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ABSTRACT

pougherty County is a covered karst with

1,011 subsidence sinkholes that are developed

in

surface residuum over fracture-located

cavities in the Eocene Dcala limestone. One
pessible conseguence of a recent uapsurge in
the use of groundwater in the Ocala aguifer
for irrigation, is accelerated sinkhole
developmnent due to a lowering of the regional
piezometric surface or due to the formation

b of

conas of depression at irrigation wells.

Ground subsidence susceptibility maps have
‘therefore teen developed using sinkhole and
bedrock fracture data. Dougherty County _was
partitioned into 855 cells each 1.18 kxm? in
areaa. Five cell variables were used in
modelling: the npumber of sinkholes, sinkhole
area, the number of fractures, the number of
fracture intersections, and the total length
of fractures. Cells with moderate values for
sinkhole area and high values for the other
Four variables were considered to ke the most
susceptible to ground subsidence. Broadly
similar subsidence susceptibility nodels were
developed from cell data DY intersections,
and separately by lingar comrbination.

INTROBUCTIION

The Dougherty ©Tlain is the prime agricultural

region
of the

of southwest Georgia, including some 5,250 km2
county. It is also a major Trecharge drea for

the Principal Artesian' hguifer, which is the most
important source of groundvater in the sontheastern
Opited States. The Dougherty plain is underlain by the

. upper

Tocene Ocala limestone, a sub-agquifer of the

principal Artesian Aquifer. The limestone is covered

almost everywhere by Oligocene to Recent residuum which
i places exceeds 50 mw in thickness. The area is a
highly_developed covered karst region with =mumerous
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Environmental Karst -

dolines, uvalas, senmi-blind and blind valleys, sinking
streams, and springs. Closed ‘depressions have
developed by subsidence and/sor suffosion of residuunm
into cavities in the underlying Ocala limestone.

Subsidence sinkholes develop through the
progressive collapse of arches or domes which span
air-filled voids in the surface residuum. A void in
the Ocala limestone, roofed by residuum, moves towards
the surface by the collapse’of roof material until it
finally breaks through to the surface to form a
sinkhole. Collapse of the roof temporarily produces a
cylindrical hole which rapidly weathers into a gentler
conical or howl-staped Qdepression. Suffosion
sinkholes are funnel-shaped depressions, which develop
in residuum through svasmodic minor subsidences and
more continuous piping of unconsolidated materials into
widened joints and solution pipes in the Ocala
limestone heneath.

As a result of severe droughts during the 1954 and
1977 growing seasons, agriculture in the TDougherty
£lain has became increasingly dependent upon
groundwater from the Ocala aguifer for irrigation. Irn
1970 less than 8 million m3 of water were withdrawn for
irrigation, in 1977 more than 150 nmillion m3 vere
vithdrawn. Almost unheard of prior to 1970, center
pivot irrigation systems increased to 376 in 1976 and
to more than 1,000 in 1979 (Pollard et al., 1979;
Kundell, 1980 .

Increased use of the Ocala aguifer for irrigation
could, in the 1long term, result in a lowering of the
regional piezometric surface. In the short term cones
of depression will be developed around ceater pivot and
cther irrigation wells. In either case one possible
cause for concern could ke accelerated development of
subsidence sinkholes in the region. At cones of
depression, surface residuup loses hydrostatic support
apd steep hydraulic gradients are produced. Increased
groundwater flow velocities cause erosion of subsurface
residuum into bedrock cavities. #Hatural and artificial
recharge (in the form of irrigation water) percolates
freely through the newly established vadose zOne
erodiny the roofs of air-filled voids.

In Alabama an estimated 4,000 - manp-induced
sinkholes are thought to have formed since 1900, most
of them induced by a decline in the water table due to
greundvater withdrawals (Fewton, 1977). 1In sone cases

man—induced sinkholes near discharging wells have .

resulted in grouniwater contamination (Spigner and
Graves, 19377). A further problem is that some sinkhole
subsidences are catastrophic. Oon the Far West Rand,
South Africa, on December 12, 1962, a three-storyved
crusher plant belonging +o the West priefontein Gold
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mine was enqulfed by a huge sinkhole. The disaster
took 2% 1lives. On Auguast 3, 1964, another sinkhole
formed suddenly in the same general area swallowing ‘a
house at the Blyveooruitzicht Mine, & persons were
killed {(Jemnings, 1966). Accelerated sinkhole
development in the Far West Rand is in response to a
lower water table. Pumping of water £rom +the gold
mines has produced cones of degression 75-305 m below
the former piezometric surcface. In addition, oDmany
sinkhole collapses were triggered by large volumes of
artificial recharge when water was discharged at the
surface by the gold mines in the course of undergroand
pueping {Brink and Partridge, 1965).

Because of the +threat of accelerated sinkhole
@evelopment on the Dougherty Plain, as a result of
increased irrigation, there is a mneed for ground
subsidence susceptibility maps, vwhich can be uzed by

"land wuse and water resource planners. An attempt has

been made to develop such maps in a samnple
area--Dougherty County--usirg easily acgqguired sinkhole
and bedrock fracture data.

THE STUDY ARFA: DOUGHERTY COUNTY

Dougherty County is approximately 43 km E-W, 21 km
N-3, and covers 845 km2Z. Tt is underlain by Cretaceocus
to Recent sedimentary rocks, which dip souteastwards at
2 »/kn. These rest on grystalline basement trocks and
older Paleozoic sediments. -, Only the extrene
souteastern corner of the county lies outside the
Dougherty Plain topographic provirce. This area is a
part of the Tifton Upland and is capped by c¢lays of the
Miocene Hawthorne Formation. It is separated from the
rest of the county by the Pelham ZEscarpment.
Elevations on the Tifton Upland reach 100 m , on the
Dougherty Plain they range from 50-75 m (Fig. 1)

i The topography of the upper surface of the Ocala
limestone in Dougherty County is highly irregular
bgcause it has been differentially weathered. The
limestone. may he less than 15 m thick in the west,
where it occasionally outcrops, but increases to more
than 753 m in the east. The Ocala 1is covered almost
ev?ryuhere by surface residuum averaging 13 m in
th;gkness in  the northwest and ‘19 m in the southeast.
Residuum thickness is highly variable and may increase
hy_ more than 30 1 over a distance of less than 3 kn
(gllson and Pickering, 1973). The residuum is sandy,
S}lty clay and contains houlders of weathered siliceous
limestone up to 2 m in diameter: it is thought to be

pFimarily_derived from the weathering of the OQcala
limestone.

The Flint River and other surface streams in the
county occupy channels that cut into the Ocala agquifer.
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For most of the year these are effluent streams but at
tires of peak flow they nay become influent. The Ocala
aguifer isg recharged through sinkholes ang bling
valleys. Sinkholes vary from 6-3 n deep and from

150-300 n in diameter. Many are alluviated, some
containing perched water hodies, Other depressions
with open ponors are sites of rapid recharge apd
therefore sites of potertially rapid groundwater
pollution. ’

In recent vyears man-induced ground subsidences
have become mnare frequent in Dougherty Gcounty,.
particularly in the county seat Albany. In one
incident, Hilspan Park, located ip- a sinkhole, was

selected by Alkany city officials as ap ideal
for a recreational lake.
impervious floor

location
Clay was hauled in g make an
and logs and trge stumps were placed

i well was drilled imnediately adjacent to the area and
water was pumped into the depression for several days
forming a small 1ake. The lake lasted only a short

time, the water eventually drained underground when
part of the depression 'floor, including £illing
vaterial, logs, and tree stumps, subsided into a
subsurface cavity ({Rait, 1963) . A second subsidence
occurred near  ‘Banks Halley Art Gallery in Albany.
During thearvy rains, storm runoff is funnelled into a
sinkhole on the. grounds of the gallery and is then
pusped out throutgh sewer lines. On  June &, 1973,
during an especially theavy rain, one of the " pumps
failed and 2-3 o of storm water was ponded in the

derression. This water triggered a subsidence only 15§
B from the art gallery (Wilson and Pickerinq,:1973).

MODELLING PROCEDURE

The Telative susceptibility of an area in

Dougherty County to ground subsidence was considered to

depend on the nunber of subsurface cavities in the
Ocala limestone, and on the liklihood of subsidence or
suffosior of residuum into them. Ogden and Reger
(1977) concluded fronm studies in Monroce County, West
Virginia, that areas underlain by the most cavernous
rock display the most dolines. They found that the
percent of the limestone area in dolines and the doline
density ware useful indicators of areas of potential
subksidence. Forg {(1964) has demonstrated that in the
certral Mendip FHills of Enqgland the formation of one
doline (the "mother") tends to promote subsurface
conditions that " are conducive to the formation of
additional dolines {the "daughters"} in the same area.
Data on sinkhole density and on the pPercent of area in
sinkkoles were used in modelling as being
indi ] i i limestone
- and of the liklihood of Ffurther subsidence or suffosion
addition, as there is
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i oids along zones of

i lopmert of solution v s

B ey ility b ugse these concen .
i ermeability beca .

hlgh ﬁecﬁggiiy EIOw, data on fracture densxty,ffra:ﬁgzz
Tnter ectidn density, and the total %ength of raccg es
}nte;: area were also used in modelling the presence
in ? 1 .
solution cavities in the limestona.

A geographic information system DBHANGQCONEﬁ;?Y;g:
sed in sinkhole anl bedrock fracture daBa . ﬁanaqer
%ggkanc h.1977) The program DBMANG (Dat?i ggrmat ager
wa ; i i in a grid-
i sed to build and raintal 1
b w;ieuprogram accomodates up to 30 wvariables and

base'umber of cells. CORGRID (Conversati9nal Grif) :;z
anydn to display grid-format data in gre¥tsc e
gﬁgropleth map‘ form via a line printer.

; i £
presently dimensioned for 29 variables and a maximum o
20,000 cells.

CONGRID has four map og?gut g?ti?gf:inégisegtggig
i ispla a data file map), t
;grt:§15b12§f9{3¥ uéious of variables, and (4) linear

i i iables. Calls in the gtldjfprmit
gggglgzzéogithog-sv:inkholes Eorm.a set,'cgllsozltihgsg
fractures form another set. ‘The 1nteri§ctlggs E erhese
two sets {map option 2} 1ncludes_a_ gg S hith 3-5
T oa ootion 3) includes cells with 3-5 aimkholas
on 6 (EapctEEZ;on 3;elnlinear comhination option dlg
OE g_awh:i weig%ting of variables and valu?s 1s.neet§9
?ued ta analysis. For example, 1f the decline in he
or ad water table 1is considered to be tuwice as
grount t in triggering sinkhole collapse as the depb
ot anface residuum, these two wvariables can ng
Of' hi:g 10 and 5 «respectively in _modell;ng Z?ro:nd
;ﬁigidence susceptibility. Map options (1}, (2,

{4} Wwere used in this study.

In order to develope sinkhole and bedrock data

in DBMANG, Dougherty County was partitioned into

files t21l size was 1.0

855 cells in 19 rows and 45 columns.
X 1.1 kn.

SINKHOLE AND FRACTURE DATAR COLLECTIOX

i les
y .S5. Geological Survey 7.§ ninute .quadrang
show Tggpgoximately 40% of the s;nkholei 13 Dg:gggrzz
County, the remainder are_too shallow EOOSQ m?p Sted on
these maps which have only a 10 foot é « 0F ey oun
interval. Sinkholes were there ore Pd A
To 1973, 1124,000 scale, color infrare G
Fﬁiggarg;ojeciy 173y . Color infrared tran§¥§reiggis
sére viewed stereoscopically at 22X ﬁrzgn;flgir;ac;
Sinkholes were identified by the pres,sil Surtace
sater bodies, from vegetation and SO moisture
Eattorns and from topographic eXpressioh. Sih e
ggunaariés were drawn at the break of slope wi
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PHYSIOGRAFHIC
SUB-PROVINCES R
:IDUUQher‘ty Plain N
Miles
DOUGHERTY v/ £t | d o .
= COUNTY V774 Tifton Uplan o ;
Kilpmeters
. Fig. 1. The physical and built envivenment of Dougherty County, Seorgia.

Kitemelers N

Fig. 2. The sinkholes of Dougherty fLounty. lieorgia.
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tervain. - -Planimetric control .was
alse mapping roads and railway lines.
distortion was removedl and sinkhole
wero transferrced to 1:24,000 scale
topographic maps usirg a Bausch and Lomb %oom transfer
scope.  In total 1,011 sinkholes were mapped, the mean
density for the county being 1.1 sinkholesskm?2 (Figure
2). DEHANG data files were developed for the number of
sinkholes in each cell (sirkholes lying . im more than
one cell were counted in each e¢ell they occupied), and
for the percent %area of e¢ach cell occupied by
sipkholes. The maximen bpumbef of sinkholes in any cell
was 15, 32 cells contained more than 10 sinkboles
{Figure 3). Five cells had more than 30% of their area

surrounding flat

Photographie
boundaries

covered by sinkholes, 26. cells %had more than 20%
covered.
The relationship between the number of sinkholes

in a cell and +the area occupied by them provides anm
insight into the evolution of sinkhole +topography in
Dougherty <County (Figure U4). It sugqgests that there
are two distinct stages in sinkhole development. In
the first stage there 1is a gradual increase in the
number of sinkholes in a cell and 3in the area they
OCCUPYe When the nunher of sinkholes reaches 14-15, a
threshold is reached beyond which the topography enters
a second stage of evolution. In this stage the lateral
growth of sinkholes and their coalescence to fornm
uvalas becomes more important than the formation of new
sinkholes. The area of the cell occupied by sinkholes
continues to increase hut the number of separate
depressions decreases. ' ' .

A most important characteristic of the sinkholes
in Dougherty County is that they have pronrounced linear
shape . elements. To test vhether these show
statistically significant preferred orientations, the
azimuths of prominent long axes or other linear shape
elements in 205 sinkholes, in randonly selected cells,
were nmeasured and grouped intoe 10-degree classes
{Figure ©5). Chi-~sguared analysis was used to test for
non—randomness in the distribution (Pincus, 1653). Six
classes, theirt midpoints at 325, 315, 305, 5, 25, and
35°, were found to he significantly non-random at the
0.05 level. Hhen adjacent significant classes were
grouped, three preferred orientations emerged at 315,
5, and 30°.

Wilson (Doug Hilson, personal communication)
reports joint directions at 300, 10, and 30° in Ccala
limestone visible along the banks of the Flint River in
Dougherty County during pericds of low flow. The close
agreement hetween wmeasured Joint directions and +the
orientations of linear sinkhole shape elements suggests
that sinkholes in Dougherty County have developed
above, and are elongated parallel to fractures in the
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Fig. 3. HNumber of sinkholes by cell, Dougherty County, Georgia.
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‘of t!ue cell occupied by sinkholes, Dougherty County, Georgia. ‘
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underlying Ocala limestone. As the sinkholes have
fortmed by subsidence-or suffosion of surface residuum
into sabsurface cavities, this implies that joints and
fanlts are alse the major avenues of grourd water
rovenment and solution.

FRACTURE DATA

The distribution and shapes of sinkholes in
Dougherty County were used to map possible fractures in
the Ocala limestone. . #apping vas completed in three
stages. In the first stage,all protounced sinkhole long
axes and other linear shape elements were identified
and marked. In the second stage; linear shape elements
were connected " where -these appeared to lie along a
single fracture. In addition, fractures vere drawm
vhere several sinkholes fell along a straight line. In
the final stage of mapping the color infrared images of
the -county were exanmined for additional evidence of
fractures in the underlying bedrock amd for evidence
which might suwggest modifications to the fracture map
prepared from sinkhole data. In total, 1,298 possible
fractures were mapped, the mean length being 1.9
km/km2 {Figure 6). DBMANG data files were developed
for the number of fractures, the number of fracture
intersections, and the total 1length of fractures in
each cell. Thirty cells had more thamn 9 Ffractures and
276 cells more than 5 fractures; 155 of the 855 cells
had no fractures. Three cells had wmore than 15
fracture intersections and 20 cells more than 4.5 km
of fractures. (Fractures 1ying in more tham one cell
¥eTe counted in each cell they occupied.)

Ix an attempt to explain the fracture pattern in
Dougherty County, fracture end point coordimates were
digitized and lengths and orientations calculated.
Fractures were then grouped in 10-degree classes and
the pumber and total length of fractures in cach class
estipated (Figure 7). Chi-square analysis was used to
test the non-randomness of these distributions (Pincus,
1953). In both data sets the same six classes, their
midpoints at 315%, 325%, 335°, 5%, 35%, and 40°*, vwere
significantly different from random at the 0.05 level.
When -adjacent c¢lasses were grouped three major
preferred fracture orientations emerged at 32%®, 5%,
and 40*.

Preferred f£racture orientations in Dougherty
County agree well with those measured in nearby areas
of Florida and Georgia. Yeroon (1951} recognizes a
fundamental regional pattern of two systems of
fractures trending ¥W-SE and ¥E-SW in northern Florida
and rarts of sosthwest Georqia. Work by Ellwoed in
Climax Blowirg and Glory Hole Caves beneath the Pelham
Escarpment, near Cairo, Georgia, 75 km south of Albany,
has revealed two preferred passage orientations at 317¢
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Fig. 6. Possible fractures in the Ocala Vimestone mapped for sinkhole data,
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Fig. 7. Number (A) and Tength (B) of mapped fractures by 10° orientation
class, Dougherty County, Georgia.

Table T Values of Variables Specified for Intersections 1-4

SPECIFIED VALUES OF VARIABLES

VARIABLE :
INTERS%CTION IMENSECTI(HI INTEASECTION INTERSECTIOH
3

Number of

Sinkholes 12-15 10-15 415 2-1%
Percent Area of

Cell Covered by 15424 10-29 5-35 5-35
Sinkholes

Rumber of

Fractures 7-9 5-9 3-9 ) 1-9
Number of Fracture

Intersections 12-19 B-19 4-19 =18
Length of )

Fractures (k) 3.1-7.2 2.8-1.2 1.%-7.2 1.0-7.2

101



and 48*, Fault planes have been identified in Climax
Cave at both orientations suggesting that passages have
formed along a conjugate set of shear Faults. Ellwcod
has tentatively interpreted the fracture directions imn
terns of a stress distribution with the axes of
greatest and least stress horizontal .and oriented at
approximately 90% and 3607 respectively, and the axis
of intermediate stress vertical.

The fracture sets in ‘Dougherty County were wmost
likely produced by a  maximum' stress from the west
acting against the Chattahoochee Anticline, +trending
350° in basement rocks west of Dougherty County. By
this interpretation, fractures at 5% are extensiocn
fractures; those at 325° and 4n*, a’ . conjugate set of
shear fractures. The broad range of the 3257 and 40°
fracture directions stuggests that they may have been
prodaced by a residual stress field in basement rocks,
which caused upward migration of structural features
and their impressment on ‘the vounger sediments.

SUBSIDENCE SUSCEbTIBILITY’MODELs"

The sinkhole and fracture .data files in
¥ere  used to model ~via “‘CONGRID the
susceptibility of cells in Dougherty County to qground
subsidence. Separate -.models ware produced by
intersections and "by linéar combination of the five
variables. The susceptibility of a cell was assumed to
increase with and increase in all variables except
ginkhole area. For +this variable, susceptibility is
assumed to reach a maximum when 15-204% of the cell is
occupied by sinkholes. This assumption is based on the
cbservation that when 20% of the eell area is occupied
by sinkholes, further developrent is dominated by
lateral growth and coalescence of sinkholes rather than
by the development of new sinkholes.

DBMANG
relative

INTERSECTION

Intersection modelling of susceptibility involved
the use of COYGRID +to .identify and map cells with
specified values of the five variables. Four
intersections were mapped. A broader range of values
for each of the <£ive variables was specified for
successive intersections (Table 1). This meant that
2ach intersectionr 1identified cells ineluded in +the
previous inmtersection plus a number of additional
cells. These additional cells were considered to be
less susceptible to sinkhole development than the cells
already identified. In the first intersection all
cells having 12-15% sinkholes, 7-9 fractures, 12-19
fracture intersections, 3.7-7.2 km of fractures, and
15-24% of the area occupied by sinkholes were
identified. Only - one cell had all of these
characterisics and by the criteria established, it is
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to future sinkhole
idertified cells with
10-15 sirkholes, 5-9 fractures, 8-19 intersections,
2.8-7.2 km of fractures, and 10-29% of -the area
occupied by sinkholes. Fourteen cells were identified,
13 more than were identified by intersection 1.
Totersection 3 added 142 cells to those identified by
intersection 2, and ivntersection 4 added 127 cells +to
those identified by intersection 3; specified values
for intersections 3 and % are given in Table 1. Of the
were not identifieqd by
These cells are considered to be the
ground subsidence (Figure

most sasceptible
Intersection 2

least susceptihle to future

8) -

LINEAK COMBINATION

In linear combination modelling the variables and

‘the values for each variable wers weighted according to

their judged influence on the susceptibility of an area
to future ground subsidence. Fach cell was assigned a
map value hased on the equation:

map value = W r + % r + ¥ r + ... W r
k1 k1 k2 k2 k3 k3 kn kn
where w = variable weight r = value weight X =
index of the variable. . 1-n
The linear conmbination model was generated using

the variable and value weights listel in Table IT. The
nugber of sinkholes and the number of fractures in a
cell were considered to be the most important measures
of susceptibility te future sinkhole development and
were assigned the highest weight 20. The number of
fracture intersections was thought to be the next nmost
significant variakle, followed by the total 1length of
fractures in a «cell; these variables were assigned
weights of 15 and 12 respectively. The area of the cb%l
covered by sinkholes was considered the least usefpl in
predicting future sinkhole development and was assigned
the lowest weight, 6. Value weights for all variables
ranged from 1 to 9.

For the variable and value weights shown in Table
IT, a cell with values of 5, 3, 7, 6, and 6 for the
number of sinkholes, area occupied by sinkholes, number
¢f fractures, number of fracture intersections and
total fracture 1length respectively, would have a map
value = (20) (4) + (6) (1) + (20)(9) + (15)(6) + (12) (9)
= W64, A second cell with values of 2,1,3,4, and 3 for
the same variables would have a map value = {(20) {4) +
{6) {1) + (200 {6) + (15){¥) + (12Y {6} = 338. Map values
for each cell were calculated by CONGRID and then were
classified into five groups each covering an equal
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portion of the total range of wap values assigned. In
& Telative sense, these grours of cells were considered
.to bave high, mnoderately high, moderate, moderately
low, and low susceptibiliv to ground subsidence (Figure
9) . It should be stressed that these terms are
relative, cells desigrated as highly susceptible in the
linear combination model 'may have a different
susceptlblllty to cells designated highly susceptible
in the intersection model.

PISCUSSION

Work in Dougherty County has shown that fractures
in the Ocala limestone can be mapped from sinkhole data
through >50 m of surface residuus. The fracture map of
the county {Figure 6) should be useful in 1ocat1ng high
vield, high specific capacity wells. 1If all irrigation
vells were of high specific capacity this would

SUSCEPTIBILITY TO
SINKHOLE DEVELOPMENT

High [l ce's inciuded in intersection 1. r minimize drawdown and reduce the possibkility of ground
Moderately high B Cetls added by intersection 2. N suksidence. . The most likely sites for such wells are
M rem at fracture intersections or along single fractures

Moderate # Cells added by infersection 3.

{(Parizek, 1976). The fracture map of the county may
also prove useful in selection of suitable sites for

D[O
ko

Moderately low Cells added by intersection 4.

. ) K emelors sanitary lanrdfills. Improperly located landfills have
Lowf Cells not included i i - 3

udec In intersection 1 - 4. already resulted in contamination of the Ocala aquifer

Fig. 8. Interspchon moded of ground subsidence ';us(.ephbl'llty, Bougherty in the Albany area. The most suitable locations for a

landfill are those falling in interfracture areas where
there is not rapid recharge to the aguifer via

County, Georgia.

underground solution cavities located along fracturesa
As Figures 2 and 6 show, however, Dougherty County is a
poor waste environment becaitse a relatively permeable
residuam with numerous sinkholes overlies a heavily
i fractured bedrock. The most suitable waste disposal
% sites are located on the Tifton Upland, 15-20 k=
‘g southeast of Albany. This area is underlain by
3 impermeable clays of the Hawthorne Formation.

The intersection and linear combination models of
relative ground subsidence susceptibility are in broad
agreement (Figs. 8 and 9). Furtheraore, their
accuracy is supported by independent data. In both
models, cells comsidered most susceptible to ground
subsidence correlate with: (1} areas of shallow
residuur (particularly 1less then 10m (Doug Wilsom,
anpublished data on Tresiduum thickness)), where
sobsidence may be wmore rapid; (2) two troughs ip the
piezometric surface of the Ocala aguifer to the west of

X Ml 3
SUSCEPTIBILITY TO SINKHOLE DEVELOPMENT o o a r : X the Flint PBiver that Wait {1963) feels are areas in
— 3 which thke limestone is cavernous (Figure 10a); or (3
High o s ; C 1 ¥ : :
I v [z Moderately Jow Kelameters N . ILegions where the difference between the lowest

Maderately high E:]lpw 4 plezometric surface on record (December, 1977) and the
Moderate ok highest piezometric surface on Tecord (March 1978)
exceeds 3n (Figure 10B). In these areas there is a

greater loss of hydrostatic suppdrt for the residuas
during drought periods. These relationships suggest
that easily acguired sinkhole and bedrock fracture data
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Fig. 9. tinear combination model of ground subsidence susceptibility,
Dougherty County, Georyia.
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Brook & Allison: Fracture Mabping/Subsidence

.car be used to develop relatively accurate ground

subsidence susceptibility maps for covered karst areas.

REFERENCES

Brink, A.B.i. and Partridge, T.C. {1965) . Transvaal
karsts some conslderations of development and
rorpkology, with special reference to sinkholes
and. subsidences on the Far West @®and. South
African Geographical Journal, 47: 11-34

Ford, N.C. {1964). oOrigin of c¢losed depressions . in
the central Mendip Hills. Abstracts of Papers,
20th International Geographic = Congress, London:
105-106.

Hokans, R.H. (1977) DBMANG/CONGRID. The University of
Georgia, School of TForest Besources, .Athens,
Georgia. .

Jennings, J.E. (1966). BPBuilding on dolomite in South
Africa. Civil ©Engineer in South Africa, B{2):
4 1_629

Evader, T. and Wagner, J.E. {1980) . Ground water
resources of the Dougherty Plain, southwest
Georgia. UOnpublished report prepared for Decatur
County, Georgia: 110 p. .

Newton, J.G. (1977). Induced sinkholes - a continuing
problem along Alatama highways. Ir J.S. Tolson
and F.l. Doyle ({eds.}, Karst Hydrogeology,
University of Alabama Press, Huntsville: 303-3Db.

Ogden, A.E. and Reger, J.7. {(1977). Morphometric
anralysis of dolines for predicting ground
sehsidence, Monroe County, West Virginia. 7In R.T.
Dilaparter and 5.C. Csallany (eds.), Rydrologic
Protlens in Karst Regions, #Hestern Kentucky
University Press: 130-139.

farizek, R.R. (1976). 0On the nature and significance
of fracture traces and lineaments in carbonate and
other terranes. In ¥arst FHydrology and Water
Resources, Proceedings of the U.S5., - Yugoslavian
Symposium, Dubrovnik, 1975, volume 1: 47-100.

Pincus, Hd.J. {(1953). The analysis of aggregates of
orientation data in the earth sciences. Journal
of Geology, 61: #482-509.

. Pollard, L.D., Grantham, R.G. and Blanchard, H.E.

{1979) . Preliminary appraisal of the impact of
agriculture on ground wafer availability in
southwest Georgia. U.S. Geological Survey, Rater
Resources Investigation, 79-7.

167



0
o
A g
x
iy
-
a
!
b
o
]
i

Spigner, B.C. and Graves S.L.

1977) . G -
development problens [ ) o gaater

associated with folded
carbopate-rock aquifers in the Irondale area,

Alabama. In R.B. Dilamarter and S§.c. Csallany
feds.), Hydrologic ©Problems in Karst Ragions

Western Kentucky University Press: 241-248, !
Verhon, R.O. (1951, Geology of Citrus and Levy

Counties, Florida. Geological Bulleti
Florida Geological Survey. 9 etin 33,

Wait, R.L. {1963). Geolog

_ Y and ground water res
of Doughertfy County, ological

Georgia. m.5.

Geologi
Survey Water Supply Paper, 1539-p. grcal
¥Wilson, i.D:. ang Pickering, S.Ma (1973). Geological
analysis o the Dougherty County area 1
Unpublished report +o thg : 't Gegeein

Southwest

L Georqi
Planning and Development Commissions: 40 p. e

108

2

orm as an Indicator of Origin of Karst

Landscapes in Indiana

Ardith Hansel

Department of Geography
University of Tllinois
Urktana, Tllinois 61801%

ABSTRACT

) Morphometric analysis of surface form is
.a viable approach to  accounting for
distinctions between different subtypes of
karst. '~ This approach is tested on sinkhole
forms exhibited by two types of karst (i.e.,

.normal fluviockarst and exhuming fluviokarst)

developed on the Mitchell Plain of south
central Indiana. By utilizing surveyed data

and sophisticated morphometric techriques, it
“ag possible to. identify classes of sinkhole

ferr types. The two karst landscapes were.
found to be form specific on the basis of a
significant dAifference in the freguencies
with which the vrepresentative <form types
occur in the two landscapes.

INTRODUCTIION

An inmportamt objective of geomorphic research is
that of  determining the rTelationship between form and
origin in landscapes. This 1is the mworphogenetic
tradition in _geomorphology. Common goals of
worphogenetic studies include accounting for variation
in surface forms and attempting to identify links
hetweer the landforms and the conditions and events
which give Tise to then. Two basic problems have
hipdered the accomplishment of these goals. Tirst,
inadequate description of surface morphology has often
made it impossible to undertake meaningful comparisons
ketween landscapes. Second, poor understanding of +the
geomorphic processes ard how they work together to
produce specific landforss has made it very difficult
to acceunt for variation in real world relief forms.

Unlike many other processes in geomorpholoay, the
limestone solution process in karst 1is fairly well
understood. Dnfortunately, this understanding of
limestone solutior does not explain the variation in
surface morphcology in karst landscapes. | Again, the
problem is twofold. Pirst, it is becoming increasingly
apparent that limestone solution is but one of several
interacting processes important im the karstification
¢f a landscape. Second, in many cases the karst forms
have not Leen adequately defined. Recent vworkers
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