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Solubility

[Tuesday, November 02, 201(

.04 P \/\) Q\\

6&5\)\J\'\)\ o

s ol ?\H)/ = 5 b
—
e

6)\“ e N

12
c 1 -
2
'© L
E
% 08
Q - Contaminant Concentration
b Controlled by Solubility
2 .
5 06
3 :
] i Solid-Phase
© Reserve Depleted
2 04
o
E \/J
2 L

02 - P

1 I
0
Pumping Duration or Volume Pumped )

igure 13. Dissolved contaminant concentration in ground water pumped from a recovery well versus time in a
formation that contains a solid-phase contaminant precipitate (Palmer and Fish, 1992).
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Adsorption
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Separate phases
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Figure 5. Conceptual diagram of DNAPL (TCE) based on soil and ground-water sampling in a heterogeneous

‘ sand and gravel aquifer. The extreme difficulty in cleaning up this site, which includes five distinct forms
of TCE (vapors and residual product in the vadose zone; pooled, residual, and dissolved product in the
ground water) led to modification of the pump-and-treat system for hydraulic containment rather than
restoration (adapted from Clausen and Solomon, 1994).
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Heterogeneity, stagnant flow regions
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Figure 14. Changes in average relative trichloroethene (TCE) concentrations in clay lenses of varying thickness
as a function of time (NRC, 1994).
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Figure 15. Recovery Well

Tailing resulting from
ground-water velocity
variations: (a) horizontal

04 \
variations in the velocity of

ground water moving 02 \
toward a pumping well — \

(Keely, 1989) lead to (b) 0

tailing as higher Pumping Duration or Volume Pumped. — 3
concentrations of ground o Ped

water in slower pathlines

mix with lower

concentrations in faster (c)
pathlines (Palmer and Fish,

1992); (c) in a stratified

sand and gravel aquifer, 10
tailing occurs at t1 when

clean water from the upper

gravel strata mixes with still-

contaminated ground water

Relative Dissoled Concentration
(=]
on

Strafified Sand-Grave!| Aguifer

\

in the lower sand strata t
(Cohen et al_, 1994).

Note: this is not heterogeneity, just path length,
heterogeneity increases this dramatically
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What works
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In simple systems with soluble contaminants it works
Hydraulic containment works
In conjunction with bioremediation (e.g., a way to introduce

nutrients or oxidizing agents

Hydraulic containment is a physical method and very robust
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Figure 19. Cross section showing equipotential contours and the vertical capture zone associated with ground-
water withdrawal from a partially penetrating well in isotropic media (Cohen et al_, 1994).

How could we fix this problem? Note that we only have to
remove contaminated water so this is not always a problem
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(a) Isotropic Aquifer (b) Anisotropic Aquifer
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Figure 20. Effect of fracture anisotropy on the orientation of the zone of contribution (capture zone) to a pumping
well (Bradbury et al_, 1991).
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Figure 22 Examples of stagnation zones (shaded where ground-water velocity is less than 4 L/T): (a) single
pumping well and (b) four extraction wells with an injection well in the center (Cohen et al_, 1994).
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Figure 24. Ground-water flow line in the vicinity of conceptual pumping centers at Lawrence Livermore National
Laboratory superimposed on an isoconcentration contour map and showing areas of potential
stagnation (Cohen et al_, 1994, after Hoffman, 1993).
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Figure 26.
The pulsed
pumping concept
(Cohen et al., 1994, 0
after Keely, 1989). Time —»
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Figure 28.
Ground-water
flow between and
beyond the
extraction wells,
resulting even
though hydraulic
heads throughout
the mapped
aquifer are higher
than the pumping
level (Cohen et
al., 1994).
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Figure 33. Stages of remediation in relation to example contaminant concentrations in a well at a pump-and-treat
site (U.S. EPA, 1992).
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gure 34. Some applications of horizontal wells: (a) intersecting flat-lying layers, (b) intercepting plume elongated
by regional gradient, (c) intersecting vertical fractures, and (d) access beneath structures (U.S. EPA,

1994).
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Figure 36.
Process diagram
for air sparging
with (a) vertical
wells, and (b)
horizontal wells
(after NRC,
1994).

Vent to
(a) Atmosphere

Air Compressor Vacuum ?
Vapor
Treatment

Surface Soil/Cap

Vapor Extraction

Wells \

Unsaturated Zone

T T T T

Saturated Zone

Contaminated Zone

Direction of Ground-
Streamtubes of Air Water Flow

(b)

Injection Point for Flushing Gas

(—) Extraction of Contaminated Gas

Surface Soil/Cap

Unsaturated Zone

Saturated Zone

Pump N Treat Page 14



Figure 37.

Schematic of chemical
enhancement of a pump-and-
treat system. Key areas of
concern are shown in boxes.
In some cases, the reactive
agent will be recovered and
reused (Palmer and Fish,
1992).
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Figure 38.
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bioremediation

systems: (a)
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infiltration gallery
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(a) Zone
Extraction Well
Monitoring
Wells
(b)

Ground-Water Plume

QO O«

(c) In Situ Reaction Curtain'
Remediated
Plume
(d) In Situ Reactor
'‘Gate’

Cutoff Wall Remediated
"Funnel’

Figure 39. Alternative ground-water plume management options: (a) pump-and-treat system, (b) intrinsic
bioremediation, (c) in situ reaction curtain, (d) funnel-and-gate system (adapted from Starr and
Cherry, 1994).

Pump N Treat Page 17



Rebound

ITuesday, November 02, 201
2:11 PM

Pump N Treat Page 18



