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Abstract 

Four well-documented lava flows from the 1983 Puu Oo eruption in Hawaii reveal exponen- 
tial increases of both yield strength and viscosity with distance from vent and with time from 
onset of eruption, Rheologie descriptors were determined from observations of flow-margin 
thickness, flow-front position as a function of time, and underlying topographic slope. 
Longitudinal gradients of calculated strength and viscosity progressively increase through 
the sequence of four flows and correlate with systematic increases in eruptive temperature 
and mafic character. If this suggested trend of increasing rhéologie gradient with increasing 
mafic content is found to hold for a wider chemical range, it may prove to be a diagnostic 
tool for remote evaluation of flow composition. 

1 Introduction 

Most lava flow studies have been motivated by the need to estimate how far 
and fast individual flows might travel or by attempts to deduce the composi- 
tions of ñows on other planets. Models for predicting flow length and for 
remotely determining composition require knowledge or assumptions about a 
ñow's rhéologie and cooling behavior. Hazard studies can be based on either 
active or fully emplaced flows, whereas planetary modeling must rely on mea- 
surements of solidified flows. 

Laboratory studies have demonstrated the profound effects of cooHng on 
both the viscosity and yield strength of magmas (e.g., Murase and McBirney 
1973; McBirney and Murase 1984). Qualitative field observations and simple 
calculations have also shown that these properties may increase markedly 
downstream (e.g., Minikami 1951; Booth and Self 1973; Moore et al. 1980). 
Few investigations of flow morphology have systematically incorporated cool- 
ing behavior, primarily due to a lack of sufficiently accurate field measure- 
ments of lava temperature. 

In this chapter we present observations of flow morphology and simple 
calculations of rhéologie parameters for four exceptionally well-monitored 
lava flows emplaced in Hawaii between February and July 1983. We show that 
for all of the flows, both yield strength and viscosity increase exponentially 
downstream. Using observations of flow-front position (Wolfe et al. 1989), we 
find that changes in strength and viscosity correlate well with time as well as 
distance. This sequence of flows showed a progressive decrease in silica content 
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and corresponding increase in eruptive temperature (Neal et al. 1989). We use 
these data to demonstrate that the rates of increase for both strength and 
viscosity depend on composition and eruption temperature. 

Our results illustrate that: (1) statistically significant rhéologie trends can 
be obtained using a large number of relatively crude morphological measure- 
ments; (2) comparisons of yield strengths or viscosities calculated for two dif- 
ferent flows require that the morphological measurements be taken from 
equivalent distances along the flow paths; and (3) longitudinal variations in 
rhéologie properties inferred from simple morphological data may reflect the 
rate of cooling, which in turn depends on the eruption temperature and com- 
position. 

2 Background 

Yield strengths and viscosities of lava have been measured both directly and 
indirectly in the field and the laboratory. Penetrometers (Sparks and Pinkerton 
1978; Pinkerton and Sparks 1978) and shear vanes (e.g., Shaw et al. 1968) that 
relate applied stresses to resultant strain rates have been used to determine 
directly rhéologie properties of Hawaiian and Etnaen lavas, whereas falling 
sphere and concentric cylinder visco meters have been employed in laboratory 
measurements (e.g., Murase and McBirney 1973; Spera et al. 1982; McBirney 
and Murase 1984). These studies have shown that the actual rhéologie proper- 
ties of magma include time- and shear rate-dependent effects which are not 
taken into account by the two-parameter Bingham model. Nonetheless, the 
assumption of Bingham behavior has proven useful for interpretations of flow 
morphology (e.g., Hulme 1974). 

Indirect determinations of viscosity of active flows have been made from 
observations of velocity, density, and slope using the Jeffrey's equation which 
assumes Newtonian rheoiogy (e.g., Nichols 1939, Macdonald 1963) or 
modified Navier-Stokes equations based on the Bingham model (e.g., Moore 
1987). Most yield strength estimates are based on the idea that Bingham mate- 
rials come to rest when basal shear stresses drop below the yield value. Since 
basal stress is the product of thickness, unit weight, and underlying slope, yield 
strength may be computed from geometric measurements made on emplaced 
flows, even if they were never observed while active. The ability of this model 
to estimate yield strengths of prehistoric flows has led to widespread applica- 
tion in extraterrestrial settings (e.g., Hulme 1974; Moore et al. 1978; Zimbel- 
man 1985; Head and Wilson 1986; Cattermole 1987). 

Yield strength and viscosity values calculated indirectly from flow mor- 
phology or velocities are commonly up to several orders of magnitude higher 
than those determined for pure melt phase in the laboratory (e.g., Moore et al. 
1978; Huppert et ai. 1982; Fink and Zimbelman 1986). This mismatch has 
been attributed to several factors including the influence of a solidified crust, 
and the resistance to flow provided by underlying topographic roughness and 
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breccia within the flow-front talus pile. Crystalhzation also causes a marked 
increase in both rhéologie parameters, as has been demonstrated in several lab- 
oratory studies (e.g., Shaw 1969). 

Although estimating lava rheology from flow geometry is conceptually 
straightforward, in practice there are many questions about which measure- 
ments to make. In an effort to reduce these ambiguities, Fink and Zimbelman 
(1986) compared calculations of yield strength and viscosity based on several 
different geometric parameters for the distal 2 km of the well-documented. 
Episode 5 lava flow from the Í963 Puu Oo eruption of Kilauea Volcano. (In 
this previous paper, individual flows were referred to as Phases; these are now 
described as Episodes to conform with USGS usage). Using carefully surveyed 
cross-sections and direct observations of flow velocity and temperature (Wolfe 
et al. 1989; Neal et al. 1989), they found that strength and viscosity both in- 
creased downstream. They also determined that strength estimates based on 
the heights of flow margins showed increases more consistent with measured 
temperature values than estimates based on levee dimensions, central channel 
depths, or the overall height to width ratio of the flow. These results indicated 
that for flows not observed during emplacement (including those on other 
planets), yield strength calculations should be based on flow margin heights 
rather than other morphological parameters. 

Fink and Zimbelman (1986) also found that reasonable viscosity estimates 
required observations of velocity obtained from many longitudinal positions 
along the active flow, rather than average values computed from vent effusion 
rates, overall flow dimensions, or empirical relationships between viscosity and 
strength. This stipulation led them to conclude that accurate viscosity 
estimates are generally not possible for flows not observed during emplace- 
ment. 

3 Observations 

3,1 The Puu Oo Lavas 

The Puu Oo eruption along the East Rift of Kilauea Volcano began with 47 
distinct channel-fed aa episodes from January 1983-July 1986. In mid-1986, 
the style of eruption changed to a more steady effusion of pahoehoe from a 
lava lake through an extensive tube system. Throughout the eruption, the U. S. 
Geological Survey's Hawaiian Volcano Observatory maintained a monitoring 
program that included hand-leveled measurement of thicknesses at many loca- 
tions along the margins of the emplaced flows. These flows were mapped and 
thicknesses recorded on a topographic base with 20-ft contours, from which 
preflow slopes could later be determined. For some of the lobes, successive 
flow front positions were recorded, which enabled average velocities to be 
calculated as a function of position and time. For nearly all eruptive episodes, 
the USGS measured temperatures near the vent and, whenever possible, at 
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distal locations as well. Samples of lava from each episode were also collected 
for chemical analysis. 

The first 20 episodes of the eruption have been summarized by Wolfe et 
al. (1987) and documented in detail by Wolfe et al. (1989). For the first 11 
episodes the composition became progressively more mafic (e.g., CaO increas- 
ed from 10.1 to 10.9 wt%; Na20-i-K20 decreased from 3.3 to 2.7 wt%), and 
the eruption temperatures showed a corresponding steady increase (1117° to 
U38 "C) (Neal et al. 1989). From Episodes 12 to 20, the compositions and tem- 
peratures showed much less variation. 

During the first 11 episodes, several flows passed over the cliffs (palis) to 
the south and advanced through rain forests or along roads of the Royal 
Gardens subdivision. The earliest of these southern flows traversed older 
preexisting topography and did not cover lavas from earlier episodes of the 
eruption. In contrast, the lobes that moved to the north and east, and later 
flows that traveled south, formed an anastamosing network for which the 
boundaries and thicknesses of individual units could not be as easily distin- 
guished on later topographic maps. 

3.2 Procedure 

In our earlier study of the distal 2 km of the Episode 5 flow (Fink and 
Zimbelman 1986), we found systematic downstream increases in both yield 
strength and viscosity. Similar trends for calculated strengths of other lava 
flows had been reported by Moore et al. (1980) and Moore (1987), and for 
viscosities by Booth and Self (1973), Baloga and Fieri (1986), and Moore 
(1987), In order to test the statistical and physical significance of these trends 
for the Puu Oo flows, we needed many more measurements per flow, as well 
as data from several different flows. The painstaking surveying procedures 
which we had used earlier to construct cross-sections did not seem a practical 
way to obtain flow margin thicknesses along the lengths of a suite of flows. 
In contrast, the USGS measurements provide readily available thickness data 
along the entire lengths of most of the Puu Oo flows. 

For the present study we focused on flows that traveled south and that did 
not fill preexisting channels for most of their length; these had the best-defined 
boundaries, and underlying topographic information was available. We con- 
centrated on relatively long flows, because we felt these would best show 
longitudinal trends, and we restricted our attention to Episodes 1-20, which 
had the best topographic, chronologic, and temperature data available. For 
episodes that produced more than one lava flow, we selected the first flow 
formed, so that we would always be comparing the earliest erupted lavas. 
These constraints left us four flows to compare (Fig. 1): the southeast flow 
from the 1123 vent of Episode 2, the flow from Episode 3 which issued from 
the O-Vent (3-0), the Episode 4 flow, and the eastern branch of the Episode 
5 flow (5-E), hereafter referred to as Episodes 2, 3, 4, and 5. 
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Fig. 1. Map showing the outlines of the Puu Oo lava flows after emplacement of Episode 
5. Straight lines represent roads in upper portion of Royal Gardens subdivison (After Wolfe 
et al. 1989) 

Observed thicknesses were combined with slopes derived from topographic 
maps and an assumed density of 2.5 g cm ""^ to arrive at yield strengths, T, for 
the Episode 2-5 flows, using the equation (Johnson 1970): 

r = ^ghsinÖ (t) 

where ç = density, g = acceleration due to gravity, h = flow margin thickness, 
and 9 = underlying slope. Flow margin thicknesses usually reflect the yield 
strength of the lava as it initially passes a particular location, as opposed to 
midchannel dimensions which change throughout the course of a flow's devel- 
opment, A constant density of 2,5 g cm"^ was assumed, because information 
about longitudinal variations in specific gravity of the Puu Oo flows was not 
available at the time of this study. The actual value of 2.5 g cm~^ was selected 
to be consistent with out earlier calculations (Fink and Zimbelman 1986), Lip- 
man and Banks (1987) measured densities in the proximal section of the 1984 
Mauna Loa lava-flow channel as low as 0.8gcm"^ although in the levees, 
flow margins, and distal portions of the channel, values in the range 
2.0-2.6 g cm "^ were more typical. 

Flow front velocity (v) data combined with thickness estimates and slopes 
also allowed us to calculate Newtonian viscosities, rj, using the Jeffrey's equa- 
tion: 

r} = ÍQgh')/i3v) (2) 
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The Jeffrey's equation does not take into account yield strength, which should 
cause our Newtonian estimates to be somewhat higher than Bingham viscosity 
values, and it assumes an infinitely wide channel (Johnson 1970; Moore 1987). 
It also ignores any possible pseudoplastic behavior (e.g., Pinkerton and Sparks 
1978) which means that our viscosity values may be too high at higher strain 
rates. 

Although several studies have pointed out the limited applicability of this 
equation to lava flows (e.g., McBirney and Murase 1984; Baloga and Fieri 
1986), and despite the inconsistency inherent in assuming Newtonian rheology 
in one calculation and Bingham rheology in another, the Jeffrey's equation 
does offer a separate means of estimating relative changes in flow rheology. 
Comparing apparent viscosities calculated from now front velocities with yield 
strengths based on thicknesses of nearby flow margins provides two measures 
of lava rheology taken at roughly the same time and place. 

Flow front velocity data also allowed us to estimate when the front passed 
those sites where margin thickness was later measured. Variations in calculated 
yield strength and viscosity could thus be compared not only with distance 
from the vent but also with time since the flow began to advance. In these 
calculations, time and distance were both measured from the closest observa- 
tion point to the vent, rather than from the vent itself. These most proximal 
points were generally within 500 m of the vent. 

Rheologie values were independently estimated by combining observed 
temperatures with laboratory data. Neal et al. (1989) report that average vent 
(eruption) temperatures for Episodes 1-11 increased steadily from around 
1117° to 1140°, but they remained nearly constant at around 1138°C from 
Episodes 12 through 20. The few distal measurements made in the interiors of 
southward advancing flows showed values of about 1095 °C within 1 km of 
their termini. These are considered minimum temperatures (Neal et al, 1989). 

Laboratory measurements of yield strengths for basalts with compositions 
similar to those from Puu Oo (McBirney and Murase 1984) show rapid in- 
creases in strength (more than two orders of magnitude) as the temperature 
drops from 1200"^ to 1150°C, but that it remains nearly constant upon further 
cooling (Fig. 2). Similar strength versus cooling relationships were found by 
Minikami (1951) for the somewhat more silicic basalts of Oshima Volcano in 
Japan and by McBirney and Murase (1984) for andésite and dacite composi- 
tions. Thus we expect a steadily cooling basalt to show a rapid initial rise in 
strength followed by little or no later increase. If the cooling rate decreased 
with time, this shallowing of the strength versus time profile would be accen- 
tuated. Conversely, if the cooling rate increased, then a more linear strength 
profile might develop. For the temperature range of 1127° to 1115°C mea- 
sured near the vents of Episodes 2-5, the laboratory data of McBirney and 
Murase (1984) would predict a limited strength range of only 59ÍX) to 6100 Pa 
(logT = 3.77 to 3.79). Even for the maximum range of reported temperatures 
from the vent and flow fronts of Episodes 1-11 (1144° to 1094°C), the 
predicted strengths would only vary from about 5200 to 6300 Pa (logT= 3.72 
to 3.80). 
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Fig. 2. Logarithm of laboratory- 
determined yield strength versus 
temperature plots for three dif- 
ferent compositions (data re plot- 
ted form McBimey and Murase 
1984). MLB Mauna Loa Basalt; 
CUB Columbia River Basalt; 
MHA Mount Hood Andésite. 
Also shown are near-vent strength 
values for Episodes 2-5 obtained 
by projecting the strength versus 
distance curves to the origin. 
Temperatures are from Neal et al. 
(1989) 
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Laboratory data for the viscosity of basalt (e,g., Shaw 1969) show a more 
continuous exponential variation with temperature than the yield strength 
data. Thus we expect steadily cooling basalts to show exponential increases in 
viscosity. Deviations from linear cooling rates should lead to corresponding 
variations in viscosity. As with yield strength, we can use laboratory data and 
observed temperatures to predict viscosity values for the Puu Oo flows. Using 
Shaw's (1969) empirical relationship for temperature-dependent viscosities of 
crystal-rich magmas, we can extrapolate from an observed value of 630 Pa-s 
{log rj = 2.80) measured in the laboratory at 1100°C by Murase and McBirney 
(1973) both upward and downward to estimates of 0.3 and 1600 Pa-s 
(log;/ = -0.52 to 3.20) for the maximum and minimum observed Puu Oo tem- 
peratures of 1144° and 1094°C, respectively. 

4 Results and Discussion 

In this section we present a series of graphs showing longitudinal variations 
of calculated yield strength and viscosity for the Episode 2-5 flows. Distances 
were measured along the central axes of the flows using a planimeter and a 
1:24000 scale topographic base map. Emplacement times were computed 
from flow front advance data by interpolation, assuming a constant velocity 
between observation points. Slopes were calculated by measuring the distances 
between topographic contours adjacent to sites where flow margin heights were 
determined. 

For all four flows, calculated yield strength increased exponentially with 
distance (Fig. 3) and with time (Fig. 4). Several different correlations were in- 
vestigated; exponential fits were better than various power-law fits (including 
linear) for nearly all cases. Correlations were also stronger for those cases with 
more observations and when strength was plotted against distance rather than 
time, probably reflecting the fact that times had to be interpolated from flow 
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Fig. 4. Plots of yieid strength 
versus time calculated from 
flow front position data for 
Episodes 2-5 
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front position data with an assumption of constant velocity between points, 
whereas distances were measured directly. The minimum and maximum 
calculated values of log T for Episodes 2-5 were 2.51 and 4.60, respectively. 
These widely bracket the limited range that would be expected (3.75 to 3.80) 
based on the reported temperatures (1144° to 1094''C), and McBirney and 
Murase's (1984) laboratory data. 

Calculated viscosities also increased exponentially with distance (Fig. 5) 
and with time (Fig. 6) for each of the flows. Once again, viscosity correlated 
slightly better with distance than with time. Estimated log r¡ varied from about 
1.78 to 5.51, which again exceed the range expected from laboratory determina- 
tions of basalt for the observed temperature range. 

The calculated strengths and viscosities shown in Figs. 3 through 6 are 
roughly consistent with field determinations for basaks by earlier workers 
(e.g., Pinkerton and Sparks 1978; Moore et al. 1978; Moore 1987). However, 
along each individual flow we found yield strengths that varied by nearly two 
orders of magnitude, and viscosities that covered ranges of almost three orders 
of magnitude. Clearly, a single calculated strength or viscosity for a given flow 
will not be diagnostic of composition. Taking into account the longitudinal 
position of a measurement site leads to a more restricted range of values; there 
still may be a large variation in calculated properties. For example, near-vent 
logT values in Episodes 2 through 5 ranged from 2.48 to 3.41 whereas distal 
values ranged from 3.56 to 4.56. Log;/ similarly varied from 1.78 to 3.30 near 
the vent, and 4.08 to 5.51 near the flow fronts. 

One of the motivations for calculating these rhéologie parameters was to 
evaluate means of remotely estimating lava composition. Given the scatter of 
rhéologie values calculated for these four flows and the imprecision of the 
original data on which the calculations were based, the exponential forms of 
the longitudinal trends are surprisingly consistent. Since similar profiles can 
in principle be obtained for remotely observed flows, we investigated whether 
the longitudinal gradient in the rhéologie properties might prove to be more 
diagnostic of flow composition than individual measures of strength or 
viscosity. 

In Fig. 7 a we have plotted the slopes of the four strength versus distance 
regression hues from Fig. 3 against the average of near-vent temperatures Tg, 
for each episode (here considered to be close to the actual eruption tempera- 
tures). The slopes of the regression lines represent the exponents a for equa- 
tions of the form 

T= Aexp(aL) , (3) 

where A and a are constants. The four points in Fig. 7 a define a linear trend 
represented by the equation 

a = mTe-(-b , (4) 

where m and b are constants. Similar results arise from plotting the slopes of 
the viscosity versus distance (Fig. 7 b), strength versus time (Fig. 7 c), and 
viscosity versus time (Fig. 7 d) graphs. All four of these plots indicate that the 
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Fig. 5. Plots of viscosity versus 
distance for flows of Episodes 
2-5 

m 

& 

8 
> 

6 

5 

4 

1 

r2=0.69 

3 

EPISODE 5 

0 2 4 6 8 

DISTANCE FROM VENT (Km) 



!68 J.H. Fink and J. Zimbelman 

rt 

CO 
O 
U 

> 
O 
O 

3 

2 

I 

6 

5 

4 

3 

2 

1 

r^=0.44 

EPISODE 2 

f(g. 6. Plots of viscosity versus 
time for flows of Episodes 2-5 

r''=0.52 

V 

EPISODE 3 

0 20       40       60        80       100 

TIME SINCE ONSET (Hrs) 



(a) 

I 

U.it 

r2 = --1:^11 
a       ^y^ 

0.20 - 

^^    "5 

0.16 • 
^^^ 

j"^ 

0.12 - y^ 1 

^ STRENGTH vs DISTANCE 

on« 1  1   .   .   .   . 

(c) 
O.Cß4 

0.020 

S        0.016 
CL. 

^ 3 

UIO 1115 1120 1125 1130 

0.012 

0.008 
11 

- 
r ' = 0 y4 

• "y^ 

• 

y^     4 
' y^ 

.   Jf    .      1      .      . 

STRENGTH vs TIME 

10     1115    1120    1125     1130 

1115 1120 1125 

TEMPERATURE (°C) 

I13Ü 

(d) 

ä 

r^ = 0,93 

5      /• 

0,03 • y^ 
• y^       4 

0.02 • 

/^3 

rtni 

2   y' 
ay VISCOSITY vs TIME 

1110 1115 1120 1125 

TEMPERATURE (°C) 

113« 

Fig. 7a-d. Slopes of regression lines from Figs. 3-6 plotted against eruption temperature. Note that in all cases there is 
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longitudinal gradients of tlie rhéologie parameters T and rj over distance or time 
are proportional to eruption temperature, T^. Similar correlations are obtained 
if the longitudinal gradients of rhéologie properties (as represented by the ex- 
ponential parameters, a) are plotted against the concentration of either SÍO2 or 
MgO, rather than temperature (C.A. Neal, pers. commun. 1988). 

Before attempting to interpret Fig. 7, it is necessary to restate the assump- 
tions that it incorporates. Each data point represents the slope of the exponen- 
tial regression of a rhéologie parameter (yield strength or viscosity) versus dis- 
tance or time. The rhéologie estimates are based on flow margin heights, flow 
front positions, and preflow topographic slopes. Temperatures for a given flow 
are averages of several measurements taken within a few kilometers of the vent. 
Finally, we have not directly taken into account variations in effusion rate at the 
vent with time, or the effects of surges on the observed velocities. 

There are two possible explanations for the increased longitudinal gradients 
with higher eruption temperature: either the flow length (or duration) drops 
with increasing temperature (and increasing mafic character of the flow), or the 
difference between the maximum and minimum values of the rhéologie parame- 
ters increases with temperature. As there is no apparent reason why higher extru- 
sion temperatures should result in shorter flows (and since the flow lengths do 
not show such a correlation), we will assume that it is the contrasts between the 
near-vent and distal rhéologie values that increase. Larger rhéologie contrasts in 
turn require either the near-vent values to decrease or the distal values to go up. 
Experimental data (e.g., McBirney and Murase 1984) indicate that neither the 
yield strength nor the viscosity should increase anywhere along a flow when 
eruption temperature increases; rather the values should everywhere decrease or 
remain the same. Thus, the observed larger rhéologie contrasts require that 
strengths and viscosities decrease more rapidly near the vents than near the flow 
fronts as eruption temperatures increase. 

A more rapid decrease of near-vent values is consistent with laboratory data 
(Fig. 2) which show that for a range of compositions, yield strength does not 
change as rapidly at low temperatures as it does at high temperatures. Laborato- 
ry data for viscosity do not show the same relationship; viscosity increases ex- 
ponentially as temperature decreases over nearly the entire melting range of ba- 
salt. Crystallization upon cooling should actually cause the rate of viscosity in- 
crease to be higher at lower temperatures. 

An alternative explanation for the observed trend is that brecciation has a 
stronger influence on rhéologie properties near the flow front than near the 
vent. All four of these flows underwent transitions from pahoehoe to aa within 
a few kilometers of the vent, and became progressively more brecciated as they 
advanced downslope. In the near-vent region where breccia was poorly devel- 
oped, the bulk rhéologie properties of the flow would more closely reflect those 
of the erupting magma, which in turn would be most sensitive to the eruption 
temperature. Near the toe of an aa flow, the bulk properties would be dominated 
by those of the thickening breccia blanket. This suggestion is consistent with 
earlier field studies of basalt rheology which generally found higher values of 
yield strength and viscosity than those found in laboratory measurements. 



Longitudinal Variations in Rheological Properties of Lavas 171 

Two additional factors which may affect calculated strength and viscosity 
values are variations in density and in crystal content. Systematic downstream 
increases like those measured at Mauna Lx)a for specific gravity by Lipman and 
Banks (1987), and for crystallinity by Lipman et al. (1985) could both result 
in the types of viscosity and yield strength gradients we calculate. If the rates 
of increase in either density or crystal content can be shown to correlate with 
eruptive temperature, then these could provide additional explanation for the 
observed rhéologie gradients. 

If the longitudinal rhéologie trends observed in these four basalt flows can 
be demonstrated to occur over a wider range of compositions, then they sug- 
gest a possible means for remotely estimating composition. Flows of increas- 
ing silica content (which in some cases correlates with decreasing eruptive tem- 
perature) should show progressively lower longitudinal gradients in yield 
strength or viscosity. This conclusion is consistent with Baloga and Pieri's 
(1986) theoretical deduction that the rate of downstream flow thickening 
should decrease with increasing silica content. Additional field studies of flows 
with a range of compositions are needed to determine how diagnostic of com- 
position the gradient of strength or viscosity can be. If, as is the case for these 
Puu Oo flows, the slope of a rhéologie profile (i.e., the exponential parameter, 
a) is nearly constant, then one only need obtain rhéologie measurements along 
part of the length of a flow to estimate its composition. This would be helpful, 
because it is commonly difficult to identify the vent areas or fronts of remotely 
observed flows. 

5 Conclusions 

We have presented morphologically based calculations of lava yield strength 
and viscosity for four very well-documented flows in Hawaii. Computed yield 
strengths for all of the flows ranged from 3 x 10^ to 4 x 10"^ Pa, and viscosities 
ranged from 60 to 3 x 10^ Pa-s, which are slightly lower than those reported by 
earlier workers for other Kilauean basalts. Individual flows show up to nearly 
two orders of magnitude variation of yield strength and nearly three orders of 
magnitude in viscosity. Strengths and viscosities increase exponentially with 
distance and time for all of the flows. 

The slopes of regression curves, representing the exponential coefficient, 
were plotted against eruption temperature for the four ñows. These show a 
steady increase with eruptive temperature and composition. We suggest that 
the gradient of yield strength or viscosity, as determined from the sorts of mea- 
surements discussed above, may prove to be an effective diagnostic aid in the 
remote identification of flow compositions. Additional studies of flows with 
a wider range of compositions are needed. 
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