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Abstract

The chain of the Peaks of the Musi Mountain (1869.4 m), in the western Julian Fore-Alps is east-west oriented and consists of a north dipping unicline, which is made up of carbonate rocks, belonging to Triassic and Jurassic. The karst of the Musi Mt northern slope develops entirely within a Rhaetian – Liassic carbonate succession, while southern slope is characterised by the Norian – Rhaetian Dolomia Principale. The northern slope is of structural type with glacio-karstic landforms.  On the plateau the speleological surveys allowed 230 caves to be explored. The largest cave is Abisso “R. Pahor” (altitude 1425 m), 495 m deep, 1091.5 m length; whereas to the west, at the foot of the southern slope of Musi Mt. Grotta dell’Uragano develops (altitude 796 m). It is 743 m length with a positive level of 133 m. In the percolating zone a complex of vadose shafts and canyon-type passages, partially derived from phreatic tubes associated with deep corrosion pits is predominant. The epiphreatic and phreatic karstic zone is scarcely developed. This zone is almost missing in the northern slope. The underground karst waters are typical of mountain aquifers with fast flows, having low contents of Ca2+ (28-32.9 mg/L) and Mg2+ (5.8-1.8 mg/L). The most important karst springs of the slope are the Group of springs on the left slope of the Voidizza Stream (altitude 653 m), with flows of 10-11 L/s and the Springs of the Torre Stream (altitude 529-532 m), with a discharge of 1.8 m3/s; on the northern slope of the Fontanon del Barmàn spring (altitude 760 m) with estimated floods of 1.5 m3/s. Two tracing tests (Uranine) of the stream on the bottom of the Abisso “R. Pahor” showed, in low waters, traces at the Springs of the Torre Stream and at the Springs of the Voidizza Stream. On the contrary, during a regime due to heavy rainfalls they showed traces at the Fontanon del Barmàn spring, thus suggesting a dynamic underground watershed as a function of the hydrogeological regime. A third tracing test with Tinopal CBS-X, performed in the perennial stream in the Grotta dell’Uragano showed the existing relationships among this stream and the way-outs present in the “canalone di Barmàn” (Barmàn gully) related with the Fontanòn di Barmàn spring. Hydrogeological data show that, within the northern slope, water moves within large karst suspended channels (empty only during rain period); in correspondence with Barmàn gully there is a large karstic water circulation, residual in large epiphreatic and phreatic conduits, not related with the base-level of the Barmàn stream. Within the southern slope, the water table is dispersed in a fracture network constituting a real reservoir. 

1. Introduction

First information about the karst phenomena in the chain of the Peaks of the Musi Mt were made at the beginning of the 20th century by Friulian geographers and geologists. In 1961 speleologists from Trieste started again researches exclusively focusing on the finding of the Grotta dell’Uragano, principal drain for the karst system.  In 1990 new field trips and expeditions by GSSG from Trieste began and they last for 12 years favouring the almost complete speleological surveys of the Musi area. During this period, a lot of specialists and laboratories were involved in geological, geomorphological and hydrogeological studies (three different tracing tests have been performed). These studies allowed obtaining an idea about the underground hydrological circulation and the speleogenesis responsible of the karst network evolution.  

2. Geological setting

The chain of the Peaks of Musi Mt (Fig. 1) is located in the western Julian Fore-Alps and bordered to the N by Rio Uccea stream (Isonzo River basin), Rio Canizza stream and Rio Barmàn stream (Resia stream basin), to the S by Voidizza and Mea streams (Torre stream basin). The highest peak is Musi Mt (height 1869.4 m). 
The chain of the Peaks of Musi Mt is made up by dolomite and calcite rocks, mainly Triassic and Jurassic in age, and by Quaternary deposits (Ceretti, 1965; Carobene et al., 1981; Frascari et al., 1981; Anselmi and Semeraro, 1997; Carulli et al., 1998). Southern slope, is constituted by Dolomia Principale (Norian-Rhaethian). In the northern slope, Dachstein Limestones (Rhaethian) and Lias-Dogger oolithic and cherty limestones outcrop. 

The whole area is E-W oriented, N-dipping uniclinal. The uniclinal is closed to the south by the “M. Brancot-Caporetto-Circhina line”: an E-W overthrust passing by the Torre Valley. 

The northern slope of Musi Mt, especially towards the peak, is interested by huge karst phenomena. In this area different lithological types outcrop; according to the existing literature, six of them (the most important considering thickness and volumes) were grouped in six lithological Units (Anselmi and Semeraro, 1997). 

The six lithological units are represented by: Dolomia Principale (Norian-Rhaethian); Dachstein Limestones (includine Poscala Limestones and Val Venzonassa dolomitic Limestones) (Rhaethian); “transitional grey limestones” (Rhaethian-Lower Lias); “oolithic Limestones” (Lower-Middle Lias); “cherty limestones” (Middle Lias-Dogger). All these facies are generally layered (50 cm – 2 m) sometimes massif (some horizons of dolomitic limestones); thin layering are exclusive of cherty limestones. Uccea Flysch (supra Cretaceous sedimentary cycle), represented by thin, centimetric layered argillites and silty marls, overlies limestones.
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Fig. 1. Hydrogeologic map of the area “Peaks of the Musi Mountains”. Legend: 1 = dolomites (prevailing) (Triassic); 2 = limestones and dolomitic limestones (Triassic), limestones, cherty limestones, oolitic limestones, dolomitic limestones (Jurassic); 3 = marly-arenaceous Flysch (Cretaceous); 4 = morain, till, fluvio-glacial deposits (Quaternary); 5 = alluvial deposits (Quaternary); 6 = landslide, talus, colluvial deposits (Quaternary); 7 = reverse fault; 8 = fault; 9 = glacial cirque; 10 = morenic arc; 11 = terrace; 12 = alluvial fan; 13 = main spring: [1] Springs of Torre Stream (T); [2], Springs left of Voidizza Stream, [3] Fontanon di Barman springs (B); 14 = cave-spring: [4] Grotta dell’Uragano (U), [5] Grotta di Barmàn (Ba); 15 = cave Abisso “R. Pahor” (P); A-A’ = cross-section through the Torre springs and Barman gully; B-B’ = cross-section through the “Pahor” Abyss; a = lower hemisphere equal-area stereonets showing the 500 joint poles in the calcareous North karstified slope; b = lower hemisphere equal-area stereonets showing the 400 joint poles in the dolomitic South slope.

Along the northern slope, Quaternary deposits are represented by talus, while Würm moraines are present in S. Anna di Carnizza and in Lischiazze (Barmàn stream valley). Along the southern slope, Würm moraines are present in the Voidizza stream valley, and are probably buried below the alluvium in the Mea stream valley. 

3. Karst phenomena in the Peaks of Musi Mts

Large karst phenomena are concentrated in the northern slope limestones as the Dachstein Limestones, the transitional grey limestones and the oolithic limestones constituting the so-called “acrocoro del Musi” or “Musi cirque” plateau.  It is a structural type plateau, presenting cirques, glaciokarst dells and gullies. In the southern slope, stream trenches in dolomitic rocks are present. In the Musi cirque, with an area of about 5.5 km2, 230 caves have been explored. The most of the caves are in the Dachstein Limestones, even if the larger are in the oolithic limestones. Six fundamentals morpho-types (macroforms) are represented within the cirque caves: 1- ancient phreatic conduits: bedding planes or, more frequently, joint planes, usually lenticulal; 2- mixed dissolutive/erosive/clastic form galleries: generally larger than canyons, subhorizontal or gentle inclined and presenting several collapses; 3- canyons: erosive galleries, tall and narrow, slightly meander-like, sometimes very large; 4- vadose shafts: vertical erosive conduits, presenting erosion morphology along he wall where water felt or is still falling down; 5- deep corrosion pits: vertical pits bell-shaped; 6- surface corrosion small pits: superficial pits, often inclined, at least 10-20 m deep.

The largest cave of the cirque is the Abisso “Roberto Pahor”, (altitude 1425 m a.s.l., 495 m deep, 1091.5 m length). Formed by many passages, it is constituted by pits and canyons; some passages are fossil, other are hydrologically active; some parts show a 45° inclined feature, related to the geostructural arrangement. To the west of the cirque, at the footwall of the southern Musi slope, in the Barmàn gully, Grotta dell’Uragano develops. In the Grotta dell’Uragano (altitude 796 m a.s.l., 743 m length, +133 m height), paleoflow passages to the top and semi-flooded galleries near the bottom are present. On the bottom a perennial stream flows. 

4. Speleogenesis

In the percolation zone a series of vadose shafts and canyons, partially derived from phreatic tubes is predominant. Deep corrosion pits are associated to them. The cavity net is located under the glacial plateau, forming a basin in highly karstified lithofacies. It is actually in an evolutionary stage, especially in deep-seated part of the massif where percolation is kept by drains.

Vadose water trickle formed gorge system connected with shafts. These are phenomena that repeatedly occurred always equal. Small phreatic conduits originated these shafts. The dispersed percolation caused the formation of the deep corrosion pits. 

Conduits, shafts and galleries, generally inclined, are linked to N-S fracture system [k4], to E/ESE-W/WNW [k2], to SE/SSE-NW/NNW [k3]. Rarely, some branches are linked to the stratification planes [ss], around E/ESE-W/WNW, dipping north at around 50°. The morpho-structural statistical analysis of the gallery-shaped cavities [G] shows 5 main and subordinate “structures”  [P = main, S = secondary, the indication → is the versus], which can be linked to the discontinuity systems: the structures [G1P→N] with the system [k4] and the planes ss, the structures [G2S→ NE] with the system [k1], the structures [G3S→SE/SSE] with the system [k3], the structures [G4P→S/SSW] with the system [k4], the structures [G5P→NW] with the systems [k2] and [k3]. As for the pits, the “structures” mainly correlate with the systems [k3] and [k4] and subordinately with the system [k1]; the sequence s of pits that characterise the major abysses predominantly develop on joints and master joints of the system [k3]. Considering only the karstified plateau the predominant joint systems are four, linked to the stresses σ1a and σ1b, respectively north-south, north east-south west, belonging to the phases Mesoalpine (Paleogene) and Neoalpine (Neogene). 

5. Karst hydrology

Rocks forming the chain of the Musi are almost totally made up by dolomites, dolomitic limestones and limestones differerently karstified, allowing the water to percolate underground. 

Both large fractures in “bc” position (shear) along the Musi unicline (Iacuzzi and Vaia, 1975) and large fractures in “hkl/hk0” position with respect to the main B=β (Anselmi and Semeraro, 1997) drain pluvio-nival supplies into depth. It seems that the last fractures, open, are the main drains to the south. Porous aquifer are represented by the Mea stream alluvium and by the Voidizza stream moraines.

The current percolation is important: the isohyets are over 3000 mm/year. On the high altitudes of the Musi, rainfalls over 3500 mm/year are estimated, with a relatively low evapotranspiration (Er) calculated at 14.2%. Since the dripping basin of the plateau of the Musi has an area of ~5.5 km² an average theoretical flow of 0.5 m²/s/day will be obtained, less during winter time and dry summer period.

In the southern slope, according to Iacuzzi and Vaia (1975), Torre springs are supplied by Mea stream groundwater and from water percolating from the Musi chain; according to Mosetti (1989) it is possible a contribution from water percolating in the Sorochiplàs and Postòncicco Mts limestone ridge. In the northern slope, the so-called Fontanon di Barmàn spring (760 m a.s.l.) is supplied by waters percolating from the western area of the slope (Poscala) as well as by Musi cirque. 

The Fontanon di Barmàn spring is the outflow of the subterranean stream of the Grotta dell’Uragano. This link, has been established by Brun and Semeraro (2004) by using Tinopal CBS-X tracer test. The hypothesis of deep drains in Musi chain, with a underground watershed migrated towards the north with respect to the hydrographic one has been proposed by Iacuzzi and Vaia (1975). This hypothesis has been confirmed by Anselmi et al. (1997) and Anselmi and Semeraro (2003) using two Uranine tracing tests. The waters normally drain towards the Barmàn gully, whereas during low waters they would flow also towards the maximum point of depression of the aquifer that is the Springs of the Torre stream and the Group of springs on the left slope of the Voidizza stream.
Meteoric and snow melting waters, quickly percolate in depth, especially in the northern calcareous slope. On the contrary, in the southern dolomitic slope, a certain amount of water flood along the stream trenches into the Torre valley alluvium. Percolating water flood into the shallow phreatic zone of the mountain chain. The water table is characterised by an underground watershed, still undefined. In fact, the aquifer drains both to S-SW (maximum topographical low, i.e. springs to the left of Voidizza stream at 653 m a.s.l., discharge Qavg 10-11 L/s and Springs of Torre stream, 529-532 m a.s.l., discharge Qavg 1,8 m³/s) and to NW to the Fontanon di Barmàn (760 m a.s.l., discharge Q ≥ 1,5 m³/s) connected with the perennial stream of the Grotta dell’Uragano (discharge Qavg ≥ 50 L/s). The Grotta dell’Uragano is the terminal part of the N area passages, i.e. large karst conduits representing a principal drainage.

6. Hydrogeological and chemical data of groundwater flows

Torre springs could probably be supplied by stored base-flow, coming from a calcareous and dolomitic reservoir of the karst system, as suggested by low temperature and Mg/Ca ratio ranging between 0.48 and 0.32; another part of waters comes from the outflows of the Musi Valley porous aquifer. 

In the spring area, the thickness of the porous aquifer (gravel) is about 70 m, interbedded with lacustrine loam and clays (10-15 m thick) forming an aquiclude, probably separating two different aquifers (one unconfined and one confined). The springs to the left of the Voidizza stream could be probably supplied from the karst water table hosted by the dolomitic rocks as suggested by temperature, 4°C higher than those of the Torre springs and Mg/Ca ratio equal to 0.54.

In the northern slope, waters of the Fontanon di Barmàn spring show Mg/Ca ratio equal to 0.18 evidencing calcareous domain, and the lowest temperature (0.7-1°C less than Torre springs). Chemical features of underground waters of Fontanon di Barmàn spring during summer dry period (Mg/Ca ratio equal to 0.28) are not very different from average values. The result of one analyses of waters sampled on August 10th, 2003 shows: Ca2+ 28.9 mg/L, Mg2+ 8.33 mg/L, K+ 2.82 mg/L, Cl- 2.5 mg/L, Na+ 0.55 mg/L, total hardness 7.2 °F, HCO3- 110 mg/L, conductance 197 μS/cm. It is possible to notice a scarce mineralization showing the paucity of hydrologic resources in that period.

Several chemical analyses on the karst spring waters, including small springs of the southern dolomitic slope, always show low values of Ca2+ (28.0-32.9 mg/L) and Mg2+ (5.8-18.2 mg/L).

Hydrological and chemical data of spring point out to the existence of a inhomogeneous karst system, divided in two part. The northern part is characterised by large conduits, with a saturated zone extremely reduced (or not present during the seasonal lacking of recharge), with a principal drainage system towards the Grotta dell’Uragano stream (Brun and Semeraro, 2004). The southern area – poorly known – should be probably characterised by phreatic conduits (perhaps a network of lenticulal tubes in Dolomia Principale Formation), slowly discharging, as perennial springs are recharge of the saturated zone store, as resulting by hydrograph and recession curve of springs to the left of Voidizza and Torre Streams as well as by little variations of Ca2+ e Mg2+ between dry and rainy periods, as described by Iacuzzi and Vaia (1975) and Anselmi and Semeraro (1997).

It seems that Torre springs are a mixing between waters from a basal carbonate aquifer and the porous aquifer of the Mea stream (upper Torre Valley). They are collected by a large well (about 10 meters deep) from which 27 horizontal drains spread out. Repeated chemical analyses show that conductance (K25) is between 186 and 215 (S/cm, and total hardness is between 11 and 13 °F. Rain contribution is very low, chlorides (Cl-) range between 0.8 and 1.3 mg/L and sulphates (SO42-) between 2 and 3 mg/L. Even nitrates (NO3-) deriving from soils and anthropic pollution are very low, between 2.8 and 4 mg/L. During three years of analyses total coliforms were absent, apart from some summer period where they were between 15 and 60 UFC/100mL. Only one, 500 UFC/100mL were measured. Fecal coliforms always missed. 

Among all the springs of the chain, the temperatures of Torre springs are the most constant being comprised between 4°C and 8.5°C, suggesting a longer standing in the aquifer. 

6. Karst outflows in the Barmàn gully

In the northern area, the Barmàn gully is quite interesting. In the gully there are many perennial or temporarily karstic groundwater outflows from buried or impassable cavities. Beneath the Fontanon di Barmàn spring (buried by collapses, 760 m a.s.l.), forming a large waterfall, in the gully there is also the stream of Grotta dell’Uragano (796 m a.s.l.) supplying the Fontanon di Barmàn, and springs at lower quotes are active during low waters. On the left slope there is the Grotta di Barmàn (entrance at 660 m a.s.l.). Giving this, there are about 100 meters of vadose zone. Even the waters of Grotta di Barmàn, normally represented by trickles-flow descending from pits in bedding planes 60-70° inclined, during strong rainfalls outflow from the entrance. In order to better evaluate these phenomena, a lot of measurements on hydrology are available. These data were measured during autumn-winter 2003 and are linked with meteorological data of OSMER. Between 20 and 24/10 about 88 mm rained, then there were three dry days. Following this, underground waters outflow from both Grotta dell’Uragano and Grotta di Barmàn. Rainfalls started again on November 1st, about 4.6 mm. After thirteen dry days, flood persisted in Fontanon di Barmàn (16/11). That day rained 3.4 mm. On December 28th, it rained 84.4 mm and the following day 143.4 mm. The same day after the rain began, inside the Grotta di Barmàn, percolation from the pits started. After 2 hours, the flow increased 4-5 times reaching about 5-6 L/s. Even if the data are scattered, it seems clear that 80 mm rain can be responsible for the outflow of underground water from generally inactive cave entrances.

During the maximum rainfall period, between October and December, the effect of percolations is very fast (hours). Moreover, dry period, in the karstic conduits (Grotta dell’Uragano, bedding planes springs at lower quotes in the gully), the outflows persist for a long time, suggesting the existence of water being stored in depth.
7. Conclusions

In the chain of the Peaks of Musi Mt, the vadose zone is mainly karstic in the northern calcareous slope. In the southern dolomitic poorly karstified slope, the vadose zone is represented by fracture network and lenticulal tubes. In limestones, even inclined pits and canyons represented the cavities; but there are ancient phreatic conduits at high altitude cut by glacial erosion or pulling-back of the slope. These conduits testify the long evolution of the karstic aquifer, probably began in the Tertiary, while, the Quaternary glaciations and valley erosion determined downward of drains system and the dismembering and disappearance of the old recharge zones and abandonated cavity. 

Percolating area quickly drains water into depth, driving them to the spring levels. The thickness of the saturated zone seems to be minimum, especially in the northern slope where seasonally is almost not existing because water flows in large hanging karst conduits (storing water only in rainy period). In the southern slope the phreatic water is more dispersed in a fracture network constituting a real reservoir. In correspondence with the Barmàn gully, an important hydrological karst residual circulation, exists as large epiphreatic and phreatic conduits, still not linked with the valley base level of Rio Barmàn.
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