thickness of flow units increases as the viscosity increases. In pahoehoe, 

the strength of the surface skin partly controls the eventual thickness that a flow 

unit will reach. Flow units generally range from 10 to 50 cm (see Swanson, 1973). 

In distal-type a'a the high yield strength causes the flows to be 10 m or more 

thick . 

Another feature related to viscosity is the nature of the conduits by which 

lava travels from the vent to the advancing flow front. Tubes and channels are 

conduits that allow lava to travel great d.istances from source vents with minimal 

cooling (Wentworth and Macdonald, 1953; Swanson, 1973). Tubes form almost 

exclusively in pahoehoe (Swanson, 1973) whereas channels can form in all lava 

types. Lava tubes require that the roof lava withstand the drag caused by the 

underlying flowing lava (Peterson and Swanson, 1974), which can happen only 
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Fig. 6. Photograph of shear zone in layered Kailua ankaramite. Overthrusting 

from right to left, replacing top part of depletion layer at left with entire deple

tion layer from right to cause partial repeat in section. A-A'; normal crystal-

depletion zone (vesicular at top, non-vesicular at bottom. B-B'; where non

vesicular part of depletion zone has been caused to repeat, the vesicular portion of 

the overthrust depletion zone having been displaced to the left. Pencil is 14 cm 

long. Light patches are scrape marks left by road machinery . 
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Fig. 7. Photograph of zone rich in xenoliths and xenocrysts in prehistoric flow of 

Hualalai volcano, Hawaii. Irregular boundary between this zone and host aphyric 

part of flow chalked for clarity. Nowhere was this boundary wider than 1 cm. 

Irregularity of boundary suggests plastic deformation within still-fluid flow. Scale 

(near center of photo) 15 cm long . 
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when that lava is fluid. On all the lava types less fluid than pahoehoe, any crust 

that forms cannot withstand the viscous drag and channels cannot roof over; lava 

tubes are hence scarce in proximal-type a'a flows and virtually nonexistent in 

distal-type a'a. 

The formation of channels requires the margins of lava flows to cease moving 

while the middle continues (Hulme, 1974). Upstream from flow fronts, channeli

zation occurs as the margins of flows cool and solidify or acquire a yield strength, 

while the centers continue to be supplied with lava. Channels commonly range 

from 30 cm to 30 m wide, and from 20 cm to 15 m deep. The channel rapidly 

supplies a large quantity of fluid lava to the distal part of the flow, feeding the 

advancing front which in turn becomes channelized. Lava flowing in a large 

channel is often indistinguishable as either a'a or pahoehoe, and only overflows 

give a true picture of the viscosity (Macdonald, 1953) . 

CONSTRAINTS ON NUMERICAL MODELING 

Figure 8 illustrates examples of numerically modeled crystal distributions. 

Appendicies 1 and 2 provide a detailed description of the numerical modeling pro

cess. To determine the rate at which crystals sink, the descent rate of the upper 

holding isotherm must be known. Analysis of data from lava-lake studies (Peck et 

al., 1964; Hardee, 1980), gives the following relation: d = 0.14t112 , where dis the 

depth to the holding isotherm (taken to be 1130° C) and t is the time in seconds . 

The ascent rate of the lower holding isotherm must also be known. Lovering 

(1935) calculated the "turnover" depths of isotherms as they vary with cooling. 

From his work it is assumed that the height of the lower holding isotherm at any 

given moment above the flow base is 0. 75 times the depth of the upper one below 

the flow top. 

Lava passes through a range of viscosity as it cools, so the crystal sinking 

rates are average values. The viscosities calculated are therefore intermediate 
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between the initial viscosity on eruption and the viscosity at the temperature of 

the holding isotherm, though closer to the former. 

Application of Stokes' Law assumes that the crystals are spheres (McNown 

and Malaika, 1950). Olivine crystals are not spherical, but they depart little from 

equant forms and the resulting shape error is small. Stokes' Law applies only to 

Newtonian fluids. Olivine crystals as small as 2 mm sank in the basaltic fluid, so 

the yield strength must have been less than 2 N/m2 (Sparks et al., 1977). This is 

a very small value, so the assumption of Newtonian flow is good . 

Laminar flow must be maintained during Stokes' Law sinking. The Reynolds 

number of the fastest-sinking crystals is o.5 x 10-11 , well within the range for lam

inar flow. The density values used for the basalt fluid and olivine crystals of 2600 

and 3300 kg/m3 respectively, but difficulty arises in making realistic correction for 

vesicles in the fluid. Vesicles much smaller than the crystals would effectively 

reduce the density of the fluid. Vesicles comparable in size with the crystals col

lide with them and might reduce the settling rate. A high concentration of vesi

cles confers a yield strength to the liquid. Bubbles that nucleate on and remain 

attached to crystals reduce their settling rate possibly to the extent of conferring 

to them a positive buoyancy. A high concentration of gas bubbles will also 

change the shape of the temperature vs. depth profile in a cooling flow. All of 

these factors complicate the crystal-distribution profiles . 
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Fig. 8. Plots generated by numerical modeling of enrichment factor (=multiple of 

original concentration) vs. depth. For two flow thicknesses, seven curves have 

been plotted. Settling rate used to calculate each is given in cm/sec. 
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SUMMARY OF CHAPTER 1 

Viscosities were calculated for three types of basalt lava: typical pahoehoe, 

rough pahoeho~, and toothpaste lava. Typical pahoehoe is the least viscous 

(viscosity equals 600-1500 Pas), rough pahoehoe is definitely more viscous 

(around 6000 Pas), and toothpaste lava is more viscous still (around 12,000 Pa 

s). Distal-type a'a is either more viscous or possesses a yield strength or both. 

The values calculated fall well within the range of those previously published 

(Table 1) . 

Correlations of numerous macroscopic lava properties (i.e., surface structure, 

flow thickness, pressure-ridge dimension) with estimated viscosity have been 

made. The utilization of the distribution patterns of mafic phenocrysts allows the 

ability to quantify the viscosities of a number of the lavas in the overall lava

viscosity spectrum. The viscosities of aphyric flows can in turn be estimated by 

utilizing the surface-texture relationships . 
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VOLCANO 

Ooshima (1951) 

Capelinhos (1957-8) 

Mauna Loa (1950) 

Kilauea (1952) 
(1955) 

Gituro, Congo (1945) 

Vesuvius (1936) 

Paricutin 

Mauna Loa (.1919) 

Mauna Loa (1919) 

Mauna Loa (.1919) 

Kilauea (1840) 

Etna (1975) 

Table 1 

List of published lava flow viscosities 

TEMP. I ~C 

1125 
1108 
1083 
1038 

1070 
940 
940 

1100 
1050 

950 

1040 

1050 
1070 

1086 

VISCOSITY/Pa-s 

560 
1800 
7100 

23000 

3000 
500000 

400 
700 

1000 

2000 
200 
250 

1000 

3400 

7600 

10000 
100000 

1600 

290 

9400 

.02 

.06 
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CHAPTER 2 

TOOTHPASTE LAV A: CHARACTERISTICS AND ORIGIN OF 

A LAVA STRUCTURAL TYPE TRANSITIONAL BETWEEN 

PAHOEHOE AND A'A 

INTRODUCTION 

Three types of surfaces are generally recognized on basaltic lavas, namely 

pahoehoe, a'a, and block lava, (e.g. Macdonald, 1972, p.68). This chapter consid

ers a fourth type, namely, "toothpaste lava" (Bullard, 1947, Einarsson, 1949, Mac

donald, 1967). Such a type has been called "drawn-surface pahoehoe" (Foster 

and Mason, 1955),"spiny pahoehoe" (Peterson and Tilling, 1980), "semi-hoe" 

(Malin, 1980), and "fine a'a" (Jones, 1943). The name, toothpaste lava, directs 

attention to the outstanding feature of this type of flow, namely the surface 

grooves and drawn-out spines imparted at the orifice where the lava encounters 

the air. A number of the features of toothpaste lava can be related to processes 

responsible for the transition from pahoehoe to a'a. Toothpaste lava is common 

on many lava flow fields on Hawaii, and also on many basaltic volcanoes elsewhere 

(i.e. Mt. Etna). 

Toothpaste lava forms either primary lava lobes or is extruded from rootless 

openings or boccas (see for example, Pinkerton and Sparks, 1976) on pahoehoe 

flows usually late in an eruption. About 30% of the 1960 lava flow of Kapoho (fig . 

9,10), the main study area of this chapter, consists of primary toothpaste lava and 

innumerable secondary toothpaste lava tongues which occur between, around, 

and on the primary lobes. Much of the rest of the flow consists of "slab 

pahoehoe" (Peterson and Tilling, 1980) derived from mobilization and breakup of 

toothpaste lava tongues . 
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Fig. 9. Location of 1960 Kapoho lava flow, and map of part of flow showing distri

bution of structural types. Primary toothpaste lava lobe (see text) in fig. 2 and 9 

indicated by arrow pointing in flow direction. 

- 27 -

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 



• 

N
 

0
0

 

• 
• 

• 
• 

• 

to
o

th
p

a
st

e
 

la
vi

l.
 p

ri
m

ar
y

 
lo

b
es

 
o

u
tl

in
ed

 
w

it
h

in
 

m
 t

h
ic

k
 

a·
a 

fl
o

w
. 

~
 

p
re

ss
u

re
 

ri
d&

es
 

d
as

h
ed

 

r+
I 

L
J
 v

e
n

t 
st

ru
c
tu

re
s

. 
+

·s
 

ar
e 

m
ai

n
 

v
en

ts
 

~
 

• 
• 

sh
el

ly
 

p
ah

o
eh

o
e

. 
m

an
tl

ed
 

w
it

h
 

te
p

h
ra

 

u
n

c
la

ss
if

ie
d

 
1

9
6

0
 

la
v

a
s 

D
 pre

· 
1

9
6

0
 

su
rf

a
c
e
 

• 

..
..

. r
o

a
d

s 
a
n

d
 

tr
a
il

s 

L
: l

i&
h

th
o

u
se

 

• 

":
cj

 

q'Q
" 

~
 E::
 

.§
 g,
 

.....
. 

co
 

0
)
 

0 ~
 

.§
 

0 ~
 

0 ~ p
l :::
i ~ 

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Fig. 10. Large primary toothpaste lava lobe, looking NW from Kapoho lighthouse. 

Note person (arrow) for scale. Flow direction left to right. Large plate of crust in 

right center rotated clockwise relative to rest of primary lobe. Foreground com

posed of broken and jumbled crustal plates of primary lobes as well as smaller 

toothpaste lava tongues (see text) from scattered boccas . 
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The 1960 Kapoho eruption took place low on the east rift zone of Kilauea 

volcano (fig. 9), three weeks after the end of a month-long summit eruption . 

Macdonald (1962), and Richter, et al., (1970) give excellent eye-witness accounts. 

DIFFERENCES FROM, AND RELATIONSHIPS TO, P AHOEHOE 

Toothpaste lava differs from pahoehoe in seven important respects: 1. The 

surface is characterized by longitudinal grooves and ridges (fig. 11), lacking on 

pahoehoe, oriented parallel to the direction of lava movement and caused by 

scraping against irregularities in the orifice roof. These grooves and ridges charac

teristically maintain the same separation from each other along the entire length 

of a toothpaste lava stream. This constant separation of the grooves is good evi

dence for a lack of spreading or deformation of the crust during the time that the 

lava was fluid . 

2. The surface is spinose on a centimeter scale (fig. 11), whereas pahoehoe is 

smooth. The spines are typically 1 to 5 cm long and up to 1 cm wide; they were 

drawn out of the fluid lava as it issued from the orifice and generally point in the 

up-flow direction. Vesicles in the upper part of the lava also show structures 

caused by drag of the surface (fig. 11) . 

3. The surface has transverse undulations (fig. 11), on a much broader scale (tens 

of cm) than that of the wrinkles (ropy structure) of pahoehoe. The transverse 

undulations on toothpaste lava consist of convex-upward waves interpreted to 

form by non-uniform, pulsing (surging) flow out of the orifice ("discontinuous 

extrusion" of Macdonald, 1972, p. 96) that buckled the surface. When these 

"pulse buckles" became detached and were forced to over-ride the underlying 

lava, "pulse flaps" were generated (fig. 11-B). 
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4. Flow units are significantly thicker than those of pahoehoe. The minimum 

thickness observed in 20 or more measured toothpaste-lava flow units is about 60 

cm, and the median thickness is about 150 cm. In contra.st the minimum thick

ness observed in 3000 Hawaiian pahoehoe flow units is about 3 cm, and the 

median is 40 cm . 

5. The glassy surface rind is dull due to an abundance of microlites, unlike the 

shiny surface layer of sideromelane glass, commonly 1 to 2 cm thick (depending 

on vesicularity), which is invariably present on Hawaiian pahoehoe. The glassy 

rind of toothpaste lava is generally less than 1 cm thick, and crystallization of the 

lava was well under way when it formed . 

6. Lava tubes are scarce. Many pahoehoe flows on Hawaii contain abundant lava 

tubes from less than 20 cm to 20 m high or wide, where lava flowed beneath a 

surface crust and then drained. out. Only one tube was found in all of the tooth

paste lava flows that were examined on Hawaii. A lack of impetus to drain out 

(as when lava flows over nearly horizontal ground) will inhibit the formation of 

tubes even though lava may be flowing under a crust. The ground slope at 

Kapoho was mostly less than 1 degree. Gas blisters, formed of coalesced gas bub

bles which have uplifted the overlying lava crust, superficially resemble lava tubes 

and are common on the Kapoho lava though less so than on r:iost pahoehoe flows . 

7. Mafic phenocrysts show a slight but measurable downward concentration, 

whereas pahoehoe. units show a very pronounced concentration in the lower 

halves of their flow units (see chapter 1). 

These features characterize toothpaste lava as a type dist inct from typical 

pahoehoe. In the time available before solidification, relaxation by flowage did 

not flatten surface perturbations, notably longitudinal grooves and spines, in 
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toothpaste lava which would have been flattened in pahoehoe, nor did olivine 

crystals settle to any appreciable extent. The toothpaste lava had a higher 

viscosity than pahoehoe and had crystallized to a greater extent at the time when 

it erupted. 

The olivine crystal distribution is important in quantifying the difference 

between pahoehoe and toothpaste lava. The Kapoho toothpaste lava carries 

olivine crystals up to 12 mm across. The content of crystals 4 mm or more across 

is relatively uniform in the upper 10 to 30 cm of all flow units, regardless of dis

tance from vents. Apparently, very little settling took place while the lava was 

flowing and the surface crust forming. The olivine content is 2 to 4 times greater 

in the lower interior part than in the upper interior part of units a meter or more 

thick; this is attributed to settling of olivine in situ in the static lava. 

Numerical modeling (Chapter 1) allows the generation of olivine concentra

tion profiles across lava flows of given thicknesses using different crystal settling 

rates (fig. 12). By _matching field profiles with the modeled profiles, the best fit 

obtained corresponded to a settling rate of 1 cm per 5.5 hr. For crystals 4 mm in 

size, the corresponding viscosity from Stokes' law is 104 Pa s. For the porphyritic 

pahoehoe flows that were examined elsewhere in Hawaii, the settling rates are 

about 1 cm per 40 mins for olivine crystals of the same size, indicating a viscosity 

of about 103 Pa s. The content of crystals in the crust of these flows is moreover 

not uniform, indicating that some crystal settling took place while the flows were 

movmg. 

The fact that olivine crystals settled to a small yet measurable degree 

through the toothpaste lava indicates a low yield strength for the lava. A yield 

strength of about 4 N /m2 is required to prevent a spherical olivine 4 mm in diam

eter from sinking (Sparks et al., 1977) . 
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Fig. 11. Characteristic features of toothpaste lava. Direction of flow left to right. 

Arrows approximately 1, 0.5, and 0.01 m long in A, B, and C respectively. 

A. Toothpaste tongue issuing from curved bocca. Sl-82, lateral shear zone 

evidenced by imbricate shearing and clinker. Note how longitudinal lineations 

maintain same spacing along length of tongue. 

B. Cut-away view showing pulse buckles {Pb) and pulse flaps {Pf), features 

of discontinuous extrusion. Note how vesicles deformed because crust was 

retarded relative to underlying lava. 

C. Close up showing spines, pointing back toward bocca. 

D. Photograph of small toothpaste lava tongue. Flow direction toward left. 
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Fig. 11. Features of toothpaste lava . 
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DIFFERENCES FROM, AND RELATIONSHIPS TO, PROXIMAL-TYPE A'A 

A'a is a lava type whose surface consists of jumbled and loose rubble overly

ing coherent lava. It is important to distinguish here between "proximal-type 

a'a" and "distal-type a'a" (fig. 13). Proximal-type a'a advances with a rolling 

caterpillar track motion commonly at a rate of greater than 1 m/min on low-angle 

slopes, and tends to occur relatively near its vent. The surface rubble consists of 

scoriaceous fragments (clinkers) with spinose surfaces . 

Distal-type a'a forms lava lobes commonly 10 m or more thick, such as occur 

in the distal parts of many Mauna Loa flows. Distal-type a'a does not advance 

with a caterpillar track motion and generally moves slower than 1 m/10 min on 

low-angle slopes. Many rubble fragments are massive non-scoriaceous lava derived 

by uprise of the massive flow interior on. inclined shear zones (ramp structures). 

The crumbling of rubble at the surface generates a high content of sub-millimeter 

sized particles . 

In the following discussion toothpaste lava is related specifically to proximal

type a'a, a common associate in the field. A flow unit of toothpaste lava typically 

has shear planes along either side (fig. 11), and rubble litters the surface along or 

near these planes. The rubble fragments are spinose, and many have a spiral 

form like the "lava coils" described by Temperly (1966), Peck (1966), and Peter

son and Tilling (1980). The shapes and positions of the coils show that they 

formed by the rotation and tearing of spongy surface lava where it was subjected 

to a shear torque. This shear torque is generated by the lateral velocity gradient 

in the underlying lava . 

Such shear zones are a key to how a'a lavas form. It is envisaged that 

emerging lava rapidly develops a surface skin which, being cooler, is more viscous 

than the underlying lava (fig. 14). Skin above a lateral velocity gradient is sub

jected to a torque because of variable drag exerted on its undersurface. The 
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Fig. 12. Graphs of number of olivine crystals (C=crystals per 1 cm2 of exposure) 

vs. height (h in meters) for pahoehoe exposed in wall of Kapoho graben (A), 

toothpaste lava in 1960 flow at Kapoho (B), and proximal-type a'a exposed in 

gulch eroded in Ko'olau volcano, 4 km SE of Haleiwa ( C). Points are field data. 

Lines are distributions generated by numerical modeling, from which viscosities (µ 

in Pas) are calculated . 
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Fig. 13. Photographs of sections of proximal-type a'a at Kapoho (A) and distal

type a'a on coastal plain below Hilina pali, Kilauea (B). Note thinness of clinker 

cover and lack of internal shear structure within proximal-type a'a. In distal-type 

a'a, surface and flow front are covered with large blocks. In B, arrow indicates 

hammer . 
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torque rotates the skin counter-clockwise left of the lava median line and clock

wise right of the line. Such rotation is possible only if the skin can tear away 

from adjacent skin. An a'a lava is one in which the skin has been torn into frag

ments due to this torque. The spines of a'a clinker are stretched and torn frag

ments of spongy lava that is unable to coil. An additional factor in the formation 

of a'a is that the underlying lava must be too viscous to rise between the torn

apart fragments and so heal the tears. 

The distribution of olivine crystals in proximal-type a'a flows at Kapoho and 

elsewhere in Hawaii is similar to that in toothpaste lava. It is interpreted that 

the crystal settling rates and the lava viscosities were about the same. 

It is also interpreted that toothpaste lava emerges more slowly from its bocca 

than does proximal-type a'a. A surface skin forms within a short distance of the 

point of emergence and a small rotation occurs, twisting and coiling some strands 

of lava. However, the torque is insufficient to tear apart the skin. The rigid crust 

that characterizes toothpaste lava can thus develop . 

Field observations on toothpaste lava tongues with a crust broken into slabs 

show that a crust about 5 cm thick had commonly formed within about 5 m of 

the bocca. Measurements on active lava flows of Kilauea show that a crust of this 

thickness forms in about 30 mins. The flow velocity of the toothpaste lava was 

thus 1 m per 6 min. A flow rate of 1 m per 30 mins on toothpaste lava in 

Heimaey (Iceland) was measured by George Walker in 1973 and flow rates of 1 m 

per 25 to 30 min on a toothpaste lava flow in August 1986 at Kilauea were meas

ured by the author. 

Toothpaste lava and proximal-type a'a are considered to be alternative types 

that develop from lavas with similar viscosities, since at Kapoho olivines have 

sunk to similar degrees in both types. The surface of lava emerging rapidly from 

a bocca tears and generates a'a; the surface of lava emerging slowly resists tearing 

and forms toothpaste lava (fig. 15). 
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Fig. 14. Schematic block diagrams (not to same scale) of lobes of the four basaltic 

structural types in Hawaii, showing velocity profiles (arrows proportional in 

length to flow velocity). 

A. Pahoehoe: differential flow accomodated by wrinkling or stretching, and 

also disruption and rapid healing, of skin . 

B. Toothpaste lava: differential flow of rigid crust accomodated by shearing 

(S) at margins. 

C. Proximal-type a'a: differential flow causes tearing and rotation of por

tions of skin and also gradual outward movement, eventually to become attached 

to the levees (L). 

D. Distal-type a'a: plug flow of lava having a yield strength, with loose rub

ble conveyed on surface, and marginal zones of shearing (S), and rotated rubble . 

A, 

/ 

c . D. 
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The relation between lava structure and slope angle is easily observed at 

Kapoho where an increase in slope occurs (A in fig. 9). Upslope, the flow field is 

90% toothpaste lava and broken crusts of primary lobes. From the top of tHe 30-

m-long steep section, through a second break in slope back to sub-horizontal, and 

all the way to the sea, 50% of the lava surface consists of clinker. This increased 

amount of a'a is attributed to more rapid shearing as lava flowed down the steep 

slope. The lava did not revert to toothpaste lava where the slope flattened, indi

cative of the non-reversible structural transitions that take place in lava flows 

(Peterson and Tilling, 1980, Kilburn, 1981). 

TOOTHPASTE LAVA IN THE KAPOHO FLOW FIELD 

The above discussion relates to toothpaste lava in general; two main types of 

occurrence of toothpaste lava in the 1960 flow field at Kapoho are described here. 

Most toothpaste lava units emerge from boccas on top of an earlier flow sur

face but they may also form at the front of a lava flow; they are thus able to both 

thicken or widen the lava flow. The typical secondary toothpaste lava tongue 

from a bocca is 1-3 m wide, 1-2 m thick, and more than 10 m long. The distribu

tion and orientation of these tongues on the main flow tends to be random . 

The surface of some toothpaste lava tongues is broken into imbricately 

stacked plates (fig. 16). These plates apparently separated from the underlying 

lava, because of the coalescence of gas bubbles beneath them, and became 

stacked when the tongues encountered an obstacle. The stacks often stand nearly 

vertical and consist of spiny lava plates typically 5-10 cm thick (see also Mac

donald, 1972, p. 79) . 

Other tongues were evidently cooler and more viscous. Ga.s bubbles could 

not coalesce to allow breaking of surface crust, and the tongues were therefore 

more able to plow their way through obstacles while maintaining surface 

integrity. 
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Fig. 15. Semi-quantitative diagram showing relation between lava viscosity, flow 

velocity, and flow type. The reciprocal of flow velocity plotted on vertical axis; 

velocity therefore dec'reases upward. The large dot pattern indicates the range of 

pahoehoe values, the small dots that of proximal-type a'a, and the medium dots 

that of toothpaste lava (data from figure 2). The flow rates are conjectural. 
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Clinker present on most of the lateral margins of toothpaste lava tongues 

indicates that shearing occurred. The clinker formed as pieces of pasty lava 

rotated and tore off above the shear zone. The formation of shear zones was 

apparently related to the velocity at which the tongue was advancing. Those 

tongues which were somewhat more fluid became attached more easily to the 

adjacent rock, and relatively wide shear zones (up to 25% of the tongue width) 

were formed. Those tongues which moved more slowly due to higher viscosity or 

slower effusion rate were better able to maintain their integrity as a whole, and 

shearing was confined to narrower zones. The faster or more fluid lava was more 

prone to form clinker than the slower or more viscous lava. Since these shear 

zones are narrower on the more viscous tongues, so too is there less clinker . 

Boccas usually occur tens to thousands of meters away from the vent, and 

lava issuing from them may have cooled slightly and lost gas. This cooling and 

gas loss causes a rise in viscosity, so that lava from boccas on pahoehoe lava fields 

is sometimes toothpaste lava. The distal ends of pahoehoe flows are also some

times toothpaste lava. This is generally manifested by small flow units that bud 

from the main body of the flow. 

In places at Kapoho the primary flow lobes (as opposed to lava from boccas) 

consist of toothpaste lava. These lobes are similar in form to the secondary lobes 

but are much larger. Figure 9 illustrates characteristics of a primary lobe. A 

solid crust 10 to 20 cm thick formed within 10 m of the bocca, preserving on its 

surface longitudinal grooves and upflow-pointing spines. This crust was relatively 

rigid and broke into separate plates where movement in the underlying fluid lava 

diverged, converged, or changed velocity. The plates then diverged, rotated, or 

became thrust on one another. 

New crust formed in the spreading zones between diverging plates. In places 

this new crust was broken by further spreading, forming third or even fourth gen

eration crust (fig. 17). By matching outlines of surface plates and noting orienta-
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Fig. 16. Imbricate stacking of surface plates on toothpaste-lava flow tongue that 

moved from right to left. Plates are about 10 cm thick. Width at bottom edge of 

photograph, about 5 m . 
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tions of surface spines on the new crust, the detailed spreading history of the 

toothpaste lava can be reconstructed. These histories can be quite complex, and 

the analogy to plate tectonics is close (Duffield, 1972). The surface plates did not 

sink once they fractured, nor did lava ever well up to heal the fractures com

pletely . 

- 44 -



Fig. 17. Map of large primary toothpaste-lava lobe at Kapoho (arrow in Fig 9). 

Flow direction is bottom to top. Break-up and spreading of surface crustal plates 

occurred at many places, as did significant rotation of some plates. Insets show 

spreading in greater detail. Numbers on insets and cross sections show relative 

ages of lava surfaces, 1 being oldest. 
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Fig. 17. Map of primary toothpaste lava lobe . 
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SUMMARY OF CHAPTER 2 

Pahoehoe characterizes the most fluid, and a'a (or occasionally, block lava) 

characterizes tfie most viscous of Hawaiian basaltic lavas. It is tempting therefore 

simply to correlate flow character with lava viscosity and identify the transition 

from pahoehoe to a'a as the passage of the cooling flow across a viscosity thres

hold. Toothpaste lava is a recognizable transitional lava type; all gradations are 

found between pahoehoe and toothpaste lava as well as between toothpaste lava 

and proximal-type a'a. The incorrectness of ignoring flow movement during the 

viscosity transition was demonstrated by Peterson and Tilling (1980). The recog

nition of toothpaste lava, and study of its characteristics, provides further 

demonstration that the lava flow rate was an additional important factor. Slow 

flowage of moderate to high viscosity lava at 1 meter per minute to several tens of 

minutes caused the formation of toothpaste lava which in faster-flowing condi

tions, would have formed a'a. The extensive development of toothpaste lava 

instead of a'a in the 1960 Kapoho flow field is attributed to the very low ground 

slopes (mostly less than one degree) onto which this flow erupted (Macdonald, 

1962) . 

The rheologic condition and slow rate of movement of toothpaste lava can be 

deduced from a number of features distinctive of this lava type; these features 

reflect the slow rate of relaxation of the lava when it was deformed. The viscosity 

correspondence between toothpaste lava and proximal a'a is demonstrated by the 

comparable degree of crystal settling that they exhibit. 

The passage from pahoehoe to proximal-type a'a might be correlated with 

the crossing of a rheologic threshold and the acquisition of a yield strength. How-

ever, in situ crystal settling occurred in both pahoehoe and proximal-type a'a at 

Kapoho, so that the yield strength of both type must have been less than 4 

N/ m2 
• 
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This study demonstrates the feasibility of examining flow features in solidi

fied lava to obtain at least a semi-quantitative estimate of conditions that existed 

when the lava was fluid. Examples of these conditions are rheologic condition 

and flow velocity, induced from analyses of their structural characteristics . 
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CHAPTER3 

PAIRED LAVA FLOWS OF MAUNA LOA 

INTRODUCTION 

Hawaiian lavas form two main and very distinct structural types; a'a and 

pahoehoe. Dutton (1884) was one of the first to describe them. The terms have 

no meanings in Hawaiian other than the names of the lava surfaces (Macdonald, . 

1953; Pukui et al., 1977) . 

Although transitional forms exist (Macdonald, 1953; Peterson & Tilling, 

1980; Chapter 2 of this volume), and some lavas are of block lava type, probably 

90% of subaerial Hawaiian basalt lava flows can fit into either the a'a or pahoehoe 

categories. The obvious differences in appearance are not however reflected by 

any systematic differences in the chemistry of the rocks themselves (Macdonald, 

1972; Macdonald et al., 1983). A number of explanations of why a lava flow is a'a 

or pahoehoe, or why parts of a single flow are either a'a or pahoehoe, have been 

published (Emerson, 1926; Macdonald, 1953; Peterson & Tilling, 1980). The 

essential factor governing the formation of a'a is the disrupti0n of lava having a 

high viscosity (more than about 1000 Pa-s). A viscosity of this magnitude is 

gained by cooling and/ or loss of gas. 

The spectacular fire fountains characteristic of Hawaiian eruptions are world 

famous. In fact however, they represent only half of the picture. A volumetri

cally equally important eruptive style is slow and placid effusion of pahoehoe lava 

and its distribution through lava tubes (Peterson & Swanson, 1974). The long

lasting eruptions of Mauna Loa have been described as going through 3 phases · 

(Macdonald et al., 1983, pp. 63): the initial "curtain of fire", the concentration of 

the effusion to one or more discrete vents, and finally a waning, low intensity 

eruption from these same vents. The most important difference between the last 

two phases is the volumetric discharge rate. Up to 60% of the entire lava volume 
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can be erupted during the first 1-2 days (Macdonald & Finch, 1950). The inter

play of discharge rate and factors such as gas content, tube formation, channel 

formation, and vent structure type, in determining lava structures is complex, 

thus it is not easy to determine simple cause and effect. 

By combining historical accounts of eruption durations with field studies and 

aerial photo interpretation, a relationship has been determined between discharge 

rate and lava type (a'a vs. pahoehoe) for ~he 1859 and 1880-81 eruptions. This 

relationship holds also for some of the recent eruptions of Kilauea including that 

which, at the time of writing, is still in progress. This chapter discusses the rela

tionship and the factors that control it. The processes that the erupting lava 

undergoes are considered, as well as the volcanic plumbing systems that control 

those processes. 

The importance of recognizing these distinct eruptive behaviors in the deter

mination and mitigation of volcanic hazards is also discussed. Baldwin (1953) 

mentions that in 1880 the populace familiar with Mauna Loa eruptions, while 

watching the initial high fountaining stage which was generating a'a flows, 

expected a change in eruption character to take place soon to a pahoehoe phase . 

This later, low-intensity pahoehoe phase is what worried them the most because 

of pahoehoe's ability to travel long distances in tubes. At that time, no inhabited 

areas had been threatened by pahoehoe since western contact, so this fear must 

have been based on accounts passed down by Hawaiians orally from generation to 

generation. In this chapter, an attempt is made to quantify the basis for this oral 

tradition . 

THE 1880-81 ERUPTION 

CHRONOLOGY 

The 1880-81 eruption of Mauna Loa is historically noteworthy because the 

terminus of the flow is in the suburbs of present-day Hilo. Had the eruption 
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taken place 100 years later, the damage might have been great. The eruption 

started November 1 (Baldwin, 1953) or November 5 (Macdonald et al., 1983) with 

high fountaining at the 3200 m level on the NE rift zone (fig. 18). Channel-fed 

a'a flowed NNE from the vent to the N side of the rift zone, turning eastward in 

the saddle between Mauna Loa and Mauna Kea. On November 9 (Baldwin, 

1953) an additional flow started southward from the same vent area towards 

Kilauea. These a'a flows moved rapidly. The NNE and SE trending flows are 14 

and 19 km long respectively and reached those lengths in approximately 25 days, 

yielding average flow speeds of 0.6 and 0.8 km/ day. 

According to Baldwin (1953), the change to pahoehoe eruptive style took 

place some time within a period of about 2 weeks; a visit was made to the a'a flow 

on Nov. 29 and "shortly after ... the lava changed to pahoehoe at its source." Thus 

it is concluded that the pahoehoe flow started around the end of November, 1880; 

it continued until July 7, 1881. The account also states that " .. . the pahoehoe 

flowed out of the same vent as the a'a and flooded down over the a'a, almost obli

terating it ." Field examination of the pahoehoe vent shows that this appears to 

be in error. The source of the pahoehoe flow is entirely surrounded by prehistoric 

lavas and pyroclastics (fig. 19). The a'a vents are about one kilometer further 

uprift, and there was no eruptive activity along this length of the rift zone 

separating the a'a and pahoehoe vents. Surges in the advance of the pahoehoe 

were observed (Bringham, 1909 p. 151), suggesting that the discharge rate may 

have fluctuated. 

THE A'A FLOW OF 1880 . 

The NNE a'a flow of 1880is poorly preserved because much of it was covered 

by the flow of 1899. No major channels are present on the preserved portion until 

12 km from the vent at an elevation of 2240 m. The exposed volume of the NNE 

a'a flow is approximately 22 x 106 m3
. 
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In contrast, the SE ("Ka'u ") a'a flow is well preserved because it occurs on a 

portion of Mauna Loa that until 1984 was untouched by historic lavas. This flow 

branches a number of times down to the 2700 m level, although none of the 

branches are distinctly channelized. Below this elevation, fewer branches occur 

and channels are found discontinuously, though none of them appear to have 

been long lived; no distinct levees or overflow material is present. Between the 

1480 and 1440 m elevations, the last channels merge with the "frontal zone" (Bor

gia et al., 1983) which extends another 3 km to the terminus of the flow. The SE 

a'a flow is 19 km long and its volume is 20 x 106 m3
• The combined volume of 

both main branches of the 1880 a'a is 42 x 106 m3 • Averaging this over the 

approximately 25 days that high fountaining took place yields a discharge rate of 

19 m3 /sec. 

THE PAHOEHOE FLOW OF 1880-81. 

The 1880-81 pahoehoe flow erupted from a short length of fissure trending 

80° at an elevation of 3080 m. Significantly (in contrast to the a'a-producing 

source), no trace of any pyroclastic vent structure is preserved at this highest 

elevation of the pahoehoe. Jaggar (1939), identified the source vents as a line of 

spatter cones at the 2950-2900 m elevation but Macdonald (1945) pointed out 

that these cones are obviously older structures and are situated 1.5 km downhill 

from the highest occurrence of 1880-81 pahoehoe. 

The pahoehoe flowed NNE, roughly paralleling the NNE 1880 a'a flow. It is 

approximately 1 km wide down to the 2600 m level, where it widens to 1.3 km in 

an area where it subdivides around a number of small kipukas. Thereafter the 

flow constricts and widens several times around large kipukas (1.6-3.2 km2 ) which 

are centered at the 2080, 1960, 1880, 1640, and 640 rn elevations. The actual 

width of coverage (width of flow minus width of kipukas) ranges from 100 to 1800 

- 52 -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

m and shows no correlation with topographic gradient or distance from source 

(see discussion below and figs. 24 and 25) . 

The flow gently curves to a more easterly direction in response to overall 

topography (the presence of Mauna Kea) and in places it is found in the stream 

gulch on the boundary between Mauna Kea and Mauna Loa (Baldwin, 1953; 

Bringham, 1909 pp. 148-155). At the 960 m level, the flow enters a steep-sided 

gully and narrows to 100 m. However 1.5 km further downstream it widens back 

to 800 m. Downslope from this, at the 720 m level, the flow widens from 1000 m 

to 1800 m and branches into three flows where it encounters a low ridge parallel 

to its flow direction. The southern and central of the three branches rejoin at an 

elevation of 500 m. The flow is 100 m wide at its terminus, where it crosses 

Komohana Rd. (fig. 18). 

The surface appearance of the 1880-81 pahoehoe is remarkably uniform. At 

·all points along the flow, the surface differs only in degree of weathering due to 

the various climatic zones that the flow traverses. Skylights into tubes are 

exceedingly rare but the flow was tube-fed from within 100 m of its vents to its 

terminus. Skylights are more numerous at higher elevations though nowhere are 

there lines of them to indicate the trace of a lava tube. The tubes that are 

revealed by the few skylights are quite large (10-15 m wide by 4-5 m high). The 

most famous of these is Kaumana cave with a skylight at an elevation of 340 m. 

The pahoehoe flow is 47 km long and has an estimated volume of 88 x 106 m3 
• 

The discharge rate and flow velocity averaged over 255 days were therefore 5 

m3 /sec and 0.2 km/day respectively . 

THE 1859 ERUPTION 

CHRONOLOGY 

The 1859 eruption (fig. 20) started on Jan. 23, 1859 (Bringham, 1909 p. 75) 

from an elongate vent (fissure) at 3400-2720 m elevation on the N side of 
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Fig. 18. Map of 1880-81 paired lava flow. Inset area 17 km2 • 
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Fig. 19. Vent area of 1880-81 pahoehoe flow. Note lack of associated pyroclastic 

material and presence of skylights into master tubes (S). Light colored surround

ing rocks are prehistoric. View is down-flow (to the north) . 
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Mauna Loa, immediately following a reported small summit eruption. The first 

lava flow was a'a and it reached the sea at Wainanali'i on January 31 (Bringham, 

1909 p. 75), having travelled the 51 km distance in 8 days. An account by R.C. 

Haskell (Bringham, 1909 pp. 75-77) states that his party was able to see lava 

fountains 400-500 feet (120-150 m) high on February 5 erupting from a "crater"' 

150 feet (45 m) high; the word "'crater"' was used in many older accounts for what 

is now termed "'vent". The high fountains ceased activity on Feb. 7. Haskell's 

party reached the vent area in the evening of Feb. 9; pahoehoe formation had 

begun. They described two "craters" at that time which " ... were sending up gas 

and steam, with appearances of flame."' They noted that within this jet were par

ticles "' ... heated to redness."' The lava flow "made its appearance" about 0.8 km 

down slope from these degassing vents, flowing out from under a crust and travel

ing both in open channels and lava tubes. Haskell stated that it appeared as if 

the lava was running under the same vents from which high fountaining had 

come but that those were now " ... merely vents for the escape of gases." The gas 

jet was described by W .L. Green as 10,000 feet (3000 m) high, 500 feet (150 m) 

wide, and. Green commented, "Perhaps the circumstance which impressed me 

the most was the dead silence which reigned," (Bringham, 1909 p. 79). Haskell 

made a second trip to the vent area and in a letter dated June 22, 1859 (Bring

ham, 1909 p. 77) noted that the entire flow was flowing under a cover (in tubes) 

at times 40 feet (12 m) below the surface and was visible only in s~ylights. He 

observed at that time a crack extending uphill, an extension of the line of pyroc

lastic cones. Much hot gas was coming from this crack but no lava had come out 

anywhere above the pyroclastic vents . 

The tube-fed pahoehoe lava reached the coast as a flow front 150-180 m wide 

and flowed into the sea 660 m south of the a'a flow (fig. 20) . An excellent 

account of the flow of pahoehoe into the ocean was given by Green (1887, p. 163) . 

The pahoehoe flowed into the sea for several months but the exact date when it 

- 57 -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

first reached the sea was not recorded. At an advance rate of 0.25 km/day (that 

of the 1880-81 pahoehoe) which is a typical value for pahoehoe flows, it would 

have taken 170 days for the pahoehoe to reach the coast. Temporal flow volume 

and length constraints for the 1859 eruption are poor because both the a'a and 

pahoehoe flow portions are partially concealed under water. An additional prob

lem is that the pahoehoe portion flowed down on top of and partially concealed 

the a'a. Here the volume estimate of Lockwood and Lipman (1987) is accepted . 

THE A'A FLOW OF 1859. 

The 1859 a'a flow is 51 km long on land. The vents are located along a 9 km 

long fissure trending 335° from elevations of 3400 to 2600 m (fig. 20). The erup

tion took place on an ill-defined rift zone (Macdonald et.al., 1983 p.369), along 

which previous eruptions have produced a number of cinder cones aligned on a 

similar trend to that of the 1859 vents (Stearns and Macdonald, 1946). Lockwood 

and Lipman (1987) consider the 1859 vents to be one of 66 "radial" vents, none of 

which are sufficiently concentrated in any one area to be considered a rift zone. 

The spatter ramparts from which high fountaining took place are 10 to 30 m high, 

composed of poorly welded spatter, and do not form a continuous line. They 

closely resemble the vents formed elsewhere by high fountaining eruptions of 

Mauna Loa. Though the trend of the vents is 335 •, the lava initially flowed in a 

direction of 320 ° , off the slight topographic ridge in this area. Similarly, along 

the well defined NE and SW rift zones of Mauna Loa, flows rarely flow parallel to 

the rifts initially, tending to flow down off their flanks first. 

The 1859 a'a flow ponded in the saddle between Mauna Loa and Hualalai 

before moving in a more northerly direction around the N side of Hualalai, even

tually reaching the sea at Wainanali'i. It added to the pile of Mauna Loa (and 

undoubtedly also Hualalai) lavas up against the N. side of the 270 m thick Pu'u 

Anahulu trachyte flow (Macdonald et al., 1983, p. 366). 
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The 1859 a'a flow was channelized along much of its length. Proceeding 

down from the line of vents, a major channel first becomes evident at the 2400 m 

elevation, 11 km downstream. The channel is better developed on the steeper 

slopes (more than 2°). In the Mauna Loa-Hualalai saddle, where the gradient is 

generally less than 2°, no clearly defined major channel exists. Below 1500 m the 

gradient increases again to 3-4°, and a very well-defined channel is again present. 

This steeper gradient also caused the flow to be quite narrow, averaging 1000 m 

in width. Attempts to correlate flow width with topographic slope both in this 

study (where the a'a part of the flow is distinguished from the pahoehoe part) 

and in an earlier study (Gaddis et al., 1984), where no such distinction was 

attempted, met with limited success and are discussed later. Channel formation 

migrates down-flow as a flow advances (Borgia et.al., 1983). The well defined 

channel can be identified down to an elevation of 400 m, 42 km downstream from 

the upper end of the flow, and its total length is 31 km. Below the lowest chan

nel, the lava in the frontal zone moved a.s large a'a lobes which flowed the remain

ing 5 km to the sea without channel development. The flow reached the sea on 

Jan. 31 and high fountaining ceased 8 days later. There was not sufficient time 

for the main channel to form along the entire length of the flow but it probably 

would not have formed on the 3.3 km wide coastal shelf which has a gradient of 

only 2°. 

The end result of the 15-day long high-fountaining phase of the eruption was 

an a'a flow 51 km long, 100 to 2500 m wide, and channelized for 66% of its length. 

Its total volume is 270 x 106 m3
, yielding an average discharge rate of 208 m3 /sec. 

The surface underlying the 1859 a'a flow is quite variable and includes vegetated 

and unvegetated a 'a and pahoehoe. There is no apparent effect on the flow 

caused by changes in underlying surface . 
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THE PAHOEHOE FLOW OF 1859 . 

The pahoehoe portion of the 1859 flow makes its appearance 4 km down 

from the a'a-producing vents (fig. 20). For the upper 17 km of its length, the 

pahoehoe flowed down the middle of the a'a flow. Thereafter it is found abutting 

or ponding against the S. side of the a'a. The only exception to this is at an 

elevation of 1520 m where a large arm of pahoehoe covered the entire a'a lava and 

flowed down its N. side (as well) for a distance of 10 km. 

Skylights on lava tubes are visible in aerial photos between the 2240 and 

1520 m elevations, a distance of 15 km, marking the course of tubes. In the lower 

portion of the flow, skylights are much rarer. Part of this may be due to the 

greater plant cover present at lower elevations and its ability to hide skylights . 

Possibly the increased depth of the pahoehoe flow due to its narrowness at lower 

elevations allowed thicker and stronger roofs to form which were less apt to suffer 

skylight-forming collapses . 

The pahoehoe lava ponded between the a'a flow and the Pu'u Anahulu tra

chyte. Rather than flowing around the N. side of the trachyte, as have numerous 

other Mauna L~a flows (Macdonald et al., 1983), the 1859 pahoehoe flowed over 

the trachyte. It eventually reached the sea and spread out on the coastal plain 

just south of where the a'a flowed into the sea 5.5 months earlier (fig. 20). The 

pahoehoe widened from 250 m to 2500 m where it reached the low (1-2°) gradient 

of the coastal plain. The pahoehoe flow of 1859 is 4 7 km long and has a volume of 

113 x 106 m3 • It was erupted over a time period of around 285 days yielding an 

average discharge rate of 5 m3 /sec . 

Evidence that the pahoehoe flowed slowly on the coastal plain is provided by 

the occurrence of fragments of the prehistoric underlying lava that are found 

imbedded in its top surface (fig. 21). Such fragments reach this position because 

of a reverse caterpillar-track motion of the advancing flow front, and observations 

on Kilauea from 1985 to 1987 suggest that it takes place only when pahoehoe is 
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moving at a slow rate ( < 1 m/min). Much evidence of the dynamics of a large 

pahoehoe flow field is well displayed at this coastal location. Tumuli and collapse 

pits (Macdonald, 1953) are evidence that lateral movement of lava continued 

under a thick surface crust after the flow as a whole had become static . 

Collapse pits are analogous to lava tube skylights in that they record the 

failure of a solid flow surface over a fluid interior. They occur in places where the 

topographic gradient is low, this low gradient preventing the complete drainage of 

the fluid interior which might otherwise produce empty lava tubes. In addition 

to scattered tumuli, the coastal part of the 1859 pahoehoe has a distinct . two-level 

character (fig. 22a). Elongate, flat-topped, tumuli-like structures are present on 

25 % of the surface of the flow field. These at first glance appear to be "pressure 

ridges" (Theilig & Greeley, 1985) which are essentially elongate tumuli, areas 

where the solid surface has been uplifted by inflow beneath. The surface of the 

higher portion should therefore be identical to that of the lower surface except for 

the fact that it is higher. Such is not the case however; the lava which forms the 

higher portions contains approximately 30% fewer vesicles than that which forms 

the original flow surface (fig. 22b). These higher areas are degassed lava from the 

interior of the flow field which was forced upward through cracks onto the sur

face. The distinction between the original surface and the squeezed-up interior is 

evident from the ground at times of low-angle illumination, the two lava types 

having different albedos. Fig. 23 interprets the structure of this area. 

SUMMARY OF ERUPTIVE PHASES THAT PRODUCED 

PAIRED LAVA FLOWS 

The historical descriptions indicate that the 1859 and 1880-81 Mauna Loa 

eruptions were quite similar in many respects. The series of events leading to the 

formation of the paired lavas of both eruptions can be summarized as follows . 

The opening phase of each eruption was characterized by lava fountains up to 150 
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Fig. 21. Surface of 1859 pahoehoe flow on coastal plain. Note fragments of under

lying flow (arrows) imbedded in top surface . 
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Fig. 22a. 1859 pahoehoe on coastal plain. Note distinct two-level nature of flow 

surface . 

b. Cut sections of surface crust showing differences in vesicle contents . 
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Fig. 23. Schematic cross section of 1859 pahoehoe on coastal plain showing the 

inferred structures of collapse pits, tumuli, and upwelled plateaus. Stippled 

pattern-lava re-mobilized after formation of thick surface crust . 
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m high which lasted 15 to 30 days. The lava wa.s discharged at a high rate and 

produced fa.st-moving channelized a'a flows . A change in eruptive style took 

place abruptly (over 1-2 days) to pahoehoe production. Pahoehoe lava wa.s 

discharged at a low rate without significant fountaining. This low-intensity 

activity lasted from 250 to 290 days beyond the cessation of high fountaining at a 

discharge rate of 5 m3 /sec for both the 1880-81 and 1859 eruptions, contra.sting 

with the early discharge rates of 19 and 208 m3 /day respectively. The pahoehoe 

was able to flow at lea.st as far as the a'a and in fact in 1881 caused more concern 

to the general public despite its placid nature (Bringham, 1909 pp. 148-154 ; 

Baldwin, 1953) . 

TOPOGRAPHIC CONTROL OF FLOW WIDTH 

Hulme (1974) developed the ha.sic mathematic relationships governing the 

behavior of fluids and lava flows with Bingham rheology flowing down slopes . 

One of the many conclusions he reached is that flow width is inversely propor

tional to slope gradient. This relationship wa.s tested in the present study (see 

also Gaddis et al., 1984), for both the pahoehoe and a'a portions of the 1859 and · 

1880-81 flows. Pahoehoe is actually a flow field consisting of many flow units 

(Walker, 1971; Wadge, 1978) whereas a'a is more akin to a simple flow. Pahoehoe 

moreover lacks a yield strength (Chapter 1). Hulme's relationship is therefore 

directly applicable only to a'a flows. Additionally Hulme did not consider the 

effects of microtopography. Our observations of active flows indicate that gullies 

and ridges with dimensions of tens of meters or less sometimes have significant 

effects on lava flows, particularly tube-fed pahoehoe. 

The NNE branch of 1880 a 'a is so poorly preserved that no accurate flow

width estimates can be made but good data are available for the Ka'u (SE) 

branch of the flow (fig. 24a) . The a'a data have been divided into two sets, one 

taking into account and the other neglecting the widths of flow branches in 
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addition to the main flow. Neither set shows a correlation with slope angle. The 

pahoehoe of 1880-81 shows a weak negative correlation where the slope is less 

than 4° (fig. 24b). 

The 1859 lava shows a distinct correlation between flow width and slope, for 

both the pahoehoe and a'a portions. Since pahoehoe flow fields are largely 

hydraulically linked beneath the surface despite their multi-lobed surfaces 

(Wadge, 1978), they may actually behave as single fluid units. Again, a weak 

correlation is found for slopes less than 4° (fig. 25a). On steeper slopes, flow is 

strongly confined to master tubes and little lateral spreading can take place. 

The 1859 a'a was largely covered by the later pahoehoe. An attempt has 

been made to reconstruct the width of a'a before coverage (fig. 26). The correla

tion of all the a'a data once the correction is made is still poor; inspection of the 

plot however shows that three populations of points exist, one upslope of the 

ponded area NE of Hualalai (above 1640 m), one in the ponded area, and the 

third downslope from it (below 1440 m; fig. 25b and 25c). Hulme's (1974) rela

tionship assumed that flows were on uniform slopes (with straight and parallel 

elevation contours). Above 1640 m the flow is on the 'essentially uniform slope of 

Mauna Loa; Hulme's relationship holds well here. Below 1440 m however, the 

flow is in the topographic valley of the Mauna Loa-Hualalai boundary. Flow 

width is therefore relatively constant regardless of slope (fig. 25c) . 

It is concluded that variations in slope angle may exert some control on lava 

flow width. If Hulme's (1974) relationship does hold, it is subordinate to control 

by small (10 m) features. These small features have an especially important effect 

on low discharge-rate flows. The 1880-81 pahoehoe shows no clear relationship 

between flow width and slope for two reasons, the main one being its low flow 

velocity and the consequent susceptibility to microtopography (the microtopogra

phy on eastern Mauna Loa is more varied than that on western Mauna Loa) . 

Additionally, the 1880-81 flow is for a considerable distance, in dense rainforest. 

- 68 -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

The additional controls on the flow provided by heavy vegetation and high rain

fall are non-trivial and may indeed have saved the town of Hilo. 

RELATIONSHIP OF LAVA TYPE TO DISCHARGE RATE 

Fig. 27 shows average discharge rates for a number of Hawaiian historic 

eruptions of predominantly pahoehoe or a'a. It is seen that a distinct division of 

the data can be made, into high ~ischarge-rate (> 20 m3 /sec) a'a flows and low 

discharge-rate ( <20 m3 /sec) pahoehoe flows. The relationship holds for 90% of 

the sample of -Mauna Loa flank eruptions and well defined Kilauea eruptions 

(data drawn from Macdonald et al., 1983; Ulrich et al., 1986; Lockwood and Lip

man, 1987). The data from non-paired eruptions conform well with that of the 

paired eruptions, reinforcing strongly the discharge-rate and lava type correlation. 

Swanson (1973) and Swanson et al., (1979) noted that for the Mauna Ulu erup

tion, high fountaining generated a'a lavas (early in Mauna Ulu's history) while 

later activity was characterized by pahoehoe that erupted with little or no foun

taining. Swanson (1973) attributed the generation of the a'a to degassing, cool

ing, and vigorous stirring which took place in the high (500 m) fountains. He 

further divided the pahoehoe types into shelly and dense pahoehoe. He attri

buted the formation of shelly pahoehoe, so named because of its propensity to 

subdivide into a gas phase and a lava phase underneath a thin, chilled vesicular 

skin, to conditions of no fountaining; maximum gas bubble retention in the lava 

allowed formation of the shells. He attributed dense, gas-poor pahoehoe to 

moderate fountaining, which allowed the loss of gas without the cooling and 

vigorous stirring caused by high fountaining . 

It is here considered that discharge rate is the prime control on lava type 

and the incidence of fountaining. Lava exposed to air rapidly forms a semi-solid 

or solid crust. As long as this crust is not disrupted it will continue to thicken . 

The major process that disrupts this crust is differential movement of the under-
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Fig. 24. Graphs of lava flow width against slope angle for 1880-81 flow, a) SE 

(Ka'u) a'a, b) pahoehoe 
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Fig. 25. Graphs of lava flow width against slope angle for 1859 flow, a) pahoehoe, 

b) a'a before reconstructing widths, c) a'a after reconstructing widths. 
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Fig. 26. Map showing example of reconstructed a'a width prior to pahoehoe cov

erage. Slopes were calculated by dividing rise ( 40 m) by run (distance between 

tie-line midpoints), and converting to degrees . 
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lying lava. High discharge rates cause the erupted lava to flow rapidly away from 

the vent. These fast moving flows become channelized (Hulme, 1974), and the 
I 

channel levees are then raised and strengthened by overflow material (Sparks et 

al., 1976). Velocities within channels range from 0 to 60 km/hr. The surface of 

the flowing lava is constantly being torn apart so that a continuous crust is 

unable to form. When the viscosity is still low, lava from beneath can well-up 

and heal the surface ruptures. Consequently lava channels have surfaces of incan-

descent lava that resembles pahoehoe exposed over much of their surfaces. The 

radiant heat from these large areas of incandescence is intense and indicates that 

the lava is losing a great deal of heat. Eventually, the viscosity of the lava 

increases to the point where it is unable to well-up rapidly enough to heal the 

ruptures. This combination of processes leads to the production of a'a (Chapter 

2; Emerson, 1926; Peterson and Tilling, 1980). 

Exsolved gas bubbles have a lower density than the magma that they are in, 

and hence they tend to rise. When the magma velocity is relatively low, the bub

bles can indeed rise and escape from the magma (through fractures in the con

duit) while still underground; few bubbles are then available to expand at the 

surface, and fountaining is minimal. If the velocity at which magma is flowing 

through the conduit is much higher than the bubbles' rise-velocity however, the 

bubbles will be entrained and brought to the surface without appreciable buoyant 

separation. When many bubbles are reaching the surface, their rapid expansion 

disrupts the magma to a froth; vigorous fountaining takes place. Thus the 

amount of gas bubbles in magma at the time it reaches the surface determines 

the vigor of fountaining. and it is by this mechanism that the discharge rate 

(which determines conduit-flow velocities) during an eruption determines whether 

or not fountaining occurs. 

In the process of being driven out at a rapid rate, pumped into the air and 

allowed to fall back to the ground, lava undergoes cooling, violent stirring, and 
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degassing, all processes that may contribute to the formation of a'a. In a foun

tain, the disrupted lava has a large surface area exposed to the air which allows 

much air-cooling. Additionally, heat radiation occurrs; lava falling to the ground 

is much less incandescent than that just coming out of the vent. 

In distinct contrast, slow-moving, low-viscosity lava heals those surface disr

uptions that do form. Ruptures do not propagate deep into the flow; the surface 

retains its smoothness and little heat loss takes place. Low discharge rate contri

butes to the slow movement of lava, and if it continues for a long period of time, 

a flow field of pahoehoe units is formed. 

Channels are rare on tube-fed fields of pahoehoe. Movement of lava is inter

nal, visible only at skylights and at the toes of flow units, the surfaces upstream 

having solidified to provide insulated conduits. Because insulating crusts form on 

flow units, the surface of a pahoehoe flow field is a multitude of single flow-unit 

tubes. The major tubes that conduct most of the lava from vent to distal end are 

not of the single flow-unit type however. It is here postulated that continued flow 

through a plexus of single flow-unit tubes causes thermal and mechanical erosion 

of the solid layers separating these tubes (fig. 28). The walls, roofs, and floors 

occasionally break and when they do so, the separate flow-unit tubes merge to 

form larger "master" tubes. 

Field examination of the source vents of the 1880-81 pahoehoe flow shows 

that there are no pyroclastic constructs or spatter cones in the vent area, good 

evidence that the lava erupted without any fountaining (fig. 19); except for small 

ooze-outs less than 1 m3 at the northern end of the eruptive fissure, no actual 

vents can be located. The system of large tubes begins within 100 m of the 

uppermost part of the flow and evidently the lava welled up out of the fissure and 

went right into the tubes without flowing exposed to the atmosphere to any signi

ficant extent along its course. Similarly, no pyroclastic constructs are associated 

with the 1859 pahoehoe, the tube system (evidenced by skylights) beginning 9 km 
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Fig. 27. Plot of discharge rate and eruption date for well-constrained eruptions of 

Mauna Loa (triangles) and Kilauea (circles). Filled symbols--a'a, open symbols-

pahoehoe. Lines join members of paired eruptions, dashed line--20 m3 /sec . 
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downslope from the uppermost pahoehoe. The a'a portions of both eruptions 

show just the opposite; pyroclastic cones or accumulations tens of meters high 

were produced by fountaining. 

ERUPTIVE MECHANISMS FOR PAIRED LAVA FLOWS 

In this study of paired lava flows, subsurface mechanisms were sought that 

could generate the observed change in eruptive behavior and that were consistent 

with what is known about the internal structure of Hawaiian volcanoes. The fol

lowing must be explained by the model: 1. the sequence of effusion rates during 

the a'a-forming phase and the sudden changeover to the pahoehoe-forming phase; 

2. the emission of gas uprift during the eruption of pahoehoe; 3. the measured inf

lation of summit regions prior to high fountaining events and deflation thereafter; 

and 4. the lack of systematic inflation or deflation during the period of low 

discharge-rate pahoehoe eruption . 

All Mauna Loa flank eruptions have started at a very high discharge rate (> 

300 m3 /sec during the first four days of the 1984 eruption; Lipman et al., 1985). 

The erupting fissure at this time is generally a few kilometers long producing a 

"curtain of fire. H High discharge-rate eruption then becomes localized at discrete 

vents. Activity then either wanes and terminates over a period of 1-2 weeks (an 

unpaired eruption) or switches abruptly to low discharge-rate pahoehoe produc

tion which continues for periods of up to 9 months (a paired eruption) . 

Most of the observed surface characteristics of eruptions owe their character 

to the gas content of the erupting lava and its behavior in the shallow plumbing 

system. The processes that . actually bring the magma to the shallow plumbing 

systems are also of interest. To drive the changing discharge-rate eruption of 

lava, the driving force could be either elastic strain release of a swollen magma 

chamber or a variable gas content in the magma. During the long-period, low 

- 78 -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Fig. 28a-c. Schematic diagram illustrating steps in the formation of '"master'" lava 

tubes from single flow units, stippled area-fluid lava, dot-density inversely pro

portional to vesicularity . 
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discharge-rate pahoehoe phase, the driving force is the bubble-induced buoyancy 

of the magma. 

The supply of magma to Kilauea and Mauna Loa is thought to be constant 

over periods of many years, and during periods between eruption or intrusion the 

magma is stored in magma chambers in the volcanic edifice. The magma influx is 

accommodated by expansion of the chamber and thus the edifice as a whole; this 

expansion is well documented by tilt and distance measurements on Kilauea (cf. 

Eaton and Murata, 1960; Kinoshita et al., 1974) and on Mauna Loa (Lockwood et 

al., 1987; Decker et al., 1983). Unless the edifice loses a great deal of strength due 

to fracturing during this expansion, the strain is taken up elastically to be 

released when an eruption starts. Elastic strain release has not been generally 

favored as a driving force for eruptions because such a release follows an exponen

tial decay and few eruptions have demonstrated this (Wadge, 1981). 

The 1984 eruption of Mauna Loa was the first Hawaiian event to be studied 

in enough detail to provide useful data on changing discharge rates. The 

discharge is presented by Lipman et al., (1985) and Lipman and Banks (1987) as 

a stepwise decrease characterized by 5 to 10 day periods of constant discharge 

rate. However, because of uncertainties in the data (Lipman and Banks, 1987) an 

exponential decay of discharge rate can also be supported. Figs. 29a and b show 

effusion and tilt data plotted against time (data from Lockwood et al., 1987; Lip

man and Banks, 1987). The tilt data yield the equation: 

tilt=lOl µrad e-1.9/day(time) 

Wadge (1981) derived a similar formula governing the time variation of discharge 

rate: Q = Q
0
e(-time/T(d::i.y)), where Tis a constant determined by viscosity, 

chamber volume, the bulk modulus of magma, and dike height, width and length 

and time is in days. The 1984 daily-volume data fits the equation: 

volume= 47 x 106 m3 e-19/day(time) (fig. 29b) . 
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The difficulties in estimating discharge rates precisely are great and the data used 

in the above discussion could easily be in error by a factor of 2. 

The important feature of the above discussion is that the high discharge-rate 

portion of at least the most recent Mauna Loa eruption can be explained in terms 

of an elastic strain-release mechanism. After the initial fracturing of the edifice 

has taken place, elastic strain release begins to lower the amount of magma pass

ing through the eruptive conduits. Soon the magma flux is unable to keep the 

entire line of vents open. For this reason the eruption changes from a curtain of 

fire to a number of discrete vents. Alternatively the high discharge-rate portion of 

the eruption could be driven by magma in which gas bubbles have accumulated. 

The density of spatter decreased slightly during the later stages of the 1984 erup

tion however (Lipman and Banks, 1987), indicating that it was this later magma 

that may have had more gas bubbles in it. Finally at the end of an eruption pro

ducing only high discharge-rate a'a, either the magma pressure is so low that no 

eruptive conduits can be kept open, the heat of the diminished flux is unable to 

counteract the cooling of country rock and the dike freezes, or the amount of gas 

remaining in the magma is too small to make the density of the magma lower 

than the country rock, or all three, and the eruption ends without the subsequent 

generation of a pahoehoe flow. 

The exsolved-gas flux during an eruption exerts strong control over the char

acter of the eruption. For magma of any given gas content moving out from the 

magma chamber, there is a "solubility level" above which gas begins to exsolve. 

If magma rises higher than this level, gas bubbles form, rise, and expand. If 

magma continues to rise, the confining pressure on it decreases and the volume 

fraction of gas increases due to decompression and the exsolution of addit.ional 

gas. Consequent reduction of magma density to below that of the country rocks 

causes the buoyant uprise of the magma to the point where it meets the surface 

and erupts. The larger gas bubbles may move significantly relative to, and may 
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Fig. 29. Graphs of lava discharged (triangles) and tilt (circles) for the 1984 erup

tion of Mauna Loa. a) linear-linear, b) log-linear . 
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escape from, the magma. The character of the eruption will depend on the 

amount of gas bubbles still in the magma by the time it has reached the surface. 

When discharge rates are high, exsolved gas is entrained in, rather than 

buoyantly rising through, the magma. Vigorous fountaining indicates that the 

volume of exsolved gas within the magma at the surface is high. The eruption of 

the later, pahoehoe-forming phase illustrates the effect of low exsolved-gas flux. 

The absence of fountaining indicates that the volume flux of gas bubbles that are 

expanding within the lava at the surface is relatively small. This could be due to 

the loss of significant proportion of exsolved gas in the subsurface plumbing prior 

to the magma reaching the surface. 

Two Kilauea examples of related a'a and pahoehoe eruptions have been well 

documented by tilt data, those of Mauna Ulu (Swanson et al., 1979) and Pu'u 

O'o/"C-vent" (Ulrich et al., 1987). The lack of summit tilt response during the 

low discharge-rate pahoehoe phases indicates that the lava is not pausing to fill a 

shallow summit magma chamber and that input to the summit magma chamber 

equals output at the vent. In the Kilauea and Mauna Loa examples of paired 

eruptions, the formation of pahoehoe after the high fountaining phase likewise 

means that the shallow magma chamber is probably unexpanded during the 

pahoehoe eruption. The pahoehoe portions of Mauna Loa's paired flows are frac

tionated to the same degree as the (chamber-stored) a'a (M. Rhodes, ·oral 

comm.). Such fractionation could take place in the shallow plumbing system. 

More likely there is a finite minimum magma-chamber volume in which fractiona

tion takes place as long as magma moves through at a slow rate . 

A long-lasting eruption indicates an equilibrium between magma flux and 

conduit width (cf. Wilson and Head, 1981). Unlike the high discharge-rate a'a

forming phase during which the heat flux of magma exceeds the effects of conduc

tive cooling of wall rocks, a balance must be struck during low discharge rate if 

the eruptive dike is not to freeze. 
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Sudden changes in eruptive activity can be related to changes in the amount 

of exsolved gas available to expand in the near-surface conduit to drive fountain

ing. One way to achieve a rapid decrease of such gas is to allow for the formation 

of free magma surfaces within the plumbing system. Free surf aces are able to lose 

a greater amount of gas (through pre-existing cracks and conduits) than filled 

conduits. This is because fractures leading from the conduits are not sealed by 

non-moving magma as is the case when the conduits are flowing full. The larger 

the proportion of gas that can escape from the magma before reaching the vent, 

the more placid the eruption. Fig. 30 shows an interpretation of the underground 

plumbing required. The conduits and vents formed during the high discharge

rate phase are shown to be escape routes for the gas separated below the ground 

surface. 

Historic accounts of the 1880-81, 1855-56, and 1859 eruptions indicate that 

large amounts of gas were being liberated from vents 1-2 km uprift of the vents 

that were erupting pahoehoe. In many ways this is similar to the present (7 /86-

3/87+) situation on Kilauea where Pu'u O'o is venting gas while a pahoehoe 

shield builds 3 km downrift (cf. Ulrich et al., 1986; Ulrich, et al., 1987). In the 

Mauna Loa examples, once the magma chamber is empty, gravity and geometry 

combine to allow slow effusion of pahoehoe at the same volume rate at which the 

chamber is supplied. The low discharge-rate eruption will continue until the sup

ply is perturbed, either by mantle processes or by shallow deformation due to 

earthquakes or failure of .the conduit walls. 

The periodic eruptions of Pu'u O'o, Kilauea (Wolfe et al., 1987; Ulrich et.al., 

1986) show (as well), the different effects of vertical and horizontal near-surface 

plumbing systems. In 46 of 48 eruptive episodes, the eruptive characteristics 

involved high fountaining from a single vent and the production of a'a flows dur

ing brief periods of high discharge rate (30 to 490 m3 /sec). A vertical conduit 

reached approximately 100 m above the pre-eruptive surface. Adding this to the 
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520 m depth of the fragmentation level (Greenland et al., unpublished 

manuscript) yields a vertical distance of 620 m that the fountain had to travel 

before erupting. This caused the eruptions to resemble those of a geyser; the . 

overlying column of dense magma (able to de-gas at the open vent) allowed gas 

pressure to rise between eruptive episodes in the portions of the plumbing system 

above the solubility level. Once the dense overlying magma was forced out caus

ing the overpressure to drop, gas that remained in solution was able to exsolve 

and then expand to drive the high fountains. During episodes 35 and on-going 

48, the lava was able to escape laterally while at the same time, the gas escaped 

vertically through the 'O'o vent. The lava avoided high fountaining and cooling 

and erupted placidly as pahoehoe . 

MAGMA CHAMBER VOLUMES AND THE AVERAGE MAGMA FLUX FROM 

HAWAIIAN VOLCANOES 

The above discussion indicates that the volume of lava erupted during the 

high fountaining a'a-forming phase of eruption is a good estimate of the inflatable 

volume of Mauna Loa's summit magma chamber. This chamber, though usually 

depicted as a spherical, liquid-filled void, may not be spherical. The complexity 

of its actual shape may be indicated by the different volumes emptied during his

toric high fountaining eruptions. These volumes range from a low of 31 x 103 m3 

in 1916 to a high of 375 x 103 m3 in 1950 (data of Lockwood and Lipman, 1987) . 

The magma chamber may consist of a group of interconnected volumes, all or 

parts of which are able to erupt in any one eruption. 

The average volume of 16 historical Mauna Loa flank eruptions is 175 x 106 

m3 (data from Lockwood and Lipman, 1987). The average volume of 26 flank 

eruptions of Kilauea since 1750 is 60 x 106 m3 (data from Macdonald et al., 1983). 

Eruptions of Kilauea are often characterized by intermittent activity over a 

period of a few years. When the volumes of the episodes are added together, the 
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Fig. 30. Schematic cross section of Mauna Loa showing chronology of typical 

eruptions, representative durations of stages at upper right, open arrows-

magma-chamber deformation, closed arrows-magma flow-directions, lengths pro

portional to velocity. a) expansion of magma chamber, b) entire edifice fractures, 

"curtain of fire", c) most of dike freezes, activity restricted to one vent (non

paired eruption finished after this step), d) low discharge-rate pahoehoe eruption, 

gas escapes from within conduit and from earlier vent. 

a . 
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volumes of these eruptions compare closely with the average volume of single 

Mauna Loa eruptions. The episodic Kilauea eruptions commonly form satellite 

shields along the rift zones. Three such eruptions have occurred historically; 

Mauna Iki (1919-1920), Mauna Ulu (1969-1974), and Pu'u 'O'o/C-fissure (1983-

1987 +). Additionally, three prehistoric satelllite shields are known, namely, Kane 

Nui 0 Ramo, Heiheiahulu, and the Thurston shield. The steeper slopes of 

Mauna Loa apparently prevent lava from building up around vent areas during 

low discharge-rate eruptions. Instead, the volume is spread out along a long flow 

length rather than built into a shield around a vent. 

Because the long-term, low effusion-rate eruption of pahoehoe has been 

correlated with the lack of consistent summit tilt on Kilauea (Swanson, 1972; 

Ulrich, et al., 1986; Heliker, et al., 1985) and interpreted to indicate direct supply 

from the mantle, it is here assumed that the same applies to Mauna Loa. The 

supply rate from the mantle to Mauna Loa can thus be estimated to be about 5 

m3 /sec based on the two low discharge-rate eruptions for which there is the best

constrained data. It is to be noticed that this value is very close to the 3.6 

m3 /sec supply rate proposed for Kilauea (Swanson, 1972) and the present effusion 

rate of 5 m3 /sec at the C-fissure (C. Heliker pers. comm.). 

When the total volumes erupted for Mauna Loa and Kilauea are averaged 

over recorded history, the eruptive rates are 1 and 0.2 m3 /sec respectively. The 

volume of historic intrusions is difficult to determine. Dzurisin et. al., (1984) 

estimated a 2:1 ratio of intrusion to extrusion for Kilauea and Walker (1987) 

estimated an intrusion:extrusion volume ratio of 1:5 for the part of Ko'olau vol

cano standing above sea level. The data of Furumoto (1978) can be converted to 

indicate that dikes make up 95-100% of Kilauea's east rift zone at a depth· of 3 

km. Several intrusive events have been recorded at Kilauea in the past decade 

{seismic swarms and rapid summit deflation unaccompanied by eruption). The 

possible formation of aseismic and inelastic intrusions (Johnson, 1987) greatly 
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obscures our view of volume changes. It is here proposed that supply from the 

mantle is discontinuous in both volcanoes, and when supply is taking place, as 

during low effusion-rate erupti~ns, the rates are both around 5 m3 • Alternatively, 

supply is continuous and the ratio of intrusion to extrusion approaches 4:1, how

ever this seems unacceptably high . 

AREAL DISTRIBUTION OF FLOW TYPES ON MAUNA LOA 

AND ITS RELATIONSHIP TO VOLCANIC PLUMBING 

Fig. 31 shows the distribution of large historical a'a and pahoehoe flows of 

Mauna Loa. All seven historic eruptions on the SW rift were characterized by 

vigorous fountaining and the production of large channel-fed a'a flows. W adge 

{1981) noted that the longest-lasting historic eruptions of Mauna Loa all occurred 

on the N side of the volcano and the present study has shown that of the nine 

eruptions of the NE rift and N flank, six were paired-flow eruptions (1843, 1855, 

1859, 1880-81, 1899, 1935-36), and only three were high discharge-rate only (1852, 

1942, 1984) . This distribution represents only historic activity; prehistoric tube 

pahoehoe erupted from both the summit and SW rift (Lockwood and Lipmam, 

1987). 

This unequal distribution of eruption types during historic time is probably 

related to plumbing within the volcano. Figure 32 is a cross section of Mauna Loa 

drawn without vertical exaggeration. The center of expansion modeled to pro

duce the observed deformation pattern (Decker et al., 1983; Dvorak et al., 1985) is 

shown to be south of the summit. It is noted that the paths that the magma in 

eruptive dikes must travel to get to the locations of historic vents are nearly hor

izontal. Those conduits that produced tube-fed pahoehoe eruptions rose at a 

steeper angle than those that produced only high effusion-rate a'a, so a large-scale 

analog to the Pu'u 'O'o plumbing system (see above) is not in operation. Of the 

NE rift eruptions, those that produced non-paired flows all took place at 
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elevations of 3000 m or less. Most of the SW rift eruptions also took place from 

vents lower than 3000 m elevation and we are left with a rather distinctive distri

bution of eruptive vents and lava types. This admittedly-small data set shows 

that Mauna Loa eruptions on the NE rift that localized their eruptive vents (after 

the curtain of fire initiation) at elevations of 3000 m or higher produced paired 

flows. Those that localized at vents on the SW rift or lower than 3000 m on the 

NE rift produced high discharge-rate a'a flows only. 

Wilson and Head (1981) examined in detail the inte~action of magma flux 

rates and conduit geometry and size. They made a number of basic generaliza

tions which apply to the discussion of flow-type distributions. First, magma pres

sure must be sufficient to propagate the dike (see also Rubin and Pollard, 1987) . 

Once an eruption has begun, it will continue only until magma pressure is unable 

· to keep eruptive conduits open. Second, steady-state effusion requires that 

magma flux be high enough to replenish heat lost through the cooling of country 

rocks. In cases of low discharge-rate, an equilibrium is reached between heat loss 

and heat supply. At a given magma flux, the flow velocity is proportional to the 

square root of the dike width (Wilson and Head, 1981). When a small magma 

flux flows through a wide dike, flow rate becomes so small as to be unable to 

replenish heat lost by conduction to the country rock. The dike freezes and no 

equilibrium between magma flux and dike width is attained . 

Wadge (1981) studied the distribution of eruptions of different durations on 

Mt. Etna and noted that the long-lasting ones took place on the eastern half of 

the volcano only. He attributed this to the axis of lea.st compressive stress 

(inferred from the topography) being oriented perpendicular to eruptive dikes on 

that portion of the volcano. This allows dikes to remain open even though a 

small volume of magma is moving through them. In Hawaii, horizontal compres

sive stresses are caused by the buttressing effect of adjacent volcanoes. Adjacent 

volcanoes inhibit expansion in addition to being compression sources themselves. 
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Fig. 31. Map of Hawaii showing distribution of lava types from historic rift erup

tions of Mauna Loa . 
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Fig. 32. Crossection of Mauna Loa without vertical exaggeration. Line of section 

up SW rift, across caldera, and down NE rift. Inverted triangles denote sites of 

active vents after curtain of fire phase of historic eruptions, closed-high 

discharge-rate, open-paired discharge-rates. Dates of eruption at bottom. 

Circle-center of radial deformation (Decker et al., 1983) . 
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Fig. 33 is a map of Hawaii showing horizontal stresses from the measured centers 

of expansion (summit magma chambers) of Kilauea (cf. Dvorak and Okamura, 

1987) and Mauna Loa (Decker et al., 1983). The centers of magma chambers of 

Hualalai and Mauna Kea are placed directly beneath the summits of these vol

canoes. In this simple stress analysis, it is to be noted that compressive stress 

along the length of Mauna Loa varies along the line from the lower NE rift, over 

the summit, and to the lower SW rift. 

This offers a possible explanation of the historic distribution of eruption 

types on Mauna Loa. Below 2000 1m, the NE rift has not erupted during the last 

1500 years (Lockwood and Lipman, 1987). This is a zone of high compressive 

stress and consequently dikes are unable to intrude the subsurface rocks in this 

region. The next zone is the middle NE rift, from 2000 to 3000 m. Eruptions 

took place here in 1852, 1942, and 1984 and all three of these consisted only of a 

high discharge-rate phase. Compressive stresses in this region are too high to 

allow dikes to remain open when magma flux is low. 

The next section consists of the upper NE rift. Eruptions took place in this 

zone in 1843, 1855-56, 1859 (not on rift), 1880-81, 1899, and 1935-36. All six of 

these consisted of high followed by low-discharge rate activity, although the 

1855-56 and 1899 eruptions were not clearly paired. In this region, compressive 

stress was not sufficient to close eruptive dikes during periods of low supply rate. 

Once the summit magma chamber had emptied, the continuous supply from the 

mantle which would otherwise have begun to refill the chamber leaked out as fast 

as it was supplied. 

Across the summit, the presence of Hualalai provides enough compressive 

stress to again close eruptive dikes when magma flux is low. Summit eruptions 

are characterized by high fountaining and highdischarge rates. 

The final section of the volcano is the SW rift. Here the buttressing effects 

of Hualalai do not exist and stresses are easily relieved by expansion to the west. 
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The steepness of the west slope of Mauna Loa (Macdonald et al., 1983) as well as 

the presence of a number of large subaerial (Norm.ark et al., 1978) and submarine 

(Belderson et al., 1987) landslides testifies to this ease of relief. In this region, 

compressive stresses do not act effectively to close eruptive dikes . and during 

periods of low supply, equilibrium cannot be maintained; the dikes are too wide . 

A plan view does not give a good indication of the relative heights of Mauna 

Loa, Kilauea, and Hualalai. Thus it is unclear whether or not a small neighboring 

volcano is able to have an effect on the compressive regime of a large one . . Figure 

34 shows cross sections through Mauna Loa that give an elevation view of the 

buttressing relationships. From this diagram it can be noted that the location of 

Mauna Loa's summit magma chamber (Decker et. al., {1984) is near the elevation 

of the summit of Kilauea. 

Additionally, there are no horizontal-stress induced faults in the stippled 

area of Mauna Loa (fig. 34). If Kilauea were unable to be an effective buttress, 

expansion of Mauna Loa's NE rift would generate compressive faulting. 

Apparently therefore, stresses are transferred parallel to the ground surface and 

the lower edifice (Kilauea) can indeed buttress Mauna Loa . 

VOLCANIC HAZARDS 

Hawaii's volcanoes are rarely life-threatening because of their usual mildly

explosive nature, but the potential of damage to property from lava flows is high . 

Once lava flows have started moving toward an area of high property value, 

diversions (c.f. U.S. Army Corps of Engineers, 1973), bombing (c.f. Lockwood 

and Torgerson, 1980), or water cooling are the main ways in which damage can 

be lessened. Hastily-constructed barriers are often ineffective, so prior planning is 

important. Knowledge of expected flow types (fast-moving a'a or slow-moving 

pahoehoe) will help determine the type of mitigating measures to be taken. Chan-
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Fig. 33. Map of Hawaii showing simplified compression directions from summit 

magma chambers of Hualalai, Kilauea, and Mauna Kea. Eruption types along rift 

zones indicated by line 1'atterns . 
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Fig. 34. Map of Hawaii with cross sections through Mauna Loa showing buttress

ing relationships of neighboring volcanoes see text for discussion. Circle in cross 

section is location of summit magma chamber from Decker et. al., (1984) . 
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nelized a'a and tube-fed pahoehoe each have qualities that can make one type of 

mitigating measure (diversion or bombing) favored over the other . 

The dimensions and strength of flow fronts of channelized a'a flows require 

that physical barriers be great in both height and mass. However, the fact that 

these flow fronts are supplied by channels open to the surf ace and hence visible 

means that attempts to break down levee walls with explosives are probably more 

feasible than attempting to physically divert the flows by constructing barriers. 

Conversely, bombing of a pahoehoe flow would probably yield poor results . 

The rationale behind such activity would be to disrupt the major tube system 

(Jaggar, 1936; Finch and Macdonald, 1949; Lockwood and Torgerson, 1980). 

Pahoehoe flows usually contain one or more "'master"' tubes. It is unlikely that 

enough of these could be blocked to the degree that lava would be unable to flow 

through them soon after the bombing. The amount of roof and wall material at 

natural collapses (skylights) is often miniscule compared with the volume of the 

tube interiors. Because of their low velocity, initially small thicknesses, and lack 

of a yield strength, however, pahoehoe flows could easily be diverted by even rela

tively small, hastily-constructed barriers. It would be preferable to construct 

these barriers high on Mauna Loa to prevent flows from reaching the topographic 

low on the Mauna Kea-Mauna Loa boundary in which Hilo is located. Once lava 

has begun to flow down this low area, it will be quite difficult to divert. 

Assuming the historic distribution of flow types can be used as a guide, the 

following discussion of the unpredictable art of volcanic prediction suggests some 

measures that could be taken to protect property. Eruptions of Mauna Loa's SW 

rift threaten mostly sparsely populated areas. An exception is the area from 

Kealakekua to Honaunau (fig. 34). Most SW rift eruptions generated flows that 

went down the steep west side of the volcano, and consequently these moved very 

quickly. One of the flows of 1950 traveled at an average velocity of nearly 10 

km/hr (Macdonald and Finch, 1950). In light of this fact, the most feasible 
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measure to take would be to wait until an eruption has started, predict its path 

down the slope, and evacuate the endangered areas. It would be extremly diffi

cult and costly to provide effective barriers for all the small towns, settlements, 

and farm houses between Honaunau through Waiohinu, to Punalu'u. Because of 

the steepness of the slope, bombing of levees would undoubtedly only produce 

adjacent, parallel flows and be of dubious benefit. 

It might be economically feasible to construct barriers beforehand to protect 

the Kealakekua-Honaunau area on the west as well as the town of Pahala on the 

east. These would have to be large, on the order of 15 m high by 30 m wide by 

1-2 km long. The most difficult task would probably be determining where the 

lava should be directed; avoidance of damage at one point may cause damage at 

another. Because of the size of diversions required (cf. Lockwood et. al., 1987), it 

would be unwise to wait until an eruption begins to start building such barriers. 

Eruptions of the upper NE rift can be expected to generate both a'a and 

pahoehoe flows. Because of the gentleness of the slope in this area, destruction of 

marginal levees or spatter ramparts would be expected to provide good results in 

diverting the a'a flows. The most important preventative measure to be taken 

against tube-fed pahoehoe flows is to keep them out of the topographic low 

between Mauna Loa and Mauna Kea. A small diversionary wall could be con

structed (preferably before it is needed) to divert pahoehoe flows onto the flat 

slope of Mauna Loa where they could be dealt with more easily by constructing 

additional diversions, if it appeared that the eruption would continue long enough 

to threaten Hilo. This assumes that flows will follow the historic pattern of mov

ing down the north side of the NE rift before turning to the east. Eruptions that 

generate flows on the south side of the NE rift have been rare in historic time; 

however their likelihood may be increasing (Lockwood, 1987). No heavily

populated areas are threatened by such flows . 
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Eruptions from radial vents (Lockwood and Lipman, 1987) could conceivably 

threaten the area around Kealakekua as well as the N Kona coast (as in 1859) . 

The N Kona area is populated only along the coastline where there are large 

resorts; however development of this coastline as a major tourist destination is 

accelerating. It would probably be feasible to wait until the area being 

threatened is identified before constructing barriers or disrupting channels; this 

area is far from Mauna Loa vents, and the slopes above it are not steep . 

- 98 -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Fig. 35. Map of Hawaii showing predicted lava types and flow directions 
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SUMMARY OF CHAPTER 3 

The discharge rate during eruptions of Hawaiian volcanoes exerts strong con

trol over the height of fountains and the type of lava flow produced. High 

discharge-rate eruptions with gas-charged fountaining, accompanied by rapid 

summit subsidence, favor the formation of channelized a'a flows. Low discharge

rate eruptions without fountaining, and with a lack of consistent summit sub-

sidence, favor the formation of tube-fed pahoehoe flows. 

The use of historic accounts and detailed mapping in conjunction with 

modern quantitative studies yields insight into the driving mechanisms of erup

tions, the sizes of magma. chambers, and supply rates from the mantle. The res

triction of historical examples of pahoehoe vents to the upper NE and NW slopes 

of Mauna Loa is explained in terms of external stresses acting on eruptive dikes. 

This restricted distribution allows tentative eruption predictions and hazard

mitigating suggestions to be made . 
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APPENDIX. 1 

This appendix describes the methods used to write the computer program 
I 

that generated crystal-distribution plots. The program itself comprises Appendix 

2. 

Peck et al. (1964) give temperature-depth-time information gathered in Alae 

lava lake. As seen in fig. 36, the data form straight lines in the upper portion of 

the lava body when temperature is plotted against the square root of time. No 

data is given for 1130° which has been chosen for the holding isotherm so extra

polation was necessary. Knowing the slope of the 1130° isotherm, a relationship 

defining the rate at which it moves into the flow can be derived as follows. 

The depth y in feet is a function of a constant (a) and the square root of 

time in days: y = a(time) 112 • The units of a are feet(day)-1/ 2 and the value of 

a is s feet(day)- 112 wheres is the slope of the isotherm (1.375) taken from fig. 36. 

To convert to SI units: a= s(feet(day)-1
/

2 )(1 m/3.28 feet)x (1 day/60x60x24 

sec) 112 = 1.037 x 10-3 m(sec)-1/ 2 • For use in the program, a= 0.1037 

cm(sec)-1/ 2 • This appears on line 41 of the program and allows the determina

tion of the depth from the top of the flow in cm, given the time since the crystals 

started sinking in seconds . 

The rate at which the upper holding isotherm moves downward into the flow 

is therefore known. Lovering (1935) calculated theoretical isotherm vs. depth 

plots for different values of isotherm to initial temperature ratios. As can be seen 

in fig. 37, the closer an isotherm in question is to the initial temperature, the 

more symmetric to a horizontal line is the isotherm vs. depth plot. The initial 

eruption temperature of most Hawaiian basalts ranges from 1140-1190° C. The 

dashed isotherm of fig. 37 was chosen to represent the temperature profile of the 

holding isotherm; the lower holding isotherm moves upward at a rate which is 

0. 75x as fast as that at which the upper holding isotherm moves down . 
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A simple computer program was written to model the sinking of olivine crys-

tals through lava flows. The model starts with a single crystal at each 1 cm level 

in the flow. A sinking velocity (cm/sec) is input into the program; this velocity 

applies to all crystals in the flow. From the above analysis of the data of Peck et. 

al., (1964) the speed of inward movement of the holding isotherm is known. The 

program runs through one cycle representing ten seconds of time. Each crystal 

moves its prescribed distance, as do the upper and lower holding isotherms. If, at 

the end of a cycle, an olivine is either above the upper holding isotherm or below 

the lower one, its position becomes fixed and it will not participate in further time 

cycles. The program runs until all olivines have stoped moving. It then adds up 

the number of crystals in 4 cm depths, divides this sum by 4, and plots this value 

at the center of each 4 cm interval. 

An additional step of the program takes the input settling velocity and cal

culates a Stokes' law viscosity from the following equation: 

g ~,.,002 
,µ :=. 

18u 

Where µ is dynamic wiscosity, G is the gravitational constant, tlp is the density 

contrast between crystal and liquid (700 kg/m3), D is the "diameter" of the 

olivine (0.004 m), and u is the settling velocity. The depth of the flow is plugged 

into the program and for each depth, crystal distributions were generated. The 

velocity that generated the distribution nearest to the field data was taken as the 

settling velocity within that particular flow and the corresponding Stokes' velocity 

matched to the flow. 

. Two identical programs were written. One ran on a graphics terminal and 

was used because of its ability to produce many plots rapidly when matches to 

field data were sought. Once such a match was made (by eye), the companion 

program produced a hardcopy for use in text figures, etc. 
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Fig. 36. Temperature vs. depth data from Alae lava lake (re-drawn from figure in 

Peck et al., 1964). Position of 1130° isotherm (heavy dashes) extrapolated . 
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Fig. 37. Temperature vs. depth data of Lovering (1935), calculated for an 

extruded sheet. Numbers on isotherms (curved lines) are ratios of isotherm tem

perature to initial temperature, note changes in position of "turn-over point"'. 

Dashed isotherm chosen to represent 1130° isotherm . 
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APPENDIX2 

C This program generates profiles of amount of olivines versus depth. 
C Both the thickness of the flow and the speed at which the olivines 
C sink have to be told to the program each time it is run. 
c 
c 
c 
c 

PROGRAM SINKOL 
INTEGER THICKN, TIME 
REAL DFRONT, HBOT, DCRYS, SPEED, FINALD(203), VISCOS 
PARAMETER (INTER=4) · 

C This is where you put in the flow thickness and settling speeds. 
WRITE (3,"(' INPUT FLOW THICKNESSr')") 
READ (3,-) THICKN 
WRITE (3,"(' INPUT SETTLING SPEED:')") 
READ (3,-) SPEED 

C This line calculates the viscosity using Stokes' law. 
VISCOS=(6.098E-3) /(SPEED* .01) 

C Here's where the program moves from one crystal to the next . 
FOR l=l,THICKN 

DCRYS=I 
TIME=l 
HBOT=O.O 
DFRONT=l 

C Here's where the program decides whether the crystal has escaped 
C the clutches of the evil upper crust. 

ICOUNT=l 
LOOP 
IF {DCRYS.LE.DFRONT) THEN 

FINALD(I)=DCRYS 
EXIT LOOP 

C If the crystal is allowed to sink, here's where it hits bottom. 
ELSE IF {DCRYS.GE.(THICKN-HBOT)) THEN 

FINALD{I)=DCRYS 
EXIT LOOP 

C If the crystal hasn't hit bootom yet, it sinks one speed unit, the 
C crust on top grows one unit, and the bottom crust grows one unit . 

ELSE 
TIME= TIME+ 10 
DCRYS=DCRYS+SPEED*lO 
DFRONT=.143*SQRT(FLOAT(TIME)) 
HBOT=.75*DFRONT 

END IF 
ICOUNT=ICOUNT+.1 
IF {ICOUNT.GT.1000000) THEN 

WRITE {3,"(' LOOP SCREWED UP') ") 
STOP 

END IF 
END LOOP 
END FOR 
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C Here's where the whole thing gets printed out!!!!!?? 
CALL VP07MP(5HMODEL,1200,4HXMAX,15.,4HEND.) 
CALL PLOTS(0,0,0) 
CALL NEWPEN(3) 

. CALL SYMBOL(3.2,9.,.2,14HSETTLING RATE:,0.,14) 
CALL NUMBER(6.0,9.,.2,SPEED,0.,5) 
CALL SYMBOL(3.2,8.5,.2,17HVISCOSITY (P A-S) :,0.,17) 
CALL NUMBER( 6. 7 ,8.5,.2, VISCOS,0.,-1) 
CALL PLOT(3.2,0.,-3) 
CALL AXISPLOT(0.,50.,100.,0., 7 ., 7 .,10.,-10.,30H # OLIVINE 

+s ,30H DEPTH (CM) ) 
CALL NEWPEN(2) 
CALL PLOT(l.,1.,-3) 
UNITX=50./7. 
UNITY =100./7. 
FOR J=O, THICKN-INTER,INTER 

COUNT=O . 
FOR l=l,THICKN 
IF(FINALD(I).GT.J.AND.FINALD(I).LT.J+INTER)COUNT=COUNT+l. 
END FOR 

XPLOT=8* (COUNT /INTER) /UNITX 
YPLOT=(THICKN-( J +(INTER/2))) /UNITY 
IF( J .EQ.O) CALL PLOT(XPLOT ,YPLOT ,+3) 
CALL PLOT(XPLOT,YPLOT,+2) 
END FOR . 
CALL PLOT(0.,0.,999) 
WRITE (16,150) THICKN,SPEED 150 FORMAT (3X," FLOW 

THICKNESS=",15," SETTLING RATE=",Fll.5) 
FOR I=l,THICKN 

WRITE (16,200) I,FINALD(I) 200 FORMAT (3X," FINALD(",I4,")=",F7.3) 
END FOR 
STOP 
END 

- 106 -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

BIBLIOGRAPHY 

Baldwin, E.D., 1953. Notes on the 18~0-81 lava flow from Mauna Loa. Volcano 

Letter 520: 7 pp . 

Becker, G.F., 1897, Some queries on rock differentiation. Am J. Sci. 4th ser., 3: 

pp. 21-40 . 

Belderson, B., Carter, B., Holcomb, R., Holmes, M., Johnson, D., Lipman, P., 

Moore, J., Normark, W., Rearic, D., Ruppel, B., Tatman, D., and Wilson, 

J. , 1987. Preliminary findings, Hawaii long range side-scan sonar (GLORIA) 

survey. Hawaii symposium on How Volcanoes Work abstract volume: p. 17 . 

Borgia, A., Linneman, S., Spencer, D., Morales, L.D., and Andre, S.B., 1983. 

Dynamics of lava flow fronts, Arena! volcano, Costa Rica. J. Volcano!. 

Geotherm. Res. 19: pp. 303-329. 

Bringham, W.T., 1909, The volcanoes of Kilauea and Mauna Loa. Mem. of the 

Bernice Pauahi Bishop Museum of Polynesian Ethnology and Natural His

tory 2, no 4: 222 pp . 

Bullard, F. M., 1947, Studies on Paricutin volcano, Michoacan, Mexico, Geo!. Soc. 

Am. Bull. 58: pp. 443-450 . 

Church, W.H., Thorarinsson, S., and Matthews, N.B ., 1964, Gravitative settling 

of olivine in pillows of Icelandic basalt, Am. J. Sci., 262: pp. 1036-1040 . 

- 107 -



• 

• I 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Decker, R.W., Koyanagi, R.Y., Dvorak, J.J., Lockwood, J.P., Okamura, A.T., 

Yamashita, K.M., and Tanigawa, W.R., 1983. Seismicity and surface defor

mation of Mauna Loa volcano, Hawaii. EOS 64: pp. 545-54 7. 

Duffield, W. A., 1972, A naturally occurring model of global plate tectonics. J . 

Geophys Res. 11: pp. 2543-2555. 

Dutton, C.E., 1884. Hawaiian volcanoes. U.S. Geol. Surv. 4th Ann. Rept., pp . 

75-219. 

Dvorak, J.J., Okamura, A.T., and Sako, M.K., 1985. Summit magma reservoir at 

Mauna Loa volcano, Hawaii. EOS 66: p. 851. 

Dvorak, J.J., and Okamura, A.T., 1987. A hydraulic model to explain variations 

in summit tilt rate at Kilauea and Mauna Loa volcanoes. U.S. Geol. Surv . 

Prof. Pap. 1350: pp. 1281-1296. 

Dzurisin, D., Koyanagi, R.Y., and English, T.T., 1984, Magma supply and storage 

at Kilauea volcano, Hawaii, 1956-1983. J. Volcano!. Geotherm. Res., 21: 

pp. 177-206 . 

Eaton, J.P., and Murata, K.J., 1960. How volcanoes grow. Science, 132: pp. 925-

938 . 

Einarsson, T., 1949, The eruption of Hekla 1947-1948: IV,3. The flowing lava. Stu-

dies of its main physical & chemical properties. Soc. Scientarium Islandica, 

Reykjavik, pp. 1-70 . 

- 108 -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Emerson, O.H., 1926. The formation of a'a and pahoehoe. Am J. Sci., ser. 5, 5: 

pp. 109-114 . 

Finch, R.H., and Macdonald, G.A., 1949. Bombing to divert lava flows. Volcano 

Letter 506: 4 pp . 

Fink, J.H., & Fletcher, R.C., 1978, Ropy pahoehoe: surface folding of a viscous 

fluid, J. volcano!. Geotherm. Res. 4: pp. 151-170 . 

Foster, H. L., and Mason, A. C., 1955, 1950 and 1951 Eruptions of Mihara Yama, 

Oshima volcano, Japan. Geol. Soc. of Am. Bull. 66: pp. 731-762 . 

Fuller, R.E., 1939. Gravitational accumulation of olivine during the advance of 

basaltic flows . J. Geol 4'1: pp. 303-313 . 

Furumoto, A.S., 1978. Nature of the magma conduit under the east rift zone of 

Kilauea volcane, Hawaii. Bull. Volcano!. 41: pp. 435-453 . 

Gaddis, L.R., Mouginis-Mark, P.J., Walker, G.P.L., Rowland, S., and Wilson, L., 

1984. Emplacement of long lava flows on Hawaii. EOS 65: p. 1138 . 

Green, W .L., 1887. Vestiges of the Molten Globe. Hawaiian Gazette Publishing 

Co., 377 pp . 

Greenland, L.P., Okamura, A.T., and Stokes, J.B., 1986. Constraints on the 

mechanics of eruption of Pu'u O'o. Unpublished manuscript . 

- 109 -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Hardee, H.C., 1980, Solidification of Kilauea Iki lava lake, J. Volcano!. Geotherm. 

Res., 1: pp. 211-224 . 

Heliker, C., Hoffmann, J., Rowland, S., Greenland, P., and Reason, M., 1985. Fis

sure activity near Pu'u O'o, Kilauea volcano, Hawaii. EOS 66: p. 851. 

Hulme, G., 1974. The interpretation of lava flow morphology. Geophys. J. R. Soc. 

39: pp. 361-383 . 

Im.ho, G., 1959, Temperature d'irrigdimento e viscosita magmatica. Vesuvius 

Obs. Ann. Rept. ser. 6, 3: pp. 24-38 . 

Jaggar, T.A., 1936. Summit outbreak of Mauna Loa December, 1933. Volcano 

Letter 439: 8 pp . 

Jaggar, T.A., 1936. The bombing of Mauna Loa, 1935. The Military Engineer 28: 

pp. 241-245 . 

Jaggar, T.A., 1939. Exploration of NE rift of Mauna Loa. Volcano Letter 466: pp. 

3-4 . 

Johnson, D.J., 1987. Elastic and inelastic magma storage at Kilauea volcano. U.S. 

Geol Surv. Prof. Pap. 1350: pp. 1297-1306 . 

Jones, A. E., 1943, Classification of lava surfaces. Trans. Am. Geophys. Union, 

Part I, pp. 265-268 . 

- 110 -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Kilburn, C. R. J ., 1981, Pahoehoe and a'a lavas: a discussion and continuation of 

the model of Peterson and Tilling. J. Volcano!. Geotherm. Res. 11: pp . 

373-382. 

Kinoshita, W.T., Swanson, D.A., and Jackson, D.B., 1974. The measurement of 

crustal deformation related to volcanic activity at Kilauea volcano, Hawaii. 

in Physical Volcanology, L. Civetta, P. Gasparini, G. Luongo, and A. 

Rapolla eds., pp. 87-115 . 

Krauskopf, K.B., 1948, .Lava movement at Paracutin volcano, Geol. Soc. Am. 

Bull., 59: pp. 1267-1284 . 

Lipman, P. W ., 1980. The southwest rift zone of Mauna Loa-implications for 

structural evolution of Hawaiian volcanoes. Am. J. Sci. 280-A: pp. 752-

776 . 

Lipman, P.W., Banks, N.G., and Rhodes, J.M., 1985. Degassing-induced crystalli

zation of basaltic magma and effects on lava rheology. Nature 31'1: pp . 

604-607. 

Lipman, P.W., and Banks, N.G., 1987. A'a flow dynamics, Mauna Loa 1984. U.S . 

Geol. Surv. Prof. Pap. 1350: pp. 1527-1568. 

Lockwood, J.P., 1987. Migration of eruptive vents on the northeast rift zone of 

Mauna Loa volcano--evidence for changing volcanic risk on the island of 

Hawaii. Hawaii Symp. on How Volcanoes Work abs. vol., pp. 157 . 

- 111 -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Lockwood, J.P., Dvorak, J.J., English, T.T., Koyanagi, R.Y., Okamura, A.T., 

Summers, M.L., and Tanigawa, W.R., 1987. Mauna Loa 1974-1984: A 

decade of intrusive and extrusive activity. U.S. Geol. Surv. Prof. Pap. 

1350: pp. 537-570 . 

Lockwood, J.P., and Lipman P.W., 1987. Holocene eruptive history of Mauna Loa 

volcano. U.S. Geol. Surv. Prof. Pap. 1350 pp. 509-535 . 

Lockwood, J.P., Moore, H.J., and Robinson, E., 1987, Lava diversion structures to 
• 

protect the Mauna Loa observatory, Hawaii. Geol. Soc. Am. Cordilleran 

Section meeting abstract vol., p. 399 . 

Lockwood, J.P., and Torgerson, F .A., 1980. Diversion of lava flows by aerial 

bombing-lessons from Mauna Loa volcano, Hawaii. Bull. Volcano!. 43: pp. 

727-741. 

Lovering, T.S., 1935, Theory of heat conduction applied to geological problems, 

Bull. Geol. Soc. Am., 46: pp. 69-94 . 

Macdonald, G.A., 1945. Summit and northeast rift zone of Mauna Loa. Volcano 

Letter 489: 4 pp . 

Macdonald, G.A., 1953. Pahoehoe, a'a, and block lava. Am. J. Sci. 251: pp. 169-

191. 

Macdonald, G.A., 1954, Activity of Hawaiian volcanoes during the years 1940-

1950. Bull. Volcano!. ser. 2, 15: pp. 119-179 . 

- 112 -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Macdonald, G.A., 1962, The 1959 and 1960 eruptions of Kilauea volcano, Hawaii, 

and the constructuon of walls to restrict the spread of the lava flows, Bull. 

Volcano!. 24: pp. 249-294. 

Macdonald, G. A., 1967, Forms and structures of extrusive basaltic rocks. in The 

Poldervaart Treatise on Rocks of Basaltic composition. vol. 1 , H.H. Hess 

and A. Poldervaart, eds, Interscience Pulblishers, New York, 482 pp . 

Macdonald, G.A., 1972. Volcanoes. Prentice Hall Inc., Englewood Cliffs, New 

Jersey, 510 pp. 

Macdonald, G.A., Abbott, A.T., and Peterson, F.L., 1983. Volcanoes in the Sea 

The Geology of Hawaii. University of Hawaii press, Honolulu, 517 pp. 

Macdonald, G.A., and Eaton, J.P., 1964, Hawaiian volcanoes during 1955. U.S . 

Geol. Surv. Bull. 1111: 170 pp. 

Macdonald, G.A., and Finch, R.H., 1950. The June 1950 eruption of Mauna Loa . 

Volcano Letter 509: 7pp. 

Machado, F., Parsons, W.H., Richards, A.F., and Mulford, J.W., 1962, Capelinhos 

eruption of Fayal volcano, Azores, 1957-1958. Jour. Geophys. Res. 61: pp. 

3519-3529 . 

Malin, M. C., 1980, Lengths of Hawaiian lava flows. Geology 8: pp. 306-308. 

McBirney, A.R., and Aoki, K-I., 1968, Petrology of the island of Tahiti, Geol. Soc . 

Am. Mem., 116: pp. 523-556. 

- 113 -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

McBirney A.R., and Williams, H., 1969, Geology and petrology of the Galapagos 

islands, Geol. Soc. Am. Mem., 118: 197 pp . 

McNown, J.S., and Malaika, J., 1950, Effects of particle shape on settling velocity 

at low Reynolds numbers, Trans. A.G.U., 31: pp. 74-82 . 

Minikami, T., and Sakuma, S., 1953, Report on volcanic activity and volcanologic 

studies concerning them in Japan during 1948-1951. Bull. Volcano!. ser. 2, 

14: pp. 79-130. 

Nichols, R.L., 1939, Viscosity of lava. J. Geol., 4'1: pp. 290-302 . 

Palmer, H.S., 1927, A study of the viscosity of lava. Bulletin of Hawaiian Volcano 

Obs., 15: pp. 1-4 . 

Norm.ark, W.R., Lipman, P.W., Lockwood, J.P., and Moore, J.G., 1978. Bathy

metry and geology, Kealakekua Bay, Hawaii. U.S. Geol. Surv. Misc. Field 

Studies Map MF-986 . 

Peck, D. L., 1966, Lava coils of some recent historic flows, Hawaii. Geol. Surv. 

Prof. Paper 550-B: pp. 148-151. 

Peck, D.L., Moore, J.G., and Kojima, G., 1964, Temperatures in the crust and 

melt of Alae lava lake, Hawaii after the August 1963 eruption of Kilauea 

volcano--a preliminary report, U.S.Geol. Surv. Prof. Pap. 501-D: pp. 1-7. 

Peterson, D.W., and Swanson, D.A., 1974. Observed formation of lava tubes. Stu

dies in Speleology 2: pp. 209-222. 

- 114 -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Peterson, D.W., and Tilling, R.I., 1980. Transition of basaltic lava from pahoehoe 

to a'a, Kilauea volcano, Hawaii: field observations and key factors. J. Vol

cano!. Geotherm. Res., 1: pp. 271-293. 

Pinkerton, H., and Sparks, R. S. J. 1976, The 1975 sub-terminal lavas, Mt. Etna: 

A case history of the formation of a compound lava field. J. Vole. and 

Geotherm. Res. 1: pp. 176-182 . 

Pinkerton, H., and Sparks, R.S.J ., 1978, Field measurements of the rheology of 

lava, Nature 276: pp. 383-385 . 

Pukui, M.K., Elbert, S.H., and Mo'okini, E.T., 1977. The Pocket Hawaiian Dic

tionary, The University Press of Hawaii, Honolulu, 276 pp. 

Richter, D.H., Eaton, J.P., Murata, K.J., Ault, W.U., and Krivoy, H.L., 1970, The 

1959-60 eruption of Kilauea vokano, Hawaii. Geol. Surv. Prof. Pap. 537-E: 

73 pp . 

Rubin, A.M., and Pollard, D.D., 1987. Origins of blade-like dikes in volcanic rift 

zones. U.S. Geol. Surv. Prof. Pap. 1350: pp. 1449-1470 . 

Shaw, H.R., Wright, T.L., Peck, D.L., and Okamura, R., 1968, The viscosity of 

basaltic magma: an analysis of field measurements in Makaopuhi lava lake, 

Hawaii. Am. J. Sci., 266: pp. 225-264 . 

Shirley, .N., 1987, Compaction phenomenon in igneous cumulates. EOS, 46: p. 

1263 . 

- 115 -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Shaw, H.R., 1969, Rheology of basalt in the melting range, J. Petrol. 10: pp. 

510-535 . 

Sparks, R.S.J., Pinkerton, H., and Hulme, G., 1976. Classification and formation 

of lava levees on Mount Etna, Sicily. Geology 4: pp. 269-271. 

Sparks, R.S.J., Pinkerton, H., and Macdonald, R., 1977, The transport of xenol

iths in magmas, Earth Planet. Sci. Lttrs., 35: pp. 234-238 . 

Stearns, H.T., and Macdonald, G.A., 1946. Geology and ground water resources of 

the island of Hawaii. Hawaii Div. Hydrography Bull. 9: 363 pp., colored 

geologic map. 

Swanson, D .A., 1972. Magma supply rate at Kilauea volcano, Hawaii. Science 

175: pp. 169-170 . 

Swanson, D.A., 1973. Pahoehoe flows from the 1969-1971 Mauna Ulu. eruption, 

Kilauea volcano, Hawaii. Geil. Soc. Am. Bull. 84: pp. 615-626 . 

Swanson, D.A., Duffield, W.A., Jackson, D.B., and Peterson, D.W., 1979. Chrono

logical narrative of the 1969-71 Mauna Ulu eruption of Kilauea volcano, 

Hawaii. U.S. Geol Surv. Prof. Pap. 1056: 55pp. 

Tazieff, H.K., 1951, L'eruption u volcan Gituro (Kivu, Congo Beige) de mars a 

Juillet 1948. Congo Beige et Ruanda-Urundi Serv. Mem., 1: p. 158. 

Temperley, B. N., 1966, Vortex exudation coils on a recent basaltic lava in Kenya, 

Overseas Geol. Mineral. Res. U .K. 10: pp. 42-46. 

- 116 -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Theilig, E., and Greeley, R., 1985. Plate theory applied to pressure ridges on 

basaltic lava flows. EOS 66: p. 1125 . 

Ulrich, G.E., 1986. Geology section in H.V.O. Bulletin December, 1986 . 

Ulrich, G.E., Heliker, C., Greenland, P., Koyanagi, R., and Griggs, J., 1986. Geol

ogy section in H.V.0. Bulletin, July, 1986 . 

Ulrich, G.E., Wolfe, E.W., Heliker, C.C., and Neal, C.A., 1987. Pu'u O'o IV: evo

lution of a plumbing system. Hawaii Symp. on How Volcanoes Work 

abstract vol. p. 259 . 

U.S. Army Corps of Engineers, 1975. Lava Barrier System for the Protection of 

Hilo, Island of Hawaii. U.S. Army Corps of Engineers Pacific Ocean Div., 

Honolulu, Spec. Rept., 16 pp . 

Wadge, G., 1978. Effusion and the shape of a'a lava flow fields on Mount Etna. 

Geology 6: pp. 503-506 . 

Wadge, G., 1981. The variation of magma discharge during basaltic eruptions. J. 

Volcanol. Geotherm. Res. 11: pp. 139-168 . 

Walker, G.P.L., 1971. Compound and simple lava flows and flood basalts. Bull. 

Volcanol. 35: pp. 579-590 . 

Walker, G.P.L., 1987. The dike complex of Ko'olau volcano, O'ahu: internal 

structure of a Hawaiian rift zone. U.S. Geol. Surv. Prof. Pap. 1350: pp . 

961-993. 

- 117 -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Weinstein, S., Yuen, D.A., and Olson, P.L., 1987, Evolution of crystal-settling in 

magma-chamber convection. EOS, 61: p. 1264 . 

Wentworth, C.K., Carson, M.H., and Finch, R.H., 1946, Discussion on the viscos

ity of lava. J. Geology, 54: pp. 94-104 . 

Wentworth, C.K., and Macdonald, G.A., 1953, Structures and forms of basaltic 

rocks in Hawaii, U.S. Geol. Surv. Bull., 994: 98 pp . 

Wilson, L., and Head, J.W. III, 1981. Ascent and eruption of basa~tic magma on 

the earth and moon. Jour. Geophys. Res. 86: pp. 2971-3001. 

Wolfe, E.W., Garcia, M.O., Jackson, D.B., Koyanagi, R.Y., Neal, C.A., and 

Okamura, A.T., 1987. The Pu'u O'o eruption of Kilauea volcano, episodes 

1-20, January 1983-June 1984. U.S. Geol. Surv Prof. Pap. 1350: pp. 471-

508. 

Yagi, K., 1965, Discussion on gravitative settling of olivine in pillows of an Ice

landic basalt, Am. J. Sci., 263: pp. 914-916 . 

- 118 -


