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1. INTRODUCTION

In 1998 Norsk Hydro carried out VSP-measurements in cooperation with Schlumberger
in three Icelandic wells, HH-01 Haukholt, LN-10 Thorldkshofn and LL-03 Laugaland.
Orkustofnun provided assistance in the selection of appropriate wells and logistics supp-
ort during the operation itself. As a part of the project, Orkustofnun was also to provide
a summary report in English on available drillhole data for each of the wells. The pres-
ent report on the Haukholt well is the last of the three reports. The other two are a sum-
mary for well LL-03 (Elsa G. Vilmundardéttir et al., 1999), and well LN-10 in Thor-
1akshofn (Gudmundur O. Fridleifsson and Steinar Thér Gudlaugsson, 1998).

Well HH-01 is located in a low-temperature area in the Hreppar district, South Iceland
(Fig. 1). The nearest geothermal field is at Jata, about 3 km to the southeast and Laugar,
about 5.5 km to the south (Fig. 1). Only one well has been drilled at Haukholt, its
geothermal gradient turned out to be unusually high or about 140°C/km. This seems to
be caused by the well’s location in the vicinity of one of the hottest low-temperature sy-
stems in the country, namely that of Laugar and Jata mentioned above (Kristjdn Se-
mundsson, 1998)

Well HH-01 was selected as a suitable target for the VSP-experiment mainly because it
penetrates a thick and fairly regular stratigraphic succession of subaquatic volcanoclast-
ics. The lithology is fairly well constrained by cuttings sampled at a 2 m interval, while
geophysical logs (except temperature) were lacking prior to the VSP-experiment. The
logs obtained during the VSP-experiment fall outside the scope of the present report.
Thus the lithostratigraphy rests solely on the drill-cutting analysis carried out specially
for this report. As yet, no thin sections have been made for studies on lithofacies, rock
composition or hydrothermal alteration. Accordingly the cutting analysis and the lit-
hological logs can be improved by more detailed studies of the cuttings (thin sections,
XRD, more detailed lithostratigraphic analysis and interpretation of the depositional en-
vironment) and integration with the geophysical logs.

2. GELOGICAL SETTING

The Haukholt farm is located in volcanics of mainly Pleistocene age but extending back
to late Pliocene. Belonging mainly to the Matuyama epoc they are about 2 Ma old on
the surface, but the earliest part belongs to the late Gauss magnetic epoc and is about 3
Ma old. The volcanics belong to the socalled Hreppar formation and dip about 8° to the
northwest. They are composed of hyaloclastite formations with lava interbeds, the latter
signaling interglacials in most cases. As discussed below, a considerable part of the
volcanoclastic rocks in the well represent reworked hyalocrystalline tuffs, interbedded
with primary volcanoclastic rocks and lavas. The nearest volcanic centre or central
volcano, the Laxdrdalur central volcano, is located some 20 km to the south from Hauk-
holt. Accordingly, rocks of intermediate or acidic compostion are not to be expected,
except perhaps as relatively thin acid tephra layers.



High-temperature geothermal systems are more or less confined within volcanic centres,
such as the Laxdrdalur central volcano, and only low- (<100°C) or intermediate-
temperature (~100-200°C) zeolite alteration zones are therfore to be expected at Hauk-
holt. The depth of erosion is not known in detail but is estimated from the presence of a
chabacite-thomsonite zeolite zone on the surface, the degree of tilting of the strata and
the erosional morphology to be approximately 400-500 m (Kristjan Semundsson, pers.
comm., 1999). Well HH-01 at Haukholt showed an exceptionally high thermal gradient
of 130-140°C/km in a fluid system interpreted to be stagnant (convection free) down to
at least 1 km depth. The system is believed to be located at the margin of the neighbo-
uring low-temperature field at Laugar and Jata, which involves exceptionally high reser-
voir temperatures of about 150°C.

The objective of the drilling at Haukholt was to intersect a water-conducting fault or
fracture with acceptable yield of water. Sofar the hotwater yield is considered insuffici-
ent.

3. BOREHOLE HH-01

3.1 Drilling and design

The well was drilled in three phases by two drillrigs; by Ymir from 30.04-07.05.1997,
and by Azi from 25.11-17.12.1997, and from 23.04-22.05.1998. The present total
depth is 1346 m. An overview of the drillbits and casing depths is shown in table 1.

The first 5.6 m were drilled by a 10 3/4" Holtehammer, and cased simultaneously. A 9
7/8" cussion drilling followed to 101,1 m depth, and a cemented 8 5/8" casing was in-
stalled to the same depth. The well wettened from the beginning, a 14,5°C feedpoint
was met at 50 m depth, the water inflow gradually increasing downwards. The welded
casing reaches to 100.3 m depth. Depth from the wellflange is 101.1 m.

The 7 1/4" cussion drilling from 101 m depth to 452.5 m depth took only 3 days. Late
in the evenings the drillpipes were filled with cold water and the well temperature mea-
sured inside the drillpipes each morning. No significant water feedpoint was met, until
at 408 m depth, 1-2 1/s, where an increase in hydrothermal precipitates for the foll-

owing 10 m was noted in the driller’s log. The bottom temperature at 452 m was
60.7°C.

A second drillrig, Azi, was brought to the well for deepening to about 1000 m. A 7"
cussion drilling was applied to 606.5 m depth where a lack of airpressure forced a
change in drilling program to rotary drilling by a 6 3/4" drillbit and water circulation.
No drilling problems were met during the rotary drilling. The circulating water was
heated by about 5° during the round trip, down and up the well, and no circulation
losses were recorded in the drillers log down to 990 m depth. The bottom temperature
after this phase was 133.7°C. Two minor feedpoints were detected in the temperature
log, one at 502 m (72°C) and the other at about 900 m depth (113°C).



Table 1. Well HH-0I, overview.

Year drilled 1997 and 1998

Rigs Ymir and Azi

Total depth 1346 m

Drillbits used 103/4" to 5.4 m (cussion) Ymir

97/8" to 101.5 m (cussion) Ymir
7 1/4" to 452.5m (cussion) Ymir

7" to 606.5 m (cussion) Azi
63/4" to 1346 m (rotary) Azi
Casing 103/4" to 5.4 m cemented

85/8" to 10l.1m ---"--—--
Cemented interval | none below casing

Borehole geology | 0-100 m lavas,

100-350 m hyaloclastites,

350-374 m lavas,

374-478 hyaloclastites with lava interbeds,
478-530 m lavas,

530-790 m reworked tuffs and volcanoclastic sediments,
790-900 m hyaloclastites,

900-932 m lavas,

932-1046 m volcanoclastic sedimentary rocks,
1046-1168 m lavas,

1168-1312 m volcanoclastic sedimentary rocks,
1312-1328 m hyaloclastite,

1328-1346 m volcanoclastic sedimentary rocks,

Cuttings Every 2 m
OS logs Temperature

The third and final drilling phase commenced several months after the second phase.
An 8" wellhead valve was installed. Static water table was at 18.7 m depth. No
problems were encountered during drilling. An air-driven flow test was undertaken at
1291.7 m depth, after which an additional drilling day added 50 m to the depth. The
final depth reached was 1346.2 m. A second flow test was undertaken, and the well
temperature measured. The bottom temperature measured 162°C, and a small
additional feed point showed up at 1265 m depth.



3.2 Lithology

3.2.1 Lithology description (Fig. 2)
0-2 m Cuttings lacking.

1) 4-100 m A suite of interglacial tholeiitic lava flows

The lava flows are often scoriaceous at top, fine-grained and rather fresh looking.
Amygdales show low temperature alteration. Most common secondary minerals
are opaline silica and low teperature form of calcite (dog-tooth silica). A coarser-
grained tholeiite lava is found between 34-44 m depth and is underlain by a thin
sedimentary interbed.

2) 100-350 m Hyaloclastite with volcanoclastic sedimentary interbeds
100-108 m Reworked hyaloclastite.

108-200 m Hyaloclastite. Between 108-156 m depth tuff showing signs of incipi-
ent alteration especially in small amygdales and cracks, which are most con-
spicuous between 118-138 m depth. The tuff is grey with the exception of the upp-
ermost 4 m which have reddish brown hue. Zeolites, calcite and pyrite seem to be
the most common alteration minerals. Between 156-200 m depth dominantly a
pillowlava and a tuffbreccia.

Slight hydrothermal alteration is most conspicous between 156-166 m. Zeolites,
scolecite and or heulandite and also calcite are common, but pyrite and smectite
are present also. The alteration minerals are linked to fracture fillings.

200-212 m Reworked hyaloclastite. White fillings in narrow fractures and ves-
icles.

212-350 m Hyaloclastite. Between 212-262 m depth brown tuff (palagonite).
Secondary fillings of zeolites (stilbite) and calcite in some vesicles, others are
empty.

262-272 m Breccia. Cuttings smaller than above. Relatively large amygdales of
zeolites (stilbite) and calcite are abundant.

272-294 m Greyish brown tuff. Secondary minerals, zeolites (stilbite) and calcite,
are more conspicous than above.

294-324 m Tuff, black, dense, glassy with a network of light brown rims. At 304
m depth relatively big cuttings of secondary minerals abound. The rock might be
fractured at this interval.

324-334 m Breccia. At 332 m large round fillings of zeolites (stilbite) and calcite
occur.

334-350 m Tuff.

3) 350-374 m Olivine tholeiite lava
Vesicles are often empty. Low temperature minerals as thomsonite and scolesite
occur.



- 4) 374-478 m Hyaloclastites with lava interbeds

374-384 m Reworked tuff with tachylitic glass. Analcime, thomsonite and
chabasite occur but also seladonite and pyrite.

384-394 m Tuff and tuffbreccia, Between 382-394 m depth mostly dense and grey.
Some oxidation seen.

394-408 m Vesicular tyffbreccia. Secondary minerals zeolites, (chabasite) are con-
spicuous between 404-406 m depth.

408-418 m Coarse-grained volcanoclastic sedimentary layer, possibly tillite.
Basalt fragments are common. Oxidation is common and also white mineralization
(zeolites and calcite).

A feed point is located at 408 m depth.

418-430 m Tholeiite. Scoriaceous and oxidized at top. Dense and fractured
between 420-424 m depth. Vesicular and oxidized below 424 m depth. Zeolite and
calcite fillings.

430-440 m Reworked tuff.

440-478 m Dark grey tuff. Fillings of stilbite, calcite, seladonite, smectite and red
clay. At 442 m depth and between 444-450 and 460-478 m depth the rock is
fractured with white fillings of zeolites and calcite. Secondary fillings are biggest
and most abundant at 450 m depth.

5) 478-530 m A suite of tholeiite lava-flows and interbeds.

478-484 m Coarse-grained interbed.

484-486 m Cuttings lacking.

486-494 m Dense tholeiire lava.

494-496 m Cuttings lacking.

496-504 m Dense tholeiite lava.

504-508 m Interbed, finegrained, including oxidized scoria. Secondary fillings of
zeolites and smectite.

508-514 m Grey tholeiite lava.

514-520 m Interbed with scoria. A feed point was detected at 520 m depth.
520-530 m Dark grey tholeiite lava probably two lava flows with thin interbed at
526 m depth.

6) 530-790 m Reworked tuffs

530-540 Fine-grained, probably lacustrine volcanoclastic sediment.

540-574 m Tuffaceous sedimentary rock with tachyllitic glass. Secondary fillings
of zeolites and seladonite occur. Fracture fillings at 570 m depth.

574-578 Volcanoclastic sedimentary rock with grains of light coloured tephra.
Fracture fillings at 476 m depth.

578-588 m Cuttings lacking.

588-596 m Light brown silry sedimentary rock.

596-602 m Fine-grained (sandy) sedimentary rock rich in basalt fragments.



Secondary fillings of zeolites and seladonite occur.

602-606 m Tholeiite lava Grey, dense and rather coarse grained tholeiite with nar-
row fracture fillings. Oxidation occurs. Intrusion is not excluded, but probably we
are dealing with a thin lava bed.

606-608 m Fine-grained sedimentary rock

608-610 m Cuttings lacking

610-640 m Tuffaceous sedimentary rock, with scatter of tachylitic glass.

640-642 m Cuttings lacking.

642-716 m Volcanoclastic sedimentary rock, rather coarse-grained. Basalt frag-
ments dominate but tuff cuttings are common also. Narrow fracture fillings are
found between 674-676 and 704-706 m depth.

716-722 m Volcanoclastic sandstone.

722-744 m Rather coarse-grained volcanoclastic sedimentary rock. Basalt frag-
ments are dominating but tuff cuttings are also common.

744-752 m Volcanoclastic sedimentary rock, oxidation occurs.

752-790 m Volcanoclastic sandstone. Secondary fillings are more common than in
the sediment above.

7) 790-900 m Primary tuff.
Dark brown, homogenous tuff. Scatter of secondary minerals indicating a network
of narrow fractures. Small cuttings.
A feed point is observed at 900 m depth.

8) 900-932 m Tholeiite lava flows and interbed.

900-904 m Interbed, coarse-grained, probably tillite.

904-932 Tholeiite lava. Possibly three lava flow with contacts at 912 and 920 m
depth. Between 904-912 and 920-932 m depth scoriaceous cuttings are common.
White fillings and also pyrite, seladonite and smectite are commom.

9) 932-1046 m Volcanoclastic sedimentary rock, showing some stratification.

932-990 Rather coarse-grained volcanoclastic sedimentary rock. The sediment is
mostly composed og basalt and tuff fragments. Black shining tachylitic glass is
abundant between 936-950 m depth and can be seen amongst the cuttings down to
987 m depth, possibly due to contamination from the layer above. Between
946-950 m depth white fillings are abundant.

990-1028 m Volcanoclastic sand- and siltstone. Secondary fillings are scanty.
1028-1046 m Reworked tyff. Secondary fillings are scanty.

10) 1046-1168 m Tholeiite lava flows and interbeds
Secondary fillings are scanty. Zeolites (stilbite?, scolecite?, pyrite and smectite).

1046-1094 m Possibly a suite of lava flows with thin interbeds in between and
cuttings of scoria are common.



1094-1118 m Coarse-grained interbed.

1118-1126 m Tholeiite lava.

1126-1132 m Interbed.

1132-1140 m Tholeiite lava.

1140-1148 m Interbed.

1148-1168 m Tholeite lava flows with thin interbeds.

11) 1168-1312 m Volcanoclastic sedimentary rock

Fine-grained reddish brown siltstone and/or sandstone. Reddish brown oxidation
is conspicous. Secondary minerals are scarce, but from 1272 m depth laumontite is
the most conspicuous secondary mineral. Pyrite, seladonite and smectite are also
seen.

At 1265 m depth a small feed point was detected.

12) 1312-1328 m Hyaloclastite

Greyish tuff, hydrothermally altrered. Laumontite is the most conspicuous second-
ary mineral, but also pyrite, seladonite and smectite are found.

13) 1328-1346 m Volcanoclastic sedimentary rock

Cuttings of light and dark coloured sedimentary tuff. Probably more coarse-
grained than than above. Among the secondary minerals, laumontite, pyrite, sela-
donite and smectite are found.

Bottom of borehole

3.2.2 Alteration zones

The rocks exposed on surface contain chabasite and analcime in lava vesicles, implying
the surface rocks are within the chabazite-thomsonite alteration zone (40-70°C). The
presence of this zeolite zone on the surface today witnesses that erosion in the order of
400-500 m has taken place, assuming the alteration zone was formed under burial
condition and a fossil thermal gradient of 90-100°C/km.

Within the well today, the characteristic minerals of the slightly higher-temperature
mesolite-scolecite zone (70-90°C), are found sporadically down through the well down
to 1265 m depth. Laumontite precipitates and fracture fillings occur from that depth
downwards. Accordingly the laumontite zone (110-180°C) is present below 1265 m
depth.

This result is a bit contradictory. According to the fossil thermal gradient (of Matu-
yama age) of say 100°C/km and 400 m of erosion during Pleistocene, the first signs of
laumontite should be found at 600-700 m depth within the well. Today, under the influ-
ence of much higher thermal gradient (about 130°C/km), laumontite should be formed
from below 900 m depth downwards. The 1265 m depth to the laumontite zone to-day
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only suggests a thermal gradient of about 90°C/km. The contradiction may imply that
a relatively recent heating of the geothermal system has taken place, but obviously more
detailed mineralogical study of the drillhole cuttings is needed before concluding on the
secondary mineralization.

3.2.3 Chemistry, temperature and aquifers (feed points)

The well yield was about 1 1/s of 30°C at a 200-300 m drawdown, which is except-
ionally low for a hot water well. The low temperature of the water was partly caused
by cooling of the hot water by the pumped air. The geothermal fluid has not been
sampled. The feedpoints detected as circulation loss/gain during drilling, and as in-
version points on the temperature logs, are only 4, i.e. at 408 m (52°C), 520 m (72°C),
900 m (113°C) and at 1265 m depth (162°C), see Figure 3. The first three feed points
are all located at stratification boundaries, while the last one at 1265 m depth seems to
be related to a fracture or a fault.

From the viewpoint of burial metamorphism, the well is interesting in being a deep
geothermal gradient well, with more or less stagnant formation water. This allows for
comparison between formation temperature and the zeolite alteration zones. From
relative time sequence studies of amygdales and fracture fillings it should further be
possible to date the present-day geothermal system roughly by more detailed study. As
discussed in chapter 3.2.2 the wellhead is located within the chabazite-thomsonite zone
originally formed at 400-500 m depth under a much lower thermal gradient than pres-
ently found in the Haukholt well. Most of the rock penetrated by the well, however,
falls within the second zeolite zone (mesolite-scolecite zone), characterized by
scolecite-mesolite, stilbite and heulandite, almost from the surface down to 1265 m
depth, according to the cutting analysis. The third and final zone crossed by the well is
the laumontite zone, from 1265 m downwards. Chabazite and analcime occur at high
levels within the mesolite-scolesite zone, but a more detailed mineralogical study is
required to assess the degree of overprinting and the accurate depths of the zonal bound-
aries.

The transition from the scolecite-mesolite zone to the laumontite zone, set at 110-
120°C, involves a dehydration reaction of heulandite to laumontite, and the only zeolite
that thrives with laumontite at higher temperatures is mordenite. The transition to the
last and final zeolite zone, the wairakite zone, takes place at 180-200°C, and is charact-
erized by the dehydration of laumontite to wairakite. Wairakite has not been found in
this well, but no thin sections have been made nor any XRD studies of the drill-cuttings.
However, in view of the 162°C bottom temperature and the high thermal gradient of
130 °C/km, the wairakite transition should be met at about 1500 m depth, unless an
aquifer of lower temperature that 180°C is met before.

The interesting bit about this well from the hydrothermal point of view, rests in its hot
and stagnant fluid system. Further deepening by some 200-400 m is a tempting sug-
gestion in that respect, e.g. to see if the high thermal gradient relates to a flow of hotter
water at depth. It is not clear if the originally targeted fault has been cut by the drill-
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hole, while the feed point at 1265 m is the only candidate met sofar.

4. CONCLUSIONS AND RECOMMENDATIONS

Well HH-01 encountered an exceptionally high, near linear geothermal gradient of 130-
140°C/km indicating a stagnant (convection free) fluid system.

The succession of rocks penetrated by the well is estimated to be 2-3 Ma old. It consists
of primary hyaloclastite formations, reworked (sedimentary) tuffs and lavas. Based on
the analysis of cuttings, 59 rock units have been identified. They have been grouped into
13 volcanic formations: five lava formations (totaling 330 m in thickness), four primary
hyaloclastite formations (480 m) and four formations of reworked tuff and volcanoclast-
ic sediments (536 m).

A cursory study of the hydrothermal alteration minerals indicates that the wellhead is
located within the chabazite-thomsonite alteration zone, whereas most of the remaining
succession falls within the mesolite-scolecite zone. The deepest part of the well, below
1265 m, lies within the lJaumontite zone.

The lithostratigraphy reported here rests solely on the drill-cuttings analysis. No thin
sections have been made for studies of lithofacies, rock composition or hydrothermal
alteration. The lithostratigraphy could, however, be improved considerably by more
detailed studies of the cuttings (thin sections, XRD) and integration with geophysical
logs. This would increase the depth resolution in the lithostratigraphical column and
enable better interpretations to be made of the nature of the different rock units. In part-
icular, it should be possible to determine the depositional/emplacement environment of
the volcanics with more confidence. The degree of lateral change in morphology,
porosity and density is expected to differ strongly between, say, primary pillow breccia
and fluviatile/lacustrine tuff deposits, and this is in turn expected to have a strong influ-
ence on seismic wave propagation. If such lithostratigraphical differences become an
issue in the interpretation of the VSP-experiment, a more detailed study of cuttings and
logs is recommended.

5. REFERENCES

Grimur Bjornsson, Gudni Axelsson, Jens Témasson, Kristjdn S@mundsson, Arni Ragn-
arsson, Sverrir Thérhallsson and Hrefna Kristmannsdéttir 1993: Hitaveita Ranga-
inga. Jardhitarannséknir 1987-1992 og moguleikar 4 frekari orkudflun. (Rangd
District Heating Utility. Geothermal research 1987-1992 and possibilities for incre-
ased energy production). Orkustofnun, Reykjavik, report OS-93008/JHD-03 B, 74
pp- (in Icelandic)

Gudmundur O. Fridleifsson and Steinar Thér Gudlaugsson 1998: Borehole LN-10
Thorldksh6fn. Geological report. Orkustofnun, Reykjavik, report OS-98071, 14



- 12 -

pp. (Prepared for Norsk Hydro)

Kristjgn Szmundsson, 1998. Hotwater drilling at Haukholt in Hrunamannahreppur.
Orkustofnun, report KS-98/07, 2 p (in Icelandic).

Lidvik S. Georgsson, Haukur J6hannesson, Margrét Kjartansdéttir and Einar Gunn-
Jaugsson 1978: Laugaland { Holtum. Jardhitakénnun og borun holu 3. (Laugaland
{ Holtum. Geothermal exploration and drilling of well 3). Orkustofnun, Reykjavik,
report OS JHD 7802, 53 pp. (in Icelandic)

Lidvik S. Georgsson and Steinar Thér Gudlaugsson 1984: Laugaland { Holtum. Vid-
ndmsmealingar og malingar { holu LWN-4 sumarid 1983. (Laugaland { Holtum.
Surface resistivity measurements and measurements in borehole LWN-4 in the sum-
mer of 1983). Orkustofnun, Reykjavik, report OS-84042/JHD-07, 24 pp. (in
Icelandic)

Lidvik S. Georgsson, Audur Ingimarsddttir, Gudni Axelsson, Margrét Kjartansdéttir
and Thorsteinn Thorsteinsson 1987: Laugaland { Holtum. Hola GN-1 { G6tu og
vatnsvinnsla 4 Laugalandssvedinu 1982-1987. (Laugaland { Holtum. Borehole
GN-1 at Gata and production of water from the Laugaland field 1982-1987). Orku-
stofnun, Reykjavik, report OS-87022/JHD-04, 65 pp. (in Icelandic)



'

~
A

HAUKHOLT
Hrunamannahcsond
Arnosaiaie.
Loltmynd: _J-304§, tekin 210003
Tetknad: Mal 1987

rgetandi: £ anndkostir hi.

Onest ot lottoyad Wé Landmampen lotenes
Miupt 8 Batmrstabtfe se oWl futeesnt
0 wppdrbrtivrinn or bl 200t aethmiw W adheane s mefngs

Laxérdalur'wolcanic systsm

S

’

i
,
i

/

’

1
]

/

‘

i
A

;

§
et

af
20°16°00" 20°00°1
118188.0701317
4] 5 10 km

Figure 1b.

Haukholt farm, sketch drawn after aerial photo.
X Approximate location of HH-01.

LEGEND
- Acid rock
Upper plsistocens < 0.8 my.
[_—_] Upper pliocane and lower pleistocene rock 0.8-3.3 my.

~*" Volcanic centers
{  Dip <10°
/ Fracture zone

Map based on:
Geological map of Iceland
1:500.000 by Jéhannesson H.
and Sasmundsson K. 1998.

Location map and geological setting.
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Figure 2. Lithology log from well HH-01.
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Figure 2 cont. Lithology log from well HH-O1.
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Figure 3. Temperature logs from well HH-01.

~ Estimated formation temperature ~130°C
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