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8.1 | NTRODUCTI ON

Land subsidence is nerely the surface symptom and the last step, of a variety of subsurface
di spl acenent mechani sns. Not all of these nechanisms are well understood. Subsidence processes
are conceal ed bel ow ground; their devel opment to the point of surface deformation may involve
Il ong periods of time; and for at |east sone nmechani sns, significant evidence may |ie outside the
area directly beneath the surface subsidence. Furthernore, at sone sites nore than one condition
favourabl e to subsi dence occurrence may be present and require consideration in analyzing causa
nmechani sms and devi sing renedi al procedures

Subsidence is a famliar acconpaninment of a variety of natural events that conprise the
geol ogi ¢ history of many areas. For practical reasons geol ogi c processes that are acconpani ed by
subsi dence have been exam ned for evidence that the range in their rates of progress extends
into atime frane that may produce damegi ng effects in ternms of man’s tine scale. The processes
i nvestigated are those that renove or rearrange subsurface materials to produce void space or
signi ficant volume reduction--solution, underground erosion, lateral flow, and conpaction--or
in the case of tectonic activity, deep-seated downward di splacement. For all of these naturally
occurring geologic processes, exanples of related surface subsidence have been found, though
sone are rare (Allen, 1969). The incidence of subsidence is greater where sone of these geol ogic
processes are set in notion or accelerated by man's engineering activities that involve
excavation, |oading, or changes in the ground-water regine

The term "subsi dence" is used in this discussion in a broad sense to include both gentle
downwar ping and the collapse of discrete segments of the ground surface. Displacenent is
principally downward, although the associated small horizontal conmponents have significant
damagi ng effects. The termis not restricted on the basis of size of area affected, rate of
di spl acenent, or causal nechani sm

An overview of favorable geologic settings and engi neering operations that may contribute
to I and subsidence is presented as background for the specialized treatnment of subsidence caused
by ground-water w thdrawal, which is the subject of this guidebook. Topics on which infornmation
is widely available are nmentioned briefly. Mre space is given to topics for which published
information is less readily avail able for npst readers. M ning subsidence is not reviewed, but
several exanples of interaction between nmining and natural geologic processes are cited.
Subsi dence in regions underlain by permafrost and in areas of active volcanismis not discussed.

8.2 THE ROLE OF SUBSURFACE SOLUTI ON | N SUBSI DENCE

Common sol ubl e conponents of earth materials that may be associ ated with subsidence include
salt, gypsum and the carbonate rocks--linestone and dolonmte. The roles that these soluble
materials play in the devel opnent of surface subsidence depends in part on the degree of their
solubility, and in part on other physical characteristics.

8.2.1 Sal t

Al t hough rock salt (sodiumchloride) is one of the nost soluble of the common earth materials,
the presence of underlying salt deposits has only rarely been associated with surface subsi dence
under natural conditions in recent tinmes. This is in part because the original occurrence of
salt deposits is limted geographically, and in part because salt deposits have already been
renoved to considerable depths except in arid clinmates by the | eaching action of ground water.
Col | apse breccias found in strata overlying salt-bearing horizons constitute geol ogi c evi dence
t hat subsi dence has taken place under natural conditions in the geol ogic past. Col | apse breccias
due to solution along the margins of underlying salt deposits have been reported from the
M chi gan Basin (Landes, 1963), the Delaware basin of Wst Texas and southeastern New Mexico
(Mal ey and Huffington, 1953), and in the western Canadi an area underlain by evaporites of the
Prairie Formation (DeMIle and others, 1964).
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In south-central Kansas where salt deposits still exist at depths between 90 and 120 m a
dramatic exanple of natural subsidence in historic time was docunented in photographs in 1879
(Johnson, 1901, Pls. 136-138). A deep crater about 60 min dianmeter was discovered disrupting a
cattle trail. The interrupted tracks of a wagon that had passed 3 weeks earlier were clearly
seen on both sides of the sinkhole. Another sinkhole about 130 kmto the northeast carried away
a railroad station overnight (Johnson, 1901, p. 713, footnote).

I ndirect evidence of natural subsidence is the presence of surface depressi ons occupied by
| akes or swanps in areas where underlying salt deposits have been undergoi ng dissolution. The
eastern boundary of the Kansas salt deposits is fairly abrupt where salt deposits 60 mthick are
mssing in wells a fewniles to the east. Above, the blunt edge of the salt is a narrow belt of
mar shes, swanps, and | akes, many of which contain salty water (Bass, 1926). Lakes al so occur
overlying salt dones in Louisiana (Barton, 1936, O Donnell, 1935). At an oil-producing operation
at Sour Lake done in Texas, Sellards (1930) described one |ake that had fornmed under natura
conditions, and a large sinkhole that appeared in 1929 which was attributed to renoval of salt
in the saturated water that had been produced along with the oil over a long period of tine.

The i nci dence of subsidence in some areas underlain by salt deposits has been stinul ated by
salt mning operations. In Cheshire, England, where salt has been m ned since pre-Ronan tinmes,
the effects of solution subsidence on the topography and on structures have been spectacul ar
(Cal vert, 1915; Howell and Jenkins, 1977; Wallwork, 1973). Early mning was by the room and-
pillar nethod in which pillars were left to support the surface. As unsaturated ground water
gai ned access to old mine workings, the dissolution of pillar salt led to surface subsidence,
though it was linmted as the ground water in contact with the salt becane saturated. When
nmet hods of salt production changed to punping the so-called "wild" brines, surface subsidence
was greatly accelerated. Water levels were |owered by continued punpi ng, and additional under-
saturated ground water circul ated randomy through the cavernous saltbeds, continually renoving
any protective envel ope of saturated brine that may have devel oped. The topography, previously
nodi fi ed by natural solution subsidence, was further changed by the devel opnment of craterlike
depressions 10 to 200 min dianeter, and |inear hollows over 200 mw de and 8 kmlong. Streets
and railroad tracks were distorted. In Northwich, very few pre-1900 buildings survived the
subsi dence danmmge. In the 1970’s, natural brine punping is being phased out, and nost salt
production is by controlled solution mning. Fresh water or undersaturated brine is injected
through boreholes into deeper deposits of nmassive salt, creating regularly spaced solution
cavities about 90 min dianmeter. Mature cavities are maintained in stable condition by flooding
with saturated brine.

A recent investigation of subsidence related to salt dissolution in Kansas found only five
subsi dence events due to salt mining over an 88-year period, and eight subsidences related to
oil and gas operations (Walters, 1977). The rare subsidence occurrences were attributed to
aqui fers above the salt not being adequately isolated by surface casing or, in the case of salt-
wat er di sposal wells, casing failures which permtted flow of unsaturated brine across the salt.

8.2.2 Gypsum

Qypsum (CaSOy+2H ,0) is a soluble rock-forming mineral which, with its anhydrous counterpart, an-
hydrite, occurs abundantly in marine evaporite basin deposits. Evidence that surface subsidence
was caused by dissolution of gypsum in past geologic times includes collapse features in rocks
overlying gypsum deposits in the Roswell basin, New Mexico (Bean, 1949), and in the southern
Black Hills of South Dakota and Wyoming (Bowles and Braddock, 1960), and solution-subsidence
troughs in the gypsum plain of west Texas and southeastern New Mexico (Olive, 1957).

Sinkholes on the present-day land surface have been reported in areas underlain by gypsum-
bearing rocks in New Mexico (Bean, 1949; Morgan, 1942) and Oklahoma (Fay, 1959) in the United
States and at various localities in Europe (International Association of Engineering Geology,
1973).

In addition to collapse and sinkholes that overlie deposits of relatively pure gypsum,
subsidence may also be associated with rocks and soils that contain minor amounts of gypsum.
Klein (1966) described several types of gypsum occurrence in a very arid part of the San Joaquin
Valley, California, which were investigated by the Bureau of Reclamation in connection with
locating and designing a large water-transfer, pump-storage, and irrigation project. Along
margins of periodic shallow lakes, efflorescent accumulations of gypsum contained solution
cavities that were believed responsible for damages to canals and embankments. Weathered-shale
bedrock contained secondary gypsum in veinlets and seams, which made up from 2 to 5 per cent of
the rock mass. Similar veinlets and seams of gypsum characterized the weak, clayey gravel in
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one of the abutments of the St. Francis dam near Los Angel es, which failed disastrously in 1928
soon after the reservoir had been filled. Solution of gypsumwas cited as a likely contributor
to disintegration of the weak foundation material (Ransome, 1928).

The presence of small quantities of gypsum (1l to 3 per cent of dry weight) appears to be a
general indicator of soils in the San Joaquin Valley that are susceptible to subsidence on
wetting, but the role played by the gypsum is conjectural. Bul | (1964) concluded that the
gypsum content cannot be used exclusively as an indicator of potential subsidence, and he did
not consider solution of gypsumto be a major cause of the subsidence. Differences in gypsum
content of subsiding and nonsubsiding soils reflects conpositional differences in their source
areas, and possibly the renoval of gypsum from nonsubsiding soils by water percolating from
streans. Klein (1966) believed that the presence of gypsum contributed to the floccul ati on of
clay particles influencing the size and anmnount of pore space, and shared responsibility for the
|l ow density of these deposits with the presence of trapped air inherited from their nudflow
origin. Noting that much of the gypsum occurred as minute efflorescent crystals coating the
smal | voids characteristic of the subsiding soils before hydroconpaction, he suggested that
gypsum suppl enmented the clay mnerals as a weak and easily sol uble cenenting agent.

8.2.3 Car bonat e r ocks

The carbonate rocks, linmestone and dolonmite, are responsible for the nost w despread incidence
of subsidence related to solution, not because of a high degree of solubility, but because of
wi de geographic distribution. A great deal of information is available on solution features in
carbonate rocks (Internat. Assoc. of Engineering Geol ogy, 1973; Tol son and Doyl e; 1977, Trans-
portation Research Board, 1976). LaMoreaux, LeGand, and Stringfield (1975, p. 45-47) list nore
than 50 synposia and conferences on hydrol ogy of carbonate rocks held throughout the world in
the past 30 years.

The incidence of sinkhol e devel opnment nmay be greatly increased when equilibriumconditions
are di sturbed by man’s construction projects or mning operations, particularly those that alter
ground-water levels or increase surface infiltration. Newton (1976) reported that nore than
4,000 i nduced si nkhol es, areas of subsidence, or other-related features have occurred in A abam
since 1900, nobst of them since 1950. In Mssouri, 97 catastrophic surface failures have been
recorded since the 1930's, of which 46 were attributed to man’s activity (WIIlians and Vi neyard
1976). Subsi dence accel erated by dewatering of underground mnes in carbonate terrain has been
descri bed by Foose (1968).

Col | apse at the ground surface may appear suddenly, but is the cul m nation of a sequence of
processes starting with the developnent of solution openings in bedrock. |nterconnecting
systens of solution passageways devel op over geologic time and persist, owing to a conbination
of the slow rate of dissolution of carbonate rocks and their high conpressive strength, which
maintains the integrity of the cavity systems. Subsequently, unconsolidated overburden
materials may be slowy washed down into bedrock cavity systens. The resulting voids in the
over burden nmay becone enlarged until the remaining cover is too thin to support the surface and
col | apse takes pl ace

8.3 THE ROLE OF SUBSURFACE MECHANI CAL EROCSI ON | N SUBSI DENCE

Subsurface nechanical erosion is the term used for an infrequently recognized phenonenon in
whi ch tenporary subsurface flow channels are devel oped in unconsolidated or friable naterials
that may lead to surface collapse. The term "piping" has al so been used for this process. Wter
percol ati ng through pervious surficial materials becones diverted to a nore or |less horizonta

path on reaching the water table or a | ess pervious stratum The water, which transports grains
of silt and sand, finds an outlet along a nearby valley wall or cliff face or internally in
caves, mne openings, or boreholes. Erosion tends to work headward fromthe outlet, creating and
enlarging a tunnel that intersects the vertical flow channel of concentrated percol ati on water

As tunnel enlargenment and upward propagation of the roof reduce the support capacity of the
surface materials, the ground surface coll apses to produce sinkhol es.

In order to produce surface subsidence, the subsurface erosion nechanismis believed to
require three conditions (Allen, 1969): (1) A pervious, easily erodible material must be over-
lain by material sufficiently conpetent, at |east tenporarily, to form a roof above the
devel opi ng tunnel; (2) water must have access to the erodible material with sufficient head to
transport grains of silt or sand; and (3) sonme sort of outlet must be available for disposal of
the flowing water and the sedinent grains that it transports. Exanples of subsidence attri buted
to subsurface erosion in a variety of geologic materials are sunmari zed in Table 8. 1.
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Table 8.1. Cccurrences of subsidence due to subsurface erosion.

Location Surface expression Er odi bl e Roof Channel devel opnent Qutl et

(Ref erence) mat eri al

Kanus, China Circular holes 1.5-6 m Loess Dry | oess Tunnels up to 1 m wi de, Ravi ne wal | s;
(Ful l'er, 1922) diam; vertical walls 3 m hi gh pl ateau rins
Kam oops, B.C., G rclar sinkhol es 15- Pl ei st ocene Dry silt Nearly horizontal passageways Gull eys;
Canada (Buckham 30 mdiany funnel "White Silts" up to 1 mhigh; at tenporary terrace front
and Cockfield, shaped on Thonpson wat er tabl e

1950) Ri ver Terraces

Eastern Oregon "Pseudokarst" (resenbles Altered tuff Dry tuff Er oded cavern conpl ex 200 m Hanging vall ey
(Par ker and karst topography in and vol canic and ash long with 4 |evels wal | s

ot her, 1964) |'i mestone areas) ash

Chuska Mountains Pl ei stocene depressions Uncenented Cenent ed Inferred but not observed,; St eep nountain
NW New Mexi co containing intermttent eolian sandstone sandstone process inactive at present escarpments
(Wight, 1964) | akes strata

Zuni Dam New Cracki ng and subsidence Sand bed 1-2.5 m Basalt

Mexi co (Eckel, of abutnents, 1909, 1936 thick; underlain fl ow,
1939) by cl ay jointed
Memphi s, Tenn- Subsi dence of building Bed of uniform Fairly
essee (Terzaghi, and strip of land 200 m rounded, fine stiff
1931) I ong; bluff subsided 18 mquartz sand, 14 clay

over 2 1/2 month period mthick

M nneapolis-St. A few sinkholes; not all Poorly cenented Platteville
Paul , M nnesota tunnels broken through toSt. Peter | i nest one
(Schwartz, 1936; surface sandst one

Soper, 1915) (Ordovi ci an)

Attal a County, Caves and sinkhol es near Thin deposits of Quartzitic
M ssi ssi ppi hilltops and heads of | eached silt sandst one,
(Par ks, 1963) gullies fractured

Through joints in basalt, diff bel ow
wat er under head flushed out dam
sand, creating |large voids

Inferred channel eroded al ongM ssi ssi ppi
under side of sand, leaving River bluff
cavity which col |l apsed

Caves developed in friable Ri ver gorges
sandst one, probably nore

than a kilometre long in

pl aces

Through cracks in quartzitic Heads of
bed, water washes out silt gullies
formng tunnels 6+ m|long

and caves 1+ m high

[eMe.pULIM J3)em-punolb 0] anp soUspISgNs pue| Jd SaIPNIS 0 00gap NS
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The material that forns the roof of tunnels at some localities is a different, and nore
conpetent, naterial than that in the eroded horizon. In other localities, the material formng
the roof and the eroded horizon are the sane (i.e. loess, altered volcanics), but the conpetency
of the roof is dependent on cohesion in a dry condition provided by nmontrnorillonitic clay
bondi ng. Such cohesion is |ost upon saturation as the conponent particles becone di saggregated
when wet .

Cases of underground mechanical erosion are difficult to identify. At least part of the
process nmust be inferred in the absence of direct observation. Tunnel devel opnent is conceal ed
bel ow ground and may only be disclosed by the apparently sudden collapse at the surface. The
collapse is the last step in a long continued process in which sedinments are eroded grain by
grain and transported to the outlet. Accurul ations of transported sedinents are rarely observed
because the silt and sand grains either become incorporated in the colluviumbel owthe outlet on
a valley wall, or are washed down into cavities or excavations in the bedrock

8.4 LATERAL FLOW AS A SUBSI DENCE MECHANI SM

Lateral flow of subsurface materials as a cause of subsidence is uncomon but not unknown.
Exanpl es have been reported both under natural geologic conditions and under |oading by man's
activities (Allen, 1969). Common earth materials susceptible to plastic flow are salt, gypsum
clay, and clay shale.

Ceol ogi ¢ exanpl es of subsidence by salt flowage are rimsynclines surrounding salt dones in
coastal Texas and Louisiana (Nettleton, 1934; Ritz, 1936) and broad synclines associated with
salt tectonics in the Paradox Basin in Uah and Colorado (Cater, 1954). Were the Geen and
Col orado Rivers have cut deep canyons well down into the formation overlying salt and gypsumin
U ah, the renoval of load has permitted salt and gypsumto flow laterally, resulting in very
| ocal folds and graben (Baker, 1933).

FIl owage of shale has produced a geologic subsidence feature ternmed "canbering" in the
Jurassic iron ore locality in east-central England (Hollingworth and Taylor, 1951). Canbering
occurs in deeply dissected areas in which a conpetent rock such as ironstone or |imestone
overlies Lower Jurassic clay shale. Lateral flowage of clay shale toward the valley axes has
lowered the overlying conpetent rock as much as 30 m in places the lowering has been
intensified by subsurface erosion along the shale-ironstone contact and by sliding of the
i ronstone on the shal e surface.

On thick glacial clay deposits in the Geat Lakes region of North Anerica, lateral flowage
has been induced beneath stockpiles of ore, resulting in slight-lowering of the ground surface
and increasing the distance between ore-retaining walls over a few decades by nearly 2 m
(Ter zaghi, 1953).

8.5 COWPACTI ON AS A CAUSE OF SUBSI DENCE

A common cause of ground-surface subsidence is reduction in the volume of |owdensity sedinmen-
tary deposits that acconpani es the process of conpaction, in which particles becone nore cl osely
packed and the anbunt of pore space is reduced. Conpaction may be induced by |oading, by
drai nage, by vibration, by extraction of pore fluids, and under certain conditions by the
application of water. Conmpaction occurs both naturally and by man’s nani pul ati on

The anount of subsidence effected by conpaction is a function of the relative anount of
pore space in the material as originally deposited, the effectiveness of the conpacting
nmechani sm and the thickness of the deposit undergoing conpaction. Natural deposits of unusually
high initial porosity include nmodern delta deposits, terrigenous nudflows, undisturbed |oess,
and peat.

8.5.1 Loadi ng

The effects of natural |oading are nobst apparent where great thicknesses of fine-grained
sediments accunmulate rapidly. The process of conpaction is acconpanied by contenporary
subsi dence. On the nodern M ssissippi River delta, 300 to 500 mllion tons of sedinment is
deposited each year. Fisk and others (1954) found that |evee deposits on the |ower delta had
subsided 6 mand interdistributary marsh deposits, 8.5m

At New York’'s La Quardia Airport, the natural conpaction of an 18-mthi ckness of saturated
organic silt and clay deposits was accelerated by artificial |oading (Engineering News Record,
1949; Kyle, 1951). Half the airport was reclained from Flushing Bay by placing 7.5 m of fil
over the saturated sedinments. After 25 years of operation, parts of the filled area had subsi ded
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2.5 m wth further subsidence anticipated (Halnmos, 1962). Protection from tide waters is
furnished by a dike around three sides of the airport, which was built on soil stabilized by
sand drains that extend 20 m bel ow sea | evel.

8.5.2 Dr ai nage

In lowlying areas, lowering of the water table by artificial drainage stimulates conpaction of
sedi nents with acconpanyi ng subsidence of the surface. Conpaction rates have nuch nore than
acadenic significance in areas such as the polders of the Netherlands where vast regions have
been reclaimed fromthe sea by building dikes and installing punps. Bennema and ot hers (1954)
found that clay deposits containing 30 to 35 per cent of a mnus 2-micronetre fraction
conpressed to about half their original thickness after reclamation over a 100-year period.
Sedi nents with about 20 per cent fine fraction conpressed about 25 per cent; conpaction of sand
| ayers was negligi bl e.

Drai nage of peat areas can be expected to result in subsidence for two reasons. Peat is
conmonly underlain by, and frequently interbedded with, fine sedinments that are susceptible to
conpaction when drained. In addition, peat has certain physical and chenical characteristics
that | ead to extrene vol ume changes upon drying (H ghway Research Board, 1954; MacFarl ane, 1959;
St ephens and Speir, 1969). Peat has a water-holding capacity ranging from300 to 3,000 per cent.

Its bulk density is extrenely | ow -about 960 kg/ when wet and 64 kg/n? when dry. Particle
specific gravity is also low-between 1.0 and 2.0. Furthernore, peat undergoes irreversible
bi ochem cal changes on drying that reduce volune. The largest peat areas in the United States
that have been subsiding followi ng reclamation for agricultural developnent are the Florida
Ever gl ades (Stephens and Speir, 1969) and the delta area at the confluence of the Sacranmento and
San Joaquin Rivers in California (Wir, 1950). In the Chi kuho coalfield in Japan, subsidence in
areas underlain by thick peat and organic clay deposits was attributed to their conpaction in
response to the lowering of ground-water levels during nining operations (Noguchi, Takahashi,
and Tokum tsu, 1969).

8.5.3 Vi bration

Sedi nentary materials my be conpacted by vibration wunder natural conditions during
earthquakes. Buildings on saturated alluvium or wunconpacted fill may subside or settle
differentially in response to earthquake vibrations or, if the foundations are tied to a | ower
stable stratum the buildings may appear to rise as the surrounding sedinents subside by
conpacti on.

A variety of mannade sources of vibration have been cited by Terzaghi and Peck (1967) as
havi ng produced subsidence by conpaction of wunderlying earth materials. These sources of
vi bration include heavy rock-crushing equi prent, turbogenerators, truck traffic, an elevated
railway, pile driving and blasting. At sites of structures to be built on saturated sand, future
subsi dence may be forestalled by the vibroflotation process of foundation treatnment. G ant
vibrators fitted with jets are lowered to the desired depth and withdrawn slowy, resulting in
cylinders of conpacted sand (Sowers and Sowers, 1961). Loose foundation materials may al so be
densified by buried charges of explosives (Lyman, 1942). Underground nuclear explosions in
unconsol i dated materials are characterized by craters on the ground surface (Drell, 1978).

8.5.4 Extraction of pore fluids

O all causes of |and subsidence, both natural and those induced by man’s activities, subsidence
associ ated with extracting fluids from subsurface formations is best understood. Many areas of
subsi dence caused by punping of artesian water, oil, and gas have been identified, surface and
subsurface changes have been nonitored, and corrective neasures have been devi sed. A decade ago
the topic of "Land Subsidence Due to Fluid Wthdrawal " was revi ewed by Pol and and Davis (1969).
Current progress in identifying and coping with subsidence caused by w t hdrawi ng ground water in
many parts of the world is reported in the case histories conprising Chapter 9 of this vol une.

8.5.5 Hydr oconpacti on

Certain materials of unusually |ow density deposited in areas of |ow rainfall undergo signifi-
cant conpaction when they becone thoroughly wetted. The process, termed "hydroconpaction,"
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produces rapid and irregular subsidence of the ground surface, ranging from1 to nearly 5 m
Recl amati on projects that inport and distribute irrigation water in dry areas underlain by | oess
and by rmudfl ow deposits have encountered subsidence problenms. It is thought that clay bondi ng of
the particles is responsible for nmamintaining open textures while the deposits are in a dry
condition, and for rapid disaggregation and volurme |oss when imersed in water (Bull, 1964).
Surface subsidence resulted fromwetting w thout the additi on of surcharge | oad at many sites;
at others, a conbination of water infiltration and surface | oading was required. A review of the
phenonenon of hydroconpaction by Lofgren (1969) describes the process and associ at ed subsi dence
occurrences in the United States, Europe, and Asia.

8.6 TECTONI C SUBSI DENCE

Large areas of neasurabl e downward di spl acenent have been associated with a few earthquakes of
| arge magnitude. The 1959 Hegben Lake earthquake in Montana produced an asymmetrical subsided
area 69 by 22 km in which the maxi mum subsi dence was 6.6 m (Myers and Hanilton, 1964). During
the 1960 series of earthquakes in Chile, subsidence of 1 to 1.5 mwas reported to have affected
a coastal area 600 by 30 km (Wi shcet, 1963). The 1964 Al aska earthquake produced an asynmetri -
cal downwarped area 800 by 160 km Tectonic subsidence, which ranged up to 2.3 m was augnented
in many places by conpaction of unconsolidated materials (Plafker, 1965).

8.6.1 Di scussi on

The state-of-the-art in |and-subsidence analysis progresses unevenly because the degree of
understanding of various subsidence nmechanisns varies. Mst study has been directed to
subsi dence related to man’s engineering activities. This is facilitated by availability of data
on quantities of subsurface material renoved (or injected), on rates and duration of extraction
operations, and on changes in ground-water levels. Natural processes are not as easily
quanti fi ed.

A case of land subsidence is necessarily the integrated surface expression of whatever
processes nmay be active at that site, whether natural or mannade, or both. A working hypothesis
as to the nechani smor conbination of mechani sns operative at the specific site is requisite for
designing control nmeasures. The conplexity of subsidence nechanisms and their interaction
requires cooperative effort among different disciplines, both in collecting physical evidence
and in developing the rationale for the processes involved. The hydrol ogi c sci ences have been
and will continue to be, significant contributors to |and subsi dence investigations.
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