Processes of llmestone cave development
By Avas L Hawann !
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Many questions aboul cavern arigin and subsaefare water Jhow
thirougl Beeesbone most olbmately b answersd by a consideration of
the meehianisims whereby ioitisl fractures within liunestone beeoone
enlarged dnlo raves by the subsoeface water Howing thraveh then.
Amang Lhese proldoms are: (1} the processes eauzing seleclive eolarge-
ik inbo vovern passages of only o few ol e ociginally innmerable
frachures within o limestone bed: (2 observed differences inocavern
marpholagy not explainalde by sleatigraphic or sipoctoral conteols;
3] Ul preference Tor cavern develepment divectly oneath the water
Lalibes end (47 developiment alung the shoctest poths between suelace
souress and resurgences of groundwater,

Sorne thearetical appreaches Lo geonndwalers Dow Dhirovgh lioiestone
considersd The Jow regime fo Lie essentially analogons Toodisperaed
rronndsiter flow wilthim sondstone {Ueetz, D92, hal White and
Longvear (19620 have ewplasion] Uhe necessiiy Tor considering the
cavern weontdwaler vegime as o plumbing netwnek,

Ve approach fo be waed heee i@ 10 considoer Uhe faelors which affect
the pate of enlargement of ppentngs within Bmeslone, and Chan sy
Phese ceiteria bo delermine the history of an enlargine cavern, Mathe-
malivully, the coneern is with the Instantaneous sate of enlaegqeaent
”r HOUAYeri JJIIEF-H:H'.:‘;
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where o 115w simall enlargement of o eavern paszige of dameler 1,
ant db s e time duaring which tis enlargemaen! occared. Lo b
following analvses, cavern passinges will e assumed 1o be essentially
eirienlur in eross seetion, e openings of olher shapes, Lhe exprossions
wontld dlifTer only by constants. Beeause of Lhe nomerons assnmpbions

HoArmy Tanguaee Schoal, Moubeeey, Calileenia,
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whieh romst be mude inozder Lo treal mathematically the development
ol caverns, the mathematical expreszsinns devived in the following
secdions should be yegarded as being approximale solutions; these
should, however, indicate the dicection of passare enlirgement, and
the Tunctional relatinnships of the Tactors controlling solution of
limestone,

Raole of Avids Prawlueed during Groondwater Cicenlation

Tha firsl slages of solubion of a eavern aee Lhe most ceitical in its
history, for the puttern of sroundwater Now threougl the savern and
the resulting pattern of fs development are determined 1o g preat
extent by Lhe beginnings of solulion. AL the onset, gronndwalar mosl
flow through small purtings and joint opendnges. [E an initial joint
averiging 0.2 millimeters inowidth iz as2omed, with o hedrandic head
af 10 meterz acting aver | kilometer, the slarting groundwaler velooily
will T of the order of 3 centimeters per hour, 1L i pestulated {hat
the principal dizsolving ocewrs becanse of an original nodersaturation
with respeet 1o caleite, of the gronmlwater entoring the Bimeslooe, 1t
iz hard to imagine coves even heginoiog Lo loem, Tor Lhe soall quan-
titaes of rroondwaler flewinge through the Joints woold beeome alimost
contHelely saturated within the fivst centimeter of The jont, areoeding
tothe evidener given by Weyl (1958), The list slages of joint enlaree-
ment by solodion eall For a differonl oechanism : Lhis would Dlikely be a
loca] production of aeid within the dhronghiflowing groundwater or
al the suefaces of the bedeacl. This could eilther be o notural or a
Lweteriallv-aesistod oxalalion of vegunie wateeml 10 Lhe groundwater
or sullide minerals within Uhe bedesek (oave, 1957),

The rate of creation of acids should be related to Lhe coneenteation
ol oxygen andlor organie malerials, Lo Ue followiong malhemoticol
trestanen it s assonned Pk e peids aee preodaesd within dhe heongl-
floowing araundwater, 10 the acids are created al 1he groomlwaler-
limestone interface, the malhematieal Leecatmenl and resulling cous-
Cions will e el Uae saimae Cepe as Tor thoe seound s ber Bow eegtime which
is useribied Do equalions (L0) and (113,

LE scids are produced within the groondwater, The snpply of nxyeen
and exidizable material i2 consumed as the groandwater lows Throoneh
Ll jodnts, arad the rale of ereatien of acid will decreise with tioe and
distanee Lraveled Teom the surface souree of the gronndwater. Assim-
ing thal the rate of the axidation reaclions are Grat-oeder, Lhen;
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where O 3 the coneentralion of (he orilica] componest within Che
gronlwater (Lhis may either be e available oxygen or the coneen-
tealion of oxulizable organic material), ©, 18 Lhe concentration al
whiel o Duether vxidation oeeors, and 35 0 eole eonslapl, Therefors:

C—C 10, —A)e . (3

whepe 42 g the coneentrittion of The peicting component when the
stibsnrlsee water fiesl eoders the lhnestone gr possage in gqueslion.
Biecanse bolh Lhe preoduction of aeid and the rate of croundwater fow
(heoneeh s wriginal, or shichtly endieged goind are slow 00 will be
assumed tlab Lhe peid will be copsumed in the z2olulien of hmestone
wery close o s poiont of preeduction, Therefore the pale of enlaraement
ol the cavern walle will be proportional Lo the rate of prodoctinn ol
it

d 1 (

i 1]
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where Sis o proporbionality constant relating the rale ol oxidation to
thee vale of production of weid, ol v i3 a propertionality constant
velating thie eale of acid prodection 1o e rale of inerease of passage
digneter, Beeguse LhronghDowiong geaendwiter will e Tominare in Qo
during the diest staees of covern enlargewment . the Mllowing velation
bl

[ (5]

wlhoeee Ty ds the hvdeaulic hend acling aceoss the passage, Lo1s the
lepgtle aof tle passoge Teom enbranee tooexit of growmdwater, I} iy the
eileetive Dameler of e cavern passage, Vs the average velociby of
tle s hroehitrwing croundwaler, awd poand e are conslanls. Bal sinee
velocily s thalanee travelod cver ooperiad of Fime, equalions {2} (5)
iy Lo entnhined e alitain:

LR 1 SN 11 L, wh_ D ; e

o 1 Y
dt

wharee x 62 Lhe position willin Uhie passage measieed from the osdzin
{0 = = = L This fovwula does notovield a simple inlegral, bl
Lhe pain fealores of She patteen of enlargeimenl may be seen from the
erpaibiog, Theee cases pre possihle.
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12y LY = (w b 100 Lo Ehis ease the expotential teen is
essenlially zere. and noosignificant paszage enlargement will secur,
This will be true For veey small initial jomt diamelees, aod tor joints
with itle hvdraolic grudient along them. [F one oxidation reaclions
oecur fwhen the oxveen or oxidizalle material s exhansted, or when
bl rale of oxidation is veey slow)o oe il no aends aee produced by Lhe
oxlilalion reactinn, then Chepr will alse be po solotion o Hmwestone
by this maechanism,

D32y e L)z (hy e D2, Do this cuse joints with greater hydeaalic
aradient alone Uheo ool larcer initaal dismeter will be more greally
enlarged Lhan thoae joints wilh leszer hyvdranlie geadients and zimallee
widths, The rate of joint eolargement will decrease adang Vhe path ol
aronmdwater flow (a5 » moroases,)

S0 a v LY e (e Dy, DAL T cases where this situalion lulds,
o stgnificanl redoclion of loeal weid prodoction will oeenr aleng the
path of dlow beeanse of high hydeanlio geadicnt andior Jarge joil
dlismeter. Thuz the expodenbial tern will he essentiadly unitye, and the
rate of increase of joinl diwimeter will be propoetional to the diameter

Tritial slares of cavern development will opene only aleng joints
or jeint complexes describable T eases 2 or 320 Thos many inital
fractuees in limestone will have insufllicient Tivdraulic grodient along
thenn ar are of Lov swall anceriinal dicneter 4o be enlareed Inko cavern
paszares. Therefore Lhere is an inilial favoring for coulaegement, inlo
cavern pazsages of joint svalems of shoel connection belween a sonpee
of groundwater aml s eesurgence Lo the suelioee, of orginally Lrger
Praclure opemmygs, wd ol passages oriented poarallel to the Toedeanlic
grodient. Lo the early #stages of covern Tormation the hvdroolic e,
By owill Be eszentially coanstant, noed Uhe water Luble will lie elose 1o 1 he
eroand surlaee, becinse nol all snetiee drainage can be diveeted ander-
gronttdl. Therefore Lhe rale of joinl enlargement wall merease waiily
Lime az the lower teenn of The exponent hocomes leger,

Hole of Original Undersatoration of Greonndwaler

Az bl rmbeyonie cavern passages wrow inose and e tirongh-
Heowing dizeliree inereases, vventoually the deminenl dissolving provcess
will b b vartue of the original anderzatineation of the groommdwater
with vespect Lo calcile, rather than by locally produced aeads, Linoe-
stane 1z solulibe i eeonndwalee both hecanse of the solnlility of ealeite
i pure waler and becanse of cavhonie acid wilbin gronndwaloe which
i entributed from the atmozphere and frone soil sources, Limveslone
placced witlin an acidic solulion reaches cquilibrinm more vapidly than
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sulides v organie waleenal aee oxidized by dissalved oxygen. Thus,
wlhen gronndwuler flow beeomes rapid enough suel That the seonnd-
water lowing through the enlirging jointz iz not completely saturaled
with pespect bnocaleites there shonld be a capid inerease inorale of
dissolution of Timestone, ad only Lhose joanls which have Dbeen
enlarged sufficient)y b0 beeome allected by the new process should
receive mnsl fulure cavern development. Therefore, through the
arting ol This P Lheeghnld 7 endy o zelreted [ew of the noerons ariginal
limeslone Teactores will Become enlavged into cuvern passages: (hese
will b thoze fractuees or fracture complexes which loove acting aeross
Pl orginally o hich bydeaulic gradient, and for are of watially Taegor
digmeter, Within lecal areus of limestone the ariginal Teactuee dia
mebers will beoof greatesl imprctanes, heeanse nearby pavalle] joints
will have wearly the sume hvdeanlic seadients. Bul on o larger seale,
in the absenee of wnnsual steuctural conteols, the distoibation of
by draulie gradient will be the predsmiant faelor,

Wierr solulion of lnestane acenrs beeanse of the initial undor-
saturalion of the gronndwoter with respect o caleite, the rate of
aoliilion will be g Function of te average concentratinn of dissolvad
caleite relative 1o the salueation coneenteation of valeite. Althourh
the pate of solution s o actaality o comples Tonetion of coneentration
H]'E!ili.i"[lib' .:'1."5-{:.1.']1 1H158Y, o first-oeder renelion will be assooed heee,
Tlins the lollewing deseribes the ehange of conposition of the greand.
waler wilh bime:

§8 —wsi—0 ;
1| - ¢ {9

where & 130 rate constant, T iz the dizmeler of The passage hesh
whiels tle graundsuter Dows, and Co=0 15 Vhe average deparvturee Trom
saluralion of The mromndwalers Therefore;

:;_:
i
o
=

=)

where 13 0s the effeclive diameter of e passage theongh which the
groundwater pusses inoo e L The male of merease of passage dia-
meter will be proportisnal to the rate of solution of ealeite mulliplied
By bl patan of paszage area Lo passage cireamnlforenee:

It wlb dc .
T s Cdi {h
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wlere v is a proporiionality constant, Substitoting within vquations {7}
and {7)-(0y, wned asgoming that the effeclive diameter for geoundwaler
spdutinnin equation (S8hisequal bothe effeetive diameter for seonndwalor
mlion i equation 31, the Tollowing relutionship 1s fonnd;

— 128 &t .

[hf hyca ) |:]"]:|

o L T
— = El,—Cile '

dt

Thiz eepuation is sienilae i loci L equatisn (6), and the tyvpe of
cavern development will wgain depend wpon the valoe af the exponenl,
T the opeleanlie gradienl woed passagse diweter aee siadl, hittle enlarge-
menl ol Bl passares will ocene by this gronndwiater regime, and loeal
actil prodiwction along the pazsage wonld of necessily accoont for any
solution. AL Teazt o the carcly stages of this groandwaler regine. Lhe
Bvabrandic head will be constant, amwl the rale of nerease of pazsage
iliameter will rize nntil the expotential teenis cesenbiallv voual Lo one,
whaee tbowill bacorme constanl,

As enlorgoment ol the prioitive cavern passages conlines, the
discharce will inerense wodil all available surfaee deainage ling boon
idliverled andervgeomml When this neenes fhe o Lheoneh Hhe pussage
network will Tieeome essentially constant, ol the hvdraulic head will
devpease as Lhe passuges eoldaree, Tnosome greondwater situations,
It availahle diseharoe may be fell when the gronudwater regine
i deseribalile by copation (100 Elimaoaling he variable of bydeaulic
Biend Treorn Ui vopoation and substitaling ol of discharoe dves Lhe
following relalisnshigp :

i [ 3 "__..j_ (18]

LLLIN O s .
T LI L Ll

wliere UFis the dischaeges 0 dischiaege thrangh (T caveen passige IS
sulficient, the cxpotentiol Leroy will e essenlinlly vopual Lo uniby, andd
Lhe pate of cavern enlorgement will B esgenlially eonstant. Whers
available discharge muost he disided amaong the varions passages
leading fram sonees to resiegenee of gemnmlwater, Thoe shoee of dis-
charge carried Do each covern passooe will he aninverse funelien of
the lengily of the alternative palhs and a diveet funetion of The dia-
meter ol the cavern passages, Thos only cerluin passnges which,
during oaclier stages of selutional nelivity were enlarged the greatest
grognanl, will experienes the maximom amaennt of =olulion under
congtant dizeharer condilions,
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Bole of Turbulent Flow

LE avadable adiseliege ds suflivienl, o Lranzibion Lo bovbulent fow in
Lhee fargest of the priomitive passsees ooy geear, Becavse in faehalent
Hever the theoushflowing grondwiber 15 mixed, the rate of solution Is
several tines thal oceuring with Tnminar flow, and anly these passages
favored by earlice solutional regtimes 2o that lurhulence may begin in
thent will peceive spnifieant baelher enlargement (While and Long-
vear, P2 Thus the leminare-toebodeal theeshald of dlow Torther
reduees e nomber of sigoficantly enlarged passages relative (o ihe
winnber ol passages which had Been enliewed by carliee solutonal
PEEITNeE.

Boave (10T his shown o several experiments with sleoe aeids | hat
Lhee ke ol solution of Hinestone in doebulent Dow s o fonetion of Lhe
vabe of motion of the selvent, Although Wave's pxperiments are
eernerically applicalide to geaundwaler kinelies, o theoretics] appraach
iy b Tormbulol,

Trotarbntlent Mow the veloeity disteilaotion is similor o figoee T Near
Pl wall of the passaee i2 0 thin layver of Taminar flow whose Thickness
i= A TLomavy be assumed thal Lorbalenes breings all of the throogh
flomwing sroundwater Lo the saone concenfration inside This Lhan loninar

PRASSARE e VELOCITY DITRIBUTION
WHLLS
REFERENLE .+
i — LAYER
LINE ——' 1KLHMINHR
— ¥
Fig. 1

wone, henee Lheee 35 o concenlreation gradient from an unsolueated
voncentralieon Goof diszolved Inoestone within the Lurbalent zene Lo
saluration s al Lhe limestone wall, Assuming that migration ol
tliggolved Timestone to Uhe torbulent zone will be by diffnsion across
the Taminar zone, the fallowing holds:

%E - ;'E.(:]—IT l,'l wnil area, [1d)
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g T ,
where ﬁ s Lhe rile of wass diffusion aeeoss Vhe laminar liyer, andd &
124 proporbionalily constanl. Tnosuch o case U Tollowing is teue,

s o uniform coneentration geadient aerogs the laminar zone:

A I —Cape
o A ' (1)

where = b2 oo ddiffusion constant, The Tollowing cqualtions deseribe
Luebackent floaw i a sronth tiuhe of constant dinmeder:

= (14)
L6

S T (15
|

b, =5 (16)

_.- (17}

wherr M08 the Teyvnold™s Nomber, and 75 0 frichion Tuebor.

Becanse of Lhe pupidity of growwdwaster flow in The Larbalenl regime,
it oy be sssunied Lhat U cronndwiter does not appreoach saburation
during its Leip Lhrongh the cavern system. I so, tha Leem (C-Ce}owill
b essentially o constant, For the porposs of yielding o sonphe solulion,
Lhe passooe dinmeler will be assaoied Lo be uniforng in Lhe dieeelion
of flaw. Thiz Iatfer azsumption may be nulo becanse posifion along
the cuvern passaoe does pal enter e le Che Tnad vxpression, Thaeeefore,
eepuations (LAH-CLTY may b solved Lo eliminate XN £ 4 sl Y Lo
obdain, assunming b, to be o conslant

i i 7-. =
L T ] ( ] (18]

where w2, B, 5, e and g oare comstants, and 1y i Lhe oeieinal cavern
diametar al tome §= 00 As Lo as nol all availalile discharge s diverted
undersroumd (g 3s o constanty the rale of inerewse of pussae dinmeter
will inerease wilh time, aned pazsages with o greaber hydealie gradient
acling acrozs Lhem (grealer hydeaolie head ar sharler lenglh) will be
enlarged the credtest aowount, because such passaees will have o
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sreaber veloeity of throughlowing groundwater, This equation de-
seribes only passages with snwoolhowalls, Coavern passages with rough
walls will have more compley velocily Tanetions.

Everntually, for eaverns fopming wilhin the tarhulent grovmdwater
Howe repine, all available deainage mnst be diverted andergeonnd, and
He biselirge 03 pather than the hydrantic head Do, will be essentiolly
eonstanl, The cquivilenl expeessien for cavern developmwenl will by

O =Dy ™ e @il —Ca) :

= B b N R YT z
g R (EL] (T] L {15

ot 1 he seasonalitios

wherr [:J i un efleedive discharge toking inlo ac
af dliseharge, Ty vavern siluations deseribed by this eaze the rale of
cavern enlargement deerepses ag the cavern passage enfieges, Dat
should never Tall belew the constant enlurrement eate for laminar
Nowe given o eiuation {11, Wheee deainage andeegeonnd 1s dividend
among available passages, Lhose passages wilh greatest hvdraulic
crdlient o lavgesy inilial passags diameter will receive the greatesl
share of Lhe dizehavze, and therefore the grealest enlargoment mder
Lhe above proundwaler pegime.

Disrn=sion

G plate 10 0Dy are greneralized Lhe bydeochensieal fratnees of gromuod-
waler flovwe, Ul ondinales are The dffeclive width, in centimeleres, of
Elue passage, amwl Lhe hvdraohice geadient, o dinensionless satio of the
bedrnndie head neting acenss Lhe passage Lo the length of the passuge,
ot aee plotted Togarvithmetically, The lamimae-Loeblent Lransition
is assme] oo be at a2 Hevaold's Nowber of about 20000 Tlhae other
Dovmeary line s based npon Weyl'= [1055) data on penetralion
distanee to M0 salarution. For the zoue Lo The vight of Lhe line
(erealer velocity and dioeeter), the penctralion distanee 15 groater
than & meters, sl lesz for Lhe area 1o Lhe efle AL constant hvdranlic
Toead Ahe distanee s propartional to tle feurth power of The dinmeler,
amd s theeefore o cpitical howwdary o the one where solution by
vielue of Lhe original wndeesaloration of growmdwater s dominant,
The lne which maeks Lhe Nt of signiticant solution iz approxnoaate,
wrnd eepresents the lowesl combination of Tedeanlic gradient and
paszace diameler where solution by lacally produeed acids will
important, Lines of eoal velocily wee alse shown, For compulalion
of veloeities o e turhulent one, oorongh-walled Gk was aszunied,
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Plate 11 {2} shows possible paths of Jevelopment of a major covern
passage, Until the imited dizeharge s felt, cavern development will
L at conztant Tead, Tnitial enlaroement of caveen passuges will be by
actls produced locally along the pazsage (eguation 4), and then the
rerime will progreezs to selulion by virtue of the initial undersalueation
of bl grovndwater when 10 enlers the imesbone {equation T, and,
if aufficient discharme s available, toebolent Dow will e establizlied
fequalion 18). During eolavgenten! guder conatant head, thee eate of
cavern enlargemenl constonlly nereases, wilh order-of-uagnilude
diseontinuitics at the onsel of e sneceszive processes, Conslind -
dizelinrer condilions qay begin while the fow 2 loioar {ease Ay
eagualien 109 or tuebulent (rase GF equalion 19, An intermediale caso
is possible {eaze B), When constinl dizeharge heeames established, the
hvdranlie grodicot, velocity of theowghflowing gronndanter, aml rate
uf cavern endorgement are deerrazing functions of Hime. The zalubional
history af a imple cavern which expereieneed constant discharse while
grounlwaler Now was laminar is shown e plate 12 {3} A and B
iMustrales o cavern inwhich groundwater ow hecame tnehulant.

Case 10 of plate 1162) pepresents o specinl case where afleelive
pozeagr aneter remains constant afler reaching g cetaeal size, Do
gravndwiker situmitionsg may promole a constanl-diameier cavern
patssare, The first of theze i where sedient enlers a cavern ab  high
rate; and Lends to fillin Lhe cavern passage. The veloeity of the grownd-
water will e able to keep only the toprost Toevel of Lhe covern Pree
from sediment. and a conslant-rale apword selutional enlargement
of the cavern passage will be aceompanted by sedimenlalion, The
second cuse 15 Lhe suoilur, but opposite-acting ease where gronndwater
flows as o [ree-surfaee, high gradient sublerranenn steeain, Such a
frec-surlace #lream can develop enly under constanl-discluree con-
ditions, and, given homogeneons linesbone, the wetled perimeter of
the cavern passige will rermain conslunt a5 1L beenmes enlarged by
downwird solutional ceasion while msinlaining o eenslant wiilth,

The developrment of two simple types of caveen svsteme will now be
eomsidered, The diest of these is the ordineey Lopographic-geologic
silualion which eventually leads Lo cavern geowth divectly beneatls a
pearly at water table, and the olher i@ cvern development andee
artezian flow.

Water-Table Caverns
[ plate 13 (4) iz shown a plivsiographic situation which promates

cavern development, For this series of diagramz it 15 assumed Lhat
this sitoation has been obtained withoul previous solulion of lime
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stone, and thal cavern developmenl scenrs withoul asceompanying
change of snelivee lopography. A small sleeaim s alao been assaned
Lo e present on the upland sucface; this stream will be perehed with
reespecl Lo Lhe Pintrenelied” stream to the right m plate 13 (4] Beloee
significanl zolulivoal enlareemenl of joints acenrs, Lhe gronndwater
Tewvel s alivoel directly Lielosw the aurface 1noall bul aeid climales. Tn
the initinl staees of gronndwater ciecalation, the greundwater Dow
through the joinl opesings will be essentially snoilar to geonndwater
Moo o porons rocks, Mollewinge o deep areoste bebweon the aplal soe-
P amd The lower steeann Jevel (plate L3141 A T the inindad stages
ol salintion by tocally produeed aeids, Uhe greates! antonn of salulional
activity will presomably be near the edee ol the wplad wheer §l
vl gradient s high, and the rale of pagsage selotion way e
ilogeribied bov couatinn (53,

As solution mereases tle joint widths, the limited discharee aval-
alle for wndergronmd diversion will fiesl e felt near the adee ol Vhe
uplond beciuse of the greater rale ol solulion Cheee, and the level of
tHie waterdable wall dropoan that area (lelbed ine in plate L3 [A]A)
Tiplite 13 (4] A4 wee assacned bwa preitgitoce Tow lines ARG and G100
suprerimpozed upon the Inber water-dable, Acrass the line BD therr
ig a0 strang hvdreaolic gradient, and moee solulion ocewes along Dow
bines e the vighl whers Lhe anilial bydeanlic gradient ss geeatest:
henese Qow lines becorme shallower whore toeowater Ludde slopes down-
ward nese Lhe edge of the apland (plate 15 [4] B The apland strean
continges Lo contribmte gronndwnler from o constant hydeauliv head
for & long time abfter constanl discharge bos beeorne established over
wost ol the uplamd, aod deainage From the opdand stream will con-
Lribute an inereasing proportion ol the undergeoond drainage. Even-
tually solutional eplargement of passoges may Lo suliicient thatl
biepeatly most of the upland aren the hedeanlie Tiead will e negligble
compared to that heneath olated entranees of undergroand deainuge.
ad the water lable will eszentinlly hecome graded to Lhese larger
gronmdwater entranees (plate 13 [4]7 00 Almaost all geoundwater move-
eent will oeene diveclly below the nearly Tt watee-table. Adding 1o
the efleet of e zhallowing of the zane of grovndwaler wovement will
Be the resteiction of wajor solition o only a few cavern passages
beeanse of (he seleclive effects of Lthe leansition Lo predeminant
sulutinn by oeiginally wodetsaturaled water and Lo torbalent fow.
Note the similarity of this eoncept of cavern development o that of
Rhoades and Stowcort (1941, Moore and Nicholas (L9635 propose
another mechanizm which also lenda to inerease the relative solution
cdirectly beneath the walvr table: soill water contaiming carbonie acid



O Speleolngy T Howied

mnves downwied in the zone above the water tahle Loo fast Lo atilize
moee tlin s small part of s dissolving capacily, but at Ale tap of Lhe
wader Table il may remain in contacl wath the limeztone long eneagh
fo beeome fully satueated hefore moving onwand.

Mear the entrances of sorfuee deainaee Lo andergeoond Tow, e
movement of gronmdwater has o slrong verlical component, andd s
likely ta eonsist of turbnlent Dow i sleep, Trec-snrdace anderorotm]
sleeaons and even low walorfalls and demepils.

Ui eaverns i Lhe Uninted Stales, anoepisade of sudiment ageradation
wilhin caverns, [ollowed by varving degeees of subseoguent removal
of the sedinents, s eommoaonly Found, 10 is proposed Teee the inteo-
duelion of sediments i oflen condemporaneans witle Uhe liter 2lages
of selntinnal activity, The inflox of sediments Lends Ao fill e lower
sulinbionul ehannels amd Qaoe eromulueities, and there 5o tendeney
o dissolve npward whicl b= lonited by the level of the water table (see
discnussion of plale L1 2], eaan DO T caverns with o gteep water-table
wrivdivnt, ar in caverns where the autlet level has deapped, capture of
diseharee by lower passaces nay oecar, and upper levels may be
whandoned exoept we Line of foad, This Qood-stuee fow tends Lo
witsl ol seliments deposited carlior,

The tendeney towarl coeation of o neavly level water-Lahle with
e ininnt anlition dipvetly beneath shonlil bae commron to all cavern-
fornting situalions Tree Trome nnosoal steactural, steatigeaphoe, or
topegeaplie conlrols,

Caves Formed by Artesian Fliny

Analher significant paltern of Duw oecure in arbesian sibualions,
where growndwater s foreod Lo fellow aodeep puth helween its ontranes
aned exil by stealigraphie awl sltenctoral consteaintz Tn the idealized
cage (plale 14|31 AL gronndwater s assuned Lo ovise Lo the sueface
along U steep Bmboof the assymelrie anticline wodd exil Lo the sueface
from & single point. An aelesion gronodwater gradient will bogeme
pslablizlin] when the Ltep of (he anlweline e lioestone s interseclod
by suelwee deainage. At fiest, belore significant. solnlion oeenrs, the
waler Luble in the limestone will coineide with the ground surface in
the gronndsater colleclion area fplate 14 |5] B The paths of nilial
st waber fow will be eszentiolly as mothis figuee, although the vate
of sulntion will be greatest along the shioelest connection belween the
water tohle and the water eutlet (along the dip). Sueh a Aow padlern
will be continued as long as all deainage hos not been diverled onders
ground, Constant discharge will ocenr carlies) along 1he shorlest patl
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Buotwren entranee sud mesnegenee of gronndwater, Therefore o draw-
dlvwn of Bl water-tabde will oeenre in this area, This will eoose a
convergener sl deatnige loward Uhe shorlest denioage chanoels along
tle Tip fplate 14 (53] 0L Assuming a unilocm pressuee gradiend along
the b rrnhreyoede passages ABO and C1O 30 can b seen thal Lhere
will ber o pressuee graodient seross eonnecbing passage B aod (100
will tend Lo o=y deainaee to ABO, Becanse Lhis = an ezealiling pro-
cesd, oskrang horeantal Jlow component will be eslablisload just
Bl e water-Lalile wilh correspamding developoent of walpe-table
passiges {plate 10|57 0. ArLestun eaverns woubd be oo o ee-like
than water-lahle caverns because of the difference o the seale ol
flow Ditwaon the tweo gronndswater ow palterns. b arlesian caverns,
fritgsaees gver o wider zone will have an egoivalenl hydranle gradient
Lhan wall e Lhe esse io shorter waler-dable caverns,

ARSTIACT

Thte peccesses successively prodominale in calavging aviginal Froctures
williio lnestane ko cavern passages: {1 eaedy dissolving by acid predoced
by asiclizing reacbions wilhin the pronndwaler a2 it ows Dhroagh the ine-
shomes; 1) dizzelving ransel by the inilnd wndeezataraliong with rezpeel Lo
catlrile ol the ceouncdwater wlhor i enlees The Boesbomes; o 03] neeesed
chizzolving which aveurs al Lo tpansilion ferom oo by Gaebofent granmd-
waber Honw

Clmby hese apiginad Trachures o limeslone which are widezi wial which
hrwe o high bvdenudic geadien) acling serozs them will dne enlargod inlo
covern passages. olil all avatlable surface dramage lae heen diverled
urpdergromsl, covern dlevelopment takes place amiler o constant bvibeaalic
head, anel Ahe e of Tieestone selution ineveases wilh Hmoe, Altee abl avail-
abily snefice draiigre bos beeo diverbed undepreonnd, the dischoree thraogh
Hoe cave, rallier than e vdvanlic head, eemains eonstanl, anid Vi rade of
lres e salubien deereases Lowand g constant value

Tl principles apply Ao vaverns foroned bolb bee wealee-table Qo and
b arbezian (o

AUBAMMENE AR NG

P Worginge woeriben uineizzen, die oochemander als die vorboereesebends
bl t bt der Saiflisune galiplicher Hisse im Kalkslein wu ohlenlerch-
wiingzer sich auswicken s 1. eige feiloe Periade der Siaeebildung doreh G-
dationsrealition i dermn aboeeh dden Balkslein (Helenden Srondwazser,
S Losuny and Geund dee uespeieglichon Kadkspatuotersitliving des Grrand -
wasmsers, wernn vs it dom Kalksbein in Berihrane keooab, wwb 5 der Ul
gang w0 vinent hellig hewegten Ahuli des Grondwassers.

Soar o dicjenigen nulielichen Fisse i alksiein, die die grifite Weite
baben tne unlee bohem Wedravlischem Deoel stoloo, werden s Hidilen-
durehgingen ausgeweilet, Bis die pesnante g Yerfgong stebends Ober-
flaclenentwisserang aon Unlergrand v abgeleitel worden 28, findet der
Aoasbion cler Hobile antee gleictbleibeadem Ty drandisehem Deacek stall, amd
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das Mals der Ralksteinauflosung niomnd mit dee Beit 2o nachdem div ge-
sambe verfughare O chenabyassering anmm Untergrand oo abgsdeiten
warden sl wird anstatt des hvdreaulisehen Dracks alep Abiluid darcl dis
Flohale konstant bleiben, v doz Mol der Anldsong des Walksleins wird
sich aul einen oleichbleibenden Woert vermindern, Die Geseliielete veeein-
Fachter Greandwassers umd arlesiscler Hililen izl jonrissen,
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EXFPLANATION OF PLATES 1 01]-14 i1
PLATE 10 01}

Hydeochemical growndwalir regimes in termes of passape wid Bl el esulie
eradicnt, and proundwater veloeity,

PLATE L 12)

Fulhs ol cavern-pussage enluegemenl: () censbant lischaree expovimeed
during laminar graandwaler fows [T internoedinle case showimg reverion
Lo Laviminear How G constant diseharge experimend daring turbulent gronmd-
witloer flowy; (D3 constant passupe dinneler,

PLATE 12 13
PAL Eheorelical path of enlorgenwnl of o cavern passage which dacs ool
experionce lughudenl ey (5] Wheoeetical palle of enlaegensnl of @ cavery
pssigre bowhich o frapzition Lo tarbulenl Jow oceurs,
PLATE 13 143
A cross-seclion Lheough llomogeneous Lmeslone, shoewiog sueeessive
YoToE 1 Lheongh lomogen Lines loane,  shiewiog 4
slages ol the development of o water-table cavern. :
PLATI 14 (3]
Developmenl of an artesian caveen: (A} erogz-zeclion showiog sbruetural
anid trepographie conditions; (1B1-0) plan wiews showing suceessive shages
af Lhe development of an artestan caveren,
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