Brinefield Subsidence at Windsor, Ontario

ABSTRACT

I 1948, settlement cracks were noliced in
buildings within the Sendiwich brine field area of
Windsor, Ontarso. Thereupon about 85 reference
points were established on structyres in the area.
Changes in elevation of these points were measured
at yearly mitercals, The results of the second annual
survey indicate that g shallow bewl of subsidence
with a radius of about 1000 fect had developed ai
the time of the survey. Its depth had increased by
about 2.5 inches since the putial survey. The re-
sults of subsequent surveys show that the bowl
continued tv decpen at an accelerating rate. During
the fifth year its depth incregsed by 10.5 tnches to
e total value m excess of 106 inches,

In 1954, about four months after the fifth an-
nual survey, a rapid subsidence took plaie in the
central part of the bowl. Within u few hours, a
waterfilled depression, about 500 feet ;m digmeter
and more than twenty-five feet in maximum depth,
was formed. Structures located within the area of
rapid subsidence were demaged bevond repair,

Subsequent investigations indicated that sudden
important subsidence was the culminating eveni in
a progresswe failure of straie overlymnyg a solution
cavity produced by brine extraction from salt de-
postts located at depths i excess of 1000 feet be-
low the surface of the ground.

INTRODUCTION

in February, 1954, the sudden subsidence of the
central portion of a brine field in the Sandwich
district of Windsor, Ontario, produced a bowl-
shaped, water-filled depression with 2 maximum
depth of about twenty-five feet and width of 400
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to 500 feet. Unhke many of the surface depres-
sions associated with brine extraction, the Windsor
depression, locally called the smkhole, was cen-
tered neither about a single well nor about a group
of wells. It appears rather to be the resulr of sub-
sidence of rock strata into extensive cavities in
underlying sait deposits. The roof of the upper
most cavity was located at a depth of about 1000
feet below the ground surface.,

At the time of the subsidence, the brine fivld
was owned in part by Canadian Industries Lad,,
and i part by the Canadian Salt Co. [ am indebrted
to both organizations for permission to publish an
account of the interesting and relatively well-
documented series of events connecied with the
subsidence., The acecount is based almost entirely
on information contained in unpublished reports
by Carl A. Bays, Ralph B. Peck, and Karl Terzaghi,
who were retained under a co-operative agreement
berween the owners to investigate the subsidence.
Mr, 1.In. Mair, Viee President of Canadian Salt Co.,
has kindly made additional data avaiable to me,

GEOLOGICAL CONDITIONS'

The Sandwich brine field is undertain by uncon-
solidated Pleistocene deposits consisting chietly of
stiff silt and clay, known in the arca as “Lake Ene
Blue Clay” (T.B. Piper, personal communication,
1968). Locally, the clay rests on lenses of sand or
gravel with a maximum thickness of a few fect.
Well logs indicate that the total thickpess of the

1. Endess otherwite noted, the sctions gn geolegical conditions amid
brine production are based on Dr. Bavy' repuort {1954}, and ou the
well records included therein,
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unconsolidated material ranges between 85 and
104 feet within the area subject to gradual subsid-
“ence prior to the formation of the sinkhole.® A
. thickness in excess of 99 feet was encountered in
only two of the twenty wells for which data are
available, and the log of only one of them indicates
~ a thickness ol less than 91 feet. These data suggest
that the thickpess of the clay underlying the sub-
siding area, was, with mEnor excecptions, between
91 and 99 feet.

The Pleistocene sediments are underlain by sedi-
mentary rocks of Devonian and Silurian age (Bays
1954, Caley 1943 and Landes 1945}, As shown in
Figure 1, the uppermost part of this sedimentary
series consists of several hundred feet of limestone,
referred by Bays (1954} to the Norfolk {Canada)
or Dundee-Detroit River {U.8.) Formation. On the
basis of drilling records, Bays described the forma-
tion as follows: “The Norfolk is...a predomi-
nantly brown kmestone 3355 to 350 feet thick.
Large vields of water, and mud losses during dril-
ling, in the Norfolk indicate it is extensively
jointed and fractured.”

The Norfolk Limestone rests on sandstone be-
longing to the Sylvaniz Formatien of Devonian
age. According to Bays, “The sandstone is usually
in two henches split by a gray and brown lhime-
stone. The three units total 175 to 200 feet in
thickness. Cementation in the Syivania is highly
variable; some beds are well cemented with carbon-
ate or silica and others are very loose.”

Carbonate strata of Upper Silurian age, com-
monly about 300 feet in total thickness, underlie
the Sylvania. Their general relationships suggest
that they belong to the Bass Island Formation, en-
countered in brine wells in the Detroit area. In that
region, the uppermost two hundred feet of the for-
mation s reported to be sound, strong and compe-
tent, and capable of bridging cavities with a span of
several hundred fect without any indications of
stoping (Terzaghi 1960}, This cbservation indicates
that the joints are in general far apart, the blocks
between joints well interlocked, and the bond
across bedding planes fairly strong,

The uppermost evaporite bed was commonly en-
countered in the Sandwich wells at depths ranging
between 975 and 1000 feet. This bed, together
with the underlying approximately 800 feet of
dolomite, shale, gypsum, anhvdrite and salt, has
been referred to the Salina Formation of Silurian
ag(f-

The uppermost bed of salt is generally 10 to 30
feet thick. Separated from this bed by a few tens
of feet of carbonate rock, the underlying salt
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Figure 1. Typical section, Sandwich hrine fieid.

7. Estimates of thickness of Pleistocene deposits are based on length

of drive pipe, congistng of 10- or 12%in casing,lwhic.h was, acmré;
ing to Dr, Bays {1954) “set on the bedrock or nto it u few fect.
Hence the data may exaggerate the thickness of the clay by a few
feet.
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consists of one or more strata with an aggregate
thickness of eighty 1w one hundred feet in the
Sandwich area. Tegether these beds constitute the
“Upper Bali.” At a depih of about 1100 feet, the
base of the Upper Salt rests on rock called lime-
stone by the drillers.

At depths between 1200 and 1250 feet, one or
more strata of salt were encountered in many of
the wells. Unnamed in brine field practice, they
will herein be called “Middie Salt.” These thin, dis-
continuous strata cannot have made a notable con-
tribution to the total salt production, but rockfalls
associated with them seem 1o have caused a dispro-
portionate fraction of the tabing and casing breaks
experienced during the operation of the brine field.
Failure to distinguish between rockialls in the Mid-
dle Sait and those in the Upper Salt has apparently
led some obscrvers to overestimate the relative
amounts of solution in the Upper Salt. In order to
avold such an overestimate, it appears useful to
recognize the separate existence of the Middie Salt.

During drilling of some of the wells, cavities
with a maximum heighi of 20 feet were encoun-
tered in both the Upper and the Middle Saits,
Seme, possibly all, of these were of natural origin,

The Lower Salt consists of two beds separated,
according to the well logs, by a few feet of lime-
stone. Qcourring between depths of about 1400
and 1600 feet, they have an aggregate thickness
close w0 200 feet.

Formations penetrated by brine wells of the area
have undergone littde or no deformation. Accord-
g to Bays (1954}, regional dips vary from slightly
west of north to northwest. They average 60 to 70
feet per mile and rarely excced 100 feet to the
mile,

BRINE EXTRACTION

The first byine well was deilled in the Sandwich
field in 1802, but relatively intensive development
did not begin until 1922, Between that year and
1953, 25 wells were drilled to a depth of about
1600 feet, to the base of the Lower Salt. The cas-
ing appears generally 1o have extended to a depth
between 1237 and 1290 feer, that is, below the
Middle Saht, and the wbing, o the hottom of the
well, All of the wells drilied before 1928, and wost
of those drilled later, were operated initially as
water-foremyg wells. Sooner or later, most of the
wells became connected through solution channels
to one or more of the others, and finally to a “gen-
eral cavity,” which, according to Dr. Bavs, was in
the Lower Salt.

Brirafield Subsidionce at Windsor, Ontarip

The available data concerming the design, con-
struction, and operation of the wells mdicates thay
brine was drawn {rom all three salt horizons, With
the exception of three wells drilled prior to 1918,
all were designed to extract brine from the Lower
Salt. The high incidence of recerded rock falls at oy
below the level of the 1op of this horizon {30 out
of a total of 50) indicates that the 2060-foot thick
Lower Salt was, as intended, a major source of
brine. In addition, an unknown but doubtless large
quantity of brine must have been derived from the
Middle and Ugper Salts, owing to the introduction
of water into these beds through defective well cas-
ings and around madequate packers.

In view of the fact that the total thickness of the
source beds underlying the brine field is about 300
feet, it is evident that the total height of cavities
underlying the field may have been unusually large,
However, becawse of impurities in the salt and the
srregularities of the solution process, the total
height of cavities beneath any one point on the
surface was doubtless much less than the possible
maximum of 300 feet.

The towl volume of the cavities due to brine
production ai the Sandwich field can be roughly
estimated from information concerning produc-
tion. According to Bays, the tow! production of
the Sandwich field was about 71 million cubic fect.
He concluded that the guantity of injection water
greatly exceeded that of the brine recovered, and
he estimated that more than 150 million cubic feet
of salt had been removed from the deposits under-
lying the plant area when production ceased in
February, 1954, :

If salt extraction had produced a single large cov-
ity in the Torm of an inverted cone with a diameter
of 2000 lect, instead of a considerable number of
originally separate but ultimately connected
morning-glory-shaped cavities, the cavity would
have a maximum height of 150 feet.

The well records given in Bays' report provide
scant information regarding the real shape, size,
and location of individual cavities or of the “gen-
eral cavity” to which most of the wells ultimately
became connected. The carliest wells so connected
were in a2 centrally located zone extending from
the northerly side of the brine field to the south-
erly side (wells no. 7, 6, 5, and 9). It would not be
surprising if maximum solution had taken place
those parts of the salt beds that underlie this zone.
The area of maximum surface subsidence is located
in the southerly purt of this zone.
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SETTLEMENTS PRIOR TO MAJOR
SUBSIDENCE

© Various obsecrvations indicate that differential

sctilement of the surface of the brine field had
. become appreciable by the laie 1940, The carliest
~ of thesc observations was recorded in 1948, when
it was noticed that cracks had become conspicuous
" in a number of the plant buildings. At this time,
the management initiated an investigation of the
cause of the cracking, On the advice of consultants,
some 80 reference points were cstablished within
the area of the plant. All were located in the west-
erly part of the area involved in what appears to be
& roughly circular bowl of subsidence.

In October, 1948, the elevation of these points
was determined with reference e a bench mark
located at the east end of the plant (BM 92, shown
near the bottom of Fig 2). The March, 1934, sur-
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vey showed that it had not participated in the gen-
eral subsidence since 1948 {Peck, 1954). Annual
surveys were carried oul on the points located in
the northwesterly quadrant of what later became
the bowl of subsidence. Points located in the
southwestexrly part of the area were not re-surveyed
until 1950; owing to a change of ownership, obser-
vations on these points were discontinued until
March, 1954, after the major subsidence. Since
1954, changes in elevation of most of these points
have been detcrmined at regular intervals, whereas
observations on the peints in the northwesterly
gquadrant were discontinued after 1954. Hence
only Figure 2 showing scttlement from 1948
through 1950 represents data for all reference
points.

Levels were carried out with ordinary rather
than with precision instruments. Concerning their
accuracy, Dr. Peck (1954) stared, “Studies of the
data suggest that the elevation of a given reference
point at the time of any one survey may have been
determined with an error not cxceeding one-half
inch. Variations of this order of magnitude in suc-
cessive yeadings are probably not significant.”

After the program of observations had been set
up in 1948, the advice of consultants was not again
sought until February, 1954, The following
account is based on data which became available at
that time.

At the end of the first year (October, 1949),
measured setilements ranged between zero and 1.5
inches and exhibited no clear pattern, By the end
of the second year {(October, 1950} settlement ob-
servations indicated that a bowl-shaped depression
was developing. As shown in Figure 2, maximim
observed subsidence in 1950 had taken place in an
arca several hundred feet west of the site of the
future sinkhole. The reference points located in
this area were nol again surveved until 1954, and it
is therefore not known whether this area continued
to experience the maximum rate of subsidence.

In the following vears, {1951 through 19853},
settlement increased at an zccelerating pace, as il
Tustrated by Figure 3 which shows measured settle-
ment of five reference points located near the site
of the sinkhole formed in 1954,

Figure 4 shows the total scttlements obscrved in
October, 1953, at the occasion of the fifth annual
survey. L should be noted that the maximum set-
tlement of 16 inches refers only to that which took
place after Qctober, 1948. Observations of the tilt
of plant buildings carried out under the direction
of Dr. Peck in 1954, indicated that the maximum
total scttlement which had taken place prior to the
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Figure 3. Settlement of fve reference points located near sinkhole.

sudden subsidence was probably as much as two
feet, but not more than three feet.

Figure 5 shows successive profiles through the
subsiding area, based on the annual surveys of ref-
erence points. Reference points surveyed only in
1948 and 1950 are not included.

Figure & shows changes in the annual rate of
subsidence from 1949 to 1953. In the zone of zero
change, subsidence took place at about one inch
per year. It may be assumed that this settlement
represents slow creep in the remaining *piltars” of
salt located at depth beneath the peripheral por-
tions of the bowl of subsidence.

FORMATION OF “SiNKHOLE"

On February 19, 1934, several months after the
fifth annual swvey of the refercnce poipts, an
alarming series of cvents took place at the site of

Brinefieid Subsidence ar Windsor, Crtarig
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Figure 4 Totul subsidence in inches, mcasured from October 1948
te Octnber 14955,

the plant. The following account of these events is
hased on eye-witness reports.

The first precursors of trouble consisted in
rumbiing noises and minor vibrations noted be-
tween 8 a.m. and 9 a.m. These became more severe
after 9 a.um. Next, distortions and leakage of vart-
ous water and sieam lines were observed, and by
10:30 a.m. it was apparent that a depression was
forming in the originally nearly level surface of the
ground. About noon, the depression began Lw fill
with water from a nearby swamp and later froma
ruptured water main and a brine line. Another
source of water was a short-lived jet of water spurt-
ing from a fissure which had opencd in the ground
within the depression. At about 1:45 p.m., a rapid
subsidence, amounting to approximately thref
feet, took place around onc side of the rim of the
depression. This event was accompanied by the ap-
pearance of a jet of water about Lour feel high.
issuing from the fissure along which subsidence had
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taken plice. In the carly afternoon, additienal jets
or “fountains’’ developed at points which eventu-
ally became submerged. One of the largest of these
formed a wall of water four feet in height and 75
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teet long. In general, individual jets remained active
for periods of twe to five minutes., The water
which thus spurted from the ground appeared
black and had a suiphurous odor.

By mid-afternceon, movement had virtually
ceased. Figure 7 shows the condition of a part of

Figure 7. View of sinkhole, 1954,

the plant at this time. There was a water-filled de-
pression, “the sinkhole,” roughly elliptical in
shape, with a maximum diameter of nearly 500
feet and a maximum depth in excess of 25 feet.
The pond occupied the center of a larger bowl-
shaped depression with a radius of about 1000
fect. Many aof the plant buildings were damaged
beyond repair.

Brine production at the Sandwich ficld was per-
manently discontinued after the sinkhole had
formed.

In the months following the formation of the
sinkhele, the pond was pumped out and the de-
pression was filled with sand and gravel.

POST-SUBSIDENCE INVESTIGATION

Following the formation of the sinkbole, the
Canadman Salt Co. and Canadian Industries Ltd. re-
tained a panel of consultants of which Carl A.
Bays, Raiph B. Peck, and Karl Terzaghi were mem-
bers,

The program recommended by the panel in-
cluded the determination of the depth to bedrock
in the sinkhole area by means of a large number of
washborings. Before any borings had been made, a
seismic survey was carried out at the suggestion of
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Bays. After a contour map of the bedrock surface
had been prepared on the basis of that survey,
three holes were drilled te bedrock; one of these
was near the deepest part of the sinkhole, one on
the westerly slope of the depression, and the third,
in line with the other two, was slightly east of the
westerly shore of the pond accupying the sinkhole
area. The results of the drilling indicated that the
seismic survey had overcstimated the depth to bed-
rock by sixty 1o eighty feet within that part of the
sinkhole area where the measured depth was 92 1o
98 fcet. After the results of the borings became
available, the results of the scismic survey were re-
computed.

Figure 8, an cast-west cross section through the
sinkhole, shows the results of soundings in the
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Figure 8. Fasi-West section through sinkhole.

sinkhole pool, the depth to bedrock determined at
three points by borings, and the revised results of
the seismic survey. According to the seismic sur-
vey, the Pleistocene deposits were as much as 25
feet thicker bencath the casterly part of the depres-
ston than beneath the westerly part, where the ob-
served thickness of 92 to 98 feet is close to the
values recorded in the logs of brine wells in the
vicinilty of the sinkhole (85 10 94 fect), In the
absence of additional borings, the accuracy of the
recomputed results of the seismic survey cannot be
regarded as established.

Within the period of four months fellowing the
formatior: of the sinkhole, two sets of settlement
observations were carried out. Borh of these sur-
veys included reference points in the arca located
te the northwest of the sinkhole, as well as those in
the southwesterly section which had not been sur-
veved since 1950. The results of the levelling
showed that rather irregular movements of small
magnitude had taken place within this period.

Brinefield Subsidence at Windsar, Ontario

Some points wend up whereas others settled. In
general, additional settlements of as much as one
inch had taken place in the zone adjacent to the
sinkhole pond; settdements of other parts of the
brine field were within the limits of crror of 1he
RUTVEY,

Because of a change of ownership, ohservation
of refurence points in the northwesterly part of the
subsiding ares was discontinued after 1954, In the
southwesterly  guadrant, however, the Canadian
Salt Co. (J.D. Malr, personal communication,
1969} carried out annual surveys of some thiry
reference points, about half of which had been in
existence since 1948 (Fig. 9). Most of the poins
under observation have settled at average rates of
less than one-fourth inch per year since 1954, and
the settlement of many ol them appears 1o have
ccased altogether. The settlement ol points located
at a distance of 200 to 500 feet from the sinkhole
area is scarcely perceptible. Their average annual
rate of settlement over the 14-year pertod loliow-
ing sinkhole formation does not exceed about one-
seventh of the average annual rate observed from
1948 to 1950 (the only years for which data are
available for this part of the subsiding arza), and it
therefore appears that the formation of the sink-
hole coincided with the end of the process of wide-
spread, aceelerating subsidence which preceded it
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Only four of the reference points in the south-
westerly area have experienced a change of eleva-
tion i excess of 6.5 inches in the period of
observation (1954 to 1968). Of these, two are lo-
cated within the sinkhole arca, and the other two
are within 100 feet of it. The data suggest a north-
westward or westward il involving 2 subsidence of
66 inches at the westerly end of the filted area, and

an elevation of 12.5 inches of the easterly end. The
tilting movement took place at a rapidly decreasing
rate until about 1965, when the rate of movement

“of the three subsiding points scems to have as-

sumed a fairly constant rate of about one inch per
year. The reference point which went up had
apparently become stationary by the beginning of
1967.

Inasmuch as the notable subsidence in the vears
following sinkhole formation took place at z rap-
idly decrcasing rate, it is probably atiributable to
settlement and readjustments in the rock debris
underlving the broken rock surface at depth, The
apparently constant rate of settdement of about
one inch per year presently experienced by three
of the reference points in or near the sinkhole arca

is of the same order as that obscrved in many areas

where salt extraction has been practiced. It appears

. to result from the slow creep of salt pillars,
- whether left by design in salt mining or fortui-
tously during brine extraction. It differs gualita-

tively as well as quantitatively from the accclerat-
ing subsidence associated with progressive roof
failure,

MECHANISM OF SUBSIDENCE

After the formation of the sinkhole in February,
1954, it was clear that the gradual subsidence ol an

_area with a diameter of about 2080 feet as well as

the rapid subsidence of its central portion were the
result of the collapse of the roof of one or more

_cavities in underlying salt beds. Nevertheless, the

daia then available left a number of unanswered

" questions. In his report of October 27, 1954, Dr.

Karl Terzaghi suggested two alternative hypotheti-

- ¢cal models of the events which led to sinkhole for-

mation. One of these involved subsidence of only
that part of the rock surface which underlics the
sinkhole, te., localized rock subsidence. The sec-

~ond involved the more conventional hypothesis of

the sabsidence of the rock surface undexlying the
- entire subsiding area, L.c., general subsidence.
Concerning the hypothesis of localized settle-
ment, he wrote, in part, as follows:
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“If the bedreck surface surrounding the sinkhole
arca remaimned practically stationary throughout
the years, the observed subsidence can only be ex-
plained by assuming that the bedrock surface in
the sinkhole area...descended through a space
with a volume equal to that through which the
surrounding ground surlace moved down. It must
further be assumed that the clay advanced in radial
dircctions towards the sinkhole avez, from dis
tances of more than one thousand feet . . .

“oL L Yet a flow of clay over such dis-
tances . . . beneath an almost horizontal surface is a
process without known precedent, Thercfore the
writer cannot accept it unless check borings show
that the quantity of clay located ahove the sub-
sided portion of the rock surface has really in-
creased ., .7

The recommended check borings were never
made, but two other items of information suggest
that the settlement of the surface of the ground
outside the sinkhole area was not the result of flow
of clay toward the center of the bowl of subsid-
ence. The first of these concerns the character of
the clay. In the opinion of many who arc {amiliar
with it, this clay is a siiff and highly immohbile
material. The second item is the great reduction in
the rate of settlement of points located in periph-
eral parts of the subsiding area fellowing sinkhole
formation, If flow of clay had taken place prior 1o
the major subsidence, such flow should have con-
tinued therefore, because the average gradient
tnward the cenier of the bowl was at least as high
after the subsidence and subsequent filling opera-
tion as it was prior to sinkhole formation. 1t thus
appears that the hypothesis of localized subsidence
is no longer tenable,

I, as suggested by the second hypothesis, the
subsidence of the ground sarface was everywhere
essentially identical with that of the bedrock, the
rock surface underlying a large arca outside of the
snkhole subsided at rates which were locally as
great as 7 inches per year. Such a rale of subsid-
ence could be explained only il this area were
underlain by one or more cavities with inadequate
roof support.

If surface settlements did indeed accurately re-
flect the deformation of ithe bedrock surface, sue-
cessive swrface profiles provide a valuable clue to
the nature of the delormation of the bedrock sur-
face. Figure 5 shows a scries of such prafiles
through the westerly part of the bowl of subsid-
ence, from a point within the sinkhole area to the
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edge of the arca in which scttlement ohservations
were made, It will be noted that the profiles for
the vears 1950 through 1955 exhibit a form similar
to that of a loaded, clamped plate of which the
clamped edge is subsiding at a rate of about one-
haff inch por year. The postulated plate consisted
of rock strata with an initial thickness of at least
900 feet. The mitial deformation of such a plate
would be very small but a progressive decrease of
its thickness associated with the dropping of strata
or packets of strata into the underlying cavity
would lead to increasing deformation of the plate
and hence increasing setilement of points on the
surface of the ground, On the hvpotht sis that sub-
sidence was the surface expression of the deforma-
tion of a roughly circular clamped plate, the
episode of rapid and catasirophic subsidence of
February, 1954, can be interpreted as the result of
the {aiture of the remaining strata which could no
longer carry their own weight plus that of the over-
lying vnconsolidated deposit.

It 18 not possible 10 determine accurately the
diameicr of the area undergoing accelerated subsid-
ence, corresponding to the diameter of the posin-
lated clamped plate, because settlement
ohservations were not made throughout the entire
bowl of subsidence. However, available data pro-
vide a basis {or an estimate of maximum and mini-
mum values. Ay indicated by Figure 5, the clamped
edge of the postulated plate was descending at an
approximatiely constant rate, whereuas the remain-
der of the plate was undergomg deformation at &
generally increasing rate. Hence on the map shown
in Figure 6 (reproduced from Peck’s 1954 report),
the location of the clamped edge can be assumed
to coincide approximately with the contour repre-
seniing zero difference belween the 1949 rate of
subsidence and the 1953 rate. The distance {rom
this contour to the point of maximum subsidence
before winkhole furmation is approximately the
radius of the clamped plate subject to deformation.
If this point was located near the center of the
sinkhole area, the radius was about 750 fect. How-
ever, the center ol subsidence preceding failure was
not necessarily identical with the center af the
sinkholc, because the Iocation of the sinkhele was
probably determined by the location of that part
of the cavity with maximum original vertical di-
mension, which was not necessarily at the center ol
the subsiding plate. As a matter of fact, settlement
observations made 1950 suagest that maximum
sertlement in 1930 cecurred in an ares seversl hun-
dred feet to the southwest of the center of the
sinkhole (Fig. 2). If this area was the site of maxi-
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mum subsidence throughout the years 193]
through 1953, lhe effective diameter of the
clamped plate may not have exceeded G5 feet,

Although it is impossible to determine with pre.
cision the time at which the thickness of the caviry
rool began to decrease, the records of well aban-
donment provide some general informadion, Of the
nine wells dniled w1th1n the area of the bowl of
subsidence or at its periphery, all but two had been
abandoned by 1932 owmg 1o scvere damage pro-
duced by rockfalls. Two survived into the 1940%,
One of these, located about 500 {eet to the south-
castward of the center of the sinkhole, was dban«
doned in 1940 owing to a rockiall at a depth of
965 feet. The second, located about 100 leet east
of thce first, was ahdmlnned tn 1943 hecause of
Irreparable damage at a depih of 1200 fect. Hence
it seems that the strata at depths less than 1000 o
1200 fect were still [airly intact in the early 1940%
bencath the site of the future bowl of subsidence;
atherwise rockfalls would have taken place in the
twn rematning wells as higher elevations, By 1950,
when the bowl of subsidence [irst became per-
ceptible, progressive failure must have reached a
level well ahove the top of the Upper Salt.

Subsidence like that at Sandwich is commonly
atiributed to stoping above a large cavity lovated at
depth, followed by the collapse of the remainder
of the roof of the ecavity. However, I it were
assumed that the Sandwich subsidence was due to
the presence of a single high cavily, into which
much of the reot rock, with a rotal thickness in
excess of 1060 lcet, had dropped, it would be vir-
tually impossible to account for the fact that bulk-
ing ol the debris had not caused the cavity to be
filled before major subsidence could take place,

An alternative hypothesis is that early cavities
were extensive and locally deep, but contained
abundant salt pillars which provided temporary
and partial supporl for a sagging roof. According to
this hypothesis, if strata overlying u cavity became
separated along bedding planes from the rocks
above and sagged into the cavity, they did not de-
scend far before coming to rest at least iemporarily
on salt remnants. When the next set of strata m
turn became detached [rom the overlying rock,
they also came to rest in a nearly intact state and
only slishily below their original position. These
strata must have been thoroughly fraciured and cn-
tirelv lacking in temsile strength, hut the space
which they occupied need not have heen greatly m
excess of their original volume. Tt can, for Instancd.
be postulated that the 150- to 206-foor thick
siratum of insoluble rack berween the Lower and
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the Middle Salts sagged into one or more under-
lying cavities, More or less stimultaneously, it may
be supposed, simidar sagging took place into the
cavity or cavities in the Middie Salt.

The strata of the Bass Island dolomite overlying
the Upper Salt were initially thick enough to span
a cavity in the Upper Sall without appreciable de-
formation. Fventunally, however, partings along
bedding planes must have opened, whereupon one
or more strata descended into the cavity, possibly
without disruption or notable bulking. As succes-
sive strata were detached from the roof und came
to lie on the floor of the cavity, the load on the
salt remnants at various deeper levels was increased
and must have preduced fatlure of some of the salt
pinnacles which provided support for the overlying
broken strata, Coneurrenily, solution was taking
place in the salt beds, owing to the fact that water
was being introduced through well No. 19, west of
the suhsiding area, while brine was being pumped
from wells located cast of it. Both the increasing
load on salt remnants and their continued diminu-
tion by solution must have contributed to a
gradual increase in the scttlement of the overlying
broken strata resting on them, and hence lo an
increase in the height of the cavity spanned by
intact rock. There secms to be no way of determin-
ing the stage at which the vertical dimension of this
cavity hecame so great that there was notable shat-
tering and bulking of the strata as they dropped
into it. It is only known that when the roof finally
failed, the vertical dimension of the cavity ex-
ceeded that of the broken rock by twenty-live feet

367

in the decpest part, and by only a few inches at a
distance of several hundred feet from the center.
The remainder of the cavity was completely {illed
with broken rock, either at the time of sinkhole
formation or in the few months prior thereto. Con-
sequently little or no sudden subsidence ook place
in the area located more than some two hundred
feet beyond the edge of the sinkholc area.
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