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Because the mine cavities extend for several miles, the
hydraulic head in the mine cavities probably is an
average of hydraulic heads across the region. In effect,
as mine cavities filled with water and the water levels
stabilized, the natural gradient was leveled by averag-
ing the higher hydraulic heads in the south with the
lower hydraulic heads near the Big River. Hydraulic
heads in mined areas near the Big River probably are
higher than they were before mining took place. This
may explain why the hydraulic heads in mined areas
near the landfill site are 25 to 35 ft higher than the alti-
tude of the Big River as compared to hydraulic heads
only about 15 ft higher than the altitude of the Big
River downstream of the mined areas.

In mined areas near the Big River, hydraulic
heads in the mine cavities probably are higher than the
hydraulic heads in the underlying Lamotte Sandstone.
During March 1989, the water-level altitude in the
Desloge well (703.4 ft; well 31, fig. 10) was nearly 17
ft lower than the water-level altitude in the Park Hills
River Mines well, hereafter referred to as the River
Mines well (720.29 ft; well 20, fig. 10), indicating the

potential for downward flow of mine water in the
Lamotte Sandstone. The 1989 water level in the Des-
loge well was used in preparation of the potentiomet-
ric surface map because the well had been inactive for
several weeks before this measurement (Ron Warren,
written commun., 1994). In localized areas, such as
the city of Leadwood, water levels in the mines and
Lamotte Sandstone were nearly identical, indicating
hydraulic connection between the abandoned mines
and the Lamotte Sandstone. The water-level altitude in
the Leadwood No. 1 well (well 15, table 5) was 0.32 ft
and 0.57 ft below the water-level altitude of the River
Mines well (well 20, table 5) in September 1992 and
April 1994.

Water levels in the mine cavities exhibit sea-
sonal variation, decreasing in the summer and increas-
ing in the fall and winter (fig. 11). This variation is
probably caused by increased recharge during wet sea-
sons. Pumpage from domestic and public-supply wells
is unlikely to be large enough to affect water levels in
the mine cavities.
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Flgure 11. Seasonal variation of mine water levels in the vicinity of the St. Francois County Landfill site, Missouri.
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Hydrogeology of the St. Francois County
Landfill Site

The tailings are composed mainly of variable
quantities of silt-size (11.5-98 percent by weight) and
sand-size material (0.8-87.5 percent by weight) with
small (2 percent or less by weight) quantities of clay-
size material (table 6). In contrast, a sample of the
overburden (organic-rich top soil and gravelly clay)
beneath the tailings (MW-100, 69.5-71.5 ft) con-
tained more than 14 percent by weight clay-size mate-
rial and only about 10 percent sand-size material. The
organic carbon contents of the tailings and overburden
were small, averaging less than 0.2 percent by weight.
Analyses of three tailings samples indicated they are
comprised mainly of dolomite with associated ankerite
(more than 70 percent by weight), quartz (9-12 per-
cent by weight), calcite (4-7 percent by weight), and
smaller quantities of feldspar and mica and trace quan-
tities of sulfide minerals, such as pyrite. Chemical
analyses of the coarse (greater than 0.063 mm) and
fine (less than 0.063 mm) fractions of the tailings indi-
cate both fractions are chemically similar except for
concentrations of several trace elements. Concentra-
tions of trace elements in both fractions generally were
less than 100 mg/kg (milligrams per kilogram) except
for concentrations of Fe (3.2-4.1 percent by weight),
Pb (910-3,400 mg/kg), Mn (3,700-5,100 mg/kg), and
Zn (190-1,900 mg/kg). The sample of the overburden
beneath the tailings contained the largest concentra-
tions of barium (Ba; 460 and 490 mg/kg) and chro-
mium (Cr; 78 and 68 mg/kg) in the coarse and fine
fractions and among the smallest concentrations of Pb
(49 and 51 mg/kg), Mn (1,600 and 1,000 mg/kg), and
Zn (73 and 76 mg/kg).

Ground-water flow at the landfill site is affected
by the altitude of the original land surface beneath the
tailings, the difference between the hydraulic conduc-
tivity of the tailings and bedrock, the presence of solu-
tion enlarged fractures and joints in the bedrock, the
location of exploration drill holes beneath the tailings
pile and landfill, and the proximity of the site to the
Big River. Water-level measurements indicate a
ground-water mound in the tailings and shallow bed-
rock beneath the landfill site. The mound forms a shal-
low ground-water divide that trends generally
eastward from the middle of the site (fig. 12). Ground
water in the northeastern part of the site flows north
toward the Big River, and ground water in the south-
eastern part flows toward Mine-A-Joe Creek. Flow in
the western one-half of the site generally is toward the

southwest or west toward the Big River. The diversion
tunnel in the southwest corner of the site may be a
drain and limit the movement of shallow ground water
from the landfill site to the southwest.

The nose of the ground-water mound coincides
with part of the buried Mine-A-Joe Creek valley
beneath the tailings (fig. 13). The original land surface
of the buried valley generally slopes northward toward
the Big River, where the tailings are more than 100 ft
thick. The original land surface closely approximates
the top of bedrock as drill logs indicated usually less
than 1 or 2 ft of overburden between the tailings and
the bedrock. More than 50 ft of saturated tailings exist
within the buried creek valley, and the base of the
landfill is within 15 ft of the potentiometric surface
(fig. 14). The thickness of saturated tailings decreases
where the altitude of the original land surface
increases, and tailings along the east and west bound-
aries of the site generally are unsaturated (fig. 14).
Four of the original monitoring wells (MW-102,
MW-103, MW-104, and MW-105) installed in 1987
probably intersected perched water because these
wells have subsequently gone dry. Bedrock piezome-
ters installed near the perimeter of the site (201-P,
204-P, 205-P, 2020-P, 2021-P, and 2022-P) did not
encounter appreciable quantities of water above the
bedrock; however, minor quantities of perched water
were encountered during the installation of piezome-
ters 204-P and 205-P.

The hydraulic conductivity values determined
from slug tests in tailings monitoring wells MW-100
and MW-101 were 6.1 x 106 and 5.4 x 10°6 ft/s. These
values are somewhat larger than the range of labora-
tory derived values (2.5 x 10 to 2.5 x 107 ft/s)
reported by Gastreich (1974). A probable explanation
for the differences is that the slug tests evaluated a
mixture of the silt- and fine sand-size layers under nat-
ural densities, conditions difficult to replicate in the
laboratory. Slug tests in bedrock piezometers 204-P,
2020-P, 2022-P, and 2023-P indicate the hydraulic
conductivity of the bedrock (1.0 x 107 to 5.0 x 10
ft/s) tends to be slightly smaller than the hydraulic
conductivity of the tailings. Because of the layered
nature of the tailings, the slope of the original buried
land surface, and the slightly smaller hydraulic con-
ductivity of the bedrock as compared to that of the tail-
ings, recharge in the northeastern part of the landfill
site probably moves downward through the refuse and
tailings to the ground-water surface, then down the
buried Mine-A-Joe Creek valley toward the Big River.
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Figure 12. Potentiometric surface in the tailings and shallow bedrock at the St. Francois County Landfill site,
Missouri, in November 1993.
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Regional Ground-Water Quality

The quality of water in wells completed in the
St. Francois aquifer is related to the location of the
well, proximity to mineralized areas, and whether the
well is completed in the Lamotte Sandstone, Bon-
neterre Formation, or abandoned mine cavities. The
specific conductance of water samples from wells
completed primarily in the Lamotte Sandstone (35
wells inventoried) ranged from 413 to 735 puS/cm
(mean of 566 1S/cm), except for samples from the two
public-supply wells in the city of Leadwood where the
specific conductance values were greater than 1,000
wS/cm. The specific conductance of water samples
from wells probably completed only in the Bonneterre
Formation (21 wells inventoried) ranged from 712 to
1,593 uS/cm (mean of 1,017 uS/cm). The specific
conductance of water samples from wells known to be
completed in the abandoned mine cavities (4 wells
inventoried) ranged from 930 to 1,415 puS/cm (mean
of 1,160 pS/cm). Specific conductance values larger
than about 1,000 uS/cm in the St. Francois aquifer
probably indicate effects from naturally occurring sul-
fide mineralization or the influx of high specific con-
ductance water from the abandoned mine cavities.

The range of selected physical properties and
concentrations of chemical constituents in the St.
Francois aquifer in the region is given in table 7. Val-
ues in table 7 are derived from 47 water-quality sam-
ples collected from 17 public-supply wells between
1988 and 1991 (Linda Killian, Missouri Department
of Natural Resources, Public Drinking Water Program,
written commun., 1994). Most of the wells obtain
water from the Lamotte Sandstone; however, a few
wells are completed in the Bonneterre Formation or
abandoned mine cavities. The distribution of major
ions reflects the dissolution of carbonate material
within the aquifer. Water in the wells ranges from a
Ca-Magnesium (Mg)-HCOj; to a Mg-HCOj; type, with
water from the Bonneterre Formation generally harder
than water from the Lamotte Sandstone. Water from
the abandoned mine cavities ranges from a Ca-Mg-
HCOj; to a Ca-Mg-SO4-HCO; water. Concentrations
of dissolved Na in the St. Francois aquifer generally
are less than about 10 mg/L, but concentrations in
excess of 30 mg/L have been reported in areas north-
west of the Old Lead Belt where the water type can be
Na-HCO; (Imes and Davis, 1991). Concentrations of
SO, in the aquifer outside of the mined areas usually
are less than 150 mg/L. Concentrations of SO, larger
than 250 mg/L are associated with mineralized areas,

such as in the vicinity of the abandoned mine cavities
or near Precambrian basement rock exposures along
the Simms Mountain Fault System. Concentrations of
dissolved trace elements, except for copper (Cu), Fe,
Mn, and Zn, were less than the detection level (table
7.

The USEPA sampled 42 domestic wells in the
vicinity of the Desloge tailings pile (including the
landfill well) for physical properties, dissolved major
constituents, and dissolved and total trace elements
(Ecology and Environment, 1992). The formations
these wells are completed in were not furnished; how-
ever, specific conductance values ranged from 370 to
1,300 uS/cm, indicating that the wells were completed
in the Lamotte Sandstone, the abandoned mines, or
mineralized parts of the Lamotte Sandstone or Bon-
neterre Formation. Concentrations of Ca and Mg in
samples from these wells ranged from 42.1 and 19
mg/L to more than 140 mg/L, and concentrations of
Na ranged from 2.2 to 45.5 mg/L. Concentrations of
trace elements generally were small. Four wells con-
tained detectable concentrations of Pb, (5.9-33 pg/L),
and two wells contained detectable concentrations of
dissolved Pb (6.6 and 26 pg/L). Concentrations of
total Zn (Zn,) ranged from less than 20 to 467 pg/L,
and concentrations of dissolved Zn ranged from less
than 20 to 463 pg/L.

Background Ground-Water Quality at the
Landfill Site and Vicinity

Water samples were collected from monitoring
well MW-100, piezometers 201-P and 2022-P (figs. 2
and 5), and the Baker Mine well (well 24, fig. 10) to
evaluate background water quality and geochemical
conditions in the tailings, shallow bedrock, and mine
cavities. Analytical data for the flowing drill hole west
of the landfill site (Smith and Schumacher, 1991) were
also used to characterize background conditions in the
mine cavities. In addition, samples were collected
from public-supply wells in Desloge, Gumbo, and
Leadwood. Usage of the term background refers to
ambient water quality and geochemical conditions
existing in the respective media in areas not affected
by the landfill. Monitoring well MW-100 is located
about 2,500 ft north of a east-west trending ground-
water trough located between monitoring well MW—
101 and piezometer 2020-P. The selection of pi-
ezometers 201-P and 2022-P as background monitor-
ing points is somewhat equivocal because ground
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Table 7. Range of selected physical properties and chemical constituents in samples from selected public-supply wells

completed in the St. Francois aquifer, Missouri

[Data are summarized from the results of water-quality samples collected between 1988 and 1991 by the Missouri Department of Natural Resources,
Public Drinking Water Program (Linda Killian, Missouri Department of Natural Resources, Public Drinking Water Program, written commun., 1994);

<, less than]
Physicai property or constituent Minimum Maximum Mean

pH, in standard units 73 7.9 7.5
Calcium, in milligrams per liter 34 163 82
Magnesium, in milligrams per liter 35 105 53
Sodium, in milligrams per liter 2.5 30 9.2
Potassium, in milligrams per liter .8 43 2.0
Hardness, in milligrams per liter as CaCO3 236 840 421
Sulfate, in milligrams per liter 11 531 154
Chloride, in milligrams per liter 2 20 8.8
Fluoride, in milligrams per liter 1 1 4
Bicarbonate, in milligrams per liter 294 420 347
Total dissolved solids, in milligrams per liter 258 1,128 532
Nitrite plus nitrate as nitrogen, in milligrams per liter <.05 3.36 1.00
Arsenic, in micrograms per liter <5 <5 <5
Barium, in micrograms per liter <200 <200 <200
Cadmium, in micrograms per liter <5 <5 <5
Chromium, in micrograms per liter <25 <25 <25
Copper, in micrograms per liter <10 50 <18
Iron, in micrograms per liter <100 480 <210
Lead, in micrograms per liter <10 <10 <10
Manganese, in micrograms per liter <20 50 <33
Mercury, in micrograms per liter <5 <.5 <5
Selenium, in micrograms per liter <5 <5 <5
Silver, in micrograms per liter <10 <10 <10
Zinc, in micrograms per liter <100 500 <210

water from the southern part of the landfill flows to the
south (fig. 12). However, ground water from the south-
east part of the landfill flows to the west of piezometer
201-P, and shallow ground water from the southwest
part of the landfill probably flows toward the west or
southwest to the Big River or is intercepted by the
diversion tunnel. Piezometers 201-P and 2022-P did
not contain increased concentrations of constituents
commonly associated with landfill leachate (table 4)
during sampling in 1993. The Baker Mine well (well
24, fig. 10) is located several miles southwest of the
landfill site and probably upgradient of the landfill in

the regional flow system. The flowing drill hole west
of the landfill site also lies somewhat upgradient of the
landfill in the regional flow system.

Physicai Properties and Inorganic Constituents

Ground-water samples from the background
sites in the tailings, shallow bedrock, and mine cavi-
ties in the vicinity of the landfill site had specific con-
ductivity values ranging from 921 to 1,500 uS/cm;
near neutral pH values; and Ca, Mg, SO4, and HCO,
as the predominant ions (table 8). These samples plot
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Table 8. Range of selected physical properties and chemical constituents from background sites in the tailings,
shallow bedrock, and mine cavities in the vicinity of the St. Francois County Landfill site, Missouri

Physical property Tallings Shallow bedrock Mine cavity
or chemical (MW-100) (201-P, 2022-P) (Baker Mine well and drlil hoie)
constituent (fig. 5) (fig. 5) (figs. 5 and 10)

SC 1,110-1,340 955-1,500 921-1,220
pH 7.5-1.7 6.9-7.3 6.2-7.5
DO <.5 <5 <5
COD <10-26 <10 <10-18
Ca 71-95 100-180 110-130
Ca, 85-189 180-200 120-130
Mg 110-120 72-110 58-74
Mg, 120-150 100-120 63-73
Na 5.9-94 10-14 6.1-11
Na, 3.1-9.2 13-15 8.4-8.8
K 11-11.9 73-2.5 2.7-5.1
Alkqr) 288-303 238-414 258-516
HCOgsy7) 328-370 290-505 314-630
S0, 450-500 240-520 250-420
Cl 2.3-33 6.2-9.7 9.3-14
F 5-.6 <.1 <1-2
TDS 808-887 645-1,090 622-902
Hard 630-1,090 550-900 520-630
TOC 9-14.8 .8-6.5 .6-1.9
NO,+NO;3, <.02-.28 <.02-.19 <.02-.71
NH;, .43-52 <.01-.09 .01-.04
P, <.02-1.2 <.02-.06 .01-.03
Sby <1-1 <1-4 <1
As - - <1
As, 11-30 2-4 <1-3
Ba 41-55 20-39 20-28
Ba, 50 20-80 20-30
B 562-610 30-230 60-90
B, 560-640 210-230 <230
Cd <1 <1 <1-2
Cd, <1-7 <1-6 <1
Cr <5 <5 <5
Cr, <5-11 <5 <5
Co <3 3-30 <3-30
Co, <3-43 20 6-10
Cu <10 <10 <10
Cu, <10-34 <10-15 <10-11
Fe 41-250 14-160 <3-2,400
Fe, 530-28,900 310-4,900 2,000-3,000

Water Quallty
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Table 8. Range of selected physical properties and chemical constituents from background sites in the tailings,
shallow bedrock, and mine cavities in the vicinity of the St. Francois County Landfill site, Missouri—Continued

Physical property Tailings Shallow bedrock Mine cavity
or chemicai (MW-100) (201-P, 2022-P) (Baker Mine weii and driii hoie)
constituent (fig. 5) (fig. 5) (figs. 5 and 10)

Pb <10 <10-50 <10-30
Pb, 28-2,360 110-1,200 5-21
Li 24-29 <4-10 4-17
Mn 240-270 21-720 17-160
Mn, 290-3,620 690-1,200 52-73
Hg -- <1
Hg; <2 <l
Mo <10-20 <10 <10
Ni <10 10-20 10-80
Ni, <10 20-30 10-30
Se <1 <1
Se, <5 <1
Ag <1-2 <1
Ag; <5 <1
Sr 290-360 110-130 94-120
Tl <1 <1
A% <6 <6
A <1-3 <6
Zn <4-8 10-140 22-310
Zn, 7-424 110-240 90-220

within a narrow band on a trilinear diagram between
the Ca plus Mg-COj3 vertex and the Ca plus Mg-SO,
plus Cl vertex (fig. 16).

Concentrations of COD (less than 10-26 mg/L),
Na (5.9-14 mg/L), CI (2.3-14 mg/L), NO,+NO5; (less
than 0.02-0.71 mg/L), and NHj; (less than 0.01-0.52
mg/L) were relatively small in samples from the back-
ground sites. Concentrations of SO, (240-520 mg/L)
and Fe (less than 3-2,400 pg/L) were, however, mod-
erately large.

Concentrations of Ca (170-180 mg/L), Mg (93—
110 mg/L), SO, (480-520 mg/L), and several trace
elements in samples from piezometer 201-P (table 9,
at the back of this report) generally were larger than
concentrations in samples from public-supply wells in
the region (table 7) and the Baker Mine well (table 9).
The large concentrations of various constituents in
samples from piezometer 201-P are attributed to natu-
rally occurring sulfide mineralization in the bedrock in
this area. Abundant pyrite and marcasite (FeS,) and
galena (PbS) were observed in drill cuttings during the
installation of this piezometer. A sample from pi-

ezometer 2022-P, located in a relatively non-mineral-
ized part of the bedrock, had smaller concentrations of
Ca (100 mg/L), Mg (72 mg/L), and SO4 (240 mg/L)
than those in samples from piezometer 201-P, and the
concentrations were comparable to those detected in
samples from public-supply wells (table 7).

Except for boron (B), total boron (B,), Fe, Fe;,
Pb,, Mn, Mn,, strontium (Sr), Zn, and Zn,, concentra-
tions of most trace elements ranged from less than the
detection level to a few tens of micrograms per liter.
Ground-water samples from the tailings tended to
have the largest concentrations of total trace elements,
whereas samples from the mines and bedrock tended
to have the largest concentrations of dissolved trace
elements (table 8). Samples from the tailings, how-
ever, tended to have larger concentrations of Sr in
addition to large concentrations of total arsenic (As,),
Ba, B, B;, and lithium (Li). The large concentrations of
B and B, are anomalous, because B-rich minerals have
not been identified in the tailings or sedimentary rocks
in the region. Appreciable quantities of B are con-
tained within P ore and phosphate (PO,) reagents,
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such as detergents. A potential source of B could be
reagents used in the milling process. Taggart (1945)
indicated that PO, was used in the flotation process to
precipitate Ca, Mg, and trace elements and to depress
the formation of non-silicate salts of these ions.

Molar ratios of Ca to Mg in the tailings are
small (0.39-0.48; table 10) as compared to a nearly
1:1 ratio in the bedrock (0.84-1.11) and mines (1.03—
1.26). The molar ratios of Ca to Mg indicate the pre-
dominant source of Ca and Mg in water from the tail-
ings, bedrock, and mine cavities is dissolution of
dolomite [(Ca, Mg)(COs3),]. The small molar ratio of
Ca to Mg in the tailings indicates the dissolution of
dolomite and subsequent precipitation of nearly pure
calcite.

Mineral saturation indices (SI) calculated using
the computer code WATEQA4F (Ball and others, 1987)

indicate probable solubility controls on aqueous con-
centrations of several major ions (Ca, Mg, and HCO,).
A thorough discussion of this concept is given in Ball
and others (1987). A SI of zero indicates the solution
is at equilibrium with a given mineral phase; values
larger than zero indicate super saturation, and values
less than zero indicate the solution is undersaturated
with a given mineral phase. An error of + 0.5 in the SI
often is used for common minerals phases, such as cal-
cite (CaCOs3), whereas errors for most trace element
mineral phases (such as galena) may be much larger.
Aqueous concentrations of Ca and HCOj in the tail-
ings, bedrock, and mines probably are controlled by
the dissolution of dolomite or calcite and precipitation
of aragonite, a metastable form of calcite. Aqueous
concentrations of Mg in the tailings may be controlled
by the precipitation of magnesite (MgCO3) because

Table 10. Molar ratios of calcium to magnesium and saturation indices for selected mineral phases in water samples from
background sites in the vicinity of the St. Francois County Landfill site, Missouri

[Ca, calcium; Mg, magnesium; --, no data]

Saturation index

Weil Ca/Mg
(figs. 5 and 10) Date ratio Aragonite Calcite Doiomite Gypsum Magnesite

MW-100 (tailings) 03-30-93 0.42 0.11 0.26 0.82 -1.10 0.08
06-22-93 39 .08 23 .80 -1.11 .09

109-28-93 48 01 26 75 - 01

10-27-93 44 .14 29 87 -1.06 .09

201-P (bedrock) 03-29-93 1.07 .13 28 .48 -.80 -30
06-22-93 .99 .03 18 30 =71 -36

109-28-93 1.11 -24 -.08 -28 - -69

10-27-93 1.09 .05 20 29 -78 -.40

2020-P (bedrock) 12-21-93 84 01 .16 32 -1.21 -32
Baker Mine well (mine) 04-25-90 1.07 .08 23 .39 -1.00 -32
04-01-93 1.14 .05 21 29 -1.03 -.40

06-24-93 1.14 -.19 -.04 -.19 -91 -64

109-29-93 1.26 12 27 38 - -38

10-29-93 1.14 -01 15 .18 -.98 -.46

Drill hole (mine) 02-24-88 1.14 -.09 .07 -02 -1.10 -.57
05-17-88 1.12 23 38 65 -1.09 =22

09-27-88 1.04 -.03 13 17 -1.12 -.44

11-30-88 1.03 -22 -.07 -24 -1.13 -66

03-02-89 1.08 -30 -.15 -42 -1.14 =75

05-04-89 1.09 -20 -.05 -22 -1.13 -.65

09-14-89 1.11 -1.09 -93 -1.98 -1.14 -1.53

! Sulfate concentrations are not available for this sample, and saturation indices for minerals are estimated.
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the SI values (0.01-0.09) indicate near saturation with
this mineral phase (table 10). Dolomite is slightly
supersaturated in the tailings (0.75-0.87) and slightly
undersaturated or near equilibrium in the bedrock
(-0.28-0.48) and mine cavities (-1.98-0.65). Reaction
kinetics of dolomite dissolution are slow, which proba-
bly explains the slight supersaturation in the tailings.
The distribution of trace elements in ground
water at the landfill site reflects their solid-phase abun-
dances in the tailings and bedrock and geochemical
controls on their solubilities. For example, Fe, Pb, and
Mn are abundant in the bedrock and tailings; however,
only Fe and Mn were detected in substantial quantities
in ground-water samples from these media. Concen-
trations of Pb probably are limited by the formation of
Pb-oxides, Pb-carbonate (cerussite), and sorption onto
clay minerals (Smith and Schumacher, 1991). Iron, Pb,
and Zn are mainly derived from sulfide minerals, such
as FeS,, PbS, and sphalerite (ZnS). The predominant
sources of Li, Mn, and Sr are carbonate minerals (cal-
cite and dolomite) within the tailings and bedrock.

Pesticides and Volatile Organic Compounds

Background concentrations of pesticides and
VOC were determined in samples from monitoring
well MW-100, piezometer 201-P, piezometer 2022-P
(VOC only), the Baker Mine well, and the River

Mines well (wells 20 and 24, fig. 10). The flowing drill
hole west of the landfill site was not accessible during
the time samples for background pesticide and VOC
concentrations were collected. The Leadwood wells
No. 1 and No. 2 (wells 15 and 74, fig. 10), the Gumbo
well (well 80, fig. 10), and the Desloge well (well 31,
fig. 10) also were sampled to provide additional back-
ground concentrations of VOC in the Lamotte Sand-
stone beneath mined (Leadwood wells) and unmined
(Gumbo and Desloge wells) areas. A VOC sample
also was collected from the Elvins tailings pile seep,
previously sampled (Smith and Schumacher, 1991), to
provide an additional tailings background sample. All
pesticide and VOC samples were analyzed for the
entire list of compounds in table 2.

Diazinon, a commonly used lawn and garden
insecticide, was detected in several background sites
in the tailings, bedrock, and mine cavities. Diazinon
was detected at 17 ng/L (nanograms per liter) in the
sample from monitoring well MW-100 and at 4 ng/L.
in piezometer 201-P (table 11). The presence of diazi-
non in monitoring well MW-100 cannot be attributed
to documented usage around the tailings ponds. Diazi-
non in the sample from monitoring well MW-100
could be derived from runoff from an old brush and
yard waste disposal area 600 ft west of this well. The
source of the small (4 ng/L) concentration of diazinon

Table 11. Concentrations of pesticides detected in water samples from monitoring and public-supply wells in the vicinity of the

St. Francois County Landfill site, Missouri

[ng/L, nanograms per liter; <, less than; --, no data]

Diazinon, Prometon, Terbacil, water  Total pesticides
Well dissolved dissolved flltered detected
(figs. 5 and 10) Date Time (ng/L) (ng/L) (ng/L) (ng/L)
MW-100 09-28-93 1335 17 <8 <30 17
MW-106 09-29-93 0900 <8 <8 <30 -
MW-107 09-29-93 0930 24 <8 <30 24
108-P 09-28-93 1735 11 <8 54 65
MW-109 09-29-93 1030 <8 <8 <30 -
201-P 09-28-93 1030 4 <8 <30 4
204-P 09-28-93 1500 3 <8 <30 3
205-P 09-28-93 1600 <8 <8 <30 --
208-P 09-28-93 1840 <8 <30 2
MW-303 09-28-93 0825 6 57 <30 63
Landfill well 11-24-93 0915 <8 65 <30 65
Baker Mine well 09-29-93 1330 <8 8 <30 8
Park Hills River Mines well 11-24-93 1612 <8 17 <30 17
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in piezometer 201-P could be the landfill or nonpoint
sources from residential areas less than 0.5 mi to the
east.

Prometon (the active ingredient in the nonselec-
tive herbicide Pramitrol) was detected at 8 ng/L in the
sample from the Baker Mine well and at 17 ng/L in the
sample from the River Mines well. The occurrence of
prometon in both the Baker Mine well and River
Mines well (more than 3 mi apart) may indicate the
presence of widespread low-level contamination of the
mine cavities. Extensive use of prometon has not been
documented in the region; however, the occurrence
indicates a nonpoint source or multiple localized
sources, such as usage around mill buildings during
operation of the mines.

Small concentrations of benzene (0.2-0.3 ug/L,
table 12, at the back of this report) were detected in the
background tailings well (MW-100). No VOC were
detected in the background bedrock piezometers (201—
P and 2022-P); however, concentrations of several
VOC were detected in the mine cavities. Small con-
centrations of methyltertiarybutylether (MTBE) were
detected in samples from the Baker Mine well (0.2—
0.4 ug/L) and in the River Mines well (0.3 ug/L). Con-
centrations of 1,1,2,2-tetrachloroethene (PCE) at the
detection level (0.1 pug/L) were detected in samples
from the Baker Mine well and the River Mines well.
No VOC were detected in the Leadwood No. 1 well,
Gumbo well, or Desloge well; however, 0.74 pg/L of
benzene was detected in the sample from the Lead-
wood No. 2 well. Benzene commonly is in fuels, such
as gasoline, many lubricants, hydraulic fluids, and sol-
vents, and is used in the manufacture of a variety of
chemicals from pharmaceuticals to pesticides. The
small concentrations of benzene in monitoring well
MW-100 could be contamination introduced during
drilling or residual contamination from the use of cre-
osote in the ore flotation process (Taggart, 1945). The
predominant use of MTBE is as an additive in gasoline
and other fuels. Because of its nonflammability, PCE
is a commonly used industrial solvent. The most likely
source of the small concentrations of PCE and MTBE
in the mine cavities is old unsalvageable equipment
and supplies left underground when the mines were
closed. Equipment used in the mines was electric
(such as locomotives) or air powered (such as the
shovel used to load shot rock into ore cars) and was
serviced in underground maintenance shops. The
source of benzene in the Leadwood No. 2 well could

be related to mining activities or other sources near the
wellhead.

Distribution of Contaminants in Ground Water

The physical properties and chemical constitu-
ents judged to be the best indicators of landfill leachate
effects at the landfill site were specific conductance,
Ca, Na, A]km-), Cl, NHj,, Ba, Fe, pesticides other than
prometon, and VOC other than MTBE and carbon dis-
ulfide (CS,). Although large Ca concentrations are not
unique to landfill leachate, anomalously large Ca val-
ues may indicate the dissolution of carbonate minerals
within the tailings during the neutralization of organic
acids present in landfill leachate. Anomalously large
concentrations of AlkT) also may indicate the pres-
ence of landfill leachate. Large concentrations of
Alk 1) can be the result of: (1) analytical errors in the
titration method caused by the presence of organic
acid anions such as acetate (C,H30,') or oxygen-con-
taining organic compounds that are weak bases; (2)
additional HCO; present from the neutralization of
acidic leachate by carbonate minerals; and (3) addi-
tional HCOj; present from the bacterial production of
CO, gas and subsequent formation of carbonic acid
and HCO;. Large concentrations of Na, Cl, and NH3;
typically characterize landfill leachate, and the small
background concentrations of these constituents
makes them useful tracers of leachate effects from the
landfill.

The large concentrations of trace elements com-
monly reported in landfill leachate predominantly are
derived from refuse within the landfill. Leachate gen-
erated within the St. Francois County Landfill, how-
ever, may also contain SO, and trace elements derived
from the dissolution of ore minerals within the tail-
ings. Minerals such as PbS, ZnS, chalcopyrite
(CuFeS,), sieginite [(Co,Ni);S4], FeS,, and bravoite
[(Ni,Fe)S,] present in the Old Lead Belt (Snyder and
Gerdemann, 1968) can contain abundant quantities of
a variety of trace elements, including cadmium (Cd),
cobalt (Co), Cr, Cu, Fe, Pb, nickel (Ni), and Zn.
Increased concentrations of SO, and these elements
have been detected in seeps emerging from tailings
piles in the region (Smith and Schumacher, 1991). The
presence of naturally occurring trace elements in
ground water from the tailings, bedrock, and mine
cavities in the region makes an identification of land-
fill leachate based solely on SO4 and trace element dis-
tributions equivocal. Concentrations of Ba, however,
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in the water samples from background sites generally
were small (55 pg/L or less). In addition, concentra-
tions of Fe in water samples from the background tail-
ings and bedrock sites (MW-100, 201-P, and 2022-P)
were small (less than 250 pg/L) as compared to con-
centrations commonly detected (0.2-5,500 pg/L) in
landfill leachate (table 4). Background concentrations
of Fe in the mine cavities, however, were much larger
(as much as 2,400 ug/L) than concentrations from
background tailings and bedrock sites.

Small concentrations of the pesticide prometon
and the VOC MTBE were detected in samples from
the background mine cavity site (Baker Mine well,
tables 11 and 12) and in samples from several public-
supply wells in the region. The occurrence of these
two compounds in the mine-cavity system makes their
use as indicators of landfill leachate equivocal. A com-
mon degradation product of the xanthates used in the
ore processing is CS,, limiting its usefulness as an
indicator of landfill leachate.

To determine if the water quality of samples
from monitoring wells, piezometers, and seeps at the
landfill site was affected by the landfill, values of
physical properties and concentrations of chemical
constituents in samples from various sites at the land-
fill were compared to background concentrations
reported in the previous section (table 8). Data from
tailings monitoring wells, piezometer 108-P, and
seeps G, H, and K were compared to background val-
ues represented by data from monitoring well MW—
100. Data from piezometers, wells, and seeps in the
bedrock (seep 10+07) were compared to background
values represented by data from piezometers 201-P
and 2022-P. Water-quality data from monitoring
points in the mine cavities were compared to back-
ground values characteristic of the mine cavities repre-
sented by data from the Baker Mine well and the drill
hole west of the landfill site.

Physical Properties and Major Inorganic
Constituents

Sample results from monitoring wells MW-
106, MW-107, and MW-109 and piezometers 108-P,
208-P, 2021-P, and 2023-P, and the domestic well
south of the landfill site (fig. 2) plot outside the range
for background sites on a trilinear diagram (fig. 16).
Water in these wells and piezometers tends to be a Ca-
Mg-HCO; type, compared to the mixed Ca-Mg-SO4-
HCO; type typical of ground water in the tailings,
bedrock, and mine cavities in the region. Values of

specific conductance and various physical properties
and concentrations of major constituents in samples
from these sites commonly exceeded the background
values determined for the tailings or bedrock.

The largest constituent concentrations were
detected in samples from tailings monitoring wells
MW-106, MW-107, and MW-109 and piezometer
108-P. Samples from monitoring well MW-303 and
piezometer 208—P contained generally the largest con-
centrations of major constituents in samples from bed-
rock and mine cavity monitoring points, and samples
from piezometer 205-P contained among the smallest.
Concentrations of total major constituents compared
favorably with dissolved concentrations, with the total
concentrations usually equal to or slightly larger than
the dissolved concentrations (table 9).

Specific conductance values in monitoring well
and piezometer samples collected at the landfill site
ranged from 473 pS/cm in a sample from monitoring
well MW-105 to 2,260 puS/cm in samples from moni-
toring well MW-106 (table 9; values of 330 and 3,000
uS/cm in samples from monitoring wells MW-106
and MW-103 were considered suspect). Samples from
monitoring well MW-106 also contained among the
largest concentrations of COD (7-150 mg/L), Ca
(160-356 mg/L), Na (28-96 mg/L), potassium (K; 25—
39 mg/L), Alkr) (840-1,040 mg/L), Cl (44-157
mg/L), TOC (4.6-71.6 mg/L), NO,+NOj; (less than
0.05-5.9 mg/L as N), and NH3, (13-28 mg/L as N).
These concentrations were larger than background
concentrations for tailings (table 8) in most sampling
rounds. A strong smell of H,S was detected during the
sampling of this well. Water-quality samples from
seep K, located about 25 ft downslope of monitoring
well MW-106, also contained specific conductance
values and concentrations of COD, Ca, Na, K, Alkqry,
Cl, NH3, and NH3, larger than background (table 13,
at the back of this report). The discharge of this seep
was estimated at less than 0.01 ft%/s. Monitoring well
MW-106 and seep K are submerged occasionally dur-
ing high flow on the Big River and constantly are
being covered by wind-blown tailings and small
slumps at the base of the pile that may, in part, explain
the variable water quality observed in MW-106.

Samples from monitoring wells MW-101,
MW-103, MW-104, MW-107, and MW-109, and
piezometers 108-P, 204-P, 208-P, 2020-P, 2021-P,
and 2023-P also had specific conductance values or
concentrations of COD, Ca, Mg, Na, K, Alk(n-), SOy,
Cl, NO,+NO3,, NH3,, and TOC larger than back-
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ground. Samples from three of these sites (MW-103,
204-P, and 2020-P), however, plotted within the range
of background sites on a trilinear diagram (fig. 16),
indicating the distribution of major constituents in
these samples was not substantially different from that
of the background sites. Insufficient data were avail-
able to plot samples from monitoring well MW-104.
None of the samples from bedrock piezometers had
larger than background specific conductance values or
concentrations of Ca, Mg, or SOy.

Concentrations of Na larger than background
(9.4 mg/L tailings, 14 mg/L bedrock) also were
detected in samples from monitoring wells (table 9)
MW-107 (29-33 mg/L) and MW-109 (28-150 mg/L)
and piezometers 108-P (63—69 mg/L), 204-P (14-16
mg/L), 208-P (35-46 mg/L), 2021-P (130 mg/L), and
2023-P (46 mg/L). Between March and October 1993,
concentrations of Na in samples from monitoring well
MW-109 decreased with time (150-28 mg/L),
whereas concentrations of Ca (110-150 mg/L) and Mg
(64-73 mg/L) increased. Concentrations of other indi-
cator constituents such as Cl and NH3; had no such
trends. The molar equivalent decrease in the Na charge
(about 5 millimoles per liter) was almost balanced by
the increase in equivalences of Ca plus Mg (about 3
millimoles per liter), indicating ion exchange may be
affecting the concentrations of major cations in sam-
ples from this well. The most likely cause is the
exchange of Ca or Mg for Na in the Na-bentonite used
as the annular seal. Exchange reactions typically occur
rapidly, and the concentrations of Ca, Mg, and Na sta-
bilized by October 1993.

Larger than background concentrations of
Alkgr) (303 mg/L) also were detected in samples from
tailings monitoring wells MW-101 (321 and 333
mg/L), MW-103 (346 and 381 mg/L), MW-107
(582-623 mg/L), and MW-109 (528-676 mg/L), pi-
ezometer 108—P (328-349 mg/L), and bedrock pi-
ezometer 2021-P (439 mg/L, background bedrock
concentration of 414 mg/L). Larger than background
concentrations of Cl (3.3 mg/L tailings, 9.7 mg/L bed-
rock) were detected in samples from monitoring wells
MW-101 (less than 1-66 mg/L), MW-103 (less than
1-46 mg/L), MW-104 (4-64 mg/L), MW-107 (38-51
mg/L), and MW-109 (32-40 mg/L) and piezometers
108-P (95-110 mg/L), 204-P (17-20 mg/L), 208-P
(44-45 mg/L), 2021-P (44 mg/L), and 2023-P (78
mg/L). Concentrations of Cl in samples from pi-
ezometer 205-P (7.5-11 mg/L) were only slightly
above background.

The largest concentrations of NH3 or NH3; in
the tailings or bedrock (excluding samples from moni-
toring well MW-106) were detected in samples from
monitoring wells MW-107 (2.1-3.62 mg/L) and
MW-109 (2-3.02 mg/L) and piezometers 108—P (2.3—
4.8 mg/L) and 2023-P (2.5 mg/L; table 9). An NH;3
concentration of 8.5 mg/L in a sample from monitor-
ing well MW-105 (January 18, 1988, table 9) was
more than 10 times larger than any other concentration
from this well and is suspect.

Several samples from two seeps (seep G and H)
emerging from the base of the tailings and a bedding
plane in the bedrock near monitoring well MW-104
had specific conductance values or concentrations of
COD, Ca, Na, K, Alk(m, SOy, and ClI (table 13) larger
than background for tailings. Seep G is the seep near
the drainage tower that was sampled by the Missouri
DGLS and Missouri DEQ in 1980 and 1988. Between
1980 and 1989, specific conductance values and con-
centrations of most constituents in samples from this
seep increased. However, except for slightly increased
concentrations of Ca (96 and 99 mg/L, background of
95 mg/L) and Cl (3.5 and 3.6 mg/L, background of 3.3
mg/L), concentrations of major constituents in sam-
ples from seep G decreased to less than background in
samples collected on June 7, 1990. Specific conduc-
tance values and concentrations of most major constit-
uents in two samples from seep H (about 25 ft east of
seep G) collected in April and June 1990 were larger
than concentrations in samples from seep G. Both
seeps have been dry between mid-1991 and the
present (1994).

A number of bedding plane seeps were observed
during a reconnaissance of the diversion tunnel in
April 1990. Small seeps (flowing less than 25 mL per
minute) were observed along a pronounced bedding
plane along the entire 1,500 ft length of the tunnel.
Between the tunnel entrance and the bend that under-
lies the landfill office, seep orifices on the north side of
the tunnel tended to be encrusted with orange and
black Fe and Mn oxy-hydroxides. Seep orifices on the
south side of the tunnel along this same reach were
clear and had no Fe or Mn staining. Seep 10+07, the
largest of the Fe-stained seeps, is about 150 ft past the
bend on the north side of the tunnel. Concentrations of
Na, K, Cl, NO,+NO3,, and NH3, in samples from this
seep have increased to larger than background bedrock
concentrations since the initial sampling in June 1990.
Concentrations of Na and NH3 or NH3, increased an
order of magnitude from 2.9 and 0.36 mg/L to 30 and
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4.8 mg/L; concentrations of K doubled (4.1-8.5
mg/L), and concentrations of Cl increased from 6.1 to
44 mg/L.

Trace Elements

The potential for landfill leachate to mobilize
large quantities of trace elements from the tailings was
evaluated through a series of laboratory leaching
experiments. Fine (less than 0.063 mm) and coarse
(greater than 0.063 mm) tailings from the landfill site
were leached under batch conditions with leachate
obtained from a leachate collection system at a munic-
ipal sanitary landfill in Topeka, Kansas. Leachate from
the St. Francois County Landfill was not used because
of the difficulty in obtaining leachate that had not con-
tacted tailings. Experiments were carried out under
oxygen-rich and oxygen-poor conditions over 5 days.
Concentrations of dissolved trace elements in the ini-
tial leachate were Cd (less than 3 pg/L), Cr (less than 5
ug/L), Co (14 pg/L), Cu (less than 10 pug/L), Pb (56
ug/L), and Zn (48 pg/L). A detailed description of the
experimental conditions and analytical results is given
by Dixon (1994).

The results of the laboratory experiments indi-
cate that landfill leachate can mobilize measurable
quantities of trace elements from the mine tailings at
the landfill site. Under near-neutral pH conditions,
experimental results indicated variable increases in the
dissolved concentrations of Co (271-957 percent), Cu
(0-2,350 percent), Pb (0-650 percent), and Zn (608—
1,168 percent). The coarse tailings contributed the
largest concentrations of Co, Cu, and Zn to the
leachate solution (maximum solution concentrations
of 169, 336, and 620 ng/L), whereas the fine tailings
contributed the largest concentrations of Pb (maxi-
mum solution concentration of 939 pg/L). Concentra-
tions of Cd and Cr did not increase substantially in the
experiments. In anoxic experiments, solution concen-
trations of Cu and Pb actually decreased, indicating
possible precipitation of reduced phases. The landfill
leachate extracted S times more Pb and 30 times more
Zn than similar experiments using rainwater (Dixon,
1994). Based on the laboratory experiments, leachate
generated at the St. Francois County Landfill may con-
tain increased concentrations of Co, Cu, Pb, and Zn
derived from interaction of organic acids with mineral
phases in the tailings.

Samples from several monitoring wells, pi-
ezometers, and seeps in the tailings and bedrock con-
tained detectable concentrations of trace elements

indicative of landfill leachate (Ba and Fe) and several
trace elements (Co, Cu, Pb, and Zn) mobilized in the
laboratory experiments (tables 9 and 13). Concentra-
tions of most trace elements in samples from the land-
fill site generally were smaller than those detected in
the laboratory experiments, indicating that dilution or
geochemical reactions may restrict trace element
mobility as leachate mixes with ambient ground water
and migrates farther from the landfill. Concentrations
of most other trace elements, except arsenic (As), As,,
Ni, total nickel (Ni), and Sr, were small and near the
background concentrations for the various media
(table 8). Occasional outliers in the results indicate
possible laboratory error, sampling error, or heteroge-
neity in the solid-phase composition of the tailings and
bedrock. Total concentrations of most trace elements,
especially Fe,, Pb;, Mn,, and Zn,, in several samples
from tailings monitoring points were much larger than
dissolved concentrations, which indicates small quan-
tities of aquifer particulates were disturbed during
sampling. Because of this potential problem, dissolved
concentrations of trace elements generally were used
to interpret water quality and identify contaminant
migration from the landfill.

Concentrations of trace elements were largest in
samples from tailings monitoring wells and piezome-
ters. Samples from monitoring well MW-106 (table
9), in addition to having among the largest concentra-
tions of major constituents, also contained among the
largest concentrations of As (449 ug/L), Ba (80-371
pg/L), Cu (6-27 pg/L), Fe (9-29,100 pg/L), Pb (less
than 10-68 pg/L), Ni (less than 30-50 ug/L), and Zn
(5-1,300 pg/L)—Ilarger than background concentra-
tions for tailings. Concentrations of As; larger than the
background tailings concentration of 30 ng/L (table 8)
were detected in one or more samples from monitoring
wells MW-107 (2641 pg/L; table 9), MW-109 (21—
41 pg/L), and piezometer 108-P (13-35 pg/L). Con-
centrations of As; in samples from piezometers 204-P
(less than 1-7 pg/L) and 208-P (less than 1-5 pg/L)
were only slightly larger than the background bedrock
concentration of 4 pg/L (table 8). No As; data were
available for piezometers 2020-P, 2021-P, 2022-P, or
2023-P.

Concentrations of Ba exceeded the background
tailings concentration of 55 ug/L (table 8) in one or
more samples from monitoring wells MW-101, MW-
103, MW-105, MW-106, and MW-107, piezometer
108-P, and seeps G and K. Excluding samples from
monitoring well MW-106, the largest Ba concentra-
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tions were detected in samples from seep K (130-240
ug/L; table 13) and monitoring wells MW-101 (19—
180 ug/L; table 9) and MW-107 (110-120 pg/L).
Concentrations of Ba larger than the background bed-
rock concentration of 39 pug/L (table 8) were detected
in bedrock piezometers 204-P (26-46 ug/L), 208-P
(29-55 pg/L), 2020-P (56 ug/L), 2021-P (100 pg/L),
and 2023-P (81 ug/L) and the domestic well (58 pug/L;
table 9). Concentrations of Ba in monitoring well
MW-303 (25-30 pg/L; table 9) were only slightly
larger than the background mine cavity concentration
of 28 ug/L (table 8) and are within analytical error.

Samples from monitoring wells MW-101,
MW-103, MW-106, MW-107, and MW-109, pi-
ezometers 108—P and 2020-P, and seeps G and K con-
tained Fe concentrations larger than the background
concentration for the various media. Excluding sam-
ples from monitoring well MW-106, the largest Fe
concentrations detected were in samples from moni-
toring wells MW-103 (40-8,900 pg/L) and MW-107
(1,400-2,500 ug/L) and seep K (7-6,100 ug/L). By
comparison the largest Fe concentration detected in
the bedrock was 330 ug/L in a sample from piezome-
ter 2020-P (table 9).

Larger than background concentrations of Pb,
Ni, and Zn were detected in samples from monitoring
wells MW-103, MW-105, MW-106, MW-107, and
MW-109 and seeps G and H. The largest concentra-
tions of Pb tended to be in samples from seeps G (less
than 10-80 pg/L) and H (20 and 170 pg/L). Concen-
trations in the tailings monitoring wells generally were
less than 50 ug/L except in several samples collected
during early 1989 from MW-101 (72 ug/L), MW-103
(88 ug/L), MW-106 (68 pg/L), and one sample col-
lected in June 1990 from MW-105 (70 ug/L). A Pb
concentration of 420 ug/L in a sample from MW-106
(May 1992; table 9) is suspect. One sample from mon-
itoring well MW-303 contained a Pb concentration of
40 pg/L (table 9) slightly larger than the background
concentration of 30 pug/L for mine cavities (table 8).
Concentrations of Ni in the tailings monitoring wells
generally were less than 50 pg/L except in one sample
from monitoring well MW-103 (70 pug/L).

Samples from all tailings monitoring wells and
seeps G, H, and K contained concentrations of Co and
Zn larger than those detected in the background tail-
ings well (MW-100; table 8). Concentrations of Co
(less than 3 pg/L) and Zn (less than 3-8 pg/L)
detected in samples from monitoring well MW-100
probably are not representative of the background

variability within the tailings. The distribution of Co-
and Zn-rich minerals in the ore bodies within the Old
Lead Belt was erratic—consequently the distribution
of these minerals within the tailings piles is erratic.
The small Co and Zn concentrations in samples from
monitoring well MW-100 probably indicate that the
tailings in the vicinity of this well were derived from
Co- and Zn-poor host rock. The concentrations of Co
and Zn detected in tailings samples from the landfill
site generally were less than the concentrations of Co
(310-610 pg/L) and Zn (11,000-18,000 pg/L)
detected in samples from the Elvins tailings pile seep
(table 13) and probably within the range of back-
ground concentrations in mine tailings.

Pesticides and Volatile Organic Compounds

Monitoring wells MW-100, MW-106, MW-
107, MW-109, and MW-303, piezometers 108-P,
204-P, 205-P, and 208—P, the landfill well, Baker
Mine well, and River Mines well were sampled once
between September and November 1993 for 47
selected pesticides (table 2). Samples for VOC deter-
minations were collected quarterly between March
and November 1993 from the above sites (excluding
the River Mines well). Synoptic samples were col-
lected from piezometer 2022-P, seep 10+07, the
domestic well south of the landfill site, the Elvins tail-
ings pile seep, public-supply wells in the cities of
Leadwood (Leadwood No. 1 and No. 2), Gumbo
(Gumbo well), and Park Hills (Desloge well and River
Mines well), and the Big River upstream (Big River at
Bone-hole) and downstream (Big River downstream)
of the landfill site (table 12). The VOC samples were
analyzed for the constituents listed in table 2. A graph-
ical representation of the distribution of pesticides and
VOC in well samples collected in October 1993 from
the landfill site and vicinity is given in figure 17.

Concentrations of diazinon were detected in
samples from monitoring wells MW-107 (24 ng/L;
table 11) and MW-303 (6 ng/L) and piezometers
108-P (11 ng/L), 204-P (3 ng/L), and 208-P (2 ng/L).
In addition to diazinon, the sample from piezometer
108-P contained a large concentration of the selective
herbicide terbacil (54 ng/L). Terbacil is a relatively
uncommon herbicide and is used on fruit crops, such
as apples, peaches, and blueberries, and on alfalfa. The
detection of the nonselective herbicide prometon was
confined to monitoring points in the abandoned mines.
Concentrations of prometon in samples from monitor-
ing well MW-303 (57 ng/L) and the landfill well (65
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ng/L) were larger than the concentrations detected in
the background mine sites at the Baker Mine well (8
ng/L) and River Mines well (17 ng/L).

Samples from monitoring wells MW-106,
MW-107, MW-109, and MW-303, piezometers 108—
P, 205-P, and 208-P, and the landfill well contained
detectable concentrations of VOC (table 12). More
than 20 VOC were detected in ground-water samples
from the landfill site, with the largest frequency of
detections and concentrations in samples from moni-
toring wells MW-106, MW-107, and MW-109. Sam-
ples from monitoring well MW-106 contained
detectable concentrations of dichloromethane (0.3-2.3
ug/L), chlorofluoromethane (less than 0.2-38 ng/L),
dichlorofluoromethane (less than 0.2-23 ng/L),
dichlorodifluoromethane (less than 0.2-0.4 pg/L),
trichlorofluoromethane (less than or equal to 0.2
ug/L), CS, (less than 0.2-1.6 pg/L), chloroethane
(0.2-1.8 pug/L), 1,1-dichloroethane (DCA; 0.6-1
ug/L), vinyl chloride (VC; less than 0.2-0.3 ug/L),
cis-1,2-dichloroethene (cis-DCE; 4.7-16 pg/L), trans-
1,2-dichloroethene (trans-DCE; less than or equal 0.2
ug/L), benzene (0.14-0.2 ng/L), MTBE (2-4.6 ug/L),
and ethyl ether (18-97 pg/L).

Concentrations of dichloromethane in samples
from monitoring wells MW-107 (5.4-11 pg/L) and
MW-109 (9-11 pg/L) and CS, (1.8 pg/L) in the Octo-
ber 1993 sample from monitoring well MW-109 were
the largest concentrations detected. Samples from
these monitoring wells also contained detectable con-
centrations of chlorofluoromethane, dichlorofluo-
romethane, benzene, MTBE, and ethyl ether.
Monitoring wells MW-106, MW-107, and MW-109
are located immediately north of an older (about 1973
to 1980) part of the sanitary landfill. According to the
landfill operator, wastes from a shoe manufacturing
plant were placed in this area during the early years of
landfill operation, and the probable source of the
VOC detected in these three monitoring wells are sol-
vents and other materials contained in these wastes.

The only VOC detected in samples from pi-
ezometer 205-P was CS, (0.4 pg/L). The small con-
centrations (less than 1 pg/L) of ethylbenzene,
xylenes, napthalene, and several nontarget VOC
detected in the March 1993 sample from piezometer
208-P may be the result of down-hole contamination
from a hydraulic line break during piezometer installa-
tion.

Samples from the landfill well contained trichlo-
rofluoromethane (0.3 pg/L in one sample), 1,1,1-

trichloroethane (TCA; less than 0.2-0.7 ug/L), 1,1-
dichloroethene (1,1-DCE; less than 0.2-0.3 pg/L), cis-
DCE (less than 0.2 pg/L), 1,1,2-trichloroethene (TCE;
0.2 pg/L or less), PCE (0.4-0.6 pg/L), toluene (0.3
pg/L in two samples), and MTBE (0.2-0.4 pg/L). A
sample collected from this well on January 26, 1994,
was the only sample in which acetone (9.7 pug/L) and
2-butanone (6.1 pug/L) were detected. A probable
source of these compounds is PVC cements used in
the installation of a new pump and discharge line sev-
eral days before the January samples were collected.
Samples from monitoring well MW-303 contained
concentrations of cis-DCE (less than or equal to 0.2
ug/L), TCE (0.2 pug/L in the October 1993 sample),
PCE (0.5-0.6 ng/L), and MTBE (0.4 png/L) similar to
those detected in samples from the landfill well.

The compound DCA (detected in samples from
MW-106) commonly is used as a solvent for var-
nishes and paints and in some ore flotation processes.
Vinyl chloride is used in the plastics industry and
occasionally as a refrigerant. In anaerobic environ-
ments, such as within a sanitary landfill, cis-DCE and
VC can be derived from the microbial decomposition
of TCE. Trans-DCE commonly is used as a solvent for
fats, phenol, and camphor (Budavari and others,
1989). Trichlorofluoromethane (Freon 11), dichlorodi-
fluoromethane (Freon 12), and chloroethane com-
monly are used as refrigerants and aerosol propellants.

Dichloromethane is a common solvent in paint
removers and degreasing agents. Benzene is widely
used in the manufacture of a variety of industrial
chemicals and used as a solvent for paints and var-
nishes. Benzene also is a component of most fuels
(such as diesel and gasoline) and lubricating oils. The
presence of chlorofluoromethane (Freon 31) and
dichlorofluoromethane (Freon 21) in samples from
monitoring wells MW-106, MW-107, and MW-109
is somewhat anomalous because these compounds
have not been widely used for more than 20 years
(Angila Menton, Dupont Chemical Corporation, writ-
ten commun., 1994). Chlorofluoromethane and dichlo-
rofluoromethane may have been used as degreasers.
Their relatively high boiling points (about -9 and 9 °C)
would not make them effective refrigerants or aerosol
propellants. These compounds possibly also may be
reductive-dechlorination decomposition products of
more chlorinated molecules such as trichlorofluo-
romethane or dichlorodifluoromethane. Ethyl ether is
widely used as a solvent in the manufacture of explo-
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sives and as a gasoline engine primer (Budavari and
others, 1989).

Surface-Water Quality

Although surface-water quality was not a major
focus of this investigation, a limited number of sam-
ples were collected from streams in the vicinity of the
landfill. During October 1993, water-quality samples
were collected from the Big River at the Bone-hole
(Big River at Bone-hole; fig. 5) and downstream of the
landfill about 150 ft downstream of monitoring well
MW-106 (Big River downstream; fig. 5).

During the October 1993 sample collection, the
discharge and specific conductance values at the
upstream site were 119 ft%/s and 510 pS/cm as com-
pared to 122 ft%/s and 468 uS/cm measured at the
downstream site (table 13). Except for a slight
increase in the concentration of SO 4 (49-54 mg/L) and
NO,+NO3; (0.05-0.09 mg/L) and decrease in the con-
centration of total phosphorous (Py; 0.13-0.02 mg/L),
concentrations of major constituents at the upstream
and downstream site were similar. Concentrations of
Fe,, Pb,, and Mn, were smaller at the downstream site,
whereas concentrations of B, Zn, and Zn, were larger
downstream. Small concentrations of xylenes and tol-
uene were detected in samples from the upstream (0.2
and 0.14 ug/L) and downstream (0.3 and 0.2 pg/L)
sites (table 12). Concentrations of most inorganic con-
stituents in these samples were smaller than concentra-
tions in base flow samples collected on November 7,
1989 (table 13). The smaller concentrations detected
in this study probably are the result of dilution by run-
off, because the discharges during the 1993 sampling
were about three times larger than those during the
1989 sampling.

Samples from Mine-A-Joe Creek downstream
of the diversion tunnel (tunnel seep; fig. 5) had the
largest values of specific conductance and concentra-
tions of chemical constituents as compared to samples
from the Big River and Mine-A-Joe Creek upstream of
the tunnel (table 13). Although several samples have
been collected from Mine-A-Joe Creek upstream and
downstream of the diversion tunnel, the upstream and
downstream samples were collected by various agen-
cies on different dates using different sample collec-
tion and analytical methods and, therefore, are not
directly comparable. Despite these inconsistencies, the
concentrations of Co (less than 3-88 pug/L), Ni (20-60
ug/L), and Zn (72-740 pg/L) in samples downstream

of the diversion tunnel were larger than the maximum
concentrations detected in samples upstream of the
tunnel (Co, less than 3 ug/L; Ni, less than 10 pug/L;
and Zn, 9nd 63 pg/L), suggesting the source of these
constituents is within the tunnel, probably the numer-
ous small seeps emerging from fractures and bedding
planes along the tunnel walls.

EFFECTS OF THE LANDFILL ON WATER
QUALITY

The analytical results of water-quality sampling
indicate a complex distribution of inorganic and
organic constituents within the tailings, bedrock, and
mine cavities at the landfill site and vicinity. Evalua-
tion of the data indicates that ground water at the land-
fill site has been affected by contaminants originating
from the landfill and relic contamination from mining
activities. Because detailed water-quality samples
have been collected for less than a year at most sites
and pesticide and VOC data are not available for sev-
eral of the newer piezometers (2020-P, 2021-P, and
2023-P), a comprehensive interpretation of how con-
stituent concentrations vary through time is not possi-
ble.

Samples from several monitoring wells and pi-
ezometers in the tailings and bedrock contained con-
centrations of inorganic constituents larger than the
respective background values established for these
media. A one-way analysis of variance (ANOVA) and
Tukey’s honest significant difference (HSD) multiple-
comparison tests (Helsel and Hirsch, 1992) were per-
formed on ranked data from background sites (MW~
100, 201-P, 2022-P, Baker Mine, and drill hole) and
monitoring wells and piezometers at the landfill site.
The ANOVA and HSD tests were used to compare
water-quality data from monitoring wells and pi-
ezometers within each media (tailings, bedrock, and
mine cavities). Data from piezometer 2022-P were
grouped with data from piezometer 201-P to represent
background conditions within the bedrock. Because
water-quality data tend to be non-normally distributed,
the data were transformed by a joint ranking proce-
dure. Values flagged as questionable in table 9 were
not used in the ANOVA and HSD tests. Data from
monitoring wells MW-103, MW-104, and MW-105
and piezometers 2020-P, 2021-P, and 2023-P were
not included in the ANOVA because of insufficient
sample size.
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A students t-test [alpha level (¢-level) of 0.05]
was used to compare physical property and major con-
stituent data collected previously by the landfill to data
collected during this investigation. Most physical
property and major constituent data were comparable,
with the exception of specific conductance, Na, and Cl
concentrations in samples from monitoring well MW—
106, which indicated significant differences. Because
of differences in sampling protocols previously used
and the methods used in this investigation and known
sensitivity in trace element data to sampling tech-
nique, only trace element data collected during this
investigation were used in the ANOVA and HSD tests.

An o-level of 0.05 was used for ANOVA proce-
dures, and the null hypothesis, which states that all
sites within a group (tailings, bedrock, and mine cavi-
ties) have equal mean ranks for a given constituent,
was rejected for analyses with probability values (p-
values) less than 0.05. The a-level is the significance
level of the test and is established before reviewing the
data. The p-value is the attained significance level and

is determined by the data (Inman and Conover, 1983).
The multiple-comparison test was used to determine
significant differences in values of physical properties
or constituent concentrations between sites within
each group. Usage of the Tukey’s HSD procedure
allowed the overall error rate to be controlled at 0.05
(Snedecor and Cochran, 1980).

The ANOVA indicated significant differences
between the mean ranks of several constituents in
samples from monitoring wells and piezometers in the
tailings, bedrock, and mine cavities. In general, the
differences were detected between the mean ranks of
physical properties and constituents determined previ-
ously to be indicative of landfill leachate effects (spe-
cific conductance, Ca, Na, Alk(IT), Cl, NHj,, Ba, and
Fe) at tailings and bedrock monitoring points. Few
significant differences were detected between mean
ranks of most trace elements, especially total trace ele-
ments. An example of the ANOVA and HSD tests is
graphically summarized in figure 18, and the results
are in figures 19, 20, and 21.

EXPLANATION

MEAN CONSTITUENT RANK

NV NO VARIANCE

Shaded boxes graphically summarize the results of a one-way analysis of variance (ANOVA) and all possible
Pairwise multiple-comparison tests. Shaded boxes in each column represent the relative mean constituent rank
or each site. The absence of a shaded box in a column indicates that insufficient data were available for

analysis.

Sltes with boxes shaded in the lowemmost rows have among the smallest mean constituent ranks. Those

sites with boxes shaded in the uppermost rows have among the largest mean constituent ranks. Two or more
sites with boxes shaded in the same row indicate their respective mean constituent ranks are not significantly
different at an alpha level of 0.05. Two shaded boxes in the same column indicate that the mean constituent rank
of the site is not significantly different at an alpha level of 0.05 from mean ranks of two or more sites that have

shaded boxes in the same rows.
row are significantly different.

However, the mean constituent ranks of the other sites that are not in the same

For example, monitoring well MW-100
and piezometer 108-P have boxes shaded in
the lowermost row indicating that their mean
constituent ranks are among the smallest

DISSOLVED CALCIUM

MW-100 MW-101  Mw-106 MW-107 108-P

MW-109

detected in the tallings. The boxes for these
two sites are shaded on the same row
indicating that their mean ranks of dissolved
calcium are not significantly different at an
alpha level of 0.05. The mean ranks of
dissolved calcium in samples from MW-107
and MW-109 also were not significantly
different; however, their mean ranks wers
significantly larger than those of samples
from monltoring well MW-100 and piezometer
108-P. Mean ranks of dissolved caicium In
samples from moniton'n? well MW-101 and
MW-106 were not significantly different;
however, mean ranks of dissolved calcium in
samples from these two wells were
si%mficantly larger than those from the other
tallings sites.

Figure 18. Example of results from analysis of variance and multiple-comparison tests.
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Figure 19. Results of analysis of variance and multiple-comparison tests on ranked data for selected physical
E;o%?rltlies an«':\id chemical constituents from tailings monitoring wells and piezometers at the St. Francois County
ndfill site, Missouri.
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DISSOLVED CALCIUM

SPECIFIC CONDUCTANCE

TOTAL SODIUM

TOTAL ALKALINITY, PH 45

DISSOLVED CHLORIDE
TOTAL AMMONIA

DISSOLVED IRON

DISSOLVED BARIUM

201-P 204-P 205-P 208-P 201-P 204-P 205-P 208-P
2022-P 2022-P

Figure 20. Results of analysis of variance and multiple-comparison tests on ranked data for selected physical
properties and chemical constituents from bedrock piezometers at the St. Francois County Landfill site, Missour.
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Figure 21. Results of analysis of varance and muitiple-comparison tests on ranked data for selected physical
properties and chemical constituents from wells completed in mine cavities in the vicinity of the St. Francois
County Landfill site, Missour.
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Tailings

The water quality near monitoring wells (MW-
106, MW-107, and MW-109) and seep K has been
affected by the landfill. These wells and seep K are
downgradient from most of the sanitary landfill, near
the lower end of the buried creek valley (fig. 13). The
detection of landfill contaminants in this area indicates
leachate from the landfill is migrating down the buried
creek valley toward the Big River. A predominant
pathway for leachate migration is through the tailings
down this buried creek valley. Mean ranks of specific
conductance, Ca, Na, Alkty, Cl, NH3;, Ba, and Fe in
samples from monitoring well MW-106 were signifi-
cantly larger than those in the background tailings well
(MW-100) and among the largest detected in the tail-
ings (fig. 19). Except for specific conductance and Ba,
the mean ranks of these constituents in samples from
monitoring wells MW-107 and MW-109 also were
significantly larger than background mean ranks for
the tailings. Concentrations of trace elements in sam-
ples from monitoring wells MW-107 and MW-109
were much smaller than the maximum concentrations
detected in the laboratory leaching experiments. If
leachate from the St. Francois County Landfill is
mobilizing trace elements from the tailings, the
smaller trace element concentrations detected in
ground-water samples may be related to dilution of
landfill leachate, sorption, or re-precipitation of trace
elements as they migrate farther from the landfill. In
addition to the significantly larger concentrations of
indicator constituents, samples from monitoring wells
MW-106, MW-107, and MW-109 contained the larg-
est concentrations of diazinon (24 ng/L in the sample
from MW-107) and VOC detected at the landfill site
and vicinity.

The water quality in tailings near the center of
the site also has been affected by the migration of
leachate from the landfill as evidenced by the large
concentrations of indicator constituents and pesticides
in samples from piezometer 108—P. Mean ranks of Na,
Alkq), Cl, and NH3, in samples from this piezometer
were significantly larger than background (fig. 19) and
indicate the presence of landfill leachate. Although
VOC concentrations were small (0.5 pg/L) in samples
from this piezometer (possibly because it is adjacent to
the most recent fill), concentrations of pesticides
(diazinon, 11 ng/L; terbacil, 54 ng/L) were large. A
sample from this piezometer contained a tritium con-
centration of 16.0 pCi/L (picocuries per liter; table 9),

indicating a measurable component of post-1952
water in this well.

Samples from monitoring wells MW-103,
MW-104, and MW-105 also may be affected by
leachate from the landfill. These wells probably moni-
tor perched water in the tailings, and samples from
them may not represent actual ground-water quality
conditions within the tailings. Monitoring well MW—
103 was located within a drainage ditch, and surface
runoff may have entered the well during storm events.
In addition, the filter pack extended to within 5 ft of
the land surface, which also may have allowed surface
contaminants to enter the well. Monitoring well MW-
104 is located adjacent to the old drainage tower (orig-
inally clogged with trash and debris) and settling pond
behind the new drainage structure, both of which may
affect the water quality in this well. Although MW-
105 is downgradient from the landfill, the number of
samples is not sufficient to conclude if leachate affects
this well.

Although samples from monitoring well MW-
101 contained mean ranks of Ca and Alkr) larger
than background (fig. 19), mean ranks of other indica-
tor constituents (Na, Cl, NHy,, Ba, and Fe) were not
significantly larger than those in monitoring well
MW-100 and, in the case of Na and Ba, were signifi-
cantly smaller than those in MW-100. A ground-water
trough lies between this well and the sanitary landfill
(fig. 12), and the water quality of this well probably
has not been affected by contaminants migrating
through the saturated zone from the landfill. The vari-
able water quality of this well may be related to the
infiltration of pooled runoff from the northern part of
the sanitary landfill or complex flow within perched
zones in the tailings.

The water quality of samples from seeps G and
H has been affected indirectly by the landfill. Specific
conductance values and concentrations of indicator
constituents in samples from seep G decreased with
time (table 13) after demolition and removal of trash
and other debris from the area around the original
drainage tower adjacent to monitoring well MW-104
in 1989. This decrease indicates the source of at least
part of the contaminants in the original samples from
this seep collected by the Missouri DGLS and Mis-
souri DEQ was the trash and debris around the drain-
age tower. After the new drainage structure was
installed and the tailings excavated to bedrock behind
the tailings dam in this area, both seeps have gone dry.
However, several small orange seeps along bedding
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planes inside the diversion tunnel, including seep
10+07, continue to flow.

Bedrock and Mines

Data collected during this investigation indicate
that landfill leachate has affected water quality in the
upper bedrock. Results of the ANOVA indicate mean
ranks of Na, Cl, and Ba in samples from piezometer
208-P are significantly larger than those from the
background piezometers completed in bedrock (fig.
20). The presence of increased Na and Cl concentra-
tions indicates leachate from the landfill has affected
the bedrock water quality in this area. The magnitude
of the effect, however, is smaller than the effect in the
overlying tailings. For example, the concentration of
Cl and diazinon in samples from piezometer 208-P
(44-45 mg/L and 2 ng/L) are less than one-half of
those concentrations in samples from piezometer 108—
P (95-110 mg/L and 11 ng/L; tables 9 and 11). The
lack of detectable tritium (less than 5.7 pCi/L) in a
sample from piezometer 208—P indicates that the com-
ponent of recent (post-1952) water that contains land-
fill contaminants near this well is small.

Water-quality data from piezometer 2023-P
probably indicate the effects of landfill leachate. This
piezometer lies downgradient of part of the sanitary
landfill and south of the demolition fill (fig. 5). A sam-
ple from this piezometer contained larger than back-
ground concentrations of several indicator constituents
(Na, Cl, NH3;, and Ba), and small specific conduc-
tance (818 uS/cm) and concentrations of Ca (46 mg/L)
and Alkr) (286 mg/L; table 9). The small specific
conductance value indicates most of this water is not
derived from the mines or the tailings. The small con-
centrations of Ca may indicate the precipitation of
CaCO; as CO,-rich landfill leachate mixes with ambi-
ent ground water. Although this piezometer lies down-
gradient of the septic tank and drain field immediately
north of the landfill office, the most likely source of
contamination is landfill leachate. The concentrations
of Cl and NH3, in samples from piezometer 2023-P
were larger than those in samples from piezometer
208-P even though piezometer 2023-P is 600 ft far-
ther downgradient. A measurable landfill leachate
effect at piezometer 2023—P indicates preferential lat-
eral transport along bedding planes or horizontal frac-
tures in the bedrock. The available water-level and
water-quality data indicate that landfill leachate
detected at piezometer 2023—P could eventually dis-

charge to the diversion tunnel or the mines in the
vicinity of piezometer 2023—P and the landfill well
before reaching domestic wells southwest of the land-
fill site (fig. 14). Leachate contaminants entering the
mine could affect the water quality of the landfill well.

Samples from piezometer 204-P (fig. 5) con-
tained mean ranks of Cl and Ba significantly larger
than background and detectable concentrations of
diazinon (3 ng/L); however, no VOC were detected in
samples from this piezometer. Probable sources of the
increased constituent concentrations include leachate
migrating from the sanitary landfill southward through
the bedrock, infiltration of contaminated water ponded
behind the south tailings dam and original discharge
into the bedrock, or effluent from the septic tank and
drain field migrating down the original land surface to
the water table north of piezometer 204-P. The most
probable source is migration of leachate from the land-
fill to the south.

The larger than background concentrations of
Na (40 mg/L), CI (16 mg/L), and NO,+NO3, (4.8
mg/L) in the sample from the domestic well south of
the landfill office are anomalous. The small specific
conductance value (862 uS/cm) indicates the well is
not completed in the abandoned mines. The wellhead
is buried and is in the vicinity of at least one septic
tank and drain field, and the increased Na, Cl, and
NO,+NO5;, concentrations probably are related to
effluent from this source and not landfill leachate.

Concentrations of Na, K, Cl, NH3,, Ba, and B in
samples from seep 10+07 increased dramatically
between 1990 and 1993 while concentrations of Ca,
Mn, SOy, and Zn decreased. Although the potentio-
metric surface map (fig. 12) indicates the potential for
flow from the landfill toward the southwest where this
seep is located, the increased concentrations probably
are the result of effluent from the septic tank and drain
field behind the landfill office that lie directly above
the diversion tunnel and seep 10+07. The increase in
constituent concentrations coincides with the installa-
tion of a septic tank and drain field in 1992. This seep
is more than 1,000 ft from the sanitary landfill and
more than 500 ft from the demolition fill.

The migration of leachate from the landfill also
has affected the water quality in the bedrock northeast
of the landfill between the sanitary landfill and the Big
River. The larger than background concentrations of
several indicator constituents (Na, Alk(m, Cl, NH5,,
and Ba) and increased concentrations of K,
NO,+NOj3,, Li, and Sr in the sample from piezometer
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2021-P indicate the movement of landfill leachate into
the bedrock in this area. The altitude of the bottom of
the screened interval and filter pack in this piezometer
(704.52 ft) is more than 30 ft above the Big River, and
landfill contaminants in this area are expected to move
toward the Big River. Although concentrations of K,
NHj,, Ba, and Fe in the sample from piezometer
2020-P were larger than background, the small con-
centrations of Na (2.7 mg/L) and Cl (3.5 mg/L) indi-
cate that substantial effects from the landfill are
unlikely in this area.

No direct effects from the landfill on the water
quality of the abandoned mines were detected during
this investigation. However, the presence of a ground-
water mound within the tailings and shallow bedrock
beneath the landfill, the occurrence of landfill leachate
effects within the tailings and shallow bedrock, the
presence of relatively recent (post-1952) recharge in
the mine cavities as evidenced by detectable tritium
(29 pCi/L) in the landfill well, and the presence of
potentially open abandoned exploration drill holes
beneath the tailings pile and landfill indicate some
downward movement of water and contaminants from
the landfill into the mine cavities is possible. The
mean ranks of Ba in samples from monitoring well
MW-303 were significantly larger than those at the
background mine cavity site at the Baker Mine (fig.
21). Also, the mean ranks of B in samples from moni-
toring well MW-303 were significantly larger than the
background mine cavity site at the Baker Mine (not
shown in fig. 21; no data were available from the drill
hole). The increased B concentrations could indicate
B-rich water in the tailings is migrating into the mine
cavities. In addition, the small concentration of diazi-
non (6 ng/L) detected in a sample from monitoring
well MW-303 may indicate the migration of landfill
contaminants into the mines; however, additional data
are needed to confirm this hypothesis. Contaminants
migrating from the landfill probably would not affect
the water quality of the abandoned mines in the vicin-
ity of the River Mines well or the water quality of the
Desloge well. Once in the mine cavities, contaminants
would enter the regional flow system and migrate to
the north away from the River Mines well. The lack of
a well-developed connection between the Desloge
well and the mine cavities, as evidenced by the large
differences in water levels in this well and the aban-
doned mine cavities during installation of this well in
1972, indicates the water quality of this well is not
likely to be affected by the landfill.

The concentrations of TCA, 1,1-DCE, cis-DCE,
TCE, PCE, and MTBE detected in samples from mon-
itoring well MW-303 and the landfill well are anoma-
lous. Potential sources include landfill leachate, spent
solvents used in the landfill maintenance shop adjacent
to the landfill well, and localized sources (under-
ground maintenance facilities and abandoned equip-
ment) within the mines. Except for trichloro-
fluoromethane, cis-DCE, and MTBE, the distribution
of VOC in samples from monitoring well MW-303,
the landfill well, and tailings monitoring wells and pi-
ezometers contaminated by landfill leachate (MW-
106, MW-107, 108-P, and MW-109) are different,
indicating some sources other than landfill leachate.
Underground sources within the mines probably are
responsible for at least part of these compounds,
because background samples from the Baker Mine
well and samples from the River Mines well contained
detectable concentrations of PCE and MTBE. Based
on the available data, however, sources from the land-
fill cannot be ruled out. If the landfill is the source for
part of the VOC contamination in the mines cavities at
the landfill site, the general lack of detection of these
compounds in the bedrock may indicate discrete paths
of migration, such as through the exploration drill
holes.

Surface Water

The available data indicate that the landfill prob-
ably has not substantially affected the water quality of
the Big River; however, additional data at low-base
flow would be needed for further evaluation. Samples
collected from the Big River upstream and down-
stream of the landfill in October 1993 did not contain
substantial differences in concentrations of indicator
constituents. However, discharges during this sam-
pling event were about 10 times the estimated 7-day
2-year low flow of about 12 ft’/s (Skelton, 1976), and
landfill effects would have been minimized by dilu-
tion. Although the sample downstream of the landfill
contained larger concentrations of SO4, NO,+NOj,, B,
Zn, and Zn, than the upstream sample, the differences
generally are within the range of analytical error.
Increased concentrations of constituents at the down-
stream site also could be caused by inflow from the
abandoned mines, seeps from the tailings pile unre-
lated to the landfill, or inflow from tributaries between
the upstream and downstream sampling sites.
Increased concentrations of SO4 and Zn are common
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in seeps from tailings piles and the abandoned mines
in the region. Smith and Schumacher (1991) con-
cluded that increases in SO4 and Zn concentrations in
the Big River downstream of the Desloge tailings pile
were caused by inflow from the abandoned mines.
Trace element concentrations in samples from Mine-
A-Joe Creek downstream of the landfill tended to be
larger than in upstream samples; however, no paired
upstream and downstream samples were collected dur-
ing this investigation because the creek was either dry
or flowing at discharges too large to obtain samples
safely. Data collected by Smith and Schumacher
(1991) downstream of the landfill indicate constituent
concentrations were within the range expected for
seeps from tailings and mined areas.

SUMMARY AND CONCLUSIONS

A multi-phased investigation of the hydrogeo-
logy and water quality in the vicinity of the St. Fran-
cois County Landfill was conducted by the U.S.
Geological Survey in cooperation with the St. Fran-
cois County Environmental Corporation. The landfill
is located within an abandoned lead-mine tailings pile
and was operated from 1973 to 1993. Two temporary
piezometers and 13 monitoring wells and piezometers
were installed at the landfill site to determine the
direction of ground-water flow and ground-water qual-
ity at the landfill site. A regional potentiometric map
of the St. Francois aquifer was prepared to determine
the relation between shallow ground-water flow at the
landfill site and the regional ground-water flow sys-
tem. In addition to onsite studies, a laboratory investi-
gation was conducted to determine the quantity of
trace elements mobilized from the tailings by landfill
leachate.

The youngest bedrock unit beneath the landfill
and tailings pile is the Bonneterre Formation, consist-
ing primarily of dolostone, which was host to the vast
lead deposits of the Old Lead Belt of southeastern
Missouri. In southeastern Missouri, the Bonneterre
Formation and underlying Lamotte Sandstone com-
prise the St. Francois aquifer, which is used exten-
sively for domestic and public-water supplies in the
region. The Bonneterre Formation crops out exten-
sively throughout the Old Lead Belt region and locally
is a leaky confining unit impeding the downward
movement of water into the underlying Lamotte Sand-
stone. Water levels in the lower Bonneterre Formation
and Lamotte Sandstone indicate ground-water flow in

the region generally is toward the north with the Big
River as the primary drain. About 8 square miles of
the region are underlain by abandoned, water-filled
mine cavities. The abandoned mines generally are less
than several hundred feet below the surface and are
used locally for domestic and occasionally as public-
water supply.

The mine cavities and Lamotte Sandstone are
well connected through fractures, joints, and tens of
thousands of exploration drill holes, and in some areas
ground water probably is flowing from the mines into
the Lamotte Sandstone. More than 1,200 exploration
drill holes were drilled before 1970 on what would
later become the landfill site—247 lie beneath the san-
itary landfill and demolition fill. The water type in the
St. Francois aquifer in the region ranges from a cal-
cium-magnesium-bicarbonate to a magnesium-bicar-
bonate water, and water from the Bonneterre
Formation generally is harder than that from the Lam-
otte Sandstone. Based on measurements made during
a regional well inventory, the mean specific conduc-
tance value of water from the Lamotte Sandstone was
566 microsiemens per centimeter at 25 degrees Cel-
sius as compared to 1,017 and 1,160 for the Bon-
neterre Formation and mine cavities. Concentrations
of trace elements in samples from public-supply wells
in the region generally were less than detection levels.

Water-level measurements from monitoring
wells and piezometers at the landfill site indicate the
presence of a ground-water mound within the tailings
and upper bedrock near the center of the site. The
ground-water mound trends east-west across most of
the site, the nose of which coincides with the part of
the buried Mine-A-Joe Creek valley beneath the tail-
ings. In the lower part of the buried valley, the tailings
are more than 100 feet thick. Within the middle buried
creek valley, the tailings are saturated to a thickness of
more than 50 feet. In the northeastern part of the land-
fill site, recharge moves downward through the refuse
and tailings to the water table, then down the buried
Mine-A-Joe Creek valley toward the Big River and the
abandoned mine cavities about 200 feet below the tail-
ings surface.

Ground water in the tailings, shallow bedrock,
and mine cavities in the vicinity of the landfill gener-
ally has near neutral pH values; specific conductance
values ranging from 921 to 1,500 microsiemens per
centimeter; and calcium, magnesium, sulfate, and
bicarbonate as the predominant dissolved ions. Con-
centrations of most trace elements generally were less
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than a few tens of micrograms per liter. The distribu-
tion of trace elements commonly associated with ore
minerals in the Old Lead Belt, such as cadmium,
cobalt, lead, nickel, and zinc, in ground water reflects
the abundance of ore minerals within the tailings and
bedrock and geochemical reactions that limit their
aqueous solubilities. Laboratory experiments per-
formed during this investigation indicate that landfill
leachate, however, may mobilize substantial quanti-
ties—as much as several hundred micrograms per
liter—of cobalt, copper, lead, and zinc.

Water-quality data indicate the landfill has
affected the quality of water in the tailings and shallow
bedrock beneath the site. Landfill leachate has
migrated from the landfill into the tailings and shallow
bedrock as evidenced by increased values of specific
conductance and increased concentrations of calcium,
sodium, alkalinity, chloride, total ammonia, barium,
iron, pesticides (diazinon and terbacil), and volatile
organic compounds (dichloromethane, chlorofluo-
romethane, dichlorofluoromethane, dichlorodifluo-
romethane, trichlorofluoromethane, chloroethane, 1,1-
dichloroethane, vinyl chloride, cis-1,2-dichloroethene,
trans-1,2,-dichloroethene, and ethyl ether). Although
laboratory experiments indicated landfill leachate
could mobilize measurable quantities of trace ele-
ments from the mine tailings at the landfill site, con-
centrations of most trace elements in water samples
from sites affected by landfill leachate were not signif-
icantly larger than background concentrations. Ground
water in monitoring wells and piezometers affected by
the landfill was predominantly a calcium-magnesium-
bicarbonate type, compared to the calcium-magne-
sium-sulfate-bicarbonate type typical of ground water
in the tailings, bedrock, and mine cavities in the
region. In general, the effects of the landfill were
greatest in the tailings and Big River alluvium north-
east of the landfill.

Samples from monitoring wells MW-106,
MW-107, and MW-109 generally had the largest val-
ues of specific conductance (1,150-2,260 microsie-
mens per centimeter) and concentrations of the
following chemical constituents (concentrations in
milligrams per liter unless noted): calcium (110-356),
sodium (28-150), total alkalinity (528-1,040), chlo-
ride (32-157), total ammonia as nitrogen (2-28), bar-
ium (40-371 micrograms per liter), and iron (9-
29,100 micrograms per liter). Samples from these
wells also contained the largest concentrations of vola-
tile organic compounds (all concentrations in micro-

grams per liter), such as dichloromethane (0.3-11),
chlorofluoromethane (less than 0.2-38), dichlorofluo-
romethane (less than 0.2-23), dichlorodifluo-
romethane (less than 0.2-0.4), trichlorofluoromethane
(less than or equal to 0.2), carbon disulfide (less than
0.2-1.8), chloroethane (less than 0.2-1.8), vinyl chlo-
ride (less than 0.2-0.3), cis-1,2-dichloroethene (less
than 0.2-16), trans-1,2-dichloroethene (less than or
equal to 0.2), benzene (less than or equal to 0.2), meth-
yltertiarybutylether (0.3—4.6), and ethyl ether (1.6
97). A sample from monitoring well MW-107 con-
tained the largest concentration of the pesticide diazi-
non (24 nanograms per liter) detected at the landfill
site. These monitoring wells are completed in the tail-
ings (MW-107), Big River alluvium (MW-106), or
tailings-Big River alluvium contact (MW-109) near
the end of the buried creek valley. A predominant
pathway for leachate migration from the landfill is
flow through the tailings down this buried valley.
Except for this area, the available data indicate that
contaminants from the landfill have not migrated off-
site.

Landfill leachate also has entered the shallow
bedrock beneath the site and seems to be migrating
through the shallow bedrock toward the Big River
northeast of the site and southwest toward the landfill
well. Increased concentrations of sodium, chloride,
total ammonia, and barium were detected in samples
from bedrock piezometers 208—P, 2021-P, and 2023-
P. Except for carbon disulfide (probable degradation of
xanthates used in the ore flotation process) and drill
fluid contaminants detected in the initial sample from
piezometer 208-P (ethylbenzene, xylene, and naptha-
lene), none of the volatile organic compounds detected
in the tailings were detected in the bedrock.

Although water in the abandoned mine cavities
beneath the landfill contained detectable concentra-
tions of tritium, indicating a component of recent
(post-1952) recharge, no direct effects from landfill
leachate were detected in the mine cavities beneath the
landfill site. Samples from monitoring well MW-303
and the landfill well (both completed in the abandoned
mines), however, contained detectable concentrations
of several volatile organic compounds (cis-1,2-dichlo-
roethene; 1,1,2-trichloroethene; 1,1,2,2-tetrachloroet-
hene; and methyltertiarybutylether). Samples from the
landfill well also contained detectable concentrations
of 1,1,1-trichloroethane and 1,1-dichloroethane. Sam-
ples from these wells also contained detectable con-
centrations of the herbicide prometon (57 and 65
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nanograms per liter), and a sample from monitoring
well MW-303 contained a small concentration of
diazinon (6 nanograms per liter). Methyltertiarybu-
tylether, 1,1,2,2-tetrachloroethene, and prometon were
present in background mine water samples from sites
upgradient of the landfill (Baker Mine and River
Mines wells). The widespread occurrence of these
compounds throughout the mine cavities indicates a
source other than the landfill, such as a nonpoint
source or multiple localized sources within the mines,
such as abandoned machinery and supplies. The small
concentration of diazinon detected in a sample from
monitoring well MW-303 may indicate the migration
of landfill contaminants into the mines; however, the
differences between the distribution of volatile organic
compounds in samples from this well and the landfill
well and the tailings wells contaminated by landfill
leachate (such as monitoring wells MW-106, MW-
107, and MW-109) indicate some sources for the vol-
atile organic compounds in the mines other than land-
fill leachate. Additional monitoring is needed,
however, to confirm this hypothesis. Based on the
proximity of the site to the Big River, general direction
of regional ground-water flow, and vast quantities of
water in the abandoned mines and Lamotte Sandstone,
it appears unlikely contaminants from the landfill are
unlikely to affect the water quality of public-supply
wells in the region.
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