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RELICT DRAINAGE EFFECTS ON DISTRIBUTION AND MORPHOMETRY OF
KARST DEPRESSIONS: A CASE STUDY FROM CENTRAL TAURUS (TURKEY)
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Abstract

Karst depressions and relict valleys, formed as a result of the combination of karst and fluvial processes, are char-
acteristic landforms of the Taurus karst region in Turkey. Development of these two landforms is interrelated, and the
main aim of this study is to explain the role of paleovalley networks on morphometric properties of the depressions.
For this purpose, in this study, spatial distribution of karst depressions and relict valleys, and morphometric properties
of depressions are investigated on the Ermenek Plateau based on 1:25,000-scaled, topographic maps. About 10,000
karst depressions are mapped, 49.5 % and 50.5 % of them being located in and out of relict valleys, respectively.
According to morphometric calculations, there are significant differences in dimensional properties of the two groups
of depressions. Mean area, perimeter, short and long axes of relict valley depressions are 2.6, 1.6, 1.6 and 1.4 times
larger, respectively, than plateau depressions. Relict valley depressions and plateau depressions are elliptical- and
circular-shaped, respectively. Relict valley density has positive effect, while non-relict valley density has negative effect
(limiting factor) on spatial distribution of depression density.

Introduction

Karst terrains, in which dissolution by water is the dominant geomorphic process, have distinctive hydrology, surface
and subsurface landforms. Large areas of the ice-free continental area of the Earth, especially in the Northern Hemi-
sphere and Mediterranean region, are underlain by karst (Ford and Williams, 2007; De Waele et al., 2009, 2011). Karst
terrains cover about 40 % of Turkey, and the largest, most important karst terrain is the Taurus Mountains (Nazik and
Poyraz, 2017). Gentle slopes of high karst plateaus are significant morphological units of the Taurus karst region, and
these plateaus are highly karstified, also due to effects produced by tectonics (Klimchouk et al., 2006; Monod et al.,
2006; Dogan et al., 2017; Dogan and Kogyigit, 2018). This plateau includes many landforms such as caves, gorges,
dry valleys, depressions, ponors and springs, and most of these karst landforms follow structural and orographic linea-
ments (Elhatip, 1997; Gunn and Giinay, 2004; Oztiirk et al., 2018b).

Karst depressions (doline, uvala or natural, enclosed depressions) are characteristic landforms of high, karst pla-
teaus in the mid-latitudes and the Taurus karst region in Turkey (Gams, 2000; Oztiirk et al., 2018b). Within the neritic
limestones, above 2,000 m a.s.l. and low-angle plateaus create appropriate topographic conditions for formation of
karst depressions (Gams, 2000; Plan and Decker, 2006; Faivre and Pahernik, 2007; Daura et al., 2014; Oztirk et
al., 2015). Dry valleys without surface streams are another characteristic landform of mid-latitude high karst terrains
(Warwick, 1964; Parise, 2011; BocCi¢ et al., 2015) and Taurus karst plateaus (Nazik, 1992; Monod et al., 2006; Dogan
et al., 2017). Karst valleys are called as dry valley, relict valley, ancient valley, fossil valley, solution valley, paleovalley,
paleokarst valley in different studies (Fermor, 1972; Day, 1983; Dogan and Ozel, 2005; Sauro, 2013). Originally, these
valleys have evolved as normal valleys due to fluvial erosion in the “pre-karst phase” of surface development (Dreybrodt
and Gabrovsek, 2003; Kosutnik, 2007). Then, the surface drainage started to form an underground drainage network
due to joints and fractures, as a result of tectonic uplift (Monod et al., 2006; Bocic¢ et al., 2015). Therefore, the surface
drainage network on the karst plateau disappeared and turned into a network of dry valleys (Boci¢, 2003). Later on, it
was gradually replaced by solution depressions as a result of karstification (Dogan and Ozel, 2005; Bogi¢ et al., 2015;
Petrovic et al., 2016). The bottoms of these valleys are covered with elongated depressions and conical, residual hills
(Monod et al., 2006; Ford and Williams, 2007; Radulovi¢, 2013). The depressions form the most important connections
between surface and underground drainage systems (Sauro, 2012). Besides, underground channels and speleological
objects can be present under dry valleys (Boci¢, 2003). These processes were called “reorganization of drainage by
karstification” by Williams (1982).

Although karst plateaus are a variant of the fluvial, geomorphological system (Ford et al., 1988), these plateaus are
characterized by a lack of surface drainage. As a result, solution depressions and relict valleys have been formed by
a combination of karst and fluvial processes (KoSutnik, 2007; Sauro, 2013); the development of these two landforms
is strictly related (Day, 1983; Segura et al., 2007). In this study, the spatial distribution of karst depressions and relict
valleys, and the effects of relict valleys on depression morphometry are investigated on the Ermenek Plateau, based
on GIS tools. The main aims of this study are: (1) to determine the spatial distribution of karst depressions with respect
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to relict and non-relict valleys; (2) to explain the relationships between spatial distributions of these; and (3) to explain
the effects of a relict valley on morphometric properties of depressions.

Study Area

The Ermenek Plateau is one of the most characteristic plateaus of the Taurus Mountains, which form a continuous
karst belt across the southern part of Turkey; the study area covers 1,584 km? of the plateau surface (Fig. 1). Mean el-
evation of study area is 1,707 m a.s.l., and there are many summits over 2,000 m a.s.l. at the northern part of the area.
The plateau surface is eroded by many rivers (Oguzun, Balkusan, Akerik and Ginder rivers), which run in a NW-SE
direction, therefore, parallel to the Goksu River (Fig. 1c). These rivers have incised more than 100 m and the slopes
are more than 30° steep. For example, the Balkusan River, located on the southern part of the plateau, incised ca. 300

Figure 1. (@) Outcrops of carbonate rocks in Turkey (Nazik and Tuncer, 2010), (b) the Central Taurus Mountains and location of the
study area, (c) digital elevation model of study area (black line shows boundary of study area).
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m and the river side slopes are up to 50° steep. The eastern and southern boundaries of plateaus are limited by steep
slopes (Fig. 3a). According to the Ermenek Meteorology Station (at 1,267 m a.s.l.), the mean annual temperature is
11.6 °C, and mean annual precipitation is 667 mm.

The study area mostly consists of neritic limestones, carbonates, and clastic rocks that were deposited in Mut-Er-
menek Basin (Fig. 2, 3). This basin is one of several, small Cenozoic basins in the southern part of Turkey (Safak et al.,
2005; Janson et al., 2010). The basin was formed as a result of orogeny collapse in the extensional back arc regime of
the Cyprus arc to the south (Robertson, 2000). The basin was inundated by the sea in the Early Miocene, and jointly
covered with an extensive, thick succession of late Burdigalian to Serravalian carbonates, including reef and platform
limestones. The NW-SE, NE-SW, and E-W directed fault systems developed in basins that are related to the orogenic
collapse (Esirtgen et al., 2016). The study area is mainly comprised of the Burdigalian-Serevalian limestones in the
Ermenek Basin, represented by the Mut Formation (Gedik et al., 1979). This consists of limestones, but also contains
sandstone, conglomerate, and marl bands. The white, cream-colored limestones contain micro and macro fossils,
such as algae, foraminifera, echinid, lamellibranch, gastropod and coral (Ozkale et al., 2007). The reef limestones are
characterized by organisms of warm, clear and shallow marine environments. Besides, NW-SE, NE-SW, and E-W-di-
rected fault systems cut the Miocene marine sequences, as well (Esirtgen et al., 2016).

Method

Morphometric analysis of karst landforms is a useful tool for evaluation of karst areas (Jennings, 1975; Day, 1983; Bon-
desanetal., 1992; Bruno et al., 2008; Basso et al., 2013; Oztiirk et al., 2017, 2018a). These morphometric analyses enable
us to develop a hypotheses on the evolution and dynamics of karst systems (Jeanpert et al., 2016), and to classify karst
landforms (Aguilar et al., 2016). In this study, morphometric properties of karst depressions in relict valleys and on the pla-

Figure 2. Geological map of study area (arranged from $enel, 2002a, 2002b. Red line shows boundary of study area).
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Figure 3. (a) Steep slopes at the southern parts of the plateaus, (b) the Miocene neritic limestone layers and
(c) drone image of plateau surface.

teau surface (outside
of relict valleys)
are investigated.
Topographic ~ maps
(UTM  zone  36),
1:25,000-scale, pro-
duced by The Gen-
eral Command of
Mapping (Turkey),
were used to deter-
mine the distribution
of karst depressions,
relict and non-relict
valleys on the plateau
(Day, 1983; Deniz-
man, 2003; Applega-
te, 2003; Angel et al.,
2004; Florea, 2005;
Faivre and Pahernik,
2007; Telbisz et al.,
2009; Benac et al.,
2013; Boci¢ et al,
2015; Keskin and Yil-
maz, 2016; lovine et
al.,, 2016; Margiotta
et al., 2016; Parise et
al., 2018). The upper-
most, closed-contour
lines of karst depres-
sions on topograph-
ic maps (classical
method) were delin-
eated as polygons
in a GIS, and basic
morphometric  prop-
erties (area, perim-
eter, long axis, short
axis, elongation ratio
and circularity index)
were calculated. El-
evation values of the
depression were de-
termined from topo-
graphic maps, with
reference to upper-
most, closed-counter
values.

The long axis (a
line connecting the
two farthest points)
and short axis of de-

pressions were drawn manually. Depressions are used as a sensitive indicator for tectonic activity in a karst region,
and azimuth orientation of the doline long axes provides important clues about their joint systems (Day, 1983; Nazik,
1986; Pardo-lglizquiza et al., 2013; Pepe and Parise, 2014; Jeanpert et al., 2016; Oztiirk et al., 2017, 2018a). Therefore,
the orientation angles of depressions were calculated as an azimuth of the long axis within the depression, and rose

diagrams were created for the two depression groups.
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The drainage network was divided into two categories: relict and non-relict valleys. Relict valleys developed due to
karst denudation processes from the primary valley morphology (Boci¢ et al., 2015). Other valleys are recognized as
non-relict valleys. In other words, if the valleys have depressions at their thalwegs, they are classified as relict, other-
wise as non-relict valleys. Relict and non-relict valleys were determined by vectorization of the theoretical thalwegs
(Boci¢ et al., 2015). Then, the depressions, which are located in and outside of relict valleys, were determined using GIS
analyses (Fig. 4). The data sets were examined in 1 km x 1 km quadrants to determine spatial densities of depression,
relict and non-relict valleys, and the relationships between them (Pahernik, 2012; Boci¢ et al., 2015). Besides, minimum,
5 %, 25 %, average, 75 %, 95 % and maximum values are calculated for evaluation of morphometric elevation charac-
teristics of depressions (Oztiirk et al., 2018b).

Results

The uppermost, closed-contour lines of 9,934 depressions were digitized as polygons in a GIS framework, and
the areal
properties of
the polygons
were calculat-
ed. In a 1,584
km? area,
9,934 depres-
sions were
mapped be-
tween 1,215
and 2,375
m a.s.l. The
morphometric
parameters
are present-
ed in Table 1.
The highest
percent of de-
pressions is
observed be-
tween 1,850
and 1,950 m
a.s.l. (~40 %),
with maximum
Figure 4. Examples of relict and non-relict valleys (contour interval is 10 m). depression

density of 75
depressions/km? between these elevations. According to classification of depression density by Faivre and Pahernik
(2007), 65.1 % of the study area is characterized by low density (<10 depressions/km?), 33.4 % with moderate density
(10—40 depressions/km?), 0.34 % with high density (40-70 depressions/km?) and only 0.03 % with very high density
(>70 depressions/km?; Fig. 5). Spatial distribution of depression density is parallel to the main river direction, due to
plateau surface being eroded by rivers in the NW-SE direction. Depression density increases with distance from the
main rivers (Fig. 5).

Relict valley density increases at the central parts of the plateau. It is greater than three km/km? over 1,150 m a.s.|.,
with maximum density (8.5 km/km?) between 1,750 and 1,900 m a.s.l. Non-relict valley density reaches 11 km/km? on
the plateau surface, and a negative correlation is observed between the distribution of relict and non-relict valley den-
sities (r = —65: Fig. 6a, c).

Relict and non-relict drainage density has two effects on the distribution of depression density: While relict drainage
density has a positive effect, non-relict drainage density has a negative effect (limiting factor) on the spatial distribution
of depression density. A positive correlation is observed between depression density and relict drainage density (r =
0.6), while a negative correlation (r = —0.5) is observed between depression density and non-relict drainage density
(Fig. 6b, d).

Solution depressions can be found both on the plateau surface (or on interfluve) and in the relict valleys. Thus,
depressions are divided into two groups: (1) relict valley depressions and (2) plateau surface depression in this study.
Inside and outside of relict valleys, 4,917 (49.5 %) and 5,017 (50.5 %) depressions are located, respectively. These per-
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centages provide perfect conditions for statistical analy-
sis of the morphometric properties of the two depression
groups.

There is no significant difference in the distribution,
while there are significant differences in the dimension-
al properties of the two groups. The minimum values of
the two groups are similar. Strong, positive correlations
are observed between perimeter and area, short and
long axes, elongation ratio and circularity index in the two
groups. Generally, the values are larger for the relict valley
depressions than for the plateau depressions: mean area
by 2.6, perimeter by 1.6, short axes by 1.6 and long axes
by 1.4 times. Standard deviations of the relict valley de-
pressions are higher than for those of the plateau depres-
sions (Table 1). As a result, relict valley depressions and
plateau depressions are elliptical and circular-shaped,
respectively (Fig. 8a and d). These differences resulted
from the enlargements of the relict valley depressions.
Besides, solution pits and conical or tower- shaped re-
sidual hills are observed in relict valley depressions (Figs.
8b and c).

The long axes orientations of the depression are used
as an indicator for the direction of tectonic structures,
and these orientations provide important clues about the
fracture systems (Pepe and Parise. As shown in Figure
9, dominant directions are ENE-WSW and WNW-ESE for
both depression types, which are in accordance with the
tectonic evolution of the study area.

These results indicate that relict valley density is one
of the most important factors to determine the spatial dis-
tribution of depression density on the Ermenek Plateau.
Depression density reaches its maximum in a well-devel-
oped, relict-valley network on the neritic limestones. The
relict valley depressions are more elongated, whilst the
plateau depressions are more circular.

Discussion

Dry valley and karst depressions have been investigat-
ed for a long time (Reid, 1887; Warwick, 1964; Fermor,
1972; Day, 1983; Jennings, 1982), due to their important
role in interpretation of morphotectonic development of
karst surfaces, as well as their hydrological role in re-
sponse to rainfall (Parise, 2003). Especially, relict and
dry valleys are used for paleodrainage reconstructions
(Boci¢, 2003; Monod et al., 2006; Petrovic et al., 2016;
Dogan et al., 2017), and a few studies explain the relation-
ship between both (Williams, 1972; Jennings, 1975; Boci¢
etal., 2015).

In this study, the spatial distribution of karst depres-
sions and relict valleys, and the effects of relict valley de-
pression morphometry are investigated on the Ermenek
Plateau. Non-relict valley density is a limiting factor for de-
pression density. When non-relict valley density increases,
depression densities decline (Fermor, 1972; Oztirk et al.,
2017). Because of this correlation, depression density is
greatest at maximum distances from non-relict valleys.
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Figure 5. Spatial distribution of depression density.

Figure 6. Spatial distribution of (a) relict valley density, (b) correlations between depression density and relict valley density, (c) non-relict
valley density and (d) correlations between depression density and non-relict valley density.
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Figure 7. (a) Change of depression elevation and relationships between (b) perimeter and area, (c) long
and short axis, (d) circularity index and elongation ratios (maximum values of relict valley depressions are
not shown in figure 7b).

Figure 8. Depressions types on plateau: (a) elongated relict valley
depression, (b) residual hill in relict valley depression, (c) solution pit
in relict valley depression and (d) circular plateau depression.
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Figure 9. Rose diagrams for the long axis of (a) relict valley depressions and (b) plateau depression.

Statistically, relict valley depressions have complex shape and larger area than plateau depressions. Similarly, length,
width and depth of valley depressions are greater than plateau depressions in New Zealand (Jennings, 1975). This
situation results from hydrological properties of the two groups. Since karst depression is a hydrological form (Sauro,
2012) and each depression has its own catchment area (drainage basin) (Gunn, 1981; Ford and Williams, 2007). Thus,
closed-solution depressions have the same function in karst landscapes as valley depressions in fluvial landscapes
(Williams, 1972; Gutiérrez et al., 2014). While relict valley depressions have large basins, and they can be found to join
points of more than one paleovalley tributary and joint system. Plateau depressions have small basins. In other words,
while plateau depressions located at low paleovalley order (generally one), relict valley depressions have high pale-
ovalley order (Day, 1983). Thus, valley depressions are exposed to accelerated solution. Most of the water of the valley
slopes is conveyed in the lower part of the depression, in contrast to plateau depressions (Sauro, 2013). As a result,
depressions in relict valleys start to enlarge and lose to circular shape (Dogan and Ozel, 2005).

Conclusions

In this study, the spatial distribution of karst depressions and relict valleys, and relict valley effects on depression
morphometry are investigated on the Ermenek Plateau, based on 1:25,000-scaled topographic maps. Depressions
totaling 9,934 were mapped. Out of these, 4,917 and 5,017 depressions are located inside and outside of relict valleys,
respectively. Mean area, perimeter, short and long axes of relict valley depressions are significantly larger than the
plateau depressions. Besides, standard deviations of relict valley depressions are higher than plateau depressions.
As a result, while relict valley depressions are elongated, plateau depressions are circular in shape. These situations
result from hydrological differences between two depression groups. Relict drainage density has positive effects, while
non-relict drainage density has negative effects (limiting factors) on spatial distribution of depression density. Dominant
orientations of both depressions are ENE-WSW and WNW-ESE, and these orientations are in harmony with tectonic
directions of the study area. According to these results, both landforms are impressed by the same tectonic evolution,
and geomorphologic development of depressions are associated with paleodrainage patterns.
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