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Maze, or labyrinth, caves are high-porosity zones in karst. Reticular networks may arise through different speleogenetic processes. Here, we present
and discuss an apparently multi-stage labyrinthal development in a stripe karst setting in the Norwegian Caledonides. Okshola (the upper part of
the Okshola-Kristihola cave system at Fauske, Nordland) displays a network of preserved, essentially phreatic tubes intersected by four distinct,
vadose inlet passages. The cave developed along a low-angle fracture (thrust) zone, which is sub-parallel with the foliation. Scallops in the walls of
phreatic conduits demonstrate that water flow was directed down-dip into the rock mass, and thus that the phreatic network developed during the
last active stage as a groundwater recharge zone. This flow function is consistent with the proximal location of the cave with respect to former topographically directed glacial flow. Cyclic and strong fluctuations in the hydraulic regime are evident from cave interior deposits. We suggest that Okshola developed in concert with the glacial erosion of the surface topography and that a process of caprock stripping resulted in progressive lowering
of both sink and spring levels. Morphology, together with radiometric datings, indicate that speleogenesis commenced several glacial cycles ago.
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Introduction
The study of limestone caves in relation to their geomorphic and geological setting provides opportunities for
investigating landscape evolution. Whereas at the surface,
landscapes may become obliterated by erosion, evidence
of past conditions can be preserved underground. Here,
we present recent results of detailed mapping and ana
lysis of a major part of the Okshola-Kristihola cave system
at Fauske, Nordland. The cave is the second longest cave
system in Norway, situated beneath the marginal slope of
a glacial trough near Fauske. Recent mapping (this work)
and estimates of yet unmapped passages suggest an aggregate length exceeding 12 km, comprising two complex network- or labyrinth zones. These are intersected and linked
by several deeply incised streamways, indicating a correspondingly complex, multi-stage development over relatively long time-spans.
The geological setting of the Okshola cave system belongs
to a type known as stripe karst that occurs throughout the
Norwegian Caledonides and elsewhere (Lauritzen 2001).
Caves are developed in relatively thin marble layers which
are bounded stratigraphically by schists with low permea
bility, the whole sequence often being intensely deformed
by folding and subsequently fractured. In Norway stripe
karsts almost always occur in landscapes that are heavily
sculptured by glacial erosion. Glacial unloading has played

a part in forming or dilating fractures parallel to the land
surface, along which the caves developed. Thus Okshola
provides an example in which glacial erosion and underground speleogenesis are closely related. Okshola itself is of
particular interest in this connection because it comprises
a series of labyrinths of phreatic tubes, intersected by more
normal linear passages. These labyrinths (also known as
maze caves) represent an extreme development of porosity by karstic dissolution, a phenomenon that is important
in hydrogeology and for water supplies as well as for reservoir development in oil-bearing carbonate strata. The
Okshola labyrinths occur in a different setting compared
to the classic descriptions of maze caves where the emphasis has been on the role of recharge through non-carbonate
strata. The Okshola labyrinths are clearly related to lateral
recharge via the marble outcrop, so the circumstances of
their origin must differ significantly from those surrounding classical mazes.

Previous work
A considerable number of karst caves within metacarbonates in the Scandinavian Caledonides comprise
reticular networks, where groundwater flow occurred
in a flow net rather than through linear conduits. Two
structural situations seem to promote network (labyrinth)
architecture: steeply dipping strata (greater than about
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60°) and low-dip strata (lower than about 30°) (Lauritzen
2001). Steeply dipping strata yield tiered networks, while
low-dip strata produce correspondingly gently dipping
labyrinths. Several of the longest caves in Norway are labyrinths.
Regional and contact metamorphism during the Caledonian orogeny produced crystalline carbonates (i.e.
marbles) in which all previously existing voids were
eliminated. This resulted in an almost impermeable
rock matrix that can be likened to granite or other massive crystalline rocks. Water circulation (and hence speleogenesis) is therefore guided by tectonic and unloading fractures produced in later brittle regimes (Lauritzen
1989a, 1991a, 2001). These regimes are linked to the long
sequence of post-Caledonian plate-tectonic events that
affected Norway, including Tertiary uplift and glacial erosion and unloading (e.g. Talwani & Eldholm 1977; Japsen
& Chalmers 2000). In this setting, the formation of the
guiding fractures (i.e. those fractures that developed into
cave conduits) pre-date subsequent cave development and
the timing of the corresponding tectonic events thereby
provides an upper boundary for the potential age of a
given cave passage. Apart from terrain-parallel unloading fractures - which are linked to events of erosion and
glacial unloading (Harland 1956; Lauritzen 1986) - most
fracture zones in Norway existed long before Quaternary speleogenesis commenced (e.g. Gabrielsen et al.
2010). No evidence of pre-glacial interior cave deposits or
hypogene (hydrothermal) speleogenesis has been found
anywhere in northern Norway. So far, this may be taken
as supportive (i.e. negative) evidence that the present
karstification is of Quaternary age.
Radiometric dating of cave deposits in Scandinavia has
demonstrated that speleogenesis commenced prior to
the limit of the U-series time-range (> 750 ka) (Lauritzen
1991b, and unpublished dates), suggesting that several of
the present caves might have commenced their development prior to the mid-Pleistocene transition (MPT) at
800 ka (Ruddiman et al. 1989). Speleogenesis therefore
began prior to, and continued through, most of the upper
Pleistocene during which time hydrological conditions
varied periodically between subglacial and interglacial
extremes.

Description of field area
Geomorphic and geological setting
The Okshola-Kristihola cave system (67°15’N 15°30’E) is
situated on the northern side of the valley of Nedrevatn
(here termed Nedrevatn valley), the eastern extension of
Saltfjord-Skjerstadfjorden. This E-W-trending fjord valley is glacially overdeepened and cuts the Caledonian
strike direction (Fig. 1). The cave system is situated in
the distal part of a small tributary valley with a present
drainage area of approximately 10 km2.
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The bedrock in the Fauske area comprises Caledonian
thrust nappe complexes with overall NNE-SSW trending
foliation and fold axes situated over older basement (Stephens et al. 1985). Bedrock in the field area belongs to the
Uppermost Allochthon (Rödingsfjäll Nappe Complex)
and consists mainly of marble and mica schist (Gustavson et al. 2004). These strata have undergone amphibolite facies metamorphism (Stephens et al. 1985). Folding
through several fold phases has given the rock sequence
a complex fold interference pattern (Fig. 2). Okshola
Cave is developed in grey calcitic marble (Rognan group,
Fauske Nappe) underlying layers of mica schist and conglomerate (Gustavson et al. 2004). Stratigraphically thin
beds of marble exposed over long distances, and isolated
and constricted by aquiclude wallrocks are known as
stripe karst (Horn 1937; Lauritzen 2001).
Mica schist and other wallrock may contain iron oxide
ores or iron and base metal sulphides, which impregnate
the marble at the contacts (Lauritzen 2001). Pyritic oxidation and subsequent sulphuric acid corrosion seem
quite common in marble stripe karst in northern Norway and may be an important mechanism during early
stages of cave inception (Lauritzen 2001).
Glacial history
During the last glacial maximum, the Fennoscandian
ice sheet covered all of Scandinavia and the continental
shelf. The regional ice flow direction was towards the
NW (Andersen 1975; Ottesen et al. 2005). During deglaciation, ice lobes in fjords and valleys drained the remnants of the ice sheet. Andersen (1975) reconstructed the
regional history of this deglaciation. The Finneid ice lobe
(which occupied the Nedrevatn valley), for example, was
fed from the ice sheet that covered the mountain districts
to the east (near the Swedish border) (Fig. 1a). The Saltdalsfjord ice lobe was fed from the south and the mountain area to the east of it. During the Younger Dryas,
these lobes (among others) joined in the main fjord area
and deposited a submarine end moraine at the mouth
of Saltfjord-Skjærstadfjorden, more than 50 km distally
from the cave. During the Pre-Boreal, the Finneid ice
lobe deposited at least three distinct end moraines in the
Fauske area: Øines-Holstad (ØH), Finneid (F) and Øvrevatn (Ø) (Fig. 1a). Lateral moraines deposited by the
Finneid ice lobe are found between 400 and 600 m a.s.l.
south of lake Øvrevatn. At the time, the sea level in Saltdalsfjorden (10 km south of the cave) was at 130 m a.s.l.,
while at the cave location, the upper post-glacial marine
limit (ML) was about 110 m a.s.l. (Fig. 1b). At present,
there are two small mountain glaciers in the eastern parts
of the drainage area of Nedrevatn valley.
Speleological setting
Okshola and Kristihola are both maze caves (Fig. 3a).
The Okshola cave is the upper part of the system, and
has been re-surveyed over a length of about 8.4 km.

Morphology and speleogenesis of Okshola 125

NORWEGIAN JOURNAL OF GEOLOGY

Fig. 1. a) Map of the Fauske
area. Blue arrows: glacier flow
during last deglaciation. Direction of glacier flow, striations
and end moraines from Andersen (1975). Full name of end
moraines: see text. Contour
interval: 100 m. White rectangle: Area of Fig. 2. Inset: Key
map to the investigated area. b)
Cross-section of the glacial incision in the Nedrevatn valley, looking westward in the direction of
former glacier flow. Vertical axis
is exaggerated 5 times. Bedrock
distribution from Gustavson
et al. (2004) with our interpre
tation of folding. ML (marine
limit) according to Andersen
(1975).

Fig 1

34

Fig. 2. Map of cave area with marble outcrop (blue)
(Gustavson et al. 2004), Okshola-Krisithola cave system (black) and present sink and spring locations (red).
Contourinterval: 100 m.
Fig 2
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Fig. 3. a) Map of the Okshola-Kristihola cave system,
based on present survey of
Okshola and previous survey
of Kristihola by the Kendal
Caving Club and U. Holbye (Heap 1969). Red lines:
contours of floor elevation
(m a.s.l.). Red dashed lines:
extrapolated contours in
accordance with information
on the cave map of Kristihola. The dip direction of
the cave plane (foliation and
guiding plane) is perpendicular to contours. Note that
contours only exist within
passages. b) Cross-sections
of the maze area in Okshola: A-A’ and Kristihola:
B-B’. Scale: 3-times exaggeration in relation to cave
map. Note that cave crosssections are oblique to dip
direction. c) Hypothetical
fold interference pattern of
the foliation and the guiding plane in accordance with
dip directions observed in
the cave and obtained from
contouring. The interference
pattern is a result of several
(at least two) fold phases.

The main entrance is a large arch at the bottom of the
stream
Fig
3 sink doline of the Okshola River, approximately
160 m a.s.l. (Fig. 2). The river drains the tributary valley and flows 1.5 km SSE through the second part of the
system, Kristihola, and emerges at Heitosen spring, at
sea level. Okshola has been surveyed upwards to 260 m
a.s.l., whereas the lowest accessible point of Okshola is
the siphon of North River at 140 m a.s.l. The lowermost
elevated siphon in Kristihola is situated at about sea level
(Heap 1969).
The active streamway passage of Kristihola (i.e. the
Streamway) connects the two caves. It is a huge vadose
36
trench (up to 30 m high and 9 m wide) cut by vertical

erosion below a lens-shaped phreatic tube in the roof
(Fig. 3b). The ancient streamway is blocked by collapsed
rock so that the present connection between the two
caves is through narrow floodwater passages. The entire
Kristihola cave is situated at a lower elevation than the
entrance to Okshola.
The structural guiding and hydrological function of the
two network sections seem to be markedly different.
From bedrock maps (Fig. 2) it is evident that the rock
sequence exhibits a complex fold interference pattern.
This has resulted in foliation surfaces dipping in opposite
directions in Kristihola and Okshola (Fig. 3).
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Methods
The Okshola-Kristihola cave system was first surveyed
by members of the Kendal Caving Club (Heap 1969)
and later extended by U. Holbye (unpublished mapping). In order to obtain an accurate and complete 3D
map, Okshola was completely resurveyed to BCRA grade
5C (Day 2002), where detailed examination of morphological features was emphasized. During our survey, cave
interior details such as sediments on the surface of floor
deposits and speleothem distribution were recorded, and
fractures and foliation logged. From survey data, a 3D
model of the cave was obtained in the Grottolf cave survey
program (Lauritzen 2002; Lauritzen 2004). This offered a
unique opportunity to investigate structural and morphological elements of the cave.
Geometrical parameters of the entire cave and cave sections were calculated in the Grottolf program: Cave length
- total passage length. Cave depth - vertical difference
between the highest and lowest passages. Cave area - horizontal plan area of the cave. Cave volume - total volume
of all cave passages based on elliptical cross-sections. The
rock area that circumscribes the cave (or cave section)
is estimated as a convex hull, i.e. an area of only convex
angles enclosing all cave passages. The corresponding
rock volume that contains all cave conduits is calculated
as the convex hull area multiplied by the maximum passage height. From these data other speleometric data
can be calculated: Passage cross-sectional area - cave volume divided by cave length, Passage density - cave length
divided by convex hull area, Areal coverage - cave area
divided by convex hull area (%) and Cave porosity - cave
volume divided by rock volume (%).
The fractal dimension or box dimension, D, (in two
dimensions) is a measure of how completely the cave fills
a plane of projection. It is determined by standard boxcounting (Feder 1988). When the number of boxes covering the filled outline of the cave is plotted against the
length of the box side in a log-log-diagram, D can be
determined as the slope of the plot (Kusumayudha et al.
2000). This approach contrasts with the volumetric, modular method of Curl (1986), but serves our purpose best
because the cave is essentially 2-dimesional due to the
stripe geometry.
Conduit morphology provides information about the
hydrological conditions under which the conduits
evolved (e.g. Lauritzen & Lundberg 2000; Ford & Williams 2007). Under water-filled (phreatic) conditions,
corrosion acts in all directions thus forming conduits
with circular or elliptical cross-sections but is also dependent on the structural guiding and lithology. In air-filled
conditions (vadose), with a stream along the passage
floor, corrosion and erosion act under the influence of
gravity forming a vadose trench or canyon giving the
conduit a keyhole or T-shaped cross-section. If, under
phreatic conditions, sediments cover the passage floor or

fill the entire passage, symmetrical corrosion is impeded
and further water flow may create channels and pockets
in the conduit ceiling. This process is termed paragenesis (Renault 1968) or antigravitational erosion (Pasini
2009). Breakdown morphology is characterized by jagged
surfaces of rupture in walls and roof and piles of angular
rock accumulated along the passage floor (Ford & Williams 2007).
Scallops are asymmetric flow marks in cave walls formed
by aquatic corrosion. Following procedures described in
Lauritzen (1982) and in Lauritzen & Lundberg (2000),
scallops in walls of phreatic conduits can be used to
determine the direction of paleowater flow and to make a
rough estimate of flow velocity.
The method of cave map contouring was first used by
Ford (1965). Contours are drawn (interpolated) between
passages with the same floor elevation and with a gentle
curvature along the shortest distance. Systematic patterns
in the contour distribution may reveal the underlying
geological control of the passages. Closer-spaced contours exhibit steepening of the gradient while dramatic
curvature shows elevated or lowered passages (in relation
to the regular pattern).
A qualitative tracer experiment with optical brightener (Photine CU) was carried out as standard procedure (Glover 1972). An injection was made in the North
River siphon and recorded on unbleached cotton in cave
streams, surface creeks and springs. Springs and flow
paths of the present drainage system were identified and
gave information about possible inaccessible karst conduits and paleo flow paths.

Results
Cave description
Morphology
We have identified 8 distinct morphological areas
within Okshola (Fig. 4). Four maze labyrinthal areas are
characterized by conduits of circular, elliptical or lenticular cross-sectional shape: Upper Maze (UM), Central Maze (CM), Lower Maze (LM) and Inner maze (IM)
(white areas in Fig. 4). The mean passage cross-sectional
area of these sections is markedly different: UM 2.9 m2,
CM 3.6 m2, LM 6.7 m2 and IM 1.4 m2. The passage density is highest in UM (141 km/km2). Speleometric data
for the entire Okshola and four cave sections are given
in Table 1.
The cross-sectional shapes of the maze conduits imply
symmetrical dissolution radially away from the guiding
structure under water-filled conditions. These conduits
are preserved phreatic tubes with some minor modifications. Small vadose incisions and paragenetic features
such as halftubes and dissolved fissures in the ceiling do
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Fig. 4. Left: Morphological sections of
Okshola. White areas
are dominated by preserved phreatic tubes
while areas in different
grey shades have suffered from modification
either by vadose rivers
or breakdown. A-B:
Cross-section in Fig. 8.
Right: Typical passage
cross-sections. Mean
passage cross-sectional
area of each section is
given in parenthesis.
Scale is 5 times exaggerated in relation to
the cave map to the
left.

Fig 4

Table 1. Speleometric data for the entire Okshola cave and four sections
Length, 103 m

Okshola

Upper
Maze

Central
Maze

Lower
Maze

Central
FMRC-zone

8.4

1.3

2.1

0.9

1.6

Depth, m

123

29

58

46

60

Cave area, 103 m2

41.2

4.1

8.1

4.6

9.9

Cave volume, 103 m3

62.3

3.7

7.3

6.0

17.4

Convex hull, 103 m2

139.4

9.0

26.1

12.3

21.1

Maximum passage height in each section, m

18

4.5

3

7.5

10

Rock volume, 10 m

2.5

0.04

0.08

0.09

0.21

Mean passage cross-sectional area, m2

7.4

2.9

3.6

376.7

10.7

Passage density, km/km

6

3

61

141

79

72

77

Areal coverage, %

30

45

31

37

47

Cave porosity, %

2.5

10.2

9.4

6.9

8.2

Fractal dimension

1.6

1.6

1.6

1.7

1.5

2
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exist in various places (Fig. 4). Passages towards the surface (hillside) terminate quite frequently in collapse features.
The three outer labyrinthal areas are separated from each
other by two trunk passages with large elliptical crosssections and distinct secondary vadose openings: the
Upper Entrance (UE) and Fata Morgana (FM). These
two passages belong to cave sections characterized by
distinct modifications either by marked vadose canyons
or breakdown features. However, minor areas showing
paragenetic features do occur in these sections as well.
Four different sections were identified: North River
(NR), UE, Fata Morgana-River Canyon zone (FMRC)
and Entrance-Icehall (EI) (marked by different greyshades in Fig. 4). The mean passage cross-sectional area
of the four sections differs and increases southwards
(down-gradient) from 5 m2 in NR to 27 m2 in EI (Fig. 4).
Large parts of these modified sections have characteristic
keyhole or T-shaped cross-sections, i.e. subcircular
or lenticular phreatic conduits along the ceilings with
secondary incised vadose canyons in the floors (Fig.
4). NR and UE consist of single passages except from
upstream schist horizons which have restricted downcutting (Fig. 4). The FMRC-zone is distinguished
by large passages (<70 m2) either with large vadose
canyons (2-5 m wide and 6-8 m deep) or with jagged
and ruptured shapes. These are accompanied by large
amounts of breakdown material which largely or entirely
fill them up. Breakdown modification dominates the
central FMRC-zone. EI displays huge passages compared
to the rest of Okshola. The largest cross-sectional passage
areas are similar to those in the Streamway in Kristihola,
i.e. they exceed 100 m2.
Sediments
There is a strong variability in sediments in Okshola,
however, distinct facies are identified (Fig. 5). Fine
sediments such as silt and clay coat walls and ceilings
(parallel accretion) quite frequently in UM and in side-
passages elsewhere. Calcareous concretions, consisting of
fine sediments (ranging up to fine sand) cemented with
calcite are abundant in the same areas.
Sand dominates the surface of the floor deposits in the
central and lower part of Okshola (CM, FMRC and LM).
In the FMRC-zone and in passages towards the surface,
angular breakdown material is abundant. In the central
FMRC-zone breakdown material is partially covered by
sand, whereas in the upper end of the NR passage, it is
covered by silt. Both NR and UE are almost free of sediment except for a few boulders and local areas of finer
sediment related to local ponding. Passages with small
streams or water seepage tend to be free of fine sediment.
Subrounded to rounded cobbles and boulders, and large,
broken and overturned flowstone slabs and stalagmites
(of Eemian age; Lauritzen Unpub.) appear in various
places, especially in Lower Okshola.

Fig 5

Fig. 5. Distribution of sediments at the surface of passage

38
floor deposits in Okshola.

Sediment chokes of coarse material, primarily subangular breakdown material, are quite common in Lower
Okshola and close off all southern passages except the
Icehall. Sandy and silty deposits frequently choke sidepassages.
Karst hydrology
At low flow, Okshola River disappears in a small sidepassage in the huge stream sink doline outside the Vesti
bule passage and emerges in Kristihola. During annual
peak floods, the river fills the entire width (floor) of both
the Vestibule passage and the Streamway. Seepage and
brooks from the hillside enter the cave at several places
and flow down-dip towards the lower, western NR-RC
collector passage and form the North River (Fig. 6). The
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water of North River disappears in a siphon at the end of
the RC passage. A qualitative (i.e. point-to-point) tracing
experiment demonstrated that the flow diverges. Tracer
breakthroughs were detected both in the southwestern
surface stream (here abbreviated to SW Spring) and in
the cave stream in Kristihola, and subsequently in the
Heitosen spring.
The vadose canyons have four distinct inlet passages
and flow paths marking previous open channel flow
conditions (Fig. 6). Scallops in the walls and ceilings of
the phreatic tubes (formed by corrosion when the conduit was water-filled), display a consistent flow direction
into the cave, and away from the surface (Fig. 6). This
demonstrates that the phreatic network had an influent
flow function. In Lower Okshola the flow pattern seems
to have diverged from the trunk passage, FM. The most
abundant scallop lengths vary between 10 and 20 cm.
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These correspond to a roughly estimated water velocity
of 15-30 cm/s (Lauritzen & Lundberg 2000).
The marble
The cavernous marble contains numerous folded schist
lenses and schist horizons. These aquicludes have so
restricted passage development that they occasionally
form the passage ceiling or floor. The interface between
marble and schist is commonly gradual. A zone of
rusty marble and rusty schist exists between the mica
schist roof and the pure marble. The presence of pyrite
(sulphide) within the rock is also revealed by numerous gypsum crusts and small drip-pits in the underlying
marble formed by the acidic water.
Structural speleology
Guiding plane
A single low-dip fracture zone is the dominant guiding
structure in the entire Okshola-Kristihola cave system.
It is detectable in most cross-sections (Fig. 4) and has
apparently been favourable for water penetration.
Broadly speaking, Okshola was initiated along this
low-dip guiding plane. (It is termed guiding plane to
distinguish it from the steeply inclined guiding fractures.)
The appearance of the guiding plane varies between a
single fracture plane and lenticular zones of dense fracturing (Fig. 7). The internal fracture pattern in this lowangle zone is interpreted as possible en echelon Riedel
shear planes with insignificant movement. This suggests that the guiding plane is a zone of incipient shear.
The orientation of the interpreted R-shears indicates the
prescence of a reverse-sense shear zone with the greatest
principal stress, σ1 (i.e. compression), oriented NE-SW,
whereas the least principal stress, σ3 (i.e. tension), was
vertical.

Fig. 6. Present and paleowater flow directions in Okshola
deduced from scallops, vadose canyons and qualitative tracing experiments.

Few good measurements of the guiding plane were
obtained due to its low dip and tendency to form dissolutional recesses. Accordingly, the orientation of the
guiding plane in the various sections was determined by
the 3D model in the Grottolf program. In the 3D model,
the cave is displayed as a single plane which is slightly
curved in an open, antiformal fashion (Fig. 8). This is
consistent with the pole plots of the guiding plane occurring along a great circle in the stereographic projection
(Fig. 9a). The hinge line dips 13° towards the SW (226°).
Pole plots of the guiding plane and the foliation coincide in the stereographic projection, meaning that these
structures are overall parallel (Fig. 9a). In some places the
guiding plane coincides with the marble-schist-interface.
In other places, dissolved fissures in the ceiling (several
metres high) demonstrate that the guiding plane occurs
within the marble layer (Fig. 4).
Figwell
6
39
The
passage floor contours make a remarkable bend
indicating a change in the dip direction of the foliation
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Fig. 7. The guiding plane
comprises in various places a
fracture zone, a few dm thick.
Marked, presumably Riedel
shear planes (black lines)
and interpreted movement
directions (red arrows) in
accordance with these shears.
Compass for scale.

Fig 8

Fig 7

Fig. 8. Okshola viewed down dip of the guiding plane (oblique to the hinge line).

Fig 8

40

Fig. 9. Left (a): Stereograpic projection (equal area, lower hemisphere, magnetic north) of poles to foliation and fractures
(logged), and the guiding plane (determined in 3D model). Grey great circle and its pole (hinge line) corresponds to the guiding plane. Right (b): Rose diagrams (equal area, magnetic north) of trend of surface fractures, guiding fractures and compass
bearings from survey. Circle: 10 %.

Fig 9
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and the guiding plane between southern Okshola and
northern Kristihola (Fig. 3a). Observations of foliation and the guiding plane in Kristihola suggest a dip of
about 25° towards the NE. This contrasts with the SW- to
SSW-trending dip direction of Okshola. To explain these
observations without postulating complex faulting, the
guiding plane, foliation and rock boundaries are thought
to comprise a saddle surface (illustrated in Fig. 3c). This
is consistent with the complex fold interference patterns
of the rock sequence shown on the geological map (Fig.
2).
Steep guiding fractures
The prominent set of guiding fractures has a steep dip
and trends NNE (Fig. 9a), parallel with the Caledonian
strike direction. However, when guiding fractures are
plotted separately for each morphological section, the
dominating trend is NNE in the upper areas while it is
NNW (to NW) in the lower areas (Fig. 10).
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The rose diagram of compass bearings recorded during
the survey (Fig. 9b), and the conspicuous passage trends
illustrated on the cave map (Fig. 10), indicate E-W to
ENE-WSW as an additional prominent passage trend.
However, this fracture set was only detected in CM. A
possible E-W trending (normal) fault was detected in
the central FMRC-zone (dashed line in Fig. 10) and supported by tightening of contours in adjacent passages
(Fig. 3a). However, no fault plane was identified and no
displacement observed due to dissolution and breakdown. Therefore, the orientation of the structure was
determined in the 3D-model: 097/40.
Fractures mapped in marble and schist outcrops at the
terrain surface (surface fractures) display one prominent
set trending N-S and two minor sets trending E-W (to
ESE-WSW) and NW-SE (Fig. 9b). Surface fractures and
guiding fractures have partly overlapping orientations,
although the dominant fracture set is slightly displaced.

Fig. 10. Okshola. Great circles of guiding fractures from
each morphological section
and orientation of the guiding plane from the 3D model
(grey). Dashed line: postulated
fault plane (097/40) observed
in the cave, supported by close
ness of contours in Fig. 3 and
determined in the 3D model.

Fig 10
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Discussion
Structural speleology
The folding of the rock sequence is likely the cause of some
of the variations in trend of guiding fractures in the various
sections of the cave. A possible explanation for the lack of
recorded E-W trending guiding fractures (seen on the surface) may be that these fracture planes are of limited extent
so that, in a mature cave system like Okshola, most of them
have been dissolved away.
In accordance with the large canyons and phreatic conduits
in the upper passage of the FMRC-zone, vadose widening
and draining of phreatic passages are likely causes of the
observed breakdown in the central FMRC-zone. An abundance of speleothems (stalactites and stalagmites) in some
of the caverns demonstrates that meteoric seepage dissolves
along fractures in the roof, thus reducing its strength.
Origin of fractures
The identified and postulated trends of guiding fractures,
and thus the two prominent passage trends in Okshola,
NNE-SSW and E-W, coincide with the local sets of tectonic lineaments in the Fauske area (Gabrielsen et al. 1981;
Gabrielsen et al. 2002). Accordingly, the fractures may be
of regional tectonic origin, and therefore quite old (Gabrielsen et al. 1981; Gabrielsen et al. 2002). Based on faults
and fracture systems offshore-onshore in the Lofoten-
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Vesterålen area, Bergh et al. (2007) suggested a progressive clockwise rotation of the regional stress axes from c.
E-W to NNW-SSE in the time interval from the Mesozoic
to the Palaeogene. The field area is located about 130 km
SE of this area, and may have been influenced by the same
regional stress regimes. Both sets of vertical guiding fractures could develop as a result of these regimes. This implies
that fracturing probably took place long before speleogenesis commenced. The cave system is located less than 260
m above sea level (a.s.l.) in a glacially overdeepened fjord
valley, so that a pre-glacial (Tertiary/Neogene) origin for
the vadose parts of the cave is unlikely (Lauritzen 1990).
The low-dip guiding plane is, in general, parallel with the
topography. This surface-parallel attitude would probably
expose the (presumably sheared) guiding plane to opening by pressure release due to erosion and glacial unloading. Erosional or glacial unloading may also have resulted
in secondary mechanical enlargement of steep guiding
fractures. This would make fractures more favourable for
water penetration, and a large initial aperture has been suggested to enhance network formation (Palmer 1975, 1991;
Howard & Groves 1995). The present data do not allow a
chronological differentiation of the fractures to be made,
and all observations and analyses suggest that fracturing
took place long before speleogenesis commenced. No
unequivocal evidence of neotectonic deformation has been
observed within the study area; all recent movements (i.e.
rockfalls) can be explained by the effect of gravity. The

Fig. 11. Principal sketch of the relationship between hydrological regimes in the karst aquifer and climatic conditions and
glacier
Fig
11thickness during a typical glacial/interglacial cycle (represented by the last one). Marine oxygen-isotope record of
DSDP site 607 for the last glaciation from Raymo & Ruddiman (2004). The FIS and MIS terms are adopted from Kleman
& Stroeven (1997), and boundaries are modified to fit the hydraulic conditions in the cave. FIS: Fennoscandian ice sheet
corresponding to maximum global cooling and ice build up; MIS: Mountain ice sheets corresponding to intermediate global
cooling and ice build-up (e.g. Younger Dryas to Pre-Boreal ice extent) (Kleman & Stroeven op. cit.). Inset: Principal sketch of
the glacier surface slopes above Okshola during two different ice sheet extents.
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f racture pattern can therefore, like the bedrock stratigraphy,
be regarded as a passive template for speleogenesis.
Speleogenetic setting
Morphological features and sedimentary deposits demonstrate the strong variability in hydraulic regimes that have
formed the cave. Distinct phases, each with characteristic
hydrological conditions, can be identified and related to
specific climatic conditions (Fig. 11). Phreatic cross-sections, paragenetic features, scallops in the walls and ceiling
and parallel accretion (silt and clay deposits on walls and
ceiling) demonstrate that the cave has been water-filled,
probably during several stages. Water-filled conditions in
the marble apparently occurred under two different settings (Lauritzen 1990); either by bedrock control (prior to
puncturing of the karst aquifer at a lower level) or by glacial
control (i.e. the water level was raised by a glacier occupying
the Nedrevatn valley).
Glacial stages
Parallel accretion (sediments deposited to ceiling as well
as walls and floor) of silt and clay demonstrates that there
have been very slow or stagnant phreatic flow conditions
during the latest active stages in the cave. The last waterfilled episode was necessarily related to subglacial conditions, as the entire Okshola cave was situated above the
marine limit (110-130 m a.s.l.). Glacial meltwater contained
large amounts of rock flour (silt and clay) that settle from
suspension under stagnant conditions. Stagnant phases
of silting-up are generally associated with thick ice cover,
when the slope of the ice surface is gentle (Ford 1977). This
corresponds to the existence of a Fennoscandian ice sheet
with the ice front located over the continental shelf, similar
to the last glacial maximum (FIS events, Kleman & Stroeven 1997) (Fig. 11). Parallel accretion, with silt and clay
still preserved along the entire conduit perimeter, implies
that the stage of silting-up lasted quite a long time and that
the sediments were not removed by later flushing. These
passages and sections have therefore not been exposed to
subsequent high flow rates during draining, indicating that
it either did not occur or that these passages were accompanied by mature bypass-passages of large draining capacity.
The presence of overturned calcite speleothems and subrounded boulders demonstrate that, at least parts of the
cave have experienced hydraulic regimes of high energy
characterized by flushing after speleothem precipitation.
Episodes of flushing are generally associated with thin, wetbased glacial cover (i.e. water present at the ice base) with a
steep surface slope (Ford 1977). This corresponds to phases
of glacial advance and recession, similar to those that took
place during the Younger Dryas and the Pre-Boreal (MIS
events, Kleman & Stroeven 1997) (Fig. 11). During these
stages, the Nedrevatn valley was an efficient drainage channel for the inland ice sheet and the ice front was at the coast
or within the fjord (Andersen 1975). In a thin, wet-based
glacier, the glacial hydrological regime, and thus the subglacial karst water circulation, is dictated by seasonal and diur-
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nal fluctuations in glacial meltwater (e.g. Bennett & Glasser
1996). Flushing probably represented peak floods during
summer when the subglacial drainage system was fully
developed and melting most intense (e.g. Brown 2002).
Sand is the most abundant, water-derived deposit in
Okshola. According to the Hjulström diagram (Sundborg
1956), sand is deposited when the velocity drops below 20
to 40 cm/s. This suggests to us that the sand was deposited under the same flow regime during which the scallops
developed (approximate velocity estimate 15-30 cm/s). This
flow regime represents an intermediate state between stagnant conditions and flushing. Scallop-dominant discharge
corresponds to the upper 2-15 % of the annual flow regime
(Lauritzen 1989b; Lauritzen & Lundberg 2000). Consequently, the origin of phreatic scallops and sand deposits is
also thought to relate to the MIS glacial events (Fig. 11). The
low velocity of phreatic flow revealed by the scallops demonstrates that flushing had too short a duration to corrode
new scallops in the walls, i.e. it had no speleogenetic effect.
This supports our assumption that flushing represents short
peak flood events while scallops and sand deposits relate to
the annual flow regime under a thin, wet-based glacier.
A massive flowstone was precipitated over a gravel deposit
with rounded cobbles on a ledge in upper FM (the FM2sequence; Fig. 12). The flowstone was examined and U/Thdated by Lauritzen (1995), who found that it grew approximately between 145 and 81 ky BP (i.e. during the Eemian
interglacial). This means that the gravel below it was probably deposited during the previous, Saalian, glaciation. A
silty hiatus within the flowstone represents a cessation of
speleothem growth, and the top surface represents another
hiatus due to bulk re-solution of the sample. The silty hiatus
within the flowstone is interpreted as an episode of stagnant
flooding during Termination II at the end of the Saalian
glaciation, while the re-dissolved top surface shows the corrosional influence of the last glaciation (Weichsel) (Lauritzen 1995). The occurrence of this sequence on the sloping
wall of the phreatic cross-section indicates that this part of
the FM gallery was formed prior to late Saalian (i.e. gravel
deposition) and that the upper FM gallery has not experienced phreatic water circulation of much speleogenetic significance during the Weichselian. The phreatic tube existed
prior to the deposit of Saalian gravel.
Breakdown material covered by fine, water-lain sediments
(sand and silt) demonstrates that these specific breakdown events occurred prior to the last flooding. In consequence, they cannot be uniquely related to draining of the
cave during the last deglaciation. Present sediment chokes
and paragenetic features demonstrate the occurrence of
repeated episodes of sediment injection and flushing. A
smaller phreatic cross-sectional area in UM may possibly
be explained by this area frequently being a back-water
area with less flushing and more silting-up and sediment
preservation, thus inhibiting dissolutional wall retreat over
long periods. Additionally, high flow rates through the FM
trunk passage may have enhanced widening in adjacent and

Fig 11
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Fig. 12. The FM2-sequence. An Eemian flowstone overlies gravel with subrounded pebbles and boulder of presumed Saalian
age. Hand and ruler for scale. Photo: S.E. Lauritzen.

Fig 12
downstream
conduits. This is supported by scallop morphometry which displays an overall flow direction away
from the FM passage.
Interglacial stages
The vadose inlet passages display topographically hanging positions. They have negligible, if any, drainage areas
despite the large dimensions of their canyon sections. The
dendritic plan and size variation of the vadose passages,
together with U/Th-dated speleothems (>350 ka, Lauritzen 1996), indicate that the cave system has a long, multistage history of evolution under open-channel conditions
related to interglacials and interstadials (Lauritzen 1991b)
(Fig. 11).
The size of the lower vadose canyons (FMRC and EI)
implies that they have carried considerably higher flow
volumes over longer time spans than the upper vadose passages (NR and UE). The Kristihola Streamway was submerged below sea level during the last deglaciation (cf. ML:
110-130 m above present sea level, Fig. 1b). This indicates
that the evolution of the Streamway was not related to an
ice-marginal situation during deglaciation, but to a full
interglacial climate when the sea level was lower than the
lowest parts of the canyon system of Kristihola (30 m a.s.l.).
Moreover, flooding events in the Okshola River, which are
capable of filling the whole width of the largest vadose canyons, demonstrate that the present drainage areas and flow

regimes are large enough to have formed both the Streamway and the Vestibule passage.
Concerning the inlet passages of NR and UE, the present
runoff from the hillside is disproportionate and far too
small to have incised these canyons. If the entire tributary
43
valley drained into the NR passage the drainage area would
be about 90 % of the present, and the corresponding flow
rates would be about 90 % of the present Okshola River.
The canyons of both NR and UE seem too small to have
drained so much water. We therefore suggest that these canyons either formed by conveying only part of the flow of
the Okshola River, or they represent stages when the catchment was smaller. Simultaneous development of the parallel vadose streamways is doubtful because available run-off
from the drainage area seems to be too small, and the difference in altitude too large, being 80 m over 400 m between
NR and the river course at the top of the stream sink doline.
Therefore, sequential evolution of the vadose inlet passages
seems more likely.
If the vadose incision in the Kristihola Streamway (10-30 m
deep) developed during the present and the previous interglacial (about 75 ka in accordance with speleothem growth,
Lauritzen 1995), this would require a rate of down-cutting
in the range of 0.1 to 0.4 m/ka (= mm/a). This is within the
range of corrosion rates estimated in present cave streams
elsewhere in Nordland: 0.2-0.6 mm/a in Glomdal (Lau-
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ritzen unpub.). Accordingly, it is possible that the incision
of the Streamway, and thus the stream sink doline and EI,
developed mainly during the Eemian and Holocene interglacials.
Speleogenesis in association with glacial landscape
evolution
The morphological features and sedimentary deposits in
Okshola demonstrate that there have been cyclic changes
in the hydraulic regime. This emphasizes a complex multistage development through several glacial/interglacial
cycles. Consequently, we suggest that the speleological
evolution occurred together with the glacial erosion of the
landscape (Fig. 13).
In stripe karst, and other types of contact karst, glacial erosion and valley entrenchment are likely to cause a process of
caprock (or wallrock) stripping. When glacial erosion lowers the valley floor, the existing stream sink will be abandoned in a hanging position in the hillside and a new stream
sink will form in the newly exposed carbonate rock. The
orientation and attitude of the carbonate outcrop (lithologic
contact) determine whether the sinks migrate upstream or
downstream. As a consequence, the complex geometry of
the carbonate layer in combination with (glacial) erosion
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has permitted allogenic stream sinks to migrate downstream in contrast to a purely fluvial system over a homogeneous substrate where migration of sinks would be in the
upstream direction due to fluvial headwater erosion (Ford
& Williams 2007). Glacial valley incision in the fjord valley
(Nedrevatn valley) is likely to have breached the aquifer at
progressively lower elevations and thus allowed springs to
emerge at successively lower positions.
Glacial valley incision (and erosion) is likely to have intensified post-MPT (mid Pleistocene Transition) when glaciations of larger extent and longer duration occurred (FIS glacial events; Fig. 13). Quantitative valley incision-rate studies in alpine settings indicate that most of the present relief
was formed under the regime of 100 kyr cycles (Lauritzen &
Gascoyne 1980; Haeuselmann et al. 2007). We suggest that
phreatic initiation and early development of the labyrinthal
structure occurred prior to breaching of the karst aquifer,
i.e. opening of (vadose) flow paths towards a lower base levels in the Nedrevatn valley. Pre-MPT, before the aquifer was
breached in the Nedrevatn valley, both the interglacial river
and subglacial water flow may have fed the exposed marble and guiding plane in the bottom of the tributary valley, whilst phreatic water flow along the hillside may have
initiated the labyrinthal structure. During glaciations postMPT, the cave system was probably exposed to stronger

Fig. 13. Synthesis showing main stages of development of Okshola cave. Top: Okshola cave. Active cave conduits (black) with
arrows
showing
Fig
13 water flow direction. Middle: Suggested evolution of base level during the last 1.5 Myr. Bottom: Oxygen
isotope curve from Raymo & Ruddiman (2004), FIS and MIS boundaries from Kleman & Stroeven (1997). MPT = MidPleistocene Transition (Ruddiman et al. 1989).
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Fig.Fig
14. Left
14. column, A-D) Suggested scenarios in the evolution of the Okshola cave, based on section from NS-profile (Fig.
1b). Inset A) shear plane. Blue: marble. Green: schist. Vertical axis exaggerated. Right-hand column, E-G) DEM model
showing the corresponding stepwise exposure of marble outcrops (green). Numbers denote stream sinks and corresponding
springs (with letter) (1-oldest, 4-active at present). Contour interval: 100 m.
fluctuations in the subglacial flow regime associated with
shifts in hydrological settings between dissolutional wall
retreat, sediment injection, silting-up and flushing.
Suggested sequence of speleogenetic events
We propose the following simplified evolutionary history
of Okshola to account for the observed morphological and
sedimentological features within the cave (Fig. 14).

Stage 1 Glacial and interglacial – pre-MPT: Phreatic initiation and early development of the labyrinthal
structure along the guiding plane, close to the hillside. Pyrite oxidation and unloading by erosion
were possibly important factors initiating the speleogenesis. Glacial erosion stripped off the caprock
and eventually breached the karst aquifer at a lower
position (Figs. 14a and e).
Stage 2 Interglacial – NR stage: The allogenic river invaded
the cave system (having a smaller volume than the
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Stage 3

Stage 4
Stage 5
Stage 6

Stage 7
Stage 8

present Okshola River) and established an underground flow path presumably towards the SW
(probably the shortest distance) (Figs. 14b and e).
Glacial: Phreatic conditions in the aquifer with dissolutional widening and highly variable hydraulic
regime in concert with shifts in glacier thickness
and extent. Glacial incision lowered the floor of the
tributary valley and left the previous vadose inlet in
a hanging position in the hillside. Erosion exposed
fresh marble in the Nedrevatn (fjord) valley and
thus punctured the aquifer at progressively lower
positions.
Interglacial – UE stage: The allogenic river invaded
the UE passage (with a lower discharge than the
present river).
Glacial: Similar to stage 3.
Interglacial – FM stage: The allogenic river invaded
the FM passage. High flow rates and high capacity
throughout the system correspond to a shift in
the spring position towards the SE, i.e. opening of
the Streamway passage. Development of IM and
enlargement of several parallel trunk passages
may relate to breakdown events and a voluminous
supply of sediments from breakdown and glacial
injection (Figs. 14c and f).
Glacial: Similar to stage 3.
Interglacial – EI stage: A new stream sink was
established in the exposed marble in the valley
floor and down-cutting occurred in the Icehall
and in the Streamway. Flow rates were high, with
a steep and steady flow towards sea level. Vadose
undermining, collapse and dissolution of breakdown material resulted in doline development at
the stream sink (Figs. 14d and g). Kristihola’s present entrance was formed by collapse into the main
streamway.

Conclusions
Okshola and the adjacent Kristihola display clear signs of
a complex, multi-stage development that probably took
place throughout most of the Pleistocene. We believe that
the simplest speleogenetic model to meet all morphological observations is a process of progressive erosional
stripping of overlying caprock mica schist in concert
with glacial erosion. Consequently, the Okshola labyrinth is older than the main passages of Kristihola, which
developed only after valley erosion had intersected the
carbonates at successively lower elevations of which the
present karst spring just above sea level is the last stage.
Our present knowledge does not permit a chronological differentiation of individual guiding fractures, apart
from the fact that in a metamorphic (marble) setting, all
karst voids are younger than the guiding fractures which
then function as static templates. We have, however,
demonstrated that most of the labyrinth is guided by the
foliation parting which might have been opened by shear
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and/or unloading. We have no unequivocal observations
of faulting per se in the cave system. Although some fracture zones display dense internal fracturing, we have not
been able to detect mesoscopic sense, nor magnitude of
movement along any of them.
The geometry of the cave system is dictated by three
structural elements: the (presumably thrusted) foliationparallel fracture zone, and at least two sets of steeply
dipping fractures. Upper Okshola and parts of its lower
entrance area display relatively simple morphology in the
form of intact phreatic tubes. The central Fata MorganaRiver Canyon zone (FMRC) differs by having distinct
collapse and fractured zones.
In order to explain the observed twist of this foliationparallel guiding plane between Okshola proper and
Kristihola, one has to postulate an interference pattern of
rather tight folding (Fig. 3).
This model explains all our observed variations in fracture and cave geometry between Okshola and Kristihola
and within zones in Okshola itself.
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