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Abstract We use a digital elevation model (OEM)
derived from interferometrically processed SIR-C ra
dar data to estimate the thickness of massive trachyte
lava flows on the east flank of Karisimbi Volcano,
Rwanda. The flows are as long as 12 km and average
40-60 m (up to > 140 m) in thickness. By calculating
and subtracting a reference surface from the OEM, we
derived a map of flow thickness, which we used to cal
culate the volume (up to 1 km 3 for an individual flow,
and 1.8 km 3 for all the identified flows) and yield
strength of several flows (23-124 kPa). Using the OEM
we estimated apparent viscosity based on the spacing of
large folds (1.2 X 10 12 to 5.5 X 10 12 Pa s for surface vis
cosity, and 7.5 X 10 10 to 5.2 x 10 11 Pa s for interior vis
cosity, for a strain interval of 24 h). We use shaded
relief images of the OEM to map basic flow structures
such as channels, shear zones, and surface folds, as well
as flow boundaries. The flow thickness map also proves
invaluable in mapping flows where flow boundaries are
indistinct and poorly expressed in the radar backscatter
and shaded-relief images.
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Introduction

Field studies of Karisimbi Volcano (Fig. 1) have map
ped flow boundaries, collected samples for petrologic
study, and dated individual flows (OeMulder 1981,
1985; OeMulder and Pasteels 1986; Marcelot et al.
1985). From these studies, OeMulder (1985) has drawn
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a morphologic and structural evolution of Karisimbi
that culminates in the eruption of viscous lava flows
and domes on the east flank. These late-stage effusions
range from flows that are more than 140 m thick but
extend no more than a few kilometers from the vent, to
12-km-long flows that average 40-60 m in thickness and
possess well-defined channels and arcuate ridges. The
gross morphology of the Karisimbi flows can be seen in
the contour map of Thonnard et al. (1965); however,
many areas of the volcano remain poorly explored owing
to difficult and inaccessible terrain.

In this study we present topographic analyses of
Karisimbi Volcano using a detailed new digital eleva
tion model (OEM) that we derived from SIR-C data
using radar interferometry (Zebker and Goldstein
1986; Massonet and Rabaute 1993; Zebker et al. 1994).
We use this OEM to make shaded-relief images, from
which we map topographic features, and to create a
flow-thickness map. From flow thickness and area we
calculate volume. Using previously derived relation
ships for rheological parameters, we estimate yield
strength of individual flows from cross-flow profiles
and apparent viscosity from the height and spacing of
surface folds. These topographic analyses add a hereto
fore missing aspect to our understanding of Karisimbi
Volcano and another data set to the morphologic stud
ies of viscous lava flows.

Geologic setting

Karisimbi Volcano (1.50 S, 29.45 E) is part of the Vi
runga volcanic field, which forms a transverse chain in
the western branch of the East African Rift (Fig. 1). At
4507 m it is the highest and one of the largest of the
eight major volcanoes in the Virunga field (Fig. 2). Un
like Nyiragongo and Nyamuragira volcanoes farther
west, Karisimbi is not active (although neighboring Vi
soke had a brief eruption in 1957).

Karisimbi volcanic rocks present an almost complete
differentiation series of silica-undersaturated lavas,
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rely on the relative accuracy and noise level within the
OEM.

Radar correlation is a measure of the similarity of
the two radar images that make the interferogram.
Within the boundaries of the forest preserve that en
compasses Karisimbi's summit (Fig. 5), subtle changes
in vegetation (due to wind, rain, or differences in view
ing geometry) between the two observations causes
noisy values in the OEM due to low correlation be
tween the two scenes. Noisy areas produce dimpled re
gions in the shaded-relief image (Fig. 3), such as the
low backscatter area just inside the southwest boundary
of the forest preserve. Other than these few areas, rela
tive height accuracy as a function of phase error (Zeb
ker et al. 1994) is better than 10 m (as good as 2-3 m) in
areas of strong correlation, which compose most of the
scene. No DEM values exist where steep, radar-facing
slopes exceed the geometric limits of the technique as a
result of layover or foreshortening; these areas are
black in Figs. 3, 4, and 6.

Because radar is unable to penetrate thick forest
canopy, an interferometric OEM, such as that used
here, may return elevations of the top or middle of the
vegetation rather than the ground surface. Our f1ow
thickness calculations are based on relative heights,
however, which remain accurate if the height of the
vegetation is the same on the trachyte flows as on the
surroundings. Several lines of evidence support this as
sumption. Firstly, the trachyte flows are approximately
10,000 years old and overlie a lava plain composed pri
marily of hawaiite flows which are ~70,000 years old
(DeMulder and Pasteels 1986). Both the trachyte flows
and their surroundings are vegetated, and most areas
outside the forest preserve are intensively farmed, even
on steep slopes, producing shorter and more uniform
vegetation than might naturally occur. Also, note that
the height of the vegetation on the trachyte flows needs
only to be similar to that of the surrounding lava plain
(within the 2-3 m relative accuracy of the OEM, a small
percentage of the 40-60 m flow thickness). Radar back
scatter (Fig. 3), correlation (not shown), and Landsat
Thematic Mapper data (not shown) are all sensitive to
changes in vegetation. All of these data show the strik
ing change in vegetation at the boundary between for
est preserve and agricultural lands (Fig. 5); however, on
either side of the boundary, lava flows and their sur
roundings appear to be similarly vegetated. In addition,
those flows that cross the forest preserve boundary
have the same apparent thickness on either side of the
boundary, as expected if thickness estimates are little
affected by vegetation. Finally, flow thickness calcu
lated from the interferometric OEM agrees well with
values obtained from the topographic map, for those
flows that can be identified from the map (discussed
below).

We created the OEM from the L-band (24 cm wave
length) SIR-C data, because correlation is much higher
for the L-band than for the shorter wavelength C-band
(5.6 cm) and the L-band is better suited to steep slopes.
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Topographic mapping

Karisimbi and the eastern portion of the Virunga vol
canic chain (excluding Nyiragongo and Nyamuragira)
were imaged as part of the repeat-pass interferometry
experiment during the October 1994 flight of the Spa
ceborne Imaging Radar-C (SIR-C; Stofan et al. 1995).
Data were obtained on two consecutive days from
nearly identical orbits (DT154.90 and 0T170.90), with
a calculated baseline separation of approximately
171 m and an incidence angle of - 26°. Radar inter
ferometry exploits the very small angular difference in
viewing geometry between two images to determine the
phase difference (due to slightly different lengths of the
two travel paths), from which we derive the OEM. The
theory and application of radar interferometry are dis
cussed in detail in Zebker and Goldstein (1986),
Massonet and Rabaute (1993), Lin et al. (1994), and
Zebker et al. (1994), and numerous references can be
found on the NASA/JPL homepage at http://south
port.jpl.nasa.gov/science/SARREFS.html. Although at
mospheric effects can strongly influence the absolute
elevation values in an interferometrically derived OEM
(Rosen et al. 1996; Zebker et al. 1997), in this study we

ranging from primitive K-basanites to evolved K-tra
chytes (OeMulder 1985). K-hawaiites are most abun
dant at the surface. They are overlain by the thick tra
chyte flows that are the focus of this paper (Figs. 3, 4).
Seven samples from the trachyte flows yield a mean
Si02 content of 61 wt.% (OeMulder 1985); K-Ar dat
ing shows that the Karisimbi trachytes are younger than
0.010 Ma (OeMulder and Pasteels 1986).

Fig.l Location map showing the main volcanoes of the Virunga
volcanic field. Dashed box shows the location of Fig. 2. Approxi
mate boundary of the Virunga volcanic field is marked by the
thick gray line. Bold dashed lines mark political boundaries. Inset
shows the area of Fig. 1 and the lWo major branches of the East
African Rift zone
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Fig.2 SIR-C observation 171.1 showing the main volcanoes of
the Virunga volcanic field and the location of the study area
(SIR-C interferometric data do not cover Nyiragongo and Nya
muragira). Radar illumination is from the top (northwest) at an
incidence angle of -41°. This image is not corrected for topo
graphic effects and shows "layover" of features at higher eleva
tions, distorting the shape of the study area (and the scale in the
vertical direction)

Longer wavelength data imply a less dense fringe spac
ing, which aids in phase unwrapping, the stage of pro
cessing in which relative phase is converted to absolute
phase. The DEM and all subsequent processing was
done at a 20.6-m pixel spacing. From the DEM we
made a shaded-relief image for use in mapping (Fig. 3)
and a flow thickness map (Fig. 6).

To generate the flow-thickness map, we first used
the shaded-relief image to define the extent of flows
and other positive relief features. We then took eleva
tion values at every tenth pixel, excluding these defined
positive relief features (Fig. 7). Using the Generic Map-

ping Tools (GMT; Wessel and Smith 1991), we fit an
interpolated surface to these selected pixels. The result
ing "no-flows" surface represents a smoothed version
of the topography without the flows and other local
topographic features. Subtracting the smoothed surface
from the original DEM yields the flow-thickness map in
Fig. 6.

Because the interpolated surface is very smooth,
higher-frequency topographic features from the DEM
show up as noise on the flow-thickness map. The most
obvious (and easily ignored) examples of this are the
peaks and valleys in the Precambrian mountain area
(lower left corner of Fig. 6). Less obvious are the small
er variations spread across the area surrounding the
flows. Excluding the trachyte flows and areas of high
relief, such as the Precambrian mountains and Visoke
Volcano, 93% of this background noise lies within
± 10 m. The noise does not affect thickness or volume
estimates (because the mean is near zero, positive and
negative features will cancel), although subtle features
beneath this threshold cannot be distinguished from the
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SHADED RELIEF

Fig.3 Shaded-relief digital elevation model (OEM) and radar
backscatter (L-band, vertically polarized), overlain with 100-m
contour lines. Box shows the location of Fig. 4. Shaded-relief
image is illuminated from the upper-right corner to enhance now
boundaries; backscatter is illuminated [rom the top of the image.
Dark. low backscatter region at higher elevations of Karisimbi
and Visoke reflects different vegetation within the forest preserve
(boundary shown in Fig. 5)

background noise. For the trachyte flows, the thickness
shown is a minimum value, because flows may have oc
cupied topographic lows that cannot be estimated by
this method.

In Fig. 8 we compare the OEM and "no-flows" sur
face to values from the previously published topo
graphic contour map (Thonnard et al. 1965) along four
profiles. This comparison provides both an indepen
dent test of the relative accuracy of the OEM and high
lights the difference in topographic detail between the
OEM and the contour map. On all four profiles, flow
thicknesses are similar in the OEM and contour map,
although two of the profiles (flows 11 and 10) show
lower absolute elevations on the contour map. In plan
view (not shown), flow 3 appears wider, and flow 11
narrower, on the contour map than in the shaded relief.
Only the extreme distal portion of flow 12 (which is
thicker than the rest of the flow) can be seen in the
contour map; flows 5 and 6 are not evident in the con
tour map, nor are the upper reaches of most flows. The
areal extent of the flows is confirmed by comparing the
flow margins seen in the shaded-relief image with those
observed in the radar backscatter image (Fig. 3). Al
though the OEM (and derived shaded-relief image)
might be subject to height error that could create false

BACKSCATTER

C:==::::C===::J 2 km

Fig.4 Enlargement of shaded-relief OEM showing the distal
portion of several flows: location shown in Figs. 3 and 5. ote the
prominent shear zones and arcuate ridges on flow 7 and well
developed channels on nows 7 and 10
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Fig.S Map of flow morphology showing major flows (sfippled)
and flow structures seen in shaded-relief, backscatter. and flow
thickness images. Box shows the location of Fig. 4. Thicker line
weights are more prominent features. dashed lines are indistinct
boundaries. Hatched area is mountainous Precambrian basement.
There is no flow I

flow margins, the margins seen in the radar backscatter
result from illumination and shadow of the Earth's sur
face and are not subject to the same sort of potential
error.

Although most of our mapping is done from shaded
relief images, the flow-thickness map is also useful for

mapping flows where flow boundaries are indistinct
and poorly expressed in the radar backscatter and
shaded-relief images. Shaded-relief images (with var
ious illumination directions) tend to highlight those fea
tures whose boundaries have significant relief (to catch
the "light" or cast shadow): the same is true of radar
backscatter in cases such as ours, where large areas
have similar backscatter values. Features with subtle or
gradational topographic boundaries do not stand out in
such images. For example, the inferred proximal sec
tion of flow 11 (dashed line in Fig. 5) cannot be traced
in any of our shaded-relief images. Although not ob
vious, the thickness map shows a likely path for this
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FLOW THICKNESS (m)
Fig.6 Flow thickness (in meters), overlain with lOG-m contour
lines. Thickness was estimated by subtracting an interpolated ref
erence surface from the DEM. Scattered highs in the Precam
brian mountains are topographic artifacts. Background noise is
±]Q m. Flow dimensions and volumes are given in Table 1
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Fig.7 Numbered flow units, showing location of profiles used for
yield strength (black lines) given in Table 2, apparent viscosity
(dashed lines) given in Table 3, and profiles compared with topo
graphic map in Fig. 8 (gray lines). Only light-gray areas were used
in area/volume calculations; medium gray areas at edges of flows
have thickness < 10 m and were not included. Dark gray areas
(black in Figs. 3 and 6) are data gaps produced by steep radar
facing slopes. Crosses show points used in interpolation of the
"no-f1ows" surface, which omits flows and other local topo
graphy

flow (Fig. 6), which may have originated as a breakout
from flow 6.

Flow dimensions

We use flow thicknesses shown in Fig. 6 to calculate
volumes of the most prominent flows and domes. With
in the flow boundaries (Fig. 7), we include only those
pixels with a thickness 2: 10 m (the level of background
topographic noise in the thickness image) in the calcu
lations, thereby producing conservative estimates of
area and volume as shown in Table 1. The largest of the
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Fig.8 Profiles comparing DEM and contour values from the
topographic map (Thonnard et al. 1965). Profile locations are
shown on Fig. 6. Closed circles are contour crossings, and open
circles are interpolated from the topographic map. The "no
flows" surface was subtracted from DEM values to get the flow
thickness shown in Fig. 6. Vertical exaggeration (VE) is 2 x

Table]

Flow Flow Dimensions Notes
lumber

Length Area Volume Mean
(km) (km 2

) (km 3
) Height (m)

2 0.6 0.03 49 dome
3 3.8 2.3 O.lO 43 single flow
4 0.4 0.03 62 dome
5 0.9 0.08 94 dome
6 2.2 2.3 0.13 56 coulee
7 8.9* 11.9 0.50 42 branch flow
8 1.5 0.14 90 domes
9 1.1 0.05 43 domes

10 10.l 11.0 0.51 47 branch flow
Il 7.6 3.1 0.11 35 single flow
12 4.5 3.3 0.09 27 older flow
7+ 10 22.9 1.0l 44 two-branch

ALL 38.5 1.77 46 all Oows

" Length of branch [rom flow 10; total length from vent = 11.9 cm

flows is almost 12 km long, covers an area of 23 km 2
,

and has a volume of more than 1 km 3 distributed in two
major branches (flows 7 and 10; Fig. 7). Because of the
inherent ambiguity in interpreting temporal relation
ships between flows from remote sensing data, we have
treated calculations for flow 7 and flow 10 separately.
Although flow 7 appears to be a major branch originat
ing as a breakout from flow 10 approximately 2 km
from the vent, it is also possible that flow 7 predates
flow 10. The combined flows 7 and 10 account for al
most two thirds of the total volume of trachyte calcu
lated in this study. Flows 3 and 11 are similar to each
other in volume (-0.1 km 3

); however, because we are
unable to confidently trace flow 11 to the vent, its area
and volume are certainly larger than shown. Features 2,
4,5,8, and 9 are lava domes rather than lava flows, and
flow 6 is an extremely thick flow that may be more ap
propriately termed a coulee. It is clear from the shaded
relief image, and comparison with flow maps in De
Mulder (1985) and Marcelot et al. (1985), that numer
ous flows with less clearly defined boundaries and
topographic expression are present but are not in
cluded in our calculations. We calculate a total volume
of almost 1.8 km 3 for all of the mapped flows, still far
short of DeMulder's estimate of - 3 km 3 for the thick
trachyte flows of Karisimbi's east flank.



Flow structures

The shaded-relief image is particularly valuable for
basic mapping. We have been unable to find air photo
graphs, optical satellite images (e.g., SPOT data) are
not available for Karisimbi, and the radar backscatter
images are not very helpful because of the low inci
dence angle and heavy vegetation. We created a series
of shaded-relief images using different illumination azi
muths to highlight and map a variety of features. Fea
tures oriented nearly perpendicular to the illumination
direction are enhanced and those approximately paral
!el are subdued; therefore, multiple shaded-relief
Images are necessary to map features of different orien
~atio~s. <?nly one of these images is shown here (with
IlIummatlOn from the north), although all were used in
the interpretation shown in Fig. 5. Numerous flow
structures, such as overlapping flow units, channels,
and arcuate ridges, can be seen in the shaded-relief
image (Fig. 3). Based on their shape and widespread
occurrence, we interpret the arcuate ridges to be folds
formed in the viscous crust as the lava flow backed up
behind the slowing toe of the flow. One of the best ex
amples of these features is the distal portion of flow 7
where distinct shear zones separate levees from a cen~
tral region marked by large arcuate ridges (Fig. 4). In
the region of profile 7a (Fig. 7), the folds extend across
the surface of the entire channel for approximately
1.5 km along the length of the flow. Downslope, the
flow becomes more complex and develops two adjacent
channels. The northern ends of the folds in the south
ern channel are bent downflow, indicating a velocity
contrast between the north and south channels (Figs. 4,
5). This may have occurred as the southern half of the
flow encountered the Precambrian mountains, whereas
the northern half of the flow was able to overrun the
much lower northern end of the range.

Rheological properties of flows

Nu~erous relat!onships have been developed for esti
matmg rheologICal parameters by measuring the di-
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mensions of stationary lava flows (e.g., Hulme 1974);
these have ~een used mostly in extraterrestrial settings
where only Image data are available. Although the as
sumptions underlying these estimates greatly oversim
plify the behavior of lava flows, they are often the only
source of rheological information available. There are
no field measurements of rheology for viscous flows
such ~s those found on Karisimbi. Given the rarity of
eruptIOns that produce these types of flows and the dif
ficulty one would encounter attempting to make such
~easurements on an active, 40-m-thick lava flow, we
~nclude estimates of yield strength and apparent viscos
Ity for comparison with previous estimates derived for
thick flows elsewhere (e.g., Friedman et al. 1963;
Hulme 1974; Moore et al. 1978; Fink 1980; McBirney
and Mu.rase 1984; Zimbelman 1985; Wadge and Lopes
1991; Pmkerton and Stevens 1992). The usefulness of
such estimates lies more in stimulating our thinking
about the factors that interact to influence flow behav
~or and morphology (such as slope, effusion rate, cool
mg, and rheology) than in the numbers themselves.

Yield strength estimate

Yield strength estimates are based on the assumption
that lava flows can be approximated as Bingham fluids
and that they will spread laterally or downslope until
the combination of gravity, flow density, flow thickness,
and slope can no longer overcome the yield strength of
the flow. We selected profiles across individual flow
lo.bes and calculated yield strength from the height,
~Idth, and slope of the flow using two different equa
tIons:

Width method Slope method
Yield strength (Sy): Syw=pgh 2lw SYH=pgsin(&)h

in whic
2
h p = bU~k density (2000 k~/m3), g = gravity

(9.8 mls ), h =heIght of flow, w =WIdth of flow, and
&= slope of the underlying surface (Hulme 1974; Moore
et al. 1978). Width is easily determined in the DEM
from the sharp inflection points (often local minima) at
the base of the flow profile. Because the upper surface
of each flow is so irregular, we used the mean value of

Table 2

Flow Profile Flow Dimensions Yield Strength (kPa)*
Number Number

Base Flow Flow Aspect SI'W, Width Syll, Slope Ratio
Slope (deg) Width (m) Height (m) Ratio Method Method SytlSyw

3 3.2 9.1 332 32 0.10 61 100 1.6
3 3.3 7.7 300 35 0.12 80 92
6 6.1 14.5

1.1
247 40 0.16 124 194 1.6

10 10.1 4.2 668 41 0.06 49 59 1.2
10 10.2 9.2 195 25 0.13 64 80 1.2
11 11.1 7.3 378 30 0.08 48 75 1.6
11 11.2 2.8 909 33 0.04 24 31 1.3

* Measurement errors may produce errors in yield strength as high as 60% of value

Notes

side lobe
side lobe
main lobe
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height above those minima (for all points within 20 m
elevation of the maximum height) for flow height. Un
derlying topographic slope is taken from the interpo
lated "no-flows" surface at the midpoint of the particu
lar flow profile. Following Wadge and Lopes (1991) we
attempted to select profiles that cross a simple terminal
lobe (locations shown in Fig. 7), assuming that the mor
phology of the terminal lobes should most closely rep
resent the yield strength of the lava. Table 2 lists the
calculated values for yield strength, which range from
23 to 124 kPa for Svw, comparable to similar yield
strength estimates . for Hawaiian trachyte flows
(23-110 kPa; Moore et al. 1978). If we assume measure
ment errors of 1 pixel for width (20.6 m), 10 m for
height (the level of background noise), and 2° for slope,
possible measurement errors for yield strength are of
the order of 60% for both width and slope methods.
Variation in yield strength is correlated with underlying
slope; lower values of yield strength correspond to low
er basal slopes for both methods, as noted by Moore et
al. (1978) for a variety of flows. This apparent correla
tion may result from the failure of either of the simple
models to completely account for the influence of slope
on morphology and the resulting yield-strength esti
mate. We note, however, that those flows with lower
calculated yield strength had to flow the farthest just to
reach the lower slopes at the base of Karisimbi. The
yield-strength estimates may therefore reflect true dif
ferences in the rheology of the lavas, perhaps due to
differences in eruptive parameters such as effusion rate,
volume, or temperature. Where we have two values for
a single flow (flows 3, 10, and 11) the yield strength es
timates differ by approximately 20 kPa, with the side
lobe estimates of flows 1() and 11 producing higher val
ues than those of the associated main flow. As one
would expect from its morphology, the yield-strength
estimate for flow 6, emanating from the dome just up
slope, is the highest of our calculated values at 124 kPa.
SyO is also calculated for comparison with Syw. For most
of the profiles, the two methods produce similar results
with Syo>Syw; however, profiles 3.2, 6.1, and 11.1 give
Svo values approximately 1.6 times that of Svw and pro
vide a second estimate of possible error. Similarly,
Moore et al. (1978) reported SyO values typically twice
those of Svw.

Apparent viscosity estimate

The dimensions and behavior of these flows are very
different from familiar basalt and andesitic flows. An
average Karisimbi trachyte flow is 40-60 m thick. The
upper slopes of Karisimbi (within 4-5 km of the vent)
average 10-15°; lower elevation slopes are 3-8° for
those flows that reach them. Applying the Jeffreys
equation (Velocity = (pg h 2 sin e)/(3 Yf), where Yf = viscos
ity), a 40-m-thick flow with a viscosity of 109_10 11 Pa s
can achieve a velocity of 3 m/h to 0.03 m/h on a 5°
slope, and twice that value on a 10° slope. At these

speeds it could take from 32 days to 9 years to travel
5 km on a 10° slope. Manley (1992) argues that large
rhyolite flows cool so slowly that they may remain ac
tive for decades; however, it is hard to imagine that
these lava flows were emplaced at viscosities much
higher than 1011 Pa s, as emplacement time increases
proportional to the viscosity.

We used the technique of Fink (1980) to estimate
surface and interior viscosities from the height and
spacing of the folds on flows 3, 7, and 11, using the fol
lowing relations (Fink and Fletcher 1978):

Yfo> (pgtc )/(0.08 In RExx ) R = YftiYfi InR>28tcld

where tc = thickness of the folding crust (in some cases
approximated by ridge height), d = arc length of the
folds, R = ratio of the surface viscosity (Yfo) to interior
viscosity (Yfi), and Exx = compressive strain rate. This
technique relates the height and spacing of surface
folds to the apparent viscosity of a flow and requires an
estimate of the thickness of the crust and the time inter
val over which the folds formed. Because we have few
constraints on the thickness of the folding crust and
none on the duration of the folding event, we have cal
culated viscosity using a range of values for these two
parameters. Variation in thickness of the crust affects
only the interior viscosity values, whereas the duration
of folding (and therefore E xx ) affects both surface and
interior viscosity estimates. In addition, we have some
limits on crustal thickness (0-100% of flow), whereas
strain rate is only scantily constrained by common
sense.

Because this method assumes Newtonian behavior,
but these flows are clearly non-Newtonian (i.e., they
have yield strengths), calculated viscosities are actually
apparent viscosities for a given strain rate. The lower
the strain rate (the longer the duration of folding or the
smaller the estimated strain), the greater the apparent
viscosity. This dependence (and lack of constraint) on
strain rate introduces such large uncertainties in the vis
cosity calculations that the numbers may only have
qualitative usefulness. This is true for most estimates of
viscosity, whether from laboratory or field data. Pinker
ton and Stevens (1992) and McBirney and Murase
(1984) give excellent summaries of some of the prob
lems associated with viscosity estimates; thus, this anal
ysis is useful in comparing rheology of these flows with
each other and with other morphology-based estimates,
such as those of Friedman et al. (1963), Fink (1980),
and Zimbelman (1985), but we warn against using the
resulting values in any quantitative application.

We measured fold dimensions from the DEM (Ta
ble 3) and calculated apparent viscosity using folding
crust thickness of 10, 20, and 30% of total flow thick
ness. Note that a thin crust, such as 10% of total flow
thickness, results in very low calculated viscosity con
trast (low R; Table 3) and is thus less likely to fold.
Shortening was computed by comparing the surface
length of the profile (original length) to the straight line
distance between the two endpoints (folded length).
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Because we are working at the spatial resolution of the
SIR-C data and therefore cannot resolve features
smaller than 20 m, we used twice the measured shorten
ing for the estimated strain; true strain may be many
times this value. Fink (1980) and Zimbelman (1985) use
50% strain in their calculations, resulting in viscosities
an order of magnitude lower than ours. Viscosities in
Table 3 are computed using one day as the duration of
folding, but days or weeks are possible given the prob
able slow velocity of the flows. Assuming a strain inter
val of 24 hand 20% total thickness as the thickness of
the folding surface, we obtain apparent viscosity values
ranging from 7.5 x 10 10 to 5.2 X 1011 Pa s for the interior
viscosity of the flows, and 1.2 x 10 12 to 5.5 x 10 12 Pa s
for the surface viscosity. Although these values are
poorly constrained as discussed above, they seem to be
in relative agreement with field relationships of these
flows and viscosity estimates for other viscous flows.
For example, the apparent viscosity of flow 7 increases
downflow, and flow 7 values are higher than those of
the shorter flows 3 and 11. This is consistent with the
observation of Fink and Zimbelman (1986) that viscosi
ty increases downflow for recent basalt flows on Ki
lauea Volcano, Hawaii. Surface viscosities are similar
to those obtained by Fink (1980) for the Glass Moun
tain rhyolite and Chao dacite flows for the same time
interval, but we calculate much higher interior viscosi
ties (and thus lower viscosity ratios) due to the longer
fold arc length to height ratio at Karisimbi and low es
timated strain used in our analysis. A trachyte flow on
Hualalai Volcano, Hawaii, has ridges of similar dimen
sion [15 m height, 150 m spacing; Macdonald and Ab
bott (1970)] to those found on Karisimbi, and has an
estimated apparent viscosity of 1.7 x 10 II Pa s for a
strain interval of 1 day (using 50% strain; Zimbelman
1985). Other techniques yield a range of viscosity val
ues. For example, Friedman et al. (1963) use the Jef
freys equation and limited observations of flow geome
try and velocity to estimate an apparent viscosity of
109-10 10 Pa s for the 1953 Trident dacite eruption. La
boratory and theoretical estimates of viscosity, such as
those of Pinkerton and Stevens (1992) and McBirney
and Murase (1984), report viscosities of 109-10 12 Pa s
for the Mount St. Helens dacite.

With viscosity estimates ranging over three orders of
magnitude, there remains much to be understood about
the behavior of viscous lava flows. In our case, the mor
phologic features on which both yield-strength and vis
cosity analyses are based tend to be located in the distal
portions of the flows. Both yield strength and viscosity
are estimated some distance from the vent, resulting in
values that are higher than the initial conditions, parti
cularly for viscosity. In addition, the apparent viscosity
of a non-Newtonian lava may be higher at low veloci
ties than at high velocities if the ratio of strain rate to
shear stress is not linear (McBirney and Murase 1984).
It is also important to keep in mind that estimates of
this type are for bulk properties of the flow, including
not only melt, but solids and gases. A more viscous
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crust, indicated by the formation of surface folds, may
playa key role in the behavior and final morphology of
the flow (Blake 1990; Griffiths and Fink 1993), thereby
influencing the results for yield strength and other mor
phologic analyses. As Griffiths and Fink (1993) note,
for most flows lava rheology is heterogeneous and can
not be characterized by a single yield strength or viscos
ity.

Conclusions

For poorly mapped flows such as those at Karisimbi,
the gathering of basic mapping and morphologic data
adds another set of flows for comparison to the limited
number of viscous flows that have been studied. These
rheological estimates are useful for thinking about the
behavior of thick flows but must be understood to have
large uncertainties. Nevertheless, they raise interesting
questions about the relationship between yield
strength, slope, and the distance flows have traveled
from the vent (low yield-strength flows have traveled
farthest) and about how these flows developed struc
tures (channels, levees, shear zones, surface folds) simi
lar to those of flows many orders of magnitude less vis
cous.

The growing availability of DEMs from radar inter
ferometry will allow the study of the morphology of
inaccessible or cloud-covered volcanoes in unprece
dented scale and detail (compared with standard topo
graphic maps or their derived DEMs). Basic mapping
from shaded-relief and backscatter images, coupled
with techniques such as slope analysis (Rowland 1996;
Mouginis-Mark et al. 1996) and flow thickness estima
tion, can provide much-needed estimates for the extent
and emplacement of lava flows as well as other volcanic
features. If these morphologic data are combined with
field observations, reasonable estimates of yield
strength and viscosity can be made, in some cases al
lowing estimates of effusion rate (de Silva et al. 1994)
and other eruptive parameters. Equally exciting are the
possibilities for comparative and planetary volcanology
(Theilig and Greeley 1986) that will arise when high
quality DEMs become more widely available from in
struments such as the Mars Orbiter Laser Altimeter.
Just as volcano morphology holds clues to the evolu
tion of individual volcanoes, comparative morphology
holds the promise of new insights into lava flow behav
ior, vent locations, and the interaction of tectonic and
volcanic events through detailed mapping of areas such
as Nyiragongo, Erta Ale, and other rift zone volcanoes.
The upcoming Shuttle Radar Topography Mission
(SRTM), due to be launched in the year 2000, will col
lect the necessary data for DEMs at 30 m resolution
with worldwide coverage at latitudes less than 60°. For
volcanology this means the opportunity to map hereto
fore rarely seen volcanoes and to expand both scientific
knowledge and hazard analysis on a global scale.
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