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Abstract: Vertical, upward tapering, closed tubes (here termed “röhrenkarren”) have 
been observed in abundance in limestone exposed in the epiphreatic zone around several 
lakes in Ireland. Röhrenkarren form by condensation corrosion within air pockets trapped 
by seasonal floodwaters. This promotes rapid limestone dissolution where lake, or cave, 
waters are at or near saturation with respect to calcium carbonate. Their abundance testi-
fies to the large-scale dissolution of limestone and simultaneous enhancement of carbon-
ate precipitation in carbonate-saturated environments where dissolution directly by lake 
water is very limited. Lake-specific differences in röhrenkarren morphometry provide a 
unique record of the long-term water chemistry at each site. The underlying mechanism 
has implications for other solid-liquid interfaces. [Key words: karst, lakes, epiphreatic, 
condensation corrosion, limestone.]

INTRODUCTION

Despite a plethora of papers and textbooks on karst (e.g., Jennings, 1985; White, 
1988; Ford and Williams, 1989) remarkably little work has been undertaken on the 
distinctive karren assemblages associated with freshwater lake margins. Indeed, this 
would appear to be the most neglected field of karst research, with only two papers 
having been published specifically on this subject (Priesnitz, 1985; Vajoczki and 
Ford, 2000). Ireland, with its extensive outcrop area of Carboniferous Limestone 
and an abundance of lakes, offers many opportunities for documenting the diversity 
of lacustrine karst phenomena. Some of these features were first noted many 
decades ago (Kinahan and Nolan, 1870; Praeger, 1937). Various types of dissolu-
tional pitting and notching on the flanks and upper surfaces of limestone outcrops 
and boulders can all be ascribed, in broad terms, to direct dissolutional effects by 
lake and/or rain water. However, one type of solutional feature cannot so readily be 
attributed to “conventional” karst processes and forms the subject of this paper. This 
particular karren form, termed “röhrenkarren” (tube karren) on account of its 
upward-tapering tubular shape, occurs in abundance around the limestone shores 
of three interconnected lakes, loughs Carra, Mask, and Corrib, in counties Galway 
and Mayo in western Ireland. Examples also have been seen around several other 
lakes in Ireland and Canada, and in at least two caves in Britain.
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OBSERVATIONS

Röhrenkarren Morphometry

Röhrenkarren almost invariably comprise nearly perfectly circular tubes (Fig. 1) 
that taper smoothly upward to a rounded apex (Fig. 2). Silicified, and hence effec-
tively insoluble, fossil debris may project from the walls of some tubes but their cir-
cular cross section is otherwise rarely disrupted except where adjacent 
röhrenkarren intersect each other. One limestone block has been observed in which 
several röhrenkarren display a slightly elliptical cross-section aligned on a 1-mm-
thick calcite vein, but this has proven the exception among the many thousand 
röhrenkarren seen during the course of this investigation. Röhrenkarren extend 
upward, sometimes for several tens of centimeters, from the underside of boulders 
and overhanging beds of limestone. For in situ limestone beds, röhrenkarren long 
axes are always vertical. In loose boulders, tilted röhrenkarren are common while 
geniculate (knee-shaped) examples occur rarely in some blocks, which presumably 
tilted during röhrenkarren growth. Longer röhrenkarren commonly extend right 
through beds or blocks of limestone, piercing the solution-pitted upper surface, but 

Fig. 1. Basal view of röhrenkarren from Lough Mask showing the perfectly circular cross-section and 
narrow size distribution. Except for those developed along the fracture on the left, their distribution is 
entirely random. Width of block is approximately 0.7 m.
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shorter examples or those in thicker limestone beds or boulders end blindly below 
the surface. At each study site, they show a consistent relationship between length 
(base to apex) and diameter (Fig. 3). They commonly occur in profusion along hun-
dreds of meters of shoreline (Fig. 4) but only three distinct morphometric popula-
tions have been identified around the lakes investigated here. Those around the 
present shorelines of loughs Corrib and Carra (Fig. 5) are indistinguishable from one 

Fig. 2. Röhrenkarren extending up from beneath solutionally widened bedding plane on the shore of 
Lough Mask. Coalescence of adjacent röhrenkarren creates the downward projecting pinnacles between 
them. Field of view is approximately 1 m.

Fig. 3. Scatter plot of röhrenkarren basal diameter versus röhrenkarren depth at the four Irish sites 
discussed in the text.
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another, with a rapid decline in expansion rate (the term “expansion rate” is used 
throughout this paper in a purely topological sense to describe the ratio between 
length and diameter of röhrenkarren, and does not imply any time component) 
forming almost parallel-sided tubes, seldom more than 30 mm in diameter, beneath 
the tapering and rounded apex. A second population, associated with the present 
shore level of Lough Mask, has a more slowly declining expansion rate, with basal 
diameter often reaching 50 mm (Figs. 1, 2, and 4). A third population, in the town-
land of Ballykine near the southeast corner of Lough Mask (Fig. 5), appears to be 
relict röhrenkarren. They are located about 5 m above the present winter shoreline 
and are associated with a former higher level of Lough Mask dating from at least the 
mid-19th century and possibly much earlier. These röhrenkarren show a much 
slower decline in expansion rate, forming broadly tapering cones with basal diam-
eter up to 200 mm (Figs. 3 and 6). At several sites around Lough Corrib, occasional 
blocks have been found in which small-diameter (<20 mm) röhrenkarren have been 
found extending upward from the apex of larger-diameter (>30 mm) ones, with an 
abrupt junction between the two (Fig. 7).

Geological and Hydrological Setting

Röhrenkarren investigated during the course of this study are confined to a lim-
ited vertical range around the margin of each lake. This corresponds to the epi-
phreatic zone produced by seasonal lake-level fluctuations, as deduced by field 
observations of strandlines and tide marks (Fig. 4) and direct observations of lake-
levels in winter and summer. They are known to occur at least sparsely around sev-
eral other lakes in Ireland, including loughs Derg, Rea, and Coy in southeast 
County Galway, and Lough Ennel in central County Westmeath (field observations; 

Fig. 4. Abundant röhrenkarren and solution pits on undercuts and bedding planes at Dringeen Bay, 
Lough Mask. The position of the previous winter’s tide mark is indicated. Height of crags is approxi-
mately 2.5 m.
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Fig. 5, inset map), and they also have been reported from Lake Huron, Canada (Ford 
and Williams, 1989). Apparently identical features also have been observed in 
hydrologically inactive parts of at least two caves: Ogof Draenen in southeast Wales 
(field observations), and Twin Titties Swallet in the Mendip Hills (Stanton, 1986). 
For the latter site, Stanton published a brief description and several photographs. He 

Fig. 5. Location map for the main drainage associated with the Mask-Corrib lake system showing the 
division between carbonate and silicate catchments. Bk = Ballykine. Inset map shows the location of the 
main study area (dashed box) and of other locations referred to in the text (C = Lough Coy, D = Lough 
Derg, E = Lough Ennel, K = Killarney lakes, R = Lough Rea). The course of the River Shannon and 
associated lakes is indicated.
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was the first to recognize that their formation might be linked in some way with 
fluctuating water levels.

The present study draws on a very much larger database than was available to 
Stanton, and analyzes examples that are located within a currently active hydrolog-
ical situation. The study area comprises three interconnected lakes, loughs Carra, 
Corrib, and Mask (Fig. 5), in counties Galway and Mayo in the west of Ireland, 
where röhrenkarren occur in extraordinary abundance around the shores. These 
shores expose gently dipping beds of Carboniferous Limestone and abundant lime-
stone erratics left by ice sheet decay some 15 ka ago (Lambeck, 1996). In places, 
the limestone is still overlain by glacial till that is being slowly stripped back by 

Fig. 6. “Giant” relict röhrenkarren at Ballykine, to the southeast of Lough Mask.

Fig. 7. Underside of limestone block with smaller röhrenkarren extending upward from the apex of 
larger ones. Inishmicatreer, Lough Corrib.
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erosion along the lake margins. Limestone surfaces only recently emerged from 
beneath this till cover commonly display glacial striations. Dissolutional features, 
which invariably destroy the glacial striae, are developed 1 to 2 m out from actively 
eroding till margins indicating that all but the deepest striations are destroyed on 
limestone surfaces that have been subaerially exposed for more than a few decades 
(Kinahan and Nolan, 1870, and field observations). This solutional modification of 
originally glacially smoothed surfaces suggests all of the lacustrine karst features, 
including röhrenkarren, at these sites have formed since the region emerged from 
the last ice sheets, and hence have a maximum time for development of about 
15,000 years. It is improbable that significant populations of röhrenkarren, which 
inevitably greatly reduce the mechanical strength of the limestone in which they are 
developed, could have survived glacial erosion.

The catchments for these three lakes are extensive, loughs Corrib and Mask 
being the second and fourth largest lakes in Ireland, respectively (ca. 190 km2 and 
ca. 90 km2, respectively). However, differences in the underlying geology of each 
catchment are significant for the interpretation of röhrenkarren morphometry. 
Lough Carra, the smallest of the three lakes at approximately 20 km2, has a catch-
ment of approximately 100 km2 located almost entirely on low-lying, partly till-
covered, limestone outcrops. Water from Lough Carra drains to Lough Mask, via a 
short surface channel, supplementing a similar, but very much larger, limestone-
floored catchment, extending over at least 500 km2 to the east of the lake. This is 
supplemented by a second large catchment area, of more than 300 km2, underlain 
by a range of silicate rock types to the west of Lough Mask (Fig. 5). Water from 
Lough Mask then drains to Lough Corrib, supplementing catchments to east and 
west of this third lake. That to the east is very large (>1000 km2) and again floored 
entirely by low-lying limestone with a thin patchy cover of till. The western catch-
ment is also large, covering an area of about 350 km2, underlain in part by silicate 
lithologies but with a significant outcrop area of Carboniferous Limestone around 
the southwest of the lake.

The present surface rivers draining to loughs Mask and Corrib from the east are 
largely artificial, the result of efforts in the mid-19th century to alleviate flooding 
in the region. Prior to that time much of the flow was (and still is in summer) via 
subterranean karst conduits (Drew and Daly, 1993). Although throughflow time 
from catchment to lake has thereby been reduced, this probably has not greatly 
affected the overall water chemistry of these lakes. Until the mid-19th century, the 
entire outflow from Lough Mask was also subterranean, traveling about 5 km 
between a series of sinks along the southeast shore of Lough Mask and the vast 
springs (winter flows of >50 m3s–1) in the village of Cong, at the northern end of 
Lough Corrib (Drew and Daly, 1993). Anecdotal evidence from local families, sup-
ported by 19th century navigation charts for Lough Mask, indicate that lake levels 
here formerly fluctuated seasonally by 5 m or more, with fluctuations in loughs 
Carra and Corrib of perhaps 2 m. However, major drainage works from the 1840s 
onward significantly reduced this range. Construction of the Cong Canal, linking 
loughs Mask and Corrib, greatly reduced the magnitude of the winter flood peaks, 
while deepening of the River Corrib, linking Lough Corrib with the sea, is said to 
have lowered summer levels by 1 m (Kinahan and Nolan, 1870). Present lake 
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levels fluctuate seasonally over a range from about 1 to more than 3 m, being 
greatest in Lough Mask.

Water chemistry analysis at bi-monthly intervals over the course of 14 months 
(March 1998 to May 1999) indicates that the lakes were in a near-permanent state 
of carbonate saturation during that period. All three are actively precipitating car-
bonate “marl,” as demonstrated by the encrustation of submerged plant stems and 
mollusc shells. Recent work on Lough Carra has served to confirm high carbonate 
saturation levels at this site (King and Champ, 2000). However, differences between 
each lake in the degree of karstification of frequently inundated limestone surfaces 
around their margins indicates significant long-term differences in the saturation 
state of each lake. Around Lough Corrib there is little evidence for direct lake-water 
dissolution, with joints, bedding planes and horizontal corrosion notches seldom 
wider than 30 mm. At Lough Carra, these features are even more weakly developed 
or, in the case of horizontal corrosion notches, absent entirely. Indeed, glacial stri-
ations are still well preserved on one limestone surface in constant contact with the 
lake water (Fig. 8). In contrast joints, bedding planes and corrosion notches around 
Lough Mask are often more than 100 mm wide (Figs. 4 and 9), while glacial striae, 
revealed where till is stripped away, are erased by dissolution only a few meters 
beyond the till margin, as was noted more than a century ago by Kinahan and 
Nolan (1870). These differences in the degree of lacustrine littoral karstification 

Fig. 8. Glacially striated limestone surface on the shore of Lough Carra.
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show a direct correlation with the ratio of limestone to silicate catchment for each 
lake: for Lough Carra, the silicate catchment is 0%; for Lough Mask, it is about 35% 
(including the Carra catchment); and for Lough Corrib, it is less than 20% (including 
the combined Mask and Carra catchments). Further evidence of the scale of lake 
margin dissolution that can occur where the lake water is significantly undersatu-
rated has been documented around the Killarney lakes in County Kerry, where cor-
rosion notches and associated karst features may undercut limestone cliffs on the 
shoreline by up to 5 m. The Killarney lakes are fed by an extensive, upland, silicate 
catchment and hence the water is significantly undersaturated (Priesnitz, 1985).

These observations indicate that, over the long-term, the lake waters in Lough 
Corrib, and particularly in Lough Carra, have been permanently saturated with 
calcium carbonate while Lough Mask has experienced periods of undersaturation 
sufficient for some dissolution to occur, thereby widening the joints and bedding 
planes.

Comparison of Röhrenkarren with Other Karst Features

Röhrenkarren morphometry is distinctive and unique among karst forms 
although several superficially similar karren forms have been described in which 
upward dissolution also appears prevalent. Roof pockets or ceiling pockets 

Fig. 9. Corrosion notches in limestone boulders on the shore of Lough Mask.
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(Laugungskolke) in caves are the most widely documented. Many examples have 
been attributed to mixing corrosion associated with percolation water emerging 
from fractures in a phreatic environment (Hedges, 1967; Ford, 1988; Ford and Wil-
liams, 1989), and this is supported by the common occurrence of these features 
forming “air bells” in active, and recently drained, phreatic passages. Dreybrodt 
and Franke (1994) rejected this interpretation and instead supported a mechanism, 
first outlined by Lange (1960, 1964, 1965), in which percolation water emerging in 
vadose environments causes enhanced dissolution on fractures. Whatever their ori-
gin, both proposed mechanisms dictate that these ceiling pockets invariably are 
aligned on preexisting fractures. Although röhrenkarren too are sometimes aligned 
on joints, more typically their distribution appears random and independent of pre-
existing fractures (Fig. 1).

Blind spherical “cupolas” or “kettles,” often 1 m or more across, have been 
reported from a number of caves in Hungary and elsewhere. The caves in which 
they occur have been considered to have hydrothermal origins and hence the for-
mation of these structures has been attributed to condensation corrosion associated 
with elevated water temperatures (Szunyogh, 1990). These cupolas resemble 
röhrenkarren in being apparently independent of fractures, but they otherwise differ 
in their considerably larger size and spherical shape.

Karst features with a more closely similar shape to röhrenkarren, but still of con-
siderably larger size, are the “bell holes,” which have been reported from tropical 
caves (Wilford, 1966; Lauritzen et al., 1997). These may be 1 m or more in diam-
eter and several meters high. Like röhrenkarren, they appear to develop indepen-
dently of any preexisting fractures. The most recent account (Tarhule-Lips and 
Ford, 1998) invoked a mechanism of condensation corrosion in the entrance zone 
of these caves associated with daily temperature and humidity changes of the air. 
A broadly similar mechanism, although involving seasonal temperature and 
humidity changes, was also suggested for the formation of large vertical cylindrical 
tubes, about 0.5 m in diameter and 10 to 15 m high, in semiarid karst in Morocco 
(Castellani and Dragoni, 1987). However, the location of the tubes at the intersec-
tion of two or more vertical fractures and their position above, and connected 
with, a horizontal network of passages suggests the possibility that they may have 
formed by the same mechanism as that for roof pockets in caves, as discussed 
earlier.

Finally, there is a type of small-scale karst feature of broadly similar type to 
röhrenkarren that has been observed widely in surface exposures of limestone over 
more than a century (e.g., Buckland, 1841; Trevelyan, 1846; Bonney, 1870; Taylor, 
1894; Stanton, 1986) yet seems never to have merited even a mention in karst text-
books. These were first described by Hodgson (1827, p. 193) who referred to pro-
jecting masses of limestone “the under surface of which is bored upward into 
cylindrical holes, which are from one to four inches deep, and tenanted … by … 
Helix [now Cepaea] nemoralis.” Stanton (1986) gave a thorough review of these 
neglected karst forms, which he termed helixogenic cavities on account of their 
almost invariable association with land snails of the Family Helicidae. Typically 
they consist of rather small (2 to 3 cm diameter), irregularly tubular or spheroidal, 
sometimes branching, cavities that extend upward to rounded apices from beneath 
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limestone overhangs. Although commonly occupied by snails, it is unclear whether 
their formation is created by their activities or whether they form by some largely 
abiogenic mechanism, perhaps condensation corrosion, and the snails are merely 
exploiting them as shelters .

Although röhrenkarren share certain features in common with some of these 
other karst morphotypes, it is a combination of characteristics that make them 
unique and quite distinct from any of these, while also providing evidence for the 
mechanism that has formed them. Their independence, in the great majority of 
observed examples, from any preexisting fractures establishes unequivocally that 
downward percolation of water along fractures is not involved in röhrenkarren for-
mation. In this respect, they resemble hydrothermal cupolas, the bell holes of trop-
ical caves, and the much smaller helixogenic cavities. However, they differ from all 
of these in two important respects. (1) Populations of röhrenkarren at each site dis-
play a much narrower morphometric range than is seen in populations of bell holes, 
cupolas or helixogenic cavities, which typically show a much wider scatter when 
depth is plotted against diameter (e.g., compare plots of röhrenkarren populations 
in Fig. 3 here with Fig. 10A of Tarhule-Lips and Ford, 1998). (2) Perhaps more sig-
nificantly, in terms of their mechanism of formation, röhrenkarren appear confined 
to environments which demonstrably are within the epiphreatic zone, primarily the 
margins of lakes subject to seasonal inundation. This is quite different from the 
entirely subaerial environments of bell holes, as described by Tarhule-Lips and 
Ford, and helixogenic cavities, or the hydrothermal setting of cupolas.

Fig. 10. Scanning Electron Micrograph of limestone surface within the apex of a röhrenkarren from 
Lough Corrib. Field of view is approximately 0.04 mm.
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DISCUSSION

Mechanism of Röhrenkarren Formation

The uniquely consistent and narrow morphometric range of röhrenkarren sug-
gests a purely physico-chemical mechanism for their formation. Their shape, typi-
cally with a rounded apex above a near parallel-sided tube as displayed in the 
depth-diameter curves (Fig. 3), indicates that the limestone dissolution rate toward 
the lower end of the tube is much slower than at the apex. SEM examination of 
röhrenkarren apices (Fig. 10) shows no evidence for any biogenic textures and dis-
plays etch features typical of inorganic dissolution (Viles and Moses, 1998) confirm-
ing an abiogenic dissolution mechanism. The vertical long axes of röhrenkarren 
(Fig. 2) indicate that air trapped at the apex by rising water levels, as occurs regu-
larly in these seasonally fluctuating lakes, is fundamental to the dissolution mecha-
nism. This air-filled apex remains isolated from direct contact with the lake water 
and hence a dissolution mechanism must be sought, which similarly is independent 
of the lake water. Although the scale of individual röhrenkarren is much smaller 
than previously described condensation corrosion features, such as the hydrother-
mal cupolas or the tropical cave bell holes, the epiphreatic lake-shore environment 
in which röhrenkarren are developed is one where condensation, and hence disso-
lution, within the air pockets is inevitable. It is this mechanism, and the evidence 
for it, that is described here for the first time.

Condensation Corrosion and Röhrenkarren Formation

There is an increasing realization that condensation is significant in many karst 
settings (Dublyansky and Dublyansky, 2000) and it is considered here to be the 
underlying process in the formation of röhrenkarren. For condensation to occur, a 
temperature difference must exist between the rock and the water vapor; hence cor-
rosion by condensed water vapor will not occur once the rock-water system has 
reached equilibrium. The temperature difference required for condensation to 
occur within the trapped air pocket at the apex of a röhrenkarren arises from differ-
ences in the thermal properties of limestone and water. Data collected from Lough 
Mask at 3-hour intervals over a period of four weeks in March 2000 show that rock 

Fig. 11. Temperature variation, recorded at 3-hour intervals during March 2000, for lake water 
(dashed line) and a subaerially exposed boulder (solid line) within the epiphreatic zone of Lough Mask.
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temperatures fluctuate with a much higher frequency and amplitude than lake-
water temperature (Fig. 11). Consequently, the two are frequently out of equilibrium 
for periods of at least a few hours, with condensation occurring when rock temper-
ature is lower than water temperature. Under optimum conditions, with low air 
temperatures and only partial submergence of blocks containing röhrenkarren, a 
temperature gradient may even be established across the block thereby maintaining 
a temperature differential between rock and water for a more extended period 
of time.

Water vapor condensing on the walls of the air-filled röhrenkarren apex will form 
an unsaturated film that reacts with the exposed limestone. Simultaneously with an 
increase in its saturation state through dissolution of the limestone, gravity draws 
this increasingly saturated water film downward. The consequent downward 
decline in aggressivity of the water film produces the characteristic downward 
decline in röhrenkarren expansion rate (Figs. 2 and 3). The perfectly circular section 
of röhrekarren reflects uniform dissolution rates in a horizontal plane that arises 
from uniform condensation onto the walls of the cavity and through any lateral dis-
solution by lake water that may occur. Mixing of the saturated water film with satu-
rated lake water below enhances carbonate precipitation, simultaneously releasing 
CO2 back into the air pocket via the water surface. CO2 is then available to dissolve 
in the condensed water film, a process which may be enhanced by pressure 
increase if lake level is rising.

Initiation of Röhrenkarren

The elongate narrow shape of most röhrenkarren ensures that any air trapped at 
the apex forms a relatively stable bubble, even when surface conditions on the lake 
are quite rough. However, if röhrenkarren are initiated through the same mecha-
nism of condensation corrosion that controls their later growth, then their early 
development must be associated with bubbles that are much less stable, trapped 
only by rising lake levels beneath irregularities on the undersurface of limestone 
erratics and overhangs. Direct field observation of this early stage is virtually impos-
sible but the theory expounded here can be tested since it is possible to infer both 
the optimum conditions necessary for such an initiation mechanism to operate and 
also those conditions that are inimical to röhrenkarren initiation. First, water move-
ment would easily dislodge these initial trapped bubbles, suggesting that periods of 
calm lake conditions are necessary and implying that the initial growth of röhren-
karren may be very slow and prolonged. Field observations indicate that röhrenkar-
ren are absent from sites of significant current flow adjacent to lake outlets, which 
tends to confirm the prediction that calm static, but rising, water is required for 
röhrenkarren initiation. Second, the irregularities beneath which the initial röhren-
karren-forming bubbles are trapped must themselves have a long-term stability suf-
ficient to ensure that there is time for them to develop into true röhrenkarren. If the 
lake water is significantly undersaturated then continuous modification of exposed 
limestone surfaces through direct dissolution will remove any minor irregularities 
from which röhrenkarren might ultimately have developed. Hence it may be pre-
dicted that röhrenkarren will form only where the lake water is at or near saturation, 
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as is the situation in loughs Carra, Mask, and Corrib, and will be absent from many 
otherwise suitable sites. For instance, röhrenkarren are absent from limestone 
around the shores of the Killarney lakes, County Kerry, despite seasonal lake level 
fluctuations of about 2 m, because the lake water is significantly undersaturated 
and has formed a range of other lacustrine karst features through direct dissolution 
by the lake water (Priesnitz, 1985). This mutually exclusive distribution of röhren-
karren and other lacustrine littoral karst features is significant in demonstrating that 
limestone dissolution may occur on a large scale both in undersaturated lakes, by 
direct dissolution, and in carbonate-saturated lakes, through condensation corro-
sion and the development of röhrenkarren.

Lake-Specific Röhrenkarren Morphometry

The morphometry of röhrenkarren displays a striking lake specificity, with the 
four measured populations each showing relatively little spread and little or no 
overlap with other sites (Fig. 3). These differences cannot be attributed to limestone 
lithology or to depth of flooding. At any one site, röhrenkarren are developed in 
many different boulders or limestone beds, and even in decimeter-scale dolomite 
bands that occur within the Lower Carboniferous succession at Lough Mask, but the 
range of variation within these populations is less than the differences between dif-
ferent lakes, as demonstrated by the scatter plot of Figure 3. The absence of any sig-
nificant depth-related effect can be demonstrated at several locations around Lough 
Mask, where röhrenkarren developed at several levels over a height range of some 
5 m show no discernable morphometric differences.

However, a close correlation does exist between röhrenkarren morphometry at 
each lake and the development of other karst features, which observations indicate 
can be attributed to direct dissolution by the lake water. As outlined earlier, lime-
stone on the shores of loughs Corrib and Carra shows little or no evidence for direct 
lake-water dissolution, suggesting a long-term state of carbonate saturation of the 
lake water. Röhrenkarren at these two sites are indistinguishable and consistently 
narrower than those from the Lough Mask sites (Fig. 3). Around Lough Mask disso-
lutional widening of fractures in the limestone indicates that, over the long term, the 
lake water here has experienced periods of undersaturation sufficient for signifi-
cant, though still relatively minor, dissolution to occur. Under the latter conditions, 
the lower part of each röhrenkarren, in contact with the lake water, is widened by 
dissolution, which can be attributed directly to the undersaturated lake water thus 
forming a broader taper to röhrenkarren here than at loughs Carra and Corrib. 
Röhrenkarren around the latter two sites experience little or no dissolution directly 
from the lake water; their narrow morphometry can be attributed entirely to con-
densation corrosion.

The very broad röhrenkarren at Ballykine are now entirely relict, being located 
above maximum winter flood levels. They certainly pre-date the mid-19th century 
drainage works and may even originate from significantly earlier in the Holocene, 
although there is little direct evidence by which to date them. However, regardless 
of their age it is possible to infer from their morphometry that the lake water at the 
time that they were being formed was significantly less saturated than that of Lough 
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Mask today. This would appear to be confirmed by a corrosion notch incised more 
than half a meter into the old lake shore at roughly the same level. The existence of 
these relict “giant” röhrenkarren around Lough Mask appears to indicate a signifi-
cant change in lake-water chemistry at some time earlier in its history. This change 
may perhaps also account for the presence around Lough Corrib of occasional 
limestone blocks in which small-diameter (<20 mm) röhrenkarren extend upward 
from the apex of larger-diameter (>30 mm) ones, with an abrupt junction between 
the two (Fig. 7).

The differences in long-term lake-water chemistry indicated by the variation in 
röhrenkarren morphometry and in other lake margin karst forms show a direct rela-
tionship with the percentage area of limestone in the catchment for each lake 
which, as discussed in an earlier section, is lowest for Lough Mask and highest for 
Lough Carra (Fig. 5). Pitty (1968) demonstrated a correlation between solutional 
loss across a limestone area and the percentage of its catchment that is limestone, 
supporting the observations made here that the lakes with the highest percentage of 
limestone outcrop in their catchment have the most carbonate-saturated lake water 
and therefore the least effect on direct dissolution of the limestone around the 
shores.

Röhrenkarren and Rates of Dissolution

Röhrenkarren enlarge upward from their point of initiation solely by condensa-
tion corrosion. Hence their depth is a measure of the condensation corrosion rate 
alone. However, although the radius at the base of each röhrenkarren may be owed 
solely to condensation corrosion in environments, such as at Lough Carra where the 
lake water is permanently saturated, at other sites with less saturated lake water the 
röhrenkarren radius may be a function of both condensation corrosion and lake-
water dissolution. Assuming the latter to be effectively zero at Lough Carra, where 
the average röhrenkarren radius is about 10 mm, for röhrenkarren with radii greater 
than this the additional difference can be attributed to dissolution directly by lake 
water.

Condensation corrosion rates within röhrenkarren apices will be subject to vari-
ables such as the temperature difference between rock and water vapor and espe-
cially, over the long term, the frequency of inundation during winter floods when 
rock temperatures are at their lowest. The deepest single röhrenkarren observed was 
at Lough Corrib and was more than 450 mm with the apex missing. Assuming that 
this example was initiated immediately after retreat of the ice sheets from this area 
about 15 ka ago (Lambeck, 1996), this gives a minimum rate of more than 30 mm 
ka–1 for condensation corrosion yet only 0.7 mm ka–1 for the lake-water dissolution 
rate (Table 1). These figures necessarily assume continuous dissolution whereas, in 
fact, they represent an average for a highly episodic history of dissolution intimately 
linked with seasonal lake-level changes. Shorter röhrenkarren may reflect later ini-
tiation and/or a lower frequency of inundation, and give correspondingly lower 
minimum rates both for condensation corrosion and direct dissolution by lake 
water. The more broadly tapering röhrenkarren of Lough Mask and Ballykine give 
higher lake-water dissolution rates than for loughs Corrib and Carra; 1.7 mm ka–1
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and 5.3 mm ka–1, respectively. Even the latter figure is significantly lower than that 
for normal limestone surface lowering rates in Ireland, with figures of 10 to 120 mm 
ka–1 cited by Williams (1966, 1970) and 40 mm ka–1 by Drew (2001) for pedestal 
heights beneath erratics, and is almost negligible compared with the astonishingly 
high limestone dissolution rates of 200 to 1500 mm ka–1 estimated by Priesnitz 
(1985) for the shores of the Killarney lakes.

However, the actual figures quoted here for condensation corrosion and lake-
water dissolution rates are perhaps less significant for determining the lake-water 
chemistry conditions under which röhrenkarren form than are the ratios of röhren-
karren depth versus basal radius, equivalent to condensation corrosion versus lake-
water dissolution, since such ratios will be independent of the frequency and dura-
tion of röhrenkarren inundation. For Lough Carra this is effectively infinite (assum-
ing no lake-water dissolution), whereas for Ballykine it is as low as 3. The broad 
taper of the Ballykine röhrenkarren suggests that the average saturation state of the 
lake water at their time of formation was close to the limit for röhrenkarren initia-
tion, and that if the lake water had been significantly more undersaturated, as 
would appear to be the case for the Killarney lakes of County Kerry (Priesnitz, 
1985), then röhrenkarren would have been prevented from developing.

CONCLUSION AND WIDER IMPLICATIONS

The vertical, upward-tapering tubes of röhrenkarren form by a process of con-
densation corrosion within air pockets trapped by changes in water level within the 
epiphreatic zone of lakes or caves. Röhrenkarren form only where the lake water is 
at or near permanent carbonate saturation, such that the condensation corrosion 
rate during röhrenkarren initiation significantly exceeds lake-water dissolution 
rates. They are prevented from forming where lake waters are significantly under-

Table 1. Estimated Dissolution Rates (Minima) Caused by Condensation Corrosion 
and Lake Water for the Four Sites Discussed in the Text, as Calculated from 

Röhrenkarren Dimensions and Solutional Notchesa

Site

Maximum
depth
(mm)

Maximum
basal radius

(mm)

Dissolution rates
(from röhrenkarren)

Dissolution 
rate

(from notches 
and joints)
(mm ka–1)

Condensation
(mm ka–1)

Lake water
(mm ka–1)

Lough Carra 170 15 11.3 0.0  0

Lough Corrib >450 25 >30.0 0.7  2

Lough Mask 350 40 23.3 1.7  7

Ballykine 270 95 18.0 5.3 65

aThe figures assume a maximum 15 ka period for formation. Estimated dissolution rates deduced 
from notches are only very approximate. For comparison, data published by Priesnitz (1985) indicate 
lake-water dissolution rates of 200 to 1500 mm ka–1 for the Killarney lakes.
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saturated. Morphometric variation of röhrenkarren between lakes reflects differ-
ences in the long-term water chemistry of the lakes, with more broadly tapering 
röhrenkarren forming where the lake water itself contributes directly to dissolution.

Considering that 7% to 10% of the Earth’s land surface is underlain by limestone 
(Ford and Williams, 1989), the broader implications of röhrenkarren formation may 
be considerable, even accepting that lakes represent only a minor component of 
most karst landscapes. It provides a mechanism whereby lake, or cave, water at or 
near saturation can still effect rapid dissolution of rock within the epiphreatic zone. 
Condensation corrosion rates may exceed lake-water dissolution rates by more than 
50 to 1, while the profusion of röhrenkarren commonly consumes more than 50% 
of the mass of individual limestone boulders, ultimately reducing them to shattered 
fragments (Fig. 12). Regardless of water chemistry, lakes in this environment will 
expand through shoreline retreat and the development of broad shelves close to 
minimum water level. Rapid limestone dissolution by condensation corrosion also 
increases the saturation state of lake water still further, enhancing carbonate precip-
itation on the lake floor. The distribution and morphometry of röhrenkarren, and 
associated karst features, provides unique evidence of long-term water level fluctu-
ations and chemistry. Röhrenkarren have been reported from only a few sites world-
wide but experience from Irish lakes, other than Lough Mask where they are 

Fig. 12. Limestone boulder almost entirely consumed and fragmented by the growth of röhrenkarren. 
Lough Mask.
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exceptionally conspicuous, suggests that this may reflect their often cryptic nature 
rather than actual rarity. Undoubtedly they are more widespread and common than 
published records indicate.

There is no reason to suppose that the mechanism described here is not applica-
ble to many other systems where saturated liquids periodically inundate soluble 
solids. Röhrenkarren are conspicuous at Lough Mask only by virtue of their having 
developed over thousands of years in an ideal environment, but similar features 
may exist on a more cryptic level in a broad range of natural and artificial situations.
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