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CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATED

WATER-QUALITY UNITS
Multiply By To obtain
Length
inch (in.) 254 millimeter
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer
Area
square foot (ft?) 0.09290 ‘square meter
square mile (mi’) 2.590 square kilometer
acre 0.4047 square hectometer
Volume
gallon (gal) 3.785 ‘liter
Flow
cubic foot per second (ft*/s) 0.02832 'cubic meter per second
gallon per day (gal/d) 3.785 liter per day
gallon per day per mile [(gal/d)/mi] 2352 liter per day per kilometer
million gallons per day (Mgal/d) 0.04381 .cubic meter per second
Rate of accumulation
inch per hour (in/h) 254 millimeter per hour
inch per year (in/yr) 254 millimeter per year
|

Slope

foot per mile (ft/mi) 0.1894 meter per kilometer

Hydraulic conductivity
foot per day (ft/d) 0.3048 meter per day

Transmissivity

foot squared per day (f2/d) 0.09290 imeter squared per day

Temperature is given in degrees Celsius (°C), which can be converted to degrees Fahrenheit (°F) by use of the

following equation:
F=18(°C) +32

Sea level: In this report “sea level” refers to the National Geodetid Vertical Datum of 1929 (NGVD of 1929)—
a geodetic datum derived from a general adjustment of the first-order level nets of both the United States and
Canada, formerly called Sea Level Datum of 1929.

Abbreviated water-quality units used in this report: Chemical concentration is given in milligrams per liter
(mg/L). This unit expresses the concentration of chemical constituents in solution as weight (milligrams) of
solute per unit volume (liter) of solvent (water). For concentrations less than 7,000 mg/L, the numerical value
is the same as for concentrations in parts per million. Concentration of tritium, a radioisotope of hydrogen, is
given in tritium units (TU). Volumes of water-quality samples areTgiven in liters (L) or milliliters (mL). Pore
sizes of membrane filters are given in micrometers (Lm). ‘

Specific conductance of water is expressed in microsiemens per centimeter at 25 degrees Celsius (0S/cm).
This unit is equivalent to micromhos per centimeter at 25 degrees|Celsius (W{mho/cm), formerly used by the
U.S. Geological Survey.
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Hydrogeology, Simulated Ground-Water Flow, and Ground-Water Quality,
Wright-Patterson Air Force Base, Ohio

By Denise H. Dumouchelle, Charles W. Schalk, Gary L. Rowe, and Jeffrey T. de Roche

ABSTRACT

Ground water is the primary source of water in the Wright-Patterson Air Force Base area. The
aquifer consists of glacial sands and gravels that fill a buried bedrock-valley system. Consolidated
rocks in the area consist of poorly permeable Ordovician shales of the Richmondian stage, in the
upland areas, the Brassfield Limestone of Silurian age. The valleys are filled with glacial
sediments of Wisconsinan age consisting of clay-rich tills and coarse-grained outwash deposits.
Estimates of hydraulic conductivity of the shales based on results of displacement/recovery tests
range from 0.0016 to 12 feet per day; estimates for the glacial sediments range from less than 1 foot
per day to more than 1,000 feet per day.

Ground water flows from the uplands towards the valleys and the major rivers in the region,
the Great Miami and the Mad Rivers. Hydraulic-head data indicate that ground water flows
between the bedrock and unconsolidated deposits; however, the volume of water is negligible
compared to flow within the unconsolidated deposits. Data from a gain/loss study of the Mad
River system and hydrographs from nearby wells reveal that the reach of the river next to Wright-
Patterson Air Force Base is a ground-water discharge area.

A steady-state, three-dimensional ground-water-flow model was developed to simulate
ground-water flow in the region. The model contains three layers and encompasses about
100 square miles centered on Wright-Patterson Air Force Base. Ground water enters the modeled
area primarily by river leakage and underflow at the model boundary. Ground water exits the
modeled area primarily by flow through the valleys at the model boundaries and through
production wells. A model sensitivity analysis involving systematic changes in values of
hydrologic parameters in the model indicates that the model is most sensitive to decreases in
riverbed conductance and vertical conductance between the upper two layers. The analysis also
indicates that the contribution of water to the buried-valley aquifer from the bedrock that forms
the valley walls is about 2 to 4 percent of the total ground-water flow in the study area.

Ground waters in the vicinity of Wright-Patterson Air Force Base can be classified into two
compositional groups on the basis of their chemical composition: calcium magnesium
bicarbonate-type and sodium chloride-type waters. Calcium magnesium bicarbonate-type waters
are found in the glacial deposits and the Brassfield Limestone, whereas the sodium chloride
waters are exclusively associated with the shales. Equilibrium speciation calculations indicate
that ground water of the glacial drift aquifer is in equilibrium with calcite, dolomite, and
chalcedony, but is undersaturated with respect to gypsum and fluorite. Waters from the shales are
slightly supersaturated with respect to calcite, dolomite, and siderite but are undersaturated with
respect to chalcedony. Simple-mass balance calculations treating boron as a conservative species
indicate that little (< 5 percent) or no recharge from the shales to the glacial drift aquifer takes
place.



Data on the stable isotopes of oxygen and hydrogen indicate a meteoric origin for all ground
water beneath Wright-Patterson Air Force Base, but the data were inconclusive with respect to
identification of distinct isotopic differences between water collected from the glacial drift and
bedrock aquifers. Tritium concentrations, used to distinguish waters having a pre- and post-1953
recharge component, indicate that most water entered the glacial drift aquifer after 1953. This
finding indicates that recharge from shallow to deep parts (greater than 150 feet) of the aquifer
takes place over time intervals of a few years or decades. However, the fact that some deep parts
of the glacial aquifer did not contain measurable tritium Jndicatcs that ground-water flow from
recharge zones to these parts of the aquifer takes decades or longer.

INTRODUCTIOh\J

Since the early 1900’s, the area where Clark, Greene, and Montgomery Counties join in
southwestern Ohio has been used for airfield activities. Huffman Prairie, where the Wright
brothers tested early aircraft, is in northwestern Greene County. During World War I, military
installations were established in the area. In 1948, the area was designated Wright-Patterson Air
Force Base (WPAFB or Base). WPAFB encompasses about 8,500 acreas of Montgomery and
Greene Counties (fig. 1). The Base is divided into three administrative areas: A, B, and C. The
main part of the Base comprises Areas A and C. Area B is southwest of Areas A and C. WPAFB
employs about 35,000 civilian and military personnel. InT 1990, the population of the three
counties was 859,702 (Hoffman, 1990).

Ground water is an important source of water in the area. WPAFB overlies a highly
productive aquifer in the glacial deposits of the Mad River Valley. The aquifer consists of sands
and gravels that fill a buried bedrock-valley system. Wells in the aquifer commonly yield more
than 1,000 gal/min. This aquifer is the source of drinkin% water in Clark and Greene Counties.
All of Montgomery County’s public-water supply is from/ground water, and the county withdraws
more ground water than any other county in Ohio (R.J. Veley, 1993).

Research and development pursuits and ordinary Base operations produced numerous waste
products. Early waste-disposal practices rarely considered environmental effects. As a result,
many sites of known or potential ground-water contamination exist on the Base.

With the promulgation of the Comprehensvie Environmental Response, Compensation, and
Liability Act of 1980 (CERCLA), the Department of Defense initiated the Installation Restoration
Program (IRP) to guide environmental activities at Department of Defense facilities. The goal of
the IRP is to identify and control migration of environmental contamination that may have
resulted from past disposal practices. At WPAFB, the IRP is administered by the Base host, the
645th Air Base Wing, Air Force Materiel Command, through their Environmental Management
Office. In 1987, the U.S. Geological Survey (USGS) began a cooperative program with WPAFB
to conduct hydrogeologic studies in support of the Base IRP. The USGS studies have
concentrated on Base property; however, parts of the surrounding area also have been investigated
to assist in determining regional hydrogeology.
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magnesium bicarbonate field (fig. 45); however, the samples collected during 1954-73 generally
contained higher concentrations of sulfate than did the shallow well waters collected during the
current study.

Consolidated Deposits

Waters collected from wells completed in consolidated deposits can be subdivided into two
groups. Wells that are partly or wholly completed in the Brassfield Limestone (GR-309 and
GR-325) yield calcium magnesium bicarbonate waters whose pH, specific conductance, and
overall solute compositions were compositionally similar to the waters collected from the
unconsolidated deposits. In contrast, the waters collected from the six wells completed solely in
the Ordovician shales were sodium chloride (or sodium calcium chloride) waters whose
concentrations of calcium, magnesium and bicarbonate (table 14) were highly variable. The
sodium chloride waters were very hard; median field pH was 7.4, and median specific conductance
was 3,490 uS/cm. The degree of salinity of the sodium chloride waters was highly variable, with
sodium and chloride concentrations ranging from 155 to 895 mg/L and 224 to 2,270 mg/L,
respectively. The maximum DS concentration was 4,280 mg/L.. Median sodium and chloride
concentrations of the sodium chloride waters were 276 and 540 mg/L, respectively. Total
concentrations of lesser cations and anions were also highly variable (table 14).

Sodium chloride waters were notably enriched in boron and fluoride, with median dissolved
boron and fluoride concentrations of 3.0 and 3.6 mg/L respectively (table 14). The fluoride
concentration of these waters exceeded the SMCL set for fluoride by OEPA (2.0 mg/L) in four out
of six wells. Currently, no drinking-water standards pertain to boron. Iron and manganese
concentrations ranged from < 0.04 to 3.3 mg/L, and < 0.04 to 0.19 mg/L, respectively. The SMCL
for iron (0.30 mg/L) was exceeded in waters from three out of six wells, and the SMCL for
manganese (0.05 mg/L) was equaled or exceeded in waters from four out of six wells. The SMCL
for chloride (250 mg/L) was exceeded in five out of six samples collected from wells completed in
the bedrock shales, whereas all samples exceeded the SMCL for DS (500 mg/L).

Geochemical C I5 00 G -Water Ouali

Ground-water quality reflects the net sum of all geochemical, hydrologic, and biological
processes that have modified the solute composition of recharge water since it entered the aquifer.
Important processes that affect water quality include water-gas-rock reactions, mixing of different
water types, the effects of human activities, and various biological processes. Among these general
categories, the first process can be evaluated quantitatively with equilibrium thermodynamic
models, whereas the second and third processes can be evaluated qualitatively by use of available
chemical data. The influence of biological processes, because of their inherent complexity and
variability, are much more difficult to evaluate and are not considered in this report.
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CALCIiUM CHLORIDE
CATIONS ANIONS
PERCENTAGE OF MILLIEQUIVALENTS

Figure 45.——Trilinear plot of major cation and anion percentages based on median properties
and constituent concentrations of ground—water samples collected at Wright—Patterson
Air Force Base, Ohio, 195473,
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Water-Mineral Equilibria

The chemistry of ground water is partly controlled by reactions between the ground water and
reactive minerals present in the aquifer. To investigate thermodynamic controls on water
composition and quality, investigators evaluated the equilibrium speciation of each water sample
by entering the analytical data of tables 14 and 15 into the equilibrium thermodynamic model
WATEQA4F (Ball and Nordstrom, 1991). The model calculates the aqueous speciation of a given
water analysis and the saturation index (SI) of reactive minerals that may be precipitating or
dissolving in the system. The SI of a mineral is defined as

SI = Log IAP/KT, (5)

where IAP is the ion activity product of the mineral and Kr is the thermodynamic equilibrium
constant evaluated at the temperature of the water sample. If the SI value is greater than zero, the
water is supersaturated with respect to the particular mineral, and precipitation of the mineral in
the aquifer is possible. If the SI value is less than zero, the water is undersaturated with respect to
the given mineral, and dissolution of the mineral is possible. SI values equal to zero indicate
equilibrium between the ground water and mineral.

Water analyses from the current and historical data sets (tables 14 and 15) were evaluated with
WATEQA4F. Historical water samples were evaluated to see if any major changes in water quality
had occurred. Results of the WATEQA4F calculations included calculation of the SI’s for calcite
(CaCO3), dolomite (CaMg(CO3),), gypsum (CaSOy4° 2H,0), quartz and chalcedony (both SiO5),
fluorite (CaF,), and siderite (FeCOj3) (tables 16 and 17). These minerals were selected because
they are common, relatively reactive minerals that may have a role in regulating the concentration
of several major and minor elements in ground water. The equilibrium log pCO; (partial pressure
of carbon dioxide) also was calculated. The partial pressure of CO, is calculated from the pH and
alkalinity data and is used to evaluate reactions involving carbonate minerals and the oxidation of
organic matter. To calculate the saturatlon index for siderite, it was assumed that all dissolved iron
in the water was present as ferrous (Fe +) iron (tables 16 and 17). This assumption is based on the
fact that, at neutral pH, ferric hydroxide (Fe(OH)3) solubility will not allow dissolved ferric iron
(Fe*) concentrations to rise above the reporting limit given in table 14 (Hem, 1989). The median
fluoride concentration of the historical data set (0.2 mg/L) was used to evaluate the saturation index
of fluoride for all samples of ground water collected from the glacial drift aquifer in 1991. The
saturation indices of aluminosilicate phases (feldspars, clays) could not be evaluated because of the
absence of dissolved aluminum data.

The speciation and SI calculations discussed above are subject to a combined uncertainty that
is caused by several unrelated factors. These factors include errors in the thermodynamic data set
used by WATEQA4F, analytical error associated with individual cation and anion analyses, and
errors in pH measurement. For waters whose cation-anion charge balance is less than 10 percent,
the effect of analytical error is minimal, and the bulk of the error can be attributed to experimental
error associated with the measurement of the equilibrium constant. Uncertainty in the thermo-
dynamic data lead to overall uncertainties of + 0.1 in the SI's for calcite and gypsum; + 0.2 for
dolomite, fluorite, quartz, and chalcedony; and + 0.5 for siderite (Nordstrom and Ball, 1989; Busby
and others, 1991). Calculated SI's that are within the quoted uncertainties indicate water
compositions in equilibrium with the given mineral.

117



Table 16.—Log of the partial pressure of carbon dioxide (pCO,) and saturation indices for
selected mineral phases for ground-water samples collected at Wright-
Patterson Air Force Base and Fairborn in June and July 1991

[SI, saturation index of the mineral; --, data not obtained or not
applicable; S, shallow glacial well; I, intermediate depth glacial well;
D, deep glacial well; B, well completed in bedrock; B (Brass),
well completed in the Brassfield Limestone]

Well Depth LogpCO, Calcite Dolomite Siderite Gypsum Fluorite Chalcedony Quartz
number (S,1,D,B)

GR-314 B 217 005  -0.32 001 346 022 018 029
GR-303 B -235 18 32 31 206 - 11 58
GR-305 B 243 12 11 232 423 37 w22 25
GR-304 B -245 19 29 52 1332 39  -25 02
GR-313 B -185 03 11 19 201 51 =20 27
GR-308 B -191 23 45 - 153 1 -3 13
GR-309B (Brass)  -1.70 01 .15 36 167 - 1 58
GR-325B (Brass)  -191 01 28 - -1.69 - 1730
GR324 D  -192 18 15 53 200 - 13 59
GR328 D -174 14 09 49 244 117 19 65
GR332 D -181 31 37 7 sy - 25 M
GR32 D -182 15 09 52 184 - 05 52
GR335 D  -188 18 14 20 209 - 15 51
MT153 D -155 03 17 12 184 - 14 6l
GR317 D 203 26 32 31 206 - 1 58
GR319 D  -175 11 01 58 189 - 03 44
GR-327 1 -186 17 11 45 200 - 13 60
GR-334 1 178 07 -05 55 157 - 14 62
GR-331 I -1.68 22 19 65 240 - 26 7
GR-323 s 177 14 -0l 8 151 - 06 53
GR-329 S -157 03 5 -1.55 - 08 .55
GR-333 S -170 00 21 - -1.76 - 06 41
GR-326 S -1.90 14 -08 -39 180 - 14 42
GR-316 s 218 09 08 - -1.76 - .16 31
GR-318 S -174 10 09 - -1.75 - 03 44
GR-321 S -176 08 06 - 177 . 00 46
GR-330 S -153 10 07 - -1.82 . 15 62
GR-320 S 224 32 2 - -1.88 - 06 41
MT-152 S 163 11 -.04 79 ST . 08 55
Error! - 20 10 20 50 10 20 20 20

1 combined uncertainty of the mineral equilibrium constant and analytical error.
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Table 17.—Logarithm of the partial pressure of carbon dioxide (pC0O2)and saturation
indices for selected mineral phases based on median composition of
ground water sampled at Wright-Patterson Air-Force Base, 1954-73

[SI, saturation index of the mineral; --, data not obtained or not applicable;
S, shallow glacial well; I, intermediate depth glacial well; D, deep glacial well; B,
well completed in bedrock; B (Brass),well completed in the Brassfield Limestone]

Well Depth Log pCO, Calcite Dolomite Siderite Gypsum Fluorite Chalcedony Quartz
number (S,1,D,B)

GR-150 S -191 036 047 050  -125 212 003 0.50
GR-152 S 179 28 31 45 <127 21 07 53
GR-151 S 199 .50 7 46 -119 210 03 50
GR-153 S -188 37 51 26 <137 214 10 56
GR-163 S 202 37 50  -121  -158  -2.18 00 47
GR-164 S 206 38 46 78 <155 216 00 47
GR-162 S -19 31 31 .50 -1.53 216 06 53
GR-155 s 192 31 36 -L15  -159 215 06 53
GR-158 S 213 47 66 .67 160 217 00 47
GR-161 S 191 35 42 94 143 213 03 50
GR-156 S 202 40 53 106  -165  -2.16 00 47
GR-157 S 202 38 51 <105  -166 217 03 50
GR-166 S 207 30 37 73 -148 219 -08 39
GR-149 S 208 45 65 218 <131 213 00 47
MT-121 s 218 39 51 270 <158 219 -04 43
MT-122 S 208 .29 34 89  -156 219  -04 43
MT-123 S 207 32 40 62 142 218 -02 45
Error! - 20 .10 20 50 10 20 20 20

1 combined uncertainty of the mineral equilibrium constant and analytical error.
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Further error in the calculated saturation indices is introduced by uncertainty in the in-place
temperature of the ground water at depth. The average annual temperature for ground water as
indicated by data collected from the five wells with in-hole temperature probes is 12.8°C. Norris
and Spieker (1966) report that ground-water temperaturc%n the Dayton area generally ranges from
11 to about 13.5°C. Therefore, to eliminate uncertainty due to variable temperature, speciation
calculations for current and historical ground-water samptss were based on a temperature of 13°C.
It is likely that actual ground-water temperatures at the time of sample collection are within + 2°C
of 13°C. Resulting uncertainties in the calculated SI values due to the temperature uncertainty of
+ 2°C are, with the exception of dolomite, less than 0.1 log units (+ 0.05). For dolomite, the
uncertainty in the calculated SI value is approximately 0.2 log units (+0.1)

U lidated Deposit

Results of the WATEQAF calculations indicate that water collected from the unconsolidated
deposits at WPAFB in 1991 generally was in equilibrium with calcite, dolomite, and chalcedony
(tables 16 and 17, figs. 46 and 47). The waters were undersaturated with respect to gypsum and
fluorite, but were supersaturated with respect to quartz. Calculated SI’s for siderite are highly
variable, representing conditions ranging from moderately undersaturated to sli 5ghtly
supersaturated. Calculated partial pressures of CO, rang| from 1071 t0 102 atmospheres and
are similar to those reported for other glacial drift aquifers in Ohio (Breen, 1988).

STI’s for calcite and dolomite calculated for the set of historical data (table 17) indicate a
relatively constant degree of supersaturation that is probably related to errors in the laboratory pH
measurements caused by the degassing of CO,. Field pH measurements of the June 1991 samples
measured in the closed, flowthrough cell were, on average, approximately 0.4 pH units lower than
pH values measured in the laboratory. The increase in pH is caused by degassing of CO,, which
shifts the following equilibria to the right

H*+ HCO3_ g H2CO3 <> H20 + (LOz(g)T (6)
resulting in an increase in pH and a decrease in the concentration bicarbonate. Clear evidence for
degassing of the samples is provided in table 14, which shows increases in pH and decreases in
HCOj3™ between the lab and field measurements of these characteristics. Because the IAP for cal-
cite is based on the equilibria (

CaCO;y) + H <> Ca®* + HCOy', (7)

the saturation index of calcite is directly proportional to pH of the sample and will decrease one
log unit for each unit increase in pH. Application of the average 0.4 pH-unit difference between
the field and laboratory pH for the June 1991 data set to the average pH reported for the historical
data set results in a decrease of the calcite SI by 0.4 log lﬂr’nits. The same 0.4-log-unit shift applies
to the SI of siderite; for dolomite, the ST shift is twice the pH difference (0.8 log units) because
two hydrogen ions are required to dissolve dolomite. The shift in SI is applied to the historical
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data set to reflect in-place conditions more accurately. The results indicate that, under in-place
conditions, the median historical ground-water samples were saturated with respect to calcite, were
saturated to slightly undersaturated with respect to dolomite, and were generally undersaturated
with respect to siderite.

Taken together, results of WATEQAF calculations for the June 1991 sample set and the
1954-73 average data set indicate that calcium, magnesium, and bicarbonate concentrations in the
glacial drift aquifer are controlled by dissolution of carbonate minerals. These results are
consistent with the known mineralogy of the glacial drift-deposits of northwestern Ohio that
consist largely of dolomitic carbonates of Devonian and Silurian age eroded and deposited during
Pleistocene glaciation (Stout, 1941; Norris and Spieker, 1966).

Dissolved-silica concentrations are probably controlled by equilibrium with chalcedony, a
common minor component of carbonate rocks in the midwestern United States (Weiner and Koster
Yan Groos, 1976). Additional controls on dissolved-silica concentrations are the formation of
clays (kaolinite, illite) and adsorption reactions (Hem, 1989). Although the ground waters are
supersaturated with respect to quartz, precipitation of quartz at such low temperatures is unlikely.

The wide range of SI’s for siderite indicates that siderite is not a control for dissolved ferrous
iron concentrations. In shallow parts of the aquifer, dissolved-iron concentrations are likely to be
regulated by the precipitation of ferrihydroxide (Fe(OH)3). Coatings and cements of ferrihydrite
are commonly found in glacial sediments in the shallow, oxygenated parts of glacial drift aquifers.
Ferrihydrite will precipitate rapidly at neutral or alkaline pH when dissolved ferrous iron is
oxidized by dissolved oxygen in recharging meteoric waters (Breen, 1988). In deeper, anoxic parts
of the aquifer, variations in dissolved-iron concentrations probably reflect the relative abundance
of reactive iron minerals in the unconsolidated deposits and (or) the presence of hydrogen sulfide
(HyS).

The dominant geochemical process responsible for the formation of the calcium magnesium
bicarbonate waters is the dissolution of carbonate minerals by carbonic acid. For dolomite, this
reaction can be written as follows:

CaMg(CO3)ys) + 2H0 +2C0, > Ca?* + Mg?* + 4HCO;y™ . )

If dissolved calcium, magnesium, and bicarbonate are added to the ground water solely through
this mechanism, then a plot of the molar concentrations [Ca+Mg] as a function of [HCO3] yields
a linear relation with a slope of 0.5. A plot of data (fig. 48) from tables 14 and 15 reveals no
obvious correlation between [Ca+Mg] and [HCO3] for waters collected from the unconsolidated
deposits. A linear regression of the data yields a best fit line with a slope of 0.11 and a correlation
coefficient (r2) of 0.02, indicating an extremely weak relation to the simple carbonate-dissolution
model in equation 8.
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The weak relation to the carbonate dissolution model indicates that other geochemical processes
are affecting the ratio of [Ca+Mg] to [HCO3]. Geochemical studies of carbonate aquifers by Back
and others (1983) and Busby and others (1991) indicate that dedolomitization may be important.
Dedolomitization occurs in response to the dissolution of gypsum or anhydrite in aquifer rocks
after equilibrium with calcite and dolomite has been reached. Continued dissolution of gypsum or
anhydrite releases additional calcium (and sulfate) into solution, eventually resulting in the
precipitation of secondary calcite and the selective dissolution of the dolomitic component of the
rock. The overall reaction can be written as

CaMg(CO3)2(S)+ CaSO4 : 2H2O(S) + H2C03 > CaCO3(S)
+ Ca%* + Mg?* + SO4% + 2HCO;3 "+ 2H,0.

As the reaction proceeds, Ca:Mg ratios in the solution decrease, and the sulfate concentration
of the ground water increases with increasing reaction progress. On a plot of [Ca+Mg] as a
function of [SOy4 + 0.5SHCOj], this reaction will yield a line with a slope of 1. A plot of data from
tables 16 and 17 yields a line regression with a slope of 1.09 and a correlation coefficient of 0.81,
indicating a relatively strong correlation between the dedolomitization model and the field data
(fig. 49).

An alternative to the dedolomitization model involves dissolution of dolomitic carbonates by
sulfuric acid (H,SO,) produced by the oxidation of pyrite (FeS,):

F632 +7/ 202 > FC(OH)3(S) + H2SO4 (9)
(Nordstrom and others, 1979). The sulfuric acid then reacts with dolomite, yielding
CaMg(CO3)y) + HySO4 ¢ Ca?* + Mg?* + 50,2 + 2HCO5". (10)

The overall reaction yields a stoichiometry identical to that of the dedolomitization reaction. This
reaction will occur rapidly in shallow, oxygenated parts of the aquifer where sufficient dissolved
oxygen is available to drive the reaction. Alternatively, experimental work by Moses and others
(1987) has shown that small amounts of pyrite can be oxidized by ferric iron under the anoxic,
near-neutral pH conditions that characterize deeper parts of the glacial drift aquifer. Pyrite is a
common minor constituent (< 0.5 weight percent) of many of the Devonian and Silurian carbonates
and shales which, along with various igneous and metamorphic rocks of glacial origin, compose
the bulk of material in the glacial drift (Stout, 1941). Gypsum is also a minor constituent of these
rocks and is especially common in the upper Devonian carbonate sequences (Stout, 1941).
Because gypsum is moderately soluble, however, it is very likely that erosion and transport
processes associated with the Pleistocene glaciation caused dissolution of all gypsum originally
present so that little, or no gypsum remains in the present-day aquifer sediments. Unfortunately,
detailed petrographic data on the bulk mineralogic composition of the tills and outwash deposits in
the vicinity of WPAFB are unavailable. Sulfur-isotope data for dissolved sulfate would be
required to determine the source of sulfate in the ground water and to decide which model best
represents the geochemical processes actually occurring in the glacial aquifer.
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CALCIUM PLUS MAGNESIUM CONCENTRATION,
IN MILLIMOLES PER LITER
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Figure 49.-—Concentration of calcium plus magnesium as a function of concentration of
sulfate plus one—half bicarbonate for ground-water samples from wells completed in glacial
deposits at Wright—Patterson Air Force Base.
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Consolidated Deposi

Water samples collected from wells completed partly or wholly in the Brassfield Limestone
were in equilibrium with calcite but were slightly undersaturated with respect to dolomite (fig. 46).
These results are consistent with the mineralogy of the Brassfield, which is predominately
limestone with a minor dolomitic component (Stout, 1941). The Ordovician rocks are composed
primarily of calcareous shales that include variable amounts of thinly bedded, siliceous limestone
(Stout, 1941). Water collected from wells completed in the bedrock shales was slightly
supersaturated with respect to calcite and generally saturated with respect to dolomite and siderite
(fig. 46). Undersaturation of the waters with respect to chalcedony indicate that silica
concentrations may be regulated by equilibrium with clays such as illite or kaolinite present in
shale-rich parts of the Ordovician rocks. Extreme undersaturation of the waters with respect to
gypsum reflects the generally low sulfate contents of the samples. A trend towards supersaturation
with respect to fluorite with increasing DS is noted (fig. 47); however, the fact that the trend does
not level off at SI = 0 indicates that fluorite precipitation is not an important control on fluoride
concentrations.

Effects of Surface Recharge

Sand and gravel units of the unconsolidated deposits, because of their high transmissivities, are
susceptible to contamination by surface water that has been affected by human activities. At
WPAFB, waters from shallow wells have markedly higher median nitrate, sulfate, sodium, and
chloride concentrations (table 14) than do waters from intermediate depth and deep wells. Median
sodium and chloride concentrations of the shallow waters are similar to those of the median
historical data set (table 15), which consists of samples collected from shallow supply wells
screened at depths no greater than 80 ft. The historical data include even higher mean
concentrations of nitrate and sulfate. Elevated nitrate concentrations in the current and historical
data are probably related to either application of nitrogen-based fertilizers or leakage of nitrate-rich
waste from septic tanks or waste-disposal sites. Superphosphate and ammonium sulfate fertilizers
(both of which contain sulfate) applied on or near the Base or leakage of leachate from septic tanks
or waste-disposal sites may be responsible for the elevated sulfate concentrations found in the
current shallow-water and historical data sets (Langmuir, 1971).

Sodium chloride is the predominant road-deicing salt used in western Ohio. (CaCl, also is used
in small quantities.) Elevated sodium and chloride concentrations in shallow ground-water
samples are attributed to deicing salt that dissolves in rainwater and enters shallow parts of the
glacial aquifer. The influence of road-deicing practices on shallow ground water in the study area
is illustrated on a plot of sodium as a function of chloride. Dissolution of sodium chloride salt
yields one mole of sodium and one mole of chloride. Thus, if sodium and chloride are added to
shallow ground water by the addition of Na-Cl-rich deicing salt, then a plot of sodium and chloride
concentrations on a moles per liter basis should yield a linear trend with a slope near one. The
compositional data for the shallow and 1954-73 median ground-water samples (the latter of which
are all from shallow wells) define a clear, linear trend (fig. 50). Linear regression analysis of the
shallow and median 1954-73 compositional data yields a line with a slope of 0.81 and correlation
coefficient of 0.79. Deviation of the slope from unity could be due in part to the use
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of deicing salts containing a small amount of calcium chloride (addition of 10 mole percent CaCl,
will shift the sodium-chloride ratio of 0.82). The lack of a better correlation could be caused by
several factors, including well locations, variations in recharge rates and salt-application rates, and
clay contents of local sediments (ion exchange of Na for Ca).

Most of the deep and intermediate-depth samples do not fall on the linear trend, suggesting
that these wells are hydrologically isolated from shallow ground waters that are affected by road
deicing salt. The presence of less transmissive silt and clay layers in the glacial drift aquifer may
be responsible for this phenomenon. Nevertheless, sodium and chloride concentrations in
ground-water samples collected from wells completed in the Ordovician shales plot on a linear
trend defined by the shallow samples, suggesting that recharge from the shales may be influencing
water quality in parts of the unconsolidated aquifer. This possibility is evaluated in the following
section.

Ground-Water Mixing Between Glacial Drift and Bedrock Waters

The Brassfield Limestone is moderately transmissive, due mainly to fracture permeability
(Norris and Spieker, 1966), and flow through fractures in the Brassfield likely contributes some
recharge water to the glacial drift aquifer in higher elevation sections of the buried valley.
However, quantifying the amount of recharge received by the unconsolidated glacial deposits from
the Brassfield Limestone is extremely difficult to assess by use of compositional data because the
calcium magnesium bicarbonate composition of Brassfield ground water is virtually identical to
that of ground water collected from the unconsolidated deposits (table 14, figs. 43 and 45).
Application of stable isotope data is also inconclusive. (See section on “Oxygen and Hydrogen
Stable Isotopes™.)

The bulk of the unconsolidated deposits in the study area are in contact with, or are underlain
by, Ordovician strata that are predominately shales. According to Norris and Spieker (1966), the
mixed shale and argillaceous limestone sequences of these rocks are poorly permeable and,
consequently, produce little water. This observation was confirmed by the current study, as most
wells completed in the bedrock yielded shales little, if any, water. Although appreciable recharge
from the bedrock shales to the unconsolidated deposits is considered unlikely, some recharge of
brackish water to the unconsolidated deposits could be derived by flow through fractured or
weathered parts of the bedrock.

Because of the relatively low concentrations of sodium and chloride in the deep parts of the
glacial drift aquifer, significant inputs of sodium chloride water from the Ordovician shale would
result in noticeable changes in the chemistry of ground water in the unconsolidated deposits.
However, despite the fact that most sodium chloride waters from the Ordovician shale plot near the
linear trend defined by shallow ground-water samples shown on figure 50, few of the deep glacial
drift samples plot on the mixing trend. This difference indicates that little saline water is being
contributed to the unconsolidated deposits by leakage from the underlying bedrock shale.
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Additional evidence for a minimal recharge through bedrock shale can be found in the boron
and fluoride concentrations of the deep glacial drift waters. None of the deep glacial drift waters
contain elevated concentrations of these elements, despite notably high concentrations of fluoride
and boron in the bedrock-shale waters (table 14). If significant amounts of sodium chloride water
were being recharged through the bedrock shales, then concentrations of boron and fluoride
should be elevated in the deep glacial drift waters (if both constituents are assumed to be conser-
vative). Boron should be relatively unaffected by precipitation or ion-exchange reactions in the
unconsolidated deposits and should be conservative in the glacial drift aquifer. Concentrations of
boron in the bedrock-shale waters range from 1.7 to 4.7 mg/L (table 14). Water from only one
well had a boron concentration significantly above the report limit for boron (0.03 mg/L). This
was well GR-333, which yielded water with a boron conc¢entration of 0.08 mg/L. Simple mass--
balance calculations indicate that this water would result from a mixture composed of 95 percent
glacial drift water ([B] =0.03 mg/L) and 5 percent dilute bedrock-shale water ([B]= 1.7 mg/L, the
lowest concentration among the bedrock-shale samples).| Well GR-333 is near the edge of the
buried-valley wall (CL-1, fig. 42) and could be influenced by ground-water flow from the walls of
the buried valley. The intermediate and deep wells in the same cluster, however, do not have
detectable concentrations of boron (< 0.03 mg/L); it is, therefore, probable that the elevated boron
concentration at this well is caused by human activity, perhaps by leakage from a septic tank or
waste-disposal site.

In light of the general lack of boron in intermediate or deep wells completed in unconsolidated
deposits and the low Na and Cl concentrations in deep parts of the glacial aquifer, it is concluded
that significant recharge to the glacial aquifer (as a whol{) is not occurring along the glacial
drift/bedrock contact. It is possible, however, that rates of recharge are locally higher in fractured
or weathered parts of the bedrock shales. Because of the elevated permeability of these zones, and,
consequently, the higher water flux through these areas, geochemical features of Ordovician shale
pore waters (high Na, B, F, and Cl concentrations) may not be preserved. Thus recharge from the
bedrock would not be identified by use of the conservative ion tracers considered in this study.
Alternatively, if small amounts of mildly saline sodium chloride brine are entering the aquifer
through valley-wall seepage, the high transmissivity and rapid ground-water velocities of the
unconsolidated glacial deposits would quickly dilute conservative dissolved constituents to
background levels.

The ratios of the stable isotopes of oxygen and hydroéen in water were calculated to provide
an independent means of distinguishing water types and sources in the aquifer. Oxygen and
hydrogen stable-isotope ratios behave conservatively and can be used as hydrologic tracers of fluid
flow in the ground-water system. Tritium concentrations were used to assess the relative ages of

ground water in different parts of the aquifer, thus providing further information on flow in the
aquifer.

130 |



Oxygen and Hydrogen Stable Isotopes

Water samples were collected for analysis of 180/160 and deuterium/hydrogen (2H/1H) stable
isotope ratios from all 29 wells sampled during June and July 1991 (table 14). Oxygen and
hydrogen isotope data given in table 14 are reported in delta (8) notation relative to the
international water standard VSMOW (Vienna Standard Mean Ocean Water) in units of parts per
thousand (permil) where

8'30 (in permil) = {[(*80/1%0)gymprc / (120/1%0)yspow]-1}x 1000
and

oD (in permil) ={ [(D/H)sample / (D/H)VSMOW]'l }X 1,000 .

Values of 8D and 830 can be positive, negative, or zero (equivalent to VSMOW). Positive
values indicate enrichments in 130 or deuterium relative to VSMOW, whereas negative values
indicate depletion relative to VSMOW. Waters enriched in the heavy isotope are described as
being isotopically heavy; depleted samples are described as isotopically light. Analytical
uncertainty of the 8D and 8'°O reported in table 14 are + 1.5 and + 0.1 permil, respectively.

Variation in the 8D and 8!80 of natural water samples results from isotopic fractionation that
occurs during various physical processes and chemical reactions. For meteoric water, deviations
from the mean isotopic composition of sea water are due to isotopic fractionation accompanying
the evaporation and subsequent condensation of water vapor during precipitation events. Because
water vapor is preferentially enriched in the lighter isotopes during evaporation and condensation,
almost all meteoric water samples are isotopically depleted relative to sea water. Analysis of
thousands of meteoric water samples collected at various latitudes has revealed a linear relation
between 8D and 5180 values defined by the equation

SD=85180+10.

This line is known as the Meteoric Water Line (MWL) (Craig, 1961). Because the
fractionation factor between vapor and liquid increases with decreasing temperature, precipitation
at higher latitudes (or elevations) is isotopically depleted relative to precipitation falling at lower
latitudes or elevations. In addition, changes in air temperature and storm tracks can produce
marked seasonal shifts in the isotopic composition of precipitation. However, all rain water and
most surface waters will plot on or near the local meteoric water line.

131



Stable-isotope analyses were done to determine if ground water from different parts of the
buried-valley aquifer and the underlying bedrock could be distinguished by their stable-isotope
composition. Median 8D and 3180 values for the shallo glacial ground waters are slightly
heavier than median 8D and 8180 values of the deep glacial drift waters and bedrock waters
(table 14). The difference between the medians is slight, however, and is insignificant given the
analytical uncertainties and small size of the sample groups. A 6D - 5180 plot (fig. 51) shows that
waters of each subgroup cannot be clearly distinguished by their oxygen and hydrogen isotope
ratios. Values of 8D and 8180 for a couple of the shallow glacial drift samples and for water
collected from well GR-325 (completed in the Brassfield Limestone) are slightly heavier than
those for the other samples. These samples could represent recent or isotopically distinctive
recharge events; however, temporal isotopic data to evaluate such a hypothesis are not available.

Ground-water samples collected during this study plot above the global MWL defined by Craig
(1961) and slightly above a local meteoric water line defined by isotopic data for ground water
collected from a shallow dolomite aquifer in northwestern Ohio (de Roche and Breen, 1989)
(fig. 51). Samples collected during this study are isotopically heavier than the ground water from
dolomite sampled by de Roche and Breen (1989) (fig. 51).| The isotopic composition of the ground
water collected during this study, however, is similar to that of ground-water samples collected
from glacial outwash and till deposits in central and northeastern Ohio as part of the Midwestern
Basin and Arch Regional Aquifer-Systems Analysis project (L.L. Lesney, U.S. Geological Survey,
written commun., 1992). The range of 8D and 8180 in this study is similar to the range of 8D and
8180 recorded for ground water in the Killbuck Creek glacial drift aquifer near Wooster, Ohio
(Dysart, 1988) (fig. 51).

Tritium |

Tritium, 3H, is a radioactive isotope of hydrogen that is extensively used as a hydrologic tracer
and age-dating tool (International Atomic Energy Agency, 1981). Tritium gas is rapidly oxidized,
yielding tritiated water (HTO) that enters the hydrologic cycle. Although produced naturally at
low levels by reactions between cosmic rays and water in the upper atmosphere, the use of tritium
as a tracer in hydrologic studies is due almost entirely to the introduction of large quantities of
tritium into the atmosphere following the initiation of large-scale atmospheric testing of nuclear
bombs in late 1952. Tritium concentrations in precipitation increased 2 to 3 orders of magnitude
above their “pre-bomb” levels. Highest concentrations aCrIF found in the northern hemisphere
(Michel, 1989). With the signing of the nuclear test ban treaty in the late 1960’s, levels of tritium
in the atmosphere generally have been declining. Levels in present-day (1993) precipitation are
ap;l)roaching the pre-bomb levels of 2 to 10 tritium units (TU; 1 TU is equal to 1 tritium atom in
1018 hydrogen atoms or 3.24 picocuries per liter, pCi/L) estimated by Thatcher (1962). The
time-dependent nature of the tritium input function, combined with its short half life (ty/, = 12.43
years; International Atomic Energy Agency, 1981), makes tritium an excellent hydrologic tracer
for use in ground-water systems in which the ground water is less than 100 years old. As a rule,
tritium can be used only to obtain qualitative estimates of the age of the water. If detectable
quantities of tritium (> 1 TU) are measured in the water, it iL certain that some fraction of that water
must have entered the aquifer since the beginning of nuclear testing. The presence of tritium in
ground water, therefore, is a useful indicator of post-1953 recharge to an aquifer.
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To derive constraints on the recharge age of the ground water, one must know or estimate the
tritium input function for precipitation falling on southwestern Ohio. Data for deriving the
tritium-input function comes from several locations across North America. The most complete
data set currently available was measured at Ottawa, Ont., and contains data from 1953 through the
mid-1980’s (International Atomic Energy Agency, 1981), The USGS began measuring tritium
concentrations at several locations in the United States in 1960 (Michel, 1989). Data from these
stations were combined with the Ottawa data set to estimate the weighted annual tritium deposition
for the continental United States for the period 1953-83. Results reported by Michel (1989)
indicate a strong north-south gradient in tritium deposition in the continental United States, with
the highest tritium deposition occurring in the north. High concentrations of tritium also were
noted at stations in the mid-continent and on the east coast. Because of nuclear bomb testing,
nearly 60 percent of total tritium deposition in the contmdntal United States occurred during the
period 1961-65 (Michel, 1989). !

The tritium-input curve for Ohio for the period 1953-83, corrected for radioactive decay up to
the time of sample collection (June 1991), is shown in figure 52. This curve was derived from the
tritium-deposition estimates for central Ohio given by Michel (1989). Also shown are the
decay-corrected tritium input functions for USGS stations at Washington, D.C., and St. Louis, Mo.
Data sets for these stations, which are at a latitude similar to that of southwestern Ohio, are
reasonably complete through 1989. The data from these two stations are therefore used to estimate
the tritium-input function for southwestern Ohio for the period 1984-89. The most notable feature
of the tritium-input curve is the bomb-related spike in tritium concentration; ground water entering
the aquifer in the early 1960’s and sampled in June 1991 would contain several hundred tritium
units (fig. 52) if no mixing with older ground water had occurred since the water entered the
aquifer.

The tritium-input curve can be used to estimate the recharge age of waters in which tritium is
present at greater than 1.0 TU (waters containing < 1.0 TU recharged the aquifer at some unknown
date before 1953 or are highly mixed with pre-1953 waters). The age estimates are derived from
the assumption that the tritium data used to derive the curve in figure 52 are a reasonable
approximation of the actual tritium concentration of rain falling on the study area over the time
period considered. Minimum ages are derived from the assumption that waters containing elevated
tritium concentrations could not have entered the subsurface after the decay-corrected tritium input
curve falls below the tritium concentration of the sample. For example, water collected from.
well GR-334, which contains 49.4 TU, could not have entered the aquifer after 1969. The
maximum age of water in well GR-334 is derived from the\ knowledge that recharge water capable
of producing the observed 1991 tritium concentration of 49.4 TU could not have entered the aquifer
before 1958 (table 18). The decay-corrected tritium-input curves given in figure 52 indicate that
waters with tritium concentrations greater than 32 TU entered the aquifer between 1958 and 1972,
whereas waters containing 7 to 32 TU could have entered the aquifer any time between 1954 and
1989. The most precise constraints on recharge age for waters collected during this study can be
placed on ground water that has tritium concentrations in excess of 45 TU. As discussed above,
such waters must have entered the ground sometime between 1958 and 1969.
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Table 18.—Depth to screened interval and tritium-based minimum and maximum recharge
ages for ground water at Wright-Patterson Air Force Base and Fairborn, Ohio

[ --, data not obtained or not applicable; S, shallow glacial well;
I, intermediate depth glacial well; D, deep glacial well; B, well
completed in bedrock; B (Brass), well completed in the
Brassfield Limestone; TU, tritium units; ND, no data]

Well Site number Depth” Tritium  Maximum  Minimum
number in figure 42 (S,LLD,B (feet)) (TU) age age3
GR-314 CL2 B (232) <0.3 -- < 1953
GR-303 CL3 B (51) <.3 -- <1953
GR-305 CL5 B (147) <3 -- <1953
GR-304 CL4 B (215) <3 -- <1953
GR-313 CL 13 B (84) .6 -- <1953
GR-308 GR-308 (Brass) B (10.6) <3 -- <1953
GR-309 CL9 B (44) 40,1 1958 <1971
GR-325 GR-325 (Brass) B (ND)) 16.7 1954 < 1989
GR-324 CL5 D (117) 21.3 1954 < 1989
GR-328 CL7 D (240) <.3 -- < 1953
GR-332 CL6 D (185) <.3 -- <1953
GR-322 CL4 D (137) 36. 1954 < 1989
GR-335 CL 11 D (225) <.3 -- <1953
MT-153 CL 12 D (80) <3 -- <1953
GR-317 CL1 D (126) 7.1 1954 < 1989
GR-319 CL2 D (150) 8. 1954 < 1989
GR-327 CL7 1(144) 10.2 1954 < 1989
GR-334 CL 11 1(145) 494 1958 < 1969
GR-331 CL6 I(105) .6 -- <1953
GR-323 CLS S (46) 18.8 1954 < 1989
GR-329 CL 13 S (45) 37. 1958 <1971
GR-333 CL 11 S (25) 20. 1954 <1989
GR-326 CL7 S (34) 21. 1954 < 1989
GR-316 CL 1 S (48) 21.6 1954 < 1989
GR-318 CL2 S (43) 17.3 1954 < 1989
GR-321 CL4 S (38) 333 1954 <1972
GR-330 CL6 S (40) ZI.E 1954 < 1989
GR-320 CL3 S 17) 29. 1954 <1978
MT-152 CL 12 S (26) 21.6 1954 < 1989

1 Depth, in feet, to top of screened interval. Screened interval thickness between 5 and 15 feet.
2 Earliest possible year that recharge water could have entered the aquifer.
3 Most recent year water could have entered the aquifer.
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In the study area, tritium concentrations in ground water range from below detection limits
(0.3 TU) to 49.4 TU (table 18, fig. 53). Water collected from wells completed in shale-rich
Ordovician strata contain less than 1.0 TU, indicating no post-1953 recharge water in these rocks.
This observation is consistent with the geochemical and hydrologic evidence discussed previously,
and indicates that little or no ground-water flow occurs through the poorly permeable Ordovician
shale. In contrast, the two bedrock wells believed to be recharged by ground water from the
Brassfield Limestone (GR-309, GR-325) contain a significant component of post-1953 recharge,
as evidenced by tritium concentrations of 17 and 40.1 TU (table 18).

In the unconsolidated deposits, tritium concentrations range from less than 0.3 TU in wells
completed in deeper parts of the outwash deposits to nearly 49 TU in intermediate parts of the
aquifer (table 18, fig. 53). Water collected from the deepest parts of the aquifer (>180 ft) sampled
during this study contains no measurable tritium, whereas ground water sampled at intermediate
depths (100-160 ft) contains from 0.6 to 49 TU. Water collected from wells completed in the
shallow parts of the unconsolidated deposits typically contains from 17 to 37 TU (table 18, fig. 53).
Because of the limitations of this age-dating method, the year during the recharge ages of ground
water in shallow parts of the glacial drift aquifers can be estimated only as later than 1954 and prior
to 1989.

Because of the lack of precision, the tritium age estimates cannot be used to identify recharge
and discharge areas, to derive estimates of ground-water velocity along flow paths, or to estimate
rates of recharge to the unconsolidated aquifer. However, the pre- and post-1953 age estimates
defined by the presence or absence of measurable tritium in the ground-water provide invaluable
qualitative information about vertical and horizontal age relations in the aquifer. The data indicate
that recharge water requires at least 40 years to reach the deepest wells (> 180 ft) completed in the
glacial aquifer (GR-328, GR-332, GR-335); however, the presence of measurable tritium
(> 7.0 TU) in several deep and intermediate-depth wells (GR-324, GR-322, GR-317, GR-319;
table 18, fig. 54) near the center of the glacial valley indicates that some parts of the aquifer have
received significant amounts of recharge since 1953. The tritium data indicate that these parts of
the aquifer are subject to the entry of surface and shallow ground-water-borne contaminants at time
scales of a few years to a few decades.

Interestingly, a deep well containing “young” water (GR-324 in cluster 5) was noted
downgradient from a well containing “old” water (GR-328 in cluster 7) along a predicted
ground-water-flow path. This observation is in apparent disagreement with results of the flow net
analysis and predictions of the ground-water-flow model, indicating that waters should get older
as ground water flows west from the eastern border of WPAFB in the vicinity of cluster 7 towards
the center of the glacial valley (cluster 5) (fig. 54). Nevertheless, this anomaly is consistent with
the complex and highly heterogeneous nature of the glacial-drift deposits. Such geologic and
hydrologic complexity, which produces distinct, highly localized, variations in aquifer properties,
results in multiple, small-scale flow paths in the aquifer. The flow rate and directions of these local
flow paths may or may not reflect ground-water flow on a regional scale. In addition, because of
differences in rates and directions of flow, the ages of recharge water along the local-scale flow
paths are likely to differ from the ages of recharge water along the regional flow paths. Thus, the
complex hydrogeology of the glacial drift aquifer provides a likely explanation for the apparent
contradiction in recharge ages discussed above.
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The presence of elevated concentrations of tritium in all of the shallow wells indicates that the
upper parts of the glacial drift aquifer are being recharged by precipitation at a relatively rapid (but
unknown) rate. Because of the transient nature of the tritium—input function, a single sample set
cannot be used to calculate accurate recharge rates for shallow parts of the glacial drift aquifer.
Multiple data sets that define temporal trends in tritium concentration in the aquifer would be
required to obtain the more precise age estimates needed fd; accurate estimation of recharge rates.

\

Temporal Variabilits of Water Ouallk gt Setected we

To examine temporal variations in water quality and s&trface-water/ground-water interactions
in the glacial drift aquifer, data recorders were installed at|several wells at WPAFB. The earliest
recorder data were obtained from well GR-320, a shallow well adjacent to the Mad River
(site CL-3 on fig. 42). Specific conductance, pH, temperature, and concentrations of DO were
measured hourly from August 22, 1989 to September 7, 1989 by means of sensors connected to a
digital data recorder. Measured pH and specific conductance (7.1 and 650 1S/cm, respectively)
were similar to those recorded during water-quality sampling in June and July 1991 (7.6 and
629 nS/cm, respectively; table 14) and remained constant during the recording period despite a
significant rainfall event (0.63 in. during a 3-hour period on August 24, 1989). Temperature
fluctuated only slightly (+ 0.1°C) throughout the 2-week recording period. The most notable
difference between the 1989 recorder data and the June-July 1991 water-quality data was with
respect to the DO concentration, which averaged nearly 7 mg/L during the 2-week recording
period. This value is near saturation with respect to atmospheric oxygen at this temperature and is
significantly higher than the <0.5 mg/L recorded during pumping of the well for water-quality
sampling. The high concentration probably reflects diffusion of atmospheric oxygen into standing
water of the well. Fluctuations of DO concentration and pH were steady, and minor fluctuations
were within the precision of the instruments. As with the specific conductance and temperature
data, however, no variations in pH or DO that could be related to precipitation events were noted
over the recording period. ‘

Recorders were installed at five observation wells in April 1991 to acquire information about
the effects of recharge to shallow parts of the unconsolidat{(ad aquifer and (or) recharge from
bedrock-valley walls on a seasonal and annual basis. Temperature and specific conductance were
monitored at five wells; water levels were measured with calibrated pressure transducers in two
of the five instrumented wells. The types of data collected at each location are given in the
following table: *

Data collected
Well number  Cluster Depth Temperature | Specific =~ Water level
(feet) conductance
GR-332 6 195 X X X
GR-330 6 49.5 X X X
- GR-324 5 128 X X
'GR-322 4 147 X X
GR-319 2 160 X X
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The sensors and recorders were installed April 16-18, 1991; plots of temperature and specific
conductance recorded through April 30, 1992, for each of the five wells are shown in figures 55
and 56, respectively. Gaps in the line plots on figure 55 indicate periods of no data, whereas the
distinct square and triangle-shaped spikes (particularly notable in the records for GR-319 and
GR-332) are instrument-induced variations of unknown cause.

Temperature data for the four deep wells (clusters 2, 4, 5, and 6) do not display any significant
trends and are constant within the precision of the temperature probe (#0.2°C) at 13.2, 12.4, 12.0,
and 12.4°C, respectively (fig. 55). In contrast, water temperatures in the shallow well (GR-330)
appeared to respond to seasonal variations in air temperature; peak mean daily temperatures
(13.8°C) recorded from April to August declined steadily to 13.2°C by early January and then rose
to 13.4°Cin April 1992. As noted in the methods section, the average ground-water temperature
recorded by the downhole sensors at each of the five wells is approximately 2.0 degrees lower than
temperatures recorded at the surface during water-quality sampling. This difference is attributed
to heating of the polypropylene tubing used to connect the pump outlet to the flowthrough cell in
which temperature was measured.

Specific-conductance data for two of the deep wells (GR-322, GR-324) are constant over the
entire recording period within the accuracy of the specific-conductance sensors (accuracy of the
specific conductance sensors is estimated at + 3 percent, which yields an uncertainty of + 20
KS/cm if specific conductance of ground water is 650 uS/cm). Sharp rises (spikes) in specific
conductance followed by declines to a relatively constant specific conductance (near 650 pS/cm)
were noted in well GR-319 after initial emplacement of the sensor in April 1991 and after
water-quality sampling in June 1991 (fig. 56). The cause of the large spikes is unknown, but these
spikes (and similar but smaller spikes in GR-330) may be related to the effects of ground-water
sampling activities on the specific-conductance sensor. A gradual increase from approximately
630 puS/cm in January 1992 to 670 puS/cm at the end of April 1992 may be related to the intrusion
of more concentrated winter recharge waters at this depth in the aquifer; however, additional data
would be required to confirm this hypothesis. Specific conductance declined in the shallow well
(GR-330) by approximately 100 iS/cm from April 1991 to February 1992 in conjunction with
declining temperature and water levels. This decline may represent a lag effect of approximately
4 to 5 months between introduction of road-salt-contaminated recharge water and transport to this
location in the aquifer. However, water-quality data are insufficient to test this hypothesis.

Water-level data for the shallow and deep wells of cluster 6 (GR-330 and GR-332) indicate
generally declining water levels from April 1991 through April 1992 (fig 57). The water-level
decline for both wells was approximately 4 ft, and the head difference between the two wells
remained relatively constant at approximately 2.5 + 0.25 ft. Water levels in the wells appear not
to have responded to major recharge events. The hydraulic gradient inferred from the water-level
data at these two wells indicates that ground-water flow in the vicinity of cluster 6 is upwards. The
observed upward hydraulic gradient may be caused by recharge from the adjacent bedrock
topographic highs to the deep part of the aquifer, perhaps through a localized fracture zone.
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SUMMARY AND CONCLUSIONS

Ground water is the primary source of water in Clark, Greene, and Montgomery Counties.
Wright-Patterson Air Force Base (WPAFB), located along the Mad River Valley where the three
counties join, overlies an aquifer that consists of valley-train deposits (glacial sands and gravels)
that fill a buried bedrock-valley system.

Most of the consolidated rocks in the region consist of poorly permeable shales, although in
part of the upland areas, the moderately permeable Brassfield Limestone is present. Before the
Pleistocene Epoch, the bedrock in the region was extensively eroded, and many valleys formed.
During the Pleistocene Epoch, these valleys were filled with Wisconsinan glacial sediments.
These glacial deposits consist of clay-rich tills and coarse-grained outwash deposits. Although the
tills are poorly permeable, the sands and gravels of the outwash deposits are the most productive
aquifers in the region, yielding as much as 2,000 gal/min to wells.

Hydraulic conductivities reported from pumped-well aquifer tests in the unconsolidated
deposits range from less than 1 to 2,500 ft/d; corresponding transmissivities range from 2,140 to
37,400 ft/d. Hydraulic conductivities determined from slug tests on wells in the sands and gravels
at WPAFB range from less than 1 to more than 1,000 ft/d. Estimates of the hydraulic conductivity
of the bedrock from slug tests on wells at WPAFB range from 0.0016 to 12 ft/d.

Ground water flows from the uplands towards the valleys and the major rivers in the region,
the Great Miami and the Mad Rivers. In the valleys, ground water flows towards the rivers and
downgradient through the valleys. In the Fairborn area, east of WPAFB, flow in the valley is
towards the Mad River and Huffman Dam. Southeast of the dam, ground-water flow is toward
either the Mad or the Great Miami River and southeast through the valley or to well fields.
Hydraulic-head data indicate that flow may occur between the bedrock and unconsolidated
deposits. The direction of this flow varies from site to site; however, the volume is negligible
compared to the flow within the unconsolidated deposits.

Data from a gain/loss study (a series of discharge measurements) of the Mad River and selected
tributaries reveal that streams within the study area are either gaining or losing water. The data,
although not conclusive, suggest that the Mad River is gaining water from I-70 to Huffman Dam.
The greatest loss of water occurred on the Mad River between Huffman Dam and Harshman Road,
the reach that flows past the well field at Rohrer’s Island. Hebble Creek lost water along its whole
length.

Water-level data from four wells on the Base, near the Mad River, show consistent upward
gradients, indicating that the area is a discharge area for the aquifer. In this area, the shale bedrock
is probably within 10 ft of the riverbed. One of the four wells is completed in the shale. The
hydrograph for this well is similar to that for a nearby shallow well completed in the sands and
gravels. The similarity in water-level records indicates that, in this area, the bedrock may be
fractured or weathered enough to respond hydrologically in the same manner as do the glacial
deposits.
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A steady-state, three-dimensional, 3-layer flow model of the ground-water system beneath
WPAFB and vicinity was constructed to help understand the flow system and to dctcrmme
horizontal directions of flow in the region. The modeled area encompasses about 100 mi? and is

centered on WPAFB. Model boundaries, designated as no-flow or constant-flux, were designed to
coincide with natural hydrologic boundaries near the edges of the study area. Spatial variations in
transmissivity, recharge, and pumping were incorporated into the model.

The model simulates steady-state conditions, based an water levels and hydraulic gradients
measured from October to December 1987 and river discharges measured in 1991. The RMSE
between simulated and observed heads in layer 1 was 9.4 ft, and AAHD was 7.5 ft. Simulated
discharges to streams in the study area were in general agreement with measured discharges.
Simulated head gradients approximated observed gradients in recharge (downward flux) and
discharge (upward flux) areas in the valley-train deposits. The simulated mass-balance error in the
modeled area was zero. Ground water enters the modeled area primarily by river leakage
(52 percent), boundary flux (29 percent), and precipitation (19 percent); ground water exits the
modeled area primarily by boundary flux (45 percent), production wells (35 percent), and river
leakage (20 percent). An analysis involving systematic changes of hydrologic parameters in the
model indicated that simulated hydraulic heads are most sensitive to decreases in riverbed
conductance and vertical conductance and are also highly sensitive to changes in the hydraulic
conductivity of layer 1. The sensitivity analysis also indicates that the contribution of water to the
buried-valley aquifer from the bedrock that forms the valley walls is about 2 to 4 percent of the
total ground-water flow in the modeled area.

Ground-water in the vicinity of Wright-Patterson Air Force Base is classified into two
compositional groups based on dominant cation and anion concentrations: (1) calcium magnesium
bicarbonate waters and (2) sodium chloride waters. Calcium magnesium bicarbonate-type waters
are found in wells completed in the unconsolidated glacial deposits and in the Brassfield
Limestone, whereas sodium chloride waters are exclusively associated with shale-rich bedrock
strata.

The calcium magnesium bicarbonate-type waters are slightly alkaline, very hard, and
commonly anoxic. Concentrations of dissolved iron and manganese in sampled waters commonly
exceeded OEPA SMCL’s set for iron and manganese. Equilibrium speciation calculations indicate
that ground water of the glacial drift aquifer is in equilibrium with calcite, dolomite, and
chalcedony, but is undersaturated with respect to gypsumand fluorite. Siderite equilibria does not
appear to control dissolved-iron concentrations in the glacial drift aquifer.

Samples of shallow ground water from the glacial drift aquifer contained elevated
concentrations of sodium, chloride, sulfate, and nitrate that are related to human activities that alter
the composition of precipitation-derived recharge and shallow ground water. Significantly lower
median sodium and chloride concentrations in water from deeper parts of the glacial aquifer
indicates that recharge to these parts of the aquifer occurs relatively slowly.
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Wells completed in the shale bedrock yield sodium chloride waters. Dissolved solids
concentrations in these moderately saline waters exceeded OEPA SMCL’s and concentrations of
iron, manganese and fluoride generally exceeded the SCML’s. Sodium chloride waters also
contained elevated boron concentrations. These waters were slightly supersaturated with respect
to calcite, dolomite, and siderite but were undersaturated with respect to chalcedony. Fluorite does
not appear to control fluoride concentrations. Simple mass-balance calculations treating boron as
a conservative species indicate that little (< 5 percent) or no recharge from the shale bedrock to the
glacial drift aquifer is occurring.

Stable-isotope data for hydrogen and oxygen indicate a meteoric origin for all ground water
beneath WPAFB, but the data were inconclusive with respect to identification of distinct isotopic
differences between ground water collected from the glacial drift and bedrock aquifers. Tritium
concentrations, used to distinguish waters having a pre- and post-1953 recharge component,
indicate that most water entered the glacial drift aquifer after 1953. This finding indicates that
recharge from shallow to deep parts of the aquifer occurs over time intervals of a few years or
decades. However, the fact that some deep parts of the glacial aquifer did not contain measurable
trittum indicates that ground-water flow from recharge zones to these parts of the aquifer takes
decades or longer. Ground water collected from wells screened in the Brassfield formation did
contain trittum; therefore, indicating that recharge to the Brassfield strata probably occurred over
a time scale of a few years to a few decades. The absence of tritium in ground water collected from
wells completed in the Ordovician shales indicates very slow recharge rates, an observation
consistent with the inferred low permeability of the shale bedrock.
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