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The Development of Karst Features 
by Alan D. Howard 

ABSTRACT--Karst landforms may be con idered to be largely composed of three 
features: cutter , ink , and cave . The are int rrelated and tr:m itional be­
tween each other. 

Cutter are olutionally nlarged joint . he are normally filled with a 
r idual terra rosa, and form beneath su h oil over. Cutter are a di tinct 
karst landform, although they are often difficult to recogniz be au e they may 
be obscured by the soil mat rial. Cutter o-euerally ar not remnant of former 
caves. Where cutters are the dominant karst landform, joint olution generally 
decreases uniformly downwards. This solution is directly related to pres nt 
topography in depth, inten ity, and directional development. Cutters are 
normally developed into a rude, dendriti network imilar in directional ele­
v lopment to the overlying topograph . utter originate through olution by 
ground water flowing laterally within the enlarged joint . This is a gravity flow 
under a gradient. he amount of d velopment of cutter depend upon the 
climate, the ro k properties, such as olubility and grain ize, and the geologic­
topographi ituation. 

Cutters are the only kar t form present in completely homogeneou soluble 
ro k. Under uch condition they are an equilibrium feature of the land cape, 
and they have a imple form that change little with time. '\Vhere th rocks are 
heterogeneou , uch as in area of as ociated oluble and non- oluble rocks, the 
greater will be the e ' tent of dev lopm nt o( ink and avern , and the cutter 
will be less prominent. 

Cavernou pa age re ult from olution of th bedrock by through-flowing 
ground water. Because of the nece ity for continuous addition and removal of 
ground water in order for cavernou channel to form, caves are continuou 
conduits leading from a source o( ground water to a ground water exit. No 
one theory of cave development or equence of cave-forming event can b 
common to a11 caves. Every cave ha a unique history, but neverthel s there 
are certain broad principle which are true of the development of all caves. 
Cav s appear to fall into two cla e , tho e that ari e through olution and 
abrasion by free-surface ground water or ground water tream flowing with a 
definite gr~dient, and tho e that re ult by olution by ground water flowing 
under arte 1an pre ure. ome ca e ha e re ord of both proce · having acted 
at different times. 

Cav re. ult from the pre ence of a favorabl geologic situation ( tratig­
raphy and structure) . Both the geology and the geologic effects upon topography 
ar factors whi h control th elev lopment of avern . Jn order to completely 
describe the origin of a cave, the pecific geologic-topographic relation hip which 
promoted it development mu t be sp cified. 

Sink are enclo ed topographic depre ions which are collection area for 
the diver ion of urfa e water und rground. Sink pr uppo e ca ern , but the 
reverse is not necessarily true. Mo t ink derive their topographic form from 
the continuou removal of soil material underground, and the sink landform 
i usually a structur of th oil mantle only, for the bedrock surface doe not 
u ually have an a ociated funnel hape. Only a few ink originate from the 

llap e o( cavern roofs, and ev n the e are perpetuated by continuou down­
ward removal of increeping soil material. 

Cave and ink are mo t ommon. in area of great inhomogeneitie f 
geolo~)'.· IJ?- contrast to the rather static and monoton?us topographic form 
pr va1hng m area o( homog neou rock. the topography in area · of oTeat di\•er-
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ity of geology is g~nerally varied and typically in a tate o[ flux. u h condi-
tion , which are the re ·ult of the influenc of variou lithologi and trur-
ture upon the topography, are often conduci e to the de' elopment of cave 
and ink when olubl rock are pre nt. 

Because caves re ult from the eff cts of stratigraphy and tructure upon 
topography, neither uplift nor peneplanation is called upon as a direct cau al 
agent for the development of caves. 

Cutters are also found in area of divers geoJogy, but arc pre nt in in­
ver e proportion to the degree of diversity. In such areas cutters will have 
various forms, and the e may approach that of cave . 

Karst in thi paper include all landform 
on or abo\'c oluble rocks which ar at­
tributable to olution by ground and ·ur­
face water. J\Iost landforms on ·olublc ro k 
arc a hybrid of solution al pro c · · an l 
other rosio11al proces ·c" and landform on 
rock. not ordinaril considered olubl 
(p ·eudokar ·t) ma re · ·mble thrni of th · 
true karst type. 

Kar ·t land ·cape may b con:idcrecl om­
po ·eel mainly of thr e form : cutter (kar­
ren), sink , and Gt\' ·. Th · · arc int rrc­
latecl and transitional between each other. 
Of th c f ature , ·utt r · hav · not pr ,·iou ly 
been thought to be a major kar t form, large­
ly b 'Gtu of the la k of ex pre · ion of the 
bedrock olutional forms 011 the ·urfacc 
topography and the g- n ral lack of xpo')urc 
of cutter ·. 

Cutters--1 n man place on lim ton a 
p culiar bedrock topography i · found where 
th oil v Thurd n ha · b n r mmed 
through ero ional pro e e or b man. Thi 
top graph i · typifi cl b an c ' aggerat cl 
vall and ridge appearance, th po ltn e 
feature t rm d pinnacles (karr n) and th· 
negati feature ailed cutter · ( mi th and 
Whitlat h, l !HO, pp. 46--17). 

Au ca ·ily accessibl e ample of thi · olu­
tional f rm is locat cl just outh f B dford, 
Indiana on High·wa U. ·. 50. Lime ·tonc i 
' po · d in the roaclcut and on th urfac · 
adja nt to th ut where ov rburdcn ha 
wa hed away from the lime tone expo ing 
an ar a of w ·11-d ·v loped cutter · (fig. 1) . 
The negative area of th urfa e arc gr atly 
cnlarg d joint" and th · po ·itive ar a are 
in tcrvcning bedrock block . Be au ·e the 
joint are vcrtial, the utt•r · arc aJo \Cf­

ti al. The greatest enlargement i along a <.:t 

of joints that are pa cd about 5 to 10 feet 
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apart and strike at appro imat right 
angl to the road. The cutter on the main 
joint. ' tend downward · below th l v l 
of the road cut and arc fill cl with lay. On 
or more s conclary scri ' . of joint , lo r to­
g th r and Jc ·s prominent, ar ho t to sc -
ondar furrow which l ad at a teep gradi-
nt from th high r blo k int the main 
utter . They appear to be tributaric to the 

main hanncl . It i · appar nt that th main 
cutter · are not funnel- haped form attribu­
t ·cl to ink in lirn ton terrain, for, al­
though they have a ·teep funnel form in 
uo · · ·cction, they c, t ncl linearly in th 
dir tion of the joint" and ar of a maller 

al than ink feature . he lution 
channel arc normally filled with red cla , 
th u ual re ·idual tnra rnsa. 

he ·urfacc of the lime ton protuber­
ance · arc chara t Tisti all round d and 
·treamlinecl, with coni al peak ; their ur­
fa c feature arc hara tcri ·ti of olution 1 
origin, with harp proj ction and bowl-
hapccl d pre ·ion ·. Wh 'r only the pin­

na I protrude above th oil o r and th 
tr n h arc fill cl with lay, th i lat d 

b clr k xpo ur 

Jn a number of lime ·tone quarric near 
Bloomi11gto11, Jncliana, quarrying of th' 
'al m limestone pose · c ·cellent e tions 

aero · the lime ·ton . The ·c ·e ti on are well 
cl fin ·cl he ·aus · the quarrying is b awing 
rath r than by bla ting. Herc nlarged joint 
imilar to th· one at the road ut w 'r ob­
crved (fig. 2). The top part of the pin­

nacles w r not ·:-..po •cl l>ut the sc tion 
urntinucd down enough to expose the lowest 
part of the enlarged joint!>. Th cutter x­
t ·11 dccl to variabl · depths bcnea th th top 
of th· quarry and almo t all decreased in 
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Figure l 
Pinnacle and cutter bedrock topography, south­

ern Indiana 

Figure 2 
Joints enlarged by solution (cutters) in a quarry 

face in southern Indiana. 
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\vidth rather uniformly downw.ircls: all di~ 
appeared h pinching-out before rea hing 
the bottom of the quarries about ()() feet 
below . . lmost all opening · e)..tenclecl to the 
lop of the cut, and expanded upwards. Only 
a few, small roofed Gt\'ities were noted, and 
the e were u uaJJy beneath normal cutter. , 
along the ame joint. The rntter~ were fill •cl 
with clay as in the roadc.ut. The Salem 
lime ' tone in thi area co1Hai11~ few sink. 
and the cutter in the quarr were not fun­
nel- hap cl bedro k depres ion a rib cl to 
lime tone ink . 

Cutter when cleared of clay lo I r 
embl cavern passage b au e of their de­

' elopm nt along joint and the olutional 
feature th y di play. The po ibilit that 
they are cavern r rnnant · which ha,e lo t 
their r of by ollap e ·hould b con idered. 

However, everal [actor make thi unlik I : 

J. In thee lo alitie ' and at other, there 
i no viden e that e ·ten ive roof ollap e 
ha o urred in pre- xi ·ting a vi tie ·. There 
are no buried flow tone cleposi ts, no reli s 
of p I otl'!-_em" no blo k of roof lime tone 
in Ftve fill, and no oar e la tic within the 
fill a on might ·pen from ·tream cle­
po it within avern . 

2. Pinnacle and nlargcd joint appear to 
be too numerous to be a cribed to former 
ave ·. 

3. The top of the pinna le ha\'e been 
greatl affe ted by olution and ar not fr h 
bedro k that one might expect to find as 
part of an earli r avern ro f. 

_1. ually the joint opening e, pand up-
ward , howing no tendency to clo ' O\ er 
the ·utter. 

5v o cavern of 'ignificent i1e or num­
ber · were not d b low the cutters, which, in 
contra ·t, were very 11umerou · near th ur­
fac . 

11 the utt r and pinna le that I ha 
·cen have b en f rmed under a oil cover. 
Lapies, a olution form which develop on 
·uba ially expo cl lime tone and which 
g nerally occur as mall cale ridge and 
hollow , has often be n mistak nly equated 
with cutters (Thornbury, 1954, p. 319-320) 
but it is a distinct form and i of ten de­
velop d on pinnacl that have been bared 
by removal of the soil mantle. 
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Different solubility of ·bedrock give ri c ......-.:-~.-...-~-/ ..... ~~···:• ·:-···-.. ~~..--.--· 
to secondary feature on cutters and pin· ,__..-........-~-.-.-~· ., ' ~ 

na I . Chemi ally r . i tant b d generally 
form protub ranee into the cutter , and ' 
weak b d ar ut back. Figure 3 show the 
effect of re i tant b d at various po ition 
within a cutter. Th last form ( ) appears 
to b th mo t abundant wh re there i a 
prominent re i tant b d, for, being mo t 
r i tant to hemi al w ath ring, it per. i t · 
long r at the urface of the bedrock than 
le . r i ta11t b cl ·. Figur -1 how a com­
monly-ob erved profile through utter . It 
hould be noted that su h utt r ar p n -

cave , that i , th y are nearly roofed over. 
In fa t, it i · ob crvccl that a re i tant b d 
ma en ti rely roof over a cutter for short 
·tr t h . forming natural bridge or hort 
av . l ·o it wa noted that olution i 
omewhat re ·tri tecl h neath ·uch a re i tant 
ap, allowing only tunt cl cutter to form, 

be au c the downward movement of ol­
nt in u h ca ·e · i · hinder cl. imilarly 

solution increa ed corre pondingly above 
u h a re i tant layer, and ·hort c.ave may 

al o form by abnormal olution above the 
re i tant layer. The number of the e, how­
ever, i probably maller than the number 
found beneath re ·i ·tant 1 eds. 

n e ' ample of olution retardation by re-
i tant bed i on Highway 31 north of 

Columbia, Tennessee. On the east ide of 
thi road ut, utter-, b ing nearly perpen­
dicular to the road ut, are expo ed in cro 

tion (fig. 5). On th north nd of th 
tion are a number of apparently normal 

cutt r , with bottom · not vi ible. On th 
e treme outh end of th cut a relatively in­
oluble layer i pre ·en t above the oluble, 

cutter-forming unit, and therefore no cut­
ter have developed in thi zone and th 
onta t betw en beclro k a11d th mantle i 

c entially flat. Intermediate condition are 
pre nt in th enter of the ·ection wh re 
one cutter ha a ignifi ant pinching in of 
it upp r part a · ompar cl to the u ual 
widening. Wher the re i ·tant unit i 
thi k r, the top i losecl ov r to form a 
clay filled, cave-like opening of indetermin­
able ext n ·ion into the hill. Taking the ec­
tion a a whole, where the upper re i tant 
unit i pre ent, littl v rtical olution aloncr 
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Figure 3 
Cutters, showing the effect of a relatively re­
sistant bed at three positions within the cutters. 

the joint ha o curr d, and wh re ab ent 
the joints have widened into cutter . 

The pho phate di tri t of central T nn­
e ee afford many ex ellent exposure of 
cutt r topography h cau e th pho phate­
rich mantle ha been removed from the 
lime tone bedro k. 

Cutters and pinnacle were al o ob erved 
in tilted and deformed ro k , e en wh re 
the dip of the ro k appro imated 45 de­
gree ·. De pit th angle of the hedding, 
where the rock i e entially homogeneou , 
the dominant lineam nt o[ the upper parts 
of the cutters are vertical, a op po ed to 
the po ibiJity of control by bedding r 
oblique joint (Wat 011, 1905). In the low r 
e, ten ion of utter , control by bedding and 
inclined fracture. b ome · more noti eable 
(e.g., in the marble quarrie o[ eastern 

Tenne ee). 

The pepino hills of Puerto Ri o, the 
mogotes in Cuba, and imilar kar t form in 
other area ha\'e almo t univer ally been 
interpreted a · being old age remnant of 
a former karst plain (Thornbury, 1954, p. 
334) . he feature ar tcep- ided tower 
of lime tone which protrude out of flat­
fl ored valley uncl rlain b un on olidatc l 
re idual material. I di agre with the abo e 
onventional interpretation, for the c tow r 
eem to be more lo cly related to utter in 

origin. They are es entially gr~atly enlarged 
join ts, and th top · of th~ p11111a 1 ha e 
been expo ed by co.n~onutant removal of 
th r iduum a · the JOlllt are d epen d b 
olution. They arc very lo e in ongin to 

the karren terrain!> in the nited tat , but 
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Resistant Bed 

Figure 4 
Section through cutters developed under re­

sistant "cop rock". 

th wider pacing of the joint and the dif­
ferent climatic condition of the tropi have 
resulted in the difference in cale. l\Ionroe 
(1 60) not that in Puerto Ri o the tow r 

form are pre ent in homogeneou lime tone, 
while ink t pography i pr nt where the 
trata are alternately hard and oft. 
It appear unque tionabl that olution 

from which cutter are derived occur while 
the utter are filled with day. few in­
tere ting tudie ha\'e been made of th 
d pth of uch olution, and the vertical di -
tribution of olu ti on in area of enlarged 
joint. D. K. Hamilton (19·1 ) ha given 
a comprehen ·i,,e tr atm nt of the ground 
water o currence in a carbonate rock area 
n ar L xington, Kentucky. He not that 
olution occur along joint and bedding 

plan , and i dire tly related to pre nt 
topography. Beneath both upland and topo-

raphi low , olutional enlarg ment wa 
pr ent to a depth not ex ceding· about 0 
feet (fig. 6) and the amount of olution 
de rea ed downward fairly uniformly. H 
note that iwoluble and imp rmeable b d 
inhibit olution ben ath them and on en­
trat olutional effe t ju t above th m. 
J int whi h arc lo atcd beneath topo­
graphi low are nlarged the gr ate t 
amount, and lea ·t •nlargmcnt of joint 

Figure 5 
Generalized section of a roadcut north of 

Columbia, Tennessee, on highway U. S. 31. 
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ur b neath topographi high . The olu­
tion pattern annot he correlated with a 
n arly horizontal, well defined water tabl 
and olution d velopm nt of enlarged joint 
and bedding plane eem to be patterned 
into a rude, three dimen ion onnect d 
network, imilar in directional dev lopment 
to th o erlying topography (fig. 7). u h 
on ideration point to the conclu ion that 
.·ten ive lateral fl w of ground wat r x­

i t within the joint and bedding channel , 
and that utt r ar , in effe t, a ub- oil 
drainage network. Th flow of water in 
utter would be gravity flo'" with an a ign­

able gradient. olution would decrea e with 
depth becau e of the limited vertical mi ·­
ino· of the ground-water olution . \Valker 
(1956, fig . 7 and 16) give imilar evidenc 

ol th depth of olution. Jn om lo aliti 
olution opening have been found at great 

cl pth, up to '100 feet r more ( Foo e, 1953; 
, Ioneymaker, 1941). The anomalou op n­
ino· at depth ar probably th re ult f 
unu ual lithologie and tructure promoting 
deep flow of ground wat r. 

Generally the oil-bedrock onta t i quite 
harp. hi would indi ate that olution i 

by urface attack only. The general homo­
geneit of Jim tone, it · int rgranular im­
p rmeability, the great volume redu tion 
upon olution, and th rat of oJution are 
probably factor that contribute to the harp 
int rfa e. 1\Ior tran itional oil-b dro k 011-

ta t are noted in impure lime ton and 
dolomite (R dger, 19~3, p. 116). Probabl 
rea on for thi ar th more porou nature 
of the ro k , allowing more intergranular 
olution, and the lower rate of r a tion, 

whi h make intergranular olution more 
prominent. 

utter are be t developed in clen 'e, pur 
lime ton with an e\ en, well-de' eloped 
joint y tern, and in warm, damp limate . 
. \ · lime ton b om mor impur and 
more re i tant, and the climate become 1 
moi t, the bedro k-man tie on ta t i. flat­
ter and the oil mantle thinner. 

om granite in arid limate develop a 
pinna le topography that i probably closely 
r lated in origin to cutt r in lim ton . 

u h topography i found in homogeneou 
granite with e en, well developed. ar 
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Figure 6 
Zone of solution in a valley developed in 
essentially homogeneous rocks, (Hamilton, 

1948, figure 4 ). 
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Directional solution along joint planes discor­
dant with drainage, (Hamilton, 1948). 

textured joints of vertical orientation. The 
arid limatc that seem · 11c cs ary for the 
development of this topography probabl) 
r ults in w ath ring of the granite by sur­
face attack only, and not by intergranular 
di integration. 
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OL BLE Rock 

Cutter · are bet d ''clop ·d in area 
entially den e, homo~encou lime tone. 
'a lcm lim tone ancl T nn e marbl " 

which have well-developed cutt r , are both 
e: ·entially homog 11 u . Th Puerto Ri o 
pepino hill arc in homogeneou lime ton 
and man of the area · in which utter have 
be n b crvcd in n tral and we tern n­
n ·sec arc in monotonous topography de­
veloped on thick, nearly homogeneou · lim -
·tone and clolomit . 

1 'hc form of cu ttcr i 11 h mog neou ro k 
i · that of tr n h along th joint narrow­
ing downward rather uniformly. Th cut­
ter · have ize and cl pth · of varying order 
of magnitude and arc ·o arranged to form 
a crude ub- ·oil drainage network. Cutter 
arc al ·o found in ar a · of variable gco log 
and thi will be con idered in a later part 
of thi paper. 

critical point to be determined i the 
topographic elem 11t · that might be p tccl 
to develop in an area of homogeneou rock. 
Cla i al theory a , um that the topography 
depend mainly upon th tage of landform 
evolution, and that whether one hould x­
pect urfacc drainage or ubterranean drain­
age through cavern · dep nd a I o upon th · 
·tagc of the kar t cycle in so luble ro k . R -
ently, however, the importan e of equilib­

rium topograph)' ha · become apparent a · 
quantitative tudie · ha\'C been made. For 

xample, . trahlcr (1950) point out that 
in the mature and later tage of landform 

\'Olution the topography of area of h mog­
encou rock is typified by a monotonous 
topography of ·imilarly fo1ped hill with 
similar relief, and that all area· have equally 
w 11-developed drainage. Thi equilibrium 
hill profile would be determined by the 
phy i al propertie of th· rock ( olubilit , 
grain i1c, fra turc patt rn, etc.) , the local 
rat of ero ion, and limatc. All part f the 
topography ( tr ambed , hill 'lope , and hill­
tops) would be downwa ting at e entially 
the ·amc rate. Thi · topography i e cntially 
latic in that there is little shifting of drain­

age, migration of divides, or change · ol 
hillform during erosion. although relief may 
dccrea · or incr a c a cro ion continu' . 
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Figure 8 
The development of 

s Soil 
Ls Limestone 
c Clay seam 

B au it i an quilibrium topography all 
di turbance in the topograph au ed by 
rapid in rea or decrea of rate of ero ion 

hort-li\' cl and hould rapidl 
reach quilibrium. It al o mean th direct 
ff t f an initi 1 ondition impr d 

upon the topography (for xample an initial 
p neplan cl urfa e) would b rapidl lim­
inated from the topography. 

Th sta ·e of youth o upi onl a hort 
period in even an ideal y le (1 than 53 
a cording t Jolrnson, 1932), and w hould 
expect that most of th pre ent topography 

n homog n ou ro k hould approximate 
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cutters, (Hook, 1915). 
J Jointing 
p = Phosphate 

a !'Italic equilibrium topography. Ha k (1960) 
maintain that very liul or non of the 
topo<Yraphy of the a tern nited tate 
b ar any imprint of y li al te toni and, 
orre pondingly, i an quilibrium topo<Y-

raph . quilibrium top graph would be 
ontinuou ly pre nt under condtion of 

n tant or Jowly varyin<Y rat of uplift. 

Let u now con ider utt r in the frame­
·work of the on pt that in ar a of homog­
eneou rock the landform are not changing 
in form or qualit during ero ion of the 
land, and the topographic element are es-
entiall tim -ind p ndcnt. n arly cone pt 
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Time X 
IUL A'l' l 'IE ,.OJITl?H OF 1"1'£VJOUS L~~D S~ll'IFACE 

Figure 9 
Vertical migration of cutters by erosion. 

of the development of cutters given by Hook 
(1915) (fig. ) is notable in that a cy lical 

or unidirectional dcvelop1nent of cutters was 
imagined. However, it i · the present opinion 
that such a waxing and waning of cutters is 
not to be expected in homogeneous rock, 
but rather, the amount of solution hould 
remain essentially constant during ero ·ion 
(fig. 9). 

Cave and ·inks are not to be expected in 
exten ive area · of homogeneou rock , but 
rather are confined to area of changing 
topography caused by inhomogeneitie of 
geology. Cutters, on the other hand, are the 
only kar t landform present in area of 
homogeneous soluble rock, although they are 
. al o pre ent in area · of diver e geology. 

In equilibrium topography on homog­
eneou ro ks essentially no drainage gradi­
ent exi t between a topographic point and 
any lower topographic point pa ·sing through 
bedrock which are greater than a gradient 
between the same upper elevation and an 
equal lower elevation by following a surface 
route only. Hence subterranean drainage 
capture annot be expect d. lt ha already 
been shown from studie of limestone ter­
rains that are nearly homogeneou that olu­
tion decreases regularly with depth, and 
cutter · are not roofed over in homogeneous 
strata. Even at greater depths there doe 
Hot appear any reason that one hould en­
counter abnormal cavities or caverns in 
homogeneou soluble rock. 
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8 . 

Figure 10 
Types of solution along joints; A). Random, 
non-integrated pockets, B). Continuous channels. 

Significant thicknesses of limestone strata 
that are homogeneous, or nearly o, are 
probably the exception rather than the rule. 
Even in the most n arly homogeneou 
strata, for example the Salem limestone and 
Tennessee marble, lithologic variation oc­
cur that permit small cavernous opening 
to form. To the degree to which soluble 
rock approach homogeneity they will ex­
hibit few or no caYernous openings (as op­
po ·ed to cutter along joints, which will be­
come more common). To the degree to 
whi h oluble rocks, or combinations of 
soluble rocks and non-soluble rocks, ap­
proach greater inhomogeneity cavern· and 
sinks will form. 

CAYFRN 

Caves (caverns) are here defined a en­
clo ed bedrock channel" generally o( hori­
zontal extension. 11 linear openings, from 
anastomoses to large cavern hambers, arc 
therefore considered to be one continuum. 

Cavernous pas age result from solution 
o[ the bedrock by through-flowing ground 
water. Some author have maintained that 
unintegrated, pocket-like opening often 
form in limestone by olution, especially in 
the saturated zone (Davies, 195 , p. 27) . 
Figure 10 demonstrates the difference be­
tween an integrated passage and non-inte­
grated pockets. An integrated pa sage is 
continuous, although it may enlarffe or con­
tract in dimensions. A non-integrated pa s­
age is fragmentary, or discontinuous. 

TIIE N ATIO AL SPELEOLOGICAL SOCIETY 

Any continued solution o( lime tone mu t 
be accompanied by a relatively continuou 
addition of fresh solutions and removal of 
aturated solutions. Ground water with no 

appreciable flow cannot, therefore, create 
openings underground, for aturation i oon 
achieved, and, even if we postulate produc­
tion of acid by bacteria after ground wat r 
is introduced into the rock, oxygen and 
food must till be upplied. Therefore, to 
dis olve lime tone, a continued flow must 
be maintained, and, orre pondingly, the 
opening through whi h the ground water 
flows mu t be continuou . 

Evidence for the above conclusion may 
be cited from observation. Reference i made 
to a quarry near Hershey, Pennsylvania 
which encountered a 6-inch opening in 
lime tone at a depth of '100 feet (Foo e. 
1953). This opening yielded 8,000-10,000 
gallon o( water per minute, but is w 11 with­
in the ground water zone which would be 
characterized by some as containing only 
primitive, nonintegrated openings. These, 
by definition , ould not yield more than 
their capacity of water. The opening en­
countered must be part of an integrated 
cavern system, although it probably con ist 
of generally Yery mall openings. This sys­
tem of openings was able to produce a cone 
of depression in the water table when 
water was pumped from the opening. The 
openings found in the limestone in Penn-
ylvania are not large when com pared to a 

enterable cave, but are as integrated a 
their larger brethren . 

Because caves must ha,·e, or have had, a 
cir ulation of ground water through them 
in order to be formed , they must have or 
have had a point or point onnecting the 
cave to the surface from which the ground 
water entering the cave originated, and a 
corresponding discharge point or point 
through which the ground water exited 
from the cave to the urface. One po ible 
exception to this rule are caves in porou 
lime ·tone. In such a situation, dispersed flow 
of water through the rock might concen­
trate in discrete opening , giving no original 
connection between the cave and the ur­
face. The determination of the entrance and 
exit points for ground water, and the de­
termination of the general pattern of cir-
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A. B. 

2 . 

~C. 

Figure 11 
Sink morphology in horizontal rocks: A). Sur­
face topography mirrored on the bedrock sur­
face, 8). Sinks resulting from cavern collapse, 
passing from stages 1 to 3 as surface mantle 
creep tends to obi iterate surface expression of 
the collapse, and 0. Concept advanced in this 
paper, that surface expression of a sink is not 
necessarily mirrored in the bedrock. Sink posses 
through a series of stages l to 3, with a much 
greater length of time in the first stage than 

in later stages. 

St reom Heoding in 
Non Resis tant Rocks 

Strearri Heod1n9 in 

Res l s tont Rocks 

,__,___,,_,,.__,,____,_-~----'--'--'--f - \ \\ \\ \ '\'\ ':\~ 
Route . of Underground Oro in age 

Figure 12 
Capture by solution piracy of a stream head­
ing in resistant rocks by a lower stream head­

ing in weakly resistant rocks. 

53 



culation within a cave i. as important a · 
the determination of the hisLory of the 
cave, the determination of the ground water 
zone in which the ca vc was form cl, and the 
deciphering of the other critical element 
of cavern form and hi ·wry. 

A person vi ·iting both Carl bad Caverns, 
N w M xico, and Eldon's Ca , fa ·a hu­
sett , could not help but be impre ed by 
the cliff rcnces bclw en Lh m. • lclon' 'av 
i e entially an underground stream through 
a inglc, small pas ·agc, whiJc arl bad i. 
es entially dry and capacious. ome ca\'e. , 
lik Carl ·bad, arc ·om what comparable to 

the inter 01111ccting chamber of a pongc, 
while other ave, , uch cLS Carrol Cave, ;\fis-
ouri , consisl of a few major pa sage · which 

extend for mile . orne caves have tream 
which occupy almost all major passage , 
while others are almost dry. ome ca\'e , 
even in fold d rock, arc predominantl 
horizontal in exten ·ion, while others, ·uch 
a Breathing· Cave, Virginia hav prominent 
down-dip exten ·ions, resulting in an inclined 

avern. 

Even when confronted with the extreme 
diversity of ·avern" mo t ·pcleologi t would 
like to think of all cave a originating in 

·cntially the ·amc manner (Davi , 1960, 
p. 29; Bretz, 1956; and Woodward, 1961 ) . 
I do not believe that it i · pos iblc to di -
cover one universally applicable origin of 
cave unless one speaks in vague t and mo t 
inconsequential term . Variation in the fea­
ture and hi torie of cave mu t, to a large 

· extent, reflect corresponding variaLion i11 
the pro e ·se · operating· to form the caves. 
'I his approa h ha · been amicipal d by Hal­
liday (1960, p. 28) and Lange (1960, p. 
29). However, thi doc nol m an Lhat \Ve 

arc forced into an alternative that each GL\'C 

riginates under comple tely unique itua­
tions. Many cave · arc very similar in feature~ 

and hi ·tory Lo other ave , and mu t hav 
origiuated under similar, but not identical 
cir um tances. Therefore th problem be­
come one of discovering the variou · la ·e 
of ituation which lead to the developme11t 
of cavern . 

Because of this viewpoint, the reader will 
not find in the following pages a compl te 
de ·cription of all circumsLanccs leading to 
the d velopm<.:nt of cave , but only those 

ituation whi h Lhe author belie\'e at pre -
ent to be responsible for the cle\'elopmncL 
of ome types of ca'' rn . There are, of 
course, olh r type of avern whi h hav 
not been tudied su[[iriently to be encom­
pa · ·ed wiLhin thi paper. .\lth ugh all cav­
ern develop under at lea t partially uniqu 
cir um tanc , th r ar a numb r of prin­
ciple that are true of all cave . One of 
the ·e ha already been di u ed, that no 
cave can be expected in large area of 
homogeneous ro k. 

he type of ground water flow through 
di ·crete bedrock hannel whi h lead to the· 
development of cavernou pa age ha al ­
ready been noted a lacking in topography 
on homogeneous ro k. I l i · my opinion that 
two types of geologic-topographi ituation 
may lead to the ckvelopm nt of cave . The 
Jir t is the situation where a drainage gradi­
ent Lhrough soluble rock xisL · betwecu ~w 
upper topographic point at a source of 
drainage to a Jow"r topographic point which 
i · greater than the topographic gradient. 
The other situation i where artesian circu­
lation is promoted through oluble rock. 

INK 

Sinlu, or ·inkhole , may be defined as en­
clos cl topographic depre ion re ulting di­
rectly or indirectly from ·olution by ground 
w:it r. ink · are g nerally found on other­
wi e gentle to flat topography, for on sig­
nificant topographic slope they are highly 
un table. Sinks are collection area for Lhc 
diver ion of surfa e water underground. 
They may ha vc formed primarily from thi 
function , or, like som ink formed by col­
lapse of cavern roofs, Lhis may be a s ond­
ary attribute. 

Sink presuppose ca\'erns, but the revcr e 
i · not Be es ·ari I y true. In area · of almost 
omplete drainage underground through 

sink , they are Lhe ole ource of ground 
wat r responsible for the a\·erns. However, 
many cave receive ground water flow 
through ource oth r Lhan ·i11k , and uch 
ink a may be abo\'e them result either 

from av rn pa age collapse or a ·e ondary 
diversion of drainage from the urfa e into 
th cavern. 

THE NATIONAL Pl·.LEOLOGICAL SOCIETY 

The imple t and Lhe rnosl preval nl con-
ept of the form of inks is that the bed­

rock urfa e e senLialJy mimic the urfa 
topography; th bedrock surfac i a ign cl 
great funnel- haped clepre sion (fig. 1 lA) , 
whi h form by ~oluLion a ground wal r 
moves clown into cavern pas age . Although 
I hav examined many sinks, and quarries 
in ink ar as, I have not seen thi type of 
bedrock depression. Th quarrie in 
ink area , for example near Mitchell, 

Indiana , how Lhe bedrock urfare to b 
essentially pianar. I have seen sinks wiLh 
nearly vertical bedrock wall , obviou ly 
formed by ollap c inlo underlying av rn 
passages, but the e are not o( a solution 
origin. 

Coleman and Balch in (1959) conceive of 
inks in a diffcrenl way, envisioning cavern 

collapse to explain the urface depres ion . 
Their r asoning appears to be a follows: 
olution depression in limestone are ad­

mitLecl to exist. They correclly ob er\' , 
however, that solution, acting downward but 
lowly, i · much slower than th rate of 

mantle creep, and therefore bedrock solu­
tion depre · ion · ( u h a cutter ) hav no 
surface expre sion , solutional lowering being 
counterbalanced by inward oil reep. 
Rather, cavern roof collap e acts to make 
an initial depre · ion (fig. 1 J B). fter 
initial ollap e of the cavern roof, mantle 
creep gradually form a shallower, broader 
clepres ion, which i finally eradi atecl by 
further inward creep, at which time no 
furth r urfa e expre sion xist above th 
collapse. However, the quarrie in kar t 
area , men tionecl above, how 110 av op n­
ings large enough to promote roof collapse, 
even Lhough the q uarrie · are in area of 
abundant sinks. Jn uch area the ubter­
rauean drainage i · through mall joint and 
bedding op nings. In addition, the e quar­
rie show no evidence of former collap e of 
bedro k. Alo, pas ages in many caves pa ' 
shallowly beneath surface ink , and how 
110 collap e. Th refore, although ollap e 
ink mo t certainly exist, they do not ac­

count for mo t of th ink of the ·ink plain ·. 

The two hypothese of ink morphology 
given above neglect pro e of removal of 
the unconsolidated mantle material through 
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b dro k opening. l\Tctloll (1922 , p. 197) 
point out Lhat in olution valley all 
"'' ath reel material must be tran ported un­
derground to urfa e Lreams. 'Vh re stream 
di appear underground, they mu t al o arry 
th ir u p nd d mat rial and b cl load un­
derground. In cave it i. pos ible at time 
Lo · e ink · from Lh bottom up; debri · i 
acti\'ely and continually entering ca,ern 
through Lh e opening" In many a ·es iL 
i al o being removed from the cave b ub­
terranean tream" 

Soil material wa heel into underground 
pa ·age i capabl of produ ing funn 1-
haped urfa e depres ions of ink . everal 

'ariable would affc l Lhe raLe of ·oil ma­
terial and the sha p of the ink : Lhe type 
of O\'erburden, Lh topographi po ·ition and 
nature of the bedrock channels, and climate. 
The surfac forms of sink might be ex­
pecLecl to change throughout Lime as vari­
ation in the rate of erosion of soil material 
occur. AL irregular interval Lh man tl 
material might effectively plug drainage 
route au ing a le ening of Lhe ral of r -
moval. Thi would cau e mantle reep to 
tart filling Lh ba in, and a per heel lake 

might form. Alternately, the e seals would 
break, and larg quantities of material 
would suddenly wash underground, leaving 
fre h, teep sink . Such ·udden relea e of 
material underground would be a ufficient 
au for the rapid disappearance of lake 

or appearance of sink which are often at­
tributed to cavern collap e. n in tructive 
example of thi oc urred near H r hey, 
Penn ylvania (Foose, 1953) where the tone 
ompany (previously ited) artificially low­

ered the water table in a limestone terrain. 
he r ulting cone of depre ion in r a d 

the efficiency of underground drainage. 
urface trcam wa immediately diverted to 

a ubterranean course and a large number 
of ink appeared. he underground water 
orrespondingly wa muddied with u pend­

ed material. No mention of collapse wa · 
made, although the e sink were ob rved in 
formation. 

Compared with quarries or limestone ex­
po ures in areas of utter , those quarries in 
ink areas in flat lying· rocks how contrast­

ing morphology. No cutters were seen in 
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thcs quarrie , rather tl.1c rnantlc-bedro k. 
contact i cs entially planar. Surpri ingl~. 
p rhap , the total amount of b drock olu­
tion in th ink. areas app ar to b mu h 
le than in the areas of cutter . The olu­
tion form that w re :ccn w r tratigraph­
ically detennined cav rnous channel , most 
of them rath r small (3-1 in h . wide and 
a few feet in height), but o ca ional larger 
cav pa . ag · ar to be found. 

My con eption of the ink in e sentially 
flat-lying ro ks is ·hown i 11 figure 11 C. he 
flatne. of the bedrock urf ac is cau ed by 
the cliff rcntial r sistan r of th ro k units. 
The unit immediately below the mantle and 
abo ' the cavern pa ·sage i: an e p cially 
re ·i tant unit. The less rcsi tant ro k o,·cr­
l ing thi unit ha been removed b erosion, 
and downward weathering ha almo t halted 
at th re i tant unit. Because the resi tant 
unit ha persisted, it ha · a ·sumecl a po ition 
a · an upland ·tructural plain. Malott (1922, 
p. 194) poi11t · out that the great ink area 
in Indiana are found on ·tructural plainc,. 
It i · a sumed that mor soluble layer arc 
pre ent beneath the re i tant unit. tream. 
or other cone ntration of water on u h 
an upland must exist a per hed water 
bodi · by virtue of the very low stream 
graclien t · on ·uch a ·tructural plain and it 
po ·ition high abo,·e the low ·t topographic 
point of ·urrouncling areas. Hen e water 
011 th upland" where possibl , is divert d 
downwards into the mor oluble lay r: thi'i 
re ·ult in the formation of an underground 

· drainage network. 

Th openings through resistant b clro k 
arc mall compared to subt rranean pa · 
ag·eway" and generally he ome ·ignifi antly 

larg only at wide int rvals, for ground 
wat r will concentrate upon enlarging a few 
larger op ning · rather than 11larging all 
joint equally. Hence removal o( oil ma­
t rial will ccur onl at wid · interval , pro­
clu ing th pitted ·ink plain. 

A. ·olution continue , the bedrock han­
nel enlarge, and collapse may occur abo,·e 
th larg ·t cave pa sag s. Such occurr 11 "> 

are relatively rare, for solution must effe · 
tiv ly quarr·y out th wllap e block, (or 
rock ·pan can generally bridge large width . 
Figur 11 C-2, 3 how lat r tage in the 
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e\·olution of some . inks, where by collap c 
they become gulf , 

To thi point I have dis u . eel only ink. 
in heterogcncou , nearly flat-lying ro k 
where the ink. arc th . ol contribution 
of ground water to the ave , a i the a 
for the great ink plains o( the ea tern 
l nitecl tate . The cond et of ondi­
tion i where th ink are econdary fea-
tur clcp nd nt upon the pr en c of a\' 
pa age in whi h the main ourc of 
ground water ar from area other than ink 
plain . In uch ca. c ink may form either 
by collaps of GL\ ern roof or b di er ion 
of urfacc drainage into the avern sy tern. 

u h ink need not lune lithologi ally de­
tcrmin cl morpholog , and hould be rela­
tively rarer than those in the ink area of 
flat-lying ro ks. 'uch inks may form above 
prc-e isting caverns in both hori1ontal and 
ti It cl rock . 

KAR 'T FORi\f OF ARE OF 

No IIOMOGENE.Oli GEOLOGY 

Cave and sinks seem to be most ommon 
in area of great inhomog neitie of geology. 
,.\fany large ave are found at or near th 
c arpment of the Cumberland Plateau, 
whi h i upheld by cl re i tant andstonc 
eric , and the ave are formed in lime­
ton lay r u11clerlyi11g the sandston . Wind 

Cave, outh Dakota is found in a limeston 
member of a rie o[ hale , and ton , and 
lime tone forming the flank of the Black 
Hill Dome. The a s o[ outhern Indiana 
are found in the area, of rough and vari cl 
top graphy developed on shale , and tone , 
and lime ·tone ·. Th ave o( the l\Iam­
moth ave region are chara teri ti ally a ·. 
o iatccl with the e · arpm nt o( the re istant 

Cypr ·s and ·tone, which contra t greatly 
in g ology with th' solubl<.: lime tone b · 
neath that contain the cave . Carl bad 
Ca rn · are d velope::cl in a variabl reef 
fa ie , and the He t of th variation on 
th topography of th ar a i quite noti able. 
In the Appalachian cave of large ize arc 
found wher the tratigraphy ha the great­
est variation. ' u h example might be e ' · 
tended almo t without limit. 

In ontrast to th rath r tati condition · 
pr vailing in areas of homogeneou · ro k, 

TIIE ATION L PFLEOLOGIC L OCIETY 

the topography in ar a f great diver it of 
geology i generally in a tate f flux. Di­
vide may be actively migrating; drainage 
ondition , topographi lop and profile , 

and tream gradient may vary greatly from 
one lo ation to an ther; rtain area ma) 
have tream "perched" with re pect to 
nearby area , and tream apture may b 
ommon. uch condition , which are the 

re ult o( the influen e of variou lithologi 
and tru ture upon the topograph , ar" 
often ndu ive to the de elopment f 
cave and ink wh re oluble ro k are 
pre ·c11t. 

Hack (1960), and earlier Gilbert (1 77), 
hav hown that pedim nt ar a ommon 
feature where drainage from re i tant rock 
pa e onto le re i tant r k . Ha k treat · 
a an example an area in Virginia where 
tream from ol lection 

rocks flow on to the le 
the henancloah Valley. he tream gradi­
ent in the re i tant ro k are greater than 
tho e in the non-re i tant ro k , for th non­
resistant rock are more ea ily eroded. Where 
th drainage from th r i tant ro k ent r 
th area of lower r lief of th weaker ro k , 
a tran itional pha e of lateral planation, or 
terra e and flood plain clevelopm nt, i 
pre ·ent, and is pre ent only in u h areas. 
Lateral planation oc ur be ause bedl ad, 
compo ed of debri · derived from re i tant 
ro k , i more diffi ult to rode than th 
weak carbonate and shales. 
are dev loped entirely 011 le 
will tend to capture nearby tream whi h 
deriv drainage from the re i tant rock by 
virtu o( the lower altitude of th form r. 

u h a apture would re ult in the abrupt 
lowering of the upper ourse of the tr am 
heading in resistant rock , and aggradation 
o[ th lower tr am , th f nu r re ultin 
in the f orma ti on of di e ted terrace . 

If the e weakly r i tant ro k are al o 
oluble, the po ibility of underground 

drainage aptur i likely. A a of tream 
capture underground i hown in figure 12. 
In onstructing thi figure it is a um cl 
that the two stream flow e sentially per­
p ndi ular to the plane of the e tion at 
this point. The tream head d in re i tant 
rock , by virtue of being "perched" with 
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C.,,;;:;=:!========""'*====-Ar---=~ 
Resl1tant Unit 

Soluble Unit 
D 

Figure 13 
Two possible paths for drainage in a given 

geo-topographic situation. Path ADB is more 
stable than path ACB and will replace the 
surface path as suitable solution channels 

develop. 

re pc t to the tream head cl in the w aker 
ro k , will tend to loo e water to th ad­
ja nt lower tream, and the underground 
route, being more direct, will be favored. 
It i notable that, when di cu ing the above 
type of surface tream capture, Hack u eel 
as an example the incipient capture of rorth 
Ri,·er by Mo y Creek. On the topographi 
map of thi area (Pama u , Virginia Quad­
rangle) a erie of ink connects the two 
tream near their lo e t approach, incli­
ating that limited ub urface drainage ap­

ture beneath the gra,·el O\'er of l Torth 
Riv r ha probably alreacl o urred. 

In the above a e th g ologi ituation 
wa!> the pre en e of adjacent area of re­
i · tant and weak, olubl ro k, and th re­
ulting topographi ituation ·wa the pr · 

ence of high gradient tream where the 
drainag head in th re i tant ro ks, and 
lower gradient trcam which are developed 
entirely on the l · re ·i tant ro k . Thi. 
ituation promote underground apture of 

th higher gradient trcam by the lower. 

The above a e illu trate ome prin iple 
that an be extended to th tud~ of man 
type of caves: 

1. To regional uplift of th land, nor 
te tonically influenced rejuvenation of 
tream , i alled upon a a dire L au al 

agent for ave dev lopment. he lateral 
planation and corre ponding porati tream 
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capture (and a\e fonnc~tion) will continue 
throughout the ero io11al hi ·tory of th area , 
whether there is r jm cnatio11 or not. 

2. Cave , and uch area in general, ,.,,. iJl 
have tim -cl p ncl nt hi torie. . Bef or ur­
face apture of the upper tream by the 
lower, ubterran an flow through th ccn c 
would be at a ma imum, and the ave would 
b a tively enlargi11g. ,\ftcr the upp r 
·trcam ha · been ·aptured by the lowc1 
tream b urface cli\'er ion, the ground 

water flow through the ·ubt rranean rout ' 
would ucldenly almo t cea ·e, and the a\ e 
would no long r b nlarging. Thi · tim -
varying history i in direct contrast to the 
rather ·tatic condition · in homogen ou 
rock area ·. 

3. R sidual landform arc pre ent in the 
terrace · left after urfacc ·tream capture, 
a11d th dry a\' · imilarly created; both arc 
remnant of proce se · no longer operating. 
Jn homogeneous rock area · ther ar no 
·uch remnants, and in the pre ·cnt ca e the e 
r mnant lanclform arc not the re ult of 
tectoni uplift. 

1. Caves have a morphology that is a 
function of the ituation which ha caused 
their clevelopme11 t: th grad icn t of the Gl\ 

in the above example v.;ill be well defined, 
and would b from the upp r to the lower 
·tream (or, after ·ub e4_uent urface cap­
ture, from an upp r di ected t rra e to ,t 

lower trcam or filled ·tream) ; the Je, cl. 
within th bedrock at which the cave arc 
found in the abov a ·c will corr lat 'vith 
terra e level on the surfa e; ·uch a a ,.e 
may b p cted to be a ·impl and linea1 
underground stream pa age that i · nearl 
horiJ:ontal and ·tru tur '- ro · ·ing; imilarly, 
the ca c ·hould b expected to be of hal­
low phr 'ati origin; thi · typ of ave might 
have wall fluting and cave deposit of a 
pebble conglomerate derived from th ma­
terial of the upper stream b d load and t r­
ra ; on might xpe t a paucity of ink 
abov u h a ave, for it doe not d •rive it. 
through-flowing water primarily from inks, 
although econdary and collap · sinks may 
be fouud directly above cav pa ·sages; and, 
b au of the ucld n d crea · in draina~c 
through the e cave if urface capture ol 
the upper ·trcam by the lower oc ur , a 
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partial aggradation of th ave tream and 
complementary filling of pa age may be 
pre ·ent. 

Deike (1960) ha treated a trikingly dif­
ferent type of C<t\e (Br ·athing a , Vir­
ginia) in folded rock. Here a olubl lime­
tone i ·andwi heel betwe n two in olubl 

and impermeable unit . Th topograph i 
developed with re pect to the geology uch 
that an upp r olle tion ar a on the lim ·-
tone i on the flank of Jack i\f ountain, 

which i · ·upport cl by th re i tant ro k 
abov and below the lime tone, and a lower 
ground water exit point i pre nt at a lower 
altitude where the strata are bent up into a 
harp anti ·Jin . At an earli r tim when 

the ·urfa c of the land wa higher, thi it­
uation promot d arte ian flow through th 
limestone from the upper area to the lower. 
Deik demon ·tratc that uch "deep phr -
atic" arte ian flow ha r ultcd in the de­
" lopmcnt of Breathing, and perhap · Butler 
caves in Virginia (Deike, 1960). 

Cavern characteri tic apparent! a ·so i­
ated with this t pe of de\ elopment by ar-
tc ian fJow ar : pas ag which follow th 
dip downwards without diminution; two or 
more joint ystem almo t equally di olved, 
and a wid 1011 of olution, thu giving· a 
male-like patt rn to the ave; generally fine­
grain d avern ediment ·; and ubt rrancan 
trcam that are clearly ·econdar . Thi 

typ of cave mo ·t lo · 1, approa he Bretz' 
(1942) conception of cave morphology. 

In this asc there i also a time-cl p ndent 
hi tory of the cave, but in thi in tan there 
arc two di ti net epoch of ondition ·: the 
deep phreatic flow of ground water through 
the av under arte ·ian pre ur , and a 
later period of ·ubterranean tream inva ion 
after r ·ion lower th iphon l v l of th 
tanding wat r below that of the ave. 

.. \gain, no rejuvenation or particular 
" tage" of landform dev lopment is required 
in rel r to account for the pre en e f the 
cave . I though Deike how · a previous, 
higher land ·urface of low relief, th typ · 
of flow leading to the development of the 
ave · would ha e o cured even if the previ­

ou r li f at the time of arte ian flow (when 
th land urfa e wa at a higher level relative 

THE • ATIONAL P.l:.Ll.:OLOGICAL OCIETY 

W - CRAWFORD PLANO MITCHELL 

tool!_ 

LAI - - NORMAN UPLAND -

';~ SCOTTSIU~G o., 

E 

....._ ___ ---J5 Mil.ES 

Figure 14 
Geologic and topographic profile from about 5 miles north of Jeffersonville westward to 

Marengo, a distance of 33 miles (Malott, 1922.) 

to th tructure) wa of imilar relief a that 
at pre ent. 

Woodward (19>1, p. 50) a ert that ave 
must ome about a · a relati,·ely udden 
event. Thi may be often true in th a e 
treated previou ly, but clearly in thi ca e 
the condition for arte ian flow mJ.y per i t 
for millions of year . Thu , depending 
upon the geologi and top graphi ir um-
tance , caves may come about a th re­
ult of inten ive pro e e a ting for hort 

period , or as the re ult of le er agen i 
acting for longer time . 

Let u now consider th origin of ome 
cave in nearly hori70ntal rock . On ( 
the mo t ommon ituation onducive to 
the development i that hown in figur 13. 
The gcologi al ituation i that of a olubl 
unit overlain by a relati\'ely re istant unit. 

he profil is on tru t cl along a urfa e 
drainage route OACB. The tream profile 
clearly ·how · the eff t of thi on tra t of 
geology. he ection. of the tream to the 
right of p int .\ and to th 1 ft of point 
B may be taken to be "normal" tream gradi­
ent on uniform ro k. However, a the 
tream ha cut down it ha en ountered the 

re i taut unit which it i unabl to erode b r 

u ual mean at a rate equal to that of the 
erosion of the normal ection of the tream. 

'here( r the ' tream follow along e enti­
ally on the top of the re i tant unit to the 
point C. Betwe n point C and B i the 
nickpoint characteri tic of uch ituation . 
Thi develop becau e it i the onl effe tiv 
way to remove the re istant unit at a rate 
equival nt to th rate of lowering of the 
down tream portion . hi i a compli h d 
by the intense force of abrasion and under-
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utting a ting to remo"e the r istant unit 
in uch a steepening of lope. Therefore 
the re i tant unit i effecti\'ely rcmo\'ed b 
up tream ad ance of the nickpoint, whi h 
i . incidently, not era di ated bv further 
ero ion a Davi (1930) imagine~!. Inter-
tream area ar eroded by a 'ery imilar 

type of e arpmen t retreat. 

. Tow c n icier the two point A and B. 
Point . .\. i anywhere on the flat plain on 
the re i tant unit, and B i a point on th 
lower area. Drainage will tend to move 
from . .\. to B by either f two route , th 
urfa e route ACB, and th ubterranean 

route .-\DB. ADB i the more tabl 0 con­
figuration, and will tend to repla e A.CB, 
for the ubterranean gradient at point A i 
oreal r than the gradie11t of the surfa e 
route. Hen e inking creek and a inkhole 
plain, with a corre ponding a\ ern system, 
will tend to form. Major tream along the 
upland plain will be diverted into one 01 

more wallow hole , and the drainage y -
t m will be fragmented into en lo cl ink 
ba in . inking tream will form the larg­
e · t ubterranean channel , and le er ink , 
mailer hannel" all of whi h would be or­

ganized into a crudely dendritic ubterran­
ean drainage y tern. In a e where th 
re i tant unit over a oluble unit i very 
in oluble and impermeable, no ignifi ant 
olution can o cur beneath such a cap e -

cept near the margin · of th e arpment, 
and uch feature a domepit an be culp­
tured by vertically moving water from mar­
oinal ink (Pohl, 1955). 

Let u con ider a number of a es where 
the above geologic ituation i present. 
Malott (1922) described the karst plains of 
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Indiana, and figure 14 i~ a cro s section 
through this kar t area. Sev ral correlations 
between geology and topography ~an be een 
in thi ection. The upper poruon of the 
Mitchell limestone series, the Ga per and 

te. Genevieve ub-units, ar found only 
under capping of re i tant elastic ; they are, 
th rcforc, apparently ca ily tripped away 
when thi capping i removed. Probably 
b cau e of their homogencou and weakly 
re i tan t propertie , correspondingly mall 
out rops and teep topographic expre ion , 
these Jimcstoncs, while very oluble, have 
little ·ubterranean drainage developed in 
them. ~he middle of the Mitchell erie , 
which is the top of the t. Loui uh-unit, 
is a resi ·taut unit of cherty lime tone. This 
unit form exten ive area of outcrop, in an 
upland tru tural plain clo ely following the 
dip of the trata. For example, the area 
around Central Barren i such a tructural 
plain developed upon the cherty unit. It 
i upon the e chert-capped plain that the 
greatest development of sinks is found, with 
large area drained only by ink . A good 
portion of the subterranean channels lie 
ju t beneath the chert hori10n, and mo t of 
the well-developed sink topography lie ju t 
above the same unit. Most of this under­
ground drainage exits to the we t, down­
dip, in the deep Yalleys of the Crawford 
Upland a · spring and re ·urgencc . The 
western-most portions of some underground 
channels ar apparently under artesian con­
dition , because the channels clo ely follm,· 
~he dip of the trata downward to the we t, 
and rise a vertical resurgences, or "negatiYc 
inks". The cave. further to the ea t, un­

der the karst plai11 ·, are well above the level 
0£ . the main tream , and are free urface, 
graded, underground stream passages. The 
lower part of the St. Loui , the Salem, and 
the Harrodsburg limestone ar of about 
equivalent resi tance and ·olubility; in the e 
nearly homog neous but ·olublc rock little 
underground drainage i present except that 
in cutt r . It will b remembered that the 
Salem limestone i characterized by well­
develop d cutter . The surface-drained 
area on these unit extend from Bradford 
to Indian Creek (fig. 14), and the surface 
drainage from these area of ten pas e we t-
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Figure 15 
Present drainage conditions near the head­
waters of Indian Creek southwest of Blooming­
ton, Monroe County, Indiana. Note that the 
for'mer lndion Creek basin is 100-150 feet 
higher that the surrounding streams, and also 
that this basin floor is developed at approxi­
mately the level of the resistant unit of the St. 
Louis limestone, (Malott, 1922). Dashed line 

bounds area of subterranean drainage. 

ward in to underground stream where the 
capping of the cherty unit is present. 

The ubterran an apture of the head­
water of Indian Creek, near Bloomington, 
Indiana, afford a triking contrast between 
the conventional theorie of karst interpreta­
tion and the pre ent yiew. Figure 15 show · 
the pre ent condition at the former basin 
of the headwater portion of Indian Creek. 
Thi drainage ba in is now drained entirely 
underground, and the subterranean water 
exit into th lower 'in trenched" tributarie · 
of Clear Creek and Richland Creek. 

According to the conventional cycli al 
interpretation of the underground capture, 
at the time of the late Tertiary peneplana­
tion the entire area was drained by , urface 
treams, as illustrated in figure 16. fter 

uplift of the area, Clear Creek, Richland 
Creek, and Indian Creek began to intrench 
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their drainage. Clear Creek and Richland 
Creek, being larger than Indian Creek in 
its headwater portion, intrenched their 
tream channels by nickpoint advance be­

fore Indian Creek could do so. The e 
creek , by virtue o( their lower topographic 
position, then began subterranean capture 
of the waters of Indian Creek. When thi 
became virtually complete, downwasting of 
the Indian Creek ba in wa effectively halt­
ed, and it tand as uch a tructural ink 
plain today. 

A can be noted in the geologic cro 
section of figure l 5, however, the perched 
basin of Indian Creek i stratigraphically 
controlled at the horizon of the resi tant 
cherty unit. This gives a basis for an alter­
native explanation in term of the geoloo'ic 
effects of topography. 

We can consider figure 15 to represent 
the drainage conditions at ome indetermin­
ate point in the past when no subterranean 
drainage was present (before the expo ur 
of significant portions of the middle of the 
Mitchell limcston ) . However, unlike the 
previous interpretation, 've could assume 
the topography at thi earlier time to b 
es entially as great in relief as it is at pre -
ent, for an earlier peneplanation is not a 
prerequisite. As erosion continued the ma­
jor streams reached the re istant cherty unit 
of the Mitchell, the larger creeks, Richland 
and Clear, reaching it first. Because of the 
re i tance of the unit, erosion was effectively 
halted for ome time beneath each tream, 
re ulting in very low gradient tream eg­
ments and partially tripped plain on the 
cherty unit. Jn order to ac ompli h furth r 
erosion the streams had to establi h a 
teeper gradient through the resistant unit. 

This was accomplished largely by the migra­
tion of a tratigraphically-determined nick­
point up tream. Richland and Clear Creek , 
becau e of their greater ize, accomplished 
this more rapidly and with a maller flat 
transition zone on the resistant rock than 
did Indian Creek. The migration of th 
nickpoint upstream on the e creeks left In­
dian Creek perched with respe t to the 
lower creeks, subterranean capture of Indian 
Creek resulted, and an upland karst plain 
developed at the level of the resistant cherty 
unit. 
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Figure 16 
Restoration of surface drainage of the head­
water portion of Indian Creek. Such a stage 
of development is assigned by Malott to the 
close of the late Tertiary peneplanation. little 
underground drainage is assumed to exist at 

this stage, (Malott, 1922). 

In th above interpretation no specific re­
juvenation of drainage is called for a a 
asual agent for the development of under­

ground drainage; the development and mi­
gration of the nickpoint is cau eel by the 
presence of the resistant unit. 

On more ca e from the karst ar a of 
Indiana will be considered (fig. 17) . A trik­
ing gradation of topographi form may b 
een along this strip of land. In the tate 

park are the headwater portion of Mill 
Creek, which in thi zone is deeply incised 
beneath the level of the urrounding upland 
kar t plain. This tream ends abruptly at 
the entrance to cave and at spring , all of 
which discharge water from underground 
drainage channel to the urface tream. 
Thi underground drainage derive from th 
ex.ten ive kar t plain above the in i ed 
tream. Progre sively from Mill Stream the 

"intensity" of sink drainage decrease , until, 
near the far end of the ection, urfa e drain­
age predominates. Once again this varia­
tion in kar t forms may be explained by 
recour e to the geologic controls. Figure IS 
i · a chemati geologic cro ection from 
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th · i nciscd trcam to th farth t porti n 
of th trip along an imaginar und r round 
·tream pa age. 

Th re i tant unit 
th · 1itchell lime. tone 

th 

Jim stone urfa 
incised tream i pre en t. 
ci cl or in tren heel b cau. r of th 
of the re ·i tant unit, and i lowl 
h adwarcl by nickpoint aclvan 
the intren hment and th pre nc 

part 
olubl 

th . 
are th 
h ink 

uble rock underneath the re istant unit, 
ink drainag i mor labl than . urfa 

drainage on the upper tru tural pla111. h 
extent of und rground drainage i greale t 
near the inci ed tream, where underground 
gradient ar gr ate l and wh r ink .and 
ave · have been present for the greate t time, 

and th amount of underground drainag 
i least in area far from thi tream, where 
th underground drainag gradient i much 
le s, and which have had the horte t x­
po ·ur from b neath the ?"erlying, mor 
homog neou lime tone wluch ar not par­
ti ularly ubje t to ink drainao-e. Th area 
of inten e kar t drainag hav all the char­
a ten uc of what ha been termed "old 
age" kar t by th propon n t o( the kar t 

cycl , for in the area av roof collap 
and corre ·ponding ca\'e de tru tion i prom­
inent. However, if th former i true, we mu t 
al:o r ogniz that the area farth r from 
~fill Creek mu t b merely "mature" or 
\' •n "youthful." But if all tag.e exi t n­
urrently in adjoining area th1 kar t ~ le 

must b quit different from th la 1 al 
cone ption of the ame. lt i true, l~owev r, 
that an area of poorl developed mk top­
ography may advan c to mor well-cl \. l­
oped ta~e a the advance of the intr ~ched 
tr am st ep n th und ·rgr und gradient , 

Figure 17 
Topographic map, karst area, southern part of 
Lawrence County, Indiana (U. S. Geel. Surv. 

Mitchell Quadrangle). 
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and olutional enlargement o( the e avern 
ontinu . But the main obje tion to the 

term karst cyclP i the inh rent infer n 
of y li al landform evolution, a con ept 
whi h i not nece ary in order to de ribe 
th origin of cave , or other kar t form . 

!though utter are the only kar t feature 
of area of homogcneou · oluble ro k, the) 
are al present in area of inhomogeneou~ 
ro k. o the extent that the ro k i in-
homog neou , the form and di tribution of 
utt r · will depart from the simpl , upward 

expanding cutter~ of uniform oluble ro k. 
Be au ·e utter are an quilibrium land­
form in homogeneous oluble rock, wher­
ever a large area of olubl r k i or be­
come· xpo ed, cutters will tend to develop , 
and ave and ink will be un table. ran-
itional form between cutter and cave may 

often b found; their lo n to ave r 
oth r cutter i dep ndent upon the degree 
of inhomogeneity. For only light lithologi 
variation , cutter will be prominent, but 
will have reentrant or overhang (fig. 4). 

11 area of predominantly utter typ b d­
ro k urface have some ink in th urfac 
topography. u h ink an oft n b d mon-
trate:d to re ·ult from collap c of soil ma­

t rial into cutter channel who e original 
filling ha been removed by abnormal 
amount f underground drainage be au e 
of heavy rainfall. E. H. Walker (1956, p. 
24-25) notes that u h ink are mo t om­
mon where th cutter are characterized by 
having· overhang of more re i tant bedro k. 
In uch a e mo t ·oil material i h ld by 
the horizontal projection and oil removal 
into the lower opening o ur only at wider 
interval , and ink are the re ult. If the 
r ·istant layer wer mor promin nt, a 
normal ink plain would have formed, and 
if le s prominent, normal utter would be 
found. 

In area of nonhomogen ou ro k th de­
velopment of cutter may approach the 
"cycli al" evolution of Hook (fig. 8). Where 
lime tone is overlain by impermeable hale, 
no cutter form, hut a the cover i removed 
from the lime ·tone utter will start to form. 

another exampl , let u on ider the 
kar t forms developed on ilurian limestone 
e arpm nt in north a tern Iowa (fig. 19). 
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Elements of karst topography where a hori­
zontal resistant unit overlies a soluble unit. 

Here the kar t form , while till int rmediat 
between utter and normal ink plain ca\ 
are lo er to the latter. The ilurian dol -
mite, which overlie an impermeable hale, 
ontain one prominent re i tant bed, and 

the lime tone beneath i nearly homogen­
eou . '\There the re i Lant heel form a ap 
o\·er the solutionally enlarged joint in th 
underlying lime tone, high, narrow a\e 
are to be found, a in ection B-B' (fig. 19). 

bo\'e the e cave are urfa ink where 
urface drainage pas e vertically through 

i olated opening in the ap ro k, arrying 
oil material with it, a at E. ome pla es 

where uch opening through the ap ar 
large and where th oil material brought 
in i ontinuou Jy removed by underground 
tream , a at D, ave cntran e will be 

found. ~lost often, how ver, wher the r -
i tant ap ha b en brea heel, as near 
ro - ection - ' and C-C', the underlying 

opening are clogged with oil and debris, 
and a cutter-like form will be found. 

Be au utt r · are the equilibrium kar ·t 
landform on homoge11 ou oluble ro k , 
·where uniform lime tone · ar expo eel at the 
urfa e, cutter t nd to form. .\ ero ion 
trip away layer of ro k u h area of uni­

form ro k will hift. Thu cutter · will wax 
and wane in re pon e to the degre of 
homogeneity of lime ton at the ·urfa e, an~l 
ca\'e and ink will be formed and erach­
cated in r pon t inhomog neou ge l gy. 
The effect of continuing ero ion on the 
di tribution of ave and utt r in Indiana 

ketchcd in figure 14. 

he rock unit ab ve the cherty unit of 
the Mitchell covered the areas to the east 
at one time, as hown in thi figure, but 
have now been stripped off. Hence, at one 
time the type of topography now found in 
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Figure 19 
Karst landforms of the Silurian escarpment of northeastern Iowa. 

the Crawford upland probably was pre ent 
where the Mitchell plain is now. pccifically, 
the area of the present sink plain at one 
time had no ink and karst feature . But 
when erosive processe had bared the cherty 
unit of the Mitchell, underground di,·er-
ion of drainage became m re stable than 
urface drainage which i the condition that 

now exists. Eventually the resistant Jayer 
upporting the sink plain will be removed 

and more homogeneous limestones under­
lying the cherty unit will be at the surface. 
Cutters will repla e caves and sinks a the 
dominant karst form, and topography im­
nar to that near Greenville, with urface 
drainage, will develop in the present area 

·of ink drainage. H we choo c a point in 
the Crawford upland, say l\.Iarcngo, the 
topographic change a one progre e ea t­
ward from l\farengo gives a preview of the 
ucce ive change of cave formation and 

destruction that will eventually prevail in 
the vicinity o( Marengo. Thus by knowing 
the present relation hip between geolog) 
and topography, and the re ·ulting karst 
form , it is often po ible to extrapolate to 
future or past conditions. 
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Canga Caves in the Quadriliitero Ferrlf ero, 
Minas Gerais, Brazil 
By George C. Simmons* 

I \H 1 R ci--Unusual L pc of Gt\ cs ha\ c h · ·n found in Lh Quadrilat ro er­
rifero of i\fina Gerais, Bra1il. The Gt\ oc ur where mctamorpho ed Pr cam­
brian dim ntary r tks ha\ been rod cl from b n ath a r i ·tant ov r of 

nozoic canga. he ave can be di,·ided into two dasse , olution ave and 
orra ·ion a e , according to the kind of ro ion re pon ibl for th ir forma­

tion. hi , in turn i d p ndent upon th lithology of the rock , th olution 
cave being in itabirite, and the corra ion ave in phyllite ands hi t. Many olu­
ti 11 ave ar multi hamb red and hav lin ar extent · of ov r l 00 meter . h 
corra ion cave are ingle chambered and are not known to hav lateral dimen-
ion gr at r than 15 m t r . 

Leu opho phite, a rare pho phate mineral formed by the action of organic 
olution deri eel from bat guan ,,·ith iron ide , wa di CO\' r cl in on of 

the cave . 

nu ual ave , bcli 'vcd unreported in 
p leologi literature occur in the Quadri-

Jat ro F rriferol in th Stat of :\fina 
erai , Brazil (fig. 1). The a\ are formed 

uncl r anga, a limonit -cem nt d, hematite­
ri ·h urfa e clebri ·, ome a · the re ult o[ 
corra ion , ome a th re ult of olution , and 
po ibly oth r a. a result o( orra ion and 
olution combined. 

he maller, corra ion ave were noted 
h th writ r during 195 and 1959 while 
mapping the gen ral ge log and iron de­
po it o( rtain quadrangle for th De­
partam nto - Ta ional da Produ ao Min ral 
and the U. S. Geologi al Survey in connec­
tion with the "Point F ur" Program. Larger 
olution caves were di overed in 1960, and 

on wa mapp d a an exampl f the lu­
tion ave whi h o ur in the Quadrilatero 
F rri( ro. 

1 "Quadril ;ilero i:errifcro" i the Portugue c 
term meaning ''Iron Quadrangl ·" which i ap­
pli ·d to the part of Mina G ·rai that contain 
a Jarg number of iron (h ·matite) depo its. 

• Publication authori1cd by the Director, U. 
C..cologi al .'urv 'Y· 
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Canga is the name for limonite-cemented, 
hcmatite-ri h ·urfa c d bri whi h mantl s 
many lope and ome ere t and valley bot­
tom ·. be clcbri i · d riv cl from h matit -
bearing metamorpho eel e limentary ro k . 
Like all urfi ial debri ·, it move down lop 
b for cementation, and therefore ov rlie 
oth r rocks, many of which have a 1 w iron 
cont nt. Canga blanket range in thi kn 
from a few millim t r to 30 meter but ar 
mo t ommon I y b tween 1 and 2 met r 
thick. The blank t · arc known to e tend 
m ·er area · a · large a 500 b 3,500 m ter , 
and these arc ero ional remnant of blanket 
whi h on e cover d mu h larger areas. 
Many mases contain more than 60 percent 
iron and ha b en mined for iron ore. 

anga is ufficiently trong to tand un up­
port d wh r und rlying material ha be n 
er ded from below. 

Canga typi ally is c mpo ed of d tritu 
containing itabiritc and compact hematite 
fragm nts with minor amount of other con­
tituents, emcntcd by limonite. Individual 

d trital fragments vary from ilt to bould r 
i1 . The amount of limonite cem nt also 
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Index map showing the location of the Quadrilatero Ferrifero. 

ari widely. At ome pla e it ompl tel 
fill the inter ti cc but ommonl y, e pe iall 
where the detri tal fragment are large, the 
limonite incompletely fill the voids, form­
ing a porou · but relatively impermeable 
rock. f o t fre hl y expo eel canga has a 
yellowi h-brown color and botryoidal struc­
ture on it upper urfac . H .owever, th 
botryoidal tructure break down on ex­
po ure, and re ult in the rough urfa cl, 
dark browni h-bla k rock which i most 
commonly ob rved. 

During Tertiary and Quatern:uy time, 
canga formed a · a re ult ( the weathering 
o( Pre ambrian rocks that contained abun­
dant hematite. Ther ar ' v ral hcmatit -
bearing formation in the Quadrilitero 
•errifer , but hematit i mo t abundant 

in the Cauc itabirite, and it i canga de­
rived from thi fonnation with whi h all 
the caves thu far b er ed hav b en a o­
ciated. he Caue itabirite i the lower for­
mation in th ltabira group of the Mina 
eries. It is a relatively re istant formation 

whi h form · the ridge re t of mo t of the 
mountain range in th iron region. Extend­
ing down from many of the ridge arc 
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lope co,·erecl by detritu from thi forma­
tion. t many place thi la er o( d tritus, 
e p ially in it upper part, i cem nted by 
limonite to form canga. El ewhere, anga 
i formed in place from itabirite by the pre-
ipitation o( limonitc and the hydration of 

hematite to limonite concurrent with th 
. olution of quartz , hematite, and dolomite. 

JTABIRlTE 

hough ranga forms the ceiling and pro­
vide the protective cover which allow · ex­
te n ive olution to take pla without in­
ten e corrasion, it i itabirite which form 
the wall and bedro k (Joor of the olution 
ave . Itabirite i a metamorpho d ec.limen­

tary ro k, much o( whi h ha a implc min­
eralogi compo It1011 , con i ting of alter­
nating laminae o( pecular hematit and 
granular quartz. The laminae ar ommon­
ly 1 to 5 millimeter thick. Dolomite i lo-
ally abundant in itabirit and i concen­

trated in the quartz-rich layers. Where itabir­
ite i dolomiti , magnetite or one of its oxi­
dation product , maghemite or martite, oc-
ur with and ometime to the exclu ion of 
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Figure 2 
Breached conga sheet overlying Gandarela for­
mation on the north side of Serra do Piedade 

Figure 3 
Vertical entrance to solution cave in Morro do 

Queimada. 

Figure 4 
Lateral entrance to solution cave in the Serra 

do T amandua . 

h ·rnatit . Tremolit · ha · be •n id ·nti[ied in 
vend place · and an amphibole mineral 

with th radiating structur of trcmolit but 
r pla ed by goethite is common and wide­
pr ad. Kaolinit , chlorite, and talc are al o 

rnmmon and are a ·o .iatecl with dolomitic 
itabirit . 

E po ure of dolomite in itabirite are 
rare owing to th a · · with whi h arbonate 
min ral are di soh cl under tropi al weath­
ering ondition . . The former pr en of 
clolomit is often cl t rmin cl by inf r 
rather than direct oh crvation. here 
thr guid · to its former pr en 
ma o cur alone or in combination: a o i­
ated min ral (magn tit , maghemit , mar-

6 

tit , kaolinit , chloritc , and tal ) ; p ro ity: 
and o her. All the c guide are known at 
the urfa or itabirit whi<..h, wh 11 .' plor cl 
at depth by mine working. and drill holte , 
·was found to contain dolomit . 

In unweathered itabirit , magnetit o -
cur with dolomite and i. ab. nt wher dolo-
mit not pre ent; it i thought that it 
abundan in r lation to h matit i r lated 
to the amount of dolomit in the ro ·k. 

Itabirit become porou by th ·olution 
of dolomite, quart1, and h matit . Wh re 
quartz and hematite have b en di ol eel 
itabirit break down readil , but wh r 
dolomite ha been dis ol ,·ecl the ro k hold 
it f rm. h au · for thi i unknown. On 
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Figure 5 
Map of solution cave in the Serra do Tamandua 

po ibility i that econdar ement, goethite, 
form more rapidly in clol mi ti itc birite 
than in iii eou itabirit . 

h r , a bright Um.vi h brown, arth 
form of goethite, i a ommon urface f a­
tur of the highly dolomitic itabirit l n, 
of the Gandarela formation , but al o occur 
ov r dol mi tic ital iriti > in th aue itabir­
ite. h rea on for it forming from clolo­
miti itabirit rath r than ili eou itabirite 
i unknown. Pcrhap mor pore pa i de-
' lop d in dolomiti itabirit that the 
iron min ral an b mor r h drat cl 
and ther i mor inter titial 
go thit an b d po it d. 

CAVE DI TRIB Tl ' A D L ATIO 

anga ave in 
Mo t reference 

of th 

BuLLEH VoL 'rE 25, P RT 2, J LY, 1963 

report oncerned with other 
of th iron r gion. o at­

to count th number 
ir lo ation . or d ribc th ir 

ave an cur almo t an wh r 
that anga exi t . rie of papers with 
g ologi map overing the iron region and 
howing the di tribution of anga i · current-

1) in preparation. The fir t paper of th 
ha b en publish 'cl (Guild. 1957) and 
of the oth r map are aYailable for 

the Departament ~ 'acional da 
Jineral office in Rio de Janeiro. 

orra ion ;:n e named a a de P dra 
ton Hou ) wa reported by uild 

(1957, p. 71) in th Cong-onha di tri t, 
and he ha also r ported the xi ten of 
av in the rra do Batateir (written 

communication, 1961). C. H. Maxwell found 
a large olution av n ar Fazenda da 1 -



gria 011 th a t flank of th ' ·rra do Cara a 
whi h wa mined for iron. and J. V. N. Dorr 
ha · reported the exi t nc of ave in the 
Itabira di trict (writt n communication ·. 
1961). Th writer ha vi ·it cl olution cave 
in th crra do Tamancluc'1 and Morro cl,t 
Queimada, and numerou · corra ion ave 
along th erra do Curra!. H owcv r, th re 
i 110 comprehen ·ive ave tud e · tant or in 
progrc at th pr nt time on ·anga a\ 
in the Quadrilitero Ferrifero. 

CORR ' ION 'A VE. 

Corra ·ion cave · ar mo t common in the 
Ganclarela formation, the upper formation 
in the Jtabira group of the 1\lina eric, but 
arc found aJ ·o in cvc:raJ formation of high 
clay ontent. The Gandarcla formation, 
though tratigraphically above th Cauc ita­
birite, i at mo t place in an adjacent rather 
than a up rpo ·eel po ·ition owing to the 
folding of the rocks, and being le resi tant 
to ero ion, it i · u ually topographically 
lower. Becau ·e of thi · relation hip the Gan­
dar h formation i · covered by clctritu from 
the Caue itabiritc, and thu · aJ o by canga 
f rm d from thi cl tritu . 

orra ion cave occur immediately uncl r 
canga- upport cl valley rim · (fig. 2). On e 
a stream ha breached a layer of anga, ero­
ion of oft underlying phyllit s, hi t and 

un ement cl debri proceed rapidly, form­
. ing a teep-·id cl valley. ·when the vallc · 
arc cl p enough, weathered rock and un­
cem ntecl cl bri · lump · from under the 
anga ap, l aving small grotto . On e 

formed , the grotto may b further enlarg d 
by th abraicling action of running water. 

'h ave ·, with f cw e · ·ption , arc inglc 
chambers, the ·ize of whi h i limited by th 
trength of the canga. A room of approxi­

mately 15 meters diamctc:r cem · to be th 
ma imum i1. attainable without th col­
lap of anga, but it i rare to find room · 
approa hing this ize. Th chambers are 
u ·ually twi as wi<l as they are long, and 
frequ ntly are slightly on tricted at the 
mouth. h larger ave arc often 2 meter 
high or more, and there is a general cor­
re pondence between cave ar a and cave 
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height, cave · with Jarg 'f area · being ·lightly 
higher. 

SOL TIO:\' CAVE 

, olution cave · o cur in itabirit of th· 
Caue itabirite, under canga, at and near 
anga- over cl ridge er ts. 

The ·olution cave are mu h larger than 
the corra~ion a\ c . . arc u ·ually multi ham­
berccl, and ome ha,·e a horilOntal extent of 
mor than l 00 meter . Their ·ha pc and i1c 
are probably partially controlled by the 
ontcnt of ·olubJc mineral and the bedding 

of the itabirite. The presence of a large 
amou11t of ·olubl mat rial w uld primaril 
cl termine the location of th cave. The at­
titud of the b clcling ontrol ave forma­
tion, ina mu h a · it affect · th dire tion of 
flow of the olution . Jn evcral ave the 
long dimen ·ion i · down the dip of th b cl­
ding. 

There i a marked clifferen e in the flo r · 
of olution ave and thi is related to the 
kind of entrance~ they hav . Mo t of the 
entrance are ·mall vertical apertur at 
plac wh re anga ha · ·ollap · cl into a void 
below (fig. 3). Wh re thi · i the only kind 
of op ning, th floor of the cave i over cl 
with the undissoh'ed residue from the ita­
birite. A · the e re ·idue arc mo tly hematite, 
magnetite, and maghemite, th y have been 
mined in ·om pla e for iron ore. Where 
the ca lateral ntrance , a much 
le urr n c (fig. 4) , tr am 

cave during the rainy ca-
on, arry away mo t of th re idu , and 

lea vc a bare rock floor. 

av mapped in the crra do Tamandua 
(fig. 5) has many of th features common 
to olution ca e in the Quadrilatero Fer­
rifer . he ceiling of the ave i n arly 
everywhere form d by canga, and the angu­
lar un onforrnity b tw n the anga and 
the underlying itabirite i clearly expo ed at 
the top oi hamber wall and pillar (fig. 6) . 

The cav walls are much smoother than 
might b expected in a laminated rock of 
alternating compo ition, and the rounded 
form of the chamber. i imilar to that found 
in lime tone cavern (fig. 7) . The cave ha a 
bare ro k floor in it further r a he but the 
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Figure 6 
Contact of conga (top) with itabirite (bottom) 
in solution cave in the Serra do Tamandu6. 

Figure 8 
Dirt-covered floor (foreground) and rock floor 
(background) in a solution cave in the Serra do 

Tamandu6. 

fl or i overecl toward th ntran . h 
covering i ompo ed of br akdown material 
fr m th O\ erlying anga and in olubl r i­
du (mo tly maghemit ) from the itabirite 
whi h ha\ e b en · n entrated toward th 
mouth of th by a ·mall ·tream that 
fl w out of the av during the rain ea-
on. mooth lik th wall , 

and i almost free of detritu (fig. ) . om 
d pr i n in th ro k floor ontain wat r 
thr ughout mo t of the year, forming pool 
(fi r. 9) . The long t of the po l i more 
than 10 meter long" but only 20 centimet r · 
in ma ·imum depth. 

h appro -imate \Olumetri ompo u 1011 

f the porou itabirite formin(}' th wall and 
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Figure 7 
Rounded form of a chamber in a solution cave 

in the Serra do T amandu6. 

Figure 9 
Shallow pool in a solution cave in the Serra do 

Tamandu6 . 

flo r of the unnamed av mapped in the 

erra do Tamanclu~i (fig. 5) ha b n de­
termin cl from grain count Oil f ur thin 

e tion and eight ample prepar d in a 

Fran1 eparator. It i 

Iaghemite 

L u opho phite 
Goethite 
Void 

Magnetite 
Quartz 

Total 

...... 1 0 

..... 20 0 

19% 
12% 
53 
43 

1003 
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By combining the percentages of leuco­
phosphite, goethite, and void it was de­
termined that nearly 50 percent of the wall­
ro k wa di oved. The I u opho phite, a 
rare se ondary mineral di cu ed below has 
been d po itecl in pore pac . Mo t of the 
goethite wa also introduced, though a small 
amount wa. formed by th hydration of 
maghemite and magnetite in place. 

By combining the p r ntag of magne­
tit and it oxidation produ t, maghemite, 
and a a mall amount of th gocthitc wa ' 
formed by the hydration of the e mineral , 
th original magn titc ontCllt i alculated 
a ha ing been more than 45 percent. No 
hematite wa found in any of the ample . 

High poro ity, high magnetite, maghemite 
and martit on tent, and low h ·matitc on-
tent are haracteri ti of weathered dolo-
mitic itabiritc. .A th wallro k of the 
Tamandua cave had a poro ity of nearly 50 
per cut, a mbined maghemit and mag­
netite content of more than L15 percent, 
and no h matit , there can b little doubt 
that the cave wa' formed in what was orig­
inally a highly dolomitic itabirite. 

LE COPIIO PHHE 

During· the brief ·tudy of the ·e cave little 
attention wa paid to any of the biologic 
f ature other than to note that the larger 
olution ca e er ed a th re idence of 
mall bat olouie . Guano, though pre ent, 

'wa n t r ordcd. Thi · wa unfortunate be-
cau e in the mapped olution cave the 
guano wa probably im1 rtant in th for­
mation of a rare mineral, leucopho phite, 
whi h fill · mu h of th pore pace in the 
cave wallrock. 

L u opho ·phite, approximat K 2 (Fe, 
1) 7 (P04) 4 (OH) 11 *6H20, ha been tenta-
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tively id ntified from its X-ray diffraction 
pattern by 1\1. H. Falab Ila of th Bra il 
Comi ao Energia uclear (written com­
muni ation, 1961). Th mineral i light 
yellowi h brown and fill much of the pore 
pac of the wallro k. T t al o occur on the 

cave wall and floor a a thin veneer mixed 
with go thite. L u opho ·phite wa pr viou -
1 known from only two other localities: 
i 'inghanh un Hill , Lake vVeelhamb , 

outhwe t u tralia ( imp on, 1932) and 
Bomi Hill, Lib ria (.\xclrocl, arron, fil­
ton, and hayer, 1952) . In , \u tralia the 
formation of leucopho phite ha been at­
tributed to the a tion of olution d rived 
from bird guano 011 erpentine. In ,\fri a 
the formation of leu opho phit ha b en 
attribut cl to the a tion of olution derived 
from bat guano in cav in ma ive iron or 
with iron oxides both in and out ide the 
ave. he new o urr n in Brazil i ry 
imilar to the occurrence in frica and it 
cm highly probable that the Brazil l u­

cophosphite wa formed in a similar man­
ner by the action f org-ani olu tion de­
rfrcd from bat guano with the iron oxide , 
ma hemite, magnetite, and goethitc. 
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The Caves of Mont lloyo, Eastern Congo Republiu 
by C. D. Oiiier and J. F. Harrop 

ABsTRACT--Mont Hoyo is 25 miles southwest of Irimu in the Eastern Province 
of the Congo Republic. The caves are in Precambrian limestone and shale that 
have ~ot been metamorphosed nor ~trongly folded. Several caves in Mont Hoyo 
conta1? large chambers and ext~ns1ve passages. They are similar in form to 
cave m temp rat area . av fill of red la , now mo tl r moved b ·tream 
action, and of guano are e~tensiye. The cave~ ~n Mont Hoyo are developed 
on veral lev. l . 11 c ntam v1d n e of ngm und r phreati ondition . 
probably previous to the development of the fault escarpment bounding the 
l\f ont Hoyo horst. 

Both lime tone and ave are un m­
mon in Central frica, and large, well de­
v lop cl ave u h a tho e d rib cl here 
are extremely rare, and therefore worthy of 
de riptio11. l\f o t d tailed av tudie have 
b en arried out in temperat and cold 
area of • urope and rorth ,\ meri a, and it 
might be uppo cd that ave of equatorial 
region would have diff rent feature . Th 
1ont Hoyo av ar in equatorial for t 

only one and a half degree north of th 
equator, and o provide intere ting m-
parativ data. 

Mont Hoyo i ituatcd about twent fi,c 
mile outhwe t of Irimu in th Ea tern 
Provine of the ongo R publi and r a h 
a h ight of 1450 metre . he ave referred 
t in thi pap r o ur on the w t rn id 
of the mountain at about llOO metres. They 
were fir t di · \'Creel b a 'urop an, d . an, 
in 1940. Three year lat r Ru art (1951) 
arri cl out a ien tifi and e onomi urv v 

of the Iont Hoyo area and althoug·h hi, 
report ontain de ripti 11 of eYeral a\' . 
h doe not put forward an .·planati 11 of 
their formation. 

how remarkabl little di tortion 
near th e arpmen t i th re an on picu­
ous folding. El ewhere the trata are hori­
zontal or gently in lin d. h arpm nt 
run irregularly in a gen ral northea tern to 
outhw tern dire tion in th vi init of the 
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Mont Hoyo Hotel where mo. t of th caves 
occur. ear the hotel a number of rivers run 
off the carpm nt forming a erie of cas­
cade where they flow O\'er the outcropping 
band of hale. \'eral of the av ar as-
o iated with riv r , but a will b explain d 

later th y were not produ d directly by 
ri ·er a tivity. Figure I how the position 
of mo·t of the ave . 

GE ERAL DE RIPTI , · OF THE CAv s 

i\fatupi - hi i perhap the b t known 
of the Mont Hoyo ca\'e and contain one 
' r larg hamb r op ning almo t immedi­
ately onto the e arpment wall. Two eries 
of pa ag way · l ad from it whi h, th ugh 
not exten iv , ar omple.· due to many in­
ter onne tion all at approximately th ame 
le' l. From th . plan of th a\ (fig. 2) , 
un·e d by compa and pacing, it i vi-

d nt that joint ntrol ha , played an im-
portant part in it formation and joint line 
ar 1 arly vi ibl in the roof · of the pa age 
(fig. 3). The rock i gentl flexed within 
th av but at th cntran e, whi h i n 

the e arpment ther i con iderable folding 

(fig. 4) . h <n e floor i O\'er cl by ex­

ten i e depo it of bat guano both in the 
n, i-row pa age and th~ main hamber ; 

ome pa age al o how variou amount of 
la fill. h av not d for it forma­

tion ( p leothem ) , mo t of whi h o ur in 
th main hamber, but the e are now d ad 
and the whole a c i waterle . 
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Figure l 

Sketch mop showing the relative positions of 
the escarpment caves of Mont Hoyo. 
T = Tsebahu . Kw = Kwomo Kwama, K 
Kaboma, M = Matupi, Y = Yolohafiri, Ma 
Moteto, Mu = Mutate, To = Talatala, S = 
Saga Sago, C.R. = Chutes Ruscart, E.V. 

Escalier de Venus. 

Tsebahu) Kwarna Kwarna and Kabarnba -
These names refer to three entrances all 
leading to the ame cave system. They occur 
at approximately the same height and from 
each a rift passage descends to the main 
cave which extends for a distance of over 
a thou and metres between the two extreme 
entrances, Kabamba and Tsebahu. The 
main chamber of Kabamba ha a high 
·vaulted roof and is over thirty yards wide. 
From it the cave continues northwards 
pa ·ing a number of shafts which seem to 
occur at joint crossings. Small side passages 
also show a similar joint control and in de­
tail follow closely the rectangular pattern 
of Matupi. In the lower part o( the cave are 
high rifts which also follow joints (fig. 5). 
Water is absent from most of the cave 
though it is present at its lowest part and 
could be followed for a short distance to a 
point where it disappeared through a sand 
bank. Guano is plentiful but fill of other 
types is less common or obscured. Pos ibly 
on account of the amount of fresh guano 
present there is an abundance of insect life 
on the cave floor, chiefly cockroaches and 
beetles. 
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Yolohafiri and th e Hof Pf caves - Thi 
group occurs at approximately the same level 
but in a lower part o( the mountain than 
the other cave . Yolohafiri and one of the 
Hotel caves are occupied by active stream 
which could be followed from their entran e 
to the exits on the escarpment. They are, 
on the whole, large meandering cavern 
with several mall branching p::i.ssages lead­
ing off at variou5 levels and in variou di­
rections. The main chambers are very ir­
regular in outline due to the many coliap es 
of flaggy limestone in which these caves are 
situated. 

Andernoni and Li/Janga - These two 
caves are situated near the ummit of the 
mountain at a distance of about eight kilo­
metres from the escarpment. Their en­
trances lie on the lower slope of valleys 
and there seem little reason to doubt that 
they were formed by rivers taking under­
ground routes. vVater is present in both 
caves but only in Lipanga is there an active 
tream which, during its course inside the 

cave, falls in three small cascades. Lipanga 
contain a few f rmation ( peleothems) in­
cluding a ·talactite grill and everal rim-
tone pools. 

An unnamed cave close to Lipanga al o 
contains a small stream and differs from the 
others in being formed almost entirely 
along a single bedding plane. 

FACTORS INVOLVED IN THE FORMATION 

OF THE CAVES 

Joint and Veins - Jointing in the lime-
tone is very common and, as can be seen 

from the Matupi cave plan, ha exerted con­
siderable effect on the layout of its passages. 
·well marked joint lines can usually be ob­
·ervcd in the roofs o( the pas ages for dis-
tances of over a hundred feet in some in-
tance . Even though they were not tudied 

in detail it is evident that the joint system 
i fairly complicated with well formed joint 
running in a variety of directions. Most of 
the joint planes are vertical but occasionally 
they are inclined at an angle and give rise 
to sloping rifts as in the Kabamba cave. 

No calcite veins were seen but there are 
ome thin partings of shale along joint lines, 
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probably injected during earth mo,·ement . 
At the entrance to Tsebahu contortion in 
the rock how that the hale was an incom­
petent material during folding. Minor 
cleavag tructures m::i.y also be important 
line o( weakness, as in l\Iatupi, where etch­
ings on the roof and walls can be seen in 
the naturally illuminated part o( the aYe. 
They follow minor structure and at one 
time mos and li hen grew along them, al­
though the urface is now free of vegetation. 

B edding Plane - in e the lime ton are 
for the mo t part thinly bedded, bedding 
plane have little effect on the form of the 
caves and few beds are sufficiently massive 
to control cave development. he only ex­
ception i the cave close to Lipanga near 
the top of the mountain where there i 
considerable horizontal development along 
one lime tone bed. 

Base Level - All the caves are clo ely a -
sociated with river ystems but insufficient 
data are known about the hydrology of the 
area to a sess the effect of base level control. 
Yolohafiri and the cave near the mountain 
ummit have tr am flowing through them 

which have been constantly developing 
lower route , leaving a erie of abandoned 
higher level caves. Excavation by the river in 
Yolohafiri is retarded by a thick shale band 
which gives rise to waterfalls a little way 
downstream. Erosion in the caves near the 
mountain summit is probably only limited 
by the rate at which the surface stream , re­
ceiving the cave drainage, entrench their 
own valleys. 

Matupi, Kwama Kwama and their a soci­
ated cave arc now mainly dry and it i pre­
umed that water passages exist at a lower 

level, a yet undiscovered. Some of the cave 
near the hotel are being eroded by active 
treams and most of their chambers and 

pa ageway are abandoned higher level 
caves. 

Cave Infilling - 1\Io t of Lhe cave contain 
depo its of bat guano and this conceal 
practically all other infilling material. 
Gravel, shingle and sand are found along· 
some of the stream cour e but this is recent 
and not significant in cave formation. Red 
clay occur in several place , often in remote 
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Figure 2 
Pion of Matupi cave, Mont Hoyo. 

positions and may be pre ent in sufficient 
quant1t1e practi ally to eal off certain pas -

::wes. It seem likely that the cave were at 
one time completely filled with thi clay 
which has since Leen laro-ely removed. It 

is not simply a depo it of the present 
treain . 

Dripstone abound in the main chamber 
of l\Iatupi but i uncommon el ewhere. Most 
of them are dry but occa ionally 'live' ex­
amples are found. Terrace of rimstone 
pools are present along some stream passages, 
a notable example occurring ju t beyond 
the stalactite grill in Lipanga. 
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Figure 3 
Motupi cove. Half tube passage enlarged 
along a vertical joint. Height of passage 
approximately 1 Y2 m. Note small roof pen-

dant, centre. 

Figure 4 
Entrance to Motupi cove. Contortion in lime­

stone close to rift fault. 

Figure 5 
Tsebohu cove. High rift with side passages. Note rounded roof and 

absence of oven formation indicating phreotic origin. 
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Figure 6 
Kobomba cave. Typical half tube passage in 
almost horizontally bedded limestone. Note 
undercutting of wall by recent vadose activity. 

V ADO E AND PHREA TI FEATURES 

Several of the caves are at pre ent occu­
pied by tream but there is much evidence 
to indicate that they were not formed by the 
erosional action o( flowing water, that is 
to say under vadose conditions. They owe 
their origin to the solution of lime tone by 
very lowly moving water at a time when 
the entire ro k wa aturated during a 
phreati pha e. 

The principal feature which point to a 
phrea tic origin are essentially similar to 
tho de cribed for cave y tern found in 
other parts of the world. Half tube forms 
(fig. 6) , rounded roof and calloping of 
the walls could only have been created if 
the water completely filled the pas ageway . 

he network a een in the plan of Matupi 
is not in the least like the pattern of tream 
tributaries. In addition there i no gradual 
growth of the passages along their tream 
cour e. Ero ional feature are ab ent from 
the walls and ceiling and are only rarely 
found along ome of the pre ent stream 
course. Roof pendants and ymmetrical wall 

alloping (fig. 7) are the product of olu-
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Figure 7 
Matupi cave. Passage wall, height about 1 Y2 
m. showing symmetrical scallops formed by 
solution under phreatic conditions. The lower 
part of the roof pendant hos been removed 
by recent stream erosion, which has also under-

cut the wall. 

tion and would not be formed by tream 
abrasion. Fal e floors which exist between 
an upper and lower erie of galleries and 
rock pans aero s pa ages must al o b as-
ocia ted with solution effects for a stream 

abrading downward would cut through 
them. Vadose stream which are now flow­
ing in everal of th ave ar primarily e -
cavating fill from pre-formed passage and 
only rarely, where the water fall in a ade 
for example, are they actively eroding olid 
rock. Even in tho e place wher cave pa -
age are growing upward by a en forma­
tion at the top of the rift there i no rea on 
to uppose that the original pa age were 
not formed phrea tically. 

ORIGIN A D GEOLOGICAL HI TORY 

OF THE CAVE 

It ha been demon trated in the previou 
ection that the cave were initiated during 

a phreatic phase, but phreatic conditions 
would not be possible on a fault escarpment, 
where drainage would be free and rapid. 
Phreatic condition could only exist when 
the limestone was below the water table, 
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aud it mu ·t be upposed th~t th· ca\'c wcr · 
fom1ed d ep clown bcf or displaccm nt b 
the fault expo ·eel them in their pre ent po i­
tion. 

]though the age: of faulting i not knO'\vn 
it might reasonably he :upposccl to date 
back to the disturban er.; during th Rift 
Valley formation whi h pla c · it roughly in 
early PJei toccnc times. The Mont Hoyo 

arp i ·, how vcr, con id rably eroded, rath­
er more o than the Rift Valley carp , o 
thi might be regard d a. a minimum age 
of the ave . It ha been hown that the 
cave arc without doubt joint ontrolled 
which means they must po t-datc the forma­
tion of the joints. From this it follow the 
joint are older than the faulting and not 
ne e arily a o iatcd with it dir · tl . 

If thi reasoning i correct, then the ca\ c 
mu t b older than ;\font Hoyo itself. It 
may ecm remarkable that ave , even if 
filled with lay, ould be uplift d to uch 
an extent without being de troycd, but the 
mo t likely explanation i that the ro k 
eem to ha undergone very little di turb-

an e ex ept at the fault where a zone ev-
cral yard · thick is intcn 1 ontort d. 

t evcral pla es the a\ c follow, to ome 
extent, the line · of the fold cau cd by 
earth movement 11ear th fault o that it 
might appear that the cave arc, in fact, 
formed along post-uplift line . hi fold 
on trol howcv r, is , . ry light and repre­

sent only a very ·mall part of the cave de­
velopm nt o urring quite lat in th ir hi. -
tory. It may be ignificant that the large t 
hamb r are all ·ituat cl clo ·c to the fault 
carp, repr ·en ting extra ca' e development 
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i11 th· post-uplift time along or near th 
c.ru:h d and folded 1onc of weakne . 

. \ftcr uplift th re would probably be a 
p riod of rapid xcavation and o cupation 
of th phrcati hambers b vado e trearn . 
Further modifi ation due to roof ollap e, 
formation of tala titc and other dripstone 
depo it , growth of avcn and ero ional ac­
tivity of ·tream would follow. Eventually 
the I ir t fonned ave · would b a band n d 
a the ·tream cut their way down to low r 
l v 1 · at the pre nt time. 

Davi ' (1930) theory of ca\'e formation 
hold · that ave. arc formed under phr ati 
conditipn below the water table and after 
earth mo cmcnt may be ome open to the 
urfa c and occupied by urface and vadose 
tr am . Br tz ( 1942) follow DaYi but al o 

think there i a phase of aye infilling by 
red clay whi h i largely rcmoYed when the 
urfa e trcam eventually ex a\'ate in the 

preformed ave . The ave f Mont Hoyo 
pro idc evidence in full up port of the c 
theorie . 
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Bear Cave, Tufa Cave in Glacial Drift 
ear Buchanan, Michigan 

by Erhard M. Winkler and Alphonse C. Van Besien 

B TR T--Two tufa depo it ar north of Buchanan, ~fi higan, along t. 
.Jo ph River. h tufa at B ar a wa pr cipitat d on th Lak ipi ing 
level of Lake :Mi higan around interlocking log of drift wood . .-\ imilar tufa 
d po it o cur at th ba e of Io a in Bluff wh r a f w alluvial fan from the 
bluff empty onto th lgoman terra e of the , t. Jo eph River. Tufa i till 
being depo ited h re. h lime for th ext n ive depo it wa upplied from a 
bed of what app ar to be inter-glacial ilt (. angamon loe ?) of ariable 
thickne hitherto uncle ribed in the o-eologi al literature of thi area. olution 
wa ndary in th formation of B ar Ca' . h pa ao-e ar primaril, original 
void in the tufa or opening left from the deca and removal of organi 
mat rial in log buri d in th tufa. 

Bear ave i lo at cl four and three-fourth. 
mile north of Buchanan in Berri n County 
in outhw tern Mi higan a f w hundred 
yard a t of Reel Bud Tra il on the we t 

id of th t. Jo eph River ( Wl/4 rw1;4 
e . 12, T-7- , R-lS-W; ~ile quadrangle of 

the . . G ologi al Surve .) (Davie , 195:)). 
he glacial map of Lower i\fichig·an (1955) 

how high lateral moraine of the former 
Lake Michigan i e lobe we t and ea t of th 
riv r terra e whi h refle t higher tage of 
an i nt Lak :\Ii higan. Lake b d along the 
low r terra e are c pccially well cle\'elopecl 
between Bu hanan and Berrien pring . 

[i higan. 

Bear Ca\'c is in tufa depo ·it · which are 
at lea t 1 feet thi k . . \ <10-fo t, teep, wind­
ing tairway connect th ·urfa e with the 
natural avern. The winding· ave is about 
150 fe t long, four to ix feet wide, and t n 
to fifteen feet high. Indian tribe oc upi cl 
it f r relati\'ely ·h rt p •riod of tim . The 
ave ha be n a touri ·t a ttra tion in a 
c oncl pening wa ut at th bottom ol 

ACA.SOIJ' l.FDGZ.:MENT~-\\ ' · hould lik 
to express our thanks to the former owner of 
Bear Ca' e, Mr. and Mr . Frank Allen, for thcit 
cxtcnsi' · cooperation during Lh • (i ·ld work, a 
well a to Mr. F. \Vell crwilliger for criticiz-
ing the manuscript. 
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the bluff in 1940 and mo t of the lay fill­
ing wa removed. For everal year the tufa 
wa mined a J. our of agri ultural lime 
next to the cave, but after much material 
had b en r m ved th quarrying p ration 
wa di continued and Bear Ca\'e Park e tab­
lish d. Th park i · now pri\'atel wn d 
and operated. 

h tufa at Bear Cave is light brown or 
buff and ha a hig·h poro ity. few well-
l fin cl imprint of log , tr e limb , and 

leave an be een principally on the eiling 
and wall of th a\' . r fo t ( th l a r p­
re nt Alrrns (alcle1). Round on entric cal-
ar ou algal cl po it ranging from tw to 

fi, · inches in diameter are occa ional en­
lo ur in the tufa. 

. .\t the ba e the tufa depo it ha a harp 
lim nite band underlain b , a band of dark 
gra to yellowi h ancly clay t\\'O to tlue 
in he thick. and and coar ·e grav l form 
the ba e of the equence. he clay ontain 
a fauna [ frc hwater ga ·tropod , the lam 
Pi idium, and a rich o tra od fauna with a 
trong r pre entation of Ca11dom1, which 

wa described by Winkler ( 1960). The 
pre ence of de p r water ostracod and the 
ab n c of peat probably imply a large 
permanent lake. 
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Map of the vicinity of Bear Cave and Moccasin Bluff. From U. S. Geological Survey Topo­
graphic Mop, Niles Michigan Quadrangle. 

The tufa thins to the west edge of the 
'terrace and is overlain by a few feet oE 
light gray marl. Both the tuf a and the marl 
underlie a river terrace. The slope of the 
next higher terrace level expose firmly ce­
mented gravel. West of the tufa terrace the 
cut for a small road leading· up to the top of 
the bluff shows a sequenc o[ ·ands and 
gravels with a thin wedge o{ light brown silt 
ix inche thick near the 700-f oot contour, 

about 50 feet above the tufa. Grain-si1e 
distribution, massive appearance, and the 
high carbonate content suggest that the silt 
is derived from loess located nearby. About 
50 feet below the silt a small pond is fringed 
with white marl. The unusually large quan­
tity of 1ime pre ·ent in thi vi inity i strik­
ing. The calcareous silt, although thin, i 
a likely ·our c for the tufa of Bear Cave. 

so 

Another tufa depo it of imilar lithology 
i known along the base of l\foca sin Bluff 
about one mile north of Buchanan and 
about two and three-fourth mile ·outh of 
Bear Cave (NW% NF.1/4 SW1,4 sec. 23, T-
7- , R-18-\V; Nile · quadrangle). Here a 
terrace along the St. Joseph River at a level 
lower than at Bear Caye o ur . he terra e 
i at the foot of the teep :i\Iocassin Bluff 
from which everal alluvial fan spread onto 
the large flat terrace surface. The age of 
thi terrace wa tentatively identified a 
. \lgoman, about 15 feet abo\'e the pre ent 
stream level. Three higher terrace may be 
een in this area. The tufa exposed below 

the 700-foot level of l\focassin Bluff closely 
re emble that at B ar aYe. The teep 
l\Iocassin Bluff i in part composed of ilt 
with massive appearau e which re embl 
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loess very closely. The silt overlooks the 
lower terrace displaying its characteristic 
vertical exposure at this place. It is light 
tan to buff ilt with as much as 453 cal­
cium carbonate and it is overlain by gravel 
with a harp but wavy contact. No till i 
exposed above the loess-like silt. Three lay­
er of concretionary zones occur within the 
ilt, but only two are well developed. One 

i located about one fo t below the top 
and i about two to three inches thick. Th 
second i a continuou bed a few inche 
thick located very close to the base of the 
silt which is about 12 feet thick. 

The contact of the silt with the underly­
ing till is believed to coin ide with a zone 
of wet ground studded with scouring ru h 
near the base of the embankment, indicating 
the water table. Strong flow of water from 
springs have dis ected the alluvial fan which 
cover the low terrace. Tufa is apparently 
still being deposited above water level at 
this place. 

There are only two actual expo ure of 
silt along Mocassin Bluff, both about 12 feet 
thick, one along Moca sin Bluff Road and 
the other about 100 yards west of it. The 
thicknes diminishe to a few inche near 
Bear Cave although a distinct bluff can be 
followed from here to the north, parallel 
to the course of the river, beyond the site 
of Bear Cave. A disconformable deposition 
of the ilt on top of a formerly dis ected 
till surface may explain the large difference 
in thi kne within thi ·hort di ranee. The 
well-developed silt at Mocassin Bluff i ~ 

imilar to that of the Bear Cave it . t 
both site the silt ha an elevation of about 
700 foot wherea the tufa is much lower 
on a river terrace that is younger than the 
ilt. 

Up to this date no loes -like silt nor loe 
had been reported from any place in outh­
western Michigan or northwestern Indiana. 
The author · tentatively assign the ilt to 
the early \Visconsin and middle '\Vi con in 
whi h would corre pond to the Peoria Loe 
further west. 

Insoluble a id re idues were prepared 
from samples taken at one foot intervals 
through the upper ten feet at the Mocassin 
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Bluff site nearly down to the bottom con­
tact. The residues were obtained from 
twenty gram samples: 

Depth from top of fnrmation 

surface 
I foot 
2 feet 
3 
4 
5 ......... . 
6 
7 
8 
9 ........... . 

3 of CaC0
3 

43.603 
44.053 
40.003 
45.403 
45.503 
40.653 
47.103 
42.753 
31.853 
33.903 

Th profile shows fluctuation down to 
6 feet of the acid oluble calcium carbonate, 
then a clear decre'1se toward th bottom 
of the profile. Because mostly gravel over­
lie the loess no groundwater 1one i be­
lieved to have formed above the silt. Thus 
the groundwater may have percolated and 
leached the lowest part of the silt deposit 
ju t above the bottom to concentrate some 
of the lime in the lower concretionary hor­
izons. The thin concretion zone one foot 
below the top of the profile may be derived 
from surface water which were aturated 
·with humic acid leaching either ome lime 
from the uppermost layer of the silt or 
from the gravel above redepositing the lime 
just below. 

GEOLOGICAL HI TORY OF BEAR CAVE 

he St. Joseph RiYer may be considered 
a haracteri tic tream in uncementecl gla ial 
drift which quickly adjusted its cour e 
towards a parabolic long profile: it begin 
southwest of Jackson, Michigan and ends 
in Lake Mi hi an at Benton Harbor, Mi hi­
gan with an approximate length of 175 
mile . Each level of ancient Lake l\Iichigan 
cau ed a quick adju tment back to a para­
bolic long stream profile which is well dis­
played in the different terrace level along 
the stream course. Lake Algonquin was 
probably the first tage which may have af­
fected the history of this area. It is about 
8,000 year old a cording to Hoff (1958) 
and was about 25 feet above the present 
lake level. Thi stage was followed by the 



Lake Chippewa Jow Je,·cl which wa · about 
350 feet below the pr ent day lcv l. Zum­
berg and Potzger (1956) a urned the dura­
tion of thi latter tag about 4 ,000 y ar , 
Hough (1958) much le s. Thi low lake 
tag may have cau · d dra ·tic ntr n hm nt 

of t. Jo eph Ri\'er into the underlying 
1i ·. i ·ippian and D vonia11 ·hale from 

Lake ~f ichigan about 22 miles ba k into the 
area of Bu hanan provid cl that the di . -
charg of the river at that time wa imiJar 
or great r compared to th pr ~ent. h 
ub quent ri ing of the Lake Michigan lcH~ l 

to betw en 605 to 620 f e<'t during ipi ing 
tim about 1,000 y ar · ago mu t have au ed 
a lake along the entrenched channel. The 
gla ial map of th 'outh rn Penin ula of 
Michigan (1955) how lake bed along the 
' t. Jo ph Riv r from Benton Harbor up-
tream to about 1\ ile" ~fi higan. The thin 

lake b d exp eel at th _ ba of the tufa in 
the cave indicate a quiet water environ­
m nt for th clay and probably for the 
tufa. o plant remains could be found with­
in the lay. The tufa d po ition wa prob­
ably re tricted to the Lake ipi ing tage. 
Leav and driftwood apparently were plen­
tiful lo to the hor and th mu t have 
been covered with green a lgae which pro­
mot cl the lime pr ipitation from pring . 
Logs of driftwood were introduced during 
·pring flood a tivity; the ·e wer int rlo k cl 
with ea h other to form the framework for 
th narrow channel of B ar Cave. he r­
ganic part ha since decompo eel entirely 
f~rming mall avernou opening , and lea\1 -
ing xternal mold of tree trunk ·, branche , 
and ald r l av ·. The ave hannel probably 
wa k pt open during the time of tufa de-
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po ·ition and wa pared from being fill cl 
with ·ilt a11d cla Fill that did a cumulat 
from oil wa heel in to the ave wa later 
ex avated by man when th av erved a 
a h lter. Solution within the tufa i prob­
ably nly of · condary importan e. om ' 
drip tone , however, can be een in the a\'e 
a well a ome drip tone ru ·t both in id 
the ave and out ide along the bluff to th 
river. Davi (1955) only m ntion north­
we t outh-ea t trending era k in Pl i to-
ene marl whi h form the original pa age 

of th a e. 
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Cro Piracy Drainag D 
ew ome inl rea of 

by W. W. Varnedoe, Jr. 

AB TR CT--ln th 

cw ome Sink in ::\forgan Count ,\la­
bama has been tudied ext n i ely by the 
Hunt ville Grotto of the: ati nal pel 
logi al 'ociety. Newsome ink a land-
lo keel, north- outh valley about 4 mil 
long and 1 mile wide (fig. I). It drain a 
much larger area, e timatcd at 14 square 
mil ·. 11 urface runoff disappear under­
ground and there is no surfa e tream flow­
ing along the: axis of the valley. here are 
num rou ave and inks and over 50,000 
f et of ave p:l ·sage have b n mapp d 
within the valley. 

wsome ink · and other nearby alley 
are cut into Brindley Mountain which i 
a plateau underlain by lime tone of Mi i­
ippian age apped by and tone of the Penn­
y! anian. It i · a r mnant of th Cumb r­

land Plateau, cut off by the Tenne e River. 
'he flat bedded lime ton s dip vcr g ntl> 

to th outh- outhwe t. he plateau upland 
in thi ar a i about 1100 f et ab ,.e a 
level and the valJey floor are about 500 
fe t lower. 

In ewsome ink few of the cave actu-
ally ar on nccted but th y were all f rm rly 
part of a ommon y tem (fig. 1) . he axi 
of th av generally Jin up with the a.· i · 
of the valley. 

pc uliarity, however, e,· ist in th pat­
tern f the cave . It ha been as urned that 
Hughes pri11g at the ·outhern end of th • 
vall y wa the resurgence of the under­
ground tream in th ink . However, after 
detail d mapping- wa · comp! ted it wa ap­
parent that Hug-he pring does not lie on 
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lopment in th 
labama 

the " ew ome Axis". Further, b ext ndinO' 
the axi line on a ro the ea t-we t valley 
at th outhern end of New ·ome ink , it 
inter e tecl Skidmore Cave lying further to 
th outh (fig. 2). Since the flow fr m 
Hughes pring did not ·eem adequate for 
the drainage of N wsome . ink and kid­
morc di barged a large fJow of water, it 
,\·a peculated that Hughe drained only 
Curry Cove and kidmore drained ' ew ome 

inks by flow under the cros · valley. 

Flourc ein dye pla eel in v\'olf av in 
th ink app ar d at Hughe pring two 
week later, how \'Cr, c tabli hing Hugh 

pring a the New ome inks re urgence. In 
addition, tudy of topographic map how 
the water from Lynn Fall in Cro Valley 
di appear in a rock fill d ink and an 
only be accounted for by reappearan e at 

kidmor Cav . 

The pattern of Hughe Ca,e ha the ame 
orientation of oth ·r ' cv\·some . ink · <nc 
(fig. l) , but Hughes cave opens into Cro 

Valley and lie. outside l ew om inks. 
Outside the entran e to I-I ughe Cave there 
i · a fo il talagmite on the hill lope whi h 
h w th cave on c e tended further into 

now Cro Valley . . \ , earch of th 
bank of thi vallc aJ o di · lo ed 

T w ome ' inks, apart fr m it · la k of 
urfa e streams, i~ a normal valley haring 

the lop angles of all the mountain side · 
in the area. Cross 'alley, 011 the other hand, 
i · narrow, ha ·te p ide which arc in place 
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Figure 1 

Newsome Sinks and vicinity. Modified from TVA topographic mop. Cove patterns shown by 
solid lines. 
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BRINDLEY 

MOUNTAIN 

Figure 2 
Newsome axis and its extension to Skidmore 

Cove. 

sheer cliff , and i headed by a waterfall, 
Lynn Falls (fig. 3). From this it appear 
that Cro s Valley i geologi ally younger 
than the neighboring valley and New ome 
Sinks. 

The following equence of events explain 
the pre ent topography, cave pattern and 
drainage system. 

The original drainage wa a surfac on 
running along the Newsome Axi to the 
outh where it joined another stream head­

ing we t at a location a little to th outh 
of the pre ent Skidmore Cave (fig. 4A) . By 
the time the axi wa c tabli hed and th 
sand tone cap breached, underground drain­
age developed along thi a i . hi new 
drainage was instrumental in the develop­
ment of the later tages of mo t of the pre -
ent caves, including Hughe Cave (fig. 4B). 
The resurgence was at Skidmore Cave. Cros 
Vall y did not ·xi t, except p rhap a a 
mall surfa e tream on the plateau upland. 
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Figure 3 
Lynn Foils at the head of Cross Volley. 

Fairly recently heaclward erosion in Cro 
Valley was rapid near Newsome Sink . The 
ubterranean drainage of the Newsome xis 

wa inter ected, and captured by Cro Val­
ley (fig. 4C). Further down- utti11g of Cro s 
Valley ha hifted the ew ome resurgence 
from Hughes Cave to Hughes Spring. 

As the Cros. Valley grew headwards a 
ink developed in its bed that diverted the 

Cros Valley water into the d.own tream 
underground Newsome Axis conduit which 
delivered this flow to kidmore Cave. Thi 
i the pattern that exists today (fig. 4D). 
The gradi 11ts are ompatibl be au 
Hughe Spring is lower than the old New-
om xi drainage and th ink in Cro 

Valley feeding Skidmore is higher (fig. 5). 
'I he caves of New ome inks contain little 

flowing water. ome, of course, contain 
small, local streams, but none contain large 
active treams re ei\' ing drainage from 
major surface source . The caves repre ent 

85 



A 

- r 

/ 

'- .?" 

BHINOLEY 

M OUNTAIN 

B 
\ 

) 

/ 

' 
'/ 

fa/ t 
...-: , 

I 
. ,·, , .. ,.,; 1nJ·-,n tr ti rr:-r-rr-rr-:-; 

c 

~· 

BRIN OLEY 

'-' OU N TA IN 

D > 

BRIN OLEY 

M OU NTAIN 

Figure 4-Evolution of Newsome Sink. A. Surface drainage to the south. 8 . Development 
of young sinks with diversion of drainage underground. Small surface stream crosses this 
drainage, C. Cross Valley cuts down into underground drainage and captures it. D. Further 
headword erosion in Cross Volley diverts its drainage into older underground system (present 
condition.) Solid lines ore surface streams; dashed lines ore underground drainage channels. 

Coves and abandoned underground channels shown by xxxx . 
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Figure 5 

Diagrammatic section along Newsome Axis 
A. Before downcutting of Cross Valley 
B. Present stage 

th e old drainage system at the time the re­
surgence was at Skidmore Cave. The pres­
ent active drainage i at a lower and a 
yet inaccessible level in the inks. 

This theory i in agreement with th.Lt 
proposed by Woodward (1961). The two 
catastropic event re lative to this are the 
breaching of the sandstone cap to establish 
the fir t subterranean drainage gradient and 
the Cross Valley capture and subsequent 
lowering of the Newsome Sink water table. 
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It is unique in that thi wa not a single 
stream piracy but a cross-piracy, with each 
tream capturing- the drainage of the other, 

both underground. 
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Moon1nill , Cave P arl and Pool Accretion 
From Fulford Cave, Colorado 
by John V. Thrailkill 

AB TRA T-- Moonmilk, cave pearls, and a peleothem term d a pool accretion 
occur in Fulford Cave, Eagle County, Colorado. The moon~ilk is ~ornpo ed of 
cal ite, and it appearance ugge t that it may be ~f org~mc, P.O i.bly fungu ' 
origin. Cave pearls occur both in crowded pocket m which ag1tat10n appear 
unlikely, and in individual depres ion . Cave pearls .of ~he econ~ type ~re 
polish d pool accretion , an unattached phere or clhp 01d of calc1 te having 
a rough urface and found in dry gour pool . 

During an investigation of the origin and 
development of Fulford Cave, Eagle County, 
Colorado, a tudy was made o( the peleo­
them . Of these, moonmilk, cave pearls, and 
a form here ref erred to as pool accretions are 
of pecial interest. Although all of the e 
have been di u · eel in the literature, photo­
graphs of moonrnilk and information on 
the relation hip between cave pearls and 
pool accretion arc generally lacking. The 
reader i referred to a previou ly publi hed 
pap r (Thrailkill, 1960) for a de cription 
and map of Fulford Cave. 

Moonmilk occur in J'ulford Cave as a 
damp, soft, creamy white encru tation both 
on th limestone walls and on talactitc and 
draperies (fig. I) in several areas in the 
av , most notably in the Moonmilk Corri­

dor. photomicrograph of an impregnated 
thin- ection i hown in figure 2. he di -
imilarity in appearance between this figure 

and figure 2 in th paper by Davie and 
Moore (1957,p. 26) may be due partly 
to the latter photomicrograph being of 
loo e material (Moore, per onal communi­
cation) . r -ray diffraction analy is of the 
Fulford Cave moonmilk by Mr. lbert 
Dearth of the Univer ity of Colorado howed 
it to be al ite. 

The reader i referred to Davie. and 
Moore (1957) and Moore (1960) for cl -
criptions of other o currences of moonmilk, 

a well as discus ion of the origin of the 
picturesque name. The appearance of the 
Fulford Cave moonrnilk in thin e tion 
(fig. 2) may lend some support to their 
con lusion that moonmilk i of organic 
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ongm. A ·imilar origin ha been propo ed 
for lublinite, a fibrous variety of calcite oc­
curring as a coating on urfa e expo ures of 
marl, travertine, and other rocks in ea tern 
Europe. Thi material, which ha al o been 
called rock-milk) wa found to contain the 
hyphomycetes of fungi with the fibers of 
the hyphomycete determining the tructure 
of calcite (Ulrich, 1938) . 

Cave pearls are pre ent in several place 
in the Moonmilk Corridor and el ewhere in 
the cave. They were found in two rather 
different ·ituation . The fir t and most com­
mon occurrence i in mall flowstone-lined 
and water-filled pockets on the passage floor, 
u ually near a wall. One of these pocket 
contains as many as twenty irregularly 
haped but highly poli hed cave pearl of 

all sizes up to about 20 mm in diameter, 
often four or five layers deep. Th nu leu 
of these pearls is usually laro-e and consist 
of lime tone or chert fragment or of rain 
of minerals exotic to the cave (fig . 3 and 
4). Jn mo t of these po ket the cave pearl 
arc o crowded it i · difficult to believe they 
have been agitated, let alone rotated. 

The econd and les common occurren e 
of ave pearl in Fulford Cave is in mall 
depressions on the floor, u ually in gour 
ba ins. The inner urface of each of the e 
mall depression i highly poli hed w t 

flowstone, and the depres ion conform to 
the izc and shape of the contained cave 
pearl. Because few pearls of this type were 
found, only one wa collected and e tioned. 
Figure 5 shows the depres ion from which 
the pearl was co.Jlectecl, a well a ev ral 
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Figure l 
Drapery coa ted with moonmilk 

undisturbed pearl . The collected cave pearl 
i e entially a polished pool accretion, al­
though the outer 0.3 mm shows an indistinct 
layerino· (fig. 6) . 

A third speleothem of in terest in Fulford 
Cave is what i here allecl a fJool accretion. 

hi is an unattached pherical or ellipsoidal 
body of calcite, specimens of which were 
found in ome abundan e in the bottom 
of the dry gour pools in the Moonmilk Cor­
ridor (fig. 5) . The e forms are di tingui hed 
from cave pearls by their rough outer sur­
fac and la k of nucl us (although a mall 
nucleu may have been missed in the two 
accretion ectioned) . Their internal struc­
ture con ists of relatively large but poorly 
defined calcit crystals attered throughout 
a matrix of cloudy calcite. There i a fairl 
well defined concentric tructure cau ed by 
an alignment of pore pa e , and a vague 
radi;: 1 structure due to a rough arrangement 
of the larger cal ite crystals (figs. 6 and 7). 

Two varietie of pool accretions were ob­
rved. The fir t and most common type 
roughly spherical and ranges in size from 
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less than I mm to 30 mm. The second type 
has a shape approximating an oblate ellip-
oid. This variety has size limits similar to 

the fir t type and appears to be identical to 
the pherical form except for shape. The 
d gr e of oblat ne s vari omewhat, but 
in most specimens the ratio of lono- to short 
ax i about 3: 1. 

The Fulford Cave pool accretions are ap­
parently identi al to form from Penn yl­
nnia Caves de cribed by tone (1932) . he 
term pool acrretion i u eel here rather than 

ton ' cave concretion becaus it wa felt 
that the latter term might be onfu ing. 
Geologically, the word concretion implies a 
cementing and subsequent weathering out 
of a portion of a olid ma of ro k, and the 
French word concretion is almost ynonym­
ou with our word speleothem. 

The very different morpholoo-y and en­
Yironment of cave pearl and pool accretions 
point to a markedly different origin, and 
ther seems to be little rea on to "lump" 
the two forms. The cave pearls found in 
mall depression in gour basin are pre­
umably all pool accretions which have been 

kept moi t and po sibly agitated by a drip 
of water, thus acquiring a polish. It is 
doubtful, however, that agitation i a gen­
er:il requirement for the formation of cave 
pearl. 
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Figure 2-Photomicrograph of moonmilk. Polarized light. X 15 (upper left); Figure 3-Photo­
microgroph of cove pearl from pocket in Moonmilk Corridor. Nucleus is lithographic lime­
stone. Polarized light. X20 (upper right); Figure 4-Photomicrogroph of cove pearl from 
pocket in Stalagmite Room. Polarized light X33 (center left); Figure 5-Cove pearls in 
small depressions on floor of Moonmilk Corridor. One pearl was removed from group on right 
for study. Pearls overage 15mm in diameter. Roug h pebbles in lower right ore pool accretions 
(center right); Figure 6-Photomicrogroph of cove pearl from depression shown in figure 5. 
Center is pool accretion. Polarized light X 16 (lower left); Figure ?-Photomicrograph of 

ellipsoidal pool accretion. Polarized light. X 12 (lower right). 
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