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INTRODUCTION AND BACKGROUND
The volcanic island of Surtsey, formed by ex-
plosive submarine and effusive subaerial
eruptions between November 1963 and June
1967, consists of a complex combination of
primary and redeposited tephra and alkaline
olivine basalt lava flows in a 2.5 km?® area
(Thorarinsson, 1967; Thorarinsson et al.,
1964; Fridriksson, 1975). During the past 24
years, wave and wind erosion of this subaerial
mid-ocean ridge (MOR) vent complex have
modified Surtsey’s coastal morphology, in-
cluding the deposition of a 0.5 km-long north-
ern peninsula (ness) composed of tephra and
rounded lava fragments derived from the
southern half of the island. Detailed geo-
morphologic and sedimentologic mapping of
the various surface units now present on
Surtsey has been accomplished throughout
the history of the evolving island, most recent-
ly by Calles et al. (1980) and Ingolfsson (1980).
On the basis of these studies, an effort to
quantify the topographic characteristics of the
primary geomorphic units on the island was
initiated by the National Aeronautics and Space
Adminastration (NASA) and the United States Ge-
ological Survey (USGS) in 1987. The objective
has been to directly measure the microtopo-
graphic properties of the widest range of sur-
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face types possible, with special emphasis on
the pristine or dynamic types. While large-
scale topographic maps of Surtsey were pre-
pared in 1968 and 1975 (Norrman, 1980;
Norrman and Erlingsson, 1991; Calles et al,
1980), and geodetic levelling surveys have
been carried out (Moore, 1980), there have
been no recent attempts to geodetically deter-
mine the local topography of the island. Be-
cause of the rapid rates of geomorphic proc-
esses, such as erosion and deposition, on a
small, geologically isolated volcanic island such
as Surtsey, it is desirable to determine the me-
ter-scale topographic character of its surface
units and landforms, and later a remeasure-
ment of the same surfaces to further quantify
volumetric change, subsidence, and process
rates. In addition, precise measurements of
sub-meter-scale topography of pristine geo-
logic surfaces provides necessary data for the
investigation of whether various geologic
processes demonstrate fractal or self-affine
behavior at a range of length-scales within the
interval 0.1 m to 1 km. Thus Surtsey offers a
unique opportunity to apply new remote sens-
ing techniques to the measurement of the
evolving surface “roughness” characteristics of
pristine geologic surfaces within an historically
well-monitored environment.
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In 1987, NASA and USGS scientists and en-
gineers initiated a multi-year project with the
aim of measuring geodetically controlled top-
ographic cross-sections of Surtsey on a bian-
nual basis using aircraft laser altimeters. With
the availability of the Global Positioning Sys-
tem (GPS) geodetic surveying techniques, it
has become possible to position high spatial
and vertical resolution topographic profiles
determined by means of airborne laser altim-
etry (ALA) to within 10 cm (Bufton et al,
1991). GPS-tracking of aircraft, however, for
the purpose of correcting for the vertical and
horizontal positioning errors is in its infancy,
and as the technique matures, our expectation
is that annual surveys of the topography of
rapidly evolving volcanic islands such as Surts-
ey could become routinely possible. In May of
1987, however, GPS tracking of aircraft mo-
tion was relatively untried, and this approach
was attempted in parallel with previously pro-
ven methods that employed aircraft inertial
navigation systems (INS), roll and pitch gyros,
and vertical accelerometers. One of our col-
leagues, W. Krabill (NASA), has facilitated the
application of GPS techniques to the problem
of multi-temporal topographic monitoring of
surfaces on Surtsey and elsewhere, and the
new GPS-tracked ALA dataset acquired in
September of 1991 provides 10-15 cm posi-
tional control on the basis of analyses conduct-
ed in the field (i.e., surveys of airfield run-
ways).

The intent of this report is to summarize
the ALA-based topographic data collected
during our 1987, 1989, and 1991 remote sens-
ing campaigns, and to highlight the prelimina-
ry results of our geologic analyses of these
new forms of geomorphic data. In addition,
we describe the initial results of a brief micro-
topographic field experiment conducted on
Surtsey on 25 September 1991, as well as ancil-
lary remote sensing data that has been ac-
quired for the island since 1987 (Garvin and
Williams, 1988). Once the 1991 ALA dataset is
fully reduced and analyzed, justification for
conducting future, geodetically controlled
ALA overflights on a regular basis will be
demonstrated.

A final objective in our topographic remote
sensing studies concerns the morphometry of
the vent craters, especially in comparison with
craters associated with other Icelandic volca-
noes. The morphometry of pristine volcanic
craterforms is of interest to NASA, in part be-
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cause of the commonplace occurrence of such
teatures at various scales on all of the terres-
trial planets (Venus, Mars, and the Moon). In-
deed, NASA’s Magellan mission to the planet
Venus has revealed millions of volcanic edific-
es, many of which display summit craters rem-
iniscent of those on Surtsey and elsewhere in
Iceland (Garvin and Williams, 1990).

The format of this report is centered
around examples of the data collected and a
discussion of new methods for quantifying
landscapes at very high spatial and vertical
resolutions (i.e., finer than 1 meter in most
cases). Details about the aircraft remote sens-
ing instruments beyond those summarized in
this report can be found in Bufton et al.
(1991), and in Garvin and Williams (1990).

DATA ACQUIRED

In May of 1987, a NASA P-3 aircraft
equipped with an airborne laser altimeter
known as the Awrborne Oceanographic Lidar
(AOL) was deployed to acquire high-spatial
resolution topographic cross-sections of Surts-
ey with sub-meter vertical control. The AOL
was operated in a terrain mapping mode in
this case at an altitude of 300 to 400 m above
sea level (asl). The instrument utilizes a nitro-
gen laser transmitter together with a telescope
and receiver electronics to acquire 400 pulses
per second sampling of the topography along
the P-3 aircraft’s nadir track on the surface.
The relative vertical resolution of each obser-
vation is better than 5 cm, and at an overflight
altitude of 400 m the surface footprint (laser
spot size on the ground) is approximately 40
cm in diameter. Thus, the topography is high-
ly oversampled along the ground-track, be-
cause a typical P-3 aircraft velocity is 90-100
meters per second. Figure 1 illustrates four of
the ALA profiles acquired on 28 May 1987 us-
ing the AOL in the NASA P-3 aircraft. GPS-
tracking of the P-3 was attempted, but only
the profile designated “GV305” (lowermost in
Fig. 1) utilized the full benefits of GPS for ver-
tical aircraft motion removal. The remaining
three cross-sections were corrected using tra-
ditional vertical accelerometry, roll and pitch
gyro, and INS techniques, and have an ap-
proximate vertical precison of better than 1 m.

Figure 1 displays four different azimuthal
cross-sections of Surtsey. The profile designat-
ed “GV205” extends from west to east across
the m-shaped pair of tephra rings. For each
profile in this figure, four generalized topo-
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Fig. 1. Representative airborne laser altimeter topographic cross-sections of Surtsey acquired in 1987 using the AOL instrument.
Spatial resolution is ~ 0.33 m, with vertical control at sub-meter levels (resolution is 5 cm point-to-point). Profile GV205 is oriented
from W to E, profile GV207 extends from SSW to NNE across Surtur I1 crater, profile GV208 traverses the island from WNW to
ESE, and profile GV305 bisects the island from NNE to SSW. Simple morphometric parameters are listed to the right of the topo-
graphic profiles. See text for details and figure 5 for location of the flight lines.

graphic parameters are given. The total
length of the subaerial expression of the is-
land is listed as Dbase, while the maximum
height is listed under “Height”. The above-wa-
ter land volume of Surtsey is computed by nu-
merical integration of each cross-section and
listed under “Volume”, and the average local
slope of the entire cross-section is described by
@°flank. These parameters provide a frame-
work for comparison of the different topo-
graphic profiles. The profile designated
“GV207” extends across the Surtur II vent
from SSW to NNE; profile “GV208” traverses
Surtur II from from WNW to ESE; and pro-
file “GV305” crosses the central region of the
northern ness and the middle of the island
from NNE to SSW. We have used these data
to estimate the above water volume of materi-
als exposed on Surtsey circa 1987 (i.e., Volume

parameter at right of Fig. 1), and to compare
these values with those for other small volca-
noes within Iceland (Fig. 2). The numerical in-
tegration algorithm used in estimating the
land volume from topographic profiles utilizes
a straightforward “volumes of revolution”
method, and as such assumes circular symm-
etry. As Surtsey does not display a circular pe-
rimeter, the computed volume estimates are
best used as reasonable lower and upper
bounds to the actual land volume.
Thorarinsson (1967), Calles et al. (1980), Ja-
kobsson and Moore (1980), and Norrman and
Erlingsson (1991) describe the apparent vol-
ume of the entire Surtsey system (submarine
plus subaerial) as 1.1 to 1.2 km®, with 60 to
70% of this volume manifested as tephra. A
weighted average of the subaerial volume of
Surtsey computed on the basis of the four
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Fig. 2. Airborne laser altimeter topographic cross-sections of a representative suite of Icelandic mid-ocean-ridge volcanic land-
forms, including a SSW to NNE transect of Surtsey (GV207; see Fig. 1). All profiles except that for Surtsey have ~ 15 cm vertical
control on the basis of GPS-tracking. All data are from the AOL instrument with 0.33 m horizontal spacing along track. Data for the
Sandfellshaed lava shield, the Sandfell hyaloclastite ridge, and the Reykjanesskagi scoria cone were acquired in May of 1989, while
that for Surtsey is from the May 1987 survey. Morphometric parameters listed to the right of the profiles are discussed in the text.

ALA profiles shown in Fig. 11is 0.11 km” (simi-
lar to that of profile GV208 in Fig. 1), which is
only ~ 10% of that computed for the entire
edifice. In order to derive this estimate, we
have measured the coastal outline of the is-
land from 1989 aerial photographs (see Fig. 5)
and then we have computed the fraction of
the outline that is best represented by one of
our ALA-based topographic cross-sections
(Fig. 1). A simple weighted average of the vol-
umes computed from the profiles using the
weightings estimated from the coastal outline
yields a volume of 0.11 km® to within 10%.
This is consistent with the classification of
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Surtsey as a composite submarine volcano not
unlike the subglacial table mountains of the
Iceland mainland (Williams et al., 1983).
Therefore, only 0.033 km® of effusive lava
materials apparently cover the tephra core of
the island in the form of a carapace of geolog-
ically more resistant materials. This lava vol-
ume is within a factor of two of that typical of
the smaller Icelandic lava shields (Garvin and
Williams, 1990; c.f., Fig. 2); hence we suggest
that it 1s a reasonable estimate, at least for the
subaerial inventory. Furthermore erupted la-
va volumes in the 0.01 to 0.10 km® range are
apparently typical of limited-duration subae-




rial eruptions within all of Iceland (Garvin
and Williams, 1990) and at other locales on the
Mid-Atlantic Ridge (e.g., the Azores), and may
be related to fundamental limits on the sizes
of near-surface magma storage zones in MOR
geologic settings.

COMPARISON WITH TYPICAL ICELAN-
DIC VOLCANIC LANDFORMS

It is instructive to compare representative
topographic cross-sections of typical subaerial
MOR volcanic landforms with Surtsey. To fa-
cilitate such comparisons, we conducted an
aircraft ALA remote sensing campaign in May
1989 using the AOL sensor together with a
differential GPS tracking system. As part of
our remote sensing experiment, we obtained
geodetic topographic profiles of a Holocene
lava shield within the western part of the
Reykjanes peninsula known as Sandfellshaed, as
well as cross-sections of the Sandfell hyaloclas-
tite ridge just to the NE of Sandfellshaed, and
of a small scoria cone near the Eldvarpahraun
lava flow field (Fig. 2). In Fig. 2, we compare
the 1987 SSW to NNE Surtsey cross-section
(designated GV207 in Fig. 1) with a NW to SE
profile of the Sandfellshaed lava shield, a NW
to SE (orthogonal to the long axis) profile of
the Sandfell hyaloclastite ridge, and a S to N
transect of a small basaltic scoria cone. From
these topographic data, we have computed the
aspect ratios of the volcanoes (H/D), the total
edifice volume (Vi), a polynomial shape pa-
rameter n (where n = 1 represents a cone, n =
2 a paraboloid etc.), and the average flank
slope @°flank. 1t is clear that Surtsey demon-
strates an aspect ratio that strongly reflects its
construction by means of tephra accumulation
as a result of hydromagmatism; the subglacial
Sandfell volcano illustrates a similar aspect ra-
tio, while that of the monogenetic lava shield
Sandfellshaed is a factor of 4 to 5 lower, re-
tlecting its origin by purely effusive activity.
All four of the volcanoes illustrated in Fig. 2
are predominantly conical in cross-section, al-
though only the orthogonal profile across the
Sandfell hyaloclastite ridge is purely conical (n
= 1.12). There 1s a tendency to develop a
slightly concave (down) cross-section in almost
all eruptions from a central vent, so that the
polynomial shape factor n tends to values such
as 1.h to 2.0 (Garvin and Williams, 1990).
While Surtsey and Sandfellshaed display simi-
lar edifice volumes (Vi) on the basis of the
ALA profiles illustrated in Fig. 2, when one

compares their volume productivities, here
defined as the ratio of Vi to a typical basal dia-
meter D (Vi/D), Surtsey is clearly the more vol-
umetrically productive per unit length than
simple effusive lava shield volcanoes such as
Sandfellshaed. Indeed, because of its volumet-
rically dominant core of explosive tephra,
Surtsey demonstrates a relatively large Vi/D
ratio in comparison with most small basaltic
volcanoes in general.

PRIMARY VENT CRATER SURTUR II

The most developed vent crater on Surtsey
is Surtur II, the westernmost of the primary
craters on the island (Figs. 3 and 5). Surtur I1
is the summit crater associated with the sub-
aerial lava shield that built the pahoehoe lava
carapace over most of the western third of the
island. Figure 3 is a vertical aerial photograph
of Surtur II acquired using a 70 mm Hassel-
blad camera system which was operated syn-
chronously with the acquisition of our 1991 ge-
odetic ALA topographic profiles. This view of
the crater illustrates its relatively complex for-
mation history. The general morphology of
Surtur II suggests that the crater has under-
gone widespread interior collapse of its one-
time continuous lava lake floor, yet its rim re-
gion reflects a stage in which lavas and scoria
spilled over the edge to construct a lava ridge,
perhaps analagous to the lava ring features
observed on the mainland of Iceland (i.e., Eld-
borg; see Williams et al., 1983). Smooth ap-
pearing lava terraces within Surtur II appar-
ently represent pre-existing lava lake levels,
before the drainback processes that were es-
tablished once flank eruptions became more
dominant in the construction of the lava shield
in southwestern Surtsey.

It is apparently useful to compare the de-
tailed topography of various end-member vol-
canic craters in order to investigate whether
there are systematic variations in their morpho-
metries perhaps reflective of specific growth
histories or of the mechanics of formation.

Fig. 4 illustrates three simple volcanic cra-
ters, including a 1987 SSW to NNE transect of
Surtur II, a typical ALA cross-section of the
summit crater at Sandfellshaed, and that of
the SP Mountain basaltic-andesite scoria cone
in northern Arizona, USA. We display the SP
Cone pit crater because it is the most canonical
example of a pit within a scoria cone for which
we have GPS-tracked laser altimetry data. The
source of the data for the Surtsey and Sand-
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