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Bureau of Mines, U.S. Department of the Interior,
Washington, D. C.

8.1 | NTRCDUCTI ON

Land subsidence is nmerely the surface symptom and the last step, of a variety of subsurface
di spl acenent mechani sns. Not all of these nmechanisns are well understood. Subsidence processes
are conceal ed bel ow ground; their devel opnent 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 si ng renedi al procedures.

Subsidence is a famliar acconpaninment of a variety of natural events that conprise the
geol ogi c 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 atine frane that may produce damagi ng effects in ternms of man's tine scal e. 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 displacement. 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 "subsidence" 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 engineering operations that may contribute
to Iand 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 information
is widely available are nmentioned briefly. Mre space is given to topics for which published
information is less readily avail able for npost readers. M ning subsidence is not reviewed, but
several exanples of interaction between mining 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 SCOLUTI ON | N SUBSI DENCE

Conmon sol ubl e conponents of earth materials that may be associated with subsidence incl ude
salt, gypsum and the carbonate rocks--linestone and dolomte. 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 though 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 climates by the | eaching action of ground water.
Col | apse breccias found in strata overlying salt-bearing horizons constitute geol ogi c evidence
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 wunderlying 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 Canadian area underlain by evaporites of the
Prairie Formation (DeM Il e 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 tinme 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 forned under natura
conditions, and a large sinkhole that appeared in 1929 which was attributed to renmoval of salt
in the saturated water that had been produced along with the oil over a long period of tine.

The inci dence of subsidence in some areas underlain by salt deposits has been stinmul ated by
salt mining operations. In Cheshire, England, where salt has been m ned since pre-Ronman tinmes,
the effects of solution subsidence on the topography and on structures have been spectacul ar
(Calvert, 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 limted as the ground water in contact with the salt becane saturated. Wen
met hods of salt production changed to punping the so-called "wild" brines, surface subsidence
was greatly accelerated. Water levels were | owered by continued punping, 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 damage. In the 1970's, natural brine punping is being phased out, and npbst salt
production is by controlled solution mning. Fresh water or undersaturated brine is injected
through boreholes into deeper deposits of massive 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 pernmtted 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 Angeles, 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 ation of
clay particles influencing the size and anmount 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 mnute efflorescent crystals coating the
smal | voids characteristic of the subsiding soils before hydroconpaction, he suggested that
gypsum suppl enented 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, LeG and, 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 sinkhole 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-rel ated features have occurred i n Al abama
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 (WIIlianms and Vi neyard
1976). Subsi dence accel erated by dewatering of underground mines in carbonate terrain has been
descri bed by Foose (1968).

Col | apse at the ground surface may appear suddenly, but is the culm nation of a sequence of
processes starting with the developnent of solution openings in bedrock. |Interconnecting
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 systenms. Subsequently, wunconsolidated overburden
materials may be slowy washed down into bedrock cavity systens. The resulting voids in the
over burden may 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 ERCSI ON | N SUBSI DENCE

Subsurface nechanical erosion is the term used for an infrequently recogni zed phenonenon in
whi ch tenporary subsurface flow channels are devel oped in unconsolidated or friable materials
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, m ne 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 enlargement 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 nechanism is believed to
require three conditions (Allen, 1969): (1) A pervious, easily erodible material must be over-
lain by material sufficiently conpetent, at least tenporarily, to form a roof above the
devel opi ng tunnel; (2) water nust 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 attributed
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, material 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 vol canics), 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 nechanical 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 sedinents are eroded grain by
grain and transported to the outlet. Accumul 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). Commmon 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 wth
salt tectonics in the Paradox Basin in Utah 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 termed "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 vall ey 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 America, 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 COVPACTI ON AS A CAUSE CF 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 anpbunt 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. Compaction 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
mechani sm and the thickness of the deposit undergoing conpaction. Natural deposits of unusually
high initial porosity include nodern 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
sedi nents accurmulate 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 nmarsh deposits, 8.5m

At New York’s La Guardia 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 reclainmed 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 stinulates conpaction of
sedi nents with acconpanying subsidence of the surface. Conpaction rates have nuch nore than
acadenmic 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-micronmetre 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
commonly 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-hol ding 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 volunme. The largest peat areas in the United States
that have been subsiding following 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 |evels during mning operations (Noguchi, Takahashi,
and Tokum tsu, 1969).

8.5.3 Vi bration

Sedinentary 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 pnment, 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
associated 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 low rainfall undergo signifi-
cant conpaction when they becone thoroughly wetted. The process, termed "hydrocompaction,"
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produces rapid and irregular subsidence of the ground surface, ranging from1l to nearly 5 m
Recl amation projects that inport and distribute irrigation water in dry areas underlain by |oess
and by mudfl ow deposits have encount ered subsi dence problens. It is thought that clay bondi ng of
the particles is responsible for nmaintaining open textures while the deposits are in a dry
condition, and for rapid disaggregation and volume |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 magni tude. The 1959 Hegben Lake earthquake in Mntana produced an asymmetrical subsided
area 69 by 22 km in which the nmaxi num subsi dence was 6.6 m (Myers and Ham | ton, 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 asymetri -
cal downwarped area 800 by 160 km Tectonic subsidence, which ranged up to 2.3 m was augnented
in many places by conpacti on of unconsolidated materials (Pl afker, 1965).

8.6.1 D 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 renmoved (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 manmade, or both. A working hypothesis
as to the mechani smor conbinati on of nmechani 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 ¢ sci ences have been
and will continue to be, significant contributors to | and subsi dence investigations.
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Case History No. 9.1. Latrobe Valley, Victoria, Australia,
by C. S. Gloe, State Electricity Commission of Victoria,
Victoria, Australia

9.1.1 | NTRODUCTI ON

The G ppsl and Basin covers an area of sonme 40,000 knf. Four-fifths of this area is | ocated off-
shore and the remaining fifth in the G ppsland Region of south-eastern Victoria. The offshore
area contains a nunmber of oil and gas fields, while the on-shore portion includes an area of
some 800 knf known as the Latrobe Val | ey Depression where major deposits of brown coal occur
beneath a thin cover of overburden

The excavation of brown coal for the generation of electricity and production of briquettes
conmenced in the Latrobe Valley sone 50 years ago. The coal is won from open cuts, the
devel opnent of which has been acconpani ed by significant vertical and horizontal novenents, both
wi thin the excavation as well as in surrounding areas. To enable the coal fromthe second ngjor
open cut to be excavated under safe operating conditions, it has been necessary to reduce the
artesian pressures of underlying aquifers. The resulting increased effective stresses have
i nduced consolidation of strata and cause subsi dence which is now regional in extent.

9.1.2 GEQLOGY

The G ppsland Basin developed in the off-shore area in Upper Cetaceous times with the
deposition of lacustrine and fluviatile sands and clays and a nunber of brown coal seans. The
basi n gradual | y devel oped westwards and lithologically simlar sedinments were deposited in the
onshore area in Lower Tertiary times (Figure 9.1.1).

Wthin the Latrobe Valley Depression sone 700 m of Tertiary sedinments nanmed the Latrobe
Val | ey Coal Measures, and including some volcanics towards the base, were deposited nainly on
Lower Cretaceous arkoses and shal es. The coal measures include three groups of mmjor coal seans,
separated and underlain by clays and sands (d oe, 1975).

In late Tertiary times the coal neasures were tilted, folded and faulted. Extensive erosion
followed, virtually to the stage of peneplanation. Subsequently, a thin cover of clays, silts
and sands was deposited on the eroded surface. As a result of the peneplanation, considerable
t hi cknesses of sedinments were renoved from uplifted blocks. In the areas of the Yallourn and
Morwel | open cuts, the two mejor open cuts in the Latrobe Valley, up to 150 m and 300 m
respectively of clays, sands and brown coals were renoved (Figure 9.1.2).

In the Yall ourn open cut the Yallourn seam averages 60 min thickness and underlies 10 to 15
m of younger overburden. Beneath the Yallourn seam are sone 120 to 150 m of sands and cl ays
overlying a further thick coal seam

The Morwell 1 (M) seam bei ng excavated in the Morwell open cut ranges fromabout 90 to 135
m i n thickness beneath 12 to 15 m of overburden. Underlying the coal seam are 15 to 23 m of
sands and cl ays followed by the Morwell 2 (M2) coal seamwhich is up to 50 mthick in this area.
A further sequence of clays and sands, including an alnost conpletely weathered | ayer of basalt
and a thick basal silty gravel, totalling sone 140 min thickness, underlies the M2 seam

9.1.3 HYDRCOLOGY

Unconfined ground waters are present over nost of the area, but quantities are mainly small. The
wat er occurs in the overburden sands as well as in the joint system of the uppernpst coal seam

Confined waters are found in the sands underlying coal seans, and in sonme fresh basalt
flows. Prior to the devel opnent of the Mrwell open cut, water struck in bores in |owlying
areas flowed at the surface, sonetines under considerable head (d oe, 1967).

In the area of the Morwell open cut sone 8 to 9 mof nediumto coarse grained, poorly sorted
and highly perneabl e sands, known as the ML aquifer, occur beneath the M seam The sands are
irregul ar and typical sheet deposits (Barton, 1971). Al ong the northern edge of the open cut the
original piezonetric | evel stood at +60 AHD, a hei ght sonme 150 m above the | evel of the aquifer
in that area
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Case History 9.1: Latrobe Valley, Victoria, Australia

The M2 aquifer consists of several irregular sand beds occurring between 3 and 50 m bel ow
the M2 seam There is evidence of vertical |eakage between the ML and M2 aquifers--partly due to
nuner ous boreholes, partly to the fracturing which acconpani ed heaving of the floor of the open
cut as new |l evels were established, but also naturally as part of a |eaky aquifer system

In the Yallourn open cut the weight of the clays underlying the Yallourn seamis sufficient
to withstand the hydrostatic pressure of the artesian waters present in that area. However, at

Morwel | it had been cal cul ated that the weight of coal and clay would be unable to withstand the
artesian pressures once a working | evel had been established to an area 300 m across at a depth
of sone 65 mbelow the original surface. As this still left some 50 mof coal above the base of

the seam it was clear that the ML aquifer pressures would need to be progressively reduced as
the open cut was devel oped in depth (d oe, 1967).

The main program of pressure reduction, frequently called dewatering, comrenced in 1960 as
the first coal cut was excavated. Initially, free-flow bores were used, new bores being
establ i shed as new | evels were opened up. By 1967 it was found necessary to construct punping
bores in the ML aquifer. Subsequent investigations established that the pressures fromthe M
aqui fer, although already substantially reduced through | eakage, would require further |owering
to ensure safe operating conditions. This reduction was achieved initially through free-flow
bores and subsequently usi ng punping bores with yields of up to 160 I/s.

The maxi rum rate of punping from the M2 aquifers was 1160 I/s at which time the tota
punping rate was 1320 1/s. Piezonetric levels were lowered to safe operational |evels and have
been maintained for two years with yields of 925 1/s from M2 aquifer and 130 1/s from M
aquifer. Total artesian water punped from Morwel| open cut to June 1977 was 250,000 x 10° 1.

Contours of the ML aquifer piezonetric surface as at July 1977 are shown in Figure 9.1.3.
The M2 aquifer levels have a generally similar pattern. The original levels were of a gently
sl oping surface with values of +60 AHD at Morwel|l open cut and rising to +65 AHD in the west.

I nvestigations of recharge and intake areas have included carbon dating of water sanples
The youngest water from near the western edge of the basin was 2200 years old, while the water
punped fromthe Morwel|l open cut gave val ues of 23 500 years for the ML and 13 800 years for the
M2 aquifer waters. These ages conformw th the concept of a nulti-aquifer and aquitard, or |eaky
aqui fer system with a large volune of water in storage, but in which the upper aquifers at
| east are not replenished by rapid infiltration of rainwater in intake areas. It is considered
that nuch of the water punped fromthe ML aquifer has been derived through |eakage from | ower
aqui fers and from conpacti on of aquitards.

NI
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Figure 9.1.3 Piezonetric surface of Morwell 1 aquifer
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9.1.4 MECHANI CAL PROPERTI ES OF BROWN COAL AND ASSCOCI ATED STRATA
9.1.4.1 Brown coa

Properties of brown coal have been described by d oe, James and McKenzie (1973). Brown coal was
shown to be a highly preconsolidated organic material with a | ow bulk density (1.13 g/cn?) and
very high noisture content (up to 200 per cent as expressed on an engi neering basis).

Aver age val ues of preconsolidation pressures assigned to ML and M2 coals in the vicinity of
the Morwell open cut based on estimates made using Casagrande’s method were 2300 kPa and 2900
kPa respectively.

The coefficient of volune decrease (nv) depends both on the consolidation pressure and
initial noisture content, but for purposes of calculating consolidation settlements where the
consol idation pressure is less than 1300 kPa the follow ng values of (nv) were assigned:

ML coal --0.2 cr?/ kN at top of seamto 0.1 cn?/ kN at base of seam

M2 coal --0.1 cnf/ kN

9.1.4.2 ML aqui cl ude

Beneath the ML seamthere is a 3 to 13 mlayer of stiff grey preconsolidated silty clay. The
clay is conposed of kaolinite and a-quartz with a plasticity index around 20 to 25 per cent and
aliquidlimt of about 60 per cent.

Aver age properties for the clay are

Clay fraction, 44 per cent

Bul k density, 1.8 8/ cr
Conpression index (Co, 0.5

Coefficient of volume decrease (nv), 0.2 cnf/kN
Consol i dation pressures, 1300 kPa

9.1.4.3 ML and M2 aqui fer sands

The gradation of the ML sand is highly variable ranging from coarse sand with fine gravel and
fine sand to silty fine sand. The sand is dense to very dense and relatively inconpressible. In
the area of the open cut the M sands are generally thicker and hence have a higher
transmissibility than those of the ML aquifer. In other respects the sands are simlar.

9.1.4.4 M2 aqui cludes and aquitards

The M2 aqui cl udes and aquitards range fromclays to silts with properties generally sinilar
to those of the ML aquicl ude.

9.1.5 EXTENT OF MOVEMENTS

Surface novenents, both inside and outside the Yallourn and Morwell open cuts have occurred ever
since excavation commenced. Regul ar surveys are carried out to determ ne the anpbunts of these
novenent s

The novenents at Morwell open cut exceed those at Yallourn open cut, mainly because of the
dewat ering operations and greater depth of the open cut. The surveys at Mrwell which were
initiated prior to the commencenent of open cut operations are based on a datumline renote from
the open cut with survey beacons around the open cut being | ocated by triangul ati on. The beacons
formthe control for precise traverses of pin lines established in and around the open cut.

By 1977 when the open cut had reached its full depth and was bei ng devel oped to the west,
hori zontal novenents had reached as nmuch as 2.25 mand vertical nmovenent 1.68 mat the top of
the northern and eastern batters. These novenents decrease outwards from the edge of the open
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cut.

Contours of horizontal novenent in the Mrwell area and of subsidence in the Yallourn-
Morwel | area are shown on Figures 9.1.4 and 9.1.5 respectively. The pattern of horizontal
nmovenent is roughly concentric about the floor of the open cut with the major novement occurring
within 400 m of the edge of the open cut. The 20 cm contour is at present stationary and
approximately 1000 mnorth and east of the open cut. On the other hand, subsidence is far nore
regional in extent--now affecting the whole of the Yallourn-Mrwell area and ext endi ng eastwards
into Loy Yang, sonme 20 km east of Mrwell. By 1977 the 20 cm and 50 cm subsi dence contours were
| ocated sone 7.2 km and 4.5 km respectively north of the open cut with the 50 cm contour
embracing an area of 47 knf and including nuch of Mrwell township.

The C line of survey marks passes through the southern portion of Morwell township at right
angles to the northern edge of the open cut. Horizontal novenent and subsidence profiles al ong
the C line are shown in Figure 9.1.6. By 1977 the total southerly displacenent of a point
adj acent to the open cut was 2.01 m but at a distance of 400 mfromthe open cut was only 0.39
m Simlar patterns of novenent are found on other pin lines extending outwards from the open
cut. Inthe vicinity of the open cut subsidence comrenced at a slower rate, and at one stage was
little nore than half that of horizontal nmovenent. However, a steady rate of subsidence has been
mai nt ai ned while horizontal novenents have decreased after deepening of the open cut ceased and
devel opnent extended westwards. At 200 m from the northern edge of the open cut, vertical and
hori zontal novenents are now roughly equal, while at 800 mvertical novenents exceed horizontal
by 0.95 m (Figure 9.1.6).

Evi dence of subsidence such as protrusion of casing above ground surface is visible at
Morwel | . Figure 9.1.7 shows clanps on an observation bore casing set in the ML aquifer now
standing 1.0 m above the shall ow surface casing on which they originally rested.

9.1.6 CAUSES OF MOVENMENT

Factors contributing to novenent were discussed by doe, Janes and Barton (1971), d oe (1976)
and Hut chings, Fajdiga and Raisbeck (1977). Apart fromthe geonetry of the cut and the
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geol ogi cal structure, the significant factors influencing novenents in the area around Morwel
open cut are pressure relief and reduction in artesian and ground-water pressures.

As stated above, the mmjor horizontal novenments occur within a distance of some 400 mfrom
the edge of the open cut and are considered to be due to pressure relief as well as to response
to differential subsidence.

Subsi dence near the open cut is influenced by pressure relief (inward and downward novenent
of batters), but regional subsidence is attributed mainly to consolidation of strata through
i ncrease of effective stresses resulting from the lowering of artesian water pressures. The
lowering of the ground-water table by natural drainage through joints or horizontal bores
drilled at toes of batters for lengths of up to 250 malso results in consolidation. However,
such effects are not considered to extend beyond distances of 600 mfromthe open cut.

The rel ati onshi ps between subsi dence, piezonetric levels and flow rates are shown on Figure
9.1.8. Since 1960 the ML and M2 aquifer pressure |evels have been | owered by sone 125 mand 120
m respectively in the area of the floor of the open cut. Dewatering of M aquifer was not
commenced until 1970 and hence the 50 mreduction in piezonetric |level of this aquifer nust have
been achi eved through upward | eakage

Al t hough no significant horizontal novements have occurred at Cl4 (800 mnorth of open cut)
this survey mark is subsiding at a rate simlar to that at C (150 m north) where substantia
hori zontal novenments have taken place. The regional character of subsidence is further

illustrated by the steady |lowering of Pin M58, located 5 km north of open cut, but where no
hori zontal novenents have been recorded.

9.1.7 PREDI CTED FUTURE MOVEMENTS

Future vertical novements in areas beyond the perineter of the open cut have been estimted from
consolidation theory on the assunption that drainage of batters and reduction of artesian
pressures are the major factors contributing to subsidence. Fortuitously the effective stresses
resulting from the dewatering will be lower than preconsolidation pressures. Hence, future
subsidence will occur as a result of consolidation on the reconpression portion of the field
consol i dati on curves

Wth the full devel opnent of Morwell open cut, ultinmate settlenent values are predicted to
reach approxi mately doubl e those which have occurred to 1977 in the main Morwell township area
Values of up to 3 m are expected at the southern edge of the town and 1 m at the northern
boundary. Present subsi dence contours will increase towards the west and the 3 mcontour will be
| ocated west of the Morwell River (about 3.5 kmwest of the present floor of the open cut).
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Regi onal subsidence within the Latrobe Valley depression is likely to extend, both into the
Moe Basin, a probable intake area, as well as to the east. The new mgjor open cut at Loy Yang
has a designed depth of 200 m and the required | owering of piezometric levels in this area is
likely to result in even greater settlenents than will occur at Mrwell. Utimtely, the
settlement "basins" at Morwell and Loy Yang are expected to coal esce.

9.1.8 S| GNI FI CANCE OF MOVEMENTS

Structural damage due to earth noverments is related nore to the degree of horizontal strain and
differential subsidence than to absolute values of novenents. The strain values are determn ned
from preci se surveys of survey pins generally 60 mapart and, therefore, abrupt discontinuities
whi ch may have devel oped coul d be nmasked. One such feature has been detected on the ground and
can be traced fromthe open cut for sone 200 minto the southern limts of the township

9.1.8.1 Effects on Morwell Township

Morwel | township of 16 000 inhabitants extends to within 300 mof the northern edge of the open
cut (Figure 9.1.5). Houses are mainly single storey and of timber or brick veneer construction
with fibrous plaster lining. The commercial centre is located 1 km from the open cut and
contains brick buildings of one or two stories. The recorded naxi mum value of north-south
hori zontal strain is |less than 0.8 per cent. Strains are negligible over the northern portion of
the township. Future strains in the southern township fringe are predicted to be about 0.5 per
cent. Larger strains could occur in sone |ocalized areas and could affect houses and services

Differential subsidence has rarely exceeded 0.3 per cent in Mrwell township, and val ues
are commonly less than 0.1 per cent over nost of the area. Wth the predicted doubling of tota
subsidence in the township area, and the general differential subsidence values unlikely to
exceed 0.3 per cent, it is concluded that differential subsidence will not significantly affect
bui I di ngs and services within the township.

Al'l relevant authorities in the township and district are fully aware of the history and
amounts of novenment occurring. Each receives copies of the annually revised earth novenent
survey data and the information is available to the public. A technical panel, consisting of two
experienced geotechnical personnel fromthe State Electricity Conm ssion, and a representative
from the Commonwealth Scientific and Industrial Research Organization, Division of Applied
CGeomechani cs, has been established to review clains for danage from owners of private property,
and to assess whether the danage was due to open cut operations or to sone other cause. A six-
year period of surveillance has resulted in the detection of some minor cracking in concrete
pavenents and brickwork; however, to date no clains have been proved. It has also been shown
that grades on drainage and sewage |ines have not been significantly affected by earth
novenent s

9.1.8.2 Effects on engineering structures

I mportant engineering structures associated with the mning operations and power generation are
located within the open cut and beyond the perineter. These structures include dredgers,
conveyor systems, pipelines, power stations, storage bunkers, cooling towers and water
storages. Risks of damage within the open cut are reduced by the designed geonetry of the
excavation, and by the design of equipnent to mnimze the effect of novenents. Beyond the
peri nmeter of the open cut, power stations and associated structures are generally located 500 to
700 m from the edge of the open cut where future ground strains are estinmated to be within
acceptable linmts.

9.1.9 CONCLUSI ONS

Large vertical and horizontal novenents have resulted fromthe devel opnent of deep and extensive
open cuts in the brown coal deposits of the Latrobe valley.

Regi onal subsi dence has been due to the reduction of artesian water pressures in aquifers
underlying the coal seans, while horizontal novenents are due mainly to pressure relief within
the open cuts and are localized around each excavation

Total, nmovenents are expected to double as devel opnent of the Mrwell open cut continues
Al t hough the southern fringe of Morwell township could be affected by horizontal strain, serious
probl ens are not anticipated. The regional subsidence is likely to be relatively uniformand the
resulting low differential subsidence val ues should not affect buildings and services in Mrwell
townshi p, nor mgjor engineering structures outside the perineter of the open cut.
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Regul ar survey and surveillance programs will be continued in collaboration with the
various authorities involved in the area, but no special neasures to control or aneliorate
subsi dence are planned, other than to Iimt the reduction of artesian pressures to the m ni mum
val ue consistent with safety of operations.

9.1.10 ACKNOANLEDGEMENTS
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Conmi ssion of Victoria. The investigations described were carried out in collaboration wth
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Case History No. 9.2. Shanghai, China, by Shi Luxiang
and Bap Manfang, Shanghai Geological Department,
Shanghai, China

9.2.1 | NTRCDUCTI ON

Shanghai is the largest industrial city in China, standing on the coast of the East China Sea
and situated at the front edge of the Yangtze Delta. The elevation! of the flat-lying city area
is 3-4 metres above sea |level. The summer-wi nter tenperature variation is very large. The
Whangpoo River and Soochow Creek, both being the outlets of Taihu Lake, are the chief tide
wat erways of the city.

Land subsi dence was first reported in 1921. After liberation, with the rapid devel opment of
i ndustrial production, the exploitation of ground water increased, and subsidence continued
The greatest subsidence occurred from 1956 to 1959, at an annual rate of 98 nm Up to 1965, the
maxi mum cunul ati ve subsi dence, as indicated by one of the bench marks in the city area, was as
high as 2.63 m (Figure 9.2.1). The area of cunulative subsidence exceeding 500 mm was 121 knf
form ng two pl at e-shaped depressions in the urban district and affecting the suburban districts
t 0o.

El evation" in this paper is based upon the Wisong datum
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Figure 9.2.1 Cumul ative deformation shown by sonme typical bench marks in the urban area of
Shanghai. +, rebound; -, subsidence
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After 1963, antinmeasures were taken against |and subsidence. In 1965, the annual rate of
subsi dence in the urban area was reduced to 23 mm From the research results of the preceding
period, calculations for the relations anong punpage, water |evel, and subsidence for the year
of 1966 were made in 1965, and the schene for planning exploitation for the year of 1966 was
drawmn up. The exploitation of factories followed the plan, and therefore, in 1966, annual
reboundi ng of 6.3 nmoccurred in the urban area

9.2.2 GENERAL GEOLOGQ CAL CONDI TI ON OF THE OVERBURDEN

In the Shanghai area, unconsolidated materials, about 300 nmetres thick, of alternating marine
and continental facies were deposited on the bedrock during the Quaternary Period. The upper
portion of 150 mis conposed of clayey soil and sand of littoral and fluvial delta facies; the
| ower portion of 150 m consists of alternating sand |ayers of fluvial and variegated clays of
| acustrine facies.

Based on the hydrogeol ogi cal characteristics of the overburden, one water-bearing | ayer and
five aquifers may be identified (hereinafter called aquifers, Figure 9.2.2). The genera
features of these aquifers are: flat-lying, thick, fine-grained, with small hydraulic gradient
and low velocity of ground-water flow These aquifers are marked by a distinct regularity of
lithol ogi cal changes, finer grained with decreasing thickness from northeast to southwest
Aquitards are widely distributed, only absent in the eastern part, or in local areas along the
Whangpoo River, thus bringing about direct hydraulic interconnections between the first, second
and third aquifers.

According to its engineering-geol ogical character, the overburden nay be divided into 13
layers. Anong them are three stiff clay l|ayers below the second aquifer, with fairly high
conpressive strength; their void ratio is less than 0.70, and their coefficient of
conpressibility | ess than 0.025 cnf/kg. The anount of conpression of the layers i s comparatively
small, as shown in the surveys made over the years. Above the second aquifer are three
conpressible layers (soft clay layers) with |ow conpressive strength and one dark-green stiff
clay layer with fairly high conpressive strength. The void ratio of these |ayers, their water
content, coefficient of perneability, coefficient of conpressibility, and other principa
physi cal nechani cal indices decrease as the depth of the layers increases (Figure 9.2.3).

9.2.3 RELATI ONSHI P BETWEEN GEOLOG CAL STRUCTURE AND LAND SUBSI DENCE

Accordi ng to geol ogi cal surveys and anal ytical studies of the observation data, |and subsi dence
principally occurred in the upper |ayers of the overburden. To present in full the factors
causi ng subsidence, the urban area of Shanghai may be divided into four geological structure
areas of |and subsidence, based on the different conbinations, fromthe depth of 70 mupward, of
three conpressi ble |layers and one dark-green stiff clay |layer, and based on their relationship
with the Ist and 2nd aquifers (Figure 9.2.4).
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Figure 9.2.2. Ceological profile of the urban area of Shanghai. 1, surface soil; 2, nuddy cl ay;
3, nuddy clayey loam 4, clayey loamwth sand; 5, stiff clay; 6, sand; 7, sand
with gravel; 8, confined aquifer; 9, conpressible |ayer
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Area No. [ (l). Consisting of the |Ist conpressible layer, the dark-green stiff clay |ayer
and the Ist and 2nd aquifers. Due to the thin conpressible |layers and the thick sand layers in
addition to the dark-green stiff clay |layer, the rebound of |and surface was conparatively great
after nmeasures were taken.

Area No. 2(I1). Consisting of the Ist and 3rd conpressible layers, the dark-green stiff
clay layer and the Ist and 2nd aquifers. Oning to the fact that the 3rd conpressible layer is
conparatively thick, the cunulative subsidence was relatively greater than that in Area No. 1
bef ore measures were taken. However, this is also an area in which the rebound is conparatively
great after taking the neasures.
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Figure 9.2.4 Relationship between the geol ogical structure and |and subsidence in urban area
of Shanghai. 1, surface soil; 2, Ist conpressible layer; 3, 2nd conpressible
| ayer; 4, dark-green stiff clay layer; 5, 3rd conpressible layer; 6, Ist aquifer
7, 2nd aquifer; 8, slight subsidence within the boundary l|ine, rebound area
out side the boundary line; 9, geological structure area and boundary |ine

Area No. 3 (Ill). Consisting of the Ist and 2nd conpressible layers and the Ist and 2nd
aqui fers. Due to the absence of the dark-green stiff clay |layer and the existence of the direct
hydraulic interconnection between the Ist and 2nd aquifers, the cunulative subsidence was
conparatively great before we adopted the methods for inprovenent. Since the neasures were
taken, the rate of subsidence has slowed down, though there is still slight subsidence in the
I st and 2nd conpressi ble | ayers.

Area No. 4 (IV). Lying in the central part of the city in a NE-SWdirection. This is largely
an unexpl oited and unrecharged area. It conprises the Ist, 2nd and 3rd conpressible |ayers and
the 2nd aquifer. Since the three conpressible layers are thick and there is no dark-green stiff
clay layer, the cumul ative subsi dence had been conparatively great before renedial neasures were
applied. After we had taken these measures, with the recovery of the ground-water I|evel, the
third conpressible layer was no |onger wunder conpression and began to swell. However,
continuation of slight conpression of the first two conpressible |layers has been observed. The
geol ogi cal structure of this area is generally weak.

Fromthe exploration data, we recogni zed as foll ows:

1. In areas with the sanme geological conditions of ground-water exploitation, the
anplitude of subsidence varies with the thickness and the conpressibility of the
conpressi ble layers. Cenerally, the greater the thickness and the conpressibility,
the greater the subsidence

2. The anopunt of conpression of the Ist conpressible |ayer depends upon whether the
dark-green stiff clay layer is present in the lower part. The subsidence in Areas
Nos. 3 and 4, where there is no dark-green stiff clay layer, is greater than that in
Areas Nos. 1 and 2 where the dark-green stiff clay layer is present.
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3. The rate of conpression of the |Ist and 2nd conpressible |ayers depends upon whet her
hydraulic interconnection exists between the Ist and 2nd aquifers. Therefore, the
rate is greater in Area No. 3 where the hydraulic interconnection exists than in Area
No. 2 where it does not.

It may be understood that in the course of history, the soil |ayers have been under the
action of fairly low water head. Fromthe relation of preconsolidation pressure of the various
soil layers, we know it is equivalent to the action of preloading. Therefore, each layer has its
own preconsolidation pressure pc and preconsolidation ratio ¢, = PJdPg in which Py is the
overburden pressure). Fromthe depth of the soil layers above 70 m pc values are worked out by
| aboratory tests. We know that the average preconsolidation pressure pc of the Ist and 2nd
conpressi bl e | ayers approaches the overburden pressure py of the overlying soil layers. It may
be the normal consolidation |ayer. The 3rd conpressible layer is 40-70 m bel ow the surface, and
its pc and c, increase with depth. The conpression of the 3rd conpressible layer (over-
consolidated) will not occur if the average (pcpo = 1 kg/cnf, i.e., if the drawdown of the
ground-water level in the 2nd aquifer does not exceed the average (pcpg) value while the
nmeasures controlling | and subsi dence are bei ng taken.

9.2. 4 CALCULATI ON

According to the mechani sm of deformation of the soil layers under the punping drawdown, it is
suitable to apply a one-dinensional equation to calculate the conpressive deformation of the
soil layers. The drain path of the |Ist, 2nd and 3rd conpressible layers is mainly upward and

downward toward the sand | ayers. Although the ground-water cone exists, yet it has a w der range
and small hydraulic gradient. The difference of horizontal water pressure is not great, so the
transverse drai nage may not be consi dered.

This principle has been applied to the annual cal cul ation since 1965, and the results have
been checked the next year in order to nmake a conparison with the practice to correct the
calcul ated indices year by year. The calculated value and practice would gradually correl ate
wi th each ot her.

In 1972, according to the elastic-plastic characteristics of deformati on of soil |ayers and
the principles of soil nechanics, a physical npdel was devel oped. Then through the statistical
analysis of a large amount of observed data of deformation, which were influenced by the
variation in elevation of the ground-water |level under a certain punping and recharging
condition, a sinplified mathematical nobdel was developed, in order to get the optimzing
nunerical solution with conputer. Consequently, the forecast and prediction of |and subsidence
can be made.

Accuracy of calculation has been checked through practice. The period of prediction for
schene calculation is one year. The calculation has been made since 1972. The practice has
demonstrated that the maximum error of predicting elevation of water head was + 0.5 m, when the
annual amplitude of water head was less than 6-8 m; the average error of predicting absolute
deformation was below 1.7 mm, when the annual average amplitude of deformation was less than
14.3 mm.

9.25 MEASURES

The purpose of land subsidence research is to solve the problem of land subsidence; therefore,
it is the key of the question to take measures.

The main cause of land subsidence in Shanghai is intensive exploitation of ground water and
corresponding drawdown of water level. In order to control land subsidence and to rationalize
the exploitation of ground water, the measures for recovering and raising up the ground-water
level have been taken on the basis of analysing and researching the laws of land subsidence,
according to Shanghai's specific conditions. Preliminary control of subsidence of the urban area
has been achieved. The measures taken are chiefly as follows:

1. Restricting and rational usage of ground water.

Owing to the great disaster made by the land subsidence, in 1963 it was
resolved that measures for restricting ground-water exploitation were to be taken by
Shanghai Municipal Government. Ground water in Shanghai is mainly utilized to
reguate the air and lower the temperature, so the paper, iron and steel industries
which do not need cooling energy from the ground water, have changed to using surface
water. In addition, some factories have installed refrigeration equipment instead of
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9.2.6

SHANGHA

using ground water. Cooling energy fromthis equi pment may be equi valent to the cool -
ing energy provided by 200 deep wells. Since 1965, the calculation of |and subsi dence
has been nade annually, thus giving the planning exploitation schene for the next
year. And the factories, according to the plan for rational usage of ground water,
have taken nmeasures for nmultiple and conprehensive utilization of ground water

Artificial recharge of ground water.

The "measures of recharging in winter for sutmer use and recharging in sumrer
for winter use" have been enployed since 1965. The textile mlls which need cooling
energy can use |lower tenmperatures in sunmer. From the practice over years, it was
proved that after recharging, the tenmperature of ground water of the 2nd and 3rd
aqui fers gradual ly decreased by 6-10° Cin conparison with the original, and that of
the 4th and 5th aquifers al so decreased by 9-10° C. Besides, recharging in winter for
sumrer use and recharging in sumer for winter use had the function of raising the
ground-water level in order to diminish |and subsidence.

Adj ustnents of exploited aquifers.

Before the measures had been taken, ground water was mainly punped from the
2nd and 3rd aquifers in the urban area. Al though the 4th aquifer contains abundant
ground water of fairly good quality, the original tenperature is high, so it is not

suitable for cooling. Hence the punpage fromthe 4th aquifer is small. Due to the
irregular distribution of the 5th aquifer and the high tenperature of its ground
wat er, punpage fromthis aquifer also is small. However, after rechargi ng cool water

in winter to these aquifers, the tenperature of ground water in them decreases and
the water can be used for cooling purposes. Therefore, punpage fromthe 2nd and 3rd
aqui fers has been decreased, and the use of ground water fromthe 4th and 5th aqui -
fers has been increased. On the other hand, the strength of the soil |ayer underneath
the 3rd aquifer is fairly high, and deformation is not obvious after the exploitation
of the 4th and 5th aquifers. This will decrease the rate of |and subsidence
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Case History No. 9.3. Venice, Italy, by Laura Carbognin,
Paolo Gatto, and Giuseppe Mozzi, National Research
Council, S. Polo 1364, Venice, Italy; Giuseppe
Gambolati, IBM Scientific Center, S. Polo 1364, Venice,
Italy; Giuseppe Ricceri, Department of Soil Mechanics,
University of Padua, Italy

Reprinted from | AHS- Al SH Publication No. 121, 1977, p. 65-81, by perm ssion.
9.3.1 | NTRODUCTI ON

Many areas of Italy are affected by |and subsidence. Anong these, the area of Venice (Figure
9.3.1) has caused the greatest concern. Its sinking in fact, in spite of the relatively snal
rate, could be fatal, due to the low level of the city in relation to the sea. The well-known
floods (or "acque alte,"” a local idiomneaning high waters), essentially caused by weather and
astronomical factors, are indirectly enhanced by subsidence both in anplitude and in frequency.
Wien the studies were started, it becane quite clear that, out of the various factors
responsi ble for the sinking, the withdrawal of underground water was the mmin one. Thus, after
a prelimnary analysis, the research effort was mainly directed to hydrogeol ogy.

In 1969, the Italian Consiglio Nazionale delle Ricerche (CNR, National Research Council)
constituted a working group for the Venice problem Starting that year an accurate inventory was
made of the data already available but w dely scattered. They were filed according to
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Figure 9.3.1 Map of the Venetian area under investigation
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lithostratigraphy, hydrology, geotechnique, and geodesy. During their processing, specific
experinmental tests were perfornmed, to validate and supplenment the prelimnary reconstructions.

The analysis was given two major ains: first, to describe the physical environnment where
the phenomena under study occur; next, to describe their evolution, to investigate their
mechanism and to make predictions with numerical nodels. The final results of the research
confirm the dependence of the subsidence on the artesian withdrawals, the possibility of
stopping the settlenent of the city, and even of obtaining a slight rebound by naturally
rechargi ng the depleted aquifer system

9.3.2 THE PHYSI CAL ENVI RONVENT

The Venice confined system down to 1000 m depth (Quarternary basenent), is constituted by sand
| ayers (aquifers) bounded by silt and clay layers (aquitards). Moving northwest, towards the
foothills of the Alps, the sedinental structure tends to change. Materials are nore and nore
coarse, while the aquitards becone thinner, and, at a certain point, they disappear. In the
foothill belt the unconsolidated nantle is a whol e honbgeneous system of sand and gravel. For
the hydrologist, it represents the reservoir supplying the aquifer-aquitard system extending
beneat h Veni ce and even further.

The Venetian aquifer system has been investigated in detail by taking information from both
the existing artesian wells (Al berotanza, et al., 1972) and a new deep test borehole, VE 1 CNR
where continuous sanmples of the Quarternary series were taken (Consiglio Nazionale Ricerche
1971). Thousands of anal yses were perfornmed on the borehol e sanpl es, and a conpl et e physi ography
of the | ocal subsurface formations was obtained. Fromthis drilling nmore conplete interpretation
of the scattered information was made possi ble. Mreover, the starting point was avail able for
the definition of the hydrogeol ogi cal stereogram of the region. Figure 9.3.2 is a map of the
upper 350 m where the aquifers are punped (after Ganbolati, et al., 1974, slightly nodified).
Si x aqui fers appear, four of which are extensively exploited (2nd, 4th, 5th and 6th).

Perneability, grain-size and clay chenmistry of aquifers and aquitards are reported in
tables 1, 2 and 3, whose values were obtained by analyzing the cores of the VE 1 CNR and two
ot her test boreholes LIDO 1 and MARGHERA 1.

MARGHERA 1 VE 1 CNR. (VeneziaWest) VE 2 C.N.R.(Venezia East) LIDO1
3l N S N B
100 100
. 150 150
£
I 200 200
-
o
w
a 280 280
300 300
350 350

AQUIFERS AQUITARDS

Figure 9.3.2 Hydrogeol ogical map of the confined aquifer system updated using the electric
| ogs recorded in deep test boreholes.
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Table 9.3.1 Average perneability of sanples taken from VE 1 CNR Borehole (placed in Venice),
fromlaboratory tests.

Dept h Aqui fers Aqui t ards
(nmetres) (average horizontal perneability) (average vertical perneability)
74- 81 3 x 10°° cnl sec
81- 124 1 x 1073 cnf sec

124-132 7 x 10°8 cmi sec
132- 153 1 x 103 cm sec

153- 163 3 x 1078 cmisec
163- 181 4 x 10°° cmi sec

181-203 5 x 107 cm sec
203- 235 6 x 10°% cm sec

235- 260 6 x 107 cm sec
260- 302 2 x 104 cn sec

302- 318 6 x 108 cm sec
318- 340 10" % cm sec!

1 The 6'N aquifer is exploited only at Marghera, since at Venice its perneability is too
| ow.

Table 9.3.2 Summary of grain size analysis as neasured in the |laboratory on sanples taken
fromthe VE 1 CNR borehole (after Ganbolati, et al., 1974).

Dept h Li t hot ypes
(rmetres) Coarse fraction Sands Silts d ays
0- 50 0.3 38.0 41.7 20.0
51-100 0.7 50.0 35.0 14. 3
101- 150 --- 46. 2 42.2 11.6
151- 200 0.4 33.6 48. 2 17.8
201- 250 --- 26.0 54.0 20.0
251- 300 5.6 38.4 34.8 21.2
301- 350 --- 13.5 61.6 24.9
Aver age 1.0 35.1 45. 4 18.5

Perneability (Table 9.3.1) was defined by |aboratory tests perforned only on clean sand for
aqui fers and silt clay for aquitards.

The prevailing fraction (Table 9.3.2) is silt, followed by sand and cl ay.

The illite is dominant (Table 9.3.3); instead the nost plastic one, nontnorillonite, is in
general rather scarce, and its relative abundancy grows towards the historical center and Lido

Sone details of the nechanical properties of these soils are given here (see a recent and
nore conplete paper by Ricceri and Butterfield, 1974). The values of the conpressibility
coefficient (m=(Ae/AP)(I/I+ey)) versus depth (Figure 9.3.3) have been conputed by oedonetric
tests at the actual "in situ" pressure (py) in the |loading (m,,) and unloading (m,) curves. The
maxi mum | oad attained in these tests was 5+20p, for the sanples conming fromthe upper 100 netres
and twice the values of p, for the others, In Figure 9.3.3, solid lines connect the values m,
and m,, for each sanple; dashed lines refer to oedonetric tests where |oads were increased
slightly above p, and then gradually reduced to zero. The two coefficients decrease with
i ncreasing depth. In particular, m, seems rather insensitive to the maximuml| oad applied in the
test, and its average value is about 20 per cent of M.

The reader is referred to the bibliography for further information about the physical
aspects of the Venetian formations.
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Table 9.3.3 Percent ages of various clay-types in the core sanples taken from MARGHERA 1, VE 1
CNR, and LIDO 1 test boreholes (after Mzzi et al., 1975).

Test borehol es

Clay Mnerals Aver age
MARGHERA VENI CE LI DO

Ilite 48. 75 48. 45 48. 00 48. 40

Chlorite 33.75 28. 00 30. 00 30.58

Kaolinite 11. 25 12. 80 9. 00 11.02

Montnorillonite 6. 25 10. 75 13. 00 10. 00

9.3.3 H STORY OF THE PHENOMENA

By conparing the devel opnent of the artesian exploitation and of subsidence, three periods
appear distinguishable: the first before 1952, the second from 1952 to 1969 and the | ast
af terwards.

In Figure 9.3.4 the average piezonetric level in different places of the Venetian area is
plotted versus tine.

9.3.3.1 Period before 1952

When the artesian exploitation was not very intensive, subsidence was due only to natura
causes; its rate was about one millinetre per year (Leonardi, 1960; Fontes and Bortolam , 1972).

The extraction of the artesian water began about in 1930 when the first factories were
established in Marghera. The piezonetric |evel renmained above the ground |evel, except in
Veni ce, where it becane lower since the time of Wirld War Il1. The average decrease was sl ow al
over the area, up to the fifties, when an intensive exploitation started, due to the strong
i ndustrial devel opnent (Figure 9.3.4).

9.3.3.2 Period between 1952 and 1969

After 1950 the changes became nore evident. Artesian water was very actively w thdrawn
(Serandrei Barbero, 1972) and in the fifties all the hydraulic heads declined bel ow the surface
In the industrial area the average rate reached 0.70 mly, which is definitely higher than in any
other part of the area (Figure 9.3.4). The observed minima were attained in 1969; in Mrghera
the fourth and fifth aquifers went down to 16 m bel ow surface and in Venice the third and fifth
went to 7 m below. From 1952 to 1969, as an average in the industrial zone, a hydraulic head
|l oss of nmore than 12 mwas recorded. In Marghera the wi thdrawal occurred in about 50 wells, and
it was about 460 |/s in 1969; in Venice there were about 10 active wells, but in fact only one
(10 1/s) represented the whole extraction of the city. A significant ratio of 1 to 50 existed
between the exploitation in the historical center and in Marghera

In the period 1952-1968 geodetic surveys showed an average subsidence of 6.5 mmy in the
industrial area and 5 mMy in the city. The nost alarming figures appeared between 1968 and
1969, where maxi ma were observed of nmore than 17 mmin Marghera and 14 mmin Venice (Caputo et
al ., 1971) (Figure 5). Overall between 1952 and 1969 the | ocal average subsi dence was over 11 cm
in the industrial zone and about 9 cm in the city, with local nmaxima of 14 and 10 cm
respectively (Figure 9.3.5)

9.3.3 Years between 1969 and 1975

These years are characterized by a great nunber of experinental data and theoretical studies
wort h descri bing.

After drilling the deep test hole, VE 1 CNR, previously nentioned, two i nportant steps were
carried out: the annual repetition of the geodetic survey for controlling the ground nmovenent in
the area and the installation of a network of 112 piezoneters (24 of which were continuously
recording) for controlling the six exploited aquifers (Figure 9.3.6). Therefore it was possible
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Figure 9.3.6 Map of the 112 piezoneters

to annually reconstruct the altinetric profiles and the maps of the equipotential lines (e.qg.
see Figure 9.3.7 which refers to the 5th aquifer for 1975. Similar behaviour holds true for the
previ ous years).

In general, after the mnim recorded in 1969, one can observe a gradual and renarkabl e,
i nprovenent in the piezonetric surfaces. In 1975, the average recovery in the industrial area
reached a maxi num of over 8 m and in Venice nore than 3 m This new behaviour can be seen in
Figure 9.3.4 and it is also well shown in Figure 9.3.8, where the progressive reduction of the
depressurized area in recent years is evident.

Simlarly to what happened when piezonetric | evels were declining, a ground-surface rebound
i s now acconpanying the piezometric recovery. After a stability period, which is evident from
the 1973 survey (Folloni et al., 1974), the 1975 levelling shows a rebound of the | and which, in
the historical center, is nore than 2 cmwith respect to 1969 (Figure 9.3.9). Even taking into
account the range of the errors affecting the altinetric curve (Qubellini and DeSanctis
Recci ardone, 1972), the variation of the ground level in this area remains positive. This is
consi stent with what appears in the tidal records in Rovinj and Bakar (on the Yugosl avi an coast,
which is taken to be stable) and those in Venice. Until 1969, the average annual sea |eve
recorded at Venice was apparently increasing with respect to that of the other two stations. In
recent years this did not occur any nore (Tomasin A., private communication based on offici al
dat a).

9.3. 4 DI SCUSSI ON

9.3.4.1 Analysis of experinental data

W will now anal yze the nost recent data, i.e., those fromthe period when the phenonena
show a reverse trend.
Looki ng at the isopiezonmetric maps, we noted that

1. the piezonetric surfaces of the aquifers in the Venetian area show strong
depression, assunming the shape of an inverted asynmetrical cone typical of
| ocal i zed punpage (Mozzi et al., 1975);

2. the maxi mum drawdown in all the aquifers occurs in the Marghera area, which appears
as the main withdrawal center. Mnor discrepancies are seen in the islands of
Mur ano, Burano, Le Vignole and Lido:

3. the greatest depressurization is found in the 4th and 5th aquifers;
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Figure 9.3.7 Piezonetric surface of the 5th aquifer in 1975. Equipotential lines are given in
netres a.s.|.

Figure 9.3.8 Boundary of the areas where average piezonetric |level is above (+) or below (-)
the ground level in 1970, 1973 and 1975
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Figure 9.3.9 Conparison of the average piezonetric |levels and ground | evels over nmminland (A
and Venice (B).

4. the devel opnent of the equipotential l|lines shows that punpage at Mrghera affects
the natural hydraulic balance of the aquifers also in the historical center
where the | ocal withdrawals do not account for the observed drawdown;

5. the distance between equipotential lines gets smaller |andward. Figure 9.3.7 also
suggests that a no-flux boundary condition exists seaward. This is in keeping
with the reconstructed geol ogy.

The aquifer recovery is due to a decrease in the water exploitation. Since 1970, sone areas
in the district have been supplied by the public aqueduct. The industrial activity of Marghera
has been reduced. Above all, well drilling was prohibited in the Venetian plain. In January
1975, the new industrial aqueduct, supplied by the Sile R ver, was put into operation (a 60 per
cent reduction in the nunber of active wells was observed in Marghera from 1969 to 1975, when
the wi thdrawal was estinmated to be about 200 I/s).

The raising of the hydraulic levels is certainly not due to the increased recharge of the
aqui fers, since in the | ast decade the natural water supply in the recharge area is di m ni shing
(Carbognin et al., in press).
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The levellings, as already stated, show the cessation of the subsidence and a certain
rebound. The close connection between withdrawal and subsidence is evident in Figure 9.3.9
where the altinetrical variations and the average pi ezonetric |evel variations are given for the
peri ods 1952-69 and 1969-75, along the sane section from the mainland to Venice. G aphica
conparison visualizes the presence of minima in the industrial zone, and simlar behaviour of
the processes during exploitation and recovery. In the rebound phase, however, we notice that
whil e at Marghera a strong recovery determnes a slight altinetrical rebound, at Venice a m nor
pi ezonetric recovery causes a greater rebound. This can be ascribed to the diverse nature of the
cohesive soils at Marghera and Veni ce.

The assunption of the interdependence between the piezonetric and the altinmetric variations
was statistically verified. In fact, the linear correlation coefficient, with a 95 per cent
probability, is between 0.70 and 0.92. The connection between the two variables is therefore
expected to be extrenely high. Consequently, the coefficient of determination indicates that the
pi ezonetric variations account for 70 per cent of the altimetric ones, in terms of variance and
inthe limting hypothesis of |inear behaviour. The residual variance nust be expl ai ned by ot her
factors, such as natural subsidence and |oading by buildings, but also errors in neasurenents
and deviation fromthe |inear hypothesis.

The interpretation of the subsidence to piezonetric variations ratio (R = n/Ah) is also
interesting. Its trend in the years 1952-69 (Figure 9.3.10-A) is progressively rising fromthe
i ndustrial zone (1/109) towards the historical center (1/54). This variation can be attributed
to the already noted gradual increase towards Venice of the nore conpressible soils. It explains
why in Venice, where | ess water was punped than in Marghera, a subsidence of the same magnitude
was observed. A sinmilar behaviour is found in the rebound phase (Figure 9.3.10-B) between 1969
and 1975. However in this period, the curve lies definitely below the other one, thus confirm ng
that the elasticity of the systemis very linited.

MA. |INDUSTRIAL VENEZIA

] ZONE

0 4 1952 -69
. A

]

100 - 1969-75
] B
)

0

Figure 9.3.10 The ratio of subsidence to piezonetric variations from the industrial zone to
Veni ce; A, settlenent and B, rebound.
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9.3.4.2 Predictive sinulations with the new records

Recently, a nunerical nodel based on the classical diffusion equation and one-di nensiona
vertical consolidation has been used to simulate the past behavi our of the Venice subsidence and
to predict the future settlenent of the city (Ganbol ati and Freeze, 1973; Ganbol ati et al, 1974;
Ganbol ati et al., 1975). A conplete description of the approach together with an extensive
di scussi on of the underlying assunptions may be found in the works cited.

The nodel has been applied again by using the new records to check its ability to reproduce
the conpl ex event at hand and to verify "a posteriori" its predictive capacity.

To date the punpage at Marghera has been reduced to 40 per cent of its maxi mum val ue (460
I/s in 1969) and this change in the withdrawal rate has been assunmed to have occurred in 1970
for it is apparent from Figure 9.3.4 that the flow field recovery in Marghera started in 1970
Perneability distribution is the same as that used in the previous sinulation (Ganbol ati et al.
1974) while the soil conpressibility in rebound has been increased to 20 per cent of the
corresponding values in conpression, as is evidenced by the npbst recent |aboratory tests
sunmarized in Figure 9.3.3. Therefore, the new results are slightly different from the early
predictions given in figures 21 and 22 of the paper by Ganbolati et al., 1974.

Figure 9.3.11 and Figure 9.3.12 show the piezonmetric decline in the first aquifer (where
the | argest amobunt of data is avail able) and the Venice subsi dence respectively versus tine as
provi ded by the mathemati cal nodel using the updated records. For the benefit of the reader the
behavi our during the calibration period has been reported as well. The conparison with the
experinmental observations indicate a fairly good agreement, and especially so, if one considers
the degree of wuncertainty which is inevitably related to physical events of such a great
conplexity. This is further evidence of the adequacy of the above nodel to reliably predict the
settlement of Venice. At the sane tine the results allow the conclusion that the nunerica
nodel s can be useful tools to investigate and keep under control |and subsidence caused by
subsurface fluid renoval

10

CALIBRATION PREDICTION

DRAWDOWN (m)

0 ! ) ] I |
1940 50 60 10 80 90 2000
YEAR

Figure 9.3.11 Piezonetric decline versus time in the first aquifer. The closed circles
represent experinental records and the solid line gives the response of the node
using the new data in our possession
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Figure 9.3.12 Subsidence in Venice versus time as provided by the nodel using the new data in
our possession. The experinental records (0) are indicated.

9.3.5 CONCLUSI ONS

The results of the experinmental research have confirnmed that also in the case of Venice, the
si nki ng was caused by the artesian withdrawals. Al so statistical analysis attributes 70 per cent
of | and subsi dence occurring between 1952-1969 to the wi thdrawal of the underground water.

The experinmental data showed that the punpage performed at Marghera has greatly altered the
natural flow field under the historical center and that the effects of the resulting subsidence
are not uniformy distributed. In fact, for every netre of piezonmetric decline, the subsidence
in the industrial area and in Venice was respectively 1 and 2 centinmetres. This is connected to
the relative increment towards Venice of the clay-type soils, which are nore conpressible
maki ng the level of the city nore dependent on the piezonetric situation

Soil deformations related to hydraulic head variations occur in a relatively short tine due
to the fact that aquitards are mainly silty and each of themis interrupted by thin sandy | ayers
which facilitate the drainage.

But the nobst significant fact that arises from our investigation remains in any case the
sudden rise of the piezonmetric levels recorded in the whole area since 1970, and related to a
significant reduction of the artesian withdrawals in the last years. It is also inportant that
there is a parallel surface rebound (2 cmin Venice), that ensures that | and subsi dence has been
arrested. This result is in agreement with the predictions fromthe mathenati cal nodel

Since a nore careful use of the underground waters gives a very quick recovery, one can
trust that a conplete re-establishment of the natural hydraulic bal ance can be obtained, maybe
with further intervention agai nst wasting water (which can be estimated to be about 4.5 n¥/s due
to the spontaneous spilling in the adjacent areas which influence the Venetian aquifer systen)

Recovery will not, however, bring back the land to the original position, as it has been
denonstrated that the reversibility of the conpaction of the aquitards is possible for only 20
per cent (which would correspond to a rebound of about 3 cm.

Al t hough the drawdown of the piezonetric levels due to the intensive extractions of 1952-69
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was the principal cause of the subsidence, we do not see a need for stopping the residual
extractions.

Because of the unstable situation of Venice, it is necessary to continue the control of the
pi ezonetric levels of the aquifers and the ground altimetry. This is the only systemby which we
can evidence possible future variations fromthe present trend.
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Note by the authors:

After 1975, both piezonetric and geodetic surveys were continued on the studied area. The 1978
situation shows that the natural repressuring of the aquifers has continued and today artesian
heads are coming back to the value recorded before the over-punpage in 1952. At the sane tine
precise |l eveling shows that the | and has stabilized after the 1975 rebound.
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Case History No. 9.4. Tokyo, Japan, by Soki
Yamamoto, Rissho University, Tokyo, Japan

9.4.1 TOPOGRAPHY AND GEOLOGY OF TOKYO

Tokyo is situated at the bottom of the Kwanto structural basin, the biggest plain in Japan.
Kwanto Plain is surrounded by nmountains and hills on the north, west, and south where basenent
rocks of Tertiary and Pre-Tertiary age are exposed. The overlying new strata dip to the center
of the basin.

Al the rivers, such as the R Tone, the R Ara, and the R Tanmm, start fromthis divide,
transporting their sediments into O d Tokyo Bay. They devel oped fans at the foot of the nountain
and a deltaic plan at their mouths in Tokyo Bay.

After the intermittent uplift, broad terraces were forned on this basin (Figure 9.4.1); on
the surface of the terraces, thin volcanic ashes (Tephra) of different origins and deposited at
different tines are found. The maxi numthi ckness of sedimentary rocks above the basement conpl ex
is about 300 mat the center of the basin.

The metropolis of Tokyo is |located on the upland and | owl and. The stratigraphi c succession
and schematic cross section in the Tokyo area are shown in Table 9.4.1 and Figure 9.4.2. There
are many buried valleys in the Ilowl and where an alternation of fairly thick sand and gravel
| ayers are deposited, underlain by the Tokyo Group (Figure 9.4.3).

9.4.2 HYDROLOGY

The areas in Tokyo where |and subsidence has taken place are tile Msashino upland and the
alluvial low and. There are two groups of aquifers, shallow and deep ones. The nmain shallow
aqui fer on the lowland (Koto) is Holocene sand and gravels and that on the upland area is
Musashi no gravel which is extensively distributed. In addition, deep artesian water is obtained
fromthe Tokyo Goup in the Iowand and the Tokyo and Kazusa G oups in the upland. The Kazusa
Goup in the | ow and contains natural nethane gas which was produced for nunicipal supply in the
Koto district. The large scale ground water developnent started in 1914 in Tokyo. After that
time, the nunber of deep wells with [arge dianmeters increased rapidly. In an area extending from
the northern part of the alluvial lowand to the southern part of Saitama Prefecture, there was
artesian flow of ground water until the latter half of the 1920's. At that tinme the ground-water
level in the Koto district had fallen to about 10 m bel ow the ground surface. The ground-water
level continued to fall year after year, but toward the end of Wrld VWar Il it rose again
temporarily. After the Wr, as the quantity of ground-water w thdrawals increased, the
ground-wat er |evel again went down until August, 1971, when it reached a |ow of mnus 63-94 m
fromthe nean sea | evel of Tokyo Bay (Tokyo Peil) in the northern part of the alluvial |ow and.

Figure 9.4.4 shows the annual change of the ground-water level in selected observation
wel | s.

The annual anpunts of ground-water wi thdrawal in Tokyo from 1964 to 1975 are shown in Tabl e
9.4.2. In the 23 wards, 1, 160, 000 rr?/day of ground water was withdrawn in 1964, but the quan-
tity began to decrease by 1966, and it fell to 128,000 n¥/day, or about a tenth, in 1975. This
decline is attributed to the withdrawal restrictions inposed to control |and subsidence. Figure
9. 4. 5A shows the distribution of withdrawals by ward in 1967, and Figure 9.4.5B shows the annual
total, 1950-1967.

In the northern part of Tokyo, the drilling of wells to a depth of up to 160 m had been
banned by Decenber, 1971; by May, 1974 drilling of wells with a depth exceeding 160 mwas al so
banned. As a result, the quantity of ground-water w thdrawals, which anmounted to 80, 000-90, 000
M/day in the period from May, 1972 to 1973, decreased to 7,000-8,000 n?/day after May 1974.
Furthernore, the ground-water |evel, which was lowest (T.P.* minus 48.9 m) in July, 1971, rose
agai n gradually, as the quantity of ground-water withdrawal s decreased.

* T. P. = Tokyo Bay datum
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Figure 9.4.1 Geonorphol ogical map of Kwanto District (after Kaizuka). 1, Alluvial |ow and; 2,
Di luvial upland; 3, Tertiary hill; 4, nmountain; 5, volcano.

9.4.3 LAND SUBSI DENCE

In 1923, a severe earthquake occurred near Tokyo, causing w despread danmage in the Koto region,
east of the city of Tokyo. In order to study the crustal disturbance which mght have
acconpani ed this severe earthquake, a precise leveling was rerun in this region. As a result, it
was found that the | and subsi dence was as a whol e increasing gradually year by year. It was al so
found that the extent of the region where the |and subsidence was then advanci ng occupi ed an

area of about 100 kmz, situated between the Sumi da and the Arakawa rivers, which flow through
the region fromnorth to south.
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Table 9.4.1 Stratigraphi c succession in Tokyo

ol = Uplard Area Lowland Area
218
o (=%
o b .
Yodobashi Toshima Hongo Tachikawa
Terrace Terrace Terrace Terrace

{ Upper(loose sand & gravel)
Lower{soft clay)

.
(Black soil and peat) Yurakucho Formallon\

Holocene

|

Nanagochi Formation
(alternation of sand & clay)
Bur ied terrace

gravel— 1
TITTTTT

?

L~

Tachikawa Loam Formation Bur ed loam

Tachikawa | Bur ied terrace
gravel gravel—2

Musashino Loam Formation

Quaternary
Pleistocene

Loamy clay

Formation Hongo For-

mation
(sand & gravel)

Tokyo Formation {alfternation of sand and stiff clay) N¢
R U APPSR , |

Tokyo Gravel (sand:' and gravel) Ng

M e NN W ~+
|

{ Upper -lalternauon of gravel, sand and clay) NS

Edogawa Formation | Lower. (sand with gravel)

Tertiary
Pliocene

Kazusa Grovp (alternation of sand and mudstone) (Miura)

T
e Topographic surface (after Tokyo Institute of Civil Engineering 1969)
A~ Uncontormty

Kyuzyo(Palace)

50m - (Kwanto Loam) l Sumida River Edogawa River
Y. l Arakawa River

Pieistocone d.

Fi gure 9.4.3 Geol ogi c cross section.
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Figure 9.4.4 Secular trend of ground-water levels. Small circles indicate ground-water |evels
at the time of bore drilling near AZUVA-A and B (node 4)

Table 9.4.2 Anpbunts of ground-water wthdrawal in Tokyo.

Unit: 1000m?/day

Y
3Tl 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975

Area

23 wards| 1162 1017 805 732 679 674 747 550 324 283 195 128
Tama 353 480 536 594 626 765 953 891 853 861 818 790

Total | 1515 1497 1341 1326 1305 1439 1700 1441 1177 1144 1013 918

Data from Bureau of Environmental Protection, Tokyo Metropolitan Government

In association with the advancement of such a |local subsidence, several renarkable
phenonena occurred, such as "lift up" of masonry buildings and well punps and inundation by
rivers and sea tide

In order to nmake clear the general features of the subsidence, precise leveling along the
network of the leveling routes in Tokyo was started. It takes, however, considerable time to
carry out the leveling survey on the network, including all bench-marks in Tokyo. Therefore, the
| eveling survey has been repeated frequently on the network of bench-marks in the regi on where
the I and subsidence is greatest.

In the first stage of study of the subsidence, the leveling was repeated at irregular
intervals. Afterwards, it was thought to be inconvenient to work out vertical displacenents
based on the data of precise levels repeated at irregular intervals, since the amunts of the
subsi dence becane |arger and the rates of the subsidence were different from place to place.
Therefore, in the Koto region, i.e., the region east of the Sum da river, where the subsidence
was greatest, the leveling was repeated every two years, during the period from 1938 to 1946
Since then, |eveling has been repeated every year in this region.

First order |eveling and observations of the conpaction of soil layers and the ground-water
| evels by means of observation wells were also carried out. As of January, 1976, the area
Surveyed by |eveling extended to 900 kn?, using 632 bench-nmarks where the |evelings are made
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Figure 9.4.5 Amounts of ground-water withdrawal; A, by ward; B, by year.
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every year. The conpaction of soil |ayers and the changes of ground-water |evels are observed at
68 observation wells located at 34 sites (Figure 9.4.6). The water-level plots are dashed

Land subsi dence has occurred in the Koto district since around 1900 and in the eastern part
of the alluvial |ow and (Edogawa Ward) since 1920. On the other hand, in the Misashi no upl and,
| and subsi dence began to occur in the latter half of the 1950’s.

The maxi mum subsi dence in Tokyo is about 4.6 m and the maxinmum rate is 27 cmyr (Figure
9.4.7). The total subsiding area in Kwanto (Tokyo, Chaiba, Kanagawa, and Saitama) anmpunts to
2420 kn? and the area where the subsidence ampunts to nore than 10 cniyr is still about 100 kn?

In order to prevent or abate such a rate of subsidence, the punping of ground water was
restricted as stated above, and thus the rate has dropped year after year since 1972
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Figure 9.4.6 Secul ar changes of |and subsi dence and ground-water |evels in Tokyo
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Figure 9.4.7 Total subsidence in Tokyo from 1938 to 1975.

9.4.4 PARAMETERS

Soil tests were carried out on undisturbed core sanples. Consolidation tests were nade by
appl yi ng one-directional pressure. C. value ranged from 0.2 to 1.2 and has the tendency of
increasing with increasing water content. The M, value varies as foll ows:

Alluvial clay 2
Diluvial clay 2
Tertiary clay |

K: hydraulic conductivity

Tokyo Group2.1 x 102 cnisec
Kazusa G oupl.3 x 1072
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9.4.5 COUNTERVEASURES

In Tokyo, the local governnment legislated a Metropolitan G ound-Water Law, superposed on the
"I'ndustrial G ound-Water Law' and "Buil ding Ground-Water Law. " Moreover, they constructed di kes
for floods and high tides, punping installations for drainage, water-supply works for industry,
and pol der systens. The estimated cost for the counterneasures for the period 1957 through 1970
is about 225 mllion U S. dollars.

The regul ations for ground-water wi thdrawal are as follows:

1. Restrictions under the Industrial Water Law.
The restrictions are designed to reduce the ground-water withdrawals by
supplying substitute waters. The main restrictions are described chrono-
logically in the foll ow ng:

January 1961: A ban on drilling a new well in the southern part of the
alluvial low and (the Koto district).
July 1963: A ban on drilling a new well in the northern part of the

al luvial |ow and (the Johoku district).

June 1966: Punpi ng of ground water in the southern part of the alluvial
lowl and (the Koto district) was restricted.

Decenber 1971: Pumpi ng of ground water in the northern part of the
al luvial low and (the Johoku district) was restricted.

April 1975: Punpi ng of ground water in the eastern part of the alluvial
|l owl and (the Edogawa district ) was restricted.

2. Restrictions under the Law Controlling Punping of Gound Water for Use in
Bui | di ngs
The law ains at holding in check the punping of ground water for air con-
ditioning and other non-drinking purposes in nedium and highrise
bui | di ngs. The progress of restrictions under the law is descri bed chrono-
logically in the follow ng:

July 1963: A ban on the drilling of newwells in the alluvial |ow and.

July 1965 and July 1966: Restrictions on the punping of ground water in the
al luvi al | ow and.

May 1973: The restriction was extended to the whole area of the 23 wards,
and the control of ground-water w thdrawal s was strengthened.

3. Restrictions under the Tokyo Metropolitan Environmental Pollution Control
O di nance.
The ordinance restricted the drilling of new wells in areas not covered by
the two | aws mentioned above.

4. Suspension of drawing ground water containing natural gas
The Tokyo Metropolitan Governnent in Decenmber 1972 bought the mining rights
for water-soluble natural gas extracted in the neighborhood of the Ara
Ri ver estuary, and thereby suspended the punping of gas-water (3,000 M/
day) fromthe Kazusa G oup.

On the other hand, in the Tama district, the drilling of new wells
for industrial water and water for non-drinking purposes (for exanple, the
supply of bath water) is restricted under the Metropolitan O dinance nen-
tioned in (3) above, but with an increase in population in the district,
the demand for ground water clinbed from 350, 000 rT?/day in 1964 to sone

900, 000 M /day in 1971.

The repl acenment drinking water and building water are supplied fromthe R ver Tone through
the Musashi aqueduct and the industrial water is supplied fromthe Metropolitan industrial water
wor ks on the Tone which is provided by the construction of high dans on the upper part of this
river.
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Case History No. 9.5. Osaka, Japan, by Soki
Yamamoto, Rissho University, Tokyo, Japan

9.5.1 GECLOGY OF OSAKA

The Osaka basin surrounded by the Rokko and | koma Ranges is one of the typical Quaternary basins
in the Kinki Triangle. The Rokko el evation reaches nore than 900 min the highest part and the
si nki ng Osaka basin has been filled by the Pl ei stocene Osaka group and the | ater sedi ments which
are certainly over 600 min thickness in the central part of the basin. The horizon belonging to
the I ower Pleistocene which is the same one recognized at a depth of nore than 500 m by boring
in the OCsaka basin can be confirmed at the height of 500 min the Rokko Range. The anplitude of
the folding of the basenent represented by the Osaka basin and the Rokko Range is considered to
reach nore than 1,000 msince the early Pleistocene (Figure 9.5.1 and 9.5. 2).

Conpl ex thrust systenms have devel oped especially along the boundary zones between uplifts
and subsi dences. The beds older than the mddle Pleistocene are divided by thin tuff beds of
Mag, My, Ma,, --- , My, and have been strongly disturbed by faulting everywhere around the
Csaka basin. Terrace deposits have been confirmed to be displaced by faulting at nmany pl aces.
For example, the granite mass of Rokko has thrust up against the higher terrace deposit.

A wide terrace developed in the northern part of the GOsaka basin; it is naned the Itam
terrace, and is the lowest one in this area. The Itam gravels conposing this terrace surface
gently dip to the center of the Osaka basin. A radiocarbon age deternination nmade on a wood
fragment contained in the Itami clay which is overlain by the Itami gravels is 29,800+1,200
years B.P.

The distribution of the "Alluvial deposits" in Osaka has been revealed by boring and the
sonic Sparker survey. The deposits indicate the curvature of the surface of the basement and may
suggest the shape of basin-forming recent subsidence of the Osaka basin (Table 9.5.1).

9.5.2 HYDROLOGY AND SUBSIDENCE

The first layer below the ground surface is an alluvial layer except on the Uemachi upland
running south from the vicinity of Osaka Castle. The average thickness of this alluvial clay
layer is about 15 m. The thickness becomes greater as it approaches the coastal zone. Below the
Alluvium are very thick Diluvial deposits of Pleistocene age, which consist of alternations of
sand and clay layers. Both alluvium and diluvium layers form an excellent aquifer in this
district (Figure 9.5.3).

The ground water head was very high in the city until about 50 years ago. It is reported
that even flowing artesian wells could be seen at some parts of the city. With the development
of industry, however, the use of ground water gradually increased and land subsidence due to the
withdrawal of ground water began to appear. Before 1928, the land subsidence in the city was
very slight, being at a rate of 6-13 mm/yr. This slight subsidence is considered to be the
result of the natural movement of the earth crust and of the natural consolidation of the newly
deposited alluvial clay.

After that time, however, a remarkable increase in use of ground water caused an increase
in the rate of subsidence (Table 9.5-2).

Since that time, precise leveling for the wider part in the city has been carried out every
year by the Osaka Municipal office following the suggestion of M. Imamura. Besides the leveling,
the amount of consolidation of soil layer and the artesian heads of various aquifers (O.P.* -33
m, O.P. -62 m, O.P. -176 m) were observed by self-recording apparatus by K. Wadachi at Kujoh
Park in 1938. Figure 9.5.4 shows the total amount of subsidence of various bench marks in

* 0.P. (Osaka Peil) means the lowest low-water level observed in Osaka Port in 1885 and this
level is used as the standard datum in Osaka area.
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Figure 9.5.1 General geol ogi c map.
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Figure 9.5.2 Diagranmatic profile of the GCsaka basin (| kebe & Takenaka).

western Osaka and secul ar variation of the artesian head at the Kujoh well 176 m deep. As seen
in this figure, the rate of subsidence seens to be classified into four phases. In the first
period from 1935 to 1943 the |and subsidence was very rapid as the industry in the city
devel oped. In the second period from 1944 to 1951, |and subsidence was very slight or sometines
stopped. At that time, industrial activity was greatly depressed by the war di saster and the use
of ground water decreased. It began to increase again in the third period from 1952 to 1964
because of the remarkable increase of industrial water use. From 1964 to the present, it has
decreased because of the regulations against ground water use. The variation of ground water
head is alnpst simlar to that of |and subsi dence.

The artesian head and rate of subsidence are closely correlated at the Kujoh well. In spite
of some unconformty of peak years, however, the general features of the variation in the
artesian water head and in the rate of subsidence show a close correspondence and suggest a
causal connection between these phenonena. The period when | and subsi dence stopped corresponds
to the period of recovery of the ground water head (Figure 9.5.4).

The total subsidence during 34 years from 1935 to 1968 in Gsaka is shown by the isopleths in
Figure 9.5.5. In this figure, it can be noticed that the subsidence is larger nearer to the
coastal zone, and a zone of little subsidence is left in the upland in the m ddl e of Gsaka where
no al luvial covering exists. The subsidence area covers about 570 kn? at present, but is suc-
cessfully decreasing.

In spite of the success in preventing |land subsidence in Osaka City, the subsidence in
eastern and northern Osaka has increased remarkably during the recent few years. These regions
have been devel oped | ately and nmany factories which demand much ground water have been built.

9.5.3 PARAMETERS

The conpression index C. was obtained by the standard oedoneter test. The value varies fromO0.2
to -1.8 and is proportional to the liquid linmt w. The equation of the regression line is G =
0.017 (w - 37). The preconsolidation pressure varies from 2 to 50 (kg/cnﬁ. It increases
proportionally to the depth and is generally larger than the present effective overburden
pressure

9.5. 4 ECONOM C AND SCCI AL | MPACT

This can be seen fromFigure 9.5.6 easily. Total amounts of industrial products are presented in
yen deflated in econom c apprai sal of 1965.
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Table 9.5.1 Stratigraphic correlation of geology in Osaka.

o St1an dard . st v stig o raphy
div KINK] South KANTO
— -
gy '
S. Umeda formation b e o
o P’ Yurskucho £ ! Numa corat 6
gr-====-
" '
-3 mhaiadedededbsinbedadeadadadadndadd Tachikawa Loam 6
g8 L. Lmlenelom) 29 Tachibawa Temses | 27|
A a Musisivino loam
3 - o MushinoTerace, _ _ .
&~ Shimosueyoshi  Loam
§~ Middle Terrace (Uemachi) Shimosueyoshi f. : D: Narita f.
ig .................. _ Jdamaloam _ é: Semata f.
" . [} "
g2 | N Tometdm) . Bobugrunaf | E1  Yabuf.
g A~ Roklio movement (culminat.) AV Naganuma f. :z: Jirodo .
PR A T -t - L leecescenee e e - ——-—
w __an___ e Kasamori form, 180 m
F Matt— """ b Al aiebeiaininiateial
8 Mal-— Sy Chonan . 0m
& € ~—M29 —- & kot . 10m ]
8 2 B0 Kakinokidaif. 0m
3 §§ Mag e b m o —————— 4
1 [ t
2 Anuki i E o
a i ]
4 — . 'T_— " ;g L Kokumoto I.
" ra2 28 '
o Pkl mat 3 ' 350 m
« - a i bem T .. § 1
z o * > 3 e g1
- m § [ 1 e s - S, -
-
«© 2 | - ° 1
=9 « 3 . s
P ) o -y
:a-m- < i — ° oz Umegase (.
- ® < 5 ) 500 m
- < Yelow Hlo © - 2 : ]
o ¥ | y
» J < § “_J - < ’
- o Oden = - -
eo 2 QO =1 ., ’z Ué
= 1fs - A
] N
va [d @ _8
-5 T2 <
-
= O 2 : » Otadai formation
a ¥ e ! 600 m
: T " T E g “w
8 o | el
""" < z
]
v Z 5 ol <
- w3
4 ~] ° Kiwada formation
v ‘ :
-0 < o £ = 700 m
Tl Ee 3t
z
“ ] 5y | Sl 1y

9.5.5 COUNTERMEASURES W TH LEGAL REGULATI ON

Due to | and subsidence, the ground surface of a part of western Osaka has sunk bel ow sea |evel
and the city is exposed to the danger of floods caused by stormsurges in Osaka Bay. Subsi dence
areas bel ow high tide have extended to about 100 knf.

In 1934 a very large flood occurred, caused by the Muroto Typhoon, the biggest typhoon that
ever attacked Csaka. An area of about 49 kn? was flooded by the stormsurge of OP. + 4.20 m In
order to prevent further disasters, the dikes have been repaired and built nore satisfactorily.
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Figure 9.5.3 Geol ogic cross section of Osaka.
Tabl e 9.5.2. Change of ground water withdrawal in Osaka
Discharge amount Discharge amount Discharge amount
Year x 103 m3/year Year x 103 m3/year Year x 103 m3/year
1920 . 956 1956 65060 1963 94780
1930 6386 1957 93120 1964 79190
1940 18997 1958 110720 1965 56120
1945 19309 1959 130420 1966 34410
1953 30000 1960 144200 1967 15400
1954 37440 1961 130420 1968 4660
1955 57440 1962 123680 1974 42
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Figure 9.5.6 Land subsidence and industrial production in Osaka Prefecture. (Industrial
production is inflated to the value of 1965.)

Besi des these prevention works, the use of ground water has been gradually regulated in
accordance with the progress of the industrial water supply works for delivering surface water,
whi ch was pl anned as the substitute for ground water. In 1962, Gsaka City constructed industria
wat er supply works and in 1970, the Osaka prefectural governnent also constructed industria
wat er supply works introducing water from the River Yodo which started from Lake Biwa, the
bi ggest | ake in Japan.
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Figure 9.5.7 Regul ated areas agai nst use of ground water for industry.

Because of the regul ation against the use of ground water in Osaka City |and subsidence in
the city gradually decreased and has al nost stopped at present (Figures 9.5.7 and 9.5.8).

9.5.6 SELECTED REFERENCES
MURAYAMA, S. 1969. Land subsidence in Osaka, | ASH Pub. No. 88, p. 105-130

NAKAMACHI , H. 1977.Land subsidence in Osaka, Soil and Foundation, 25-6, p. 61-67.
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Case History No. 9.6. Nobi Plain, Japan, by Soki
Yamamoto, Rissho University, Tokyo, Japan

9. 6.1 TOPOGRAPHY AND GEOLOGY OF NOBI PLAIN

The Nobi Plain underlain by young sedinments is situated in the central part of Japan and is
about 1800 knf in area. This plain faces | se Bay, where the |Ibi, Nagara, Kiso, and Shonai rivers
di scharge, and is conmposed of alluvial fans, flood plains, deltaic plains, terraces, reclained
I ands, and filled-up ground (Figure 9.6.1).

The west-east profile of the southern part of this area is illustrated in Figure 9.6.2. The
basenment block in the Nobi Plain area bounded by the Yoro fault has tilted and is covered with
sedi nents di ppi ng westward. The depth of strata is about 2,000 mto the basenment rocks.

The subsurface stratigraphy of these sedinents in the plain has been explored on the basis
of borehole material obtained fromseveral thousands of water wells and test borings. The

NAGOYA

Mountain and Hill 2. Terrace
Al luvial Fan and Cone

Flood Plain 5. Deltaic Plain
Filled-up G ound

Recl ai med Land

No~wE

Figure 9.6.1 Topographic features of the Nobi Pl ain.
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Figure 9.6.2 West-east profile of the Nobi plain.

Table 9.6.1 The Subsurface Stratigraphy in the Nobi Plain

NANYO FORMATION (H) (Thickness)
HOLOCENE (loose upper sand bed and 10-60 m
{ very soft marine clay bed)
( NOBI FORMATION (N)
(alternation of sand and silt bed) 10-20 m
DAICHI GRAVEL BED (Gl) 10-30 m
ATSUTA FORMATION (D3)
(upper sand and clay beds and 10-100 m
unconsolidated lower marine clay bed) _
< DAINI GRAVEL BED (G2) 5-30 m
PLEISTOCENE AMA FORMATION GROUP
(alternations of semiconsolidated 30-100 m
sand, clay and gravel beds)
PRE-AMA FORMATION GROUPS
(alternations of semiconsolidated . 30-70 m
\ sand, clay and gravel beds)
TOKAT GROUP
PLIOCENE { (alternations of semiconsolidated 200~-1000 m
clay, sand and gravel beds)

MIOCENE SERTIES

PRE-TERTIARY BASEMENT ROCKS

geol ogi cal succession of these sedinments is shown in Table 9.6.1, and a geol ogic cross section
in Figure 9.6. 3.

The m ddle Pl eistocene and younger sedinents are conposed of an alternation of clay, sand
and gravel beds. Changes in sedimentary environnents and climtic fluctuations of these
sedi nents have been studied by neans of mcrofossil analyses of nunerous core sanples (Nobi
Pl ai n Quaternary Research Group, 1976).

Seni consol i dated fresh-water lacustrine clay beds and fluvial sand and gravel beds are
interbedded in the |ower horizon of the Pleistocene sedinments, the so-called Pre-Ama Formation
G oups. The Ama Formation Goup and the younger sedinments are conposed of alternations of
fluvial sand or gravel beds and unconsolidated marine clay beds, deposited under inner bay
conditions. Each of these marine clay beds shows a sedinmentary cycle from transgressive to
regressi ve phase, and represents a relatively warm period, interglacial epoch or interstadial.
In col der periods, the gravel beds have been deposited as either terrace or river-bed gravels
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Figure 9.6.3 Ceologic cross sectiopn of Nobi Pl ain.

in the valleys formed during the period of |ow sea level falling. The river-bed gravel deposited
in the bottomof the valleys during a maxi num stage of sea level falling reaches 20 mor nore in
thickness. The terrace gravel beds are generally thinner than the valley bottom gravel beds.
These two types of gravel beds are distributed under al nost the whole area of the Nobi Plain

Buri ed topography such as hills, terrace, and valleys formed in the process of sea-l|evel
lowering is depicted in the base contour map of these gravel beds. The buried topography and
types of gravel beds affect ground-water yield in this plain. The marine clay beds overlying the
gravel beds have attained nore than 30 min thickness in the valleys, and spread far and w de
under the plain area except for the alluvial fan area, where the clay beds thin out and grade

into sand or gravel beds (Figure 9.6.3).
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Figure 9.6.4 Subsidence of bench marks and wi t hdr awnal

of ground water

in the Nobi

Pl ai n.

Table 9.6.2 Wthdrawal of ground water in the Nobi Plain.

Year m/ day

1925 1638

1945 129088

1950 154040

1955 360301

1960 849338

1965 1552764

1970 3002128

1973 3514195

9. 6. 2 HYDROLOGY

In the alluvial

bed, the upper nenber of the Nanyo Formation, as nmuch as 15 mthick, contains unconfined ground
water which is recharged directly from precipitation and infiltration of irrigated water.
gravel beds, d, @&, and others interbedded in clay beds, are artesian aquifers and supply a

large quantity of ground water.
beds in nost of the Nobi
of ground wat er

tapped these gravel

The increasi ng withdrawal

fan area,
per neabl e sand and gravel

beds,

precipitation and surface water
and recharge ground water in the Nobi

Pl ai n.
in the Nobi

Before the punping was |argely devel oped,

9.6.3. The use for industry anpbunts to 60 per cent of the total.

Recent annual

wi t hdrawal s of ground water in the Nobi

Pl ai n equal

Pl ai n.

32 per cent of the annual

percol ate downward through these
A superficial

many flowing wells

Plain is shown in Tables 9.6.2 and

rainfall on this plain. This volune is nuch larger than the natural recharge of ground water.

In the 1920's, the piezonetric |levels of confined aquifers were above the ground surface in
nmost of this plain. In the 1940's, flowing wells were still observed in Ogaki, Kanie,
Kasugai districts. But since then, the piezonetric |levels have declined due to the increase in
the nunber of artesian wells.

198



Case History 9.6: Nobi Plain, Japan

Table 9.6.3 Use of ground water for each purpose in the Nobi Plain (1973).

Item Tot al I ndustry Bui | di ngs Wat er Supply Agriculture

W t hdr awal 3, 802, 293 2,290, 015 343, 025 477,028 692, 225

of Ground Vter

(P! day)

Per cent age 100 60 9 13 18
9.6.3 LAND SUBSI DENCE

The records of three bench marks depicted in Figure 9.6.4 show the evol ution of |and subsi dence
in this area. During the period from 1950 to 1973, the subsidence increased exponentially and
sone areas subsided nore than 20 cmin 1973.

Figure 9.6.5 shows a conparison between the areas subsiding nmore than 2 cmiyr from Feb.,
1961 to February, 1962, and from Novenber, 1972 to Novenber, 1973. This figure illustrates how
the subsiding area in this plain enlarged from 1961 to 1973.

The subsidence of this plain during about 15 years from February, 1961 to Novenber, 1975 is
shown in Figure 9.6.6. The southern part of Nagashima facing the |Ise Bay settled 147 cm during
these 15 years. The total subsiding area is 1140 knf (Environment Agency, Japan, 1976). By 1973,
363 kn? had becone |ower than the mean hi gh-sea level (1.1 m higher than the nmean sea |evel),
248 knf | ower than the mean sea | evel , and 37 knf | ower than the mean | owsea | evel (1. 4 mlower
than the mean sea | evel ). The area bel ow nean sea | evel enlarged from 186 knf in 1961 to 248 knf
in 1973.

Regul ati ons for w thdrawal of ground water in the Nobi Plain are as foll ows:

1. The Industrial Water Law (established in 1956)
The areas designated by the Industrial Water Law are supplied with
industrial water from surface sources instead of restriction on punping
of ground water. The regulations for these areas are shown in Table
9.6.4.

2. Regul ations by Odinance of Aichi Prefecture
Ai chi Regul ation Zone | (enforced on 30 Septenber 1974)
This regul ati on zone was deci ded considering the rate of subsidence
greater than 5 cmyear in 1972 and/or 1973. In this zone, a newy
bored well nust nmeet the follow ng conditions;

a. The depth of strainer should not be greater than 10 m

b. The inside area of discharge pipe should be less than 19
cnf.

C. The power of notor should be I ess than 2.2 kw

d Total discharge should be |ess than 350 n?/ day.

Concerning the wells that existed before the regulation, flow nmeters
were installed in themand the discharge records are reported to the
Prefectural office every year. Since the |st of January, 1976, the
wi t hdrawal of ground water fromexisting wells was restricted within
80 per cent of the discharge in the past (Figure 9.6.7).

Ai chi Regul ation Zones Il and Il (enforced on 1 April 1976)

The regulations for newWly bored wells and existing wells are the sane
as those for Zone |, except that for the existing wells in Zone 1|1,
the withdrawal fromthe |Ist of April, 1977 is going to be restricted
wi thin 80 per cent of the discharge in the past, and for the existing
wells in Zone Ill, the withdrawal in future is going to be restricted
wi thin the discharge in the past.

3. Regulations by Odinance of Me Prefecture (enforced on 1 April 1975)
The regul ations for newy bored wells and existing wells are the sane as
those explained for Aichi Regulation Zones Il and IIl, where Me
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Table 9.6.4 Regulations for the Areas Designated by the Industrial Water Law

Area Zone Al'l owed Depth of I nsi de Area of

(See Fig. 9.6.7) Strai ner Di scharge Pi pe
Sout hern Ny deeper than 80 m | ess than 46 cnf
I ndustri al deeper than 300 m greater than 46 cnf
Area of
Nagoya N, deeper than 90 m | ess than 46 cn?
desi gnat ed deeper than 180 m greater than 46 cnf
in 1960
I ndustri al deeper than 100 m l ess than 21 cn?f
Area of Y, deeper than 230 m from21 cnf to 46 cnf
Yokkai chi
desi gnat ed
in 1957 Y, deeper than 50 m | ess than 21 cnf
and 1963 deeper than 150 m from21 cnf to 46 cn?

Table 9.6.5 Dealing with existing wells in the case where the strainers are deeper than 10 m

i n Nagoya
Zone Wells for Buildings Wells for Industry
| Changed to use city water Change to the industria
since 16 Nov. 1975 wat er supply as soon as
possi bl e
Il Changed to use city water
since 16 Nov. 1976
111 I ncreasing withdrawal is forbidden
Regul ati on Zones | and Il correspond to Aichi Regulation Zones Il and

I, respectively.

4. Regulation by Ordinance of Nagoya City (enforced on 16 Novenber 1974)
According to the ordinance of Nagoya Cty, a new well can be allowed
only in the case where the strainer is not deeper than 10 m and the
inside area of discharge pipe is less than 19 cnf. Exi sting deep wells
are being treated as shown in Table 9.6.5. The regulation zones of
Nagoya City are overlapped by the regulation zones of Aichi Prefecture
Therefore, the withdrawal of ground water in Nagoya is controlled by
ordi nances of Nagoya City and Aichi Prefecture.

Figure 9.6.8 shows the subsidence of Nagashima during the recent ten years and pi ezonetric
levels of the Ist confined aquifer (G) and the 2nd confined aquifer (G) neasured at Matsunaka
observation well during the recent five years. The confined aquifers G and G, are |ocated at
depths between 40 mto 60 mand 100 mto 115 mrespectively at the observation site. Concerning
the piezonetric | evels, seasonal changes are superposed on total trends of ground water |evels
The seasonal drops of piezonetric |evels are caused by the increase of punpage for cooling and
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From Nov. 1972
Ia"\ to Nov. 1973
,”\\ \
- ! e
From Feb. 1961
to Feb. 1962

Figure 9.6.5 Enl argenent of the area subsiding nore than 2 cmyr.

HAGARA RIVER

s

Fi gure 9.6.6 Subsidence for 15 years from February 1961 to Novenber 1975 in the Nobi Plain.
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Figure 9.6.7 Restriction of withdrawal of ground water in the Nobi Plain.

irrigation in sumer. The piezonetric | evel of the deeper confined aquifer is |ower than the one
of the shall ower confined aquifer, because ground water of better quality is punped up in plenty
fromthe deep aquifer.

The piezonmetric levels of aquifers show, recovering trends since 1974. Reflecting this
favorable turn in the ground water situation, the subsiding area becane smaller and the rate of
subsi dence decr eased.

Mor eover, several rebounding areas appeared around the area having reduced subsidence. (See
Figure 9.6.9.)
9.6.4 PARAMVETERS
The conpression index C;, varies vertically and horizontally in clay |ayers and the values are

closely related to the sedinentary facies. The value is the largest in the mddle horizon of
finer materials. Lateral distribution of the nmean C. value cal culated by averaging vertical
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Fi gure 9. 6.8 Subsidence and ground water conditions at Nagashima during recent years

variations reflects the sedinmentary environment of the clay bed. It varies from0.3 to 0.8 from
the margin of this plain to the central

area. There is a good correlation between e, and C; which
can be expressed as foll ows:

C. =0.5 (e, - 0.5)
where e, is the natural void ratio of clay.
9.6.5 SELECTED REFERENCES

[ DA, K, SAZANAM, T., KUWAHARA, T., and K. UESH TA. 1977. Subsidence of the Nobi Plain, |AHS
Pub. No. 121, p. 47-54.

KUWAHARA, T., UESHI TA, K., and K [1I1DA 1977. Analysis of

| and subsidence in the Nobi Plain,
| AHS Pub. No. 121, p. 55-64.
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Case History No. 9.7. Niigata, Japan, by Soki
Yamamoto, Rissho University, Tokyo, Japan

9.7.1 TOPOGRAPHY AND CGEOLOGY

Niigata Plain is the |argest coastal plain along the Japan seacoast. It is bounded on the east
by mountains, on the south and west by hills and on the north by the Japan Sea, w th coastal
sand dunes. Through the center of this plain the R Shinano, the R Agano and their branches
flow down from south to north into the Japan Sea. Along these rivers, especially on down
reaches, there are many back marshes, swanps, and | akes (Figure 9.7.1.).

This area is a typical synclinal basin with deposits of Cenozoic age underlain by a
basenment conplex (Figure 9.7.2.). The subsurface geology of this area consists of Holocene,
Pl ei stocene and Neocene deposits. The stratigraphic correlation is as shown in Table 9.7. 1.

9.7.2 HYDRCOLOGY

It had been well known that there was abundant nethane gas in this area. The mmjor gas
reservoirs in the Niigata gas field belong to the Uonuma G oup of Pleistocene age which is
characterized by the alternation of clay, sand and gravel beds. Gas reservoirs, i.e., confined

aqui fers consisting of sand and gravel, are filled with brackish to saline water.

Large quantities of saline ground water containing dissolved gas are punped up fromwells
as nuch as 1000 netres deep, tapping relatively unconsolidated segments of the G, G, ....G
| ayers of Cenozoic age (Figure 9.7.3.). Shallow aquifer G is exploited for donmestic use, but
the others are exploited for industrial uses (Figures 9.7.4. and 9.7.5.). About 200 mllion
cubic nmetres of nethane was produced in 1958, 60 per cent of the methane gas production in
Japan.

The producing wells increased rapidly to 1959 near the nouth of the R Shinano al ong the
coast of the Japan Sea. Wth increase of the ampunt of ground-water withdrawal from gas wells,
the rapid lowering of the groundwater |evel was recognized. The perneability of the gas
reservoirs varies from50 to 200 millidarcys.

9.7.3 SUBSI DENCE

Al t hough no attention had been paid, about 1930 the I and subsidence in Niigata was indicated by
geol ogi sts as "Pseudo-sinking" of sea coast. Subsidence of the N igata area, especially the
harbor district, becane noticeable by 1955 (Figure 9.7.6.). Mst of the harbor area which
initially was only 1-2 m above nean sea | evel had been danaged by inundation fromthe sea.

The results of first-order leveling over this area were reexam ned and extraordinary
subsi dence was recogni zed. Anot her area of surface subsidence had occurred in the inland part of
the Niigata Plain, in the southern part of Nigata city. In 1959, the center of the subsidence
was | ocated near Shirone town, and the subsidence rate was about 14 cmin ten nonths. Based on
the data of conpaction neters, it was concluded that the conpaction was l|located in the zone
shal l ower than 120 m depth, which is correlated with the Holocene and younger Pl eistocene
deposits. As shown in Figure 9.7.7, about 10,000 wells producing natural gas for donestic use
are located in this area. The anpbunt of the ground-water withdrawal fromthese wells in 1960 was
esti mated to be approximately 60,000 n?/ day.

First-order 1level surveys have been made in Nigata and its vicinity by the Japan
Ceographical Survey Institute in 1898, 1930, 1951, 1955 and 1957, and leveling has been
conducted at 6-month intervals since 1957. (See Figure 2.2.) The subsidence of 20 cm at the
harbor nouth in 6 nonths indicates an annual rate of 40 cm By 1959, the annual rate had
increased to 54 cma year.

Long-term graphs of elevation change for five bench marks which are representative of the
subsi dence trend are shown in Figure 9.7.8. They show a sl ow subsidence of about one half a
centinetre per year from1898 to 1952 and a rapid accel eration since 1955. The cause of the slow
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Figure 9.7.1 Physiographic map of Niigata area.

subsi dence prior to 1952 has not been expl ained. Natural gas production, shown in Figures 9.7.4
and 9.7.5, began about 1947 and increased rapidly in the fifties. The volunme of gas-bearing
wat er punped reportedly has been about equal to the volume of gas recovered. Because of the
coincidence in tine and place of the increase in rate of subsidence and of fluid withdrawal, we
concl uded that the cause of the accel erated subsidence is the withdrawal of the water and gas.
This withdrawal has decreased the fluid pressure in the gas-bearing zones and has caused the
conpaction of sedinments.

The rate and distribution of conpaction in depth is being observed by neans of 12 nove
conpaction recording wells, installed in 1958-1959, and ranging in depth from20 to 1190 m When
the results obtained from these observation wells were analyzed, they showed a renarkable
contraction of the layer from 380 to 610 m depth. The subsiding area of Nigata districts is
about 430 knf.
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Figure 9.7.2 Diagranmatic cross section of Niigata.

9.7.4 PARAVETERS
M, I xI 072 - 5x1072 CMP/ kg
Cy I xl 0! - 1x10 ©  CcM/nmin.
9.7.5 LEGAL ASPECTS AND COUNTERVEASURES

Since 1960, control of ground-water w thdrawal has been undertaken by putting area "A"
conpl etely under the ban of gas production (Figure 9.7.9). They al so established area "B," where
extraction of gas fromshallower reservoirs than Gy is prohibited, and "C " where gas production
is permtted withinthe Iimt of the past production record. COver all this area, newdrilling is
pr ohi bi t ed.

Besi des | egal restrictions, hydrogeol ogists had carried on experinments of water injection
into gas reservoirs since 1966 or so. The injectivity index is usually less than a quarter of
the productivity index. After 1965, the gas conpany started to inject saline water into four
reservoirs (G.q1, G, Gs.1, G). The change of ground-water |evel and conpaction of these |ayers
has been observed in this area (Figures 9.7.10, 9.7.11, 9.7.12, and 9.7.13). Since 1973, all the
punped water, about 110,000 cubic metres per day, after gas separation, has been injected into
the gas reservoirs through injection wells, with no surface drainage.

The total estimated cost of counterneasures over the whole Niigata area is difficult to
estimate but the direct cost is estimated as $12 million for the period 1957 to 1974.

9.7.6 SELECTED REFERENCES
AOKI, S. 1977. Land subsidence in Niigata. | AHS Pub. No. 121, p. 629-634.
HOKURI KU AGRI CULTURAL BUREAU. 1965. Land subsidence of agricultural land in Nigata, pp. 1-485.

| SH WADA, Y. 1969. Experinments on water injection in the Niigata gas field. |IASH Pub. No. 88,
pp. 629-634.
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Table 9.7.1 Ceol ogi cal

correlation and gas reservoir.

HOLOCENE

o -
-

<J

o . . mE e e e e e e e e e e e e e

Peat, clay & sand alternation

. — —
- -— evfen wn e e

Clay-silt, Gravel, sand and silt |
Ge

Age |Division Lithology 'Ihicknes;
l Silt & clay alternation
__I[__ | _Silty clay —_ —_—
]I[ silt, clay and sand 120 - 160 m

PLEISTOCENE

(Uonuma - Kanbara)

upper

G2
Gs

Sand & gravel

middle

lower

et Mudstone
Gg sandstone & conglamerate

G¢ Mudstone,Conglomerate and sandstone

310 - 660 m

NFOGENE
Nishiyama | Hal zume

G¢- Conglamerate
Gg.z Conglomerate
G¢ Conglamerate

500 - 700 m

G+ Sandstone

Ge Sand & gravel
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Case History No. 9.8. Mexico., D. F., Mexico, by
German E. Figueroa Vega, Comision de Aguas del Valle
de México, Mexico, D., F.

9.8.1 GEALOGY

Mexico City is located in the southwestern portion of the Valley of Mxico. The general
geol ogi cal features of the zone are shown in Figure 9.8.1. in which it may be seen that the nost
anci ent outcrops, in the upper part of the western and northern ranges of the zone, are andesit-
ic and dacitic formations of the mddle Tertiary, overlain on their sl opes by volcanic and all u-
vial formations of the upper Tertiary and Quaternary (Comisién Hydrolégica de la Cuenca del
Valle de México, 1961b).
The southern range is almost completely covered by Quaternary basaltic emissions and the
flatter portion of the city is constituted by Quaternary lacustrine clays. These clays overlie
Quaternary clastics that constitute the aquifer whose overdraft has caused the subsidence. The
definition of the symbols which appear in Figure 9.8.1. is given in Table 9.8.1.
The clayey formation has a variable thickness from 0 to 50 m. with some intercalations of
fine sands and silts, void ratios up to 15 and water contents up to 650 per cent. As a
consequence, its shearing strength is very low and its compressibility very high.
The aquifer contains thick strata of gravel and sand of good permeability. Wells are
generally of high yield (180 to 360 m 3/hr or more) with specific capacities ranging between 18
and 36 m 3/hr/m and more.
The mechanical properties of Mexico city clays, especially their low shearing strength,
make it necessary to carry out special soil mechanics studies practically in all types of
foundations.
In general, foundations by continuous slabs are possible only in buildings with no more
than 4 or 5 stories. in any building higher than this, it is necessary to resort to the use of
compensated foundations which present difficulties due to stability problems in slopes and in
bottoms of excavations. An easier alternative is the use of friction or point piles. In this way
it has been possible to construct buildings up to 42 stories high.
Because of similar problems in the construction of sewage tunnels and their shafts, it has
been necessary to use shields and compressed air and, in some cases, very special construction
methods.
The Mexico City clays have been studied from a mineralogical standpoint by nuclear
spectrography, electronic microscopy, and interchange of cations and thermic differential
analysis to determine their composition. Their approximate composition is 80 per cent
montmorillonite and 15 per cent kaolinite, with some beidellite, illite, and halloysite. The
clayey materials are mixed with 2 to 20 per cent of the total weight of solids (mixtures of
sands and fossils) to which some investigators attribute the elastic properties of clays (Marsal
and Mazari, 1959).

9.8.2 HYDROLOGY

The portion of the valley which contains the City of Mexico has an area of approximately 958
km?. The annual precipitation ranges from 60 mm in the lower zone to 1300 mm in the higher zone,
with an average on the order of 890 mm per year.

The potential evaporation ranges between 1900 mm per year for the lower zone and 900 mm for
the higher zone, with an average of the order of 1300 mm.

The mean runoff of the period 1948-60, within the 958 km 2, including the urban area of the
city, was 20.5 per cent and in the nonurbanized area (238 km 2), 14.6 per cent (Comision
Hydroldgica de la Cuenca del Valle de México, 1963).

Figure 9.8.2, which shows a north-south stratigraphic profile of the city, and Figure
9.8.3, which shows an east-west stratigraphic profile (Marsal and Mazari, 1959), allow us to
appreciate that the permeable outcrops are in the slopes of the mountains. This is why those
zones are the main recharge areas of the aquifer under exploitation. In spite of this,
infiltration may occur in the clayey zone as happens in the northern part of the city which has
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Tabl e 9.8.1 Ceol ogi cal synbols and units

Qal Al luvials, lacustrine and clastic deposits
(@] Interstratification of lavas and tuffs
(@] Ash cones Quat ernary basal t-andesite
Qad Andesite | ava dones vol cani c series
Qa Andesite | ava
(0]] Interstratification of |avas and basalt tuffs Quat ernary Chichi nautzin
Qchbc Ash cones vol cani c series
Qn Nuees ardents, peleans, |ahars,
Qv Fl uvi al congl orer ates, pum ce horizons, soils Quat ernary Upper Tarango
and tuffs formation
Tpt Nuees ardents of ashlar stone type, punice
hori zons, soils and tuffs Tertiary Lower Tarango
Tpel El uvi al deposits formation
TpV Undi fferentiated vol cani c rocks Tepozotl| an
range andesite. Guadal upe range dacites.
Range deposits. Tertiary vol cani c rocks
Tpa Aj usco andesite
Tpcr Andesite series of the Cruces range.
Tonx Undi fferentiated vol canic series of the

Xonchi t epec range.

a simlar stratigraphy. Here there is a solar evaporator for the industrial exploitation of
brines. Water renmains all year on the surface and it has been determ ned by careful bal ances
that the yearly infiltration loss is 20 cm As it is estimated that in the city the fresh water
loss in the net | eakage is alnbst 30 per cent, there may be a local infiltration on the order of
2 n?ls or nore
It is rather difficult to estimate the historical developnent of |ocal punpage because
even now, no flow neasurenents are nade in nost of the wells

Taking into consideration the existent fractional information and the reported popul ation
at different dates, it has been estimated that the extraction, which began around 1850, is
presently on the order of 12 ni/s. The approxi mate devel opnent is shown in Table 9.8.2 (Figueroa
Vega, 1973a and 1977).

In regard to deep piezonetric developnments, there are simlar problens, since their
det ai | ed neasurenent has been nmade only during the last 10 years. Notwi thstandi ng, fromexistent
data in the Well Register it has been possible to reconstruct partially the evolution as shown
in Figures 9.8.4 and 9.8.5. Evolutions prior to 1948 may be estimated only by the fact that,
according to old local drillers, many wells within the Lake zone of the city were still flow ng
wells at the beginning of this century. The water table has remained nearly constant 1 to 2 m
bel ow the | and surface throughout the period of ground-water devel opnent.

9.8.3 LAND SUBSI DENCE

The subsi dence of Mexico City is one of the nmobst remarkable cases in all the world.

The phenomenon, which began during the past century, was discovered casually as a result of
a pol em c about the subsidence of the gates of San Lazaro, at the begi nning of the main sewage
channel of the city.

In February 1925, Roberto Gayol, author of the project of the sewage net of the city and
director of its construction, denonstrated before the Association of Engineers and Architects of
Mexico that the problem was just the result of the general subsidence of the bottom of the
vall ey, presenting as evidence two precision |levelings, nade in 1877 and 1924, of a nonunent
| ocated near the Cathedral (Gayol, 1925). Gayol attributed the phenonenon to the effect of the
recently built drai nage system

219



Guidebook to studies of land subsidence due to ground-water withdrawal

N
g ok
< & =3 z
u&z 5 %Ef §
og @ oz o
<> g e >
s 5 = S
a® ox
7007 Jl A *Hx“J’& rTra e i e ST
4 """T_;‘_/‘;//////////-/7/7/7/7/7/7 /—7///////~ 7

o A W T

fi 7 AL

W _go """’-"'.':'Tr-ﬂ//h/t/-/'/-}7.—72/7

=z

z

o

I-

<

& -1o

o |

wl

-120

N-S PROFILE

[s] | 2 3 q £
s ™ iy S
KILOMETERS

[ [ SILT R
V1A JSAND /////\COMPACT CLAY

Figure 9.8.2 North-south geological profile (after Marsal and Mazari, 1959).

In spite of the inportance of the discovery, 23 years elapsed before Nabor Carrillo
denonstrated that the main cause of the subsidence was the extraction of ground-water by wells
for municipal use (Carrillo, 1948).

Carrillo, using a profile consisting of an aquifer overlain by clayey strata and assum ng a
lineal distribution within the clays for the neutral pressures at the begi nning and end of the
process of consolidation, found the evolution of neutral pressures in the aquifer, corresponding
to a constant subsidence velocity of the surface of the clay (Carrillo, 1948).

After that, other investigators continued devel oping these ideas (Marsal, Hriart, and
Sandoval , 1951). By collecting all the available information regarding precision |evelings and
mechani cal properties of the local clays, they reconstructed the history of the subsidence and
made a first prediction about its probable future total magnitude, as shown in Figure 9.8.6
(Marsal, 1952).

At the sane time, bench marks and piezometric stations were installed for the observation
of subsidence and the evolution of the neutral pressures at different depths. I n accordance
with the consolidation theory, the neutral pressures are directly related with the phenonenon,
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Table 9.8.2. Orders of magnitude of ground water punpage in Mexico City.

Punpi ng Rate
Year (nm8/s)

1860
1910
1930
1940
1950
1960
1970
1974
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since their reduction causes a load transfer to the soil structure, with its consequent
reduction of volune and resulting subsidence of its surface.

As for the nechanical properties of the clays in the city, a huge quantity of information
has been collected, giving rise to a statistical presentation of the existing data and to a
stratigraphic zoning of the city, which may be seen in Figure 9.8.7 (Marsal and Mazari, 1959).

Here, in the presence of three main zones, may be noticed: the H lls Zone, |ocated over
tuffs of low conpressibility, the Transition Zone, and the Lake Zone, | ocated over clays of high
conpressibility.

In 1954 the Hydrol ogical Conmission of the Valley of Mexico, which is now the Wter
Conmi ssion of the Valley of Mexico, took charge of the observation of the subsidence, adopting
for this the already established practices. Since then nobre piezonetric stations have been
installed, and new precision |levellings performed, as well as other observations to be nmentioned
later in this paper.

The data relative to the above have been published previously (Comision Hydroldgica de la
Cuenca del Valle de México, Boletin de Mecéanica de Suelos Num. 1, 1953; 2, 1958; 3, 1961a; 4,

1965; 5, 1967; 6, 1970; and 7, 1975).

Accordingly, the subsidence of Mexico City has been known since 1891 for the old part of the
city and since 1952 for the total city area.

For the purposes of the present paper, some other figures have been selected (Figures 9.8.8
through 9.8.11) showing, for the old part of the city, the subsidence during the periods
1891-1952, 1952-1973, and 1891-1973, and for all the city during the period 1952-1973. In the
same way, Figure 9.8.12 shows the observed subsidence through time of several selected points.

On the other hand, Tables 9.8.3 and 9.8.4 show the mean velocity of subsidence in the old
part of the city and in the total area for different periods. The general evolution of
subsidence in Mexico City can be visualized through the maps, graphs, and tables included
herein. It may be seen that at some places it has almost reached 9 metres. Figure 9.8.12 shows
the general trend of subsidence, which has evolved as an inverted "S" of asymptotic nature, with
a remarkable diminution in recent years.

In addition to the subsidence, superficial cracks have been observed in two zones: along
Paseo de la Reforma and a parallel street, within the clayey zone, and in the northwestern part
of the City, in the tuffaceous zone. Those of the first zone have brought about the demolition
of several houses and a part of a school and also caused serious damage to the abutments of a
recently built bridge. The latter are even more impressive.

The subsidence of the city has also been noticed through the protrusion of well casings.

Table 9.8.5 shows a comparison between observed protrusions and measured subsidences in several
wells.

It has been shown by correlation studies that for the period 1970 - 1973, approximately 75
per cent of the total subsidence was due to consolidation of the clayey strata and the remaining
25 per cent to the compression of the materials of the deep strata that constitute the aquifer.

There is no doubt about the main cause of Mexico City's subsidence: the overdraft of the
aquifer. As a rough estimate the weight of the buildings contribute only 10 to 15 per cent of
the total subsidence.

Since 1972 a digital model has been developed to simulate the subsidence of Mexico City.

The central idea is to reduce the system of partial differential equations which represent the
behavior of the coupled system aquifer-consolidating strata to an integrodifferential equation
for the aquifer alone, including the inputs by consolidation through a convolution or memory
term (Figueroa Vega, 1973b and 1977).

Some preliminary results show that the simulation is possible, within the limitations
imposed by the employed simplifications.

The model is presently in its calibration stage, which has been impaired because data
pertaining to the aquifer are relatively scarce (Figueroa Vega, 1977).

9.8.4 ECONOMIC AND SOCIAL IMPACT OF SUBSIDENCE

It is difficult to estimate the economic and social impact of the subsidence of Mexico City.
Among the main resulting damages are those to buildings, sidewalks, and pavements, not to
mention the continuous dislocation of the freshwater and sewage nets.

On the other hand, the sewage of the city, which originally drained by gravity, has been
eliminated by pumping since the flood which occurred during 1951.
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Figure 9.8.8 Subsidence (Old City), 1891-1952 (after Comision Hidrol6gica de la Cuenca del
Valle de México, 1953).

The constant danger of new floods in case of an electric system failure, conpelled the
city authorities to build a Deep Sewage System with a capacity of 200 n¥/s and a length on the
order of 60 km Conplenentary collectors are presently under construction.

The total cost of the project would have been nuch less, if it had been possible to
elimnate the sewage by gravity. On the other hand, the overexploitation and the consequent
ground-wat er declines have rai sed the cost of ground-water extraction, and the | oss of water due
to dislocation of the distribution net has been estinmated up to 15 nv/s.

Because of above-nentioned factors, the subsidence of Mexico Gty could conceivably be nore
expensive than bringing water from other watersheds to avoid the overexploitation of the |ocal
aqui fer.

227



Guidebook to studies of land subsidence due to ground-water withdrawal

--e'—:"—'—" —.e'\OO “0)
r\ LE-‘"ComJL : ~. :\
I /—\‘mnr — . e'? ’
!§°Mz L —— g

| g )

0 200 600 1000

Numerical values in meters METERS

Figure 9.8.9 Subsidence (Old City), 1952-1973 (after Comision de Aguas del Valle de México,
1975).

9.8.5 LEGAL ASPECTS

Froma | egal standpoint, the ground water in Mexico belongs to the nation and for this reason no
I egal action is taken against its overexploitation. As a result, social costs originating from
overdraft are nornmally covered through taxation and water rates.

9.8.6 MEASURES TAKEN TO CONTROL OR AMELI ORATE SUBSI DENCE

Soon after the floods of 1951, the City authorities began bringing water from ot her sources
out side the Basin and nmanaged to keep the |local extraction constant for many years, as shown in
Table 9.8.2. The effect of this may be appreciated in the final portion of the curves of Figure
9.8.12.

The accelerated growh of the city in the | ast years, which has been an average on the order
of 5 per cent annually, has made it necessary to increase slightly the local extractions, as
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Fi gure 9.8.10 Subsidence (Old City), 1891-1973 (after Comisién de Aguas del Valle de México,
1975).

shown in the sane table. Nevertheless, large projects to bring water from other watersheds are
now under way in order to satisfy the future demands and, if possible, to be able to dimnish
the |l ocal extraction in order to solve the subsidence problem Additionally, the construction of
sewage treatnent plants for industrial use is now under way and recirculation of water in
industries is being nmade nandatory in order to shut down sone of the wells enployed by the
i ndustries, as these consune al most 30 per cent of the water used by the city. It is estimted
that in the near future the substitution of treated sewage water for ground water for industrial
use could be of the order of 5 to 7 n¥/s.

The effect of these neasures w |l undoubtedly reduce or cancel the subsidence of the City
of Mexico. The schedule for this depends now on political decisions and on availability of
funds.
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Table 9.8.3 Mexico City subsidence (ol der part) (from Figueroa Vega, 1977, Table 2).

Tot al subsi dence Aver age
From- to (m (myear)
1891 - 1938 2.12 0. 045
1938 - 1948 0.76 0. 076
1948 - 1950 0. 88 0. 440
1950 - 1951 0. 46 0. 460
1951 - 1952 0. 15 0. 150
1952 - 1953 0. 26 0. 260
1953 - 1957 0. 68 0.170
1957 - 1959 0.24 0.120
1959 - 1963 0.22 0. 055
1963 - 1966 0.21 0. 070
1966 - 1970 0. 28 0. 070
1970 - 1973 0.17 0. 051

Table 9.8.4 Mexico City subsidence (total area) (from Figueroa Vega, 1977, Table 3).

Tot al Subsi dence Aver age
From- to (m (myear)
1952 - 1959 1.014 0. 140
1959 - 1963 0. 440 0.110
1963 - 1966 0. 254 0. 080
1966 - 1970 0. 260 0. 065
1970 - 1973 0.203 0. 059

Table 9.8.5 Wel|l casings protrusion (from Fi gueroa Vega, 1977, Table 4).

Protrusion Subsi dence
1970 - 1973 1970 - 1973
vel | (m (m
San Juan de Aragon Campamento 0.304 0.440
Czda. Guadalupe 0.130 0.172
Sta. Isabel Tola 0.259 0.320
Monumento de la Revolucion Frontdn México0.179 0.200
Jardin de los Angeles No. 2 0.076 0.145
Insurgentes Norte 1407 0.199 0.283
Penitenciaria Jardin 0.233 -
GoOmez Farias No. 61 0.113 0.140
Monumento de la Revolucion Procuraduria0.323 -
Jardin de los Angeles No. 3 0.100 0.145
Jardin de los Angeles No. 1 0.146 0.150
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Case History No. 9.9. The Wairakel Geothermal Field,
New Zealand, by Paul F. Bixley, Ministry of Works and
Development, Wairakei, New Zealand

9.9.1 | NTRODUCTI ON

The Wairakei geothernal area is located 8 km north of Lake Taupo in the center of the North
Island of New Zealand (Figure 9.9.1). Ceothermal investigations at Wairakei began in 1950 and
cul minated with the comm ssioning of the first stage of the power station in 1958 and the second
stage in 1964 bringing the installed capacity to 192 M. Steamis supplied to the power station
by 64 wells, npst of which produce a steamwater mxture at the wellhead. The nmixture is
separated, the steam piped to the power station and waste water dunped into the Waikato River.
The 64 production wells cover an area of 2 knf referred to in this paper as the "production
field."

The first indication of ground novenent came in 1956 when di screpancies were found in the
| evel s of several benchmarks since the previous survey in 1950 (Hatton, 1970). One benchmark had
subsided 76 nm A levelling network was established and gradually expanded until by 1971, the
nost recent conprehensive survey, the area of subsiding ground was found to exceed 30 kn?.
Wthin this area were two zones of relatively rapid subsidence; one imediately north of the
eastern production field and the other at Karapiti, a region of natural thermal activity about 3
km south of the production field. Econonmic interest has centered on the zone of rapid subsidence
nort heast of the production field, as steam mains to the power house, and channels carrying
separated water pass across this zone. Benchmarks in this zone are levelled to third order
standards annually (third order accuracy is within 12 mmJ/km, where kmis kilometres of I|ine
traversed).

9.9.2 GEALOGY

The geol ogy of the Wiirakei geothernmal field has been discussed in detail by Gindley (1965).
The production field is underlain by a near flat sequence of acid vol canics, consisting of six
basic units down to 1.2 km (nmost wells are drilled to 600-1200 m one well is drilled to 2.5
km). These units are: Recent Pumi ce, Wiirakei Breccia, Huka Falls Formation, Haparangi Rhyolite,
Wai ora Formation and Wairakei lgninbrites. Alnpst all production cones fromw thin the Waiora
Formati on where active faults have been intercepted by drillholes (Gindley, 1965). There is
al so evidence for a perneable zone in the Waiora Breccia just above the Wiirakei Igninbrite
contact (Bolton, 1970).

WAI RAKEI | GNI MBRI TES: Hard wel ded ash flow tuff, thickness 950 min the
single hole penetrating this formation.

WAl ORA FORMATI ON: Pumi ce sandstone, pumice breccia and thin (up to 70 n
igninbrite sheets. Total thickness 400 min the western section of the
production field, thickening rapidly to the east to greater than 750 m

HAPARANG RHYOLITE: An extensive rhyolite sill, intruded into the Wiora
Formation to the west of the production area. Maxi mumthi ckness 450 m

HUKA FALLS FORMATI ON: Bedded nudstone and tuffaceous sandstone; thickness
60-220 m

WAl RAKEI BRECCI A: Chal azoidite and vitric tuff conformably overlying the
Huka Falls Formation; differentiated from the Huka Falls Formation by
the incom ng of chal azoi dites. Maxi mumthickness 170 m

RECENT PUM CE: Superficial deposits up to 30 mthick, consisting of allu-
vium derived fromthe dissection of underlying formati ons together with
ash and pumce/lapilli shower material.

The rel ationship between these units is shown on the cross section ABC (Figure 9.9.2).
The age of the above sequence ranges from |lower-md Pleistocene for the Wairakei Ignim
brites to possibly as young as 20,000 years BP for the Wairakei Breccia (Browne, 1973).
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Figure 9.9.1 Land subsidence 1956 to 1971, of Wirakei-Tauhara geot hermal areas, New Zeal and.
Li nes of equal subsidence in millimetres per year. Reservoir boundaries are taken
as the estimated 2000 tenperature contour at the production level, based on
surface resistivity measurenents and downhol e tenperature profiles.

The Haparangi Rhyolite at Wairakei is considered tentatively to be an intrusive rhyolite of late
Huka age (Gindley 1965).

9.9.83 STRUCTURE

The Wairakei production field is located on a structural high situated between the najor Taupo-
Reporoa Basin to the east and a series of smaller block and basin structures to the west.
Structure is largely controlled by a series of normal faults which strike northeast, parallel to
the trend of the Taupo Vol canic Zone. Most of these faults are still active.
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Figure 9.9.2 Coss section ABC through Wiirakei geothermal reservoir showi ng geol ogical
structure. Vertical scale twi ce the horizontal scale.

9.9. 4 ROCK PROPERTI ES

Cores taken frominvestigation wells drilled into the hot water reservoir at Wirakei have been
extensively tested for wet and dry bulk densities, particle density and porosity.

In 1975 Terra Tek Inc. conducted a series of conmprehensive tests on selected cores from
Wai rakei for Systens Science and Software Inc. (Pritchett, 1977). Cores used for these tests had
remai ned drying in the core shed for ten years before testing. Bulk density and particle density
nmeasurenments agreed with those previously done on fresh cores. Results of these tests are
t abul ated bel ow

Table 9.9.1. Properties for \Wirakei Hot Water Reservoir Rocks. Densities are tonnes/m and
ef fective porosity per cent by vol une.

Bul k density Effective Grain
Formati on wet dry porosity density
Surface Pum ce 1.88 1.39 49 2.71
Huka Falls Formation 1.99 1.59 40 2.70
Wi ora Fornmation 2.02 1.64 39 2.72
Wairakei Igninbrite 2. 36 2.22 14 2.69

The linear coefficient of expansion for the Wiiora Formation was found to be 8.2 x 108 mm°C
and the dry specific heat 0.71 to 0.75 J/g°C. Thermal conductivity increased with increasing
stratigraphic depth of the formation: neasured values (saturated) were: Surface Pumice 1.03,
Huka Falls Formation 1.28, Waiora Formation 1.56, and Wairakei Igninbrite 2.11 W nfc.
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9.9.5 HYDRCOLOGY

The production field covers an area of 2 knf but this is only part of a nuch larger reservoir
as shown on Figure 9.9.1. Down to depths explored by drilling (1.2 km and one well to 2.5 km
the Waiora Formation, a heterogeneous nixture of acid volcanic pyroclastics, vitric tuffs

sedinents, and a rhyolite sill, forns the aquifer system from which geothermal fluids are
withdrawn. A hot water reservoir (over 200°C) covering an area of 11 kn? has been delineated by
drilling and geophysical exploration

At Wi rakei 100 wells have been conpleted in the production area, 16 deep exploration wells
in the hot water reservoir outside the production area and four deep and two shallower wells
conpleted in the "cold" area outside the hot water reservoir.

Exploratory wells drilled outside the hot water reservoir have shown that there are
hydr ol ogi cal connections between these "cold" wells and the hot water reservoir. Wll 223, a
"cold" well 5 km west of the production area, reacts alnpbst inmmediately to changes in drawoff
rate in the production field (Bolton, 1970). Bolton used the steep pressure gradi ents between
cold wells and the hot water reservoir as evidence for sonme kind of |ow perneability barrier
bet ween the hot water reservoir and the surrounding cold water, down to depths of at |least 1 km

The Wairakei hot water reservoir is connected hydrologically to another hot water reservoir
of about the same size located 8 kmto the SE at Tauhara (Figure 9.9.1). This reservoir has not
been expl oi t ed.

The intensive pattern of active, northeast-striking faults through the Wirakei reservoir
is the magjor control on fluid flow These faults penetrate the Huka Falls Formation "caprock"
al | owi ng the escape of hot fluids to feed natural thernmal features, and when pressure conditions
are suitable they may allow cold water fromthe surface water table to penetrate the hot water
system The faults also provide channels for vertical inflow of hot water into the aquifer
system frombelow. Wthin the hot water filled aquifer systemfaults allow rapid propagation of
pressure changes

Thus the hot water aquifer systemat Wairakei is unconfined, in that the "caprock" is pene-
trated by active faults and the same faults provide channels for inflow of hot water into the
system from below. In addition, although there seemto be inperneable barriers around the hot
wat er systens down to depths of at least 1 km the cold wells located outside the hot water
reservoir are affected by pressure change within the reservoir.

9.9.6 H STCRI C DEVELOPMENT OF MASS W THDRAWAL

The withdrawal history from the Wairakei reservoir is shown in Figure 9.9.3. Qutput from the
"western"” wells includes all investigation wells |ocated outside the production field and wel
204 which blew out in 1960 and continued to discharge uncontrolled until 1973 when discharge
ceased. Heat wthdrawal from the production field is currently 1570 MN and natural heat
di scharge is of the order of 400 MV (both relative to 12°C) - Current mass w thdrawal rate is
about 5500 t/h.

9.9.7 CHANGE OF PRESSURE | N THE AQUI FER SYSTEM

Aver age pressures at 152 m bel ow sea level in the production field are plotted on Figure 9.9.3
Pressure changes due to wi thdrawal of mass and heat are discussed in detail by Bolton (1970) and
Pritchett (1977). Bolton pointed out that the behavior of the Wairakei reservoir is primarily
governed by the saturation pressure-tenperature relation for water. Hydrostatic pressures
t hroughout the reservoir have followed the trends shown on Figure 9.9.3. However, in the upper
parts of the aquifer system below the production field a zone filled with saturated steam has
devel oped. Pressure drop in this zone depends on changes in steamtenperature

9.9.8 LAND SUBSI DENCE

Surveys show an area of over 30 knf is subsiding at more than 10 nmyear (Figure 9.9.1). Wthin
this area are two smaller zones each of about 1 kn? which have subsided conparatively rapidly.
The zone at Karapiti, 3 kmsouth of the production field, was the nost rapidly subsiding part of
the survey network until about 1963, when the subsidence rate decreased to the sanme rate as for
the surrounding ground surface. Subsidence at bench mark AA77 within this zone is plotted on
Figure 9.9. 4.
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Figure 9.9.3 Wiirakei hot water reservoir: mass w thdrawal and aquifer pressure, 1952-1976.
(Pre-1962 pressures after Bolton, 1970.)

About 1960 the subsidence rate at bench mark A97 began to increase and over the next few
years the zone of rapid subsidence imediately north of the eastern production field shown on
Figure 9.9.5 was delineated. Subsi dence at bench mark A97 in this zone is shown on Figure
9.9.4. Subsidence of A97 between 1971 and 76 continued at 135 miyear conpared with 138 mm year
between 1966 and 71 as shown on Figure 9.9.4. Econonmic interest centres on this zone of
subsi dence as both the steam and waste water channels from the production field cross the
subsi di ng basin. Bench marks in this zone are surveyed annually to third order standards.

Subsi dence at bench marks AA8, at Tauhara, and AAl5 to the west of the Wirakei production
field are al so shown on Figure 9.9.4.

9.9.9 HORI ZONTAL MOVENMENT

The network whi ch has been set up to neasure horizontal novenment at \Wairakei has been descri bed
by Stilwell (1975), and Hatton (1970) showed t he cal cul ated and neasured hori zontal strain al ong
the steam mai ns due to subsidence. The horizontal control network was re-surveyed in 1977 and
vector directions shown by Stilwell were confirmed. Vector novenent is generally toward the
center of subsidence. Annual horizontal novenent between 1968 and 77 was about 110 nmlyear at a
radi us of 250 mfromthe centre of subsidence, decreasing to about 15 mm year at 750 m radi us.

9.9.10 CAUSE OF SUBSI DENCE

Subsi dence in the area shown on Figure 9.9.5 nust be related to the w thdrawal of geothernal
fluids. However, the nore wi despread subsidence as shown on Figure 9.9.1, although probably
related to the underground hot water system nmmy be the result of natural events rather than
wi t hdrawal of fluids in the production area. Browne (1973) pointed out that at the Broadl ands
geothermal area (20 km NE of Wiirakei) a natural rate of subsidence of 3.6 nmlyear may have been
occurring for the | ast 3400 years. Wthdrawal of fluid at Wairakei has resulted in a nunber of
continuing changes. The nobst significant of these is the overall lowering of hydrostatic
pressures in the aquifer and the creation of a steam zone in the upper part of the aquifer in
the production field. Computer nodelling by Pritchett (1977) suggests that the gradual |owering
of tenperatures in this zone of saturated steam has been a mmjor factor in controlling the
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Figure 9.9.4 Subsidence at selected bench marks. For | ocations see Figure 9.9.1. Benchnark
A97 first surveyed 1950, AA8 and AAl5 1956, and A77 1959

| ocati on and magni tude of subsidence. MNabb (1977) has suggested that pressure changes in the
aqui fer allowing cool surface water to penetrate fissures in the "caprock"” and cool thick
sections of underlying formations could account for the observed subsidence

It is probable that the observed subsidence is the result of falling hydrostatic pressure
in the deeper part of the aquifer system falling steam pressure in the upper part of the
aqui fer and possibly the intrusion of cold water fromthe surface water table into the aquifer
system There has been no evidence of subsidence causing casing protrusion. Mst casing strings
are cenented into the Huka Falls Formation, thus the formation causing subsidence nust |ie bel ow
t he Huka "caprock."

Hatton and Stilwell drew a correlation between the thickness of the producing aquifer
(Wai ora Formation) and the amount of subsidence.

9.9.11 ECONOM C | MPACT OF SUBSI DENCE

The major structures affected by subsidence are the steampipelines fromthe production field to
the power house and the channels carrying separated geothermal water to waste. Differential
subsi dence has had no observed effect either on the power house or on ancillary buildings around
the production field.

Both horizontal and vertical novenent have occurred along the steam nmains route. Mxinmum
novenment is near bench mark A97 (Figure 9.9.5), where horizontal novenent is about 75 nmiyear
and vertical novenent 130 miyear. As the steam mains cross the edge of the subsiding basin,
different sections are put in tension and conpression (Hatton, 1970). Mpvenent is acconmmobdated
to some extent by expansion |oops which were built into the pipelines to allow for thernal

238



Case History 9.9: The Wairakei Geothermal Field, New Zealand

AREA OF MAXIMUM
MASS WITHDRAWAL

o Production wells.
NOTE: Contour values are mm/year.

500 0 500 1000 - METRES
[ = s =,

Figure 9.9.5 Subsidence rate in Wairakei production field, 1964-74. Redrawn from Figure 1, in
Stilwell, Hall, and Tawhai, 1975, "G ound Mvenent in New Zeal and GCeot herna
Fields," in Proceedings of Second U N Synposium on the Devel opnent and Use of
Geot hermal Resources: San Franci sco, May 1975.

expansi on. When these | oops reach the limt of the travel, sections are either added or renoved
fromthe pipeline to restore the loops to their proper operating positions.

The waste water channels have a special sliding joint to allow novenent between different
sections of the reinforced concrete lining.

No neasures are taken to control the rate or |ocation of subsidence. Instead, the anount of
subsidence and its effects are closely nonitored in areas of econonmic interest and renedial
action taken when installations are endangered.
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Table 9.10.1 Aquifer characteristics

Coefficient of

Aqui fer Location of tested well transmissibility Perneability Storage coefficient
[ nf/ hr] [ m hr
Bangkok Bang Pun 160 3.40 1.00 x 1074
Phra Pradaeng Pom Phra 110 3.74 -
Chun Navy Base
Phra Pradaeng 70 2.38 -
Wat Phai Ngoen 120 2.38 1.00 x 1074
Nakhon Luang Wat Phai Ngoen 65 2.21 1.00 x 1074
Lum Phi ni  Park 100 3. 40 2.00 x 10°%
Pak Kret 110 2.55 -
Bang Bua 125 3.45 2.2 x 1074
Dept. of M neral
Resour ces 50 2.65 2.60 x 1074

Tabl e 9.10.2. Ground water punpage for public water supply in Bangkok!

Year Punping rate Year Punmpi ng rate
(?/ day) (P! day)
1965 84, 314 1971 331, 966
1966 199, 170 1972 318, 276
1967 316, 963 1973 362, 738
1968 342,963 1974 370, 032
1969 310, 027 1975 350, 000
1970 307, 540 1976 345, 000

"Source of data: Bangkok Metropolitan Water Works Authority.

a

240



Case History No. 9. 10. Bangkok, Thailand, compiled by
Soki Yamamoto, Rissho University, Tokyo, Japan

9.10.1 GECLOG C FORVATI ONS AND GROUND WATER

The Lower Central Plain, approximately 120 kil onetres in width and 200 kilonmetres in | ength, was
originally formed by the accumul ation of clastic sedinments nore than 2,000 netres thick in the
fault/flexure depression since Tertiary tinme (Figure 9.10.1).

The ground surface of Bangkok is entirely underlain by blue to gray marine clay up to 30
nmetres thick, known as the Bangkok Clay. The upper 15 metres of the Bangkok C ay, generally
call ed the Bangkok Soft Clay, is very soft and highly conpressible. The | ower part, referred to
as the Bangkok Stiff Clay, which is rather stiff and |ess conpressible, extends to an average
depth of 25-30 netres. The water in these clays is very saline and salty.

The wat er-bearing formati ons of Bangkok consist mainly of sands and gravels with minor clay
Il enses. They are similar in occurrence and conposition but can be zoned according to the
geoel ectrical properties (Figure 9.10.2) into 8 principal artesian aquifers, separated by thick
confining clay or sandy clay |ayers; nanely:

Bangkok Aquifer (50 m zone), Sam Khok Aquifer (300 m zone),
Phra Pradaeng Aqui fer (100 m zone), Phaya Thai Aquifer (350 m zone),
Nakhon Luang Aqui fer (150 m zone), Thon Buri Aquifer (450 m zone),
Nont haburi Aqui fer (200 m zone), Pak Nam Aqui fer (550 m zone).

Aqui fer characteristics of three aquifers are listed in Table 9.10.1. These aquifers
generally extend the full width and length of the Plain. Mdst wells in Bangkok penetrate the
second, third and fourth aquifers because they are highly productive, with a Coefficient of
Transnissibility of 40-130 nfhr (150, 000-250, 000 gal |l ons per day per foot), and yield water of
relatively excellent quality. The first aquifer, imrediately beneath the Bangkok C ay, gives
saline water whereas the fifth and sixth aquifers are not popular due to their greater depths
and water of inferior quality. The seventh and the eighth have been proved to yield fresh water
but have been tapped by only few wells. The sedinments at depths from 650 nmetres to the
nmet anor phi ¢ basenment rocks at about 2,000-3,000 netres have been indicated by electric wel
logging to yield brackish to saline water. In the northern part of the Lower Central Plain,
however, fresh ground water could be obtained fromthe first aquifer

G ound water has been exploited for donmestic supply in Bangkok for the past six or seven
decades, but heavy utilization began in 1957 when the surface water for donestic and industria
use could not nmeet denmand. For many years, about one third of the total public water supply in
Bangkok has cone fromthe aquifers (Table 9.10.2.).

It is estimated that the present total punpage for domestic and industrial use is as high as
700, 000 n?/day. This punping rate exceeds the safe yield and brings about an acute problem of
water |evel decline. At an early stage of devel opnent, the water |evel was about at the ground
surface but it gradually fell until cones of depression developed in nmany areas. In 1958-1959
the water level in the center of Bangkok was about 8-9 netres fromthe ground surface while that
in the suburbs was 4.5-6 netres. Since 1967 a renarkable change of water |evel could be
observed. During 1968-1969 the depth to water | evel in heavily punped area was 22-25 netres, and
10-12 metres in the suburbs. At present the general depth to water level is 30 nmetres while that
at the center of the cone of depression is in excess of 33 nmetres (Figure 9.10.3). The annua
rate of decline in the water level is nowas high as 3-4 netres for the 100-netre, 150-netre and
200-netre aquifers. In the 50-nmetre aquifer the water level is also falling about 1 metre a year
due to the interception of recharging water at the northern part of the Plain. The consequences
of heavy punpage are not only the over-draft of aquifers but also the salt water encroachment
into the southern part of the Bangkok Metropolis and the possibility of |and subsidence.
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Figure 9.10.1 Hydrogeologic map of the Lower Central Plain of Thailand (after Piancharoen,
1977, Figure 1).

9.10.2 PROBLEM5S COF LAND SUBSI DENCE

There is no serious damage due to |and subsidence in Bangkok at the present tinme although
flooding in localized areas is believed to be a result of a reduction in the altitude of the
ground surface. However, the possibility of land subsidence due to the effect of deep well
punpi ng has been spoken of by soil scientists for many years but no definite scientific proofs
could be issued. No systematic investigation or observation leading to a reliable quantitative
expressi on of subsidence behavi or has been nade to date.
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9.10.3 I NVESTI GATI ON  PROGRAMS

Since the tests and acconpanying evidence are far from conclusive, the problem of |and
subsi dence and whether Bangkok is sinking is still debatable. Mny geol ogi sts and hydrol ogi sts
believe that the present deep well punpage, nostly below 150 netres, has no effect on I|and
subsi dence, and if there is any subsidence external |oads are to blanme. Local flooding is also
believed to be due to poor drainage in Bangkok. Three projects are now being submtted for
consi deration; nanely, the leveling in the Bangkok Metropolitan Area for the investigation of
I and subsidence, the investigation of |and subsidence caused by deep well punping, and the
devel opnent and managenent studi es of ground water resources in the Bangkok area. These prograns

wll
mllion U S dollars.*

be interrelated and ai ned for conpletion within four years with a tota

budget of about 1.5

9.10.4 SELECTED REFERENCES

Pl ANCHARCEN, C. 1977. Gound water and |and subsidence in Bangkok, Thailand. |AHS. Pub. No
121, pp. 355-364.

Pl ANCHARCEN, C., and C. CHUAMIHATSONG. 1978. Ground water of Bangkok Metropolis, Thailand. |AH
Meroire, Vol. Xl (Budapest), pp. 510-528

* According to Dr.
of water-well
Sept enber 1978).

Prinya Nutal aya of the Asian Institute of Technol ogy,
casi ngs has been noted
Thi s woul d suggest the begi nnings of sedi nent conpaction and | and subsi dence.

progressi ve protrusion

n Bangkok (oral conmunication to Joseph F. Poland,
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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 nmmde 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 opnment 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 sinmlar to that of 10
active areas of sinkhole devel oprment in Al abanma that have been exam ned by the author. Factors
related to the devel opment 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 opnent 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 abang,
generally exceeds 1,270 mm annually. Part of the water runs off directly into streans, part
repl eni shes soil nmoisture 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 nobves 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 conmng 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 beconmes 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 primarily 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 conforns sonewhat to that of the overlying
topography but is influenced by geologic structure, wthdrawal 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). Qpenings in
bedrock underlying lower parts of the basin are water filled. This condition is maintained 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 nmovenent 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 nobst 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
enlarged 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 withdrawal of ground water. The formation of sinkholes in
both areas resulted fromthe creation and col | apse of cavities in unconsolidated deposits caused
by the declines (Newton and Hyde, 1971; Newton and others, 1973). The grow h of one such cavity
i n Bi rm ngham has been phot ographed t hrough a small adj oi ni ng opening (Newton, 1976).

Previous 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 same 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 denpnstrate forces that result in the developnent 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 loss 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 fornmed by the downward mgration, of the
unconsol i dat ed 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 novenent 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 sedinents results in the creation of cavities that enlarge and
eventual |y col | apse (Johnston, 1933; Robinson and others, 1953).

AIR-FILLED OPENING
I 117
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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 subtracti on 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 abama, have been observed and phot ographed through a
smal| 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) commonly 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 | arge because of the runoff noving 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 nmaintained 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 nducement 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 opment 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 | 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 novenent 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 npre than 4,000 induced sinkholes, areas of subsidence, or other related
features have occurred in Al abama since 1900. Mbdst 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 opnent. Nunerous col |l apses in these areas contrast sharply with their |ack
of occurrence in adjacent geologically and hydrologically simlar areas where wthdrawals of
water are mnimal. For exanple, in five areas exam ned 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 forned in a total conbined area of about 36 knf.

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 comonly exceeds 22 I/s. Mst 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 Alabama in areas in which large quantities of ground
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water are being withdrawn generally range from1l to 90 min diameter and fromO0.3 to 30 min
depth. The largest, located in a wooded area in Shel by County, apparently occurred in a matter
of seconds in Decermber 1972. The collapse was about 90 min diameter 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 maintenance 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 estimated to have exceeded $250,000 (L. Lockell, ora
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 measures is well illustrated by the damage to a warehouse in 1973
(Figure 9.11.4) that resulted froma collapse adjacent to Interstate Hi ghway 59 in Birm 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

I deal |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). Mst efforts in Al abama have been directed toward measures m nini zing
si nkhol e devel opnent and elimnating potential hazards and danmage to structures rather than
dealing with the cause. The measures 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 flumes and other
i nper neabl e drai nage systens.
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Case History No. 9.12. The Houston-Galveston Region,
Texas, U.SA., by R. K. Gabrysch, U.S. Geological
Survey, Houston, Texas

9.12.1 | NTRCDUCTI ON

The Houston- Gal veston regi on of Texas, as described in this report, includes all of Harris and
Gal veston Counties and parts of Brazoria, Fort Bend, Waller, Montgonery, Liberty, and Chanbers
Counties (Figure 9.12.1). Land-surface subsidence has becone critical in parts of the region
because sonme | ow|ying areas al ong Gal veston Bay are subject to inundation by nornmal tides, and
an even larger part of the region may be subject to catastrophic flooding by hurricane tides.
Hurricanes resulting in tides of 3.0-4.6 netres above sea |level strike the Texas coast on the
average of once every 10 years.

Land-surface subsidence due to fluid withdrawals was first docunented in the Goose Creek
oil fieldin Harris County (Pratt and Johnson, 1926). Since then, nunerous reports on subsi dence
in the Houston-Galveston region have attributed subsidence to the compaction of fine-grained
mat eri al associated with the oil- and water-bearing sands. The nore recent reports (Wnslow and
Doyel, 1954; Wnsl ow and Wod, 1959; Gabrysch, 1969; and Gabrysch and Bonnet, 1975a) present
data and interpretations of regional subsidence and its relation to the w thdrawals of ground
water for nmunicipal supply, industrial use, and irrigation. The authors of these reports
recogni zed that subsi dence due to the renmoval of oil and gas has occurred in the region, but the
data are not sufficient to describe in detail the l|ocalized areas of occurrence.

9.12.2 GEOLOGY AND HYDROLOGY OF THE HOUSTON- GALVESTON REGQ ON

The aquifers in the Houston-Gal veston region are conposed of sand and clay beds that are not
persistent in either lithology or thickness. The beds grade into each other both laterally and
vertically within short distances; consequently, differentiation of geological formations on
drillers’ logs and electrical logs is al nbst inpossible. However, by use of both the logs and
the hydraulic properties of the aquifers, the subsurface units have been divided into three
maj or aquifer systenms and one confining system (Jorgensen, 1975).

The age of the geol ogical formations conposing the aquifers and the confining |ayer ranges
from Mocene to Hol ocene. The deepest aquifer containing freshwater is the Jasper aquifer of
M ocene age, which is separated from the overlying Evangeline and Chicot aquifers by the
Burkeville confining layer. The two principal aquifer systens of the region are the Chicot
aqui fer of Pleistocene age and the Evangeline aquifer of Pliocene age. The Burkeville confining
| ayer is probably part of the Flem ng Formation of M ocene age

The aquifers are under artesian conditions throughout nobst of the region, but little
information on the hydraulic properties of the Jasper aquifer is available because it is
undevel oped. Reports of test holes in the Jasper (W F. CGuyton, oral conmun., 1977) indicate
that the hydraulic head in the Jasper is above |and surface, which probably approxi mates the
original conditions. It is assumed that with no change in head, conpaction of the deposits in
the Jasper system has not occurred; therefore, the discussion of subsidence in this report wll
be restricted to a discussion of the Evangeline and Chicot aquifer systens.

The Evangel i ne aquifer systemis conposed of the Goliad Sand and possi bly the upper part of
the Fl eming Formation. The system contains sands that yield freshwater of good quality in about
the inland two-thirds of the region. The transmissivity of the aquifer systemranges from | ess
than 460nf/d to about 1,400 nfd. The hori zontal hydraul ic conductivity is about 4.57 netres per
day, and the storage coefficient ranges from about 0.00005 to nore than 0. 001

The Chicot aquifer system is conposed of the WIlis Sand, Bentley Formation, Montgonery
Formation, Beaunmont Clay, and the Quaternary alluvium and includes the deposits from the | and
surface to the top of the Evangeline aquifer. The transmissivity of the Chicot aquifer ranges
from O to about 1,858 nf/d. The horizontal hydraulic conductivity is about tw ce that of the
Evangel i ne aquifer, and the storage coefficient ranges from 0.00004 to 0.20. The | arger val ues
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EXPLANATION
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Figure 9.12.1 Locations of principal areas of ground-water w thdrawals and average rates of
punping in 1972

of the storage coefficient occur in the northern part of the region where the aquifer crops out
and is partly under water-table conditions.

Both the Evangeline and the Chicot aquifer systens contain nany |ayers of clay interbedded
with the water-bearing sands. The clay beds are generally less than 6 netres thick, but locally
they retard the vertical novenent of water. Every sand bed, therefore, has a different hydraulic
head. Data from cores of the clay beds were obtained at six sites for evaluation of subsidence
in the Houston-Galveston region. The mneral conposition of 27 sanples fromb5 sites were also
deternmi ned (Gabrysch and Bonnet, 1975b and unpublished data). Montnorillonite is the principa

m neral constituent of the clay beds, which also contain smaller anobunts of illite, chlorite,
and kaolinite.
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9.12.3 DEVELOPMENT OF GROUND WATER

Devel opment of ground water in the Houston-Gal veston region for municipal supply and irrigation
began in the 1890's. Gound-water wthdrawals increased gradually to about 4.4 M/s (cubic
nmetres per second) with population growmh, increased irrigation, and industrial use until the
late 1930's. Construction of the large industrial conplex in the region began in 1937, and by
1954 ground-wat er punping had increased to about 18 mi/s.

G ound-wat er punpi ng decreased to about 14 n¥/s by 1959 because of the introduction of a
supply of surface water in 1954 from nearby Lake Houston on the San Jacinto River. By 1962,
ground-wat er pumping was again at a rate of about 18 n¥/s.

Pumping of ground water for nunicipal supply, industrial wuse, and irrigation was
approxi mately 46 per cent, 33 per cent, and 21 per cent, respectively, of the total of 23 n?/s
punped in 1972. The principal areas of punping and the average daily rates of punping in 1972 in
each area are shown on Figure 9.12.1. Punping in 1975 for all uses was 22 n¥/s.

The punping of larger anpbunts of ground water has resulted in water-1Ilevel declines during
1943-73 of as much as 61 nmetres in wells conpleted in the Chicot aquifer and as nmuch as 99
netres in wells completed in the Evangeline aquifer (Figures 9.12.2 and 9.12.3). The maxi mum
average annual rate of water-level decline for 1943-73 was 2.0 netres in the Chicot aquifer and
3.3 metres in the Evangeline aquifer. During 1964-73, the maxi rumrate of decline was 3.0 netres
inthe Chicot and 5.4 netres in the Evangeli ne.

9.12.4 SUBSI DENCE COF THE LAND SURFACE

The area of the greatest anobunt of subsidence coincides with the area of the greatest amount of
artesi an-pressure decline, which is east-southeast of Houston at Pasadena. Figure 9.12.4 shows
that as much as 2.3 netres of subsidence occurred at Pasadena between 1943 and 1973. It shoul d
be noted, however, that within the entire region of subsidence, nore than one center occurs.
These areas are indicated by the closed contours on Figure 9.12. 4.

Sone of the centers of subsidence nmay be associated with the punping of oil and gas and sone
may be associated with the punping of ground water. Additional conplications in analyzing the
causes and areal distribution of subsidence result fromthe varying thicknesses of individua
beds of fine-grained material, the varying total thickness of fine-grained material, the
vertical distribution of changes in artesian head, and the relation of conpressibility to depth
of burial. An exanple of the effects of conpressibility and depth of burial occurs in the
southern part of Harris County where about 55 per cent of the subsidence is due to conmpaction in
the Chicot aquifer, which conmposes only the upper one-fourth of the estimated conpacting
interval

Figure 9.12.5 shows subsidence for 1964-73. The maxi num anpbunt of subsidence during this
peri od was about 1.1 netres. The indicated maxi num average rate for the 9-year period is about
0.12 netre per year as conpared to the maxi mum average rate of 0.08 netre per year for the 30
year period 1943-73. During the last part of the 1943-73 period, the rate of subsidence
accel erated, and the area of subsidence increased. The area in which subsidence is 0.3 netre or
nore increased from about 906 square kilonetres in 1954 to about 6,475 square kilometres in
1973.

The maps showi ng the ampunts of subsidence (Figures 9.12.4 through 9.12-6) were constructed
fromdata obtained fromthe | eveling programof the National Geodetic Survey (fornmerly the U S
Coast and CGeodetic Survey) suppl enented by data obtained fromlocal industries. Sonme subsidence
occurred before 1943, but the anpbunt is difficult to determ ne. However, an approximation of the
amount and extent of the subsidence that occurred between 1906 and 1943 is shown on Figure
9.12.6. By 1943, four centers of subsidence were apparent. The centers at Pasadena, Baytown, and
Texas City were the result of ground-water punping; and the center in the Goose Creek oil field
resulted fromthe production of oil, gas, and saltwater

Because of the nature of deposition of the aquifer systems, each sand bed has a different
hydraulic head, and each clay layer is under a different anpbunt of stress. The water-|eve
declines shown by Figures 9.12.2 and 9.12.3 are the nmaxi num declines that have occurred in each
of the aquifers. Water-level neasurenents indicate that the water table is approximately at its
original position (about 2 to 6 metres below | and surface). Piezoneters installed at different
depths at each of eight sites are used to define the potentionetric profiles. The differences
bet ween the neasurenments in the piezoneters and the original potentionetric surfaces define the
stress profile. As an exanple, at a site in the Pasadena area, the depths to water bel ow | and
surface in January 1978 were as foll ows:
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Figure 9.12.2 Approximate declines of water levels in wells conpleted in the Chicot aquifer,

1943-73
Pi ezoneter depth (netres) Depth to water (metres)

10 1.85

30 4.31

119 45.21

221 100. 31

284 102. 74
403 100. 44

552 93. 20

828 47. 28

The potentionetric surface in each of the two aquifer systens was 15 to 30 netres above |and
surface before large wthdrawal s began
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Figure 9.12.3 Approximate declines of water levels in wells conpleted in the Evangeline
aqui fer, 1943-73

The conpressibility of the aquifer systemhas been estimated at two | ocations. At Seabr ook,
it is assumed that no conpaction due to ground-water punping occurred bel ow a depth of about 610
nmetres. Above 610 netres, the sedinments include about 243.5 netres of fine-grained material, and
the average stress applied to the systemduring 1943-73 was estinmated to be a change in head of
38.6 nmetres of water. Subsidence during 1943-73 was 0.91 netre; therefore, the compressibility
of the fine-grained materials was determ ned to be

0.91 m(243.5 m) (38.6) = 9.7 x 10 °m1L.

At Texas City, it is assuned that no conpaction due to ground-water punping occurred bel ow
a depth of 506 netres. Above 506 netres, the sedinments include about 151.5 netres of fine-
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grained material, and the average stress applied to the system during 1964-73 was estinmated to
be a change in head of 5.7 netres of water. Subsidence during 1964-73 was 0.18 nmetre; therefore,
the conpressibility of the fine-grained material was determ ned to be

0.18/(151.5 m (5.7 m) = 2.1 x 10 *m L

The wei ghted average conpressibility as determ ned by | aboratory consolidation tests of 15
cores from three sites was 3.2 x 10 *m! Because the sedinents were still undergoing
conpression, the conpressibilities determ ned at the Seabrook and Texas City sites are mni num
esti mates of specific storage.

It has been suggested by sone investigators that, in addition to inundation of |and by
tidal waters, sone if not all of the nunmerous existing faults in the Houston-Gal veston region
are reactivated by man-caused | and-surface subsidence. Attenpts have been nade to relate the
fault activity to subsidence, but because of a | ack of data the relationships are not clear.

In 1977, a network of neasurenent stations, about 0.6 kilonetre apart, were established
along a line about 70 kilonetres long fromthe approximate center of subsidence westward al ong
U S. Highway 90 to the Harris County boundary. In addition, closely spaced narks for horizonta
and vertical control will be established at three active faults. The purpose of this network is
to neasure horizontal strain associated with subsidence and to relate this strain to novenent
al ong the fault planes.

It has also been hypothesized (Kreitler, 1977) that the numerous faults act as partial
barriers to ground-water flow and therefore control or "conpartnentalize" subsidence; however,
the data on artesian-pressure fluctuations in the area do not support this hypothesis.

Most of the damage resulting from subsidence is related to the |lowering of I|and-surface
elevations in the vicinity of Galveston Bay and the subsequent inundation by tidal waters.
Several roadways have been rebuilt at higher elevations; ferry |andings have been rebuilt; and
| evees have been constructed to reclai mor protect sonme areas. The cost of the danages resulting
from subsi dence have been estimated in some areas, but conprehensive studies for the entire
region have not been made. Jones and Larson (1975, table 5) estimated the annual cost of
subsi dence during 1969-74 to be $31, 705,040 in 2,448 square kil onetres of the area nbst severely
af fected by subsidence. In their estimate of costs, Jones and Larson attributed fault-caused
structural damage to man-caused subsi dence.

One outstanding exanple of both the social and econonic inpacts of subsidence is in the
Br ownwood subdi vi si on on the west side of Baytown. The area of the subdivision has subsi ded nore
than 2.4 netres since 1915, and sone hones in the subdivision are permanently flooded by water
from the bay. The U S. Arny Corps of Engineers has recommended that the entire subdivision,
consi sting of 448 hones occupi ed by 1,550 residents, be purchased by the Federal Governnment and
the inhabitants be relocated at a cost of about $40 million.

9.12.5 FUTURE SUBSI DENCE I N THE REG ON

Ground-wat er punping in the Houston-Gal veston region increased at a rate of about 6 per cent per
year before about 1967. Since then, ground-water punping has been at an alnpbst stable rate
possi bly because of recirculation of cooling water by industry and increased use of surface
water from Lake Houston. As a result, the rate of decline in water |evels has decreased
significantly in many parts of the region since the early 1970's. Records from borehol e ex-
tensoneters (conpaction nonitors) indicate a decreased rate of subsidence at seven sites scat-
tered throughout the region. The decrease in the rate of subsidence, which began about Septenber
1976, strongly suggests a reflection of the decreased rate of water-level decline

Water from a new source, Lake Livingston on the Trinity River, about 97 kil onetres east of
Houston has becone available recently; and voluntary commitnents to purchase this water have
been nmade by all major industries using ground water in the southern half of Harris County. As a
result, ground-water punping wll decrease by about 3.1 n/s in the area of maxinum artesian-
pressure decline and subsidence. An anal og-nodel study of the effects of the decreased punping
suggests a maxi mum water-level recovery of about 30 netres in the center of the bow of
subsi dence. Data are not sufficient to deternmine the head recovery necessary to stop subsi dence
but the rate of subsidence is expected to decrease substantially. By June 1977, the increased
use of surface water had caused a decrease in ground-water punping of about 0.8 m¥/s. Locally,
the recovery in artesian head has been as nuch as 18 netres.

The Harris-Gal veston Coastal Subsidence District was created by the Texas Legislature in
1975 to "provide for the regulation of the w thdrawal of ground water within the boundaries of
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the District for the purpose of ending subsi dence which contributes to or precipitates fl oodi ng,
i nundation, or overflow of any area within the District, including without limtation rising
waters resulting from storns or hurricanes." The District plans to nonitor the stress-strain
relationships with additional conpaction nonitors and piezoneters designed for installation
prior to the expected voluntary decrease in ground-water punping. The data collected will be the
basis for controlling punping by the issuance of well pernmts.

The constitutionality of the subsidence district has been tested in a Texas District Court
in a suit titled Sammy Beckendorf, et al., versus the Harris-Galveston Coastal Subsidence
District. The District prevail ed, but Beckendorf, et al., have appealed the ruling of the court.
QO her lawsuits against the District have been filed but have not cone to trial. Two other
|l awsuits (Smth-Southwest Industries, et al., versus Friendswood Devel opnent Conpany, et al.;
and EE R Brown, et al., versus Exxon Company, U S. A, et al.), whereby the plaintiffs seek to
establish bl anme and recover damages from subsi dence, have not come to trial.
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Case History No. 9.13. San Joaquin Valley, California,
U.S.A., by Joseph F. Poland, U.S. Geological Survey,
Sacramento, California, and Ben E. Lofgren, Woodward-
Clyde Consultants, San Francisco, California

9.13.1 | NTRCDUCTI ON

The principal areas of |and subsidence due to ground-water withdrawal in California are in the
San Joaquin Valley and the Santa Clara Valley (Figure 9.13.1). A case history for the Santa
Clara Valley is included el sewhere in this publication. In the San Joaquin Valley, subsidence
due to ground-water w thdrawal occurs in three areas--the Los Banos-Kettleman City area on the
central west side, the Tul are-Wasco area on the sout heast border, and the Arvin-Maricopa area at
the south end (Figure 9.13.1).

Since 1956, the U. S. Geological Survey has carried on two investigative programmes in the
San Joaquin Valley. One, a study of l|and subsidence, was carried on in cooperation with the
California Departnent of WAter Resources. The other, a federally financed research project on
the nmechani cs of aquifer systenms, had two mmjor goals: to determne the principles controlling
the deformati on of aquifer systens in response to change in grain-to-grain load, and to ap-
prai se the change in storage characteristics as the systens conmpact under increased effective
stress. During the 20 years of research under these two projects, many of the causes and ef-
fects of |and subsi dence have been docunented. Sixteen of the principal reports have been pub-
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Figure 9.13.1 Areas of |land subsidence in California due to ground-water w thdrawal
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lished as professional papers of the GCeological Survey, the subsidence reports in the
Pr of essi onal Paper 437 series, and the nmechanics of aquifer systens papers in the Professiona
Paper 497 Series. The follow ng case history concerni ng subsidence in the San Joaquin Valley is
taken chiefly fromthe summary report by Poland, Lofgren, Ireland, and Pugh (U S. Geol. Survey
Prof. Paper 437-H, 1975). Mre detailed information is available in published reports on the
three areas.

9.13.2 GEALOGY

The San Joaquin Valley includes the southern two-thirds of the Central Valley, an area of 26, 000
knmf. It is a broad structural downwarp bordered on the east by the granitic conplex of the
Sierra Nevada and on the west by the conplexly folded and faulted Coast Ranges. The top of the
basement conplex of the Sierra Nevada block dips gently westward beneath the valley. Late
Cenozoi c continental deposits formthe floor of the valley and attain maxi numthi ckness of 5, 000
m near the south edge.

The continental deposits are chiefly of fluvial origin but contain several extensive
i nterbeds of lacustrine origin. The fluvial deposits consist of lenticular bodies of sand and
gravel, sand, and silt deposited in stream channels, and sheetlike bodies of silt and clay laid
down on flood plains by slow noving overfl ow wat ers.

Al ong the east side of the valley the sedinments deposited by the major streans issuing from
the Sierra Nevada--from the Merced River south to the Kings River--have formed a series of
coal escing alluvial fans, characterized by a mass of coarse perneabl e deposits, |argely tongues
and | enses of sand and gravel, that extend to and beyond the topographic trough of the valley.

In nmore than half of the San Joaquin Valley area that lies south of Los Banos, the deposits
containing freshwater can be divided into: (1) an upper unit of clay, silt, sand, and grave
chiefly alluvial-fan and flood-plain deposits of heterogeneous character, (2) a mddle unit
consisting of a relatively inperneabl e diatomceous |acustrine clay; and (3) a |lower unit of
clay, silt, sand, and some gravel, in part lacustrine deposits, that extends down to the beds
containing saline water. The upper and mddle units are Pleistocene age; the lower unit is of
Pl ei stocene and Pliocene age. Together, these three units approximately constitute the Tul are
Formation. The middle unit is the Corcoran Cay Menber of the Tulare Formation (Mller, Green,
and Davis, 1971).

9.13.3 HYDROLOGY

The continental freshwater-bearing deposits can be subdivided into two principal hydrologic
units. The upper unit, a semconfined aquifer systemwith a water table, also terned the "upper
wat er - beari ng zone," extends fromthe Iand surface to the top of the Corcoran Clay Menber at a
depth ranging fromO to 275 mbel ow the | and surface. The lower unit, a confined aquifer system
also terned the "lower water-bearing zone," extends from the base of the Corcoran Cay Menber
down to the saline water body. The thickness of this confined systemranges from60 to nore than
600 m The Corcoran O ay Menber, which ranges in thickness fromO to 40 m is the principal
confining bed beneath at |east 13,000 knf of the San Joaquin Valley. The dotted line in Figure
9.13.2 defines the general extent of this principal confining bed in the valley. South of
Bakersfield the confining bed has been designated the E clay by Croft (1972).

Yearly extraction of ground water for irrigation in the San Joaquin Valley increased slowy
from 2,500 hm? in the middle 1920's to 3,700 hm? in 1940. Then, during Wirld War Il and the
following two decades, the rate of extraction increased nore than threefold to furnish
irrigation water to rapidly expanding agricultural demands. By 1966, punpage of ground water was
12,000 hnm? per year.

This very large wi thdrawal caused substantial overdraft on the central west side and in
much of the southern part of the valley, nostly within the shaded area of Figure 9.13.2. The
wi thdrawal in these overdraft areas in the 1950's and early sixties was at |east 5,000 hm? per
year. During the period of |[|ong-continued excessive wthdrawal, the head (potentionetric
surface) in the confined aquifer system between Los Banos and Wasco was drawn down 60 to 180 M
South of Bakersfield the head decline was nore than 100 m

Inmportation of surface water to these areas of serious overdraft began in 1950 when water
fromthe San Joaquin River was brought south through the Friant-Kern Canal, which extends to the
Kern River (Figure 9.13.2).About 80 per cent of the average annual deliveries of 1,250
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hn? of water fromthis canal is sold to irrigation districts south of the Kaweah River, nostly
in the Tul are-Wasco subsi dence area.

Large surface-water inports fromthe northern part of the state to overdrawn areas on the
west side and south end of the valley are being supplied through the California Agueduct (Figure
9.13.2). The joint-use segnent of the agueduct between Los Banos and Kettleman City serves the
San Luis project area of the U S. Bureau of Reclamation and transports State-owned water south
of Kettleman City. Surface-water deliveries to the San Luis project area increased from 250 hn?
in 1968, the first year, to about 1,360 hn? in 1974. Also, by 1973 the California Aqueduct
delivered 860 hn? to the southern part of the San Joaquin Valley (south of Kettleman City), and
i s schedul ed eventually to supply 1,670 hn? under |ong-term contracts.

As a result of these large surface-water inports, the rate of ground-water wthdrawal
decreased sharply and the decline of artesian head was reversed in nost of the areas of
overdraft. By the early 1970's many hundreds of irrigation wells were unused, artesian heads
were recovering at a rapid rate, and rates of subsidence were sharply reduced

9.13. 4 LAND SUBSI DENCE

Subsi dence in the San Joaquin Valley is of three types. In descending order of inportance these
are (1) subsidence due to the conpaction of aquifer systems caused by the excessive wthdrawa
of ground water; (2) subsidence due to the conpaction of npisture-deficient deposits when water
is first applied--a process known as hydroconpaction; and (3) |ocal subsidence caused by the
extraction of fluids fromseveral oil fields.

Ol-field subsidence is due to the same process as subsidence caused by excessive punping
of ground water--a lowering of fluid level and consequent increase of effective stress on the
sedinents within and adjacent to the produci ng beds. However, neasured oil-field subsidence in
the San Joaquin Valley, which has been discussed briefly by Lofgren (1975), is less than 0.6 m
at the few oil fields where periodic releveling has defined its nmmgnitude. This type of
subsi dence has not created any problens in the valley.

Hydr oconmpacti bl e deposits occur locally on the west and south flanks of the valley (see

Figure 9.13.2). These are near-surface alluvial-fan deposits, largely nud flows, still above the
wat er table. They have been noi sture deficient ever since deposition, chiefly because of the | ow
rainfall in the area. When water is first applied, the clay bond is weakened and the deposits

conpact. Subsidence of 1.5 to 3 mis comon and locally it exceeds 4.5 m (Lofgren, 1960; Bull
1964). The California Aqueduct (Figure 9.13-2) passes through at least 65 km of deposits
susceptible to hydroconpaction, and preconpaction by prolonged wetting of the aqueduct
al i nenent was carried on for about one year prior to the placing of the concrete Iining.

Subsi dence due to the conpaction of aquifer systens in response to excessive decline of
water levels had affected about 13,500 knf of the San Joaquin Valley by 1970. Figure 9.13.3
depicts the distribution and magni tude of subsi dence exceeding 1 foot (0.3 nm) that had occurred
by 1970--affecting an area of 11,100 knf. Three centers of subsidence are conspicuous on this
map. The nobst conspicuous is the long narrow trough west of Fresno that extends 140 km from Los
Banos to Kettleman City (referred to subsequently as the west-side area). Maxi mum subsi dence in
this area to 1977 was 29.5 feet (9.0 n), 16 km west of Mendota. The second center, between
Tul are and Wasco, is defined by two closed 12-foot (3.7-m) lines of equal subsidence, 32 and 48
km south of Tulare, respectively. Maximum subsidence to 1970 was 4.3 m at a benchmark 32 km
south of Tulare. The third center, 32 km south of Bakersfield, has subsided a maxi mnum of 9.2
feet (2-8 m, nostly since Wrld War 1l1. Note that the California Aqueduct was constructed
through the full 140 km of the subsidence trough extending fromLos Banos to Kettleman City, as
wel |l as through the southwestern edge of the subsidence bow south of Bakersfield

The cunul ative volunme of subsidence in the San Joaquin Valley (Figure 9.13.4) grew slowy
until the end of World War II. Wth the great increase in ground-water extraction in the 1940’s
and 1950's, however, the cumulative volume of subsidence soared to 12,350 hn? by 1960, and
reached 19,250 hn? by 1970. This very large volume is equal to one-half the initial storage
capacity of Lake Mead or to the total discharge fromall water wells in the San Joaquin Valley
for 1.5 years at the 1966 rate. This volume of subsidence represents water of conpaction derived
al nost wholly from conpaction of the fine-grained highly conpressible clayey interbeds
(aquitards), in response to the increase in effective stress as artesian head in the confined
system decl i ned. The vol une of subsidence for any interval of |eveling control was obtained by
pl aninmetry of the subsidence map for that period. Al leveling data used in the preparation of
subsi dence maps and graphs were by the National Geodetic Survey (fornmerly the Coast and Geodetic
Survey).
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Figure 9.13.4 Cunul ati ve vol ume of subsidence, San Joaquin Valley, California, 1926-70

The west-side area has experienced the nost severe subsidence (Figure 9.13.5); therefore
several illustrations will be presented to show the relation between water-|evel change (stress
change) and conpaction or subsidence in that area. Subsidence has affected about 6,200 knf and
t he volune of subsidence, 1926-69, was about 11, 850 hn?, about two-thirds of the valley total
The cumnul ative volume of ground-water punpage in the west-side area through March 1969 is
estimated as 35,200 hn? (Figure 9.13.6). This cunulative punpage has been plotted wth
cunul ati ve subsidence at a scale of 3 to 1. The correlation is remarkably consistent, indica-
ting that throughout the 43 years since subsidence began (1926 into 1969), about one-third of
the wat er punped has been water of conpaction derived fromthe permanent reducti on of pore space
in the fine-grained conpressible aquitards.

Figure 9.13.7 illustrates the relation of subsidence to artesi an-head change since 1943 at
a site 16 km sout hwest of Mendota. Bench mark S661, |ocated within the 28-foot (8.5-m |ine of
equal subsidence in Figure 9.13.5, subsided 8 mfrom 1943 to 1969, in response to a water-Ieve
decline of nearly 125 mas neasured in nearby wells. The rate of subsidence at this site reached
a maxi mum of 0.54 m per year between 1953 and 1955 but decreased to 0.04 m per year between 1972
and 1975, due chiefly to substantial recovery of artesian head. Static water |evel began to
recover in 1969 and by 1977 had risen 73 m above the 1968 sunmer |ow | evel because of
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Fi gure 9. 13.7 Subsidence and artesi an-head change 16 kil onetres sout hwest of Mendot a.

the large inports of surface water through the California Aqueduct and the consequent reduction
i n punpage.
If two or nmore extensometers (conpaction recorders) are installed in adjacent wells of

different depths, the records fromthe nultiple-depth installation will indicate the magnitude
and rate of conpaction (or expansion), not only within the total depths of individual wells but
also for the depth intervals between well bottons. Figure 9.13.8 shows the record of com

paction from 1958 through 1971 in three adjacent extensoneter wells in the west-side area. The
site is adjacent to the California Agueduct at the north end of the southern 16-foot (4.9-m
line of equal subsidence in Figure 9.13.5. The wells are 152, 213, and 610 m deep. Measured
conpaction in the 13 years was about 0.42 m 0.97 m and 3.40 m respectively. Thus the
conpaction in the 213-610-m depth interval was 2.43 m The dashed |ine represents subsi dence of
a surface bench mark at this site as determ ned by repeated |leveling from stable bench marks
(black dotes on the dashed line show dates of leveling). In the early 1960's the rate of
conpaction neasured in the 610-m well (N) was nearly equal to the rate of subsidence.
Subsequently the rate of conpaction of deposits below the 610-m depth gradually increased, due
to increased pumping and declining pore pressures in deeper wells drilled in the 1960's. This

deeper compaction caused the departure of the subsidence plot fromthe conpaction plot for well
N .
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Figure 9.13.8 Conpaction and subsidence at Cantua site, 65 kilonmetres southwest of Fresno
Cali forni a.

9.13.5 COVPRESSI Bl LI TY AND STORAGE PARAMETERS

In the late 1950's, as one phase of the research on | and subsidence and compaction of aquifer
sytens, the Geological Survey drilled four core holes in the Los Banos-Kettleman City (west
side) area ranging in depth from 305 to 670 m and two core holes in the Tul are-Wasco area to
depths of 232 and 670 m Cores were tested in the Hydrol ogic Laboratory for particle-size dis-
tribution, specific gravity of solids, dry unit weight, porosity and void ratio, hydraulic con-
ductivity (norrmal and parallel to bedding) and Atterberg limts. Results have been published
(Johnson, Mdston, and Mrris, 1968). X-ray diffraction studies of 85 sanples fromthe westside
cores and 26 sanples fromthe Tul are-Wasco cores indicated that about 70 per cent of the clay-
m neral assenblage in these deposits of Pliocene to Hol ocene age consists of nontnorillonite
(Meade, 1967, Tables 11-13).

Laboratory consolidation tests were made by the Bureau of Reclamation on 60 fine-grained
cores fromthe four core holes in the west-side area and on 22 fine-grained cores fromthe two
core holes in the Tulare-Wasco area. Paraneters tested included the conpression index, Cs, a
measure of the conpressibility of the sanple, and the coefficient of consolidation, CQ, a
neasure of the time-rate of consolidation. Results have been published (Johnson and others
1968, Tables 8 and 9). The range of the conpression index, CC, was much wi der than for sanples
fromthe Santa Clara Valley: In the Los Banos-Kettlenan City area the range was 0.09 to 1.13; in
the Tul are-Wasco area it was 0.25 to 1.53. However, all values greater than 0.47 were either
fromlacustrine clays or fromthe fine-grained marine siltstone in the Richgrove core hole 12 km
east of Del ano.

The subsi dence vol unme represents pore-space reducti on occurring chiefly in the fine-grained
conpressible aquitards. In the west-side area, the volune of subsidence from 1926 to 1969 was
about 11, 850 hn?, di stributed over 6,200 knf. 1f the subsidence had been distributed evenly over
this area, it would average about 1.9 m Roughly half the sediments in the principal aquifer
system are fine-grained conpressible aquitards. Assum ng the average conposite thickness of the
conpacting aquitard is 150 mand the average initial porosity is 40 per cent, a nean subsi dence
of 1.9 m would represent an average reduction in porosity of roughly 1 per cent in these
fine-grained beds (from 40 to 39.2 per cent) - In the small area where the maxi num 8.8 m of
subsi dence has occurred, the local reduction in pore space of aquitards would be roughly 4 per
cent (from40 to 36.3 per cent).

The subsi dence/ head-decline ratio (specific subsidence) is the ratio between |and subsid-
ence and the hydraulic head decline in the coarse-grained perneable beds of the conpacting
aqui fer system for a comon time interval. It can be expressed as the change in thickness per
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unit change in effective stress (Ab/Ap’). This ratio is useful as a first approxi mation of
conpressibility; it is also useful for predicting a lower limt for the nmagnitude of subsidence
in response to a step increase in virgin stress (stress greater than past maxinmum. |f pore
pressures in the fine-grained aquitards were eventually to reach equilibrium with those in
adj acent aquifers after a step increase beyond preconsolidation stress, conpaction would cease
and the subsidence/ head-decline ratio would indicate the true virgin conpressibility of the
system

In the west-side area during the period 1943-60 the decline of artesian head for the |ower
zone ranged from 30 to 120 m (Bull and Pol and, 1975, Figure 25), resulting in subsidence in the
17-year period of 0.3 to 4.9 m (Bull, 1975, Figure 10). The subsi dence/ head-decline ratio for
that same period ranged areally from0.01 to 0.08 (Bull and Pol and, 1975, Figure 32). In other
words, the head decline required to produce 1 nmetre of subsidence ranged from 100 to 12 m A
subsi dence/ head-decline ratio can be derived fromFigure 9.13.7 for the period 1947 to 1965. In
the 18 years, bench mark S661 subsided 6.86 m and the punping | evel in nearby wells declined 95
m Thus, for that tine span the ratio at that site equal ed 0.07

In the Tul are-Wasco area, the subsidence/ head-decline ratio ranged from 0.01 to 0.06
(Lofgren and Klausing, 1969, Figure 69). In the Arvin-Mricopa area, the subsidence/head-
decline ratio for the 8-year period 1957-65 ranged fromO0.01 to 0.05 (Lofgren, 1975, Plate 5B)

Areal variation in the subsidencel/ head-decline ratio can be produced by one or nore of
several factors. These include variation in the individual, and gross aggregate thickness of the
conpacting aquitards and variation in conpressibility and vertical hydraulic conductivity of
the individual aquitards. Such areal variation in conpressibility and hydraulic conductivity
can be caused by variation in grain size, in depth of conpacting beds (in overburden |oad), in
geol ogic formation tapped, in existing preconsolidation stress, in clay-mneral assenmbl age, and
in other diagenetic effects. Furthernore, because the subsidence val ues avail able for conputing
the ratio seldom represent ultimte subsidence for a designated change in stress wthin
aquifers, tine is an inportant factor. According to soil-consolidation theory, the tinme required
for an aquitard that is draining to adjacent aquifers to reach a specified percentage of
ultimate conpaction varies directly as (1) the square of the draining thickness and (2) the
rati o of conmpressibility to vertical hydraulic conductivity. Variation in the thicknesses of the
many vertical-draining aquitards encountered at any selected site obviously nakes that site
unique in its rate of conpaction, even if all other factors are equal. In the depth interval 214
to 610 m at west-side well 16/15-34N1, for exanple, interpretation of the mcrolog defined 60
aqui tards ranging in thickness from0.6 mto 15 mand averaging 4.5 m

One other factor directly affecting the accuracy of the subsidence/ head-decline ratio is
the appropriateness or the accuracy of the change-in-stress value used. Even in a ground-water
basi n containing a single confined aquifer systemit is difficult to obtain neasurenments of head
change that truly represent the average stress change on aquitard boundaries within the ful
wel | -depth interval experiencing a neasured conpaction or subsidence. Thus, observation wells
used to derive stress-change val ues, whether for subsidence/head-change ratios or for stress-
strain plots, should be selected or constructed very carefully.

Bull (1975, p. 49-82) nmde a study of geologic factors that caused areal differences in
specific unit conpaction in the Los Banos-Kettleman City area for the period 1943-60. The
factors included total applied stress, lithofacies, and source and node of deposition

Fi el d nmeasurenments of conpaction or expansion of sediments and the correlative change in
fluid pressure(s) can be utilized to construct stress-strain curves and to derive storage and
conpressibility parameters. One exanple (Figure 9.13.9) is for a well 176 m deep on the west
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side of the valley. Depth to water is plotted increasing upward (increasing stress). Change in
depth to water represents change in effective stress in the aquifers in the confined aquifer
system (upper zone) that is 106 m thick. Along the abscissa the |ower scale is the neasured
conpaction and the upper scale is the strain (measured conpaction/conpacting thickness). The
yearly fluctuation of water |evel caused by the seasonal irrigation demand and the pernmanent
conpaction that occurs each summer during the heavy punping season when the depth to water is
greatest produce a series of stress-strain |oops. The |lower parts of the descendi ng segnents of
the annual |oops for the three winters 1967-68 to 1969-70 are approxi mately parallel straight
lines, indicating that the response is essentially elastic in both aquifers and aquitards when
the depth to water is less than about 55 m The heavy dashed line in the 1968 | oop represents
the average sl ope of the segnments in the elastic range of stress. The reciprocal of the slope of
the line is the conponent of the storage coefficient due to deformation of the aquifer-system
skel eton, S, and equals 1.2 x 10°3. The conponent of average specific storage due to elastic
deformation, Sg, equals S,/106 m= 1.1 x 10°°m?! The average el astic conpressibility of the
aqui fer system skeleton, O, IS Sge/Vw: 1If VY (the unit weight of water) equals 1, the
nunerical values O oy, and Sg are identical.

For increase in effective stress in the range of |oading exceedi ng preconsolidation stress,
the "virgin" conmpaction of aquitards is chiefly inelastic--nonrecoverable upon decrease in
stress. At Pixley, 27 kmsouth of Tulare (Figure 9.13.3), conpaction and change in stress for a
confined aquifer system 108-231 m bel ow | and surface has been neasured since 1958. Riley (1969)
showed from a stress-strain plot that the nean virgin conpressibility of the aquitards
(aggregate thickness 75 n) in this confined aquifer segment 123 netres thick was 7.5 x 10 *m’
and the nean elastic conpressibility of the aquifer system was 9.3 x 10 %mil. Thus, for the
aqui fer system segnent 123 metres thick at this site, the mean virgin conpressibility of the
aquitards is about 80 tinmes as large as the nean el astic conpressibility of the confined system

Figure 9.13.10 shows a generalized plot of water level for the confined aquifer system 32
km south of Mendota (Figure 9.13.5) from 1905 to 1964 and the seasonal high and low in
observation well 16/15-34N4 for 1961-77. This well taps the confined system The regional water
| evel declined about 120 m from 1905 to 1960 and the rate of decline accelerated as the
groundwat er withdrawal increased. By 1960 the seasonal |ow had declined bel ow the base of the
confining clay, producing a water-table condition. Surface-water inports to the west-side area
began in 1968. As the inports increased, ground-water punmpage decreased and water |evels
recovered sharply. From 1968 to 1976 the water level at well 34N4 rose 82 netres. Then, during
1977, the second of two severe drought years, the inports decreased to 370 hn? and punping draft
fromboth old and newy drilled wells soared to about three tinmes the 1976 rate. As a result the
water level in well 34N4 fell 50 min the 8 months to August 1977

The changing stress as indicated by the hydrograph of well 34N4 and the resulting strain at
this site as neasured by an extensoneter in well 34N since 1959 are clearly displayed in Figure
9.13.11. Well 16/15-34Nl, 610 m deep, is equipped with an anchored-cabl e extensoneter

A time plot of cunulative nmeasured conpaction at this site was introduced earlier (Figure
9.13.8). in Figure 9.13.11, the nmeasured conpaction is plotted as an annual bar graph for com
parison with the fluctuations of the water level in well N4. Note that the water level in wel
N4 began a sharp rise late in 1968 as surface-water inports began. In response to the sharp
recovery of water |evel, conpaction decreased rapidly after 1968 but did not cease until 1975
During this period of rising water levels in the coarse-grai ned aquifers, nonrecoverable virgin
conpaction continued through 1974 in the central parts of the thicker aquitards, exceeding the
continuing small elastic expansion of the preconsolidated aquifers and the thinner aquitards
The water level in well N4 reached a seasonal high of 107 mbel ow | and surface i n Novenber 1976.
Early in February 1977, when water level was 112 m below land surface (only 5 m below the
seasonal high), virgin conmpaction resuned in well N . By March 30, 1977, when water |evel was 15
m bel ow t he seasonal high, the maxi mum conpaction rate of the season was attained. The early
February water |evel 112 mbel ow | and surface clearly defined the preconsolidation stress in the
central segments of the thickest or |east permeable aquitards or both. As the drawdown
i ncreased, nore and nmore of the slow draining conpressible beds began to contribute water of
conpaction. By yearend, about 12 cm of renewed nonrecoverabl e conpacti on had occurred.

During the first period of water-level decline (1905-68 in Figure 9.13.10), water of
conpaction represented about one-third of the total water punped from west-side wells (Figure
9.13.6). By 1968, nmany of the aquitards were preconsolidated nearly to the 1968 stress |evel
Early in the second period of water-1level decline (in 1977), the response of the preconsolidated
sedinents was chiefly elastic and the contribution of water of conpaction was much |ess than
one-third of the total punpage. Hence the water level fell very rapidly.
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Figure 9.13.10 Long-term trend of water |evels near Cantua Creek, and seasonal high and |ow
I evels in observation well 16/15-34N4 since 1960. (Mdified from Lofgren, 1979

Figure 9.13.12 displays a simlar trend of water-level recovery and reduced conpaction,
foll owed by an abrupt head decline and renewed conpaction during 1977. Cbservation well 20/18-
6Dl is 25 km north of Kettleman Cty (Figure 9.13.4) and adjacent to the California Aqueduct.
The abrupt head decline of 76 min 1977 nonentarily increased the stress in the aquifers to 1967
levels and stresses in the central parts of the aquitards once again exceeded preconsolidation
stresses. In response, virgin conpacti on of the aquitards exceeded that of 1968. Such stressing
and differential conpaction in the vicinity of the aqueduct is of concern in sustaining the
integrity of such structures. This particular problem appears to be of |ocal extent,
however--the intensity of the head decline in well 6D is due largely to punping of a new
irrigation well drilled early in 1977 within 60 m of the aqueduct.

9.13.6 ECONOM C AND SCCI AL | MPACTS

The extensive nmmjor subsidence in the San Joaquin Valley has caused several problens. The
differential change in elevation of the land surface has created problens in nmaintenance of
wat er-transport structures, including canals, irrigation and drainage systens, and stream
channels. Both the Delta-Mendota Canal and the Friant-Kern Canal (Figure 9.13-3), two nmjor
structures of the Central Valley Project of the Bureau of Reclamation, have required renedial
wor k because of subsidence. Also in the period 1926-72, differential subsidence has steepened
the channel of the San Joaquin River about 2 min the 24 kmbefore it reaches the valley trough
and has flattened the channel about 2 m in the next 50 km downstream These changes have
af fected the transport characteristics of the river and have altered | evee requirenents.

Anot her probl em commbn to the subsiding areas in the San Joaquin Valley is the failure of
water wells as a result of conpressive rupture of casings caused by the conpaction of the
aqui fer systens. In the west-side area, where subsidence has been greatest, many hundreds of
deep irrigation wells have required costly repair or replacenent. According to WIlson (1968),
during 1950-61 approximately 1,200 casing failures were reported in 275 irrigation wells in an
area of 1,600 kn? that spans the region of nost intensive subsidence. Well repair and

repl acement costs attributable to subsidence in the three subsiding areas have been nany
mllions of dollars.
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Figure 9.13.11 Seasonal fluctuations of water level in well 16/15-34N4 and measured conpaction
in observation well 16/15-34Nl near Cantua Creek. (Mdified from Lofgren, 1979

Fi gure 10.)

The need for preconsolidation of deposits susceptible to hydroconpaction substantially
i ncreased the construction costs of the California Aqueduct. The aqueduct passes through about
65 km of susceptible deposits. The approximate cost for treatnent by prewetting for the reach
from Kettleman City to the Tehachapi Muntains has been estimated as $20 million (Lucas and
James, 1976, p. 541). Preconsolidation of the susceptible areas between Los Banos and Kettl enan
City cost an additional estimated $5 million.

The subsidences have increased considerably the number and cost of surveys nade by
governnmental agencies and by private engineering firms to determne the elevations of bench
marks or construction sites and to establish grades. In addition, revision of topographic maps
has been nore frequent and nore expensive than in nonsubsiding areas.

9.13.7 LEGAL ASPECTS

So far as known, no | egal actions have been taken as a result of the subsidence.
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Figure 9.13.12 Seasonal fluctuations of water l|evel and measured conpaction in observation
wel | 20/18-6D1 northeast of Huron.

9.13.8 MEASURES TAKEN TO CONTROL OR AMELI ORATE SUBSI DENCE

The severe subsidence in all three areas in the San Joaquin Valley has been greatly reduced by
the inportation of surface water and the consequent decrease in ground-water punping, as
described earlier in this case history.

In the Tul are-Wasco area, the inport of surface water from the San Joaquin River through
the Friant-Kern Canal began in 1980. In the next 23 years, 1950-1972, the deliveries to this
area fromthe canal averaged about 830 hn? per year, roughly 80 per cent of the surface-water
supply to the area (Lofgren and Kl ausing, 1969). In the first 13 years of this period (1950-62),
ground-wat er punpage averaged about 1,230 hn? per year and continued at about this rate into the
1970’s. Thus, the water inported from the San Joaquin River to the area during the 23-year
period 1950-72 equal ed about one-quarter of the total water supply and two-thirds of the
ground- wat er punpage.

Hydrographs of wells tapping the semiconfined to confined aquifer system in the eastern
part of the Tul are-Wasco area show a water-|evel recovery of about 60 mfrom 1950 to 1970. As a
result, subsidence decreased to |l ess than 3 cmper year in nost of the eastern area as 1962-70.
On the other hand, hydrographs for wells tapping the confined aquifer systemin the western part
of the Tulare-Wasco area show continued decline of water levels since the 1950's; the
suppl emental irrigation supply from the Friant-Kern Canal to the western part has been
insufficient to achieve a balance with ground-water punping. As a result, subsidence has
continued at rates locally exceeding 9 cm per year.

In the west-side area, the inport of surface water through the California Aqueduct, which
began in 1968, soon replaced nost of the ground-water punpage. For exanpl e, ground-water punpage
in the west-side area averaged 1,300 hn? per year from 1960 to 1967, before the inports began.
By 1974, surface water inmports to the west-side area reached 1,400 hn? per year and punpage had
decreased to roughly 250 hn? per year. The great decrease in ground-water punpage and the
consequent recovery of the artesian head in the confined aquifer system have nearly elimnated
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t he subsi dence problem for the present. However, any deficiency in surface-water inports could
trigger renewed punping, renewed head decline, and renewed subsi dence, as in the severe drought
year of 1977.
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Case History No. 9.14. Santa Clara Valley, Cdlifornia,
U.S.A., by Joseph F. Poland, U.S. Geological Survey,
Sacramento, California

9.14.1 | NTRODUCTI ON

Land subsidence in the central part of the Santa Clara Vall ey--beneath the southern part of San
Franci sco Bay and extending to the southern edge of San Jose--was first recognized in 1932-33.
Rel eveling of a line of first-order levels established by the National Geodetic Survey in 1912
showed about 1.2 m of subsidence in downtown San Jose in 1933. The subsiding area extends
sout hward about 40 km from Redwood City and Ni |l es past San Jose, has a nmaxi mum wi dth of 22 km
and incl udes about 750 knf. As shown by Figure 9.14.1, nost of this central area experienced 0.3
to 2.4 m(1 to 8 feet) of subsidence from 1934 to 1967

9.14.2 GEQLOGY

The Santa Cara Valley is a structural trough extending 110 km sout heast from San Franci sco. The
vall ey is bounded on the southwest by the Santa Cruz Muntains and the San Andreas fault and on
the northeast by the D ablo Range and the Hayward fault. The consol i dated bedrock bordering the
valley is shown as a single unit in Figure 9.14.1; it ranges in age from Cretaceous to Pliocene
and consists largely of sedinmentary rocks but includes areas of metanorphic and i gneous rocks

The fresh-water-bearing deposits formng the ground-water reservoir within the valley are
chiefly of Quaternary age. They include (1) the sem consolidated Santa Clara Formation and
associ ated deposits of Pliocene and Pl ei stocene age and (2) the unconsolidated alluvial and bay
deposits of Pleistocene and Hol ocene age. The Santa Cl ara Formation, which crops out on the
sout hwest and northeast flanks of the valley, consists of poorly sorted congl omerate, sandstone,
siltstone, and clay as nuch as 600 m thick in outcrop (D bblee, 1966). Were exposed, this
formation has a low transmissivity and yields only small to noderate quantities of water to
wells (1 to 6 1/s)--rarely enough for irrigation purposes.

The unconsolidated alluvial and bay deposits of clay, silt, sand, and gravel overlie the
Santa O ara Formati on and associ ated deposits their upper surface forms the valley floor. They
contain the nost productive aquifers of the ground-water reservoir. Wlls range in depth from90
to 360 m The deeper wells probably tap the upper part of the Santa O ara Formation although the
contact with the overlying alluviumhas not been distinguished in well logs. Wll yields in the
valley range from 20 to 160 I/s (Calif. Dept. Water Resources., 1967, pl. 6). The alluvial
deposits are at least 460 mthick beneath central San Jose. However, the log of a well drilled
to a depth of 468 mrevealed a | ack of water-bearing material below a depth of 300 M Coarse-
grai ned deposits predomnate on the alluvial fans near the valley margins where the stream
gradi ents are steeper. The proportion of clay and silt |ayers increases bayward. For exanple, a
wel | -1 og section extending 20 km northward from Canpbell to Alviso (Tolman and Pol and, 1940,
Figure 3) shows that to a depth of 150 m the cunulative thickness of clay layers in the
deposits increases from25 per cent near Canpbell to 80 per cent near Alviso

In 1960, the U S. GCeological Survey drilled core holes to a depth of 305 m at the two
centers of subsidence, in San Jose (well 16C6) and in Sunnyvale (well 24C7). (For location, see
Figure 9.14.1.) The 305-m depth was chosen because it was the nmaxi mum depth of nearby water
wells. Cores were tested in the |aboratory for particle-size distribution, specific gravity of
solids, dry unit weight, porosity and void ratio, hydraulic conductivity (normal and parallel to
beddi ng), Atterberg limts, and one-di nmensional consolidation and rebound (Johnson, Mston, and
Morris, 1968).

X-ray diffraction studies of 20 sanples fromthe two core holes indicate that montroril -
| onite conposes about 70 per cent of the clay-mneral assenblage in these deposits. O her
constituents are chlorite, 20 per cent, and illite, 5-10 per cent (Meade, 1967, p. 44).
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Figure 9.14.1 Land subsidence from 1.934 to 1967, Santa Clara Valley, California. Conpiled
fromleveling of National CGeodetic Survey in 1934 and 1967.

9.14.3 HYDRCOLOGY

In the central part of Figure 9.14.1 and bel ow a depth of 50 to 60 m ground water is confined.
The extent of the confined aquifer systemis defined roughly by the 0.6 m (2-ft) 1line of equal
subsidence in Figure 9.14.1. The area of confinenment extends southward from beneath San
Franci sco Bay to San Jose, also west to Palo Alto and east to MIpitas. In the early years of
devel opnent, wells as far south as San Jose and nore than 60 m deep flowed (O ark, 1924, p.1.
XV), denonstrating by their areal distribution a mniml extent of the confining sednents. The
confined aquifer svstemis as nuch as 245 m thick. Around the valley margins, ground water is
chiefly unconfined and nost of the natural recharge to the ground-water reservoir percolates
fromstream channels in alluvial-fan deposits.
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The confining menber overlying the confined aquifer system has a thickness ranging from 45
to 60 m Al though predom nantly conposed of |enses and tongues of clay and silt, it contains
sone channel fillings and | enses of perneable sand and gravel. This confining nenber supports a
shal l ow water table distinguished by an irregular surface. As of 1965-70, the shallow water
tabl e overlying nuch of the confined systemwas |ess than 10 m bel ow the | and surface (Wbster
1973). At least near the Bay, the shallow water table did not fluctuate appreciably during the
peri od of prolonged artesi an-head decline ternminating in 1966.

The devel opnent of irrigated agriculture in the valley began about 1900 and expanded to a
maxi mum about the end of Wrld War 1. After 1945, population pressures caused a great
transition of land use from agr|cultural to urban and industrial development. Agricultura
punpage increased from about 50 h per gear in 1915-20 to a maximum of 127 hn? per year in
1945-50 (1 cubic hectonetre, hm?, = 1 x 10°n? = 810.7 acre-feet). By 1970-75 nost of the orchards
had been replaced by houses, and agricultural punpage had decreased to 25 hm? per year.
Muni ci pal and industrial pumpage, on the other hand, increased from 27 hn? per year in 1940-45
to 162 hn? per year in 1970-75. Total punpage (Figure 9.14.2, bottom graph) increased nearly
fourfold from1915-20 to 1960-65--from 60 to 222 hny per year--but then decreased 19 per cent to
185 hn? by 1970-75, in response to a rapid increase in surface-water inports, discussed |ater

The historical increase in withdrawal of ground water was a principal factor in causing a
fairly continuous and severe 50-year decline of artesian head. In the spring of 1916, the ar-
tesian head in index well 7R in San Jose was 3.7 m above |land surface (Figure 9.14.2); by the
autum of 1966 it was 55 m below | and surface. The second major factor in this 50-year decline
of 59 mwas the negative trend of the local water supply. The upper line in Figure 9.14.2 is a
pl ot of the cunulative departure, in per cent, of the seasonal rainfall at San Jose from the
50-year seasonal nean, 1897-98 to 1946-47 (Calif. State Water Resources Board, 1955, p. 26). The
50-year mean is 34.85 cm Except for the 6-year wet period 1936-42, the departure in the 50
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years 1916--66 was generally negative; the cumul ative departure of 310 per cent from 1916 to
1966 represents a cunul ative "deficiency"” in rainfall of about 108 cm

The 50-year decline in artesian head from 1916 to 1966 clearly was caused by the cunul ative
effect of generally deficient rainfall and runoff and a fourfold increase in withdrawals. The
plot of artesian-head decline at index well 7Rl confornms in general with the cunulative
departure of rainfall at San Jose.

9.14.4 LAND SUBSI DENCE

Land subsi dence was first noted in 1932-33 when bench mark P7 in San Jose, established in 1912
was resurveyed and found to have subsided 1.2 m As a result, a valleywi de network of bench
mar ks was established in 1934 (Poland and Geen, 1962, Figure 3). The total length of survey
lines conprising this bench-mark net was about 400 km From 1934 to 1967 the National Ceodetic
Survey (formerly the U S. Coast and Ceodetic, Survey) resurveyed the network from "stable"
bedrock ties a dozen tines to determ ne changes in elevation of the bench marks; the | atest ful
survey of the network was in 1967. In the 33 years 1934-67, subsidence along |ines of benchmark
control ranged fromO0.3 to 1.2 munder the Bay to 2.4 min San Jose (Figure 9.14.1). About 260
knf subsided nmore than 1 m The subsidence record for bench mark P7 in central San Jose is
plotted in Figure 9.14.3, together with the artesian head in nearby index well 7R1l, taken from
Figure 9.14.2. The bl ack dots on the subsidence curve indicate tinmes of bench-mark surveys. The
fluctuati ons of artesian head represent the change in stress on the confined aquifer system the
subsidence is the resulting strain. Subsidence of bench mark P7 began about 1918 (note dotted
i nferred segnent of subsidence plot representing the period 1912 to 1919) and reached 1.4 min
1934. From 1938 to 1947 subsidence stopped, during a period of artesian-head recovery, in
response to above-nornal rainfall and recharge. (The natural recharge was supplenented by
controlled percolation releases from newly constructed detention reservoirs on the |arger
streans.) Subsidence resuned in 1947 as a consequence of a rapidly declining artesian head due
to deficient rainfall and increasing demand for ground water (Figure 9.14.2); it attained its
fastest average rate in 1960-63 (0.22 myear), in response to the rapid head decline of 1959-62
during a drought period (see Figure 9.14.2). By 1967 bench mark P7 had subsided 3.86 m

Figure 9.14.4 shows | and-subsidence profiles along line A-A from Redwood City to Coyote
from 1912 t hrough 1969 (for |ocation, see Figure 9.14.1). The spring 1934 |l eveling was used as a
ref erence base because this was the first conplete leveling of the net. Note that from 1934 to
1967, maxi mum subsi dence of 2.6 m was near bench mark W11, 4.8 km northwest of bench nark P7
also that from 1934 to 1960 the greatest subsidence along line A-A" was 1.7 m at bench nmark
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Figure 9.14.4 Profiles of |land subsidence, Redwood City to Coyote, California, 1912-69

J111 in Sunnyval e. Changes in the rate and magnitude of artesian-head decline doubtless have
caused such geographic variations in subsidence rate and nmagnitude with tine.

The vol une of subsidence (pore-space reduction) planinmetered from the 1934-67 subsidence
map (Figure 9.14.1) was about 617 hn?. If the ratio of the pre-1934 subsidence volune to the
1934- 67 subsidence volune is assuned to be equal to the ratio of the pre-1934 subsidence of
bench mark P7 to the 1934-67 subsidence of that bench mark, then the total subsidence vol une
from 1912 to 1967 is about 975 hm?. Protrusion of well casings above the land surface and
i nundation of |ands near the south end of San Francisco Bay also have furnished evidence of
subsi dence. Protrusion of well casings has been common in the subsiding area (Tol man, 1937, p
345). Many of the casings gradually protruded 0.6-1 m above ground |evel but usually were cut
of f before protruding higher. This protrusion indicates that conmpaction of the deposits occurred
in the depth interval above the bottomof the protruding casing. However, such protrusion often
is acconpani ed by conpression and rupture of the casing at depth and thus supplies only a
m ni mal val ue of subsidence. In general, the deeper the conpacting interval, the smaller will be
the protrusion in proportion to the subsidence, because the frictional drag of the formation or
the gravel -pack on the casing wall should increase proportionately with depth

Al though sone horizontal novenent doubtless has occurred in the subsidence area in
association with the subsi dence, no surveys or evidence of horizontal nmovenent are known to the
aut hor.
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The conparison of artesian-head change and subsidence from 1916 to 1967 (Figure 9.14.3)
denonstrates beyond a reasonabl e doubt that the increase in effective stress resulting fromthe
declining artesi an head caused the conpacti on and the subsi dence

9.14.5 EXTENSOVETERS TO MEASURE COVPACTI ON

Ext ensonmeters (conpaction recorders) were installed by the CGeological Survey in 1960 in the
cased core holes 305 m deep in San Jose (16C6) and in Sunnyvale (24C7) and in several unused
wat er-supply wells. (For location, see Figure 9.14.1.) The purpose of this equipnment was to
nmeasure the rate and magnitude of conpaction occurring between the |and surface and the well
bottom When first installed, the extensoneter consisted of an anchor placed in the formation
bel ow the casing bottom attached to a cable that passed over sheaves at the |and surface and
was counterweighted to maintain constant tension (Figure 2.5A). A recorder actuated by cable
novenent yields a tinme graph of the novenent of |and surface with respect to the anchor--the
conpacti on or expansion of the deposits within that depth range. To reduce friction and increase
the accuracy of neasurenent four of the extensoneters were nodified in 1972 by replacing the
cable with a free-standi ng pipe of 3.8-cmdianeter (Figure 2.5B) within the well casing of 10-cm
di anmeter. The records obtained fromthese instruments show that the neasured conpaction to the
depth of 305 mis nearly equal to the | and subsi dence as neasured periodically by releveling of
the bench-mark network. Thus, these instruments function as continuous subsidence nonitors.

Figure 9.14.5 shows the neasured conpaction in the 305-mwell in San Jose (well 16C6) and
the conpaction and artesi an-head fluctuation in adjacent unused well 16C5 (depth 277 m through
1975. The dashed |ine represents subsi dence of adjacent bench mark J& as determ ned by periodic
releveling from stable bench marks. Measured conpaction of the confined aquifer systemto the
305-mdepth fromJuly 1, 1960, to Decenber 31, 1976, was 1.4 m

9.14.6 MEASURES TAKEN TO CONTROL SUBSI DENCE

Local agenci es have been working since the 1930's to conserve water and to obtain water supplies
adequate to stop the ground-water overdraft and raise the artesian head. Their program has
i nvol ved (1) salvage of flood waters fromlocal streans that would otherw se waste to the Bay
and (2) inportation of water fromoutside the valley. In 1935-36 five storage dams were built on
|l ocal streans to provide detention reservoirs with conbined storage capacity of about 62 hn? to
retain floodwaters and permt controlled releases to increase streanbed percolation (Hunt,
1940). The storage capacity of detention reservoirs was increased to 178 hn? in the early 1950's
(Calif. State Water Resources Board, 1955, p. 51).
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Figure 9.14.5 Measured water-|evel change, conpaction, and subsidence in San Jose
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By 1960, sharply declining water |evels furnished evidence that |ocal resources were not
adequate to supply present and future water needs. Steps were taken to increase water inports to
the County. The inport of surface water to Santa Cara County began about 1940 when San
Franci sco commenced selling water inported from the Sierra Nevada to several nunicipalities
This inport increased to 15 hm? in 1960 and to 54 hn? by 1975 (see bl ank segnents of yearly bars,
upper right graph, Figure 9.14.2). Surface water inported fromthe Central Valley through the
State’'s South Bay Aqueduct first becane available in 1965; by 1974-75, the aqueduct inport was
128 hn? (see cross-hatched plus diagonally ruled segnents of yearly bars, upper right graph
Figure 9.14.2). As a result, total inports to Santa Cara County increased five-fold from
1964-65 to 1974-75--from 37 to 183 hn? per year

The recovery of water |evel since 1967 has been dramatic. By 1975, the spring high water
level at index well 7Rl (Figure 9.14.2) was 32 m above that of 1967, and about equal to the
level in this well in 1925. This major recovery of head was due primarily to the fivefold
increase in inports fromthe Central Valley. Two other favorable factors were the above-nornma
rainfall and the decreased punpage (Figure 9.14.2).

The average seasonal rainfall at San Jose was 13 per cent above normal in the period 1966-
75. The cumul ative departure graph (Figure 9.14.2) indicates an increase of 120 per cent or a
cunul ati ve excess of about 41 cm above normal in the 9-year period

The average yearly punpage of ground water, which had reached its peak of 228 hn? in
1960- 65, decreased to 185 hm in 1970-75. A principal reason for this 19-per cent decrease was a
use tax levied on ground-water punpage since 1964. In 1977, for exanple, the ground-water tax
was levied at $8.50 per unit (1 acre-ft. or 1234 n?) for ground water extracted for agricultura
purposes and at $34 per unit for ground water extracted for other uses. The energy cost to the
consumer for punping ground water in the Santa Cara Valley at 1977 prices was $10 to $15 per
unit. Thus, the average total cost for ground water punped for agricultural purposes was about
$20 per unit and for other uses was about $45 per unit. The price for surface water delivered in
lieu of extraction was $14 per unit for water used for agriculture and $39.50 per unit for water
used for other purposes. The econom c advantage of buying surface water, where available, is
obvi ous.

Recharge to the ground-water reservoir from regulated local runoff released to stream
channels and percolation ponds has been augnented since 1965 by water from the South Bay
Aqueduct that could not be delivered directly to the user. The quantity diverted to recharge
areas (cross-hatched segnment of yearly bars, upper right graph, Figure (9.14.2) in the 10 years
to 1975 averaged about 50 hn? per year and represents 56 per cent of the total import fromthe
Sout h Bay Aqueduct.

The marked decrease in rate of subsidence in response to the dramatic head recovery from
1967 to 1975 is denonstrated graphically by the conpaction records from the two deep
extensoneters in San Jose and Sunnyvale (Figure 9.14.6). The rate of neasured conpaction in well
16C6 in San Jose decreased fromabout 30 cmper year in 1961 to 7.3 cmin 1967 and to 0.3 cmin
1973. Net expansion (Il and-surface rebound) of 0.6 cmoccurred in 1974. In Sunnyval e, conpaction
of the sedi ments above the 305-m anchor in well 24C7 decreased fromabout 15 cm per year in 1961
to 1.2 cmin 1973; net expansion of 0.5 cmand 1.1 cmoccurred in 1974 and 1975, respectively.
Very deficient rainfall in 1975-76 and in 1976-77 virtually elimnated runoff and recharge from
| ocal sources, and water levels started to decline once nore in 1976. In response, conpaction
and subsidence resumed once again. In San Jose at well 16C6, conpaction in 1976 was 3.5 cm
about equal to that in 1968; in Sunnyvale, conpaction was 1.6 cm

9.14. 7 COMPRESSI BI LI TY AND STORAGE PARAMETERS

Conpressibility characteristics of fine-grained conpressible |ayers (aquitards) can be obtai ned
by maki ng one-di nensi onal consolidation tests of "undisturbed" cores in the |aboratory. As one
phase of the research on conpaction of the aquifer system |aboratory consolidation tests were
made on 21 selected fine-grained cores fromthe two core holes. These tests were made in the
Earth Laboratory of the United States Bureau of Reclamation at Denver, Colorado. Paraneters
tested included the conpression index, C, a neasure of the nonlinear conpressibility of the
sanple, and the coefficient of consolidation, C,, a neasure of the time rate of consolidation
Conpl ete results of these | aboratory tests have been published (Johnson and others, 1968, Tables
8 and 9 and Figure 21). The 21 sanples tested %ganned a depth range from43 to 292 m bel ow | and
surface. The range of the conpression index, “c, was small conpared to the range in the San
Joaquin Valley: the maxi mum value was 0.33, the mininum 0.13, and the nmean was 0.24. O the 21
sanpl es, 15 had CC values falling between 0.20 and 0. 30. This suggests that the nonlinear
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Figure 9.14.6 Measured annual conpaction to 305-m (1, 000-ft) depth.

conpressibility characteristics of the aquitards in the confined aquifer system do not vary
wi del y.

The plot of void ratio against the log of load (effective stress), known as the e-log p
plot, can be used to obtain a graphic plot of conpressibility versus effective stress. Such a
graph can be used to estimate ultimate conpaction due to a step increase in effective stress.
This procedure applied to the | aboratory consolidation tests at the Sunnyval e and San Jose core
hol es produced estimates of ultimate conpaction that were only about one-third to one-half the
val ues obtained by sunming field neasurements of conpaction to date with residual conpaction
estimated from a one-di mensional simulation of the field observations (Helm 1976). The reason
for this disparity is not known. Apparently the sanples tested were not representative of the
aqui tards that contributed nost to the observed conpaction

Subsi dence represents pore-space reduction which occurs alnost wholly in the fine-grained
conpressible aquitards. At well 16C6 in San Jose the confined aquifer systemis 244 mthick,
from 61 to 305 m below |land surface. Based on study of the mcrolog, the confined system
contained 38 aquitards with a conbined thickness of 145 m The nean porosity of 27 core sanpl es,
determined in the laboratory, was 37 per cent. The total subsidence to date at well 16C6 is
about 4 m A reduction of 4 min the thickness of the confined system requires about 1.8 per
cent reduction in the porosity of the aquitards--for exanple, from37 to 35.2 per cent.

The subsi dence/ head-decline ratio is a useful parameter in subsidence studies. The ratio is
a rough approxi mati on of the response of the aquifer systemto a given change in stress. At San
Jose, referring to the plot of subsidence for bench mark P7 and the artesi an-head change in well
7Rl (Figure 9.14.3), the artesian head declined from6 mbelow | and surface in 1918 (approxi mate
preconsol idation stress) to 55 mbelow | and surface in 1966, for a net change of 49 m Subsi dence
at bench mark P7 from 1918-66 was about 3.84 m This neans that as of 1966 the enpirical ratio
is 3.84 M49 m= 0.08. The ratio of ultinmate subsidence to head decline nust therefore be |arger
than 0.08 at this site. Artesian head as neasured in a well casing represents a conposite pore

pressure of all aquifers in the confined systemthat are tapped by the observation well. If and
when the pore pressures in fine-grained aquitards reach equilibriumw th those in the adjacent
aqui fers, conpaction will cease, and the ratio of ultimte subsidence to head decline will be a

true nmeasure of virgin conpressibility for the entire interval being stressed. Such an ultinate
val ue is anal ogous to a storage coefficient.

Hel m (1977), by means of a one-dinensional sinulation of the long-termfield observations
of subsi dence at bench march P7 and artesian head at well 7RI, provided the paraneters used for
estimating the ultinmate conpaction (subsidence) resulting froma step change in head of 49 m
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the conputed conpaction is about 5.3 m Thus, on the basis of Helnms paraneter values, the
ul ti mat e subsi dence/ head-decline ratio would be 5.3 mM49 m=0.11. If we divide the ratio by the
thi ckness of conpacting aquitards, 145 m we obtain the virgin conpressibility (for stress
i ncrease beyond preconsolidation stress) of the aquitards:

5.3 mM (145 mx 49 n) = 7.4 x 10 *n?

As the water levels in the San Jose area rose rapidly after 1967 (Figure 9.14.2), the
stress-strain curves obtained from paired neasurenents of conpaction and artesi an head began to
show seasonal expansion during the winter nonths when the water |evel was highest and the
effective stress on the confined system was | owest. These stress-strain |oops can be used to
obtain the conpressibility of the confined system in the recoverable or elastic range of
stresses (less than preconsolidation stress). One exanple (Figure 9.14.7) shows the stress-
conpaction plot for a pair of wells in San Jose from 1967 through 1974. Conpaction was neasured
in well 16C6,11, 305 m deep, and stress in nearby well 16C5. Depth to water is plotted
i ncreasing upward. Change in depth to water represents an average change in stress in all
aqui fers of the confined aquifer systemtapped by well 16C5. The | ower parts of the descendi ng
segnents of the annual |oops for the winters of 1967-68, 1969-70, and 1970-71 are approximately
parallel, as shown by the dotted lines, indicating that the response is essentially elastic in
both aquifers and aquitards when the depth to water is less than about 55 m The heavy dashed
line drawn parallel to the dotted lines represents the average slope of the segments in the
range of stresses |ess than preconsolidation stress. The reciprocal of the slope of this lineis
the conponent of the storage coefficient attributable to elastic or recoverable deformation of
the aquifer-system skeleton, Sy, and equals 1.5 Xx 10°3. The conponent of average specific
storage due to elastic deformation, Sg,, equals S,/244 m = 6.15 X 10°®mit, if stresses are
expressed in metres of water, and if vy, (the unit weight of water) = 1, the average elastic
compressibility of the aquifer system skeleton, oy, is equal nunerically to Sgye.
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Figure 9.14.7 Stress change and conpacti on, San Jose site.
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In these conputations | have assuned that in the range of stresses |ess than preconsolid-
ation stress, the conpressibility of the aquitards and the aquifers is the sane. Therefore, the
full thickness of the confined aquifer system 244 m was used to derive the specific storage
component, Sgke, in the elastic range of stress.

At these San Jose sites, then, the average conpressibility of the aquitards in the virgin
range of stress, 7.4 x 10°% mil, is 120 times as large as the average conpressibility of the
confined aquifer systemin the elastic range of stress, 6.15 x 108 nmil. This great difference in
response to stressing should be kept in mnd when considering use of aquifer tests to derive
hydrol ogi c paraneters, as well as in appraisal of subsidence potenti al

9.14.8 ECONOM C AND SCCI AL | MPACTS

Subsi dence has created several mmjor problens. Lands adjacent to San Francisco Bay have sunk as
much as 2.4 m since 1912, requiring construction and repeated raising of levees to restrain
| andward novenent of the saline bay water onto 44 knR of |and below high-tide level in 1967
Al so, flood-control |evees have been built and mai ntai ned near the bayward ends of the depressed
stream channel s. About $9 million of public funds had been spent to 1974 on such flood-contro
|l evees to correct for subsidence effects, according to Lloyd Fow er, former Chief Engineer of
the Santa Clara Valley Water District. In addition, a mgjor salt conmpany has spent an unknown
but substantial anpunt maintaining | evees on 78 kn2 of salt ponds to counter as much as 2.4 m of
subsi dence. Several hundred water-well casings have failed in vertical conpression, due to
conpaction of the sedinents. The cost of repair or replacenent of such damaged wells has been
estimated as at least $4 mllion (Roll, 1967). Including funds spent on maintaining the salt-
pond | evees, establishing and resurveying the bench-mark net, repairing railroads, roads, and
bridges, replacing or increasing the size of storm and sanitary sewers, and naking private

engi neering surveys, the direct costs of subsidence nmust have been at least 35 million dollars
to date.

A mej or earthquake could cause failure of the bay-margin |evees, resulting in the flooding
of areas presently below sea level. The levees were constructed of locally derived weak

materials and were designed only to retain salt-pond water under static conditions (Rogers and
WIlliams, 1974). The potential for such an earthquake poses a continuing threat to floodi ng of
the estimated 44 kn? (4400 hectares) of land standing bel ow high tide |level as of 1967. Such a
threat must have reduced the value of this land very substantially conpared to the value if it
all still stood above nean sea level as it did in 1912. This decrease in |land val ue should be
included in the gross costs of subsidence.

9.14.9 LEGAL ASPECTS

The successful managenment of a highly variable water supply to achieve a balance with an ever-
i ncreasi ng demand for water in Santa Clara County (not shown on map) has been remarkable for
several reasons. First, maxi num devel opnment of |ocal water supplies and inportation of water
fromtwo sources have nonmentarily brought supply and demand into bal ance. Secondly, by building
up the ground-water storage in the recharge area, and thus the artesian head in the confined
system | and subsi dence was stopped, at |east tenporarily, by 1973. Thirdly, all this has been
acconplished by bond issues, revenue from taxes, and water charges, thus avoiding a drawn-out
expensive | egal adjudication of the ground-water supply such as occurred in southern California
in the Raynond Basin (Pasadena vs. Al hanbra, 1949).

9.14.10 CONCLUSI ONS

Both the cause of subsidence and the neans of its control are known. The evidence given here
proves that the subsidence is caused by decline of the artesian head and the resulting increase
in effective overburden |oad or grain-to-grain stress on the water-bearing beds in the confined
system The sediments conpact under the increasing stress and the |land surface sinks. Mst of
the conpaction occurs in the fine-grained clayey beds (aquitards) which are the nost
conpressi bl e but have | ow perneability. Therefore, the escape of water fromthese sl ow draining
aqui tards (decay of excess pore pressure) and the increase in effective stress are slow and
ti me-dependent, but the ultinmate conmpaction is |arge and chiefly permanent.
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The subsidence has been stopped by raising the artesian head in the aquifers until it
equal ed or exceeded the maxi mum pore pressures in the aquitards. The conpaction and water-|evel
records being obtained by the Geological Survey indicate that if the artesian head can be
mai ntained 3 to 6 mabove the levels of 1971-73, subsidence will not recur. On the other hand,
subsi dence will recomence if artesian head is drawn down as nmuch as 6 to 9 m bel ow the 1971-73
| evel s.

9.14-11 EPI LOGUE

Recently the Santa Clara Valley Water District was given Historical Landmark status by the
Anmerican Society of Civil Engineers for its major contributions to the devel opnment of the re-
gion. It was acknow edged that the district’s systemis "the first and only instance of a najor
wat er supply being devel oped in a single ground-water basin involving the control of nunerous
i ndependent tributaries to effectuate alnpbst optinmal conservation of practically all of the
sources of water flowing into the basin."
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Case History No. 9.15. Ravenna, Italy, by Laura
Carbognin, Paolo Gatto, and Giuseppe Mozzi, National
Research Council, S. Polo 1364, Venice, Italy

9.15.1 | NTRODUCTI ON

Ravenna is about 60 km south of the Po delta, in a symetric position with respect to Venice
(Figure 9.15.1). Land subsidence in this area has been observed for a long tine but only re-
cently did the rel ated consequences becone critical. Progressively affecting the entire terri-
tory of about 700 knf (Figure 9.15.2), the subsidence increasingly threatens not only the in-
dustrial area, and the urban zones, but also the surrounding vast marshland recl amati ons which
coul d be submerged once again. The existence of several buildings and historical nobnunents is
jeopardized as well, since their foundations have to be kept dry by punping out water
conti nuously.

It becane clear fromthe first analysis, started in 1970 by the National Research Counci
of Venice at the request of the Miunicipality of Ravenna, that the causes of |and subsi dence had
to be mainly ascribed to the renoval of fluids fromthe subsurface (Bertoni, et al., 1973).

The investigation began with the inventory of available stratigraphic, hydrological
geot echni cal, and geodetic data. Unfortunately no informati on was avail abl e concerni ng physi ca
and nechanical properties of the formations. Good historical data are available for both
pi ezonetry of the aquifers and subsidence. Field neasurenents such as |leveling and hydraulic
head records were carried out al nbst annual ly, using networks of suitably placed bench narks and
pi ezoneters, simlarly to what was done for Venice. The prelimnary hydrogeological in-

S
i

[] 50 km
C__— —

Figure 9.15.1 Areas of Ravenna and Venezia. They are synmmetric with respect to the Po delta.
(From Carbognin, et al., 1978, Figure 13; published with perm ssion of the
Anerican Society of Cvil Engineers.)
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Figure 9.15.2 Map of the area under investigation (District of Ravenna). (From Carbognin, et
al ., 1978, Figure 1; published with perm ssion of the Anerican Society of Cvil
Engi neers.)

vestigation will be further inproved by using the information obtained through specifically
programmed test holes. The research already undertaken has, however, provided a good
under standi ng of the overall subsidence occurrence.

After a prelimnary description of the geological environnment, this paper presents the
history of the pressure decline in the aquifer and land settlenment and discusses their
rel ati onshi ps.

9.15.2 HYDROLOG CAL FEATURES

The total thickness of Quaternary sedinments in the Ravenna area ranges between 1500 and 3000
metres and nostly consists of sandy and silty-clay layers of alluvial and marine origin. The
bottom of the Quaternary sedinents follows the structure of the pre-Quaternary substratum
characterized by folds and faulted overfol ds which are parallel to the main tectonic profiles of
the Apennines and include several gas-bearing traps at depths on the order of 2000 m (Figure
9.15.3) (Agip Mneraria, 1969a).

The presence of massive Quaternary deposits confirns that in the past the geologic
subsi dence was quite pronounced in this area and is still rather active (Salvioni, 1957); it is
apparent that the tectonic stresses acting along a SWdirection tend to increase the Po basin
curvature. The deep structure has influenced the thickness of the Neozoic formations and
consequently the subsidence rate exhibits a non-uniform space distribution (Dal Piaz, 1969).

The stratigraphy of the upper Quaternary sedinents is not defined with accuracy, due to the
partial lack of information. However, it has been possible to reconstruct schematically the map
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Figure 9.15.3 Very schematic cross-section of the Po Valley between Venezia and Ravenna (Agip
M neraria, 1969a).

of the aquifer system down to 500 m using the relative positions of the intakes of several
punping wells and other sparse |lithol ogical information.

Bet ween 90 and 430 mthe confined units are well identified and rather continuous (Figure
9.15.4) (Bertoni, et al., 1973). In the upper 90 mthe areal continuity of the sands is quite
limted and the definition of large inportant formations is uncertain. This portion of the
systemis little exploited due both to reduced productivity and possible water pollution from
the overlying polluted unconfined aquifer. Below 430 mthe salt content becones very high (Agip
M neraria, 1972) and the water cannot be used any longer for industrial and/or agricultura
pur poses.

From the information available, the aquitards separating the various sandy formations
appear to be rather continuous with very |low permeability. The |ogs suggest that |arge amounts
of silty sediments are present. The aquifers shown in Figure 9.15.4 consist nostly of fine and
medi um sands with occasional shells. However, clayey or silty sands also may be found which
locally reduce the aquifer transmssivity.

The recharge of this confined nulti-aquifer system cones mainly fromthe foothills of the
Apennines as well as fromthe Po River basin (Figure 9.15.5) (Carbognin, et al., 1978). It is
clearly inpossible on the basis of the available records to quantify the respective
contri butions.

9.15.3 SUBSO L RESOURCES EXPLO TATI ON AND SUBSI DENCE

It was soon quite clear that as in the Venice case the surface settlenent was caused by the
renoval of subsoil fluids. Since the withdrawal rate is hard to assess with accuracy, the
behavi our of the subsurface flow field was kept under periodic observation through a network of
120 pi ezonmeters (Figure 9.15.6). A 1972 survey of the area reveal ed that 877 active wells tapped
the 9 confined aquifers. These wells were scattered across the area, but the npbst recent and
productive ones were concentrated on the industrial zone (Bertoni, et al., 1973).

Figure 9.15.7 shows the behavior of the piezonetric levels of the various aquifers under-
lying the historical center (Carbognin, et al., 1978). It is evident fromthis figure that:

-- there was a lowering of the hydraulic head bel ow the ground | evel begin-
ning in the 1950’ s;

-- the greatest decline occurred after 1960, sinultaneously wth the
devel opnent of the nearby industrial zone;

-- aquifers 4 and 5 are the nost intensively exploited

-- among the head gradients found in the aquitards the highest occurs
between aquifers 3 and 4, with a difference of head of 22.50 m

-- in recent years the piezometric |evel tends to be constant;

-- aquifers exhibit a somewhat independent hydraulic behavior (except
perhaps aquifers 1 and 2). This is further evidence that the basin
underlying Ravenna is a real multi-aquifer system

Pi ezonetric records permtted periodical plotting of equipotential lines. As an exanmple, Figure
9.15.8 gives the piezonetric surface in 1977 averaged over all the aquifers between 100 and 430
m (Car bognin, et al., 1978). It may be observed that the maxi mum drawdown of about 40 m occurs

in the industrial zone (it was the same in 1972). Today, however, a |arge decline extends even
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Figure 9.15.4 Schematic cross-section of the Ravenna aquifer system (From Carbognin, et al.
1978, Figure 3; published with permission of the American Society of Cvil
Engi neers.)

to the western and southern parts of the territory due to the increase of water w thdrawn for
agricultural uses, seaside resorts, and new industrial parks springing up on the outskirts of
Ravenna.

The asymmetric cone of depression develops with its major axis from NW to SE, greatly
affecting the coastline. A strong gradient appears in the southern part, corresponding to the
direction of the Apennines recharge.

Between 1972 and 1977, the maximum decline of the piezonetric head has not changed
substantially (see Figure 9.15.7). Nevertheless, even if encouraging, this does not correspond
to the arresting of |and subsidence, as will be seen later.

So far as the geodetic survey of the area is concerned, it was not honbgeneous in tine.
Al though the | and subsi dence began in the early 1950’s, only since 1970 have | and | evel i ngs been
systematically carried out at the sane tinme as the neasurenent of the piezonetric levels. As an
exanmpl e, Figure 9.15.9 shows the subsidence experienced from 1972 to 1977. The general increase
of the subsidence in these years is shown by the two maps of Figure 9.15.10. In the evaluation
of the rate of subsidence linear trends are assuned. It may be noted that the area experiencing
subsi dence exceeding 3 cnmy in the latter period is about 30 tines greater than the
corresponding area in the former one. Mreover, a settlement rate exceeding 5 cny was
experienced in the last few years (Figure 9.15.10b). The maxinmum rate of about 11 cm was
recorded in the industrial zone between 1972 and 1973 and i n Ravenna’s historical center about 8
cm was observed.

The shape of the subsiding areas is in close correspondence with the cone of depression of
the aquifers in both periods. The tinme and space correlation between ground sinking and water
withdrawals is clearly evidenced in Figure 9.15.11, which shows the average piezonetric |eve
and subsidence from 1950 to 1977 along a line crossing the city and extending to the country
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Figure 9.15.5 Map of the recharge areas of the Ravenna aquifer system (From Carbognin, et
al ., 1978, Figure 4; published with perm ssion of the American Society of G vi
Engi neers.)

side. This conparison stresses the nearly absolute behavioral identity of these paraneters
(Carbognin, et al., 1978).

From 1949 to 1977 maxi mum subsi dence of about 1.20 m was recorded in the industrial zone
but in general and especially in recent years (1972-1977) the entire area has been affected at
alarming rates. Bearing in mnd that the ground el evation of 90 per cent of the | and between the
city and the coastline does not exceed 1 mabove sea | evel and that 20 per cent of the latter is
bel ow mean sea level, the situation is becom ng nore and nore serious

In the past, the main cause of subsidence was wongly ascribed to gas exploitation. The
anal yses carried out, though not precisely quantified, allowed us to estinmate its effective
contribution to the subsidence. Wth no doubt gas extraction from the natural deposits
contributes in sonme zones to increase |land settlenent, but it has had limted effects. For
i nstance, by superinposi ng the subsi dence contour map of the period 1949-1972 on that of the gas
reservoir of Ravenna Field, a good correspondence is observed between the area of the traps and
area of the lines of equal subsidence, both being elliptic and with their major axes oriented in
a NWSE direction (Bertoni, et al., 1973) (Figure 9.15.12).

Li kewi se a conparison of |and subsidence and the piezonetric |level recorded between 1949
and 1972 along a line crossing the Ravenna Field and industrial zone (Figure 9.15.13) shows a
secondary |l ocal meximum A, of subsidence corresponding to the location of the gas reservoir
but there is no correspondi ng piezonetric decline [for which a mninum does not exist]. On the
ot her hand, the maxi mum B, of subsidence over the industrial zone corresponds to the maxi num of
drawdown. However, this gas reservoir is practically depleted and in 1972 its devel opnent had
al ready achieved 95 per cent of the potential productivity: therefore the present contribution
of gas withdrawal is probably negligible.

Unfortunately little is known about the nore recent offshore gas exploitations and
consequently it is inpossible to say how nmuch they influence the sinking of the coastal areas.
This matter requires further investigation

Anong the nman-induced causes of subsidence it nust be renenbered that nmarsh-1and
reclamation occurred on a large scale in this territory. Since the reclamation works were
conpleted a long tine ago (over 50 years), the contribution of the fill should no | onger have
any influence in the subsidence occurrence.

Nat ural subsidence gives a nonnegligible contribution in the overall occurrence. The bench
mark of Porta Adriana in the historical center provides a useful indication to quantify this
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Figure 9.15.6 Map of the network of piezonmeters in the Ravenna area. (From Carbognin, et al.
1978, Figure 5; published with permission of the American Society of Cvil
Engi neers.)

conponent since its elevation was recorded for the first time as early as 1902 (Figure 9.15.14).
The data points of Figure 9.15.14 show that from 1902 to 1950 the subsidence rate was 5.14 mMmy
(assuming as usual a linear trend in this period), while later on the rate has increased greatly
due to the intensive exploitation of the subsurface resources. Since before 1950 water
consunption was very snmall, the value of 5.14 nmy may be considered as indicative of the
geol ogi ¢ conponent of the subsidence in Ravenna

To the present tinme the dom nant factor of Ravenna subsidence is the intensive withdrawa
of artesian water in the industrial zone, where the apex of the cone of depression is always
found. The mnimal piezonetric levels reached in 1972 in the industrial zone have not changed
but in spite of this additional subsidence occurred in the followi ng years (Figure 9.15.15)
This fact is partly explainable by a delay between the head declines in the aquifers and the
resul ting subsidence. As a second partial explanation it seens |ikely also that the nmaintenance
of a very strong depression in the deepest aquifer over the last five years has introduced a
secondary phenonmenon of an upconing from the salt-water aquifers lying below 430 m i.e., an
irreversible pollution of the fresh-water system and a further conpaction of the clayey soi
aquitard. It is known in fact that sonme chemical variations of interstitial water in the clay
soils can cause a change in the electrochem cal equilibriumand therefore a collapse

This contam nation by salt water has been confirmed by the chemni cal anal yses of the aquifer
wat ers which evidence a progressive pollution in the industrial zone; this intrusion happened
from the underlying saline water. In the nearby littoral, salt pollution of the sanme aquifer
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Figure 9.15.7 Piezonetric levels from 1944 to 1977 of the various aquifers below the
hi storical center of Ravenna. (From Carbognin, et al., 1978, fig. 6; published
with perm ssion of the American Society of Civil Engineers.)

occurred | ater but never reached the high values recorded in the industrial zone. In the coasta
areas, salt water intrusion would also occur |laterally.

As already shown in Figure 9.15.10b, the greatest sinking area after 1972 includes the
coastline. The consequences are indeed very serious. In fact a striking regression of the
shoreline and in sonme places the vani shing of the fanobus beaches of Romagna are the nost severe
ef fect of the sinking of the littoral. Not only coastal processes are responsible for it, as was
bel i eved before.

The foll owi ng exanpl es confirmthe statenent:

Area of Lido Adriano: From 1957 to 1977 the regression of the shoreline has
been 126 m In the sane period this zone has experienced a subsidence of
about 45 cm Wth a 4 per mll nean average beach sl ope (conputed up to the
isobath -8), the subsidence prevails on the process of beach regression
(Figure 9.15.16).

Area of Punta Marina: Between 1957 and 1977, the reported shoreline regres-
sion has been 70 msouth of Punta Marina. The subsi dence during these years
has been 35 cm Here the nmean slope is around 4-5 per nmll, and the beach
regression is nostly attributable to the subsidence.

9.15. 4 CONCLUSI ONS

It is now clear that subsidence in the territory of Ravenna is nostly due to the intensive
artesian water exploitation for industrial purposes, and, in nore recent time, for agricultura
uses. In sone places the salt water intrusion has caused further conpaction.

The exploitation of the gas reservoir of Ravenna Field has provided a nminor |oca
contribution to the subsidence; the possibility of a greater influence from the very active
of fshore gas fields is recognized and shoul d be nonitored.
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Figure 9.15.8 Average piezonetric surface in 1977; datumis nean sea |evel. (From Carbognin,
et al., 1978, Figure 7; published with perm ssion of the American. Society of
Cvil Engineers.)

Since 1949 the average piezonetric decline has nearly reached 45 min the industrial area
correspondi ngly the average subsi dence has been about 1 m The close relationship between | and
settl ement and water w thdrawal s has been clearly proven by the present analysis. Mreover if z
i ndicates the land subsidence induced by man (i.e., the overall sinking mnus geologica
conponent) and Ah is the piezonetric decline expressed in the sane units, we obtain a value z/Ah
approximately equal to 1/52. This result nmeans that every 52 cm of withdrawal has produced 1 cm
of subsidence. These values related to the environnental conditions place the Ravenna case anong
the nore alarnming in the world.

Apart fromthe values thenselves, it is interesting to exanm ne the trend of the occurrence
It is a matter of concern to find that while the subsidence still seened quite |ocalized around
the industrial zone until 1972, it has assuned a broad increase since 1972. At present, the
subsidence is affecting wide areas at a large rate and the related consequences are beconi ng
highly critical for the survival of the whole physical and human environnent.

The situation is very precarious along the littoral areas where a regression of the
coastline over 150 m has been observed in sone points. This threatens the nost profitable
i ndustry of Romagna, i.e., the tourism

The I ands |yi ng behind the coastal areas are in danger too. Bearing in mnd that they lie at
a height of less than 1 mabove ms.l., if the present trend is manintained for 10 years and if
sone sea storm woul d destroy the remaining dunes, 70 per cent of the territory between Ravenna
and the beach (about 200 knf) would permanently be inundated by the sea. Sone urban zones, the
i ndustrial area, all harbor structures and several beach resort centers are in this part of the
muni ci pality. The damages would be incalculable. It is only a hypothesis, but not altogether
unli kel y.
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10:km

Figure 9.15.9 Land subsidence in the Ravenna area from 1972 to 1977, expressed in cm (From
Carbognin, et al., 1978, Figure 8; published with perm ssion of the Anerican
Soci ety of Cvil Engineers.)

Al'l this, however, is a sinple projection of the present trend: a precise nodeling is nowin
order. Wth enough information on physical and nmechanical characteristics of the soils it would
be possible to inmplement a nmathematical simulation of the subsidence which would allow us to
make real predictions on a long-termbasis and understand the actual behavior of the system In
1974 the authors (Carbognin, et al., 1974) suggested the necessary operations for investigating
the know edge on subsoil and inproving the control of phenonmenon evolution. In any case the
subsi dence control is today no |onger achievable by local intervention, but only on a regiona
scal e because of the vastness of the subsidence occurrence
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