Case History No. 9.11. Alabama, U.SA., by J. G
Newton, U.S. Geological Survey, Tuscaloosa, Alabama

9.11.1 | NTRODUCTI ON

Si nkhol es in Al abama are divided into two categories defined as "induced" and "natural ." |nduced
sinkholes are those related to man's activities whereas natural sinkholes are not. Induced
si nkhol es are further divided into two types: those resulting froma decline in the water table
due to ground-water withdrawals and those resulting from construction. Those resulting from a
decline in the water table, the subject of this case history, far outnunber those resulting from
all other causes. Information presented here consists of excerpts taken fromfive reports by the
aut hor. These reports, approved for publication by the Director, U 'S. Geological Survey, are
listed with the references cited in this case history. They resulted frominvestigations by the
U S. Ceological Survey nade in cooperation with the Geol ogical Survey of Al abama and/or the
Al abama H ghway Depart nent.

9.11.2 GECLOG C AND HYDROLOG C SETTI NG

The terrane used to illustrate sinkhole devel opment is a youthful basin underlain by carbonate
rocks such as linestone and dolomte (Figure 9.11.1). The basin contains a perennial or near-
perennial stream This particular terrane is used because it is very simlar to that of 10
active areas of sinkhole devel opnent in Al abama that have been examined by the author. Factors
related to the devel opnment of sinkholes that have been observed in these areas are generally
applicable to other carbonate terranes. The terrane illustrated differs fromthose exam ned only
in the inclination of beds, which is shown as horizontal for ease of illustration

The devel opment of sinkholes is primarily dependent on past and present relationships
bet ween carbonate rocks and water, climatic conditions, vegetation, and topography, and on the
presence or absence of residual or other unconsolidated deposits overlying bedrock. The source
of water associated with the devel opment of sinkholes is precipitation which, in Al abanms,
generally exceeds 1,270 nm annually. Part of the water runs off directly into streans, part
repl eni shes soil noisture but is returned to the atnosphere by evaporation and transpiration
and the remai nder percol ates downward bel ow the soil zone to ground-water reservoirs.

Water is stored in and noves through interconnected openings in carbonate rocks. Most of
the openings were created, or existing openings along bedding planes, joints, fractures, and
faults were enlarged by the solvent action of slighly acidic water comng in contact with the
rocks. Water in the interconnected openings noves in response to gravity from higher to |ower
altitudes, generally toward a stream channel where it discharges and becomes a part of the
streanf| ow

Water in openings in carbonate rocks occurs under both water-table and artesian conditions;
however, this study is concerned prinmarily with that occurring under water-table conditions. The
water table is the unconfined upper surface of a zone in which all openings are filled with
water. The configuration of the water table conforms sonewhat to that of the overlying
topography but is influenced by geologic structure, withdrawal of water, and variations in
rainfall. The lowest altitude of the water level in a drainage basin containing a perennial
stream occurs where the water level intersects the stream channel (Figure 9.11-1). Openings in
bedrock underlying |lower parts of the basin are water filled. This condition is naintained by
recharge from precipitation in the basin. The water table underlying adjacent highland areas
within the basin occurs at higher altitudes than the water table near the perennial stream
Openings in bedrock between the [ and surface and the underlying water table in highland areas
are air filled (Figure 9.11.1).

The general novenent of water through openings in bedrock underlying the basin, even though
the route may be circuitous, is toward the streamchannel and downstream under a gentle gradi ent
approxi mati ng that of the stream Some water noving fromhigher to | ower altitudes is discharged
through springs along flanks of the basin because of the intersection of the |land surface and
the water table. The velocity of novenent of water in openings underlying nost of the |ow and
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Figure 9.11.1 Schematic cross-sectional diagram of basin showing geologic and hydrologic
conditions. (Numbers apply to sites described in report.)

area i s probably sluggi sh when conmpared to that in openings at higher altitudes.

A mantle of unconsolidated deposits consisting chiefly of residual clay (residuun), that
has resulted fromthe solution of the underlying carbonate rocks, generally covers nost of the
bedrock in the typical basin described. Alluvial or other unconsolidated deposits often overlie
the residual clay. The residuum comonly contains varying anounts of chert debris that are
i nsol ubl e remmants of the underlying bedrock. Some unconsolidated deposits are carried by water
into openings in bedrock. These deposits commonly fill joints, fractures, or other openings
enl arged by solution that underlie the oW and areas. The buried contact between the residuum
and the underlying bedrock, because of differential solution, can be highly irregular (Figure
9.11.1).

9.11.3 CAUSE

A rel ationship between the formation of sinkholes and high punpage of water from new wells was
recogni zed in Al abama as early as 1933 (Johnston, 1933). Subsequent studies in Al abana (Robi nson
and others, 1953; Powell and LaMreaux, 1969; Newton and Hyde, 1971; Newton and others, 1973;
and Newton, 1976) have verified this relationship. Dewatering or the continuous wthdrawal of
large quantities of water from carbonate rocks by wells, quarries, and mines in nunerous areas
in Alabama is associated with extrenely active sinkhol e devel opnent. Nunerous col | apses in these
areas contrast sharply with their lack of occurrence el sewhere

Two areas in Alabama in which intensive sinkhol e devel opnment has occurred and is occurring
have been studied in detail. Both areas were nmade prone to the devel opment of sinkhol es by najor
declines of the water table due to the wi thdrawal of ground water. The formation of sinkholes in
both areas resulted fromthe creation and col | apse of cavities in unconsoli dated deposits caused
by the declines (Newton and Hyde, 1971; Newton and others, 1973). The grow h of one such cavity
i n Birm ngham has been phot ographed t hrough a smal | adj oi ni ng opening (Newton, 1976).

Previ ous reports have described only indirectly or in part the hydrologic forces resulting
from a decline in the water table that create or accelerate the growh of activities that
col I apse and form sinkhol es. These forces, based on studies in Al abama (Newton and Hyde, 1971
Newt on and others, 1973), are (a) a |oss of support to roofs of cavities in bedrock previously
filled with water and to residual clay or other unconsolidated deposits overlying openings in
bedrock, (b) an increase in the velocity of nmovenent of ground water, (c) an increase in the
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anplitude of water-table fluctuations, and (d) the novement of water fromthe land surface to
openi ngs i n underlying bedrock where recharge had previously been rejected because the openi ngs
were water filled. The sanme forces creating cavities and subsequent collapses also result in
subsi dence. The nmovenent of unconsolidated deposits into bedrock where the strength of the
overlying material is not sufficient to maintain a cavity roof, will result in subsidence at the
surface (Donal dson, 1963).

To denmpnstrate forces that result in the developrment of cavities and their eventua
col |l apse, a schematic diagram is shown in Figure 9.11.2 that illustrates changes in natura
geologic and hydrologic conditions previously described and shown in Figure 9.11.1. A
description of the forces triggered by a |owering of the water table follows.

The |oss of buoyant support following a decline in the water table can result in an
i medi ate collapse of the roofs of openings in bedrock or can cause a downward mgration of
unconsol i dat ed deposits overlying openings in bedrock. The buoyant support exerted by water on a
solid (and hypothetically) unsaturated clay overlying an opening in bedrock, for instance, would
be equal to about 40 per cent of its weight. This determination is based on the specific
gravities of the constituents involved. Site 1 on Figure 9.11.1 shows the unconsol i dated deposit
overlying a water-filled opening in bedrock. Site 1 on Figure 9.11.2 shows the decline in the
water table and the resulting cavity in the deposit formed by the downward migration, of the
unconsol i dated deposit caused by the | oss of support.

The creation of a cone of depression in an area of water withdrawal results in an increased
hydraulic gradient toward the point of discharge (Figure 9.11.2) and a corresponding i ncrease in
the velocity of novement of water. This force can result in the flushing out of the finer
grai ned unconsol i dated sedi nents that have accunulated in the interconnected openings enl arged
by solution. This noverment also transports unconsolidated deposits migrating downward into
bedrock openings to the point of discharge or to a point of storage in openings at |ower
al titudes.

The increase in the velocity of ground-water nmovenent also plays an inportant role in the
devel opnent of cavities in unconsolidated deposits. Erosion caused by the novement of water
t hrough unobstructed openings and against joints, fractures, faults, or other openings filled
with clay or other unconsolidated sedinments results in the creation of cavities that enlarge and
eventual | y col | apse (Johnston, 1933; Robinson and ot hers, 1953).
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Figure 9.11.2 Schematic cross-sectional diagram of basin showi ng changes in geologic and
hydrol ogic conditions resulting from water withdrawal. (Nunbers apply to sites
described in report.)
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Punpage results in fluctuations in ground-water |levels that are of greater nagnitude than
those occurring under natural conditions. The magnitude of these fluctuations depends
principally on variations in water withdrawal and on fluctuations in natural recharge. The
repeated novenent of water through openings in bedrock against overlying residuum or other
unconsol i dated sedi ments causes a repeated addition and subtraction of support to the sedinents
and repeated saturation and drying. This process mght be best termed "erosion from bel ow
because it results in the creation of cavities in unconsolidated deposits, their enlargenent
and eventual collapse. Fluctuations of the water table against the roof of a cavity in
unconsol i dated deposits near G eenwood, Al abanma, have been observed and phot ographed through a
smal |l collapse in the center of the roof. These fluctuations, in conjunction with the novenent
of surface water into openings in the ground, resulted in the formation of the cavity and its
col | apse (Newton and others, 1973).

A drastic decline of the water table in a low and area (Figure 9.11.2) in which all openings
in the underlying carbonate rock were previously water filled (Figure 9.11.1) comonly results
in induced recharge of surface water. This recharge was partly rejected prior to the decline
because the underlying openings were water filled. The quantity of surface water available as
recharge to such an area is generally |large because of the runoff nmoving to and through it from
areas at higher altitudes.

The inducenent of surface-water infiltration through openings in unconsolidated deposits
i nterconnected with openings in underlying bedrock results in the creation of cavities where the
material overlying the openings in bedrock is eroded to |lower altitudes. Repeated rains result
in the progressive enlargenent of this type cavity. A corresponding thinning of the cavity roof
due to this enlargenent eventually results in a collapse. The position of the water table bel ow
unconsol i dated deposits and openings in bedrock that is favorable to induced recharge is
illustrated in Figure 9.11.2. Sites 2, 3, and 4 on Figure 9.11.2 illustrate a collapse and
cavities in unconsolidated deposits that were forned primarily or in part by induced recharge.
The creation and eventual collapse of cavities in unconsolidated deposits by induced recharge is
the sanme process described by many authors as "piping" or "subsurface nechanical erosion" where
it has been applied mainly to collapses occurring on noncarbonate rocks (Al len, 1969).

In an area of sinkhole devel opnent where a cone of depression is maintained by constant
punpage (Figure 9.11.2), all of the forces described are in operation even though only one may
be principally responsible for the creation of a cavity and its collapse. For instance, the
i nducenment of recharge from the surface (site 2 on Figure 9.11.2) where the water table is
mai ntai ned at depths well below the base of unconsolidated deposits, can be solely responsible
for the devel opnment of cavities and their collapse. In contrast, a cavity resulting froma | oss
of support (site 1 on Figure 9.11.2) can be enlarged and col |l apsed by induced recharge if it has
i ntersected openings interconnected with the surface. In an area near the outer margin of the
cone (site 4 on Figure 9.11.2), the creation of a cavity and its collapse can result from all
forces. The cavity can originate from a loss of support; can be enlarged by the continual
addition and subtraction of support and the alternate wetting and drying resulting from
wat erl evel fluctuations; can be enlarged by the increased velocity of nmovenent of water; and can
be enl arged and col | apsed by water induced fromthe surface

9.11. 4 MAGNI TUDE AND AREAL EXTENT

It is estimated that nore than 4,000 induced sinkholes, areas of subsidence, or other related
features have occurred in Al abama since 1900. Mst of them have occurred since 1950. Al nost al
have resulted froma decline in the water table due to ground-water w thdrawals.

Dewat eri ng or the continuous wthdrawal of large quantities of water from carbonate rocks
by wells, quarries, and mines in nunerous other areas in Al abama is associated with extrenely
active sinkhol e devel opment. Nunerous col | apses in these areas contrast sharply with their |ack
of occurrence in adjacent geologically and hydrologically simlar areas where wthdrawal s of
water are mnimal. For exanple, in five areas exanined by the author in north-central Al abama in
Jefferson and Shelby Counties, an estimated 1,700 collapses, areas of subsidence, or other
associ ated features have formed in a total combined area of about 36 kn?.

In Al abama, nost induced sinkholes related to water withdrawals from wells, except those
drilled specifically for dewatering purposes, were found within 150 mof the site of w thdrawal
The yield of these wells comobnly exceeds 22 I/s. Most sinkholes related to quarry operations
were found within 600 mof the point of withdrawal; those related to mning operations can occur
several kilometres fromthe point of wthdrawal

Recent col |l apses form ng sinkholes in Alabanma in areas in which large quantities of ground
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water are being withdrawn generally range from1l to 90 min dianeter and from0.3 to 30 min
depth. The largest, located in a wooded area in Shel by County, apparently occurred in a matter
of seconds in Decenber 1972. The coll apse was about 90 m in dianmeter and 30 m deep (Figure
9.11.3).

9.11.5 ECONOM C | MPACT

Costly damage and numerous acci dents have occurred or nearly occurred inAl abama as a result of
col | apses beneath highways, streets, railroads, buildings, sewers, gas pipelines, vehicles,
ani mal s, and people. Unfortunately, no inventory of costs or loss in property values has been
made. The nmintenance and protection of highways in sinkhole prone areas indicate costs
resulting from their developnment. The cost of filling collapses, |eveling pavenent and
nmoni toring subsidence along less than a kilonetre of Interstate H ghway 59 in Birmngham
Al abama, during the period 1972-77 is estimted to have exceeded $250,000 (L. Lockell, oral
conmun.). The estinmated cost of bridging a, part of this area, and planned safety neasures for
hi ghways crossing two similar areas near Birm nghamexceeds $4,660,000 (C. Kelly, oral conmmun.).
The need for these protective nmeasures is well illustrated by the damage to a warehouse in 1973
(Figure 9.11.4) that resulted froma coll apse adjacent to Interstate Hi ghway 59 in Birni ngham

Figure 9.11.3 Sinkhole resulting from collapse near Calera in Shelby County, Al abama
(phot ograph by Curtis Frizzell).
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Figure 9.11.4 Coll apse in warehouse near Interstate Hi ghway 59 in Birm ngham Al abama (photo-
graph by T. V. Stone).

9.11.6 CORRECTI VE MEASURES

Ideal |y, the devel opnent of sinkholes can be elininated or mnimzed by ceasing the punpage that
causes the decline of the water table. The cessation of or drastic decrease in sinkhole activity
following a recovery of the water table has been recogni zed previously (Foose, 1953; Newton and
Hyde, 1971; Newton, 1976). Most efforts in Al abama have been directed toward measures m ninizing
si nkhol e devel opnent and elimnating potential hazards and danmage to structures rather than
dealing with the cause. The nmeasures that have been or will be utilized include bridging, adding
addi ti onal support, the renoval of unconsolidated deposits overlying bedrock, grouting,

mnimzing the diversion of natural drainage, and the construction of flunmes and other
i nper neabl e drai nage systens.
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