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For most of the 200' Century, karst research was been driven
by arguments about the position of cave development rela-
tive to the water table. Ttree major models were devised in
which cave development occurred 1) above the water table
(Vadose Theory), 2) atthe water table (Water Table Theory)
or 3) below the water table (Phreatic Theory). (In fact, caves

develop in all three settings, depending on the hydrogeologic
setting.) Hydrodynamics of conduit flow and contaminant
transport dynamics through conduit networks has received
scant attention as evidenced by the fact that no dual perme-
ability models exist for cavernous aquifers. Karst
hydrogeologists have been commonly heard saying, "You
can't predict what happens in karst terrain because you don't
know where the caves go!" This translates to most funding
providers as, "Don't listen to me. I don't know what is go-

ing on." In the absence of useful results from karst
hydrogeologists, hydrologic modelers resorted to applying
diffuse flow equations to cavernous aquifers sayin5, "... at

the scale of a coarse mesh digital model (with grid-block
spacing of 5-10 km or more), flow in the karst springs area

realistically can be treated as porous-media flow." This non-
sensical statement claims that first-magnitude (>2.8 m3/S or
>100 ft3ls average discharge) karst spring basins can be "re-
alistically" modeled with fewer than four points. Even more
disturbing is the fact that transmissivity values used to bal-
ance the water input and output are so high that they can not
exist in granular media, even if the Floridan Aquifer was

made of bowling balls! Such models should be immedi-
ately recognized as intellectually dishonest. They predict
contaminant transport velocities that are too fast for the ma-

trix and too slow for the conduit networks. Both perlneabil-
ity components are poorly modeled and accurate contami-
nant migration predictions are impossible.

The problem always comes back to, "We don't known where

the caves go." Conduit networks require discrete models.

That is, one must have some definite idea of how much cave

is present; how big the caves are; where the caves go; how
fast water flows through the caves; and how rapidly con-

taminants are diluted by conveyance through conduit net-

works. These are the things that hydrologists, regulators
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and water managers want to know about caves. How can

we, the karst hydrological community, provide answers?

Understanding conduit morphology and hydrodynamics of
the Floridan Aquifer involves unlearning nearly all of the
classic precepts of karst hydrogeology. The Floridan Aqui-
fer is composed of carbonate rocks of Tertiary Age and is
typically about 180-460 m (600- 1,500 feet) thick. It under-
lies the entire Florida Platform and extends northward into
southern Georgia and South Carolina. This aquifer exists
on a tectonically stable platform. It has never been deeply
buried and is poorly cemented. Effective porosity in
calcarenite units is high. Topographic relief is low and the

water table is high. Nearly all of the aquifer occurs beneath

the water table. Over the last 1.5 million years, during mul-
tiple glacial and interglacial stages, sea level stands have
ranged from about 60 m (200 feet) above crurent sea level to
at least 130 m (420 feet) below. Yet the width of the plat-
form allows the coastline to shift laterally by distances com-
monly ranging from about 40-125 l<rn (60-200 miles). These

fluctuations make it difficult to distinguish under what con-

ditions various caves developed and what their original hy-
drologic functions were. Yet it is obvious is that the Floridan
Aquifer contains abundant caves and these convey the ma-
jority of ground water to a few, isolated groups of cave

springs. AboutT6% of the spring discharge occurs through
9% of the known springs. The Floridan Aquifer supplies
abundant water for irrigation, about 50% of the drinking
water used by residents of the state of Florida and springs
discharge about4l.6 million m3/day (1 I billion gallons/day)
for sustenance of riparian and estuarine habitats. The aqui-
fer is overlain by a nearly ubiquitous blanket of sand that
serves to moderate stormwater recharge. This causes nearly
steady-state flow conditions such that the large cave springs
have maximum/minimum discharge ratios that are usually
less than 10, unlike cave springs in mid-continent fluviokarst
terrains where flashy discharge (Q-*lq*in ) 10,000) is nor-
mal. The nearly steady-state, perpetually pipe-full flow con-

ditions, abundant well logs and exploration of underwater
caves by divers, makes the Floridan Aquifer one of the easi-

est to study and an especially fine example of a cavernous

CONDUIT MORPHOLOGY AND IIYDRODYNAMICS OF THE
FLORIDAN AQUIFER: MOVING TO THE NEXT LEVEI,-CONDUIT

MODELING

William L. Wilson
Subsudace Evaluations, Inc.

8010 N. Woodland Center BIvd., Suite 100
Tampa, FL 33614



6 Wilson

carbonate aquifer where conduit modeling and dual perme-
ability hydrologic modeling could be performed successfully"

Laboratory tests of core samples show that the Floridan
Aquifer conrmonly has about 17% effective porosity. This
high effective porosity has not prevented cave development
but it does contribute to the importance of the diffuse flow
component of the aquifer. Horizontal and vertical hydraulic
penneability is fypically about 0.3 Darcys (6-4 Wdlft=), re-
spectively, which is slightly less than for very fine sand.

Seepage of ground water through conduit walls will occur at
a rate that not less than provided by these permeabilities.

Transmissivities, based on pump tests, commonly range from
about 100,000 to over 4,000,000 to gpd/ft, which, as noted
above, are so high that they cannot exist in granular media.
These very high transmissivities are usually explained as the
"average" between laminar flow in the matrix of the bed-
rock and turbulent flow through conduits. Regardless ofthe
ability of these values to make the inputs and outputs match,
their use also leads to estimates of ground water velocities
that are too fast for the matrix and too slow for the conduits.
Essentially, velocities in both permeability components are

poorly modeled using diffuse flow equations. Contaminant
transport estimates will be wrong by about 1.5-2 orders of
rnagnitude in both the matrix and the conduits. Integrated
diffuse/conduit flow models have not been developed be-
cause discrete models of the conduit network are commonly,
regarded as impossible to formulate. Can conduit network
morphology be predicted in the Floridan Aquifer without
first exploring and mapping the entire network? The fol-
lowing sections describe various types of commonly avail-
able data that can be used to characterized the conduit net-
works.

Groups of up to 400 wells in Polk, Orange, Marion and
Madison Counties, Florida, show that cavss, more than 0.3
m (1 foot) high, are commonly intercepted. The probbbility
of intercepting a cave is commonly about 25% per 30 m
(100 feet) of drilliog, and rises to about 50% in some zones
in Orange County. Caves are most common in zones rang-
ing from about 122 m (400 feet) below sea level in Orange
County to 213 m (700 feet) deep in Polk County. The in-
crease in cave abundance with depth contradicts results in
most other karst areas. Turbulent flow is often noted in caves

more than 100 m (300 feet) below the water table, and has

been observed directly by divers and tested by quantitative
dye tracing.

Cave porosity in the Floridan Aquifer ranges frorn a mini-
mum of 0.5o/o in Polk County where the aquifer is thickly
mantled to as much as L6% in certain restricted zones or
areas, such as the Madison County (Florida) Landfill
Superfund Site. Floridan Aquifer cave porosities commonly
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range from about 2.5-6%based on analysis oflogs for groups

of wells in Orange County and Marion County.

In the Floridan Aquifer, the reported heights of caves inter-
cepted by wells ranges from less than 0.3 m (1 foot) to at

least 27 .4 m (90 feet) and the reported heights have the ex-
pected J-shaped distribution, in which small caves are more
abundant than large ones. The median height of 128 cavi-
ties, intercepted by 400 wells in Polk Counfy was 4 feet, and

the geometric mean was 0.76 m (2.5 feet). The intercepted
cave height obviously is not necessarily the true (mrucimum)

cave height, but the average intercepted cave height can be

,estimated by analysis of height/width ratios measured in
underwater caves.

Fifteen mapped underwater caves (34 km or 2l miles ofpas-
"sage) in Florida have provided 339 heighVwidth ratios for
humanly traversable conduits. These surveyed caves can be

characterized as tubes having elliptical cross-sections. The
geometric mean height/width ratio is 0.32 indicating that most
caves are about three times wider than they are high. Only
8% of all mapped underwater caves are taller than they are

wide. It can be shown by simple geomety that conduits
having elliptical cross-sections have a marimum height that
is 1 .27 ttmes ttre average intercepted height. Applying this
result allows the intercepted cave heights to be adjusted and
indicates that in Polk County, Florida, the geometric mean
cave is about 0.98 m (3 .2 feet) high, 2.9 m (9.4 feet) wide
and has a cross sectional area of abovt 2.19 m2 (23.6 tr).
This provides a basis for using cave height data from wells
as a sample of conduit size distribution. Conduitheigh/width
data strongly indicate that caves form along bedding planes.

They are not necessarily fracture orjoint sontrolled. There-
fore, contrary to popular opinion, mapping photo lineaments
is not an effective way of identifying cavernous flow paths

in the Floridan Aquifer.

Most mapped underwater caves in Florida have anastomotic
patterns. Peacock Springs and Devil's Eye are examples of
anastomotic patterns. Some crude branchwork patterns, such
as Madison Blue Spring and Lafayette Blue Spring, are also
known. Many springs, even large ones such as Wakulla
Spring, serve as tap-offs for flow that partially blpasses the
spring and emerges further downstream at a more distant
spring. Distributary spring systems appear to be common.

Cave maps are particularly valuable for determining the ori-
entation of cave passages and conduit cross-sectional dimen-
sions. For example, in the Ichetucknee Spring drainage ba-
sh, Columbia County, Florida, 139 mapped cave passage

segments had a bimodal distribution with a primary mode of
N 72" W and secondary mode ofN 9o E. The primary mode
is nearly perpendicular to the nearly north-south slope of the
water table. Caves need not necessarily convey flow in a
direction parallel to the potentiometric gradient. The fric-
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tional resistance in a conduit is so low that caves may con-

vey turbulent flow even if they have a gradient that is only a

small fraction of the marimum.

Cave density in the Floridan Aquifer, h the north half of the

Floridan Peninsula, can be estimated as not less than 1,638

kmlkm3 (4,224 miles/mi3), which is very high, yet it might
be much higher is some zones or €reas. If distributed uni-
formly, then the average distance between cave passages

would be about 100 m (327 feet) both horizontally and ver-

tically. Obviously not all of these passages can be convey-
ing water that is flowing fast enough to be in the turbulent
flow regime. Most of these conduits have probably been

abandoned by fast flowing water. They are collapsed or
plugged by sediment. Analysis of cave lengths for 223 sur-

veyed caves in the Florida Peninsula shows that the median
cave length is 38 m (125 feet). This is probably a reason-

able measure of typical abandoned cave segment length.

Steve Worthington has compiled extensive data about the

average velocity of ground water flow through caves as de-

termined from quantitative dye traces" He and his co-au-

thors have shown that the global average velocity of ground

water in caves ranges typically from about A.2-20 cm/S and

the median velocity is about 2 cm/S. Data for 22 dye traces

and in situ water velocity measurements in caves in north-

ern Florida is essentially the same as the reported global av-

erage. The similarity of velocities is the result of a general

reduction in potentiomefic gradients caused by the devel-

opment of caves, which then tend to dewater the host aqui-

fer. Gradients in Florida are usually 0.00019-0.0019 (1-10

feet/mile) and the average gradient along the west coast of
the peninsula is about 0.00047 (2.5 feetimile) based on mea-

surements from potentiometric surface maps.

Flow through conduits can be modeled using the Darcy-
Weisbach equation, or other similar equations. The primary
difficulty in using conduit flow equations has been the fric-
tion factor (f). Hydrodynamic textbooks commonly recom-
mend an"?' value of 0.1 for concrete pipes that might have

a similar roughness value as natural conduits in carbonate

rocks. This value is far too low to account for all friction
losses, most ofwhich occur at a few isolated constrictions or
collapses in the conduit network. Other researchers have

estimated total apparent friction factors for conduit networks
ranging from 24 to 340. This range also appears to apply to
caves in the Floridan Aquifer, although only three systems

have been analyzed so far. Based on a limited number of
analyses, the global median and the median for the Floridan
Aquifer both appear to be about 100. Application of this
value to hydrodynamic analysis shows that the median ve-

locity (2 cm/S) can supply about 28 m3/S (1,000 ft3/S) through

a 30-m (100-ft) diameter conduit at a gradient of 0.00019 (1

fi/mile). This hydrodynamic result seems consistent with
results of cave exploration. Conduits larger than 100 feet
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wide and springs larger than 28 m3ls (1,000 ft3ls) are very
rare in Florida under existing potentiometric gradients.

Ground water discharging from many north Florida cave

springs is noted for its great clarity. Such clear water often
represents diffuse recharge from the surficial sand. Under
these conditions? the surface area of the cave wall must be

large enough to allow infiltration of ground waterto the con-

duit network that is equal to the discharge atthe spring. The

surface areaof the cave cannot be less than equal to average

spring discharge divided by the laboratory permeabillfy times

the average hydrologic gradient. Gradients can be deter-

mined from wells. Seepage through the walls ofmany caves

in the Floridan Aquifer is probably not less than that for
medium sand or about 260 Darcys. Any applicable perme-

ability value may be substinrted into this calculation.

If the drainag e area of a cave spring is known, ffid if the

average velocity of ground water being conveyed through
the conduit network is known (from dye tracing), then it is
possible to estimate the total volume of the cave, which must

be equal to the volume of water that is in transit at any one

time in the system. Total cave volume is equal to discharge

times the average transit time. For example, consider a26A-
km2 (100-mi2) drainage area that supplies an average dis-

charge of 28 m3/S (100 ft3ls) to a single spring vent. This

spring discharge can be maintained if the average recharge

is about 356 mm/yr (14 inches lyr),which is completely rea-

sonable for many karst terrains in Florida. (Other drainage

basins may have different recharge rates and active cave

densities,) For simplicity, assume that the basin has the shape

of a quarter circle and the spring is located at the apex of the

quarter circle. The average flow distance to the spring is

12.8 km (7.98 miles) and the average flow velocity is 2 cm/

S. Therefore the average transit time is about 638,000 sec-

onds (7 .4 days) and the total volume of the cave is about 1.8

million m3 (63.8 million ft3). If the geometric mean passage

cross sectional arca is about2.L9 m2 23.6 ft", then the total
length of the conduit network is about 824 km (512 miles),
which is equivalent to a densify of 3.17 km of active cavel

km2 (5.12 miles of active cavelmit) of drainage basin. If the

conduit network is Euranged in a uniform, single plane, rect-

angular grid (any appropriate geomebry may be substituted)

the average distance betrveen cave passages is about 700 m
(2,300 feet). At this point, a hlpothetical, but geologically

reasonable, discreet conduit model has been synthesized. The

actual cave locations are not known, but the amount of cave

present has been reasonably inferred. According to this
model, the average distance over which diffuse flow models

can be applied is about 350 m (1,150 feet). Beyond this, one

must assurne that the diffuse flow has been intercepted by
an integrated conduit drainage network.

In order to solve for flow, the entire drainage area can be

divided into polygons of bedrock matrix that contribute dif-



8 Wilson

fuse flow to a horizontal well (conduit segment between
passage junctions). Kno,wn (sunreyed) cave passages could
be incorporated into such a model along with known stream

sinks. The drainage basin can now be modeled using weltr-

known dif.fuse flow equations. One level must be added to
the model to speciff how flow from one conduit segment is

connected to the next downstream conduit segment. Flow
in the conduit network must be conveyed at reasonable ve-
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locities consistent with dye tracing results and other direct
observations. This conceptual model, of various modifica-
tions and improvements of it, might provide a basis for mod-
eling diffuse flow, conduit flow and surface water interac-
tions in the cavernous Floridan Aquifer. Given that conduit
water velocities and gpadients fall in a nalrow range fbr the

entire world, conduit models developed for the Floridan
Aquifer might represent reasonable ranges for conduit sys-

tems in other carbonate aquifer.


