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~ -ABSTRACT |
. The development of conduit networks on bedding ﬁlane
aﬁrraees.has been simulated in 2: series of laboratory analogue
expefiments. Two types of hﬁrdware msdels ware used to study
fhe-influenco,of various hydraulic and structural boundary
conditions on the pattern of these networks. )
o Network pattern wﬁs found to bde directly related td
the pattern of fluid flow in the bedding plane, as deter-
mined by thg conflguration of input and outpﬁt #raas.
Bedding rlane inclination did not directly affect
network pattern. Howevor._th; relationship betwsen stratal
dip and the accumulation of sedimggx within the network
may-indirectly‘afrect network pattern.
The shape of conduits in cross aaction‘ung found to
. depend on their mode of origin. Discrete tudbss maintained
a circular cross section throughout their growth., However,

anastomotic bands of tubes tended to develop into & single -

tudbe of elliptical cross section,
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CHAPTER I
INTRODUCTION

The nature of limestone caverns has been a subject
of considerable speculﬁtion during the past century. Numer-
ous conflicting theories have been advanced to explain the

origin and development of such reﬁtures. Thoso_thoories may

" be divided into three general categories, vadose, deep

phreatic, or watertadle, on the basis of the proposed
spatial relationship between the zone of speleogenetic
activity and the hypbthetical location of a watertable.

The vadose theory of cavern gnneais. typified dy the
work of Gardner (1935) and Mallott (}éBB)..propoees cave
fbfmation in the vadode zone (above the watertadble). The
védose theory has }allen into disfavouf in the light'of more
reoéntyinveatigations (e.g. Bretz, 1942). The pattern of
many cave systems and the morphology of most cavé ssages
suggests that,gerhaps. a majority of caves wers formed under”
phreatic conditlions.

Davis (1930) and BFetz (19%42) proposed that.spelec-
ganesié occurs at esséntially random depths beneath the |
watertadble, following deeply cufving paths of groundwater
movement in the phreatic zone, However, it is the water- .
tadble, or "shallow phreatic®, theory which has enjoyed the

1



greatest popularity in the recenf literature. Many duthbra.
inecluding Swinnerton (1932), Rhoades and Sinacori (19&1).
Davles (1960), White (1960). and Thrailkill (1968), have
associated speleogenetic activity with the position of &
watertablé. Indeed, G.¥W., Moore summarized the preaentations
of the National Spold%logieal Society symposium on the
origin of lipestono caves by stating, "The network pattern
of many cave paaéages'stndngly suggests that most caves
_formed in a zone of saturation . . . A local or regional
piezometrio eurrace appears to provide [thié] horizontal
control, and most caves have evidently been formed directly

-

below such a surface.” (Moore, 1960; p.:4 )

The general theme of most discussions of speteogenesis
seems to be that it 18 possibdble to'axplain tﬁe genesis o.'
the majority of limestone caves with a single, "universal”
theory, whether vadose, deep ﬁhreatic. or watertable/shallow
phreatic in nature. However, sevef&l authors, notadbly '
" Halliday (1960) and Pord (1971}, ha_Lve recently suggested that
none of the three "classical®™ theories aré universally‘
applicable. In his discussion’ or the ma jor theorios of
speleogenesie. Hagliday stwtes. 'Only in the broadest terms
can it be said that all limestone caves develop in the same
way, and te:ﬁinology which .suggests that this is true should
be replaced‘by descriptions of individual qu;eoganetic'
sequences.” (Halliday, 1960; P. 23). .

Ford (1971) points qu% that most theories of speleo-

-



genesis either disregsrd-the effects of geological atrudt%TfT
or consider only the speéial\casa of horizontally bodded
1imestone._ Pord fufther sﬁggests that while none of the
vadose,. deep phreatic, or shallow phrea?ic theoriss are uni-\
versal in nature. any one of these genetic seqnences may -
'apply in a _glven area,.depending on the inrluence of such
local factors as geological structure. and the hydraulic
.boundary conditions of the cave system.
' An additional problem common to most speleogenetic
speculaiion is a bdias introduced dy the natsre of the
morphological data available for cave networks. Curl (1964)
roints out that “The possibility remains that many clues |
to cave origin reside where we cannot observe them . . , .
Students of cave origin may dbe willing to extrapdiate with
confidence from their observations‘is the availadble sections
of caves to the remainder, bdbut nature usually does not |
divulge her secrefs ‘to limited observation, and it is more
likely that our present concepts are considerably blagsed. " -
(Curl, 1964 p.102). Many theories of- speleogenesis appear
to disregard this possibdbility. .
In facf, she cohcept of csfe origin has been equated,
in many instances, with the concept of cave enlargement.‘
This is an unavoidable consequeé&é.Sf the tendency to
identify a cave on the basis of the dimensions of the
human body, i.e. "A solution cavity in limestone is a cave

1r we can get in‘to it.” (Curl, 1960; p. 6€8). The pattern
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and morpholog§ of these explorable passages are, -to a

-great extent, predetermined dy the nature of the primitive -

network of- smaller conduits developed in the early stages
of groundwater circulatidn Any discussion of speleo—_'
genesis must therefore take into ac\ount the processes

which result in the development of thiaprimary passage

network. ' . ) .

B

Initially, groundwater circulation in a 1imostons
mass is generally conrined to planes of structural dis- )
continuity, i.e. joints, bedding planes, faults and _
fractures, due to the low primary permeadbility of limestone.
_'?ie pattern of the initial circulation is determined not
only by the magnitude and spatial organization of the
microporosity provided oy these features, bdut al(i by
the spatial relation of the primary penetrable void spaces
~ and the hydraulic boundary conditions as determined‘by
tne surface topography- in existence during the early
stages of groundnater circulation, During this period;
it is highly unlikely that the hydraulic conductivigy
of the limesione mass will be such that all svailabdle
surface water drains underground\)KThus, all atailable
penetrable void-spaces will be filled, and the primitive
cave slemsnts must inevitably devglap in a phreatic or
fully saturated environment. . i

The initlation of groundwater cireculation in

carbonate rocks results in solutional alteration of the .

iy



surfaces along which the flow or unsaturated water takes |
Place. dg;;titatively. the most 1mportant avenuas or i
' groundwater flow in 1imestone appear to be bedding planeé,
Field observations (Ford, 1971) indicate that the ratio
ofdthe length of cave passage developed along bedding
) ﬁlanes to the passage léngth dovelopeddalong Joints ranges
from 10:1 to 100:1 in those caves where the solution -of
'bedding planes is at all significant.
- When the flow of unsdturated water follows beddiné
plane surfaces, solutional medification initially takes
the form of netwaorks of small diaméter conduits. Continued
solutional activity throughout the'rock masg produces a
"complex threse dimensional network composed of Bedding
Plane and joint eleménts oriented along the paths of ground-
water movement. As the conduit network becomes more efficient,
the overall hydraulic conductivity of the rock mass increases
to the point whare the primitive network is able to ac-
comodate mosgt of the avalilable runoff input. The net-
work of small conduits which exists at this time is the
precursor of the system_of much larger “"cave™ passages
accessible td spelaoclogists., The development of larger
scale, exglorableﬁpassages is a result of the selective
enlargement of certain elements of this complex, primitive
netwdrk. Eﬁiafging processes may here be defined as those
wixich operate to increase the diameiter of certain net--
work elements, rather than the overall complexity of thé

N
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‘network.
| .The processes involved in the selection of & main
drainage path within the framework of phreat c”elements

and ‘its subsequent enlargement may bé affected by ' such
factors as; the spatial variation of hydrauiic conduct-
'ivity within the network; the hydraulic gradient estab-
1ished across the network; thn geological structure of the
'Yimestone MaSSs the_infilling of network segments by
allochthonous or’agﬁgchthonous sediments.

. The phenomenon of Speleogenesis may therefore ﬁe
divided into two distinct "phasss™ (Ewers, 1972):- * the
primary phase of solutional modification of subsurface
flow paths, resulting in the formation of = complex,
three dimensional network of small diameter conduits; and
the secondary phase involving selective enlargement of
certaln segments of the primary conduit network.

Since the enlarging processesoinvolveduin the second
phase of cave development operats within the conduit frame-
work of.the first phase, the proper understanding of the .

. Phase 1 genetic sequence is a-necessary prerequisite to the
_-8tudy of largar‘scale passages amenable to?human exploratlon.
Many authors have attempted to formulate & "universal® .
theory of cavern genesis solely on the basis of observations
of Phase 2 passage systens (for example: Rﬁoades and
Sinacori, 1941; Bretz, 1942; Thrailkill; 1968). Since

- the processes operative in the.sécond phase of speleogenesis

F\ﬂ
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are subjﬁct to pronounch.spatial variation on both local
and regional scales, it is not surﬁrising that éuéh at;ﬁﬁﬁts
to cénstruct a "universal®” theory to explain the genesis
of explorable,passéges have been largely unsugcessftl;

| Degpite the acknowledged_importance of the early
stages of cave development (Ewers, 1966;JFord. 1971), =
7 relatively little is known about the formation of primary -
'coﬁduit systems. This problem is subjected to detaiféd
investigation in the remainder of this papef. A gseries of
laboratory analogue expsriments have been conducted to study
the evolution of Phase 1 cenduit syétpms in a bdedding plane

environment under varicus structural and hydraulic boundary

conditions.

-



CHAPTER II .°
THE SIMULATEON OF SPELEOGENETIC PROCESSES

A.. THE HARDWARE MODEL APPROACH
It is an unfortunate fact that the early stages of

"  speleogenesis are, to all intents and purpos;e. impossidle

to obgerve..- No means exist at the present time which
could provide sufficiently detai;ed information cOnce;n-
ing the initial stages of groundwatef circulation within a
limestone mass and the subsequent channslization of ground-
water flow by the action of solution processes. In addition
to the probiems imposed by inaccessabdbility, fhe nature of
the chemical reactions involved in fhe dissolution of
limestone~in water is such that the evolut{on of ‘these
systeﬁs proceeds very slowly, The abandoned remnants of the
primary or Phase 1 .conduit networks which may be observed
by speleolégists are ofien either of unexploradle dimen-
sions, or greatly modified by later processes unrelated to
the speleogenetic circumstances under investigation, It is
for these reasons that the Hecision.was made to investigate
the problem'by employinglgirdware modelling techniques in
a series of laboratory experiments.

‘The use of hardware models in geomorphology and
geology is well established. Morgan {(1967) cites nany

"instructive examples. In géneral, the hardware model
8

It



.

approach allows the experimenter to study individually the
variables which may be 1nvolved in the phenomenon under
investigation. The scaling of the operative boundary
conditions from the prototype to the model perhits the
manipulatien of both spatihl and-temporal factors for con-
venient study. This attridbute is of partieular value in
studies of 1imestqne solution ﬁroéesses, where the temporal
sea;e of the phencmenon under investigatiof may be orders.or
magnitude greater than the lifespan of the.

Hardware models have besen used in savex
in karst studies. Goodchild and Ford (19?1) simuleted the

rormation of scallops or “flutes™ on limestone surraces.

Stabdble scallop patterns were successfully generated on

caleium sulphate surfaces set in a small rlume operating
under closely controlled conditions.

Howard and Howard (1967) conducted & series of

'_laboratory experiments to study the kinetics of the carbon-

ate aoluﬁion process in a rock fracture environment. in this
case, artificial "joint™ openings were constructed by |
laminating rectangular blocks of limestone. Disfilled wﬁter
charged with & known amount of carbon‘dioxide was repeatedly
circulated . through the fracture opening. Samples were taken
at interval%to'determine the dependence of the amount and
rate of solution upon the total length of flow. The authors
ware able to investigate the effects of rock type, fracture

dimensions, and carbon dioxide partial pressures on the
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reactions in queStiop. Aléhough-thisJofatem is, 1n errect.

a full scale reproduction of the prototype, controlled

laboratory conditions were necoasary to yield the required

levels of precision. E . ' ' .
hﬁ%\ggtte:ns of groundwater circulation have been ouccessf

fully;simolated with‘var§ous types of electrical analogues,

Tie'diacrete or network electrical aﬁalogue replaces the

continuous field of groundwater flow with an e%?ctrical

circuit of 1umped resistance and capacitance elements (for ’

examples. seo: Bear et al. 1968, pp 381-390). The equivalence g

. betweon ealectrical conductanoo and hydraulio conductivity .

allows the anslogy to be drawn botween voltage values at

nodal points in the eloctrical network, and volumes of flow

at equivalent (or homo;ogous) points in the groundwater )

flow field. Similgrl&, fhe'capacitance-elements of an elec-

trical circuit may be used to simulate the storage of water

in.an aquifer. Bedinger (1966) utilized a discrete elool

trical analogue to simulate groundwafor c¢irculation patterns

in limestone terrain. He employed a simple network of -

resistance elements, each of which simulated either a bed-

ding plane or joint unit. The discrete electrical analogue,

however, is suitadble only for studieé-g?’éeneralizod pattorns.

of groundwater flow, due to unavoidadble approximstions

involved in the reduction of a continuous flow Tield to dis-

crots elements,

Ewers (1966, 1972) simulated the process of solution (\\
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in & horizontal bedding plane-element with a hardware model

in which salt biocks ware substitutéd for limestone gstrata.

"~ By injecting unsaturated splvent into the'inte;race of a

salt block and an insoluble plastic surface, he was able to

obgerve ‘the growth of simple conduit systens on beddi ‘
plane surracos. ' | | ; n&\\\\

Ina conceptually similar study, Reams. (1963) simulat-"
ed the evolution of domepita in a model system in which -
limestone was retained as the solute.-while dilute hydro- _
chloric acid was substituted as the solvent. In dboth 1nstances,,
the substitution of chemical systems produced. in a short
perioed of tlme. small scale solution features which were
found to be ‘morphologically analogous to much larger features
observed in limestone caves. This typa of model has been
criticized (Watson, 1965) on the grounds that the substitu-
tion of one chemical reaction for another ia not theoretlcally
justlfied This question will be dealt with in following
sections. =4 - o
B. THEORY OF HYDRAULIC MODELS

B.1 Similarity ‘ § A

"A model is a.man-made system by whose operation the
charaateristics of'nafuraihéyséems can‘be predicted or test-
ed.” (Allen, 1968, p 200)

IT a model system is to correctly simulate the opera-
tion of the prototype system, then certain requirements of ‘

similarity detween model and prototype must dbe met.



Similarities involved in fluid mechanics are gsometric .
‘similafity, kinematic similarity, and dyﬁamic similarity
(Yalin, 1971, Chapter 1), -Géometric similarity exists be-
tween prototype and model if the parts of the model have the
same shape asg the corresponding parts of the prototype.
Gecmetric similarity thus requires that the length ratios
of all gorresponding lengths in the model and prototype
be the sam;. i.e,

L. = Lip/Lim = L,p/ L,m = L,p/L,m = etc.
;iere Ip is a length in the prototype system and Lm is the
corresponding length in the model,” Lr is the langth ratio

" or scale factor.

If model and prototype are to be kinematically
similar, then the streamline paths of fluld flow in both
systems must be the same. Homologous points within the
model and prototype flow will then possess the same velocity

ratio, Vr, and the same acceleration ratio, A_., Thus,

V. =V,p/Nem = V,p/N.n = Vap/v m

.and AL = A,p/A T = A,p/A.m = Asp/ham.

Dynamic similarity requires that equivalent parts of
the prdtotype ahd model systems experience similar net forces.

In the case of fluid flow, the systems are dynamically

'similar if the shear ratio, the pressure ratio, and the

force ratios are the same at homologous points in the flow

szstem. In most fluid flow situations, the force of inertia

is. involved (Albertson et al, 1960, p 491), and four
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standard ratios of fluid forces have been devised to phﬁr&c—
terize fluid flow, each of which incorporates the force of

inertia. The fou;;uimensionless parameters (ivg/ in-

dependent of scale) ‘are as follows: ' e

Reynolds number (R, ) = inertia force/unit area
viscous force/unit area .

-

Froude number (F ) = inertia force/unit area
gravitational force/unit ‘area

* Mach number (Mg) = inertia forcg/hnit area
‘ elastic force/unit area

Weber numbar (Wo) = inertia force/unit ares
surface energy force/unit area

Complete dynamic simiiarity between model and prototype
requires that the value of each parameter is the same in

both the prototype and gﬁe model systems., BeéE/’;ﬂ;f the

low velocities involved in groundwater flow, only the Reynolds
number iz important in the case of groundwater flow models.

Many phenomena are strongly influenced by additionsal

‘factors for which an exact law of similarity cannot bde deter- .

mined; for example the mechanical propertiss of rocks and |

sediments, When this the case, empirical interpretations

of model data are required (lanhaar, 1951, p 74). In most
such instances, tests are run in the model during which
certain natural events are reproduced as accurately as
possiblé. Various scale factors are then adjusted until

the. behaviour of the model satisfactorily duplicates that

of the prototype. When the model has bdeen verified in this

manner, it may then bélused to predict the outcome of events
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in the prototype. This approach to model studies 1@ frequent--
ly adopted'in enginoering anslyses where quantitstive results
are roquireq-(llbertson et al,‘i960, Pp 501-507 give several
examples). This procedure is inapplidable in the present
study, bocauso no suitable data exist for groundwater flow

in limestone. either in unmodified fractures or in solution-
2lly formed corduits. Conseqnently, scaling a model of

- this system with verification techniques is impractical.

Hooke (1968) points out that model verification
‘techniques are of l1ittle use in studies concerned with de-
termining general felationships applicadle to a population
of systems, as opposed to a particular menmber of that pop-
ulation, He suggests that modelling in such instances
should follow a *similarity of process” procedure. In this
type of study, the model is considered to be & separate
system in its own right, rather than a smaller scale version
of the prototype. Hooke proposes three basic conditions
which should be gatisfied for simulation of a gsomorphic
prodblem using the similarity of process tochnique:

‘ 1) General scaling relationships must be mot.

2) The model should raproduce a morphological
characteristic of the prototype.

3) The processes producing this characteristic in
the model can logically be assumed to‘operato in the same
fashion in the protofypa. .

Hooke successfully employed this type of model in
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:a_study\of.alluvia1~rané.-‘klthough he states ?...absolute

phenomenon can't be observed.” (i.,e. the formation of

alluvial fans). the 1aboratory experirents suggested a

'logioal explanation for field obgervations and furnished

support for the explanation. Another exanple of a process

\similarity approach to modelling is the glacler model of
-Lewis and Miller (1955), in which 2 mixture of kaolin and

water flowing in an inclined treugh was found to simulate
certain flow characteristies of valley glaciers."

The sirmilarity or process approach is particularky
applicadle to the present study, in which an attempt is
made to describe the evolution of a population of geomérphic
features in general terms. This type of model allows the

delineation of the most significant processes operative in

‘the first phase of speleogenesis, while avoiding what Hooke

terms a "dublious quantitative extrapolation. from a model'to
a prototype™ (Hooke, 1968). The modelling of the first
phase of speleogenesis using a similarity of process model

requires the delineation of those njdraulic and chemical-

factors whioh most strongly influence the pattern of fluid

flow through a limestone medium and the processes of maso'
transfer along the. paths of solvent movement If these
factors are adequately reproduced in the model system, then
the bdbehaviour of the model may reasonably be assumed to

approximate'that of the prototype.

15

_certainty is practically impossidle to achieve when the real
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B.é‘ Fluidf?low in Limeeteﬁe
The first phase of spe}eegenesis involves twe'dietinctl
4typee of groundwater circulation. planar flow end condult
flow. Initielly. grouhdwater.flow ia<constrained to a
. systen of interconnected planar void spaces, primarily bed-
ding planes and jointe; Solutieflal modification of thess o
planar flow paths during the fi&e%'phase'of spesleogenasis
gradually transforms the initial network of planar elsments
to one in which groundwafer circulates primarily through an
integrated system of conduits. $ubeoquent eolutienai
activity selectively enlarges”certain elements of this .pet-
. work, therebdby increasing its hydraulic efficiency. Thus
the initial pattern of groundwater circulation through the
network of planar void spkces in the limestone mass can be
sesn t0o influence the subsequent'deve10pment of the Phase 1
conduit network.
. Groundwater circulation is fundamentally caused by
a difference in hydrosfatic head between the recharge (input)
and discharge (output) areas of the system. The rate at
which water may be transmitted from recharge to discharge
is & function of the overall-hydraulic gradient of the system
and the hydraulic conductivity of the medium. |
Because the unmodified fracture s&stem is most prod-
ably incapabdble of accemodating the entire input in‘}he re-
‘charge area (Ewers, 1972), the hydrostatic head (and the - -
location of th-wate;table) is defined by the surface of the
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rock mass. Consequently, the initial-hydraulic gradient
.of thé~rlow system is étrﬁcti& a function of the surface
t0pography‘existiﬁg at é::hZhset of groundwater flow,

' The hydraulic conducfivity of the rock mass is deter-
mined by two Btructural_facﬁora: the dqnsity of fissuration:
and to a lessger deéree, the transmissivity of the fissures
fﬁeﬁselves. Because the primary permeability of limestone

‘ can_be considered negligible, the nature of the fissure
network which provides sbcondary-permeébility is ‘the most
important factor controlliné the initial resistance to

“ groundwﬁter flow. The density and spatigl distribution of

_ peneffable fissures (i.e. the spatial variation of hydraulie
conduqtivity) has a great effect on the location of speleo-

¢ genetic activity in a limestone mass. For example, folding

-produces joints and may cause enlargement of bedding plane
~openings. Flexural slip folding, & type fregquently found in’
the cavern areas of the Apﬁalachians‘(Egameier, 1969).‘cau3es“
slippage along bYedding planes at the flanks of folds and
the formation of tensional Jjoints which are often conceﬁtrat-
ed near the fold crest. As a résult,éggq hydraulic conduct-

- ivity of the liméstonq ;ay be signifiéantly enhanced near

___the fold crest, possibly leading to-a'coﬁcentration <& '
groundwater flow and ;olutional activity in this are:T\x<\\_/(
Similarly, the presence éf faults, which -in some inétanﬁes
possess higher transmissivity than eithe? bedd;ng planes or

Joints, may provide a low resistance path for groundwater
<3

A
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flow, In a etudy of caves in New York state, Egameier (1969)
found that . “...raulte seem to have controlled the develop-
ment of nearly all the largeet cavern passages... (Egemeier, :
1969, p 100). |

While local variations in hydraulic conductivity in-
duced by tectonice activit&_m&y influence the pattern of cave
networks in plan, the avereée value of‘the hydraulic conduct-
ivity in a given region (derived from the fissuration density)
'may affect the nature of cave networks in the vertical dimen-
sion. Ford (19?1) suggests that the “"watertable® type of
~cave, typified by a concentration of passage development along
a 31ngle gently g8loping plane, may develop in those areas
where the fissuration density, and consequentiy the region-
al hydraulic conductivity, is sufficient to establleh & water-
tadble at depth during an early stage of speleogenesis

' The characteristics of groundwater movement during
the early stages of speleogenesis may thus be considered a
Tunction of the hydraulic boundary conditions (hydraulic
gradient and hydrostatlc head) imposed by the surface topo-
graphy, and the re51stance of the limestone medium to the
flow of groundwater (represented by the hydraulic conduct-
ivity). Since the magnitude and direotion'or‘groundwater
flow at various poinfs in the limestone mass during this
period st irongly influences the subsequent. development of the
Phase 1 conduit network, the nature of the groundwater

circulation resulting from these conditions is of great

°



inportance in any discussion of speleogenesis,

In & porous medium such as sandstone, the pattern of
groundwater flow may be described by Darcy's law and the
Laplace equations derived from it. Many authors have applied
these relatlonshlps to the prodlem of groundwater circulation
in :racturgd rocks, 1ncluding/1imestonos. Davis (1930) for
examp;e, based a deep phreatic'théory of speleogenesis on
flow theory developed for porous media,

In bdrief, Darcy's law poséulates 8 linear relation-
.thp between tEg velocity of groundwater flow and the hydrﬁulic

gradient, Darcy's lawlmay be written:

Q=XkaA %% - © B.2(1)
or v = 3-: x EI =Xk i B.2(2)

‘whgre Q is the discharge, k is the hydraulic conductivity
of the medium, 1 is the ‘hydraulic gradient or the headloss
(h} over a distance (1) in the direction of flow, and v is
an apparent flow velocity, often referred to as the specific
discharge..
| The linear relationship between Q and i is valid only
when inertial forces in the flow are not important, i.s.
under conditions of laminar fIow. Wheh groundwater .flow
becomes turbulent, equation B.2(2) becomes: _
v = kif | B.2(3)

where ¢ is the exponent of turbulence., The change from laminar
to turdbulent conditions is déscribed by the Reynolds number.

In porous media, the Reynolds number is defined as:
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Re = 22 | ' B.2(%)
where = is ‘the kinematic'viscosity of the fluid, and D is
a characteristic length given by a repfosentative particle
diameter, For water flowing in: completly filled conduits,
the transition rrom laminar to turbulent flow occurs at a
Reynolds number of approximately 2100. 1In riltration~rlow,
however, inertial forces become significant &t much lower
values of Re, - Investigations have shgyn that groundwater
Tlow dev;ates from Darcy's linear?relafionship for values 6:
Re ranging from 1 to 10. Hubbert (1940), for exampls. sug-
gests that the critical point is reached at a Reynolds
number of 4, while Yalin (1971) proposes a value of aﬁprox-\
. Imately 1.

In those instances where the linear Darcy flow law
applies, it 1s possible to determine the groundwater flow
vector at any point in the aquifer, and thus the . general pat-
tern of groundwater circulation.

Within an orthogonal coordinate system, the velocity
of groundwater flow may be expressed as the vector sum 6:

three component velocities given by:

vx'=&%§-,vy=%g—§‘;,v=kzg—l; 2.2(5)
where_kx, ky and kz are the magn‘tudes of the hydraulic
conductivity of the mediur in the x, y, and = directions
respectively., If the magnitude of %he hydraulic conductiv
ity is & function of the flow d;*ection, the medium is said

to de anisot ropic. Conversely, if the hydraulic conductiv-



ity of the_médium is the ame in all directions, the q@é}nm
is isotropic. W¥When the values of k., ky and k are independ-

ent of the coordinates of the point in question, the aquifer
is said to be homogeneous. ITf this is not the case, the
aquifpr‘is heterogeneous. In the simplest case of an iso-
tropic and homogeneous aquifer, EquationlB.Z(S) may be written:
v ka;‘.vy 8, v = =x B.2(6)
Todd (1959) defines a “velocity potential® () for
groundwater flow, such that: |
¢ = -xh , . ' B.2(7)
The negative derivative of the velocity potential with
respect to any given direction represents the fluid velocity
in that direction.
Equation B.2(6) may be expregéed in terms of #in
the form: | : ¢
- 3g 28 38 - 3.2(8)

. Vx Tax ' Yy T3y Yz T8z

All groundwater flow must satisfy the equation of

continuity (represgntlng the principle of mass conservation),

given by:

| 3oV | A% | New) ' .
- B"x‘hﬁay ég"z =¥ - B2(9)

where o is fiuid density and t is time. If the voild spaces

remain conétant in size and the fluid is considered to he

incompressidble. Equation B.2(9) reduces to:
OVy ¥y Ve . &
‘ox + 55+ sz -0 - B.2(10)

'Substltutlng the values for Vs vy and v,

B.2(8) leads to the expressionknown as the Ilaplace equation:

given by Equation
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;;‘é+ba§?+g—;£=o . B.2(11)
Equation B.2(11) may be represented in a8 two dimensional
graph by two families of curves that intersect at right angles.
The members of one se¥ of curves_asé_cailed fiowlines, while
the other curves are known as equipotentials, The flowlines
represent the paths alonglyhich water.barticles move in the
flow field, the velocity ;éctor at a given point being tan-
gent to =n rlo;iine drawn through that point. The equi-
potentials connect points of equal velocity potential (5}.

It is most difficult to determine the extent to which
such a flow net desceribes the circulation of groundwater in
a 1imest09e medium, which must be considered both anisotropic:
and heterogeneous. 1In spite of these conditions, Darcy Sidt
flow laws are freguently used as a first approximation to
groundwater flow in cavernous limestones (DeWiest,‘1965, P
161). 1In suech instances, the pattern of penetrable fissures
is often considered to be regular and homogeneous (a.g,
Rhoades and Sinacori, 1941; Rofail, 1965). Since groundwater
Tlow in.limestoﬁe is constrained to a network of linear
bedding plane and joint elements, the curved trajectories
described by Darcy flow theory are, at best, an approximate
representation of the actual paths of groundwater flow,
Piéure 2.1 represents a possible modification of Darcy - type
flowlines in = 1imest5ne medium,

The importance of the relationship between geological
structure and the hydraulic boundary conditions of ground-
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Figure 2.1 Darcy type flow in a fractured medium (after Ford,
1971) '

23




24

-watar flow has been stressed by several authors (for exsmple:
Ford, 1971; Waltham, 1971:; and Jennings, 1971). Various ag-
pects of geological structure may cause a significant dev-
iation from theoretical flow paths. 1In ganeral. bedding
planes are more effective routes for groundwater flow than
joints, due to their greater areal extent. Consequently,
the dip of bedding plane surfaces may control the_déﬁth at
which major- speleogenet;c activity occurs.. -In.horisontally
bedded limestones, for example, cavern development at depth
may be inhibited dy the presence of shallow bedding plane
routes which provide a vir?ually direct connection between
sink and resurgenc; areas. Conversely, deep phreatlic caves
“are frequently found in steeply dipping limestones, where
continuous bedding planes may conduct.water to great depths
(Ford, 1971). Waltham (1971) has proposed that the propor-
tion of joint to bedding controlled passages ig a8 function
of the difference betgeen the angle of dip and the overall
h&draulic gradient of-ﬁpe system, such that the. proportion
of joint controlled passages becomes greater as the dip
exceeds the hydraulic gradient, -
The pattern of groundwater circulation aﬁd cave

development may be further disturbded by lithological varia-

tions in a limestone ‘mass. Thin beds of insoluble chert or
.'shale may'inhibit:deéper penetration of groundwater, thus
causing cave passages to de perched on such obstructions

{Jennings, 1971).
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In summary, it appears that fﬁc heterogeneous and
anisotropic nature of limestone, combined with the influence
of various structur#l aﬁd lithological‘variaﬁleg. sevarely
restricts the appliéability of Darcy flow laws to ground-
water flow in limestone aguifers, iny in the most general
“genge can Darcy flow nats be said to describe the patterns

of oundwater flow In limestone areas. The spatial variabll-
iy of such important factors as stratigraphic dip, fissura-
tion density, and lithology enders suspect any general
theory of speleogenesis which pogtulates a preferred zone

of cavern development on the f Darcy flow theory.
Regional patterns of speleogenesis afa 80 strongly-influenc—
ed by local variables, that any attempt to syhthesize a .
specific speleogenetic sequence from field obsérvations‘in
widely separated areas must, of necessity, involve consider-
able generalization. It would appear to be more profitable
%o investigate those speleogengtic processes which operate

1o produce the smaller scale‘speleogenetic units common

to all cave networks; those units which togethar comprise
the primitive Phase 1 cave network, . @

B. 3. Pluid Flow During the First Phase of Speleogenesis
The - basic units of the Phase 1 network are the small

conduit systems which form along individual planar vomds

in the limestone mass, The neiwork may be viewsed as &
modular structure composed of interconnected planar units,

Although the regional flow field, and thus the patterm of
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thei;ntirg'netw{rk:structure, may be controlled by the
local dboundary conditions, ghe nature of the individual
modular elements should be largely independent of 1arge scale
pattarns or groundwater movement. ‘ _

The lmportance of the modular or 'buildihg block"”
concept has been recognized by Ford (1971). . He proposed
that where the ratio of penetrable bedding plane to joint
length is large, the basic speleogenetic unit consists of -
bedding plane networks ranging from discrets “dip tubes*
in high dlp situations, to snastomotic bands of tubes in
near horlzontal situations. Since bedding planes are
quantitatively the most important avenues for groundwater
flow during the early stages of speleogenesiQf(Ford. 1971),
the cave units which form in such environments were chosen
as the subdject of the model experiments,

The examination of- speleocgenesis at the level of

' such basic cave ﬁnits greally reduces the problems of model

simulétion.' If a "similarity of process"” approach is follow-
ed, it is then sufficient to reproduce the'paéhs of ground-
vater flow in a bedding plane environment angxtne chemical
processes which result in the removal of soluble\ﬁaterial
aleng these flow pafhs.

: The pattern of groundwater movement across a dedding
plane surface will be determined by two factors, the nature
of the dedding plane apdrthe hydraulic bouﬁdary conditions ™

governing fluid flow. Quantitative information concerning



the nature of uﬁﬁodifi&d bedding planes in limestone, and
particularly the ability of individusl bedding planes to
transmit water. is unfortunately unavailable, The presence
of bedding planes may be du§ to any ons of a vapiety of
phenomana suchfaé an interruption in sedimentation, the
presence of non-carbonate material (e.g. shale), or a change
in sediment size, Consequently, the nature of these surfaces
is highly variable. In general, the discontinuity which
develops is characterized dy & permeadility much greater
than the primary permeabdbility of the surrounding strata.

This enhanced permeability is apparenily caused by the
presence of numerous small opénings whose dimensions are det-
ermined primarily by the coarseness of the sediments com-
posing the surface of the rock units. The site and density ‘\
of these openings.varies over the bedding plane su:face. In
addition, certain areas of tha bsdding plana _may be disturd-
‘ed by the presence of fossjil fragmenfs, stylolites, chert
nodules, and argillaceous material. Thus, a "typical”
bedding plane may be considered to be a planar zone of enhanc-
ed permeabdility provided by a multitude of interconnected,
Irregular voids of varying si:g and areal disteridution. In
.effect, a bedding plane acts aé‘a two éimensicnal porous
‘mediun for groundwater movemen:t. At a sufficienily large
séale, the bedding plane may be considered as isotropic and
homogeneous, allowing two dimensiocnal versions of the Zlow

equations presented earlier to de used to describe the
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movement of groundwater across it. For exanple, the components
of the,fluld velocity vector at any point are given by

Equation B.2(6):
= ) 2h

x X ! V r ( =k g—h ' . o
where'g—-aro Similarly, the Lablace equation (Equatlon
B.2(11)) may be written: _ |

# + -5;’} =0 | B.3(1)
and ‘the flow net produced by a graphical solution or the
equation may be used to determine the paths of fiuid flow
and the distridution of the veloclty potential (@) across
the bedding plane. However, these equatioﬁ; are strictly
applicadble only ‘under conditions of laminar flow when the
Reynolds number is below the critieal value,

While it appears reasonable to represent bedding
planes as twe dimensional porous media, many authors (for
example: White and Longyear, 1962; Howard ar®¥Howard, 1967)
have depicted bedding planes as uniform planar openings
bounded by parallel strata. Laminar flow between paraliel
boundaries may bde descrlbed by the same differential equation
(and consequenily the same flow net) describing laminar flow
in a_two dimensional porous medium. The progf-df +his
analogy may be found in many texts (for example: DeWiest,
1965; Bear et al, 1968). 'In'brief, it may bé denansirated '
that the components of the fluid velocity veclior are given
by

v. =X g%-. v, = Kﬁ%% B.3(2)
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where'K.'ihe hydraulic eenductivity,'ie;proportional'to the
square of-ihe distance betwaen the boundaries of flow, .- The
upper limit for i;minar rlowlin this inetance“is defined
by a Reynolds numbder of approximately 1000 (DeWiest, 1965,
p 325). | | , _ _

' Although the general pattern of fluid flow'as defin-
ed b& a graphical solution of the Laplace §Quation is the
same in both instances, the characteristics of fluid flow

at a small scale are quite different., If a bedding rlane

is considered analogous to & uniform planar opening, then
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groundwater must be distridbuted continueusly across the plane,

However, in a porous medium analogy. gapundwater flow is
confined to a system of interconnected capillary tubes

whose boundaries are.defined by indlvidual granular—elemedte
of the limeetonef;;;faces. In essence, & "conduit”™ network
pracedes the onset of epeleogenesxs. )

While the generalized pattern of fluid flow 13 ident-
ical in both cases, the environment in which solutlon of the
limestone strata must take place is fundamentally different.
Since the model experiments required duplication not only

of the patterns of groundwater movement dbut also of the pre-

cesses of limestone solution, a (two dimensional) porous

L.

medium analogue was selected as most closely duplicating the

’-u

bedding plane environment.



C.  LIMESTONE SOLUTION PROCESSES
C.1 Solution Kinetics
The dissdlution of limestone (calcite) in water
involves three equilibrium reacfions:

CO(g) + H,0 =EH,C04

— et -
H2C031F‘H + HCOB

-2 :
+ CO3 _ .

The rates of these reactions are determined primar-

Cacoy = cat?

ily by the rates at which the chemical species diffuse
through the solution, in particular the rate at which certain
Epecies diffuse across a saturated boundary layer. 1In
addition, the process.of limestone'solution may be accelerat-
ed or retarded by the effects of temperatﬁre, Pressure,
solution mixing, and other chemical reactions (Thrailkill,
1968), |

Weyl (1958) determined experimentally that tha'diffu-
sion of solute acrogs the boundary layer effectively deter-
nines the rate of calcite solution. Applying the experiment-
2l results to the flow of groundwater in capillaries And |
fractures, Weyl found tpaf the solvent approached satura%ion
asymptotically, such that sblution virtually ceased after
& finite distance of flow, which he termed the-penetration
gistance. He defined the renetration distancé, 1, as the
distance to 90% saturation, given by:

Wi 2 .
1l = 242%333 » for a capillary environment



) -_2- . - . .
or 1=2% ohvd.- ’ for 2 Iracture environment,
where ¥ is the avarage rluld velocity, a ie the capillary
radius, d is the’ f}acture width, and D 13 the difrusion

o
constant’ ror calcite in water, ~Although subsequent lnvestig-

ation by Howard and Howard (1967) and Curlu(1?65).suggest that .

Weyl's formulation may be incorrect, -in generdl it appears
that weteroflowing through small capillaries.or fractures

: : . . &
becomes saturated a short distance frem the input point.

B

_ Consequently,-the‘rate:at nhich_limestone_is removed from a
givenﬁpoint‘iera runEtlon of the.nate et whicn.the eaturated
solvent is replaced (Ewers;-1972) In a bedding.plane "~ "
environment, the rate of solvent réie;;l at any p01nt (given
by the fluid velocity vector) is solely determlned by the
‘bedding plane flow field, and therefore ‘the hydraulic .
boundary conditions governing groundwaten movement, There-
_fore, a model whicn-repreduces the pattern of_soltent move-
‘ment will'reproduee the;initlal pattern of limestone sqlution
in 8 eedding plane enfifonment.
| The kinetlcglof the solution process also exert an
4influence upon the later stages of bedding plane solution,
as gnoundwater flow becomes confined.to individual conduits.
~ Kaye (195?)-determined experimentally that the reto at-whien
limestone dissolves in a condult environment is directly
dependent on selvent veloclty. it this 1s the case, then
in & developlng condult ne*work that condult whzch possesses

the.greateet flow velocity (i.e. the greatest diameter) will

~
]



ehlarge at the greatest rate. As this _conduit enlarges,

" flow velocity and therefore the rate of solution continues
to increase, with the net result being the establishment of
a single dominant conduit.

White ag: Longyear (1962) proposed that the rate of
solution increased dramatlcally as conduit flow becomes
turbulent. —-They termed this phencomenon the hydraulic Jump '

‘ and calculated that the rate of solution should incresse by

-g‘gactor of seven at the transition point. Consequently,
the acceleration of solution in the first conduit of a tube

'syéfem to achieve turbulent Tlow would result in that cbnduit
growing at such 2 rate that the development cf alternate
routes would cease..

The conditions of divergent conduit competition sug-
gested By Kaye (1957) and White an%;;ongyear (1962) would

‘bé extremely difficult to reproduce in a model sithation.

.However, recent work by R. Curl‘?1°65, 1974}, based on the
theory of d,ffusion nrocesses, has conclusively shown that
all condults in a given sysien are convergently competltive,
i.e. tending to the same diameter, in contras. to the hypo-
theses of Kaye (1957)-and White and Longyear (1962). Curl
found that the transitiop from laminar to turbulent flow
tenporarily delays, rather than. prevents, conduit convergence,

devekpment
Therefo*e, the pattern of networklis essen*ially independent
héﬁzf flow conditions within individual elements.
- C.2 Simulating Limestone Solution

/
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. In qrder to‘reduce the time required for‘the generition
of conduit networks in the labpratory models, it is necessary
to accelerate the dissolutién process, This is wmost easily
accomplished by substifuting a more fapid chemical reaction
for the calc1te/barbon1c acid system of the prototype.

Watson (1965) ‘has strongly criticized such substitutlons on

the grounds that the relationshlp between this type of model

and its prototypve is uncertain. Moreover, the scaling prob-

lems inherent in such & model preclude accurate comparison
of the model and the prototype in those instances where the
-chemical regction itself -is of prime importaﬁce to the opera-
tion of the pfototype‘system. In the case of limestone
solﬁé?bn, however, it has been démonstratéd that the element
of thé dissolution process-which actually contirols bofh the
pattern of the conduit network and the enlargement of ‘

individual conduit elements is the diffusion of the chemical

'species across a saturated boundary layer. If quantitétive

comparisons of the model and prototype are not requifed (i.e.
when & “similarity of process” model is enployed), it is
then possidle to model‘limestone solution with any mass

transfer process which is diffuszon llmlted as shown by
@

’ Goodchlld and Ford (19?1)

- .
The rapidity of a diffusion process is represented

by the value of the diffusion constant, D. Weyl (1958)

determined that the value of D in a calcite/water systen

is approx;mately 0.2 x 10'“ cmzsec'l. The diffusion process

~ . . | )
‘ 7~

o
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AN
_selacted for the ladboratory experiments was the dissolution
‘of ealcium sulphate (plaster of paris) in:water; This
system is aléb‘diffusion'limited, with a-D value of approx;-
mately 0.78 x 10™ -3 cmrsec -1 (Frank-Kamenetskil, 1955) '
Since the penetration distance is inversely pr0portional to
D, solv;nt flowing in the model env1ro.[ent becones effective-
ly saturated at a comparatl?ely short distancs f¥om an input "
ﬁoint. Consequently, the geomeiry of solution featurés
prodﬁced in such a model may:be expécted to de considerably.
smaller than the geometry of similar features in the proto-
type (Ewers, 1972). '
D. EXPERIMENT DESIGN
A series of model experiments simulating the first
phase of speleogenesis in & bedding plane have been performed,
adopting the "similarity of process™ approach. This approach
was selected for two reasons: the lack of detaiied informa-
tion concerning the first phase of speleogenesis; and the
highly variadle nature of the prototype environmént. The
similﬁrity of process approach simplifies the model desigﬁ
and allows the application of the experimental results toi
the general caée of conduit dévelopment on quding plane’
surfaces, |
| The models were designed to simulate both the‘pattern
of fluid flow in a2 bedding plane environment and the mass
transfer processes which result in the formation of conduit

syétems,
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The pattern of fluld flow is detormin?d by the

? distribution of a velocity potential across the bedding
plane sﬁrfacg; This distribution may be determined by solv~
ing the laplace equation (Equation 'B.3(1)) for the given |
boundary conditions. The direction of fluid movement at any
point is given by the Darcj'fiow net, a graphical representa-.
~ tion of the Laplage equation. For a given set of boundary -
éonditions. the fiow net will be the same for any“type of
potential_flow. sucﬂ as flow in a two dimensionai porous
-medium or viscous flow between parallel bounﬁaries. The
porous medium analogy as most closely ‘simulating the micro-
scale characteristics of fluid flow in a bedding plane
environment. Sincegthe lénear Darcy flotvlaws on which the
flow net is based apply solely to iaminar flow, fluid flow

in the model musf‘take place below the:critical value of the

Reyriolds number (Re ranges from 1 to 10).

erit, :

The simulation of limestone solution requires duplic;_
-ation of both the mass transfer process itself, ahd the
pattern of solvent movement and renewal, Since solvent renew-
al is govprned by the floﬁ field, the similarity requirement
will be satisfied if-lingar Darcy flow conditions exist,

The limestppe solution process may be satisfac?oril&lsimulat-
ed by any diffusion limited mass transfer sysfem. In this |
instance the prototype process was simulated by the dis-

solutioh o} calcium sulphate in water. Whilst this reaction

is diffusion limited, the value of the diffusion constant
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is much greater than in the Prototype systen. Consequently,
‘the model process takes place at a greater rate and with a
shorter penetration -distance. In addition. plaster of p&rzs
may dbe readily standardized and easily moulded into a varlety
of bedding plane conflgurations.

~ Two types of models have deen employed in this study,
In the flrst described in Chapter III, a bedding plane ig
simulated by a planar discontinuity moulded into a plaster
of paris bdlock, Solvent under a hydrostatic head is intro-
duced to a point on the edge of the bedding plane and a
.hydrau;ic gradient is.eet Up 2cross the surface.

In the sgecond type_of model, a bedding plane surface

is represented by the interface betwesn a granular plaster
of peris surface and an insoluble, transparent plastic sheet,
This arrangement allows study of conduit systems at various
stages in development This-model was employed in & series
.of experiments to study the affect of geological structure
on the pattern of conduit development. The results of these

/

experiments are presented in Chapter IV,



CHAPTER III
- TWO SURFACE EXPERIMENTS
A.  INTRODUCTION ) |

The experlments described in this chapter were design-
ed to provide data on the growth of solution conduits in a
beddlng Plane. In order to reallstlcally simulate the
prototype 31tuat10n, a beddlng plane snrface was represent-
ed in the models by a planar_gﬁscontinulty within a block of
pPlaster of paris. This 'twé*eurface" type of model (i.e.
with soluble material on both sides of the model plaﬁe) was
selected as the one most closeiy duplicating the chenical-
hydrodyngmic environment of the prototype.
. A number of eiperiments were conducted with this type
of model over an elight month peried, Unfortunately, technic-
2l problems associated with the desxgn of the model system
led to the failure of these experlments. Repeated attenpts
to resolve thesge problems were unsuécessful As a re%ult
the two surface model was .abandoned in favour of the single
surface-model described in Chanter IV. " However, the two
surface models supplied some limited information concerning
the initial growth of bedding plane conduits.
B. MODEL PREPARATION .

A bedding plane was represented in the model dy a
Planar dispontinuity within a plaster of paris block.
37
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- Construction grade plaster, manufactured by Domtar, (Canada)

Ltd. ("Quick Set" type) was used in all the experiments.

A plywood mold was constructed to the desired
dimensions of the model. The mold was constructed in such
& way as to facilitate disassemdbly on completion of t@e
casting process.
’ Input areas were formed by casting short lengths of
pipe, 5 ém in diameter, into the edge of the model at the
level of the bedding plane surface. |

Prior to casting, all ﬁpints in the mold were tempor-
arily sealed with tape and the input pipe closed with a large
rubber stopper., The assembled mold was then .filled to the‘
level of the bedding plane with a stand#rdized mixture of
liquid piaster. The mold was periodically vibrated to
release any air bubbles trapped within.the plaster.

The first layer of plaster was allowsd to set f&f
15 to 20 minutes, at which time & second quantity Jﬁ.liqufa
plaster was added to form the upper layer (i.e; rock stratum)
of the model.  The comﬁieted model was allowed -to harden in
fhe mold for a period of 8 to 12 hours. The mold was then

disassemdbled.

Because of the high primary permeability of the plaster
of paris, it was necessary to sesl the surface of the model
" %o prevent the undesired seepage of solvent from within the

plaster block, A combination of shellac and epoxy glue
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ias used for this éurpose. -In order to obtain proper ad~-
hesion of these substances to the model, it provéd necess-
ary to thoroughly dry the plastsr block. The edges of the
bedding plane, with the exception of the input and output
areas, were gealed with eéoxy glue.l ﬁpoxy was also appliéd
to the surface of the model in thé area of the input pipe.
The epoxy was allowed to cure for 24 hours. The surr#ce |
of the model was then sealed with 6 to 10 coats of thin
@ shellac. The shellac was allowed to dry for a further 24
; hours,
c. APPARATUS T
The apparatus ié shown schematically in rigure 3.1.7
To ensure that the phreétic conditions of theproto-
type environment were maintained during the experiment, the
model was placed underwater'in.g iarge tank fadricated of
reinforcad glywood. The modeis were securely fastened to
a plywood mounting board with padded clamps. This aséembly.
was then placed'in the tank in the desired position. Due
. o the combined weight of the model and the mounting board
‘& mobile hoist fitted with a 3:1 dlock and tackle was con-
structed to 1ift the models into position. The tank and
mounting doard were sufficiently large %o accomodate a single
model 1 m square, or several smaller ﬁodels.
The input system consisied of a constant head reser-
voir ccnnected *0 the model input(s) with flexible tubmng,

as shown in figure 3.1.
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D. OBSERVATIONS

A series of experiments were conducted using models
with a horizontal bedding plane and a-single'inpuf area
(figure 3.2).E‘Tedhnical prodvlems inhgrent in the model
design caused the fa&;ure of these expéfiments. Conduit
developmopt in the models was impeded to such an extent
that it proved impossible to create systems of_sufricient
length thaf the input and ou#put were coﬁne;tbd.

The two most serious prodlems encountared &uring
these experiments were: the failure of the sealant materi-
als to confine the solvent wi?hin the model; anglthe slow
rate of conduit formation. - .- | .

The introduction to the model inpﬁt of solv;nt under
& hydrostatic head established a pressure gradient at the
surface of the plaétef. As a result, the sealing materials
were subjected to considerable stress,_particul&rly‘in ﬁhe
vicinity 5& the input. In addition, prolonged immersion.

1of the model caused thgwbond between sealant and plaster to
deferiorate. Tﬁéée factors combined to cause frequent ruptu;—
ling of the epoxy and/br shellac layers, usually in the vicinf
ity of the input. Solvent was then able fo escape from the
interior of the nrodel. Because the primaxy ﬁerméability
of plaster of paris is qQuite high, solvent escazped even in
those instances when the area of'sealant failure was not .

located on the edge of the'bedding plane. -

The probdlem of sealant failure was exacerbated by the

~
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slow rate of conduit formation. ~For example, the largest
network produced required over 44 hours to reach an overall
length of 13 ¢z, at which time the sealant ruptured and
conduit growth -(in the cdirection of the outnut) ceased,

Two interrelated factors abpa*e tly re aﬁded conduit growth:
The low hydraulic conductivity of the bedding vlane;: and
the retention of air in the porge spaces of the plgster.

The model bedding plane a“oduced by the two stage
castlﬂg process does not provide s measurable opening for
fluid flow. The beddi ng plane 1s actually a planar concen-
tration of void s“aces within an otherwi se hozogeneous
plaster block, The low rate of condulit g*ow th suggests that
the hydraulic conuuct1v1 'Y of this surfﬂce is “ela*ﬁvelv
low,

The drying Process required for orover adhesion of the
seglant inevitably trspred air in the pore spaces of the
plaster. ¥Fluid flow required thet this air be displaced,
further increasing resistance along the bedding plane,.

These factors resulted in the failure of 17 experi-
menis during the period of-the investigation,

E.  RESULTS ) |
The two surface modeis failed to generate the complete

networks required for the Investigation. However, it is

[ X2

possible to make certain general observation concerning the
formation of bedding plans conduits. ==

- Plate 3.1 shows s typical set of conduiz networks.
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In tﬁie inetanoe, solvent wasg infroduced along a 7 cm
section at the edge orjihorizontel beoding plane. The net
hydrostatic head of the input system was 45-co: ,
L ' Conduit eystems formed at ﬁoiﬁte B; C, D and E on the
. eXposed edge of the bedding plane, Tﬁese points eﬁparentlj
orferedAless reeietanée to fluid flow than the remainder
of the area, thus favourlng conduit development. The
individual networks are predomlnantly dendrltlc in pattern.
The long axes of the networks are roughly oriented ;n the
direction of the output.

The large condu;t segment at (1) connects the input
to the fracture visible at (2). Thie fracture formed near
the corner of the bdlock, probably during the drylng process.
As- the network grew from point D, it apparently-breached
fhe fracture. The full hydrostatic héad of the input sysrem
was then trahsmitted along the fracture to the surface of the
‘;block. The stress tﬁue created rupfured-the sealent layer
at this point, establishing a direct connection between
network D and the exterior of the model. The central conduit
enlarged rapidly, incorporating most of the origiqal den-
_drific_network. This conduit soon ceptured all the avail-
able lnput The scallops viszble on the walls of the large
conduit are characteristic of turbulent flow over soluble
surfaces (Goodchild and Ford, 1971).

- The low hyoraulic conductivity of the model bedding
plane is evidenced by the "blind" conduit sections visidle

- - &
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at several points (e.g. points 3 and &4, Plate 3.1) in the

;. networks, At these points the enlarging network has aban-
doned the beddlng plane, travelling for a short dlstanoe '
within the plaster stratum before returning to the bedding‘
plane. This phenomenon suggests tha* the hydraulic conduct-
ivity of the bedding plane is often less than that of the
solid plaster which surrounds it. Examination of the bed-
ding plane at these points revealed no visible irregularities.
The existence of such areas implles that elsewhere the
dlfference in the hydraullc oonduot1v1ty of the model bed-
dlng plane and the surroundlng plaster is also quite small,
This 15 in marked contrast,to tho'prototype.situation, where
-the primary permeability of limestone is negligible in
comparison to the secondary permeablllty provided by bedding
planes. _ _

Despite the apparently slight increase in hydraulic
conductivity afforded by the model bedding plane (in comp-
arison to the hydraulic conductivity of the surroundiné
plaster), condui* development was essentlally regiricted
to the beddlng plane surface, Fluid flow in the zone of
enhanced porosity providec by the bedding plane was sufficient
to initiate conduit forme: *ion, which suggests that & separa-~
tion betwesn limestone strata is not a Prereguisite fol
the formation of solution conduits in the prototype. This
supports the p“ev1ously oostu_a ed analogy beitween proto- .

type beddlng Planes and two dimensional porous nedia,



B,1 'Conduit'Netwbrk Developmént s

x The predominantly dendritlc conduit pattern visidble
h'ln Plate 3.1 is in marked eontrast to the Phase 1 networks
commonly observed on near horizontal bedding planes in
natural caverns. The model network ‘has bdranched outward .Jﬂsi
in several directions from the input. apparently seeking to A
fully occupy the entire bedding plane surface, Slmilar -
.condltions in the prototype commonly result .in the formation
of parallel, anastomotlc bands of conduits, separated by .
-unmodified sections of tﬂe bedding piane tPor@. 1971).
However, a small amount of inferconhact{oﬁ is evident be--
tween individual dendrites (Plate 3.1, points 5 and:6). 1In -
addition, the primary conduits of the nétworks are anast-
omotic in. some areas (Pla?e 3.1, points 7 and 8),

The low hydraulic conductivity of the model bedding

plane mway have influenced the.pattern of conduit growth,
Dye injected into conduit systems similar to those shown
in Plate 3.1, failed to penetrate the Dbedding plane fur*her
than 6 to 8 mm beyond the llmlt of fingertip conduit forma-
tion. Scuh could not,be the case had a cantinuous flow
field ‘been establ*shed between the 1nput and output. 1In
the ‘apparent absence of fluid flow across the dedding planed
to the output, the solvent renewal required for conduit -
growth may have beéé, in pari, the result of the di’ fusion |

of solute species from the conduit network to the input

system, Since the hydraulic conductivity of the bedding



plane.was evidentl§ ow; the rate at which saturated solvent
was removed from the network by flUld flow acroSs the beddlng
‘plane may have besn sufflciently slow to permit the diffu-
_sion process to significantly influence the pgttern of net-
wockrormation. However, insufficient data exist to evaluate
_this hypotﬁosis. ' | ' |
Tho slow rate of conduit gonaratxon assoc1ated with
the low hydraul ¢ conduculvlty of the bedding plano may
havo contridbuted to tho dendritic pattern of condult growth.
The networks appear to be most elaborate near the llmi of
conduit rormatlon, partlcularly 'in those instances where
conduit formation ceased as the result of sealant fallure‘
neau the input, The largs number of small distributaries
observed at the networﬁ/sa“gins may have developed duriug
the subsequent stagnatlon of the networks. The comparative
lack of these features near the input appears to support -
such an hypothesis,
‘ Small quantities of insoluRle material, Presumably

neQuently observed inw

derived from dissolved plaste 'y Ware T
the disttlbutary conduits of the networks, It is p0381ble
that the- accumulatlou of *hls material nay have inhibited
solution in the flnge'tlp condults. causing blfurcatlon.
The accumulation of insoluble meterial may be of great
significance in the_p&ototype,lwhere'iarge quantities of
surface derived sediments are often 1ntroduced into sub-

surface drainage systenms. Because the early stages of conduit
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-development are associated with low flow velocities, fine -
sediments (e.g. clays) are those most likely tc: be trans-
ported through the network o the fingertip conduits. Thus,.
the effect of sediment on tha pattern of prototype network
'development will depend on both the type and quantity of
‘sediment input. o
E.2 Conduit C:oss—Seqthn , - | -
 The two gurface models allowed fhe study‘or conduit
growth in cross-section. Prototype conduits frequently ex-
hibit‘a roughly elliptical cross-section, often with a'
~greater degree of incision in the upper surface of the bedding
Plane (figure 3.3). White and Longyear (1962) suggest that
the development of an elliptical cross-gection ig linked to
the transition betwsen laminar and turbulent fiow in the -
conduit. They propose that tﬁe increased solution rate in
the turbulent zone leads to the eventual development of
an ellipticél conduit, as shown in figure 3.4, However,
their sequence of conduit forms was not observed in the
experimental conduits. Thqse\conduits were roughly circular
'in cross-section, ranging in'diameter from 0.1 mm to 4.0 mm,
In'éddition. the conduits were approximately centred on'the
bedding plane, Because fluid flow in the networks was
laninayr, White and .Longyear's hypothesis predicted fhe devel-
opment of a non-elliptical cross-section. However, the

experimental conduits are Quite different from the initial

Stages,of conduit development envisaged by White and'Longyaar.
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Figure 3.3

.

Bypothetical cross-section showing

form of many Prototype conduits.

-

the elliptical
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Figure 3.4 Hypothetical sequence of conduit forws resulting

in an elllptlcal cross—snctlon (a’ter White and
Longyear, 1962)
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The mucH'larger conduits (approximately 13 mm in diamﬁter)
which formed_befween the inpﬁt and areas of sealant failure
are also approiimately circular in crogs-section. Since
the scalloped.sides,of such péséages indicate that rlui§f
flow,ﬁgs turbulent, it is apparent that the flow regime has
not affected conduit shape in this instance,
~Because the model is chemically siniiér to the proto-

type, the development of elliptical prototype conduits cannot
be e;plained solely on tfe pasis of hydrodynamic.iggtors, as
_ suggested by White and Longyear (1962). ' |

_ The deveioPment of alliptipodX conduits has also been
suggested'to be a consequence of such factors as the shield-
iné effects of sediment (lange, (963 ) and the action of y
' mischunés korrosion along the exposed bedding plane (Bogli,
| ). Conduits formed id?nviéonments which are unfavour-
able for these processes frequently exhibit a circular cross-
section. Ford (1968) observed dip tubes of circular cross-
section %P steeply dipping strd¥a, where sediment accunula-
tion is inhibited. ‘In addition, the early stages of speleo-
genesis, during which such passages evqlve; are characfef-
ized by relatively low bedding plane hydraulic conductivity,
which inhidits the mischungs korrosion process. This is
anglogous tq the model situé%lon. in which the'quantity of
sediment ﬁacumulation is smal;, aggfgpe nigchungs- korrosion
phenomenon is inoperative, 1In ;ffect, the models appear to

duplicate the prototype conditions least favourable for the



development of elliptical conduits.
- F, CONCLUSIONS |

The‘technical pfoblems,associated with this type of
moael precluded the study of conduit formation under various
poundary conditions, sincg it proved impossibdble Eo isolate
- the systematic effects from the §ariables under study.
Consequently, the two surfaéérfyp§ of model was abandoned
‘in favour of the single surraée modéls'desﬁribed in Chépter
IV,

Despite the fallure of #he experiments te provide
" data adequate for the purposes of ‘the investigation, several
conclusions may be dréwn cohcerningithe early stages of
speleogenesis, ‘ A'

1) The model bedding plane closely resambles the

two dimensional porous medium analoguae previously postulated,

The hydraulic conductivity of the model bedding plane appear-

ed to be only slightly greater than the hydraulic conductiv-
ity of the solid plaster. The resultant low conirast in
hydraulic conductivity between the ﬁedding plane and its
bounding strata establishes less favourable coﬁdifions for
concentrated solvent flow than exist in the -prototype, where
the solute-strata are relativelj impermeable., Despite these

- comparatively unfavourable conditions, conduit formation

53

was essentially confined to the bedding plane surface. This

suggests that a two dimensional porous medium is a wvalid

analogue to the prototype environment for solvent flow and
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conduit formation, .

~

2)  The pattern of the experimental conduit systems

was primarily dendritic, in contrast to the anastomotic -

conduit networks observed on low gradient bedding planeé

in the prototype by Ford (1971) and Ewers (1972). This
dendritic pattern may be the result of several factors,
primarily the low hydraulic conductivity of the model bed-
ding plane,

Conduit growth requlros the replacement of saturated

gsolvent a% the sqlute/éolvent interface, The pattern of
conduit growth Is thus a function of the pattern of solvent
flow within the conduit network. In the ‘protoltype situatlon,
saturated solvent is removed from the conduit network by
fluid flow across the unmodified bedding plane. Study of
fluid flow in the model networks indicated that a continuous

flow field did nqt exist be%wﬁen’the conduit network and ﬁhe

output area of the bédding plane, Consequent;y, solvent

.renewal by the process of diffusion between the conduit

environment and the input system may have been an important
Tfactor in conduit f&rﬁétion.

The effect of the diffuéion process on the pattern of
conduit growth is uncertain. Howevér, it is reasonadle to
assume that this process will be most significant in this
type of enviroﬁment, i.e. where solvent #elocity is léw and
the rate of diffusion of solute species is high,

The increased elaboration of the conduit networks
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near-the limit of conguit,formatioﬁ may be iinked to the
stagnation of the network as fluid flow is diverted to

other routes. This suggests that the dbranching nature

- of these conduits 1s in some way a function of the rate

of solvent flow in the netwdrk. | o L Coe
The aceumulation'of insoluble sediment in‘;he dis-

tributary conduits of fhe ﬁetyorks may have inhibited the

growth of these condgéff. thus-étimulating the difurcation

process and hence the development of a dendritic conduit

system during the early stages of spelesogenesis,

3}  The circular cross-section typical of the model
conduits }s in contrast with the elliptiecal crosé-section_‘
common to prototype conduits. The similarity between
Fonduits formed inbéonditions of laminar flow and th&se sub-
jected to turbulent flow indicates that solvent velocity
does not influence conduit Shape in this instance. This
in turn suggests that the elliptical shape of some proto-
type conduits may be caused by a factor (or factors) not

simulated in the models, such as the mischungs korrosion

phenomenon or the shielding effect of insoluble sediments.



CHAPTER IV
SINGLE SURFACE EXPERIMENTS

A.  INTRODUCTION | - L
In the following\e ‘eriments; 2 bedding plane has

f;een simulated b& the contact between a plaster block and

" an ihsoluﬁle plastic surface. This "single surface” type of -

~~model (so-called because only one of ths béunding strata of

”  the bedding plane is sqluble} was uééd to study'the effect

of hydraulic gradient ﬁnd stratigfaphic dip on the develop-

o ment of bedding plane con@uit.syéfems.‘ | %.
The single surfgce model has three advantages compared

“to the two surface‘modél.used in.the preceding experiments..

Pirst, conduit-growth'én@ network devélopment nay ﬁe observed

directly through the transparent .lower surface of the bedding.

plane. Second, the injection of dyed fluid into the bedding
plane permits-%isualizgtion of the f;uid_fléw ﬁattern. ‘
Third, a model design has. been developed by Ewers tr972)
whi#h afoids the sealant probdlems_of the two surface nodels.
However, si;gle surface models provide limited data on
conduit growth in cross—section.*bécaﬁse solution is un-
realistipélly restricted fé one surface of the beddiﬁg'plane.'
The plaster surface of the bedding plane was molded
with a granular texture. When this surface was placed in

contact with the plastic surface, the resulting intergrenular

56. :
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spaces provided an avenue for fluld flow (f;gure 4 1)
The model beddlng plane thus possessed the fluid flow
Vcharacteristics of a two dlmensional porous medium., Con<
' 'sequently, the pattern of fluid flcw in the bedding plane
eould be_accurately determined given the hydraulic boundary
._;onditioné of the exﬁeriment. Because the hydraulic’conduct-
1v1ty of the beddlng plane far exceeded that of solid blaster,
the singla surface models provided =z mors ravourable env1ron-
ment for condult formation than existed 1n the two surface
models. | .
B. . MODEL PREPARATION
The modeis consisted of plaster of paris-blocks,‘
'sealed'on five of the six sides. The remaining side.(28.5
em x 40 cm) formed one surface of the model bedding plane.
Solvent flow beﬁyeen the plaster block and the plastic sur-’
éace upon which it rested resulted in the rormatioﬁ of
éondui? networks in Fhé plaster surface. The texture of this.
surface was determined by the nature of the mold used in the
casting process. Two'different molds were usedrror the
Q?expériments, both being constructed of.a latex rubber com-
pound manufactured by General Latex and Chemlcals, td.

The fz}st mold formed a bedding plane surface of a ?
wniform,’ fine.granular texture (figure %,1)., The bedding
plane surface of the mold was the image of a sandpaper
surface (120 grade, "open coat” type). A sgiies of. experi-

ments conducted with_thié surface suggested ‘that bedding
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plane morphology plaj;d,an important rdfte in othrminingl‘
the pgtterﬁ of conduit fbrmation.' Coné;gﬁent s a éecond-
mold was constructed which produced a mofg irregﬁlar-bed—
ding plane surface. This mbld waa'formed on a sgrfacp 9;_
medium grade emerj_cloth which had been aeﬁled vifh.a thin
layer of polyester':esin; Small dfoplets_of polyesgter resin
were then applied to the surface in a2 random pattérn. The
“droplets spread into the surrounding intergranular spaces,
forming ¢ircular obstructiéns ranging in diameter from 1 mm
to &4 mm (figure 4.2), | )

A éypical model is shown in Tigure 4.3, The models
were made as follows. The mold was placed on a level
surface and '00; rubber stoppers set on the.mold in the de-
sired input-output configuration. 1500 cc of reagent gradeN
CaSQ, was mixed with 900 ml of distilled water iﬁ a iarge
- vaceun vegsel. The liquid plaster was then subjected to a
vaccum of 20 inches of mercury.. This removed some of thé‘
air intrdduced into the plastér during mixing, The plaster
was thén.poured iﬁto the mold and allowed to set under o
thin layer of water for 2 to 3 hours. The model was‘keﬁt
-saturated at all stages of the experiment %o pbeveht <the
ébsorption of air by the plaster. ’

After the plaster had set, a layer of waterproof
material was cast around the top and sides of the dlock, A
. eoncrete patching’compound, fQuick Plyg” bfand, manufactured

- by Bondex (Canada) 1td., was selected as the sealant because

Q:

o



Q.

—_—_— o
e PLASTER s T
. - o * o - - * .
- - - - -~ .
Ba

. -.‘\. .‘\ o~ bof
i /‘/\A.Z\ el d /\/l.a/\/\
. N ————— g ———

\_ ;
OBSTRUCT:ONS/

pz_As;\r:c SURRACE.

N

/ . -
§§gure 4.2 Cross-section of model beddlng plane (Series 2:

irregular plaster surface)

.60

LY



61

——

. . i
-
N
. | INPUT
SE.ALANT\
R S o T A SR SR T
e
: o
PLASTER—/ \_BEDDINC: PLANE
T SURFACE ,
(NOoT TO S¢ALE) )

Figure 4.3, Vertical cross-section of model showing placement

of input and output areas



\ . : : _ : .
. of its ability to bond to wet surfaces., The 3ealant was

‘cast around a reinforcing layertpf'l/h.inch'mesh wire screen,

The completed model was allowed to set for a minimum of &
hours under & thin riln of water,

After the sealantAhad hﬁrdened, the modél*was removed

from the mold and iﬁmersed in a saturated solution of Caso,,

within an.airtight container. The contaﬁ;;; was repeatedly
evacuated to extract air which‘might have become trapped
near the surface of the plaster, |
C.  APPARATUS - ' |

. The construction of the apparatus ié‘shown in figure
bk, | . B

The completed model was placed on a transparent,

water-filled plastie pillowghwhich in turn rested in a glass-
bottomed tgnk. A separate piaétic sheet was“placed between
the model and the pillow to protect the piliow sﬁgface. The
edges of the bedding plane were sealed to the plastic :ieet
with a thin layer of grease, thus.conff;E;Q the so}xent to
the interior of the\modéi. Dﬁring the'inétallatioh of the

model in the apparatus, the tank was filled with a saturated

- solution of Casou, ensuring that air was excluded from the

bedding plane., After the model was sealed to tne plastic

surface, the clamp was tightened, coﬁpressiné the pillow

\/--\,‘until the block was in firm contact with Qe plastic sheet

" over the entire bedding_pléne. The overflow vent fitted to

the pillow was adjﬁsted so_that the hydrostatic head applied
' >
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to the pillow exceeded that of the input system, ensuring
fhat the plastic.furfaca remained in firm contact with the
model, ' | ’ ‘

| The -input éystem-éupplied distilled water to.the model
input,undér a cénstant hydrostatic head. Eleciric metering
pumps. supplied solvent to the overflow reservoir through |

2 degassing column as shown in figure 4:&. The coiumn served

to collect air bubbles from the input line before the solvent

' reached the bedding plane, The maximuh-capacity of the input -

system was approximately 14.2 ml nin~%,

‘_~ The model discharyge was colle!!gd in a™column of 3/16

fihcp diameter_fiéxible'tubing. Fluid wss extraqted'from
this column through 8 small suc%ion tube leading to a col-
lecting bottle.. Suction was maintained b§.an aspirator con-
nected to the bottle. The difference in heightybetweenthe
effractioﬁ point in ghe.output tube and the overflow level
in the iﬁputrresérvoir representis the net hjdrostatic head
of the input system. .
D.  OBSERVATIONS =
© D.1 Pluid Flow

A series of 17 experiments was undertaken to determine
"the effects of h&draulic gradient and stratal dip on the
formation of Phase 1 conduit systems.

The input-output system selected for these experiments
is shown ir figure 4.5. Since the model bedding plane was

designed as a two dimensional porous medium, it is possible
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Figure 4.5 Plan view of model bedding plane showing placement
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to determine the pattern of rluid\géow across the bedding
piane given the geometric relationship detween input and
output efeas and the net hydrostatic head of the system.

A generalized flow field corregsponding to the-experimental
boundary conditions is shown in figure 4.6. This flow net
‘is strictly correct only for fluid velocities satlsfylng the
requiremente of 1inear Darcy flow, _

- The position of the flow lines and equipotentials
shown in.figure 4,6 remain unchanged regardless of the -
hydrag}ic gradient of the system. A change in the potentlal
applied to the input will change only Ah, the difference in
potential between adaacentlequipotential lines, Thus, the
pattern ef fluid flow shown in figure-#.é was common to sll
the experiments. o o

Although hydraulic gradient does not affect ?he
pattern of fluid flow, it does determine the megnitude of
the fluid velocity vector at a given point. Consequently,
the hydraulic gradient of the system may influence the@rel-
. ative growth rates of indi?idua} conduits in a developing
network,

When dye was injected into the bedding plane, the
fluid was observed to flow across_%he bedding plane in the
_pettern predicted by the Darcy flow net. Caleculations of
the Reynolds number based on the velocity of the advancing
dye front yielded values ranging from 0.8 to 3.0. Thus the
condition existing in the unmodified bedding plane is
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apparently one of linear Darcy flow. Hdwever, smﬁll devia-

tions were observed between the flow net and tﬂ;Thctual
gg&tterh of fluid flow. Local variations in the hydraulic

onductivity of the bedding plane allowed more rapid flow
ih some areas than in others. Thzs\;henomenon caused the
dyed solutlon to advance across tﬁé’beddlng plane. unevenly,
giving the interface betweethe dyed and colourless solutions
an irregular appearance.

D.2 Conduit Formation

The formation of solution conduits began\with the
iIntroduction of unsaturated ;:E;ént into the bedding'plané.
The dissolution of Ca804 occurred as the saturated solution
initailly filling the bedding plane was displaced by unsat-
urated solvent, =

Initially, solvent flowed through the intergrahular

void spaces in the pldster surface, Because the diameter

of shéﬁ-opéhinéé'is small, the penetration distance of the

unsaturated solvent is also small (épproximately 1 cem),
Consequently, solutional activity was initially limited to
the aresa imnmediately surroﬁnding the input point. The
remainder of the beddihg plane ‘exhibited no signs of modifie-
ation. .

The intergranular spaces varied both in size and in

density, The resultant small variations in the hydraulic

‘conductivity of the bedding plane were observed to be closely

linked to the initiation of conduit formation. Areas of



relatively high hydraulic donduétivity tended to concen-
trate fluid flow and therefcre solutional acfivity. .The more:
- rapid enlargemenf of the origiﬁal void-spaces in éuch areas
further increased-the hydraulic'éonductivity, increasing sol-
vent flow and solute removal, This §roce$s resulted in ?Ee
-format%pn of distinct conduits, exténding radially Sutwaéa
from the inppt point. = The conduits were oriented roughly
parallel to the flow lines bf the Darcy flow net.

- Ewers (1972) observed that the rate of conduit growth
in such situations was dependent upon the hydraulic gradient
along individual flow lines. In effect, the shortest flow.
line in a givenuflow net should determine the path of the
dominant conduit in & Phase 1 neitwork, In the model conﬁgl
figuration shown in figure 4.6, the central flow line
possesses the greatest hydraulic gradient. Accordingly,
conduit systems should develop.a dominant conduit along this
flow line; The experiments coﬁfirmed the éeneral tendency
of Phase 1 networks to develop in this manherk However, in
many instances variations in the morphology of-the.bedding.‘
plane (particularly with respect to the spatial variation '
of hydraulic conductiviity) caused significant.deviation £rom
the prédicted ?attern. | '

The formation and development of distinct conduits
was observed to proceed in the following sequencé. Initial
solutional modification of the besdding plane ook the form

of anastomotic bands of small conduits less thag,l mm in



‘diameter. The bands were less than 1 cm in width. These
conduits were essentiail& énlarged intergranular void spaces;
interconnected in an anastomotié pattern. Continueg-solventl.
flow caused the central conduits of the band to coalesce into
a single large coriduit. This central conduit continued to °
inerease in diameter, whiie no further development was ob-
served in the. remaining anastomotic sectlons of the condui*
This process frequently resulted in the conplete absorwtlon
"of the anastomotic conduits by the ceniral condult The _
development of a typical conduit is illustra ed in figuréﬁh.7.
. -D. 3 Technical Problems

‘The single surface=models proved to be much more”
succéssful than the models usqd in the preceeding series
of experiments., However, certain problems were experienced
which affected:the inferpretafion of the experimental results.

- Three distinct problems were encountered; the -
presence of air in the bedding plane; improper sealing of
the model %o the plastic surface; ané’the accunulation of
insoluble material in the bedding plane.

Ai} pockets frequently bduilt up within the bedding
plahé. Their size and distribution was significant becausge
fluid flow was effectively excluded frox then. Consequenz-
ly, the paittern of £luid flow no 1onéer corresponded exactly
+o the flow net shown in figure 4.6. 1In sufficient quantity,
air pockets completely conirolled fluid movemeht and the

pattern of conduit formation. The net effect of air pockets
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withln thc beddzng plane was to introduce 2 contrel on

condult rormation whxch could not be- reproduced from one

experiment to another

A

A second problem was presented by the occasional
failure of the seal betwoen the edge of the bedding-.plane
and the plastic surface. Such failutes oroduced effects
g8imilar to those observed in the two surface experlments.;
In brief, the area of sealant failure prov;ded a new output
generally closer to the lnput than the original output.

As & result, rluld flow was divented from its original’ path

and condults became oriented ooward the new output

| During th%latter stages of an exneriment small
quantltles of material wer e observed in the frznges of the
_.network, ‘*hls Proved to’ be the insoluble residue of the
dlssolved plaster. The accumulatlon o:.thls.materlal was

influenced by the inclination of the bedding plane, At

large dip angles, the res;due collected in the dlstrlbutaries‘

of the conduit netwo-k, i.e., the lowest points of -onduit
system., This- ef;ect became less pronounced as the beddlng‘ J
blane approached a horlaontal oos;tlon. In some instances,
the presence of such materiail Seemed to cause the distribu-:

tary network at the tip of an advancing conduit to become_

=~ -

' more elaborate.” The effect of this phenozencn on the overall

pattern of network growth is unclear, although the tendency

of sedzmeg. accumulatlon to stlmula te bl;urcatlon was also

‘ noted in the *wo surface experlments.
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Lhese systematlc e*-ec s were, suffzczen» to cause

the failure of approximately 40%. of fhe exveriments. with-

=

in a p eriod o"s;x months, eleven accen able experiments

wr
n

e

were comoleued~ nost o;_wh ¢ch were influenced by t e

e

factors to varying degrees. Consequenfly,-each e iment

e

4]

was sudbject to a unique set of complicating Zactors, fori
example thé siZe and &ist;ib utlron of “air pockets, The_gxact:
replication of bedding plane couditions fr'm‘One ;xpeja-

. . e
mgnt.to’tbe;next pfoved impossible. Thus, c¢ompariscn ’
between'txperiments mﬁst necessarily de 07 a general natune

N

? D.h‘ Da‘ta : K ("i.' .

Two series of experiments (desig cnated 1 and 2) wers \\

congucxed under various comtinations of bedding plané
clination-and hydraulic gradient. ™ = = .
: -~

Series 1 - ‘-

The model bdedding plane used in this series of exceri~

b]

menis was composed of ‘granular eleme mately

~ -

'.n

18T 0f approx

.

equal size, distriduted evenly across the su_‘ace._ Tive
&ccentableiex eriments we“é produced w;t.;»“s type f sur-
face, thféé’at_aﬁ inélination 0f 15 degrees ard t#b at.an
incliﬁatién‘of C desgrees. The resulzant conduit networks

. \
are shown.in Plates 4.1 through 4.5 Lo T

The anastomotic natune of conduits in tRe eizwlv

stages of fO-m&blOﬂ ig clear* evident in +the advanced

. . . p - .
areas of the: cenduit netwerks, The more mature conduiz

* . E) -t

sections nearer the input generally appear as deeply

ct

- - *

. s . ’ e - ) ’ . . -
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ingised single conduité. This progression of conduit formg\
was observed in each experiment.

.The formation of a large-cavity in the inpﬁf area
was observed in several _experiments (Plates 4.4 and &,5).
This feature developed at the beginning of solvent flow,
inereasing in 'size as the experiment progressed, Its'
formatipn may have been due, in part, to the size of the
input opéning.- Thls phenomenon wag not noted in a series
of similar experlments conducted by Ewers (1972), in whlch
& much smaller input was used,

The first‘experiments were conducted. ;t an inclindfion
of 0 degrees, and varylng hydraullc gradients. The most
successful of these. experlments are shown in Plates 4,1 and
4,2. The hydraulic gradient wes varied py changing the
. distance between the input and oﬁtpﬁt points on the bedding
plané, while maintaining a constanf hydrostatic head. The
deraﬁiic‘gradicnts of experiments 1 and 2 were approximate-
ly 1:3.5 and 1}2.5. resnecti@ely.

Neither experiment was successful in generating a ~
éomple te conduit network (i e, a direct connectlon between
inpﬁt and}:utput) Conduit formation ceased in experiment
1 after failure of the bedding plane seal near the input,
Experimeht 2 was halted by the accumulation of air in.the

. bedding planej

The pattern of conduit/E;;:;opment in both cases

was strongly infiuenced by the presence of air Pockets in



the bedding plane. Figure 4.8 shows their distribution in
experiment 1. Solvent flow and. conduit development were o
concentrated in the unrestricted aiza of the bedding plane.

The bedding plane in experimengmzﬁan even distribution of

air pockets asross the entir; surface. In the latter

stages of this experiﬁ;nt. the restrictive effect of thege
impermeable areas caused the.cessation of conduit develop- (L7
pent.

While conduit nétwofk 1% developed freely on an area
of thé beddiﬂg plane which was largely free of air pockets,
conduit developmént in experiment 2 wss ccmpletely controlled
by these obstructlona The widespread @istribution of air
__pocke.s limited conquit formation to two main routes, pre-

sumably areas of comparatively low resistance to filuid
novement, By restricting the number of routes availadle
for conduit formation, the obstructions encouraged tﬁe
development of esgentially linear conduits. The relatively
unfestricted\COnduit network- of experimentjl*aonthe other
hand, coqgists of a multiplicity‘of smail, anastomotic
conduits, : R
The imporiance of variations in*hydraulic conductiv-

ity is furgﬁzF illustrated by the short lateral conduits ‘
- visible at points 1 and .2 in Plate 4.1, and point 1 iﬁ_ Plate
4.2, These linear conduits connect the input to small,

dome shaped depressions in the plaster surface. These °

irregularities wers inadvertently formed during the casting



sketch showing distribution of air
£illed areas and 22jor conduit routes.

Figure 4.8 Experiment 1:

.
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process, The pPlastic surface was unabdble to conform to the
depressions, leaving an opening in the bedding plane. The
resistance of such areas is much less than the resistance'of
the smaller lntergranular voids forming the remainder or

the Medding planas. Consequently, fluid flow was attracted'
' 7/

© to these areas. Once the opening was connected to the input,"

conduit devbl0pment became reoriented toward -the output,
However, the central conduits of the network had advanced
more directly-bowar& the output; raising the hydraulic
gradient of the central route.‘_Conseqﬁently, solvent fiow
was gradually diverted from the 1ateral conduits and they
ceased to develop. .

— In general, the pattern of conduit development
in both experiments was strong_y controlled By varlatlons .
in the hydraulic conductivity of the bedding*plane.' The -
initial hydraulic gradient of the model system had no
discernidle effect ‘on the network aattern

Experiments 3, 4, and 5 were conducted with & con-

stant hydrauiic gradient and a dip of 15 degrees, Although
‘the boundary conditions of the experiments are 1den»1cal,
the resulting networks are quite dissimilar, The differences
-between the netwo:ks were apparently the resuli of varia-
tionslin bedding plane hydraulic conductivity, » |
The beddlng blane in experiment 3 (Plate 4.3) was

largely blocked by a numdber of smell air bubbles. The
resultlng network essentially consists of a single dbq%rif

-~
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connecting input and output, Thenpath of this conduilt was
obgerved to be controlled by the distribution of impermeable
areas (1 e, air bockets) acrogss the bedding plane, The
experiment was terminated shortly after the conduit reached
thte output area, completing Phase 1 conduit development.

In axperimedt 4 (Platelb.b), air penetrated the‘
beddiﬁg plane in'two'sepérate areas, - Several large air
pockets were 1nadver*en*ly 1ntrodnced near the input, as
shown ln figure 4,9, Smaller 31; pockets were observed
near the left side of the output, The.impermeable areas
near the input split the solveﬁt flow, causing the forma-
tiod of & number of small conduits, which developed a%t .
similar rates. Purther growth oZ the eonduits on the lef:
side of the bedding plane was retarded by reduced hydraulic -
conductivity near the1ogtput. The experiment was stopped
dt this ﬁoint after the input system failed.

The bedding plane in experlment 5 (Plate 4,5) wasg
more nearly free of obstructions, although a rew small air
DPockets were observed near the input. Tke resulting network
exhibits relatively poor channelization. In addition, a
large cavity developed around the. input. Conduits which i?//
dﬁd develop are comparatively poorly celineated (for axample
the anastomotic baﬁd visidble at point 1, Plate 4.5)%

-The experiments of Serles 1 suggested -that the natte“n
of conduit development was strongly influenced by the varia-

bility of hydraulic conductivity on the model bedding plane.
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Figure 4.9 Experiment 4: sketch showing distribution of air.
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filled areas and major conduit routes.
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The scale and location of impermeadle areas on the plane

apﬁgreﬁtly detefmined fh% nature a&ndé course of the.fesult
conduit system. - The effects of bedding plane inclingt;
and hydraulic gradient, if any, were oSsqu:ed_by thi
Dheﬁomgqpn.

uSeries 2 - )

In view of the arparent connection be.wee“ beddin

plane irregularities and the initial chanielization of

-solvent flow, 2 more irregular plast rqgﬁrfaca was exploved

n this series of experiments: The surface consisted of 2
nunber of'randomly distridbuted plaster obs*‘” tien

1]
X
*J-
ct
3
b
)

.

a matrlx of sma;le“ granutar elemen ts. ‘A cross-sectlion of -
the bdedding bla is shown in figure 4,2, The raised
obstructions presented smaller openings for fluid govezen:

when compared with the surrdunding intergranular £oaces.

por
[
o
f

The nrevious exner;.e“.s had shown ."a“, under “ig
condivions, conduits tend to cevelop parallel to flow lines

of the Darcy flow net. 3Secause the fléw line patters is

independent of hydraulic gradient, it was possidle to
. . -
simplify experimental conditions by.holding thet gradient

constant and varying only the inclination of the dedding
plane.

Condulvs were successfully generated at dips of 13,

-

30 and 45 degrees. The resulis of *bese experinents are

shown in Plates 4.5 through .11, ®

.

Dye injections showed that the plaster obstructions
) - 7 P »

- -
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perceptiﬁly affected fluid flow; however their-errect on the
initial stages of conduit formation appeared slight

Although the. obstructions were effective in channelling

-

.the earlier solvent flow, lateral solution soon removed

the 6bstructions, allowing the;conduits,to nerge. Cbn—
sequently, large solution cavities once again formed around
the input. In general, the plaster obstructions appeared
to be.insufficient, both in number and in size; to appreci-
ably affect the process of conduit formation.
The presence of air pockets in the dedding plane
was a signif@cgnt.factor in several experiments, exerting
definite control on the preferred 1ocat16n of conduits, 1In
general.‘those experiments 'in which air pockets B;gnifiéant-
ly affected conduit development were characjerized by
relativelf simple, well defined, linear networks of conduits.
Those experiments Which were not so affected, on the’ other
hand, are typified by wide, poorly defined bdands of conduits,
Expgriments 6 and 7 were cqnducted at an inelination
of iS degrees, Experiment.é is typical of thoss experiments
in which the bedding plane was Ifree of air pockets.‘

During the early stages of solvent flow, a multitude

- of small conduits began to extend outward from the input ,

point. As solvent flow continued, these conduits inereased

inrlength,-folléning curving pafhs approximating flow.lines

. of the Darcj flow net. Continued solution caused the conduits

nearaest the input.fb_increase in diametexr to the point where




[N

the conduits meréed, :obming a large cavity around the input
point. As this process continued, tne cavity increased in’
size, Eventually; conduit formation.became concentrated
along a small number of separate routes, and the cavity
ceased to enlarge,

The resulting conduit network is shown in Plate 4.6,
Conduit development is concentrated in the centre of the
bedding plane and consists of broad bands of anastomotic
conduits, of the type common to horizontally bedded lime-
stones (Ford, 1971). The oostrnctions are préeervcd‘in
the form of "islands” within the conduit bands,_indicating
that such features are cdpeble of influencing conduit forma-
tion to a'certain ent‘nt Howsver, they do not appear to
: _have affected the overall pattern.
| A similar network dcveloPed,in experiment 7 (Plate
5.7}, In‘this instance however, air pockets ware observed
in'several areas of the bedding plane, as shown in figure
%.10. These obstructione distorted the pattern of conduit
formation and eventually blocked: the output area completely.
Once again, conduitAdevelopment was concentrated in the .
- cenire of the bedding planc. in the form of poorly defined
bands on anastomotic conduits. ' |

Experiments 8 and 9, conducted at a dip of 30 degrces,
produced patte“ns of conduit development that differed
markedly from one another, In. both instances, conduit

formation was-strongly influenced by air pockets in the
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Figure 4.10 Experiment 7: sketch showing distributionf

filled areas and major conduit routes.
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bedding‘planc. e "'Cf ) |
The conduit network which dovelopod in cxper;mcnt 8,
shown in Plats 4.8, was influenced by several aﬁall air--
| pockets noar the input area. _These impermeable areas
apparently 1im1tod the of the solution cavity around
the input. The conduitsfzzzth formed 8t the marglns of
the colotion cavity cro more sharply defined than in tho
previous experiments. The air pOcketc divided solvent flow
into a number of dlstlnct routes, each of which dovolooed
a woll defined conduit These conduits follow curvmng paths
typical of Darey flow. Once again, conduit development
7 was most extensive in tho ccntral zone of the bedding plane. E
Conduit development ceased at the stages shown in Plate L.8
following falluro of the input system.
| The conduit network which developed in expefiment 9
‘was influenced to =& huchrgroator dogree by air pockets. The
distridution of the largoét‘impcrmcablc areas in shown in
figure 4,11, although small aif pockets were scattored
throughout the bedding plane, The resulting—conduit network,
shown in Plate 4,9, is similar to the network which develop-
" ed in experiment 3, at a dip of 15 degrccs. o
- - Alr pockets near the input restricted solvent flow
to a small number of routes. Coﬁsequontly, fluid flow was
effectively channciizod from the earliest stages, as in
'cxperimont 8. Doring the lattcf'stages_of‘the expariment,

c¢onduit development was almost completely controlled by

-
T
. -
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Figufe 4.11 Experiment 9: sketch showing distribuction_of air
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filled areas and major conduit routes.
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impermeable areas in the bedding plane, o
The dominant conduit of this network formed in the T
central‘area of the bedding plane, along the line or greatest |
hydraulic gradient. Anothor large conduit (Plate 4.9, point
1) was cut off by the bend which formed in the more advanc- - "
ed central conduit Pollowing completion of the central : o
_conduit this conduit experlenced renewed growth joining o ‘ié
the central conduit at point 2, Plate 4.9, This junetion
is shown in detail in Plate 4,10, The anastomotic nature
 ‘0£ the primitive conduits mey be clearly seen, PFurther |
development of the network was inhibited py the limited | <
capacity of the input systen,
.; Conduit network 10, formed &t a dip of 45 degrees,
is shown in Plate &4, 11. This experiment was completely
free of the influence of air rockets in the beddxng plane,
. The resulting conduit- network exhibits boor channelizs-
tion. Unrestricted flow durlng the initial stages of the
experlment resulted in the formatlon of a8 large numbar of
small conduits extendlng outward from the input. Tateral
solutibn,subnguently cagsed these conduits to coalesce,
forming a singleclarge cavity. Fluid flow eventually
‘became concentrated in a broad anastomotic band of conduits

in the cenire of the bedding plane, Secondéfy conduits

developed at poxnts 1 and 2 (Plate 4,11). T
E. RESULTS .
= -

The single surface models were successful in generat-



ing Phasge 1 oonduit notuorks undor a varioty of gtructural
and hydraulic boundary conditions. Howovor. the interprota-
tion of -the experiment rosults is hamparod by the variability
of certain parameters ‘of the model systen, notably the-
hydraulie conductivity of the bedding plane. -Tho variation
of such factors from one oxperiment'to tho'next.pauSQd.
- @ach conduit\netiork to form in . a unique environment. Tﬁﬁs."
comparison of the experimental rosults must nocossarily
~be qualitative in nature '
E.1 Network Pattern
The oxpoctod relationship between dip and network
pattern was not observed in the oxporimontal conduit net—
works, Indeed, the pattern of the model networks appears
to be unaffected dy oodding plane inclination. The pattern -
rof conduit;formatinn was apparentlj determinod.by:‘
(a) the bedding plane flow field; and (b) the morphology
of the bedding plane. o
In the absence of other controlling factors, conduits
- were observed to follow curvilinoar patterns approximating |
the flow lines of the Darcy flow net. The growth rate of
individual conduits were proport ional to the hydraulic
gradient of that particular flow line, Consequently,'
- conduit development was frequently concentrated along the
‘relatively direct flow lines in the centre of the flow field.
This pattern was observed by Ewers (1972)'in_similar experi-

nents, ) -



The pattern of individual conduit networks was
'frequently influenced by the variability of hydraulic con-;
.ductiVity across the- bedding plane, Variations in the size
and distribution of relatively impermeable areas within the -
bedding plane.caused marked variations in the pattern of
conduit networks'deveidped underdotherwise identical
boundary conditions. |

“In general, the ‘more heterogeneous the bedding plane.
thé more. linear was the resultant conduit network In
those experiments in which the bedding plane was relatively
homogeneous. conduits developed along a number of hydro- .
dynamically simil utes. Although the central fiqw.route
eventually dominaijg:j;gb networks by virtue of its slightly
greater hydraulic gradient, the networks characteristically
exhibited relatively limited conduit development. Those
networks which formed on more heteroganeous badding planes
exhibit marked channelization of solvent flow along a com-
paratively few.flpw lines. - | \

The linear networks which developed under condifions
of stfang bddding plane control are similar to the networks
generated by Ewers (19?2) on salt surfaces, This suggests
that the bedding plane surface employed by ?wen\\may also
have baen heterogeneous in nature, Because the fluid flow
characteristics of BEwer's models were evidentlg more stabdble
than those of the pnesent nodels, this heterogeneity may

have appeared in the form of variations in the solubility



_or'the salt‘surface; ' ‘ ' .

Such variations in the chemical—hydrodynamic ‘
characteristics of the bedding plane may ccgvcniently be
included in the general term 'bedding plana Morpholcgy .
The experimcntal results ‘indicate thatfchanges in network
pattern previously attributed to thpainflucnce or geologic.
structure, esspecially dip, on the pattern,of g;oundwater

_flow (Ford, 1971) may, in fact, de caused by variations

. pattern or the Phase 1 network. The discrepancy between

Y

:"-'\ "

I

in bedding plane mcrphology. In those experimen;\ in
which the bedding plane remained reasonably homogenecue.

/
bedding plane inclinatlon had no discernxble erfect on t§§

the experimental results and field observations of proto-
type networks may be caused by several factors. -
Bocause field observations are restricted to aban--

doned segments of-Phase 2 conduit systcmé; the possibility

axists that geologic'atfucture afrpcts only the second phase

of speicogenécis. Thus, the relaticnship between stratal
dip and network pattcrn would not. be apparent in studies of

-Phase 1 networks.

‘The exploration of many prototype netwcrks:hay be of

insufficient detail to reveal the true nature of the network.

The parallel “"dip tubes” observed by Ford (%971), for
exanple, could be either separate networks or individual

.elements of a larger network.

The pattern of scdicgﬁﬁ accumulation observed in

100 -
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experiments conducted,st large dip mngles suggests a further
explanation. which is discuSsed in the rollowing section. R
 E.2 Sedimentation in Condpet anironments .
* . . The single surrsce models used to study tﬁe develop- T
ment of Phase 1. conduit systems on inclined bedding planes ﬁ
~ were not designed to provide data on sediment accumulstion.
However, the small smount of autochtionous sediment produced
'r—Jinxthe models indicated that sedimentstion may influence
the pattern of Phese 2wconduit networks. B
The pattern of sediment sccumulstion was observed to
be closely related to the inclination ol the bedding plsne.
If the plane was horizontal, sccumulstion occurred through-
out the network owever, if the model was inclined, sedi-
‘ment accumulation s concentrated in the 1owest\sections
of the developing network. _This tendency bacame more
Pronounced as dip. increesed A larger volume of sediment
'whether autochthonous or allochthorious in origin. could
severely restrict fluid flow in small conduits, thus divert-
‘\—ing solvent {low to the laxrger, contral conduits of the
developing network This process would fsvour the develop-
ment of a relstively small number of large conduits, rather
than a more complex network of smaller conduits. Similarly,
sedimentation occuring after conpietion of the Phase“lth
network would tend to first block the smallest conduits,

theredy restricting conduit enlargement to the larger conduits

of the network, Thus, the observed tendency of prototype
S !

o
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- networks to pelleSS ¢ompiex on Btg&pl& ﬁipping surfaées may
be the result of localized sediment accuhhiﬁfion'dufiﬁg.
the early stages of aﬁeleogenesié. Unfortu_nately, in-.
..sufggcient data'exiét to evaluate this hypothesis.
i:E:B,;pondu;t Cross-Section

Due to thg nature.of the single surface models, fhe.
experiments. were unadle to provide data on the shape of .
conduits in ecross-section. 'ﬁowever, obéervations of the
early stages of conduit formation sugéest that the lateral
growtﬁ‘of‘bedding plan? copduits takes in such a way as
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to favour the eventual development of an elliptical cross- -

gsection.’ ' .

The final form of the majority of model conduits
is shown in figure %,12(a). This forhn developed under
conditions of laminar flow. In the p%ﬁtotyﬁé} in which both
gr the bqunding_strata are soluble, this pattern may reason-
adbly de assumed to develop as shownlin figure h.12($).
Continued solution will evéntﬁally.cause the individual
conduits to coalesce, giyiﬁg rise to a single conduit of
elliptical cross-sectioﬁ.‘ |
r. ‘CONCLU$IONS

The formation of éystems of Phase 1 ;onduits was
successfully simulated under =a variety of experimental
_ bouﬁdary conditions, Howeve;, the fesﬁlts were étrongly
influenced by technical difficu ties associated with the

model apparatus. The systematic errors_thus introduced



Figure 4.12(a) Model conduit in the later

Figure 4.12(b)

CROSS - 3ECTION (A-A")

stages of developuenﬁ

©

-

BEDDING PLANE .

Hypothetical sequence of

prototype conduit forms
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restricé the compariédﬁs whiCh may be drawn, both be%weep
individual expertmgnts and between model and prototype. .
Conégquently, thé.experimental results gre upsuited to
detailed quantitﬁtivp analysis. However, certaln qualita-
tive ‘conclusions may be drawn concerning several aspects of
speleoggnesis. | _

1) The pattern §rrthe€Phase 1 model networks was _
appdrently unrelated t0o the h&draulic.gradient of the system.
Con&uits tended to adopt curvilinégr'cotrses paralleling
the flow 1ines of the bedding plane flow net, All other
factors being constant, the flow line pattern is lndepend—
-en? of hydraulic gradient. Because conduit orlentatlon lSH
solely dependent'oh‘the directlon of solvent flow as governed
Sy the Darcy flow net, network pattern is thus independent
_-of hydraulic gradient. e '

: - 2) The apparent relationship between network
patrgrnrand stratal dip observed in prototype networks was
not manifest in the experimental nefﬁorki.- In the absence
- of compliéating factors, the pattern of conduit growth
appeared to be controlled by the Darcy flow net peculiar to
the boundary condltlons of a\glven experiment. Individual
conduits formed in such'a way that, at any given point,
the conduit paralleled the direction of solvent flow, In
this insténce[ the pattern of solvent flow is a function
only of the inrut/butput configuration. The orientation of
the model éonduits is thus unaffecfed by the inclination
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“ of the bedding plane, However, this may not_be the case

ror certain input/butput co 1gura iomE in the prototype.

Several hypotheses may‘ e advanced to account for the

apparent discrepancy betwee experimental results and
field obse“ tiond of pro¥biype networks. | "Jﬁr"
~ The model syster mey‘be an inadequate reprasentation .
" of the prototype. Aithough the models reproduce the theoret-
ical fluid flow characteristics of an "ideal” bedding plane,
' several factors of possxble sxgniflcance were not slmulated
Sueh chemlcal-hydrodynamlc factors as misehungs korrosion and
variations in rock solu?ility, for example, ware not iné
corporated into the experiments. In addition, further
experimentation is necessary'to esteblish,the significance
of the systematic errors inherent in the experimentel '
apparatus;' - |
The scale of many prototype networks is a matter
of some conjecture. The paralle;,/ésileper"dip tudbas”
observed by Ford (1971), for example, mé}\be iﬁterpreted
as either autonomous or noh—autonemous conduits. Detailed
field observationsg of small conduit systems are reqﬁired_to
resolve this probdlem, q?
Field observations of prototype systems are essential-
iy limited to Phase 2 conduits. The possibility exists that
the processes involved in the second phase of speleogenesis

are in some way influenced by geologie structure, The

present models are inadequate to evaluate this possidbility.

A

AN



3) The pattern of conduit development was strongly
influenced by the variability of hydraulic conductivity |
'nithinbthe mcdel,beddingeplenen Thc size and distribution
| of relati;ely impermyeable areas in the plane were obéerved
to control the pattern of conduit formation. In the absence
of such irreguiarities, conduits wene free to develop along-
-a-variety of solvent flow paths. -As the density of.obstruc-
tions increased; conduit_formation becane confined to fewer -
.Ir utes. Under highly restricted flow conditions, the model
{:itwotji took on 8 simplified, linear pattern resembling
that the 'din‘tubee' obssrved by Ford 51971) in steeply
dibping strata, Unrestricted solvent flow produced more
complex networks *esembling those commonly observed in
horizontally bedded 11mestones.

. It seems reasonabbe to assumne that prototype bedding
planes also vary widely in their ability to iransmit water.
Such factors as the presence of stylolites, the accumula-
tion of argillaceoue material, variations in the-grain
size of the solute surfaces, and the effect of tectonic
activity influence the hydraulic conductivity of limesione
bedding planes. These phenomena are undoubtedly Significant
at the level of individual bedding plane units. However,
their effect on the overall pattern of network development
is as yet undesteruined. -

&) Tha distnlbution of autochthonous sediments within

the model networks was observed %o be dependent upon the
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inclination of the model beddlng plane.;‘Although the
Tquantit:.es of sediment present in the models ware apparently

vlnsurficient to influence the pattern of conduit'rormatlon.

this may not bdbe the case in the- prototype. The relatively
impure . prototype solute will yleld greater quantlties of
autochthonous sediment. In addition, varying amounts of
allochthonous sediment may be supplled by surface stresms
entering the subsurface drainage system,

-

Should 1nsolub1s sediment dbe avallable in‘gufficient

‘quantity, the smaller elements of a developing network may

become wholly or partially blocked the“eby Joncentrating
solutional act1v1ty in & small number of larger conduits.

" the experiment results are insufficient to evaluate -
the effect of sedimentation on the psttern of network
development.‘ However, it seems probable that_this phenom-
enon.may present & link between stratigraphic dip and the
pattern of'network groeth in the prototype. The experiment-
al Eesults‘suggest that steeply dipping_strsta present the
optimum condition%\éor seiectdve sediment blocking, and
hence the formation of relatively simple networks. Thus,
this. phenomenon may explain the relationship between net-
work pattern and strstal dip obseved by -Eord (1971)..

5) The sequence of cgnduit‘rorms observed in the
models appears to offer an explanation for the ellipticay

cross-section of msny'prototype conduits. .Initially, indive

~ idual conduits appeared as an anastomatic band of very
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small condui Aa the _conduit developed, a larger tube -
formed i the centr. or this band. The resultant conduit

consisted ol\a central imary tube‘tlanked'by.qgastomotic

bands of smalle ts; Continued enlargemenf of this

type of condult the prototype environment could result
in‘the fo ion or a 3ingle conduit of elliptical cross-

section  .~—-



CHAPTER V
|  CONCLUSIONS' . e
‘ Limited success was achieved with the slmilarity
of process models employed in thzs study. Interpratat;on
of the experimenthl results was severely restricted by
two factors: the random systematic errors 1nherent in the
rather unrefined model apparatus; and the limited number
of successful experiments. Consequently, the experimentzl

quantitatlve _analysis required to establish th ffects

resulis are considered to be unsuitable for thg\getailed
of 1nd1V1dua1 varisables within the model system, However,
certain conclusmons of a qualitatzve nature may be drawn
on the basis of observa ions of condult formation in a. -
modeluanvironment.

1) Ihe'models were successful in generating
conduit networks exhibiting many features sommon to sroto;
type bedding plane networks. This suggests that the two
~ dimensional porous medium analoguik}yhich forms the basis

of the models, adequately simulates the chemical-hydro-
dynamlc environment of prototype bedding planes.

2) 'The pattern of the model conduit networks
appeared to be unrelated to both the hydraulie gradient of

the system, and the inclination of the bedding plane. In

the adbsence of severe Sysiematic effects, the pattern of
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 the path of maximum hydraulic gradient).

conduit develoPment was a function of the badd:ng plane

.flow fleld Indlvidual condu1ts paralleled the paths of
‘solvent movement descrlbed by the Darcy flow net. The ‘
'fpattern of D&rcy flow lines in a two dlmen31onal porous
'medlum is solely a functlon of the geometry of the input/
~output system. Therefore, the pattern of ccndult develop—

‘ment was’ independent of both hydraulic gradient andlpeddlng

plene lnclinatlon. ,
| .The networks which developed in the s;ngle surface
models.yerg_typlcally complex. composed of anastomotic zones

of small diameter conduits. These networks develpped a

dominant conduip_zone in the central area of the bedding

' plane, along the path of most rapid solvent flow (i.e.

Devistions from this pattern occurred when systerapic
effects caused hydraulic- conductivity to vary across the
bedding plane'sdrface. The degree of control exerted by
such heterogeneity caused ;arked differences in the pattern
of cohdﬁit networks developed under otherwise identical

conditions. Differences between individual networks were

 directly attributable to the affect of variations in bedding

plane.hydraulic conductivity on the pattern of solvent
flow, ' -

It seems reasonable to assure that the sare process
is operadle in small scale prototype netrorks. However,

insufficient data exist to determine the importance of this
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enomenon in the development of larger scale cavern systems.
3) Although the experiments. were not de31gned to-

xtudy sedimentatlon in a cavernous env1ronment.gthey indlcate ‘

~th tlthe pattern of condult growth within a deve10p1ng o
netw K may de signiflcantly arfected by the accumulatlon o

- of insoluble materlal. "The observed relationshlp between
beddlng Plane inclination and the diﬁfributlon of sedlment
withln the model networks may offer an explanation for -

_the apparent relationshlp between stratal dlp and the pattern
of prototype networks observed by Ford (19?1). Purther
experimentation is requiréd to evaluaté-this hypothesis,

_ &) Prototype conduits frequently exhibit an _
elliptical crosé-section, with the bdedding plane forming the
‘loﬁg axis of the ellipse. Whlte and Longyear (1962) have
suggested that this shape is the result of a transztlon
from laminar to turbulent flow in the‘centre of the conduit,
and the subsequent acceleration of solution in the turbdbulent
zone, ‘

. The experiments affﬁrded the oppertunity o study
conduit development under both laminar and turbdbulent
conditions, However, the form of the model conduits appear-
ed to be unrelated to the fluid flow regime. The conduits

) ﬁhich'developed in the two surface models, for eiample.

maintained a clrcular c“ossrsectlon in both laminar and

Cm—

i_,.___-

turbulent condltions.. . Tl

T
T

Although the single surface models were uﬁggié“to—“"




supply dlrect d‘ta on conduzt shape, the sequence or conduit

planrorms typical of the exper;mental conduits could con-

ceivably result in the formation of an elllptxcal conduit ’

in the prototype envlronment. In general,_theaexperimental»_

results suggest that an elliptical conduit will develop .

in those instances where conduit‘development-ihitielly takes

"~ the form of enastomotic conduits.

The results of this 1nvest1gat10n are generdlly in-
conclqsive. The - experlments show the- feasibillty of a

proceés‘éimilarity approach-to the modelling of speleo-

genesis. However. the axperimental apparatus requlres

considerable refxnement to bermlt detailed investlgation R

of various aspects of speleogenesis. The results  of the .

"~ present experlments suggest possible avenues for future

investigation.

Experlmentatlon wlth various types of beddlng plane
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surfaces should provide a better indication of the relatlon- "

ship betﬁeen,network pattern and the va;iabilify af bedding .
Plane hyd:eulie conductivit&. |
The experimental resultéﬂindlcate that a similer, less
complex model syetem-may be suited.tb the_study of conduits
in eross-section. In_particular, the_relationship between

bedding plane permeadility and conduit shape appears worthy

of further study.

The relationship between bedding plane inclination
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and the diatribution of sediment within a. conduit network

- .could easily be studied with models of the single surrace

type. The possible link between eed;ment accumulation : -
and the pattern or conduit development could then be investl-
gated for various etructpral and.hggraullc boundary‘cqndi-

‘tions. T 1<jfﬁ;}

--5.-‘ In géneral, the similarlty or process model is

partlcularly suited to the. study of the initigsl stages of

speleogenes;s. given the difflculty ar obtaining suitable
| “]field data,’

-
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