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Table 1. — Rock Unit Stratigraphic Descriptions

Rock Unit Desig-  Thickness  ___ __  Microscoplc Progerties ~—Yisible Gyosum e Discontinuitfes, Othee
nation/Rock Type (feet) Color Bedding Hardness Percent, Distribution Raturz, density, spacing, interbeds, etc.
Purgatory 60 to Light brownish Bedded, some Hoderataly hard, Hone Reported fine- to medium- grained slightly weathered,
Sandstone . 70 yellow to yellow- cross-bedding slightly friable
ish brown H 40-45°E, Joint set N20°W, 80%SW, ?-foot spacing

SANOSTONE 20-23'SE

12 60 to Altarnating reddish Thialy bedded Soft to moderately 20-30% along bedding Fractures to | inch wide hested with gypsum.
SILTSTONE AKD 0 brown and light hard planss, as modules,
QOLOMICRITE greenish gray in healed fractures

i1 18 Light greenish Thinly bedded, Soft to moderately 20X, along bedding Healed fractures
GYPSIFEROUS gray and light some cross-bedding hard planes and in healed.
DOLOMITE reddish gray fractures

10 16 Reddish brown Thinly bedded Soft to moderately 15-25% in laminae
SILTSTONE harg parsllel to bedding

9 1.2 Light greenish Thinly bedded Moderately hard 10X in lamtnae parallel
SILTY DOLONICRITE gray to reddish to bedding

gray

8 1.4 Reddish brown Thinly bedded, Soft to moderataly 20X, along bedding plenes, Low joint denaity
ooLoRITIC with ripple marks hard healling fractures, and as
SILTSTONE modul es

7 8.2 Light greenish gray Thinly bedded Koderataly hard 10X, white and clear, Open joints, high joint density
DOLORICRITE to hard slong bedding planes

[ 16 8rownish gray to Thinly bedded Soft to moderataly 20-25%, along bedding Open joints; low Joint density
DOLONITIC reddish brown hard planes and In irregular
SILTSTONE fractures fractures and nodules
QOLOMICRITE 1 Light greenish gray Marker bad 8 feet abova contact with Rock Untt §
Harker Bed

] 2.7 Light greenish gray Thinly bedded Moderately hard 20X, along bedding planes Open vertical joints, Mgh joint density
DOLOMICRITE to hard

] ] Light greenish gray Thinly bedded; Moderately hard 20X, along bedding planes Open, vertical foints; high joint density;
COLOMICRITE some warped beds to hard fossil mud cracks and warped bedding

k) 8.0 Brownish gray to Thinly bedded Moderately hard 15%, along bedding planes Opan joints, low jJoint density;
BOLOMITIC Vight reddish gray some interbadded DOLONICRITE
SILTSTONE

2 4.9 Light greenish gray Thialy bedded; Moderately hard 10-15X, along badding Opan, near varttces) Joints; moderate
DOLOMICRITE to browntsh gray smooth bedding planas Joint density; some intarbadded SILTSTONE

1 . 23.5 Reddish brown Thinly bedded Soft to modarataly  25-30X, along bedding Open joints; Yow Jaint density;
SILTSTOKRE hard planes and in hesled, occasional thin bads of tight greenish

{rregular fractures greenith gray DOLOMICRITE

18 1.1 Light greenish Thinly bedded Moderately hard White and clean, along Opan joints; high joint density
DOLOMICRITE to hard bedding planes

1A 10 Reddish brown to Thinly bedded Saft to moderately 10-15%, as laminae along Low joint density
S1LTSTONE 1ight reddish gray hard - bedding planes

0 Approx, Light greenish gray Thinly bedded; Moderately hard 5-10X, 33 laminae along Moderate joint density; some pyrite healing
DOLOMICRITE 70 contorted beds at to hard bedding planea of fractures, and along bedding, nesr

bottom bottom of unit

and
SILTSTORE 8rown to reddish Thinly bedded Soft, slightly
Interbeds brown friable

? Over Light brown and Reddish; some Hoderately hard Nodules Open joints; moderate joint density; blebs of
Interbedded 100 Vight blulsh gray contorted bedding crude oi} in sandstone beds, some suifur
SILTSTONE, ’
DOLOMICRITE

and
SANOSTOKRE

small fraction of the gypsiferous foundation rock. The
cutoff depth selected was 75 ft in the breach area. The
depth was ~50 ft at the left abutment and 25 ft at the
right abutment, with transitional areas up to 400 ft in
length between the maximum depth and the abutment
sections. A typical cross section of the cutoff at maxi-
mum depth (~sta. 6+00) in relation to the dike cross
section is shown in Figure 12. Also shown in Figure
12 is the configuration of the cutoff near the right abut-

ment at station 11+50. Note that the upstream foun-
dation area of the RCC dike is placed on bedrock and
not on the cutoff concrete. This area became a prob-
lem area later, which is discussed in the section Quail
Creek Dike Performance. The cutoff configuration con-
sisted of a 32-in.-wide saw-cut slot extending below
the trench. To permit sufficient working space for con-
struction equipment, the bottom width of the trench
was designed to be 20 ft.
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Figure 11. Geologic cross section along the axis of the Quail Creek Dike, looking to the southwest (modified from Payton, 1992).

Strata dip to the southeast, toward the left abutment.

The cutoff was excavated with the use of a rock
trencher, because drilling and blasting, even with con-
trolled pre-splitting techniques, was considered to
have the potential to damage the rock beyond the ex-
cavation limits. Excavation of the Quail Creek South
Dike cutoff began in December 1989 and was com-
pleted in February 1990. Approximately 62,000 cubic
yards of rock was excavated from the cutoff trench.
The lowest 32-in.-wide, 19-ft-deep slot was backfilled
with a conventional concrete mix using type V cement.
At the 20-ft-wide bench level, a 12-in. PVC water stop
was placed in the top of the slot concrete at the con-
tact between the RCC and the conventional concrete.
Detailed geologic mapping of the cutoff trench walls was
accomplished prior to the placement of any concrete.

Dike Construction

The Quail Creek Dike construction began as the
placement of the RCC backfill in the cutoff trench
reached the level of the dike foundation. RCC place-
ment was continuous from the cutoff trench to the dike
section. The volume of the RCC dike is ~123,500 cubic
yards. The crest length is 2,050 ft, with a crest width
of 16 ft. The upstream face is vertical, and the down-

stream face slopes at 0.85:1. The base elevation at the
maximum section is ~2,908 ft, with a dam width of
~T72 ft, and a crest elevation of the non-overflow sec-
tion of 2,993 ft. The overflow section is at an elevation
of 2,988 ft, with a crest length of 1,800 ft. The maxi-
mum normal full-pool elevation is 2,985 ft, with a gross
reservoir capacity of 40,325 acre-ft. The new' Quail
Creek Dike was completed in June 1990.

QUAIL CREEK DIKE PERFORMANCE

The Quail Creek Dike is currently referred to as
the Quail Creek South Dam. Since the completion of
the RCC structure, and the refilling of the reservoir
in the spring of 1991, the dam has performed very
well. Upon completion of the dam it was anticipated
that a grouting program might be needed within 5
years. Seepage beneath the structure had gradually
increased during the past 11 years. Seepage had origi-
nally been most noticeable along the right (west) side
of the dam, leading to the installation of a toe drain
system by RB&G Engineering. During the past few
years, subsidence features had been noted downstream
of this area. Since January 2002, seepage beneath the
left (east) side of the dam had increased significantly.



302 C. C. Payton and M. N. Hansen

_EL.2988
[l
| !
i \
| AN
AN
| N\
| N
I \
| N
[ AN
| AN
| A APRON
AN
! N /
K N
\f I ' :DOWNSTREAM
FOUNDATION
AREA

CUT-OFF TRENCH
AT STATION 6+00

—

UPSTREAM DOWNSTREAM
FOUNDATION FOUNDATION
AREA R AREA

CUT-OFF TRENCH
32 AT STATION 11+50

Figure 12. Configuration of the cutoff trench in the main part of
the new Quail Creek Dike (from Payton, 1992). Station 6+00
(above) shows the maximum depth of the trench (76 ft) in the
vicinity of the breach that occurred in 1989. Station 11+50 (be-
low) shows the cutoff-trench configuration near the right abut-
ment. Reservoir is on the left.

About 400 ft downstream of station 5+00, water be-
gan flowing out of several closely grouped, open eroded
fractures in a highly fractured, highly gypsiferous
light-greenish-gray dolomicrite layer, identified as unit
5 (see Figs. 8, 13). As shown in Figures 8 and 13, this
unit is only 2.7 ft thick, but it contains >20% visible
gypsum, with a chemical analysis showing ~50% gyp-
sum. During the spring of 2002, seepage had reached
the point of overflowing a 12-in. flume downstream.
To measure the increasing flow more accurately,
RB&G Engineering had two V-notch weirs installed
downstream of the main spring. Overall seepage had
increased to ~12 cfs, with flows from the main spring
reaching ~5 cfs. Flows from the spring were discol-
ored and cloudy. Analysis showed water from the
spring to be carrying up to 1.4 tons of sediment per
day on March 23, 2002, then dropping to ~760 1b per

day 9 days later (Hansen, 2002). While the high flows
were of concern, the safety of the RCC dam was not in
question. The high velocity of the flows at this source
indicates that the dissolution of gypsum had been re-
placed by more rapid erosion and piping of bedrock
foundation material.

Plans were made to lower the reservoir to perform
some general maintenance and address the seepage
problems. On the basis of a review of the previous
grouting programs for the original dike, and the logs
from the new cutoff trench, RB&G Engineering de-
signed an extensive grouting program to intersect open
fractures beneath the cutoff trench. An emphasis was
placed on the most susceptible zones, including units
4 and 5, where grout-hole spacings were designed as
close as 2.5 ft apart and extending >50 ft below the
contact between the RCC cutoff trench and bedrock.
Grout holes were drilled from within the drainage gal-
lery of the dam. Holes were drilled with a predominant
dip of 45°, and toward the left abutment (bedrock dip-
ping ~15-23° toward the left abutment). The majority
of the beds were drilled parallel to the axis of the dam,
with some angled 10-20° upstream, for wider coverage.

The second grout hole drilled encountered a large
water take a few feet below unit 5. Dye placed in the
hole was noted downstream at the main spring 7 min-
utes later. As water levels in the reservoir were drop-
ping, the basin area was monitored for sinkholes. Dye
placed in sinkholes was also noted downstream within
~15 minutes. Figure 14 shows a whirlpool associated
with one of the sinkholes. As water levels in the reser-
voir dropped, flows downstream remained about the
same, indicating that fractures were likely eroding as
fast as the water level was dropping. Seepage down-
stream did not drop off until a cofferdam had been
built and water levels within 600 ft of the dam had
drained off. After water levels had dropped, >200 sink-
holes were documented within 400 ft upstream of the
dam (see Fig. 15). The highest concentration of sink-
holes was noted along the left side of the basin.

Figure 13. Major spring flowing from channels in highly frac-
tured gypsiferous dolomicrite (unit 5).
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During May 2003, the grouting project was com-
pleted, with a total of 177 holes drilled and grouted
with a combined footage of ~28,540 ft. Many of the
grout holes have been relatively tight with only mi-
nor grout takes. Holes that have taken grout are gen-
erally within very narrow zones. Several holes encoun-
tered open voids ~1-2 ft wide. Six holes had relatively
large grout takes, ranging from 210 to 565 bags of type
V (sulfate-resistant) portland cement. For this project,
~4,825 bags of cement and ultrafine and microfine
grout were used. The total cost of the grouting pro-
gram was ~$750,000.

An examination along the upstream contact of the
dam and bedrock revealed evidence of widespread dis-
solution of gypsum along the right side of the dam.
The dissolution of gypsum has caused up to 5 in. of
subsidence, creating a gap between the dam and the
underlying softened bedrock, as shown in Figure 16.
In this area the softened bedrock was excavated from
beneath and along the heel of the dam and replaced
with concrete, along with a concrete apron ~10 ft wide
out in front of the dam.

In an effort to increase the length of time before a
second grouting program is needed, a partial basin lin-

Figure 14. Whirlpool going down into a sinkhole. Diameter of
whirlpool is ~4 in.

Figure 15. Dark spots are ~50 of the more than 200 sinkholes
upstream of dam. Field of view is ~300 ft wide.

Figure 16. Weathered bedrock just below RCC (roller-com-
pacted concrete), showing open voids and collapse features
caused by the dissolution of gypsum (pencil for scale).

ing was placed along a part of the upstream basin next
to the dam. The basin lining consists of compacted
subgrade and a clay lining overlain with a geomembrane
liner and topped with compacted fill. The partial basin
lining covers ~139,000 square yards of the basin, ex-
tending along the upstream heel of the dam and taper-
ing out ~1,200 ft upstream of the dam on the left side.
The cost for the partial basin lining was ~$1.5 million.

While the grouting program and partial basin lining
will slow the dissolution and erosion of gypsum and
soluble materials within the foundation of the dam, it is
expected that these processes will continue. Because of
the ever-growing need for additional water and water
storage in southwestern Utah, the WCWCD will be faced
with the recurring expense of maintaining the bedrock
foundation of the South Dam during the life of the struc-
ture. Quail Creek Reservoir also serves as a Utah State
Park and provides valuable recreational facilities for the
region. It is anticipated that the remediation measures
taken during the past year will prolong the time before
a second grouting program is needed.
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ABSTRACT.—The McCauley Sinks, in the Holbrook Basin of northeastern Arizona, are com-
posed of some 50 individual sinkholes within a 3-km-wide depression. The sinks are grouped
concentrically in three nested rings, although the pattern is imperfect. The outer and least
conspicuous ring contains ring fractures and is an apparent tension zone. The two inner
rings are semicircular chains of large sinkholes, ranging up to 100 m across and 50 m deep.
Several sub-basins within the larger depression show local downwarping and potential in-
cipient sinkholes. :

Limestone of the Permian Kaibab Formation, <15 m thick, is the principal surface lithol-
ogy and is near its easternmost outcropping. Although surface rillenkarren are present, and
the sinks occur within the Kaibab limestone outcrops, the Kaibab is a passive rock unit that
has collapsed into solution cavities developed in underlying salt. Beneath the Kaibab is the
Coconino Sandstone, which overlies the Permian Schnebly Hill Formation, the unit con-
taining the evaporite rocks—principally halite in the Corduroy Member. Evaporite karst in
this part of the basin is different from that in the eastern part, probably because of the
disappearance of the Holbrook Anticline, a structure with major joint systems that help
channel water to the salt beds below. The McCauley Sinks area also is near the western
edge of the evaporite basin. '

The structure at McCauley Sinks suggests a compound breccia pipe, with multiple sinks
contributing to the inward-dipping major depression. The depression at Richards Lake, 5
km southeast of McCauley Sinks, is similar in form and size with a single, central sinkhole,
and one along the periphery. An apparent hydrologic difference at McCauley Sinks is its
proximity to the deeply incised Chevelon Canyon drainage.

The 3-km-wide karst depression at McCauley Sinks, along with five other depressions
nearby, provides substantial hydrologic catchment. Because of widespread piping into karst
features and jointed bedrock at shallow depth, runoff seldom ponds at the surface. There
appears to be greater recharge efficiency here than in adjacent alluvial areas; thus concern
exists for ground-water users downgradient from the karst area, specifically from pollut-
ants that might enter the karst openings.

Sinkholes and open fissures should not be used for waste disposal. Although this is a
remote area, collapse of karst features around engineered structures is also possible.

INTRODUCTION

McCauley Sinks are a unique and conspicuous fea-
ture of the northern Arizona landscape. This group of
some 50 sinkholes in the westernmost part of the
Holbrook Basin, adjacent to Chevelon Canyon, forms
a saucer-shaped depression that is unlike any other
known sinkhole cluster. The 3-km diameter of the
depression at McCauley Sinks is similar in size to
Meteor Crater and its ejecta field, just 45 km to the
northwest, but there is no genetic relationship between
the two. McCauley Sinks resulted from dissolution in
the underlying salt; Meteor Crater was caused by
meteorite impact—beyond any reasonable doubt.

Kaibab Formation limestone crops out extensively
around the sinks, and therefore some early observers
believed that the features were limestone karst. But
individual sinks transect the entire 12—-15-m thick-
ness of the Kaibab at this locale, and the collapse ex-
tends through the underlying Coconino Sandstone.
Well records show that evaporites in the Corduroy
Member of the Schnebly Hill Formation beneath the
Coconino have thinned markedly, suggesting that
evaporite dissolution and collapse are responsible for
the karst. The area adjacent to McCauley Sinks con-
tains five other subsidence depressions, three of which
have associated sinkholes. Richards Lake, the largest

Neal, J. T.; and Johnson, K. S., 2003, A compound breccia pipe in evaporite karst: McCauley Sinks, Arizona, in Johnson, K. S.; and Neal,
J.T. (eds.), Evaporite karst and engineering/environmental problems in the United States: Oklahoma Geological Survey Circular 109,

p. 305-314.
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of the five depressions, is smaller than McCauley Sinks
and contains one central and one peripheral sinkhole.
The saucer-like attributes of Richards Lake and
McCauley Sinks are similar to some breccia-pipe struc-
tures on the Colorado Plateau that are ascribed to dis-
solution in the Mississippian Redwall Limestone.
The evidence for an origin similar to the Colorado
Plateau breccia pipes (by dissolution of limestones) is
examined here, along with hydrogeologic implications
in this environment. LPG (liquefied petroleum gas) is
currently stored in the eastern part of the Holbrook
Basin, in solution caverns formed in salts of the Cor-
duroy Member, and potential space exists for more
caverns. Geologic site characterization that is required
for the permitting of additional storage caverns must
evaluate the varieties of karst expression in the basin.

GEOLOGY AND HYDROLOGY

McCauley Sinks and five adjacent depressions oc-
cur in west-central Navajo County, 28 km southeast
of Winslow, Arizona (Figs. 1-3). The Holbrook Anti-
cline, if extended westward from its more conspicu-
ous expression to the southeast, would pass through
a point near the Richards Lake/McCauley Sinks area.
But its surface manifestation has virtually disap-
peared, except for en-echelon swarms of buckle folds
and open fissures in bedrock, aligned along the same
northwesterly structural trend as the Holbrook Anti-
cline (Wilson and others, 1960; Neal and others, 1998;
Rauzi, 2000). The western edge of Permian salt in the
Holbrook Basin is only a few kilometers beyond
McCauley Sinks (Fig. 2). Dissolution at this edge of
the salt body is occurring but is less straightforward
than in Dry Lake Valley to the southeast. The area
around McCauley Sinks displays totally different fea-
tures as compared with those along the collapsing crest
of the Holbrook Anticline to the southeast, which is
coincident with the dissolution front and karst occur-
rence (Bahr, 1962; Peirce and Gerrard, 1966; Neal and
others, 1998).

The Permian evaporite sequence in the Holbrook
Basin originally was termed Supat salt and was
thought to be equivalent to Supai red beds in the
Grand Canyon (Bahr, 1962; Peirce and Gerrard, 1966).
The Permian Grand Canyon sequence is traceable to
the area of Sedona, Arizona, but has been renamed
there for the type locality at Schnebly Hill (Blakey,
1990). The members of the Schnebly Hill Formation
are, in ascending order, Bell Rock, Big A Butte, Fort
Apache, Corduroy (the 400-m-thick evaporites of the
Holbrook Basin, isolated by the Sedona Arch), and
Sycamore Pass (Fig. 3). The oldest Bell Rock Member
rests conformably on the Permian Hermit Shale, which
1s underlain by the Naco Group and the Mississippian
Redwall Limestone. The Redwall displays widespread
dissolution in northern Arizona. It has produced at
least six sinkholes in the Sedona area (Lindberg, 1998)
and hundreds of breccia pipes and sinkholes elsewhere
on the Colorado Plateau (Wenrich and Billingsley,

1986). The Redwall in the Holbrook Basin is gener-
ally <30 m thick and is ~1,200 m below land surface;
it is not thought to be a factor in karst development at
McCauley Sinks.

Hydrogeology

The principal aquifer in southern Navajo County is
the Coconino Sandstone (Mann, 1976), but the over-
lying Kaibab Limestone and the uppermost beds of
the underlying Schnebly Hill Formation are hydrau-
lically connected as part of the aquifer. The Coconino
Sandstone is fine- to medium-grained quartz sand,
light yellowish gray to tan, and is weakly cemented
by quartz, iron oxide, and calcite. The sandstone is
conspicuously cross-bedded. It thickens from 120 to
250 m toward the northwest across southern Navajo
County and is ~200 m thick in the vicinity of the
Holbrook Anticline.

Recharge of the aquifer occurs from precipitation
and streamflow (Mann, 1976). Most recharge occurs
along the Mogollon Rim, some 50 km to the south,
where the average precipitation is 5075 cm/yr. Some
recharge also occurs along the Holbrook Anticline as
a result of precipitation (which averages 25-35 cm/
yr) and from consequent piping of surface waters
downward through Dry Lake, sinkholes, and other
karst-induced fractures in the area. Ground water
flows to the north, toward the Little Colorado River,
with a hydraulic gradient of about 6 m/km (30 ft/mi)
in the vicinity of the Holbrook Anticline (Fig. 4). The
Coconino aquifer is unconfined in most of southern
Navajo County but is confined by the overlying
Moenkopi Formation to the north and near the Little
Colorado River (Mann, 1976).

The water table of the Coconino aquifer typically is
120—-200 m below land surface in most areas along, or
adjacent to, the Holbrook Anticline (Mann, 1976). In
several areas near the crest of the anticline the
Coconino Sandstone is dry, or nearly dry, and the
water table is in the uppermost layers of the underly-
ing Schnebly Hills Formation, which does not yield
much water. The Coconino typically yields 200-2,000
L/min, whereas the Schnebly Hill, along the Holbrook
Anticline, yields <200 L/min.

In most of southern Navajo County the quality of
water in the Coconino aquifer is good, typically with
200-400 mg/L TDS (total dissolved solids). The prin-
cipal constituents are calcium, magnesium, and bicar-
bonate (Mann, 1976). However, in the vicinity of the
Holbrook Anticline the water is much less desirable,
with 500—4,410 mg/L. TDS. This water is high in so-
dium chloride and is present mainly in the lower part
of the aquifer: undoubtedly it is part of the brine
formed by dissolution of salt in the directly underly-
ing Corduroy Member of the Schnebly Hill Formation.
A plume of this brine extends northward from the
Holbrook Anticline, following the hydraulic gradient
Fig. 4).

Karst activity in the area involves lateral and down-
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Figure 1. McCauley Sinks, in the western part of the Holbrook Basin, displays entirely different karst characteristics from those
seen in the eastern part of the basin, where graben sinks and fracture-induced sinkhole patterns predominate. Some 50 sinks
occur here in a semi-concentric pattern, consisting of three separate “rings.” The outer ring is indistinct in this photograph but is
marked by fractures at the surface. Chevelon Canyon (foreground) and its two tributary canyons are all 80+ m deep and might
influence the local hydrologic flow pattern. Richards Lake is 5 km southeast of McCauley Sinks. View looking to the south.
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MS = McCauley Sinks
RL = Richard Lake
NW = Northwest Sinks
DL = Dry Lake

TL = Twin Lakes

TS = "The Sinks"

OS = Ortega Sink

DPL =Decp Lake

A = Adamana

BMS = Blue Mesa Sink
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Figure 2. Holbrook Basin, in northeastern Arizona, showing thickness of the Corduroy Member of the
Schnebly Hill Formation, and the more limited distribution of its salt (dotted line). McCauley Sinks are
in the west side of the basin, near the edge of halite deposits and the end of the surface anticline. Line

A-B marks cross section shown in Figure 3.
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Figure 3. Cross section A-B (see Fig. 2), showing collapse area (diagrammatic) at McCauley Sinks,
caused by dissolution of evaporites in the Corduroy Member. Fault offset in units beneath the salt is

unproven but is thought likely by some geologists.

ward percolation of fresh water through the Coconino
aquifer until it encounters the uppermost salt layers
in the Corduroy Member, about 215-250 m below the
land surface. Salt dissolution is accompanied by de-
velopment of sinkholes and collapse structures in over-

lying strata (Fig. 3) that enhance further flow of fresh
water to the dissolution zone. Therefore, karst devel-
opment is self-perpetuating.

Figure 4 reveals a substantially lower TDS range
for the McCauley Sinks/Richard Lake area, suggest-
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Figure 4. Water quality of Coconino Sandstone aquifer in southern Navajo County, Arizona (from Mann, 1976). Map shows total
dissolved solids of ground water in mg/L. Also shown are Holbrook Anticiine, arrows showing direction of the hydraulic gradient
(6m/km), and McCauley Sinks {x) in west-central part of map area.

ing either that (1) dissolution processes are less ac-
tive now than in the past, and that the karst may be
in a more mature stage of development; or that (2)
wells have not been drilled deep enough to encounter
higher salinity waters in the area.

Collapse Processes at McCauley Sinks
and Richards Lake
McCauley Sinks comprise a group of 50 sinks cov-
ering ~5 km? in a generally low-relief area adjacent to
Chevelon Canyon, 29 km southeast of Winslow (Figs.

1, 2, 4, 5). A cursory look at the overall grouping of the
McCauley Sinks shows a roughly nested arrangement
of two arcuate rows of coalesced sinkholes. A third
and less distinct outer arc is marked by several dis-
connected surface fractures. Field inspection of the
topographic setting suggests that the sinkhole and
fracture arcs may be the concentric stress-field expres-
sion of a larger subsidence basin.

Nearby Chevelon Canyon, a losing stream at this
locale most of the time because of a dam upstream,
probably contributes less ground-water recharge than
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in the past. Substantially greater infiltration in the
past, especially during pluvial stages of the Pleis-
tocene, may have accelerated the sinkhole patterns
that exist today.

Conjugate joints in the Kaibab Formation (lime-
stone) and Cononino Sandstone have an important
bearing on the expression and development of indi-
vidual sinks. Steep sidewalls commonly are aligned
along near-vertical joint planes parallel to regional
structure, and some sinks have nearly square corners.
Several sinks are as wide as 100 m and as deep as 30—
35 m; the largest is a compound sink that is 185 m in
its long dimension. Some depressions appear to be ei-
ther older (filled) sinks or possibly the loci of future
collapse.

Distinctive pressure ridges, or local buckle folds,
seen principally in the nearly horizontal Kaibab For-
mation limestone beds are identical to similar features
within the Richards Lake depression and occur in as-
sociation with other sinkholes along the Holbrook
Anticline. The pressure ridges within the area of karst
expression are compression features that originated
from subsidence caused by evaporite dissolution. The
ridges are 2—-10 m high, with beds dipping away at
low angles and forming sinuous linear hills about 15—
25 m wide. The ridges are parallel and are commonly
>100 m long (Fig. 1), trending generally N. 30°W,,
which is subparallel to the trend of the probable north-
ward-bending and waning Holbrook Anticline. Simi-
lar buckle folds are interpreted as stress-relief fea-
tures in some geologic environments undergoing com-
pression (Sanford, 1959; Ramsey, 1967).

Richards Lake Similarities

Richards Lake is a 2-km-wide natural depression
5 km southeast of the McCauley Sinks (Figs. 1, 2, 6).
The Richards Lake depression contained water for
short periods after heavy rains and after the diver-
sion of Black Creek in 1902, but it has been generally
dry since the 1940s, according to local residents. It is
situated within the Moenkopi/Kaibab outcrop belt,
with the Coconino Sandstone at shallow depths.
Richards Lake is near the western end of the Holbrook
Anticline and is interpreted as a large collapse depres-
sion with concentric faults and pressure ridges, with
a 170-m-wide sinkhole near the center (Neal and
Colpitts, 1997). A second set of pressure ridges paral-
lels the waning Holbrook Anticline, trending N. 30°
W. In the alluvium at the bottom of the sinkhole, two
secondary piping features were forming in early 1996,
suggesting continuing dissolution at depth. A north-
west-trending fissure was also observed, essentially
parallel to the regional structure.

The presence of Richards Lake amidst numerous
salt-karst features suggests a similar dissolution ori-
gin but with unique characteristics. A similar collapse
origin for Richards Lake and the McCauley Sinks is
likely because of their close proximity and their com-
parable geological setting, size, and appearance. Two

less well-developed depressions occur 1 and 3 km to
the northwest, on an azimuth of ~N. 62° W. (Fig. 6),
in tandem with Richards Lake. Secondary sinkholes
occur within each of these depressions, as at Richards
Lake. A similar, 1-km-wide depression, 2 km north-
east of McCauley Sinks (at Rattlesnake Bend), con-
tains buckle folds but no central sinkholes (Fig. 6).
Similar processes appear likely for all of these smaller
depressions, although their development is much less
advanced than either Richards Lake or McCauley
Sinks. _

The shallow depressions adjacent to Richards Lake
and south of McCauley Sinks are near the suspected
western limit of salt in the Corduroy Member (Figs. 2,
3). They also are near the western terminus of the
Holbrook Anticline, although the precise locations of
the salt margin and the anticline are not known. Un-
like the sinkholes in Dry Lake Valley and other sites
farther east, these westernmost depressions (includ-
ing Richard Lake and McCauley Sinks) appear to have
a unique karst style, with collapse related more to the
dissolution front along the margin of the salt basin
than to collapse along the Holbrook Anticline. All six
depressions in the study area are in the Kaibab For-
mation outcrop belt, and all have local basinward dips
of 0-10°. The pattern and geometry are similar to
many breccia pipes in northwestern Arizona that are
attributed to dissolution in the Redwall Limestone,
but clearly the structures in this study result from
salt dissolution and collapse.

The topographic map and cross section at McCauley
Sinks (Figs. 5, 7) reveal the imperfect, nested arrange-
ment of three concentric rings. The area involved in
the collapse extends well beyond the sinkhole cluster,
as shown by the local disruption of the regional dip of
Kaibab outcrops, the topographic depression, and frac-
tures in rocks on the north side of Chevelon Canyon.

The regional structural alignment of depressions
and major surface fractures is shown in Figure 6.
McCauley Sinks and Rattlesnake Bend depressions
are aligned N. 45°E., along with the major trend of
Chevelon Canyon. Richards Lake and the adjacent two
depressions trend N. 62°W., somewhat offset from the
N. 45°W. trend of major fractures and Chevelon Can-
yon tributary channels, which are fracture controlled.

COMPARISON WITH OTHER BRECCIA PIPES
AND COLLAPSE FEATURES

The depressions at McCauley Sinks and Richards
Lake are perennially dry, karst-subsidence basins.
They may have a counterpart at Deep Lake in the
eastern Holbrook Basin, and they also resemble the
breccia pipe in evaporites at San Simon Sink in the
Delaware Basin of southeastern New Mexico, as well
as some breccia pipes in northern Arizona attributed
to dissolution in the Redwall Limestone.

San Simon Sink is the lowest point in the San Simon
Swale, a 260-km? depression along the eastern mar-
gin of the Delaware Basin, above the Capitan Reef,
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Figure 6. Structural features, surface hydrology, and related depressions associated with McCauley
Sinks. N. 45° W. trend is predominant; orthogonal trend is ~N. 45° E.

which outlines the basin. It has formed as a result of
evaporite removal by dissolution of salt in the under-
lying Rustler and Salado Formations. The San Simon
Sink forms a generally oval depression ~30 m deep,
covering ~1.3 km?. It contains a secondary collapse
sink, ~100 m across and some 8-10 m deep, which
subsided abruptly in 1927. Annular rings that cut the
surface around the sink suggest continuing subsid-
ence and readjustment to the earlier collapse. The
position of the sink over the reefled to the suggestion
by Lambert (1983) and Bachman (1984,1987) that the
collapse originated in a ground-water cavity in the
Capitan Reef, and that the sink may be a modern ana-
log of a breccia pipe that is actively forming.

Breccia chimneys typically are features of positive
relief, originating by the gravity collapse of flanking
materials into sinkholes and forming indurated “chim-
neys” in the throat leading to the void below. Subse-
quent erosion and subsidence of the surrounding and
more soluble country rock leads to topographic inver-
sion. While not nearly as common as sinkholes and
other collapse features, breccia chimneys may be lo-
cally significant, such as at the northern border of the
Capitan Reef, where they have been observed in pot-
ash mines. “Karst domes” may resemble breccia chim-

neys, as features of positive relief, but their cores con-
tain older, as well as younger, rocks than their flanks
(Davies, 1984; Hill, 1996).

Solution-subsidence structures are well known in
the Devonian Prairie Formation of southern Saskatch-
ewan, Canada. The Rosetown Low and the Regina
Hummingbird Trough show formation thinning of sev-
eral hundred feet, which has been attributed to
interstratal dissolution of evaporites at depth (DeMille
and others, 1964). Underlying reefs and bedrock frac-
tures possibly supply the necessary circulation chan-
nels for additional localized evaporite dissolution, simi-
lar perhaps to the Capitan Reef features. Surface ex-
pression of this dissolution is obscured by the pres-
ence of glacial drift.

Breccia pipes on the Colorado Plateau, some of
which are aligned with northwest-trending structural
lineaments, are commonly marked by surface depres-
sions having dimensions and structural geometry simi-
lar to McCauley Sinks. They are believed to have been
caused by dissolution in the Mississippian Redwall
Limestone and concomitant stoping to the surface
(Wenrich and Billingsley, 1986; Sutphin and Wenrich,
1989). The karst openings in the Redwall are along
solution-widened fractures and joint-controlled caves.
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Breccia pipes in evaporites have been described in
the Paradox Basin (Sugiura and Kitcho, 1981), but
their dimensions are not at all similar to either San
Simon Sink or McCauley Sinks and Richards Lake.

The similarity of structural alignment in the
McCauley Sinks area with other Colorado Plateau
breccia pipes is perhaps not surprising, given the rela-
tive short separation and similar hydrogeologic con-
trols. The mechanism of deep hydrologic drainage and
evaporite transport, such as occurs into the fractured
Capitan Reef beneath San Simon Sink, is speculative
at McCauley Sinks, as the deepest water wells have
penetrated only the uppermost Schnebly Hill strata.
Hydrologic connections with the deeper Redwall are
speculative, as logs are unavailable for the one nearby
oil-well penetration.

CONSIDERATIONS OF GEOLOGIC
SITE CHARACTERIZATION

Further development of this area for storage cav-
erns, or for other industrial, agricultural, or commer-
cial and residential purposes, must address the pres-
ence of active karst formation. Hundreds of square
kilometers are potentially hazardous to some degree,
but land-use classification that categorizes the ele-
ments of relative potential risk is achievable so that
limited industrial, agrarian, or residential use can
continue safely. Such categorization may be useful in
simplifying procedures for licensing new cavern fields
for underground storage, or in updating and validat-
ing locations of existing caverns.

The 3-km-wide karst depression manifested in

McCauley Sinks, along with the five adjacent depres-
sions, forms a hydrologic catchment area that provides
substantial hydrologic recharge. Because of wide-
spread piping into karst features and jointed bedrock
at shallow depth, it is difficult to pond water for ei-
ther industrial or agricultural purposes, and recharge
is greater than in alluvial areas. Assuming that mod-
erately high recharge efficiency exists, a condition of
possible concern exists for ground-water users down-
gradient from the karst area. For this reason, sink-
holes and open fissures should not be used as trash
and garbage repositories, in contrast with previous
widespread disposal practices.

Probable solution-induced subsidence features oc-
cur in the eastern and northern margins of the Hol-
brook Basin—at Deep Lake south of Sanders, and at
Blue Mesa Sink in Petrified Forest National Park
(Colpitts and Neal, 1996). The latter depression is ~8
km from the LPG storage-cavern facility at Adamana,
and presumably outside of its influence. Blue Mesa
Sink was not identified at the time the underground
storage facility in salt was established.

As land-use requirements expand beyond existing
boundaries, more detailed understanding and geologic
mapping will be required. New interpretations of karst
features continue to modify land-use concepts (Mar-
tinez and others, 1998).

SUMMARY AND CONCLUSIONS
The collapse structure at McCauley Sinks is sug-
gestive of a compound breccia pipe, with multiple sinks
contributing to the major depression. The Richards
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Lake depression, 5 km south of McCauley Sinks, is
similar in form and size but contains only a single cen-
tral sinkhole. The only apparent difference in the hy-
drologic setting at McCauley Sinks is the adjacent
Chevelon Canyon drainage, but any cause and effect
relationship is speculative.

Kaibab Formation limestone is the principal sur-
face lithology, occurring here near its easternmost
limit and with thicknesses <15 m. Other than display-
ing surface rillenkarren and forming the topmost unit
in sinkhole walls, the Kaibab is not a causal factor in
karst development. The underlying Coconino Sand-
stone overlies the Schnebly Hill Formation, the unit
containing the evaporite rocks, principally halite; all
these rocks are of Permian age. The karst manifesta-
tion in this part of the Holbrook Basin is quite differ-
ent from that in the eastern part, possibly because of
the gradual disappearance of the Holbrook Anticline,
combined with its location near the western limit of
known salt occurrence.

Karst and fracture development constitute a poten-
tially significant hazard to ground-water quality, land
use, and structural integrity.
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Evaporite Karst in Michigan

Tyrone J. Black

Michigan Department of Environmental Quality
Geological and Land Management Division
Gaylord, Michigan

ABSTRACT.—The restrictive depositional history of the Michigan Basin resulted in three
major and several minor evaporite sequences in Michigan’s Paleozoic record. Solution of the
thick halite and gypsum Silurian sequences resulted in a widespread but largely unmapped
collapse breccia, the Mackinac Breccia of Devonian age. The areal extent of this breccia
subcrop is poorly defined under the glacial till and its adjacent extent under overlying for-
mations. Footings for the Mackinac Bridge, at the northern edge of Michigan’s Southern
Peninsula, were designed to sit on this breccia. The breccia might also merge into another
widespread breccia of the second major evaporite sequence of Devonian age. Glacial scour-
ing of the basins for Lakes Huron and Michigan during the Pleistocene was influenced by
the structurally weakened formations.

The second sequence is in the Detroit River Group in which the evaporite facies is and
was thickest at the northern edge of the basin. Evaporites have been dissolved at least 14
mi from the subcrop edge downdip into the basin under >900 ft of overlying bedrock. Ground
water penetrates through tectonic and structural adjustment faults developed in overlying
layers. Surface geomorphic expressions include soil and stream swallows, extension frac-
tures, subsidence grabens, collapse sinkholes 50-800 ft in diameter and floors 6—120 ft from
the surface. Major sinkholes occur along fault linears. Numerous swallows are identified;
but only three sinkhole resurgences have been located so far, and they are in Lake Huron.

The Michigan Formation is the third major evaporate sequence. The subcrop of this Mis-
sissippian formation is completely within the landmass of Michigan’s Southern Peninsula
except where it crosses Saginaw Bay. The thickness of glacial drift at the collapse areas is
880 ft. Roadways, foundations, utilities, and open-field collapse have occurred dozens of
times over the past 40 years in four counties. However, the reporting of such incidents to
geologists is rare. The greatest impact has been within Grandville, Kent County, with street,

yard, sidewalk, foundation, and utility right-of-way collapses.

INTRODUCTION

The Michigan Basin developed in Early Cambrian
time. A restricted flow of marine waters through the
basin at various times resulted in several complex
cycles of clastic, carbonate, and evaporite deposits.
Evaporite karst features and potential for them exist
in (1) nearly 2,400 ft of total salt, plus additional thin-
ner layers of anhydrite, in four central basin Silurian
deposits (Sonnenfeld and Al-Aasm, 1991); (2) >450 ft
of salt, thinning on the margins to anhydrite, in the
Devonian Detroit River Group (Gardner, 1974); (3)
~100 ft of gypsum, thinning to 40 ft along outcrop
margins in the Mississippian Michigan Formation
(Harrell and others, 1991); and (4) several minor
evaporite deposits in various facies of these and other
formations (Fig. 1). Pleistocene glaciers scraped across
the bedrock of Michigan, removing most ancient
surficial karst features. The last glacier began its re-
treat from southern Michigan 15,000 years B.P., and
by 9,000 years B.P. had left northern Michigan. Most

shallow and near-surface karst features have devel-
oped since then, but the large sinkhole and graben
features in the northern Lower Peninsula have
changed little since their development shortly after
the glaciers retreated.

MACKINAC BRECCIA

The thick Salina Group salts thin and grade later-
ally into anhydrite along the basin margins. Additional
evaporites had also existed into the northern margin
of the basin in the Mackinac Straits area. The disso-
lution of these Silurian evaporites has resulted in the
largest area of karst influence (Fig. 1). The basin un-
derwent an emergent phase after deposition of the
Early Devonian Detroit River Group and before depo-
sition of the Dundee Limestone (LL.andes and others,
1945). Ground water gradually dissolved evaporites
at the basin margin, causing collapse of the sequence
from the Salina Group to the Detroit River Group into
a breccia.

Black, T. J., 2003, Evaporite karst in Michigan, in Johnson, K. S.; and Neal, J. T. (eds.), Evaporite karst and engineering/environmental
problems in the united States: Oklahoma Geological Survey Circular 109, p. 315-320.
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The northern parts of Lakes Michigan and Huron
were deeply scoured by glaciation where these weak-
ened strata would have existed. Additional dissolu-
tion of remaining evaporites continues to the present
day. Breccia still remains in outcrop at the Mackinac
Straits area. Following a geological-engineering study
of the Straits, engineers designed oversized footings
for the Mackinac Bridge to assure stability. Cemented
breccia stacks and arches, and poorly indurated brec-
cia, exist throughout the area and constitute a pro-
ductive freshwater aquifer.

KARST OF THE DETROIT RIVER GROUP

Basinward in higher stratigraphy, and possibly
merging with or overlapping part of the Mackinac
Breccia, is another (unnamed) breccia. It extends
southward from the northern tip of southern Michi-
gan to an approximate collapse limit line shown in
Figure 1. It lies wholly within the Detroit River. Cen-
tral basin halite deposits of this group total >450 ft,
but they also thin abruptly toward pinch-out near the
margins (Gardner, 1974). Gypsum and anhydrite de-
posits thicken toward the margins to the point at which
they have been removed by dissolution. This zone of
evaporite karst and breccia is marked by lost circula-
tion in drilling for oil and gas, localized areas of data-
acquisition difficulties in seismic exploration, areas
of disappearing streams and internal drainage, rock-
walled sinkholes up to 400 ft in diameter and 120 ft
deep, and sinkholes expressed through as much as 300
ft of glacial mantle and >1,000 ft in diameter across
the northern Lower Peninsula of Michigan. Glacial
drift is 0-250 ft thick and overlies formations of an
additional 700-1,300 ft in thickness (Fig. 2).

Development

Sonnenfeld and Al-Aasm (1991) state that the ba-
sin had an emergent phase during Early Pennsylva-
nian time and that some Devonian evaporites might
have been recycled from the Salina deposits. Gardner
(1974, p. 39) states, “No solution effects could be con-
firmed although salt solution is known to be present,
and marker anhydrites may be traced without disrup-
tion across most of the [central basin] study area.” The
accidental recovery of a vuggy limestone with residual
gypsum from within the Detroit River Group of Early
Devonian strata from a well at a depth of ~1,560 ft in
southwestern Alpena County (Fig. 3), and lost circu-
lation commonly encountered by oil- and gas-well drill-
ing in this zone even into the central basin, both indi-
cate that a significant dissolution event occurred be-
fore overlying strata were deposited.

Current ground-water penetration to the evapo-
rites is possible, owing to hydrologically open tectonic
faults and subsidence fractures. The flow of water into
the paleokarst referred to above through fractures
could then readily reactivate paleo-flow paths or es-
tablish a new gradient. The U.S. Geological Survey
datum for the surface of Lake Huron is 580 ft. During
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Figure 3. Detroit River Group fragments, showing residual lime-
stone karst from dissolution of gypsum. The specimens were
accidentally retrieved in the caliper arm of an electric-logging
tool in a gas-test well, the Broad 1-10, Wolverine Environmen-
tal Production and Grace Petroleum, Michigan permit no.
40496, sec. 10, .29 N., R. 5 E., Alpena County.

the post-glacial Lake Stanley stage, this elevation was
~180 ft (Farrand, 1987).

No outflow from this system to the land surface has
been discovered. All outflow emerges within Lakes
Huron and Michigan, as evidenced by a blue hole and
springs within the edges of El Cajon Bay by Alpena
(Fig. 4), a sinkhole in Lake Huron off the northeast
side of Middle Island, and another sinkhole several
miles farther into the lake. Steven Ruburg, National
Oceanic and Atmospheric Administration, provided
information from 2002 research in Lake Huron of
water with high conductivity and contrasting tempera-
ture in the remote sinkhole. The research discovered
several sinkholes in the area that will be examined
further in 2003 by Ruburg and the Thunder Bay Na-
tional Marine Sanctuary and Underwater Preserve/IFE.

Water is sinking into the system from hundreds of
locations onshore. Water exiting the blue hole in El
Cajon Bay nearly equals the volume sinking into only
one sink, Rainy Lake. The water chemistry tested from
the known outflows show the water to be saturated
with respect to gypsum (Morrow, 1983).

Reports of collapses since European settlement of
the area are rare, and such reports are usually fur-
ther development of existing sinkholes or their rede-
velopment since being plugged with glacial deposits.
On the northeast side of the Southern Peninsula, the
sinkholes follow a strong trend, with a fault scarp vis-
ible in places. Outflow chemistry, a lack of significant
evaporites in oil and gas wells north of the trend line,
the strong geomorphic expresston of a fault/karst line,
and post-glacial block subsidence (Fig. 5) suggest an
active solution front within the Detroit River Group.
North of this active zone, stagnant sinkholes have been
discovered in limestone quarries at Charlevoix and
Rogers City. They had no surficial expression in the
glacial drift. At Charlevoix they were filled with fine
sand and silt of glacial outwash. Radial fractures from
sinkhole walls leak water into the quarry, which is

Figure 4. Oblique aerial photograph, looking southeast over El
Cajon Bay and its sinkholes toward the city of Alpena, Michigan.

Figure 5. Aerial photograph showing the geomorphic expres-
sion of karst collapse along a fault line and post-glacial block
subsidence, Shoepac Lake area, Presque Isle County, Michi-
gan. Note the slump scars along the south side of the east end
of the collapse valley (U.S. Department of Agriculture, 1932).

below the surface elevation of Lake Michigan. At
Rogers City these fractures were filled with breccia
that had collapsed from formations and clay above the
Dundee Formation (Black, 1983). Those formations
were no longer present at the site, and the layers of
coarse glacial sediments above were undisturbed. This
indicates that a number of sinkholes had collapsed
before the final retreat of Wisconsinan glaciation from
the area about 11,000 years ago. These sinkholes prob-
ably have active hydrological impact but are structur-
ally plugged and do not swallow the glacial drift.

MICHIGAN FORMATION

The Michigan Formation subcrops in a circular pat-
tern in southern Michigan (Fig. 1). It contains beds of
shale, gypsum, anhydrite, limestone, and dolostone.
Karst reported in this formation is limited to the Kent
and Ottawa county and the Iosco and Arenac county
subcrops. The drift mantle is <20 ft deep but is as deep
as 100 ft where sinkholes are reported in these coun-
ties.
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Kent and Ottawa Counties

In Jenison, Grandville, and the southwest part of
Grand Rapids, gypsum karst sinkholes are visible
through a glacial-drift mantle 40-100 ft thick. The
sinkholes are visible as drift sinks and collapses. They
are from a few tens to a few hundreds of feet in diam-
eter and from several feet to 60 ft deep. Workers in
the Grand Rapids Gypsum Mine encountered a 330-ft
cave in the gypsum (Elowski and Ostrander, 1977).
Some area sinkholes are over mine workings and are
thought to be due to some mine collapse. Numerous
other sinkholes and recent collapses are in areas where
no mining is known to have taken place.

The following is a typical scenario for sinkhole col-
lapse and treatment in the area. An initial soil failure
occurs at the surface; the landowner fills the sinkhole
with sand or gravel; the site continues to settle over
many years; the landowner continues to restore the
contour with more coarse fill. The use of coarse fill
exacerbates the remediation attempts by focusing
more drainage into the already active zone. Impacted
land use includes streets, sidewalks, driveways, build-
ing foundations, and yards in the communities of
Jenison and Grandville.

In the case of the house-foundation damage, a
Jenison homeowner contracted to have the house
jacked up, leveled, and a reinforced foundation placed
under the house. A homeowner one block away has a
driveway with an 8-ft-diameter soil sink. He had re-
placed his concrete driveway twice but finally used
red brick on a sand bed. Now every 2 years he moves
the bricks, lays down additional sand, and replaces
the brick. In Grand Rapids at the U.S. Highway 131
bridge over the Grand River, one end of the bridge
gradually settled several inches. The river enhanced
dissolution of the gypsum bedrock under the concrete
foundation. The Michigan Department of Transpor-
tation replaced the bridge in 2001, using a deeper foun-
dation.

Eastern Michigan

The Michigan Formation also subcrops beneath
shallow overburden in southern Iosco and northern
Arenac Counties. Sinkholes and small sink valleys are
found in Burleigh Township of Tosco County. There
have been few cases of new collapses reported; how-
ever, anecdotal information suggests that collapses
occur annually. The writer was informed of only one
“recent” collapse. The landowner described it as ~12
ft across and 15-20 ft deep, in a field. It involved the
collapse of a shale or hardpan roof, and occurred be-
tween winter and late spring. The surface owner had
filled it in with gravel by the time the writer was noti-
fied.

Benson and Kaufmann (2001) reported their inves-
tigation into a small sinkhole that had occurred in a
lane of U.S. Highway 23 in Iosco County. Their work
revealed several potential collapse areas along a part
of the highway that was built over a thin sand and

clay cover above gypsum beds. They concluded that
dewatering from a nearby quarry or nearby residen-
tial water wells may have been a trigger factor.

MINOR EVAPORITE FACIES

In southeastern Michigan, Monroe County karst
(Fig. 1) occurs in the same formation as northeastern
Michigan’s deep system. But here the formation is di-
rectly under shallow soil cover (<50 ft), and the for-
mation contains no documented evaporite beds. A shal-
low ground-water flow system (<100 ft) appears to
have developed . The sinkholes are drift sinks, al-
though a few show rock walls. They are typically 10—
30 ft deep at the area of greatest expression. Ground-
water quality varies, with some waters being high in
sulfate. The depositional facies of the Detroit River
Group in southeastern Michigan is characterized by
scattered inclusions and nodules of gypsum, except
where ground-water flow has dissolved the gypsum.
Small voids and high permeability exist in the shal-
lower parts of the formation, where the acidity of the
dissolved mineral assisted in dissolving the host lime-
stone. Limestone karst has developed in this area,
resulting in some internal drainage and discharge into
Lake Erie from springs (Hart, 1975). Hart (1975) also
reports that in deepening some rock wells in this area
to increase water supply, existing water supplies were
lost upon penetration of deeper rock strata, indicat-
ing cavernous conditions.

Monroe County established a karst study commait-
tee to understand the ground-water system. The
county also began an initiative to filter waters drained
into the system by ditch and farm-field sinkholes and
drainage wells. Monroe County has a nearly level to-
pography, with few hills. The only known springs are
near the shore of Lake Erie. Dye-tracing under these
difficult conditions was begun in 2000 to determine if
water wells were impacted.

Alimestone fragment was recovered from Lake Erie
off the shore of Monroe County by a commercial fish-
ing boat. The nets of the boats frequently catch on the
sharp scallops and hooks of the limestone, tearing the
nets and occasionally breaking off a fragment of lime-
stone. This form of limestone karst suggests dissolved-
gypsum inclusions and associated acidity.
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| Mechanism of Sinkhole Formation in Glacial Sediments
above the Retsof Salt Mine, Western New York

Samuel W. Gowan and Steven M. Trader
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ABSTRACT.—The Retsof Salt Mine in Livingston County, New York, was successfully oper-
ated for 109 years by extracting ~12 ft of salt from a gently dipping layer within the Vernon
Formation of Silurian age. A collapse and inrush of brine occurred at mine level on March
12, 1994. The brine gradually changed to fresh water and flowed in at a sufficiently high
rate to result in the complete flooding of the 6,500-acre mine in 21 months. Although the
initial collapse occurred into a room with a nominal height of 12 ft, a 15-ft-deep sinkhole
eventually developed at the land surface 1,100 ft above the mine. This initial sinkhole de-
stroyed part of a U.S. highway and bridge. A second sinkhole formed over an adjacent panel
and resulted in nearly 70 ft of surface subsidence. These sinkholes penetrated geologic ma-
terials consisting of 600 ft of rock overlain by 500 ft of glacial sediments.

Two distinct theories were postulated for the mechanism of sinkhole formation: (1) pip-
ing of glacial sediments through open fractures in the bedrock without actual loss of bed-
rock support, and (2) loss of support for the glacial sediments by undermining and down-
dropping of the bedrock. The resolution of these theories was important in order to assess
whether similar sinkholes were possible over other parts of the mine, or whether the exist-
ing sinkholes would stabilize sufficiently to allow reconstruction of the U.S. highway and
bridge. Drill-hole data, seismic-activity records, subsidence measurements, and seismic-
reflection data were analyzed. The data indicate that the sinkholes formed by the down-
dropping of the bedrock and glacial sediments into voids created by the dissolution of salt

and the slaking of salt-bearing shale upon exposure to fresh water.

INTRODUCTION

Operations at the Retsof Salt Mine in western New
York were initiated in 1885 by excavating a 1,140-ft
shaft through shale and limestone of the Upper and
Middle Devonian and through shale and dolomite of
the Upper Silurian to reach a bedded salt layer in the
Salina Group. Extraction at the Retsof Salt Mine was
conducted using room-and-pillar methods that in-
volved removing 12 ft from the middle of a salt bed
that has an average thickness of 20 ft (Dunn Corp.,
1992). Mining progressed eastward and southward
(Gowan and Trader, 2000) down the dip of bedding,
which is to the southeast at ~0.65° (Dunn Corp., 1992).
The mine, which had become the largest salt mine in
the Western Hemisphere (Yager and others, 2001),
occupied ~6,500 acres and extended under parts of
three townships in Livingston County, New York (Fig.
1). A roof fall occurred, and brine began flowing into
the mine in March 1994. The inflowing brine gradu-
ally changed to fresh water, and two large sinkholes
developed at the land surface directly above the col-
lapse during the 2.5-month period following the col-
lapse. Water inflow continued unabated and resulted
in closure of the mine in September 1995.

The roof fall occurred on March 12, 1994, in a small-
yield-pillar mining panel near the southernmost limit
of the mine. The collapse caused an earthquake with
a magnitude of 3.6 (M) (Kelly, 1999) and formed a
shallow circular depression with concentric fractures
at the land surface. The mine-level collapse was coin-
cident with a release of gas (methane) and brine into
the mine. The brine inflow initially entered at a rate
of 5,400 gallons per minute (gpm) and eventually be-
came fresh and increased to a rate of 20,000 gpm. The
mine was completely inundated in 21 months.

The observable collapse occurred in the roof over a
mine panel identified as 2 Yard South (2YS). Panel
2YS is near the southern end of the mine (Fig. 2) and
is ~1,100 ft beneath a deeply scoured glacial valley
presently occupied by the Genesee River. Panel 2YS
and neighboring panel 11 Yard West (11YW) were
mined using a small-yielding-pillar method, which was
adopted to solve problems with the large-pillar method
that had been the normal practice in the adjacent ar-
eas of the mine (Gowan and Trader, 2000; Gowan and
others, 1999).

The fractures and gentle circular subsidence that
developed above 2YS at the time of the collapse re-

Gowan, S.W.; and Trader, S. M., Mechanism of sinkhole formation in glacial sediments above the Retsof Salt Mine, western New York, in
Johnson, K. S.; and Neal, J. T. (eds.), Evaporite karst and engineering/environmental problems in the United States: Oklahoma
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Figure 1. Map showing the Retsof Salt Mine in Livingston
County, New York State.

sulted in structural damage to a highway bridge that
forced the closure of U.S. Highway 20A (Fig. 2). The
depression over 2YS subsided gradually during the
first month after the collapse, and then the land sur-
face dropped suddenly and formed a sinkhole with an
approximate depth of 15 ft and a diameter of 600 ft.
This sinkhole filled with water from Beards Creek,
which passed directly over the panel. The land sur-
face over the adjacent small-yield-pillar panel (11YS)
appeared stable during the first month, and then be-
gan to subside gently with periods of sudden drops
that resulted in a sinkhole with a depth of 70 ft and a
nominal diameter of 640 ft. The sudden drops over
both panels were associated with seismic events and
changes in the rate of ground-water inflow to the mine.
The sinkhole over 11YW also filled with water from
Beards Creek.

The need to understand the process of sinkhole for-
mation became important during the first few weeks
following the collapse when the mine operator, Akzo
Nobel Salt, Inc., was evaluating various methods for
stopping the inflow and saving the mine. Attention
was refocused on the process of sinkhole development
during the later stages of mine flooding after it had
become apparent that the inflow could not be con-
trolled and the mine would be lost. Issues were raised,

during the final stages of mine flooding, as to whether
the sinkholes would expand laterally or vertically,
change shape, stabilize, or form elsewhere over the
mine.

Knowledge of sinkhole formation was applied spe-
cifically toward the development of a safe design for
the new Route 20A bridge, to the determination of
when the ground had stabilized sufficiently to recon-
struct the bridge, and for the assessment of whether
infrastructure or property elsewhere over the mine
was prone to damage by new sinkholes.

Postulated Sinkhole Mechanisms

Two mechanisms for sinkhole formation were pos-
tulated by the consultants to Akzo Nobel Salt, Inc.
One of the these consisted of the formation of sink-
holes by piping of unconsolidated glacial sediments
downward through open fractures in the rock above
the mine. The other scenario called for the downdrop-
ping of the rock and overlying glacial sediments into
a void created by the dissolution of salt.

Piping Model

The piping model assumed that the primary source
of water entering the mine was coming from a prolific
aquifer in the glacial sediment above the rock. The
focus on a ground-water source was predicated on
streamflow measurements in Beards Creek and the
Genesee River by the U.S. Geological Survey that dem-
onstrated that surface water was not the source of
water inflow (Yager and others, 2001). Ground water
was interpreted to be flowing vertically from the gla-
cial aquifer down through open fractures in the car-
bonate and shale between the glacial aquifer and the
mine. This water needed sufficient velocity and frac-
ture width to transport glacial sediment down through
the rock interval and into the mine. The episodic ex-
pansion of the sinkholes at the land surface was pre-
sumed to be due to the collapse of voids near the base
of the unconsolidated glacial sediments. These voids
were believed to be forming as the sediments were
removed by piping.

The primary evidence for the piping scenario was
the discovery of glacial sediments at great depths be-
low the top of bedrock within the exploration and
grouting holes drilled above and near the collapse area.
Substances, such as cellophane fragments that were
added to control fluid loss while drilling through the
glacial sediments, were encountered at great depths
in the rock at a few places despite the fact that these
materials were not being utilized during bedrock drill-
ing. The sediment-piping model was also supported
by the fact that 11YS subsided approximately 70 ft,
which was far greater than the subsidence that could
be accounted for by the 12-ft mine height or the 20-ft
maximum thickness of the salt bed that was being
mined. The possibility that piping was the acting sink-
hole mechanism raised the concern that unstable voids
could persist in the glacial sediments, the sinkhole
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Figure 2. Map showing the footprint of the Retsof Salt Mine and the small-pillar panels 2YS and 11YW.

could expand laterally, or new sinkholes could form
at locations beyond the footprint of 2YS and 11YW.

Dissolution Model

The dissolution model assumed that a void was cre-
ated by dissolution of salt beds and disaggregation of
salt-bearing shales. The loss of support for the rocks
above the void would have resulted in the dropping of

the carbonates and slumping of the overlying glacial
sediments. The initial evidence for the dissolution sce-
nario was based primarily on the fact that the sudden
drops in the sinkholes were associated with seismic
events, the shale above the mine level was known to
contain salt, and the sinkholes appeared to remain
above the footprints of panels 2YS and 11YW.

If dissolution was the mechanism operating at the
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site, it was anticipated that the resulting sinkholes
would tend to stabilize more quickly than they would
for the piping scenario. The sinkholes were expected
to stabilize when all soluble materials were removed
from the contact area within the water-entry zone. It
was also anticipated that the sinkholes would remain
directly above the panels where inflowing fresh water
had the greatest opportunity for dissolving soluble
materials.

Data Evaluation and Interpretation

The sinkhole mechanism remained unresolved un-
til 1996, when the available data were analyzed for
insurance claims and the subsurface stability was as-
sessed for the Route 20A highway and bridge recon-
struction (Gowan and others, 1996). The analysis of
the sinkhole mechanism involved establishing the
geology, correlating sinkhole development with seis-
mic events and inflow rates, determining whether the
rock had dropped beneath the glacial sediments dur-
ing sinkhole formation, assessing how glacial sediment
and fluid-control materials had reached significant
depths in the rock, evaluating the geotechnical and
hydrogeologic characteristics of the glacial sediments,
and quantifying the thickness of soluble materials at
and above the mine level. These analyses were con-
ducted from logs of holes drilled around the collapse;
elevation data measured from drill holes and subsid-
ence markers; regional core-hole data; recorded chro-
nology of seismic events, inflow rates, and sinkhole
progression following the collapse; and seismic-reflec-
tion data.

Geology

The bedrock geology of the Retsof Mine area con-
sists of a thick sequence of salt-bearing shale and do-
lomite of the Vernon and Syracuse Formations, over-
lain by shale, dolomite, and limestone (Fig. 3). The
bedrock geologic units near the collapse were identi-
fied by correlating descriptions of cuttings and geo-
physical logs from hole 9401 with geophysical logs and
continuous rock-core data from hole 9441/9441A,
which was drilled on the valley margin southeast of
the collapse (Fig. 4). The unit that was being mined,
known locally as the B6 or Retsof salt bed, appears at
the base of the section in Figure 3. This bed (B6 salt)
was mapped in the Retsof Mine area by Rickard (1969)
as being the top bed in the Unit B member of the
Vernon Formation. The Vernon is in the Upper Silu-
rian Salina Group, which also includes the Syracuse
Formation, the Camillus Formation, and dolomitic
shale and limestone beds known variously as the
Bertie Formation (Rickard, 1969) or the Bertie Group
(Ciurca and Hamell, 1994).

Unit C of the Vernon Formation begins at the top
of the B6 salt bed. Unit C is predominantly a shale/
mudstone with beds of shaly dolomite. Salt and anhy-
drite are present throughout Unit C. The salt is red-
dish brown and occurs as hoppers, lenses, and fill in
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Figure 4. Cross section and map showing relative position of
the glacially scoured Genesee River Valley over the mine and
collapsed panels.

fractures, which have a variety of orientations rela-
tive to vertical. The salt-filled fractures form a polygo-
nal pattern where observable in the shale of the mine
roof.

Salt is also present at the base of the Unit D mem-
ber of the Syracuse Formation. Two salt layers, known
locally as the D2 and D1 salts (Fig. 3), occur at the
base of the Unit D member ~160 ft above the B6 salt.
The D salts apparently were dissolved and replaced
by an overpressured brine zone in the area above the
collapsed panels well before mining commenced in the
valley (Gowan and others, 1999; Gowan and Trader,
2000).

A regional, angular unconformity defines the bound-
ary between the Upper Silurian beds at the top of the
Bertie Group and the overlying Middle Devonian
Onondaga Formation (Fig. 3) (Rickard, 1989). The
Onondaga Formation is a 120-ft-thick limestone that
is overlain by shale and thin limestone beds of the
Hamilton Group throughout most of the area above
the mine west of the Genesee River Valley. All of the
overlying Hamilton Group and most of the Onondaga
were removed from the Genesee River Valley and
backfilled with unconsolidated sediments (Fig. 4) by
Pleistocene glacial processes. The glacial deposits were
investigated in the area around the collapse using a
dual rotary-drilling system that yielded samples of

cuttings and provided access for the collection of
Shelby-tube and split-spoon samples of the fine-
grained zones (Alpha Geoscience, 1996). Geologic-in-
vestigation hole 9446, which was drilled close to the
11YW collapse, revealed that the valley fill consists of
200 ft of interlayered glaciolacustrine, glaciofluvial,
and glacial-till deposits, overlain by 200 ft of glacio-
lacustrine sediments, which are capped by 50 ft of re-
cent river alluvium (Fig. 5). The interlayered unit rests
on top of rock, and the specific layer within that unit
that is in contact with the rock varies throughout the
collapse area and the valley. The glacial till consists
of loose to densely compacted sand, gravel, silt, and
clay. The glaciofluvial sediment is composed of silt,
sand, and gravel, and the glaciolacustrine deposit is
predominantly silt and clay. The river alluvium is
primarily a clay with minor amounts of sand and
gravel.

History of Sinkhole Development

The initial collapse in panel 2YS occurred at 5:40
a.m. on March 12, 1994. The mine-level collapse and
resulting 3.6-My;,, seismic event created concentric
fractures that were visible in the snow at the land
surface. These cracks were surveyed as shown in Fig-
ure 6. Although no survey datum was available to
measure subsidence immediately after the collapse,
the amount of the initial drop did not appear signifi-
cant.

Brine began entering 2YS about the time of the col-
lapse at an estimated rate of 5,400 gpm. This brine
had a measured salt saturation of 98% when access to
the panel was finally allowed the day after the col-
lapse (March 13). No water was observed entering the
adjacent 11YW panel as of March 13.

A baseline elevation datum was established from
survey monuments and drill casings during the pe-
riod between March 12 and March 18. The locations
of these survey data points appear in Figure 7. The
land surface above 2YS subsided an unknown amount
between March 12 and March 18, and >1.0 ft was
measured between March 18 and March 28 after the
elevation datum was established (Fig. 7). The center
of the subsiding area had an estimated total drop of
>3.0 ft as of March 28 on the basis of visual observa-
tion. No measurable subsidence occurred over most of
the adjacent 11YW panel from March 18 to April 1,
1994. The salt concentration of the brine entering the
mine began to decrease a couple of days after the ini-
tial 2YS collapse but was still at slightly more than
60% (Table 1) when the last sample was collected and
analyzed by mine personnel on March 21. The inflow
rate had increased to an estimated 13,000 gpm by April
2, 1994.

A large seismic event, with a drop of the land sur-
face to a depth of 15 ft above 2YS and a drop of 0.17 ft
above 11YW, was recorded on April 6, 1994 (Fig. 8).
Although the 11YW subsidence was directly above
the panel, the maximum subsidence appeared to be
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ALLUVIAL: MED.—COARSE SAND FROM
17.5—-22.0 FEET.

SILTY CLAY TO CLAY, SOME SILT,
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GLACIOLACUSTRINE: AND GRAVEL. VARVES AND SILT
PARTINGS PRESENT.
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GLACIAL TILL: SAND, TRACE FINE—-MED. GRAVEL
(NO VARVES)

SILTY CLAY TO CLAY, LITTLE SILT,
TRACE TO SOME MED.—COARSE SAND,
TRACE FINE—MED. GRAVEL. B

SILTY FINE SAND

_ INTERBEDDED SILTY FINE SAND,
GLACIOLACUSTRINE: TRACE MED.—COARSE SAND AND
GRAVEL

AND

CLAY, LITTLE TO SOME SILT, LITTLE
MED.—COARSE SAND, TRACE FINE—MED.
GRAVEL

SILT AND FINE SAND.

. FINE TO MED. SAND AND GRAVEL,
GLACIOFLUVIAL: TRACE SILT.

GLACIOLACUSTRINE: FINE SAND, TRACE SILT.

FINE TO COARSE SAND AND
GRAVEL, TRACE SILT.
GLACIOFLUVAL: — — — — — — — — -
FINE TO COARSE GRAVEL, SOME
FINE TO COARSE SAND. TRACE SILT.\

\
. INTERBEDDED SILTY CLAY AND SILTY\
GLACIOLACUSTRINE: FINE SAND.

FINE TO COARSE SAND, SOME FINE \
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GRADES TO SILT, SOME FINE SAND,
TRACE FINE GRAVEL, TRACE CLAY.

SILTY FINE SAND

GLACIAL TILL:

N\

CLAY, UTTLE SILT, TRACE FINE SAND,
TRACE FINE GRAVEL

GLACIOLACUSTRINE:

SILT, LITTLE TO SOME FINE SAND.

FINE TO COARSE SAND AND GRAVEL,

GLACIOFLUVIAL: LITTLE SILT.

BEDROCK

Figure 5. Geologic log of the valley-fill sediments near the col-
lapse area.

skewed somewhat to the south and east of the panel’s
center. The center of the 2YS subsidence was not ob-
servable owing to flooding of the surface (Fig. 8) by
Beards Creek.

Another large seismic event was recorded on April
8, 1994. This event appears to correlate with a mea-
sured drop of 4.0 ft near the center of 11YW between
April 6 and April 14 (Fig. 9) and an increase of water
inflow to an estimated rate of 15,000—20,000 gpm. Al-
though the total subsidence and inflow estimate were
not recorded until April 14, 1994, it is believed that
most of the change occurred as the result of the April
8 event, based on the shearing of the drill casing on
April 7 in well 9407, which was being used to pump
cement into 11YW, and an anecdotal report of a 5-ft
drop in the land surface over 11YW by April 12. The
inflow rates remained in the range of 18,000—20,000
gpm throughout the rest of the period of sinkhole de-
velopment and full inundation of the mine.

The sinkholes continued to subside gently from
April 14 through May 25, 1994. A major seismic event
occurred on May 25 at 2:15 a.m., followed by the for-
mation of a large sinkhole over 11YW at 4:00 a.m. that
same morning. The center of the sinkhole achieved a
total drop of more than 60 ft, but the sinkhole perim-
eter was still within the footprint of the underlying
panel. Another large seismic event occurred on May
31, and the sinkhole over 11YW collapsed further on
June 3. The approximate dimensions of the sinkhole
are represented by the survey data recorded as of June
13 and 15, 1994 (Fig. 10).

The sinkhole continued to subside gently from June
1994 until full inundation in late 1995. The post—June
1994 subsidence was focused primarily in the eastern
entries of both panels and the northern entry to 2YS,
where water was moving out of the panels into the
rest of the mine (Gowan and others, 1996).

Depth to Rock beneath the Sinkholes

The depth to rock in the center of each sinkhole
was interpreted from seismic-reflection data and drill-
hole logs. The seismic-reflection studies, which were
conducted at three different stages of sinkhole devel-
opment, were designed specifically to determine
whether and how much the top of the rock had
dropped, and to assess the conditions of the rock and
glacial sediments. Most of the borings in the collapse,
which were drilled for a variety of reasons, record the
depth to the top of the rock.

Seismic-Reflection Results

The first seismic investigation was conducted over
2YS on March 22 and 23, 1994. This survey interpreted
a sag in the Onondaga (top bedrock unit beneath the
glacial sediments) and a zone of broken rock (Fig. 11)
(Dobecki, 1994a). The second investigation was con-
ducted above both panels during the period April 21—
27, which was after the sinkhole had formed above
2YS and 4 ft of subsidence had occurred above 11YW.
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Table 1. — Results of Chemical Analyses of
" Water-Inflow Samples from Retsof Mine

investigators were skeptical of the inter-
preted drop of 45 ft at 11YW. The drill-hole
data were analyzed 2 years later in an at-

tempt to resolve some of the questions.

Saturation  Chloride Specific

Sample location Date  withsalt(%) (mg/lL) pH gravity Drilling Results
The drill-hole data were used to assess
2YS/3 Room 3/13/94 98 193,050 6.7 1.19 the rock drop only over 2YS, because an
Unknown 3/15/94 86 169,100 6.8  1.162 insufficient number of holes were avail-
(outflow from 2YS) able to evaluate 11YW. The analysis was
conducted by first representing the eleva-
11YS/Fan 3/17/94 68 130,250 6.9 1.134 tion of the rock surface as it existed prior
(outfiow from 2YS to the collapse. The surface was then in-
terpreted for the period immediately fol-
2YS/61 Room 3/20/94 63 115,500 7.1 1.119 lowing the collapse but before the sink-
hole had formed above 2YS on April 6. The
2YS/61 Room 3/21/94 62 110,000 6.9 1.116 final surface represented conditions after

The second survey was not definitive relative to a pos-
sible drop in the rock over 2YS, but it did show a sag
and fracturing of the rock over 11YW (Dobecki, 1994b).

A third seismic survey was focused strictly on as-
sessing whether the rock had dropped over 11YW and
on the magnitude of drop, if present. This final survey
was undertaken during the period July 6-10, 1994,
after the large sinkhole had formed above 11YW.
Dobecki (1994c¢) interpreted that the rock had dropped
an estimated 45 ft in the center of the area above 11YW
(Fig. 12).

The seismic interpretations did not resolve whether
dissolution or piping was the principal factor in sink-
hole formation. The results were inconclusive as to
whether the rock had dropped over 2YS, and many

formation of the 2YS sinkhole. Each re-
spective surface model required selecting
only well data that were appropriate for a given time
frame or had a reasonable chance of not being affected
to a significant extent by subsidence throughout the
period of collapse and sinkhole development.

The rock surface as it existed prior to March 12,
1994, was interpreted from holes over unmined salt,
over large buttress-pillar areas, and over areas that
had not experienced significant subsidence at the time
the holes were drilled and surveyed (Fig. 13). The re-
sulting map represents a generalized surface that in-
dicates that the 2YS and 11YW panels lie to the west
of the axis of the deeply scoured glacial valley that is
illustrated in Figure 4. The original rock surface sloped
eastward and had many low irregularities, as can be
seen where the drill-hole density is greatest. This gen-
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Figure 6. Map showing ground-surface cracks observed above 2YS on March 12, 1994.
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Figure 8. Map showing surface subsidence as of April 6, 1994.

Figure 7. Map showing surface subsidence as of March 28,
1994.

eralized contour map of the original rock surface pro-
vided the datum for assessing relative changes in the
surface through time.

A second contour map was drawn to represent the
subsiding rock surface as it existed after the March
12 event but prior to the formation of the sinkhole
over 2YS on April 6 (Fig. 14). The primary data ad-
justment relative to the preexisting condition was the
addition of hole 9412, which was drilled near the cen-

ter of the subsiding panel, and hole 9411. Hole 9411
was actually drilled after April 6, butit wasin an area

of minimal subsidence beyond the sinkhole.
The post-collapse contour-map surface (Fig. 14) was

subtracted from the pre-collapse surface (Fig. 13) to

create a subsidence-contour map for the top of rock
(Fig. 15). The subsidence map suggests that the rock
had dropped >8 ft before formation of the sinkhole on
April 6, 1994. This apparent sag in the rock is consis-
tent with the seismic-reflection survey and anecdotal
reports from visual observation that the land surface
above 2YS had dropped within the first few days after
the collapse. The full extent of surface subsidence could
not be documented by measurement of the subsidence
markers, because the markers were not established
until after the collapse on March 12.

The process was repeated for the post-sinkhole pe-
riod by eliminating hole 9412 and adding holes 9413,
9415, 9416, 9418, and 9420, which were drilled after
April 6 (Fig. 16). The map shows a significant depres-
sion over the eastern parts of 2YS. The exact shape
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Figure 9. Map showing surface subsidence as of April 14, 1994.

and position indicated by the map are likely skewed
by the loci of the data. A clearer representation of the
post-sinkhole depth of rock is shown by subtracting
the post-sinkhole surface from the pre-collapse sur-
face (Fig. 17). The map shows that the rock surface
had dropped >16 ft after the April 6 seismic event.

Occurrence of Glacial Sand and Gravel in Bedrock

The existence of glacial sediments in the bedrock
fractures above 11YW and above the barrier pillar
between the two panels was provided by some inves-
tigators as key evidence for the piping mechanism.
Nine borings (9408, 9413, 9415, 9417, 9418, 9419, 9425,
9426, and 9428) encountered glacial sand and gravel
in the bedrock below the surface casing. The drilling
logs for these wells were evaluated carefully to assess
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Figure 10. Map showing surface subsidence as of June 13
and 15, 1994.

whether a reason other than piping could account for
glacial materials being encountered well below their
natural position.

The borehole logs show that the surface casings in
seven of the holes (9408, 9417, 9418, 9419, 9425, 9426,
and 9428) were not seated deep enough into bedrock
to prevent glacial overburden from moving around the
end of the casing and dropping into the hole. The most
obvious evidence of poor casing seats is from the logs
0f 9419 and 9428, which were set 3.0 ft and 0.5 ft above
rock, respectively. Four of the seven holes (9408, 9417,
9425, and 9426) were set a foot or less into the top of
rock. The geologic logs for these four holes all describe
the top of rock as being fractured and highly incompe-
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Figure 11. Map showing zone of broken rock from seismic-
reflection data collected (March 22 and 23, 1994) and inter-
preted by Dobecki (1994a).

tent. These broken zones may well have been cobble/
boulder zones within glacial till rather than rock. Hole
9418 was set 2.7 ft into rock, but the borehole log notes
that sand and gravel were entering the bore from
around the casing.

Only two of the nine rock holes that encountered
glacial sediments in the rock received those sediments
from sources other than improper casing seals. Holes
9413 and 9415 may have encountered gravel that was
introduced to the rock through a natural or a mine-
collapse-related process. Borehole 9413 was an angle
hole drilled 23° from vertical, with casing set 10.0 ft
into rock. No glacial sand or gravel or LCM (lost-cir-
culation material introduced while drilling the glacial
overburden) was detected in the rock below the sur-
face casing until the base of the Syracuse Formation
was reached, where numerous pieces of sand and
gravel were encountered. This hole was extended well
out into the 2YS collapse and was drilled after the
sinkhole formed at the surface. It is very likely that
the glacial sediments dropped vertically into the bro-
ken rock when the sinkhole formed.

Borehole 9415 was drilled above 2YS at the edge of
the sinkhole after the sinkhole had formed. The cas-
ing was set 173 ft into rock. The description of the
cuttings suggests that glacial sediments were encoun-
tered throughout the hole and specifically mentions
glacial gravel and a pebble wedged in the bit at the
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Figure 12. Map showing area of downdropped rock from seis-
mic-reflection data collected (July 6—10, 1994) and interpreted
by Dobecki (1994c).

final drilling depth of 776 ft. It is likely that these
sediments dropped vertically as the glacial valley fill
slumped into the broken-rock zone when the rock fell.

Geotechnical and Hydrogeologic Conditions

Two important requirements were necessary to fa-
cilitate the formation of the observed sinkholes by the
piping mechanism. First, most of the water inflow had
to enter the rock from the glacial overburden directly
above the collapse. Second, the glacial overburden had
to have sufficient cohesive strength to sustain voids
that would periodically collapse. These requirements
were necessary for the sediment to be piped, and for
the resultant episodic development of the sinkhole
directly above the collapsed panels. The data neces-
sary to address these conditions were collected from a
series of wells drilled to investigate the geologic,
geotechnical, and hydrologic characteristics of the
overburden and the top few feet of the underlying rock.

Hole 9446, which was drilled west of the collapse
(see plan view in Fig. 4), was one of the holes drilled
to investigate and monitor the glacial overburden and
the top of the rock (Alpha Geoscience, 1996). The hole
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Figure 13. Map showing contours of the bedrock surface as it likely appeared prior to the collapse of 2YS on March 12, 1994.

was drilled using air and a dual rotary system that
advances a large-diameter outer casing while drilling
with smaller diameter inner casing. Sampling of the
glacial sediments was accomplished by removing the
inner drill casing and driving a split-spoon sampler or
Shelby tube through the open end of the outer casing.
The sampling was very difficult owing to the high con-
tent of fine-grained material and overpressured con-

ditions throughout the glacial fill. These conditions
often resulted in the heaving of glacial materials up
inside the casing when the drill bit was pulled out for
sampling. The lack of cohesive strength in the over-
pressured glacial sediments would have precluded the
development of voids if glacial sediments were being
removed.

Three wells were drilled at the 9446 location. One
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Figure 14. Map showing contours of the bedrock surface after March 12, 1994, but before sinkhole development above 2YS.

of these wells was drilled in a glaciofluvial sand and
gravel directly above the bedrock surface. A second
well was drilled in the glacial sediments farther up in
the section. The third well was drilled within the top
10 ft of the Onondaga Formation (Alpha Geoscience,
1996). Testing of the basal sand and gravel unit indi-
cated a moderate to low permeability, and the well
yielded 10 gpm. The fractured top 10 ft of the bedrock

was much more prolific. The pump yielded >90 gpm,
which was the maximum capacity of the pump. The
high-yielding fracture zone encountered in the top of
the rock at site 9446 is consistent with other holes
and test wells drilled in the Genesee River Valley
(Eyermann, 1979; Alpha Geoscience, 2000).

The hydrogeologic data indicate that the more
transmissive zones, at least within the collapse area,
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Figure 15. Map showing subsidence contours that represent
the drop in the bedrock surface, interpreted from the differ-
ence between the pre-collapse surface (Fig. 13) and the post-
collapse surface (Fig. 14).

were within the top of the rock. The higher perme-
ability of the rock relative to the glacial overburden in
the collapse area and beyond indicates that the water
entering the mine was being transmitted through the
rock from a much larger area than just the glacial sedi-
ments above the mine-level collapse. The observed
hydrogeologic condition would not be favorable to the
formation of sinkholes confined to the area directly
above the collapsed panels.

Thickness of Soluble Materials and Voids

The large drop of >60 ft in the 11YW sinkhole re-
quired a large volume of open space at depth to accom-
modate the volume of the sinkhole. This space may have
been derived from the preexisting brine cavity in the D
unit, the dissolution of salt, and the slaking of salt-bear-
ing shales. An analysis was conducted of the space that
could have been derived from these sources.

An estimate of the size of the preexisting brine cav-
ity above the panels was made, based on comparison
of natural gamma logs from holes 9411, 9426, and 9427
in the collapse area with that from hole 8601, which
was 2,500 ft west of the collapse (Gowan and Trader,
2000). The geophysical log from 8601 has a signature
that corresponds to voids that were measured while
drilling through the Syracuse brine pocket in 1986
(Langill, 1987). The analysis resulted in an estimated
total thickness of 5 ft for the preexisting brine cavi-

ties at the D1 and D2 levels of the Syracuse Formation.

The total salt thickness in the Vernon C shale was
estimated to be 8 ft, based on an examination of rock
core from core holes southeast of the collapse. The com-
bination of this 8 ft with 20 ft of salt at mine level (12
ft from the room height and 8 ft of salt left in the roof
and floor) yielded 28 ft of soluble salt. The total salt
thickness of 28 ft, combined with the 5 ft of brine-filled
cavities, could have resulted in 33 ft of the observed
sinkhole depth.

The slaking or disaggregation of the shale inter-
vals that do not contain obvious megascopic salt in-
clusions also may have been a significant factor in the
creation of available space. The apparent susceptibil-
ity of the Vernon to disintegration was first reported
by Miller (1909), who noted that the rock crumbles to
a fine dust soon after exposure to the weather. The
potential for roof slaking was also tested in the labo-
ratory by immersing single pieces of roof shale in fresh
water and also brine. Neither sample was agitated
during the test. Both samples exhibited slaking and
had broken down within 48 hours to particle sizes
ranging from clay to gravel. An X-ray-diffraction analy-
sis of a part of the roof sample, which did not exhibit
megascopic salt inclusions, revealed that the rock is
composed of anhydrite, dolomite, quartz, and halite.
It is apparent that the rock contains halite in the
matrix. These findings indicate that the 160 ft of
Vernon C shale, between the mine level and the brine
cavity in the overlying Syracuse, would have been
susceptible to salt dissolution, slaking of the shale,
and erosion by the ground water entering from over-
lying aquifers.

DISCUSSION OF RESULTS

The data provide strong support for the dissolution
mechanism of sinkhole formation. The initial 2YS col-
lapse at mine level on March 12, 1994, apparently did
not result in an immediate failure of the carbonates
in the upper sections of the overlying rock; however,
the rock column and overlying glacial sediments be-
gan to subside immediately after collapse. The seis-
mic-reflection data indicate that fractures propagated
to the upper sections of the rock (top of the Onondaga
Formation), which was already fractured and con-
tained a prolific aquifer.

The prolific rock aquifer at the top of the Onondaga
Formation had a direct link with large quantities of
ground water from scattered prolific aquifers in the
glacial overburden. The fresh water in the Onondaga
Formation and the glacial fill apparently had a preex-
isting link with the salt in the D unit of the Syracuse
Formation that resulted in the development of the
brine zone 160 ft above the 2YS and 11YW panels prior
to mining in the valley (Gowan and others, 1999;
Gowan and Trader, 2000). The collapse and 3.6-Myp,
seismic event of March 12, and the subsequent sag-
ging, certainly enhanced that vertical connection to
the aquifer system.
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Figure 16. Contour map of the bedrock surface following formation of a sinkhole over 2YS.

The movement of fresh water down through frac-
tures in the roof shale and into the mine created voids
in the salt and shale within the Vernon Formation.
Subsequent rock breakage and rock collapse into the
voids created the large seismic events that correlated
with visible sinkhole development, drops in the rock
surface, and some of the early increases of water in-
flow. The overpressured glacial sediments did not have

sufficient strength to maintain a void over the failing
rock support; consequently, the sediments slumped
with the rock. The limited cohesive strength in the
glacial material also would have been reduced by the
vibratory loading from the initial earthquake that
produced the surface cracks above 2YS on March 12.

The evidence indicates that the sand and gravel
encountered in holes 9413 and 9415 would have en-
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the drop in the bedrock surface, interpreted from the differ-
ence between the pre-collapse surface (Fig. 13) and the post-
sinkhole surface (Fig. 16).

tered the open spaces deep in the rubble zones after
the glacial sediments had dropped with the collaps-
ing rock. Coarse gravel could have entered the large
open spaces created by the separation and rotation of

335

rock blocks as they dropped to fill the underlying void.
The breakage of the rock also may have allowed some
piping of glacial sediments during this later stage of
sinkhole development.

The dissolution model derived from the data is rep-
resented by Figure 18. This model is similar in some
respects to the mechanism interpreted for the large
sinkhole that developed in the Verchnekamsky Pot-
ash Basin in the Urals in July 1986 (Andreichuk and
others, 2000). The Verchnekamsky example, like
Retsof, was associated with pressurized brine that
entered from above the mine. The inflow created large
voids by dissolving overlying evaporites and eroding
the disaggregated shale. These voids eventually col-
lapsed to form a large sinkhole.

The primary differences between the Verchnekam-
sky and Retsof models are that the subsurface pro-
gression of the voids at Verchnekamsky followed a very
irregular pathway that was not necessarily directly
beneath the collapse, and the ultimate sinkhole shape
was more elongate and slightly irregular. The
Verchnekamsky voids and sinkhole development were
guided by irregular fault planes and folded structures.
The Retsof sinkholes were relatively uniform in sur-
face expression and aligned directly above the col-
lapsed panels. The morphology of the Retsof sinkholes
was apparently a function of the mine pattern and
the uniform dip and thickness of geologic units above
the mine.

SUMMARY AND CONCLUSIONS

The seismic and drill-hole data, along with the sub-
sidence and collapse history, indicate that the disso-
lution mechanism was the primary process acting to
create the sinkholes above 2YS and 11YW. Piping of
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glacial sediments likely occurred to a minor extent
after the rock column collapsed and dropped the gla-
cial sediments into the voids of the rubble zone. The
dropping of sediments into the rubble zone would have
placed them in direct contact with water coming in
from the fractured Onondaga at the top of the rock.
This water could have carried the dropped sediment
farther down into the rubble zone and into the open
fractures, where the sediments were encountered by
the two properly cased holes (9413 and 9415).

The active formation of the sinkhole diminished
after most of the soluble salts and shales had dissolved
or were no longer in direct contact with the inflowing
water. The sinkhole area stabilized when the mine
was completely inundated in late 1995.

The relatively uniform sinkhole shapes, and the
direct alignment above the collapsed panels, appear
to be a function of geologic conditions characterized
by uniform dip and thickness of the rock units. Verti-
cal fractures above the collapsed panels allowed ver-
tical connection to the overlying Syracuse D brine zone
and the fresh water at the top of the Onondaga and in
the basal valley-fill aquifers.
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Development History and Subsidence Resulting from
Salt Extraction at Saltville, Virginia

Charles S. Bartlett

Bartlett Geological Consultants
Abingdon, Virginia

ABSTRACT.—Saltville, Virginia—The name is obvious, but it gives only a hint of the fasci-
nating story to be found there, extending from ~350 m.y. ago during Early Mississippian
time to the present. This 2-mi? spot in southwestern Virginia’s Valley and Ridge Province
was once a highly saline embayment created shortly after the spread of the multiple-river-
formed sandy delta (the Lower Mississippian Price Formation). Into this sabkha-like basin
was deposited a mixed set of maroon and greenish-gray muds, beds of halite and gypsum,
and rare layers of limestone now composing the Maccrady Formation. Much later, the re-
gion was subjected to intense compression, resulting in a series of steep folds and a south-
east-dipping, low-angle thrust fault. The Saltville thrust may be the most lengthy (410 mi)
and have the largest displacement (17,000 ft vertically) of any in the eastern United States.
During Pleistocene time, a river traversed the Saltville Valley, drawing mastodons, mam-
moths, and other mammals to drink, graze, and browse. When early settlers attempted to
dig wells for fresh water, they found saline brine.

By 1790, the salt deposit was being commercially developed. Ultimately, ~181 brine wells
were drilled to depths of 450-2,280 ft in the valley. Additionally, between 1931 and 1963,
Olin-Mathieson Chemical Corporation drilled 28 wells to depths of 1,580-3,969 ft on the
bounding southern ridge and the valley slopes. The precise amount of salt production is
unknown, but conservative estimates list nearly 27 million total tons extracted before op-
erations ceased in 1972. During the Civil War, this resource provided the Confederate States
with their primary source of salt.

It is estimated that the salt removal created more than 55 million cubic feet of cavities.
As salt was slowly removed beneath the Saltville Valley, the plastic mudstones of the
Maccrady Formation yielded to hydrostatic and lithostatic pressure, resulting in small cave-
ins, undulating roads, and tilting structures with foundation and interior damage. Engi-
neering studies estimate a maximum average subsidence of 34 ft in the developed field
area. On the south-valley rim, a major collapse occurred in 1960 owing to a coalesced four-
well cavern. The resulting crater is ~600 ft across and 310 ft deep.

In 1994, Virginia Gas Company began development of some of the deepest salt caverns
for use in storage of natural gas. Much additional salt brine has been removed and proc-
essed by a modern evaporation plant. Once again, salt is being marketed from Saltville.

INTRODUCTION

Saltville, Virginia, is in Smyth and Washington
Counties in southwestern Virginia’s Valley and Ridge
Province, and ~30 mi northeast of Bristol (Fig. 1).
Saltville can, probably without challenge, claim to be
the most fascinating 2 square miles in Virginia, or
possibly the eastern United States, owing to its geol-
ogy, paleontology, history, and past industrial produc-
tion. Verifying this apparently preposterous claim is
quite easy but complex.

Entering the Saltville town limits, you will notice
the elaborate sign “Saltville, Salt Capital of the Con-
federacy.” Actually, utilization of the salt deposit found
beneath the town began much earlier than what some

locals have referred to as the “recent unpleasantness.”
Some believe that mammals, including extinct mam-
moths and mastodons, were attracted to brine springs
in prehistoric times. Today, only one significant spring,
Palmer Spring, flows into the town basin. An analysis
by Environmental Monitoring, Inc., in 1996 found a
sodium content of 6.55 ppm and a chloride content of
16 ppm; this is only slightly higher than other area
springs issuing from carbonate-rock exposures. Palmer
Spring exits at the outcrop trace of the Saltville Fault,
where Cambrian dolomite of the Honaker Formation
is thrust over the evaporite-bearing Maccrady shale
of Early Mississippian age.

In Colonial times, settlers arriving in the mid-1700s

Bartlett, C. S., 2003, Development history and subsidence resulting from salt extraction at Saltville, Virginia, in Johnson, K. S.; and Neal,
J.T. (eds.), Evaporite karst and engineering/environmental problems in the United States: Oklahoma Geological Survey Circular 109,

p. 337-345.
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Figure 1. Location map of Saltville, Smyth and Washington Counties, Virginia (modified from Cooper, 1966).

attempted to sink hand-dug freshwater wells in the
valley but discovered that water seeping in was an
unpalatable brine. Thus, by 1790 the deposit was be-
ing commercially developed by pumping the natural
brine and heating it to evaporate the water. During
the Civil War this locality provided the primary salt
source for the Southern States. Inevitably, nearly 200
years of extensive salt extraction resulted in signifi-
cant subsidence throughout the Saltville Valley, and
one spectacular cave-in near the northern lip of the
carbonate-capped cliff on the southern uplands and
near the trace of the Saltville Fault.

This paper documents the history of this mineral
production and subsequent environmental effects.

GEOLOGY
Structure and Stratigraphy

Structure

A geologic cross section (Fig. 2) illustrates the prin-
cipal structural features of the Saltville area. This is
highlighted by the Saltville Fault, which may be the
largest displacement thrust fault in the eastern United
States. This rupture can be traced from west-central
Virginia to northeastern Alabama, a distance of
roughly 410 mi. Several well borings near Saltville,
and as much as a mile south of the fault outcrop trace,
revealed an undulating low-angle fault plane dipping
to the southeast at an average of 21°. Proprietary seis-
mic data later confirmed the interpretation shown.

At Saltville, the thrust fault has a stratigraphic dis-
placement of ~15,000 ft, which placed the Middle Cam-
brian Honaker Formation against the overturned
Lower Mississippian evaporite-bearing Maccrady For-
mation. The maximum known stratigraphic shift was
mapped ~20 mi west of Saltville at the western edge

of adjacent Washington County, where an approxi-
mate 17,000-ft shift places shale of the Lower Cam-
brian Rome Formation against steeply inclined lime-
stone and shale of the Upper Mississippian Pennington
Formation.

The lateral northwest shift of the Saltville Fault
has been postulated to be on the order of >20 mi. Since
this author is a native “Tar Heel” from North Caro-
lina living in “exile” for the last 35 years in Virginia,
and at a point above the Saltville thrust fault, I fre-
guently remind my local neighbors and visitors that
we still live on lands that originated in North Caro-
lina only ~280 million years ago.

The stack of Devonian to Cambrian shales, sand-
stones, limestones, and dolomites composing the
Saltville plate dip south-southeast at 47° to 19°, de-
clining southward. Northwestward-directed compres-
sion created the Saltville Fault and several associated
back-splays such as the smaller displacement Pulaski
thrust fault, which likely joins the Saltville décolle-
ment at an unknown depth. The enormous compres-
sional pressures created an overturned south limb of
the Greendale Syncline, formed in the Mississippian
limestone and shale directly north of the Saltville Fault
trace. Numerous overturned slices (horses) of Missis-
sippian, Devonian, and Silurian rocks appear errati-
cally along the trace of the Saltville Fault wedged be-
tween the Cambrian rocks of the hanging wall and
Mississippian rocks of the footwall. North of the
Greendale Syncline the Paleozoic sequence is unbro-
ken for 6 mi into adjacent Russell County and resumes
a regional southerly dip of 15° to 25°.

Stratigraphy

The region bounded by the Saltville Fault on the
south and the Copper Creek thrust fault 10.5 mi north
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tion names, symbois, and location of cross section.

(in central Russell County, Virginia) contains an un-
broken and nearly complete Paleozoic depositional
series. In the Greendale Syncline (Fig. 3), along the
northern limits of Saltville and south of the North Fork
of the Holston River, the land surface is underlain by
Mississippian limestone, shale, and sandstone subdi-
vided into 10 formations capped by the partially pre-
served Pennington Formation. A detailed description
of those units is published in Bartlett and Webb (1971).

The unit of primary concern for this report is the
Maccrady Formation, which underlies the Saltville
Valley and is mostly hidden by a few feet of Quater-
nary lacustrine clays and some recent colluvium that
occurs mainly along the valley margins. The Maccrady
Formation beneath the Saltville Valley is mostly over-
turned to the north from the compressional action prior

to and after the Saltville Fault rupture. The Maccrady |

Formation has a known thickness of at least 3,019 ft
in the 1999 Olin-Mathieson Chemical Corporation no.
16 salt-brine well (Fig. 2). This formation is folded
underneath the Greendale Syncline and reappears in
a narrow exposure belt near the North Fork of the
Holston River, where the author measured a south-
ward-inclined exposure of only 131 ft. This great dif-
ference in thickness in a distance of ~1.7 mi is due to
the salt well having been drilled through a very steep
to overturned section of Maccrady strata, and also to
a combination of southward depositional thickening
and tectonically caused flowage of this incompetent
unit (Bartlett, 1997).

The Maccrady Formation consists of maroon and
pale-green mudstones, siltstones, and minor amounts
of light-gray limestone and dolomite interbeds. In the
Saltville area, and extending for at least 20 mi along
a northeasterly trace between Plasterco (northeast
Washington County) and Locust Cove (north-central
Smyth County), the Maccrady Formation also contains
variable amounts of gypsum pods and stringers. Gyp-
sum was mined from the mid-1800s until 2000 at two
mines. Commercial quantities of salt are known only
beneath the Saltville Valley and under the adjacent
hills below the Saltville Fault.

In 1996, Virginia Gas Company drilled a deep well
(EH-131) in search of porous rock for brine disposal
~3,500 ft south of the Saltville Fault. This well crossed
the fault at a depth of ~1,300 ft (Fig. 2) and penetrated
~2,600 ft of mudstone, halite, and anhydrite of the
Maccrady Formation. The well drilled an interval from
2,540 to 2,972 ft (432 ft net) of nearly pure halite. In
Washington County, ~3 mi west of the EH-131 well,
Westinghouse Electric Corporation drilled the No. 1
Morton Salt Company wildcat well in 1976, which
encountered the Saltville Fault at 2,000 ft. The well
penetrated 2,100 ft of the Maccrady Formation, com-
posed of mostly light-gray and maroon mudstone and
interbedded anhydrite, some limestone, and a predomi-
nantly halite-bearing interval from 3,350 to 3,430 ft.

The hills and ridges in the area south of the Saltville
Fault are underlain by generally more competent
Cambrian and Ordovician limestone, dolomite, and
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Figure 3. Geologic map of Saltville, Virginia, and environs {from Cooper, 1966, fig. 1). Cross section shown in Figure 2.

compact shale. Directly bordering the fault is a belt of
highly fractured and partially silicified dolomite of the
Honaker Formation, with a thickness of 450-500 ft.
In western Washington County I measured 1,140 ft of
the Honaker Formation, consisting of chert-bearing
dolomite, above the fault (Bartlett and Webb, 1971, p.
81). This does not imply a thickening of the unit but
shows that the fault plane cuts into higher parts of
this formation at Saltville.

SALT-MINING HISTORY

Saltville’s natural resources were used by wild ani-
mals and Indians before settlers came to the area in
the late 17thcentury. Evidence of Indian occupation,
dating back at least 12,000 years, has been found in
this valley and adjacent river terraces and caves.
McDonald (2000) presented additional evidence of
probable pre-Clovis, tool-using Native Americans dat-
ing to 14,510 years B.P.

Pleistocene stream gravels and lake deposits
(Bartlett, 1979, 1981) containing remains of extinct
mastodon, mammoth, musk ox (McDonald and Bartlett,
1983), ground sloth, turtle, fish, shellfish, and plant re-
mains are found beneath much of the Saltville Valley.
Arthur Campbell, in a 1782 letter to Thomas Jefferson,
reported “bones of an uncommon size of which the jaw
tooth now offered you is one” (Boyd, 1952). This is the
earliest known mention of fossils from Saltville. The
tooth probably belonged to a mastodon (Jefferson,
1787). Excavation-recovery reports by Peterson (1917),
Virginia Polytechnical Institute/Smithsonian Institu-
tion (Ray and others, 1967), Bartlett (1979, 1981),
McDonald and Bartlett (1983), and McDonald (2000)
have added to the faunal and floral listing of this site.
Excavation tests conducted each summer have led to
the institution and development of the Museum of the
Middle Appalachians in Saltville, which displays and
stores many of these recovered remains.
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Early settlers dug wells in a search
for potable water and were surprised to
find instead quantities of salt brine.
Upon finding the unanticipated brine,
the salt was recovered by natural evapo-
ration or by boiling off the water in small
iron pots (Stose, 1913). A patent cover-
ing 330 acres of the valley was issued to
Charles Campbell in 1753. Thomas
Jefferson made reference to the occur-
rence of salt brines at Saltville (Jeffer-
son, 1787), and the first brine well was
in production by 1750 (Lonn, 1965).

In 1840, a shaft was drilied to inter-
cept the “brine stream”; however, at a
depth of 210 ft, rock salt was encoun-
tered (Watson, 1907). The boring contin-
ued deeper through at least 166 ft of
halite. The Reverend Steven Taylor of
Abingdon, Virginia, described this dis-
covery in 1841, noting that gypsum oc-
curred at a depth of 30 ft and that the
rock salt also contained interbeds of “slate and blue
clay.” This was the first discovery of a bed of rock salt
drilled in the then-established states of the United
States, although some bedded salt outcrops were pre-
viously known from western areas that later became
states (Cox and Edgerton, 1968).

Commercial production, by brine-extraction meth-
ods, began in the late 1700s, according to Withington
(1965). Saltville Valley marshes were drained in the
early 1800s by cutting channels to the North Fork of
the Holston River to permit expansion of this early
extraction area of the valley. The valley well field was
later designated the “low-pressure” and relatively shal-
low part of the field (Figs. 3, 4) as distinct from the
much deeper “high-pressure” wells later drilled on the
southern highlands, mainly on the overthrust sheet
above the Saltville thrust fault (Fig. 3).

By 1842, annual salt production from six wells in
the “low-pressure” field reached 200,000 bushels
(~14,412 short tons). During the Civil War, this de-
posit was the principal source of salt for the Confed-
erate States, and production soared to 10,000 bushels
(721 tons) per day (Eckel, 1902). Owing to a lack of
refrigeration at that time, per capita salt consump-
tion, primarily utilized for meat preservation, was
estimated at 100 pounds per year (Dietrich, 1970). Ul-
timately, many of the Southern States set up their
own brine-extraction sheds at Saltville, hauling in
wagons loaded with wood to fire the simple furnaces.

The Confederacy recognized the strategic impor-
tance of this deposit and stationed as many as 4,000
troops at Saltville. Union forces made cavalry probes
in 1863, which were repulsed. On October 2, 1864, the
Saltville defenders soundly defeated a Union force of
about 5,000 soldiers led by Brigadier General Stephen
G. Burbridge. This only delayed the inevitable, for on
December 21, 1864, a Union army under Major Gen-

Figure 4. View to the south, showing the Saltville Valley and the salt wells in
the southeastern part of the “low-pressure” field drilled ~1901 to 1904. The
“high-pressure” wells were drilied after 1931 on the high ridge to the south.
The Saltville Fault trace is mapped about halfway up on this ridge. Photo cour-
tesy of the Museum of the Middle Appalachians, from the Totten collection.

eral George Stoneman overran the by-then-under-
manned Confederate defenses and proceeded to de-
molish the furnaces, burn the storage buildings, and
dump debris into the wells before moving on to other
regional targets. With frantic effort the wells were
quickly cleared, and production was resumed at a re-
duced level (Rachal, 1953). (Note: A well pump and
reconstructed furnace is displayed at a small park near
the western edge of Saltville [Figs. 5, 6].)

In 1907, Watson reported brine recovery from 24
producing wells with a maximum depth of 2,280 ft.
Records and well-field maps note 13 salt wells drilled
from 1812 to 1889, and 147 more from 1894 to 1930.
Of the early wells drilled from 1812 to 1889, four were
hand dug to depths of 200270 ft; they were mostly
~10 ft square and timbered. In well 8, which was taken

Figure 5. Reconstructed salt furnace at the salt park near the
Smyth—Washington county line, containing several large origi-
nal iron kettles on a long wood-fired chamber. Photo supplied
by Robert C. Whisonant, retired Radford University geology
professor.
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to 270 ft, the bottom 55 ft was drilled in salt rock. It
was also recorded that “3 negroes drowned in this well”
(Low, 1894). These wells were all drilled in a small
400-ft-wide area astride the Washington—-Smyth
county line. For unknown reasons, a deep tunnel con-
nected wells 8 and 9. Nine of these early wells were
drilled with 4—6-in.-diameter pipe.

The Mathieson Alkali Works began production in
July 1895 and drilled most of the low-pressure, shal-
low wells. They next drilled 28 high-pressure, deep
wells from 1931 to 1963. These wells ranged from 1,580
to 3,957 ft in depth. Mathieson merged with Olin In-
dustries in 1954 and produced brine until 1972 for the
manufacture of soda ash, chlorine, and hydrozine
rocket fuel. Production ceased in 1972 owing to chang-
ing economics and state and federal regulations re-
lated to mercury leakage from the chlorine plant and
residue-storage ponds adjacent to the north bank of the
North Fork of the Holston River. Elevated mercury lev-
els were discovered in fish and shellfish. The complex of
industry facilities was closed, and hundreds of employ-
ees were phased out, plunging the town into severe eco-
nomic disruption from which it is still recovering.

SALT EXTRACTION AND RESERVES
Production

Studies by Fenix and Scisson (1972a) tabulated
13,384,150 tons of salt extracted from 1900 to 1972,
with no record for 31 wells, and incomplete records
for another 150 wells in the valley “low-pressure” brine
field (Craig, 1973). This extraction was conservatively
calculated to have created 277,050,000 ft? of cavities,
beneath an area of ~177 acres (Fig. 3). For the “high-
pressure” brine wells, more complete records list ex-
traction from these 28 wells at a nearly identical
13,384,160 tons of salt, creating 279,620,000 ft? of cavi-
ties, with a surface area of ~209 acres (Fig. 3).

Reserves

The true vertical and lateral distribution of the salt-
bearing area is poorly defined. According to Craig
(1973), the well descriptions in the “low-pressure” field
document a salt thickness up to 1,000 ft in the south-
eastern sector. In the “high-pressure” field, log data
reveal total salt thickness varying from 170 to 1,020
ft. Nevertheless, Craig (1973) presents a conservative
estimate of the salt reserves of 8 billion cubic feet.
Thus, in >150 years of salt production, only about 7%
of the reserves have been extracted.

SUBSIDENCE REVIEW
“Low-Pressure” Field

The Saltville Valley was the location for about 181
“low- pressure” wells, meaning relatively shallow wells
that could be pumped of natural brine, or after salt
solution following injection of water. The author has
examined drillers’ logs for 150 of these wells, which
range from 450 to 2,280 ft deep and average 840 ft
deep. Only seven of these brine wells exceed a depth

Figure 6. Walking-beam-style brine pump at the salt park. Photo
courtesy of Robert C. Whisonant.

of 1,250 ft. Thirteen wells are recorded as having been
“bored” or “dug” between 1812 and 1894. Records for
these wells are brief. The other 168 wells are listed on
a 1936 map prepared by Olin-Mathieson Chemical
Corporation for the wells drilled from 1884 to 1933.

The drillers’ logs range from very incomplete to
quite detailed. Logs for 143 of the wells provide de-
tails about the salt and salt-mudstone mixed inter-
vals in the Maccrady Formation. Commonly, the up-
per few hundred feet of “red” and “gray” mudstones
contain a small amount of “gypsum” inclusions before
penetrating the halite-rich middle and lower Maccrady
beds. Some of the better logs show the percentage of
salt by intervals, and some describe salt of white or
red hues. The total thickness of salt-bearing beds noted
varies from 15 to 617 ft, which is partly related to well
depth and to the part of the Maccrady Formation that
was penetrated; the latter is related to where the well
was drilled in the Saltville Valley and to the steep dip
of the Maccrady. The average thickness of saline rock
tallied in these well records is 186 ft. There is a high
variability in the thickness of the high-purity salt in-
tervals even between adjacent wells. This fact sup-
ports a tectonic-related flow of the salt, creating thick
pods and localized thinning.

The well records also reveal a strong variability in
the depth to the first salt, which ranges from 192 to
820 ft and averages 350 ft below the surface. The deep-
est salt occurs along the northern part of the valley
close to the outcrop of the Mississippian Little Valley
Formation, and thus the area underlain by the upper
part of the Maccrady Formation. Here, the first salt
was found at a depth of 400-800 ft. Southward, the
salt is reached at mostly shallower depths.

During the more than 160 years of salt extraction,
there has been a consequent, mostly slow subsidence
of the valley land surface. Forty-three of the drillers’
logs note caving while drilling, or ground settlement
following a period of production. A cave-in occurred in
well 104, which required 821 tons of fill rock to cor-
rect. Most wells required workovers for repair of bro-
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ken or bent casing caused by shifting ground as salt
was extracted. Sixty-eight well records that list an
abandonment date show individual well production
ranging from <1 year to a maximum of 34 years. The
average productive life of a well was only 8.5 years.

One of the early accounts of ground collapse was
published in a report by O. A. Peterson (1917), a pale-
ontologist with the Carnegie Museum in Philadelphia.
Apparently, there had been a cave-in around well 69
near the Norfolk and Western Rail Line on the north-
ern limits of the field development. This well was
drilled in 1915 to a depth of 867 ft and encountered
440 ft of salt-bearing beds, beginning at a depth of
325 ft. The cave-in opened a pit >8 ft in depth that
exposed a bone-bearing layer of coarse gravel, “indi-
cating the conditions usually found in the beds of
streams” (Peterson, 1917, p. 471). Mastodon, ground
sloth, moose, elk, and horse bones, and shells of fresh-
water mollusks, were recovered. This gravel deposit
is present beneath much of the Saltville Valley, where
no river now exists owing to multiple stream piracy
that dates to the late Pleistocene (Stocking and oth-
ers, 1979). This ancient river is now referred to as the
Saltville River.

Precise data that define the general subsidence of
the well field are apparently unknown owing to a lack
of surveyed monuments for reference points. However,
Craig (1973, p. 22-24), utilizing engineering figures
generated by Fenix and Scisson, estimated an ulti-
mate maximum subsidence of 34 ft. The Olin Corpo-
ration apparently monitored the field between 1929
and 1953. Their records indicated an annual subsid-
ence rate of 3.9 in. per year. Furthermore, an extrapo-
lation back to 1900 indicates that 23 ft of subsidence
developed from 1900 to 1972.

Salt extraction was at a decreased rate from 1953
to the cessation of operations in 1972. Craig (1973, p.
23) records examples of subsidence-related structural
damage to company buildings, the old Union Church,
and an old hotel on Main Street (State Route 91). Lo-
cal citizens claim that Route 91, in a section in the
western part of Saltville known as Smoky Row, was once
a gentle, uniform grade. Now, that part of the road un-
dulates in a manner similar to a subdued roller coaster.

In November 2000 I was asked to inspect a few of

the houses and properties on Smoky Row. These were
mainly simple, inexpensive dwellings that had been
built by the salt companies for their employees. My
brief inspection noted significant foundation cracks.
Most of the claimed ground effects proved to be set-
tling of fill over an abandoned septic tank and root
decay where large trees had been cut down. One lin-
ear earth crack, however, beside a cinderblock garage
had recently been filled with soil. I was able to easily
push a 5-ft-long auger to its full length without en-
countering substantial resistance. I concluded that this
was a crack probably related to lingering earth ad-
justments near several brine wells ~300 ft north of
these houses or, less likely, from the northernmost

high-pressure wells on the north slope of the ridge to
the south of these houses.

Another example of subsidence-related damage is
associated with the historic Stuart house, constructed
in the mid-1950s (Worsham, 2001) and occupied by
William A. Stuart, one of the founding owners of the
Holston Salt and Plaster Company. In 1993, I exam-
ined the house for evidence of subsidence damage. The
structure is within 300 ft of three valley wells on the
north and within 400 ft of two salt caverns created by
the high-pressure wells to the south. The building suf-
fers from some architectural deficiencies but has an
easily noted tilt to the north. For example, a ball placed
on the south edge of the dining room floor will readily
and independently roll across to the north wall.

The owner of the Hartwood Building Supply store,
on the north side of the valley, measured a 16-in., south-
ward tilt of the 60-ft north—south length of the building.
About 12 shallow, “low-pressure” brine wells were drilled
within 400-600 ft south and west of his store.

The best defined subsidence evidence I have viewed
was near the southwest corner of the Saltville Golf
Course. During an examination in 1973 of landslip on
the slope south of the golf course, I observed a well
pipe protruding >10 ft near a tee box. Recently, Charles
Norris (now retired from the position of property man-
ager with Olin-Mathieson Chemical Corporation) stated
that the top of this pipe for well 28 was 14 ft above ground
level before it was cut off.

As salt was slowly extracted from the Saltville Val-
ley, the remaining plastic mudstones of the Maccrady
Formation yielded to hydrostatic and lithostatic pres-
sure. The result has been a fairly uniform, slow sub-
sidence. This effect has not only been in the proximity
of the wells but has also reached out differentially
owing to the unknown area of salt removal from each
well. Even if this were accurately known, the poten-
tial area of subsidence effect is not only above the salt
extraction area but may also extend outward for as
much as a few hundred feet owing to the tendency of
the rock layers to sag toward the cavity at angles of
draw of 10° or more. This effect would be expected to
be more pronounced in the soft, semi-plastic mud-
stones of the Maccrady Formation.

“High-Pressure” Field

Finally, we focus on the interesting conditions in
the part of the brine field that was last developed on
the elevated terrain to the south of the Saltville Val-
ley. From 1931 to 1963, Olin-Mathieson drilled 28 wells
that ranged in depth from 1,580 to 3,969 ft. Eleven of
these wells were drilled on the north-facing slope of
this rugged terrain very near or north of the Saltville
Fault trace. The remaining 17 wells were drilled higher
on this north slope at 400-2,050 ft south of the fault.
This part of the field was produced by pumping fresh
water into the salt beds and then pumping the saline
water up to the surface; hence, this area was desig-
nated the “high-pressure” field.
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Salt-bearing intervals ranged from 496 to 1,603 ft
thick in the 20 well records that were examined. Also,
the first salt recorded ranged greatly in depth from
299 to 1,309 ft, but this is directly related to the well-
site position; i.e., the farther south the location, the
deeper the salt occurs.

The 17 wells drilled south of the Saltville Fault
outcrop trace penetrated an increased thickness of
Cambrian carbonates and stiff shales, as the sites were
farther southward. Several wells near the base of the
overthrust sheet encountered crevices and caving
problems. The basal part of the overthrust hanging
wall is underlain by thick-bedded competent, but
brittle, dolomite of the Honaker Formation. Near wells
13, 14, and 15, huge blocks of dolomite are exposed at
the cliff edge with deep, open fractures subparallel to
the north lip of the ridge. It is possible that these dan-
gerous crevasses are only related to soil creep in the
underlying plastic Maccrady shales, but “low-pressure”
wells were drilled only ~500 ft northward, and three
of the early and relatively shallow "high-pressure”
wells are as close as 500 ft to the northwest.

“High-pressure” wells 1-4 were drilled from 1931
to 1939 and were closely spaced at intervals of 50-75
ft. Salt extraction eventually joined these four wells
into a single, large, void cavern. The driller’s log for
well 4 shows that the wellbore penetrated only 200 ft
of the fractured Honaker dolomite before crossing the
Saltville Fault. The well then was drilled into the
Maccrady Formation, where salt was encountered at
a depth of 521 ft; a total of 496 ft of salt-bearing beds
was present from 532 to 1,576 ft.

After 21-28 years of salt extraction, the area be-
neath wells 1-4 underwent a spectacular collapse on
April 18, 1960 (Fig. 7). The initial crater was ~400 ft

Figure 7. View to the south shortly after the April 1960 cavern collapse at “high-
pressure” field wells 1—4. The crater, the white area in the background, is now
~600 ft in diameter and >300 ft deep, exposing, from top to bottom, parts of the
Honaker dolomite, the Saltville Fault, and the Maccrady shale. Photo courtesy
of the Museum of the Middle Appalachians, from the Totten collection.

across (Craig, 1973, p. 25) but had enlarged to ~600 ft
across by 1972 (Fenix and Scisson, Inc., 19723, fig. 4a).
This chasm is now ~310 ft deep and has a clear pool of
water at its bottom.

Sometime shortly before 1972, unknown amounts of
diesel oil were pumped into some of the “high-pres-
sure” field well cavities (Craig, 1973, p. 29). The die-
sel oil would float on any unrecovered brines and would
help reduce shale hydration and sloughing in the cav-
erns. No additional subsidence has been documented
in the “high-pressure” field to date. Fourteen caverns
were mapped with downhole devices in 1972 (Fenix
and Scisson, Inc., 1972b, fig. 4b). The tops of these
cavities are described below (east to west). Where two
or more wells are shown on one line, their caverns are
believed to have coalesced.

Depth to top of Depth to top of

Well no. cavity (feet) Well no. cavity (feet)
15 1,640 11, 12 1,673
13, 14 1,550 28 3,023
9, 17 unknown 27 3,118
1,2,3,4 collapsed 18, 19, 20 2,640
8 1,448 25, 26 3,170
5,6,7 336 24 3,200
10 1,308 22, 23 3,900

Thus, we can surmise that the shallow cavern be-
neath wells 5-7 would pose the greatest danger for a
future collapse, and that all the other 12 caverns are
sufficiently deep to have a low potential for collapse.

AN UNUSUAL COMMERCIAL REVIVAL

In 1994, Virginia Gas Company began permit ap-
plications to build a pipeline and other site facilities
to utilize the cavern below “high-pressure” field wells
16 and 20 for the storage of natural gas.
This gas was to be drawn from the ma-
jor gas line owned by East Tennessee
Gas Company, which passes north of
Chilhowie, about 9 mi from the brine
field. The existing cavern was created by
two wells drilled by Olin-Mathieson in
1959 and 1962 to depths of 3,957 ft and
3,912 ft, respectively. An estimated 2.8
million “barrels” (1,386,000 tons, approx-
imately, assuming 55 gal per bbl) of salt
was removed by 1972, when the wells
were plugged and the company ceased
1ts Saltville operations. The cavern top
was 1,601 ft below well 15, and 3,609 ft
below well 20 (Fenix and Scisson, 1972b,
fig. 4b). The project was approved and
has been successfully operated for sev-
eral years. The company is currently
testing the feasibility of using other ex-
isting caverns and possibly creating new
caverns. Brine in the cavern at wells 16
and 20 has been temporarily stored in
two large, lined ponds. An evaporation
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plant was built, and recovered salt is again being sold
to available agric¢ultural markets.

A network of ~250 survey monuments was installed
in 1997 to monitor potential subsidence. According to
a Virginia Gas Company spokesman, regular surveys
have shown only minor elevation changes. These varia-
tions are only on the order of a few tenths of a foot and
may be related to temperature and moisture changes.

SUMMARY

The reader should now understand how Saltville
got its name. The discovery of this vast mineral re-
source beneath the Saltville area was an accidental
but inevitable event. The development of this resource
led to the recovery of extinct Pleistocene mammal re-
mains, which has spawned continuing valley-floor sci-
entific excavations and an excellent museum. The salt
deposit was vital to the Confederacy, and this area
was twice attacked by Union forces. The salt also has
been used to make baking powder, chlorine gas to
purify water, hydrozine fuel to send rockets into Earth’s
orbit and beyond, and many other useful products.

Often, mineral extraction and manufacturing come
with an environmental price. At Saltville, this has
resulted in widespread, slow subsidence and damage
to surface structures. The manufacture of chlorine
caused mercury pollution of the North Fork of the
Holston River, which has necessitated a warning
against eating fish caught along several miles of the
river. This problem is still being worked on 30 years
after Olin-Mathieson closed their plants. On the posi-
tive side, Virginia Gas Company is using the “high-
pressure” field’s deep cavities to store natural gas for
peak-demand use and is again recovering salt from
brine. With only an estimated 7% extraction of the
salt reserves to date, it is likely that Saltville could
continue to provide a part of U.S. salt needs for sev-
eral additional centuries.
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Sinkholes above the U.S. Strategic Petroleum Reserve Storage Site at
Weeks Island Salt Dome, Louisiana: Recognition, Diagnostics, and Remediation

James T. Neal

Sharlot Hall Museum
Prescott, Arizona

ABSTRACT.—A sinkhole formed circa 1991 over the outer edge of the two-tiered former salt
mine that was converted in 1980 for oil storage by the U.S. Strategic Petroleum Reserve;
the site was at the Weeks Island salt dome in coastal Louisiana. Diagnostic studies in-
cluded geophysical, geochemical, drilling, and hydrological methods and suggested that a
direct connection existed between the surface-collapse area and the underground mine. The
connection was confirmed by correlative measurements of sediment-slump rates, piezomet-
ric-surface deflection, and brine-influx rates into the mine. The dissolution of salt below the
sinkhole that initiated the leak into the mine was likely caused by several confluent geo-
logic processes, and exacerbated by mining-induced stresses that created fractures that
subsequently became hydrologic flow paths. A second, smaller sinkhole was noted in early
1995, but it showed negligible activity, unlike the much larger initial sinkhole.

Modeling of mine stresses showed that years of accumulated tensional stress was re-
quired before cracking began, but once started, it continued to develop and to relieve the
stress in that specific regime. The crack regime created an avenue for incursion of ground
water, very slowly initially, but the cracks gradually enlarged as undersaturated ground
water mixed with brine at the top of salt.

Remediation included increasing the mine pressurization, slowing the dissolution by in-
jecting brine into the sinkhole throat, and construction of a freeze curtain around the prin-
cipal sinkhole. Because the remediation was successful by stopping active enlargement, the
oil was safely withdrawn and transferred to other sites, and the mine was backfilled with

saturated brine.

INTRODUCTION

Weeks Island, a salt-dome island in the coastal
marshland of south Louisiana, was one of six original
storage sites selected for the U.S. Strategic Petroleum
Reserve (SPR), which was established after the Middle
East oil embargo of 1973—-74. It was the only site that
used a room-and-pillar mine as the storage method;
the other five used leached caverns in domal salt, and
four of them are still used for storage.

Congress approved the SPR in 1975 to ensure that
the nation would not again be faced with inventory short-
ages, inflated prices, and gasoline lines at the pump, all
of which occurred following the embargo. The SPR was
designed, sited, engineered, and constructed between
1975 and 1981 in a major peacetime effort that was com-
parable to other major construction projects, such as
the Panama Canal. During the Persian Gulf War of
1990-91, the SPR’s usefulness was demonstrated after
Kuwait and Iraq stopped producing oil. Through the
withdrawal of just 30 million barrels (5% of the SPR
inventory), world oil prices were stabilized. The SPR
was not drawn down during the Iraq War of 2003, but
often was the subject of political discourse.

In May 1992, only a year after the first Gulf War, a
sinkhole was noted over the edge of the mine, but the
initial reaction was largely one of surprise rather than
alarm (Neal and Myers, 1995). The sinkhole, when
first observed, was 11 m across and 9 m deep, and an
obvious hazard—it was just 25 m from the main ac-
cess road to the adjacent salt mine operated by Morton
Salt Co. The contractor charged with operating the
Reserve stated that they believed the sinkhole had
formed around a root cellar at a former residence. In
hindsight, an element of denial was probably involved,
as it appears that personnel hoped the problem would
just go away: root cellars were not even part of the former
company houses. After considerable discussion, an un-
official policy of “wait and watch” was adopted, regard-
less of geological or engineering opinion. It appeared
that as long as the hole was not enlarging and that noth-
ing serious was happening, there was no real danger.

But knowledge of the feature spread, and local ex-
perts and miners suggested not only the exact cause
of the sinkhole but that more occurrences could be
expected. Only a dozen years earlier, a major penetra-
tion of the salt mine at Jefferson Island, Louisiana,

Neal, J. T, 2003, Sinkholes above the U.S. Strategic Petroleum Reserve storage site at Weeks Island salt dome, Louisiana: recognition,
diagnostics, and remediation, inJohnson, K. S.; and Neal, J.T. (eds.), Evaporite karst and engineering/environmental problems in the
United States: Oklahoma Geological Survey Circular 109, p. 347-353.
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occurred, leading to its being flooded with water and
its eventual closing (Martinez and others, 1998). The
information presented by the experts was based on
many years of experience in Gulf Coast salt mining
and could not be ignored. Further, the sinkhole gradu-
ally deepened and was actively enlarging. The U.S.
Department of Energy recognized that the storage site
should be closed, and the oil transferred to another
site. Actions to decommission the site began in 1994,
but a second, smaller sinkhole was noticed soon there-
after, and anxiety over the threat of an oil spill from
the mine accelerated, even though it was considered
to be unlikely.

J.T. Neal

SINKHOLE OCCURRENCE AND LOCATION

The Weeks Island salt dome 1s 23 km south of New
Iberia, Louisiana, and is the central dome in the Five
Island chain, along with Belle Isle, Cote Blanche,
Avery, and Jefferson Island. All five have been mined
because of their near-surface salt and their logistical
advantage near the Gulf of Mexico and the Intracoastal
Waterway. Belle Isle and Jefferson Island are now
closed to room-and-pillar mining because of deliber-
ate and inadvertent flooding, respectively.

The Weeks Island sinkhole occurred over the south-
ern perimeter of the upper level of the two-tiered SPR
mine (Figs. 1-3), which held 73 million barrels of crude
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oil from 1981 through 1995. The mine originally
opened in 1902, and salt was extracted commercially
until 1977, at which time Morton Salt Co. developed a
new mine directly adjacent, to the northwest, while
the older workings were converted for oil storage.
Minor leaks of water had been noted at various times
during the 75 years of active mining, but in-mine grout-
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ing controlled inflow (Acres International Corp., 1987).
At the time of initial study to convert the mine to oil
storage, an indication of anomalous geochemical com-
position was noted in brine seeps but did not seem to
preclude use of the mine for oil storage. Reexamina-
tion (after the fact) showed that the anomaly was in
the vicinity of the sinkhole, and also near an earlier
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exploratory penetration by the mining company.
Records that might have revealed causal factors asso-
ciated with the earlier penetration were apparently
unavailable, so little information existed that might
explain how this failure occurred. All attention then
focused on remediation and removal of stored oil.

The nearly vertical sidewalls in the surface sedi-
ments surrounding the sinkhole caused some confu-
sion initially, but were readily explained geologically
as typical of Pleistocene loess that caps the island. The
sinkhole was directly beneath a former residence of
the dismantled Morton company townsite, but the resi-
dence had no apparent relationship to the origin of
the sinkhole.

SINKHOLE DIAGNOSTICS

Unlike other mines where underground leaks are
observed directly (and grouted), the SPR mine was
sealed and had to rely on indirect evidence, such as
increased pressure or changes in isotopic composition
of the contained water, which was ~1% of the total
volume. Pressure diagnostics were complicated by salt-
creep closure, which gradually reduced the storage
volume by one-fifth of 1% per year, a very small
amount overall, but a very large amount with respect
to the few-gallons-per-minute leaks, which could ex-
plain the sinkhole.

Ground-water inflow into the mine was suggested
by increasing amounts of brine seen in the fill-hole
sumps, used initially during oil-fill operations. The
trend began increasing from 1 to nearly 3 gallons per
minute by early 1994, enough to establish a distinct,
ongoing change. At the same time these increases were
noticed, the sinkhole was filled with sand because it
deepened to >13 m and became increasingly more
hazardous. As soon as the fill was placed, slumping
continued at a rate of about 2 m® per day and required
new fill weekly. This showed that dissolution was on-
going, and there was a rough correlation with the

amount of increasing brine that was observed in the
fill holes and the amount of unsaturated water re-
quired to leach an equivalent volume of salt. Sinkhole
2 did not deepen or change and was never considered
a threat.

Brine hydrochemistry in salt mines can distinguish
meteoric water from connate water. At Weeks Island,
a decided change in isotopic composition was evident
when 1994 analyses were compared with brine ob-
tained in late 1991, about the same time postulated
for the sinkhole origin (Knauth, 1994). Comparative
earlier data suggested that the leak may have existed
as early as 1987, but these data were inconclusive.

Rock-mechanics modeling by Ehgartner (Neal and
others, 1998) showed that the mine perimeter would
have been in tension and that fractures in salt could
have formed as early as 1970. Such cracks could have
been exposed to undersaturated ground water and
gradually could have enlarged at the same time the
crack was propagating. The modeling results were
substantiated by survey data showing subsidence over
the mine, which agreed closely with Ehgartner’s mod-
eling.

Setsmic-reflection profiles around the sinkhole were
obtained in early 1994; it was an expedient method
for obtaining subsurface information (Miller and oth-
ers, 1994). A prominent reflector first thought to be
top of salt was noted throughout the area at shallow
depth. Subsequent drilling, measurement, and geo-
physics showed that the reflector was the piezometric
surface, and that a localized 4-m deflection at the sink-
hole was likely from drawdown created by the inflow
of ground water into the presumed point of leakage. A
secondary anomalous step deflection was noted north
of the main sinkhole and caused some concern, as sink-
holes often progress and occur in multiples.

Cross-well seismic tomography was conducted by
placing sources and receivers in diagonal cased bore-
holes on four sides of the sinkhole (Fig. 4). The bore-

Sinkhole #1 Sinkhole #2

overburden

overburden

Top of salt

Figure 3. Diagrammatic sketch
showing the two sinkholes along
the edge of the upper mine, in the
zone of maximum stretching and
bending of salt.
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holes also provided direct information on sediment and
salt geometry and the hydrologic environment. The
steep deflection in the water table was observed on
neutron logs from borehole BH-4 and was measured
directly on electrotape. The tomograms showed clear
evidence of low-velocity material below the top of salt,
verifying that a sediment-filled void had occurred be-
tween the much higher velocity salt on either side.
The graphical displays did not show the high-quality
imaging that some people had anticipated, but the
nature of the method is inherently limited in map-
ping seismic-velocity distribution—but not necessar-
ily the geometry. The graphics did show, however, that
the area of dissolution below the sinkhole was later-
ally limited, and with a strongly vertical dimension.
Such information was useful when grouting options
were considered.

Slant-hole drilling directly into and below the sink-
hole provided the most direct confirmation of dissolu-
tion geometry (Fig. 4). BH-9, adjacent to the sinkhole,
drilled a high-angle approach directly over the top of
the subsurface extension of the surface expression. It
extended below the top-of-salt elevation encountered
in the tomography holes. This hole provided the op-
portunity for injection of Rhodamine dye into the ap-
parent throat of the sinkhole. The dye, if detected in
the fill holes, would provide unequivocal
evidence of hydrologic connection with
the mine; otherwise, the evidence would
be circumstantial.

BH-7A started at a less steep angle
and was aimed at the “plumbing” at
depth, penetrating the top of salt at the
normal depth and then continuing on
through the salt into a major void at least
22 m deep. Fear of disrupting the chan-
nel stopped the drilling at this point, but
not without first having a 3-D hydrologic
flowmeter installed, which provided data
for 2 weeks (Sandia National Laborato-
ries/DynMcDermott, 1994). The data in-
dicate essentially vertical flow down the
throat, at a rate of >1 m per day. The
2.5-cm-per-day downward movement of
the flowmeter (alone) also indicated that
sediment was moving down the throat,
presumably in response to dissolution of
salt by undersaturated ground water at
some point below. The discovery of this
channel also provided the opportunity for
additional injection of tracer dye.

EH-1

REMEDIATION

Once the geometry of a deep void or
crevasse was identified, with direct mea-
surement of downward flow of water, a
suggestion was made by Diamond and
Mills (1994) to inject saturated brine di-
rectly down the throat. Approximately

12 L/minute was consumed under gravity feed, and
continuous injection continued from August 1994 un-
til the stored oil was removed. The startling result
was that subsidence at the sinkhole was arrested, and
virtually no downward movement was measurable. In
addition, the ground-water depression at the sinkhole
had recovered to a normal position. Evidently the brine
had stopped the dissolution of salt, but whether this
could be a longer term fix was problematic. The near-
saturated brine was particularly sensitive to tempera-
ture fluctuation, and halite crystallization often led
to line clogging and flow cessation.

The internal mine pressure was raised from 7 to 30
psi in mid-1994 as a means of reducing inflow of brine.
Although this increase was only a small amount, rais-
ing the pressure reduced the external pressure gradi-
ent and slowed salt-creep closure (Sandia National
Laboratories/DynMcDermott, 1994).

Grouting was considered early but was not insti-
tuted because of the lack of urgency and because of
uncertainty about how and where to place grout. Grout
is normally injected under pressure, and this process
caused a real fear of doing more harm than good, as
openings could easily be enlarged.

An engineered freeze curtain was constructed
around the sinkhole in 1995 as a further control mea-

EH-2

BH-7A

o

top of salt
~-104’ m.s.l.

EH-3

\%§ -190' m.s.l.

Figure 4. Diagrammatic representation of exploratory drilling and geometry
of Sinkhole 1 throat. Boreholes BH-3, 4, 5, and 6 were drilled for cross-well
tomography and helped define the geological configuration beneath the sur-
face sinkhole. Angled exploratory boreholes BH-7 and 9 determined the ac-
tual geometry and enabled a hydrologic flowmeter to be inserted 22 m below
the top of salt and into the throat. Exploratory holes EH-1, 2, and 3 further
defined the throat and provided decisive information regarding grouting po-
tential. Accentuated portions of boreholes define throat geometry.
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sure that would ensure additional containment dur-
ing withdrawal of oil from the mine. This was accom-
plished by installing 56 wells in the overburden around
the sinkhole, which isolated the sinkhole to a depth of
67 m into the salt (Fig. 5). The boreholes that pen-
etrated the dissolution cavity were used to position a
hydrologic flowmeter, and to inject brine, which effec-
tively stopped further salt dissolution during the time
it took to freeze the overburden solid.

Once the freeze wall around the sinkhole was solid
and the flowmeter indicated that ground-water inflow
had stopped, oil was evacuated and transferred to
other SPR sites in Louisiana and Texas. The mine was
subsequently filled with 85%-saturated brine so that
stabilization would be achieved rapidly and subsid-
ence would be reduced. A complete accounting of the
sinkhole occurrence and causes, and the decommis-
sioning process, are found in reports by Neal (1996)
and Molecke (2000).

LESSONS LEARNED FROM THE
SPR EXPERIENCE AT WEEKS ISLAND

The sinkhole at Weeks Island formed over the edge
of the SPR mine as a result of geological, hydrologi-
cal, and mine-induced factors, most of which were
poorly understood at the time the repository was es-
tablished. The location near the edge of the dome,
astride a possible anomalous zone and along a valley
in the top of salt, set the stage for the initial mine
configuration and boundaries. Underground openings
in the mine placed the salt along the periphery in ten-
sion, probably favoring crack development as early as
1970. Eventual incursion of undersaturated ground
water traversed the 107-m salt back over the mine,
allowing entry of brine into the SPR mine. Gradually
increasing dissolution enlarged a void at the top of
salt, creating the collapse environment for the sink-
hole that formed circa 1991.

Exploratory drilling and geophysics defined the void
or crevasse beneath the sinkhole, enabling the intro-
duction of saturated brine directly into the throat. The
brine completely arrested the continuing subsidence
at the sinkhole, apparently as a result of controlling
ongoing dissolution. The construction of a freeze cur-
tain around the sinkhole enabled the oil to be evacu-
ated and transferred to other sites with the maximum
degree of environmental safety.

The SPR experience at Weeks Island could not have
been foreseen, but undesirable environmental conse-
quences were avoided because of attentiveness on the
part of the operators. The knowledge gained here ef-
fectively negates future use of a salt mine for crude-
oil storage. In addition, storage of any kind in a salt
mine is ill-advised when internal access to grouting is
denied.
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