Int. I Spelecl. 21 1-3 01992, pp. |

MORPHOMETRIC ANALYSIS OF DOLINES

ABondesan®, M. Meneghel® and USaurn®

SUMMARY

Ceeneral Key words: ddolme, inerphomerry, spatial wlysis.
Regivmal key words: Venetion Prealps, Cansiglie-Covalle, Mongello, Carso d Triesie,

The daling is the most specific surface Tomm of karst Tandscapes. which
enables one (o disinzoish them from “normal” erosion lindscapes shaped by
surtace witer. From o marphodynamie point of view the doline constitutes an
clementary hydrographic unit, comparable v a simple basin, which, with s
system ol slopes, conveys water 10 the absorbing points at the bottem inte an
uniderground nerwork,

The morphomeine study of these karst Landforms enables o quantative
amilysis of karst environment, Comparsons of the virious parameters muy
give unexpected results wnd lead 1o new hypotheses about the evelution and
Lthe dynamism of the karst " eeo-ecosysem”™.

Al the main morphometric parameters abf the dolines are listed and
axplained und o preliminary discussion about seme moethods of spatial analvsis
iy develaped.

It s intended e give methodologcal suggestions ubout data sources,
systers of measurement, aud o stunulate some reflection en the choices of
possible processing of merphometric variables and oo the significance of stti-
stical anilysis appliecd 10 different paramerers.

Adler a briet review of soime morphometric and spatial analyses maile i
the past by different authors, three difTerem examples are presented, relative 1o
karst areas of the Venetian Prealps (Cansiglio-Cavallo, Montellor and of the
Carso di Toeste, From these few cxamples one can understand haw to con-
Crant this comples subject and what kind of results the analysis of morphome-
tric paramcters may give, [ninterpretating the results it s evideat that one
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must not forgetl the geological, geomaorphological, pedological, vegetational
and climatic context of 1he karst arca.

RIASSENTO

Fermim ofliave: doling, marfomedria, anadisn spazale.
Teratiind clinve regiomealis Peealpd Venere, Casaalo-Covaflos Moarefto, Caesooodi Teiesie,

Fai dedivi & fa fovma suporficiale pite specifice ded paesagg? carsici, olte
perniene df distinenerti dal poesaggi dell erosivone U nermale”  siodellael dal
vt sl o g,

fxal punito U vista menfodivaniiea fo dolive coseitniscon delle unitd
iefregraficle elesentali, che con i fora sizrems of versanid convopdion U ocgo
verewer of fendlefer eve Bt Sniziee i clveola Sienie Setterrenied,

Lao stiedir miarfinmetrive off gueste forme cavseehe peemette df qffonsare
Fepredlied quacennriverive dell anthienie carsice, [ confronta fro ©edivers? pavame-
per ek fornive pisiltad inatesi ¢ stiniotare fpostesi sl evoluzione el dinani-
o o griester caratteristicn U georcosistema

Vewgenier edevieati o Slusieasi sl ¢ peincipall paraimetrd morfonieiricd
aefle dodine o vene svilnppor wre discussione prelivinare sod metod] dv ane-
fise spatiale.

B fnteniede, cont grueste, St fornice siggerimtentd metodologiod sielle o
eled ddetis § wistesnd i pidsera, § pavainetrd Baneali merivevold di considerazione,
sfa stintodane viflessiant satle seelte off elaborazione delle varialdlD e fonnetri-
e e il slandfioanre el analisd soadistice ¢ o correlazione fra diversy para-
HIE

espas wng heeve russegna U aboane viverche niorfometeiche del possate
Ve preseatadl e diversi exempd reladivn ad avee carsiclie delle Prealpi
Venere (Camsigliee-Covalio, Montellon o ded Carsa of Triesee.

Bher qpiestd eaenyps s conlie fa complessiug delle proflemanche che cmer-
sonter it (0 anell i tmenfeanetrica, ol nent possentor preseindere o daller qiecelite
et oland, wion el ineguicelvanne s gooporfoloeico o anihivntale JF cisenne are.

INTRODUCTION

The morphometric analysis applicd to karst environments erables o
quantitative description of karst landlormes and their distribution; o comyparcison
of the various parametne values may give ooexpected results and lead 1o new
hiypotheses.

The measurement of morphometric prorameters, theough feld survey or
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pveer s and werial photographs, demuands hard work and s ime-consunming.
Also mathematcal-statistical treatment of the consequent data is rather com-
plex. At present, this Job is made moch eusicr through compoters and suitable
sollware, The rapid development ol Geoaraphical Information Sysiems
¢0LLS, ) nonw comistitutes @ solid aid to morphometric anadvsis of lindforms,

In beemning & morphometnic analysis, the main problem is the Tk of
suttable maps with suthcient altimetric yesolution; for this reason, altimoenric
paramelers ol dolines were very often neglected; on the other band. plasime-
tric wiiributes were mustly considered, Nevertheless, the relief s sometimes
fundamental in cemparig different kinds of kKarst, for caomple, ropical and
temperate karst (ForD and Winrams, 19890 Fortunately in muny developed
countrics lechnical cartography an the seale L5000 and 1 TE0000 15 available:
1t can show the rebiel sufficiently accurately for w detailed morphometec
malysis,

Mol all karst areas are suitable for o morphometeie stody which can be
restricted by cortain pacicular situations (or example, doline rregelarity.

Storphoimetrie analysis i possible under the Tollowing conditions;

ah the number of didines must be high:

b the dolines must lie over the siome morphological unit: they cannot be
clistribuoted over different geclagicnl Termations orin dilferent topo-
araphical positions:

ci the dolines must not coalesce or be o ireguka ncshape,

Cicornetrcal attributes of dolings are numereus. Some of them are cur-
rently cmployed in karse research and are wecd Tor the elassificalion of dolines:
i precise geomorphoelogical significance has been attached fo their valoes and
ratias, Ciher parameters were less osed either because of the measurement dif-
ficulties, or for problems of mterpretation,

The goal of 1his work is 1o rearmnge and, possibly, Tison full all the peo-
metrical aurbutes of dodines wod 1o give o correct definition, both through stu-
dics Tound in literatwre, and by means of the first practical applications,
Procedures for measurements on fielid, maps and aerial photearaphs of dotime
paramelers are bretly mentioned.

Spatial analvsas 1soonly mentioned bere: a study concerning this suhiject
and its probiems will be presented moa separate further paper. Mormhonetric
investizations based on the paramerers lustrated i this work will be done in
order o define the morphologieal and genetic sense of euch attribule.
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. AN OUTLINE OF THE CLASSIFICATION OF DOLINES

The doling is the most specific form of karst landscape, which cnables
one (o distinguish it from “normal™ erosional Tandscapes shaped by surface
water courses. In this sense il may also be considered a “disgnostic™ form
(FoRDL and WILLIAMS, 1989 1L consists of an enclosed depression om a soluble
solid rock. ranging widely in siee, similar o a “erater” with one or more
ahsorbing cavities in the botnom, generally covered by soil scdiments or scree
deposits, which permit underground drainage of water,

The dolines wore Nest studied o the Classical Kara (Carso di Trieste)
where their common planimetric shape is nearly circulur, coresponding 1o 3
slope rupture between the plateaw swrtace and the inner slopes of the hollow,
The upper rim, or contour, which determines the perimeter, cnables cne 1o
cefime the diameter of the doline, ranging from a few meters o more than one
Eilooerre, Since in other karst areas the plan form is polyveonul in shape and
marks the upper rims of the stopes of adjacent dolines, il would be more cor-
rect 1o speak of axis v uxes. The vertical dimension of a doline is called
depth, which in matwure mnges Trony a few decimetres to hundreds of meters.

From a morphodynamic point of view the dolines constitute elementary
hvdrographic units, comparable (o the simplest busing, which, with their
svatems of slopes, convey water 1o o central point. In this way they constitle
“poine recharge depressions” (Forp and WiLiass, (9890 [lere the water is
able to percolate inside the rock body. flawing into a sysiem of underground
channels to feed un wguiler reservair or a spring, Henee a doline constitutes an
initial morpho-funcional-umt of o specific hvdrographic system which deve-
lops maialy underground,

Covne” (18930 fiest introduced the name of “doline”™ which means “small
witlley™, to wnderline the anulogy between this form and a small normal hydro-
eraphic busin, Nevertheless later authors proposcd o change this nume o o
more specific ene, like the “morpho-name”™ “wrtaea™, or the new name of “Kr-
ska”. taindicate the doline as the basic and disgnostic karst farm (Gass,
[47 3}

In the different treatises the classilication of delines s in general,
accardance, with some varants in the definitions of the Torms, On this subject
we recommend the teals of Gogeasy (905, 1954), the thoreugh stody of
CranCi (190wl the more recent detailed discussions of SwEETinG {1972
and Massig (1978 For some authors o doline 1 any enclosed basin in solu-
Ble rocks with the exception of those with extensive flat bottoms (polje).
Amaong the large dolines, sublypes such ws ovadas and cockpits have been
distinguished. For other authors the dolines must 10 inside o well-defined
dirnensional range.
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The attempts 1o ¢Jassily the dolines are bused oo differing eriteria, such
as the tollowing:

- the topographical and geomotrical features,

the genetic and evolutionary mechanisms,

- the wpographical context,

- the morpho-climatic context,

- the hydrogeological characters and mechanisms.

The varianee in the gesmetrical characters 15 linked with the inegualities
af the pernmeter. the slopes and the botlom. The perimeler may present a sub-
circulur. elliptical. polygonul or also irregular shapes in the last case the basm
may be of a4 composile form, deriving from the coalescence of more than one
doline, The sides range from o slope of a few degrees w verncal, with difte-
rences even inside the sume doline, which may be also stongly asymmetrical
andfor dissymmuerricul. The bottom muy be punctiform, or may present
varving sub-horizontal exiensions, or may even be subdivided into different,
distinet, nested depressions: sometimes the battom may constitute the T sur-
face of a small like.

The shapes of dalines are oflen schematised, so as w relate 1o three
dimensional geometrical forms or 10 abjects of everyilay use. One of the main
parameters considercd in this context is the diameterfdepth ratie (IVH atio:
the inverse of RH/DYa) 00 Onthe basis of this ratio many authors, starting with
Cwie” (1893, have detined both the compared objecrs and the geometrcal
forms, as shown in the lable.

D/H ratio similar ohjects [ geometrical forms
. Dl =5 ate ._ Lk of r'.-nm_ =
S=0iH =2 : oo foemisphere
=00 =15 - Juine! LN
15 Dilf 1 pit evlinder

Obviously this systematic approach leads to imprecisions mthe actual
fornt. Indeed. with reference to the geometrical form, a doline may be conical
or cyhindrical in shape even if the depth is moch less than the diamerer. In
addition, slopes with a concave profile, which should charucterise the bowl-
like (or hemispheric) dolines, are nol commoen: in fact plae-like dolines exist,
but wre explained gither by the presence of thick filling deposits caused by non
karstic processes, or by human moditicution.

[ other classifications the Tollowing parameters ane Laken nto consideration:
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the maximum dinmeter/minor diameter vatio (MAX 2 DMNE 4,
the lenath axisfaidih psis ratie (LAXT S SWAR gL

- the width axisfdepth ratio (WAXL HMAR 270 Gsee WHITE, TURR),

- the profile of the slopes,

- the planimetric siee of the doling,

In the maepliogencneal classification, in oeoneeal, the following tvpes of
dolines are distngzaished:

norml salution dolings, formed by chemical salution of the rock: the
waler converges 10oa central abserbing area which becomes o zone of
accelerated corrasion;

- alluvial or suffusion dolines, which form inside covers of unconsoli-
dated rocks, like alluvial or 1ill deposits, Iving above Karstifiable
rocks: the development of “buried dolines™ inside the soluble rocks,
caused by inlilivanng waters, causes subsidence and suitusion of the
material wheve and the developmant of clised depressions:

- subsidence dolines, caused by oradual collapse of coherent, non-snln
ble. bur permeable rocks (eops sandstoned Iving above kurstiliable
rocks: the water infiltrating along the fractures of the top rock reaches
the soluble rock dissolving i the effect is a differential subsudlence of
the nop-soluble rock and the development of closed depressions:

- collapse dolines or depressions which develop becaose of the interti-
rence of an underground coavity and the 1opographical sucface when
the thin rowsl el bole breaks down,

T these vpes could be added o type of “deep subsidence daline™, more
trequent above highly soluble rocks Tike salts here the existence of deep cuvi
ties, where wider i able woinfiltrate muy cise o progressive subsidence of the
surface, sometmes with the development of small Takes: this tvpe is also the
conseguence of the abandonment of <all nuning wanels,

With reference to the ropovraphica! coneext, the Following tvpes of doli-
nes ey e distinguished;

- valley battom dolines;

- phidaan dolines:

- slope dolines;

- vl wid polje bottam dolines;

- placial corgue botiom dolines,

Ina sncrpho-stvvcireal conrent the dehnes may be distinguished both on
the busis of the lithological 1ype. the tansitional lecidion berween different
rocks, the attitude of the rocks, the positions alona faults, ele., 5o aypsum
dobimes, imestone dolines, marble dolines, marl dolines, dolines i sub-hori-
sontal strata, dolines in sirwa 27 degeees inclined, fault lne dolimes, anticline
of ayncling axis dielines.
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In st mierpfio-cliniaiie covtent iU s possible 1o distinguish tropical karst
dalines. twemperate karst dotines, periglacial covironment dolines, etc.,

Remurding the hydroseological feinres und processes, dolines formed by
infiltration of sorface run-off water (overland Tow amd soil swaters, can e
distingushed from thase developing through concentrated infiltration stading
from suspended aquifers mside intensely fissured relict zones, or with wide-
spread high-poresity rock units, Iving abave less fissured racks, The last-men-
nened dolines develop In prosimity to the lithological boundaries, where the
water movement Is changing from slow wld diffused to fast wnd concentrated
(Sauro, 9719740 Wiitrass (1985) owhined a hydrolegical model of doli-
ne evolution, preswming the influence of an “epkarstic zone”™ that is o zone
just helow the sail, chivacterised by oan cphemeral aguiler resident inside 1the
network af fissures, down toa few meters below the seil, enlarged by the Karst
processes. I this sonc, different hydrauhc conductivity develaps in reltion (o
the entity and speed of tunodt, with accelerated dissolution o some sub-rones
wind e particolor where o transition from d sub horiaontal circalaoon o o
nearly vertical one occurs,

Many of 1he dolines and closed depressions result from comples origins
which are doe nol only 10 karst processes. For example the glacio-karstic
deprossions are the result of both karst und glacial processes, the swallow-
dorlines of the blind valleys ace the result of fTuvial and karst processes. [n
pencril. most of the mididle latitude dolines are the result alsoe of periglaciul
processes, which influcnce slope evolution and accumulation on the bottom of
soil sediments and debrs,

Thus in an analysis of dolmes it is necessiry nol to forger botl the
mlluence of lithology and structure, and the comples role plaved by the difte-
renl morphoacnctical processes,

2OPARAMETERS QUOTELD BY AUTHORS, THEIR DESCRIPTION AN
MEANING

208 Mewsured pavameters

Listed hercunder are the geometoe parameters of dolines, quoted by
authers and partly intezrated, Iis possible to abtain almost all the parameters
using arge scile mups or aerfal photes: it is possible also to measure them by
direct survey in the field, bun only in the ¢ase of some of them is measurement
casy or possible in g reasonable period of time,

A0 Flanimersic parameters
Aldlthe following purameters consider the planimetric shape of o daoline.
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2 Linear planimeriic paraiiefers

[

[4]

PLEN = perimeter length (rim length, border length)

Plannmetric length of the curve that circumseribes the deprossion. 1o
distinguished by the locus of the points where the slope changes.

e dlefininion (5 v suiiable for all aeimal sivearfons, This (s above all the
caxe for a slope graduellv conrecting widl the ineernal slope af the doli-
ne, se titar the slope varfation o5 comtintons (e, 1)

Wertical sectian and maponl s doline ano regular slope. The doshed line dthe easiest o be -
cetl om Lhe map) shoas e permeter el the closed depression: the dorted Dine closes the per-
e ol the slope infloenced by the deline: the dash and doc line marks the water divide, Tl
prrcablem of tracing the perimeter of o doline oo stope is abways e diffioedn, soif dolines
el sk o g e nan Treggueend, i i hercer e leave therm oot of the @xaminmed popuekston.

DMAN = Maximum diameter
The segment hinking the two most distant paints of the perimeler.

DMNR = Minor diameter

The longest segment linking two paints ol the diameter and perpendicular
to the maximum diameter,

fon civetdent dfodines it is af the sanie feagth a the nivimum dicmeter (fg. 2

DMIN = Minimum diameter

The shorest amoeng the seements perpendicular (o DMAX) ) pravided it
15 included berween homologous segments of greater length,

I the carve showing the lenpths of all the seoments perpendivulor to
f3AX gy has mare tan one mavimum, DMING i the segment corre-
spreneding to the prineipol pibripnn The paramerer (s significans anfy
i the case of ivvegular dotines and depressions of complex origio (g, 3)
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Circnlar doline with o cenlered swallaw

IIAAN |2 = LAXL = DMNE )y = WAXLy = WMAK = DAVE = [¥LL) 2.
LA s = LIAN ) = WA N — W2AK .

1CTR = BLEN s = BWIE 0 = WLSW s = PEIM 20 = [5I1M20 = 10 R 5 = I

O dnlines wath marroesings, the minmam diameter CEMIN G can be traced. Se shigued clo
sl g presainns winally dereve Trem the coalescence ol Do previous dolines,

LAXI = Length axis, basin length

The Tongest segment that his its cairema on the perimeter and crosses the
lorwest point of the depression.

I wvmmretric dodines witdy lowest paint (o che contree, the LAXT coineides

with the DMAXcy fig, 40,

Fiz, 4 Circulur dobme with an cecentre swal-
livw,

DAaX)y = LaXls = DMNRK g = WMAN, ) =
[ Epsy = INDE o)

WEANy = WIAK e 1CIR 2 = RWIH s
RS sy = 151Ny = |

R = 2o
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[0] LIAX = Main semiaxis of length
The longer semiaxis of the LAXL s divided al the lowest point of the
depression,

[71 L2ZAX = Minor semiaxis of length
The shorter semiaxes of the LAXD=) divided w0 the Jowest point of the
deprizssion,

(8] WAXI = Width axis
Seoment perpendicular to the LAXD s, crossing the lowest point of the
doline and having s exteemu on the perimeter,

[91 WIAX = Main semiaxis of width
The longer semiasis of 1the WAX g divided at the lowest point of the
doline,

[10] W2AX = Minor scmiaxis ol swidth
The shorler seminsis of the WAX ) divided at the lowest poing of 1he
doline.

[11] WMAX = Maximum width, basin widfh
The Temgest segment linking two points of the pereter, perpendicalar iy
the LAX]s). bul not necessarily crossing the deepest point of the depres-
sion (g, 31

neters ol an clliptical daoline warh an ceeen

i sl puani,

[12] AXIS = Axis
The Tine with its extrema coincidms with those of the DMAX 2, locus af
the points that are the same distance from the two arches™ of the perime-
ter sliced by s two extrema.
The paraiicter o significant wheve dolines are asynnnetrie, Ieis dififioudt
e enttfine i (g oljeciive wevs B fras the characteristic of o desoripiive
Heraed e i triie,
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20 Aveal pluniindetric paramerte s

[13] AL = Area

Muewsurcinent of the planimetric surface bordered by the perimeter.

[14] ASLUR = Axial surface
The mrnimum surface bordered by the LAXD <) and the tao lines of maxi-
mum dip which oviginate at the extremum ol the LAXT G and end an the
decpest peint of the doline,

[15] ARUN = Area of internal runoff
Planimetric surface of the watershed of the doline.

20 e Anaelar plnine i parameters

[16] DIME = Maximum diameter direction
The arinmih angle of the DMAX ) iy the true North (deom 0 @ THOT L
ft o e corveduted o sivuctone o secteniios g, G,

[Fre
Semeiimes there psoone i eoe direcion
alrwing the mesimm diameter and the leogeeh
" an I e esammple of s e sheped dobme fhe
alodine Tave Hhe same o
ra v the sare lengath: o

Iwr: laabses el th
ined ghe oo o

ez chian,

[17] FSEN = Bottom scnse
Acimuth of the vector linking the highest point ol the penmeter and the
deepest point of the bottan (from 07 to 3607,
Hv i geasseter ©F o possiile fo estallick i dere o aot dnfluence on e sl
pre o ehee dfodine B sieibe anel dipe of the eock lavers e v e dip of te slope.

[18] PSE™N = Sense of the perimeter
Acimuth of the vector linking the highest peint of the permeter to Qs
loweest povind 4 Ironn OF Lo 3607,
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[19] LSEN = Length axis sense
Azimuth of the centripetal vector coincident with the LTAX g (Teom (F Lo
36071 (g, 7,

@

Fag. 7 - Lirectional paramslers of @ dolme,

202 Alvimerric parameters

[20] PMAX = Maximum altitude of the perimeter
Altitude ol the highest point of the perimeter,

[21] PMIN = Minimum altitude of the perimeter
Alitude of the lowest poinl of the perimeter,

122] FMIN = Minimum altitude of the doline bottom
Altitude of the Jowest poind of the doline,

[23] F2AL, F3AL. ... = Sccondary, tertiary, ... altitude of the bottom
Alntude of the lowest point of every closed depression inside a doline. I
is used in complex forms.
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[24] PDEN = Total difference in elevation of the perimeter
Summation of ull the differences mn height along the perimeter.
I the samme wav the total differeace in elevarion of the divide can be defi-
ped, The paramerer @5 applivd oulv o greal depressions,

It 15 evident that i is not possible e measure all the hsted parameters in
every doline, either because o very large scale map s not available, or a direc
survey in the feld is nol possible; vsually in common topoeraphic maps the
dodime form is somewhat simplificd.

Often it is difficult 1o define the clements ol the doline o measure. A
clear example is the case of a deline on o slope: although more than one reaso-
nable wuy of acing the permeter has heen proposed, in overy ciase a solulion
is chosen by the rescarcher (fig, 10 in such situations, iF dolines ol thar type
are a minimum part af the whole popalation, they could be left out; if there are
many uncerlain forms, it s impactant thin the measurement of the paramelers
is dote in o homogeneous way by wosingle resewrcher, The researcher must
also indicate the chosen critera of data collection.

223 Compitesd porvameters

Parnmeters listed inothe Tormer section have a significance either indi
pendently or in connectiom with each other. The possible correlations between
the parameters wre o numerous, so we tried to pmnt out just the significant
ones, Moreover some parameters ave nod dircetly measured, buc compated
fvolume, ared, b Some olher paramelers are more sizmlicant than the mea-
sured parameters wsed o caleulare them: for instance, thar is true for RHD o
a ratio of depth o average diamoeer.

230 Planinmetric paraiiete s

[25] DAVE = Average diameler
Arvithmetical average of DMAN and DMNE).
ffthe dodines have o very dreegalar Boeder, the DAVE can be copiprted ax
the cverage of IMAX o IWENK o the twer dfieimetors crossing ar 457

|26 DIDE = ldeal diameter
Measurement of the diameter of the circle with arca cquivalent w the pla-
pimetric surfoce of the dodine.

[27] CEQU = Equivalent circomference
Cireumierence of the virele wilh area equivalent to the planimetoe surfa-
e of the doline,
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CEOQU = m DIDE 1)

[28] CCIR = Circumference of the circle circumseribed to the perime-

ler
2220 Angidar parameteors

[29] SAVE = Averaze dip slope along a section

The vertical angle of the scament hinking a poing on the perimeter and the

deepest point in the depression.

This o, o fucr, the actial dip e the sloge inocconival dofise e doline
Beas e Bearizonial hoetom, the poramicier Is ot fropg ifie sesatens linkine
cr preaind et Uhe perimeter with e nearest poind ou e vime of dhe Hlad ot

e,

[3] LIAN = L1AX angle
Yertical angle of the segment linking the extremum of the
LA AKX om the perimeter and the deepest point in the doline,

[3L] L2AN = L2AX anpgle
Vertical angle of the scgment linking the extramum of the
L2AN 7 on the perimeter and the deepest point m the deline.

[32] WIAN = WIAX angle
Vertical angle of the scament linking the extremum of the
WAN ) an the perimeter and the deepest peint in the doline.

[33] W2AN = WIAX angle
Yertical angle ol the segment linking the extremum of (he
WAX o on the perimeter and the decpes) ot inithe doline.

SEMILRLs

SCINTAX IS

T HEAES

SCMIHXDS

fovonndewdd delines e o atter porameters reflect the veal dip of e
slegpe In dodines with concave s treegndfor Borronis. e compated anele
ey wwent vetlect the trne Jip, Iear 8y necessoee e caleidate the convaviy

sinefen FOCN

[34] [CON = Concavity index

Arithmetical avernge of the four vertical angles of 1he length and width

SCMITARE,

(L TAN G + L2AN 30+ W AMNGz + W2aN s
B

[N =
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[35] DSAV = Doline average dip slope
[t s computed for 1the whole slope of the depression, or o s caleubed
between nearby contours.

[Dip between two contoursy

e R T b
2A

[D5AV =

Average dip of the ¢loscd depeessicn:

E,,Il['.:l f O +{:‘“ | +|${:_'“}| - HIEOLL
DSAV = = =
noe ST sy

Oy = fewgl oof e contones

o= peifer af contonrs

§ = difference in alvinde

IO anp = sictiininens deprtly

ALMM oisy = plaminieteic suclace of the dofine
Aj = plaminietrie sucfuce closed By Do cerifors

223 Alimerie peyanieiers

[36] HPER = Perimeter depth
Difference in altiiode between the highest und the Towest point of the
'|'|Ii."|'i'|]]'{_‘1ll.'l'.

[37] HMAX = maximum depth
IdTerence mheight berwaen the musmom altitude of the perimeter and
the lawest point of the depression,

[38] HDOL = doline depth, closed depression depth
ifference in height boetween the minimuom altitude of the perumeter and
the lowest point of the depression,

[3%] HBAS = basin depth
Diifference in height belween the maximum aliotude of the water divide
for msilde the area of doling imernal runel and the lowest point of the
depressian.
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[44] HVOL = volumetric depth

Droline voluwme / planimetric ared rdie.

224 Dhemtearsionfvsy paraneters

[41] ICIR = circularity index
Ratio between the circumference of the circumescribed cirele amd the pla-
nimetrie doline perimeler,

[42] VDV = yvolume development

Ratio botween the volume of the doline and the volume of o cone with a
base equivalent to the planimetric doling wren and the height eguivalent to
the maximum depth,

This ranie @5 approvintely L owhen the doline §s almose confeals T is
fenver thas L when the dolinge slopes are convey Bie oppasiie & tere when
dhe dvdine slopes ave concave: the ratio 0 tea yreater e O Uhe same
gescedfire Lo agpaplied fo e o botroe dodines assonilared o g wrancale coe.

[43] RLEN = length ratio

L1 AR

RI.EMN =
L2AXIT
[44] RWID = width ratio
RWID = N AXM
WA N I

Boile REEN G and RWIR depend on the cocenteivice af deline fowest
g,

[45] RL/W = lengthimaximum width ratio, elungation ratio

RIJW = LAXDS

WAAN

This ds wn Qe of playinseirse dodine shape; I gives infarmation ahaolit
pesinreter syiametey Cunlile PEIM e whicl is an Biternad syionetey
dclex )

When RLW = T, plie shape iy equidimensional.
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[46] PSIM = product of symmetry
FSIN = RLENaz) - RW 1 Dyag

Phis iy g oidey of interned sveenerey of the depression swallon, (f e
awaliom ix perfecte centered. PSIM = ol nedse S8 increases ifig, 8.

ko
i

—==1 ORLX = [ BX]| Fio M

Lol delinn with o centered salbow,
LEA N = LIAK 7 and WIEAK = W2IAK
RIEM = RWITE g = PRIV = 1.

[47] RH/I» = depthiaverage diameter ratio, cross-section ratio
It i an dederitad shape Drdew, Lecan help {0 cenesis researchs for cxanple,
e sodtefeons cferling el fra siniddee BREDY volfes: i a collupiee dedine field
i cenesielered, BEFEY vafues sl a b divteifntion),

RH /D = HM AN

DAVE

[48] ISIN = sinuosity index
Raties hetween the planimetne perimeter length of doline and the cirean-
ference of acwele with aren equivalent w che planimetric arew of the dodi-
ne.
This veavivn, whivh ix sever tess than £ an indey of arregndueine af the
iferfivne ooy cndd elongation of tee dodine fivell As o masier of fact, (o
the cosie aof an elliptfcal sihape, dhe dolioe I o feeegaeloe, e TSIV @5
wrreter o L

[49] LTENC = enclosure index

PSIM = RLEN a3 - RW 24



IH BONDESAN. MENEGHEL ET SALRD

150] RP/R = perimeterfideal radius ratio
Ratio berween the perimeter length and the radins of a circle with area
cyuivalent W the doline wrew.

[31]1 TART = articulalion index
Eutie between the sunmation of absolute vitlues of differonce in heigh
measurad along the perimeter and the masimam depb,

[ART = PLOEM 2
HMAX

[52]) TARR = relative articulation index
Hatio hetween (he summation of absolute values of differsnce in height
measured wlong the permeter and the perimeler lengih,

PN 2
PLLEN| 1)

IARR =
23 ke poraneters

[533] VOLL = valume

The Sivgpson foranida O wved termenasiee e veadinie of o deline the vedi-
s b coipisfed aadding aff e terncated voses Wit o Buse coreesponding
tee tre seinfoees clclosed Be the snlseguent contonr lines represeaiing the
dedine wndd, ws betehe, che contovr inverval. The decpest paree of the deding
s cone dedine | v considered equivalent e a cone wigh @ hase
sepreseiited By the seed corcnniseribed D tle fowest condar See aaed. oy
fedalit, the differonce i altitiide hepween te lowest conteror and the Do,
Fhis wrethed By applicalde o dolines wed! vepresented By contone Hnes
The dess the conrone inrervad, the e the dodine regsdarite and the b
e e vodnine reasarenent,

Contpantatfont of vedivne B 8ol aned cony b dlenie el for vers g dofi-
ek, psliig woed piagrs, on i the peesedce of veey regodoe dodines wiliel
penteded It conesicfored s regulor ceomerie solios

[54] CHYF = relative hypsographic curves
These represent the cunndaive dizteibinfon of dofine drea awainse the
depelis af the depresyion. Dhe nwo variafles are prosented as percentoges
redaived fer tliee snceciannon vl

[55] OODEF = depression order
Hichest Tuevarclica! crders of strecoms wiiicln deain s e svallon,
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JOUANTITATIVE PARAMETERS OF A MORPHOKARST UNIT
Only some of the purwmeters referring to the morphakars unitare hereby
listeds they are those osed for the definition of doline prramelers.
A0 Pargmertors of o bavad aeea
[F6] KMAX = maxvimum altitude of & Karst area
157] KLEN = maximum lengith of a Karst area
[F8] KMIN = minimum altitude of a karst ares

|59 KARE = total surface of a karst area

32 Qhenititarive pavanteters of o flefd of dofines
[60] DNUM = total number of dolines
[61] DDEN = depression density

DINLIM iy
KARE: =

DDEN =

[62] IPIT = index of ptting

koA R
1= 1NN 0
Z.-U}HI.I'.H

IFIT =

[63] APER = percentage arca of hyvdrographic basin occopied by enclosed
depressions
P= DML
A1)
APER= ‘=1 . L
KAREIF'”

X

for proadvsenead Rt APER =10
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|64] RDOM. = doline arca rativ

APER:4s
[ 3]

RDOL =

Pl v the veverse of the fngdea of pindae (TP podvaonad Saest {1
egguiivetlent fer |

[653] KRUN = summation ol areas of internal runaoft of dolines

1= LI g
KRELN = 3 ADOL

LIST O PARAMETERS IN NUMERICAL ORDER

v PLEN 23 e F2AL 48 e s PELE
e IINLAK M., PDEN 40 e PSIM
N b T 25 - o LIV 47 enenn RO
e DMIN i PR D) |18 o 48 L riiegands e
e LAXI Tz CEQL A e cdENC
v L lAN I EEIR Mninnn i RER
e LA X P e FSANE Sloiing e TART
SRR RS 0. 4| MFnannsab Al 32 e JARR
Qs ssneas WREAX Il e L2AN 35 e WO
L0 e O W2AK 32 UWIAN 3 JCHYP
[ i WMAX 33 U WIAN A% e JODER
T2 e AX S A TCON 1 VR FIRPR 41,1 . 9. &
1V ADOL 35 e DS AN Ao s KLEN
4 ARUR 3 EE | {2 1 S e KM
hl

-2 —

=] ORoUh s onad

37 i HMAX MoK RE
16 e DDIR . R HIL 60 e DINLM
PO . | | W FIR A bl e e [HIEN
18 e PREN 0 HYOL 62 izl FIT
19 e s LLSEN A IR Gy APER:
M i mPMAX i VBY R B e ROL
21 ciiin GPMIN ddicsnnn REEN B e KRN
e ENIN B IR EWID
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LIST OF FARAMETERS IN ALPHABETICAL ORDER

ADOL 13 HMAX 3T FDEM o224
APER ..........63 HPCR..........36 PLEM s ]
ARUN 15 HYOL ., H) PMANX L2
ASLIR oo [4 [ARR.........52 PRIN 21
AXTS i | 2 FART s PSIM .. 4t
GEHE emied L G 41 FSEN .08
CEOU S 2T ICON.........38 RDOL ...........04
CHYP ........5d IENC 4 RH/D v 47
DAVE ...l .25 HAT oz 02 BLAY .48
D2EN ... 6] ISIN a3l RLEEN: i cd3
MR 16 KARE ......5% 4 B PR M)
k.. ... ... 26 KLEN .........57 WIS .. 44
AN 2 KMAX.......56 SAVE 29
RN - KMIMN ... 58 WIIVP ... 42
DANE .08 KRLIMN......... 05 WOLL 50
DNUM.......00 LIAN e 30 WIAN 3
DSAV ... 83 ELAR e W LAN D
FEAlsmnnn iy LPAN 3] WIAN. 30
Fuils 22 EZARE il W2aX. )
FSEN ... L7 EAXR] i WAN by
HBEAS .39 LSEN ......... 14 WMAX L
HEOL ... 38 ODEP..........35

4. SOME REFLECTIONS ON THE SPATIAL ANALY SIS

Whoen wn ohserver is studving o Karst area on o wopographical map or
Trown o swmmit on the Ficlil, at Nest he deteets the forms wogether rther than
wlividual aspects, This operation constitutes o "spatial lecture™ or even u
Capatial analvsis", A mathematically sed spatial analysis requires different
tvpes of apertions which are bevond the uims of this paper. Mevertheless a
briel introduction w some applications of spatal analvsis may be helpful.

Here the spatial analysis of “nommal™ cone-shaped solution dolines is
taken inte consideration. Each solution dolineg must be considered in s geo-
morphological context. In fact the solution doling represents the main elemen-
tary Torm, which marks o spat o wecelerated corrosion inside complex three
dimensional surfaces in comsiant evolution, To cxamine only ane doling is like
analvsing just one small valley without examining the hydrographic nerwork
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of which this s oa parl. In e cach ditferent geomorphological Tuctor plave o
uritary role, even if of different imensite inthe total Karst morphao-unil,

The first step of the spatial cxamination is 1o establish whether the deli-
nes are isolnted forms mside o karst sorfaee or whether they wre contiguons
Forms. T the first case their planimetrical shape will be circolar o elliptical
ancd their rims will correspond to slepe breaks inside the same surface.
Howeversin ihe seeond case the circular formes will ne longer he possible and
will he subsntuted by rezular ariregular polyeonal shapes, representing hoth
the ridges ar crest lines ad, at the same time, the water divides between adja-
cent depressions. While it first cose we hive sarfaces with scatlered “spm
dolines” where the delines occupy anly o certain percentaze of the whole sur-
lace, in the second we will Hnd sorfuces completely covered by “alveolar cell
dohines™, similar 1o the honevcomb of bees or an cgg-hox, where the dolines
cover the total surface thoneyveomb karst andfor polvaonal karst). I oas also
poassihle e find intermediate situatons where bodh spot dolines and aroups of
dolimes wre pariantly in conract with cach wther.

In o honeycomb or polvganal karst the alveolar cells ane the resull of the
interference el the upper parts of the reverse cones: the virtual citeles, which
should represent the enlargement of the horder of the delines, il no teaching
dilings exist, intertere with the “circles™ of the adjacent dolines wath a conse
guent dismantling of the interposed relicl and o lowering of the perimelers
proportisnately as great as the overlappimg ol the cireles, Consequently, mothe
perimeters, saddles altermated with summits will develap. .

IE the dolines enlarge al the same rade, the nomber o sides of the poly-
cons will depend on the farm of the oot based on the bottom: potnts of the
Pusins: 1f the contal points of the cones fonn a net with square meshes, the
resulting polvgens will he guadrangulas I the new s less regolar (e, rhom-
barickal) or dolines or alignments of dolines develop ac different rates, the resol-
ting polyaons will be polyaoud with more sides, often with ditferem lengths
thg, Yy,

Pioneer of the spatiol analvsas of karst basins is Wias (1971, 1972y,
(9920 b Despite some eriticisms on some nuthematical procedures. nuse
recent papers (Gray, 1974 Vincesr s 19870 have confimmed the resulis of
WILLLAMS.

[on e spatial analysis, besides the exanination of the phim forms ol he
daline perimeters, the disiribwion of the lowest points of cach doline is impor-
tant, These points represent the “foei™ of accelerated corrosion and therelore
are comparible o the “tlwegs™ (or villey hottoms) of a fluvial pattern, which
represent lines of sccelermed crosion,

With reference to these pomnts ar, rather, (o each closed basim, when w ne
of sl dey valleys is recognisable inside i, Wisiiams has applied the evalu-
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Fig - g honescemb o ar polyeona) gaesd ) advenlar cells are e resole o she mierlerenee o the
e earts sl e reverse cenes represenimg e et Toone ] shaped doelings
When tie bondyrs ef heses dolines comwe e ceniaet o process ol dismamDing ol the imterpa
sedd viclges Pegies The fesenme of the perimzlers s preporinnaely as greal ae e averbp-
ping ol e circles, Conseduenily, i g peeimeters, saddles aliemsed sith sumnits will
develop,
e dedines cnkirge an the same raes he mimber of sades ol thee poby gons sl de e o ihe
Forn of the et Based ar the hottoan poants ol the basinss ol the central peints ol
hvmgtar IE fhe et is less
ehopeal didleiem caies, the

dhos

Tt i el oty ey meshes, the resuling polygons will be o
wanlar feegs rhinmbsichaly e deline s o abigmments o dalives o
e presdy gonns ol b poly sonal withomre sicdes ellen worh diflerent e e,

tionn of hydrographic order of STRAHUER (1957, J9751, hused on the segmuent of
highest Micrarchy,

Taking inte consideration the bidimensional distribution of poimts. as sin-
el dalines Tnosmall seale maps ar s lwest points of dolines in o honeveomb
karst, i1 is possible 1o define the dispersion patterns and  their imensity wmd
arant. Common ypes of dispersion are those which are regular or uniform,
rundom ar casual, und clustered. fine, medivm and course eramed, reticulan
with different patterns and density.

Lt s opportene o remember that when one considers the dobines in their
topogriphical context, o Karst unit 5 cxamined inits wialicy: on the other
hund, i one examines only the barycentars or the lowest paints of the dolines,
only atlimensional wspoects wre taken into consideration,

Cie type of plun ac bidimensional analvsis often atilised s thar of the
“nearest neighboure”™ formulated, from a mathematical poant of view, by Clarg
and Evans (1934 These two wathors attempted 1o hind an index basel on the
formuly & = Lofle where Laicothe average actunl distance between points in
i spatial distribotion aned feois e average expected distance if 1he poants were

rundomly dispesed. Le will he cgual 1o ]_1. [ where £ 15 the point densily.
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This types of analysis may give interesting indications in order o compi-
re different populations and w estimine the reciprocal influsnce belween cont
suous dolines: in the case of the latter it s also important to ake into conside-
rution other dimensiona] parameters like the diameter and the depth,

W quote just a few of the possible throe dimension analyses:

delinition of the degree of ariculation er roughness of the topao-
griphical surface hised on the dispersion wid strengeh of the vectors;
mihispectral analyses of the rehiet based on Tocal reliet eneray:

- estimation of the isopaches of the karst relief

The definition of the degree of witiculation of the wopographical surface.
Pasedd oo ericomiation, dispersion and strength of vectors, hus been expliined
and applied by Dy (197900 As o First step it 1s necessary Lo sample the eleva-
tons on o squire net owith sides selected on the hase of the relief type.
Drawing the dingonals of the squares, anet of isosceles right-angle trianales is
obtained. where, taking into consideration the three elevations of the verexes,
it s passible to detect, i the centre of cach triungle, o vector perpendicular o
the surface. 1 the topographical surtace 15 nearly flu the vecors will show
sub-parallel orienmations and the sum of 1the vectors of a selected umtary arca
will give g resultant vector of high strength; however, i the topographical sur-
face 15 rough the vectors will show high dispersion and the resulling vector of
the corresponding unitary e will be ol low sirength, The terrain roughness
(&) s defined by ﬁ"yf_: FN-TEN-RE wehiere 3w the number of riangles inside
the vnitary wrea ane £ 0 the strength of the vector resulting Ironm the sum of
the single vectors.  *

Brook and Mimoneeses (19810 applied a new ananlvtical procedure 1o o
cockpit karst area vl Poro Rico, They applied single and double Fourer wnily-
sis tooa series of values sampled along both E-W and N-5 seaments, the inter-
sections of the meshes of a selected net overlapping the map, and 1o the randam
paints of the hottes of the buasin and the main swmmits, In this way the most
significant “wave lengths™ of that type of karst relief have heen achieved.

W sumeest oovery similar “Relie! Multispectral Analysis™, In this me-
thod the ratios RESSS are evaluated, where RR s o relative reliel value jnside
s @ serigs of nets ovecdlapping the map, cuch net with o mesh side
reduced Lo hall the previons ane, and 55 b5 the side length of the corresponding
sybare mesh. Computing the mdios inoa dingram it is possible o oestimale the
degroe of articulition or roughness of the kurst reliel, In fig, 10 only one hori-
zontal dimension has been wken inte consideration; apart Troo this | the values
of the larger nets are insulTicion) 1o give @ representabive speciiwm; m any cise
it is possible 1o recogmze as the most significant band the ane where there 15
both an inerease of the mean value, i comparison with the proviows one, and & re-
duction of value dispersion. In the example the dingnostic band is that of 125 m.
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P 1= The desizn illustanes oomethonl of «Reled Staltspectrat Selysioe To thoe methenl e racos
RISAE are cviluated, whene RE s a0 pelative relic value inside o squre of o series ol s
eeerlapping the map, cach met with o mesh sede redoced 1o lall e pecsions one. anil 55 1=
the side length ol the correspondang syuare mesh, Computmg the ratos ina diogeun ke
e e fower Telno i is prossible o esommaee e degree of ariculaion o roseheess ol the
karsd relied, Inthe digure vndy ene Besontal dimension s been mben o censidesatnen,
Bresiless thwe vl ol e Livgase sels are pol suffIcwnt e give o represenmmnive specirn: i
iy s, 0 i possiie o recownee e e sigodeant bamd g that where theee o el an
i ol e vithue i comparisen wathothe presons voesand woeedustion el valie disper-
siont, D the exiomple the diagnostis band o tar el 125 m,

Anaher tvpe of theee dimensional analvsis of o polveonal karst relict
could start from detection of 1he Towest points and the highest points of the
perimeter of cach kurst basin. [T these two points wre connected, il is possible
i assizn o the central point of each segment the corresponding value of dilfie-
rence in elevation, It is possible 1o dow ansolines map based on the viloes of
these points, which represents the “isapaches™ of the kurst relicl.

A field of spatial analysis worthy o research and vestigation is that ol
Torentation” and Cvectors” derived not only from individoal morphometric
parameters inside a populatien of doelines as axes, bot also from the alignments
and in peneral the vectorial interrelations hetween two or more forms, This is
an extremely promising field, worthy of study inthe futire,
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FOASPECTS OF THE STATISTICAL ANALYSES

The obpective ol this chapter s not gy inroduee the methods of statistical
amitlvses (for which specific reatises cxist, nor o give an overview of 1he
rscarch work developed in this field b different authors (for (his pleise see
the synthesis i the handbooks of Croriey, TT2, Jvsmos TYRS Winme.,
PEh, Forn and Wittiass, 19859 but merely oo develop certam reflections on
the choices of possible processing of morphometrical sariables and the siwnil-
citnce of the correlution berween dilferent parameters,
Firstly ot 1 woportant e remember that all the information obtainable
from topearaphe wmuge. werophaiaraphs and feld sumvey must be considered.
Qualitative mtformation derived Toom “spatial perception”™ of karst relief may
help in the choices of the mest stamficant gquantinnive analyses, With this we do
not mean that clussic statestical analyses are nol wonth applying, These analy-
sos may sometimes give unespected and, mosome aspects, surprising resolts,
Inany case Tor o correct interpretation of such resulis e karst rescarcher mist
not Teeget the comples peological, geamorpholoeical wnd environmental contest.
The Tollowing forms may be compared:
- Tonms which wre the result of the same marphogenetiical process (thus
10 s neorrect o compare sohitien didings with collapse dolines

- assemblages of forms which constitute himaogeneos, or nol o hete-
pogeneous populations: if from the maps it is possible o distinguish
further populations, bascd on one or more charerers, Tinked with
weclogical, geamarphalesical. topographical wid climatic faciors, it is
appariune Trsthy o examine each population seprrately wnd only then
o compare them,

Socif rom o maorphometrical analysis i1 pessible o detine the sttist
cilly significant “1ypical Torm™ inside a population of dolines, the pecubar
charscteristios of this form must be considered within the geolagical. geo-
marpholegical. climatic, pedilogical, vepetational cantext af the karst arca.
This helps ane e understund the role of the different etors ininfluencing the
scomarphoelogical development.

Fach type of doline must be compared wath the moere commoen reference
tarms, which cin be deduced from basic evoluton models, soch as:

the cone-doling and the derived truncated cone Torms, or saucer-like,
hemispherical, bowl-like, ete.. when the basins are molated;

- the form of the alveolar cells, when the depressions constitne 3

honeycomth or polyzonal karst,

With reference to w conical Form the two more significant puramerers are
the average diwmeter (LAY s ) amd the depth (HMAX 570 0 the dolines are
developed on o sub-horizemtal surfuce.
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For the alveolar cells the axes between the summits (verteses of the
polveonal celli, the axes between the saddles (distances from points approsi-
miaely in the middle of epposite sides of o polyeonal cell) and the differences
in elevation summit-hoeton and saddle-bottom must be tiken into considera-
teen. To analyse other characteristics of the polyzonal cells s also important
Lev consider the number ol sides, the product of svometry, ele,

laside o popalation of forms and its most representative "morpho-pvpe”
the devitions Irom the relerence forms wd models should be considered: o
minng these, the slope asvmmetry and dissvmmetry, the lengthening of one dia-
meter or axis. ete. Same of these uspeets are also o be seen mthe topearaphi-
cal map and may be wonthy o quuntilatve woalvsis, Ay examples. we rememboer
the direetions of lengthening influenced by the geologicnl siracture, winch e
oflen also associated with alignment of dolines with the swmme oonentatian,

The Tollowing are some of the maore sienificant variables which may be
corribated:

- the linear plamimetsie parmeters among them such as the main and

minur diameters (OMAX ) DMNR 3k

- the linear planimetric pavamcters with verlical parameters, such as the
average dinmeter (DANVE ;0 and the depth (HMAX 270

- the arcal planimetric panonelers with vertical parmelers, such as the
surlace CADOL g and the depth tHMAX 5200

- the Tincar planimetric and the vertweal pacwmeters inorelation 1o he
arcal plonmmetrie parameters and the volumetric parmeters,

Each purwmeter of morphodynamie saenificance, as the hvdrographic
arder of the basing iy be correlated with morphometrical parimeters {Forp
anc WL ams, THEL

Aldsor parameters of covirommental sianificance such as clevation, soil
type, vegetwtian habitat or climatic type may show some correlation with cer-
tan marphometrical paraimeters,

Cxfien some prablemes may be found i the analvses ol

- transitonal forms between concedolimes, alveolar cells. basims deri-
ving leean o rearganesation of o previous drainage network by karsali
cation:
comtiguints Torms apparenty sinlar but originating frome different
processes dnormal solution dolines and old eollapse dolines which are
nos evolving as solulion dilines;

- populations of composite and comples forms which cannot be com-
pared with the neighbouring normal dilines, such us the “mulople™
dolines with lobaite perimeler and o than one bottam, the dolines
nested aeade Lger depressions as wvalas, the dolines originating [rom
the karstification of a drainnae network.
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Sometimes the complexity of the karst rebiet muy be linked o the “supe-
rimposing” of several populations and generations of lamdlomms, 11 so, it s
impartant to analyse separately cach distinguishable population and genera-
ticnn, Lo understand the evolutionary sequence of the morphological evoeluton,

Toexplain these o 1t s also important to consider the maorpholugical
situation mside the regional evolution. For cxample the exisience of o flu-
viakarstic network, ahiernated with areas with dolines, conld e the result of
the infloence of a pre-existing hydrographic network in the cover-rocks. partly
inherited from the soluble underying rocks. I this way, perhups. some areas
with a higher density of dilines in the Carso di Trieste couhl be expluined,

e Dt of the karst morphemetry s that the topographical fonm of the
depressions doees not correspond, as o rule, to the forms inseluble rock, since
the basing aet us traps for sediments, ¢, soil sediments, rock particles, wind
transporied silt coming bath from the slopes and from the outer surfaces.
Excavations and geaphysical prospections have shown that Tilling deposits,
cven some lens of meters thick, occupy some dalines. Sometnes a lommer
doline is filled up 1o the vim and ooly the part above Bs now an open hollow;
these forms have been called “open dolines™ (Macarn and Saveo, 19823,

For all these anomalaus forms the morphometrical studies must be intrs-
cduced with o description bascd on the twopoaraphical map anil need detailed
seemrphwdogical field research,

6. SOME PREVIOUS MORPHOMETRIC STUIDIES AND RESULTS

Some monphometric studies made in the past by specialists wre presented
andd discussed o understand how the subject was twekled and what kind of
results the research pave,

The first applwcation of merphometric studies 10 karst phanomens dates
o e XX Centoey with Oyvine” (1893) and s followed wothe beginning of
this century by Losanskl (1907 ) up o the waork of Cranmer (1990,

lee By, the first systemalic application belongs 1o SEGRE (19481, in
which many morphometric parameters of dolines are listed, even though same
of them are only approsimately defined. The auther Found a connection
hetween the attributes and the tectonics of the studied area, the lihological
characteristics of karstifiable formations amd the general topography of the
doline field.

Amomg the karstologsts whoe Faced the matter of dodine genesis recopni-
Farion, we must mention CoLeman and Baroursy ¢ 1939) who, through a
morphometric study of the Mendip Phoean, atempted to reconstruct the eva-
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[ution of the dolines, Plotting the depression depth against the diamerer, they
ubtauned a series of scattered poinls. This simple result allossed them 1@ con-
fiern o gravitational collupse senesis: otherwise, in the cise of the solution
doline. owing 1o the wndency towards dynamic equilibriurm, all the points
were expected 1o be aligned over a straight hine {constant depth/diametcr
ratio),

Winbrams (1904001 first published o work on karst morphametry From
medom scale maps and aerial photographs. He developed o method of
morphometric analvsis of wmperate karst landiorms of the British sles. adop-
tog the technigues evelved for fTuvial morphometry to provide measarements
of all important karst features, The chosen parameters deal with kaest, Tluvial-
karst and hydrogealogical Teatures of the Inglebarough District, The resalts of
the study secemed 1w conlirm o relationship botween flovial morphometry and
swallow system i karst wreas. in accardance with the hvws of morphometry,
WLLIAMS alsor Tound the fundamenial parameters (o the deseription of 1empe-
rie karst landscapes.

Herwaki (1968 compared in his swody: 1) the presence of doline -
torms over o certain stratigraphic Javer and the thickness of the colearcous
bonch e whieh dolines Tormaed: thi the fregquency of reliel summits correspum-
ding o the strina: (o) the difference between the number of dolime perimeters
and bottoms ying over cach level, This research established the correlations
of Trequency and depth ol dolines with rock Tacics,

Jessawos (1973 ) made his study in New Zealund assuming that morpho-
metry is a tool of etffectiveness in morphogencsis studies. He abtained his data
from Tand survews of doline attribules, Measurements were made with Tow
procision, taking inte account length, width and average depth of dolines (in
chvct. he considered DMAX 2 = LAX L5 ¢ DMNR ;) = WMAX) | =
WAX [ He demonstrated thar statistical analysis of doline shapes aml
dimensicns produeces o better knowledae of o karst arei, than a fow scattered
detaled works: with this method, reconstruction of doline genesis is also pos-
sibile, The results can support or cantrast with the conelusions mude through a
classical approgch to the problem.

Loy (19R3h made o study of the morpholeay wnd development of dolines
in Barbados: the area under survey was 1243 k. He studied the dolines on a
statistical basis taking as o sumple the pepulition of dolines inside | km squa-
e Insnde each square cell, he measored the doline density, Then, the rescarch
was done on 7 omain paramelers:

1y lowal reliet, measored on the map as the difference between the nghe-

sl the lesvest point inside the square cell:

20 laeal slope gricdient, measuced an the map:

31 valley density, as o permeability index (the more the valleys, the
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fewer the dolines and vice verse; the more the valleys and the lower
the permeabiling:

43 valley order. computed i accordines: with Strahler™s mcthod insile
each sguare;

S the distance wothe pearest valley, expressed s the distance from the
center of the souare 1o the nearest valley:

0 sodl deptie Trom Tieratues and field soeveys, The seil can inerease
chemical dissolution cansed by water retention or chemical agent
discharge:

T3 owaler tuble depth.

Al data were ordered e classes of ahide, The author also mude the
measurements of length, width, direction of maximum diameter (DR} ).
LA s wied RHAN )

A accunine eximination of resulls cnubled verification of the existence
of wospatal mfoenee of doline development. The deline density seemed 10
vary accerding we 1he altimde: the dolines appeared clustered and influenced
by structure along alignments, Two subpopulations were wdentificd. the Tormer
in the imterfluvials. the luner in the vallevs,

MENEGHEL (AGNES e ol 198D made o morphameine analysis on
aypsum karst of S50 NInfy (Sicdy. Nalvy The stody dealt with clesed depres-
stens and hydrographic catchments witle stutistical analysis of the results. The
mewsurenents were mide Trom wpoaraphic maps at i seale of 10300H) wd
invalved the miin morphometeic prameters. An atempt was made o consi-
der the rellality of the pirameters on w statstical base and 10 Find correla-
tions ameng them.

In 1990 Basoon o ol published o paper on the surface karst morphology
of an Apulian zone. The awhors examined the spatil dismbution ol dilines
and the Tength amd weinoth ol theie diameters, A different deline densiny
accerding e altitnde and the wtluence of both regional tectonies and relicl
evirlulion wis shown,

Barany-Kevel and Mueros (1991 mude a quamtitative invesligabion oo
more Lhan 8O dodines in the Agetelek amd Bikk Mountains (northern
Hungary), They caleululed more than en parameters relerming o the single
daling or 1o the whole deline area, Same of the parameters are linked with tee-
tonics. athers o ecapesitional and microclimatic factors. Partcularly ingere-
sting is the wsvmmelry parameter reterring o the direction of the cardinal
prenints.,
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T DATA SOURCES AND PRACTICE OF MEASUREMENT.
TOPOGRAPHIC MAPS. AERIAL PHOTOGRAPHS. SURVEY 1IN THE
FIELILY

A Bk sorees
The parameters to be used inoa morphometric study of dolines can be
albtained:
i ditectly by wopogcaphic measurement in the ekl
by oindivectly by measurement on acrial photographs ohserved under a
stercoscope o on largs seale topogrphic maps. Images taken by
siletlite remote sensing now huve spatinl resolution of insufficien
accuraey 1o be used inosuch g sty

P2 Mewsurementy (0 e fieid

Mleasurement of paramaiers dircetly in the field enalle one o oblun
accurate data 10 is. heswever, time-consunnng, sa the studicd area s limied by
the wvailuble maerinl, coomomee and homan resources, For this reason, it s
pecessary oo carelully il the number of measurements and Lo use simple
instruments o spoeed up the sork.

The precision e mewsurements ohtained with geod topographic instru-
ments s, e the other hand, 1o preat in compansen with the uncerain identi-
Hication on the ground of the elements of 1he doline in reference 1o the sur-
veyed poanierers,

Instrurments to b wsed wre dilferent both concerning the dimensiva of the
doline and ity vegetation, Inomoest situations the instruments used o fast
lopographic survey tmeasurcment tape. “opoelil™, optical wlemeter, electrone
longimeter, comprss, clinomueler, Abney s levell precision altimeer) are sufti-
clent o measure momhometnic parvmeters. However, asowell as precision. the
use of mowe soplastcated msteuments (acheometer, theodolite, aeadimeater,
GRS ean make the measurement operidions fister.

A osoplisicaled means of survey wselul both Tar o better classification
and o morphmetrical analvsis is that proposed by Susterice 19800, consising
of o ficld survey method based cn tachymetery, Starting from a theedolae
fined o the lowest poant of o deline, six radial profiles inoa meanlor star patlern
are traced. Alang each profile raclve cyuudistant spet heights are evaloated.
The relative coordimes of these 72 spat heights enable calculation. with o
reasonable accorey, of the real form of the doling and dedoctivn. By means of
caomputer processing, ol all the main marphametric paramctiers, This method
15 osurely one of the best ever proposed. but it is arduous and thme consuming
(the uuther esticnates one and balf hour for cach non-Torested medivm size
daliner. 5o is not suitable Tor Lrge groups of doelines.
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S8 Measurements an aeeiol pliotacraniis

On acrial photographs dolines are highly evident forms, also because of
the verlical exaggeration observed by the researcher. Morphometric analysis
done by ploto-interpretation on Lrge scale acrial photos is prictical and softi-
ciently accurate, at least for somne paraneters,

A further advantuge is the possibality o obtain goml and similar resoalis
even using photographs which are very differem in scale DWnoaams, 1971,
[9720k nterpretation could however be difficult because of vegetation and
shadows on the pround.

To show the surveved morphology clearly. 1t s common e drvw on g
tramspurent sheet, overlapping the photo, whilst it is being observed in the ste-
recscope. Usoally the Tollowing are drvan; wider divides, perimeters of daoli-
nes, Swallowes, eps of hills and towers, the complewe hydrography Gilso miner
and msoluted ceeeks b the small valleys leading to the swallows, The maps
which wre drewwn wre luter redoced to the reguested scale

Cine areat limitanon in the wse of aerial photos (also verticul onesy s both
the detormation intradoced by relied displucement and the Dme-consaming
work i getting good altitude values, The delommation 15 neglizihle in the con-
ter ol he photo, but increases towards the rim, reaching values. depending on
the geametric chiracteristics of the comera used, of displacement of the doline
Botten thal are of e sane erder of the depth of the doline isell. That displu-
cement coubd make investization by aerinl photogriphs unsaitable where the
procise positian is reguired of some poants in comparisan with others ar ditfe-
rent altitude,

P Meastrements on topoyraplie maps

Uswally even Targe scale maps witl siall contour intervals cannol shiow
the dolings in sufficient detail, especially i small and shallow: Day (1983
catablishes o limit of 5 modiameter, If the contour interval i areater than 10 m,
on the seale s smaller than 1250000 resulis obtained are rowgh and less mea-
ninglul. Inorder to make morphometric analysis good quality wopographic
maps e necessary, with o scale nor less than 1213000 and contour intervals
not larger than 10 m.

O greater element of uncertamty o the use of muaps o mucing the
doline perimeter. When the surfuce witln dolines las ooweak slope tharst phie
tean 15 the most common case) the perimeter s wsually deawn around the outer
closed comtour [Fig, L trving o cross the peine where a stope change 15
helicved to e I the internal slopes of the doline are guile sleep in comgprison
with the senerul surfuce, tracing the perimeter is easy. otherwise there is great
wncertainty, I is more difficoll when dolines are situated on o steep slape (fig.
Ly downslope the position of the perimerer s cleawr upslope. it there is no
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shurp change in gradient from the general slope to the internal slope of the
doline. tacing the perimeter becomes subjective,

The lowest poinl of the doline is often determined by a spot height. 1f
there i no indication, as in the gase of truncale comeal dolines, the altinde of
the bottom is helow the alitude of the lowest contour of the doline, by na
mare than a contour interval, In such a situation. however. it is impossible to
determine the position of the deepest pomt o which many parametors are
linked {fig. 12].

Usually in such o cuse the best way W moke a morphometric analvsis is
o wse lacge scale topogrphic maps, integrated with observition of aerial pho-
tographs, at ioscale ranging from 1A G0O0 e [Z23,000, 10 obtam information on
ahiimerry. Moas abwavs useful to make a check inothe feld o complete the col-
lection of data,

If the stuody vz is oo laeges and it is impossible to measure the whole
population of dolines, an analysis on sample is necessary, wking care in choo-
sing sumples representative in number and exlent.

Fage L1 Twa pprions i drwang the dolime penmeter amoeimap the sdashed permeter cmbeaces (e
Iingbrest closed costoot. the dor o dasd bine s diovan considesing the wea ancphalogically
intheenced By e deeline, The dilTere e m il msion sndd shape a0 the e pemimsters g of
all e veked proameees is clear

T 12 Soanwetiones tha (it b ol adeding can e desecied on the niag Gl o sessaed ) using
the symbwels ol dry masomrey will o of soadl esearpmeni,

8 CASE HISTORIES

Marphometric analvsis over three didferent karst areas in Northern [y
is presented ofigs P30 They are just examples and are not exended over the
ertire kurst morpho-unit. The ease is different in the seomorphological can-
lent, karst stvle and the number of cxamined dolines,
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Figs b - Locmtiien e thee souelicd wreass T Monee o 20 Candaalin Plateau: 59 Cazseodi Trieste,

These three studies were made o order to verify the posaibilicy of mea-
suring the morphometric parameters presented before, An attempt to standar-
dize the analyses was made adopting the same map types ancd mcethods, The
s wre of A scule 13000 wid belomg to the Regional Technical Map of the
YWeneto Region and the Friuli - Venezia Giulia Region, They are gomd black
and white maps, derived from aerial surveys, not older than W vears, with o
contour interval of 5 m.

Mo photo interpretaiion was made, The measurements were all done
manually: the surfuces were mewsured by g planimeter. the curved hes by o
simple curvimeter. [n this phase, no CoA DL was utilised.

There are a lot of more complex methods and 1ools (o oblain more preci-
seomedsurenents, b they require special fand expensive ) machinery, advan-
ced know-how or they are iime-consuming. We decided to propose the
morphometric analysis inoa simple way o give greater possibility of research
o more scientists,

A gquantiive description of the dolines is presented, but no interpretatian
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ol resulls —apart from some comments— has been made. The interpretation
of the importunee, vulue and applicinions of parameters will be the subject of a
further publication.

Mo Monello

I dontelle (the pame means htle meuant™; is o browd hill elliptical in
shupe. located in the high Yenetian Plain, 10is 13 kB long in o WEW-ENE
direction and 5 km wide o NNW-55E dircction: it covers a surfuee arcu of
about 56 km~ |, The hill stands isolated inthe plain, being separated from other
hills by the Piave River on the east side and by a previows channel of the siomne
river on the west side. On the northern sule the Plave River flows in a broad
valley, while on the southern side the alluvial fans of the Venetian plam open
tovwcards the Gulf of Venice, The Montello altitode ranges from 150 1o 200 m
a5, Jor e main part. the maximum heisht being 371 moas . The rocks tar-
ming the [l aee o peligenic conglomerate, where most clusts are cacbonatic,
and lTevels of sandstomes ancd shales, They are arranged inoa broad anticline. as
aresult of a sl active overthrosting ina S5E dircction.

I the western part of the Montelle there are & oor 7 lermaces [Saro arpo,
885 ) explained by STEreA (19027 and Tosinea (L9091 as Pluvial terraces car-
ved by the Piave River in the outeropping rocks whilst Montello was aplifting,
BETTO wnd Sacio 4 1R show that the older (the higher in altitode ) the terra-
e, the grewter the area of the terrace occaped by dolines, The remamnmg part
of Momello s characterized by severul karstic forms such as dolmes, uvalas,
karstic vallevs, blind valleys and reculdes.

The hvpogeom karst s well developed, amd wmial now about 70 caves
have been explored; the main cave. Busa di Chstel Sollern, was surveved Jor
nearly & km.

The area chosen Tor the morphometric stsdy of dolies is represented m
o dssued by the cartographic office of the Regione del Veneto (Carta
Teenica Reaionale, BElemento n® 084142, “Sacello™ on g scale of 3000, and
s positioned MW ol the village of Givvera, 10 s limited by the mernlians of
lomgitode 12707 M E amd 127 HE 007 E and by the parsllels of latude 457
RO N and 457 40 M N,

The investigated vone has o surfuce of aboul 6.5 ks, s maximuom abi-
taee s 300 m acs L the minimam s 130005 the densite of daolines (DEEN @ )
i 31 per kme, Dolines are particularly crowded o the northern seetor, where
the density is of J36 dolines per ki, becoming less frequent (o the 5, where
some sl Pivaal valleys are present ot the ring of the Montello hifl. The doli-
ne surface covers a lurge parl of the whole werotory, which is similar 1o 4
honcyveomb kwrst: since the perimeters of the dolines are rarely in contuct, this
isnot sirictly true (fig, 143,
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T 14 - Sketch puap showeene the dohme destrboien e the sowmbied sone ol the Montelloo the waler
divides gk theie rope, 10 dedine permeer; 23 waree divide, 33 swemminsg - doline decpess
oLl

The obtained purameters of the 200 measured dolines are shown in table
[. The doline bottom altitude (FMIN 2z ranges from 152 moto 287 moasl,
showing a regular distribution in accerdance wilh the general platean logps-
araphy of the Montello. The maximuwm diamerer (DMAX) ) canges feom 32 m
to 370 m with an average value of 143 moand a median of 130 m: the fre-
quency shows posilive asymonelry demonstrated by the fuct that the modal class
15 between 75 moand LG me In more than 90% of the dolines the maximum
diameter and the length axis (LAXDz) | coincide, For this doline populition
FERRARESE und MENEGHEL (19492} have compared the direciion of maximuom
diomneter (DMAX 2 1 with tectonie directions measured by Cuconn (1978 in
same caves: they tound a slight correlation between the two, The depthfdiame-
ter rittic (RH 0 s somewhin correlated with the origin and the cvolution of
the doline; Montelle dolines hoave an averaze value of OOL3 with o syoumetri-
cal distribution of the vilues around that central figure. According 1o the classi-
Cicatwmn reporcd in Chaper 1, 1he daolines should resull us suucer-shoped dolines.
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The chmgation of the doline s expressed by the purameter RLAW 45,
which is | for an equidimensional doline and the more 1t exceeds 1, the more
the daline 1s clongated. In the Monlello area the avernge 15 136, with standard
deviation (.28, So dolines result as slightly elongated,

PSIM aa) shows the eccentricity of the lowest point of the doline; the
Montollo values range from TAM o 973, with an averuge value of 2.41;
Mantello dolines show notable cocentncity.

o ercder to understand. also, the spatial relwionship m the distribution of
the dolines, an analysis with [he method of the nearest neighbor as proposed
by Crark and Evans (19540 has been carried our, A value of R = 1,266 has
Lieen abtuined, showing a significant tendency tow unmiform distribution of
dolines.

8.2 Candaelia Plateau

The studied area belongs to the Venetian Prealps wlong the edae of the
Po-Venetian plain, and reaches an abide of 1356 m as 1 is a karst platean
in the middle of the Cansiglio-Cuvallo Massif, which from a geslogical point
of view helongs to the Southern Alps and represents the extreme souath-
wastern end of the Carnic Alps.

The outcropping formations belong ta reef lmestone, very pure, ol
middle-upper Cretaceous; they have different facies and are mainly massive
limestone, i thick benches, mosily fossiliferons (Ruodistids). The general laye-
ring is not clear, but strata seem 1o have a general immersion towards MW and
lowe inelimations (about [OF-20177.

A g conseguence of the limestone pureness of the Candaglia Plateaw, the
epigean karst landforms are well developed.

The chosen sample area is o small part of the platein which s found on
the SE scctor ol the Carta Tecnica Regionale of Veneto Resion, Elemento
n064 103, “Pian delle Fontane™,

The diline field has an frregular shape: it is elongated Tor about 2 km
from N 10 5 and the same from B 1o W the total area s 1,74 km?.

The southern and 2astern border 15 the map foome, while on the other
sides. the boundary 15 represented by the slope edge which borders the platean
and descend gradually to the Pian Cansiglio polje.

The studied area is limited by the mendians of Tongilode 127 26° 00" E
and 127 27 00" B and by the parallels of laotude 46% 03" 00" N and 467 04' 00" N,

The parwmeters teterring to the morphokarst unit examined are presented
on table 1 Inside the studied sector the maximum elevation (EMAX 5]} is
1,356 m and the minimuam elevation (KMINg) s 1,232 m,

90 dolines (DNUMan) were measured with u depression density
{DDENs1 ) cquivalent to 51 dolines/km?®. The wide Cundagha depression wis
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excluded from analyses becaose is Torm differs feom ather considered dolines.
[t is the large elongaed uvala resembling in some charactersiocs o small polje
that can be found in the central part of the mupin fig. 135,

Fig 13 - Sketch oy shoswing the deline distribacon e stodicd oo ol the Candisglin Platean, 1l
wister divnde;

waater i idies arnd thee tope, Todaline pevismetens: 20 delue hotten perimeier,

S sl Shadalisme dee pest puoing,

The index of pitting (1P a0 is equivalent o 486 and the percentage
arca ocoupied by dolines {APER s s 2006 08 ithis valvue is bardly significam
[recuuse 10 was caleulated on a small pur of the busin, chosen i randam i
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The karst depressions of the Condugla platean are generally well distinet
and comiguous. For this reason, wl being the Timits of the studied area arbi-
trary, the sum of areas of imternal runefi is couivalent to the total surface of
harst aren (KRUNjss) = KARE 59 = 1.74 ki)

The doline area citio (RO ]y is G021 0 any case, if we consider the
culchment area of dolines against the otal surface area of karst, then REDOL A,
= |, which is the value of the polvironal karst,

Average diameters ol dolines range from 15 m to 170 m (12AVE ] = 65
miand dolines are often cone-like with open swallow,

The arrangement of dolines shows a certain regulaniy with some slign-
ments [ked o fauls and lraciure zones, The momphology of dolines s often
iwfluenced by weetonics which is the mam factor affecting the planimetric
shitpes unil the eross section of dolmes (CASTIGLIONL, 1964y

The average value of minot diameter (IMNE 50 15 33 m, while that of
masimum diwmeter (DMAXN ) is T8 m. practically equivaltent 1o the length
axis (LAXs = 78 m), Neither differences between width axis and basin width
seem (o b imporant (WAXLg = 32 m; WMAR = 33 m), This st cesult
seems to indicate that o distingtion between the twa is redundans mayhe jus
one lenath parameter ancd one width parameter are sufficient for the shape
description of w doline. The minimum diwneter {DMING 5 was measured on
only 105 of depressions (% dolimes) and the average value was 38% m,

The semianes of length and width show a certain asymmetry, above all
the Former: this fact 15 estified also by the average length oo (RLENs) =
Ladp and the avecage width raoo (RW Dy = 1A250 1is an index of internal
asymmetry, that is, u measurement of the cecentricity of the swallow, o any
case the asymmelry s not greal and this s confirmed by the product of svm-
melry (PSS which shows average values equivilent to 2,16

The doline depth 1s around B-10 m {average muximum depth
THMAX 550 08 1005 oz close depression depth (HDOL 500 0 %008 m). The ave
rigre slope of doline sidos (PCON) ) is 199

The average doline perimeter (PLANF s 232w, very near o the
median (214 mj Its delimittion and measorement on the map proved o be
guite easy, the perimeter usually being well delimited by contoor hnes and
recognisiahle. The planimetrie position ecror resulted s much as a dozen
meters (about 2 mm an the mapd, while the altimetric ceeer s within 5 m., cguoi-
valent to the comtour Line interval,

The uverage area of doling (ADDL, ad is 4,005 m?: this value is
somewhat different from median which is 3000 m?. The planum‘lm ari 0
dolines is. in fact, extremely variable and ranges fron 230 1o 200000 me.

The average aren of the surtace of internal runolT CARUN 50 resulied o
e 19,335 m? with the median value cquivalent o 15875 m= [t s about 5
times wader than the doline surluce.
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The directional parameters were nol measored. As a4 matter of Tact, 453%
ol dolines have RLAV a4 less than 1.3, not significant in determining direction
laccording to WiLLiams), therefore the maximom diameter direction
{DDIR 63 and the lenath axis sense (LSEN|j9)) were not luken in account.

As repards the perimeter sense (PSENjjx)) and the bottom sense
{FSEN; 7. we found that the differences in elevation along the perimeter were
less than the measurement errer, s0 the directional measurements were cxpec-
tedd to be worthless,

The maximum and minimum elevations of the border (FMAX 2.
PMIN|z1) are quite similar being respectively 1301 m and 1,299 m in avera-
ge, The average perimeter depth (HPER2q)) s, In fact, 2.3 m. The total diffe-
rence in clevition of the perimeter (PIXEN 21 was not measured because there
wore nol cnough spot heights on the border, This s also why the articulaton
inglex (TART ) and the relative articulation index (TARRs2) were not calou-
lated.

The ideal diametee (1I21DE)2q)) resulted as 65 m, that is cquivalent to
PAVEzs). This fact seems o demonsirate that this parameter does not enable
one W show the lght asvimmerry that the dolines have, as was confirmed belo-
re. In fact the equivalent circumterence shows o difference from the averaze
perimeter length (PLEN) ) = 232 m; CEQUjw7 = 205 m); the circumference of
the circumscribed circle (CCIR 2 = 253 m) is greater than the twoe former
allributes, as is normal. The cireubarity index (ICTR 40 has a value of 1,12,
which indicates a certain perimeter symmaetry in dolines. This datum dows no
tally with the elongation ratio (RLAY s which is |32 imedian = 1.4, and
shows the presence of light asymmetry,

The cress section ratio (RP/D 40 shovws average values equivalent 10
(16 and a median of (015, The distribution of this value is low with a maxi-
mum value of O and minmoum of (004, This should indicate that cvolution
began al the sume time for the majorey of the dolines,

Lastly, it was not passible 1o evaluute from the map the volume
(VOLUs ) and, conseguently, the valumetric depth THY O ),

ST he Borgo Geotta Cigenie area in the Classical Karse of Triesee

The dolines have been analysed inthe area covered by two topographical
maps enea seale 153,000 07 L0052, “Proseeco”™ and n* 110063, “Bargo Grotla
Gigante” of the Carta Teenica Regionale of the Friuli-Venesia Giulia Region,

These two maps comprise a surface arca of 18.024 km?, being elongated
W-E for 64838 km wmd N-5 for 2,788 km,

The studied area is Lmited by the menidians of longnode 13742730 E ond
1374730" E and by the parallels of latitode 453%42°007 N and 45743730 M.
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The mapped area is in the southern Clussical Karst, a few kilometers
north of Trieste,

Since in the south-weastern sector thers appear 10 be no delines for a swr-
face area of about 5 ks, the studied area {(KAREsy) extends for about 13
km®  Here a few more than 300 dolines (DNUMjg) are detectable, for an
average density of about 40 dolines/km?® (DDENa) Nevertheless, due to ran-
dom distribution, areas with different densies between 0 and L8 dolines .25
ki ure distinguishable

The sum of the surlaces of the dolines represents about 11% of the total
suttace ares Gthout 13% 1l the arca withour dolines cited above s excluded)
(APER 630, 50 the index of pitting (IPIT sz is 666,

Sinece the dilines, mostly of bowl shape, open on a nearly flat plateau
{average slope of the plateau surface ranging from 1% o 109101 is nol possi-
hle o detect on the maps the divides of the closed busing und i is diffacult in
general 1o reach g precise estimution of most of the altimetric parameters,
Only the doline depth, that is the difference in elevation between the perimeler
wined the lowest point of the bottom. has been established, where possible. In
fact the contours with an interval of 5 moand the dashed contours af some
arcas with an interval of 1. do net generally enable identification of the bor-
der of the basins, which are evidenced by the buses of the wedges showing the
searps. Thus, when the contours were not sufficient for identification of the
border, wedaes were ulised.

The evaluation of all the main parameters has been done anly for dolines
with an average diamerer (DAVE;2s b areater than 100 m, In fact the mapped
dolines, ranging from 15 moand 350 min diameter, show that 94459 of diame-
ters are between 20 m and 100 m; something less than 3% demonstrae larger
digmeters and & litle more than 1% show smaller ones. Between the dolines
of the main group more than 90% show sub-circular plan shapes: the remain-
der show elongated and irregular forms, sometmes deeived from the fusion of
twr chilines, vr through human changes: some probably originated from colla-
pse. For this geoup, due to the predominance of the sub-circular Tormes and the
variability of the elomgated fow, only the uverage diameter of the basin has
been taken o consideration.

Firstly the UTH Ltitudes, UTM longiludes, elevatiens of the bottom,
diameters and depths of w sample of 309 dolines have been taken into conside-
ration, While the elevations of the bottoms have been estimated for all,
although approximately when an elevation point is lacking, the depths have
been evalwned for only 261 delines. In fact, momany of the dolines where a
spot hieighl 15 missing on the bottom, either none or just one contour is drown
on the slopes, If one considers that the interval s 3 meters, the unspecified
depths should runge from [0 o less than 5 merers,
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The clevations of the bottoms, mostly varving from 210 moand 300 m
s b show two well distinet maxima at 245 moand 280 m sepurated by a mini-
mum between 250 m oand 260 m a.sl.

The sidistical analvses of the dimensional parameters manifest the cx-
slence of o dominant population with diwmeters ranging from 20 m o TOOm,
und perhaps one or more populations of larger basing, not well delined becao-
seool the small number of these dalines, To gain further knowledge of these
aspects it would be necessary o expand the amalyvscs o all the Classicul Kuarst,

Inside the main population the frequency distribution of the mean dianne-
ler (IXAVE 25 b showes the highest values between 30 m oand 50 m (fig. 16}
The histogram shows a bell shape, with u genler slope wwards the highest
vitlhes,
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Pazs 16 - Preguency disenbotion histogram of the dolines of Carso i Tricsie bosed on o the average lia-
et cwmprised of Trom 20 e LRl meters, The neun popelaton s betaeen 200 0nr prabalsly
a Do valoe ol smaller s aed consideed Beciaoss they soe not epresented in (e naps)
annd abwsut PUEE e Thee Inhe st clsses wre hevween 3000 50 m.

The muin population depths runge between 2 m oand 24 m. with a fre-
guency distribution similar to the previous ane and the highest peak close on
4-tbm.

I the depih Saverage dinmeter ratio (RH/Dy 90 the first represents o litle
more than 1 of the second (v = 001x + 1.37m), with an r° valoe of (0078 {(fig, |75
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2251 F

0 20 0w 80 e 120 140 160 IR0
DAVE

P 13 - Cornckition depet & dwmeter catin CRHA s The lincar regressaon shaoses than the i repre-
sents i e mcre i LA el e second 00 = 000+ 37 mu withoa e waloe ol 0075 The
dispersianr ol the values s high capecmlly tor the dolines with digneters of ahoun 370400 m.
ot wirh bars are represeniatve of more delines sirh same values

The dimensional parmeters of the larger dolines show o much greater
variability, The dispersion of the values and the scarce significance of the san-
ple, consisting of just 21 delines, have conferred linle significance ta the stati-
stical analvais, The resuls are therelore not discussed here,

Even thoueh we do not develop the comples problem of spatial analyses
ol this kurst area heee, we feel that it will be wselul o outline some prelimi-
nary ohservations on the plan distribution of the cenal points af the dolines
iz L&Y Do this wreo the distribution is neither oniform nor rendom. bul rather
i reticle with some clusters, Such o reticle shows circular or polygonal
meshes or chains, with diametees ranging from 200 moto [ ke Inside the
meshes there is o low densiy of dolines. The inner “empty spaces™ are often
represented by larger dolines or by dome-shuped sunimits.

It is possible w formulaee three hypotheses, not necessarily alicrnalive,
ahowt the origin of the belts with o higher density of dolines: these muy be
linked with strips of moce karstifiable rocks (for lithelogical characters or for
density of fractures), or represent the evelotion of an old surface drainage
network irst developed in the cover rocks or even be hinked with the under-
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ground kurst network. These hypotheses encourage extension of the analysis

1o the

entire karst region,

Among oriemations resulting from the alignments of dolines the most
notable is the Dinanc direction (NW-5E) followed by those M-S and NE-5W,

Some

N-5 alignments seem to show a small right-hand horizontal throw

perhaps Bnked with iranscorren Faulls corresponding 1o the Dinaric direction,
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U SKETCH OF A SURVEY FORM FOR A DATA BASE OON THE NATURAL
PARAMETERS OF A DOLINE

Each doline represents a small landscape unit corresponding to a “hydrao-
morphological”™ functional unit, For o survevor locined inside a closed basin
the visual horizon is delimited by the system ol stopes.

The morphometrical parameters sted ahove consuider only the shape of
this hoallowes and net then natural and envirenmental characteristios, 1 is possi
[le 1o determine and anilyse conntless landseape and covironmental aspects.

In the list draswn oot below we do not olam e be exhaustive, but simply
e Furmish an example of some of the most important aspects of the landscape
and 1he natwral and environmental characteristics of o population ol dolines
that could be considered inside a “dat-base™, Some of these purameters are
quantitative, others semi-quantittive o sioply descreiptive. Tnthe case of ele-
ments such as geolpey, soil and vegetation 11 would be passible 10 compile
further, more specialist farms,

The list below is partly derived From o paper of Casmiorion (1981,

Coordinates and altitudes

LONG G0 LIUM Bongiiude co-ordinate
LATL o UTH ltitode co-ardinarte
BALL e, hottant altitude

LEAL. derweest i point altitede

b= f s IR fizhest vim point altitude
HALT ..., basin highest point allitude

Simple morphometrical parameters

DA Csdoline maximuom diameter
DAVE.. ......daline average digmeter
LAXL ..........basin longest axis length

CDIR. ... doline maesimonm diameter direction
AL doline area

ARUMN L area of mernal cunalt

HIDO . . enelosed depressian depth

HMAX . ......maximum depth

Bottom characteristics
BMEL ............0Tm
BMSU. L sublevelled
BMCO .....egonive
BMEL . lunme] shuaped
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Slope characlerisiics

BARCE. . i hure Tk {9
TERS i [ETRGes
AR SCHTTIN

Geological and geomorphological elements

MU muin litholoaicul wns
THST.............. thickness of strata

SOST . sirike and dip of stras
THBG:...... thickness of bottom deposits
CHBT o characteristics of bottom deposits

Pedological elements
WISTY s e soil ey pe
RTHS ... range of soil thickness
PCHH............presence of characteristic soil horizons

Hydrological elements (natural and artificial)
HYSS osmall springs
HYWE ...........well
HY 'L ivioiavelizhern
HY WS L cwater stugnalion

Meteorctlogical elements (they require a special monitoring)
MU i Terenee 1nomican lemperatures at the edee and the botiom

Landscape Features

PTBE s presence and 1ypes of holdings
BWAL . ey -weall vnn the botloan
SWALL o dryewall onothe slopes

Matural vegetation

SWILD. ... semi wild with shrulb
WILD il

GRASS . arass

WOOD el

Wood typc
WTTW .....thermophile wool
WTMW ... .mesophile wood
WTLW L..Lemicrothermic wood
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Cultivation
ARAB . ........arable Tund
ORCH ..........orchard
VINE. .o vine varl
GARD............ murket sarden
MEAD ... meadow

Bottom (north Facing slope, south f.s., east f.5. west £.5, 1 s0il use (for each)
BSCC (NSCC, S5CC, ESCC, WECC) ... cultivation
BSGR (NSGR, 55GR, ESGE, WSGR)..............grazing

BECP (NSCP. SSCP ESCP. WSCP) . copse

BSOH (NSOH. S80H, ESOH, WSOM).............orchard

BSVI NSV SSYL ESVL WSV ......vine vard
BSMA (NSVMA, SSMALESMA, WEMA) ... markel garden
BSHA (NSHA, S5HA, ESHA, WSHA) ... . hay

BSEWL iNSWIL S5WD, ESWD WSWDy . Lowood
BSWL (NSWIL,S5WL. ESWL, WSWL ... wild

Human impact
FSE e solid deposits
WAL . witste disposal
SEWA L osewupe
QASS Lty of soil sediments
LIQA s Hmestone quinyy

[0, FINAL COMMENTS

The muin moul ol thiy paper was not o peve standard analytical methods,
bur 1 give un ordered lise with precise definition of most of the morphometr-
el paramcters foonmd i lieeature.

Through this work we hope o encowrage o renewal of research on doli-
nes, s i s belicved tha both morphometroe and spatial analysis applicd 1o
kurst wreis will give u lor ol useful mformation leading 10 greater knowledae
hsth of the geomorphological hislory of cach morphokarst unit, and of the
strueture of karst acguifers.

We will bearateful to all the kurstologists who will infarm ws about pro-
sriss in morphometrical analysis and related papers.
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