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PR CE 

This p per deals with the specific problem of the formation 

ot the Bonnechere Caves , and the more universal problem of scallop 

or nute formation. Th onnechere Caves have bee11 studied in two 

previous papers , which speculate on their formation • but no detailed 

field work has been done that deals with all the significant variQbles 

that affected their form tion. The problem of scallop formation has 

remained. unexplained in its entirety , and there h ve been no large 

bodies of data collected to analyse the effects of differ nt variables 

on their development. 

The pu ose of this paper was to atudl these two problems through 

detaile field work and to arrive t some concrete conclusions concerning 

cave formation and s callop formation ~hich could be ubstantiated by 

i gnificant data. Because of the uniqueness of each c ve yste t it is 

very difficult to make any generalizationa about all cave systems from 

the observations of one single system -- except t hose generalizations 

which border on intuition. Howev r , a solution or partial sGll.ution for 

the scallop problem would have uch wider applications because this 

feature is common to practically all caves and de ls with the basic 

mechanics of now. The purpose is not to explain the actual physics 

of scallop formation which the author is not equi ped to do, but rather 

to discover correlations between the ize of callopa an the vari blee 

involved in their tormatior1 1 and then use the scallop size a sn i,ndex 

of these vari blee . In this vay the problem is a geograp cal one since 

the main concern is to apply correl tiona over space. 

l 
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The author ' s background prevent detail d discussion of the 

many properties of variables involved in the development of caves. 

Howev r , since the proce s of cave develop ent is the primary i ue, 

the role of eh v riabl in the development of the cave is the main 

concern rath r than the intrinsic nature of th variable it elf. Only 

that d gree of detail which leads to an und rstanding of th role of 

each variablo in the whole framework i nece ary in any geo raphioal 

study. 

I wish to thank Dr . D. c. Ford for hi patient assistance during 

the writin of this p per. Thank ar also due to r . T Woodward, 

proprietor of th nnechere Caves , for his generosity in allowing me 

to freely u e his cave nd property during the period of field research. 
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TOPOGRAPHY OF THE FOURTH CHUTE AR~A, BONNECHERE RIVER 
RENFREW COUNTY, ONTARIO 

Fig. 1 
Survey by John A. Marshall , 1965 

by · E. D. Ongley, 1964 . 
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PLATE I: ue Earli at Incision ot the Bonneohere 
River: Bote the Delicate Caatellatins 

PLATE II: Looking Eaat along the lourth Ohute 
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Paoke.Dhu l'ault) w1th an ada et )20 clear-••· The aoarp Mn riaea 

100 teet in juat OTer ODe-quarter et a lllle. 'l'hia l ....a _... RYe area 

in a p-aben, Mrclered b7 theM parallel taulta • 

At the Feurth Chate, the Jca.nechere Jtl.Yer hu wt a aharJU.7 

detilled aorae into the Rockland terrace. Ita depth n.riee tr. uout 

•e toot where the ri••r is ocm.tricted abne the U'idp 1 te about 

••••nt.r teet at the oonnuezu:e ot the tributar;r prp. !'.be Rooltland 

bench tel'llinatea aharpl.y ill u eroeiOD&l. acarp, about 275 7arcla dOVD­

atreu trc. the bridp. A tributar,y aorp ent.ere the lolmechen River 

tra. the north running alORg the base ot tha acarp. 

PreYioue Papera 

Two preri.ou.a papera han beea written vith detailed reference 

to the Bozmechen Ca•••• !he tiret eu, a aote written in 1960 b.Y 

2D. c. Ford tor the Canadian Geoarap!ler , wa a abort, e...ntiall.Y clea­

cripti•• paper which outlined the tona ot the caYea, the ujor controls 

ill their toraation, anci related these to the seneral theoriea of caYe 

for~~ation. He aaaerta that the oana po.t elate the lut Jlaciaiioo, 

aince the earliest incisicm of the ri•er ia delicatelJ caatellated ­

thia could not han surrtYed if onr-ridden b7 ice (Plate I ) Ford 

re1atea the litholOQ ot the FCN.rth Chute aa deacribecl b7 G. M. x.y

1 
~. G. M.a Ottawa - Boa.nechere Graben and Lake Catano. 

l•ochin•· 

Cleol. Soc. Aaer. Bull • .53, Jan. - June 1~2, PP• 58.5 - .6-lt&. 


2Ford, D. c.a !he Bolmeohere C.na, Raatrev C-'7, OD'-ri.oa 
Canadian Geographer, J(3), 1961, PP• 22 - 25. 

3~a,y, G. Karahalls "Ottawa Bcwlechere Graben and Lake ~tario 
Ha.ocliH", O.ol. Soc. Alter. Bull • .53, Ja11. - Juu, 1942, PP• ,588 
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Mr. Ongl.ey did a urvey of the Bonnechere Cav a in 1964, proQuoing an 

accurate m p of c • • G. ard, 1•• done with a c ibr ted 

pris ti c ass , clino eter , an steel t pe , with b arin to the 

nearest gree. Som of the side passages were done to Grade 4 speci­

ficationa , i . e . with a pri matic co p s (error not kn wn) gradu ted 

in ingle degre s , nd ea urin tape. The low r sections of the 

commercial passa e re done to Grade l ap oitioatio , i .e. a oey 

sketch. 

1 cussion of the caves , Ongley ech mo t of D. c. 

Ford ' s genetic conclusions but discusses them in more detail . · e t ls 

th t jointing at the different levels haa strongly controlled cave 

development t those l vela , and oitee the exwn 1 of the l ack of cav a 

develop! at the second level being th r sult of unfavourably ali ned 

joiht , observed at th t level along the chute. I ttribut s cave 

pas age crossectional shape to the lithOlogy, stating that the diff r­

ential ero ion of the 11 eton has controlled them in both section of 

the cave. 

Ongl ey , tter conferring with D. c. or4 in the field , suggests 

that a hreatic "loop" si uation xisted in th c erc1al , yste , i . e . 

that the flow of water follovad a cy flow net pattern. e discus ee 

the theory f ac lops and indie tea on his map the direction of flow 

indicated by the scallops , in the nnechere system. 

th ord Ongley agree th t the o ve were developed under 

araphr atic condition , and now are ubject to conaiderable 

vado att ck. The only point of di agree ent is the control of the 

shape of the eomm rcial pa s "ord beli v s boring by rapidly moving 
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c vea. th lowly v lop, XC will 

e sily the wat r- low re 1:1. htly , ,. it 1 the nt 

of v c nt ini tre wit a fr e r ur ce al 

of 1 c u.rse. 

1 t oilit te by e vel 1 e cave y te , 

and et r fl cte in t e nt r o joints which 

ct fe to th ve. nt and 

nown 
,. .,. ,, 

t an t cc er t d 

now of at outl t on the cave ro ount 

0 lutio to occ r t hi h r u ill th j t . th t 

1
" ven" i i ven to root t tur 1 t r prove to e vertical 

tribu.tari s f th cave y te • 

in t bl lev 1 r not enor ly t ken 

in of th v. er-t bl woul r ult 1 z n o 1 


ton , th joint o w ich 
 d y olutionnl nl r e­

nt . 1hi would ult in piracy o the m st r c ve tr a s , d ot 

Olll of th Telop in 1 w r one , return 

to ftused drain until t master o ve eYeloped. 

woul b 1 f dry and ibl ct o ncr tation bJ 

ep it or t'Uli by rode fall • cc ion o cl or 

tr ol tr course woul be left i h an dry. 

a cond t eori concerns cave ev lo~ ent b low the 

w .ter- table , in t phr •tic ~• theorie were d veloped by 

t 0> w 0 h l hat c v ori inat d, to l • xt nt eveloped 

low the ·ter-t ble , with only c rat1v•l¥ inor v lop t fter 

cc unt i they ort t. lower­
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jor change of water 1 vel had occur r d. In this two- cycl or phrQatic 

4
t h ory of cav d v lo ent avis consi ere that c ve d velopment "ould 

take pl c as soon !re l w ter b gins to push out th origin salt 

w t r contained in th li estone ; but otive dev lo nt would only 

occur durin thos p riods when the limeeton s wer n ar th surface 

and had wat r from it pa in thro ·h the • If art sian tlow exi t 

in th limesto , w ter move ent occurs t r l ativ ly r at d pths and 

cave dev lop ent c tak place under conaid r ble overburden. Davis 

l:.ypothe iz d very ep line of t r flow i a li eaton bo y , which 

f ed a surface riv r . 

I th phre tic zon , w ter ove under the pre ure of the 

' head ' of water , i . e . the h ight of the hi he t point of the water- table 

hove the riv r 1 v 1 t th point of i charge . t any point t his 

re sure i xerted qually in all dir otio , and o ova ent i not 

al ys tow r a low r vel , as in th v dose zon _, but ruther towar d 

any di ction wher the pr ure i lo r . Pass ges op ned up b low the 

w t r-tabl are liable to form c plicat d thr - dim nsional networks 

at one level, velopment would b by 

th solution of boundin wall , t coal cing of once o.t d pass-

s, nnd by coll pee , followed by s lut:to al att ck on the debris. 

The xi tence of phr atic n twork bove the exi tin water-

t ble 1 expl ined by th inauger tion of n w cycle of erosion at a 

low r lev 1. D vi thought that for m p 6 a , t his would lead to 

th heavy depoaition of calci carbonat on their roofs, 

4
Davis , w. M., 1930; Origin of Limeston C v rns; Bull . Geol. 

Soc. ., XLI; P• 475 - 628. 
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fl ora. an the ccumul tion of rock !all • Oth ru \iould dev lop 

if eurfac str w c ptur d md iv rt into t ese ehann ls 1 

wbic would be odifi d to fit the new condition of flow under th 

influenc of vity. 

Further tudi usin deep water- orin a h ve prov d th 

exi t nc own to 200 !e t belo th water table . 

urth r tudi s on th .. otential of wet r to rod lime tone at d pth 

~rov d that w r cquir • tron r aci charge when pin 

of the inc a d partial pre ur of co2 in the 

oil at o pher ov r t e f atmo phere. Thus water i ev n mor 

able to rod lim ton if it must eep through an ov rburden of oil 

d it till retain uch of thi charg by th 1m it reaches the 

t r t ble , Fr thi evidenc it is hown that certain a s pti 

ma by th roponents of the v o e th orie and t t 

con itions belo th w t r t bl often f vour ble for cav d velop­

ent. 

• inn rton (1932) in th 

phr atic ay t clos t to the ter t bl woul be 

quickly th n those t d pth bee u~e of t e 

or 

uch short r 

Great r circulation t ~i level would dis olv the limoston uch 

mor quickly - - th th main pa nge would e developed just b low 

h wtrt 1 . his theo i tic on th th• "rand " 

pth concept of vis. 

• c., 1932; Origin ot Limeeton C verne; !!!!.!• 
, XLIII ; PP• 662-93 

5 winn rton, 
.-.....;.;;;;;.;.....;.;.;;.;;..;......-=• 
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6and phr tic th•ori • They ug e t th t trunk tre will develop 

pattern of rounu-w t r flow odifi d to fit th local tructure. 

the point of char in the tream , th bi ger joints would 

b come enlar ed, forming mast r conduit , hich woul draw ter fr 

the s 11 r op n1n • ~heee would b ext nded away from th atr • 
alon the d would ct ffluent for the water flowin 

alon deeper channel , cnu in the outlet f th phre tic flow n twork 

to b di loc t d ay from th stre o. In this th cry, th phr atic 

flow n twork and solution would b domin t at first , but would gr dually 

die out th m ater ffluents incre ed in 1 t h and ize. 

The cceptance of on tb ory evelopment is i pos ible 

becau e of th gre·t n ber of diff rent nviro ents in which caves do· 

d v lo· • It is imp r tiv to di tin uish b tw en c v origin and develop­

ment in cu sin~ the over 1 fo ation o· cav s cau e of th importance 

of ny ovem nt of tb w t r-tabl during t ! e overall pr ce of for tion. 

h n c v ar studi d , modif'ic tions u to local eolo cal and hydro-

lo 1cal conditions mu t always be borne in ind. 

6 oad , • nd Sin oori, • N., 1941; P tt rn of Grcund­
ter now d ol tion; J . of eol; XLIX; P• 785-794. 
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act li l 0 :rv tio are in tb. on pages 65 and 66. 
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ext nsion of the flow on that aide of the present gorge, but there vaa 

no such obstruction on the south aide of the gorge , and the river ex­

tended back about 100 yards. That former river probably cascaded over 

the present erosional scarp in the form of a cataract , appro~ately 

40 feet high~ The present much narrower gorge is the result of a con­

centration of flow into a narrowr zone by jointing and possibly a 

reduction in the water supply to the Bonneehere ver. 

It was not until the river waa intrenched deeply into the lime­

stone that the caves could be developed. In this way possible chrono­

logy of the development of the Fourth Chute ie forwarded , in order to 

better explain how the conditions evolved which resulted in the develop­

ment of the caves 



CHAPTER IV 

TH LlT OLOGY OF THE FOURTH CHUTE 

The rock section t the Fourth Chute of the Bonnech re River 

consists of part of the Mohawkian · eriea of Ordovician limestone; 

exposing about 40 t Z.5 feet of J"Ock. The lo er 37 teet consists f 

the Chaumont Form tion the topmost member of the Black River Group; and 

above it , completing the top 8 feet of the ection are th basal b ds 

of the Rockland Formation which is the first member of the Trenton Group. 

Th contact between the two is quite well rked• the oakland being 

coarser textured than the Chaumont . This contact lies at about 467 feet 

bove mean se l vel . 

The lithological ction by G. M. K~ taken .t Meath , altered 

ali htly to fit this Fourth Chute description , is shown in Fig. 3• The 

rock section is divided into ei t groups of b ds , ev n in th Chaumont 

Formation and one in the Rockland Fo ation. These are described on 

F1 • 3, and can b fitted to the ore detail d description of thirty- five 

beds giv n in this aper , which ia also shown n • 3. Thi ore de­

tailed description consi to of 23 beds in the Chaumont Formation and 12 

in the Rockl n Formation. Fig. 3 gives the thickness of the bed and 

ita stratigraphic characteri tics, 1•• wh ther it is ssive or brashy. 

K~ d acrib .hi section in more xact eological torm • However, since 

the develop nt of caves i o greatly controlled by the stratography of 

the limestone , her the distinction b tw en massive and brasey beda ia 

ost critical . 

19 
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Fig. 4 Long Profile of the Fourth Chute, Bonnechere River 
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The bedding in limeston is an important f ctor in the develop­

ment of caves. Brashy beds which contain many bedding planes and 

sometimes partings of softer rocka eg. shale , offer numerous oppor­

tunities for water to penetrate the limestone and concentrate corro ion 

and erosion at one level . en other con itions are favourable the 

development of caves is possible . asaive beds are thick strata of 

liaaeetone unbroken by any bedding planes , thus resisting any concentrated 

attack by water. Du to this t ctor, c vea are usually developed in 

brashy beds with t he massive beds acting as ceiling nd floor until they 

are truncated. M sive beds often act as cap rock in fluviatile erosion, 

creating chutes and cataracts. 

Thre of the tour levels at Fourth Chute of the Bonnechere River 

described by Ford and Ongley are the clirect result of cap rock erosion, 

where the occurence of four massive beds has created series of rapids. 

The fourth is the floor of the lowest level of the chute (Plate II). 

These beds also have an il!lportant effect on the development of the caves: 

this will be discussed in a later section o·f this paper. The four levels 

are shown on the long profile of the chute, Fig. 4, in their lithological 

context. 

d no. 1 is a ledge of dark , fine to medium, textured lime tone . 

It foraas the floor of the lowest level of the chute and the lowest level 

of the tributary gorge , which lie at bout 4}8 feet above mean sea level . 

The second level of the chute lies at approximately 450 feet above mean 

sea level and is form d on bed no. 13, heavy ledge of dark brown lime­

stone. Between these two mas ive beds are twelve b de of less resistent 

strata: eight r these are less than one foot thick and can be easily 
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eroded. Tvo others of 3 teet 8 inches and l foot 10 inches thicknesa 

are brashy beda. e 4 foot 2 inch b d of m ssive buttweathering, 

blue fin textured, richly fossiliferous limestone is about 450 feet 

above mean sea level but apparently has not presented a significant 

b rrier to erosion. This level has created ledges about 25 feet in 

width on both sides of the gorge by the coll peed caves (shown on Fig. 1 

and Pl te III) . 

The third level is on bed no. 19, two feet of white , sublitho­

raphic limeetone. 'J.'his limestone is relatively very resistant to 

erosion and has created a rather nat stretch in the chute of about 75 

yards, from the dam to the constriction of the river at the end of the 

bend. Between the second and third levels there are 3 feet of shaley 

limestone and a heavy ledge of dark brown limestone which is 2 feet 

thick. This ie at 455 teet above mean sea level and has not had an 

extensive ffect on the chute , but it has or ated ledges on both sides 

of the river , especially at the south side of the river opposite the 

cave entrance , (Plate IV) . ~he third level is perhaps the ost important 

in the section because it cted as the floor of the initial passages of 

the Bonnechere Cav a , and it still constitutes much of the floor or 

passages A, B, C, D, E, and • A broad bench in the north side of the 

gorge haa been ·caused by thi bed which also acts the floor of the 

collapsed caves on the south ide of the river. The fourth level marks 

the top of the Chaumont Formation and has been created by bed no. 23., a 

massive limestone at 465 feet above mean sea level. This bed floors the 

chute above the dam, forms a large bench just ea t of the cave entrance , 

and is the upper surface of the limestone on the south side of the gorge 
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to b no obvious xplanation wher the source of t ter exi t d. 

'l.'b.e floor of the commercial passage can be divid d int four 

di ti ct c ent • whicl1 are ere ted by four diff rent aesive bed • 

Th r ia istinct te between ch of th ae se · enta , eaer.y on at 

b nd in the in pa sa e . The sud en incr ase in turbul nc that 

occurs t woul incr a the r~t of ero ion t that 

point nd tha could po sibly low r the cave floor. Mor likely is the 

fact th t a n w ast r joint h· l ct a b th w t r flow , d 

thi coul trunc t the mas iv b d which cted as t noor for the 

upp r s nt . Th nasi e b de which cr at the floor !or e ch 

f th conun rcial p ·age are: l - the be innin o 

point _ - - bed 13, which h b en truncated lightly ear point !.i 

2 - fr point ! to point ! -- b d n • ?, from point ! to p int 

be no. 7 h b n er con ider bly but till ct floor of this 

egm nt; fr point to h -- bed no. l,vhich has b n rod d deeply , 

prob bly du to jointin ; from point h to th xit of th pas a - - the 

floo~ ris to the surflc of be no. 1 . 

Ongl y cl · th t litholo here control the shap of the 

pass gee fter rosion has start d o th oint but a t r examin­

ation of th eros ections in the commercial assag , it app r that 

or ' interpretation: 11 the bulk of p sag xpa.nsion to th pr ent 

dimensions can be attribut d to borin by rapidly ovi wat rs in a 

' p raphr atic' situation, i . e . one ot int r ittent flooding or not quite 

com 1 te water !1111110, is th oorrt:tct one . Passage crossectione no. 14 

and no. 19 all show widening in the no. 15 bed which is bed of massive 

10Ford, D. C. ; The Bonnechere Caves; enfrev County , Ontario: 
A ote; Canadian Geographer, Vol . 3, 1961 , PP• 24 
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limestone: this se ms to indicate t he long existence of a moderately 

existing water level near the top of no. 15 bed , eroding just t he lower 

part s of th p ssages. This assertion seems also to be valid for 

crossections no. 22 to no. 2?; but in crossections no. 26 and no. 2? 

t here is narrowing caused by no. ? bed and no. 13 bed. The relatively 

unusual trench shape of no. 28 cross ction seems t o be caused by t he 

almost full condition of t he passage here along a very long joint, 

(Pl ate V) -- preventing any differential erosion other than the offset 

to the left caused by the bend which exists over the entire height of 

the passage . The lower widening of no, 29 passage indi cates a pre­

dominant water level, (Plate VI) . The pi pe sh pe of no. 30 is typically 

phr atic , completely below water level. The adjacent passage , shown by 

nou 31 crossection shows considerable vadose collapse: this passage 

was probably cantrall d by the bedding plane below no. ? bed , rather 

than by joints as the other passages are , with no. ? bed collapsing on 

to the floor of t he paBsage. 

The vertical development of the l arge passage of the system 

seems almost completely controlled by lithology. The profile drawn by 

Ongley (Fi • B) shows only the lower re ches of the cave : here the roof 

is in no. 23 bed , t he floor created by no. 13 bed , and the gorge floor 

formed by no. 1 bed. This passage is broken by three areas of collapse 

that have resulted in three karst windows. Bed no. 23 acted as the 

roof for ~ater erosion of this passa e; but sub equent collapse has 

occurred and the roof now is no. 24 and no. 25 bed in the upper parts 

of the passage (crossections no. 1 to no. 4). The upper section of t his 

passage has no. 19 b d aa its floor , bed of massive sublithographic 

limestone . Corrasion has caused considerable lowering of the passage 



26 

floor , but the initial penetration through no. 19 b d and no. 15 bed , 

down to no. 13 bed was due , no do bt to jointing. 'h l t ral develop­

m nt in th lar er p age is du to horizontal penetration of b dding 

planes in the less resistant brashy b ds . In the upper s ction of this 

passage , the beds betw e the re istant no • .,3 n no. 19 beds have 

been stripped away consi erably - - s e or ssection _ 1 to 6. In the 

lower section of the pa sage , lateral development has occurred in the 

less re.sistant beds betwe n bed no. 19 and bed no. 13. 'iuch of the 

enlargement in he upper sections of th ae p· ss eo is du to collapse 

of the beds betwee .l no. 19 bed nd no. 23 b d -- th rubble on the noor 

is evidence of this collapse . d no. 19 acts as the roof tor portions 

of this paesa:.ge (se croasections 7 and 9) and mq have been the roof 

or much of this eotion before va.doso coll p occurr a. 

The rol of lithology is domi ant in the vertical dev lop ent 

of the passages; but the initial role of joints in creating unobstructed 

circulati~ (See hapter VI) is also important. 'rhe lithology also has 

a dominant role in the horizontal development of the larger pa sage; but 

hydrologic factors a pear to exert more control on pa ~age. crossectional 

form in the commorciel. c v .s ( e-e Chapter VI) . 

he initial penetration of water into the c ~es w facilitat d 

by the bedding pl tea between no. 23 b d and o. 22 bed, and between 

no. 22. bed and. uo. 2.1 ( late Vll) . The rQle of joints WJt not b over­

looked, bUt thi "sandwich'' structure of a brashy bed, no. 22 , 

bed 23 and bed 21 is a cl asically ideal _ituation for c ve ini i ticn~ 

The relatively wide development of the orossectiona (nos . 1 to 6) in the 

upper part of the larger passage , at the lev l of b d no. 22 , indicates that 

http:paesa:.ge
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erosion h occurred there lo er than At any oth r level n ~r the 

entrance of the caves . 
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TOPOGRAPHY OF THE FOURTH CHUTE AREA, BONNECHERE RIVER 
RENFREW COUNTY, ONTARIO 

Fig. 9 

Topographic Survey by John A. Marshall 1 1965 
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inte r t M howin th t shear stress jointing . r domin te becau e 

of the ppro i t ly 60 difference bet een the first two concentr tiona , 

10° to 29° and 60° to 79° 1 with tension jointing b ing aecondar,T hown 

by the concentr tion in 270• to 299° and 10° to 29° . 

a cun be fr , Fi • 99 shear atr a jointing pr dominates 

by the entra.nc to th c ve atnti na 1 1 3, and 6 d aloe by the 

tri utary or e station 5. Thi i shown by the i.n ers c .,iong ot the 

joi ts t tl.eDe t tio ; thea re rred inantl near 6 o Qr 120°. At 

stations 4, ?, and 8 o~ ver , re atron rect ulnr pa.tt rn.s ot 

jointing. This could indio t th t s ar tres ointin pre ominatea 

in th li estone near th ntrance and xit of the c v , d tension 

in the 11 ton wher the proporti n of 

t e pass es occur. 

Th j i t b rin e own in their lithological p sition on 

Tabl 3· Thi is also xpressed in the h1 to r&m on Fi • ll which show 

the nu ber of be ring occurr nee in each sect r for ch b in which 

joint ccur. ar jointin predominate in b d 23 d 19, while 

t ion j int1n pre o in tea in s 15 d 13. oth type of jointing 

oce r in b d 1 , but h ar jointing pe rs th ore important. i dis­

tribution of jointin t rough th litholo ia ro nbly th xplan tion 

for the appare t areal div rsity of th jointing• sine the b · are 

xpo$ed in shelves in diff rent locations. 

Jointin obvio ly has an ff ct on t cave p·ssages in the 

co rcial y te , where moat of th pas s still r tain n rrow roofs 

and l or th app r£lllo of an enlarg d joint • (Plat VIII) . 'l'his 

c b n by xaminin th oro sections of the c rei ystem. An 

http:entra.nc
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obious test of the jointings ' effect on cave ~evelop ent is co p ;ri on 


b tw n the joint bearings measur d , and cav 


fr • • Ongley ' s map. The o ve p e be ring ar hown on ble 5, 


a rose diagr t g . lO(b) , an on ble 6. 


A superficial xomin tion of the ros diQgrams t once howe a 

il ity b tween the two di tributiona , esp cially in the 20° to 30° 

sector which is related to both she r and t n ion jointin • Th r is 

al o corr lation b tw en the 270° to 28o0 ector • How v r , the strong 

concentrations in both distributions but distinctly 10° 

ap t . partial expl tion of thi could • that the bulk of tltese 

8o0 to 90• cnve earings occur in th lower section of the larger ass e 

wh re the maximu eff ct of the wat r outl t i t lt . It 

th t the outlet may have b en tt cte in such a pos1tion to distort 

the ali nt 11 tly to t ~ou h , since the w ter flow i 

ttracted in t his direction throu bout the ystem. 1~1a occurs becau e 

of th proxi 1ty of th erosional carp if th w t r now in t e 

direction. This, howev r , does not xplain the lack of c v pass ~es 

in th 70° to Boo sector in t e c erci 1 pas nge . 

There do s not appear to be stron correl tion b tw en joint 

'bearin nd c v that occur t t e ame 1 vel . ( ngley speculat d that 

tber m~ be s corr latio alon these lines)15• The joint bo rings 

in each ed and th correa ending c ve b rings e plot ed on the histo­

rams on ure caua th d ta ic v ry wh n cote orized,• 

few concr t can be drawn. vertheleea , no strong correlations 
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app to exiGt , o pt p rhapa in no. 15 bed: t d correl tion 1 

prob bly the result of the overall corr 1 tion of joint and c v 

be·rin£6 in the entire 1 Gtone lithology. However, in the comm rcial 

p ssag , b n in the ain pasaa e t points E, F, d G corre ond 

with mark d drop in th f1 or. Thi iv a evidence of joint of 

diff r nt b rin a controllin evelopm r.t .t differ nt lev ls; but 

y t o stron correlat o s can be ade in the bearin~s of cave d 

joints. 

Ther i a strong c rr tion between th joi1ta and th 

coll psed c ve pas on t1e sout id of th river. The rectangular 

pattern of the joints ther is stro ly r fl cted in th for r passage., 

which int raect t ri ht angl s -9 (.;;> e ·g. 9) . 

Th de rth of cave develop ent in b ds 3 to 11 could be due to 

the corr spondin lack o joint in thi s ctio of th lithology. Only 

oro section no. 2 an eros ection no. 31 h e any ai ificant d velop­

nt at this 1 vel: no. 2 croasection coul hav ori in te in b d 1 

and in be 8-12, an m ch of t develo ent in cros6 ction 31 at this 

level is u to coll pse . i could be int rpr te indicating that 

initiation of the c v pas tr ly controll d by oin s . 

The b ud in th onnec r v r by th cav e tr nee, which 

d recta water into the limestone terr ce follo~s th pr dominant joints 

in that l v 1 o t l ton terr c • 'he river fl0\'18 i1 itially at 

277° acroa th lim ston • then is diverted northwar a on bearing of 

79° for about 110 feet , then cuthwarda for 100 fe t on a b aring of 324° . 

The e two arms o the bend approx at ly follow the two oint a ts at 

stations 1 , 2 , n 7. The riv r th n continues cross th li atone on 
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b arin of 288° . This initial defl ction of th river ust b con­

sidered par ount in the creation o th cav s, in that re t upply 

of water und r a h a is die ct d into pl n of w i th li e­

ston , i . • joints an bedd n t is i t , ord tat• 

"C rtain ut.ora oon..i r hydrostatic r ure i e se tial ii' d ep 

pene r tio (in t is o at 1 t 80 yar to th outl t ) i to be 

ade; oth rwio th initial tiny tu s b rea ily blocked by th 

16 pr cipit tion of calci r aturat d lution. This pli a the 

an when th o1 th river w ein cut down 

into th platy str t , the chann ll G water then supplying 

about 15 fc t at full st g 'r•1f1 

~ e initial penetration occurr d in the br hy ed sandwiched 

between beds 23 and 19, alon favourablJ' aligned joint • enetrntion 

of the limo tone to th outl t at t~e rosi nal scarp i due pri aril 

to jointe b cause the water ust p netrate through th very resi tant 

no . 19 bed d the o er siv bed to re ch th outlet , whic oour 

on bed o. 13 (lar p as e) ru1d bod no. 1 (comm rcial p ssnge) . The 

tilting of tho lim stone (25~ from 'orth to 'outh) is a factor that can 

b overco only y jointin , inc t e w t r voul. now inst gravity 

on beddin plane -- soon dissip ti a of w t r nt the en­

trance . o\# o£ w ter thro h th 1· from the entranc to th 

ero ional scarp w e thu !ncilitat u by of joint lines 

few inh a in width.lB 

16 ·ord D.C.; onnecher Cnvcc, nan raw County , Ontario: 
A ote; Canadian Geosraph r; Vol . } , 1901, pp . 24 

l? bid. , PP• 24 
1 
~·• PP• 24 

http:width.lB
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HI STOGRAMS OF JOINT BEARINGS AND CAVE BEARINGS IN THE 

SAME BEDS 
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thin roof couple4 with jointi g in these upper beds r aulted in collap e 

of the roof in the e are and Qreated two ka r st windows (n e . 1 an 2 

on ig. lJ) . have b en observed cloa ly in the t i eld, and it 

appear that jointin alon the edges EU'ked in red on g . 13 caused 

coll pse , with the central portion ! each window remaining in position 

acting like bing a . 

s central portion h e collapsed , in kar st window No. 2 but has remained 

furly int ct in rat window o. 1 . Th third r.st window t th 

erosional scar has been or ated by the difference of t he passages near 

th erosional scar • There i contlu nee of th p sa es juot enst of 

the eeond kar st window, into two in pas a es; but near the ecarp they 

branc widely into three passages. The point of diffluence beosme quite 

wide (approxi tely 70 te t) and with a root tb t was only t n feet thic , 

collapse occurred. Jointi alon t he p rieeter of the window which is 

coloured red, f cilitated the coll pse. With the outhern edge acting 

the hinge ( ig. 13) . 

It is difficult to determin at what sta e durin the d vel~pm t 

of the lar er p e age that the commercial peas e s initiated and devel­

oped oet quickly. rh ps th second karat window collapsed before the 

first on , and the re ulti constriction of flow in the larg r p sage 

dir ct d . ore water into t he o er~ial eyste , (Pl t I) . The commer­

ci paaeage rn91 also b almost uniformly conte poraneou with the larger 

p since development occurr d ueh more slowly ther with a le eer 

wat r supply bein directed through the p a ge . The eetabli hment of 

a chro ology here is a di!ti cult task bee u e or the any po sible 

t rnative situ tiona that could h v r ulted in the same form being 

developed. 
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Fig. 13 Karst Windows 
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PLATE X: Karst ',Jindow No. l, from insj de 
the caves 

PLATE XI: Collapse a t Karst Window No. 2, 
from inside the ca ve s 
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The Qontrol of jointing on th form tion and deform tion of 

th nnechere Caves s be n thus clearly indicated traM field data. 

owever, the mall aiz of the body of data has ro tricted the formulation 

of very strong postul tea concerning the ere tion of the joints and their 

actual control on th cav formatione 
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TA N • 2 


GO s 
JOINTS 


Sectore Ullber or 

2'70· - 279• } 

280° - 289• 3 

290° - 299° ' 

m• - 309• 0 0 

310° - 319° 1 1. 

320° - .)29° 0 0 

330° - 339° 4 6. 

340• - 349• 2 ) . 4% 

3.50° - 359° ' 

o• - 9• l 1. 1.') 

10° - 19° 6 10. 

20° - 29° 7 11. 9° 

,o• - 39° l 1. 'lli 

40• - 49° 2 ) . 4 

so• - 59• l l . 

6o• - 69• 7 11 . 

70° - 79° 12 20. 3 

So• - 90° 5%' 
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J OIN BE Rl GJ D CAVi 

d 23 Bed 19 d. 15 Bed l} dl 
Joints Jointa Joints J inta Jointe 

2?8 27° 2l• ,,,. ,;44• 
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17• :510 1.5• 347• ?6• 

338 5• 282° ?8• 13° 

?8 ,So 285• 74° 85• 

?4o 273° So• 358 

68• 73° 19° 

73° 82G 1?. 5· 

,,7. 2?9 

.l},. 20° 

64° 25° 

n· 81• 

65• 

67• 

6?• 

65 

61• 



TABLE NO . 4 

Caves .2!!!.! Caves Caves Caves 

67° 271° 271° 74° .58 0 

57° 86o 276° 320 

66° 81° 89° 85o 

85° 34° 38° 

8.50 30 24° 

86° 210 

28° 

540 

85° 

81° 

85° 

24° 

90• 
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TA LE o. 5 

CAVE BEARINGS 

Larger asse.ge Commercial P sage 
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TABL NO . 6 

ROSE DIAGRAM FIGUR S 

Sectors Number of Bearings Percentage of Total 


270°-279• 2 7.1% 


280°-289° 0 0% 


290°•299° 0 0% 


300°-309° 0 0% 


310 -319° 0 0% 


320°-329° 0 0% 


330°-339° 0 0% 


340°-349° 0 0% 


3.50°-359° 0 0% 


90 1 ·3.5% 

10°-19° l 3. ,5% 

20°-29° 4 14. 2~ 

30°-39° 2 7.1% 

4Qo- 49o 2 7.1% 


,500-590 2 7.1% 


60°-69° 2 7-1% 


70°- 79° 1 3· 5% 


80°-89° 9 32. 1% 




SCALLOPS 

Introduction 

Scallops or !lutes are shallow, oval depressions that form 

pattern on th walls of oaYes; th are· best shown by means of a 

sketch (Fig. 14) . M9Jly' callops s.r assym.etrio along their main axis , 

having steeper upstream face , thus direction of formative flow can be 

determin d in a paasa e abandon d by the former stream. The steeper 

face is on the upstream side of the scallop (Fig. 14) . 

The concensus o! thought on scallops , expressed in a few quali­

t tive that scallops re formed by solution of rock, usually 

limestone , by the action of turbulent w ter. The eddies or vortice in 

turbulent flow result in the solution of the limestone into the oval , 

saucer-shaped depres ions . Bretz claims that turbulence depends on the 

velocity of .flow in the channel and the roughness of the charm l ' s 

idee,19 therefor these t ctors probably also control the size of 

scallops the most . T. • Ford (1964), from some qualitativ obeerva­

tion , contended th t flow markings (including scallops) are caus d by 

20high velocity , highly turbulent , and-loaded water. He observed a 

cav tloor covered with and and gravel nd postulated that turbulent 

l9Br tz, J. arlen , 1942; Vadose and Phreatic e tures of 
Limestone Caver ns; J . of eology, L; PP• 675-811 

2°Ford, T. D. ; Flow Marking .;;...;.•.....;..•G;;.•;......;o;.;;f;;.....;G;,;;;r...;t..;.•_;;,;;.;;;..;.;;;;=-,..;;.;;;;..;;.;;.;;;.;;...;...;..=. 
Number 90/91 , June 1964, PP• 11·12. 
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fl w oul hav carri d the an · in load, and c.orr de th ca ve valls. 

th t correl e pot nti 1 oi th tlow to 

-t ua th velocity ot the :tlow- d the eiz of 

t scallop • ie o as rt t e port r ck 

te tu on sc lop tomat 0 • 

re (19 4) rv on l action o c ve w l 1 a• 

c ti 0 or r urbulent v, clue fr now . th t 

1 call·opin d r current 

ro uce vi 1963) 

a ter io wi ot e p rt o 1 turbul nt low, 

t vor ic tfart by a loc co ti u1 ty ill the 

22to tiny all0};8 • h se 0 ro l 8 the 

vortex, ic , rode furtler into us 1 r . r 

sc los olcer 1 r callop yo • 1•
2
' (1963)• 

conten t urin t• 0 floo ,n 111 1 vry t ,t 1 

1 c 1lop ore turb'Ul nc 1 to an in­

cr e in h size •ity 1' th callo a. , h believes , 

t if th er now in vi a u lower vel­• 

c q 

uce 

oaity , will e 

t as ge, Gapi Gill; 
b r 901 1, une 1 4, PP• 14. 

22 vi , • ~'• ; lo lar · · n (l ; 
....•....ra number- 87; March 1963; .PP• 8- 9· .;.;.;-.---.--...............;;;;;.;=;;;;;. 

2301 nnie, E. A.; e (2); C. R. G. of Grt. ritain 
ow letter; numb r 81, 9· 

s in South­

.;.,.;;:..;o.=...,t.-t 



F i g. 14 THE FORM OF SCALLOPS 

The arrows indicate t he downstream 

direction of former water flow ) 

(a) The plan of a group of scallops: 

note the elongation down stream 

( b) The crossection of a group of 

scallop s : note the assymetry 

afte r G.T. Warwick 



Thus the most popular sp culations are th t eeallop size varies 

inv rselr with velocity o! w ter 1n c ve passages; and that the texture 

of the rock controls the amount of turbulence along th cav wall , and 

scallop size. Thus this study of scallops was aimed at ubstantiating 

ar refuting the ~potheees that scallop siz v rien inversel y with water 

velocity , and that rock textur co trols the size of callop • 

Dr. D. c. Ford told t e author that he had rarely seen better 

sets of scallops than in the Bonn oher cave system, and that thi would 

b an excell nt aite for det iled examination of this phenomenon. Since 

a large s le ot scallop m urem nta had never been collected or quanti­

tatively analy e , major purpose of the entire research waa , therefor , 

scalop investigation. oauoe the author has a very limited background 

in the ~obanic of flow , it 1~ ver.y difficult to arrive at any genetic 

conclu.sions , thu correlations between scallop size and cth r factors wi ll 

be rel ted, with a comment on the possible implications of each corr lation. 

ince the passages in which s callops are measur d are relatively 

free of water , the velocitie of th water which ere ted the scallops 

ust be aertained fr~ some index of th former velocitie • Many 

co plicating f otor pr vent any exact o culation of the velocity in 

any portion of the cave . Chazy's ·· .uation for oaloulatin the velocity 

of wa er flow in channel r quires: the crosseotianal area of the channel , 

the w tted perimeter of the channel -- from these 1 derived the hydraulic 

24 r dius, an tb gra ient of th cluwnel. oauoe of th parapbr atio 

situation w ch existed in the cav a, with its w ter lev 1 oscillation, 

24 ord, D. C. ; Tb Bonneohere CaTes , Renfrew County , Ont rio. 
ote; Canadian ographer, Vol . ; , 196lt PP• 22- 25 
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it is very difficult to determine the l(ater 1 vel t which the scallops 

wcr forned -- thus the xact cro sectional area of th channel and its 

w tt parimeter c not be ascertain d. s a rel tive index of velocity 

he uthor si 1 took the c te crosaectional area at each st tion 

since t shap of th p uag s e sured wel'e l'lOughly the same ·- reater 

h i ght t an width -~ thu the hydraulic radii were proportional to the 

croos ctional area. 

The egrees of roughness on the channel wall ar function of 

the type or limestone. The ain categories of m saive and brashy lime-

st~~ ~ th~ two obvious subdivisions of limestone; but usi g G. M. Kay ' s 

scription of the s ctio at the Fourth hut 25 it was possible to sub­

divid the mas ive limestone i nto four categories. By u in5 these differ­

nt subdivision it is possibl to ssociate th differences in scallop 

si~ , occuring in the various rocks , to their t xture . Textures were 

evaluated subj ctively in th field. 

n r er to obtai.n a $ample of callop sizes which r present a 

significant ran e of asaage crossection and lithology , the callop 

ampling stations had to be · y te tically loo ted. mw nty-eight 

tations w re selected and at each station five scallops were measured 

fr . ach bed that was exposed. Both the greatest length and greatest 

width of each scallop were measured to check for changes in the shape 

of the scallop. Th st tiona are ~ked on Fig. 15. Measur ents at 

ch station ar tabulated in t e appendix. 371 scallops were measured. 

Xh horizontal and vertical easuremente are plotted separately 

2
.5Kay, 0. M. ; Ottaw - Bonneoh re Graben and Lak Ontario 

HomodineJ ol . mer. Bull . 53., Jan. - June 1942; pp. 58.5-646. 
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F i g . 16 HISTOGRAM FOR SCALLOP VERTICAL MEASUREMENTp 
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Fig. 17 : HISTOGRAM FOR: SCALLOP HORIZONTAL 

MEASUREMENTS 
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mo determi e vh ther or not th t xtur of limestone woul 

!feet the lon tion of the callop plan , semples of scallops from 

t r e diff r nt eds were taken. The thre ~ de with th ir lithologic 1 

ch racteri ic are: d 15 -- dark rown assive limestone; d 20 - ­

br y , ray , buff-we thering lim stone; and d 21 -- ssiv , ~ray , 

buff-weath rin limeetone. Th thre r gression line for the e beds 

wer lmoat identical in slope1 thu it could be interpreted that the 

aseymetry of the scallop p1en does not ch e with rock texture . 

Since callopa ~re develop d by ddies in the turbulent flow in 

c ve passage , the horizontal m, ur ment of the sc llop will oat 

r fleet any diff renaes in water fl w, velocity in the c v , sine ddy 

size vari with w ter velocity . Sine eddy development al o d p nds o 

the roughness of the c~ve walls , the horizontal measure ent ~ r the eallop 

will reflect 1 o chan ea in ro hneaa. Thus in th following examination 

of scallo.s , correlating their sizes with diff ranees in lithology and 

crosaectional area , only the horizontal men urement of th scallops will 

b consi ered. 

order to d t r.mine whether or not callop ize varies with 

th t xtur of 11 stone the acall ps that occurred in lim tones of 

dif er nt t xture er ex ined. The first obvious subdivision i be­

tw en ive and ra hy lime tone; th r fore the ccallops th t occurred 

in aive anu br by lim ston lotted on histogr s (Fig. 20) . 

two-ta1led t test applied to thes two populations and a t v lue 

of 2. 67 was calcul ted. i nificant lev 1 of . 995, which 

indic tea that the populations are significantly different . The mean 
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Fig . 20 : hi STOGRAMS OF SCALLOPS IN MASSIVE AND 

BRASHY LJ ME STONE 
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of the m eive lim ston callop i . 1?19 o an inch re ter than t 

an of brashy lime tone: thi indicat that th rou her texture 

br by lim atone -- bro e by b d C8.WJ8 all r scallops 

to be form d. It could int rpr te ro hat th rou her the 

roc;k , th turbul nc in t e flow alo th wall urf c 

1 d tl sm ler he ed ies. 

To further t st this int rpr tation , t e iv beds w r sub­

divided int four typ cAll in e oh typ are lo ted epar t ly• 

on hi to r s (Fi • 21) . ans cloa at pproxi ations oi th 

1t 11ia c s er calculate f r ac ot two-tailed 

t sts we used b tllle n the four popul tiOll.e . 'l.'he r sult aret 

TBLE o. ? 

Populations t valu• degrees or fre da-n Level of ~igni!icanc 

1 y 2 4. 09 203 · 999 

1 Ys 3 . 434 190 le s than . 8 (off the t cale) 

1 TS 4 2. 24 168 · 975 

2 TS 3 3. 6o8 95 . 999 

2 vs 4 4.8 73 ·999 

3 YS 4 2. 22 60 · 9?5 

The populations that wer not significantly different re in lime­

tone of edium texture . All the other combin tiona of popul tiona differ 

i ifio tly. articularly notabl is the occurrence of the lowest mean 

in the population of scallops in the coars st limestone , no. 4, and the 

hig est an in the scallops which occur in the finest textured li e tone , 
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HISTOGRAMS OF HORIZONTAL SCALLOP MEASUREMENTS IN FOUR 


Fig. 21 
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fig. 21 {cont ' d) 
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variance - 0.233 
number - 20 

0 

Horiz. Meas. 
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no. 2. It can be int rpr ted fro thi th t roughnes of the l eatone 

eav e walls h a strang ff ct on scallop size -- it comes 

1 rger th texture of th wall b c es finer. Thi su stantiat the 

contrast or m s.i.ve Ewd brW3hy limostone • J; only drnwbao in thi 

proo dure ia th very hi~h variance in the no. 2 1 ston , u to th 

differenc b tw en no. 19 bed and no. 17 bed. lo. 9 be h very large 

scallop size d when o served in th field s d to be th fine t 

t xture b d in the 1hol s ction. Kay ' s grou ings r quite n ralized , 

and thor b a i ni icant differ nc in t xture b tween the two beds 

in hia rou of w t aublithogr pic l' ston '• 

Th se fin in ~a co cernin callop iz dp e wall roughness 

6ive a lar r role to rook texture th w xp cted. tent si ­

n"fie nt correl tiona betw n textur an scallop iz 1 to he con­

elusion that the d gr e turbulent flow varie dir ctly with co ness , 

and the ize of ddy ere ted varies inversely 

In filled ~ saage of a il r raai nt it i pr sum that the 

bi er tb h f r t .e flow. c us th rol f t xture 

in th ere tion of se lOJ:·S has be n cl arly , the role of w t r 

v loc ty woul t be b s& Dhown if onl1 tho e c llo wtich oocur 

in one m osiv lime tone typ Qre conoid red. a th d rk brown lime-

tone , no. l, contain the re test er of ca.llop m asure nte of 

the ssi e typ s, it opul tion of callop m ur nte wa. u divided 

into four ran es of crossectionol ea. Th are a.e follow : 1, 5 

qu re ft; 2, 11* to 17'1~ squ r t: t; 3, 30 to 54 square f et; d 4, 162 

to 176>'2 uar f t . h sc 1 p II) ur ent i aoh group w r plotted 

on four · i to r s, th olo e t tiona ot the 



V i UCI!I5 0 ch r not t 

v iou c bi ti 0 '' t L 

pop tiona, 

TA • 


t y dee:e 


l v 2 5.'7Lt ? . 999 


l · 99
ve ' . ' 
l v 4 . 2 24 ·999 

2v .62. 11, loo -ch n .8 (off t:t t a:cale)' zv It ~. '} .995 


3 v Lt 2. 0? ·975 


oen from 8 8 • onl.y th n populatiou 

2 d 3 re not c . tly di!.fl)r nt. Th differ nee 


. nvo v ry hi h 1 
 nific ce -- .975 to .999• 

tron corTel ti 

d th r "e o! cro ct 1 

... z v r1e · inv ly With era$ ct1 

rou of 5 qu re e t cr sect1 l area • l 

occurs in. t h to l ro ecti 

other al !ollo t patt r J ut th ditt no tw en 

thm 1 not ·1·ni!1oant. 

o­

. 8 

It ooncl ed t t scall ei a robably v r,y inverae 

witll t r veloeit)"• T tin oul the tu tion that th eddie . 

which occ 0 l of • c ve a the elocity 



HISTOGRAMS OF HORI ZONTAL SCALLOP MEASUREMENTS IN BEDS 15 & 

Fi g . 22 : 13 FOR DIFFERENT RANGES OF CROSSECTI ONAL AREA 

1 . 
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0 

0 
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.h 0 
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0 

5 sq. ft. 
mean - 2.36 inches 

variance - .38 
number - 11 

0 1 2 3 4 inches 
Horiz. Meas. 

13.5 to 17.5 sq. ft. 

mean - 1.271 inches 
variance - .067 

. number - 70 

0 1 
Horiz. 

2 
Meas. 

3 inches 

31.5~ 54.5 sg. ft • 

mean :­ - 1. 24 inches 
variance - 0.064 

number - 45 

0 	 1 2 3 inches 
Horiz. Meas. 

162.25 to 	176.25 sq. ft. 

mean - 1.12 inches 
varianc e - . 0.043 

number - 15 

0 1 2 3 inches 
Hor iz. Meas. 



of flow increases . o~ vor, because of the lit it tion of cro a ctional 

ar n aa an index of flow v locity , the firmest ~on lusi ns cannot b 

drawn. 

Th resul of t s atudy of scallop subst at s of the 

hypothe u for~arde by th au hor m ntione arli r in t e chapt r . 

h import t role of wat r velocity (Bretz) and ro t xtur ( . D. For d) 

ar hown cl arly by t e corral tio 6 rive at in thi tudy. Alao t he 

rel tionship en water velocity an iz , i . e . cal op size 

vari inversely with wat r v 1 city ( r d 01 nni ) ha bee re­

inforced fr th findin s h re . Th tron control of t a hypothe­

sized by vi c nnot be t 6 ed; but in vi w of he str corr 1 tiona 

found between scallop siz d f ctor other tb ti e , th role of t ime 

y be considere nor. 
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Ule Bouechere Cavea l.a an exaapl.• ot · the trueacloUa .-,luitJ or the 

..-ooeae ot cave toraaticm. 'i.nq cave 1a Wlique iJl ita ,...W and 

toraaiion, aince the Yariablea that cause and oontrcl .... t..._tion 

a.n yazoy eODaiderably in tbeir illtri.Aaic &at\&H and relative role ill 

tor.ation troa caYe to caYe. AuJ blpotheaia attempting to explain the 

tormat.ion ot cave& 1n detail, ~ only hope to be able to i.nccr;wate 

a fraotior;: o! the c:ave._ th&tt exiat. 



APPENDIX I 

FIELD OBSERVATIO~S OF SURFICIAL MATERIAL 

Stational 

1. 	 - Yery angular limestone fragments' 1/2" to 1" in size (some 

granitic sand here; but it vas washed down from material used 

in the construction of the graYel road). 

2. -	 angular limestone fragments; l/4" to l" in size. 

}. 	 angular limestone fragments; from Yery tine to .3" in size. 

fine granitic sand. 

4. 	 - limestone boulders about 3' in aize; Yery angular 3" to 6" 

limestone fragments, about. 

5• 	 - limestone boulders about 3' in size, Tery angular 3" to 6" 

limestone fragments, about. 

6. -	 a cluster of 3' - 4• granite boulders, and some about 1' 

4" to 6" angular limestone fragments. 

7• coarse granitic sand and 4" angular limestone fragments 

' this sand disappears towards the riYer. 

8. 	 4" angular limestone fragments; find granitic sand on the 

parking lot surface - could be washed or blown off upper 

surface or road. 

9. 1" angular limestone fragments. 

10. 	- 6" to 1' angular limestone fragments, grantic boulders l 

in diameter, granitic sand. 

11. 	- odd 1• granitic boulder; very angular 1" limestone fragments, 

angular granitic stones, about l " in diameter 
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12. 	 one very large granitic boulder; some 4" limestone fragments. 

13. 	 granitic boulders, l' in size; very Coarse granitic sand, 1" 

subangula.r and angular granitic stones. 

3116. 	 some very large granitic boulders, about 4 1 x and some 

smaller ones 11 or 2 1 in diameter; limestone fragments of 

about 6". 

17. 	 coarse, bouldery till exposed in the road cut here. 

18. 	 granitic boulders, 4• x 3' and about 1 1 on limestone floor; 

very large limestone slabs on the west side of the tributary 

gorge . 

19. 	 large limestone boulders; and one granitio boulder on bare 

limestone. 

20. 	 l" to 5" angular limestone fragments, and one granitic 

boulder. 

21 . 	 small slabs of limestone , l' - 2 ', and l" limestone fragments. 

22. l" limestone fragments , very angular 

23. 	 1" limestone fragments scattered over a field of bare limestones . 



APPENDIX II 

SCALLOP MEASUREME TS 

Station Crossectional Area Bed No. Horizontal Meas. Vertical Meas. 
s q. feet (inches) (inches) 

1 	 21 1.3 1.6 
1.4 	 1.4 
1.1 	 1.4 
1.1 1o3 
1o1 1o1 
1.1 	 1.3 
1.9 	 1.2 
1.7 1.0 
1o7 1.0 
lo1 o.8 
1.1 0.9 
1o5 1.6 

2 	 71 20 1.5 1.4 
1.5 	 1.6 
1.4 	 1.2 
1.6 	 1.6 
1.3 	 1.3 
1.4 	 1o1 
1.5 	 1.3 
1.1 	 1.5 
1.7 	 lo? 

23 	 0.9 1.0 
1o0 0.9 
1.1 	 1.1 

.o7 .06 
1.0 	 loO 
1.3 	 1.1 
1.9 	 0.9 
1.2 	 1.. 2 
1.3 	 0.9 
1.6 	 1.3 

' 	 49)i! 20 1o7 1.2 
2.1 	 1.2 
1.4 	 0.9 
1.8 1.4 
1o9 1.5 
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Station Crossectional Area Bed No. 
sq. feet 

4 lO'lY-t 23 

19 

5 23 

20 

6 23 

7 5~ 19 

8(a) 1?6~ 17 

15 

Horizontal Meas. Vertical Meas. 
(inches) (inches) 

1.0 1.1 
o.. . o.8 
1..1 0.9 
1.0 o.8 
1.0 0.7 
1.0 0.9 
1.1 1.0 
1.1 Oo7 
1o1 0.9 
1.1 loO 

3o0 2 •. 9 
3o7 3o5 
2.4 2.4 
2.8 2.4 
3o3 3·3 

1.2 0.9 
1.2 1.1 
o.B o.s 
0.9 o.s 
0.9 0.9 

1.4 0.9 
1.5 1.2 
1.1 1.1 
1.6 lo1 
1o5 1.3 

3·3 3.8 
2.0 1.5 
3o0 2.8 

2.5 2.8 
2.8 2.5 
2.7 2o3 
3o0 3.0 
2.7 1.9 

o.B 1.0 
o.s 1.2 
1.2 0.9 
1.0 1.1 
0.,9 1.1 

0.7 Oo7 
0.9 1.0 
1.1 0.9 
1.0 o.8 
1.2 1.0 
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Station Crossectional Area 
sq. feet 

Bed No. Horizontal Meas . 
(inches) 

Vertical Mesa. 
(inches ) 

8(b) 175 17 0.7 
o.7 
0.9 
Oo9 
o.B 

Oo9 
1.0 
o.7 
1.2 
Oo9 

15 1.2 
1.4 
1.1 
l o3 
1.2 

1.2 
1.1 
1.3 
1.2 
0.9 

9 31J4 0.9 
o.9 
o.6 
0.7 
0.9 

Oo5 
o.6 
o.6 
0.1 
Oo 9 

20 1.4 
1.1 
1.2 
1.4 
1.1 

1.1.,
0.9 
0.9 
loO 
0.9 

10 10'7}a 21 1.2 
1.3 
1.2 
1.2 
1.3 

Oo9 
1.0 
1.1 
1.0 
1o1 

20 1o3 
1o2 
1.3 
1.4 
1.7 
1.2 
1.3 

1.5 
0.9 
1.0 
1.3 
1.4 
0.9 
1o0 

11 162)4 17 1.0 
1.2 
1 • .5 
1.4 
1.1 

1.2 
1..4 
1o7 
1.6 
1o3 

15 1.2 
1.2 
1o3 
1.0 
1.1 

1.2 
1o1 
1o1 
0.9 
1.2 
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Station Croaaectional Ar ea 
aq. feet 

Bed No. Hori zontal Meas. 
(inches) 

Vertical Meaa. 
(inches) 

12 38J4 19 1.3 
1.5 
2~9 
2. 2 
1 . 9 

1.6 
1.5 
2.5 
1. 8 
lo5 

17 1. 0 
0. 8 
0.9 
o. B 
1.0 

o.? 
o. 8 
Oo.8 
o.8 
Oo? 

15 1.0 
1.0 
1.0 
o. 9 
1.2 

1.0 
1.0 
1.0 
0. 9 
1.4 

13 1.1 
1.5 
1.3 
1.1 
1.6 

0.9 
1.1 
1 .1 
1.0 
1.5 

13 13}2 15 1.3 
1.0 
1o1 
1.1 
1.1 

1.6 
1 .1 
1.1 
1.2 
1.0 

15 1.8 
2o0 
1.9 
1.5 
2.1 

1.'+ 
1.6 
1 .8 
1.'+ 
2.1 

1'+ 1~ 17 2 .• 3 
2.5 
1.5 
1 . 8 
2.3 

1.5 
2.2 
1.2 
1.2 
1.9 

16 1.2 
1.0 
0.9 
1.0 

0.9 
Oo9 
Oo5 
o.a 

15 1.1 
1.3 
1 .1 
1.2 

0.9 
o.8 
o.B 
o.B 

1 .2 Oo9 
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Station Crosseotional Area 
sq. feet 

Bed No. Horizontal r,eas. 
(inches) 

Vertical Meas . 
(inches) 

15 5 15 1.8 
2.1 
1.8 
1.5 
2.:; 
2.1 

2.2 
1.9 
1.8 
1.4 
2.2 
2.} 

15 15 3·0 
3.1 
:;.2 
3o2 
1.6 

2.1 
1.9 
:;.o 
2o.5 
1.5 

16 17 2.2 
1o? 
1o? 
2.0 
2.1 

1.5 
1.5 
1.4 
1.7 
1.7 

1m 16 1.5 
1o1 
lo3 
1o3 
2.0 

o.a 
o.B 
1o0 
1o1 
1.4 

15 1.3 
1.5 
1.2 
1o3 
1.0 
1.1 
o.B 
o.B 
Oo9 
Oo? 

1.1 
1.3 
1.0 
1.2 
0.9 
1.1 
o.6 
Oo? 
o.8 
o.6 

13 2.0 
1.2 
lo} 
1.5 
1.3 

2.0 
1.1 
1.3 
1,4 
1.1 

17 11" 1? 2o4 
2.7 
2o7 
1o? 
2.6 

lo9 
1.9 
1o,5 
1.8 
1.? 
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Station Croesectional. Area 
&!lqo feet 

Bed No. Horizontal Heas . 
(inches) 

Vertical Meas . 
(inches ) 

17 16 lo5 
1.4 
o.s 
1.3 
1.8 

o.B 
o.B 
Oo7 
Oo9 
0.•9 

11)4 15 h5 
1.3 
1.9 
1.0 
1.2 

1.1 
1.0 
1.5 
0.7 
1.0 

1.5 1.6 
1.5 
1.2 
1. 0 
Oo9 

1.4 
1o3 
1.1 
Oo9 
1.0 

18 12j4 16 1.0 
o.8 
o.9 
1.2 
1.4 

o.6 
Oo7 
0,.6 
loO 
1.2 

15 h2 
1.2 
1o1 
1.2 
1.1 

Oo9 
1.1 
Oo9 
0.9 
o•.a 

15 1. 3 
1.0 
1.2 
Oo-9 
1•.2 

1.4 
1.1 
1.1 
0.,9 
0.9 

14 0. 7 
o.B 
o.? 
lo1 
1.5 
1.6 
1o3 
lo3 
lo2 
1.2 

o.6 
Oo7 
o..,,, 
o.6 
1.0 
1.6 
1,0 
Oo7 
1.2 
Oo9 

19 14 15 1. 1 
1·.4 
1o2 
1.1 
1.4 

0.9 
1.2 
1.0 
1.0 
1.1 
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St tio.n • 

19 1lt 14 0~ 9 o. 6 
1. 0 o. ? 
1 . 1 o. 8 
1. 1 o. 8 
1. 0 0. 9 

13 1. 2 1. 3 
1. 4 l e1 
1. 4 1. 0 
1. 6 1. :5 
1 . 2 0. 9 

13 1 • .3 :t .o 
1. 2 1. 4 
1. 2 1.3 
1 • .3 1. 2 
1. 2 o.a 

20 54~2 11 2. 3 1 • .3 
1. 0 Oe? 
1 • .3 1 . 1 
1 . 6 l e} 
l e4 0. 9 

16 0. 9 o. ? 
1. 0 0. 9 
1. 1 
o.8 

0. 9 
Oe6 

1. 2 Oe9 

15 1 . 0 1. 0 
Oe9 o. ? 
1 . 2 1 . 1 
1. 4 1. 2 
1 . 1 l eO 

14 1.1 Oe? 
1.1 l e1 
1e0 c.6 
1. 2 1. 0 
o.s o.6 

13 1. 4 1. 4 
1. 2 l eO 
1e0 o.a 
1. 3 1. 0 
o.s o. 6 

1.3 1e2 l eO 
1. 0 l eO 
1. } 1e0 
1. 1 1. 0 
1.1 o. 8 
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StatioQ Crossectional Area 
aq . feet 

Bed Noo Horizcntal Meas . 
( inches) 

Vertical Meas . 
(inches) 

21 30 15 1.,3 
1.1 
1.0 
l o1 
l e1 

1.1 
1o1 
1ol 
1o0 
1 ._2 

14 1.2 
l e2 
leO 
1ol. 
o.a 

0.9 
Oo9 
Oe9 
o.a 
o..9 

1.3 1.8 
1.5 
1..6 
1o2 
1.) 

1..3 
lo1 
1o.2 
1,.o 
1o5 

22 31~ 13 1.6 
1.4 
lo2 
lo4 
1.:5 

l o3 
1ol 
1o2 
1o3 
1.1 

ll 1o7 
1o4 
l o9 
1oJ 
1-.4 

1o5 
o.a 
1..6 
Oo9 
1o0 

23 13 lo3 
1o5 
1.9 
1.? 
1.4 
' 

1o0 
1o3 
l e~6 
1o2 
1o3 

11 1.3 
2. 2 
2.2 
1.8 

1,.,., 
2.3 
1.5 
1., 

24 93 11 1o4 
1.5 
1o5 
1.3 
lo6 

1o2 
1o3 
1.2 
1o0 
1.2 

11 lo3 
loA 
1.3 
1.5 
1o2 

1.1 
1.~ 
1.,3 
loO 
lp2 



St a tion Crosaectional Area Bed no. Horizontal Meas. 
sq. fee t (inches ) 

24 93 "/ 	 loO 
1.0 
1.5 
1.7 
1.4 

.,2.5 	 4~ 1.2 

J.o2 

1,.3 

lo3 

1o5 


26 84 1 	 1.6 
1.8 
1,6 
1 • .5 
1.8 

27 7~ 7 	 lo5
1,, 
1.1 
1.2 
J.,.o 

28 1 	 1.2 

J..8 

l.) 

1.0 
1.4 

7 lo2 
o.a 
o.8 
l.,O 
1 ..1 

Vertical Meaa. 
(inches ) 

l.O 
1.1 
1.2 
1.1 
1.2 

0.9 
0-.9 
Oo9 
lo1 
1.1 

loO 
1.4 
1.2 
loO 
0.9 

lo1 
loO 
loO 
lo1 
0,..8 

0.9 
1.3 
0-o9 
o.7 
1.0 

1.0 
o.6 
Oo5 
o.s 
0.9 
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