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INJECTION OF ACIDIC INDUSTRIAL WASTE INTO THE FLORIDAN
AQUIFER NEAR BELLE GLADE, FLORIDA: UPWARD MIGRATION
AND GEOCHEMICAL INTERACTIONS, 1973-75.

By

Donald J. McKenzie

ABSTRACT

In 1966, a furfural plant at Belle Glade,
Florida, began injecting hot, acidic liquid waste into
the saline, water-filled lower part of the Floridan aq-
uifer, between the depths of 1,495-1,939 feet. The beds
above and below the injection zone were subjected to at-
tack by the acid waste. By 1969, effects of the waste
were detected in the water of the well monitoring the
upper part of the Floridan aquifer at 1,400 feet. The
disposal well was deepened late in 1971 to 2,242 feet
in an attempt to stop the upward migration of waste.

The results of research investigations by the U.S.
Geological Survey during 1966-73 indicated that the
waste continued to move upward and laterally. This
was indicated by observations of water-quality changes
in the monitor wells. Subtle decreases in the sulfate/
chloride ratios, concomitant with increases in the hy-
drogen sulfide concentrations, were reported to be sen-
sitive indicators of waste migration.

L

This investigation, continued by the.-U.S. Geologi-
cal Survey in 1973-75, shows that the remedial actions
of repairing the disposal well liner and injecting per-
iodically into the deep monitor well at 2,060 feet
failed to contain the wastes within the lower part of
the Floridan aquifer. This investigation tends to con-
firm the earlier conclusions. The data collected by
the Survey are supported by the owner's chemical-oxygen-
demand and pH determinations. A hydraulic connection
between the injection zone and the overlying monitoring
zone is implied. Plans call for injecting into deeper
strata. ) -



INTRODUCTION

The U.S. Geological Survey is engaged in a nationwide research
program to evaluate the effects of underground waste disposal on the sub-
surface environment. Part of that investigation has been the collection
of hydraulic and geochemical data at an industrial deep-well injection
system near Belle Glade, Florida (fig. 1). 1Injection of hot, acidic,
liquid waste into the lower part of the Floridan aquifer at the Belle
Glade site began in 1966. By 1975, more than 1.5 billion gallons
(5.68 x'106m3) of waste had been injected.

Objectives of the Survey's investigation in Belle Glade are to under-
stand subsurface interactions of injected liquid wastes with the native
fluids and aquifer rock and to determine the ultimate fate of waste
injected in a saline and highly permeable carbonate rock aquifer;

The waste, natural Floridan aquifer water, and fluids from the in-
jection zone and upper Floridan aquifer were sampled periodically for
comprehensive chemical analyses; Correlations of specifip chemical char- -
acteristics were made between the waste and the fluids in the shal¥ow and
deep monitor wells.

Results of this investigation have been reported by Kaufman, Goolsby,
and Faulkner (1973), and by Kaufman and McKenzie (1975). _The purpose of
this report is to present all the data collected through 1575, and to
evaluate that data not covered by the earlier two reports. This report

updates and emphasizes the developments that have occurred since 1973,






For use of those readers who may prefer to use metric units rather

than English units, the conversion factors for the terms used in this

report are listed below:

Multiply English unit

inches (in)

feet (ft)

miles (mi)

gallons (gal)

million gallons (Mgal)
gallons per minute (gal/min)

million gallons per day
(Mgal/d)

By
2.54
.3048
1.609
3.785x10-3
3785
6.309x10-5

.04381

To obtain SI units

centimeters (cm)

meters (m)

kilometers (km)

cubic meters (m3)

cubic meters (m3)

cubic meters per second
(m3/s)

cubic meters per second

(m3/s)



REGIONAL GEOHYDROLOGY

The shallow aquifer in the vicinity of Belle Glade, in the north
central part of Palm Beach County, extends from land surface to about
150 ft (46 m). 1In the southeast corner of the county it reaches a
depth of over 400 ft (122 m) 2nd forms the north terminus of the
Biscayne aquifer which serves Broward and Dade Counties. The shallow
aquifer is underlain by several hundred feet of dense marl and carbonate
strata which overlie the Floridan aquifer.

The Floridan aquifer is mostly limestone and dolomite of middle
Eocene to middle Miocene age (Parker and others, 1955, p. 188-189). The
data obtained from test wells in southern Florida suggest that the
Floridan aquifer is composed of several artesian zones within the forma-
tions that make up the overall system (Meyer, 1971, p. 69).

Figure 2 shows the general sequence of permeable and confining beds
at the injection site, as well as a schematic of the injection system
and monitoring wells. In this report, the Floridan aquifer has been
divided into an "upper" and a "lower" part. The upper part lies above a
stratum, about 150 ft (46 m) thick, reportedly of dense carbonate rock{‘
that serves as the confining layer over the injection zone. The lowér '
part lies below this confining layer. Fluid waste is injected into thé-
lower part of the Floridan aquifer, within the approximate‘depth range .
of 1,500 to 2,250 ft (460 to 690 m) below land surface. 1In both the‘upéer
and lower parts of the Floridan at this location, ground Wéter‘is brack=
isﬁ or saline.

At Belle Glade, land surface is about 15 ft above mean sea levei.

The altitude of the potentiometric surface in both the lower and upper

5
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Figure 2.--Generalized geohydrological section at Belle Glade showing the
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1972, after deepening the injection well.
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DEPTH., METERS BELOW LAND SURFACE

parts of the Floridan aquifer is about 57 ft (Healy, 1962). The slope
of the potentiometric surface indicates that regional ground-water flow

in the Floridan aquifer is southeastward toward the Atlantic Ocean.

DESCRIPTION OF INJECTION SYSTEM

Construction of Wells

The injection system consists of one disposal well, one shalloﬁ
monitor well, and one deep monitor well that is also used as a standby
disposal well. The waste from the furfural plant is injected into the
lower part of the Floridan aquifer (fig. 2).

The disposal well was originally drilled to a depth of 1,939 ft
(591 m) and cased with 12-inch (30~-em) diameter pipe to 1,494 ft
(456 m), Injection was through an 8 inch (20-cm) diameter stainless
steel liner thatikas run to the bottom of the casing and set with a
packer. The well was open from 1,495 to 1,939 ft (456 - 591 m) in the
lower part of the Floridan aquifer.

The deep monitor well (fig. 2) is 1,000 ft (305 m) southeast of
the disposal well in the downgradient direction of ground-water flow.
Because the well is used to assess hydraulic and geochemical effects
of waste disposal within the injection zone, the well was made similar
in depth and construction to the disposal well. It has a total depth
of 2,060 ft (628 m) and a 12-inch (30-cm) steel casing to 1,495 ft
(456 m). This well.also has an 8-inch (20-cm) stainless steel liner
from the surface to the bottom of the casing. This permits the well to

be used for waste iniection when the disposal well is shut down.



The shallow monitor well (fig. 2) is 75 ft (23 m) south of the
injection well. It monitors hydraulic and geochemical effects within
the upper part of the Floridan aquifer. The well is cased to a depth
of 648 ft (198 m) and completed open-hole through the upper part of
the Floridan aquifer to a depth of 1,400 ft (427 m). The well bottom
is about 50 feet (15 m) into the 150-foot (46-m) thick zone of
reportedly dense carbonate rock that serves as the confining layer over
the injection zone.

A well which taps the upper part of the Floridan aquifer at the
University of Florida Everglades Experiment Station, 3 mi (5 km)
southeast of the Belle Glade site, was used to represent the chemical
character of the upper part of the Floridan aquifer. This well is

cased to 957 ft (292 m) and completed open hole to 1,332 ft (406 m).



Plant Operated Monitoring System

Continuous monitoring of the system was planned to detect changes
in the quality of water in the upper and lower parts of the aquifer. The
shallow monitor well was allowed to backflow continuously ét 2-3 gal/min
(0.01-0.02 m3/s) to facilitate the recovery of representative samples
from the upper part of the Floridan aquifer. The annulus between the
liner and 12-inch (30-cm) césing in the disposal and deep-monitor wells
contains water that is circulated constantly under pressure. Any appre-
ciable change in pressure in the closed circuit would indicate a leak in
the casing-liner system., In addition, since injectién began; a daily.
record of the following as information has been kept by the plant
operators.

Volume of injected waste
Average injection pressure
In late 1969, the plant operators began additional monitoring, as
follows:

Shallow monitoring well and deep monitoring well ‘
Chemical oxygen demand and pH: Weekly
Biochemiéal oxygen demand: Biﬁeekly
Specific conductance: Continuéusly

Disposal well and waste |
Injection rate, pressure and femperature: Continuously
Suspended solids, biochemical oxyger demand: Biweekly

Chemical oxygen demand, pH: Weekly



OPERATING HISTORY
1966 - 72

Beginning in December 1966, waste was injected in the lower part
of the Floridan aquifer, between the depthé of 1,495 £t (456 m) and
1,939 ft (591 m). Injection was seasonal; production operations were
usually suspended 2 - 3 months in late summer.

In the fall of 1969, company staff detected an increase in COD
| (chemical-oxygen-demand) and—BOD (biological-oxygen-demand) and a de-
crease in pH (hydrogen ion activity) in water from the shailow monitor
well., These were indications that waste was migrating upward from the
injection zone. In an attempt to seal off the upper Floridan aquifer,
the disposal well was deepened to 2,242 ft (683 m) and the liner
extended to 1,939 ft (591 m) and grouted (fig. 2). The casing was not
extended, but remained at 1,495 ft. | |

While the disposal well was being deepened, from chober 1971
through January 1972, the deep monitor well was used for.waste disposal
(Table 1). More than 75 Mgal (2.84 x 105 m3) of waste were injécted
during this 4-month span., Since the disposal well waé returned to »
service, the deep monifor weil has been allowed to backflow conti-
nuously at 2-3 gal/min (.01-0.2 m3s). The backflow was sampled period-
ically for information about the ultimate fate of waste in the aquifer.

In October 1972, about 9 months afﬁer waste injection had been
resumed in the deepened disposal well, a mecﬁanical caliper log in-
dicated that the well was open to the aquife£ from 1,923 - 1,945 ft

(586 - 593 m) and apparently bridged or plugged below 1,945 ft (593 m).

10



Table 1,--Chronolezy of waste injection, showing duration of
injection, depth interval of waste emplacement and
well used for injection.

TIME:

December 17, 1966
October 8, 1971

October 9, 1971 1
‘ January 12, 1972

Januery 13, 1 972 )

June 17, 1973

June 18, 1973

June 1974
July 1974
Present

April 1975

WASTE INJECTION ZONE:

Dispoéal Well

(L)OO - 1900 ft.)
- 579 m)

Deep Monitor Well

(1495 - 2060 ft.)
(456 - 628 m)

Di_sposal Well
(1938 - 2242 ft.)
(591 - 683 m)

Deep Monitor Well
(1495 - 2060 ft.)
(456 - 628 m)

Disposal Well
(1938 - 2242 ft.)

(591 - 683 m)

11



It was discovered that about 15 ft (4.6 m) of the mild~steel bottom
section of the liner had been destroyed by corrosion.

Since November 1972, plant operations and injection have been
constant except for intervals of a few days when the plant has been

closed for routine maintenance (fig. 3).

History from 1973 to 1975

In June 1973, the disposal well was shut down for repairs to the
liner. The work was completed about 1 year later, in June 1974.

The total depth of hole and bottom of liner remained unchanged at
2,242 ft (683 m) and 1,939 £t (591 m), respectively. Present (1975)
construction is shown in figure 2. The disposal well was returned
to service in July 1974, and has remained constinuously in operation
except for 30 days in September -~ October 1974,

In 1974, shortly before the disposal well was returned to service,
it was discovered that water was being lost from the deep monitor well
annulus circulatory system. Investigation showed that the bottom 16 ft
of the inner stainless steel liner had been damaged. Repairs were
completed in January 1975. To prevent further problems, the teflon

packer was replaced with acid-proof cement.

12
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RESULTS

Chemistry of Waste

The waste is hot, acidic and highly organic. The average pH is
3.2, and it contains high concentrations of nitrogen, carbon, and
phosphorus (table 2). The total organic carbon concentrations ranged
from 540 to 12,000 mg/l (milligrams per litre). The suspended solids
exceeded 1,110 mg/l. The chloride concentrations ranged from 80 to
300 mg/1l. The specific gravity of the waste ranged from about 1.C00
to 1.006 at 20°C. Owing largely to the high temperature of the waste,
it is less dense than the native ground-water. Based on the relative
density of water, the estimated density of the waste at 80°C is about
0.98 g/ml (grams per millilitre); the density of native brackish or
saline fluids within the depth range investigated is greater than
1.003 g/ml.

Chemistry of Native Fluids and'Composition of Aquifer Rock

Water analyses (table 3) from the Experiment Station well, 3 miles
southeast of the injection site, were collected from 1971-75. The
analyses show the chemical character of the native brackish-saline fluid
from the upper part of the Floridan aquifer. Comparison of recent
(1975) analyses of water(from this well with a partial chemical analysis
reported by Stringfield (1933) indicates that the chemical quality of
native fluid in the upper part of the Floridan aquifer at the well has
not changed significantly in the last 40 years. The chloride concen-

tration in 1933 was 1,650 mg/l. In 1975 it was 1,600 mg/1.

1A,
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Analysis of pative fluid sampleg collected from the lower part of
the Floridan a;e éiven in Table 4; fér Mérch i971. Analyéés following
that date were méde after waste injection into the deep monitor well had
occurfed.‘_hll the analytical déta éhow that thé native fluids are
basically of the sodium-chloride type, but include appreciable quantities
of sﬁlfate, magnegium and calcium. The chemistry and potential uses of
these brackish to saline artesian waters in southern Florida are discus-
sed by Vernon (1970) ana Meyer (1971).

In November 1971, fhe U.S. Geological Survey performed an X-ray
diffraction<éna1y§is oflthe rocks of;the }nje;tion zone and confining
beds to detefmine their mineralogical composition. The interval from
1,495 to 1{600 ft is predominantly calcite, with about 2 percent quartz.
The zone from 1,885 to 1,925 contains considerable dolomite and about 2
percéﬁt quartz., From 1;985 to 2,080 ft. the rock is 55 percent calcite
and 35 percent dolomite., . There are no anélyses for the intervening zones.

- Geochemical Effects

) S Decep Monitor Well

"As mentioned,earlier, the deep monitor well was used for waste
injection ffém Océober 1971 to Jénuary 1972, while the disposal weil was
beingjdeepgned. When tée disposal well was put back in service, waste
that_had beén ;njected into the deep monitor well was allowed to backflow
continuousl?»at 2 -3 ggi/min (0.0l—O{OZ'msls). This backflow was
periédicaiiy sampled to provide information on geochemical interactions
and ultimate fate of the waste in the aquifer, including anaerobic

decompositioﬁ.f

The first pH determinations of the backflow fluiﬁ, madé by the com-
pany, showed that the injected waste was partly neutralized almost imme-
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diately, increasing in pH from 3.2 to 5.5. The Survey's analyses of
the fluid made after 75 and 160 days residence time, in a report by
Kaufman and others (1973), showed that the pH of the waste fluid con-
tinued to increase. 1In 75 days the pH was 6.2 and in 160 days it was
6.6.

Analyses of the fluid after 160 days residence time.showed in-
creases in calcium, magnesium, and silica owing to the dissolution of
limestone. The acidic waste had developed an alkalinity (aé CaCO3)
of 3,500 mg/l. Hydrogen sulfide increased sharply, presumably due to
sulfate reduction by anaerobic bacteria. Kaufman and others (1973)
showed the existence of sulfate reducing bacteria in backflow from
the deep monitor well. No chemical analyses are available for fluids
from the deep monitor well for April 1973 - February 1975. During
this time the well either was used for waste injection or was being

repaired.

Shallow Monitor Well

Geochemical effects associated with the upward migration of the
-waste are shown especially well by thé chemical analyses of water |
from the shallcw monitor well, Table 5 shows that calcium, magnesium
and alkalinity concentrations increased; there was a reduction in
sulfate concentrations; and generation of as much as 107 mg/1l of
hydrogen sulfide. Dissolution of the carbonate rocks, anaerobic
decomposition, and sulfate reduction within the subsurface enviromment
is indicated. Also, dissolved-gas analyses indicate the presence of

methane, nitrogen, and carbon dioxide.
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To discriminate between changes in the ground-water chemistry due
to (1) waste migration and (2) dilution and mixing of various waters,
use is made of the sulfate/chloride ratio. The chloride concentration
indicates the extent of mixing with underlying more saline waters.

According to Kaufman and McKenzie (1975), '"Changes in sulfate/
chloride ratios in the monitor well fluids were evaluated and compared
with operational changes in the injection system. Fmphasis was placed
on interpreting observed changes in this ratio with respect to waste
migration." That is, a decrease in the ratio suggests the arrival of
the nutrient-rich waste.

‘The lack of comprehensive chemical analyses of natural fluids
from several zones at the injection site prior to waste injection
places a constraint on any interpretations concerning the chemical
character of the natural water. However, water from the Experimental
Station well, about 3 miles (4.8 km) from the injection well, is con-
sidered to represent the natural subsurface background in the upper
part of the Floridan aquifer. As already stated, the chemical quality
of the water from the well has not changed significantly in more than
40 years. Water from the well has a sulfate/chloride ratio usually
greater than 510/1,600 (1:3.1) and a hydrogen sulfide concentration of

about 4.0 mg/l.

Changes in sulfate/chloride Ratio

According to Kaufman and others (1973) and Kaufman and McKenzie
(1975), oxidation (decomposition) of organic waste by sulfate-reducing
bacteria was taking place within the saline subsurface environment by

means of anaerobic bacterial processes in which sulfate (and perhaps C0y)
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serves as the source of oxygen. In this system, as the organic mater-
ial is oxidized, sulfate concentrations decreased also and the decrease

in sulfate is quantitatively equal to the increase in hydrogen sulfide.

Observations: 1969-73

Subtle chemical changes, indicated by slight incréases in calcium
concentration and alkalinity and 5y a slight decrease in the sulfate/
chloride ratio (fig. 4) suggest that the waste front arrived at the
shallow monitor well in February-March 1969, about 27 months after
waste injection began. By March 1971 the sulfate/chloride ratio had
declined from 0.42 to 0.22, The slight increase in the ratio (fig. 4)
late in 1970, is correlated with a plant shutdown.

Waste injection into the deepened disposal well began in January
1972. By March 1972, the sulfgte/chloride ratio in fluid from the
shallow monitor well had decreased slightly from 0.25 to 0.22. From
0.22 in March 1972 the ratio increased to 0.36 in September, then to
0.42 in December. This increase is attributed to a plant shutdown
from early August through October 1972, Waste injection resumed in
November 1972, and the sulfate/chloride ratio again decreased, from
0.42 in December 1972 to 0.27 in April 1973.

From December 1972 to July 1973, sulfate concentration and the
sulfate/chloride ratio changed considerably, apparently reflecting the
greater sensitivity of these indicators to renewed waste migration and
consequent bacterial action.

Information on this system for the first 3 years of operation

(1967-69) has been reported by Garcia-Bengochea and Vernon, 1970.
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Observations: 1973-75

In June 1973 the disposal well was shut down by the operators and
waste was diverted to the deep monitor well. In water from the shallow
monitor well, the sulfate/chloride ratio decreased from 0.27 in April
1973 to 0.20 in July and to 0.15 in May 1974 (fig. 4). During this time
span, hydrogen sulfide increased.in concentration from 40 mg/l to 91 mg/l.
This suggests that waste injection into the deep monitor well also resulted
in upward leakage from the injection zone to the shallow moﬁitor well
although the site of the deep monitor well is about 1,000 ft (305 m) from
the shallow monitor, compared to only 75 ft (25 m) between the disposal
well and the shallow monitor. During April 1973-May 1974, calcium,
magnesium, sodium, and silica remained approximately unchanged in concen-
tration (table 5). However, there was a gradual but constant incre;se
in alkalinity. The slight increase in the sulfate/chloride ratio that
occurred from November 1973 to Febfuary 1974 may be due to a lag effect
from shifting waste injection away from the injection well or possibly to
the exceptionally low volume of waste that was injected in August and
September (fig. 3).

Waste was redirected to the disposal well in June 1974 after repairs
to the liner were completed. In July the sulfate/chloride ratio in water
from the shallow monitor well increased substantially from the previous
value (fig. 4), reflecting, perhaps, a lag between resumption of waste
injection into the disposal well and the arrival of waste at the shallow
monitor. The sulfate/chloride ratio decreased to 0.05 in February 1975,
an indication that leakage of waste fluid to the upper part of the Floridan

aquifer was continuing.
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During the period of injection, July 1974 to April 1975, concentra-

tions of calcium, magnesium, sodium and sillca remained constant and

pH d1d not change 31gn1f1cant1y. Alkallnity, on the other hand
—contiﬁued ité—regolar inofeasing trend since October 1973, following the

diverting of waste from the dispoeai well into the deep monitor well

(808 to 1,070 mg/l). There was an attendant constant drop in non-
carbonate hardness. The COD and TOC (totel organic carbon) also in-

‘creased slightly. Color increased from 100 to liowonits. Conductivity
increased from 4,400 to 4,700 micromhos. o

Chemical-Oxygen-Demand Data and Waste Migration .

Kaufman and others (1973) showed that ohanges in COD and pH in water
in the shallow monitor also are closely related to waste injection
-schedules. COD increased and pH decreased in the water from the shallow
monitor well when the injected waste arrived at the shallow monitor.

Both a seasonal plant shutdown and, for a time, diversion of waste injec-
tion to the deep monitor well resulted in COD and pH becoming relatively
stable .in thershallow monitor. However, as illustrated by the graph of
@qéqyalues in figure 5, from January 1973 through December of that year,
the COD of the fluid from the shallow monitor fluctuated widely, from

220 to 840 mg/l, By December end, waste had been injected into

the deeper monitor well for 7 months. From December 1973 to July

1974, when waste injection into the disposal well resumed,- the CCD
concentration fluctuated less widely on a short-term basis, :Since

‘July 1974, fluctuation has, in general, not been great but the concen-

tration had, by March end 1975, increased nearly to 1,000 mg/l. On the
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basis of information available to the author, the change in the
character of the fluctuations since December 1973 cannot be explained.
However, the long-term increase to 1,000 mg/l in 1975 is interpreted
to mean that increasing quantities of the injected waste are moving

into the upper part of the Floridan aquifer.

SUMMARY AND DISCUSSION

In 1966 a furfural plant at Belle Glade, Florida, begain injecting
hot, acidic liquid waste into the saline, water-filled lower part of the
Floridan aquifer between the depths of 1,495-1,939 ft. By February-March
1969. or within a time span of about 27 months, effects of the waste in-
jection were detected in the water of the shallow monitor well, which sam-
ples the upper part of the Floridan aquifer, above the so-called "confin-
ing" layer.

In an attempt to stop the upward migration of waste,>the disposal
well was deepened to 2,242 ft (683 m) during October 1971 to January
1972. During the construction, the deep monitor well was used for waste
injection, Within 15 months after waste injection into the deepened
disposal well was resumed, effects of the waste were again detected in
the shallow monitor well water.

In June 1973, the disposal well was again shut down to repair a
portion of tﬁe bottom section of the injection liner destroyed by
corrosion. Waste was again diverted to the deep monitor well. A report
by Kaufman and McKenzie (1975) documents the time span for early 1966
through July 1973,

Repairs on the deep disposal well were compieted and injection was

redirected to the well in July 1974. By February 1975, effects of the
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renewed injection into the disposal well were very significant in the
shallow monitor well, only 7 months after the resumption of injection.
Leakage into the upper part of the Floridan aquifer was continuing at a
faster rate than noted earlier.

From the information contained in the earlier report by Kaufman and
McKenzie (1975) it was evident that the receiving carbonate aquifer
could not contain the hot, acidic wastes, even when the injection well
was deepened to 2,242 ft.

This report gives information showing that remedial actions of
repairing the disposal well liner and injecting into the deep monitor
well still had no significant effect for containing wastes within the
lower part of the Floridan aquifer.

Though data indicate continued movement of the waste into the up-
per part of the Floridan aquifer, the areal extent of the zone of
contamination is still unknown. Only additional monitor wells in the
injection zone and upper part of the Floridan aquifer, upgradient and
farther downgradient, could determine how far and lateral the waste has
moved.

In a new attempt to contain the wastes, construction of a test
injection well to a depth of about 3,000 ft (914 m) was begun in
September 1975, A program to monitor the effectiveness of the new

disposal well when it becomes operational is planned.
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