Journal of Volcanology and Geothermal Research 466 (2025) 108396

Contents lists available at ScienceDirect

Journal of Volcanology and Geothermal Research

journal homepage: www.journals.elsevier.com/journal-of-volcanology-and-geothermal-research

ELSEVIER

Check for

Heat from dyke intrusions released by boiling of warm groundwater and [
steaming into the atmosphere during the 1975-1984 eruptive and intrusive
activity at Krafla, Iceland

a,*

Patricia Fehrentz® , Magnts T. Gudmundsson °, Hannah I. Reynolds®, Anette K. Mortensen b
Sydney R. Gunnarson ¢, Joaquin M.C. Belart“, Michaela A. Chodora

2 Institute of Earth Sciences, University of Iceland, Sturlugata 7, 102 Reykjavik, Iceland

® Landsvirkjun (National Power Company of Iceland), Katrinartiini 2, 105 Reykjavik, Iceland

¢ Nattirufreedistofnun (Natural Science Institute of Iceland), Smidjuvollum 28, 300 Akranes, Iceland

9 Neotectonics and Natural Hazards Group, RWTH Aachen, Lochnerstrafie 4-20, 52056 Aachen, Germany

ARTICLE INFO ABSTRACT

Keywords:
Geothermal areas
Heat budget
Steam clouds
Dyking

The Krafla volcano-tectonic episode in NE-Iceland in 1975-1984 was associated with approximately 10 m
widening of the plate boundary within the Krafla caldera, where a high-temperature geothermal system is
located. A composite dyke was formed, with an estimated volume 0.15-0.31 km® within the geothermal reser-
voir, releasing thermal energy of 0.5-1.0 x 10*® J. An empirical relation between the area of steam clouds in air
photos and their heat output was used to assess heat loss to the atmosphere by steaming during the Krafla fires.
The applicability of this method for Krafla was tested in 2024 at selected locations where steam flow could be
measured directly. Analyses of vertical air photos obtained several times in 1976-1985, notably during and after
the eruptive events, show that steaming was mainly prevalent in the vicinity of the eruptive fissures. The heat
loss to the atmosphere within the geothermal area was ~0.9 MW/m during eruptions, declining to a more long-
term value (~0.05 MW/m) in 50-100 days. This enhanced steaming after the dyke injection/ eruption is
considered to be caused by the interaction of the groundwater/shallow geothermal fluid with the uppermost
110-400 m of the dyke and appears to account for about one-third of the total heat lost in this way to the at-
mosphere. The remaining two-thirds were lost gradually throughout the rifting episode. The heat lost to the
atmosphere (~5-10 % of the total energy) was an order of magnitude smaller than the 90-95 % of the thermal
energy added to the geothermal reservoir by the dyke.

1. Introduction

Iceland has several young igneous geothermal systems, deriving
their heat from magmatic intrusions in the crust. The high occurrence of
young igneous systems is due to the high magma production rate, as
Iceland sits on the Mid-Atlantic Ridge and is underlain by a mantle
plume. Bodvarsson (1982) estimated the rate of heat flow in Iceland as
30 GW, whereof advection and convection of geothermal water accounts
for 8.5 GW: 8 GW at high-temperature areas and 0.5 GW at low-
temperature systems. Iceland contributes 8.5 % of the global sub-
aerial heat losses by hydrothermal processes (Bodvarsson, 1982).

For young igneous geothermal systems, magma intruded into the
roots is considered to be the main source of heat (e.g. Stimac et al.,
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2015). Intrusive and eruptive events provide heat into the geothermal
system, as cooling and solidification of the magma heats the surrounding
host rock and groundwater in the porous matrix. Heating and evapo-
ration of the water leads to convection and steam may rise up through
fissures. As it reaches the surface, the steam diffuses into the atmo-
sphere. The heat lost by steam released into the atmosphere can be a
significant parameter when determining the heat budget of a geothermal
system. However, the importance of steaming, in association with dyk-
ing, on the heat budget of young igneous systems has not received much
attention.

Hochstein and Bromley (2001) determined heat flow by steaming
into the atmosphere at the Karapiti geothermal field in New Zealand by
comparing the size of steam clouds rising from fumaroles, with the
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measured mass flux of steam creating the clouds. This study from New
Zealand is analogous to the one used here, where the acquisition of
vertical aerial photographs was carried out several times during the
major rifting and eruptive episode of the Krafla volcanic system in north
Iceland in 1975-1984. Moreover, the applicability of the Hochstein-
Bromley approach is tested for the Bjarnarflag area to the south of the
main Krafla geothermal area, using steam cloud observations at a power
plant where the mass fluxes of steam and hence the energy fluxes were
also measured (see subsection 3.2).

Fridriksson et al. (2006) and Oddsson (2016) determined heat flux in
Icelandic geothermal areas, including heat loss by fumaroles estimated
by calorimetry. Moreover, the conditions at ice-covered volcanoes and
geothermal systems provide opportunities to do relatively precise
calorimetric estimates of the heat output of the geothermal system by ice
surface mapping, including those associated with the central volcanoes
of Grimsvotn (Bjornsson and Gudmundsson, 1993; Reynolds et al.,
2018), Bardarbunga (Reynolds et al., 2019) and Katla (Jarosch et al.,
2023).

The Krafla volcano in NE Iceland is one of the best-studied volcanoes,
and its high-enthalpy geothermal system is utilized for energy produc-
tion. The so called “Krafla fires” refer to its most recent episode of vol-
canic activity and rifting from 1975 to 1984. It was a series of 20 dyke
events from which 9 reached the surface and lead to an eruption (e.g.
Einarsson and Brandsdottir, 2021). This rifting episode is well docu-
mented by, for example, geodetic and seismic measurements (e.g.
Einarsson and Brandsdottir, 2021; Tryggvason, 1984). The results ob-
tained from these studies constrain the amount of spreading and the
volume of intrusions formed. Analysis of aerial photographs that were
taken repeatedly during the Krafla fires, makes it possible to estimate the
size of steam plumes formed by boiling of shallow geothermal fluid and
groundwater extracting heat from the dyke formed. The heat loss to the
atmosphere through steaming is quantified using the empirical rela-
tionship of Hochstein and Bromley (2001). By comparing energy lost by
the geothermal system during the period of volcanic activity to the en-
ergy injected by dyking, we can estimate how much of the energy
released remains in the geothermal system.

2. Geological setting

Krafla is one of the central volcanoes in the Northern Volcanic Zone
of Iceland. It forms the center of a 100 km long volcanic system, trending
N 10°E, extending from about 40 km south and 60 km north from the
center of the 10 km (E-W) by 8 km (N-S) Krafla caldera (e.g. Hjartar-
dottir et al., 2012). The caldera is about one hundred thousand years old
and extensively filled by the deposits of post-collapse volcanism. The
size of the geothermal system within Krafla is constrained by informa-
tion from drillholes and TEM soundings (e.g. Mortensen et al., 2015). Its
width (north-south) is approximately 6 km, extending from the southern
margin of the caldera to 1 km south of the northern margin. Fig. 1 shows
the extent of the high resistivity core at 600 m depth (Arnason and
Magntisson, 2001), indicating the high-temperature geothermal system
(Mortensen et al., 2015; Arnason et al., 2000).

The Krafla volcanic system has had several periods of volcanic ac-
tivity throughout the Holocene (Szzemundsson, 1991), with the latest
being the Myvatn fires in 1725-1729 and the Krafla fires in 1975-1984.
These unrest events were both associated with widening of the fissure
swarm, fissure opening, dyke formation and lava effusion on the surface
(Seemundsson, 1991). The Krafla area has been extensively studied in
relation to the Krafla fires of 1975-1984 and its geothermal exploitation
(e.g. Arnason, 2020; Einarsson and Brandsdottir, 2021; Tryggvason,
1984). The occurrence of geothermal surface manifestations around
Krafla volcano are shown in Fig. 1. Active areas are presently found at
three locations (e.g. Seemundsson, 1991):
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Fig. 1. Geological setting of the Krafla volcano showing faults, geothermal
manifestations, the location of the Krafla caldera and its high-resistivity core at
600 m depth (Arnason and Magndsson, 2001; Hjartardottir et al., 2016; Natural
Science Institute of Iceland, 2020a; Natural Science Institute of Iceland, 2020b;
Natural Science Institute of Iceland, 2022; Icelandic Meteorological Office,
2022; Microsoft, 2022; Semundsson, 1991; Saemundsson, 2008a; Semunds-
son, 2008b).

1. The Krafla caldera, where the main system is located, has visible
surface activity covering about 10 km?. This area has been exploited
to run the Krafla power station since the 1980s.

2. The Bjarnarflag area to the south of Krafla, where spots of vigorous
fumarole activity are observed within an area of 3-4 km?.

3. Gjastykki, a flat rift-valley/graben, located 5-10 km to the north of
the northern margin of the Krafla caldera. Gjastykki has had some
geothermal activity for at least centuries, while visible signs of
ongoing activity were subtle in the decades prior to the Krafla fires,
when, steaming increased a great deal (Szemundsson, 1991) and is
still active.

Fig. 2 shows the evolution of the area of hot ground around Krafla
Mountain over the period 1977-2004. A marked decrease has occurred
after the end of the Krafla fires. Fig. 3 shows schematically the main
features of the Krafla geothermal system, as summarized in Scott et al.
(2022). Fractures and faults trend approximately N 10°E, perpendicular
to the direction of spreading, as did the fissures and the dyke injected
during the Krafla fires. Fumaroles and steaming, as well as alteration,
are found above the dyke and in the fissures (e.g. Arnason, 2020;
Oskarsson, 1984), and as seen in the aerial photographs by National
Land Survey of Iceland (National Landsurvey of Iceland (Land-
melingar), 1977-1985) acquired during the unrest period. The Krafla
fires (1975-84) consisted of 20 intrusive and eruptive events. The
seismic activity suggests that dyking occurred over a 70 km segment of
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Fig. 2. Areas of snow melting between 1977 and 2004 (Benjaminsson and
Hauksson, 1998; Benjaminsson and Hauksson, 2001; Benjaminsson and
Hauksson, 2004; Benjaminsson and Trausti, 1990; Benjaminsson and Trausti,
1995; Gislason et al., 1978; Natural Science Institute of Icelan, 2020a; Natural
Science Institute of Iceland, 2022; Microsoft, 2022; Mortensen et al., 2015;
Saemundsson, 2008b).
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Fig. 3. Cross-sectional sketch of the Krafla geothermal system, as summarized
in Scott et al. (2022).
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the plate boundary, with its southern end, east of Lake Myvatn, while the
northern end is located offshore, in the fjord Oxarfjérdur (Einarsson and
Brandsdottir, 2021). The rifting associated with the Krafla fires reached
approximately 9 m within the caldera (Arnadottir et al., 1998; Hol-
lingsworth et al., 2012; Tryggvason, 1984).

3. Methods
3.1. Thermal energy estimates of the dyke using geodetic and seismic data

Thermal energy that can be released from a magmatic intrusion
(basalt in the case of the Krafla fires) to the surrounding rocks consists of
the latent heat released by solidification and the sensible heat released
by cooling down to the temperatures of the surroundings, in the case of
Krafla, the active geothermal system:

E = Vp(L+cy(Tn—Ts)) @

Here V is the volume of the dyke intruded into the geothermal sys-
tem, p and c, are respectively the density and heat capacity of basalt, T,
is the initial magmatic temperature and T, the average temperature of
the geothermal system. It is assumed that the volume of the dyke can be
estimated as that of a rectangular body. We are interested in the volume
of the dyke which is thermally affecting the geothermal system, see
Fig. 4. Its geometrical parameters can be determined using previous
research and are described further in Section 4.1 and Table 2. The
horizontal extension of dykes intersecting the geothermal system is
based on the seismic activity during the Krafla fires (e.g. Einarsson and
Brandsdottir, 2021). The width of the dykes is based on studies of
deformation and surface opening during the rifting episode (Arnadottir
et al.,, 1998; Hollingsworth et al., 2013; Hollingsworth et al., 2012;
Tryggvason, 1984). The height of the dyke used for this purpose is
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Fig. 4. Effect of dyke formation within and outside a geothermal reservoir. In
this study, we only consider the dyke’s energy within the geothermal reservoir.
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considered to correspond to the thickness of the geothermal system. It is
based on the assumed depth of convective activity (Violay et al., 2012)

and the brittle-ductile transition in the caldera (Agflstsson et al., 2012).

3.2. Determining the order of magnitude heat release to the atmosphere by
steaming

Hochstein and Bromley (2001) obtained data on the size of steam
clouds from vertical aerial photographs of the Karapiti fumarole field in
the Wairakei geothermal area in New Zealand and combined it with
independent measurements of heat, based on digital pressure meters and
thermistors to obtain an empirical relationship between the cloud size
(area on the vertical aerial photographs) and heat output. The size of
clouds in the aerial photographs varied over two orders of magnitude (8
m? to 780 m?), as did the measured heat output range (0.24 MW to 18.5
MW). We used the approach of Hochstein and Bromley (2001), con-
sisting of the following steps for the aerial photo analyses:

1. To account for variable steam content in a cloud, the opaque (A,) and
semi-opaque (As,) areas were determined and the area (A) used in
the calculations was defined as

A=A, +05A, (2)

2. The aerial photographs used by Hochstein and Bromley (2001) were
not taken on the same dates as the heat flow measurements. The
values used were the time-weighted average of the area for the two
dates. If aerial photographs were taken only before or after, only that
value was used.

3. The results show a linear relationship between power and steam
cloud area

P= C1 A (3)

With P being the power of steaming. Using the values of P and A
from Table 1la and b in Hochstein and Bromley (2001) the best fit

Table 1
Aerial photographs obtained at Krafla in the period 1976-1985.

Date and Flight line Flight Time after the start of
time height the previous eruption
[m] [days]

02-Sep- Gjastykki-Krafla 4800 257
1976
11:15

20-Aug- Leirhnjikur 2200 115
1977
14:53

09-Sep- Leirhnjtkur 1830 1
1977
12:09

09-Jun- Leirhnjikshraun / 3600 85
1980 Krofluvirkjun-
12:51 Gjastykkisbunga

27-Jul- Leirhnjtkur- Hritafjoll 3600 17
1980
12:18

22-Oct- Leirhnjtikur- Gjastykki 6700 4
1980
13:37

08-Feb- Gjastykki 2440 9
1981
14:28

21-Aug- Pbeistareykjabunga- 5486 276
1982 Leirhnjtkshraun/
12:34 Gjastykki-Krafla

22-Sep- Gjastykki-Krafla/ 2350 383
1985 Leirhnjtkur-Bunguvegur/
12:48 Leirhnjtikshraun-Sandfell
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scaling factor for their data (steam cloud area and steam flow rate for
selected fumaroles) is ¢; = 2.3 £0.2 ¢ 10* W/m?.

Hochstein and Bromley (2001) used normalized values where area
for each fumarole cloud is scaled by the total sum of steam cloud area.
Since we are seeking absolute values of energy output, the aim is to use
Eq. (3) to calculate the total heat released at the time of air photo ac-
quisitions over the period of the Krafla fires.

An approximation made in these estimates is that the steam cloud
area is proportional to its volume. This approximation seems to work
reasonably for the empirical data (Hochstein and Bromley, 2001) and
should be applicable for bodies that resemble a sphere, ellipsoid,
inverted cone, etc.

3.2.1. Applicability to Icelandic geothermal systems

To test the validity of the relationship derived in Eq. (4) for the Krafla
area, NE-Iceland, we did a time-lapse photography at the Bjarnarflag
power plant on 9-10 July 2024, where the mass flow of steam out of the
power plant, borehole BN09, and the steaming tower close to the sep-
aration station 2 was measured directly a few days earlier. The energy
flux, P (the power of steaming) into the atmosphere is proportional to
the mass flux (m) and h, the enthalpy of the steam.

P =hm (€]

Timelapse cameras were set up at three locations close to the Bjar-
narflag power plant (Fig. 5). As they had to be set up at good viewpoints,
it was not possible to choose the locations for the viewpoints exactly
perpendicular to each other. The first location was west of the power
plant. The other location was in the southeast on the first day and the
third to the southwest on the second day. Photographs, where the
different steam clouds could not be reliably separated, were discarded
from analysis. This situation applied over some intervals of the survey
period and depended mostly on wind intensity and direction. The area of
steam shown in the photographs was determined and the power of
steaming and a mass flow rate calculated, using Eqgs. (2) and (3). The
length measured in the aerial photographs in pixels (L,), could be con-
verted to meters (L,) by determining the ratio of the horizontal field of
view of the camera (o) and the number of pixels (n) in the horizontal
direction (a;/n) and multiplying it by the distance r between the camera
and the object (the steam cloud). This approximation is considered valid
for all objects within a viewing angle less than 15° from the viewing
direction of the camera (small angle approximation):

Ly = Ly-(ap/n)-r 5

The plume size (area) found from the horizontal view of the time
lapse photographs is considered to be approximately the same as it
would be found from a vertical view. This was tested for the photographs
used in the assessments, where the observed plume width (horizontal) as
seen from the camera view along the plume direction, and plume
thickness (vertical) as seen from the camera with a view perpendicular
to it was checked (Fig. 5). This test was done for all the 13 instances used
in the area estimation. Moreover, the possible difference between plume
area estimated for both, the horizontal view and vertical view, was
assessed. The data indicated a ratio of vertical and horizontal area of 1.2

=+ 0.2. The assumption of approximately similar vertical and horizontal

area is therefore considered valid for all time-lapse-photographs that
had a viewing angle oriented 90 + 15° to the wind direction.

3.2.1.1. Effect of humidity. Fig. 6 shows the relationship between the
calculated power and the relative humidity at the nearby Myvatn/
Reykjahlid weather station. As the humidity values at the weather sta-
tion are available once every hour, the values used for each photo were
obtained as the time-weighted average of the hourly observation before
and after. The mass flow is assumed to be constant, but varying humidity
influences the diffusion of the steam; when humidity is lower, the steam
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Fig. 5. Locations of the time-lapse photography of the steam plumes from the
Bjarnarflag power plant (Natural Science Institute of Iceland, 2020a; Natural
Science Institute of Iceland, 2022; Microsoft, 2022; Seemundsson, 2008a).

diffuses quicker resulting in smaller steam clouds compared to periods of
higher humidity. Linear regression of the data suggests likewise that the
steam cloud area increases with humidity. The areas are assumed to
have an error of about 15 %, as opaque and semi-opaque areas are
detected visually. The shaded area in Fig. 6 shows mean humidity =+its
standard derivation for the instances when aerial photographs were
taken during the Krafla fires. The humidity values for the Bjarnarflag
time-lapse photos in July 2024 are similar to those recorded at the time
of the aerial photo acquisitions during the Krafla fires. Although there
are indications for a positive correlation between humidity and plume
size, the uncertainty is so high that the trend is not significant. As a
result, we decided not to apply any correction to the aerial photographs
from the Krafla fires. The relative humidity during the Krafla fires (hi,)
was estimated using temporal and spatial interpolation (Eq. (6)),
weighting humidity values (h;) from different weather stations (Fig. 7)
located 15-50 km from the eruption sites, by their inverse distance
(1/d;) from the eruption site:

i = (i(l/dahi) / (i(l/d») ©

The 4 stations did not measure humidity continuously. At each point
in time, where the aerial photographs were taken, all available stations
are used to interpolate the humidity data.
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3.2.1.2. Scaling factor for Iceland. The observed correlation between the
plume area and the thermal power of the power station, cooling tower
and borehole BNO9 at Bjarnarflag is shown in Fig. 8. The scatter is
considerable while the values fit the adapted empirical relation of
Hochstein and Bromley (2001). This indicates that the scaling factor
derived from Hochstein and Bromley (2001) applies to Krafla/ Iceland.
The maximum discrepancy between the true value and the mean value is
40 %. This reflects the considerable uncertainty in our estimates. Steam
cloud area variations smaller than a factor of two should be regarded as
scatter in the data. However, the method should be reliable for large
changes in heat output, where steam cloud sizes changes are signifi-
cantly larger than a factor of two.

3.2.2. Aerial photography analysis of the Krafla fires

The first eruption took place on the 20th of December 1975, with the
following eight eruptions taking place between 1977 and 1984. The
duration of the eruptions varied between 1 and 14 days (Einarsson et al.,
1991). The timing of the aerial photographs of the Krafla fires, obtained
from the archives of the National Land Survey of Iceland, varies from
being taken during an ongoing eruption, and up to almost a year after
the eruption. Opaque and semi-opaque areas of the observed steam
clouds were visually determined and have therefore an uncertainty of
around 15 %. Additionally, the angle of the sun may have minor influ-
ence how opaque the steam clouds appear in the photographs and
contribute to the uncertainty. The thermal power was determined using
Egs. (2) and (3). In Table 1, there is an overview of the aerial photo-
graphs: their date and time, the flight line, flight height, and the days
between the acquisition and the start/occurrence of the eruption pre-
ceding the time when the aerial photographs were taken. The timeline of
intrusive events, eruptions and aerial photography for the whole period
(1975-1985) is shown in Fig. 9. The different sets of aerial photographs
are taken at very different times relative to the events, and only one
acquisition was made between events. Our approach is to find the heat
loss per meter of the volcanic fissure at the time of acquisition and then
plot as a function of the time elapsed since the last eruption.

The aerial photographs were scanned at the National Land Survey of
Iceland, using a photogrammetric scanner, Wehrli RM-6, with a scan-
ning resolution of 20 pm. The Ground Resolved Distance of the aerial
photographs ranges between 0.4 m (lowest flight height) to 0.7 m
(highest flight height). Some of the images were mosaicked into a single
orthomosaic using the Agisoft Metashape v2.0 software, having
extracted manually picked ground control points from a recent, country-
wide orthomosaic and Digital Elevation Model of Iceland (dem.Imi.is,
National Land Survey of Iceland). Other images were visually geore-
ferenced by using current satellite imagery. For visual interpretations,
both, the raw scanned images as well as the orthomosaic, were used in
this study.

4. Results
4.1. Energy input of the dyke

The geometrical parameters of the composite dyke formed incre-
mentally during the Krafla fires were determined as follows:

e Length: The total horizontal extension of the dyke is up to 70 km to
the North (e.g. Einarsson and Brandsdottir, 2021). Based on seis-
micity the dyke seems to intersect the full width of the high re-
sistivity core at Krafla from south to north. The length of the dyke
contributing to energy input in the geothermal system is therefore
taken as being equivalent to 6.1-6.3 km.

e Width: The surface opening is constrained by the data of Tryggvason
(1984) and Hollingsworth et al. (2012). The mean surface opening in
the geothermal system is about 7.1 m using the optical image cor-
relation and 7.8 m using geodetic measurements. Hollingsworth
et al. (2013) estimated a ratio of dyke opening at depth to surface
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Fig. 7. Locations of weather stations. For the timelapse photography at the
Bjarnarflag station the humidity of the Reykjahlid station was used. The hu-
midity when the air photos were taken 1975-84 was calculated by using the
distance-weighted average humidity of all the available stations. For e.g. the
Reykjahlid station, there is not always humidity available during that time
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extension as 1.25. Minimum and maximum estimates of the dyke
width are therefore 8.9 m and 9.8 m.

Height: Buck et al. (2006) estimated the total dyke height to be equal
the thickness of the lithosphere, being 10 km at the plate boundary.
Hollingsworth et al. (2013) assumed the dyke height to be between 2
km to 7 km. The dyke reaches the surface during eruptions while its
top may be approximately at a depth of 600 m below the surface
during the intrusive injections (Hollingsworth et al., 2013). As we are
interested in the thermal effect of the dyke on the geothermal system,

the depth extent of the permeable area has to be taken into account.
During the Krafla fires earthquakes were mostly located in the up-
permost 3 km while there was an aseismic zone, between 3 km to 7
km, that might be caused by a magma-rich zone/magma chamber
(Einarsson, 1978; Einarsson and Brandsdottir, 2021). Other studies
of seismic imaging found a strong attenuation at 2.7 km depth
(Agﬁstsson et al., 2012), this is used as a minimum estimate for the
dyke height. Experimental studies using temperature gradients of
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volcanic zones in Iceland indicated that geothermal fluids might
circulate down to a depth of 4 km to 6 km (Violay et al., 2012). The
average value of 5 km is therefore chosen as the maximum estimate
of the depth at which the dyke can thermally affect the geothermal
system.

Using the constraints above, the likely minimum and maximum es-
timates of the dyke volume and its thermal energy are presented in
Table 2.

4.2. Energy loss by steaming

4.2.1. Location of steaming

The locations where transient steaming is seen in relation to the nine
eruptions that occurred (lasting 1-14 days) on the aerial photographs
are presented in Figs. 10-14. The characteristics of the steaming
observed can be summarized as follows:

— Steaming was mainly present on and in the vicinity of the eruptive
fissures. It was predominantly observed in the newly opened fissures

Table 2
Dimensions of the part of the composite dyke formed in 1975-1984 within the
geothermal reservoir.

Parameter Estimate Data sources

low high

Geometrical parameters of the dyke
Length 6.1 km 6.3 km Based on extent of
geothermal system (
Einarsson and Brandsdottir,
2021; Mortensen et al.,
2015; Arnason and
Magnitisson, 2001)
derived from Tryggvason
(1984), Arnadottir et al.
(1998), Hollingsworth et al.
(2012) and Hollingsworth
et al. (2013)
derived from Agiistsson
et al. (2012) and Violay
et al. (2012)

Width 8.9 m 9.8 m

Height 2.7 km 5 km

Volume V 0.15 km® 0.31 km®

Physical parameters of the dyke

heat capacity ¢ 1100 J/(kg °C
pacity ¢ (kg °C) Hartlieb et al. (2016)
Sigmundsson et al. (1997)

density of the magma 2750 kg/m*

P
latent heat L 3.95 x 10° J
atent heal x /kg Lesher and Spera (2015),

table 5.1
emplacement 1150 °C .
temperature Ty Rooyakkers et al. (2024)
Average temperature 300 °C (0 400 °C (0 based on borehole data of
of the geothermal km to 2.7 km to 5 km Mortensen et al. (2015)
system Ty, km) depth)
Thermal energy of the 5.4 x 1.0 x 108
dyke affecting the 107 J

geothermal system
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of the ongoing or the most recent eruption prior to the time that the
aerial photographs were taken. There was also steaming associated
with previous eruptive fissures. This was especially prevalent for the
fissure associated with the first eruption, where steaming occurred
during or following later eruptions.

— The geothermal area of Leirhnjikur was repeatedly reactivated after
some eruptive events, with an increase in steaming.

— In some cases, lava flowed into faults or non-eruptive fissures and
this downflow of lava often induced steaming at these faults/fissures.
This is visible in the aerial photographs taken several days after the
eruption of July 1980, October 1980, and January/ February 1981.
Reports describe the forcing of lava into faults in July 1980 and
February 1981, as well as the flow of lava into older fissures in
November 1984 (Global Volcanism Program, 1980; Global Volca-
nism Program, 1981; Global Volcanism Program, 1984). For the
eruption in September 1984, the aerial photographs available were
taken 352 days after the eruption started. Such transient steaming
due to lava flow into fissures is expected to have finished after such a
long time.

— In the aerial photographs related to the first event, which were taken
257 days after the eruption, steaming is visible in a preexisting
fissure close to the eruptive fissure.

— For the eruptive event of October 1980, the steam plume from the
volcanic vent is visible in the aerial photographs. These aerial pho-
tographs were taken while the eruption was still ongoing (last day).

4.2.2. Power of steaming

As previously discussed, most of the steam is rising from the eruptive
fissures or very close to them. Moreover, the length of volcanic fissures
varied between eruptions. In order to estimate the rate of steaming as a
function of time since dyke intrusion, the calculated power of steaming
from the plumes observed is normalized by the length of the volcanic
fissures for each event. The results, demonstrated in Fig. 15, show that
the steaming observed can be divided into two parts. Firstly, the high
steaming, occurring during and immediately after the eruption, appears
to decay approximately exponentially. Following this rapid decrease,
the steaming reaches a semi-constant level. This change of the power of
steaming with time, normalized by the fissure length, can be approxi-
mated with the following equation, a sum of the two terms:

P(t) = Pipg + (Po — Plyg)-exp( — d-t) %)

Here Pj,and P, are respectively the background power and initial
power of steaming per unit length of fissure, t is the time since the onset
of last eruption and d is a constant describing the decay of the rapidly
declining part. The best fit values are P,, = 5.3¢10* W/m, Py =81

10° W/mand d = 8.441077 s71.

4.2.3. Energy released by steaming

Since our aim is to assess the energy lost to the atmosphere by
steaming from the geothermal system, due to heat lost from the feeder
dyke, we use data obtained for the fissures within the geothermal system
(see Table 3), and exclude plumes outside it, when integrating the power
of steaming shown in Fig. 15. The energy released by constant/back-
ground steaming is calculated as:

Epg = Plog-At-Lgs ®

where P, is the background steaming power as defined earlier At the

duration of eruptive episode (9 years) and [gthe average eruptive
fissure length in the geothermal system. The exponential declining
power within the geothermal system, where the fissure length for each
event (i is eruptive event number, ranging from 1 to 9) is [; g, is obtained
from
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Table 4 does not include steaming that occurred during the intrusive,
non-eruptive events that took place in the period 1976-1979 where, at
least in some cases, an increase in steaming was observed. Hence, the
values in Table 4 may be an underestimate and the higher-end values of
the best fit (~6-8 %) being the most probable for the fraction of the
thermal energy lost to the atmosphere from the composite dyke. How-
ever, total uplift of the center of the Krafla caldera from 1976 to 1985
(from start to end the Krafla fires) was at least 3 m (e.g. Einarsson and
Brandsdottir, 2021, Fig. 2) indicating that sills/intrusions other than the
dyke may also have contributed heat to the geothermal system. The
volume of these intrusions is uncertain, but an order of magnitude es-
timate can be made. If sills of 3 m thickness were intruded over an area
equivalent to that of the present surface manifestation of the Krafla
geothermal system (10 km?), the volume would be similar to 0.03 km?,
close to 10-20 % of the volume of the dyke (Table 2). This is not
accounted for in our calculations and may to an extent offset the possible
underestimate due to steaming during the intrusive events.

5. Discussion
5.1. Interpretation

The exponential decay of steaming, seen in Fig. 15, is interpreted as
the interaction of the dyke with the shallow groundwater/geothermal
water (Fig. 16). Effects from the feeder dyke at greater depth as well as
deeper intrusions are less likely to lead to an immediate increase in
steaming. This is because the heat released from the magma would
mostly be dissipated by heating of the geothermal water without major
boiling occurring in most cases. It is only when the geothermal reservoir
is at or near boiling point conditions near to the surface, that dyke for-
mation is expected to lead to major steaming. In many cases where the
reservoir temperature is significantly below the boiling point, local
steam formation at a depth near the dyke would not rise to the surface.
Instead, it creates a more diffused thermal signal, the constant/ back-
ground steaming. The surface lava formed in each event is considered to
have negligible thermal effects on the geothermal system. The lava is all
emplaced on the surface, well above the groundwater table, and hence

downward heating would be mostly by conduction. The conductivity of
lava is quite low, and the bottom of the lava usually has some scoria
which effectively acts as an insulator. This was for example observed
where lava advanced on the top of firn during the 2010 effusive
Fimmvorduhals eruption (Edwards et al., 2012), preceding the summit
eruption at Eyjafjallajokull.

Assuming that the energy lost to the atmosphere by steaming is 4-8
% of the total thermal energy of the dyke, this corresponds to the energy
found in the top 110-400 m of a 2.7-5 km high dyke. At greater depths,
the interaction of the dyke with the geothermal water in the permeable
rocks might result in much faster heat loss from the dyke than found by
conduction only (e.g. Reynolds et al., 2017). However, where the tem-
perature of the geothermal water is considerably below the boiling
point, heat extraction by the geothermal water will enhance the cooling
of the dyke and heating the water without extensive boiling. If boiling
happens at greater depth, the advection of the steam might take up to
several months, depending on the permeability of the geothermal sys-
tem. The rising velocity can be estimated from

v = (Vourey/®) = —k/(up)-((dp/dz) — pg) 10

with Vparey being the Darcy velocity, @ the porosity, (dp/dz) the pressure
gradient in z-direction (downwards), p, u respectively the density and
viscosity of the steam, and k the permeability of the geothermal system
(Faust and Mercer, 1979; Hayba and Ingebritsen, 1997; Huyakorn and
Pinder, 1983). Assuming an intrusion at 500 m depth in a fully saturated
medium near the boiling point with a porosity of 10 %, at a pressure of
40 bar and a steam temperature slightly above the boiling point at
251 °C, the rising times, assuming a constant velocity, would be around
13 days for permeability of 1 x 10~'® m? and 130 days for permeability
of 1 x 1071 m% The deeper the steam is located, the lower its rising
velocity, as its density and viscosity increase. Moreover, any steam
generated at this depth may condense as it rises through a considerable
thickness of groundwater-saturated rock at sub-boiling temperatures.

5.2. Possible effects of thermal fracturing, precipitation and condensation

5.2.1. Role of thermal fracturing
As Fig. 15 indicates, most of the heat released into the atmosphere
with steaming occurs in the first 50-100 days. This time scale can be
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compared to the solidification time of a dyke, using analytical solutions
by Turcotte and Schubert (2014). It is assumed that there is one initial
temperature of the dyke and that the same applies to the geothermal
system. Endmember cases for the surrounding rock are (a) no perme-
ability and heat loss by conduction only and (b) infinite vigor of con-
vection resulting in the temperatures of the surrounding rock remaining
constant. The solidification time t; can be estimated the following:

£ = (w/4n,2(1/x) an

with w being the width of the dyke, x the thermal diffusivity, k the
thermal conductivity and p the density of the solidified rock. 7, can be
determined with this relationship below assuming an only conductive
host rock

LV/(c(Tw—To) ) = exp(—n7) /(1 +erf(n,) )n,) a2)

or host rock at a constant temperature
L/ (e(Tn—To) ) = exp(—n7) /(erf(nn, ) a3

with L being the latent heat, c the heat capacity, T;, the magma tem-
perature, Ty the initial temperatures of the host rock/geothermal system
and erf erf( ) the error function. By setting the ambient temperature Ty
to 100 °C and x to 6 x 1077 m/s?® (Hartlieb et al., 2016) with all other
values taken from Table 2, a 1 m dyke would solidify next to the
conductive host rock in 2.8 days and in 1.5 days for host rock at a
constant temperature. For a 2 m thick dyke these values are 5.9 and 11.3
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days. These cooling times are a good estimation for the first dyke in-
jection. Later dykes are considered to be injected into the previous,
presumably solidified intrusion. Therefore, the surrounding temperature
might be higher, and solidification times slightly longer. Comparing this
to heat release estimated from the aerial photographs, see Fig. 15, about
1/3 of the total heat loss during the first 50-100 days, happens in the
first five to six days. This is in reasonable agreement with what should be
expected for the cooling rates presented above. As there is scatter in the
data, it is difficult to estimate from these calculations only, which of the
two end member cases is closer to being the dominant heat transfer
mechanism. The water table in the caldera in vicinity at the 1975-1984
eruption sites is at 10-60 m depth. As the water table is very close to the
surface, convection of the fluid cannot be neglected. As the steam rises
directly from the eruptive fissures, it can be assumed that the solidified
dyke and its immediate surroundings is a permeable pathway, and that
thermal fracturing plays a role. These small fractures are pathways for
water and would lead to faster heat mining. For the volcanic/geothermal
systems on the Reykjanes Peninsula, studies show that dykes create
vertical permeability (Seemundsson et al., 2020).

5.2.2. Role of precipitation

Evaporation of precipitation seeping downwards along the fractures
formed in the surface is a potential contribution to cooling of the dyke.
This energy can be estimated as

10
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Eprec = jm' (Cp,HZO AT + LHZO,Vap) -At- lgu'wxurf (14)

Here jp, is the yearly mass of precipitation per unit area (30-year
annual average for 1961-1990 in Reykjahlid is 435 mm) (Icelandic
Meteorological Office, 2012) equivalent to 435 kg/ m2. Lyzoyap is the
latent heat of water of vaporization, ¢, o is the heat capacity of water,
AT the temperature difference between emplacement and the boiling
temperature (=~ 100 °C), At is the duration of the eruptive episode (9

years), Ly, is the average length of a fissure in a geothermal system, and
Wy is the surface opening of the fissure. The value obtained is 2.4 —
2.7 x 10 J, suggesting that less than 1 % of the steaming may be caused
by evaporation of precipitation entering the fissure, so this can be
neglected.

5.2.3. Role of condensation

When the steam rises in porous rock, it may partly or fully condense
before reaching the surface. Looking at the geothermal field at the Krafla
mountain and Leirhnjikur today, Bini et al. (2024) estimated a heat
release by condensation of 144 + 40 MW. Over nine years the heat
released by condensation would be 4.1 & 0.1 x 10'® J, similar to the
background steaming in the fissures. In our setting, we look at steaming
caused by fissure eruptions, where condensation might be less impor-
tant. Firstly, the steam rises into a system very close to the boiling point,
so intensive heat loss of the rising fluid is not expected. Secondly, in
places the surface is overlain by the newly erupted lava flow. In both
settings, near surface condensation could only happen in the uppermost
part of the surface where the magma is already solidified and cooled
down to below 100 °C; a process that should take considerably longer
than the months required for the solidification of a few meters’ thick
lava flow (e.g. Turcotte and Schubert, 2014, Figs. 4-33).

5.2.4. Effect of exploitation

The exploitation of Krafla started in 1977 but at a very low pro-
duction rate during the Krafla fires (e.g. Mortensen et al., 2015). The
exploited drillholes were located 1-2 km to the east of the active vol-
canic fissures and the effect on steaming related to the dyke formation
and cooling during the observation period (1975-1985) is considered to
have been negligible.

5.3. Comparison with other studies

In his numerical heat transfer model of Krafla, Bodvarsson et al.
(1984) determined Hveragil as the main upflow zone of high-enthalpy
fluid with a heat release of approximately 0.0225 MW/m which is
very similar to the low end-member estimation of the background
steaming, see Fig. 15.

The geothermal area in Reykjanes has a heat loss by steaming
determined by anemometer measurements of 71 + 14 MW (Fridriksson
et al.,, 2006). The maximum steaming determined in this study was
around 0.86 MW/m, directly after the eruption started. Considering the
average length of the eruptive fissures in the geothermal system in
Krafla, the power of maximum steaming would be similar to 2200 MW,
around 2 orders of magnitude higher than e.g. seen at the Reykjanes
area.

Cherkaoui et al. (1997) studied the heat flow of hydrothermal
plumes on the seafloor at the coaxial segment of the Juan de la Fuca
ridge. The hydrothermal plume detected above the seafloor is assumed
to have been caused by a dyke injection. A graph showing heat flux per
meter along the source over time shows a similar exponential decay as
observed in our study. The curve starts at around 10 MW/m and decays
in 100 days to 1 MW/m and fits the cooling of 500 m deep, 4 m wide
intrusion in a host rock with very high permeability, 10 x 10~!* m2 The
power of heat loss was about one order of magnitude higher than
observed at Krafla. In addition to the high permeability, a contributing
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factor may have been the greater width of the dyke, 4 m, compared to
0.5-1 m per event at the Krafla fires. Another reason could be that the
heat loss dynamics are different. In a setting of atmosphere and rock, the
water has to be heated up to boiling temperatures to rise to the atmo-
sphere. The water in a permeable system below the seafloor will convect
vigorously and does not require boiling to do so.

6. Conclusions

We applied the method of Hochstein and Bromley (2001) to deter-
mine the heat output by steaming associated with fissure eruptions from
the size of steam plumes observed on vertical aerial photographs ob-
tained during the Krafla fires. The energy of the dyke brought into the

11

geothermal systems was based on volume estimates derived from
seismic, geodetics, and optical image correlation. The main results of
this study are:

e The part of the large composite dyke formed within the geothermal
reservoir of Krafla during the Krafla fires (~9-10 m wide, ~6 km
long and with a height in the range 2.7-5.0 km) is considered to have
had a volume of 0.15-0.31 km?.

e The thermal energy released from the composite dyke within the
geothermal reservoir is estimated as 0.5-1.0 x 10'® J. Thereof, the
thermal energy loss to the atmosphere by steaming is estimated
similar to 5-10 %. This indicates that 90-95 % of the thermal energy
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remains within the geothermal reservoir and is released over much
longer timescales.

Steaming decays exponentially over 1.5-3 months after the eruption,
from an initial thermal power per fissure length of ~0.9 MW/m to a
background level of 0.05 MW/m. This behavior suggests that
steaming is mostly driven by the interaction of the feeder dyke with
the shallow groundwater/geothermal water, as the steaming is
mostly rising along the eruptive fissures.

Most of the heat brought into the upper crust by the intruded magma
appears to be released and dissipated into the geothermal reservoir
over longer time scales than observed for the shallow, short-term
steaming.
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Table 3

Eruptive fissure length for each event. Total fissure length was summarized by
Harris et al. (2000) (based on Bjornsson, 1985; Bjornsson et al., 1979; Bjornsson
et al., 1977; Gronvold, 1982; Gronvold, 1983; Gronvold, 1987; SEAN, 1989).
Fissure length in the geothermal system was determined using maps by
Semundsson (1991).

Eruptive event  Total fissure length [m] Fissure length within geothermal

no. system [m]
1 2000 2000
2 3000 1800
3 900 0
4 4500 900
5 4000 0
6 7000 2000
7 2000 0
8 8500 2300
9 8500 2400
Total number of Number of eruptive events in the
eruptive events geothermal system
1-9 9 6
Average fissure length Average fissure length in the
[m] geothermal system [m]
1-9 4190 1900
Table 4
Absolute heat output by steaming and percental heat loss of the dyke’s energy.
Best fit Low end High end
member member
Heat output of steaming [J]
Background steaming Ep, 2.9 x 1.3 x 10'® 5.9 x 10'®
1016
Steaming after feeder dyke injection 1.2 x 6.4 x 10'° 2.4 x 10%°
E, 10'®
Total steaming 4.0 x 2.0 x 10'® 8.3 x 10'®
Eqow = Epg+ Ee 10
Energy loss of the dyke by steaming [%]
Heat output by steaming to thermal 4-8 % 2-4 % 8-15%

energy of the dyke
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short term steaming

a = N

o beilingiof background

5 groundwater steaming

E geothermal water (panel c)

o (panel b)

3

(<]

&

c

- >
time

Steaming above feeder dyke due to evaporation
of groundwater/ geothermal water
- Heat not released to the geothermal system —
released directly to the atmosphere

steam

Lava flowing into
fault/ preexisting
fissure induces
evaporation of
groundwater

air

radiation  Precipitation

magma

Magma cooling by
evaporation of
precipitation, air
convection and
radiation. Underlying
scoria has very low
conductivity

rising
ground water

groundwater
table

feeder dyke

Steaming following eruption/ very shallow dyke
Eruptions/ very shallow intrusions

-> immediate strong heat loss to the atmosphere; decaying
exponentially with time

Intrusion heats up
ground water and is
surrounded by a
steam cap at its top.
Part of this steam
might rise up with
time and escape to
fractures

groundwater table

steam cap

intrusion

Background steaming during the rifting episode possibly caused by
- intrusive events

- reactivation of geothermal areas

- long-term steaming in the eruptive fissures

Deeper intrusions

- heat mostly stored in the geothermal system; heat lost to the
atmosphere over longer time periods

Fig. 16. Schematic summary of heat loss during eruptive and intrusive events
in the Krafla fires (see Fig. 15).
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