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ABSTRACT

The Brennisteinsfjoll area is located in the eastern part of the Reykjanes peninsula,
SWh-Iceland. It is about 20 km south from Reykjavik. Geothermal activity at the
surface is sparse. A low-resistivity anomaly of 10 km? underlain by a high-resistivity
core is associated with the geothermal field. It is one of the least known high-
temperature geothermal fields in Iceland. There is interest in further exploration of
the area, such as deep exploration drilling, production drilling and utilization. In this
report, some possible environmental impacts are analysed and potential mitigating
measures are proposed. A checklist was used for identification of the key possible
impacts, while for impact prediction a matrix was applied. The author suggests that
a detailed plan be carried out and submitted to the Planning Agency to decide whether
an environmental impact assessment (EIA) is necessary, where to construct roads and
what impacts, issues, mitigation measures and public participation should be
considered, before further exploration starts.

1. INTRODUCTION

A six months’ fellowship was awarded to the author to participate in the United Nations University
Geothermal Training Programme, at Orkustofnun - the National Energy Authority in Iceland. The training
programme started April 20™ 2001 with a five-week lecture course on the basic subjects of geothermics.
The next seven weeks were arranged for special lectures on environmental impact. Then a project study
of'the environmental impact of geothermal development in the Brennisteinsfjoll area was conducted under
the supervision of Dr. Halldor Armannsson. This report is the result of the project study.

In 1999, Iceland had a population of about 279,000 (Statistics Iceland, 2000). The annual primary energy
consumption in Iceland was 434 GJ per capita, which is among the highest in the world. Geothermal
energy provides about 50% of the total primary energy, hydropower 18%, oil 30% and coal 2%
(Ragnarsson, 2000). About 68% of the primary energy of Iceland is produced by renewable energy
sources. Electricity in Iceland is mainly produced with hydropower (84.1%) and geothermal steam
(15.8%), and only 0.1% by fossil fuel. The total electricity production in 1999 was 7,186 GWh. The
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majority of the electricity (62.4%) is used for energy intensive industries (aluminium and, to a lesser
extent, ferrosilicon smelters).

For a country such as Iceland, with no coal deposits and very limited deposits of firewood and peat,
geothermal resources are a significant and precious energy source. From 1994 to 1999, the total capacity
of geothermal power plants in Iceland had increased from 50 MWe for electricity generation and 1443
MWt installed capacity for direct use, to 179 MWe and 1469 MWt, respectively (Ragnarsson, 1995 and
2000). The demand for geothermal energy has increased continuously in Iceland at an average rate of 7%
annually, during the last 35 years. It is very important to reasonably and effectively utilize geothermal
resources.
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FIGURE 1: The distribution of geothermal fields in Iceland unexploited and are now being
explored; they are Eldvorp,

Trolladyngja, Krysuvik, Hellisheidi
and Graendalur in the Hengill area and Brennisteinsfjoll. The Brennisteinsfjoll high-temperature area is
located on the inner part of the Reykjanes peninsula (Georgsson, 1984). It is about 20 km southeast of
Reykjavik. The city of Reykjavik and its suburbs have about 172,000 inhabitants (Statistics Iceland,
2000) and is overwhelmingly the biggest energy market.

The Brennisteinsfjoll area is situated in the east part of the Reykjanes Peninsula, SW-Iceland and is a
potential high-temperature geothermal field. It is in a remote mountainous area and difficult to access.
Some investigations have been done there. Jonsson (1978) mapped the geology of the area and gave
detailed descriptions of the lavas. A resistivity survey was carried out in 1984 and a low-resistivity
anomaly was delineated with an area of 10 km? (Georgsson et al., 1993). Aerial surveys with a thermal
scanner were performed over the area in 1994 and 1995 (Arnason, 1995). A geological survey (Helgi
Torfason, pers. comm.) has just been completed and a new geological map is being processed.

Hitaveita Sudurnesja and Orkuveita Reykjavikur want to continue geothermal exploration in the
Brennisteinsfjoll area and both have presented applications for permission to the Ministry for the
Environment. An analysis of environmental impacts prior to exploration is important and necessary.

2. GENERAL INFORMATION ON THE AREA

Despite being within 20 km of Reykjavik, Brennisteinsfjoll is one of the least known high-temperature
areas in Iceland. This is probably due to sparse surface geothermal manifestations and remote
surroundings with almost no accessibility and no population. Fumaroles are scattered over an area of a



Report 5 85 Huang Maochang

few acres, but cold high-temperature alteration is noted at two other locations. Surface conditions are
difficult; the lava terrain is generally rough with no soil and little vegetation and is only accessible on foot
as no roads lead into the area (Georgsson et al., 1993).

Brennisteinsfjoll constitutes a part of the boundary between the two counties of Gullbringusysla (in the
west) and Arnessysla (in the east). The west part of the Brennisteinsfjoll area is within the Reykjanes
Country Park, the east part in the Herdisarvik Nature Reserve and the north part in Blafj6ll Country Park.
The land is owned by local governments.

The surface manifestations of the high-temperature geothermal area in Brennisteinsfjoll lie at an altitude
0f' 420-450 m. The area is in the Grindavik district, Gullbringusysla county (Stefansson et al., 1982).
Geological strata are mostly hyaloclastites and interglacial lava covered by young lavas from historical
times (after 900 A.D.).

Mr. Halldor Armannssson, Mr. Kristjan H. Sigurdsson and I drove along road number 417 and walked
through the old path “Selvogsgata” southeast to Grindaskdrd on August 3™ 2001. We did not see any
thermal manifestations. We observed many caves with two or more floors in the rough lavas, which
indicate that the young lavas have been erupted with short intervals. We also went to Lake Kleifarvatn,
where there are many hot springs, mud pools and fumaroles occurring on the north shore of the lake.
Sulphur crystals were deposited in the surroundings of the fumaroles. We took two samples there. These
chemical analyses can be used as a reference because no samples have been collected in the
Brennisteinsfjoll area.

3. HISTORICAL MINING

The name Brennisteinsfjoll means “Sulphur Mountains” and was first used in connection with sulphur
mining in the middle of the 19" century. The geographical coverage of the name is unclear. It describes
the southern and southeastern part of a mountain range. The area is one of the most active in the
Reykjanes peninsula, both as regards crustal movement and volcanic activity. For centuries sulphur was
a valuable export from Iceland. In the south there were sulphur mines in Krysuvik and Brennisteinsfjoll.
This mining was a minor industry compared with modern industry and lost out in competition with other
places, when new mines were discovered in N-America with better conditions and greater resources. It
seems that mining was last seriously carried out in Brennisteinsfjoll and finally terminated in the 1880’s
(Jonsson, 1984).

Jonsson (1984) described the sulphur mine as being located in a sloping lava northeast of Kistufell (Figure
2). The lava flowed across a high-temperature geothermal area on a gentle slope rife with sulphur springs.
After that sulphur was deposited into holes and fractures in the lava and between lava layers. Therefore,
it was extremely pure as it was mostly free of the clay usually formed in high temperature geothermal
areas. It cannot have been very easy to mine the sulphur, as lava had to be broken up to get the sulphur
and it was not known beforehand what the yield would be. There are still visible signs of the mining and
it seems to have been relatively well planned, no doubt due to foreign mining experience. The mine itself
is below the area where there is currently maximum geothermal activity. The easiest way to find its
location is a hike from the path “Selvogsgata” northwest along “Draugahlidar”, between the lava and the
slope. Ruins of the miners’ shack may be seen on a grassy plain a short distance above the thermal area
and paths used for the transportation of the sulphur are still visible. In a fault a short distance west of
Grindarskord there are signs of an ancient high-temperature geothermal area where sulphur most certainly
must have been deposited. It is not known whether sulphur has been mined there and there are no signs
of such mining.
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FIGURE 2: A geological map showing the location of mining and old paths (from Jonsson, 1984)
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Walking to Brennisteinsfjoll is not difficult along the old path. Fishermen usually walked this way to the
south in the past. Presently, some people hike along it. The ancient path from Kaldarsel can be taken up
across Grindarskord. When the mountain edge is reached, there is a choice of two routes. One is along
Draugahlidar to the sulphur mine and from there to Kistufell, and the other, which is more variable, past
several craters south of the “Skordin” and then to the west along a fault, which is just above the edge of
Draugahlidar. The subsided valley is filled with sheet lava.

4. CLIMATE CONDITIONS

Climatic data on wind speed and direction, and temperature from Keflavik airport station are shown in
Figures 3 and 4, respectively. Precipitation was measured in Blafjallaskali (altitude 500 m.a.s.l.), from

Frequency of wind directions measured in Keflavik Airport
from 1.1.1969 - 1.1.2000
Total measurement: 90584 N
Changeable wind direction: 0.9%
No wind: 1.9%
Missing: 0.0%
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FIGURE 2: Frequency of wind directions with wind speeds
on the Reykjanes peninsula, measured at Keflavik Airport
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FIGURE 4: Monthly air temperatures at Keflavik
Airport for the period 1.1.1991-31.1.2000

FIGURE 5: Monthly precipitation in
Blafjallaskali during the period 1985-1997
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1985 to 1997, with a mean annual

precipitation of 2553 mm, shown in
Figure 5, which might be a little
higher than in the Brennisteinsfjoll
area (Figure 6), because of higher
elevation (about 600 m a.s.l.), and
more snow during the winter. The
annual mean temperature (from
January 1990 to December 2000) is
4.6°C and the maximum temperature
in July, 13.7°C, and minimum
temperature in February, -2.6°C.
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FIGURE 6: Annual precipitation rates on the
Reykjanes peninsula (Sigurdsson, 1986)

5. GENERAL GEOLOGICAL CHARACTERISTICS

Iceland is located in the Atlantic Ocean, between longitudes 13°30°-24°32’W and latitudes 63°24°-
66°33°N, just south of the Arctic Circle, with an area of 103,000 km”. It lies astride a constructive plate
boundary, the Mid-Atlantic Ridge, crossing Iceland from southwest to northeast. The boundary is
characterized by a zone of rifting and volcanic activity, and composed entirely of volcanic lavas, breccias,
tuffs and sediments derived from the volcanics. Active volcanic centres associated with fissure swarms
are spread along the volcanic rift zones like pearls on a string. Due to the island’s location on the plate
boundary and its nature as a hot spot, the geothermal gradient is extremely high, 37-165°C/km outside
known geothermal areas. The regional heat flow on the island varies from about 80 mW/m? furthest away
from the active volcanic zones crossing the country to about 300 mW/m?” in some regions at the margins
of the Reykjanes-Langjokull axial rift zone (Fridleifsson, 1979).

In the Brennisteinsfjoll area, geological mapping was carried out in 1978 (Jonsson, 1978). A new

geological survey has just been finished and a geological map is being processed (Figure 7).

5.1 Volcanic lavas

Jonsson (1984) has described the lavas in Brennisteinsfjoll in detail. Mt. Kistufell is 602 m high with a
gigantic crater on the eastern edge of the mountain and there is a steep slope from it to the southeast.
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FIGURE 7: A geological map showing possible locations of roads (Helgi Torfason, in prep.)

Lavas from the crater flowed in that direction but soon disappear below younger lavas that flowed down
the valley east of Brennisteinsfjoll. The crater itself is quite unique. Its upper part consists of volcanic
gravel, scoria and lava splashes forming a collar around a horseshoe-shaped abyss that is surrounded by
vertical columnar cliffs on three sides. Clearly a large lava lake has been present there during the eruption,
which seems to have been a quiet lava eruption.

Beneath the above columnar basalt layer, irregular cube-jointed lava predominates. The columnar basalt
cliffs show how far up the crater the lava lake level reached. They stand 4-6 m tall. The rock is rich in
olivine and investigations show that this mineral is relatively concentrated in the lower part of the
columns. It seems that the crystals sank into the molten lava during the eruption. After the eruption, when
the lava lake had turned into solid rock, everything seems to have fallen into the abyss.

The main lava from Kistufell flowed to the west and, at least in two places, reached Lake Kleifarvatn. In
this lava there are quite large unexplored caves; they are filled with snow most of the time so that they are
difficult to enter. At least one of these caves has two floors. Openings in several places show the
whereabouts of caves. Later, new lava flowed on top of caves the and lava channels from Kistufell made
investigations difficult.

South of Kistufell there is a broad lava shield called Kista. It is a large volcanic edifice and very
complicated. Breiddalur lava originates there. It is unsure what constitutes a specific volcano in this area.
Kistufell, Kista, and Eldborg which lies a little further to the southwest, may be considered one volcano
active at different times with different eruptions in different places.

Southwest of Kista a grand eruptive ridge rises and the tallest crater in the row is named Eldborg. It is
among the highest peaks in Brennisteinsfjoll. From this row of craters, gigantic lava flows have fallen
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off the mountain, one of the main flows being to the west and into the southern part of Lake Kleifarvatn.
The age of this lava is estimated as being more than 1100 years. Even so, it is obvious that the volcano
is quite young because the effect of weathering on the scoria in the crater is negligible.

At the western end of Draugahlidar a high crater extends upwards, covered with a torn moss coat where
what is probably the last volcanic eruption in the Reykjanes peninsula took place. An extensive lava flow
fell from this crater into the valley and south along the valley east of Brennisteinsfjoll, where it has
covered most older lavas. It is part of a short fissure, but has completely dominated from shortly after the
start of the eruption.

5.2 Geological structures

The Reykjanes volcanic zone is oriented near to 70°E. The eruptive fissures are situated oblique to the
zone, commonly having an orientation of 30-40°E. The hyaloclastite ridges have a similar orientation,
as do the tectonic fissures and
fissure zones (Figure ).
There seems to be a gradual
change in the median values
of the orientation from 38°E
in the western part of the
peninsula to 32°E in the
easternmost part of it. In the
volcanic zone more than 160
postglacial eruptive fissures or
crater rows and up to 30 lava
shields have been identified
(Jonsson, 1978). The eruptive
fissures appear in groups,
forming narrow bands or
volcanic strips. Brennisteins-
fjoll is one of the bands with
many craters orienting 30-
40°E along the fissure swarms
in the same direction.

] VOO0-Jm-890-F5

. . )
#3080962-C8) | Fissure zones, trends &N
‘;; of faults and fissures =N %

2 'j Seismically active zone

Central belt of The
Reykjanes Volcanic zones

Lava shield
-+ Hyaloclastites

FIGURE 8: Tectonic structure of the Reykjanes peninsula
(Sigurdsson, 1986)

5.3 Geothermal activity

Jonsson (1978) made detailed observations of geothermal manifestations in the Brennisteinsfjoll area. On
the east side of the northern part of Brennisteinsfjoll, and 2 km north of Kistufell, there are numerous
fumaroles inside lavas. They emerge from two lava flows of different ages. There is considerably greater
activity within the older lava flow, but the whole active area covers hardly more than about a hectare of
land. Geothermal alteration is, however, observed outside the lava just north of the thermal area. Inside
the fault about 1 km further north, there is an ancient thermal manifestation with geothermal clay and
sulphur and gypsum deposits where at some time there was obviously high-temperature geothermal
activity, even though it was probably not extensive. This high-temperature geothermal alteration is to the
north of and below a fault terrace in the southern part of the rift valley, extending to the east along the
mountains south of Grindarskérd. On the slopes north of Grindarskord, relatively high up, there is
considerable geothermal alteration which seems to be connected with a local fault.
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6. GAS CONCENTRATION AND CHEMICALS

The Brennisteinsfjoll geothermal field is an unexploited natural area without any industrial or other air
polluting activities. Only some gases from manifestations escape to the atmosphere. The concentration
of H,S could be very high as it was a sulphur mining area, and it should be monitored.

No steam samples have been collected in the Brennisteinsfjoll area, because of few manifestations and
inaccessibility. We collected two samples on the shore of Lake Kleifarvatn on 3 August 2001. The results
of the analysis are shown in Table 1 and may be used as a likely composition in the absence of such data
for the Brennisteinsfjoll area.

TABLE 1: Chemical composition of steam from fumaroles
at the southern shore of Lake Kleifarvatn (ppm)

Sample Location CO, |HS|H, |O,| N, |CH,|Ar | B | oD | &
no. (%0) | (%0)
212a |63°54'36.0N 22°00'34.7W (288411249 (99.27( 0 [671725.33]|128.2 -54.6( -8

212b [63°54'36.0N 22°00'34.7W [18792 866 (61.47 4224 (16.32170.72
213 163°54'28.4N 21°59'41.4W | 9053 11266 (28.61] 0 [171.6]1.33 ]3.38 {0.04 [-52.8]-3.10

=

7. GROUNDWATER AND EFFLUENT WATER

In the Brennisteinsfjoll area, surface water is scarce because there are no streams due to the permeable
surface lavas, but precipitation is relatively high. Some small lakes are scattered in the north. To the west,
more than 20 km away, is Lake Kleifarvatn. Groundwater is abundant though as the area is situated within
the centre of a fresh water lens, which is the main source of the fresh water for domestic use by Reykjavik
and its suburbs. The freshwater in the western part of the Reykjanes peninsula floats on top of seawater
in the rocks, like oil on water. There, the freshwater layer is relatively thin (about 50 m); farther east the
rocks in the freshwater layer include more hyaloclastites and the thickness of the freshwater layer is much
greater (>100 m) (Sigurdsson, 1986). The depth down to the groundwater table in the Brennisteinsfjoll
area is expected to be 400-500 m.

Experience associated with the development of geothermal resources has shown that there are some
impacts on the environment, although not as severe as those of conventional power plants that burn fossil
fuels. The discharge of wastewater can have an impact on local and regional surface water, as well as
groundwater and is considered one of the major environmental drawbacks because it can contain a variety
of chemicals in suspension and solution. Many of these chemicals, such as As, Hg, Pb, Zn, B, NH, and
S, are chemical contaminants, biologically harmful even in low concentrations, and can interfere with
aquatic, animal and vegetation growth rates and reproduction processes and lead to pollution of
underground water supplies. In natural geothermal features, the impact of such contaminants may be
controlled by deposition near the feature or by fixation in soils and sediments. For example, mercury and
arsenic are precipitated in silica sinter, and ammonia is readily taken up by soils.

8. NATURAL CONSERVATION AND PROTECTION
8.1 General

According to the Nature Conservation Act and upon suggestion from the Nature Conservation Agency,
and the Icelandic Institute of Natural History or the Nature Conservation Council, the Minister for the
Environment may declare protection of areas and sites if they are important for their natural
characteristics, geological formations, scientific interest or beauty. Areas and sites may also be important
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for their biological value, special or endangered species, habitats and ecosystems and finally areas may
be important for recreational use. The Nature Conservation Register was signed by the Minister for the
Environment and published in section B of the Official Journal, cf. Notice no. 631/1995 concerning the
Register.

The Nature Conservation Agency is a constituent institute of the Ministry for the Environment. Its main
role is the protection of areas, wild plants, animals and habitats. It works in accordance with the Nature
Conservation Act No. 44/1999 (Nature Conservation Agency, 2001). The primary purpose of the act is
to ensure protection of the diversity of habitats, landscapes, flora and fauna in Iceland, while enhancing
the nation’s access to, and familiarity with, Icelandic nature by: ensuring that the interaction between man
and nature does not needlessly waste or pollute life, land, sea, fresh water or air; ensuring as far as possible
that the evolution of Icelandic nature follows its natural course in compliance with its own laws; protecting
areas of exceptional historical or natural value; and preventing depletion or extinction of species and
populations.

The Nature Conservation Agency is responsible for the daily operation of nature conservation in Iceland.
Its responsibilities are quite extensive. It sees to the operation of national parks and conservation areas,
and supervises the conservation of plants, nature reserves, national parks, recreation areas, and natural
monuments. In its daily operation, the Nature Conservation Agency co-operates closely with local
conservation committees.

The establishment of protected areas has never been as important as now. Along with the growing interest
in the conservation of landscape and ecosystems, and in outdoor pursuits in unspoilt natural surroundings,
there is a growing demand for the utilization of natural resources for profit, for example mining, electricity
production, roads and buildings. These diverse interests are, in many cases, irreconcilable and could lead
to conflicts concerning land use. There are few parts in Europe where natural and undisturbed areas are
found to such an extent as in Iceland. By Notice n0.184/1978, 31 species of plants are protected. The
number of protected areas in the Nature Conservation Register No. 631/1995 reaches 402. The total area
of protected land is 9800 km* (Nature Conservation Council, 1996).

8.2 International agreements

The general international trend is towards preservation of natural areas for the future and to ensure wise
use of natural resources. In recent years, various international agreements which address environmental
issues and nature conservation have been adopted. The main objective of these agreements is to ensure
that coming generations will have natural surroundings in no worse conditions than exist at present. The
international agreements, to which Iceland is a signatory and influence nature conservation and the
aforementioned aims in Iceland, are notably the following (The Nature Conservation Council, 1996):

Convention on Wetlands of International Importance (Ramsar). Parties to the convention are obliged to
establish protected areas in wetlands and provide satisfactory protection of such areas. Three areas in
Iceland are protected under the Ramsar Convention, Thjorsarver, South Central Iceland, the Myvatn-Laxa
area, NE-Iceland and Grunnafjordur, W-Iceland.

Convention on Biological Diversity (Rio de Janeiro). The necessity of conserving the natural habitats and
ecosystems to protect biological diversity is dealt with in this agreement.

Convention on the Conservation of European Wildlife and Natural Habitats (Bern). Each party shall take
appropriate and necessary steps to ensure the protection of habitats of wild plants and animal species, as
well as endangered habitats.

Convention Concerning the Protection of the World Cultural and Natural Heritage (World Heritage).
The member states shall endeavour to take appropriate steps to protect this heritage and adopt a general
policy, which aims to give cultural heritage a definite role in society.
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8.3 Natural protection in Iceland

Protected sites of natural interest are classified according to the Nature Conservation Act No. 44/1999 as
follows:

National Park (cf. Article 51): An area of land may be declared a national park, because its landscape or
biosphere is so unique, or because it has a historical significance, which gives grounds for preserving it
and its natural characteristics and allows public access to it in accordance with specific rules.

Nature Reserve (cf. Point 1 of the first paragraph of Article 53): An area that is important to preserve
because of its special landscape or biosphere.

Natural monuments on land (cf. Point 2 of the first paragraph of Article 53): They are natural formations,
such as waterfalls, volcanoes, caves or rock outcrops, as well as locations of fossil beds, rare rocks and
minerals, which are important to preserve for their scientific value, beauty or unique characteristics; at sea
(cf. the first paragraph of Article 54): They are deemed important to preserve because of their beauty or
special characteristics or they are important, from a scientific, natural historic or other cultural perspective,
not to disturb.

Protected organisms, habitats and ecosystems (cf. Point 3 of the first paragraph of Article 53 and the first
paragraph of Article 54): They are organisms, their habitats and ecosystems which are important, from
a scientific, natural historic or other cultural perspective, not to disturb, decrease in number or eradicate,

as well as natural monuments at sea.

Country Park (cf. Article 55): A specific area, which is intended for outdoor leisure and public access.

8.4 Protection operated by the local authorities in the Brennisteinsfjoll area

The protected areas are shown in
Figure 9. They are Herdisarvik
Nature Reserve, Reykjanes
Country Park, Blafjoll Country
Park, and Eldborg in Blafjoll and
Eldborgir under Geitahlid
monuments (Egilsson, 1989).

Ellidaardalur
Raudhdlar

C?ntry Park
®‘Eldborg

The eastern part of the
Brennisteinsfjoll area is within the

Reykjanes-

Herdisarvik Nature Res.ervef, which s Country Park Herdiaarvik
was protected as a historic farm Natural Reserve
and fishing station by an Grindavik

announcement in Government

News B, No. 121/1988, with an “

area of 4000 ha. °| 2? o

The western part is located in the FIGURE 9: A map showing protected areas in Brennisteinsfjoll
Reykjanes Country Park, which (modified from the Nature Conservation Council, 1996)

was protected by an announcement

in Government News B, No. 520/1975, with an area of about 30,000 ha. Variable, magnificent
landscapes, numerous remarkable geological phenomena such as volcanoes and high-temperature
geothermal areas characterise the park. Vegetation is in poor shape in many places due to overgrazing.
The largest bird cliff in southwest Iceland, Krysuvik Cliff, is inside the park. The area is popular for
outdoor activity.



Huang Maochang 94 Report 5

The north part is in Blafjoll Country Park, which was protected as a country park with an announcement
in Government News B, No. 97/1973. The protection terms were revised in an announcement in
Government News B, No. 173/1985. The area protected is about 8400 ha, where variable, magnificent
landscapes and remarkable geological formations can be seen. It is a popular outdoor activity area,
especially for skiing in winter. In nearby Blafjoll, thousands of people come skiing and the skiing season
is mostly late winter, probably January to May, with March-April being most popular.

There are two natural monuments:

* Eldborg in Blafjoll in the north, a special volcanic crater that has been protected since 1971. It
became a natural monument in 1974 according to Government News B, No. 121/1974, with an area
of 50 ha.

» FEldborgir at Geitahlid in the south was protected as a natural monument according to Government
News B, No. 622/1987, with an area of 10.5 ha. It is a unique, recent volcanic crater of the spatter
cone type.

9. GEOPHYSICAL STUDIES
9.1 Resistivity survey

Apart from geological mapping in
1978 (Jonsson, 1978), the transient
electro-magnetic (TEM) soundings
survey of 1992 was the first
geothermal exploration effort in the
area.  Sixteen soundings were
carried out in a grid with about 2 km
distance between soundings. The
result of the TEM survey gives a
very clear picture of a high-
temperature geothermal area
characterized by a high-resistivity
core and a low-resistivity coat
outside its core, similar to many
high-temperature geothermal fields
in Iceland (Georgsson at al., 1993).
A low-resistivity (<10 ohmm)
anomaly was delineated, about 10
km? in area at the surface, where the
most intense geothermal
manifestations are found about 1.5
km north of Kistufell, and elongated
slightly NE-SW, along the active
fissure swarm (Figure 10). It
increases in areal extension at a
depth of 700 m to 18 km? (Figure
11). Figure 12 shows a W-E cross-
section through the centre of the
active geothermal area, with a low-
resistivity anomaly coat around a

high-resistivity core.  Another FIGURE 10: A geological map showing a low-resistivity
interesting aspect of Figure 12 is the anomaly (Karlsdottir, 1995, modified from Jonsson, 1978)
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resistivity layering. The extremely high
resistivity values in the uppermost 400 m
outside the geothermally active area mark the
rocks above groundwater level. Below it a
decrease in resistivity by two orders of
magnitude is noted. At deeper levels the
resistivity values drop one more order of
magnitude, down to values of 20-80 ohmm.
These are typical regional values for the
volcanic zone (Flovenz et al., 1985). The
Brennisteinsfjoll area seems to be a typical
high-temperature system with a resistive core,
as is usual for Icelandic high-temperature
systems.

Assuming equilibrium between the alteration
minerals of the rock and the geothermal fluids
at the present temperature conditions, the low-
resistivity coat corresponds to the smectite-
zeolite belt with a temperature of 50-200°C.
The high-resistivity core reflects the chlorite
belt with a temperature of 240°C or higher

y 3R Geothermal heat
BRI Geothermal alteration

e an s (Karlsdottir, 1995). The most probable upflow
area according to these measurements, is 1.5-
I A 2.5 km northeast of Kistufell, and the probable

temperature at 700-800 m depth is 240°C or

FIGURE 11: Resistivity map of the Brennisteinsfjoll . i i
higher, assuming equilibrium at the present

area at 700 m depth below sea level .
(modified from Karlsdéttir, 1995) temperature conditions.

The high-resistivity core suggests that the
geothermal system is a freshwater system, not saturated with salt water like the geothermal systems in the
westernmost part of the Reykjanes peninsula, i.e. Svartsengi and Reykjanes. Low resistivity towards south
may suggest discharge from the geothermal system to the south.
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FIGURE 12: Resistivity cross-section from west to east through
the central Brennisteinsfjoll area (modified from Karlsdoéttir, 1995)
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9.2 Remote sensing

Aerial surveys were carried out with a thermal scanner over Brennisteinsfjoll in 1994 and 1995. Surface
geothermal manifestations were presented in an aerial photograph, 1.4 km long and 1.1 km wide. The
geothermal manifestations are insignificant, concentrated in two weak spots with a relatively low surface
temperature (Arnason, 1995). Thermal manifestations in this geothermal area are not very distinct and
are confined to a small area. The thermal images show rather faint thermal features without clear-cut
structures, but these images have not been studied thoroughly yet. They may include some interesting
features still to be discovered (Kolbeinn Arnason, pers. comm.).

10. ENVIRONMENTAL IMPACTS

The development of geothermal energy does have some environmental impacts, most of which are
associated with the exploitation of high-temperature geothermal systems. The most important
environmental changes brought about by geothermal utilization are: Surface disturbances, physical effects
due to fluid withdrawal, noise, thermal effects and emissions of chemicals, both gas emissions and liquid
discharge, and social and economic effects on the communities concerned (Amannsson and
Kristmannsdoéttir, 1992). In Table 2 the possibilities of environmental effects of geothermal development
both for low-temperature areas and high-temperature areas are summarized (Hunt, 2000).

TABLE 2: Possibilities of environmental effects of geothermal development (after Hunt, 2000)

Low-temperature High—temperature.svs.tems
systems Va[')our- quuld-
dominated dominated
Drilling operations:
Destruction of forests and erosion o oo ( X
Noise (1] o0 (1)
Bright lights [ ] ° °
Contamination of groundwater by drilling fluid| ® o0 o0
Mass withdrawal:
Effects on thermal features ° (1] eoo
Ground subsidence ° o0 oo
Depletion of groundwater o ° (1)
Hydrothermal eruptions o ° oo
Ground temperature changes 0 ° o0
Waste liquid disposal:
Effects on living organisms
surface disposal ° ° (YY)
reinjection o o o
Effects on waterways
surface disposal ° ° (1)
reinjection o o o
Contamination of groundwater ° ° °
Induced seismicity o o °
Waste gas disposal:
Effects on living organisms o ° (1)
Microclimatic effects o) ° °

0 No effect o Little effect ®® Moderate effect e®ee High cffect
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10.1 Drilling operations

Exploitation of both low-temperature and high-temperature systems involves drilling wells to depths of
500-2500 m; this requires large drilling rigs and may take several weeks or months. For high-temperature
systems the location of the drill site is important, although directional drilling techniques have reduced
the total area of drill pads in recent times. The main environmental effects of drilling are discussed below.

10.1.1 Impact of access and field development

The construction of road access to drill sites may involve the destruction of forests and vegetation, which
can result in erosion. Such erosion can cause large amounts of silt being carried by the streams and rivers
draining the development area. The amount of land that is disturbed by road construction during
geothermal development may be quite large (Brown, 1995); about 12 hectares are estimated for road
construction alone when drilling 15 wells. In general, geothermal systems are often located in volcanic
environments, where the terrain is steep and access difficult. Road construction in these steep situations
normally involves extensive intrusion into the landscape and can often cause slumping or landslides with
consequent loss of vegetation. The lack of vegetation can in turn lead to greatly accelerated erosion with
the possibility of further slumping or landslides.

Most of the warm springs are located on the rim of the volcanic system or just outside it. This is a
sparsely vegetated and relatively inaccessible region, which is almost devoid of vehicle tracks. The
weather is frequently inclement. Winter snowfall is heavy. Therefore road construction in such a remote
area is difficult, stabilization of the roads in such an environment is also difficult and land affected by
development is correspondingly increased.

10.1.2 Effects of drilling operations

On a drill site, one drill pad occupies about 0.4 hectares, which should be cleared of vegetation and
compacted, or the exposure of the area around each well site will create a major erosion hazard. Erosion
of cut slopes takes place by runoff and slumping, but much of the sediment is deposited at the foot.
Erosion of the fill slopes is more serious because of the lack of compaction and because the sediment is
likely to be carried further down slope. Runoff water usually finds its way out through the fill slope, and
where this is not vegetated, the potential for gully erosion is high. A drill rig is seen from afar during
drilling and may be regarded as visual pollution but it is removed after drilling. Unplanned, careless and
disorganized removal can cause further loss of habitat. Once the structures are removed the sites can be
left to recover or be rehabilitated to achieve status comparable with the neighbouring area.

Drilling also creates noise, fumes and dust that can disturb animals and humans living nearby. Typical
noise levels (in approximate order of intensity) are:

* Airdrilling — 120dB (85 dB with suitable muffling);

» Discharging wells after drilling (to remove drilling debris with no muffling) — up to 120 dB;

*  Well testing — 70-110 dB (if silencers are used);

* Heavy machinery (earth moving during construction) — up to 90 dB;

*  Well bleeding — 85 dB (65 dB if a rock muffler is used);

*  Mud drilling — 80 dB;

* Diesel engines (to operate compressors and for electricity) — 45-55 dB, if suitable muffling is used.

The characteristics of the site (e.g. its topography) and meteorological conditions will also influence noise
levels. To put the above noise levels into context, 120 dB is the pain threshold (at 2-4000 Hz), noise
levels in a noisy urban environment are 80-90 dB, in a quiet suburban residence about 50 dB and in a
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wilderness area 20-30 dB (Dipippo, 1991; Armannsson and Kristmannsdéttir, 1992). Noise is attenuated
by distance travelled in air; there is an attenuation of approximate 6 dB when the distance is doubled, but
it is attenuated less at low frequencies than at high frequencies. Thus, the low rumbling noise from drill
rigs and silencers travels much further than high frequency steam discharge noise.

Continuous drilling involves the use of powerful lamps to light the work site at night which can disturb
local residents, domestic and wild animals.

10.1.3 Disposal of waste drilling fluid

Water is required for drilling; a typical shallow well requires 1000 m*/day, which may be lost to the
formation. A deeper well may require up to 3000 m*/day (Brown, 1995) for periods up to several months.
Completion testing and injection testing can use up to 10,000 m*/day of water. In Iceland up to 40 1/s or
35,000 m® of water are required for 24 hours of drilling.

After use, drilling muds are produced as solid alkaline waste that may contain many other chemicals
(Table 3, from Armannsson, 1997). Drilling muds are either lost to the circulation in the well or end up
in the drilling sumps as solid waste for disposal. A drilling mud like bentonite is mostly used when hole
clearing is inadequate or when well stability is a problem.

TABLE 3: Chemical composition of bentonite and perlite (% of mass)

Material | SiO, | AL,O,|Fe,0,| TiO, [ CaO | MgO|Na,O| K,O |LOI"| WS? | ASY
Bentonite| 64.1 | 20 [ 3.66 | 0.16 | 1.52 | 2.38 | 2.18 [ 0.49 | 6.26 o1 | os
Perlite 73 11251 0.7 ] 0.1 1 05 | 45148 | 1.3 ) )

1) LOI = Loss on ignition; 2) WS = Water solubility; 3) AS = Acid solubility

As drilling takes place, cuttings from the drill head are flushed out with water, and frequently mixed with
drilling detergent to assist in the collection of cuttings. The detergent used must be capable of
withstanding high temperature. Bentonite drilling mud mixed with some barium is often used. If the well
erupts, a heavy substance barium sulphate is usually added. This is essentially an inert material but can
smother plants and does not support plant growth and is, in this respect, similar to a hard compacted
surface.

If the waste fluids from drilling and testing are discharged, care must be taken to have them disposed of
into a well designed for this purpose, as the quality of the waste fluids can be affected by suspended solids
and change in chemical content (Brown, 1995). Otherwise, they can create serious gullying, and
contaminate surface water and groundwater, if discharged directly to the surface, e.g. into valleys. This
can be a problem in steep parts of an area, if proper disposal methods are not adopted.

10.2 Mass withdrawal

Large-scale exploitation of liquid-dominated high-temperature geothermal systems involves the
withdrawal of large volumes of geothermal fluid. Even if all the waste liquid is reinjected, there may be
a large mass loss (up to 30% of that withdrawn) associated with discharge of water vapour into the
atmosphere from the power station. A major consequence of the mass loss from parts of the field is the
formation of a 2-phase (steam+water) zone in the upper part of the reservoir, and as production continues,
this zone increases in size and the pressures (both in and below this zone) decrease. Pressure decline in
the reservoir, as a result of mass withdrawal and net mass loss, is an important cause of environmental
changes at or near the surface.
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Effects on thermal features. In their natural and unexploited state, many high-temperature geothermal
systems are manifested at the surface by thermal features such as geysers, fumaroles, hot springs, mud
pools, sinter terraces and thermal ground with special plant species. Some natural thermal features,
especially geysers, will be affected during the development and initial production stages of most high-
temperature geothermal systems, particularly in the liquid-dominated reservoirs, due to the decrease in
pressure. But in some cases, decrease in pressure leads to increased boiling and steam formation and
steam finds its way more easily to the surface than liquid water which, in turn, causes greatly enhanced
fumarole activity. In the Brennisteinsfjoll area there are small surface manifestations, so this would not
be a serious consideration.

Depletion of groundwater. Most high-temperature geothermal systems are overlain by a cold
groundwater zone. If exploitation of the system results in a large pressure drop in the reservoir, the
groundwater may be drawn down into the upper part of the reservoir in places where there are suitable
high-permeability paths (such as faults); such a situation is called a cold downflow. Reservoir engineering
methods should predict how much can be produced from the field to avoid this situation. The utilization
of a geothermal reservoir in Iceland has never been abandoned because of depletion of the reservoir
(Stefansson et al., 1995).

Ground deformation. Withdrawal of fluid from an underground reservoir can result in the reduction of
formation pore pressure, which may lead to compaction in rock formations having high compressibility
and result in subsidence at the surface. Horizontal movements also occur. Such ground movements can
have serious consequences for the stability of pipelines, drains and well casing in a geothermal field,
buildings and the equipment of the plant, and can also break road surfaces. If the field is close to a
populated area, then subsidence could lead to instability in dwellings and other buildings; in other areas,
the local surface watershed systems may be affected.

The largest recorded subsidence in a geothermal field (15 m) is in part of the Wairakei field New Zealand.
Subsidence in liquid-dominated fields is usually greater than in vapour-dominated fields, mainly because
a much larger mass is usually drawn from liquid- than vapour-dominated fields, and also the former are
often located in young, relatively-poorly compacted volcanic rocks and the latter are generally in older
rocks having lower porosity.

Before exploitation, a baseline levelling survey and gravity measurements with installation of levelling
stations need to be undertaken. There should be a number of separate surveys to cover as long a time as
possible before exploitation so that local tectonic level changes, if any, can be subtracted from those due
to exploitation.

Ground temperature changes. The formation and expansion of a 2-phase zone in the early stages of
exploitation of a liquid-dominated geothermal system can also alter the heat flow. Steam is much more
mobile than water; it can move through small fractures that are impervious to water and can move much
more quickly through larger fractures. The generation and movement of steam can, therefore, result in
increased heat flow and ground temperatures so that vegetation becomes stressed or killed.

10.3 Waste liquid disposal

Most geothermal energy developments bring fluids to the surface in order to mine heat contained within
them. In high-temperature liquid-dominated geothermal fields, the volume of the resultant liquid waste
involved may be large. The quantity of the waste liquid depends on the size of the plant and steam
fraction. Generally, for vapour-dominated systems it is less, and for low-temperature systems it is very
much less on location. The efficiency of geothermal power plants is much lower than that of other types
of power plants. Waste heat per MW of electricity generated in geothermal power plants is much larger
than in other types of power plants and needs to be dissipated in an environmentally acceptable way. The
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waste fluid is disposed of by putting it into waterways or evaporation ponds (or lagoons), or reinjecting
it deep into the ground. Surface disposal causes more environmental problems than reinjection.

Environmental problems are not only due to the volumes involved, but also to the relatively high
temperatures and toxicity of the waste fluid. The chemistry of the fluid discharge is largely dependent on
the geochemistry of the reservoir, and the operating conditions used for power generation and will be
different for different fields (Webster, 1995).

Effects on living organisms. There is a danger that high-temperature geothermal bore water may contain
at least one of the following toxic chemicals: Li, B, As, H,S, Hg, and sometimes NH;. As untreated hot
waste is released into a waterway, the increase in temperature may kill fish and plants near the outlet.
Chemicals which remain in solution, if in high concentrations, may be taken up by aquatic vegetation and
fish (Webster and Timperly, 1995), and some can also move further up the food chain into birds and
animals residing near the river.

In many geothermal fields there are areas of steaming ground, springs, and other features where special
thermal habitats have been established. The roots of most plants cannot survive temperatures much above
50°C and, in addition, the soil in this type of ground is frequently very acidic. In these cases, only very
tolerant species can survive and a unique flora may evolve. At atemperature between about 50 and 70°C,
only mosses and lichens can survive. Above this temperature, vegetation is generally absent. Changes
in thermal areas, such as increased steam flow due to exploitation, may change the distribution of these
thermally adapted plants with the possibility of rendering some of the species vulnerable to extinction.

Effects on waterways. The release of large volumes of wastewater into a waterway may increase erosion,
and if uncooled and untreated, there may be precipitation of minerals such as silica near the outlet surface
disposal.

Contamination of groundwater. Release of wastewater into cooling ponds or waterways may result in
shallow groundwater supplies becoming contaminated and unfit for human use.

Induced seismicity. By their nature, geothermal fields usually occur in regions of high seismic activity
and earthquakes that are not related specifically to the exploitation of the geothermal field occur naturally.
Microearthquakes are seismic events that are of a very low magnitude and can only be detected
instrumentally. Seismic activity seems to be present in geothermal systems whether they are being
actively exploited or not, and is thought to be related to the flow of water through subsurface channels
(Brown, 1995). Injection of fluids into deep formations has been recognized as a cause of seismicity, but
there has been no record of geothermal production causing damaging levels of seismicity anywhere in the
world, but it does frighten people. A study of monitoring microearthquake activity in Svartsengi
geothermal field in Iceland showed that there were no detectable microearthquake occurrences in that field
(Brandsdottir et al., 1994). Large earthquakes have occurred in the Brennisteinsfjoll area, e.g. M=6.0, in
1968 (Tryggvason, 1973).

10.4 Waste gas disposal

One of the main effects of geothermal exploitation on the environment is the emission of gases with
geothermal steam (Axtmann, 1975; Armannsson and Kristmannsdéttir, 1992). Gas discharges from low-
temperature systems usually do not cause significant environmental impacts. In high-temperature
geothermal fields, power generation using a standard steam-cycle plant may result in the release of non-
condensable gases (NCG) and fine solid particles (particulates) into the atmosphere (Webster, 1995). In
vapour-dominated fields in which all waste fluids are reinjected, non-condensable gases in steam will be
the most important discharges from an environmental perspective.
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The emissions are mainly from the gas ejectors of the power station, often discharged through a cooling
tower. Gas and particulate discharges during well drilling, bleeding, clean-outs and testing, and from line
valves and waste bore water degassing, are usually insignificant. The concentration of NCG varies not
only between fields but also from well to well within a field, thus changes in the proportion of steam from
different wells may cause changes in the amounts of NCG discharged.

Gas concentrations and composition cover a wide range, but the predominant gases are carbon dioxide
and hydrogen sulphide.

Carbon dioxide. Carbon dioxide frequently occurs in geothermal fluids, especially in high-temperature
systems. Carbon dioxide is often the most abundant NCG. It is colourless and odourless, and is heavier
than air and can thus accumulate in topographic depressions where there is still air. It is not highly toxic
(c.f. hydrogen sulphide) but at high concentrations it can be fatal due to alteration of pH in the blood. A
5% concentration in the air can result in shortness of breath, dizziness, and mental confusion. At 10%,
a person will normally lose consciousness and quickly be asphyxiated. There is some evidence that in
high-temperature fields the amount of CO, discharged (per unit mass withdrawn) decreases with time as
aresult of de-gassing of the deep reservoir fluid, and a decline in heat transfer from the formations occurs.

Hydrogen sulphide. H,S is characterized by a “rotten egg odour” detectable by humans at very low
concentrations of about 0.3 ppm. At such concentrations it is primarily a nuisance, but as the
concentration increases, it may irritate and injure the eye (10 ppm), the membranes of the upper
respiratory tracts (50-100 ppm), and lead to loss of smell (150 ppm). At a concentration of about 700
ppm, it is fatal. Because H,S is heavier than air it can accumulate in topographic depressions where there
is still air, such as well cellars and the basements of buildings near the gas ejectors. The disappearance
ofthe characteristic smell at concentrations greater than 150 ppm is especially dangerous because it leads
to people failing to recognize potentially fatal concentrations. In sparsely populated areas, H,S emissions
may not prove a problem, and at many sites, there are already natural emissions from fumaroles, hot
springs, mud pots, etc. H,S emissions can vary significantly from field to field, depending on the amount
of H,S in the geothermal fluid, and the type of plant used to exploit the reservoir.

H,S dissolved in water aerosols, such as fog, reacts with atmospheric oxygen to form more oxidized
sulphur-bearing compounds; some of these compounds have been identified as components of “acid rain”,
but a direct link between H,S emission and acid rain has not been established. Precipitation effectively
washes H,S from the air and the oxidation of H,S appears to be relatively slow in air, so only a small
fraction of the H,S discharged from the geothermal fields is believed to end up as SO, (Kristmannsdottir
et al., 2000).

Other gases. Geothermal power stations do not emit oxides of nitrogen (NOx), which combine photo-
chemically with hydrocarbon vapours to form ground-level ozone that harms crops, animals and humans.
However, geothermal gases may contain ammonia (NH,), trace amounts of mercury (Hg) and boron (B)
vapour, and hydrocarbons such as methane (CH,). Ammonia can cause irritation to the eyes, nasal
passages and respiratory tract, at concentrations of 5 to 32 ppm. Inhalation or ingestion of mercury can
cause neurological disorders. Boron is an irritant to the skin and mucus membranes, and is also phyto-
toxic atrelatively low concentrations, but these chemicals are generally emitted in such low quantities that
they do not pose a human health hazard. Chemicals may also be deposited on soils and, if leached from
there, they may contribute to groundwater contamination.

Effects on living organisms. The impacts of H,S discharge will depend on local topography, wind
patterns and land use. The gas can be highly toxic, causing eye irritation and respiratory damage in
humans and animals, and has an unpleasant odour. Boron, NH,, and (to a lesser extent) Hg, are leached
from the atmosphere by rain, leading to soil and/or vegetation contamination (Webster, 1995). Boron, in
particular, can have a serious impact on vegetation. Contaminants leached from the atmosphere can also
affect surface waters and aquatic life. Details of biological impacts of these gases are given by Webster
and Timperley (1995).
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Microclimatic effects. Even in geothermal power schemes which employ reinjection, a considerable
amount of gas (mainly steam) may be lost to the atmosphere. Such discharges of warm water vapour may
have an effect on the climate in the vicinity of the power station, depending on the topography, rainfall,
and wind patterns. Under certain conditions there may be increased fog, cloud or rainfall but they are
unusual. Microclimatic effects are mainly confined to large power schemes in high-temperature fields;
exploitation of low-temperature geothermal systems does not cause significant microclimatic effects.

10.5 Waste solids disposal

Geothermal development produces significant amounts of solid wastes. Suitable disposal methods need
to be found because of the heavy metals produced (Brown, 1995). These heavy metals must be disposed
of safely. Other solid wastes include drilling muds and cement not normally considered hazardous. The
other principal solid waste is construction debris and normal maintenance debris. Maintenance debris can
be considered hazardous due to the presence of asbestos in insulation material. Disposal of hazardous
solid wastes on site is a big problem. If possible, it is advantageous to dispose of drilling muds, sludge
and scale in the form of slurry into deep reinjection wells cased to protect the meteoric aquifers. If this
is not possible, then total containment with no significant emissions to air, surface water or groundwater,
as in landfill disposal systems, should be employed. When transporting waste, care must be taken to avoid
spills. Solid waste disposal sites need to be periodically monitored and such sites could be a long-term
liability.

10.6 Landscape impacts

Land use. Power plants must be built on the sites of geothermal reservoirs because long fluid
transmission pipes are expensive, and they result in losses of pressure and temperature. At the site, land
is required for well pads, fluid pipelines, power station, cooling towers and an electrical switchyard. The
actual area of land covered by the total development can be significantly larger than the area required for
these components.

Visual intrusion. A geothermal plant must be sited close to the resource, so there is often little flexibility
in the location of the plant. Geothermal plants generally have a low profile, and need not have a tall stack
like coal and oil fired power plants. However, their visual impact may still be significant, as geothermal
fields are often situated in areas of outstanding natural beauty. Any associated natural thermal features
(e.g. geysers and hot pools) may be a tourist attraction or have historical and cultural significance. Visual
impact may be particularly high during drilling due to the presence of tall drill rigs.

10.7 Catastrophic events

Like any large engineering development, catastrophic events may occur during the construction and
operation of a large-scale geothermal power scheme.

Landslides. For schemes in areas of high relief and steep terrain, landslides are a potential hazard.
Landslides may be triggered either:

a) Naturally, by heavy rain or earthquake; or
b) As aresult of construction work, which may have removed the “toe” of the slide.

In certain kinds of terrain, they place severe constraints on the placement of both wells and power plants
or other facilities. Well blowouts may occur due to casing failure as a result of landslide movement.
Locating well pads on islands of stable bedrock and drilling one or more slant holes from a single site
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makes it possible to maintain the bottom hole spacing in the producing horizons needed to adequately
develop the resource while locating well heads on stable ground. The costs of necessary onsite geologic
and soil stability studies, though high, are small compared with the loss of a well as the result of a
blowout. Similar but more stringent considerations control the siting of power plants. The costs of slope
failure either upslope from or beneath a power plant would involve much more serious losses. Limitations
on the distance steam can be carried by pipeline place severe constraints on the selection of available sites
(Crittenden, 1981). Such events are relatively rare but the result may be severe, such as for the landslide
on 5 January 1991 in Zunil field (Guatemala), when 23 people were killed (Goff and Goft, 1997).

Hydrothermal eruptions. Although relatively rare, hydrothermal eruptions do occur and hence need to
be assessed. Eruptions occur when steam pressure in the near surface aquifers exceeds the overlying
lithostatic pressure and the overburden is then ejected to form a crater, which varies in diameter (15-500
m) and in depth (generally less than 10 m). This happened in The Ahuachapan field in El Salvador in
1990 (Goff and Goff, 1997) and in Wairakei field in New Zealand (Hunt, 2000). Eruptions have occurred
in Krafla, and Krysuvik, south of Kleifarvatn in Iceland. In assessing the likelihood of a hydrothermal
eruption hazard evidence of previous hydrothermal eruptions, increasing steam flow to the surface from
reservoir pressure drawdown or an expanding steam zone are some of the factors to be considered. Other
points to be considered are, shallow gas pockets, and kicks or blowouts during drilling. Drilling can also
cause eruptions if the casing string is set too shallow, or if the casing develops a leak. Reinjection under
pressure of fluids at temperatures >100 C also needs care as there is a possibility that such water will rise
rapidly to the surface and heat the local groundwater, resulting in an eruption.

10.8 Socio-economic impacts

A socio-economic study aims to determine the changes in the conditions within the geothermal project,
which have evolved as direct and indirect impacts of the project. The study provides a guide on how the
geothermal project can be kept in consonance with the socio-cultural and economic situations in the area.
Due to its nature, geothermal energy is frequently exploited in remote, sometimes relatively undisturbed
places. A temporary increase in employment and the import of an outside workforce calling for various
services may put a strain on the traditional way of life and leave a scar when the construction work is
finished. The building of roads will “open up” the area and most probably make it attractive to tourists,
thus creating a new industry. All such effects and solutions to possible problems should be considered
in an environmental impact report prepared prior to exploitation after discussions with all involved
(Armannsson and Kristmannsdéttir, 1992).

The purpose of any socio-cultural and economic impact assessment is to determine ways to attain the
social acceptability of the project. To gain social acceptability, each sector has a role to play. The
proponent must facilitate public participation, the government or local authority must ensure that the
benefits and burden of the project are equitably distributed and the affected sectors must weigh the quality
and quantity of the benefits they will acquire as well as the costs that they will have to bear because of the
project (De Jesus, 1995).

11. ENVIRONMENTAL LAWS IN ICELAND
11.1 General introduction

Environmental impact assessment (EIA) in Iceland has been carried out since May 1994. The basic law
is an EC Directive from 1985 and No. 11/1997. The newest law is Environmental Impact Assessment Act
No. 106, 25 May 2000. The Minister for the Environment is ultimately responsible for issues covered by
this Acta. The Planning Agency shall advise the Minister and carry out supervision of the implementation
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of'the Act, and provide guidelines in accordance with it. The Planning Agency shall issue a ruling on EIA
of a project and its resulting activities, and decide whether a project shall be subject to EIA.

The act shall apply to all projects that may involve significant environmental effects, whether they are on
land, in Icelandic territorial waters or air space, or in Icelandic pollution jurisdiction.

Projects that shall always be subject to EIA, Annex 1 are

a) Geothermal >50 MWe installed power;

b) Hydropower >10 MWt, 3 km?;

¢) Roads>10 km;

d) Overhead power lines >66 kV, or submarine cables >132 kV or >20 km, etc.

Projects considered to have significant effects on land, within territorial waters and air or in the pollution
territorial of Iceland, Annex 2, criteria Annex 3, such as in protected areas, should be subject to EIA.
These include the following:

a) Deep drillings, in particular;

b) Drilling of production wells and exploration wells in high-temperature geothermal regions;

¢) Geothermal drilling in low-temperature areas where mineral sources or hot springs are on the
surface or in the near proximity;

d) Dirilling for the storage of nuclear waste material, etc.

11.2 Methods and techniques for EIA

Various techniques have been developed such as checklists, matrices, networks and overlay maps.
Matrices are the most commonly used technique for impact identification and are often associated with
checklists.

12. ENVIRONMENTAL ASSESSMENT FOR DRILLING
12.1 Checklist

In recent years there has been a remarkable growth of interest in environmental issues such as
sustainability and better management of development in harmony with the environment. Environmental
impact assessments are important and necessary before project development. A project such as deep
drilling in protected areas is subject to EIA in accordance with the act. The possible environmental
impacts of drilling in the Brennisteinsfjoll area are listed in Appendix I (based on Roberts, 1991). The
impacts that could result if the project was implemented are also discussed where appropriate. The parts
of the environment, which may be impacted or might be considered to produce cumulative effects, are
included in the discussion. Since exploration is sparse, it is not realistic to estimate various needs. For
impact assessment of drilling, a matrix is useful and is used for this study because it is more detailed than
a mere checklist (Table 4).

12.2 Natural conditions

Land. During road construction and drill site preparation, unstable earth conditions and changes in
geological substructure can occur. The Brennisteinsfjoll field terrain is steep, relatively inaccessible and
almost devoid of vehicle tracks. The area is generally devoid of appropriate vegetation cover, so it is
exposed to erosional agents. Also, a fresh unvegetated lava is a fairly unique natural phenomenon, which
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TABLE 4: Matrix used for impact analysis for drilling

Execution Operation | End

IMPACT

Change in landscape

Increased earthquake activity

Changes in groundwater flow

Changes in effluent flow to groundwater
Changes in amount of water

Emission

Odour

Local climate change

Noise

Changes in vegetation

Changes in fauna

Effect on outdoor amenities and tourism
Aesthetics-appearance

Light and glare

Z<ZZZ2 2772772 Z Z | Equipment

ZZz72 7 ZZ2Z7ZZZZZ Z ~<|Pad construction
Z2ZZ™™ZZZ2ZZZ~< "7 Z ™ Water provision
TZZZ~<ZZT << <" Z ZDrilling
TZ2ZZ~<ZZZ<ZZZZZ(Casing
WZZ2ZZ2ZZZZZZZ Z Z Demobilization

2222222722277 7ZZZ Warm up
7. Z 7 < =< T < < < 'Z ' Z D Z] Initiation of flow

222222272 2Z2ZZZZZ|Transport
WZZZ~<Z2Z2ZZ7ZZZZ Cementing

Z < Z << T < < Z ' Z T Z| Flow rest
7222727272227 272ZZZZZ|Logging

Z <2222 2 27 ZZZ Z ~<|Final road track

Z|Z2 22w ZZZZZZZZ Z ~|Road construction

Il
Z
SlRZZ2ZZ22Z2Z2ZZ~~ZZ Cable tool drilling

Y =Yes; P = Possibly.

will be destroyed by interference such as road construction. With high precipitation (>2500 mm annually)
in the field, erosion by water is likely to be heavy when the area is opened for road and pad construction.
The field is subject to a high erosion hazard as part of the area is steep with very fragile soils, which are
easily erodible. Careful attention should be given to re-vegetation with grass and trees on the cut slopes,
fill slopes and well pads themselves. For drilling pads in the steep part of the area, the solution to erosion
and landslides will be to drill a number of directional wells from a single drilling pad. In this way a large
volume of the reservoir can be tapped at depth, while requiring only a small area, which can be situated
on stable land at the surface. During well testing, care should be taken not to discharge the waste water
directly to steep areas. Sumps should be made to contain this waste water, as failure to do this can cause
serious gullying.

Three possible roads are shown in Figure 7, the first one is in the north and extends southeast along the
same way as the old path to the mountain and then turns southwest towards the area with alteration and
manifestation on the surface, where drill sites may be situated. It is easy to build but it might affect people
hiking this way. The second one is located to south of the first one and leads directly to the geothermal
manifestation area. This road may affect more landscape than the first one but is probably the shortest
way to the drill sites. If wells in the alteration area are successful and high-temperature fluid is obtained,
then further drilling will be shifted to the southwest, and the third road could be constructed from
southwest to northeast along the northwest slope of the Brennisteinsfjoll. This road may be as long as 10
km and may result in severe damage to the landscape.

Air. During drilling, air pollution can result from the emission of non-condensable gases, and exhaust
gas from generators, compressors and vehicles. There may be objectionable hydrogen sulphide odours.
During well testing, steam and spray can have an adverse effect on the vegetation with trees and grass
being scalded. Hydrogen sulphide produces an unpleasant odour. Eye irritation and respiratory damage
may not be of any significance, as the Brennisteinsfjoll area is not inhabited. As drilling is a temporary
activity, no significant long-term impacts on air quality are expected, but long term monitoring of
hydrogen sulphide, sulphur dioxide and possible heavy metals, such as mercury, in atmospheric air should
be implemented.
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Water. Water is required as a drilling fluid. The wells to be drilled in this area will be deep and may
require at least 4000 m*/day of water supply; during well testing, up to 10,000 m*/day of water may be
used. Fresh water wells should be drilled to supply water for drilling fluid because of the lack of surface
water. The amount of water used as drilling fluid is enormous and should be discharged with utmost care

into specially designed sumps or possibly re-injected, as this can affect the quality of the groundwater.

TABLE 5: A list of the high plant flora found in Brennisteinsfjoll area (H. Kristinsson, pers. comm.)

Alpine Hair-grass

Rock Whitlow-grass
Crowberry

Alpine Willow-herb
Scheuchzer’s Cotton-grass

Trailing Azalea
Curved Wood-rush
Spiked Wood-rush

Starry Saxifrage
Slender Snow Saxifrage

Diphasiastrum alpinum
Draba norvegica
Empetrum nigrum
Epilobium anagallidifoliu
Eriophorum scheuchzeri

Loiseleuria procumbens
Luzula arcuata
Luzula spicata

Saxifraga stellaris
Saxifraga tenuis

Species Place

Common lady’s-mantle | Alchemilla glomerulans | Brennisteinsfjoll

Alpine rock-cress Arabis alpina Kerlingaskard, Reykjanes
Alpine bistort Bistorta vivipara Brennisteinsfjoll
Lance-leaved Moonwort | Botrychium lanceolatum | Brennisteinsfjoll

Stiff Sedge Carex bigelowii Brennisteinsfjoll
Hare’s-foot Sedge Carex lachenalii Brennisteinsfjoll
Cassiope Cassiope hypnoides Brennisteinsfjoll, Grindaskord, Reykjanes
Arctic Mouse-ear Cerastium arcticum Brennisteinsfjoll
Starwort Mouse-ear Cerastium cerastoides Brennisteinsfjoll
Starwort Mouse-ear Cerastium fontanum Brennisteinsfjoll

Lichen spp. Cladonia ecmocyna Brennisteinsfjoll

Lichen spp. Cladonia furcata Brennisteinsfjoll

Lichen spp. Cladonia uncialis Brennisteinsfjoll

Alpine Hair-grass Deschampsia alpina Brennisteinsfjoll

Brennisteinsfjoll, Grindaskord, Reykjanes

Brennisteinsfjoll

Brennisteinsfjoll, Grindaskord, Reykjanes
Brennisteinsfjoll, Grindaskord, Reykjanes

Kerlingaskard Reykjanes

Hawkweed Hieracium Brennisteinsfjoll
Fin Dub-moss Huperzia selago Brennisteinsfjoll
Three-leaved Rush Juncus trifidus Brennisteinsfjoll

Kerlingaskard Reykjanes
Brennisteinsfjoll, Vordufell
Brennisteinsfjoll

Dwarf Cudweed Omalotheca supine Brennisteinsfjoll, Grindaskord, Reykjanes

Beech Fern Phegopteris connectillis | Brennisteinsfjoll

Alpine Cat’s-tail Phleum alpinum Brennisteinsfjoll

Alpine Meadow-grass Poa alpina Brennisteinsfjoll, Kerlingaskard,
Grindaskord, Reykjanes

Wavy Meadow-grass Poa flexuosa Brennisteinsfjoll

Common Winter-green Pyrola minor Brennisteinsfjoll

Meadow Buttercup Ranunculus acris Brennisteinsfjoll

Roseroot Rhodiola rosea Brennisteinsfjoll, Kerlingaskard, Reykjanes

Tufted Saxifrage Saxifraga caespitosa Brennisteinsfjoll

Mossy Saxifrage Saxifraga hypnoides Brennisteinsfjoll

Alpine Snow Saxifrage Saxifraga nivalis Brennisteinsfjoll

Alpine Brook Saxifrage |Saxifraga rivularis Brennisteinsfjoll, Grindaskord, Reykjanes

Brennisteinsfjoll

Brennisteinsfjoll, Kerlingaskard, Reykjanes

Alpine Meadow-tree Thalictrum alpinum Brennisteinsfjoll

Bilberry Vaccinium myrtillus Kerlingaskard, Reykjanes

Bog Bilberry Vaccinium uliginosum Kerlingaskard, Reykjanes

Alpine Speed Well Veronica alpina Brennisteinsfjoll

Alpine Marsh Violet Viola palustris Brennisteinsfjoll, Grindaskord, Reykjanes
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Noise. Noise is one of the most ubiquitous disturbances to the environment from geothermal development
particularly during the construction and operation phases. Noise can be considered as unwanted sound
and an attempt should be made to minimise this impact. Brennisteinsfjoll is in a remote area and not
inhabited, but during winter many people go to Blafjoll and ski there. It can be speculated that the effects
of drilling and discharging might be greatest at that time and should probably be avoided. Noise impacts
during drilling, well testing, tripping and cementing are temporary and will decline when all the wells have
been drilled and tested.

Vegetation. The flora of Iceland consists of 438 species. Of these, 63% or 273 species are found in the
Reykjanes country park (Kristinsson, 1984). In Brennisteinsfjoll several high-altitude species are found,
which are not found in the lowland such as curved wood-rush (Luzula arcuata), arctic mouse-ear
(Cerastium alpinum) and wavy meadow-grass (Poa flexuosa) (H. Kristinsson, pers. comm.). In general
vegetation is relatively scarce in the area due to lack of soils. Although moss covers the lava fields, the
carpet is broken by sharp joints, and in deep depressions where soil accumulates, species like dwarf shrubs
and low herbs become frequent. On the plateau east of Lake Kleifarvatn, snow beds are frequent in the
moss heath, intermingled with dwarf willows and mosses. The largest continuous heaths are in Postglacial
lava fields in the Brennisteinsfjoll area. Grass species, mosses and sedges are most important in the grass-
dominated heath. In general, the flora of the Reykjanes country park can be classified as follows: Mosses
45.5%, open country vegetation 11.5%, the rest 22% (grass, bush, wetland, etc.) or 78% vegetated
(Thorvaldsdottir, 1987). A list of the high-plant flora found in the Brennisteinsfjoll area is shown in Table
5 (H. Kristinsson, pers. comm.). Kristinsson (1998) lists protected plants in Iceland. None of these have
been found in the Brennisteinsfjoll area.

Animal life. Wild mammals on the Reykjanes Peninsula are foxes that are rare, minks that are common,
and rats and mice about which there is little information although field mice are expected to be common
(Petersen and Olafsson, 1986). On the whole peninsula at least 43 bird species are known to nest, 26 of
them every year, in the cliffs at the south coast. There are few birds that nest in Brennisteinsfjdll, so there
will be no impact on animals in the area as it is unlikely that drilling will take place near the cliffs.

Light and glare. Some light and glare is seen when drilling is in operation during night, but they will not
be serious because the area is remote with no population and only a few hikers occasionally walk there.

Transportation. The transportation of the drill rig to Brennisteinsfjoll could be rather difficult. A
popular backpacking trail passes through the northeast part of this area, which is otherwise relatively
inaccessible and almost devoid of vehicle tracks. New roads need to be built, and great care should be
taken to avoid distorted views as much as possible in the protected areas.

13. CONCLUSIONS AND RECOMMENDATIONS

1. The Brennisteinsfjoll area is a potential high-temperature geothermal field according to manifestations
and the resistivity survey. It is one of the least known high-temperature areas in Iceland. This is
probably due to minor surface geothermal manifestations and remote surroundings with almost no
accessibility. It is located within protected areas. Possible environmental impacts, potential
mitigation and protection measures should be taken into account before any further exploration.

2. According to EIA law in Iceland, a project involving drilling deep wells should be announced to the
Planning Agency for a decision on whether it needs an EIA or not. Local authority can give
permission for a single project (a single drilling hole) but it must get that approved by the Planning
Agency in advance. Ifacompany wants to carry out geothermal exploration, it should have a detailed
plan of the layout of drill holes and roads.

3. Because of'its location within protected areas and being inaccessible, construction of roads is needed
for further exploration in the Brennisteinsfjoll area, which may cause damage to the landscape. A
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permit from the Nature Conservation Agency is needed. In article 38 of the Nature Conservation Act,
No. 44/1999, it is clearly written that the Nature Conservation Agency's authorisation is needed for
projects where there is a risk of damage to protected sites of natural interest. The local government's
authorisation must also be granted according to the planning and building act (No. 73/1997).

4. Regarding sustainable development that is defined as “development that meets the needs of the
present generation without compromising the ability of future generations to meet their
needs”(UNCED, 1992), some people have opposing viewpoints on geothermal development in
Iceland, especially in the Reykjanes peninsula, where three high-temperature geothermal fields have
already been explored and/or developed for electricity generation. Some think electricity is in
sufficient supply, and developing more high-temperature geothermal fields for generating electricity
is unnecessary. Why don’t we let future generations decide? Public participation in a project is
important and necessary. A master plan for hydro and geothermal energy resources in Iceland is now
focusing on carefully thought-out decision-making (www.landvernd.is/natturuafl/).

5. The annual primary energy consumption in Iceland is among the highest in the world, which means
that the waste of primary energy is also the highest. The efficiency of geothermal power plants is
much lower than that of other types of power plants. Waste heat per MW of electricity generated is
much larger than in other types of power plants. The question is how to effectively use geothermal
resources. One way of reducing heat wastage is the cascaded use of resources as suggested by Lindal
(1973). But cascaded utilization of geothermal resources has still a long way to go. It would,
however, make such development in Brennisteinsfjoll more attractive, if direct use for industry or
space heating was involved.
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Environmental impact checklist

APPENDIX I

for geothermal development in the Brennisteinsfjoll area
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