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The development of limestone cave systems
in the dimensions of length and depth

by

D.C. FORD' and R.0O, EWERS®

INTRODUCTION

During the 4030 vears since the «classical» papers upon limestone cavern ge-
nesis (page 5) were published, the exploration and topographic mapping of so-
lutional cave system throughout the world has greatly increased. Today
known systems posess great lengths and depths of galleries in complex three-
dimensional array. The Hélloch, Switzerland (Figure 1) is an excellent exam-
ple, containing 140+ km of galleries and 800 m of relief above further basal,
waterfilled passages that are inaccessibile, Yet no general solution to the pro-
blem of three opposed opinions set forth in the classical papers has been pre-
sented in widely circulated geological literature.

As in other fields of study, it is convenient to divide the three dimensional pro-
blem into two-dimensional analyses. This paper 15 concerned with cavern ge-
nesis in the dimensions of length and depth i.e. in long section between
groundwater sinkpoints and springs. These are the dimensions of principal
concern in the classical papers. Principles of cavern genesis in plan view
(length and breadth) will be considered in a laler paper.

A satisfactory academic definition of a cave is difficult to devise. The Oxford
English Dictionary describes it as «an underground hollow usually with an ho-
rizontal opening». As such, caves occur in most types of rock and in every
geopraphical region of the world. But it is established that the greatest caves
and the greatest regional densities of caves are found in soluble rocks, They
are karst features, existing because of the predominant importance of aqueous
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solution processes. The majority of known karst caves, including all save one
of the 30 lengthiest systems, occur in limestone. There are extensive karst ca-
ves in other soluble rocks such as dolomite, gypsum, calcareous sandstone,
ete., and even in guartzites, (Szezerban and Urbani 1974) but these tend only
lo reproduce some of the morphologic features of limestone caves with few
additional significant fealures peculiar to themselves,

A karst cove is here defined as a solutional conduit or other void that posses-
ses dimensions large enough for turbulent flow of water (o occur. From Ho-
ward (1964), the minimum dimensions of such a conduit, if of circular cross-
section, will vary from & to 16 mm diameter under the range of all likely hy-
drologic gradients. ¥oids that are too small for rurbulent flow to ocour are
considered o represent a wpre-caves state. Although caves by this definition
will permit turbulent flow, is must not be supposed that the flow is turbulent
within them. Many very carly caves may evolve entirely within a laminar flow
regime. To this extent the definition is unsatisfactocy for it utilises an arbicra-
ry dimensional cut-off point.

A Karst cgve sysfent COMprises one or more caves extending continuously bet.
ween inpuls and outputs.

Figure 2 illustrates these definitions. Solutional caves are of two kinds: Figure
2a shows izolated linear or irregularly shaped voids that are not connected to
any inpuls or outpuls by conduits of the minimum dimensions specified aba-
ve. In scale, these non-integrared caves may range from small vugs to isolated
very large rooms encountered in mining operations: Krason and Wojcik
(1965) cite cavities of 3,000 m’ capacity. Bauer and Zotl {1972} describe other
recent instances. Such caves often have an origin and development that is di-
stinct from that of the other kind of caves or of cave system, being specific
productions of diagenetic, syngenelic processes, ele., or some combination of
these processes together with solution by meteoric waters, These caves are not
considered further,

Figure 2b shows two simple frreprated coves. They are connected continuou-
slv toan input and an output respectively. Within the rock, each terminates in
fissures of pre-cave dimension-into which the groundwater is dispersed or
from which it 1s collected. Figure 2e illustrates a fully integrated system; cave
conduits are conlinuous between input and oulput.

Like the classical and recent literature cited below, this paper is concernead

Figure 1. Man of the principal gallgries of the Holloch cave system, Mootatal, Switzerland. Ap-
proximarely 80 km af passages are shown, Local relief 15 800 m. Furiher gallery complexes overly
the cascern and central partions of systerm. Modern discharge is through inacessible conduits at
the wesl end. Hitlloch 35 the Lype example of State 2 phreatic cave systems develapment and di-
splays multiple phases,
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Figure 2. Plan diagrams 1o illustre definitions of acaves and scave systems used in the wext, Fig,
2a - non-integrated caves, Fig, 2b - caves indegrated toan inpul and output respectively, Fig, 2o-a
cave syslem that is continuons.

with solutional cave systems rather than the simpler caves, Probably most ca-
ves that have atained explaorable dimensions are portions of fully integrated
system, {Figure Z¢). But it is imporant to undersiand that the most significani
characteristics of their three-dimensional skeletons mav by determined when
they are only partially integrated as in Figure 2b, and inaccessibly small.

As drawn, the caves and system of Figure 2 are of the simple singlephase 1ype:
the location of their inpuls and outpuls has not changed in any of the dimen-
sions during their evolution. The greal majority of larger, accessible cave sy-
stems appear (o be muli-phase: due 1o relecation of the inputs and/or outpuis
over time, they possess drained and inactive conduits above others that chan-
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nel the modern groundwater flow, An analogy may be made with the organi-
zation of drainage paths and channels in a conventional river basin, Overland
flow or interflow there occupies the same place in the system as «pre-cayen
groundwater circulation does underground. Overland, etc., flow surfaces oc-
cupy more than 93% of the area of a river basin except in badlands; similarly,
fissure surfaces channelling pre-cave flow are much greater in extent within a
limestone mass than are cave systems. The speleological equivalent of ba-
dlands where percentage channelled area is great is the maze cave with very
closely spaced passage connections, e.g., Anvil Cave, Alabama, (Vernedoe
1964), Like badlands in their realm, the dense mare 1s comparatively rare un-
derground. Retention hollows and the larger dewponds at the surface, lacking
channelled connection with the channel net, are equivalent to the non-
integrated vugs and rooms of Figure 24, Developing or fully developed chan-
nel nets are analogous to the simple caves and systems of Figure 2bsc. The
cquivialent of the three-dimensionally complex, multi-phase cave system such
as the Holloch is the river busin with many abandoned channels on its flood-
plain and remmants of older floodplains, (suites of terraces), rising above it

It 1s a most difficult task to detect and measure frue First Order channels ina
surface stream nel. The most powerful point (o be drawn from this analogy is
that underground the speleclogist rarely detects and cannot measure directly
canduits that are of order lower than, probably, Fourth or Fifth. They are too
small 1o be explored; physically they may only be measured in the grossest ap-
proximation by means such as pump test and pulse analvsis, (Ashton [266).
Therefore, the system information that is available underground is never as
complete as that which may be obtained in a surficial basin and the spelealo-
gist must proceed mare frequently by inference, (Ford 1971).

Heview of the lileratore

Substantial reviews have recently been presented by Renaull (1967), JTennings
019710 and Sweeting (1972) whilst Bleahu (1974) gives a very full analysis, On-
lv a shor summary 15 needed here, Figure 3 illustrates the conflicting argu-
menis of the classical investigators:

i {Figure 3a), Martel (1921), Dwerrvhouse (1907) and many other early wri-
ters supposed that development of explorable caves was limiled largely 10 4
vadose drainage zone above a pre-existing or rapidly established watertable,
Because this is the zone first encountred by sinking waters, their solvent capa-
Cily is optimuom in i1 whilst it is also the zone of greatest velocities ol ground-
waler flow and therefore of greatest porential for cave enlargement by mecha-
nical varrasion,
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Fipure 3. Diagrammalic long sechans Lo illusire cave svatem developroent as proposed by (he va
dose, deep phreatic and watertable thearies,

i (gure 3y, From a wide survey of published materials plus Feld studies in
Mo, WM. Davis (1930 and Brete (1942) concluded that the great majo-
tity ol large caves or sysiems had developed at random depth in the phreatic
cone, oo tunder permanently waterfilled conditions. Davis proposed a model
m which cave-devieloping ground-water sircams followed the deeply curving
streitn tnhes of i Darey flow ner bepeach the watertable, .o, Darcy laws apply
antil the sysiem s well established and large.
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i, (Figure 3¢}, Swinnarton {1932) argued that in g solutionally modifiable me-
dium such as limestone, Darcy’s laws do not apply because even at the ourset
conditions are anisotropic and inhomogeneous. A given slug of groundwater
may disperse into a number of pre-cave routes. That which is shorlest, {closest
to an already definable watertable in Swinnerton's geomatry), will win in a
route compelition. The locus of maximum cave development is along or pro-
simate and parallel we, the walertable and Lhe system is propagated from the
input end downstream towards the spring,

Rhoades and Sinacori (1941} also advocated a watertable hypothesis bt con-
tended that Darey's laws apply at inception and that the maximum rale of ca-
ve excavation occurs where the Darcy stream tubes converge at the spring, As
a result, a pently graded cave conduoit thal fixes the local watertable is propa-
gated from the spring headwards into the limestone. Most later authors have
considered that this paper and that of Bretz {1942) mark the end ol the period
of formulation of general cave penerie hypotheses. Figure 3 indicates that the
hypotheses are mutually contradictory. Although aknowledging the natural
variety of cave svarems, each of the «classical» writes supposed that his prefer-
red hypothesis explained cave genesis for the general case, reducing any excep-
tioh o the catepory of special cases.

Later research by English-speaking speleologists has tended 1o support 1he wi-
tertable genetic hypotheses (Moore 1966). Sweeting (19500 working in York-
shire, England, Davies (1959, 1960) in ¥irginia, Wolfe {1964) in Wea Virgini,
have presented local and regional ficld evidences and Bedinger { 1966) areued
from the results of electrical analog simulaton of groundwater Mow oo frac-
ture envirammenl. Thrailkill (1968) carefully evaluated hydradinamic and se-
lutional mechanisms and could find no cause Tor preferred cavern enlargy-
el proximate w a watertable bul from observations in Mammaoth Cave,
Kentucky, argued thar the dimension of depth is minor when comparcd 1o
that of length in a svsrem, that all pheeatic Flow is therefore prosimale
watertable, and proposed a model thar is a compromise of the views of Swin-
nerton (1932) and Rhoades and Sinacor (19400, His argument begs the gue-
stion o an extent Cor i a cave canduir s anly a few metres below o warertible
but possesses a long profile thar s quite discordant 1o thal watertabhle, it mus
ke allocated 1o the phreatic hypothesis of Davis and Brels, Incominenial L

rope, Bk {(1961) showed that cave systems in the valley of the Ourrhe, Bel-
gium, were ndisputably graded 10 local watertables and Droppa (19640 -
vanced similar arguments Tar the extensive, mult-level gallerics of the [Dema-
nova Caves, Crechoslowakia, But Tew other auchors have offered catepor
suppart for any one hypoathesis and i1 s apparent that there is an abundaoce
of Tield evidence 1o support cach, {Trimmel 1965, Bleahn 1974,
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Contentions of this paper.

The purpose of this paper is to summarize and further develop arguments pre-
sented in the spelealogical lterature by Ford (1963, 1968, 1971 Thev are deri-
ved from detailed field studies in caves ol Southwest England, the Rocky
Mountaines of Canada, and maore general observalions in caves throughou
Europe and North America, Independently, Renault (1967, 1968, 19700 has
arrived at similar conclusions after derailed work in French caves. Field siu-
dies by Waltham (1970, 1971 i Yorkshire, England and by BEwers (1972) in
central Kentueky plus hardware simulations by the latter (1972 and in fiey
strongly support many of Ford and Renault’s contentions.

These contenlions are that:

I. there is no one general case of cave system genesis that is restricied 1o the
vadase o the phreatic or the watertable Tocus as the classical hypotheses con-
tend. Rather:

2. there are three covrrnon cases and two spected cases, From present-day daia
it cannot be shown that any one of the common cases is in simple majority and
it 15 not relevant 1o a coherent theory that any one should be. The camman ca-
5E5 @re:

i vadose coves, enlarged predominantly by free-sucface streams eroding
downwards or laterally or both.

il phreatic coves, evolved under conditions of total, permanent waterfill uniil,
in the case of fossil system, a comparatively rapid drainage event causes them
to be permanently abandoned by their genetic waters,

i, wetertabfe caves, («shallow phreatic cavesn, eepi-phreatic cavess, eic.} de-
veloped along or at shallow depth beneath a piczomerric surface that is of ex-
tent greater than the cave, The long profiles of the piczomertric surface and the
conduit are closely accordant in form.

The special cases are:
iv. the non-integrated cove, the vog or larger room, as in Figure 2a.

v. the triee artesian cave, which is phreatic in form because the extension of o
confining aquiclude below (he piezometric surface compels phreastic circola-
Lian. Such systems often possess pecularitics, warranting their allocation 1o a
special case {page 23). They are comparatively rare amongst accessible, explo-
red caves.

1. a given cave or system of one phase (Figure 2, type b or ¢) may be whally
vadose or wholly phreatic or wholly of the watertable type, Or it may be o
combination of vadose and phreatic, vadose and watertable, phreatic and wa-
tertable. Amongst known caves, the latter combination is rarer than the
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ethers: this may be o refleciion of the fact thar i is particalarly difficult (o ox-
plore,

o multi-phase cave systems with substamial celief are usually combinations. It
i connmon 1o ind an active vadose cave feeding an active watertable cave thar
underhes or intersects o Tossil phreatic system thar had earlier channelled the
PUTICLILC willers.

DEVELOPMENT OF CAVE SYSTEMS

1. Early Conditions - sirnciural and lithologic guides and evolation of the
phreatic skeleron,

Cave sysiems are buil of many individual segments, a segment being 8 por-
tion of passape comained throughout its length in one structural element (e.g.
a bedding planet and possessing a constant artentation in all dimension or
nearly so. This section considers the early development of such segments when
condilions are phreatic and cross-sectional dimensions are minimal.

Cave sysiems develop within one of three gross structural situalions: either the
sedle of any signmificant rock folding is greater than that of the system or it is
the same or smaller. The first situation., in which the system develops within a
flatlvng or monoclinally tilied block, 15 the more common and applies to the
following discussion. The ather situations are bricfly considered on page 25,

It is accepred that cavern-bearing hmestones Tunction initially as fracture
gguifers rather than granular aquifers, Inter-granular permeabilicy is racely si-
gnificant until @ system is aged and well enlarged when iU may support route
re-arganisation of a gradational kind {«bypass tubess, page 17). Effectively
porosiny s very low at the onset of karstification and the watertable is at
eromnd Ievel in most instances (Sawicki 1909, Cvijic 1918, Rdglic 1963, Boo-
ker 1977). Nevertheless, there may be significant losses of meteoric water into
the rock immediately upon exposure and preferential solutional enlarpement
of pre-cayve voids in fractures commences.

The views of Katzer 1909) upon the zonation of groundwater in karstified
rock have been widely supported by later research (e.g. Gvozdetsky 1954, Bur-
don and Papakis 1963, Bauer and Z6tl 1972), Where the limestone formation
s comparatively thin {i.e. underlain by an impervious base at shallow depth)
there s an uppermost vadose zone underlain by a phreatic zone extending to
the base. Where the limestane mass is deep (e.g. extending to hundreds of me-
ters below sea level) the phreatic zone becomes much thicker than in the shal-
low case bur i is underlain by a zone of atights rock almost devoid of ground-
water circulation. Unit elfective permeability of the phreatic zone is greater in
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the shallow case (Burdon and Papakis 1963}

Cave segments may be guided by planes, joints, faults or intercepts of such
fssures. Faults are suprisingly unimportant in many systems although certain
greal ones such as Gouffre Padirac, France, are largely fault-located, as are
many uncxplorable karst springs. Whether or not a fault is exploited by karst
groundwater often appears to be a function of the packing of secondary mine-
rals in it (Ford 1965, Tratman and Ollier 1969). Where exploited, faults may
be considered to function in the same manner as the more abundant joints,

Whether bedding planes or joints plus faults are quantitatively the more im-
portant guides of cave segments cannot be said. A prior, bedding planes
should be more important beeause they are continuous to the boundaries of
the limestone mass or more nearly sa, Joints are discrete festures. In a great
many cave systems there is a complex alternation of bedding plane-guided and
joint-puided sepments and it is apparent that the system could not have been

Bedding Plane

Figure 4, Familics of adip tubess {oriented proximate 10 toue dip) in suceessive penetrable bed-
ding plangs are the basic rave units lrom which many cave systems of cxplorahle dimensions are
bl They are connected commonly by scjoint chimneyss up which groundwaler flows from a lo-
wer planc (B) to a higher plane (A).
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created were not both available for the simultaneous transmission of ground-
water. In Swildon's Hole, England (Ford 1963} approximarely 50% of the ag-
gregate known passage length of 7,000 m is guided by bedding plane-joint in-
tercepts. The 10,000 m of passage in Castleguard Cave, Banff Mational Fark,
display a similar distribution {(Ford 1971c¢). Ar the extremes, Deal {1962) re-
portes that all 12,000 m of passage investigated in Jewel Cave, South Dakota,
are joint-guided but the system is an example of the artesian special case (page
251, Ewers (1972) investigated 20,000 m of conduits in Polaski County, Ken-
tucky, and found that 93% were puided by bedding planes alone. Joins and
faults are insignilicant in the 250 km of passages in the Mammaoth Cave-Fline
Redge complex (Deike 1968) and are of only minor importance in the 140 km
of the Hdlloch.

In any bedded limestone formation there are a great many bedding planes bt
anly a small proportion is utilized during cave formation. Yery often these di-
splay some clear feature that explains their preferential selection, such as a
shale parting, a discontinucous chert filling or slickensiding and minor bregcia-
tion mdicative of differential slipping along the plane (Ford 1963, Renault
1967, Waltham 1969 Rauch and White {1973) have shown that the different
solubility of individual beds or groups of beds in a formaton may determing
which bedding planes are penetrated significantly,

The earliest cave segments to develop in bedding planes are adip tubess {Ford
1971). These are straight or slightly sinwowos, phreatic features propagated
daown the true dip of the strata or within approximately 13% of it, Where the
dip is greater thao 59 or so the tube 15 commonly a simple, single conduii.
Where it 75 gentler the single tube may be replaced by a band of anastomosing
tibes, the band being a few metres inowidth and oriented down dip. In the cen-
tre of the band being is a principal tube larger than the others which may ex-
pand ultimately to consume them (Ewers 1972,

Dip tubes are spaced in sub-parallel array across @ given bedding plane during
earlist cave development and many families of such tubes are stacked one ubo-
v another in successive penetrable bedding planes. Ewers (in Lt} has shown
that their spacing in a plane 15 governed by Darey’s laws, At the upstream
ends, the tubes terminate at surficial inputs or {Tater) within the evolving vido-
se zone. Downstream they disiribuite water into spre-caves cavities in the pla-
ne ar link to cave segments in joinis,

Early development in joint planes has less closely studied, Phreatw flow may
procecd up, down or along them. Development up and down {ormes tubes thar
are very similar 1o dip tubes. Development along e joint reguires that there
be a «targets (an earlier cave other low pressure pointp within the joing or a is
tereminas. The sepment that develops wall probably tollow the shortest route
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between input and target: thus, in some cases it will climb or descend aslant
the dip and strike of the plane. In joint planes of comparaovely high initial
transmissivity, parallel and parily ellided tubes may develop, 5N, Dawvis
(1965} has discussed the role that pumpiog by earth tides plays in the initial pe-
netration of joints.

In many caves the segments are paired in the distinctive manner shown in Fi-
gure 4, A joint tube is expanded upwards from a dip tube in a lower plane to
intersect a «targets dip tube in a higher plane. The bulk of the discharge of
the lower Lube then follows the new routing although the old route may be fur-
ther extended downdip. Development of the joint 1ube represents a fiest step
in the integration of the phreatic cave skeleton. Lower dip tube plus joint chi-
mney constitute a simple phreatic loop.

In the carliest stages of system development there is in Lthe rock a complex,
three-dimensional array of indipendent dip tobes, loops and lateral joint con-
nections. Greater cave system are constructed by the progressive integration
and enlargement of small portions of this array. Qur field researches in many
karsts indicate very strongly that during the growth of the early array, reser-
voir capacity of the rock comes to exceed available water input. Vadose and
phreatic zones are defined, with the highest parts of the array being drained.

IMFFERENTATION OF PHREATIC AND WATERTABLE CAVE
SYSTEMS THE «FOUR STATE MODEL»

The factors that determine whether a phreatic or waterrable system will deve-
lop below the vadose zone are indicated in Figures 5 and 6, The frequency of
penetrable fractures of all kinds that can be utilised during development of the
carly array (i.e. the spacing of segments of that array) is the peincipal determi-
nant. This frequency is referred to hereafier as «fissure freguencis. 1L will be
appreciated that fissure frequency o limestones is very variable indeed and
thal the variation is, in reality, 4 continuur. In Figures 5 and 6, which survey
the Mat Iving and monoclinally dipping cases respectively, the real continuum
1= reduced 1o four different states of frequency, State | is the minimum requi-
red Tor any significant groundwater circulation in given congditions of topo-
graphic reliel and climate. If the frequency 1s less {Stare O) no cave systems
will develop: the rock may be dissected and removed entdrely by surface
streams, ofe. State 435 the minimuom frequency requiredd for the generation of
acondwt aleng, ar prosiimate and parallel w, the stable watertable of a phase.
Higher fissure frequencies than this will merely vield a cave conduit that mir-
rors he watertable gradient ever more closely. States 2 and 3 are specificied
hecause cach supports an intermediate class of cave that is geamelrically di-
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stinet, ay illustrated in Figure 7.

In Figures 5 (1) and 6 (1) fissure frequency is State | Piczometric gradients are
sieep and the waieriable is high in the rock because reservolr capacity 15 low
and the minimum flow path to the spring is long, The cave system developed
through integration of the early array takes a deep course through the phreatic
rone because there 15 no ef ficient allernative at lesser depth. In Figures 5 (4)
and & {4) fissure trequency is State 4 and conditions are the converse. The va-
dase zone is deeper than in State 1, the piezometric gradient is low: if the volu-
me of the trunk syitem is so enlarged that it can discharge all avaiable witer,
the piczometeic surface is lowered into it and it becomes an ideal watertable
cave.

It will he seen that this model s consonant with some principles of karst
groundwater circulation advocated by Swinnerton (1932) and Rhoades and 5i-
nacori (1941}, Where fissure frequency is high enough, their arguments are va-
lick inn part. The error of these authors was to presume that frequencies of Stare
4 or grealer were the expected norm in limestones. They do notl appear (o be,
Further points are made in the Discussion.

Classiffcarion of phreatic and warerrable systems.

A classification of systems s presented in Figure 7. Dis based upon the topo-
graphic relationship of system and piezometric surface when that surface has
stabilised after the early stage of lowering through the expanding array, Such
stabilisation has usually occurred before the system attains ecxplorable dimen-
sions. The classification is a minimum one, ignoring intervening subtvpes thal
cxist in reality.

I. (Srare ), the bathyphreatic cave; type example - caves of the eastern frons,
Sterra de El Abra, Mexico, Bathyphreatic caves may be composed of many
segments, as illustrated, but together these constilute a single loop beneath the
plezometric surface,

2 t5tare 2), multiple loop phreatic cave; rype example - the Halloch, Switzer-
fand. With higher fissure frequency the phreatic system exploits a path that
brings it 1o the rero-pressure surface a1 many points berween input and out.
put. But fissure geometry and frequency will not permit it to fallow the surfa-
ce. Location of the stable picvometric surlace is fixed by the apices of loops,

3. (Nrare 3), mixed phreatic-watertable cave; type example - Switdon s Hole H-
XA, England, Sepments or multiples of segments developed proximate and
parallel 1o the pierometric surlace alternate with phreatic loops.

4. f5tare 4), ideal warertable cave; type example - Domica Caves, Crechosio-
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DRANDOWN VADOSE

2
BATHYPHREATIC CAVE

DRANDOWN WaDOSE

LIT 30101 TTPs IDEAL

WATERTABLE CAVE

Figure 5. The tour states of fissore Frequency that differentiole types of phreatic and wateriable
caves, here drawn For the case of fatlvne strata, Developed systems for states 1 and 4 (the end
merrbresy are also shown,
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DRAWDOWN WADOSE

BATHYPHREATIC CAVE

DRAWDOWN WADOSE
CAVE

ATERTABLE CAVE

Figure fi. The Four states af fissure fregquency (as in Figure 5) drawn Tor (e case of stgeply dipping
sirata where the svstem ouwtlets are in the general direction of true dip, Developed sysiems for sla-
res |oand 4 are shown.
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BATHYPHREATIC CAVE

DEEP PHREATIC CAVE WITH MULTIPLE LOOFS (AND SHOWING
GRADATIONAL FEATURES)

CAVE WITH MIXTURE OF PHREATIC & WATER TABLE-
LEVELLED COMPONENTS

IDEAL WATER TABLE CAVE.

Figure 7. Hypothetical examples of the four types (states @) of phreatic and waleriable caves.
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Figure . Subsequent gradational features commaon in phreatic caves: A. olaolated vadose cn-
trenchrments of the upward apex of phrestic loop. B development of a ebypass tubes above the
downward apex ¢f & phreatic leop. O development of 4 sparagenetice gallery upwards to the pic-
omelrlc surface.
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vakia. The system parallels the piezometric surface which, as a consequence of
passage cnlargement, may have bee lowered into it

The type examples are drawn from our personal experience. Equally pood in-
stances exist elsewhere. Many bathyphreatic systems that are short are known
{up o some hundreds of merres in length), Complete examples of long system
are very rare because of the evident difficulties of exploration where they re-
main waterfilled; where drained. loop bases tend to be sealed by clastic debris,
limiting access, The E) Abra examples are developed in Cretacecus reef and
massive backreef facies with sparse but large joines, (Fish 1973 and in L),
Yertical phreatic shafts carried groundwater down and up at least 200 m be-
low a palaeo-watertable, A modern spring is fed from a phreatic shaft plum-
bed 1o - 30 m. Above the spring, the same shaft extends upwards 80 m until
terminated by hillside erosion and contains older spring outlets (Fish 1973},
The Hallach (Bogli 19707 is a multi-phase system in a nappe of Cretaceous li-
mestones, [1is a multiplicity of loops below three or more successive waterta-
bles. There are no watertable-graded segments, Yertical amplitude of looping
inta the modern phreatic zone is known to exceed 170 moat high stages of
Flow, Swildon's Hole 1T-XI1, developed in steeply dipping, massive Lower
Carboniferous limestones, is a sequence of modern waterrable segments crea-
ted by gradational processes (below) that are intecspersed with short phreatic
loops of 15 m vertical amplitude. This active systemn underlies a palaeo-system
composed of longer phreatic loops with 20 m vertical amplitude and Fewer,
shorter graded segments (Ford 19651, The Domica Caves have develaped in
massive, steeply dipping strata that were intensely fractured by Carpathian
tectomism, Many large, flat-rooled passages exist side by side at a uniform le-
vel. Apparently, as older galleries became partly silted new ones were created
alongside them {(JTakucs 197a}),

Subsequent gradarional fearures in phreatic systems.

Adler phreatic svsrems of States 2 and 3 have been stabilised and enlarged for
substantial periods of time, they may be subject to gradational modification
which change their character towards that of a higher state (g.g, ideal waterta-
Rle caves). These madifications are emrenchment, bypassing and paragenesis
{Figure 8).

[wolated vadose trenches are features of mature State 2 systems that convert
portions ol them o State 3 morphology. Consegquent upon system volume ex-
pansion or ar low stages of flow, the plezometric surface is lowered into the
wpper apices of phreatic loops, Groundwater flows across tops of loops as
rew surfuce streams which entrench vadose canyvons downwards. Entrench-
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ments of 20 m or mare are known {Ford 19651, The vadose trenches are ler-
mid wisalateds becaose therr water inputs and outputs are phrealic, In vadose
cave system al least the inputs (o a given vadose segment will also be vadose,

wBypass tubesy (Ford 1965) or aiubes en raccords» (Renaol 1968) are ground-
waler shorteuts developed above the downward apices of phreatic laops, They
are comimaen features of State 3 systems where, together with isalated vadose
trenches, they may compose a large part of the watertalle-graded component.,
Individual bypass tubes may altain lengths as great as 50 m. Tubes develop
across many loops by exploiting minor groundwater penctrations of interve-
ning bedding planes and joints that were impeneirable when the early phreatic
skeleton of the system evolved bul which have developed some transmissivity
subsequently as a result of proximity 1o the large, waterfilled conduirs. Howe-
ver, in some instances no penetrated fissures are apparent in bypass tubes:
they have developed by linking inlergranular pores, a process of selutional mi-
THNE.

Bypass tubes develop most commonly at the head of a phreatic system or al
other points along it where connected vadose caves are able 1o supply guanti-
ties of coarse clastic bedload. Downward phreatic loops are natural sedimen)
traps, the coarser material tending to infill the apices during low stage. The
consequent reduction of phreatic channel cross-scction favours a lemporary
but substantial ingrease of hydrostatic head on the upstream side when there is
rapid flooding, and as a result the hydraulic gradient across the loop may be
extreme. This abets bypass formation. Once bypassed, a phreatic loop beco-
mes wholly aggraded so that later supplies of coarse bedload are moved direc-
tly through the (Tat bypass tube above it and into the next phreatic loop down-
stream where they contribute 1o the development of a second bypass. Bypas-
sing is a eradational process that propagates downstream,

[solated vadose trenches and bypass tobes are more common in systems in
sleeply dipping strata than latlying because phreatic loops in the former have
a simpler, two-scgment geometry, Paragenesis (Renaull 1968, Brerz 1942,
White and White 1969 is a process that operates maost powerfully where strata
are flatlying. Renault has also cmphasised that it is more commen in down-
stream portions of a system,

Paragenetic passages commonly ariginate as much enlarged dip tubes in the
phreatic zone, As a consequence of enlargement, hydrostatic head and head
and groundwater velocity are reduced, permitting the permanent deposition
of a portion of any insoluble suspended load. This armours the bed and lower
walls prohibiting solution there, The passage enlarges upwards above a deepe-
ning column of fine-grained fill. The vertical amplitude of paragenesis exceeds
50 m in some instances (Renaull 1968}, The roofs of many paragenetic passa-
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ges are remarkably flat, Paragenetic passages appear to be commaon in drained
portions of the Mammoth Cave - Flint Ridge System of Kentucky, where the
paragenetic Toffs have often been interpreted as original watertable galleries.

Actual measures of fissure frequency

From Figures 5, 6 and 7 it is interesting to determine what are the aciual mea-
sures of segment separation in an garly array thal will vield the four different
states of enlarged stable systems. There is entirely insufficient data upon fissu-
re frequiencies in cave-bearing limestones for a general solution 1o this gue-
stion. The most valid measurements are from very detailed cave mapping. Fis-
sure frequencies measured on natural imestone surfaces (e g. limestone pave-
ments, Williams [966) are maxima; there is drastic reduction at a depih of a
very few metres. Fissure frequencies measured io guarries tend also to be con-
siderable overstimates because of unloading fracture, as inspection of any
nearby cave will show.

However, the distinction berween States 3 and 4 may be estimated for a given
limestone from the dimensions of bypass tubes these are «ideal watertable ca-
vew sepments. Twenty examples have begn measured in caves of the Mendip
Hills, England, and the Rocky Mountains of Canada. For hypassing ta oceur,
bedding planes penetrated by dip tubes can be spaced no more than 10 m apart
in the lithologic column and penetrated joints intersecting them, no mare than
15-18 m aparl. These are the minimum frquencies for State 4 conditions at
those two sites. Strata there are massive, crysialline, well bedded Palacoroic
racks that dip steeply, Where strata are atlyng, groundwater perching or the
sandwiching of a few thin, well-jointed beds within a generally massive forma-
tion may achieve State 4 results where average fissure freguency is lower than
this. Similarly, yvoung limestones (Tertiary and Cuaternary) oflen possess
much higher primary permeability than older rocks. As this measure increases
50 alse may the maximum spacing of fissures that is reguired For the Siane 4
resull.

In the central Mendip Hills the England i1 is possible 1o link «fissure frequen-
cyn with the hydrologic measure, weffective porasitys. From the nature of 1he
caverns, the fissure state at and below the modern watertable is intermediute
between State 3 and 4 (Ford 1971), From analysis of flood hydragraph reces-
sions, Atkinson (1971),

Has shown that the effective parosity of the rock s approsimately 1%, Pro-
bably, one thictieth of this amount is represented by large cave systems which
pass water comparatively rapidly (Atkinson [975). The remaining porasily s
composed of the skeletal array of conduits, cpre-caves volds and non-
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Figure Y. Ta illustrate the increase of fissure frequency in a limestane mass with the passage of 1-
me after ensel of karstification and the effect of incresse upon the geometry of sacocssive caves
developed ina multi-phase system. The ligure is hypothetical bul based upon the silation in the
central Mendip Hills, England.
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tegrated caves, This finding sugeests that the four significant stares of fissure
freguency in cave system genesis are differentiated s € 1% eflective porosi-
Iy,

increave of fissure frequency with time.

Al the onset of karstification, initial fissure frequency varics within and bel-
ween formations. With passage of Ume alter that, it increases so that Tater ca-
ve system in a multi-phase complex tend 1o higher state, This is illustrated in
Figure 9 which models the general situation in the Mendip Hills over, proba-
bly, mast of Pleistocene time (Ford and Stanton, 1968), Throughout the six
steps of the model (Figures 9a-0) frequency diminishes with deprhe In the ear-
liesl situation (Ya) it was low even close to the surface and Staie 2 phreatic sy-
stems composed of few loops with great vetical amplitude develaped, (90).
Whilst these aged (9c), unincorporated portions of the phreatic skeletal array
were extended and their freguency increased. When spring positions were |a-
wered by allogenic processes (9d) the higher frequency velded State 2 systems
composed of many loops of lesser amplitude, Repetition (9e, ) vielded State 2
systems with so many small loops that trenching and bypassing produced Sta-
te 3 geometry whilst systems were still expanding o explorable dimensions.

An imporlant feature of the model is that, although the bulk of groundwaters
circulating at a given tine are quickly integrated 1o the developed cave sysiem,
significant quantities are able to circulate elsewhere throughou the array and
so extend it and increase 115 Frequency, The proof of this is to be found where
4 spring position is lowered, as in Y¢ to 9d, etc, In principal, svstem reponse
may take the form either of vadose entrenchment of the existing large galleries
or of development of a new, lower phreatic system. In praciice, the latier re-
spense is almost invariably the one that gocury in karst regions Known to s
This indicates the presence of an accessible array beneath the alder cave sv-
stem. This is true even io the limestone Bockies of Canada where, ax a conse-
guence of valley glaciations, some potential spring pasitions were lowered by
large amaunts very rapidly,

Caontrast of cavern genesis in fladying and steeply dipping strata.

In the speleogenetic context, the range 2-57 of dip separates strata which may
be considered flatlving ram those steeply dipping, There are important pro-
bahilistic dif ferences berween the two cases.

Where struta dip steeply, bedding planes (which are the contingons lssures in
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the rock) tend to entrain the groundwater to great depth. Their gradients are
greater than initial hydrologic gradients. There is a quasi-ariesian trapping ef-
fect by the superincumbent rock beds, as Glennie (1954) has noted. The incli-
ned attitude of the limestone formation enswres that i will penetrate 1o consi-
derable depth beneath the land surface even if the formation iz very thin.
Thus, Katzer's deep phreatic zone of comparatively low fissure frequency will
tend to develop. The results of these various effects are Lthat the deeper phrea-
lic types of cave systems gre particularly common in steeply dipping strata.

Per contra, watertable cave systems are particularly common in flatlying or
gently dipping struta. Penetrable bedding systems planes, the efficient conti-
nuous entitics, extend 1o the perimeter of the limestone mass where they out-
crop to offer many potential spring peints, It is enly joints or faults {discrete
features) that may entrain groundwater 1o greatl depths. Because the rocks are
MMatlying, condilions are favourable for the perching of aroundwater streams
upon doelomitised beds, shale bands, etc., again prohibiting deep penstration.
In contrast, such aquitards play a guasi-artesian cole in steeply dipping strata.
Where rocks are flatlying, Kalver's two-zone model {vadose and phreatic zo-
nes) will apply unless there is exceptional vertical permeability, such as exists
in Yorkshire, England {Waltham [196%). The eftective porosity of the phreatic
zane is comparatively high as a result, favouring the development of water ta-
ble cave systems. Many of the world’s lengthiest examples of Stare 3 and State
4 systems are Found in Kentucky and Indiana, where the thickness of the solu-
ble, flailying limestone formation is no more than 80-90 m and freguently
less. Finally, flatlying limestones are often capped over wide areas by imper-
meable strata. In the initial stages of groundwater penstration of the aguifer,
the cap inhibits overhead infiltration down joints so that potential of the
Joints (o enirain groundwaler 1o substantial depeh 15 not realised. Such cap-
ping is ineffective where the strata dip steeply.

[t may be noted in passing that the American literature which more than any
ciher has championed watertable hypotheses of cavern genesis, has drawn
heavily Tor field data upon the eastern U, 5. A and mid-continent where limme-
stone formations are predominantly thin and flatlying. Regions of steep dip
are betler sites 1o investigate fundamentals of speleogenesis hecausethere the
wnoiser intreduced by perching, paragenesis, ete., 15 much reduced.

Fissure frequency and ropography.

In his discussion of variations of fissure frequency, Renault (1967, 1970} stres-
ses the increase thatl occurs close 1o valley walls (20- 10 m) as a result of the la-
teral release of load there. Thus, cave svstems draining from the interior of a
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Figure 10 The differentation of the two principal types of vadose caves: A, the early vondition of
no significant vadose zane. Groundwaler drainage is channelled through an early condition of no
significam vadose zone, Groundwater drainage is channelled through an early array of phreatic
ubes, B, consequent upon volumetric expansion of the array, a vadose xooe s crated where in
streams preatly enlarge portions of the phreatic routes = «Drawdown Yadose Caves, C, streams
areintroduced o an established vadose wone af new inpul position and carve new roules thar may
utilise very little of the early phreatic array = olnvasion Yadose Cavess.
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plateau may suddenly ramify as they approach a spring in a valley side. Many
systems develop entirely within the unloaded side zone, following courses sub-
parallel to the longitudinal trend of sideslopes. The extensive, multiphase De-
manova Caves of Czechoslovakia are an excellent instance (Droppa 19645,
Short cave systems that have developed entirely Lo serve as shorteuts through
spurs in meandering valleys, at valley confluences, etc,, (a category with innu-
merable examples, e.z,, Malott 1931, Ek 1961, Jennigs and Swecting 1963,
1968} or to link vorfluter floors or glades in trapical karsts (Gradeinski and
Radomski 1963, Sweetlng 1972, Brown and Ford 1973) are other instanvces.
Fissure frequencies are higher in these unloaded zones, favouring State 3 or 4
systems over States 1 and 2,

Renault has extended the scale of his argument to contend thar alping moun-
tain masses are similarly unloaded when compared 1o plateau massifs, iy
point receives less support because deep phreatic caves (States 1 and 23 arc
commaon, perhaps predominant, i alpine regions such as the Rocky Maoun-
tains of Canada, the Kalkstein of Aastria and the Halloch massil al Swireer-
land. As a consequence of their structure, steep dip situations dominate in
such areas.

Differentiarion in rghily folded sirata,

The foregoing discussion referred 1o diferentation of phreanie and watertiable
caves where the host rock may be considered as a Plallying or monoclinlly-
tilted massif, Where there is much tight folding (i, the seale of cave svsheme
is greater than the scale of the folding) fissure frequency is generally high s a
consequence of the high stressing of the rock. As a result, walertahle svsicimes
are more common than i ather strouctural situations o Davies {19600} D
shown.

There are a few instances where the scale of the svstem aond of the rock Talding
are essentially the same. because the cave distribution s an etTect of the el
pattern, Instances are Grotre 510 Andre-de-Crurieres, Cirotte lon-Giorner o
France (Renauli 1967), Butler-Sinking Creck Syaiem in Virginig (Deike |96d)
and Greenbrier Caverns, West Virgini (Rutherlord 19710 The latter sysoem
cantains more than 35 km of mapped passages distributed between three syn-
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clines and two intervening anticlines. In such cases, trunk conduits tend to fol-
low the axes of svoclines and may be of phreatic ar watertable type, On the
svnclinal flanks and across the mrervening anticling) crests there are dip tube
svstems if fissure frequency 15 low: joint mazes of artesian type are formed if
joint frequency 15 high,

The special case of arfesian phreatic cave systems.

Cuve systems that are regular and dense mares of passages that developed cs-
sentially within ane crosional phase are rare, But they are spectacular features
when drawn on a plan and clearly exerled a strong effect upon WM. Davis’
thinking (193030, ln mast instances, they have developed in strata with State 4
or higher Assure frequency that were held in & bathyphreatic {(State 1) circula-
tion during cavern genesis by the presence of an impermeable overburden. By
therr nature such trapping situations tend to be maintained for longer spans af
vime than single phases in most common (non-actesian) caves. Long duration
and very low hydraulic gradients that are 4 consequence of the large reservoir
capacity of the rock, induce a maze of roughly equidimensional cave seg-
ments. Wind Cave and Jewel Cave, South Dakota, (Deal 1962) are the type
cxamples.

IMFFERENTATION AND CLASSIFICATION OF YADOSE CAYE
“YSTEMS

The differentation of vadose systems 15 shown in Figure 10, Initially, there is
na vadose zome (Figure [0a) bur as the phreatic array is expanded and phreatic
syslem integration commences, the piczometric surface is drawn down. Yado-
sestream enlargement of portions of the phreatic skeleton commences (Figure
10k). Later in the phase or during ensuing phases, new surface streams may b
intreduced which carve new, generally steeper systems through the drained zo-
ne. Ofren, they utilise very little of the early phreatic skeleton. The two classes
of viedose systems may ke termed:

FoBprwedonwn vacdose coves: Sepe exaiple, GO8, Cave, Englond, Tn such sysiems,
Wiy of the cave velume may have been created under vadose conditions but the
seartien skeletan is largely ar entirely phreatic 1o arigin. The initial phreatic mor-
pholopy feommonly preserved in passage roofs where o may be difficul 1o in-
spreeth is mature, comprised of smooth and well-ronnded erosional forms, G, B
Cave oanalyvsed in deail in Ford 1964 see also Smart and Stanton 1974,
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2 fnvasion vadose caves: (ype example, Spluea deita Preta, Tialv. The concepl
of winvasion waterss in cavernous vadose zones has been used widely since
Malott (1937} termed it to describe small streams that chanced 10 intersect
drained phreatic galleries and perhaps follow them for some distance. Asillu-
strated, invasion vadose systems are subsequent developments in time, Often.
their crosional morphology is wholly vadose in characier {especially where de-
velopment is dominantly verticaly but an initial, rough and poorly formed
phreatic component may be preserved, Tratman (1957) has termed this «pa-
raphreatics and atrributed it co intermittent flooding. The tvpe example, Splo-
ga della Preta, is a system of vertical shalts in limestone ageregating 800 m in
depth and terminating in & siphon perched on uoderlyving dolomites, 1t is very
rare for caves of this class to constitute a complete sysiem (e, wo extend from
sinkpoint to spring). Generally, they feed waters to one of the ather classes of
caves, (*}

Bath drawdown and invasion caves are commaon. Often, the portions of a sy-
stem that are of explorable dimensions prove to be a mixture of the twao, for
example, many of the domepit-and-shaft-drain combinations of the ceniral
Kentucky karst (White et al, 19723,

Facrors affecting the extent and magnitude of vadose cave development.

The extent of vadose caves of cither type 1s a funcrion of the depth of the va-
dose zone and of any lithologic, erc. effects tending 1o diver! groundwalers
from a simple, vertical descent. The magnitude (passage sive) of vadose caves
is a function of the magnitude of their sireams and the doration of erosion;
whilst this is true of all other classes as well o has partcular significance for
the vadose cases,

Depth of the vadose zone is a function of the reliel of 4 Hmestone mass abose
s springs and of the gradient of the basa) watertable, The imporiance ol re-
liel is evident; the deepest vadose caves occur in montain regions. Where relier
15 lowweer, variations of watertable gradient may cause significant varialions in
vadose depth. Cererds praribys, gradient is inversely proportional to fssure Tre-
gquency. Where frequency 15 State 1 or 2, chance effects in the selection ol
phreatic routes to which vadose svstems drain may creare substantial local vu-
riations {many tens of metersy in the depth of the vadose rone (Dard 1965),

(%0 B eanbien dascussionn, (o PR, TTL i amion svatenes s termed o pramirs vadose civvese e o
e by wense Phas zeinrhes oo sisdese cicee lad eveton o thai e spegile roniie s PInms i stemis s

il cseenmediry v e beeanse ey desclop oemocarhen st oo Phis sermnnak Bl By

e bovmuse aomane conluse the conveption ol seguenee Do ees oncvadese ook nhes v deosdont s e
Crecaanclaryd will be contempaorary sith o alder than amy e ssstcms (e
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In general groundwater hydrologic models, water in the vadose zone is presu-
med to drain vertically downwards. lo many karse regions, this will be true on-
ly in the sense that it does not drain upwards. Hundreds, perhaps thousands,
of kilomueters of lateral vadose passages are now mapped. They are particular-
Iy common where strata are Mat-lving and perching upon shale bands, eic., oc-
curs. In Kentucky and Indiana many vadose galleries traverse several kilome-
tres to gain g net descent of 10 meters,

Magnitude of streams is very important because the vadose zone is the first to
be encountered by water flowing from sink to spring. Suppose in given cir-
cumslances that a system may not atlain explorable dimensions unless the
stream is of Fourth or higher order. [T sinking streams do not exceed First Or-
der in magnitude, much or all of a vadose zone may be wiilised 1o combine Lo
Fourth Crder. Development of explorable vadose systems s retarded or pro-
hibited, This effect is most marked in holokarst arcas (limestone regions thag
are not supplied by allogenic steeams), It particularly inhibits enlargement of
drawdown systems to explorable size. Invasion systems tend (o have a grealer
vertical component and, when they fall vertically, even very small streams
may creale large shafts by splash and film solulion processes,

Drawdown systems, therefore, are hest developed where steams can collec
upon adjacent or superjacent non-karst rocks and attain at least Second or
Third Crder before sinking into the limestone, Particularly extensive and
complex systems develop where many such streams are closely spaced when
they cross o contact with limestone, This is the situation in Yorkshire, En-
gland, and the Burren, Eire where steepsided mountain caps of shale wield
high drainage densities o underlyving limestone platforms (Waltham 1974,
Tratman and CGllier 19697, Many of the most spectacular instances af invasion
systems are to be found io regions where surface drainage 15 muoch deranged,
sothat large streawms are diverted from original drawdown sinks and create in-
vasion caves, Glaciation is most effective 1o this respect {as indicated in Figure
10cy and the combination of high relief and derangement creates such alpine
vitvernes gs Spluga della Preta or Yorkshire Pot, Crowsnest Pass {Thompson
1976},

DISCLUSSION

Acset of principles of caveron genesis and differentiation in the dimension of
length and depth has heen presented that indicates that explorable vadose,
phreatic and watertable systems will a1l be common occurences at the global
seitle, althougl within any small region a paniculac class may be predomi-
e, When all systems have been located and explored in their emticety, 1
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may rranspire that one class is predominant globally - though this has cerfain-
Iy not been the trend of field findings during the past twenty vears, Evenif this
should be the case, it will not negate the necessity for a general theory Lhat -
corporates all classes because known examples of all ¢lasses are already ol
considerable magnitude and play integral roles in the genesis of many complex
systems.

Attention has been directed to general principles, factors and derivations,
There are many sub-types of systems thal are nol classified and details of com-
mon aberrations (such as a few wholly phreatic segments high up in a vadose
cavel are not considered,

The principles derive largely From empirical observation, the most imporiant
contribution stemming from detailed reconstructions of genetic sequence in
systems that are mixtures of lossil and active components. Our field sample
together with that of Renault aggregates more than 1,500 systems or portions
thereof. It includes most types of limestone as well as pypsum and delomite,
and most structural and topographic situalions, There is a deficiency in exam-
ples of Tertiary and Quaternary Limestones in tropical settings: if these devia-
te it is predicted that it will be in the direction of greater frequency of State 3
and State 4 systems vice States | and 2, because flssure frequency and primary
permeahility tend to be higher than in older rocks. Simulations of cave initia-
tion using sall blocks, gvpsum locks, electrolvie solutions, sand models and
computer models (Ewers 1966, 1972 and in fite.) have contributed to our un-
derstanding but are more relevant 1o the problem of genesis in lenght and
breadeh,

The principles resolve much of the contradiction of the classical papers. The
proponents of the vadose theory and of the phreatic theory also based their ar-
guments upon fleld evidences and interpreted these correctly in most instan-
ces. Their samples were insufficiently varied or contained error, Proponents
of walertable theories deduced therr models from sets of first principles of
groundwater Flow and these, also, were correct in part. But they are not as wi-
dely applicable as was supposed because fissure lrequency is insufficiently
high,

The leading vadose theorists such as Martel and Dwerrvhouse were pioneer
cave explorers, Such was the exploration technaloey of their age that the acti-
vely enlarging svstems that they knew were vadose systems; early exploration
of phreatic and wateriable caves was restricted largely (o Tossil examples,
They interpreted the Kinds of aqueous erasion that they observed (vadose) to
apply in most situations.

W_oM. Davis based his phreatic theory largely upon wrilten accounts and, par-
ticularly, maps. His interpretations of what he saw there were correct but the
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early cave maps contained many gross ecrors, often being sketches from me-
mory. The map of Mammoth Cave that Davis used has been described as «fic-
Lionw by cave historians (J.F. Quinlan, pers. comen.). His supporter, 1 H.
Bretz, saw more than 300 caves in Missouri and correctly determined that they
were not vadose in characrer, But most were Loo short 1o permii their unegui-
vocal assignment to the phreatic case rather than the watertable alternative.
Helwig {1965) and Reams {1968) have shown that Bretz ofien misinterpreted
the nature and significance of the clastic infillings thatl terminated his caves a
short distance underground.

W.M, Davis’ phreatic model fits phreatic cave systems o Darcy Mlowhnes
{and thus (o Carcy’s Laws) throughout their enlargement. Rhoades® and Sina-
cori’s formulation (1941) applies Darcy's laws only to the initianon of sy-
stems, as these are defined in the present text, Swinnerton’s alternative water-
table Tormulation {1932) rejecis the laws even at initiation.

Our laboratory model experiments indicate that primitive cave systems distri-
bute according to the laws within the plgne af o fissure. But with integration
between different fissures, Swinneton’s condition ol route competition ap-
plies. Because integration appears early in the development of the phreaic
skeleton, Swinnerton's views are more nearly correct than those of Rhoades
and Sinacori. However, the latter authors made a most valuable coniribulion
when they introduced the coneept that systems develop from Uhe spring head-
wirds into the limestone mass (sce also Mandel 1966), Caves propagate from
the fead (or sinkpoint) but a great many, perhaps the majority of syerems (-
fegrute from the spring in o progression of headward sieps. This explains
much of their complexity on the plan, wich will be enlarged upon in a subse-
quent paper.

ABSTREACT
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