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Effect of Natural Gas Exsolution
‘on Specific Storage in a Confined Aquifer
Undergoing Water Level Decline

by Richard M. Yager! and John C. Fountain?

Abstract

The specific storage of a porous medium, a function of the compressibility of the aquifer material and the fluid within it, is
essentially constant under normal hydrologic conditions. Gases dissolved in ground water can increase the effective specific stor-
age of a confined aquifer, however, during water level declines. This causes a reduction in pore pressure that lowers the gas sol-
ubility and results in exsolution. The exsolved gas then displaces water from storage, and the specific storage increases because
gas compressibility is typically much greater than that of water or aquifer material.

This work describes the effective specific storage of a confined aquifer exsolving dissolved gas as a function of hydraulic head
and the dimensionless Henry’s law constant for the gas. This relation is applied in a transient simulation of ground water discharge
from a confined aquifer system to a collapsed salt mine in the Genesee Valley in western New York. Results indicate that exsolu-
tion of gas significantly increased the effective specific storage in the aquifer system, thereby decreasing the water level drawdown.

Introduction

Specific storage S, of a confined aquifer is defined as the vol-
ume of water released from storage in a unit volume of aquifer mate-
rial, under a unit decline in hydraulic head (Bear 1979). Specific stor-
age is related to the compressibility of the aquifer material and fluid
by the following relation:

Ss=pg (0. + nf) (1)

where pg is specific weight of water [ML->T-2], ot is compressibility
of aquifer material [ML-'T-2]"}, B is fluid compressibility [ML-!
T -], and n is porosity [dimensionless].

Specific storage generally is treated as a constant in ground
water flow analyses, but variations in S, can occur where aquifer
compressibility changes as a result of inelastic compaction and per-
manent rearrangement of the grains that form the aquifer (Leake
1991),

Estimates of S_ for unconsolidated aquifer material generally
range from 3 X 10©to 1 X 105 m™! (Riley 1998). Heywood
(1998) computed S values ranging from 7.9 X 10-to 1.1 X 10-5
m~ for Rio Grande alluvium in Texas using the method of Riley
(1969) relating changes in fluid pressure to aquifer compression
determined from extensometer measurements. Analysis of earth tide
Strains in the same sediments using the method of Bredehoeft
(1967) yielded S, values of 3.6 X 100 5.6 X 10-5 m-!. Nelson
(1982) also used extensometer measurements to estimate an S,
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value of 7.6 X 106 m™! for glacial drift near Anchorage, Alaska. For
an incompressible aquifer matrix with a porosity of 0.3, the mini-
mum value of specific storage is about 1.3 X 107 m1,

Relation of Gas Solubility to Specific Storage

Specific storage of a confined aquifer undergoing a water
level decline accounts for the amount of water released from stor-
age in response to: (1) aquifer compression (pgot) through increas-
ing effective stress 6,; and (2) expansion of water (pgnf) through
decreasing fluid pressure p. Decreasing fluid pressure in aquifers
that contain dissolved gas also lowers the gas solubility, allowing
gas to exsolve from the water as a free phase if the dissolved-gas
concentration exceeds the solubility limit and if capillary effects can
be overcome. Gas exsolution can significantly increase the effec-
tive specific-storage of the aquifer because the exsolved gas replaces
water in the pore space, allowing additional releases from storage,
and gas compressibility is about 100 times greater than aquifer com-
pressibility under pressures commonly observed in shallow confined
aquifers (less than 1.5 MPa). These effects can be accounted for in
simulations of ground water flow through a gas-partitioning equa-
tion that relates the volume of gas exsolved to the decline in
hydraulic head. Gas solubility is explicitly included in many petro-
leum-reservoir simulators; however, only the solubility of natural
gas in the oil phase is considered and the solubility of gas in the
water phase is generally omitted (Wang et al. 1996).

The gas-partitioning equation can be derived from the equation
of mass for gas in an arbitrary volume of aquifer material V,
undergoing pressure decline, namely,

M=CV,+C\V,+C,V, (2)

where M is initial mass of gas prior to pressure decline [M],
C,, is concentration of gas in water [ML=], V_ is volume of water
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[L3], C\. is concentration of gas in the vapor phase [ML-3], and V
is volume of vapor [L?].

The third term on the right-hand side of Equation 2 represents
the gas dissolved in water released from storage as a result of the
pressure decline. The sum of the water- and vapor-filled volumes
equals the volume of pore space.

V_+V, =1V, 3)

Combining Equations 2 and 3, and solving for V., gives the gas-
partitioning equation

~ M-C,nV,
v C

v 4

v

For gases that follow Henry's law, C,, is related to the gas con-
centration in the vapor phase C_ by the dimensionless Henry's
law constant K, :

C,=K,C, &)

The concentration of gas in water C_, at absolute pressure p is
also related to the gas solubility C, measured at a reference pres-
sure py:

c,=CLE (6)

If the pore space was initially saturated with water (V=
nV,), and the water was saturated with gas, then M =C_V_ at the
bubble pressure p, that prevailed before the water level decline,
and

M =C,2nv, )
Po

Combining Equations 5, 6, and 7 with Equation 4 and simpli-
fying gives

b n\fﬂ
= (pPy pé’) (8)
h

A"

An equation similar to Equation 8 was recently presented by
Jarsjo and Destouni (2000, Equation 3) to compute the volume of
gas exsolved near boreholes in response to drawdown induced by
hydraulic tests. '

Hydraulic head h is defined in terms of gauge pressure p,, ..

h = D ©)
Y

where 7 is the specific weight of water [ML—T~], and z is eleva-
tion [L].

Gauge pressure is defined as absolute pressure minus atmos-
pheric pressure p,,,

pgauge =p- pmm (10J

Expressing pressure in terms of head results in the following
equation:
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p=(h=2) Y+ Py (11

Substituting this equation for pressure into Equation 8 and
simplifying gives

S T )2 A a2
(h -z hatm) Kh
where h, is head corresponding to gas saturation [L], z is elevation
of the midpoint of the aquifer [L], and h, = P/Y-
The specific storage resulting from gas exsolution S, is the vol-
ume V_ of gas produced (water released) from a unit volume of
aquifer material V, under a unit change in head (h, —h = 1) or

n
Sy = T 3
# (h P TR halm) K‘h {13)

The effective specific storage S_” can be computed as the sum
of S (Equation 1) and SSg (Equation 13) to yield

S, =S, +S, (14)

Equations 13 and 14 indicate that the effective specific storage
of a confined aquifer containing dissolved gas and undergoing
water level decline is not constant, but is a function of head (pres-
sure), which varies temporally and spatially. Increasing fluid pres-
sure during water level recovery would result in solution of the
released gas and decreased specific storage values as the volume of
free gas in the pore volume declined.

The derived relation between gas solubility and effective spe-
cific storage (Equation 13) overestimates the contribution of gas
exsolution to specific storage because it assumes that all of the
exsolved gas remains within the aquifer and is not lost through
ground water withdrawal or migration. However, accounting for
these effects would require simulation of gas transport, and other
sources of uncertainty, such as the initial gas concentration in the
aquifer, probably represent greater sources of error in the calculated
volume of exsolved gas. The relation also neglects the partial pres-
sure of water vapor, which is generally small relative to the total
pressure. For example, the partial pressure of water at 10°C 1s
only 1.1 kPa, or 0.5% of the total pressure of 150 kPa at a 15m
depth.

Water Level Decline in a Confined Aquifer

A collapse of the bedrock ceiling in parts of a salt mine in west-
ern New York (Figure 1) in March and April 1994 allowed water from
overlying aquifers to flood the mine. A three-dimensional ground
water flow model was developed to simulate the response of the
aquifer system to mine flooding. Model simulations were used to esti-
mate the time required for water levels in the aquifer to return to pre-
collapse conditions and the extent of land subsidence caused by com-
pression of fine-grained sediments (Yager et al. 2001).

Hydrogeology

The glacial-drift aquifer system within the Genesee Valley
consists of three aquifers separated by two confininglayers in &
bedrock valley (Figure 2a). The uppermost ( unconfined) aquifer con-
sists of alluvial sediments 6 to 18 m thick, a middle confined
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Figure 1. Location and extent of mined area, Livingston County,
New York, site of 1994 mine collapse, and distribution of drawdown
in lower aquifer in January 1996 in response to mine flooding.

aquifer consists of glaciofluvial sand and gravel 3 to 5 m thick, and
a lower aquifer consists of glaciofluvial sand and gravel about
1.5 m thick overlying the bedrock valley floor. The upper and
middle aquifers are separated by an upper confining layer of lacus-
trine sediments and till as much as 75 m thick, and the middle and
lower aquifers are separated by a lower confining layer of undif-
ferentiated glaciolacustrine sediments as much as 75 m thick. The
principal permeable zones in the bedrock consist of fractures near
the contact between two carbonates—the Devonian Onondaga
Limestone and the Silurian Bertie Limestone (Figure 2a). The
unconsolidated glacial-drift aquifers are hydraulically connected at
the edges of the confining layers, and permeable zones in the
bedrock subcrop beneath the north end of the valley.

Ground water within the valley originates as precipitation on
the valley floor and the surrounding uplands and discharges to
Stream channels or as underflow to downgradient areas. Recharge
enters the deep confined aquifers along the sides of the valley,
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Figure 2. Generalized sections in the Genesee Valley: (a) aquifers and
confining layers; (b) representation of aquifer system in three-
dimensional flow model (line of section shown in Figure 1).

particularly in the southern part, where permeable morainal and
deltaic deposits connect the upper aquifer with the deeper middle
and lower aquifers. The hydraulic-head distribution in the deeper
aquifers under precollapse conditions is assumed similar to that of
the upper (unconfined) aquifer.

Effects of Mine Collapse

A salt layer in the shales beneath the Onondaga and Bertie lime-
stones has been mined since 1885. In March and April 1994, parts
of the salt mine catastrophically collapsed, allowing ground water
from overlying aquifers to flood the mine and causing rapid draw-
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downs throughout the aquifer system. Mining was halted in
September 1995, and the mine shafts were sealed after the mine
became completely flooded in January 1996.

The collapses allowed water from the lower aquifer to drain
through a rubble zone into the mine. The drainpoint is at an altitude
of 12 m above sea level (Figure 2a), which is 150 m lower than the
aquifer’s natural outlet at the north end of the Genesee Valley. This
drainage altered the hydraulic gradients in the deeper aquifers and
reversed the direction of flow north of the collapse area. Water lev-
els in the lower aquifer had dropped as much as 120 m by January
1996, when the mine was completely flooded, and several domes-
tic wells screened in the middle aquifer went dry. Drawdowns of 15
to 40 m were recorded at wells 12 km north and south of the collapse
area (Figure 1). Water levels in upland areas and in most of the upper
aquifer were apparently unaffected by the collapse, although draw-
downs of 2 m in the upper aquifer could have occurred near the col-
lapse area. Water levels in the collapse area had recovered %0 m
(75%) about two years after drainage to the mine had ceased.

Methane and hydrogen sulfide were detected in the salt mine
after the collapses and accumulated to unsafe levels periodically
through the summer of 1994. Several bedrock wells, originally
drilled in the collapse area as part of a grouting program undertaken
to save the mine, were used to vent the gas, and three of the wells
were flared in May 1995. Some water wells screened in the aquifer
system as far as 10 km from the collapse area began to produce gas
after the collapse. Gas was flared from two wells screened in the
middle aquifer near the bedrock surface—I.v398 on the west side
of the valley and Lv428 on the east side of the valley (Figure 1), after
the wells went dry in April and July 1994, respectively. Gas was also
produced in two wells screened in the lower aquifer—Lv91 in
Mt. Morris (December 1994) and Lv368 in the collapse area
(October 1995). Gas production ceased in the fall of 1998 in well
Lv398 but continues (1999) in well Lv428 and supplies heating fuel
to three homes. Releases of biogenic gas (methane) from several
wells affected by water level declines suggest that exsolved gas was
present as a free phase over a wide area during mine flooding.

Dissolved Gases in Ground Water

Natural gas is commonly encountered during drilling in the mid-
dle and lower aquifers in the Genesee Valley (Hall, oral commu-
nication 1996), and methane and hydrogen sulfide were reported dur-
ing the sampling of several wells screened in these aquifers in
1966 (Kammerer and Hobba, 1967). Methane is a common com-
ponent of ground water, typically as a dissolved phase at concen-
trations less than 10 mg/L (Barker and Fritz 1981; Whiticar et al.
1986). Methane is of two primary types: biogenic methane, produced
by bacterial decay of organic matter, and thermogenic methane, pro-
duced during thermal generation of petroleum hydrocarbons. The
local bedrocks in western New York are known to contain ther-
mogenic gas (Jenden et al. 1993), but the concentrations of ther-
mogenic methane in shallow ground water (less than 30 m depth)
are typically low and accumulate to more than 10 mg/L only near
local sources such as wells, pipelines, or fractures that tap a gas reser-
voir (Stahl et al. 1981; Jones and Drozd 1983; Faber and Stahl 1984).
Biogenic methane, in contrast, has been found at or near saturation
at shallow depths in many locations (King and Wiebe 1978;
Whiticar et al. 1986; Adrian et al. 1994; Parkin and Simpkins
1995; Romanowicz et al. 1995; Martini et al. 1996).

Biogenic methane can be distinguished from thermogenic
methane by the relative abundance of heavier hydrocarbons and
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Table 1
Methane-to-Ethane Ratios of Gases Collected from Venting
Wells in 1995 and from Ground Water Samples in 1999
Methane
Ratio of Methane Concentration

Well Aquifer to Ethane mg/L
Gas sampled

in 1995:
Lvol lower aquifer 135 —
Lv309 carbonate bedrock 127 —
Lv328 carbonate bedrock 21.0 —
Lv349 middle aquifer® 50.0 —
Lv395 rmuddle aguifer 84.2 —
Lv398 middle aquifer 53.9 —
Lv428 middle aguifer 66.1 -
Water sampled

in 1999:
Lv360 lower aquifer 19.8 38
Lv3a7 lower aquifer 13.9 14
Lv368 lower aquifer 6.6 2
“Gas sampled during drilling.

lighter (more negative) isotopic composition of carbon (James
1983; Whiticar et al. 1986). Biogenic methane contains negligible
amounts of ethane and heavier hydrocarbons and typically has
S13C values less than —50%e. In contrast, 14% to 21% of the hydro-
carbons in thermogenic gas in the near-surface bedrocks in west-
ern New York are ethane, propane, and butane; the methane-to-
ethane ratios are less than 20, and 8'3C yalues in methane range from
—32%e t0 —41%c (Jenden et al. 1993). The solubility of methane at
1 atmosphere pressure is 24.4 mg/L (McAullife 1966) and increases
with pressure following Henry's law to 863 mg/L at 3.4 MPa
(~350 m of head) (Li and Ngheim 1986; Song et al. 1997).

Gas Sampling and Analysis

Gas exsolving from seven wells in the Genesee Valley was sam-
pled in 1995 during mine flooding: four wells screened in the mid-
dle aquifer, one well screened in the lower aquifer and two bedrock
wells (Figure 1). Gas also was collected from water samples in three
wells screened in the lower aquifer in 1999 after the mine was com-
pletely flooded. Samples were collected from wells venting gas
through tubing that connected a valve installed at the well head to
a stainless-steel gas-sampling vessel or an aluminized mylar sam-
pling bag (Milliken, written communication 1995). Water sam-
ples were collected with a stainless-steel sampler manufactured by
Westbay Instruments under hydrostatic pressure. The Westbay
sampler was evacuated with a hand pump to create a vacuum of 64
cm of mercury, and a valve in the sampler was opened from land
surface to allow water to enter the sampler at a specified depth in
the well. After retrieval, the sampler was connected to an evacuated
Tedlar bag, and the valve on the sampler was opened. A combina-
tion of the expansion of headspace gas and an exsolution of dis-
solved gas, both resulting from the drop in pressure, caused gas to
rapidly enter the bag.

Gases were analyzed by a gas chromatograph (GC) equipped
with a flame-ionization detector through direct injection at 110°C
onto a 2 m, 3.2 mm diameter stainless-steel Hayesep D column. The
instrument was calibrated daily with 99% calibration gases diluted
with nitrogen and standards run at least every 10 samples. Some gas
samples also were analyzed with a Century OVA 128 GC that
used a nonheated column and a flame-ionization detector. Many
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Figure 3. Water levels predicted by transient simulations with specific storage values specified from literature values, estimated by regression
(model A), computed considering gas exsolution (model B), and measured in the lower aquifer: (a) near collapse area, well Lv368; (b) 11 km
south of collapse, well Lv367; (c) 5 km south of collapse, near Mt. Morris, well Lv91; {(d) 13 km north of collapse, well Lv425,

samples were diluted for this analysis because the calibration limit
for the instrument was only 1000 mg/L; therefore, only methane-
to-ethane ratios (not affected by the dilution) from these analyses
were used. s

Results

Gas from five of the seven wells sampled in 1995 had methane-
to-ethane ratios ranging from 54 to 135, which indicate that the gas
was primarily biogenic (Table 1). The relatively light isotopic
composition of carbon (8'3C value of —55.1%c) in the methane
from well Lv395 is consistent with this finding. The biogenic gas
probably exsolved from ground water as heads in the aquifer were
lowered during the flooding of the mine, and the wide distribution
of gas-producing wells suggests that gas exsolved over much of the
confined aquifer system. In contrast, gas from wells near the col-
lapse area (Lv309 and Lv328) had methane-to-ethane ratios rang-
ing from 13 to 21, similar to those of thermogenic gas in western
New York. The thermogenic gas in the collapse area probably
entered both the lower aquifer and the mine from a fracture zone
in the Bertie limestone where gas had previously been detected in
other boreholes (Milliken, oral communication 1996).

Methane concentrations in water samples collected in 1999
ranged from 2 to 38 mg/L, much less than concentrations expected
near saturation (320 to 420 mg/L). The methane-to-ethane ratios of
7 to 20 indicate that the gas was primarily thermogenic. The
methane concentrations in the water samples suggest that the lower
aquifer does not contain high levels of dissolved gas at present, prob-
ably as a result of exsolution and subsequent migration of gas dur-
ing flooding of the mine. Measured concentrations only qualitatively

represent actual methane concentrations in ground water, how-
ever, because the sampled wells are open to the atmosphere, and
some methane could be lost through diffusion through the water col-
umn in the well.

The source of the biogenic gas could be Devonian black shales
that border the lower aquifer in the bedrock valley. Production of
biogenic methane in shallow ground water can be limited by high
concentrations of dissolved sulfate, but analyses of water sampled
from the lower aquifer indicate sulfate concentrations are generally
less than 20 mg/L (Yager et al. 2001). While no chemical analyses
are available for redox species in the lower aquifer, the presence of
hydrogen sulfide noted by drillers suggests a reduced geochemical
environment consistent with a biogenic origin of dissolved methane.

Simulation of Ground Water Discharge
and Gas Exsolution

Ground water flow within the aquifer system was simulated
with MODFLOWP (Hill 1992), a three-dimensional flow model
constructed to provide inverse estimates of parameters represent-
ing aquifer properties. Conditions before and after the mine collapse
were simulated. Parameter values representing aquifer properties
were adjusted through steady-state and transient-state simulations
to produce a model that approximated ground water levels and flow
rates measured prior to the mine collapse, during flooding of the
mine, and during a period of water level recovery after the mine was
filled. Hydraulic heads computed by steady-state simulations pro-
vided initial conditions for a 29-month transient-state simulation rep-
resenting drainage from the aquifer system to the mine (March 1994
through December 1995) and recovery of water levels after the mine
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Table 2
Optimum Parameter Values Estimated for Confined-Aquifer System in Model A (Constant Specific Storage),
Their Approximate 95% Confidence Intervals, and Values Estimated by Model B (With Gas Exsolution)
Approximate Individual Coefficient of

Variable Model A Confidence Interval Variation (%)* Model B
Hydraulic conductivity, m/d

middle aquifer 1.1 04-33 30% 1.8

lower aquifer 91 55150 26% 73
Vertical hydraulic conductivity, m/d

upper confining layer 3.3 X107 sa — 3.3 x 107

lower confining layer 3.7 x 107 13X 10%-9.8 x 10 4% 5.4 x 10

collapse area (lower confining layer) 8.2 %107 7 X 10° -0.94 37% 7.8 X 1073
Specific storage, m™!

upper confining laver 33x 10 = o 3.3 % 1075

middle aquifer 23 %10 43X 105 -1.2 % 1073 5% 7.6 X 10°%

lower confining layer 1.6 X 107 — — 1.6 X 1075

lower aquifer 9.5 x 107 4.6 x10%-2x 107 3% 7.6 X 10¢
Bubble press p,, MPa

middle aquifer — — — 0.7

lower aquifer — — — 1.6
Model error
Sum of squared errors, m? 3.75 x 10 4.8 x 10¢
Standard error in heads, m 10 113
Discharge to mine, L/s Observed
March 1994 570 310 323
September 1994 790 1300 478
*Coefficient of variation on log-transformed parameter.
PSpecified value in nonlinear regression. v

had completely filled (January 1996 through August 1996). Two
alternative models were considered: model A, in which the specific
storage was constant during the transient-state simulation, and
model B, in which specific storage varied as a result of exsolution
and subsequent solution of methane.

Model Design

The three aquifers and two confining layers within the uncon-
solidated glacial deposits were represented by five model layers
(Figure 2b) and a uniformly spaced grid with a cell size of 91 m that
represented 159 km? in the Genesee Valley. Recharge to the uncon-
fined aquifer was represented by a constant-flow (Neumann)
boundary with higher recharge rates specified along valley walls to
account for additional recharge from upland runoff. Outflow
through the northern (downgradient) boundary, and flow to and from
perennial streams, was represented by head-dependent (Cauchy)
boundaries; the contact between the aquifer system and the shale
bedrock at the valley wall was represented by a no-flow boundary.
Vertical leakage through permeable deposits and (or) bedrock frac-
tures along the valley wall was represented by hydraulic connec-
tions between adjacent model layers (Figure 2b). In transient-state
simulations, constant-head (Dirichelet) boundaries were specified
at the two collapse sites in model layer five (lower aquifer) to rep-
resent drainage from the aquifer system to the mine from March
1994 through December 1995.

Constant Specific Storage (Model A)
Six parameters representing horizontal hydraulic conductivity
and specific storage of model layers three and five (middle and lower
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aquifers, respectively), and vertical hydraulic conductivity of model
layer four (lower confining layer) were estimated through transient-
state simulations based on 354 water level measurements recorded
in 51 wells from March 1994 through August 1996, and two esti-
mates of ground water discharge to the mine in March and
September 1994 (Table 2). The distribution of drawdown in January
1996 computed by model A was similar to the measured distribu-
tion, and the standard error in heads was 10 m. Computed draw-
downs near the collapse area (123 m) were overpredicted by less
than 3 m, and the predicted change in drawdown with time was in
close agreement with measured drawdowns at individual wells
(Figure 3a). Drawdowns 11 km to the north (10 m) and 13 km to
the south (15 m) were generally underpredicted by about 5 m and
18 m, respectively (Figure 3b and 3c).

Computed discharges to the mine in April 1994 (570 L/s) were
100% greater than the values estimated from the observed rate of
mine flooding, and computed discharges to the mine in September
1994 (790 L/s) were 40% less than the values estimated. The com-
puted water budget indicated that most of the water discharged to the
mine was ground water released from storage (Table 3a), and that
most of the inflow was from storage in the lower aquifer (58%).
Storage from confining layers contributed only about 10% of the
water (Table 3b), an estimate confirmed by one-dimensional simu-
lations of flow in the confining layers calibrated to measurements
of pore pressure and land subsidence (Yager et al. 2001). The esti-
mated volume of water discharged to the mine (2.8 X 10'°L) was
only 55% to 60% of the estimated mine volume because draw-
downs south of the mine were underpredicted. This bias suggests that
model A does not accurately represent significant processes that affect
ground water flow.



Table 3
Simulated Water Budget for Aquifer System in Model A (Constant Specific Storage) During Period of Mine Flooding,
March 1994 Through January 1996: (A) Entire Aquifer System (Model Layers 1 Through 5). (B) Confined Aquifer System
(Model Layers 2 Through 5). [Flow Volumes are ir Millions of Cubic Meters]
Inflow Discharge
Percentage Percentage

Source Volume of Total Location Volume of Total
A. Entire aquifer system (model layers 1 through 5)
Storage 24 11 River and streams 181 84
Recharge and upland runoff 105 Underflow =) 3
River and streams 69 32 Salt mine 29 13
Underflow 17
Total 215 100 Total 215 100
B. Confined part of aquifer system (model layers 2 through 5)
Storage

upper confining layer 0.2 <1

middle aquifer 1.9

lower confining layer 2ol 9

lower aquifer 17 58
Underflow Underflow

middle aquifer 0.6 2 middle aquifer <.1 <1

lower aquifer <.l <1 lower aquifer 0.7
Vertical leakage Vertical leakage

valley walls 5.9 19 valley walls 0.2 <1

deltaic deposits 1.4 5 salt mine 29 a7
Total 29.9 100 Total 29.9 100

Coefficients of variation of the log-transformed parameter
values estimated by nonlinear regression indicated that model A was
sensitive to the estimated parameters and that, if the values for these
parameters were changed, model error would increase. Coefficients
of variation for vertical hydraulic conductivity of the lower confining
layer and specific storage of the middl¢ and lower aquifers were less
than 10%, indicating that the model was most sensitive to these three
parameters (Table 2). Specific-storage values estimated for the
middle and lower aquifers were 2.3 X 10 m~! and 9.5 X 10
m~!, respectively, which is much larger than the range of values
(23X 105m"to 7 X 10~ m!) estimated for other sand and grave]
aquifers from extensometer measurements of land subsidence.
Assigning a lower value of specific storage (7 X 10 m™!) greatly
increased model error, however, and no combination of the remain-
ing parameter values was found through nonlinear regression that
provided an acceptable match to the measured water levels. The
response of the confined aquifer system when simulated with the
lower specific-storage value was more rapid than the observed
response, particularly during the period of water level recovery after
the mine was filled (Figure 3).

Gas Exsolution (Model B)

The effects of gas exsolution were incorporated into the com-
puter program MODFLOWP by computing the effective specific
storage S_” for every time step of the transient-state simulation. The
specific storage resulting from gas exsolution S_, was calculated for
each model cell through Equation 13 with heads obtained from the
Previous time step, a porosity n of 0.3 and a K, -value for methane
of 27.02 (Schwarzenbach et al. 1993). The effective specific stor-
age S, (Equation 14) was then used to compute heads for the suc-
ceeding time step. Values of S, decreased as water levels recovered
to represent solution of gas, under the assumptions that the gas was

trapped and did not escape from the aquifer system, and that the time
required for gas dissolution was shorter than the time steps used (two
to 120 days). The initial methane concentration was assumed to be
below saturation in parts of the middle and lower aquifers, such that

S, = 0. for(p > py) (15)

where p, is the bubble pressure at which the dissolved gas con-
centration C_ is at saturation, so that gas exsolution did not occur
until declining water levels lowered the pressure p in the aquifer
below p,.

Optimum parameter values in model B were estimated with
UCODE (Poeter and Hill 1998), a nonlinear regression method sim-
ilar to MODFLOWP, in which model sensitivity to certain parameters
is estimated through a perturbation technique, rather than computed
directly from an analytical expression, as in MODFLOWP. The set of
estimated parameters was increased from six to eight to include py val-
ues for the middle and lower aquifers. Estimated specific-storage
values for the middle and lower aquifers were near the upper end of
the range reported for sand and gravel aquifers (7.6 X 1076 m1)
from extensometer data (Table 2). Hydraulic conductivity of the
lower aquifer was estimated to be 73 m/d, less than the 91 m/d esti-
mated by model A, in which the specific-storage value was larger and
required a larger hydraulic conductivity to simulate the rapid propa-
gation of drawdown through the lower aquifer. The initial methane con-
centrations corresponding to the estimated p, values were 170 mg/L
in the middle aquifer and 390 mg/L in the lower aquifer.

Including the effects of gas exsolution in model B increased
model error by about 20% (Table 2). Predicted drawdowns near the
collapse area were larger than those computed with S_ values esti-
mated by the regression (Figure 3a), but matched more closely the
observed drawdowns in areas farther away (Figure 3b and 3c).
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Figure 4. Change in specific storage in model B during water level
drawdown and recovery at selected wells screened in lower aquifer
in the Genesee Valley, 1994 to 1996.

Model bias decreased when the effects of gas exsolution were
included, but the trend of underpredicting drawdowns in wells far
from the collapse area remained.

The resulting S_” values near the point of maximum drawdown
at the collapse area ranged from 1.1 X 10~ m! to 4.0 X 10~
m~! (well Lv368, Figure 4). The S.” value was initially greater
(1.9 X 10~ m™) at the northern end of the valley (well Lv496,
Figure 4), where the pressure is lower than at the collapse area
because the lower aquifer is shallower (depths of 65 m and 145 m,
respectively). The maximum S_” value at well Lv496 (2.8 X 104
m~') was lower than at the collapse area, however, because draw-
down was less. Values of S, in the south, where the lower aquifer’s
depth exceeds 215 m, ranged from 4.7 X 10 m' t0 5.2 X 10-5 m!
(well Lv367, Figure 4). Unlike effective specific storage values near
the collapse area, values at the northern and southern ends of the val-
ley remained unchanged after the mine was filled in January 1996
because water levels continued to decline at these locations and did
not begin to recover until several months later. The maximum
pore volume occupied by gas was calculated to be 4.3% from the
release of stored water at the collapse area and less than 1% at the
other two locations.

Discussion

Although model A (with a constant specific-storage value) rep-
resents the drawdown and recovery of water levels reasonably well,
the large values of specific storage estimated through the regression
suggest that more water was released from storage than can be
accounted for by the compressibility of water and aquifer material
alone. Incorporating the exsolution of gas from ground water (model
B) allowed the use of realistic specific-storage values to represent water
and aquifer compressibility. Model results indicate that the addi-
tional release of water through gas exsolution probably lessened
water level declines near the collapse area and delayed the propaga-
tion of drawdowns into areas away from the collapse.

The gas-venting of wells in 1995 indicates large-scale pro-
duction of biogenic gas during the period of water level decline that
accompanied the flooding of the mine. Methane concentrations in
water samples collected in 1999, more than five years after the mine
collapse and three years after the mine was completely flooded, sug-
gest that the quantity of biogenic gas has been largely depleted, a
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conclusion consistent with the cessation of gas production from a)]
but one of the vented wells. The aquifer system might have beep
charged with biogenic gas before the mine collapse and lost nearly
all of the gas as pressures in the aquifers dropped during mine floog.
ing. If this interpretation is correct, methane concentrations should
slowly increase with the continuing production of biogenic gas,

The error in model simulations can be partly explained by
uncertainty concerning the initial concentration of gas in ground
water, the fate of the exsolved gas, and the effect of gas saturatiog
on the relative permeability of water in the confined aquifer system,
If the initial gas concentration was less than estimated, gas would
not have exsolved until declining water levels decreased the gas sol-
ubility, resulting in specific-storage values smaller than those sim-
ulated and water level declines larger than those predicted far from
the collapse area. Lower initial methane concentrations in parts of
the aquifer system north and south of the collapse area could there-
fore explain the underprediction of drawdowns in these areas.

The result that simulated recovery of water levels is faster than
the observed recovery also suggests that other significant processes
are not represented in the model. Some of the exsolved gas migrated
upward from the lower aquifer and discharged from the aquifer sys-
tem, possibly through the collapse area or along the valley walls.
Although the rate of gas exsolution was probably rapid because gas
was present throughout the aquifer pore volume, the rate of solu-
tion was probably slower because gas transfer occurs through the
interface separating gas-filled from water-filled pores, and the
interfacial area would be smaller once a gas phase developed. A
relatively high rate of gas exsolution followed by a lower rate of
gas solution could explain the observed rapid drawdown of water
levels followed by a relatively slow walter level recovery.

If gas occupied 4.3% of the pore volume in the lower aquifer,
as calculated in model simulations, the relative permeability of
aquifer material to water (K, ) could decrease by about 33% if the
gas were distributed uniformly throughout the pore volume (Coats
and Richardson 1967; Charbeneau 2000). This condition would
probably not persist, however, because the gas would soon migrate
upward and form bubbles that would be trapped by the lower con-
fining layer, thereby decreasing the saturated thickness (and trans-
missivity) by about only 4%. If gas migration were impeded, the
decreased K, could delay water level recovery in some parts of the
lower aquifer. Additionally, upward migration of gas along the
valley walls could decrease the K, of permeable sediments that pro-
vide hydraulic connection between the confined aquifers and land
surface and thereby decrease the potential for recharge and slow the
recovery of water levels.

A two-phase flow model that represents water and gas move-
ment could be used to simulate gas migration and its potential
effects on relative permeability, but the application of such a model
in this setting would be difficult because the initial gas concentra-
tion, the migration pathways, and the altitude and topography of the
bottom of the lower confining layer, which probably forms a bar-
rier to upward gas migration, are uncertain.

Conclusions

Although specific storage can usually be treated as a constant
aquifer property, the presence of dissolved gas in ground water can
cause specific storage to increase with decreasing pressure. In a con-
fined aquifer undergoing water level decline, decreasing fluid pres-
sure lowers the gas solubility, allowing gas to exsolve from the water
and form a free phase if the dissolved gas concentration exceeds the



oas solubility. A gas-partitioning equation that relates the volume
;{ gas exsolution to the decline in hydraulic head indicates that spe-
cific storage is a function of hydraulic head and the dimensionless
Henry's law constant for the dissolved gas. Incorporating this rela-
tion in 2 ground water flow model to simulate discharge from a con-
fined aquifer system to a collapsed salt mine allowed the use of rep-
resentative compressibility values for water and aquifer material.
Model results suggested that methane exsolution greatly increased
the effective specific storage of the aquifer system and signifi-
cantly diminished water level declines. The initial concentration of
methane in ground water is uncertain, however, and a two-phase
flow model representing both water and gas movement would be
needed to simulate gas migration and its potential effects on rela-
tive permeability of the aquifer material. Similar effects could
occur with other dissolved gases such as carbon dioxide and hydro-
gen sulfide if they are present at high concentrations; however, con-
centrations of these constituents are typically low and the effect
would probably be minor.

Editor’s Note: The use of brand names in peer-reviewed papers is
for identification purposes only and does not constitute endorsement
by the authors, their employers, or the National Ground Water
Association.
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