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Distribution of goundwater outflows (springs) is proof of water resources and groundwater circulation patterns in a
determined by a number of natural factors — the mostd!Ven geographic area. Howeyehe mapping of springs and

. tant factor bei loaical struckirH circulation patterns is very laborious and time-consuming.
Important factor being geological strucairqowever Furthermore, groundwater supplies and consequently spring density

the relationship between spring location and change from season to season as well as in the long term due to climate
envionmental characteristics in flyschess has not change and other factors (Buczynski &vdslo, 2013)This is why

been studied extensiveljhe purpose of the paper is to the hydrology of springs needs to be observed and documented on an
analyze the determinants of springs location in a ﬂyschongoing basis in order to provide a credible basis for analysis.

. . . detailed understanding of the factors determining spring distribution
massif based on a database of springsated in the may allow for the prediction of spring distribution in other regions of

course of detailed field mapping. The studdeazonsisted  the world that have a similar geological structdfiee use of GIS
of the Polonina \&tlinska Massif in the Bieszczady techniquesis very helpful in sucticets. The analysis of local geology
Mountains in southeastern Poland. In the period and morphometry is especially important in the process of predicting

. he location of springs.
2010-2012, all Springs found above 900 meters Oft A number of key environmental factors determine the location of

elevation wee mapped in the studyes. Next, the study  gprings including type of parent material and thickness of young
area was divided into catchments and sguaolygons  deposits, which is associated with the permeability of the parent

(side: 100 m). @tistical tests wex then used to analyze material. Ingeneral, the presence of flysch rocks does not favor springs

c e . . (Corsini et al., 2009). On the other hand, distance from thrusts and
the distribution of springs aoss the study aa and its faults exhibits a strong positive correlation with spring density (Corsini

dependence on tein morphomely.. o _ et al., 2009; Buczynski and Rzonca, 200zdemiy 2011; Bense et
Reseach has shown that the distribution of springs al., 2013). Many springs are found at the point of contact between

in flysch aeas is affected by complex determinantspermeable and non-permeable rock layers (Corsini et al., 2009;

consisting of intedependent geological and Ozdemir 2011). In the case of flysch, the significant permeability of

morpholoaical factors. The most important factor sandstone relative to that of shale producegye laumber of springs
p g S S p at the point of contact between the two lay@&lss is especially true

appears to be the layering afaks elative to the slope  \hen sandstone layers are interbedded with layers of shale (Jetel,
of the given mountain, which affects both the number1985; Rzonca et al., 2008) as well as at the point of contact between

and dischage of springs. Some springs arise due to flyschrocks and less permeable geological layers (Baker etal., 2001).

tectonic faults and fractes. In addition, the ver Accorglng to Corsini et al. (2.009), spring formayon is also more
likely in cases where the gradient of parent material layers generally

presence of any slope positively affects trabability follows the slope of the mountain, with an angle of dip greater than

of the occurence of a spring in a givenes. the slope of the mountain. On the other hand, Rzonca et al. (2008)
state that spring formation in a flysch environment is favored by an
| ntroduction angle of dip opposite to that of the slope of the mountain.

The identification of areas with a & probability of the
The distribution and natural characteristics of springs serve asoccurrence of springs is aided by characteristics such as elevation,
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slope, and the stream power ind&he slope interval that most massifs using a database of springs following detailed field mapping
strongly favors the occurrence of springs is 15-25fegative studies.
correlation with the occurrence of springs has been noted for plan
curvature, drainage densignd the wetness index (Ozden2i911). s:udy area
According to Corsini et al. (2009), two other key factors amgelar
scale rock slides and earth flows. Research has shown that slides An example of a region formed of flysch rocks is the High
strongly afect variations in the hydrogeological properties of flysch Bieszczady Mountains, which are part of the Eastern Carpathian
rocks (Ronchetti et al., 2009). The link between the occurrence ofmountain chain in southeastern Poland (FigTig High Bieszczady
some springs and mass movement has also been confirmed by reseam@te characterized by a unique rock layer pattern (namdiigh dip
of landslides in flysch areas (Mikos et al., 208xandrowicz and of rock layers) that strongly f&fcts the mechanism and rate of
Margielewski, 2010). groundwater circulatior-he distribution of springs is an intermediate
Data on the physical and chemical properties of spring water areeffect of the groundwater circulation pattern in the region (Rzonca et
helpful in the analysis of the determinants of the distribution of springs.al., 2008; Siwek et al., 2009). Finallyhile there are many springs
Mineral content, conductivifand to some degree temperature make in the Bieszczady Mountains, as is the case in other parts of the flysch
it possible to learn more about the residence time of groundwatelCarpathians, most yield little water (Chelmicki et al., )01
(Celle-Jeanton et al., 2009; Chie and Xue, 1201 The PolonidVetlinska Massif (elevation: 1,255 m) in southeastern
While the determinants of the distribution of springs and their Poland was selected as the study aféa. massif is characterized
properties have been analyzed quite frequently for karst areas (Grasdny geology and relief that mirror those of the entire Bieszczady
et al., 2003; Barfield et al., 2004; Fiorillo et al., 2007; Zagana et al., mountain chain. Howevgthis region may be considered particularly
2011; Prtoljan et al., 2012; Magal et al., 2013; Matis et al., 2013), far valuable in the context of other flysch regions due to the presence of
fewer research papers are available on this subject for flysch areasigh-dischage springs at relatively high elevations (close to ridge
Water circulation patterns in layers formed of sandstone and shaléop), which is unusual in flysch ared$e study area was narrowed
complexes, which tend to affect the uneven distribution of springs indown to the top part of the PoloniWéetlinska Massif — an area of
flysch areas, have not been studied extensilrelight of the above, 18.34 knf. The 900-meter contour line was used as the boundary
more research is needed on the factdiesctifig the distribution of  line of the study area (Fig. IJhe PoloninaNetlinska Massif is a
springs in areas dominated by flysch rodksis paper is an attempt  section of the High Bieszczady Mountains — a part of the Eastern
to help accomplish this godlhe purpose of this paper is to study in Carpathian mountain chain (Balon et al., 1995). It is a midsize
detail the determinants of the distribution of springs in flysch mountain range with elevations ranging from 800 to 1,346 meters
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and height diierences between 400 and 600 m (Raczkowska et al.,zone (Peel et al., 2007). Mean annual temperatures at higher elevations
2012). across Polonin&Vetlinska range from 1 to 4°C (Nowosad, 1995).
The High Bieszczady are part of the Outer Carpathian mountainMean annual precipitation totals range from 1,100 mm at lower
chain — the outermost sectionAdpine folding in the Carpathians —  elevations to more than 1,400 mm at higher elevations across the
which had formed between the Oligocene and the Middle MiocenePoloninaWetlinska (Laszczak et al., 201 The study area is drained
(Foldvary 1988; Schmid et al., 2008)he entire Outer Carpathians by streams and rivers in the San drainage basin or that of its tributary
are formed of flysch rocks — interlayered sandstone, conglomerates- the SolinkaThe density of rivers and streams in both drainage
siltstone, and claystone, with a small amount of carbonate and silicidasins ranges between 2 and 3 kmi%kilean terrain gradients
rock.These layers had been completely separated from bedrock andange from 25 to 31°. Mean specific disgeranges from 14 to
shifted north in the form of nappes yielding a number of distinct 40 dn? s km (Mocior et al., 201). Groundwater in the Bieszczady
tectonic-facial units (Oszczypko, 2008he High Bieszczady are  Mountains is found within two aquifers: (1) Cretaceoestiary
located along the boundary of two major structural units — the DuklaCarpathian flysch, (2) Quaternary alluvia — mostly ingkar
unit and the Silesian unit (Haczewski et al., 2007). valleys.
The top of Polonin®letlinska is formed of Krosno layers (Silesian The flysch water table, reclgged primarily by the infiltration of
unit) dipping northeast at an angle of 30° to 60° (Fig. 2). Each Krosnoprecipitation waterformed in sandstone interlayered with poorly
layer consists of thick (up to 200 m) packets of Otryt sandstonepermeable clay and marl shalée filtration index for Krosno sand-
partitioned by thin layers of shale (Haczewski et al., 2007). However stone is relatively low and ranges from 2.4 X 10 1.4 x 1 m s*
no detailed data are available on the location of courses of contacté€Chowaniec et al., 1983; Chowaniec, 2D1 ow retention capacity
between layers of sandstone and shale on the slopes. Rock series aesults in shallow groundwater circulation, which leads to a rapid
usually split by small transverse faults (Fig. 4). In addition, flysch response to atmospheric precipitation by the water tAb&esame is
sediments are characterized by the presence ofja farmber of true of spring dischge (Jaskowiec et al., 20)l Base groundwater
fractures. Quaternary slope sediments and alluvia can be found in thdischage ranges from 1 to 6 drs® km? and reaches the highest
study area (Mastella arfdkarski, 1995; Haczewski et al., 2007). values in catchments located on the northern slopes of Polonina
High Bieszczady relief is closely linked with lithology and Wetlinska (Plenzler et al., 2010).
tectonics. Parallel ridges closely mirror key geological patternsinthe  The distribution of springs and their properties have not been
region (NW-SE orientation) and are fragmented by subsequenstudied extensively thus far in the Bieszczady Mountains. Only small
valleys running parallel to ridgelines and transverse valleys cuttingareas in the region have been mapped in the context of springs (Rzonca
through ridgelines as well as smaller consequent valleys, thus creatingt al., 2008; Lajczak et al., 201Tyvo types of groundwater outflows

a grid pattern of rivers and streambe regions relief includes clif have been identified in the Bieszczady Mountains: (1) springs, (2)
type landforms found on ridge tops as well as step-type landformsbog springs. Most springs in the region yield relatively little diggdar
found on slopes (&rkel, 1966; Kukulak, 2004The flysch structure  — usually less than 0.1 drs® and rarely more than 1 drs* (Rzonca

of the Bieszczady Mountains favors a variety of forms of masset al., 2008; Lajczak et al., 2010; Jaskowiec et al.1RMany low-

movement including landslides (Mgelewski, 2006), which are  dischage springs function seasonallyhich manifests itself in the

typical for OuterWestern and Eastern Carpathians (Lajczak et al., form of seasonally dry valleys (Siwek et al., 2009). Location and

2014). density data (23.56 springs per square km) were collected via
The Bieszczady Mountains are located in a temperate climatehydrological mapping in the relatively small Uppéfolosatka
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Figure 2. Geological cross section of the Polonikétlinska Massif and neighboring mouatn ridges. (Source: Mastella,dkarski, 1995).
Legend: 1 — Lupkow layers, 2 — cisna layers, 3 — hieroglyphic layers, 4 — menilite layers, 5 — transitional layers; krosno layers: 6 — sandstone-
shale core, 7 — otryt sandstone, 8 — shale-sandstone core; a — sandstone, b — shale
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catchment located in the Bieszczady region. Selected relationshippethods for evaluatingegional patterns of spring
between spring location, geological structure, and relief were identified distribution

in the catchment. Research in the catchment has shown that many

springs appear to be linked to the irregular network of fractures and  The study area was defined as selected fragments of the smallest
tectonic discontinuities in the areAnother key factor is the  catchments in the region of interest, as demarcated using the Polish
relationship between the angle of dip of rock layers and the slope oHydrographic Classification (Czarnecka, 2005; Fig. 3). Minor
the mountain (Rzonca et al., 2008). Some of the factors behind théragments, where no springs had been identified, were removed, as
chemistry of spring water were also explained for the Upfodosatka shown in Fig. 3, because they were not representative and their
catchment.The three most important factors were shown to be metrics cannot be compared with those with springs. Fifteen
groundwater aquifetithology and elevation above sea level, which catchments were identified in this manriére following data were
affects precipitation amounts, as well as the nature of naturalthen collected for each catchment — surface area (sq. km), number of
plant communities found in areas rediag the aquifer (Siwek et  springs, density of springs (springs per sg. km), number of springs

al., 2013). per 50 meters of elevation, mean elevation, minimum elevation,
maximum elevation, mean slope, minimum slope, maximum slope,

M aterials and M ethods percentage woodland, predominant exposure (macro-exposure) based
on a map (N, NE,E, SE, S, SW, NW), mean topographic wetness

Data collection and mcessing methods index (Eq. 1); and index value calculated for 10x10 m pixels and

averaged for the entire catchment.

A GPS receiver was used to map springs in the field in the period
2010-2012 (able 1) The research was carried out during a relatively
homogeneous hydrological period — low stream diggham the whee A, — specific catchment @a per unit contour length§ — slope
summer season, which corresponds to low to mean values of springngle
dischage. Specific electrical conductivity (SEC) and spring water Next, the correlation between spring density and selected
temperature were measured as the secondary indicators of wateratchment parameters was analyzed for catchments characterized by
residence time. Spring disclgarwas measured volumetricallyiree a normal distribution — percentage woodland, maximum elevation,
measurements were made for each spring and the results were thetevation diferences, macro-exposuiéhe Kruskal-\llis test was
averaged if the differences were smaller than 5%. If tHerdifces used to analyze spring density and morphometric parameters of
were lager, then measurements were repeated in order to obtain closecatchments across the study area. Catchments were divided into four
values. Springs noted in the study area were classified as either poirgroups in terms of spring density based on the lower quartile, median,
springs, characterized by a concentrated outfbowog springs, which ~ and upper quartile (Fig. 5).
usually give an outflow from a small swamp (commonly bog).
Observations were made of exposure, plant communities, andlethods for evaluating local patterns of spring
landforms yielding groundwater including boulders (diameter of distribution
particles higher than 600 mm), debris (grain size range from 2 to
600 mm), and fine weathering material (grain size less than 2 mm). A network of square polygons measuring 100x100 meters was

TWI = In (A/tgB) Eq. 1.

All the data collected were carefully noted for later use. delineated across the PoloniNatlinska mountain ridge, with at least
half of the surface area of each polygon falling within the desired
Table 1. Dates and areas of spring mapping in the study area. study areaThe following parameters were calculated for each polygon
Year of | Dates of Catchments No. of springs| —number of springs, density of springs, minimum elevation, maximum
mapping| mapping mapped mapped elevation, mean elevation, elevationfeiience, mean terrain slope,
2010 1-10.07 | 1,3,4,5,6,7, 8 543 predominant exposure, topographic wetness index, percentage
2011 | 2-11.07 | 2,9, 10, 1, 13, 14, 15 297 woodland.
2012 | 1-09.09 | 12 39 An analysis of variance (ANQ\J was performed to determine

the significance of diérences between square polygons witfec#nt
Additional data were collected for the purpose of creating a numbers of springs (0, 1, 2, 3, 4 or mofié)e post-hoc Schief test
database of springs, which included topographic parameters of thevas used to determine the significance diedénces (p&.05).
study area (calculated for catchments and square polygons) obtained
from a digital elevation model (resolution: 10 m), generated using Results
triangulated irregular networks (TINs), and from CORINE Land
Cover ArcGIS 10 software was used to calculate the parameters. Characteristics of springs
The data were standardized in order to be comparable. Skewness
and curtosis were analyzed in order to assess statistical distributions. A total of 879 springs were mapped across Polowatinska,
Data not characterized by a normal statistical distribution werewhich yields a spring density of 47.98 per square kilombtest of
converted into logarithmsta&istical distributions were analyzed using the mapped springs were point springs (76%), while some were bog
the Shapiro-Wk and Lilliefors tests at a p<0.05 level of significance. springs (24%)The most commonly encountered springs were low-
Data characterized by a normal distribution were subjected todischage springs — less than 0.1 st (54% of springs). Few high-
parametric statistical analysis. Other data were analyzed using nondischage springs were noted — only 4% in the 1.0 to 2.6 siin
parametric test3he distribution of springs was analyzed at two spatial category and 2% in the 2.0 to 5.0 Y&t category (&ble 2). Six
scales — local and regional. springs (0.6%) were found to yield more than 5 & The lagest
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Figure 4. Location of springs in Polonin&\etlinska range superimposed on geological map (Geological map source: Mastellackaaski,
1995).
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Table 2. Number of springs by discharge category differences were observed for the four samples in the case of exposure

Dischage category Count Percentage (p<0.05) and the inverse of the topographic wetness index (p<0.1).
[dm®s? The lagest number of springs in the study area (296) were
<01 470 535 recorded in the lowest elevation category (900-950 m), which had a
0.1-05 318 36.2 surface area of 5.2 KiniThis gives a spring density of 56.9 springs
0.5-1.0 39 4.4 per square kilometeThe highest spring density (65.2 springs/km
1.0-2.0 29 3.3 was calculated for the 1,000 m to 1,050 m elevation cate@orthe
2.0-5.0 17 1.9 other hand, the smallest numbers of springs in the study area were
>5.0 6 0.7 located in the highest elevation categories (1,100 to 1,150 m and
Total 879 100.0 above 1,150 m)This corresponds to 37 and 15 springs, which yields

spring was found to yield 19.18 dst. The mean temperature of the a spring density of 22.0 and 8.3, respectiveig highest spring was

studied springs was 8.4°Che highest temperature (15.4°C) was found at an elevation of 1,181 m. ) o

noted for a bog (diameter of more than 30 m) situated in a flat area oAt the catchment .Ievel, the st numbers of springs (30./0 to

found above 1,100 meters of elevatibne lowest temperature (5.3°C) 80%) was al_so found |n.the lowest elevation c_atgg’drg remaining )

was noted for the highest discherspring in the study area. three elevation catggorles usuglly featurg a similar nur.nbe.r of §pr|ngs
Conductivity for water was found to range from 28.2 to 287.0 uS apd are (l:haracterlzed by ‘,"1 similar spring dgnﬁhy& situation Is

e, while the average value for all the studied springs was 130.6 ué}ln‘ferent in the case of a tributary catchment in the area of a lateral

cmt. Mean conductivity values were similar for both types of

groundwater outflows — point springs and bog springs.

Regional patterns of spring distribution

A number of the morphometric indicators calculated for small
catchments situated across the PoloWetlinska Massif exhibit
statistically significant correlations with spring densggring density
is positively correlated with exposure (0.54), and the number of springs
is positively correlated with maximum elevation and elevation
differences in the catchment (0.6-0.7).

Catchments with the lgest spring density (Fig. 5) are 0
characterized by the Igest gradients — both mean and maximum Elevation [m]
gradients — and are found on slopes with a southwestern macrogigure 6. Spring density in selected catchmsmumbered as in
exposure. On the other hand, catchments with the smallest density qfig. 3 versus elevation categories.
springs are located on slopes with a mostly northeastern macro-
exposureThe lowest density of springs was calculated for northeasternridge known as Hnatowe Berdo (no. 10) and in the case of a tributary
slopes (13-31 springs/Kn while the highest (6784 springs/Am catchment found close to Orlowicza Pass (no. 8). In both cases, the
for southwestern slopes. In the southeastern part of the studied massif,000 to 1,050 meter elevation category is characterized by the highest
differences in spring density are less pronounced: 31-67 springs pespring density (Fig. 6).
square km. Howevethe Kruskal-Vdllis test did not confirm that the
selected groups of catchmentdfelifsignificantly in terms of spring | ocal patterns of spring distribution
density The test was performed for the number of springs, maximum
elevation, mean elevation, minimum gradient, maximum gradient, A total of 1,823 square polygons were delineated in the study
mean gradient, and percentage woodlardtisSically significant area, 81% of which did not contain a spring (Fig. 7). Nine percent of
the polygons contained one spring, while five percent contained two
springs and two percent contained three sprifigee percent of the
studied polygons found above 900 m of elevation contained four or
more springsThe lagest number of springs found within one polygon
was thirteen. Only one such polygon was identified in the study area.

Spring density does not appear to be directly related to
morphometric parameterA. statistically significant dference was
noted in mean elevation between polygons without springs and
polygons with at least one spriribhis means that springs do not
normally occur at elevations close to the ridgeAother significant
difference is that of mean terrain gradient in polygons without springs

Spring density [springs per sq. km]
B8

=1,050

Spring density and polygons with three springEhere also exists a significant
[no. of springs/sq. km] . . . . .

Qi (<20.0) difference in the mean inverse of the topographic wetness index
I Q1-Me (29.1- 41.9) [ between polygons without springs and polygons with springs, where
=:";'2°(fﬁ*;26‘}"59-”‘ 0 05 1 2 Kilometers polygons without springs are characterized by mucgeramdex

i I T Y |

values. Polygons featuring tBfent numbers of springs do not
Figure 5. Spring density in the study area.
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Table 3. Diferences between polygons with féifent numbers of springs

Parameters AH H S TWI on

mean mean

[m] [m] [l -]

No. of springs

in polygons
Oand 1
0 and 2 -
0and 3 +
0 and 4+ -
land?2 - - - -
land 3 - - - -
1 and 4+ - — - -
2 and 3 - - - -
2 and 4+ - - - -
3 and 4+ - — - -

+ 1 o+ +
|+
+ + + +

“+" —pr esence of significant difiences (ANOX) in the values of parameters
in polygons

“~" — lack of significant diffeences (ANON) in the values of parameters in
polygons

Parameters: A — elevation diffeences, H,,— mean elevation, § — mean
gradient, TW| . — mean topographic wetness index

significantly difer from one another in terms of morphometric
parameters @ble 3).
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line (NW-SE; Fig. 8)The NE-SWdirection is dominant in the
western part of the study area, while the N-S direction is dominant in
the eastern parthese two directions were then compared with the
pattern of faults noted across the Polonifelinska Massif (Mastella
and Tokarski, 1995). Faults in the study area usually follow three
basic directions: NNW—-SSE, NNE-SSWE-SW(Fig. 8).

Discussion

The spatial distribution of springs varies strongly across the flysch-
type PolonindVetlinska MassifThere is a strong relationship between
the number and density of springs and macro-exposure. It may be
assumed that this relationship results from the monoclinal dip of rock
layers ranging from 30° to 60° in the northeastern direciitwe.
density of springs is much lower on slopes consistent with the dip of
rock layers (NE) versus that on slopes exposed opposite to the dip of
rock layers (SW)These results do not confirm the findings of Corsini
et al. (2009) who found a positive relationship between the number
of springs and terrain where the dip of rock layers is consistent with
the slope gradient, although the dip angle igdathan the slope
angle. Corsini et al. (2009) carried out their research in the flysch-
type NortherrApennine Mountains in ltaly

Nevertheless, among the small number of springs situated

The map of polygons identified by their number of springs shows concordantly with the dip of rock layers, there are some high-dggehar

certain patterns of polygons with at least one spring (Fig:h8se

springs, which is rare for flysch areas. In contrast, springs on the

patterns can be described as elongated zones with lines fitted topposite side of the slopes of Poloriietlinska are quite numerous,

represent hypothetical bands of sprifig® lines represent two basic

but normally dischaye at less than 1 dra?, with most of the springs

directions: NE-SW and N-S, perpendicular or diagonal to the ridgedischaging less than 0.1 dhs®. Given that the entire Polonina

Number of springs
0

[ 1

[ P

B s

B 4 or more

known faults

- - - = hypothetical bands of springs

Figure 7. Number of springs in the grid of 100 x 100 m polygons in Polonilitlinska above 900 m of elevation. (Fault patterns based on:

Mastella and Dkarski, 1995).
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A N channel heads, it is important to review the research literature on the
analysis of the determinants of channel head location. Montgomery
and Dietrich (1988, 1989, 1992, 1994) stated that the contributing
area of a channel head decreases with increasing terrain gradient.
Hence, this relationship also applies to some of the investigated
springs.

Another pattern observed in the spatial distribution of springs is
alignment. Bands of springs often tend to align themselves with minor
faults in PoloninaVetlinska (Mastella an@fokarski, 1995). It may
E be assumed that bands of springs that do not occur along known fault
lines are associated with minor systems of subsurface fractures and
faults not marked on geological maps (i.e. faults with little
displacement), as available cartographic materials with geological
information are not detailed enoudts the region is characterized
by arelatively stable direction of the powerful shear stress (Jarosinski,
2006), a high density of hydraulically active fissures may be expected.
Those fissures may especially augmergdasprings (>5 dAs?) in
s the study area. Howevehe relatively low conductivity of the spring
water suggests shallow circulation of the groundwater with short
circulation time.This is similar to the results from other ridges of
0 OuterWestern Carpathians (Rozenhal, 2009; Lajczak, 2012).

In addition to springs occurring in the fault and fracture zone,
some of the investigated springs may occur at the points of contact
between layers of sandstone and shale (Fig. 4; Ozdoi). Earlier
research in other parts of the Bieszczady Mountains has shown that
the alignment of springs may be linked with the occurrence of faults,
as well as strongly fractured adjacent areas, especially isolating faults
E running down the slope (Rzonca et al., 200@)e relationship
between the location of spring and the presence of faults, fractures,
and overthrusts in other parts of the world has been also confirmed
by Du et al. (2006), Caine et al. (1996), Gambillara et al. (2005),
Rowland et al. (2008), Corsini et al. (2009), Ozdemir 20&and
Bense et al. (2013).

In addition, field observations indicate that some springs may
180 originate in mass movement, especially landslides and creeping. Signs
of this include areas of debris and rock blocks, irregular slope
geometry and characteristic bending of the lower sections of trees.
While no formal research has been done on this subject in the study
area, findings by Corsini et al. (2009) for other flysch areas confirm
that rock block slides and earth flows do facilitate the gerare of
groundwater outflows. Landslide research in flysch areas also suggests
Wetlinska Massif possesses a similar geological structure (Mastellahe same (Mikos et al., 2006; Klimes et al., 2@06xandrowicz and
andTokarski, 1995), these @ifrences may be explained in terms of Margielewski, 2010), which is not surprising as most of these mass
the influx of water via undground fractures and the relationship movements are initiated by groundwater processes. Given that the
between the dip of rock layers and slope anigiés confirms earlier Outer Carpathians (including the Bieszczady), with their unique rock
research findings on the hydrogeology of the Bieszczady Mountaingypes and specific rock geometgre especially susceptible to
(Chowaniec et al., 1983; Rzonca et al., 2008). Loc&difices in landslides (Raczkowski, 2007), additional research is needed in order
the arenite/pelite ratio (Corsini et al., 2009) might also have someto learn more about the relationship between the distribution of springs
influence. In addition, lower conductivity on the southern slopes and mass movement in flysch areas.
suggests shallower groundwater circulation than that on slopes facing
northeast, which may also be associated with the occurrence of Tonclusions
thicker layer of weathering material.

Another factor that may fct spring density is slope angle. The determinants of the distribution of springs in flysch mountain
Correlation analyses and Kruskabllis tests performed for the upper  regions are complex and include geological and geomorphological
parts of the studied catchments did not unequivocally confirm factors. Significant dferences in the distribution of point springs
statistically significant relationships with slope angle. Howeasgr and bog springs on the opposite sides of PoloWedinska are
analysis of variance (ANQY) for the square polygon grid did show determined in part by the dip of rock layers relative to slope angles.
a significant difference in the mean slope angle of areas without spring®espite findings to the contrary in other parts of the world (Corsini et
and areas with three springs. Given that some of the springs serve ad., 2009), this relationship does not manifest itself in a greater density

W 270

N 270

S
Figure 8. Fault lines (A) and hypothetical bands of springs (B) in
Polonina Wetlinska. (Fault patterns based on: Mastella and
Tokarski, 1995.)
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of springs on slopes consistent with the dip of rock layers. Instead, Depression): Kwartalnik Geologiczny. 27, no. 4, pp. 797-810.

the number of springs is smalldéut their dischaye is lager. This Corsini,A., Cervi, F, and Ronchetti,. 2009 Weight of evidence and artificial
type of distribution of springs suggests a significant role of neural network for potentialgroundwatgr spring mapping: an application
undeground rock fissures in the rechary process. to the Mt. Modino area (Northerpennines, Italy): Geomorphology

. . . . no. 11, pp. 79-87.

Thg location of springs IS, also partly linked to the presence Oszarnecka, H. (ed.), 200Btlas podzia3u hydrograficznego Polski (Polish
tectonic faults. Bands of springs can be observed in areas close to Hydrographic ClassificationyVarszawa, IMGW
faults as well as minor but numerous fractures, which are characteristigy, J., Chengw., Zhangy., Jie, Ch., Guan, Z., LivV., and Bai, L., 2006,
of flysch in the Outer Carpathians. Helium and carbon isotopic compositions of thermal springs in the

Non-geological factors play a minor role in the distribution of earthquake zone of Sichuan, Southwestern China: Jourksitof Earth
springs in flysch regions. Local terrain morphology may play some  Sciences, no. 26, pp. 533-339.
part in spring density; howevethe only statistically significant Fiorillo, F., Esposito, L., and GuadagnoyiF, 2007 Analysis and forecast of

relationship determined in the course of research has been that between water resources in an ultra-centenarian spring digefsaries from Serino
spring density and slope gradient. ) (Southern ltaly): Journal of Hydrologgo. 336, pp. :.L25—138. o
Foldvary GZ., 1988, Geology of the Carpathian Regiororl Scientific
Publishing Co Pte. Ltd., Singapore.
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