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ABSTRACT

The Torfajokull high-temperature area is located within the Torfajokull central
volcanic complex in South Iceland. This complex contains anomalously abundant
acid volcanics. A large ring structure, probably related to a caldera subsidence,
encircles the complex. The geothermal manifestations cover an area of about 140 km®.
They are almost entirely located within the ring structure. Natural output has been
estimated to be equivalent to 190-930 kg/s of steam. Basaltic intrusions underlying
the silica rocks may be the heat source for the geothermal reservoir. The geothermal
manifestations are mostly steaming ground but steam-heated water of the bicarbonate
and the acid sulphate type is common in the area. A preliminary review is carried out
on possible environmental effects due to drilling in the area in order to decide how to
carry out an environmental impact assessment (EIA) and disclose key impacts. In this
study, an attempt has been made to identify the likely impact of geothermal
exploration, drilling and operations, and potential mitigating measures. As
environmentally more advantageous, the result of this study suggests that detailed
studies be carried out on the water supply for drilling, on how to get rid of effluent
water, and on the monitoring of gas emissions to the atmosphere during drilling
operations, as well as a detailed assessment of the biology of the area.

1. INTRODUCTION

This report is the product of a six months’ fellowship awarded to the author to study geothermal resources
and utilization in Iceland, with emphasis on environmental impact training through the United Nations
University, Geothermal Training Programme, at Orkustofnun - the National Energy Authority in Iceland.
The training programme started on the 4™ of May 2000.

It was first in the 20" century that geothermal energy was harnessed on a large scale for space heating,
industry and electricity production. Iceland is richly endowed with geothermal resources. In 1999, the
total primary energy consumption (Figure 1) was 121 PJ, supplied by geothermal energy (50%), hydro-
power (18%), oil (30%), and coal (2%) (Ragnarsson, 2000).
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The environmental aspects of geothermal development
are receiving increasing attention with the shift in
o2 attitude towards the world’s natural resources. There
is also a growing awareness of the need for efficient
and wise use of all natural resources, and of the effect
of geothermal development on the surrounding
ecosystems and landscape.  Geothermal power

-
18% Geothermal
50%
generation is often considered a “clean” alternative to

FIGURE 1: Total primary energy consumption fosei fuel or nuclear power plants.  Although

in Iceland 1999 geothermal power plants are very clean, it is necessary

to monitor the effects of possible geothermal

contamination on the environment. Geothermal power generation using a standard steam cycle plant will
result in the release of non-condensable gases, and fine solid particles into the atmosphere.

Coal Qi

Geothermal areas in Iceland The Torfajokull high-temperature
i geothermal area is the largest
geothermal field in Iceland, located
within a central volcanic complex in
the southern part of the country
(Figure 2). This complex
: encompasses a large caldera
4 subsidence with an abundance of
rhyolitic rocks (Saemundsson, 1972;
1988). Surface thermal manifesta-
tions, which include extensive
alteration, warm and boiling springs,
Lok mudpots, and a large number of
L e fumaroles, cover an area of some
223 valsanio zane 140 km?.  The fumaroles and
mudpots appear to be confined to the

- caldera proper, mostly at altitudes
FIGURE 2: Geothermal areas in Iceland between 850 and 1000 m a.s.l.. and

—— e

virtually all the boiling springs are
found there as well. The Torfajokull massif is cut by a multitude of gullies and ravines. This badlands
topography is particularly striking in the southern and southeastern parts, and it makes fieldwork rather
laborious. The weather is frequently inclement. Winter snowfall is heavy and the snow lingers far into
the summer. As a result, the field season is quite short. The southern and southeastern parts of the field
appear to have been studied little until now. A popular backpacking trail winds through the central part
of the area, which is otherwise relatively inaccessible and almost devoid of vehicular tracks. It is one of
the unexploited high-temperature fields in Iceland. This reportuses some preliminary results of geological
and geochemical studies, including the first data on fumaroles from the southern and southeastern parts
of the field (Olafsson and Bjarnason, 2000), and presents a preliminary environmental assessment of the
high-temperature geothermal fields in the Torfajokull area.

2. TORFAJOKULL - A NATURE RESERVE AREA IN ICELAND
2.1 Nature reserve
An area of 470 km?* [47.000 hectares] in the vicinity of Torfajokull has been designated a “nature reserve”

in Iceland. The rest of the area (south and southeast part) falls into the category of natural monument (The
Nature Conservation Register, 1996). Torfajokull is a part of the natural reserve area (Figure 3).
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2.1.1 Definitions

Nature reserves: Areas which are important
to conserve because of landscape, vegetation
or animal life. The aims for protection are
diverse as are the regulations governing
reserves. Nature reserves are for the most
part privately owned land or highland pasture |
and regulations concerning them are often
subject to agreement between the
rightholders and the Nature Conservation
Council in Iceland.

Natural monuments: Unusual or unique
natural formations, such as waterfalls,
volcanoes, hot springs, rocks, caves and lava =/ A
fields, as well as sites containing fossils and [ ;ﬁﬁ\ .

rare minerals. Many natural monuments have i > &

the distinction of being generally revered FIGURE 3: Natural protected areas in Torfajokull area

sites and the aim to preserve is to prevent
disturbance of the surrounding ground and other damage (The Nature Conservation Register, 1996).

2.1.2 History

The area has, as far as is known, been mostly uninhabited. The name of the lake Frostastadavatn however
suggests that a farm named Frostastadir existed in early times and indeed there are some folk tales that tell
of the farm Frostastadir. No physical remains have been found. There are also some folk tales regarding
the name Torfajokull and several other place names that might be derived from the name Torfi recounting
that a man of that name lived with his wife, or a large household, in the area to escape from the plague,
or that two young lovers (the man being Torf1) were escaping from the young lady’s father. Others think
it more likely that the name derives from the word “torf” (meaning turf or sod). There are two old routes
in the area “Fjallabaksleid nyrdri” and “Fjallabaksleid sydri”, (Northern and southern roads beyond the
mountains). The southern route is believed to have been used from the time of settlement (before the year
1000) but first records of the total northern route being used are from the early 19" century. However,
each end of the route must have been known to the local people and been used to get to the fishing lakes,
Veidivotn, and to gather sheep in the autumn. The springs at Landmannalaugar were well known and their
water reputed to have curative properties (Magnusson, 1985).

2.1.3 Ownership

The area is traditionally denoted as “afréttur” (‘“highland pasture™), i.e. land that is grazed by sheep from
all farms in the area but not belonging to individual farmers. In a new law that is in preparation, this land
will be designated as “pjodlenda” (“state property with free access”). Thereafter problems of ownership
should not arise should the area be utilized.

2.1.4 Natural conditions and protection

In Torfajokull, the surface natural thermal manifestations include extensive alteration, warm and boiling
springs, mud pots, and a large number of fumaroles. The natural features are extensive post-glacial lava
fields with a lot of volcanic glass-obsidian and steep-sided mountains. The steam vents, mud pools and
warm springs are the major tourist attractions in this area. Some monitoring of natural manifestations has
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been carried out till now and is included in plans for environmental tasks at Orkustofnun. This monitoring
should be continued and funds should be set aside for it. The Torfajokull geothermal area is in a
volcanically active area and relatively good permeability might be expected. Short-term variation in
surface geothermal manifestations is expected to be mainly due to changes in water level (which in turn
are related to variations in precipitation). More long-term changes might be due to sealing by deposits,
etc., but these are often opened up again by earthquake activity. It is important to monitor such natural
changes and estimate their extent to obtain background levels with which changes occurring after the start
of utilization can be compared. The question of who pays for such monitoring is important, as possible
prospective users such as the National Power Company are not willing to pay for work in areas they may
not develop, and the government is reluctant to award money to such projects. The solution that seems
to be most agreeable to all parties is for the government to pay now but if the field is developed the
developer has to pay the government back the money spent on such monitoring.

2.2 Tourism

The area is very popular with tourists, both Icelanders and foreign visitors. There are several tourist huts,
the most popular one being in Landmannalaugar where 15-16,000 visitors stay overnight every year. Day
visitors are numerous and it can be estimated that 40-50,000 people visit the area as tourists every year.
Naturally most of them visit during the summer but in recent years snow scooters and large four-wheel
drive vehicles have made the area more accessible. Several hiking trails run through the area, the most
popular being “Laugavegurinn” (“The hot spring trail”’) which is taken by 2-3000 hikers every year
(Baldursson, 1996; 1997). In a general report on tourism in Iceland, Checchi and Company and the
Architects Collaborative Inc. (1975) recommended that geothermal areas be given high priority in
development of tourism. Torfajokull was, however, not selected as a priority area for development, most
probably due to its remoteness. Opening up the area by way of new roads would change conditions
drastically and might bring in greatly increased numbers of tourists. Due to its uniqueness and popularity,
there is likely to be strong opposition to any kind of utilization of geothermal resources in the Torfajokull
area.

2.3 Aesthetics

A geothermal plant must be located close the resource, so there is often little flexibility in its siting. Like
many other geothermal areas, Torfajokull high-temperature geothermal field is of unique beauty, with
historical interest and popular tourist attractions. From the aesthetic standpoint, it should be kept as
natural as possible. So the protection of the numerous small hot springs, mud pools, fumaroles, boiling
pools and all other natural manifestations must be considered. In the past, human intervention has
changed the character of geothermal fields leaving features that are now considered part of nature. A
detailed study should be conducted in Torfajokull to find out if its unique features are likely to decline
when drilling takes place. The impact on the natural features in Torfajokull field must be kept to the
absolute minimum.

3. WEATHER CONDITIONS

The weather is frequently inhostile in the Torfajokull area. The temperature conditions are mostly
controlled by altitude and distance from the sea. The mean annual temperature is probably 0-1°C. July
is the warmest month and the mean annual July temperature at Landmannalaugar is 7-8°C, although on
certain days it can reach 15-20°C. The mean temperature of the coldest months is extremely variable from
one year to another. Frosts may occur during all the summer months although it is least likely in July.
In the southeast corner of the Torfajokull area, the annual precipitation is probably between 2,000 and
3.000 mm, but diminishes quite fast to the north and is probably below 1000 mm in the northernmost part
of the area.
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It is common for a weather boundary to lie across the northern part of the Torfajokull area i.e. across the
mountains south of Blahntkur, Brennisteinsalda and Haalda. During southeasterly winds and
southwesterlies it is often dry and warm (F6hn winds) at Landmannalaugar and over the northernmost part
of the nature reserve, even though at the same time there is fog and rain at Hrafntinnusker and further to
the south. Northerly winds, on the other hand, are usually cold and clear all over the area (Magnusson,
1985). Winter snowfall is heavy and the snow lingers far into the summer. Vegetation is also sparse in
this area. The four nearest meteorological stations to the Torfajokull area are Burfell, Lonakvisl,
Veidivatnahraun and Kirkjubaejarklaustur.

3.1 Precipitation 120
E1996 [1997 [11998

Precipitation was gauged in 07

1996-1998 at the Veidi-
vatnahraun meteorological
station, located approximately 7
50 km north-northeast of the
Torfajokull area. From 1996 to
1998, the yearly precipitation 20

in this area was 639 mm, 572

mm, 540 mm each year, )

respectively, with maximum

monthly precipitation of about

110 mm in November 1998, FIGURE 4: Monthly precipitation at Veidivatnahraun 1996-1998
and minimum about 9 mm in

March 1997. But the weather information is from quite distant place. As mentioned above the annual
precipitation is probably between 2,000 and 3,000 mm in the southeast corner of Torfajokull and probably
below 1,000 mm in the northernmost part. This northernmost pattern is likely to be similar to that at
Veidivatnahraun whereas a totally different pattern most close to the one at Kirkjubaejarklaustur, would
be expected in the southeastern part. So, it is necessary to set up meteorological stations and monitor the
weather for some time in the actual Torfajokull area before exploitation. Figure 4 shows monthly
precipitation from 1996 to 1998 in the Veidivatnahraun area.
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3.2 Temperature and humidity

Temperature data for

Veidivatnahraun meteorological 20.0

station from 1.1.1999 to 5 15.0 4 \
31.7.2000 are shown as monthly & 1001 L
average temperatures in Figure 5 >0 L
5, showing maximum tempe- ;2: _:'g 1

rature in July 2000 of about g- p o:o |

14.2°C, and minimum in March, @ 454 |

1999, about -14°C. 20.0 | e

12 3 4 5 6 7 8 91011 12 1 2 3 4 5 6 7
Humidity in Iceland is generally Time [month]
high due to high precipitation. ~—e—Monthly temperature —s—Min.temperature =~ ——Max.temperature

Humidity data for this area was : o
collected from 1.1.1999- FIGURE 5: Monthly air temperatures at Veidivatnahraun

31.7.2000 at the Veidivatna- for the period 1.1.1999 - 31.7.2000

hraun meteorological station. Maximum humidity was recorded in March 2000, about 90% but minimum
in January 1999, about 37%. Monthly humidity at the Veidivatnahraun station for the monitoring period
is shown in Figure 6.
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3.3 Wind patterns

Wind conditions were measured
1994-1999 at Burfell, located
approximately 35 km east-
southeast of Torfajokull, at
Lénakvisl, located
approximately 33 km to
Torfajokull, at Veidivatnahraun,
about 50 km to the north-
northeast of Torfajokull, and at
Kirkjubaejarklaustur, located
approximately 56 km to the east
of Torfajokull. Hourly wind
direction and wind speed were

Humidity [ % ]
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FIGURE 6: Monthly humidity at Veidivatnahraun

from 1.1.1999 to 31.7.2000

noted to make a wind rose plot, and it is seen that the most common wind directions are northeasterly and
southeasterly. Figure 7 shows the yearly wind pattern at the stations nearest to Torfajokull area from

1994-1999.

Burfell

7%

FIGURE 7: Frequency of wind directions at the meteorological

Lénakvisl

stations closest to the Torfajokull area (1994-1999)

4. GAS CONCENTRATION IN STEAM

Torfajokull geothermal field is an unexploited natural area without any industrial or other air polluting
activities. Only some gases from geothermal manifestations escape to the atmosphere. Samples of steam
for chemical analysis have been collected from fumaroles throughout the Torfajokull area. The chemical
composition of steam from selected fumaroles is shown in Table 1. The concentrations of H,S, CO, and



Report 6 81 Fang Liping

H, are higher than others, and it seems desirable to monitor the first two in the area. Samples of steam for
chemical analysis were collected from fumaroles throughout the Torfajokull area (Olafsson and Bjarnason,
2000). Even though only a tiny fraction of the fumaroles could be sampled, an attempt was made to cover
the entire field fairly evenly in order to obtain a representative picture.

TABLE 1: Chemical composition of steam from the Torfajokull area
(Olafsson and Bjarnason, 2000) (SMOW = Standard mean ocean water)

Sample no. 613 | 158 | 214 | 166 | 607 | 605 | 671 674 672 140
CO, (mmole/kg) 132 | 242 67 128 | 370 | 8330 | 2000 | 21,100 | 370,000 [ 819
H,S (mmole/kg) 10.7 | 440 | 3.79 [ 10.2 | 21.1 | 38.5 | 14.5 | 0.81 15.9 20.1
H, (mmole/kg) 16.6 | 3.55 [ 4.17 | 253 | 41.8 | 479 | 49.7 | 36.3 383 28.9
CH, (mmole/kg) | 0.24 | 0.21 [0.085] 1.42 | 0.19 [0.036 | 0.035| 0.59 9.37 0.70
N, (mmole/kg) 0.54 1 090 [ 033 | 2.66 | 0.58 | 3.67 | 2.11 | 264 663 2.14
Ar (mmole/kg) 0.014 | 0.02 1 0.008 [0.055] 0.011 | 0.05710.032 [ 0.39 8.19 ]0.042

B (mg/kg) <0.03 | <0.03 [<0.03 | 0.08 [<0.03 [<0.03 | 0.04 | 0.04 0.065
Cl (mg/kg) 0.27 | 0.17 | 0.04 | 0.25 | 0.33 | 0.09 | 0.13 [ 0.11 0.76
Hg (ng/kg) 40 70 100 [ 30 20 140 90 120
AD (%0 SMOW) |-90.7 | -88.7 | -78.2 | -76.6 | -87.9 | -89.3 | -85.2 | -103.6 -96.8
3"0 (% SMOW) [ -13.3 | -13.6 | -11.5 | -11.7 | -13.3 | -13.5 | -12.5 | -19.13 -15.4
The fumarole sampling points are [ 19°20W e o 0NN
shown as circles on the map in Figure 8, i s 8 By gt R L
and Table 1 displays the chemical | & o q/,f-d/ﬂ P B VDVUK M e
composition of ten representative | /.- e T %513 @\

samples. ~ The respective numbers |/ o g%o 4 EUG?'] N

indicate the sampling location on the | .7 1 o

map. The total concentration of gas in ‘D @

steam spans a wide range, from £ s jear ol N

approximately 20 to almost 25,000 mm{;". X dem Bul @.‘H'%_ Wagy

mmole/kg, with a single extreme value | \ 607 o+ i@y |

of nearly 400,000 mmole/kg. Carbon [ ®%30". g By s %ﬁjﬁ.ﬂ

dioxide is the main gas constituent in | .0 y -"67-1@ &

most samples and generally represents P \\4\ "‘:.6@505-:' % 4

80-99% of the total gas. Hydrogen | i - ' G g4 —a

sulphide and hydrogen are the other O Fumarolg <" . YL SR

principal components, accounting for Cf Spig | <7 o W, Pl

0.1 to 10% of the total. The nitrogen [« Caldera - D . i
concentration is below 1% in all || A Hut : ol W I

samples except two. These exceptional | oty |

samples may have been contaminated
by atmospheric air. Methane amounts
to less than 0.2% of most samples.

F IGURE 8&: Samphng locatlons for steam and water

The highest gas concentrations, by far, are found in the southern and southeastern parts of the field. The
carbon dioxide concentration, in particular, is very high there. The concentrations of hydrogen sulphide
and hydrogen are also generally highest in the southern and southeastern parts, but the pattern is much less
pronounced than for carbon dioxide. As a result, the concentration ratios of carbon dioxide to the other
gases are very much higher in the south and southeast than in other parts of the field.

The concentration of mercury in steam ranges from 20 to 600 ng/kg. The highest concentrations are found
in the southern and southeastern parts of the geothermal area. The chloride concentration does not display
any clear geographical pattern. It ranges from 0.05 to 0.76 mg/kg, but five out of every six samples were
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found to contain less than 0.40 mg/kg. The concentration of boron in steam ranges from less than 0.03
mg/kg, which is the detection limit for the analytical method used, to roughly 0.5 mg/kg.

Subsurface temperatures were estimated on the basis of gas geothermometers. Seven such geother-
mometers were applied to the samples reported in Table 1. The results are presented in Table 2. These
are the CO, H, S, H,, CO, /H,, and H,S/H, geothermometers of Arnérsson and Gunnlaugsson (1985), the
CO, /N, geothermometer of Arnérsson (1987), and the CH, /CO, geothermometer of Giggenbach (1991).

TABLE 2: Gas geothermometer temperatures (°C) in the Torfajokull area

Sampleno. | 613 | 158 [ 214 | 166 | 607 [ 605 | 671 | 674 | 672 | 140
CO, 272 | 290 | 249 | 271 | 302 | 404 | 349 | 452 | 714 | 323
CO,/N, 308 | 310 | 303 | 268 | 330 | 354 | 338 | 335 | 327 | 318
CH,/CO, 331 | 358 | 344 | 275 | 378 | 646 [ 545 | 518 | 524 | 358
H,S 293 | 276 | 273 | 292 | 306 | 318 | 299 | 241 | 301 | 305
H, 303 | 289 [ 290 | 307 | 311 | 312 | 313 | 310 | 331 | 308
CO,/H, 316 | 289 | 307 | 322 | 315 | 278 | 296 | 263 | 256 | 300
H,S/H, 312 | 300 [ 306 | 320 | 316 | 308 | 325 | 371 | 359 | 310

As CO, is a greenhouse gas, and H,S poisonous and the concentrations are relatively high, their
concentrations in steam should be monitored. H,S in atmospheric gas should be monitored as well as the
possible product of its oxidation, SO,, which is a polluting gas, and finally, Hg that can be very harmful
if its atmospheric concentration rises.

5. GROUNDWATER AND EFFLUENT WATER

The experience of geothermal problems in the world associated with the increasing number of geothermal
power plants has shown that there is a danger of environmental impact, although not as severe as that of
more conventional power plants using coal, oil and nuclear power. The disposal of spent brines and
condensate/cooling water is considered one of the major environmental drawbacks since they contain a
variety of substances in suspension and solution. Many of these substances, such as arsenic, mercury,
lead, zinc, boron and sulphur, are
biologically harmful even in low
-~ concentrations and can interfere with
aquatic, animal and vegetation growth rates
and their reproduction processes and lead
to pollution of underground water supplies.

Samples of water have been collected from
hot and warm springs, some of which are
located within the caldera and some just
outside it (Olafsson and Bjarnason, 2000).
These are indicated by squares on the map
in Figure 8. The chemical composition of
four representative samples is presented in
Table 3. The thermal spring water is
mostly of the bicarbonate type in the
Soam-heatedt wter. o o 3 100 southern part of the Torfajokull field and
AY

804 0 % m 7 e s 4 s 2 4 HCOs primarily of the sodium chloride type in the

FIGURE 9: The SO,-CI-HCO; classification northern part, where the chloride
diagram for water in the Torfajokull area concentration reaches 575 mg/1 (Figure 9).
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TABLE 3: Chemical composition of selected hot spring in the Torfajokull area

Sample no. 601 161 603 143
Temperature (°C) 100 96.5 91.8 69.5
pH/°C 8.96/22 | 8.83/21 | 7.24/22 | 6.87/14
CO, (mg/1) 252 67.5 573 1023
H,S (mg/l) 4.86 3.79 0.06 <0.03
Si0, (mg/1) 200 120 111 229
B (mg/1) 7.93 0.066 0.83 1.78
Li (mg/1) 0.07 0.09 0.12 0.34
Na (mg/l) 356 57.4 387 365
K (mg/1) 14.6 4.43 9.74 39.5
Mg (mg/l) 0.03 0.15 0.56 8.67
Ca (mg/1) 15.0 1.87 5.19 27.4
F (mg/l) 9.61 9.53 20.7 8.57
Cl (mg/1) 575 3.13 115 29.2
Br (mg/1) 2.19 0.006 0.35 0.08
SO, (mg/1) 18.9 20.6 31.1 38.3
Al (mg/1) 0.26 0.18 0.037 0.017
Mn (mg/1) 0.017 0.025 0.0035 0.026
Fe (mg/) 0.16 0.014 0.058 0.40
Hg (ng/1) <5 65 16 15
TDS (mg/1) 1200 258 1020 1287
OD (%0 SMOW) -74.6 -79.8 -75.5 -75.1
8" O (%0 SMOW) -8.43 -11.26 -10.82 -10.2

Boiling pools with acid sulphate waters are found throughout the Torfajokull area. Most of these represent
drowned fumaroles. Examples of alkaline springs with very low chloride content, e.g. sample 161, are
also found within the caldera. The mercury concentration in the spring water ranges from less than 5 ng/I,
which is the limit of the analytical method used, to 70 ng/l. There is a single extreme value of 800 ng/1.
The spring at Landmannalaugar, labelled L on the map in Figure 8, yields a chalcedony geothermometer
temperature (Fournier, 1977) of 182°C, and a surface temperature of 77°C. The chalcedony temperatures
of the remaining springs are lower and rather evenly distributed over a range of 85-170°C. Their surface
temperatures range from 24 to 100°C. The quartz geothermometer temperature (Fournier and Potter,

1982) for Landmannalaugar is
200°C. This geothermometer, which
yields temperatures of 20-25°C
above those of the chalcedony
geothermometer, is probably more
appropriate for the springs with the
highest indicated temperatures. Most
of the hot spring waters seem to be
close to fluorite saturation.
Although unusual for Iceland, where
most rocks are basaltic, this is to be
expected in the Torfajokull area,
where rhyolite dominates the

geology.

Figure 10 displays a crossplot of the
hydrogen and oxygen isotope ratios
for the water samples. Most of the

-40

-80 |

3D (o/oo SMOW)

=100

-120

[0 Hot springs
> Cold water

-20

3"°0 (0/00 SMOW)

FIGURE 10: Hydrogen and oxygen isotope ratios in hot
and cold water samples from Torfajokull area
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thermal water, indicated by squares, falls on the meteoric line, though some samples appear to be oxygen-
shifted. Cold water samples, shown as diamonds, presumably represent the local precipitation. Olafsson
and Bjarnason (2000) suggest that the geothermal water derives from local precipitation.

Acid sulphate water is, like bicarbonate water, low in chloride, and this feature together with low pH and
high sulphate determines the distinguishing characteristics. This water may be very low in sodium and
potassium and have low Na/K ratios. Sulphate is always the dominant anion and for waters low in sodium
and potassium, hydrogen ion is the dominant cation. Bicarbonate water is considered to tend to form
when steam containing little or no hydrogen sulphide mixes with shallow non-thermal water. Such steam
could originate by boiling of water which has equilibrated at a depth of a few hundred metres (therefore,
of relatively low temperature) or that the steam has reacted extensively with the rock in the upflow, either
due to slow or long passage, losing its hydrogen sulphide in the process. The acid sulphate water, on the
other hand, forms by condensation of hydrogen sulphide bearing steam in oxygenated surface water and
subsequent oxidation of sulphide to sulphate, as has been demonstrated worldwide. In Hrafntinnusker
boiling hot springs occur containing very low chloride, indicating that they are composed of steam-heated
surface water. Yet they are distinctly alkaline, low in dissolved carbonate and possess many other
characteristics of sodium-chloride waters. This water is considered to be surface water heated by
secondary steam, which is, therefore, low in gas. The chloride concentrations in the sodium-chloride
water in the Landmannalaugar area are variable due to mixing with cold water in the upflow and steam
loss by boiling (Arnorsson, 1985). The highest reported chloride concentration is 535 pm (Table 3). This
is to be contrasted with chloride levels of 10-100 ppm in geothermal water in Iceland associated with
basaltic rocks (and not affected by sea-water mixing). Sigvaldason and Oskarsson (1976) showed that
acid rocks in Iceland are higher in chloride than basaltic ones. The relatively high chloride concentrations
in the water below Landmannalaugar are, thus, attributed to dissolution from the acid volcanics overlying
the presumed basalt sheet intrusion heat source.

As for other geothermal reservoir waters in Iceland associated with acid volcanics, fluoride concentrations
are relatively high in the sodium-chloride type water (5-25 ppm) and seem to be controlled by fluorite
solubility in the reservoir (Arnorsson et al., 1983). Compositional features of the sodium-chloride water
emerging in boiling hot springs are, apart from chloride and fluoride, similar to those of water discharged
from boreholes in basaltic terrain in different parts of Iceland. Arnorsson et al. (1983) have shown that
the composition of the borehole water is governed by chemical equilibrium between solutes and alteration
minerals.

Mixed water containing a sodium-chloride component differs from boiled water in many respects, being
relatively high in total carbonate, most likely because the mixing process has prevented boiling and,
therefore, degassing of the hot water. Further the mixed water is relatively high in calcium and
magnesium probably subsequent to mixing (Arnérsson, 1985). The mixed water is devoid of H,S, most
likely due to oxidation. In contrast to the mixed water, water in boiling hot springs has relatively high
Na/K-ratios. Na-K geothermometry temperatures for the boiling hot springs water are significantly below
those of quartz. The cause is considered to be relatively effective removal of potassium from the boiling
water in the upflow either by precipitation of K-feldspate or adsorption on clay minerals.

Sodium chloride type water with as much as 500 ppm CI', representing boiled and variably mixed
reservoir water occurs in the northeastern part of the field, around Landmannalaugar in the north. The
fumarole steam generally contains 0.2-0.4% total gases by volume. CO, is always the dominant gas
constituent (>70%) but H,S and H, amount to 2-8% and 0-10%, respectively. Ground radon and mercury
concentrations are anomalous over upflow zones of geothermal steam. Helium isotope ratios as high as
23.14 times atmospheric have been reported indicating a relatively primitive undegassed mantle source
(Poreda et al., 1992). Hot spring chemistry at Landmannalaugar indicates subsurface temperatures of
265°C. Gas chemistry indicates even higher temperatures (>300°C) for this and other parts of the
geothermal area.
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6. CHANGES IN NATURAL ACTIVITY

Natural surface manifestation such as hot springs, mud pools, geysers, fumaroles and steaming ground are
associated with most geothermal systems (Brown, 1995). Because of their unique nature these are often
tourist attractions, or are used by local residents. Geothermal development that draws from the same
reservoir can potentially affect these features. These visible signs of geothermal activity are part of a
country’s heritage and in any geothermal development they must be taken into account during
environmental impact assessment. Before any development takes place, the natural features associated
with a geothermal field are catalogued with as much information and for as long as possible to provide
a data baseline for later comparison. During the exploration phase, the heat flow of natural features is
estimated, and samples for chemical analysis are collected. These data can be used to monitor the features.
Geothermal features do change, e.g. self-sealing is followed by movement such as earthquakes which can
break the seals and thus affect surface manifestations.

In connection with a large environmental study in Iceland a project aimed at the study of unexploited
geothermal areas was initiated. The main aim of the project was to define and initiate monitoring schemes
for natural features in unexploited geothermal areas and to develop research methods for that purpose
(Armannsson et al., 2000). The status of environmental knowledge for the unexploited high-temperature
geothermal areas in Iceland was defined in the beginning. Concurrently, background data on some
unexploited areas were collected and monitoring schemes were initiated in a few selected areas. A
schedule of the work needed to carry out an environmental impact assessment for a 20 MW power plant
in each of the unexploited Icelandic geothermal areas was prepared together with an estimate of the cost.
Methods were
developed to measure
the mass flow of steam
in fumarole outlets
(Gislason, 1997) and
for the monitoring of
geothermal areas by
aerial thermograph
remote sensing methods
(Arnason, 1997). The
concen-tration of
sulphur gases and

\

W T e
Tea s ' Frosta
A = I

U

k]

mercury in atmospheric
air was measured in
four unexploited
geothermal areas
(fvarsson et al., 1993).
Torfajokull is the

('_,—\

SR e

:1_; =3y o

‘J Rhyolite boundary
"q— Supposed caldera fracture
Fault

¥l 504 b/ Torfajokult I
P - J

Glacier

largest unexploited
geothermal area in
Iceland, abundant in
natural surface mani-
festations (Figure 11).

+r, Hydrothermal featiures L., .0 1 2 3 4 5 krre= O (} <
) —

ST s N S In A
FIGURE 11: Torfajokull geothermal manifestations (Arndrsson et al. 1987)

6.1 Hydrothermal eruptions

Although relatively rare, hydrothermal eruptions constitute a potential hazard in active geothermal fields
and need to be included in an environmental impact assessment. The causes and mechanisms of
hydrothermal eruptions have been reviewed by Bromley and Mongillo (1994). Eruptions occur when the
steam pressure in the near surface aquifers exceeds the overlying lithostatic pressure and the overburden
is then ejected forming a crater. The resulting vent can vary from 5 to 500 m in diameter and up to 500
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m in depth although most eruptions will be relatively shallow. In assessing the likelihood of a
hydrothermal eruption, increasing steam flow to the surface accompanying reservoir pressure drawdown
or an expanding steam zone are some of the factors to be considered. A further consideration is reinjection
under pressure of fluids at temperatures >100°C into shallow environments. There is the possibility that
such water will rise rapidly to the surface and heat the local pore water, resulting in an eruption.

6.2 Subsidence

Withdrawal of fluid from any type of underground reservoir will normally result in a reduction of pressure
in the formation pore space, and this can lead to subsidence. One of the major causes of subsidence is the
compaction of clays. Its extent is therefore very much dependent on clay types in the formation.
Subsidence has been observed in groundwater reservoirs and geothermal reservoirs. Subsidence has a
number of implications for geothermal development and also for the effect on the surrounding field as it
can seriously affect the stability of pipelines, drains and well casing in a geothermal field. If the field is
close to a populated area, then it can lead to instability in dwellings and other buildings. In more remote
areas, where there may be no habitation, the local surface water systems may be affected. Therefore, the
effects and likelihood of subsidence must be addressed in the environmental impact statement. Before
exploitation, a baseline levelling and gravity survey with installation of levelling stations needs 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 changes in level, if any, can be subtracted from those due to exploitation.

6.3 Thermal emissions

Geothermal power plants utilize only a part of the thermal energy of the geothermal fluid to provide the
primary energy for conversion to power production. The efficiency of geothermal power plants is lower
than that of other types of power plants. Because the efficiency is so low the waste heat per MW of
electricity generated is larger than from other types of power plants and needs to be dissipated in an
environmentally acceptable way. A portion of the waste heat in the water component of water-dominated
geothermal systems is increasingly being used for binary cycle power plants. Thus, the temperature and
waste heat will be reduced. Also, many geothermal developments now dispose of geothermal wastewater
by deep reinjection, from which the environmental impact due to heat is negligible. 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 soils of this type of ground are often very acidic. In these cases, only very tolerant species can survive
and a unique flora may evolve. Attemperatures between about 50 and 70°C only mosses and lichens can
survive. Above that temperature, vegetation is 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. The possibility needs to be included in the
environmental impact assessment.

6.4 Water usage

Water is required for drilling, reinjection, well testing, and cooling in the power stations. The impact the
requirements will have on the water situation depends on the locality. In arid areas the problem of suitable
water can be acute, and geothermal water produced from first wells has been used as a water supply for
subsequent drilling. There is a large meltwater component in Torfajokull, fresh surface water is variable,
and precipitation is abundant, so drilling fluids should be available either from the surface or by drilling.
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6.5 Solid wastes

Generally, geothermal development produces significant amounts of solid waste and suitable disposal
methods need to be found. Because of the heavy metals, particularly arsenic, contained in geothermal
water these solid wastes are often classed as hazardous. These heavy metals must be disposed of safely.
Other solid wastes include drilling mud and cement, not normally considered hazardous, and construction
debris and normal maintenance debris, which can be considered hazardous in the presence of asbestos in
insulation material. Disposal of hazardous solid waste on site is a vexing problem; reinjection is one
solution to the disposal of heavy metals. When transporting waste, care must be taken to avoid spills. The
disposal sites need to be periodically monitored, and such sites could become a long-term liability.

7. STATUS ANALYSIS OF PRELIMINARY ASSESSMENT BEFORE DRILLING
7.1 Preliminary exploration before drilling

Surface exploration of the Torfajokull area has been in progress since 1992 and a basis for future
environmental monitoring has been laid. Earlier some geological and geochemical studies had been
reported by Arnérsson (1985) and Arnodrsson et al. (1987). The results of the chemical studies are
described by Olafsson and Bjarnason (2000). Their conclusion is that the geothermal manifestations are
quite transient. The reasons for this variability are likely to be the large amounts of precipitation in the
area, the large amount of snow that melts during the summer or possibly condensation of steam during
upflow. The area may be developed in the not too distant future. Very few studies of the geothermal
system had been carried out in the area previously and thus no changes could be reported. There was,
however, considerable knowledge of the geology of the area available.

7.2 Cost assessment before drilling

As states embark on geothermal development with the ultimate objective of improving the socio-economic
conditions of their constituents, the costs and impacts of such development on the intended beneficiaries
become the yardstick of the acceptability and of the success of the geothermal project. So it is absolutely
necessary to make a cost analysis before drilling. A brief description of the status of the various items
studied for this assessment follows and the actual estimated cost is shown in Table 4.

TABLE 4: Cost of preliminary environmental assessment before drilling

Item Cost
(Millions ISK)

Description of geothermal manifestations 1
Geochemistry 4.5
Geophysics 13
Microearthquake activity 18
Atmospheric gas 14.1
Levelling and gravity 19
Remote sensing (temperature) 1
Microorganism study 19
Total 90

The basic studies for evaluation of the area are nearly finished. A final version of a geothermal map is
ready for publication, all geophysical fieldwork is finished and the geochemical studies only need filling
in. Studies that basically need to be done for environmental assessment (microearthquake activity,
atmospheric gas, levelling and gravity, remote temperature sensing and microorganism study) have not
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yet been carried out. The cost estimate for the first three items is, therefore, the remaining cost of a large
project but for the latter five it is for full-scale studies (Table 4).

The area is very large and it is extremely unlikely that the start of utilization would cover the whole area.
It was, however, not within the scope of this project to choose the first site for drilling. The whole area
can be divided into 7-10 sub-areas, in each of which production could be initiated and it is not certain that
such preliminary studies would be carried out over the whole area if only a small part were to be utilized.
The estimate is, thus, a maximum estimate.

Ragna Karlsdottir (pers. comm.), team leader, gave the information that only minor office work remained
before the publication of the geothermal map and that all geophysical fieldwork was completed although
considerable interpretation of the measurements done remained to be carried out. These two items are
based on her estimates. Magnus Olafsson (pers. comm.) gave the estimate for the geochemical work
needed to complete the preliminary exploration before drilling. Kniitur Arnason (pers. comm.) said that
earthquake activity could be estimated using SIL stations in the vicinity but this was nowhere near
sufficient to establish background values for microearthquakes in the area. He said that in order to get
a good estimate of the natural seismicity, 8 stations should preferably be run for five years, but a fair
estimate could be obtained by operating portable seismic stations for 3 months which is a more realistic
option. Halldor Armannsson and Magnus Olafsson (pers. comm.) estimate that spot measurements of H,S
could be completed in 10 days. The results would be used to determine where stations for monitoring
H,S, SO, and Hg would be installed. It is assumed that it would be practical to install three stations at one
time but twelve stations would be needed to cover the whole area. Hjalmar Eysteinsson (pers. comm.)
suggests that GPS measurements be run in 125 points, each measurement taking at least 4 hours. The
gravity measurements require considerable mobilization and instalment work. When ready, one person
can do the actual measurements over one week. Remote sensing involves temperature measurements by
IR scanning, and the scans would cover the whole Torfajokull area, or 20x25 km?. The highest point of
the area is Haskerdingur at 1280 m, with geothermal manifestations ranging from an altitude of 550 m at
lake Alftavatn to 1050 m in Hrafntinnusker. The mean altitude is assumed to be 800 m and flying altitude
would be 1800 m a.s.l. Photographic strips 2 km wide with a 25% overlap would be obtained, making
atotal of 14 strips. The interpretation involves printing the strips to a certain scale (e.g. 1:25000 or larger)
with each temperature value printed with a certain colour, or temperature values can be grouped and each
group represented by a colour. A statistical evaluation of the strips reveals size and temperature of each
geothermal patch (Kolbeinn Arnason, pers. comm.). Tryggvi Thérdarson (pers. comm.) assumes that there
are on the order of 2000 geothermal manifestations in the area, 500 of which would be visited for the
microorganism study. The fieldwork is assumed to demand two field trips and regular dispatch of samples
to Reykjavik for analysis, as they do not keep well. All manifestations that appear to be biologically
remarkable will be sampled but others will be grouped and representative samples collected. The
manifestations and their ecological regime will be described, their position and altitude determined,
photographs taken, pH, temperature, conductivity and possibly H,S determined on the spot, and samples
for microscopy, cultures of remarkable species and for analysis of variability collected. The flow of the
hot springs will be measured wherever possible but otherwise estimated.

8. ENVIRONMENTAL IMPACT OF DRILLING
8.1 Overview

The environmental impact of geothermal development is receiving increasing attention with a general shift
in attitude towards the world’s natural resources. Most countries have embodied their environmental
concerns in legislation. Although the actual legislation varies in detail for different countries, the overall
requirements, and the purpose and need for legislation are recognized worldwide. The principal difference
probably lies in the administration of legislation, rather than its content. The different types of geothermal
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fields and geothermal development have varying impacts and legislation needs to cover all possible
developmental scenarios. In general, as development proceeds, the legislation requirements move from
environmental impact reports during the predevelopment stage, to gaining consent for development and
finally to a monitoring role during production. Environmental impact assessment (EIA) is important for
the predevelopment stage of drilling; EIA legislation was introduced in Iceland in 1993, and developed
comprehensively in 1997. The law on EIA in Iceland was published formally this year.

Introduction of compulsory EIA has met with strong resistance from many quarters, particularly in the
United Kingdom. Planners argued with partial justification that they were already making such
assessments. Many developers saw it as yet another costly and time-consuming constraint on
development. There are definitions e.g. that of Munn (1979), which refer to the need “to identify and
predict the impact on the environment and on man’s health and well-being of legislative proposals,
policies, programmes, projects and operational procedures and to interpret and communicate information
about the impacts”. The narrow U.K. Department of Environment/Welsh office (1988) operation
definition: “the term environmental assessment describes a technique and a process by which information
about the environmental effects of a project is collected, both by the developer and from other sources,
and taken into account by the planning authority in forming their judgements on whether the development
should go ahead.” United Nations Economic Commission for Europe (1991) defines EIA as an assessment
of the impact of a planned activity on the environment.” In essence EIA is a systematic process that
examines the environmental consequences of developmental actions and alternatives in advance.

The EIA methodology approach in the 1970s followed in the tracks of economic science in the direction
of models, matrices, networks, input and output (Gilpin, 1995). Methodology, like cost benefit analysis
which compares the social costs with the social benefits of a project all expressed as far as practicable in
monetary terms, have been used. Others like opportunity cost, the multiplier, contingent valuation, travel
cost approach and hedonic price technique are sparingly used because of their complexity in application.
Leopold et al. (1971), working with the US Geology Survey, produced a methodology in which matrices
are used for the entire field of EIA. Ofall the methodologies, checklists have tended to survive as a guide
to the potential impacts of a project. For this project, a checklist for impact identification has been
prepared (Appendix I: Checklist used for the project). The checklist is used because unlike other
methodologies mentioned, it is simple and descriptive. For impact assessment of drilling, matrices are
quite useful and more detailed, and are used for this study too.

8.2 Road construction

The amount of land that is disturbed by road construction during geothermal development can be quite
large (Brown, 1995); it is estimated that about 12 hectares are needed for road construction alone when
15 wells are drilled. In general, geothermal systems are often located in volcanic environments, where
the terrain is steep and access difficult. Furthermore, such an environment may also have severe erosion
problems. 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 then cause greatly accelerated erosion with the possibility of further slumping or landslides.

Most of the warm springs in the Torfajokull area are located on the rim of the caldera or just outside it,
at an altitude of around 600 m. This is a sparsely vegetated relatively inaccessible region, which is almost
devoid of vehiclular tracks. The weather is frequently inclement. Winter snowfall is heavy and the snow
lingers far into the summer. Therefore road construction in the Torfajokull area is difficult, stabilization
of the roads in such an environment is difficult and land affected by development is correspondingly
increased.
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8.3 Drill Site

For drilling pads in this area, the solution to erosion and landslides will be to drill a number of deviated
wells from a single drilling pad. In this way a large volume of reservoir can be tapped at depth, while
requiring only a small area, which can be situated on a stable land surface. The application of this
technique also means that fewer and shorter roads need be built.

o el m For the drill site, one
' drill pad occupies
about 0.4 hectares,
— 4.0 10.0—— 14 .

o I = which should be
cleared of vegetation
i e and compacted (Figure
9 12), or the exposure of
\ the area around each

y - [ Pool. ~1040 m? Fireproof infill 0,5 . .
o ¥ g 0 well site will create a

25 12" Runoff e E& Base for drilling machine ~1050 m?. Fireproof infill 3,5 m . .
Mud Sump ER Base for pumps and tubs ~295 m?. Fireproof infill 0,75 m  1114JOT" €TOS10N hazard.
~  E3 Sump for collection of cuttings, Erosion of cut slopes

depth 1,0-1,5 m volume ~ 350 m3

- r . takes place by runoff

Dot S e ey i 415 fon and slumping, but
J much of the sediment is
FIGURE 12: Dirill pad for a high-temperature well deposited at the foot.

Erosion of the fill
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because of the lack of
compaction and because the sediment is likely to be carried further downslope. Runoff, which
accumulates on the pad itself usually finds its way out through the fill slope, and where this is not
vegetated, the potential for gully erosion is high.

(Thorhallsson, pers. comm.)

8.4 Cable tool drilling

The cable tool rig is not a true drill in the strict sense of the word since it does not rotate, but employs a
heavy hammer bit that pounds and crushes the rock. This drilling method is common for cold water
drilling and before rotary equipment was taken into use in Iceland it was extensively used for geothermal
drilling. The cable tool drilling rigs have the advantage of being cheap to buy and requiring only two men
to operate. Among the disadvantages of this drilling method are the slow penetration rate compared with
rotary drilling, especially at depths below 200-300 m, and that in geothermal drilling blow-out prevention
equipment cannot be adapted. The cable tool rig is, therefore, unsuitable for drilling in areas where the
water temperature exceeds 100°C and in lower temperature wells, where free-flow may be dangerous
when using this method.

The main role of the cable tool rig in geothermal drilling in Iceland is to pave the way for the rotary
drilling equipment. This means that the rig is brought to start drilling the first 25-70 m and to set the
conductor pipe to keep the loose surface layers from falling into the hole. The rotary drilling rig is very
ineffective at shallow depths, as sufficient weight cannot be applied to the drill bit, so it is necessary to
get the hole started by another drilling method. This also mitigates the erosion impact in the loose soil.

8.5 Transportation
The traffic impact is important in drilling activity. Before drilling starts the area has a certain amount of

traffic. When drilling starts the traffic increases as the rig and all its accessories are transported to the drill
site.
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The rotary drilling rig is transported on set trailers pulled by a truck. Transport takes about a week
depending on the number of trucks and the distance. About 130 tons of casing, 140 tons of cement with
an additional 25 tons of drilling mud and 30 tons of diesel oil and some lubrication oil are expected to be
transported to the drill rig during the drilling of a well. The rig will be removed a week after drilling is
finished. This can lead to an increase in dust, noise, vehicular emissions and increased traffic. Occasional
traffic delays will occur at various points in the project area. The assessment of significance will focus
on who will be affected to what degree and whether the change is significant. Some of the affected groups
are people at home, or in work places. Special interest groups are children, the elderly and disabled, and
sensitive locations include schools, hospitals and places of worship. In the Torfajokull area, there is a
natural reserve with conservation value and sites of tourist attraction. Impacts like vibration accidents,
and spilling of hazardous loads are also possible.

8.6 Drilling fluids

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 3,000 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 I/s or
35,000 m® of water are required for 24 hours of drilling. If this water is discharged, care must be taken
to have it disposed of into a well designed for this purpose, as the quality of the water can be affected by
suspended solids and chemical content change (Brown, 1995). The water from drilling can create serious
gullying if discharged directly to the surface, e.g. into valleys. This can be a problem in the steep parts
of Torfajokull if proper disposal methods are not applied.

After use, drilling muds are produced as solid alkaline waste that may contain many other chemicals
(Table 5), 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 5: Chemical composition of bentonite and perlite (% of mass) (Armannsson, 1997)

Material | SiO, | ALO, | Fe,0, | TiO, [ CaO [MgO [Na,0 | K,0 [LOI" | ws? | AsY
Bentonite | 64.1 | 20.0 | 3.66 |0.16 [1.52.] 238 | 2.18 | 049 [ 626 | 0.1 | 05
Perlite | 730 | 125 | 07 |01 [10] 05 | 45 | 48 | 13

Y LOI = Loss on ignition, 2 WS = Water solubility, ? AS = Acid solubility

8.7 Drilling

The drilling pad accommodates the drill rig and the associated equipment including drill pipes. Asdrilling
takes place, cuttings from the drill head are flushed out with water, 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 in this respect is similar to a hard compacted surface. Other wastes
produced include petroleum products from lubricants and fuels plus cement wastes as spills. Air pollution
can result from non-condensable gas emissions and exhaust smoke from generators and compressors. In
vapour-dominated reservoirs, air-only drilling takes place and this requires large compressors, which, in
effect, increase noise to unbearable levels. A drill rig is seen from afar during drilling and may be
regarded as visual pollution but it is removed after drilling.
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8.8 Casing and cementing

The largest diameter casing used in a well is required only where the surface soils are so incompetent that
the washing and eroding action of the drilling mud would create a large cavity at the surface. Conductor
casing controls such erosive action. Surface casing is of a smaller diameter and its function is to protect
the freshwater table and provide an anchor for blowout-preventer equipment. The amount of surface
casing required, therefore, depends on the depth of the freshwater table with a minimum of 60 m and a
maximum of 400 m and is cemented all the way to the surface. If the fresh groundwater table is below
the surface casing, the control authority requires that the fresh water be protected by setting either
intermediate or production casing and cementing it with enough cement to completely fill the casing well
bore annulus from the shoe to the surface (Corsi, 1995).

Cementing well casings is carried out for a number of reasons. Where conductor casing is required, it
must be cemented in order to prevent the drilling fluid from circulating outside the casing, and thus, cause
surface erosion, which the casing was designed to prevent. Surface casing must be cemented in order to
seal off and protect freshwater formations. Cement also effectively protects the casing from corrosive
environments, notably corrosive fluids that may be present in the surface formations.

8.9 Demobilization

The demobilization can bring about loss of habitat that can be associated with leaving abandoned plants,
equipment and scrap without any attempt to rehabilitate them. During demobilization, a slotted liner is
put in, the drill rig is transported away and flow equipment is erected i.e. pipes, additional vents, and
atmospheric separators (silencers). An aerated shelter at the wellhead is desirable. 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 comparable status with the neighbouring area.

8.10 Warm-up, flow initiation and flow

The main impacts of well testing are water effluent that may contain toxic chemicals from the fluids, and
noise. After completion tests a well is normally closed in order to warm up and to build up pressure. This
is common with wells that can self-discharge. For wells which cannot self-discharge, it is common
practise to compress them using compression time. Some wells have to be airlifted to initiate flow. Noise
impact may be experienced from the large compressors used. Testing of wells has often had a deleterious
effect on local vegetation with some plants being scalded by escaping steam and spray. The effect is more
severe during vertical discharge carried out to clear wells; this should take as short a time as possible,
preferably not more than one hour. The wastewater from a tested well can cause serious gullying when
discharged directly to a steep area, and must possibly do so in the fragile soils found in the Torfajokull
area.

During well testing, care should be taken not to discharge the wastewater directly to steep areas but to
sumps made to contain this wastewater. Failure to do so can cause serious gullying.

9. ENVIRONMENTAL ASSESSMENT FOR DRILLING
9.1 Checklist

A project such as drilling is always likely to be subject to EIA in accordance with Icelandic law. The
possible environmental impacts of drilling in the Torfajokull area are listed in Appendix I. The impacts
that could result if drilling were implemented are also discussed where appropriate. Only those elements
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.
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9.2 Land

Land is required for drill pads, access roads, steam lines, power plant and transmission lines. Estimation
of land required for geothermal development is an important task in EIA. During road construction and
drill site preparation, unstable land conditions may result and changes in geological substructure can
occur. The Torfajokull massifis cut by a multitude of gullies and ravines particularly in the southern and
southeastern parts. A popular backpacking trail winds through the central part of the area, which is
otherwise relatively inaccessible and almost devoid of vehicular tracks. Vegetation is sparse, so if it is
exposed to erosion agents, it should be given over to revegetation with grass 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 deviated 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.

9.3 Air

During drilling, air pollution can result from non-condensable gas emissions, exhaust gas from generators,
compressors, and vehicles. There may be objectionable hydrogen sulphide odours, as it produces an
unpleasant odour. Eye irritation and respiratory damage may not be of any significances as the
Torfajokull area is not inhabited and only used by tourists. As drilling is a temporary activity, no
significant long term air quality impacts are expected, but long term monitoring of hydrogen sulphide,
sulphur dioxide and possibly heavy metals such as mercury in atmospheric air should be implemented.

9.4 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. The
amount of water used as drilling fluid is enormous and should be discharged with utmost care into well
designed sumps or possibly re-injected as this can affect the quality of the groundwater. In parts of
Torfajokull springs, streams or lakes may provide an adequate amount of water for drilling fluids. In other
parts drilling may be necessary.

9.5 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. Torfajokull is in a remote area where the natural
level of noise is low and any additional noise is very noticeable. In such areas, tourists will probably
regard any noise as an intrusion into their otherwise quiet environment. Animal behaviour is also affected
by noise with reports of changes in size, weight, reproductive activity and behaviour. Torfajokull field is
not an inhabited area, so there will be no serious noise impacts during early stages, however, the
temporary noise impact may be felt at the tourist huts of Landmannalaugar and Hrafntinnusker. The noise
impact will decline later, when wells have been drilled and tested. So in Torfajokull, noise impact is not
expected to be serious.

9.6 Vegetation

The flora of Iceland consists of 438 species. In the Torfajokull area, vegetation in general is relatively
scarce due to sand blowing, volcanism and overgrazing by sheep for centuries as well as its altitude of
mostly >600 m a.s.l. Continuously vegetated areas are small, the largest and most lushly vegetated being
close to rivers and lakes. In the “nature reserve” about 150 species of flower plants and bracken plants
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have been identified (squares 4961, 4962, 5061 and 5062 of the grid system for the study of plant
distribution in Iceland; Kristinsson and Johannesson 1970, see Figure 13). During a recent visit to the
geothermal field in Holmsarbotnar, H. Kristinsson (pers. comm.) recorded those species that grow only
around geothermal manifestations in that area. e.g. Botrychium lunaria - common moonwort,
Calamagrostis stricta - narrow small reed, Eleocharis quinqueflora - few-flowered spiko-rush, Epilobium
palustre - marsh willow nest, Hieracium islandicum - Icelandic hawkweed, Juncus alpinus - alpine rush,
Juncus articulatus - jointed rush, Juncus bufonius - toad rush, Juncus filiformis - thread rush, Poa annua -
annual meadow grass, Ranunculus hyperboreus - arctic butter cup, Sagina procumbens - procum bent
pear/wort, Triglochin palustre - marsh arrowgrass.

In sandy parts lyme grass (Leymus arenarius), bladder campion (Silene uniflora) and thrift (Armeria
maritima) are about the only species found. Where there is more moisture, sand vegetation is relatively
continuous and also includes narrow small-reed (Calamagrostis stricta), Scheuchzer’s cotton grass
(Eriophorum scheuchzeri) and curved sedge (Carex maritima). On gravel beds the most important species
are least willow (Salix herbecea), alpine mouse-ear (Cerastium alpinum), purple saxifrage (Saxifraga
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oppositifolia), thrift (Armeria maritima), northern rock-cress (Cardaminopsis petraea), northern fescue
(Festuca vivipara), glaucous meadow-grass (Poa glauca) and alpine hair-grass (Deschampsia alpina).

Mosses are quite extensively distributed and the area is very much characterized by Racomitrium ericoides
and its relative Racomitrium lanuginosum but higher plants occur intermittently and are mostly the same
as those of the gravel beds but also including stiff sedge (Carex bigelowii).

The rhyolitic lavas are devoid of vegetation but the species that do occur are mostly the same as those of
gravel beds and heathland although vegetation typical of snowy lows occurs in the deepest lows. On
basaltic lavas there is more abundant vegetation, which is like that of the heathland but including some
grass.

In flat areas and on the lower parts of slopes, grass species provide the most extensive coverage but
borders of flatland, wetlands and heathland are not clear. The species that characterize the heathland are
wooly willow (Salix lanata), broadleaved willow (Salix callicorpea) and least willow (Salix herbacea),
especially wooly willow. Slopes are divided into three belts, i.e. meadows where the most important
species are velvet bent (Agrostis vinealis), fescue grasses, alpine meadow-grass (Poa alpina) supplemented
by some flowering plants. In the central belt Bellard’s kobresia (Kobresia myosuroides) dominates with
a sprinkling of stiff sedge (Carex bigelowii). In the top belt the kobresia heaths disappear and change to
mossland.

The mountain slopes are in some cases grassy but several flowering plants are found in lows, e.g. alpine
lady’s mantle (Alchemilla alpina), common lady’s mantle (Alchemilla vulgaris), meadow buttercup
(Ranunculus acris), dandelion (Taraxacum), alpine vernal grass (Anthoxanthum odoratus) and more grass
species, even wood cranesbill (Geranium sylvaticum) and angelica (Angelica archangelica) are found.
There are unclear borders between the flowering plant land and snowy lows but the most important snowy
low plants are creeping sibbaldia (Sibbaldia procumbens), dwarf cudweed (Omalotheca supina), least
willow (Salix herbacea) and timothy (Phleum pratense) and the snowiest of them are gray with snow moss.

There are quite a few wetlands in the area. Kylingar is a continuous marshy ground with pools and ponds.
The main species there is common cotton grass (Eriophorum angustifolium) but mountain bog-sedge
(Carex rariflora), Scheuchzer’s cotton grass (Eriophorum scheuchzeri) and narrow small-reed
(Calamagrostis stricta) are common, too. The latter two occur mostly on the borders of sand and wetlands
and often form belts along brooks and ponds. In drier moorlands stiff sedge (Carex bigelowii) is the main
species but in marshy spots in Laugar and Hattver common sedge (Carex nigra) is virtually the sole
species.

In Landmannalaugar the vegetation is akin to lowland vegetation. Next to the lava border there is a
swamp with common sedge (Carex nigra), Lyngbye’s sedge (Carex lyngbyei) and some flowering plants
such as marsh cinquefoil (Potentilla palustris), marsh willowherb (Epilobium palustre), butterwort
(Pinguicula vulgaris) and others. By the lava’s edge there are continuous sections of flowering plants
where brittle bladder-fern (Cystopteris fragilis) grows as well. On the banks of the brook Laugalaekur
vegetation is lush and field grasses, dandelions (Taraxacum), meadow buttercups (Ranunculum acris)
grow in the geothermal warmth. There is a lot of autumnal hawkbit (Leontodon autumnalis) as well as
widespread clover (Trifolium) which is rare in the highlands. There are however hardly any species that
can be termed geothermal except for small adder’s tongue (Ophioglossum azoricum) but in this area
jointed rush (Juncus articulatus), frog rush (Juncus ranarius) and even silverweed (Potentilla anserina) may
be classified as such. In the Laugalaekur brook there is plenty of vegetation, such as common water-
starwort (Caliitriche stagnalis) and lesser pondweed (Potamogeton pusillus).

By the sulfurous hot springs at the roots of Brennisteinsalda one more geothermal species, marsh cudweed
(Filaginella uliginosa) grows. By the hot springs in Vestri-Reykjadalir there is quite lush vegetation too
(Einarsson, 1985, H. Kristinsson, pers. comm.).
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9.7 Microbiology

With regards to microbiology, the Torfajokull area (e.g. Landmannalaugar and Hrafntinnusker) has been
investigated to some extent. J.K. Kristjansson and his co-workers, as well as some foreign scientists, have
collected samples and cultivated hot spring microorganisms from them. Some papers have been published
on bacteria from the samples but it is not an easy task to find them. The area around Hrafntinnusker, for
instance the ice caves and their surroundings, provide conditions for very rich ecosystems of hot spring
microorganisms. Here is a great variety of hot springs, some of which are of a very special character, and
are formed in a close interaction of a high-temperature area with ice and constant wetness (J.K.
Kristjansson, pers. comm.).

9.8 Animal life

There are plenty of tiny animals, such as blood-red planktonic crabs and small zooplankton in ponds and
lakes. Skateworm has been found in Ljétipollur, Kylingar and by Lake Lodmundarvatn. Water conches
are common in Landmannalaugar. There is trout in most of the lakes, especially Ljotipollur,
Démadalsvatn and Frostastadavatn (Magnusson 1985). Recently trout has been bred in Alftavatn and
Laufavatn where there was none before (Bodvarsson 1976). The most common wild mammal is fox and
it is also likely that field mice live in the area. Mink has no doubt strayed there, too.

Close to Torfajokull, birdlife is scarce due to the high elevation. Snow bunting (Plectrophenax nivalis),
ptarmigan (Lagopus mutus) and purple sandpiper (Calidris maritime) are the species most likely to nest
there. The area is expected to take on added importance for the ptarmigans in autumn and early winter
and pink-footed geese (Anser brachyrhynchus) will stop over in vegetated areas in the autumn. At that
time other birds are rare visitors. The same applies to the whole area west to Reykjafjoll, Kaldaklofsfjoll
and Hrafntinnusker. In the lower lying valleys to the north of Torfajokull birdlife is considerably more
extensive especially where there are lushly vegetated patches such as in Landmannalaugar, Kirkjufellsvatn
and Kylingar, and there is also considerable birdlife on vegetated slopes such as Laugahlid. The most
common nesting birds in these parts are great northern diver (Gavia immer), whooper swan (Cygnus),
pink-footed goose (Anser brachyrhynchus), mallard (Anas platyrhynchos), harlequin duck (Histrionicus
histrionicus), ringed plover (Charadrius hiaticula), Eurasian golden plover (Pluvialis apricaria), purple
sandpiper (Calidris maritima), dunlin (Calidris alpina), white wagtail (Motacilla alba), wheateater
(Oenanthe oenanthe) and snow bunting (Plectrophenax nivalis). Meadow pipit (Anthus pratensis) and
snipe (Gallinago gallinago) are probable nesting birds that are regularly spotted in the area but nesting has
not been confirmed. Raven (Corvus corax) and lesser black-back (Larus fuscus) are regular visitors during
the summer. The area is part of the migration route for migratory birds, which are numerous in the area
in late summer, especially passerines in August. Birdlife in southern Fjallabak and Jokulgil has not been
studied. There is considerable birdlife at Alftavatn and vegetated areas near by and the composition is
similar to that north of Torfajokull even though the species are somewhat fewer. In addition gyrfalcon
(Falco rusticolus) has nested in that area (E.O. Thorleifsson, pers. comm.).

9.9 Transportation

The transportation of the drill rig in the Torfajokull area could be rather difficult. A popular backpacking
trail winds through the central part of this area, which is otherwise relatively inaccessible and almost
devoid of vehicular tracks. New roads would have to be built, and great care taken that they distort views
as little as possible.
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10. CONCLUSIONS AND RECOMMENDATIONS

1. Careful planning is needed to reduce impacts of access and site development in the Torfajokull area,
as it is a very popular nature reserve area in Iceland.

2. Care has to be taken to obtain good drilling fluids, as relatively acid carbonate fluids are known in the

area, e.g. in the stream “Olstallur” described by G.O. Fridleifsson (pers.comm.) where the pH of the

water was 5.6 which renders it unsuitable as a drilling fluid.

Long-term monitoring of changes in geothermal manifestations water level should be put into effect.

4. The permeability of the lava formations suggests that it should not be difficult to dispose of effluent
water. As there is always a danger of over-exploitation of the fluid, the best solution economically
and environmentally is re-injection; it must be considered in the Torfajokull area.

5. The greatest damage to the vegetation of the area has, up to now, been due to sheep grazing; limiting
this activity would improve the flora of the area. A careful recording of rare plants, especially those
that normally only grow near hot springs, should be undertaken.

6. Production from the area would open it up with new roads. Increased tourism would be expected and
might even call for some services in the area. Due to the increased number of travellers, easier access
would be expected to increase hunting, a danger to the natural reserve area, and measures might be
needed to protect it.

98]

ACKNOWLEDGEMENTS

Iwould like to give thanks for the opportunity to participate in the UNU Geothermal Training Programme.
Especially to the director, Dr. Ingvar B. Fridleifsson, and the deputy director, Mr. Ludvik S. Georgsson,
for providing this course and selecting me for this very special training programme. And to Mrs. Gudrin
Bjarnadottir for her efficient help and kindness during the six months. I sincerely thank my supervisor,
Mr. Halldér Armannsson, for giving me the opportunity to work under his patient and efficient guidance
and for sharing his knowledge and experience. Also, I would like to thank Mr. Einar Tjorvi Eliasson for
giving me a lot of advice for my project and presentation; Mr. Gudmundur O. Fridleifsson and Mr. Jon
Orn Bjarnason for help with the geological map and some geological data; Mr. Magnus Olafsson for help
during fieldwork in the Torfajokull area, and Mrs. Johanna M. Thorlacius and Mr. Porsteinn V. Jonsson
for providing the meteorological data; Mr. Hordur Kristinsson for supplying the data on vegetation, and
Mr. Einar Thorleifsson for the information on birds in this area. I would like to thank everyone who in
one way or another helped me during the course of training and preparation of this report. I am also
grateful to my UNU fellows for mutual support over these six months.

I would also like to express my gratitude to the governor of Yunnan province for giving me the
opportunity to participate in this special training programme. My great thanks to my parents and my little
son for bearing the inconveniences of my absence during my training in Iceland; glory is to them.

REFERENCES

Armannsson, H., 1997: Reykjanes, a preliminary investigation for environmental assessment.
Orkustofnun, Reykjavik, report 0S97031 (in Icelandic), 58 pp.

Armannsson, H., Kristmannsdottir, H., Torfason, H. and Olafsson, M., 2000: Natural changes in
unexploited high-temperature geothermal areas in Iceland. Proceedings of the World Geothermal
Congress 2000, Kyushu-Tohuku, Japan, 521-526.

Arnason, K., 1997: The development of remote sensing methods for the mapping of temperature changes
in geothermal areas (extended abstract). In: Kristmannsdottir H. (editor), Environmental effects of



Fang Liping 98 Report 6

geothermal exploitation: Compilation of results from a cooperative project. Orkustofnun, Reykjavik,
report OS-97074 (in Icelandic), 37.

Arnorsson, S,. 1985: The use of mixing models and chemical geothermometers for estimating
underground temperatures in geothermal systems. J. Volc. Geotherm. Res., 23,299-335.

Arnorsson, S., 1987: Gas chemistry of the Krisuvik geothermal field, Iceland, with special reference to
evaluation of steam condensation in upflow zones. Jokull, 37, 31-47.

Arnorsson, S. and Gunnlaugsson, E., 1985: New gas geothermometers for geothermal exploration -
calibration and application. Geochim. Cosmochim. Acta, 49, 1307-1325.

Arnorsson, S., Gunnlaugsson, E. and Svavarssson, H., 1983: The chemistry of geothermal waters in
Iceland III. Chemical geothermometry in geothermal investigations. Geochim. Cosmochim. Acta, 47,
567-577.

Arnérsson, S., fvarsson, G., Cuff, K.V., and Saemundsson, K., 1987: Geothermal activity in the
Torfajokull field, South Iceland: Summary of geochemical studies. Jokull, 37, 1-11.

Baldursson, K.M., 1996: The annual report of the Touring Club of Iceland 1995 (in Icelandic). In:
Kristgeirsson H. (Editor), The Touring Club of Iceland, Yearbook 1996. The Touring Club of Iceland,
Reykjavik, 252-257.

Baldursson, K.M., 1997: The annual report of the Touring Club of Iceland 1996 (in Icelandic). In:
Kristgeirsson H. (Editor), The Touring Club of Iceland, Yearbook 1997. The Touring Club of Iceland,
Reykjavik, 261-267.

Bodvarsson, A., 1976: The southern Fjallabak route (in Icelandic). In: Jonsson, P. (Editor), The Touring
Club of Iceland, Yearbook 1976. The Touring Club of Iceland, Reykjavik, 11-153.

Bromley, C.J. and Mongillo, M.A., 1994: Hydrothermal eruptions — A hazard assessment. Proceedings
of the 16™ New Zealand Geothermal Workshop, Geothermal Institute, Auckland, 45-50.

Brown. K.L., 1995: Impacts on the physical environment. In: Brown, K.L. (convenor), Environmental
aspects of geothermal development. World Geothermal Congress 1995, IGA pre-congress course, Pisa,
Italy, May 1995, 39-55.

Checchi and Company and the Architects Collaborative Inc., 1975: Tourism-Iceland. Phase II. United
Nations publication, 106-250 pp.

Corsi, R, 1995: Environmental protection aspects related to injection. In: Broen, K.L. (convenor),
Environmental aspects of geothermal development. World Geothermal Congress 1995, IGA pre-congress
course, Pisa, Italy, May 1995, 147-171.

Einarsson, E., 1985: Plant life (in Icelandic). In: Magnusson, G.O. (editor), Hiking routes at Fjallabak.
The Touring Club of Iceland, Reykjavik, 24-26.

Fournier, R.O., 1977: Chemical geothermometers and mixing models for geothermal systems.
Geothermics, 5, 41-50.

Fournier, R.O. and Potter, R.W. I, 1982: A revised and expanded silica (quartz) geothermometer. Geoth.
Res. Council Bull, 10-11, 3-12.



Report 6 99 Fang Liping

Giggenbach, W.F., 1991: Chemical techniques in geothermal exploration. In: D'Amore, F. (coordinator),
Application of geochemistry in geothermal reservoir development. UNITAR/UNDP publication, Rome,
119-142.

Gilpin, A., 1995: Environmental impact assessment, cutting edge for the twenty-first century. Cambridge
CB2 IRP, UK, 182 pp.

Gislason, G., 1997: Methods for the measurement of steamflow from fumaroles. In: Kristmannsdottir
H. (editor), Environmental effects of geothermal exploitation: Compilation of results from a cooperative
project. Orkustofnun, Reykjavik, report OS-97074 (in Icelandic), 42

fvarsson, G., Sigurgeirsson, M.A., Gunnlaugsson, E., Sigurdsson, K.H., Kristmannsdoéttir, H., 1993:
Measurement on gas in atmospheric air. Orkustofnun and Hitaveita Reykjavikur, Reykjavik, report OS-
93074/JHD-10 (in Icelandic), 69 pp.

Kiristinsson, H. and Johannesson, B. 1970: A grid system for the study of plant distribution in Iceland (in
Icelandic, with English summary). Natturufraedingurinn, 40, 58-65.

Leopold, L.B., Clarke, F.E., Kandshaw, B.B., and Balsley, J.R., 1971: 4 procedure for evaluating
environmental impact. US Geological Survey Circular No. 654, Washington DC.

Magntisson, G.O., 1985: Hiking routes at Fjallabak (in Icelandic). The Touring Club of Iceland,
Reykjavik, 76 pp.

Munn, R.E., 1979: Environmental impact analysis, principles and procedures. John Wiley and Sons,
Ltd., Chichester, SCOPE report no. 5.

Olafsson, M. and Bjarnason, J.0., 2000: Chemistry of fumaroles and hot springs in the Torfajokull
geothermal area, South Iceland. Proceedings of the World Geothermal Congress 2000, Kyushu-Tohoku,
Japan, 2000, 1547-1552.

Poreda, R.J., Craig, H., Arnorsson, S., and Welhan, J.A., 1992: Helium isotopes in Icelandic geothermal
systems: 1. *He, gas chemistry, and *C relations. Geochim. Cosmochim. Acta, 56, 4221-4228.

Ragnarsson, A., 2000: Geothermal development in Iceland 1995-1999. Proceedings of the World
Geothermal Congress 2000, Kyushu-Tohoku, Japan, 363-375

Saemundsson, K., 1972: Notes on the geology of the Torfajokull central volcano (in Icelandic).
Natturufraedingurinn, 42, 81-99.

Saemundsson, K., 1988: Geology of the Torfajokull wilderness (in Icelandic). In: Kristgeirsson H.
(editor) The Touring Club of Iceland, Yearbook 1997 - Cairns on the road. The Touring Club of Iceland,
Reykjavik, 164-180.

Sigvaldason, G.E., and Oskarsson, N., 1976: Chlorine in basalts from Iceland. Geochim. Cosmochim.
Acta, 40, 777-789.

The Nature Conservation Register, 1996: A list of nature reserves and other natural monuments (in
Icelandic). The Nature Conservation Council, Reykjavik, 64 pp. + map.

UK Department of Environment/Welsh Office, 1988: Environmental assessment. DOE Circular 15/88
(Welsh Office Circular 23/88).

United Nations Economic Commission for Europe, 1991: Policies and systems of environmental impact
assessment. United Nations, Environmental series.



Report 6

100

Fang Liping

ing in the Torfajokull geothermal field

Environmental impact checklist for drill

APPENDIX 1

{, SOAEM [EPT)
Y Y Ve 10 SUIpOO[} ST Yyons sprezey paje[al em o A1radoiad 10 ojdoad jo amsodxyg 1
;, serjddns 17em
Vs ) Y o17qnd 10J 9[qER[TEAR STMIDYIO 19JEM JO JUNOLIE Y] UL UOTONPAI [RHURISGNS Y
. SUOTBABOXQ 10 SJN0 Aq Jojmbe ue jo uondadiaiul YSnouy) 10 ‘S[eMBIPYIIM 10
Va S, V. SUONIPPE 19211p Y3NOoIy) Y0 Iajesm punoid jo Lienb 1o Lnuenb oy ur saSuey) 3
S )2 P {, SIoJem PUNOIS JO MO[J JO 2)BI 10 UOTIJIIP 3] JO UOHRIIY ]
¢ A1Ip1gang 10 UaSAX0 paA[0sSIp ‘aInjeradura) 0) pajul] 10U Jng SUIpN[oUL
o . , ‘Knpenb 10jeMm 90BLINS JO UOTRIA[E AU UL IO ‘SI9JBM I0BLINS OJUT 9BIRYOSI(] "2
, 2 3 ¢ Apoq Iartem KuB Ul 12)eM 9IBJINS JO JUNOUIE dU) UL A3URY)) P
A S, 3 (, SIa1eM POO[J JO MO[J JO 9SIN0J 9y} 0) UONBIA[Y 2
{, JJOUNI 90BJINS JO
N ys P junoure pue ayel a1 1o ‘susanjed ofeureIp ‘sojer uondiosqe ur sadury) °q
{, SI1BM USOIJ IO QULIBLU JAUID Ul
Vs Y, 2 ‘SIUDWIDAOW I3BM JO UOTIORIIP JO ASINOD YY) 10 ‘SJUSLIND Ul SAZURYD "B
:ur Jynse1 jesodord o [[1AN “I9IBAM '€
(, A[[eUOI3a1 10 AJ[eO0] 191219
Va ) P ‘e ur 23ueyo Aue Jo ‘armeradua) 10 9INISIOW JUIWAAOW 1B JO UOHRI[Y D
, y3 P (, SINOPO 9[qeuondA[qo Jo uonEeAId YL, °q
Ja Ja Vs ¢, Kypenb Ire 1u9Iquie JO UONEBIOLIIAP IO SUOISSIWD Ik [BNURISqNS ‘B
:ut 3nsaz [esodoid ayy [[Ip IV °T
(, SpIeZEy IB[IWIS IO ‘QIN[E] PUNOLS ‘SIPI[SPNLL ‘SIPI[SPUR]
Y A, Y. ‘sayenbyiea se yons sprezey 01301093 01 A11adoxd 10 spdoad jo amnsodxy 3
(. ae[ 10 19Ul ‘Keq Aue 10 UB3J0 ) JO Paq
A 10 WEaNS I0 IOALL B JO [QUUBYD ) AJIpOUI ARUI YIIYAr UOISOID 10 uonisodap
Y ) Y. “HONBI[TS UT Sa8UBYD IO ‘SPUBS Yoraq JO UOISOId 10 uonisodap ur saguey) °J
P 2 2 7 2115 o) JJO 10 UO JoIo ‘S[I0S JO UOISOIR I9EM 10 PUIM UL 9SBAIOUL AUY 9
{, SoINBaJ
Va Y Va eo1sAyd 10 01801008 onbiun Aue Jo UONEOIJIPOW 10 SULIDAOD ‘UOTONISIP YL, P
’ P » ( SaImea] Jorfal soeyans punois 1o AydeiSodo) ur o5ueyy o
s 3 » 7 108 a1} JO SULIDA0D 19A0 10 uonoeduiod ‘syuawade[dsip ‘suondnisiq 'q
A’ J 2 {, SQINONI)SQNS J150]0AT UL SAFUBLD U JO SUOLIPUOD Y)Ied 2[qeisuf) '8
:ut jnsai esodoxd oy [[Ip yIey T
oN [298ein] sox [ oN [oqfeN] sox [ oN [29AeN| sax
uoyD.13d() Sunpiq uoyviojdxy spalgng




Fang Liping

101

Report 6

{ a1 ue Jo uone[ndod uewny o) JO ojel

Vs y. Y (14013 10 ‘A)Isuap ‘uonnguysip ‘uonesof 9y e resodoid sy [ ‘uonendod ‘I
ueld uonendOLA
Va Py y. KouaBiowa 10 ued osuodsar AOUSSIAWD UB Y)IM DUIIILINUI I[QISSOJ  *q
¢, suonpuod jasdn
10 JUQPIDJE UE JO JUIAD 9Y) UI (UONBIPEL JO [BITWAYO JUIPLOOL [IO ‘0) pajiwl]
Y Y Y 10U Jnq ‘SUIPN[oUr) IdULISqNS SNOPILZEY JO ASBI[AI A} 10 UOISO[dXd ue JOoYSUy B
:aajoaut Jesodod a1 [[1p4 *19sdn Jo SR 0]
P2 P )2 {, $92IN0SAI [BINJRU S[qEMIUIUOU AUE JO UONA[dap [enue)sqng °q
Py Ja P (, $90IN0SaI [BINJEU AUE JO ISN JO J)BI UT SASLAIdU] "B
:ur 3 nsaz esodoxd 2U) 1A *SIDINOSAI [BINIBN] °6
/ / A T pauue[q
P2 P 2 1 Udsalg
{, BaIe uw Jo 9sn pue| pauueld 1o juasaxd oy jo uonerd)e [enuersqns e ur insal [esodoid ay) [[IA SN pue °g
Ja P , _ I ¢, 2183 10 1yS1] mau 2onpoid [esodoid ayy [[ip "3RS pue JyYSIT *L
Ja )2 3 {, S[2A9] a@s10u 2124938 0] 9[doad jo amsodxg °q
y3 P2 V3 {, S[AQ[ 9SIOU JUIISIXD UI SISBAIOU] B
:ut jynsaz fesodoid oy [[TAA 3SION ‘9
/ / / ¢, JENqeY JI[P[IA IO [STf TUNSIXD O] UOTRIOLN(T P
¢, S[EWIUE JO JUSWIAOUI IO UOTRISIW
Y Ve . 3y} 0] I9LLIRQ B IO ‘BAIR UR OJUT S[RWIUE JO $9102ds mau Jo uonanporuy o
P , 3 s[ewitue Jo soads paraguepus 1o alel ‘anbiun Aue Jo siaquinu ay) Jo uononpay g
¢ ($109SUT 10 WISTURTIO JIIUaq ‘YSII[[2YS PUB YsIJ ‘sa[ndal se yons s[eLIuL pue|
Va , Vs ‘spa1q) spewitue Jo saroads Aue jo Jequinu 1o ‘sardads Jo AJISISAIp ay) ur a3uey) ‘e
:ur jnsaz resodoxd oy [[Ip "9JI] [BWIUY °S
’ P , ¢, do1o reamynouse Aue Jo 95BAIOR UT UOHONPIAY P
;. sa10ads Tunsxa jo juawysiudfdar
Vs Py 2 [PULIOU 9] O} ISLLIEq B UI IO ‘BaIe ue ojul sjueld Jo saroads mau jo uononponuy 2
A 3 P ¢, siuepd jo saroads pardSuepua 1o 21wl ‘onbrun Lue Jo s1oquinu 9y} JO UONONPRY '
¢, (syued onenbe pue ‘sdoIo ‘sseid ‘sqniys ‘sean suipnjour)
Y S ya siuepd Jo sarads Lue jo 1equuinu 10 ‘saroads Jo AJISIAIP aYy) Ul SATURYD B
:ur )nsaz resodoxd oy [[IAN I JUBL] “F
oN [2aqfey| sex | oN [2g4en| sox || oN |2gAeA| SoA
uonyn.adp sunypiq uonv.Loydxsy spalgng




Report 6

102

Fang Liping

ya Va V2 {, SpIezeq qI[eay [enuajod 0] o[doad Jo aImsodxy q
(ypeay [eIuaw 3uIpnjoxa)
y » Y prezey qireay [enudjod 1o prezey yieay Aue Jo Uonear) ‘e
:ur Jnsar resodord o) [[1AN “YI[BIY uewngy L1
, L, S ¢ [esodsip pue 9isem pI[OS 2
/A Vs , ¢, syuey ondas 10 omag  p
Vs / / LB D
P2 , P2 {, SWISAS SUOHEIIUNWWIOD) °q
2 2 2 {, SET [RINJBU IO J2MOJ ‘B
:sanIn SUIMO[[0] 24} 0] SUONRIANE [RIIURISANS 10 ‘SUID)SAS MU 10] pasu © ul [nsai [esodoid ay) [[IA "SWI)SAS 3IIAIIS PUEB SN 9T
{, A81au2 Jo $20I0s mau Jo Juawdo[aAdp oy a1inbar 10
Ve Vs . ‘A310u9 Jo seoinos Sunsrxe uodn puewap Ul 9sBIIOUI [RHURISqNS ]
Vs Ja 2 (, A312u2 10 [9n} JO SjUNOWIR [RTJUR)SQNS JO S "B
:ut ynsaz resodoad ay i "ABaauy ST
» , pa {, SOOTAIDS [BJUAUWILIDAOT IO ]
» P2 3 ;, Speol suipnpoul ‘sanifoey a1qnd Jo duBUUIRIN D
’ A P2 {, SONI[I0B] [BUONBAIIAI IDUI0 10 SYIed P
/ / / . S[oogdS§ 2
Y 2 2 ¢, uonoajord 9o110d  °q
)2 ’ P2 , uonoojord a1 B
:SEOTR SUIMO[[OJ 3y JO AUR UI S90IAIOS [BIUSWUISAOS PAI)[ IO MAU I0] PAdU B Ul J[nsal Jo ‘uodn Joagya ue daey esodoid oy [[IA} "SIIAIRS J[qNd ‘b
P2 , S ¢ surinsapad 10 $1SI[OADIq D[IIYIA I0J0W 0] SPIRZRY JLfJRI) Ul 9SBaIdU] 'J
) 2 3 ¢, OLjJeI} a1 IO [IeI ‘QUIOQIJem 0] UONRId[Y 9
i, Spo03
Vs , , 10/pue a1doad Jo JuSLIDAOW JO UOTIR[NIID Jo suaned juasaid 03 uonerd)y  p
P2 P2 3 ¢ swaysAs uonexodsuen Sunsrxa uodn joedult [enuelsqng 0
)2 P 3 ¢ sunpred mou 10J puBWAp 10 ‘SanI[oe) Sunyied Sunsxa uo $109)5d °q
P2 s s {, TUQWQAOW JB[NJTY2A [BUONIPPR [BOURISNS JO UONRIIUAL) B
:ut y[nsai fesodoid o) 1A "uonRmIIR/UonNe)IodsSUBL], "€
{, SUISNOY| [BUOT)IPDE
Vs 7 Y 2 10J pUBWIP © 9JBa10 10 ‘Sursnoy Sunsixs ay) 109)e [esodoid ay) [[1p “Suisnoy 71
ON [9qheN| sox |[ oN |egqiein _ sox || oN [=gAe| sax
uonyn42do) suppicy uoynLopdxsy spalgng




Fang Liping

{ A[OQIIPUL 10 A[JO2IIP I1a(JI0 'Soulaq UBWNY UO SII3FJ3 ISI9ADE

Yo ) Y [BIIURISQNS ASNEO [[IM OTUM $109]J2 [BIUSWIUOIIAUD ARy 103foxd ayp ssoq *p
(ruedyTuSIs SIIUQWUOIIAUR 1) U0 s1ovdwl 3501} JO [210) Y} JO 109JJ2 9
, V. Y. nq 201081 yora uo joedu [ews Kpane)ar e oaey Aeuwr1oafoid ) ¢, s[qrispisuod

APATRINWND INQ “PAAWI] A[[ENPIAIPUL 218 Yatym s1oeduir aaey 109foid ayy ssog -0

("eImny oY) 0JUT [[aM 2IMpuUd [[1m syedur
wira)-3uo[ o[iya awn Jo porrad aAnUIap JoLiq AJOATRDI B UI SINJ00 [IIYm U0
Y Y Y ST JUQUIUOITAUD A1) U0 10BdWI ULIAJ-HI0YS V) ¢, S[EOT [RUSWUOIIAUD ‘WI)-FUO[ JO
a3rIuBADESID o) 0] ‘ULId)-)IOYS A_IyoR 0) Tenualod o aaey 109foad ay1 seog  'q

¢, A1oys1yaad 1o K10ys1y Jo spotrad

Jofew oy Jo sardurexa jueliodwl BUNUI[S 10 [BWIUE 10 Jueld paIaguepua 1o

a1ea B Jo 93uel 9y JOLISI 10 IAQUINU 2y A9NPAI ‘Ajunwiiod [ewrue 1o juerd ¢

y o Y QIRUIWIID 0) UDLAIY) ‘S[243] Surum)sns-J[os mofaq doip 0y uonendod ajrp[im

10 YS1] B 2sned ‘s910ads SFI[p[Im JO YSIJ & JO JIIqRY a1 23npal A[[RHuRISqNs
quawuoIIAUd ay) Jo Arpenb o) apeiSep 01 [enuaod o) aary 1asfoid oy seoq B

103

“0UBIGIUISIS Jo Suipuy A10JepueyA *IT

pa 2 2 7 eale joedwll [enuojod oy UM 2SN PAIOES 10 SNOISHAI SUNSIXD OISy P
{, SoN[eA [RINI[ND OTUY)D
Va Vs A anbiun 1931J0 pinom yoatym afueyd [earsAyd e asned 0) [pnustod oY) dAH 2
(, 199[qo 10 ‘armonns
V. Py Y SuIp[ing ou0Is1Y 10 JLOISIYRId B 0 5199150 J12YISIT 10 [eIIsAyd 9s1oApe ur sy 'q
¢, 218 [BOIS0[0JBYDIE
Py Y Y OLIOISIY 1O OLIOISTYAId B JO UONONLSIP 2Y) 10 JO UONBIS)E ) UTJNSAY "B
;qesodoxd ot [[IA  "S3DINOSAI [BINY[N)) (0T
¢, sonmumioddo [euoneaIoal sunsixa jo Anuenb 1o
A, Y Y Anpenb oy uodn jordur ue ut jnsal fesodoad oy 1A UONIEIINNY 6T
¢, ma1a orpqnd 03 uado 9118 2AISURJJO A[[RONAYISIR
Vs W Va ue Jo uoneao ay) ur jnsar resodoxd ayy im Jo ‘o1qnd oy 03 uado

MIA 10 RISIA OTUDDS AUR JO UONONISGO A ut 1[nsal1 [esodoid ay) [[IA\ "SOHIYISAY "8

ON |29KeIN| o |[ oN [29keN| sex |[ oN [2qfelA| seA

uoyviad() Supjriq uonyntoydxsg spralqng

Report 6




