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Satellite Geological and Geophysical
Remote Sensing of Iceland (SR 9 651)

Summary of Research Results

Analysis of Landsat imagery of Iceland acquired during
different seasons and intervals of time produced a number
of research findings in several disciplines of geology and
related sciences which undoubtedly have applications to
other regions of the planet. A brief summary of the most
important findings is as follows:

Geothermal - ERTS imagery has sufficient resolution to map,
from MSS color composites, areas of altered ground caused
by high-temperature geothermal activity at the Namafjall,
Torfajokull, and Reykjanes geothermal areas. A small area
of intense thermal emission on the east side of the Nimafjall
geothermal area could also be mapped because of the snowmelt
pattern,

Volcanology The major axes of the fallout pattern of tephra-
from the I^ay-July 1970 volcanic eruption from Hekla Volcano
can be mapped where sufficient depth of deposition was
present to seriously affect the normal vegetation. Lava
flows from the 1961 volc:ani..c eruption at Askja; some of -the
lava flows from -the 1947-48 eruption, and all of the lava
flows from the 1970 eruption at Hekla; and the areas covered
by tephra and lava from -the 1973 eruption on Heimaey could be
delineated.

Structural Geology and Geomorphology - Low sun angle imagery
<10	 of snow-covered 'terrain has been par-ic y , -a 	all-,

in mapping structural and volcanic features concealed beneath,
glacial ice in the active volcanic zones of _Iceland. Such 	 l
imagery has also shown the very marked differences in volcanic
geomorphology From a regional standpoint within the active
zones

Marine Geology - Enlargements from standard (3d generation) 	 {
negatives enabled planime'tric revisions to be -,a--: e to the
1;100,000-scale maps of the .islands of Surtsey and Hei.maey;
a 'change in -the former is the result of -erosion, and a charge

a, in the latter is the result of new land created by the 1973
volcanic eruption.

Hyda.^ ometeo:rolo ZK - Changes in extent of snow cover with time
can be monitored on successive images.

ORBG^ t`^
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Glaciology - The change in size of sediment plumes from the
many glacial rivers which discharge into the sea along the 	 I'
south coast can be monitored and give a qualitative indication
of seasonal changes in melting rates of glaciers. Changes	 r'
in area of lakes, particularly glacier-margin lakes because
of their powder-blue color, can be mapped most easily on MSS 	 t`-
false-color composites. The increase in surface area of an 	 #-
ice-dammed lake was monitored until the occurrence of a'
jokulhlaup, after which the surface area of the lake was
reduced considerably. ERTS imagery is especially amenable
to showing the entire areal extent of Iceland's glaciers and
icecaps at a point in time. Recently deglaciated terrain can
be distinguished on MSS ,false-color composites because of the
absence of vegetation when compared with older deglaciated
terrain. ERTS imagery, acquired about l year apart, shows
that the Eyjabakkajokull glacier, an outlet glacier on the
northeast part of Vatnajokull, has surged nearly 2 km. Some
of the effects of subglacial geothermal and volcanic
activity under Vatnaj8ku].1 can be seen in the form of collapse
features on the surface of the icecap, after the occurrence
of two jokulhlaups.

Vegetation MSS fa]-se-color composites permit the mapping+3
of at least five distinct vegetation types (forested areas,

i,	 cultivated areas, grasslands, reel-aimed areas, and lichen-;
covered bedrock) and barren areas (absence of color).

Cartography - New planimetric Landsat image maps are under
preparation at 1:2S0,000-scale which will accurately show
some of the areas of Iceland covered by glacialice.* The
high latitude of Iceland permits considerable stereoscopic
coverage on side-lapping ERTS imagery. Features with relief
as little as 100 m can be discerned stereoscopically. This
method of studying landforms, vegetation distribution,
occurrence of snow cover, glaciers, and geologic structure
stereoscopically generally permits a more precise analysis to
be made of these phenomena.

"Two (Fall and winter) 1:500,000-scale Landsat image maps of
Vatnajokull, Iceland, were subsequently published by the U.S.

_	 Geological Survey in 1976 and 1977, respectively.

L
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SUMMARY OF STUDIES I:; ICELAND WITH ERTS-1 IMAGERY

Discipline Experiments Research Objectives Research Results

GEOLOGY - Geothermal Delineation of geothermal areas Delineation of part of geothermal area by
by extent of snow-melt pattern snowmelt pattern.	 Delineation' of geo-

thermally altered ground in 3 geothermal
areas (Namafjall, Torfajokull, and
Reykjanes).

GEOLOGY Volcanic Eruption Delineation of areas of new Delineation of new basalt flows in 3 areas
basalt flows, and tephra falls and tephra fallout pattern in 1 area.

Image of effusive volcanic eruption.
.	

GEOLOGY Geologic Structure Mapping, on a regional basis, of Mapping of many new structural geologic
faults, fissures, lineaments, and volcanic features, particularly within

U, and other structural features in icecaps, and on snow-covered terrain at
the neovolcanic zone low sun angle (c10°).

GEOLOGY Volcanic Geomorphology Mapping of the regional aspect Regional distribution of different volcan-
of volcanic landforms is landforms mappable, particularly

unique landforms.

GEOLOGY Marine Geology Mapping of any -changes in the Planimetric revisions of maps (to
coastline of Iceland and any 1:100,000 scale) of Surtsey (erosion) and
submarine features visible Heimaey (volcanic eruption) feasible.

Mapping of seasonal change of sediment
plumes from glacial rivers.

HYDROLOGY Ephemeral Snow and Mapping of changes in snow cover Mapping of surface water distribution can

Q Ice over time; mapping of surface be achieved.	 Some mapping (lack of
'	 } water distribution, and mapping seasonal imagery) of changes in snow	 1

o of ice freeze-ups and thaws on cover and thaw of lake ice,
major lakes

i
tZ



TABLE 3 - CONTINUED

Discipline
t

Experiments ;Research Objectives

1	 HYDROLOGY Glaciological Delineation of areas covered by
Features glaciers; mapping of changes in

ice-margin lakes; Tapping of
nunataks; and mapping of deposi-
tional glacial features

HYDROLOGY- River Flooding Mapping of spring runoff, floods
along river valleys, and changes
in distributaries from glaciers

OCEANOGRAPHY Sea Ice Mapping of changes in ice flow
concentrations with time off
northern and eastern coasts

AGRICULTURE/' Grasslands Delineation of grasslands and
FORESTRY and Forest particularly change in vigor

with time

Compilation of an orthoimage mosaic of
Iceland at 1:1,000,000 (false-color
composite) and planned 1:250,000-scale
orthoimage maps of Vatnajokull, Iceland.
Study of landforms with stereoscopic
images. Measurement of 100m elevation

O O	 difference. Planimetric revisions on
existing maps. Publication of two 1:500,000-
scale Landsat image maps of Vatnajokull,

l

	

	 Iceland (Fall and Winter scenes). [Editor's
note: Both Vatnajokull maps were published
in 1977)

tt

;w

Research Results

Delineation of 90% of the area covered
by icecaps; mapping of changes'in
glacier-margin lakes; mapping of some
nunataks and some depositional glacial
features. Mapping of surging glacier
(1.8km movement) and flow of another
glacier (600m/11 mos.).

Mapping of changes in distributaries from
glaciers. Mapping of changes in lake and
outwash plain caused by a jokulhlaup.

No usable imagery.

Mapping of 5 classes of vegetation; grass-
lands, cultivated areas, reclaimed land,

- forested areas, lichen-covered lava flows,
and barren areas on false-color composites.
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ABSTRACT

ERTS imagery has sufficient resolution to map, from MSS color
composites, areas of altered ground caused by high-temperature geothermal
activity at the Namafjall, Torfajokull, and Reykjanes geothermal areas. }

J A small area of intense thermal emission on the east side of the 1
Namafjall geothermal area could also be mapped because of the snowmelt
pattern.	 The major axes of the fallout pattern of tephra from the May-
July 1970 volcanic eruption from Hekla Volcano can be mapped where AI
sufficient depth of deposition was sufficient to seriously affect the

j normal vegetation.	 Lava flows from the 1961 volcanic eruption at Askja;
some,of the lava flows from the 1947-48 eruption, and all of the lava

It
flows from the 1970 eruption at Hekla; and the areas covered by tephra
and lava from the 1973 eruption on Heimaey could be delineated.	 Low sun i

( angle imagery (<10°) of snow-covered terrain has been particularly
valuable in mapping structural and volcanic features concealed beneath
glacial ice in the active volcanic zones of Iceland.	 Such imagery has
also shown the very marked differences in volcanic geomorphology from a;

j regional standpoint within the active zones. 	 Enlargements from standard
(3d generation) negatives enabled planimetric revisions to be made to
the 1:100,000-scale maps of the islands of Surtsey and Heimaey; a change
in the former is the result of erosion, and a change in the latter is the
result of new land created by the 1973 volcanic eruption.	 Changes in
extent of snow cover with time can be monitored on successive images.
The change in size of sediment plumes from the many glacial rivers which
discharge into the sea along the south coast can be monitored and give a
qualitative indication of seasonal changes in melting rates of glaciers..
Changes in area of lakes, particularly glacier-margin lakes because of
their powder -blue color, can be mapped most easily on MSS false-color
composites.	 The increase in surface area of an ice-dammed lake was
monitored until the occurrence of a jokulhlaup, after which the surface

farea of the lake was reduced considerably. 	 ERTS imagery is especially
amenable to showing the entire areal extent of Iceland's glaciers and }i{
icecaps at a point in 'time.	 New planimetric maps are under preparation !,
at 1:500,000- and 1:250,000- scales which will accurately show the area

1 of Iceland covered by glacial ice. 	 Recently deglaciated terrain can be
j distinguished on MSS false-color composites because of the absence of
i vegetation when compared with older'deglaciated -terrain. 	 ERTS imagery, -

acquired about 1 year apart, shows that the Eyjabakkajokull glacier, an ?!
outlet glacier on the northeast part ofVatnajbkull, has surged nearly.
2 km.	 Some of the effects ofsubglacial geothermal and volcanic activity;
under Vatnajokull can be seen in the form of collapse features in the ?
surface of the icecap, after the occurrence of two jbkulhlaups.	 MSS

` false-color composites permit the mapping of at least five distinct ±i°

}I
*Publication authorized by the Director, U. S. Geological Survey.
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vegetation types (forested areas, cultivated areas, grasslands, reclaimed
areas, and lichen-covered bedrock) and barren areas (absence of color).
The high latitude of Iceland permits considerable stereoscopic coverage
on side-lapping ERTS imagery. Feat.:res with relief as little as 100 m
can be discerned stereoscopically. This method of studying landforms,
vegetation distribution, occurrence of snow cover, glaciers, and geologic
structure stereoscopically generally permits a more precise analysis to
be made of these phenomena.

IPTRODUCTION

During the Eighth International Symposium on Remote Sensing of Environment,

not long after the delayed launch of ERTS-1 spacecraft, a binational, multi-
disciplinary, ERTS-1 experiment in Iceland was described (Williams, 1972). The
objective of the experiment was to study the varied dynamic environmental phenomena
of Iceland, with particular relevance to the disciplines of geology, hydrology,
oceanography, and agriculture. Ten experiments were outlined: five in geology,
three in hydrology, and one each in oceanography and agriculture. Since then
another one has been added, in cartography. It is directed at the study of some of
the photogrammetric aspects of ERTS, such as stereoscopy with side-lapping images,
but more importantly to bridging the gap between results from the 10 primary
experiments by integration of new data into updated maps and the preparation of new
types of maps of Iceland.

There are three special characteristics of ERTS MSS imagery, not currently
available from any other satellite, military or civilian, that make such imagery
unique to the mapping of environmental phenomena. One, it can be related to the
figure of the earth (Colvocoresses, 1973a, 1973c, and 197+); two, it has close to
radiometric fidelity of spectral reflectance of the earth within a single image
recorded on videotape rather than film; and three, it provides systematic, routine,
repetitive coverage of an area. In particular, it is this last characteristic which.
is being heavily exploited in the Iceland experiment and which offers such promise
in the mapping of dynamic phenomena in Iceland. Of course, the study and 	 t
delineation of dynamic phenomena, to be useful to resource managers and other
decision makers, must be depicted on graphs or maps. This requires the preparation
of timely maps of dynamic phenomena - still only a promise, not yet a reality from
the total ERTS system, although this potential is embodied in current ERTS
technology (Colvocoresses, 1972; Colvocoresses and McEwen, 1973).

{	 As was noted by the authors (Williams and others, 1973b), imagery from ERTS-1 	 j
is providing scientists with the first feasible means to measure and map certain 	 {
types of environmental phenomena on a regional and global basis. ERTS-1 MSS imagery
provides a completely new source of data on dynamic environmental phenomena which
was previously unavailable,.except of limited areas, to cartographers and resource
managers. From an ecological viewpoint, the availability of ERTS imagery could not	 j
have come ata more propitious time in human history, coming as it has at the time
of increased environmental awareness by scientists and laymen alike. It gives
environmental scientists not only a global view of the dynamic environment of our
planet but also of man e s impact upon it.	 I

I
Although the full ramifications of open access to ERTS _imagery by scientists 	 i

and resource managers will take many years, if not decades, to be completely
established, several organizations and countries have quickly recognized the 	 1'

significance of such environmental data to their own problems. One of these 	 }-
countries is Iceland, an island republic with a relatively small, but rapidly"
growing population of 213,070 (1 Dec 1973) in an area of 103,000 km 2 (population
density of about 2 persons per km 2 ). Iceland, because of its cool climate, low
population density, and paucity of natural resources has early recognized the 	 t`

Note: The Icelandic alphabet has 33 letters, including 3 letters no longer used in
English: o, p,, and x. In English printing these letters are usually transliterated
to d, th, and e, respectively, to avoid confusion. In this paper, however, all
Icelandic place names and journal names are retained with their Icelandic spelling.
Icelandic spelling is also retained in all personal names and patronymic surnames,
except where the surname begins with P. In the latter, case h has been 	 i
transliterated to Th. 	 ?
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Potent i al value of ERTS imagery and the datacollection system to provide, at ict,:
cast and in near real time certain types of dynamic environmenral data. Because
the Icelanders depend on the s. .rounding seas for fish and crustaceans and on the
limited area of arable land for agricultural products, their economic well-being
is heavily dictated by their natural environment. Understanding and recognizing
changes in, and redirecting human and capital resources in response to, the often
capricious nature of the natural environment of Iceland has decidedl y important
economic and social implications.

The study of Iceland with ERTS imagery is still far from finished, and many of
the findings in this paper are, for that reason, qualitative rather than quantita-
tive. G7ith several months of research activity now completed, however, the Ninth 	 a
International Symposium on Remote Sensing of Environment provides all excellent
forum to present our initial results. Some of the findings are of scientific
value, but others have important consequences of practical use to Iceland in the
wisest possible management of its limited natural resources. Let us first examine
the results of the geological experiments.

f

GEOLOGICAL STUDIES
a

Geothermal Experiment

high-temperature	
ave ebeen recognized s

number
izedto date (Figure l).These  hi.gh etempe 2aturee geothermal hareas 

ra g

in size from 1.0 km 2 (Reykjanes) and Namafjall ( 6 km2) to the large Torfajokull
area (-100 km2 ) and have natural heat outputs which range from 4 x 10 6 cal/s	 E
(Reykjanes) (Bjornsson, and others, 1972) to over 500 x 10 6 cal/s (Torfajokull)
(B86varsson, 1960). The basic objective of the geothermal experiment was to 	 'r
determine the minimum size and heat discharge from a geothermal area which could be 	 !j
delineated on MSS imagery due to snowmelt. Snowmelt in geothermal areas had been
observed by the authors, other scientists, and White and Miller (19£s) who had
endeavored to use the phenomenon as a basis for heat flow measurements in Yellow-
stone-National Park in what they termed "snow-fall calorimetry." It should also be
noted that three of the 17 high-temperature geothermal areas are partly or mainly
subglacial, leading to the possibility that such activity might be detectable because
of snow and ice melting over such geothermal areas.

The results of this experiment are as follows: Only part of the Namafjall
geothermal area could definitely be delineated on the basis of a snowmelt pattern
on a winter-time image of the area (Myvatn, C6, 9 Mar. 73, 1229-12142-7)2/(Figure
2). It would appear, therefore, that under optimum snow-cover conditions the
ground resolution capability of the ERTS-1 MSS sensor can distinguish by an 	 ++
anomalous snowmelt pattern at least part of a small geothermal area (-6 km 2 ), with
a heat dissipation of 100-200 x 10 cal/s, partly natural and partly from drill

j	 holes. Another interesting aspect 6of'this particular ERTS-1 image, however, is the
open water on the eastern shore of lake Myvatn caused by outflow of thermal water
near Vogar ( gist, 1969, p. 121-127; Barth, 1950, p. 18). Also on Figure 2 can be

}	 seen other small open water areas caused by a high volume of spring discharge, at
f	 the main river outlet of the lake, and a complex pattern of open water in lake
f	 GrTnavatn, just south of Myvatn.

1392-12185-5) shows the areal extent of alteredground in the Namafjall geothermaly
III

Figure 3 a summertime image of the adjacent area (Akure ri C5 19 Aug.73

area. The altered area appears as a light greenish hue on MSS false-color
composites (bands 4, 5, 7)	 Geothermally altered ground can also be seen at the 	 ?:

I	 Torfajokull and Reykjanes geothermal areas.
j	 a
} 	i

yy4

The convention used in this paper in referring to specific ERTS-1, MSS images of -
Iceland is to give the geographic name of the image, alphanumeric matrix designator,;
date, image ID number, and MSS band. For the first two refer to Figure 31 in this
paper. Individual images may be purchased from the EROS Data Center, Sioux Falls, 	 ^?

f'-	South Dakota 57198, or from Landmmlingar Islancs, Laugavegi 178, Reykjavik,
Iceland. 9

o	 ,.



These two findings with respect to Icelandic geothermal areas support the use
of ERTS imagery as a global rE,:onnaissance tool in searching for geothermal activity
in remote areas on the basis of either an anomalous snowmelt pattern, open water in
an otherwise frozen and snow-covered terrain, or altered ground. 	 The sensors on
ERTS are the first satellite sensors available to the international scientific
community to have sufficient resolution and enough spectral bards to detect
phenomena resulting from geothermal activity. 	 The capability to delineate geo-
thermally altered ground is perhaps the most valuable from a reconnaissance
exploration viewpoint, in that such high-temperature activity would destroy any
vegetation present, thus producing a vegetation anomaly (if vegetation were
normally present) and a marked color change (alteration of bedrock or soil).

Iceland is primarily a land of basaltic bedrock, more or less covered by
glacial deposits (including loess) derived from such bedrock.	 However., some
andesitic and rhyolitic rocks are present, generally in association with Tertiary
and Quaternary central volcanoes, and also in the case of Late Pleistocene and
Holocene central volcanoes usually juxtaposed to the high-temperature geothermal
areas (Figure 1).	 Rhyolitic rocks in the Torfaj8kull geothermal area are f.

i	 particularly well delineated on MSS false-color composites of the area (See j

Figures 8,	 21,	 and 23). !a

Finally, several collapse features in the Vatnajokull icecap, resulting from
subglacial volcanic M and geothermal activity could be delineated on ERTS imagery.
These features will be discussed more fully under the Glaciological Features and
River Flooding Experiments.

Volcanic- Eruptive Products Experiment

Within the last 12 years Iceland has had four volcanic eruptions:	 Askja in
1961, Surtsey in 1963-1967, Hekla in 1970, and Heimaey in 1973.	 The eruption of
Askja in 1961 produced a lava flow which was approximately 9.5 km long and covered;`
an area about 11 km 2 (Thorarinsson, 1963; Thorarinsson and Sigvaldason, 1962). ?"
Most of the eruptive products were lava flows.	 Figure 4 is a 1:100,000-scale i
topographic map of the new lava flows at Askja.	 Aerial photographs (Figure 5) and _' s
terrestrial photographs show a sharp contrast of new flows (dark) over the older r^
pumiceous sheet (light). 	 Figure 6 is a part of a mostly cloudy ERTS-1 image of 1,
this area (Qdi5ahraun, C7, 	 30 July 73, 1372-12074-5) but with fortuitous breaks in
the clouds over the crater lake, Oskjuvatn, and most of the 1961 lava flows. ar.

Sufficient detail of this new flow is preserved to permit enlargement to scales of
1:250,000 and even to 1:100,000, thereby permitting the ERTS imagery to be used to
directly map the areal extent of such lava flows. is

f
Hekla erupted in May 1970 after one of the shortest inter-eruptive periods in

its history during the last millenium (or since the beginning of the settlement of
j	 Iceland) (Thorarinsson, 1970).	 The initial stages of the eruption were primarily

tephra-producing.	 The ;tephra deposits covered a large area downwind (to the NNW)
and were reputed to have darkened part of the Greenland Icecap (Anonymous, 1970a)
(Figure 7).	 According to Thorarinsson (1970, p.	 46), the tephra fallout covered
an area in Iceland of about 22,000 km 2 or 20 percent of the island.	 Within the 1 cm !:
isopach contour the area was approximately 2,000 km 2 .	 The 1970 tephra was very
rich in fluorine ultimately the cause of the death, by fluorosis poisoning, of
7,500 sheep.	 If an ERTS-type satellite had been functioning during the tephra fall,
it would have been possible to map the fallout pattern, thus circumscribing the 1

{ fluorine-affected areas and permitting faster, more accurate warnings to the
affected districts. j^1r

I	 On an ERTS-1 image of the area, taken 4 years after the eruption (Hekla, D5, {
19 Aug. 7,3, 1392-12191-5), only the areas of heavy deposition (4 cm or more),
where the suffocated vegetation has not yet recovered, can still be delineated
(Figure 8).	 Although more visible on the band 4 image, the three areas of new
lava flows can also be delineated. 	 Figure 9 is-a geologic map of the Hekla area.

Surtsey-is a small (2.5 km 2 ) volcanic island in the Vestmannaeyjar archipelago.
The volcano had an eruptive history which lasted from 1963-1968, with the last
surficial lava _flow occurring in early June 1967 (Thorarinsson, 1968). 	 The island
is composed of tephra on the northern part of the island and as intercalations and

^k	 surficial deposits elsewhere on the island with basalt flows to the south. 	 The
t'-cat.:most recent flows are very dark in.color, but tephra deposition, eolian
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	redeposition, and other weathering processes tend to lighten the surface coloration
in a short time. For that reason it is impossible to delineate between tephra
deposits and lava flows on Surtsey on ER:S-1 images (Figures 8 and 14). One
unexpected finding did result, however. ')here steam emanates through the tephra
pile due to boiling off from sea water in contact with cooling magna at depth, such
as on the northern rim of Surtur I [easternmost of the two initial craters and the
site 

of 
the development of a crater ro,.- in August 1966 (Williams and others, 1966)],

palagonitization of the tephra is taking place (Jakobsson, 1972a). The palagonit-
ized area appears on ERTS images as an area of higher reflectivity in all bands,
but is most pronounced in band 5 (0.6-0.7um) and band 6 (0.7-0.8um) (Figures 8 and
14).

The volcanic eruption on Heimaey, also in the Vestmannaeyjar archipelago,
added about 2.5 km 2 of new land to the eastern side of the island (Williams and
Moore, 1973). This increase in land area can be delineated on ERTS-1 imagery
(Figures 8 and 17). The initial stages of the eruption were dominated by heavy
deposition of tephra which completely buried parts of the town of Vestmannaeyjar
as well as vegetation in the northern half of the island and on some of the
surrounding islets. On a false-color composite (bands 4, 5, 7) version of Figure 8,
the areas of new lava, the areas covered by tephra, and the areas where the
vegetation was destroyed or seriously affected can all be delineated.

The island of Heimaey was fortuitously imaged by ERTS-1 prior to the eruption
in November 1972 (horisvatn, D6, 21 Nov. 72, 1121-12143), only once during the
eruption (Vestmannaeyjar, E6, 9 Mar. 73, 1229-12151) (because of cloud cover) and
several times after the eruption had ceased (e.g., Hekla, D5, 19 Aug. 73, 1392-12191).
The first two images were published in Williams and others, 1973b, and are included
in this paper as Figure 10. The latter image also appears as Figure 8 and Figure
17. Cloud cover was a serious problem in imagery acquisition during the eruption.
NASA made a valiant effort to obtain imagery of the eruption (23 January - 3 July
1973) with nine different ERTS-1 images during the period between and including_
1 February - 27 March 1973, but only the 9 March 1973 image was relatively cloud
free. All the other images were cloudy over the island with the exception of the
3 February 1973 image (Dingvallavatn, D4, 3 Feb. 73, 1195-12260), where there was
insufficient illumination, and the island was at the extreme edge of the image -

i
with the eruption plume outside the field of view to the east.

It is obvious that although ERTS imagery has sufficient resolution to map new
lava flows and tephra falls on a global basis, it does so on a change detection
basis. That is, it provides a "time-lapse" look at an area, generally separated by
at least 18 days or even perhaps by many cycles. The exception, of course, is that
at higher latitudes such as Iceland (65°N.) the separation of orbits may permit
images of dynamic phenomena, weather permitting; to be acquired 3 days in a row
(separation of 48 h) before the next 18-day cycle begins. For some types of
dynamic phenomena the repetition cycle for ERTS is too long, such as with volcanic
activity. Fortunately, there is available another environmental satellite, the NOAA
satellite series, with an order of magnitude less resolution (800 m for NOAA-2's
VHRR (Very High Resolution Radiometer) scanner versus 80 m for ERTS-1"s MSS
instrument]. This satellite can image every spot on the globe at least twice each
day (daytime and nighttime) with both visible (0.6-0.7Um) and thermal sensors
(10.5-12.5pm). Unfortunately for areas outside North America, there is a severe

1

	

	 tape recorder time limitation for data acquisition. NOAA-2 VHRR imagery, however,
has the potential for providing coverage of large scale dynamic phenomena, such as

{

	

	 volcanic eruption plumes, thermal emission from volcanic eruptions, ;sea and lake
ice_ concentration and movement, and large floods, on a 12 h basis. Therefore,

{	 NOAA-2 imagery could provide 36 times more imagery of dynamic phenomena in the same
,I	time interval as ERTS imagery. As such, it offers an excellent complement to many
l	 ERTS studies.

i'

	

	 As an example of this,•Figure 11 is a NOAA-2 thermograph (Iceland, 25 Jan 73,
1040 UT, VHRRIIR [10.5-12.5um]) of the volcanic eruption on Heimaey which was
acquired only 33 hours after the eruption began. On the thermograph the lava flows

`

	

	 appear as a series of eight black (hot) pixels at the base or western end of a
white (cold) eruption cloud which extends 60 km to the east. At its widest extent
the eruption cloud is 12 km as viewed from above. North of the eruption plume is
the south 'coast of Iceland. On the companion VHRR/VIS (0.6-0.7Um) image the
eruption cloud is shown but faintly. At this time of day, at this time of year,
and at this northern latitude (63'26'N.) the Earth 	 surface is still in darkness, 	 S
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but the eruption cloud and clouds swirling around a cyclone in the southeast are
high enough to catch the grazing rays of the sun.

The first usable ERTS-1 imagery of the volcanic eruption was not acquired
until 9 March 1973 or 45 days after the eruption began (Figure 10). Therefore,
ERTS can provide imagery of an area before an event starts, possibly during an
event, and after an event has ceased. For certain types of environmental phenomena
the NOAA-2 satellite helps bridge the information gap at this stage in the
development of earth resources satellite technology.

It is evident from the results of this experiment in Iceland, therefore; that
ERTS imagery offers the geologist the opportunity to map tephra falls throughout
the world and also the areal extent of new lava flows, of particular importance in
remote areas.	 Tephra falls, which can be surprisingly large in extent, often have

( a devastating impact on agricultural lands. 	 Accurate and timely mapping of areas
of tephra deposition would be important in disaster relief efforts and in recovery
plans.i

r Geologic Structure Experiment

Figure 1 shows many of the large-scale structural features which dominate the,J landforms in the active zone of rifting, and volcanism of Iceland. 	 The active
volcanic zones of Iceland have probably seen about 200 volcanic eruptions during
the last millenium (Thorarinsson, 1960), including about 30 different volcanoes
(Thorarinsson, 1966).	 Within these active zones are various types of volcanoes,
non-eruptive fissures (Icel., gjar), fault zones (particularly grabens), and
various rift systems.	 As the largest supramarine segment of the Mid-Atlantic
Ridge, the active zones of Iceland hold great interest to geologists and geophysi-
cists (Bjornsson, 1967).	 Of particular interest to the understanding of the
structure and geotectonics of Iceland are the changes in direction of the active
zones as they cross Iceland. 	 For instance, from the Reykjanes peninsula to the
western margin of Vatnajokull the trend of the zones is NE-SW; north of Vatnajokull

t the trend is more N-S.	 How Iceland fits into modern concepts of sea-floor spreading`
l and transform fault hypotheses (Ward, 1971; Smmundsson, 1974) and its relationship
f to the Mid-Atlantic Ridge (Palmason and Smmundsson, 1974) are also important

geological questions.

d It was expected that ERTS imagery would permit the neovolcanic zone of Iceland

! to be studied from a small-scale, regional vantage point, and that the low sun angle
of the imagery could markedly enhance the structural "grain" of the island._ It was
anticipated that such imagery would allow the mapping - on a regional basis - of

1 faults, fissure swarms, lineaments, and other structural features within the active
zones as well as structural features outside the zone.	 Most of the expectations

'j turned out to be true but with some unexpected results.	 Low sun angle by itself
certainly helped to accentuate relief and structural features, but only to a point,
because too low a sun angle provides insufficient illumination of the terrain, thus
causing detail to be lost. 	 The low level of illumination could, however, be offset 	 i

I! by the increased reflectivity of snow-covered terrain.	 In Iceland, the combination	 !f
-	 of low sun angle and snow-covered terrain provided some unusual imagery of the

structure and morphology within the active zones and particularly within the margins
of the five large icecaps which sit astride these zones: Vatnajokull, Hofsjokull,
Langjokull, Myrdalsjokull, and Eyjafjallajokull (Figures 1 and 20).

Figure 12 is-a remarkable ERTS image of the Vatnajokull icecap and surroundings
which was acquired at a sun angle of only 7' 	 (Vatnajokull, D7, 31 Jana 73, 1192-
12084-5).	 Most of the area is snow covered, except for the coastal plain nearest
the ocean and the ablating snout of Skei6ararjokull, thus providing sufficient
reflectivity to permit the image to be recorded at such low illumination. 	 The
grazing angle of illumination produced elongated shadows of even the most subtle
features.	 Of particular `importance `to knowledge of the structural geology of that
part of the active zone covered by Vatnajokull is the fine detail shown in the

1 surface of the icecap.	 Many of these 'features which are partly or wholly buried'
under Vatnajokull'were previously unknown or only suspected (Thorarinsson and
-others, 1973; Williams and others, 1973c). 	 The morphology of Baroarbunga (3) an

'	 1'1 area east of Hamarinn (4), and Esjufjoll (5) suggest buried central volcanoes. 	 Two
elliptical features, one at Kverkfjbll (1) and another at Esjufjoll are recognized
as probable subglacial calderas.



Two prominent volcano-tectonic lineaments can be traced across the image. 	 The
first strikes N.45°E. 	 for at least 60 km along a line of nunataks and subr:lacial
volcanoes, calderas, and geothermal areas :etween the two subglac.al calderas at

f Kverkfjoil (1 and 2), through the eastern side of Grimsv8tn (6), to the southwestern
edge of Vatnajokull. 	 Except for historical volcanic activity at the dri-fajokull

? central volcano, 50 km southeast of this lineament (just north of the North arrow),

1
this volcano-tectonic line sharply divides areas of active volcanism (to the
northwest) from areas of older volcanism (to the southeast). 	 The second lineament
strikes N.35 * W. along Vatnajokull"s southern margin, cutting across the first
volcano-tectonic lineament, and separating two markedly different tectonic regimes:
fissure eruptions to the southwest, central volcano complexes to the northeast.

Several other low sun angle, snow-covered terrain images of Iceland also show
Inew features beneath other icecaps. 	 A large domal feature, very similar to the

Bir6arbunga area in Vatnajokull, can be delineated on the northwestern part of
} Hofsjbkull.	 Linear features and a possible caldera within Langjokull also appear

on low sun angle imagery of this icecap. 	 Low sun angle imagery of N rdalsjbkull
J shows subtle depressions within a poorly delineated calderalike feature on the

southeast part of the icecap.

Preliminary results from computer enhancement of the Vatnajokull image (Figure
12) by scientis t s at the Jet Propulsion Laboratory (F. 	 C. Billingsley, A.	 F. Goetz,
and A. George I 	 2r, personal communication) has shown the potential of such
enhancement to studies of low relief features and geologic structure in snow-
covered areas..	 Not only is the full range of reflectance variation retained on the
computer compatible tapes and better resolution achieved (first generation rather
than the usual third), but manipulation of image contrast and gray-scale variation
through specially written contrast-stretching and ratieing computer trograms
enables much improved, custom imagery to be made available to the scientist
(Billingsley and Goetz,	 1973).	 In polar regions, and e^ . -gin in non-polar, 	 snow-
covered regions, such computer-assisted analysis is important to deriving maximum
information from the ERTS images.

Outside the active zone of rifting and faulting, in the areas of Tertiary and
Quaternary flood basalts, ERTS imagery has recorded several probable central
volcano complexes because of their distinctive circularity and size (Williams and
others, 1973a).	 These areas of circular structure will eventually be studied in
the field, but the ERTS imagery has assisted in locating areas for specific field
investigations.	 The reason some of these areas were not identified as such before i{)
is due to the remoteness of such areas and the fact that a number of aerial
photographs, mosaicked together, would be necessary to see the entire structural
pattern, a pattern easily missed on a single aerial photograph.

j Volcanic Geomorphology Experiment

The active zone of rifting and volcanism of Iceland, which is highly
(l generalized in Figure 1, is actually quite complex from a structural and volcanic q

viewpoint.	 The active volcanic zone, Pleistocene to Holocene in age, is 60 km
wide in the north, but bifurcates in the south with a western limb about 40 km in 3

width and an eastern one about 70 km wide. 	 Jakobsson (1972b) has recently proposed
calling the petrographically similar northern and western zones collectively the
Median Zone, in a restricted sense. 	 The active zone has two "outliers" -to the j

' northwest and southeast, Snmfellsnes and br<efajokull, respectively. 	 Both of these
large and beautiful stratovolcanoes, as well as numerous other volcanoes, have been i
active in postglacial time. 	 There is no question that the active volcanic zones,
one fourth of Iceland or about 25,000 km 2 , have been a prolific producer`, of lava.
Approximately 12,000 km 2 are covered with post-glacial lavas, which have erupted
from 150-200 Holocene volcanoes (Tho.,arinsson and others, 1959). 	 Oir	 the basis of
earlier estimates summarized by Karl Sapper, Rittman (1962) estimated that 24

F percent of the total outflow of lava from the Earths land surface, between A. A.
1500 and 191 L1, has been from volcanoes and fissure eruptions in the neovolcanic
zone of Iceland.:

The magnitude of volcanic activity has created a number of volcanic landforms.
Thorarinsson (1960) has placed most of the basaltic volcanic landforms in Iceland €;

^i into a'logical classification system (Table 1). 	 Iceland's cool windy climate
severely limits the growth of vegetation in many parts of the country. 	 Most of the

f soils are either wholly or in part of transported origin (eolian, glacial or fluvial).
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Chemical weathering proceeds but very slowly. Except for lichen growth and 
eolian deposits on lava flows, most post~lacial ~olcanic lanforms appear little 
changed from their origin morphology. I~ was expec~~d, therefore, that Iceland 
would afford an excellent oppcrtuni ty to observe the 1:'( ,~ional aspects of volcanism 
with ERTS imagery, and that the regional view of volc~LC landfo1:'ms in relation to 
the volcanic structure of Iceland would be of value tc geological studies in 
Iceland. It was also anticipated that such imagery wculd give volcanic geomorphol­
ogists their first 1:'eal look at a small-scale view of regional volcanism, impor~ant 
by itself, but also of immense value to extraterrestrial studies, particularly 
of possible volcanic landforms on the lunar sU1:'face and probable volcanic landforms 
on the luna1:' sU1:'face and probable landforms on the Hartian surface. 

The results f1:'om this experiment are that ERTS provides the first satellite 
imagery with sufficient resolution to systematically map many of the Earth"s 
volcanic landforms. Of the volcanic types classified by Tho1:'a1:'insson (Table 1), 
representative examples of each could be identified on ERTS-l, MSS imagery. However, 
only 6 of the 13 types could be definitely recognized without additional information. 
They are: shield volcano (Figure 23), stratovolcano (Figure 12), tephra ring 
(Figures 2 and 3), maar (Figure 8), spatter cone row (Figure 12), and stratified 
ridge (Figure 8). These landforms are in addition to the delineation of lava flows, 
tephra falls, and calderas ~\Thich were discussed in the Geologic Structure Experiment. 
It was also possible to delineate some of the larger tectonic fissures, grabens, a 
rhyolitic coulee in the Torfaj6kull which was very distinctive on the false-color 
composites, and two types of volcanic landforms which were formed and are probably 
forming today under the Vatnaj6kull icecap: hyaloclastite ridges and table 
mountains, compoced primarily of hyaloclast. ~ breccia and pillow lavas. 

The volcanic landforms and geologic structure of the area to the southwest of 
Vatnajokull are striking. The shadows cast by the serrated crest of the hyaloclas­
tite ridges, the craters of the "crater rows, and grabens cause these landforms to 
stand out sharply at the low sun angle. The image also shows very clearly how 
extremely straight lined some of the serrated ridges are, and how for long stretches 
they show no tendency to the en echelon pattern so char'acteristic of many fissure 
systems in southwest and north Iceland. There is little question that a study of 
the regional topography of this area could have a strong bearing on the understand­
ing of the submarine topography of the Mid-Atlantic Ridge as shown on Heezen"s maps 
(Heezen and others, 1959). 

North of Vatnajokull, and in other places in the a~tive zone of Iceland as 
well, are some classic examples of table mountains (Figure 2) (Kjartansson, 1960; 
van Bemmelen and Rutten, 1955). These volcanic edifices, several beautiful 
examples of which are shown in Figure 2, are basically a type of shield volcano, 
but which have a unj.que geomorphology. Beginning as subglacial eruptions, they 
built up as a confined pedestal of hyaloclastite breccias and pillow lavas before 
perforating the overlying igecap. After perforation, a supraglacial lake formed, 
and the resulting ~ock morphology was primarily that of pillow lavas. As soon as 
the lava became subaerial, a normal shield volcano formed, often with a large 
central or pit crater, The table mountains and hyaloclastite ridges ar~ distinctive 
features of the Icelandic landscape, even more so when viewed stereoscopi~ally on 
side-lapping ERTS images. This is true in the study of most of the landf~~ms of 
Iceland. In many cases features are overlooked on the two-dimensional imd[e which 
are immediately evident in the stereoscopic view. For many types of geomorphic 
and structural geologic studies the ability to analyze the image in a stereoscopic 
manner is mandatory. The two-dimensional limitation of most ERTS imagery is a 
distinct handicap in geomorphic studies in particular. 

It is suggested that the study of the volcanic landforms of Iceland on ERTS 
imagery may be of particular importance to the continuing studies of the 
geomorphology of the Martian surface and perhaps even to the lunar surface as well. 
There are some striking analoges between the volcanic landforms of Iceland and the 
Martian surface features recorded on Mariner 9 imagery. If, as some scientists 
now suggest, different climatic variations existed in the Martian past, many of th~ 
aspects of the present geomorphological environment of Iceland may have been 
present - including the juxtaposition of volcanism and glaciation. As one example, 
Nix Olympica"s morphology, as depicted on Mariner 9 imagery, may be the result of 
subglacial volcanism, the steep sides (2 km high) having formed subglacially in an 
icecap environment. As can be seen on Figure 2, similar yet smaller volcanic 
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`'urtsev is a small volcanic island (about 2.5	 w}•.-*	 the
surface on 15 November 1963 ana was in disccntinu	 _.	 n that

:::d earl y June 1967.	 Surtsey lead complex eruptive h. 	 h	 :.al
increase in size of the island due to eruptive activity was in late i,ugust and
early September 1966, when it increased to 2.8 km 2 in area (T}orarinsson, 1968).
Ever since it appeared above the oceans surface, wave action has reshaped its
coastline, thereby posing a problem for cartographers trying to accurately portray
the islanr.' on topographic maps. Figure 13 is a 196 map of Surtse`• which is based
on 24 Au^tust 1965 aerial photography. A special Su. • tsey map (Surtsey, Landmulingar
Islands, 23 Oct. 1964, 1:10,000 scale) was also published at an earlier date. The
more recent 1969 map M , alkort B1a," 6, Mi^su•`urland, Landmxlin_gar Islands, 1:250,
000 scale) shows Surtse y as it appeared on 17 July -;967 aerial photography. Both
the 1:100,000- and 1:250,000-scale maps are revisions of previous map editions which
were published by the Geodrtisk Institut of CopenhaF-en, Denmark. It is interesting
to note that the most recent official map of Surtse•,, the U. S. Department of
Defenses Joint Operations Craohic (Ground) (Series 1501, Sheet NP 27, 28-2,
Edition 1, Vestmannaeyjar, Iceland, 1:250,000 scale), which was published in
Januar y 1969, "from best available source," claims -hat ';urtse, , is based on 1968
data, when in fact it sh^ws the island as it existe: !n 1965.

A number of maps of Surtse%, have been drafted for scientific papers
(Thorarinsson, 1968; Norrman, 1970, 1972a, and 1972b). Landmaling._r Islands has
also acquired frequent aerial photography, more during the period of volcanic
activity and less since that time. Since September 1966, when changers in the
coastline of Surtsey caused by volcanic activity ceased, the change has been due to
erosional forces: recession of the windt•:ard southwest-facing lava cliffs and
progradation of the wide beach on the leeward northeast shore now dominated by a
prominent bulbous ness. This prominent ness, as well as the present coastline o`.
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Surtsey, can be seen on Figure 14, an enlargement of an ERTS-1 MSS image (Surtsey,
E5, 19 Aug. 73, 1392-12194-6). At map scales of 1:100,000, or smaller, ERTS
imagery could be used to revise planimet__c maps of volcanic islands.

Figure 15 is a recently revised map of Heimaey which is based on 1965 data,
published in 1966, and revised, by red overprint, on 23 January 1973, within a
week after the volcanic eruption began:. Figure 16 is an enlargement of an ERTS
image of Heimaey prior to the volcanic eruption (horisvatn, D6, 21 Nov. 72,
1121-12143-6). The west side of the island is partially obscured by a lenticular
cloud; however, the eastern halt" is cloud free. Figure 17 is an enlargement of an
ERTS image of Heimaey after the eruption had ceased (Hekla, D5, 19 Aug. 73, 1392-
12191-6). The increase in land area, due to lava flows, on the east side of
Heimaey can be clearly seen. Again, these images point out the fact that, at
least to map scales of 1:100,000 or smaller, ERTS imagery may be directly used to
effect planimetric revisions of existing maps, or in the absence of existing maps,
show changes caused by volcanism by comparison of "before" and "after" images. In
remote areas, ERTS imagery offers volcanologists a powerful new tool in the study
of changes on volcanic islands and perhaps even produce a "time-lapse" record of
an eruption in progress.

HYDROLOGICAL STUDIES j

Ephemeral Snow and Ice Experiment

It was expected that ERTS imagery would permit the mapping of variations inP	 g	 Y	 P	 PP	 g
k	 snow cover in Iceland over time, mapping of surface water distribution, and

mapping of ice freezeups and thaws on major lakes. 	 Both snow cover changes andk	 freezing and tlawing of lakes are very dynamic phenomena, particularly the former.
The paucity of fall, spring and early summer imagery of Iceland, the former because
of darkness and the latter two seasons because of tape recorder malfunction,
severely limited periodic coverage of these two aspects of the experiment. 	 On ERTS

1	 images, lakes were either 'snow covered and frozen on wintertime images or ice free
I (	 on summertime images.	 In no case was any freezeup recorded on imagery; in only

I	 one case was an ice breakup observed, on a mostly cloudy image of lake Apavatn in
southwestern Iceland (horisvatn, D6, 27 Mar. 	 73, 1247-12145).	 About a month C.„
earlier the mostly cloud-covered image showed the partially frozen lake`
Dingvallavatn ( pingvallavatn, D4,	 21 Feb.	 73, 1213-12261).

Of particular importance to Iceland is the persistence of snow cover into the
summer months, particularly in the rangelands of the interior, which are used for

_grazing by sheep when the snow has melted.	 Persistence of snow is related to the
amount of snowfall during the previous winter and to the coolness of the summer
months.	 There has been some deterioration of climatein Iceland since the early
1960's.	 The persistence of snow in the interior and of concentrations of sea ice

{

{	 on the north and east coasts, particularly in the late 1960's, serve as indicators r
•	 of a colder climate in Iceland. 	 Snow cover and its persistence is of particular a

importance in the polar regions because, "Areas of prolonged coverage are potential
sources of glaciation"	 (Anon.,	 1970b, p.	 88).

Although snow cover has, of course, been successfully mapped from satellite
imagery of the TIROS, ESSA, and Nimbus series, as well as from photography from
Apollo 9 (Barnes and Bowley, 1966, 1968a, 1968b, 	 1969a, 1969b, 1970, and 1972;
Fritz, 1962; Tarble, 1963; Popham and Samuelson, 1964; and Popham and others, 1966),
the resolution characteristics of the ERTS-1 MSS instrument provide far more accu-
rate snow cover information, in most cases approaching high-altitude aerial
photography, in detail, but offering a much greater area of simultaneous coverage
(Barnes and others, 1972 and 1974; 	 Barnes and Bowley,	 1973b; Meier,	 1973; Wiesnet,
1972; and Wiesnet and McGinnis, 1974).

The Nimbus and NOAA series of weather satellites have not yet been displaced
j	 by ERTS, because they provide much more coverage of an area at least twice daily i
'	 with their highest resolution sensors (North America only; tape recorder limited F

outside North America), and multiple daily coverage with lower resolution sensors. 1

4	 Snow cover can change very rapidly, particularly in the springtime. 	 Therefore
the weather satellites retain their preeminence over ERTS in snow-cover mapping'

+{	 because of their' greater frequency of coverage (Wiesnet and McGinnis, 1974).
(	 Figure 18 shows some of the detail of 'snow cover available from`NOAA-2 imagery of
?
f
	Iceland.	 Between late March and early July 1973, no ERTS imagery exists of Iceland.

I	 ^^
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This NOAA-2 image shows that much of the snow cover of Iceland has melted b•;
22 I•Jay 1973, except in the highlands. Fcr snow cover mapping, ERTS imagery can
only be considered to be complementary t= weather satellite imagery.

Nearly every ERTS image of Iceland shows somechange in previous distribution
of snow cover. Great detail is evident in many of the images. In midsummer-
images, areas of snowpack can be seen, including long, linear white strips, where
the previous winter's snow has drifted against linear volcanic and structural
landforms. Even in mid- and late-summer, F.RTS imagery has often recorded fresh
snowfalls, particularly in the higher elevations. :~here the air temperature is
above 0°C, fresh snowfalls often appear white on bands 4 and 5, and black on bards
6 and 7 (Williams and others, 1973a). Thus areas of melting snow, either or, the
terrain or glaciers, can be mapped.

a	 ,a
The most important application of EFTS imagery, resulting from this experiment,

`	 was in the delineation of surface water distribution in Iceland, particularly in
the mapping of lakes. Of particular interest were the changes in lakes fed by
glaciers when compared with existing maps and the effect engineering activities
are having on IDorisvatn, a large V-shaped lake north of Torfajakull in central
Iceland. Flow in its northern outlet, I?orisos, to the Kaldakvisl river hasbeen
reversed. Sediment-laden (glacial rock flour) water from Kaldakvlsl, which drains

5	 the northwestern edge of Vatnajbkull, is now entering the lake via horisos. On
band 4 imagery (Vatnajokull, D7, 9 Sept. 72, 1048-12080-4), a distinct sediment
plume can be seen extendinginto most of the western arm of the lake, although
becoming less distinct with increasing distance from its former outlet. It is still
distinguishable fora distance of 10 km, however. This sediment should have an
impact on the natural ecology of the lake, originally a ground-water table lake with
no incoming streams and but one outlet (Sigbjarnason, 1972).

Numerous smaller lakes around the country have different shapes and areas than
their representation on maps. It is the glacier-margin lakes, however, which have
exhibited the greatest change from existing maps. Some have even changed in area
during the course of a year of ERTS imagery. These lakes will be discussed more
fully under the Glaciological Features and River Flooding Experiments.
Glaciological Features Experiment

Of all the ERTS experiments in Iceland the glaciological features experiment
has yielded the greatest amount of new scientific data. This is due to the
dynamical aspects of glaciers and related features in Iceland, the very great size

l	 of some of Iceland's icecaps and glaciers, the logistical difficulty in studying
these icecaps, and the obvious change in so many types of glaciological features
when compared with existing topographic maps. ERTS imagery, because of its
repetitive, high resolution, synoptic coverage of glaciers, provides glaciologists
with an important new tool in monitoring changes in glaciological features as well
as delineating features on the surface of glaciers which have hitherto gone unob-
served. In particular many new features have been revealed on the four largest
icecaps of Iceland, Vatnajokull, Hofsjokull, Langj6kull and Ml rdalsjokull., from
ERTS imagery acquired at low sun angle.

ERTS imagery is the first satellite imagery to have sufficient resolution to
be useful to glaciologists. Individual glaciers and icecaps in Iceland (and other

i'	 areas) were imaged by previously and currently_ operational weather satellites,
such as Nimbus and NOAA-2, but neither had sufficient resolution to depict anything
but gross glaciological features. Figure 19 is a 21 September 1970 image of

i, Iceland takenby Nimbus IV. The four largest icecaps can be grossly delineated. 	 E'
(	 Figure 18 is a NOAA-2 image of Iceland acquired on 22 May 1973. Considerably more

detail is apparent on this image with the four larg ., st icecaps more clearly
delineated and some of the smaller icecaps as well. The Grimsvatn caldera in west	 j;
central Vatnajokull can be seen.

About one tenth of Iceland is covered by glaciers, nearly all of which are 	 j
termed icecaps_.- Figure 20 shows the 33 IHD (International Hydrological Decade)	 $
glaciological observation stations in Iceland and all of the important glaciers
(Rist, 1967b). Table 2, which accompanies Figures 20, lists most of these glaciers.
All of the glaciers listed after Tungnafellsjokull encompass areas of 30 km 2 or
less. Sufficient late summer and earl y fall 1973, ERTS-1 imagery of Iceland now 	 Y
exists to accurately map planimetrically the 10 percent of Iceland covered by 	 I+j 7+
glacial ice.	 Cx
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Optimum imagery has been obtained of Vatnajokull (Figures 21 and 22),
Hof sjokull (Figure 23), Langjbkull (Figure 23), Myrdalsjokull (Figures 22 and 23),
and Eyjafjallajokull (Figures 22 and 23), or five (including the four biggest) of
the seven largest icecaps in Iceland and five of the smaller (less than 50 km2)
icecaps as well.

Special planimetric maps are being drafted from this ERTS imagery for
comparison with previously published maps. 	 All of Iceland's glaciers have a long
history of change, some gradual, some rapid (Eyporsson, 1963; Thorarinsson, 1964;
and Sigbjarnarson, 1970).

Special emphasis is being given to Vatnajokull, the largest icecap in Iceland
(Figure 24)	 (Eyporsson, 1960).	 It has an area of approximately 8,400 km2
(Thorarinsson, 1956) and is characterized by numerous outlet glaciers, particularly
on the south and east margins; at least three subglacial volcanoes, Orxfajokull,
Grimsvotn, and Kverkfjoll (Friedman and otbars, 1972); and numerous glacier-margin {	 '
lakes.	 Grimsvotn, in particular., has had a long history of jokulhlaups, extraor-
dinary discharges of water from the margins of a glacier caused by either the
failure of ice dame which impound subglacial or glacier-margin lakes or subglacial
volcanic and solfatara .`activity. 	 Historic jokulhlaups are also known from other
parts of Vatnajokull and also from Myrdalsjokull (Thorarinsson, 1956), a result of
a subglacial eruption of the volcano Katla (Rist, 1967a), Eyjafjallajbkull and
Orxfajokull (Thorarinsson, 1958),

Figure 12 shows a number of depressions on the surface of Vatnajokull, all the
result of subglacial geothermal or volcanic activity, and some of which are related
to recent jokulhlaups.	 The depressions seen on this ERTS image near the northern
rim of the Grimsvotn caldera form or deepen after each jokulhlaup from Grimsvotn,
the last one having occurred in March 1972.	 They are most certainly the result- +
of permanent subglacial geothermal activity and subsidence of the overlying ice,
following withdrawal of meltwater (Thorarinsson and others, 1973). 	 The series of
shallow depressions forming a chain east to south-southeast of the southeastern
part of the caldera may possibly show the subglacial course of the flood water from
the March 1972 jokulhlaup from Grimsvotn.

Between Grimsvotn and the western edge of Vatnajokull are three more depres-
sions, almost certainly also the result of subglacial or volcanic (?) activity.
The main depression (the easternmost one) was first observed by Thorarinsson and
Hannesson during a reconnoitering flight over Vatnajokull on 7 September 1955,

" Since that time jokulhlaups have occurred every second year in Skafta, a riven
which drains Vatnajokull on the southwest; the last one took place in August 1972.{
The depression has never been refilled by snow between jokulhlaups (See Figures 12
and 22).	 The depth of the depression after each jokulhlaup has been 100-150 m,

On Figures 12 and 22 the twin snow- and ice-filled craters and the ice-free
valley at Kverkfjoll can be *delineated.	 A jokulhlaup from Graenalon, a glacier-
margin lake on the southwestern edge of Vatnajokull, which was unrelated to
geothermal or volcanic activity, occurred in August 1973, and will be discussed i
under the River Flooding Experiment.

Changes in area, disappearance, and creation of glacier-margin lakes are quite
common occurrencesalong the edges of icecaps or glaciers-(Tomasson and Vilmundar-
dottir, 1967), particularly at the terminuses of glaciers.	 Vatnajokull is no I,

exception (Price and Howarth, 1970).	 Numerous changes in and disappearance of such
lakes have been reported in the literature (Thorarinsson, 1939). 	 The surging
glacier, Eyjabakka38kull (Figure 24), which surged during late 1972 and early 1973'
(?) caused a lake to increase in size which lies between it and another surging
glacier to the west, Bruarjokull. 	 A number of changes in Takes along the edge of t`

{ Bruarjokull, which last surged in 1963, are also evident.
u

{ Eyjabakkajokull was in the midst of a surge when ERTS-1 passed over on
14 October 1972 (Figure 25).	 Rist (1972) reported that the surge ;might have begun

I as early as 25 August 1972, and that travelers estimated a forward movement of
800-1,000 m as of 20 September 1972.	 Observations were made bytwo men on 7 and
21 October 1972; they estimated a movement of 370 m between those two dates or

' over 26 m per day.	 According to measurements made on the two ERTS-1 images
{ (Figures 25 and 26), Eyjabakkajokull surged 1.8 km between 14 October 1972, and



22 September 1973, mostly in late 1972, but possibl,, including some motio,. in early
1973. if the field observations and the :reasuremen' . from FRT: imager; are combir,e3,
then Evbakkaj5kull surged in excess of 3 :n in a fe months, perhaFs in as little as
a few weeks.

The most profound changes, however, were the successive changes in the area of
Granalon (Figures 12, 	 21,	 22,	 27, and 28).	 Success_ve ERTS images showed an
increase in surface area, until the ice dam was partially breached, thereby result-
ing in a jokulhlaup and a sharp reduction in lake ar-a. 	 Glacier-margin lakes, or
any lake which is receiving sediment-laden runoff from a glacier, have a
distinctive robin's-egg blue color on MSS false-color composites (bands 4, 3, 7),

f placing them in sharp contrast with the white of the glacier, reds of vegetation,
G or other nonblue colors related to soil or bedrock. $

Beyond the present margins of Vatnajokull are a number of interesting features
t

frelated to past positions of Vatnajokull and Hofsjokull outlet glaciers. 	 Recessional
moraines are well displayed on Figure 12 in front of several outlet glaciers of i
Vatnajokull: Svinafellsjokull, Skei'ararjokull, and Si6uj6kull. 	 The beautiful little
outlet glacier on the southeast side of the Hofsjokull icecap, has a striking I

j series of concentric recessional moraines.- Large medial moraines within the icecap
proper (Vatnajokull) also show up well under the low sun angle, particularly on the
eastern side of Dyngjujokull and southeast of Esjufjoll (Figure 12). 	 On late
summer imagery of Vatnajokull (Figures 21 and 22) the dark color of lateral and
medial moraines can be sharply delineated. 	 The distorted pattern of medial moraines
in surging glaciers contrasts sharply with the undisturbed pattern of non-surging
glaciers.	 These contorted medial moraine patterns can provide useful markers for
the measurement of glacial motion over time. 	 For example, on images of contorted
medial moraines on Skei6argrj8kull (Figures 27 and 28) taken about 11 months apart,
an estimated 600 m of glacier motion has taken place, on the eastern side of

i Skei(*?ararjokull, east of lake GrEEnalon. 	 This shows that ERTS imagery can be used,
in certain instances where "marker" features are present, to measure directly
surface flow rates of glaciers.	 This is important in the study of the dynamics of
glacier movement, because the position of the snout or terminus of a glacier

r
{ represents whether or not the glacier is in equilibrium with respect to accumulation i

and ablation or is in inequilibrium. 	 In the case of Skei6ararjokull the only =
direct measurement of the movement of this glacier was made by a Polish expedition
during the summer of 1968.	 They found that the annual movement of Skei,51ararj6kull,
southeast of Gra^nalon to be about 430 m (Wojcik, 1973).

On false-color composite images, recently deglaciated terrain can be
distinguished in some cases on the basis of vegetation difference (lick c•f grasses
and lichens) from older deglaciated terrain, where the lichens have a purplish hue,
and the grasses have a pink or red color. 	 This distinction is particularly well
defined in front of the small outlet glacier on the southeast side of the
H ofsjokull icecap.	 On Figure 23, the band 7 ERTS image shows a dark band of
concentric moraines between the glaciers terminus andthe highly reflective grassy

r swamplands to the southeast. A similar dark fringe is common to many of Iceland"s

^I
icecaps. a

River Flooding Experiment

The lack of spring imagery of Iceland prevented the mapping of spring runoff
and floods along major river valleys, the time of two prominent periods of higher
than normal flow in drainage basins in Iceland. 	 According to Rist (1969), high
flow rates of Icelandic rivers do not necessarily follow the temperature pattern of
peak discharge during the spring. 	 High flow rates can occur during February-March
(winter thaw), May-June (spring thaw), July-August (melting of glaciers), and -'

Cn
October-November (autumn rainfall).

^^	 IChanges in distributaries from glaciers could be mapped, however, particularly I.'
across the Skeioararsandur (Figure 24) of the southern coast. 	 Braidad stream
drainage on this large outwash plain is the result of melting snow and ice from -	 7^
Skei6ararjokull and other outlet glaciers on the southwestern margin of Vatnajokull.
Maximum flow across the Skeinararsandur takes place during July and August. 	 On
Fiur	 12, very	 n	 because
itgis ewinter.	 Atsnowstormchadg crossed kthe area etherday before, andatheO°G^isotherm

a1M1

j ' (during the storm) is represented by the snow-bare land contact at higher elevations ?'
on the outwash plain, inland about 20 km from the coast.	 Some ablation is taking ,
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place, however, from the snout of Skei'^ararjekull even in midGrinter. Maximum 	 #c
discharge of these glacial rivers can be seen on Figure 21, an image acquired on
30 July 1973. Reduced runoff only 7 weef•s later, on 22 September 1973, can be seen
on an early fall image (Figure 22).

It was anticipated that a jokulhlaup might occur during the ERTS-1 experiment.
The effects of two jokulhlaups, one in March 1972 from Grimsvotn and the other in
August 1972 from an area between GrimsvOtn and Hamarinn, in the development of
collapse features on the surface of 4atnajokull, has been discussed under the
Glaciological Features Experiment. A jokulhlaup did occur from Gr^nal6n in August
1973. The increase in area of this lake over a 10 month period to the jokulhlaup,
and the decrease in area of the lake and new river channels across the Skei6arar-
sandur after the jokulhlaup can be clearly seen on ERTS imagery. Gr&nalon was first
imaged on 14 October 1972 (Figure 27); the ice dam of a valley glacier from
Skei6ararj8kull can be seen to the east. The lake was again imaged on 31 January
1973 but was completely frozen. The third time it was imaged was on 30 July 1973
(Figure 21) when it had reached its largest extent prior to the jokulhlaup. Lass
than 2 weeks later the ice dam was partially breached, and a small jokulhlaup
partially drained Grzenalon (Figure 28) along the Sula River which flows along the
western margin of Skeixararjokull and then south across the Skei6ararsandur. The
change in channel position of this river across the Skei6arirsandur can be seen by
comparison of Figures 21 and 22. After the jokulhlaup, Grxnalon did not return to 	 9
the small area shown on Figure 27, but stabilized somewhat larger in area. Because
of the shape of the GrEnalon basin the lowering of water-level of Gr^nal6n, resulting
from the jokulhlaup, could be determined from the ERTS imagery with an error of 'less
than12 m.

Jokulhlaups from this part of Vatnajokull are no longer solely of academic
interest because of the completion in 1974 of the first all-weather road
(Kristinsson, 1972) across the Skei5ar6rsandur. This road will permit considerable
vehicular traffic to move along the south coast of Iceland for the first time.
The prediction of the occurrence of jokulhlaups takes on added significance because
of the need to provide advance warning. It is suggested that a combination of ERTS
imagery and data collection system CDCS) platforms (ERTS or synchronous meteorological 	 C"^
satellite) could provide the basis for such a warning system. The experience with
ERTS imagery of Grmnalon shows that imagery alone can at least monitor the increase
in size of glacier-margin lakes.

OCEANOGRAPHIC STUDIES

4 Sea Ice Experiment

The presence of sea or floe ice off the northern and eastern c;^asts of Iceland

	

f	
has historically had a deleterious effect on grass growth iii ?celand and has
affected the shipping of goods to northern ports, such as -the city of Akureyri.
Particularly for shipping requirements the Icelandic Meteorological Office and the
Icelandic Coast Guard monitor drift ice off the coast of Iceland. Sea ice, because
it lowers sea-water temperatures below normal, may also affect the very important
herring fisheries in Iceland (Jakobsson, 1969). However, sea ice concentration
and persistence are only two of several variables which are thought to govern
herring; abundance.

Drift ice	 its concentration and persistence - has had a marked influence on
the economy of Iceland. Its impact on the natural environment has been studied by
a number of Icelandic scientists, including Bergthorsson (1969), who found a, good
correlation between annual temperature and the resulting influence on the regime of
Icelandic glaciers; Thorarinsson (1969) who discussed the effect of sea ice on
glacier variations; and Fricriksson (1969), who has studied the effect of sea ice
on annual grass yield. There is no question that the mapping of the drift ice

	

g	 margin and the concentration and movement of drift ices if accomplished from

	

f•Y	 satellite imagery, would be of value to the Icelandic economy.

Iceland>c scientists have experimented with automatic picture transmission
(APT) imagery from the ESSA satellite series (Jonsson, 1969); however, most of the

>3
Icelandic sea ice maps are compiled from observations made by aerial reconnaissance
(Jakobsson, 1969, Sigurbsson, 1969) and the maps by Hlynur Sigtryggsson for the
years 1960-1969 (Baroarson, 1971). Subsequent weather satellites have shown a	 I

	

i	 steady improvement in spatial resolution. Figure 29 shows sea ice between Iceland
z(
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and (-reenland in the Denmark Strait or a Nimbus III linage Dissector Camera System
(IDES) image on 15 April 1969. 	 Figure	 18	 is a NOAA-2 image mosaic of sea ice
betweer Iceland and Greenland in the Denmark Strait on 22 May 1973. 	 Only one ERTS
image cf the waters northwest of Icelan:: included anv sea ice.	 That image (Skagi,
B3,	 23 Mav 73, 13C4-12310) was acquired the day following the NOAA-2 image (Figure
18).	 The absence of other ERTS-1 coverage of northwestern Iceland and the sea
north of the island, which is the usual closest approach of sea ice to Iceland; a
mild sea-ice season; and the limitation in size of •the test site to the north all
prevented the objectives of the sea-ice experiment ` •eing attained.

Drawing from the work of Popham and Samuelson (1964), Predoehl (1966) and
McClain and Baliles (1971), McClain (1972), Campbell (1972), Barnes and Bowleg
(1973a and 1974), and Wiesnet and McGinnis (2?74), who have all studied sea ice from
satellite sensors sensitive to reflected enerov, and the work: of Barnes, Chang, and
hil_and,	 in a series of reports (1969,	 1970a,	 1-1 70b,	 1972.3, and 1972b), who have
mapped sea ice on satellite thermcgraphy, it is obvious that the much higher
resolution cf the ERTS sensors and lesser frequency of coverage by the satellite,
resulting from the relatively small field of view and orbital altitude to achieve
the higher resolution, severely limits the usefulness of the ERTS imagery for mapping
sea-ice concentration and movement.	 Persistent cloudiness around Iceland, combined
with the infrequent coverage with ERTS-l,also limits availability of imagery.
Another problem with sea-ice mapping with ERTS imagery north of Iceland is low solar
illumination during nearly one-third of the year, that is the months of December
and January and much of November and February. 	 It	 a evident that a thermal
channel on future MSS systems on EFTS-type satellites will be needed to overcome
this deficiency.	 I't would seem, therefore, that insofar as sea-ice mapping is
concerned EFTS imagery can be best employed as a supplement to weat:er satellite
imagery.

Finally, with respect to the addition of a thermal sensor on ERTS spacecraft,
a valuable spinoff to having such a sensor to map sea ice during the winter months
is that satellite thermography could provide much needed data on the variation in
surface water temperatures of marine currents around Iceland, of great potential
value to the fisheries industry. 	 A preliminary evaluation of N©AA-2 thermography
has established the promise such satellite thermogr.phy holds for mapping marine
currents off the coast of Iceland.

AGRICULTURAL STUDIES

Grasslands and Forest Experiment

Animal husbandry, particularly sheep and cattle, is an important element of
the Icelandic economy. 	 Grass, therefore, is an important agricultural resource.
Although Iceland was forested at the time of settlement, the excessive harvesting
of timber, the introduction of large, free rangirg flocks of sheep, and the
apparent slight deterioration of the climate have resulted in almost total denuda-
tion of forested land. `Birch, dwarf birch, and willow trees and various bushes
exist in favorable locations, but only two sizeable areas of true forest still
exist, Hallor.mssta6ur in eastern Iceland, and Vaglaskogur near Akureyri. 	 It was
anticipated that the ERTS false-color composites would permit an accurate
inventory to be made of areas covered by trees and bushes and assist in planning
future reforestation work.	 Of ,greater importance, however, would be an accurate
inventory of grasslands with such imagery. 	 The sea ice and resulting lower summer
and annual temperature had a devastating effect on hay yield in the northern, and
to a lesser extent in the southern, part of Iceland in the 1960"s decade
(Fri6riksson, 1969).	 It was expected that ERTS false-color composites of the
grasslands would permit an assessment of areas subjected to winter-kill' 	 More
importantly,	 -an assessment of`the -grasslands could perhaps be matte on a,however,
regional basis during the growing season and a correlation made between distribution
of .vegetation and persistence of snow cover.. "'

The agricultural industry of Iceland is heavily dependent on -the areal extent, #	 ti'

health, and growth rate of the grasslands. 	 The grasslands are usually divided into
lowlands and highlands, the latter being used for grazing by sheep during the
summer months, and the former by cattle and Icelandic ponies during the late spring,

fir'summer and early fall.	 The highland grasslands are used in their, natural state,
while some of the lowland grasslands have been subjected to extensive ditching to
lower the water table, thus improving the soil properties and increasing the grass

10
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yield. Can the homefields (Icel. tun), the application of fertilizer, ditching,
and seeding have markedly increased the vield. The harvesting of hay from the
homefields provides the feed for the anirals kept through the winter months.

There is considerable effort being expended to reclaim the overgrazed lands
through reseeding and fertilizing of barren areas (Fri.'riksson and Palsson, 1970).
Many areas are also being reforested V, reverse the post-settlement trend of soil
erosion (Fjarnason, 1961). The reclamation program is directed at an increase in
the area of grazing lands to meet the future resource needs of a rapidly growing
Icelandic population.

Although an excellent vegetation mapping program has been underway for several
years (Thorsteinsson, 1972), it will be several more years before the mapping will
be completed. Field observations are being plotted on aerial photographs acquired
in ca. 1960 and later transferred to base maps. When completed, the vegetation
mapping project will provide an inventory of Iceland's vegetation as mapped over a
15-year period. For resource management decisions, however, additional, timely
data on the state of the grasslands is utilized. Seasonal imagery is needed so that
gross changes in the rangelands can be mapped and evaluated. Not only is an
operational ERTS needed to provide such data, but a means of making newly acquired
imagery (MSS false-color composites) available to Icelandic agricultural experts

t	 within 10 days to 2 weeks after acquisition is also required . Information on
j	 dynamic phenomena, such as health and growth characteristics of rangelands, is

11perishable. 11

j

A preliminary study of MSS false-color composites of various parts of Iceland
has shown that at least five vegetation types can be mapped or. ERTS imagery
(Figures 23 and 30). These are: (1) bushes, dwarf trees, and shrubs; (2) natural
grasslands; (3) reclaimed land; (4) cultivated homefields; and (5) lichen-covered

s	 lava fields. In addition, barren lands can be delineated by their absence of
avegetation. One interesting finding from a preliminary study of the false-color

composites is that the grasslands apparently must reach a certain density and/or
? `	 size before they can be imaged even as a light pink. In other words, no pink or

reddish color exists in the barren lands until an unknown areal distribution and/or
density of grass is present. [that this threshold value is must await careful field
observations and correlation with preexisting vegetation maps.

(

	

	 The variations in the climate of Iceland (Eyporsson and Sigtryggsson, 1971),
falls of volcanic ash, and presence, persistence, or absence of sea ice off the
coast of Iceland all can have their effect on the state of the grasslands. Imagery
from ERTS-type satellites offers, over a long period of time, the means of monitor-
ing the effect of such phenomena on the grasslands and forests. Aside from the
importance of an operational satellite to resource management decisions relative to 	 j-
the Icelandic grasslands, such long-term studies can have equal value in a better
knowledge of the response of the grasslands to long-term climatic variation.'

<y

CARTOGRAPHIC STUDIES	
3

Although not a separate experiment in the original proposal, the cartographic 	 q
applications of ERTS-1 imagery of Iceland have grown to the point where a
separate study has become both necessary and desirable. Several applications of
ERTS imagery to improvement of existing small-scale Icelandic maps appear quite
feasible and are being pursued.

a

Planimetric revisions of existing maps of Iceland to map scales of 1:250,000
or larger are quite feasible. With careful enlargement of a limited area,
planimetric revisions to maps at a scale of 1:100,000 also can be accomplished.
The cartographic experience with ERTS imagery of Iceland has determined that the
1:500,000-scale enlargement is the best. Tonal quality, resolution, and size of
area presented all seem to be at an optimum at the 1:500,000 scale. Several
experimental cartographic products of Iceland are planned, including: 1:500,000

1 scale orthoimage mosaics of summer band 5 and band 7 and winter band 7, and three
1:250,000-scale orthoimage mosaics of the largest icecaps. One of the advantages
to using ERTS imagery for the latter three maps is that they will 'show how these
icecaps existed at about the same time (within 7 weeks). Previous glaciological	 i

t	 maps of Iceland are really hybrid composites, being compiled from data of
different dates, and in the case of Vatnajhkull, covering a number of years. #.,

^	 Because ..glaciers are dynamic, such maps are .partly fictitious in that they . portray.	 €

Y



a feature as it never :aas. ^'uch cartographic license is cemmcr, to maps punished
throughout the world, including those pun ished of remote area- of the united
States. FFTS imaaer y can portray feature= such as glaciers as the y `se at a point
in time and also monitor charges quite freque.,II (XacLonald, .974). Anc- er
cartographic product :,hici. is under preparaticii is a false - I olor Ci:::.yCSite mosaic
cf Iceland at a scale of 1:1,000,0,:0 fn_^ use in the grasslands and (crest
experiment.

The success of ERTS	 imagery in monitoring environmental phcrcr,t na cf the
Farth"s surface has been solely through analysis of tonal variations (reflectance
differences) or, the imagery, a two-dimensional entity. However, some of the ERTS-1
scientists (Poulton, 1972; Williams and others, 1973b) have taken advantage of the
limitec sidelap available to map phenomena from a stereeimage.

A_thcugh stereophctogrammetr c techniques applied tc photographs cf the
Earths surface are the basis for the production of modern topcgrap'I maps, ERTS-1
and its immediate successorswere not designed for 3-dimensional map ping. Therefore
the use of ERTS stereoimagery for the production of topographic maps is not an
issue, rather it is the importance of EFTS stereoimagery to improving the extraction
of certain types of 2-dimensional information Stereoimagery from overlapping ERTS
images of Iceland has been found to be of significant value in the study cf
geomorphic and structural geologic features or to phenomena related to morphology.

Photogeologists are trained to use stereophotographs to map geologic formations
and structure on the basis of obvious or subtle differences in landforms. Such
differences are often not evident on 2-dimensional photographs. Vith the current
ERTS imagery, most investigators are unaware of the advantages of stereoimagery in
mapping landform-related phenomena. It is curious, however, that a number of
investigators, at the various ERTS-1 symposia (three to date) have commented on the
importance of midwinter imagery to mapping certain types of phenomena (faults,
lineations, landforms). This is because the lower sun angle of imagery at this
time of year (in the Northern Hemisphere) enhances structural and morphologic
details of the Earths surface.

Interestingly enough, however,- the low angle of solar illumination creates a
sort of ersatz stereoimage in that the shadowing produces an effect similar to that
achieved by selective shading on contour (topographic) maps. In Iceland, for
example, ERTS imagery acquired at a 7° sun angle, revealed new subtle structural
and morphologic details of unquestioned geologic value.

Because of the time of passage of ERTS over much of the Earths surface, low
sun angle imagery must be restricted to the higher latitudes. The provision of a
stereocamera capability on a future ERTS, however, would permit the acquisition of
stereoimagery of the entire Earth (McEwen, 1974). Stereoimagery would be of
significant value to the mapping of many types of environmental phenomena. The
ability to view the Earth in 3 dimensions and to relate dynamic and static
environmental phenomena to these 3-dimensional images should not be treated lightly,
but rather as a major step forward in our ability to view and record environmental
conditions on our planet's surface.

An experiment was undertaken to try to determine whether stereopairs of
adjacent (sidelap) ERTS-1 images of high relief areas of Iceland could give
meaningful relative elevation differences. Some success was achieved using a Kern
PG-2 measure of relative elevation of mountains where considerable overlap existed
in successiveorbits. A-ground feature is imaged on three successive orbits at
the latitude of Iceland, (65'N.) with about a 130 km baseline separation between
the first and third orbits. Sufficient parallax existed on 9er6u1 re 46 , a table
mountain with 1,000 m of local, relief, in north-central Iceland (Figure 2). The
stereoplotter operator stated that he thought he could draft 10 contour lines
within the 1,000 m elevation difference, giving a 100 m'relative measurement
capability from ERTS.

The repetitive ERTS-1 imagery acquisition over Iceland has caused a very large

F

j

i^

r

+I

r

I^	

3

}

f

cataloging problem. For that reason a geographic matrix for Iceland has been

{	
created to place each image in its proper geographic area. Figure 31 shows how
each image (and repetitive images of the same area) has been arbitrarily given a

i	 specific geographic name. Each matrix square (image) , contains one or more images_



of much the same area.	 Successive images differ only in their date and the amount

I

j

'
of cloud cover.	 The handling of ERTS-1 imagery then becomes quite similar to map
or aerial photo handling..

The arbitrary geographic matrix for ERTS-1 imagery of Iceland becomes a series
of "quadrangle maps," easy to fit into existing map and aerial photographic
coverage.	 NASA should consider holding the orbit quite closely over time and hold
"framing" to the same area. 	 In this way successive ERTS-1 images would become
"maps" of specific areas. 	 Study of dynamic phenomena could be more easily carried
out, particularly computer-assisted, change-detection mapping. 	 This suggestion,
developed independently, is quite similar to Schoonmaker s (1973a and 1973b) and
Colvocoresses' (1973b) excellent idea for an image format map series.

The high surface albedo (reflectivity) of snow permits imagery to be acquired
und7- low intensity of solar illumination, that is at low solar angles. 	 Considera-
tion should be given to extending the programmed coverage of polar areas with the
ERTS satellite to solar elevation angles as low as 5°, perhaps even lower.	 In

f addition, consideration should also be given to the acquisition of ERTS imagery

Is
during the polar summer when the midnight sun should offer sufficient illumination.

CONCLUSIONS

ERTS-1 imagery of Iceland provides the basis for the study of several different
geological and geophysical phenomena which relate in an important way to the
natural resources o^,.Iceland.	 Preliminary analyses of available ERTS-1 imagery of
Iceland clearly slaws that timely analysis of repetitive ERTS data can enable

It Icelandic research institutes and governmental agencies to measure and map
important environmental features which have great economic implications in Iceland.

ij Table 3 provides a brief summary of the most important results to date from
{ the ERTS-1 experiment in Iceland as well as a comparison with expected results
I! before ERTS-1 was launched. 	 Full or partial success was achieved with each of

these studies except for the sea ice study. 	 The failure to reach 100 percent of
{ the objectives for all the experiments was the result of the lack of seasonal data

of Iceland from ERTS-1.

j}! Because of the wide variety of geological and geophysical phenomena wnich can
be observed in Iceland, and because of the very clear and direct relation to the
management of the country's natural resources, Iceland is particularly well suited
for experimental studies to establish operational feasibility of the use of
operational earth resources technology satellite sensors and other systems to meet

! i resource inventory and management needs on a timely and cost-effective basis.
Success with such an operational system in Iceland will point the way to the use by
other countries of the techniques and concepts proven in Iceland.	 Iceland shares
with the United States and with most other countries of the world a need for
accurate and timely information on the status of its natural resources, in order to
make wise decisions concerning the optimum utilization of such resources. 	 ERTS-1,
the progenitor of a line of earth resources technology satellites, provides a
"first-time" capability for the acquisition of environmental information,
particularly for data on dynamic environmental phenomena.

An operational ERTS, with sufficient command-and-control capability, sufficient
tape recorder capacity, and a thermal sensor still remains but a promise, however.
All of this is available from existing ERTS technology if the technological and
political leadership of the U. S. and the world will make the necessary hard
decisions to build more ground receiving stations, provide long-term support for
an operational ERTS system, an estimated U. S. $30 million per year, accelerate
data dissemination to users, and restructure data user organizations to work with 	 #'

#	 near real time information rather than obsolete or invalid data.
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Figure 2. The :.^-.sfjall geothermal area (1) appears on wintertime imagery as a
light grey, linear, "ragged area," which is surrounded by bright white snow
(Myvatn, C6, 9 Mar. 73, 1229-12142-7). Open water in lake Myvatn due to thermal
spring discharge can be seen at (2), due to a high volume of spring discharge at
Kalfastr6nd (3), at the main river outlet of the lake at Rlabrot (4), and at lake
Gr,enavatn (5), just to the south of Myvatn. The tephra ring, Hverfjall, can be
seen at (6). The table mountains, BTjarfjall (7), Gfsaf 4J 811 (8), Sellandafjall (9),
and Her^ubrei' ('.7), also stand out sharply. Compare caith Fi-:r- 7.

Figure 3. The Namafjall geothermal area (1) appears as a light greenish area on an
11SS color composite (bands 4, 5, 7), here shown on band 5 (Akureyri, C5, 19 Aug. 73,
1392-12185-5). The area of altered ground is the result of intense geothermal
activity, which has altered the basaltic lava flows and hyaloclastites. Lake
Myvatn can be seen at (2) and the tephra ring, Hverfjall, at (3). Compare with
Figure 2.	 i r u
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Figure 4. Topographic map of the 1961 lava floras (1) in the Askja area,
'`yngjufjdll massif, Iceland (Uppdrattur Islands, Bia X S4, "erxubrei', Landm^lingar
_-slands, 1:100,000 scale, 1969). 	 Based on 1937-38 surve y_ lw GeodFtisk Institut,
Copenhagen, Denmark. Revised by Landmrlingar Islands in 1965. Compare shape of
lava flows as shown on Figures 5 and 6.

Figure 5. Vertical aerial photograph (#5240B) taken by Landmnlingar Islands
(Icelandic Geodetic Survev) on 21 August 1970. Lava flows of 1961 have flowed over
a pumiceous layer deposited in the explosive eruption of 1875. Compare with
Figures 4 and 6.
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Figure 6.	 1961	 -ows (1) ara sharply a— lineated on the mostly cloudy
ERTS-1, MSS	 +ee (C_:'	 sun, C7, 30 July 73, 1372-12074-5). Note the detail in
the outline	 -he flows, including the two prominent windows within the flows.
Compare wit:: _ :gures 4 and 5.
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Figure 7. Isopach map of tephra layer from eruption of liekla in May-July 1970.
(From Thorarinsson, 1970, fig. 13).

I

I

^y



of
-12:	 e:	 tr	 iiout

n (:	 rock
), s	 s
i ate,--,	 i	

_..
;e%,

^..1N ^L ^ZLY	 j

Ov 
31.• Ov 1^0



^ L	'	 -

I^C^^2

- . ---

W

I 

0

Figure 9. Geologic map of Hekla and environs showing the three areas	 new lava
flows in 1970 (cross-hatched patterns) ar.d areas of previous lava fly,:
"horarinsscn, 1970, fig. 14). Gecloei_ map explanation: 1, 1970 lava -lows;
1, 1947-1948 lava flows; 3, 4, and 5, different historic and prehistc._ lava flows,
Hekla and Hekla region; 5, lD jorsa lava flows; and 7, craters.
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Figure 10. Simplified topographic map of Heimaey, 	 mann Islands, Iceland,
(A) showing the configuration of the island prior	 ie onset of volcanic activity
on 23 January 1973. 	 (Map is from figure in Fri`ri} 	 and others, 1972, p. 53).
The ERTS image on the left (B) ( p(5risvatn, D6, 21 t:... 72, 1121-12143-7) shows the
island prior to the eruption, with the western shoreline partially obscured by a
long, linear cloud (1). (See also Figure 16 for an enlargement of this image.)
The center (C) and right-hand (D) EFTS images (Vestmanndevjar, E6, 9 Mar. 73, 1229-
12151, bands 7 and 5, respectively) were acquired during an active phase of the
eruption. Although partially obscured by clouds, the outline of the island can be
seen, with the eruption plume (2) ascending to the east from the east side of the
island. The eruption plume, however, nearly obscures all of the new 1-and.
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;d. This thermal infrared image was furnished t%- 	 . rs by E. Paul

	

McClain and Donald Wiesnet of NOAA's National Environ7, 	 :l	 -ellite Service.
The bottom thermograph (B) is a 1OX enlargement of the ..;p t'.:,rmo graph (A).
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12.	 angle ( ") ERTS-1 i^:_. - 	 (Vatna S:=:ull, D7, 3- _an. 73, 1,
1-5) of the	 .-covered Vatnajokull area, Iceland, which shows a number of

volcanic and glaci.)logic features within the Vatnajokull icecap. Features shown
include: (1) elliptical shape of a hitherto unknown subglacial caldera southwest
of KverkfJoll; (2) elliptical shape of partially subglacial caldera at Kverkfjoll.
Although dark, two subglacial craters can be seen on the western edge of this
caldera with a partially subglacial geothermal area extending southwest into the
icecap through the westernmost crater; (3) and (4) elliptically shaped central
volcanoes at Bir`arbunga a::d east of Hamarinn, respectively; (5) faint elliptical
features and associated rLunataks at Esjufjoll which may represent a partially ice
covered large central vcicano; (6) the large depression of Grimsvotn, a well-known
subglacial caldera, an(' source of many catastrophic jokulhlaups (glacial floods) to
the south, including one in March 1972; (7) the frozen lake, Grenalon, another
source of ji"k..._hlaups, including one which occurred in August 1973; and (8) the
partiall y snow -overed snout of Skei'ar grj3kull. Around the periphery of the
Grimsv l`cn caldera are a number of punctate features resulting from collapse after
the :larch 1972 jokulhlaup. Several more collapse features, resulting from the
August 1972 13kulhlaup can be seen in a line between Hamarinn (4) and the Grimsvotn
caldera. Southwest of Vatnajokull are superb examples of NE-trending grabens,
crater rows, and hyaloclastite ridges. Two prominent volcano-tectonic lineaments
can be seen on this image. One extends 14.45 E. for 80 km between Kverkfjoll (1 and
2), the eastern edge of Grimsvotn (6), to the southwestern edge of Vatnajokull.
The second lineament extends N.35°W., just north of Grrnalon (7). Concentric reces-
sional moraines in front of one of Hofsjokull's outlet glaciers can be seen at (9).
Medial moraines are visible at (10). 	
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lure	 i	 I	 Lava cone Lavo conerow 1
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^Flowinqexplo-	 SMeldvo!cano	 !
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 Spotter cane Spotter cone row
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Type	 Type,
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TEPHRA	 Strotovolcono Stratified ridge
( (Flowing	 (	 ELDKEILA	 ELDHRYGGUR
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air borne!^
	 Type
	 HEKLArnafer*6 	[fELLSJOKUL __
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material	 TYpe	 Explosiontissur
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KR

(	 Type	 VALAGJA
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Table 1. The main types of basaltic Icelandic vcl-,anoes
(from Thorarinsson, 1960, p. 35).
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Figure 13. Topographic map of Surtsey, Vestmann Islands, Iceland/Uppdrattur Tslands,
Blab 49, Vestmannaeyjar, Landm-tlingar Tslands, 1:100,000 scale, 1966). Outline of
Surtsey drafted from aerial photography acquired by Landm.elingar Islands on 24
August 1965 (Photo No. 375).

Figure 14. Positive enlar,- 	 nt (40X) of 3d generation, NDPF, 70 mm negative
(original scale of 1:3,369,uO0) of ERTS image of Surtsey, Vestmann Islands, Iceland
(Surtsey, E-5, 19 Aug. 73, 1392-12194-6). Original enlargement scale was 1:84,225.
Note prominent ness at (1) and the highly reflective area at (2), where the tephra
pile is undergoing palogonitization. Although the image is somewhat grainy, the
coastline of the island can be delineated.
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n	 '.sed (23 January 1973) topographic map of Heimaev, Vestmann
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eruptive fissure has been overprinted in red (on
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Figure 16.	 Positive	 _ ar,	 nt (4	 c'.	 generati. :., NDPF, 70 mm negative
(original scale of 1:3,3699,000) of ERTS	 of Heimaey, Vestmann Islands, Iceland
(1)6risvatn, D6, 21 Nov. 72, 1121-12143-6). 	 )riginal enlargement scale was
1:84,225.	 Islind is ^srtiall y obscured by long, lenticular cloud (1) on its
western side-.

Figure 17. Positive enlargement (40X) of 3d generation, NDPF, 70 mm negative
(original scale of 1:3,369,000) of ERTS image of Heimaey, Vestmann Islands, Iceland
(Hekla, D5, 19 Aug. 73, 1392-12191-6). Original enlargement scale was 1:84,225.
Note the new land area (1) resulting from lava flows to the east and northeast,
near closure of the harbor entrance by new flows at (2), and change in reflectivity
of the island at nea.n-infrared wavelengths (0.7-0.8um), the result of burial of
vegetation by tephra, and the plus-shaped, gravel and crushed tephra landing strip
at (3). Areas of sublimate deposition and clouds of steam, which are still rising
through fractures in the lava flows, even though the surface eruption had ceased
7 weeks earlier, can be seen at (4).
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Figure lc.	 NOAA -2 i,..	 , (:	 ?2	 , NOAA-2 VHRR, VIS/VREC #11 .and
#12, Rev. 2741) of Iceland and Burro::.	 ..naj^3kull (1), Hofsjikull (2),
Langjt5ku11 (3), and MyrdalsjC)kull (4) "t;, be Aelineated. 	 Note snow cover in the
highland areas. Grimsvotn can be discerned in west-central Vatnaj8kull. Drift ice
(5) can be seen in the Denmark Strait between Iceland and Greenland (6). The island
of Jan Mayen can be seen at the top of the image (7). Image courtesy of E. Paul
McClain and Donald R. Wiesnet, NOAA, National Environmental Satellite Service,
Suitland, Maryland.

-1-1 J



a

ENS 
PN 

O

G^^^

sly„

ICELANDr	 (ICE FIELDS VISIBLE`

Figure 19.	 Nimbus IV image (Iceland,	 Sep.	 Ni	
IV, ID. . 1.200 UT) of

Iceland and surroundings. Vatnaj5kull (1), Hofsj3kuli (2), Langj''kull (3), and
MyrdalsjC^kull (4) can be delineated in a gross way. Note also the eruption plume
from Beerenberg Volcano on the island of Jan Mayen. Image courtesy of NASA,
Goddard Space Flight Center, Greenbelt, Md. From figure in Anon., 1971, p. 85).
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Figure 20. Icelandic Glaciers and International Hydrological Decade Glaciological
Observation Stations. 	 (From Fist, 1967b, p. 324).

Vatr"I J;:5kull (340C	 km 2 ) Snrfellsj3kull
Langjdkull (1020	 km 2 ) Eiriksj8kull
Hofsjokull (996	 km 2 ) Urandarjokull
Ml rdalsjbkull (700	 km 2 ) TindfIallajSk,111
Drangaj3kull (200	 km 2 ) Tungnahryggsjokull
Eyjafjallaj5kull (107	 km 2 ) Torfaj3kull
Tungnafellsj5kull (50	 km 2 ) Gljufur4rj5kull
1)orisj8kull Begisarj3kull

Table 2.	 Selected	 Icelandic Glaciers
(Areas from Bar'arson, 1971)

j

7 /
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um,mei	 image of the Vat:	 ^cecap (Vat:.. "kull, D7,
ily 73,	 ^ 120	 ).	 e high sun angle	 and high refle.^_: vity of the

snow-covered glacier . ":.it the amount of surface detail as compared with tt,e low
sun angle, wintertime `...age (Figure 12). Older snowpack can be seen at (1), where
it has drifted. Sed:"" :"t plumes can be distinguished in the northwest arm of
Mrisvatn (2) and al' :ong the coast. A number of p^lacier-margin lakes are
visible; note the max:-.:^ area encompassed by Gr., nalon (3), prior to the August
1973 j"kulhlaup across Skei^ararsandur, the large glacial outwash plain to the
south. A number of braided glacial rivers cross this outwash plain. Undistorted
moraines (u) can be seen on Brei`amerkurj5kull; contorted moraines (5) are visible
on SkeiJararj5kull. The retreat of the snowline can be seen on most of the
glaciers, including Myrdalsjokull (6) and Eyjafjallaj5kull (7).
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Figure 22.	 :11	 -	 ,id-`ree imacc	 laic o'	 •.ull (	 1.:
D7, 22 Se 	 1:7, 22 Sept. 73, 1426-_...	 --).	 As	 n

angle dr-	 detail begins to again appear on Vatna^ okull	 ugh
not as prc:	 the wintertime image (Figure 12). Mote the rec 	 in
sediment pl:	 the coast and the decreased discharge of glacial
across Ske'	 The entire western arm of lake ,̂()^risvatn has s
sediment (1).	 retreat of the snowline on Vatnajdkull and 1-13rc:	 11
when compared	 -.xe 21. "Tote the reduction in area of Crrralon ( 	 r the
August 1973 j-	 as compared with Figure 21.
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Figure 23.	 ERTS image mosaic	 reyri,	 :9 Au	 .-:2185	 tie	 ,
19 Aug. 73, 1392-12191-7) of c: 	 ,entral	 soot	 Deland.	 he s::cwIine
can be Ielineated on the Hofsj	 1 (1),	 _jokul_	 J.lsj5ku11 (3), and
Eyjafjal1aj8kull (4) icecaps. ;cote area of no vegeta- 	 (5), from where one of
the outlet glaciers of Hcfsj5kull has receded. A pro::..:.tnt nunatak can be seen in
the center of Langjtkull (6) with a caldera- or cirque-like feature to the west
within the icecap. The snow-capped, shield volcano, Skjaldbrei'ur, can be seen at
(7), with tectonic fissures (gjar) extending southwest, south of Skjaldbrei'ur.
The highly reflective vegetation can be delineated most accurately on false-color
composites, including the new vegetation pattern on Heimaey (9). Surtsey (9) is
also visible, southwest of Heimae y_. The tephra fallout pattern (10) and new lava
flows (11) from the 1970 volcanic activity on Hekla can be seen. (See also
8). Lichen-covered basalts are visible at (12).	 4Q+
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3 image of Evjabakkajckull, Iceland
12023-5; partial, uncatalogued image)].
Eyjabakkaj^3kull (1), an outlet glacier on the

:n the process of surging when it was imaged.
in of another surging glacier, Bruar-
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ire 26. Positive enlargement (20X) of 3d generation, NDPF, 70 mm negative
(_;riginal scale of 1:3,369,000) of ERTS image of Eyjabakkaj8kull, Iceland (Vat:. -
j8kull, D7, 22 Sep 73, 1426-12070-5). Ori g inal enlargement was 1:168,450.
Eyjabakkaj8kull (1) had apparently completed its surge. Between 14 Oct. 72 and
22 Sept. 73, Eyjabakkajokull had surged approximately 1.8 km. Note the increase
in surface area of the glacier-margin lake (:').
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Figure 29. Nimbus III image of sea ice (1) in the Denmark Strait between Iceland
(2) and Greenland (3). 	 (Iceland, 15 Apr. 69, Nimbus III, IDCS, Orbit 16). Compare
with Figure 18, a NOAA-2 image of sea ice in the Denmark Strait. Image courtesy of
NASA, Goddard Space Flight Center, Greenbelt, Md. From figure in Anon., 1971,
p. 63.
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tion classes discernible on ERTS imagery of Iceland (not:
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TABLE 3. SUMMARY OF STUDIES IN ICELAND WITH ERTS-1 IMA(iL?Y

Discipline	 Experiments Research Objectives Researchr.esults

^SOLO^_Y	 Geothermal Delineation of geothermal areas Delineation of part of geothermal area by
by extent of snow-melt pattern sncwmelt pattern.	 Delineation of geo-

thermall •y altered ground in 3 geotherr.al
areas.

Volcanic Eruptive Delineation of areas of new basalt Delineation of new basalt flows in 3
flows and tephra falls areas and te phra fallout pattern in l

area.	 Image of effusive volcanic eruption.

C- EOLOgY	 -eologic Structure Mapping, on a regional basis, of Mapping of many new structural geologic
faults,	 fissures,	 l5neaments,	 and and volcanic features, ;.articularly within
other structural fea tures in the icecaps, and on snow-covered terrair. at
neovoicani^_ zone low sun angle	 (<10').

;EOT,OGY	 Volcanic ?eomorphology Mapping of the regional aspect of Regional distribution of different vol-
volcanic landforms canic landforms mappable, particularly

unique landforr.s.

Marine Geology and ...apping of any changes	 in the coast-Planimetric revisicns cf	 ,:.aps	 fto
line of Iceland and any submarine '_:100,000	 scal?)	 of	 Surtsey	 (erciior:)	 ar.:
features visible Feimaey (vs car.ic erupticr.) 	 feasibir.

Mapping of seasonal change cf seaimtt.t
plumes	 from.: glacial	 rivers.

HYDROLOGY	 Ephemeral Snow and Ice ''appin p of changes in snow cover Mapping of surface water distribution cat:
over time; mapping of surface be ac;.ieved.	 Some mapping	 (lac y. of
water distribution, and mapping of seasonal imagery) cf changes in snow
ice freeze-ups and -haws on r..ajor cover and thaw of la}e ice.
lakes

__.	 :-,Logical	 Features Delineation of areas covered by Delineation of 90% of the area covered by
glaciers; mapping of changes in icecaps; mapping of changes in glacier-
ice-mar g in lakes; mapping of nuna- margin lakes; mapping of some nunataks and
taks; and rapping of depositional some depositional glacial features. 	 Map-
glacial features ping of surging glacier	 (1.E}.m movement

and flow of	 another gldcie.^	 (600m/11 mos.).

HYDROLOGY	 River Flooding 'lapping of spring runoff, 	 floods Mapping of changes in distriL taries from
along river vall^_ys,	 and changes glaciers.	 Ilapping of charges in lake and
in distributaries	 frirn glaciers cutwash plain caused by a j?^kulhl-,up.



n

0
	

1
1

c^

t
U'.

k:

l
l
 
C

h T'

U
7
	

n•

4
tl

1	
r i

+
1  O

 4
.

.j,
47

r+
	

N

'
3
 A

.
c
L
.l 	

C]. u
^
 T^

O
 F

•
k

:
 N

 G
 N

 =
'

/ 0
v
t O
	

+'
w
 
U

1
1
	

U
r
i
 
v

,,
ro

v
0

w
^.;,

V
n

I
C

In
V

S+
to	

U
v

u
,+

,  
v

m
 d

. a
bL! :3
	

L7
G

; ^
!

I
0

o
C
	

ro
.c:

v
ro

N
V

w
^
u

O
I

U
 O

 'U
?
.

M
r!,

4
-
^
 iJ 

ro
C

',	
is

c
c T

I
ro

a
v

w
i3

c
m

a
a
)

D
-

C
 
C
 
v

a
!
 
U

E
-+

C
L

 V
 1

-'
• •	

+-^	
N

a
c
u

1
s
.k

m
 0

 0
v
 m

•
.1

S
:	

U
 C

:
:=1	

4'^, i'

i
^1lvS4Oc..

e

rom

N
T
J

C:
N

ih

v
U

r
i

!;
H

V
)

I
N

.
,

m
ro

v
G

`v1.14
'

C
L

R
'
:

x
:

r,
a
;

n
.

u
s

a
 
a
;

a
:

u
c
,

^
 
E
•

c

i
um

^U

r-, w
a
;

Fu
.

a

(.1 0

a
o

c^^.
cli

•	
.

O
R

IG
IN

A
L

 P
X

G
'

Q
U

'
O

F
 P

O
O

R



G
V
tiw

c
..•

u•

1p

FIGURES AND TABLES
4

ORIGINAL PAGE I
OF POCT (QUA!..['('_.'

f0•	 T0•

o	 _

uAlOIf UII	 ) ^\

o ^	 ''	 { i	 V ^ ' I	 i ^	 31

41,4 4

^	 ^ ^ ^	 ^	 Nd walla ll. [roll•	 ^	 h ^
t T a^	 t	 ^ ^	 L

3

\	 ^^\	 rr.wr,nYw.,

t
.►•	 ^, ^-,.	 Y 11.•...Nr. ^	 \	 f	 ^,	 is

Snsl.11.ieYVll	 w^. ^'`^,^—^'"_ -,1.^T^	 1 	
^"ena.rla.s Y,f .T'^ ^i Q̀\	 i { 1

y	 ♦naeAn'Yw - 6^
r,C	 y! 61	 1'	 d^o1.ieY.l1

[.rl	 I dll	 O.6rd.r6„ge 6.rY ljdll	 ./}

,.
^	 ^•Go •	 ]x	 +7	 d^^ Grim..e,.	 VA TNAJOI(lµ/	 1K ^ y

W.
•	 l ^. j1^ ITOrlelsYrrll	 \ r^leroY„u

• •Aro n ..	 \J /	 r	 .
K,;. ;k Trelledrnpl•	 Lndlj•11•jeYalO	 /-,^^1

	
\ f \ .

M^rd.I.leY.11

1. • 	t1•	 • IJ	 )0'	 r.•	 rd•

S. r ., 6.. 1.1)•'
LEGEND.

L^J sr,^Y.ie+• op.. 1,.r,,,.

1	 •.d,oc1 ,o..r.d by oll,.,ol 	 Ou.brnery flood bmolr. 	 O
d..onn —d! 1— Ilo..	 Faulb .. nh^n Sn a.Nhno

.alto me .e	 lo,. Oua.rn .ry o, Holoc.n.
C Co. r.,

1	 Atfi.. ,ono of ., I,^np	 ivfierr flood ba.olrs	
p	 p.,o w,. e•.oand .olca,,:,n	

e,	

••..	 Xi 1 r.w
11	 .n.rp lac^el .h^.ld .alcano

1	 .,npl. trot..	 i

I

FIGURE 1. C-eologic Map of Iceland modified from
Palmason and Si^mundsson, 1974, fig. 2.

.S

II	 j

1



r„'.

O ^^

^^.

,'	 O

3

w
a 	,r

10	
20 Ksummm Is

^^Si'	 ^i•^	 I	 ^ 31	 {

d

T T	 .._	 1	 ... _,... _.....



1

OZ!G1T?AL Y 
a: r; ::^

OF PCty (.<<1ATJTY

^uS7
1	 K	 .\•	 Ill/ •	 '

(hk^urrrfii	 ^	 H
1	 111»

•1vu r:n

O	 1 2 KM
`^	 CrtU1.1'rL	 _	

y

4U1'IW 111 w1111^ ur'u
l	 1 ^

t` -A	 of	 the	 19^ .	 lava flows	 C. tia area,
_.i	 (Uppdzattur	 Islands,	 B1 brei`,	 Landm.rlinga:

snu g , scdla,	 1969).	 Based on	 1937-38	 sur.'	 Ly Geod.Atisb,	 Institut,
er -vised by LandmTlingar Islands 1965. Compare shape of
s igures	 5 and 6.

t



I	 l	 ...	

F

s	 r
~^ ~ Y
	 GL

►• ' fir.	 •"	 ?

^.
^'	 O

^	
KILOMETERS

Dow

.re	 1961' 1	 iws (1 ) are s;;arp' 	 on	 y
:°:age (Qd1	 :ur., C7, 30 July 7	 a72-:	 ,-5).	 e
of the flow_, 'ncluding the two L	 ?nen•	 :.dow=	 t!	 he f

z	 Figures 4 ar-4 5.

1

1
I
I

1	 "^\\Ont1

\tip

\

:r 	 :G•

\

j
MUNAFL61

0/ .! o...N

KONDUOS
1

i	 MEKLG 1970	 4
i

	

	 MCVR JAVIM

.01 LAIC.N JU 0 LATERLE cm V.9

LATER	 r vlslsLE
O LATE . NGT'0 UNO

It 

ISOIACM,p n

l

I . \n^	
I

opt	
1

	

LAN0	 1 /
--	 JORULL

	

ff	
1

—^ HEKLA •

^./ p.

„f	 - 11	 1:y -rom eru-

1	
1A	 ^"1



71TI

4

of the Hekli
atures are

-eas of new
it trice nf

oU

k.



i

LI Figure 9. Geologic map of Hekla and environs showing the three areas of new lava
flows in 197' (cross-hatched patterns) and areas of previous lava flows. (From
Thorarinsson, 1970, fig. 14). Geologic map explanation: 1, 1970 lava flows;
2, 1947-1948 lava flows; 3, 4, and 5, different historic and prehistoric lava flows,
Hekla and Hekla region; 6, ID jorsa lava flows; and 7, craters.
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-:esternmost crater; (3) and (4) elliptically shaped
'unga and east of Hamarinn, respectively; (5) faint

	

a:	 ited nunataks at Esjufj^511 which may represent a par,

	

al	 ,e	 volcano; (E) the large depression of Grimsvotn, a 	 f

	

tIC I 	i source of many catastrophic jbkulhlaups (glacial
ne in `".arch 1972; (7) the frozen lake, Sr:>nalon, .^:.
including one which occurred in August 1974; and (8r

veered snout of Skei,ararj5kull. Around the periphery of t_'a
are a number of punctate features resulting from collapse alter

-nre collapse features, resultin g frcm the
i line between Hamari;lr. (4) and the Gri*sv•,—
superb examples of NE-trending grabens,

hr,	 a	 s	 Two irominent volcano-tectonic lineamer:rs
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Table 1. The main types of basaltic Icelandic volcanoes
(ffom Thorarinsson, 1960, p. 35).
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Figure 13. Topographic map of Surtsey, Vestmann Islands, Iceland/Uppdrattur Islands,
Bla`.. 49, Vestmannaeyjar, Landm.i^lir,gar islands, 1:100,000 scale, 1966). Outline of
Surtsey drafted from aerial photography acquired by Landm&lingar islands on 24
August 1965 ( photo No. 375).
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Iima gp (Tcelancd, 21 Sep. 70, Nimtus IV, I—DCE3, 12'Ji' I

ria', 'k-ull (1), ll-'cfs 4 !5kul'L (2), LangJ-	 i	 , jo1<ull
eated in a 77 ross way. Ncte also.	 n,--!^e eruptic
island of Jan ',!aver:.	 ma7,e courtesy of

reen'l-lelt , ',l d.	 From f i 7 ,-, re -- n Anon.	 1'071
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Figure 20. Icelandic Glaciers and International :iydrological Decade Glaciological
Observation Stations. 	 (From Rist, 1967b, p. 324).

^ 4̀a i1L1 ^S

file

Vatnaj3kull (8400 km 2 ) Snifellsj,^kull
Langjokull (1020 km 2 ) Fir iksj;^ku11
Hofsj3kull (996 km 2 ) 1,randarj-kull
Myrdalsj3kull (700 km 2 ) TindfjallajCikull
Drar,j,aj3kull (200 km 2 ) Tungnahrvggsj3kull
Evjafjallaj3kull (107 km 2 ) Torfaj5kull
Tungnafellsj3kull (50	 km 2 ) Gljufurarj3kull
1,orisj3kul1 R!'gisarj3ku11

Table 2. Selected Icelandic Glaciers
(Areas from Mr`arson, 1971)
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 of west-central and sout:.	 tern Iceland.

n	 •-d on the Hofsj8kull (1), LangjBkull (2), Ml rdalsjnku 	 I
(4) icecaps. Note area of no vegetation (5), from wt.:_.	 of

et	 -f Hofsit5kull has receded. A prominent nunatak can 	 ;een in
-ull (6) with a caldPr-3- or cirque-like feature to the west
The snow-capped, st.'	 ? volcano, Skjaldbrei'ur, can be seen at
fissures (gjar) exte	 g southwest, south of Skjaldbrei`ur.

s	 ve vegetation can bt 	 ineated most accurately on false-color

	

the ne	 ­ gets	 ttern on Heimaey.(9). Surtsey (9) is
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J image of	 Ey '
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;3% Bible crevasse res

va e,
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0	 5 nM

(20X) of 3d generation,
scale of 1:3.	 ) of ERTS image of Eyjabak
, 22 Sep 73,	 70-5). Orieinal enlargeme:.
"Skull (1) had app; :. :.tly completed its surge.	 B•
3, Eyjabakkaj6kull had surged approximately 1.3 	 to
area of the glacier-margin lake (2).



4e

:1 . I -Mwmmgm- - vr--m — —r-mic.-M -	

^y7-

.

'J.4

i)o

^, J-

ilmmrq



^a

_^	 1



yjafjelle
0 '!06

irkju

S^^Q
Q	 raf rkirkja

V_	 a Eldhra

Y 0 ysr -Aso	
Sre

Lan9ho
t

E 0^

I

Ividruhar

A
b"410
	

40	 5o kd6metra

10	 0	 10 KM

'l

VV

Y

B
	 p`

omparison of 1:500,000-scale map (A) of Iceland (Islam. eod:
7openhagen, Denmark, 1945) with an EFTS-1 image (B) of th . 	me area

D7, 9 Sept. 72, 1048-12080-7). Note the different out ne of 	
t:!y	 ..ill and some of its outlet glaciers. Four of the five Different vegeta-

tio:.	 :;ses discernible on ERTS imagery or Iceland (not including barn-n lands -5)
can b ,	 ..pped on the false-color, MSS composite of this scene: natural grassland,

re-.. of land, 2; cultivated land, 3; and dwarf forests, 4; by their different
.ses	 and purple. Not shown on this image but visible on rigure 2 1 , is an
exa-	 `he vegetation class, lichen-covered basalts, which 	 e a di
purr;'	 :..;e on flase-color, MSS composites of Iceland. 	 P AGEC ucl iN Ai.	 -^-
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GEOLOGY	 Geologic Structure Mapping,	 on a regional basis, of Mapping of many new structural geologic
faults,	 fissures,	 lineaments, and and volcanic features, particularly within
other structural features in the icecaps, and on snow-covered terrain at
neovolcanic zone low sun angle	 (<10').

- =OLOGY	 Volcanic !'eomorphology Mapping of the regional aspect of Regional distribution of different vol-
volcanic landforms canic landforms mappable, particularly

unique landforms.

GEOLOGY	 Marine Geology and Mapping of any changes 	 in the coast-Planimetric revisions of maps 	 (tc
line of Iceland and any submarine 1:100,000	 scale)	 of	 Surtsey	 (erosion)	 and
features visible Heimaey (volcanic eruption) 	 feasible.

Mapping of seasonal change of sediment
plumes from glacial rivers.

HYDROLOGY	 Ephemeral Snow and Ice ''lapping of changes	 in snow cover Mapping of surface water distribution can
over time; mapping of surface be achieved.	 Some mapping	 (lack: of
water distribution, and mapping of seasonal imagery) of changes in snow
ice freeze-ups and thaws on major cover and thaw of lake ice.
lakes

HYDROLOnv	Glaciological Features Delineation of areas cover e d by Delineation of 90% of the area covered by
glaciers; mapping of changes in icecaps; mapping of changes in glacier-
ice-margin lakes; mapping of nuna- margin lakes; mapping of some nunataks and
taks; and mapping of depositional some depositional glacial features. 	 Map-
glacial features ping of surging glacier (1.8ka. movement

and flow of another glacier 	 (600m/11 mos.).

HYDROLOGY	 River Flooding Mapping of spring runoff, 	 floods Mapping of changes in distributaries from
along river valleys, and changes glaciers.	 'lapping of changes in lake and
in distributaries from glaciers outwash plain caused by a jckulhlaup.

I

SUMMARY OF STUDIES IN ICELAt7D WITH ERTS-1 IMAGERY

Research Objectives 	 Research Results

Delineation of geothermal areas 	 Delineation of part of geothermal area Ly
by extent of snow-melt pattern 	 snewmelt pattern. Delineation of geo-

thermally altered ground in 3 geothermal
areas.

Delineation of areas of new basalt Delineation of new basalt flows in 3
flows and tephra falls 	 areas and tephra fallout pattern. in 1

area. Image of effusive volcanic eruption.

TABLE 3.

:scipline	 Experiments

eothermal

'7 FOLCGY
	

Volcanic Eruptive

I'm



FABLE 3 - CONTINUED

Discivline	 Lxper_ments ?esearch Objectives Research Results

OCEA':^ 1^RAPH'_ 	 Sea	 Ice 'lapping of charges in ice floe ?:c usable	 imagery.
concentrations with time off
northern and eastern. coasts

A' F '-CULTURE/	 ''rasslands and sorest Delineation of grasslands and Mapping of 5 classes of vegetation:
r '	 LSTFY particularly change in vigor with grasslands, cultivated areas, reclaimed

— time land,	 forested areas,	 lichen-covered lava
flows, and barren areas on false-color
composites.

°Tf^`'=•="=	 - - Compilation of an orthcimage mosaic of
Iceland at	 1:1,000,000	 (false-color
composite)	 and planned 1:500,000- and
1:250,000-scale orthoimage mosaic maps.
Study of landfcrms with stereoscopic
images.	 Measurement of 100m elevation
difference.	 Planimetric revisions on
ex i sting maps.

a
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	'4 	 Repetitive imagery obtained by Landsat sensors will show
different conditions of snow and ice cover, vegetation,
hydrography, and urban areas

Landsat images taken at low sun elevation angles (generally less
than 30°) shoes increased definition and contrast of topographic
features. In unusual circumstances, such as this snow-covered
mid-winter scene (7 0 sun elevation angle), subtle topographic
details are revealed on the glacier and enhancement of
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topography beyond the glacier is evident

Imagery controlled to map identified (ALIS Series C762, scale

1:50 000) positions

Well-defined features are positioned in relation to a best-fit

standard grid

20 000-meter Universal Transverse Mercator grid, zones 27

and 28

International Spheroid Horizontal Datum WGS 66
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Appendix l:	 Satellite Geological and Geophysical
Remote Sensing of Iceland (SR 9651)

Scientific Disciplines and Subdisciplines
Addressed During the Project*

1. Range Resources

1C Range Survey
1G. Stress Detection

2. Land Use Survey and Mapping

2B. Orthographic Mapping
2D. Polar. Regions Mapping

3. Mineral Resources, Geological Structure and Landform Surveys

3C. Volcano Surveys
3F Geothermal Surveys
3H. Water Erosion
3I	 Geomorphic and Landform'
3J .^ Lithologic Surveys
3K	 Structural Surveys
3L. D saster Assessment

_	 4. Water Resources

4D. Limnology
4F. Flood Assessment and Prediction
SIG. Snow Surveys
4H. Glacier Surveys

5	 Marine Resources and Oc-3an Surveys

**5A.5A. Locating Biologically Rich Areas
**5B. Surveys of Current and Ocean Dynamics
5E. Sea Ice 14onitoring
5H. Coastal Zone Processes

8	 Interpretation Techniques Development

^	 8E. Image Enhancement Techniques

I
10. Multidisciplinary Resources Surveys

10A. Foreign Country {Iceland)

I	 "Significant research results within a particular scientific
subdiscipline ar.e emphasized by underscoring.

*Post-contract research on dynamic marine phenomena off the southwest coast
of :tccland on all MSS hand 4 iiiiage (mesoscale eddies and concentrati.on:s of
phyto anktoti
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Appendix 2:	 Satellite Geological and Geophysical
Remote Sensing of Iceland (SR 9651)

List of E_RTS-1 Reports to NASA
(15 January 1973 - 1 December 1974.)

Williams, R.S., Jr., 1973, Geological and geophysical remote
sensing of Iceland: Type I Prog. Rpt., 15 Jan. 1973 -
30 Apr. 1973, 1 May 1973, 8 p.

Williams, R.S., Jr., 1973, Satellite geological and geophysical
remote sensing of Iceland: Data Analysis Plan, 1 Jun. 1973,
12p.

Williams, R.S., Jr., 1973, Satellite geological and geophysical
remote sensing of Iceland: Type I Prog. Rpt., 1 May 1973
30 June 1973, 1 Jul. 1973, 8p.

Williams, R.S., Jr., 1973, Satellite geological and geophysical
remote sensing of Iceland: Special Rpt. No. 1, "Nimafjall
Geothermal Area, Iceland: Preliminary Analysis of-ERTS-1
Image #1229-12142," 1 Aug. 1973, 5p.

Williams, R.S., Jr., 1973, Satellite geological and geophysical.
remote sensing of Iceland: Type II Prog. Rpt., 15 Jan. 1973
31 Aug. 1973, 1 Sept. 1973, 29p.

Williams, R.S., Jr., 1973, Satellite geological and geophysical_
remote sensing of Iceland: Type I Prog. Rpt., 1 Sept. 1973
31 Oct. 1973, 1 Nov. 1973, 8p.

Williams, R.S., Jr., 1973, Satellite geological and geophysical
remote sensing of Iceland: Special Rpt. No. 2, Reprint,
"Iceland: Preliminary Results of Geologic, Hydrologic,
Oceanographic, and Agricultural Studies with ERTS-1 Imagery,"
1 Dec. 1973, 20p,

Williams, R.S., Jr., 1973, Satellite geological and geophysical
remote sensing of Iceland 	 Special Rpt. No 3, Reprint,
"Vatnajokull Area, Iceland: New Volcanic and Structural`

4	 Features on ERTS--1 Imagery," 15 Dec. 1973, 3p.

Williams, R.S., Jr.,`.1974,,Satellite-'geological and geophysical
remote sensing of Iceland; Type I Prog. Rpt., 1 Nov. 1973 =
31 Dec. 1973, 1 Jan. 1974, 10p.

Williams, R.S., Jr., 1974, Satellite geological and geophysical
remote sensing; of Iceland: Type II Prog. Rpt.,_1 Sept. 1973
28 Feb. 1974. , 1 Mar. 1974, 49p.
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Williams, R.S., Jr., 1974, Satellite geological and geophysical

remote sensing of Iceland: Special Rpt. No. 4, Reprint,
"Environmental Studies of Iceland with ERTS-1 Imagery,"
1 Apr. 1974, 5p.

Williams, R.S., Jr., 1974, Satellite geological and geophysical
remote sensing of Iceland: Type I Prog. Rpt., l Mar. 1974 -
30 Apra 1974, 1 May 1974, 8p.

Williams,_ 	 R.S., Jr., 1974, Satellite geological and geophysical
remote sensing of Iceland: Special Rpt. No. 5, Preprint
"Volcanic Landforms of Iceland on ERTS Imagery: Their
Relationship to Geologic Structure and Tectonic Setting,"
15 Jul. 1974, 5p.

Williams, R.S., Jr.., 1974, Satellite geological and geophysical
remote sensing of Iceland: Type III Prog. Rpt., 15 Jan 1973 -
15 Aug. 1974, 1 Jan. 1978, p.

Post.-Contract Period ERTS-1 Reports to NASA

Williams, R.S., Jr., 1974, Satellite geological and geophysical
remote sensing of Iceland: Special Rpt. No. 6, Preprint,
"Glaciological Studies in Iceland with ERTS-1 Imagery,"
15 Sept. 1974, 3 p.

Williams, R.S., Jr., 1974, Satellite geological and geophysical
-.emote sensing of Iceland: Special Rpt. No. 7, Reprint,
"ERTS-1 Image of Vatnajokull Area: General Comments,"
1 Nov

.. 
1974, 8p.
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Appendix 3:	 Satellite Geological and Geophysical
Remote Sensing of Iceland (SR 9651)
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