HOMEWORK

Chapter 2

2-1. A sample of silty sand in its natural condition had a volume of 220 cm’ and weighed
481.2 g. After saturating the sample with water it weighed 546.9 g. The sample was
then drained by gravity until it reached a constant weight of 445.7g. Finally the sam-

g ple was oven dried at 105 °C after which it weighed 432.8 g. Note that the volume of

= the voids in the sample under natural conditions is the volume of water in the sample
at saturation. Assuming the density of water is 1 g/cm’, compute the following:

(a) water content (mass basis) under natural conditions, defined as the ratio of the

e ko mass of water to the mass of the sample under natural conditions.

Bl (b) volumetric water content under natural conditions, defined as the ratio of the

il {7 volume of water to the volume of the sample under natural conditions.

2 (¢) saturation ratio under natural conditions, defined as the fraction of voids filled

with water under natural conditions.

(d) porosity, defined as the ratio of the volume of voids to the volume of the sample
under natural conditions.

(e) specific yield , defined as the ratio of the volume of water drained from the satu-
rated sample due to gravity to the volume of the saturated sample.

(f) specific retention, defined as the ratio of the volume of water a sample can retain

i against gravity to the volume of the saturated sample, also equal to the differ-

§ ence between porosity and specific yield.

(8) dry bulk density, defined as the mass of the soil particles divided by the volume
of the sample under natural conditions.

A B 2-2. Three piezometers, A, B, and C are located 1000 m apart (in a straight line) in an
<14 unconfined aquifer. Fill in the blank spaces in the table below. Calculate the pressure
24 i head and elevation head at the base of the piezometer.

7l Piezometer

i Ground surface (msi){m)
Depth of plezometer (m)
Depth to water (m)
Pressure head (m)
Elevation head (msi)(m)
Total head (msl)(m)

. Hydrautic gradient (m/m)
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Compute the discharge velocity, seepage velocity, and flow rate for water flowipg -

through a sand column with the following characteristics

dh
K = 10" cm/s 7 =0.01
Area =75 com’ n=0.20

The average water table elevation has dropped 5 ft due to the removal of 100,000 acf

from an unconfined aquifer over an area of 75 mi>. Determine the storage coefficient
for the aquifer.

A confined aquifer is 50 m thick and 0.5 km wide. Two qbservation wel}s are located
1.4 km apart in the direction of flow. The head in well 1 is 50.0 m and in well 2 the
head is 42 m. The hydraulic conductivity K is 0.7 m/day.‘
(a) What is the total daily flow of water through the aquifer?
(b) What is the height of the piezometric surface 0.5 km from well 1 and 0.9 km
from well 2?

Three piezometers arranged in an aquifer as an equilateral niangl_e witp sides of
1000 m. A is located to the east of Well B and Well C which are aligned in a north-
south direction. The water surface elevations are measured for the three w.ells are as
follows: A = 150m, B = 100m and C = 200m. Find the direction and two dlmenSlf)I?al
rate of flow within the triangle using graphical methods. The hydraulic conductivity
of the aquifer is 5 x 107 cm/s.

Answer the following questions with reference to Figure 2.11(b) .for a f:low net under

a dam with a sheet pile. Note that the numbers beside the equipotentials are labels

only and not representative of head valges.

(a) What are the values of equipotentials 17, 9, 2, and 07 )

(b) What is the rate of seepage under the dam if the dam is 120 ft long and the hy-
draulic conductivity is 5 m/d?

(c) What is the rate of secpage under the dam if the upstream water level drops to
12 1?

Refer to Figure 5.18 showing the potentiometric map for a sliallogv sand a(_;mfer. The

hydraulic conductivity of the unit is estimated to be 1..5 %107 cm?s, porosity = 0.3.

(a) Which well would you expect to be most contamma_ted?

(b) What is the groundwater velocity and seepage veloqty across Lt'ne plume? ]

(c¢) Estimate how long the source has been contaminat}ng the aquifer. You may ig-
nore the effects of dispersion, diffusion and adsorption.

(d) Estimate the rate of flow across the plume.

(e) How would you explain contamination upgradient of the source?

Two observation wells 1700 m apart have been constructed in a confined variable 587
hydraulic conductivity in the direction (see Figure P2:9). .The. flo“( rate is
0.008 m’h per unit width of the confined aquifer. Well '1 is mw in Sc)}l A with
hydraniic conductivity 13 m/d, and Well 2 is drilled in Soil C with hydraulic conduc-
tivity 9 m/d. The soil zone B is between the wells, 600 m from Well 1 'and 390 m
from Well 2. The potentiometric surface is 6 m above the upper confining unit in
Well 1 and 2.5 m above the upper confining unit in Well 2. Evaluate the hydraulic
conductivity of Soil B using Darcy’s Law.
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A

] m z

e 25m)
VWL LS //////»

Figure P2.9

‘i"‘ Ka = 13 m/d Ke=? | Kg=9mid

SO/l 7 777 7777777 77777777777

600 m 800 m - 300m

2-10. Three observation wells separated by 1000 m are drilled in 2 line in a confined aquifer

2-14.

with variable hydraulic conductivity in the .x direction. The water surface elevation in
Well 1 is 60 m and 52 m in Well 3. The hydraulic conductivity of the aquifer be-
tween Wells 1 and 2 is K, and between Wells 2 and 3 the hydraulic conductivity is
Kpy. Determine the water surface elevation in Well 2 for the following conditions:

(a) K,=10m/d, Ky =20 m/d

(b) K, =10 m/d, Kz =50 m/d

(¢) K,=50m/d, Kz = 10 m/d

. Two piezometers are located 1000 fi apart with the bottom located at depths of 50 ft
and 350 ft, respectively, in a 400 ft thick unconfined aquifer. The depth to the water
table is 50 ft in the deeper piezometer and 40 ft in the shallow one. Assume that hy-
draulic conductivity is 0.0002 ft/s.

(a) Use the Dupuit equation to calculate the height of the water table midway be-
tween the piezometers.
(b) Find the quantity of seepage through a section 25 ft wide in cfs.

. Three geologic formations overlie one another with the characteristics listed below. A

constant velocity vertical flow field exists across the three formations. The hydraulic
head is 33 ft at the top of the formations (top of formation no. 1) and 21 ft at the
bottom (bottom of formation no. 3). Calculate the hydraulic head at the two internal
boundaries, that is, at the top and bottom of formation no. 2. Assume:

b=501t K,=0.0002 fv/s
b,=20ft K= 0.000005 ft/s
b;=210ft  K,=0.001 ft/s -

- A formation is composed of four horizontal, homogeneous, and isotropic strata over-

lying one another. The hydraulic conductivity in the top layer is 1 x 10~ cmy/s,
1 x 10 cm/s in the second layer, 1 X 107 cm/s in the third layer, and 1 x 10~ cm/s
in the bottom layer. Calculate the effective horizontal and vertical hydraulic conduc-
tivities for the entire formation if each layer is 3 m thick. Give an example of soil
types that might make up this formation.

A soil sample 6 in. in diameter and 1 ft long is placed in a falling head permeameter.
The falling head tube diameter is 1 in. and the initial bead is 6 in. The head falls 1 in.
over a two hour period. Calculate the hydraulic conductivity.
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2.15. A constant head permeameter containing fine grained sand has a length of 12 cm, gnq

an area of 30 cm? For a head of 10 cm, a total of 100 ml of water is collected i
25 min. Find the hydraulic conductivity.

2-16. Two observation wells, 450 m apart, have been constructed in a confined aquifer wity

2-17.

2-19.

2-20.

a hydraulic conductivity of 5 x 10 cm/s and a porosity of 0.35. The average thick.

ness of the aquifer between the wells is 45 m. Well 1 (water surface elevation of

95 m) lies to the east of Well 2 (water surface elevation of 94.6 m). A stream lieg

900 m to the west of Well 2. ]

(a) Determine the flow rate per unit width of the aquifer. )

(b) Calculate how long it would take groundwater contaminants to travel from Wejl
1 to the stream. )

(¢) Calculate the level of the potentiometric surface at a distance 600 m to the east
of Well 1.

A conservative compound is discharged into a pond with water surface elevation of
100 m. The compound moves from the pond to a river (water su:face‘elevatiou
99.3 m) 1.2 km away through a confined aquifer 12 m thick. The aquer has a
transmissivity of 0.05 m%s and a porosity of 0.30. Ignoring'the cﬁ.ects of dispersion
(see Chapter 6) and adsorption to the soil, and assuming 1mmed}ate and complete
mixing, how long would it take for the contaminant to reach the river? How would
your answer differ if the aquifer was unconfined?

. The base of a proposed landfill for paper-mill sludge is in a glacial till, 30 ft above

an aquifer. The vertical hydraulic conductivity of the till is 1 X 10”7 cmvs, the vertical
hydraulic gradient is 0.075, and the effective porosity is 0.30. If the leachate (con-
taminated fluid) drains from the landfill into the till, how many years would pass l?e-
fore the leachate reached the aquifer below? If the vertical hydraulic conductivity
3 x 10°° cmy/s, what would the travel time be?

A 3 m thick aquitard (K, = 0.5 m/d) separates an unconfined qquifer (K, =15 mlc_l)
from a leaky confined aquifer (K; = 10 m/d). The water table is above thq potenti-
ometric surface for the leaky confined aquifer. Three observation wells are drilled- one
in the unconfined aquifer, one in the aquitard, and one in the leaky conﬁned aquifer.
The head in the leaky confined aquifer is 23 m and in the unconfined aquifer the head
is 25 m. Using Darcy’s Law calculate the head in the well at the top of the leaky
confined aquifer (the base of the aquitard). Assume steady state conditions. The datum
is at the base of the aquitard layer.

Two parallel rivers are separated by 1.5 km. The water surface elevations of the rivers

are 60 m and 45 m and thgadr:mmbiz defined as the base of the river beds. A confined

aquifer extends between the two rivers from elevation O m to elevation 30 m, and has

a transmissivity of 210 m*d. The hydraulic conductivity of an unconfined aquifer on

top of this formation is 10 m/d. )

(a) Determine the combined flow rate between the two rivers.

{b) Determine the shortest time of travel for a contaminant to move from one Eo the
other. Neglect dispersion effects and assume both aquifers have a porosity of
0.25.

) '\(._..
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2-21. A confined aquifer (hydraulic conductivity I m/d) flows into an unconfined aquifer

2-24.

2-25.

(hydraulic conductivity 2 m/d) and then enters a shallow lake (as shown in Figure
P2.21). The elevation of the lower confining unit for both aquifers is 130 m. The
elevation of the base of the upper confining unit is 138 m. The upper confining unit
is 2 m thick and extends across both aquifers. The thickness of the confined aquifer is
8 m. If the potentiometric surface at A is at an elevation of 140 m (/1,), find the ele-
vation of the lake water surface (4.).

140 m (msl) W
138 m

Figure P2.21 K=1m/d K=2md AN ._
g PA| Confired ™8| Unconfined NIC=?
130m SIS/ S /7 77 7 77 77,7777
100 m 100 m '

. Two rivers are 1000 m apart. The water surface elevation of the first river is 30 m,

and 25 m for the second river. The area between the rivers receives a recharge of
10 cm/y (after runoff). If the hydraulic conductivity is 0.8 m/d, find the location and
elevation of the water divide and the daily seepage into each river. Sketch a flow net
for the aquifer in the problem above.

- A landfill liner is laid at elevation 50 ft msl (mean sea level) on top of a good unit.

A clean sand unit extends from elevation 50 ft to elevation 75 ft, and another clay
unit extends up to the surface located at elevation 100 ft. The landfill can be repre-
sented by a square with length of 500 ft on a side and a vertical depth of 50 ft from
the surface. The landfill has a 3 ft thick clay liner with K =107 cm/s around the sides
and bottom, as shown in Figure P2.23. The regional ground water level for the con-
fined sand (K =107 cm/s) is located at depth of 10 ft below the surface. How much
water will have to be continuously pumped from the landfill to keep the potentiomet-

ric surface at 60 ft elevation (msl) within the landfill? Assume mostly horizontal
flow.

Figure P2.23

Repeat Problem 2.23 for the case where the clean sand unit extends below the landfill
to an elevation of 25 ft msl. Assume water can flow through the sides and bottom of
the clay liner

kepeat Example 2.3 for the case where net recharge W= 10 cm/yr. Repeat the exam-
ple for the case where W=0.
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2-26. Compute the flow rate through Figure 2.13 if the total head drop is 19 ft
K = Ift/day ad

2-27. A confined aquifer slopes gradually from 20 m to 10 m in thickness over a lengyy, of
1 km. The slope of the potentiometric surface is 0.5 m/km and the hydraulic :
tivity of the aquifer is 50 m/d. For a sloping aquifer, the continuity equation yield;
the following relation;

(¢ - ¢, )/L 3 B3
[ dx i
T(x) i

Q:

What is the flow rate through a 100 m wide section of the aquifer?

2-28. Sketch a quantitative flow net for the following confined a total flow Per unit widg,
if the hydraulic conductivity is 20 m/d.

No Flow
Boundary
77774777777777777777777777777777>,
| C |50m
i |
Figure P2.28 x=100m | = Y
I1(7777777777777777777 7777777777, 2
ho=10m hy=0m £
| -l -
T

y=200m
Chapter 3

3-1. A well with a diameter of 18 in. penetrates an unconfined aquifer that is 100 ft thick. e b
Two observation wells are located at 100 ft and 235 ft from the well, and the meas- L0 1)
ured drawdowns are 22.2 ft and 21 ft, respectively. Flow is steady and the hydraulic % 40
conductivity is 1320 gpd/ft>. What is the rate of discharge from the well?

3-2. Awell of 0.5 m diameter is pumped from confined aquifer at 0.08 m%s. The draw- H 1)
down recorded at Observation Well 1 (15 m from the pumping well) is 3.8m: at Ob- e
servation Well 2 (50 m from the pumping well) the drawdown is 2.8m. What is the i
drawdown at the pumping well? i

3-3. A single well pumps 1000 m%/d in a confined aquifer of thickness 10 m and porosity
0.3. At the radius of influence of the well (1000 m) the head is 20 m. Assuming = i
steady state conditions calculate the seepage velocity towards the well at a radius of i H
100 m, and a radius of 500 m.
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3-4.

3-5.

3-6.

3-7.

3-8.

3-9.

(a) A well in a confined aquifer of thickness B pumps continuously at a rate Q. Us-
ing Darcy’s Law in radial coordinates and the fact that the seepage velocity,
v, = drldt, show that the travel time for contaminants to move to the well of radius
r.» from a point on the radius of influence, R, is

t=(nBr/Q)R* - 2)

(b) A fully penetrating well of 0.8 m diameter and with a radius of influence of 100
m, is drilled in a confined aquifer 15 m thick. The aquifer has a transmissivity of
50 m*/d and a porosity of 0.3. At what rate should the well be pumped if the time
of travel for a contaminant to reach the well from the radius of influence is to be
not less than 200 days. If the potentiometric surface was 15 m above the upper
confining layer before pumping began, what is the steady state drawdown in the
well?

A confined aquifer extends 3.5 km between the West River and the East River. The
water surface elevations of the rivers are 230 m and 228.5 m respectively. The radius
of influence of a fully penetrating pumping well located halfway between the rivers is
90 m. The well has a diameter of 0.5 m and pumps at a rate of 75 L/min. The eleva-
tion of the upper confining unit is 227 m and the aquifer is 25 m thick. The trans-
missivity of the aquifer is 80 m%d. Determine the steady state head 20 m to the east
of the well.

In a fully penetrating well, the equilibrium drawdown is 30 ft with a constant pump-
ing rate of 20 gpm. The aquifer is unconfined and the saturated thickness is 100 ft.
What is the steady-state drawdown measured in the well when the pumping rate is 10
gpm? Assume radius of influence remains constant.

A fully penetrating well in an unconfined aquifer is pumped continuously so that the

steady state drawdown is 15 m. The water table is at a height of 55 m from the bot-

tom of the aquifer which has a hydraulic conductivity of 20 m/d. The diameter of the

well is 0.25 m.

(a) If the pumping has no effect on the water table at a distance of 1.2 km, deter-
mine the pumping rate.

(b) Determine the drawdown in an observation well located 600 m from the pump-
ing well.

(c) Determine the travel time from the observation well to the pumping well if the
aquifer has a porosity of 0.4.

A fully penetrating well of radius 7, is located in the center of a circular confined ag-
uifer of radius r, and thickness B. The hydraulic conductivity of the aquifer varies with
radius such that K = K, forr, > r 2 r, and K =K,forr,2r2 r; If the piezometric
head is maintained at b, at r = r,. and h, at r=r, at what rate would the well be
pumping?

Two wells are located 100 m apart in a confined aquifer with transmissivity
T=2x 10" m*s and storativity § = 7 x 10>, One well is pumped at a rate of 6.6
m’/br and the other at a rate of 10.0 m¥hr. Plot drawdown as a function of distance
along the line joining the wells at 1 hr after the pumping starts.




584
3-10. A Hvorslev slug test was performed in a confined aquifer with a pi.ezometer
over of 20 ft and a radius of 1 in. The radius of the rod was 0.68 in. The following g
recovery data for the well were observed. Given that the static water level is 7.58
and H,= 6.88 ft, calculate the hydraulic conductivity.
TIME(s) | 20 | & | 5 | 01 | 138 | 164 | 199
hay) 1694 | 700 | 721 | 72 | 734 | 738 | 740
3-11. A well casing with a radius of 6 in. is installed through a conﬁping lz}yer into a for-
mation with a thickness of 10 ft. A screen with a radius of 3 in. is ms'talled in the
casing. A slug of water is injected, raising the water level by 0.5 ft. Gn{en thF fol-
lowing recorded data for head decline, find the values of T, K,and S for this aquifer.
TIME(s) |5 | 10 | % | s | & | 120 | 20
ha@)y loaz | 042 | o032 | 026 I o010 I 005 | o001
3-12. A small municipal well was pumped for 2 hr at a rate of 15.7§ L/s. An observation
well was located 50 ft from the pumping well and the following data were recorded.
Using the Theis method outlined in Example 3.3, compute Tand S.
TIME (min) DRAWDOWN (it) TIME (min) DRAWDOWN (it)
1 15 15 148
2 40 2 17.0
3 62 Q0 214
5 85 @ 231
7 100 90 260
9 120 120 280
12 137
3-13. A well in a confined aquifer is pumped at a rate of 833 L/min for a period of over 8

—_—
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hr. Time-drawdown data for an observation well located 250 m away are given be-
low. The aquifer is 5 m thick. Use the Cooper-Jacob method to find value K, and S
for this aquifer.

T1ME (hr) DRAWDOWN (m) TIME (hr) DRAWDOWN (m)
0.050 0.091 1170 1.860
0083 0214 1333 1.920
0133 0.397 1500 2040
0200 0.640 1.670 2130
0.333 0.976 2170 2290
0.400 1.100 2670 2530
0.500 1.250 3333 2590
0.630 1.430 4.333 2810
0.780 1.560 5333 2960
0.830 1.620 6333 3110
1.000 1740 8.333 3320

Homework Problems 585

3-14. Drawdown, s', was observed in a well located 100 ft from a pumping well that was

pumped at a rate of 1.11 cfs for a 30 hr period. Use the Cooper-Jacob method to
compute T and S for this aquifer.

110 |12 |18 | 24 |0
41241l 20l a3l 40152 les 75 Ta11 105 his

Time(hr) 1 ]2 |3 | 4 |5 |6 |8
S(ft) log T1

3-15. Repeat Problem 3.14 using the Theis method.
3-16. The drawdown in three observation wells was recorded after 24 hours of pumping

from a well at 2300 m*/d and the results are shown below. Calculate the transmissiv-
ity and storage coefficient of the aquifer using the Theis Method. You will need to
plot drawdown versus /¢ at a point in time for the three different radii and match the
curves as before. Based on your estimate of the storativity, do you think the aquifer is
confined or unconfined?

Well Number Distance from Well (m) Drawdown (m)
1 100 15
2 200 125
3 300 1.10

3-17. A well injects water into an aquifer at @ = 1.0 cfs. A river running north/south lies

300 ft west of the well. The confined aquifer with thickness of 10 ft has T = 3200 sq

ft/day and S = 0.005. Observation wells are located 10, 50, 150, 300 and 450 ft west

of the well.

(a) Compute the head buildup along the x-axis at the observation well locations af-
ter 6 hr of injection.

(b) Compute the Darcy velocity along the x-axis using simple graphical methods at
the various well locations.

3-18. Use the Theis Method equations for the functions # and W(u) to characterize the ex-

3-19

pected behavior of an areally infinite, homogeneous, horizontal, isotropic, confined

aquifer. The aquifer has a transmissivity of 500 m*/d and a storativity of 1 x 107, The

well is pumped continuously at 2500 m%/d.

(a) What will be the drawdown 75 m away from the pumping well at 1, 10, 100,
1000, and 10,000 minutes after pumping begins?

(b) Estimate when the system will reach steady state. -

(c) Estimate the steady state drawdown in the well.

(d) What will be the drawdown after one day at distances of 2, 5, 10, 50, 200, and
1000 m from the pumping well? Estimate the distance at which the pumping
will have no effect on the potentiometric surface after one day of pumping.

. A well at distance d from an impermeable boundary pumps at a flow rate Q. The head
at any point (x, y) is given by the following expression:

h(x,y)= In(ryr)+C

2mtkb
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3-20.

3-21.

3-22.
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where C is a constant, r, is the straight line distance from the. well to point (x, y),
and r,is the straight line distance from the image well to the point (x, ¥). Th¢‘: y-axis
lies along the impermeable boundary. Use Darcy’s Law to show that the discharge
across the y-axis is zero.

A well is to be placed in an unconfined aquifer at a distance x from a stream. The
well will be required to pump at a constant rate of 1.3 x 107 malsz. The aquifer has ap
average thickness of 10m and hydraulic conductivity of 1 X 107 cm/s. Regulationg
stipulate that the drawdown at a radius of 15 m from the well may not exceed 0.6 m.,
Calculate x such that it is the smallest distance that satisfies the requirements.

A fully penetrating well pumps from a confined aquifer of thickness 20 m 'and hy-
draulic conductivity 10 m/d. There is no water table above the confined aquifer. The
radius of the well is 0.25 m, and the recorded drawdown in the well is 0.5 m. Assume
that the radius of influence of the well is 1250 m.

(a) Calculate the pumping rate if the well is 100 m from a stream.

(b) Calculate the pumping rate if the well is 100 m from an impermeable boundary.

An excavation site is to be dewatered by using four pumping wel]§ located at the
cormers of a square with sides of 500 m. The welis are fully penetrating a'md.hav‘e di-
ameters of 0.5 m. What is the required flow rate in each well if the objective is to
lower the original water table (i, = 100 m) by 5 m everywhere in the square site?
Note that the maximum drawdown may not occur in the center of the square. The hy-
draulic conductivity of the aquifer is 1.5 m/d and the radius of influence for each well
is 1000 m.

. (a) Three fully penetrating wells in an unconfined aquifer form an equilateral trian-

gle of side a. Two of the wells are a distance d from a long river. Each we_ll has
a radius r,,. and pumps at a rate Q. At steady state the wells have a radius of
influence of R and the water table is at an elevation of h,. If the aquifer has a
conductivity of K, derive an expression for the drawdown in the center of the
triangle.

(b) Wha? is the drawdown in the center of the triangle if the parameters are:
a=70m,d=100m, K = 1.5 m/d, @ = 700 m’d, R = 600 m, s, = 50m

Well2 ¢

Figure P3.23 Well 3

well 1 River
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3-24. Walton (1960) gave data for an aquifer test in a well confined by a leaky aquitard 14 ft

thick. Drawdown was measured in an observation well 96 ft away from a pumping
well which was pumping at 25 gpm. For the following data, use Figure 3.13 to de-
termine T, S and K’.

TIME (min) DRAWDOWN (ft) TIME (min) DRAWDOWN (it)
5 076 483 586
330 669 6.11
M 3.59 958 627
408 129 6.40
s 439 1185 642
244 547

. An interceptor well fully penetrates a confined aquifer with a hydraulic conductivity

of 0.5 cm/s. Before pumping began the aquifer had a hydraulic gradient of 0.001 and a
saturated thickness of 27 m. The interceptor well pumps at a rate of 60 L/s. Define
the capture zone of the interceptor well by calculating the maximum width and the
distance to the stagnation point. Sketch the shape of the groundwater divide using at
least ten points.

Chapter 6

6-1.

6-2.

6-3.

Chloride was injected as a continuous source into a 1-D column 50 c¢m long at a
seepage velocity of 102 cm/sec. The concentration measured after 1800 seconds from
the beginning of the test was 0.3 of the initial concentration, and after 2700 seconds
it reached 0.4 of the initial concentration. Find the coefficient of dispersion and longi-
tudinal dispersivity.

Chloride has been injected into a 1-D column continuously. If the system has a
Darcy velocity of 5.18 x 107 m/day, the porosity of the medium is 0.3, and the lon-
gitudinal dispersivity is 5 m,

(a) What is C/C, at 0.3 m from the point of injection after 5 days?

(b) Repeat (a) with a longitudinal dispersivity of 20 m.

(¢) Comment on the difference in results.

The estimated mass from an instantaneous spill of benzene was 107 kg per m” of the

|-D aquifer. The aquifer has a seepage velocity of 0.03 m/day and a longitudinal dis-

persion coefficient of 9 x 10~* m*/day.

(a) Calculate the maximum concentration at ¢ = 1 year.

(b) Calculate the benzene concentrations at ¢ = 1 year, at one standard deviation on
either side of the center mass of the plume.

(¢) Plot the breakthrough curve vs. time at x = (vt) (r = 1 year).

(d) Plot the breakthrough curve vs. distance at £ = 1 year.

(e) Discuss the difference.
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6-4. Match the breakthrough curves given in the di.ao?mn_l wit? thu: grrol;l)leli ge:(c::;lpuogﬁ
i low. Curves represent responses 10 tl;e injection of a C -
%ﬁ: b(?hcc;ose the best r?:lz.letch for each case or indicate none of the above (NA).

(a) Curve for a I-D continuous injection where the constituents get sorbed to the

medium. )
(b) Curve for a I-D continuous injection where plug‘ﬂow is obsprved
(¢) Curve for an instantaneous source w@th lon(gi;tudmgl dispersion.
d) Curve for an instantaneous source w1t.h‘no spersion '
Ee; Curve for a 1-D continuous injection w1t.h longlt}ldxqal dxspersan +nd biodegra-
(f) Curveforal-D continuous injection with longitudinal dispersion gra

dation. ) ) )
(g Cur‘\)'g for a 1-D continuous injection in which a fracture existed along the soil
column. ;
c
f
d
ClCo os|
Figure P6.4
0 1 2

Number of Pore Volumes?

1A pore volume in a column is the volume of water
thath\)Nrill compietely fill all of the voids in the column.

6-5. Sketch (on the same graph) C/C,as a function of ti{ne for transport in a sand column
from an instantaneous source for each of the following cases:
(a) Advection only ]
(b) Advection with low disper519m
(c) Advection with high dispersion. )
(d) Advection with high dispersion Wl.th blodegr:adanon.
(e) Advection with high dispersion with retardation. ‘ R
-6. tinuous source has been leaking contaminant for 2 years into a 1- _aq er. °
6-¢ Qe(;?il; state dilution attenuation factor DAF for the aquifer is 1_00. DA:’)0 = Concentra:
tion at source/concentration at receptor well. Source concentration = 1200 mg/L
(a) Whatis the concentration of benzene at a receptor well after 2 years.
(b) What is the concentration of benzene at a receptor wel
order decay at a rate of 0.01 (1/day).

6-7. An instantaneous release of biodegradable organic
that the mass spilled is 1.0 kg

is 33 years. Compute the maximum concentration at 100 m from the source.

1l in 2 years, if there is first

s occurs in a 1-D aquifer.. Assume
over a 10 m? area normal to the flow direction, @, =
1.0 m, the seepage velocity is 1.0 m/day and the haif life of the decaying contaminant
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6-8. Fora 2-D aquifer, calculate the maximum concentration of a spike source of Tritium,
H-3 (half life = 12.26 years) at 100 m from a well injecting 1.0 kg of mass over [0 m
of well screen. The plume velocity is 0.5 m/day, ¢, = 1.0 m, &, = 0.1 m.

6-9. Anaccidental spill from a point source introduced 10 kg of contaminant mass to an
aquifer. The seepage velocity in the aquifer is 0.1 ft/day in the x direction. The longi-
tudinal dispersion coefficient D, = 0.01 ft*/day, the lateral and vertical dispersion coef-
ficient, D, = D, = 0.001 ft*/day.

(a) Calculate the maximum concentration at x = 100 ft and ¢ = 5 years.
(b) Calculate the concentration at point x= 200 ft, y =5 ft, z = 2 ft, 5 years after
the spill.

6-10. Domenico & Schwartz, 1998, developed a model for a planar source that accounts for
the source geometry with longitudinal, lateral and vertical spreading. The steady state
model was applied at the plane of symmetry where y = z = 0 (see Figure 6.8).

The model is to be applied to the case of a continuous source that has been leaking
contaminant into an aquifer for 15 years. The source had a width Y and a depth Z of
6 m, the initial concentration of the source was 10 mg/L, the seepage velocity is
0.057 m/day, and the longitudinal, transverse and vertical dispersivities were esti-
mated at 1 m, 0.1 m, 0.01 m respectively. Calculate the present contaminant concen-
tration at .x = 200 m from source, using the Domenico model.

6-11. A slug of contaminant was injected into a well for a tracer test (2-D). If the initial
contaminant concentration is 1000 mg/L, the background seepage velocity in the ag-
uifer is 0.022 m/day, the well radius is 0.05 m, the longitudinal dispersion coeffi-
cient is 0.034 m*/day, and the transverse dispersion coefficient is 0.01 of the longitu-
dinal dispersion coefficient.

(a) What is the maximum concentration reached after 24 hours?
(b) Plot the concentration vs. distance at ¢ = 24 hours.

6-12. An underground storage tank (volume = 1.0 m’) spills its contents of 1.0 kg of TCE
in a 10 m thick sand aquifer. The seepage velocity is 1.0 m/day in the x direction.
The longitudinal dispersivity is 1.0 m, the transverse and vertical dispersivities are
0.1 m. Assume R = 1.

(a) Calculate the maximum concentration at a distance of x = 500 m. Note: y=0,
=0 for maximum concentration. _

(b) If the contaminant was uniformly spilled over the 10 m thickness of the aquifer,
what is the maximum concentration at x =500 m, y =0, z = 0, with vertical
dispersion = 0.

(¢) Comment on the results.

6-13. A finite source of chloride is released at x = 0 into a 1-D aquifer over a 1 year period.
The plume moves at a seepage velocity of 0.2 m/day, &, = 2 m. Assume that the so-
lution can be found by using an imaginary negative concentration source beginning
at the end of the release period. Develop the equation for concentration C(x,#) if
C, = 1000 mg/L. Find the maximum concentration at x = 100 m.
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6-14.

6-15.

6-16.

6-17.

6-18.

Homework Problemg

The concentration of organic waste in a landfill is 100 mg/L. The pit is placed in 5

clay layer, K = 107 cm/sec underlain by a sand layer, K = 2 x 107 cm/sec. The twg

units are scparated by a thin impermeable silty layer. The top surface of the clay layer

is at elevation 9.15 m above MSL for which the water table is at 8.5 m above MS_

The top surface of the sand layer is at elevation 6.1 m, for which the piezometric syr-

face is 7.6m above MSL. The pit bottom lies at elevation 8.4 m above MSL. The

slope of the piezometric surface is 0.01. The porosity of the 2 layers is 0.25, and the

longitudinal dispersivity is estimated at 0.3 m. An observation well is located 300

from the pit. (See Figure P6.14.)

(a) Calculate the seepage velocity for the clay layer. How long does it take the con-
taminant to reach the sand layer.

(b) Calculate the seepage velocity for the sand layer. What is the contamination
level in the well after 15 years from the beginning of the release, assuming a
1-D model.

(¢) What would happen to the concentration in the well if lateral dispersion exists in
the sand aquifer in addition to longitudinal dispersion.

] Pit 300 m >‘W1 _ 915m
% Z — 85m
Clay
Figure P6.14 Piezometric
——~-tevet—————————- | —76m
Silt __64m
sand — MSL

From example 6.4, multiply the vertical scale of Figure 6.10a times 2 and repeat the
probiem.

Prove that the plume described in Eq. (6.27) takes the form of a two dimensional
Gaussian (normal) distribution as described below, and evaluate , and ¢,
P = [1/(270,0,)lexp(-[(—x)*/(26.)] - [0-30)1(25,)])

A well 300 ft west of a river (which runs north/south) injects waste chloride at a rate
of 30,000 ft’/day into a confined aquifer. The head in the aquifer and river prior to
pumping was 100 ft. Aquifer characteristics include T = 1,000 ft¥ day, thickness of
20 ft, and n = 0.25. A farmer’s well pumps water supply from the same aquifer
300 ft east of the river (on the other side) at 20,000 ft'/day. Both wells have a radius
of influence of 1000 ft.
(a) Compute the heads and velocities at 100 and 200 ft from the pumping well.
(b) Will chloride arrive at the pumping well?
(c) Find the average seepage velocity from the injection well to the river along the

shortest line of travel. Use any convenient approximation method.

A tank of TCE located directly below a water table is known to be continuously leak-

ipg at concentration of 10,000 ug/L of TCE. The source can be assumed to be a ver-
tical plane 5 m wide and 3 m deep located just below the water table. Dispersivity in

6.21
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the x, y, and z directions can be assumed to be 10 m, 3 m, and 0.3 m. Hydraulic gra-
dient of the water table is 0.001 and the porosity is 0.3. The hydraulic conductivity K
ranges from 2.0 % 10 to 5.0 x 10 cm/sec.

What is the highest concentration predicted to occur at a receptor located at
x=100m,y=5m, and z = 3 m, where x is longitudinal, y is transverse, and z is
vertical? Evaluate the results at = | year, 3 years and 6 years. What level of remedia-
tion would be required to keep the receptor level below 5 pug/L for the range of K
values indicated at £ =6 yr?

(a) From the chloride data presented in Figure 6.12b of a 2-D experiment at the
Borden landfill, estimate the average seepage velocity in the aquifer, where po-
rosity averages 0.3. Explain how you would compute the longitudinal and
transverse dispersivity for the site from the field data (do not perform this calcu-
lation). What equation would you use ?

(b) Adsorption of carbon tetrachloride was tested at the site and retardation is defined
as the ratio of velocity of a natural tracer (chloride) to that of the retarding
chemical. Roughly estimate the retardation factor of carbon tetrachloride (CTET)
from the data in Figure 7.3b. All contaminants originated from the source loca-
tion (0,0) at time zero. .

. Refer to the figure from the Borden Landfill natural gradient test. Assume that day 1

represents the input of chloride into the aquifer with C, = 892 mg/L over a 20 m*
area. The plumes of chloride in 2-D for day 85, 462 and 647 are plotted on Figure
6.12b. Note that the latter two plumes overlap each other.

(a) Roughly sketch the longitudinal distribution of chloride concentration for day
85, 462, and 647 on a single graph of concentration vs. distance measured from
the peak conc. of each curve.

(b) Use the 2-D equation for a pulse input to compute o, and ¢ (dispersivity)
based only on the observed peak conc. for day 647 (Eq. 6.27). Use seepage
V =30 m/yr, Co= 892 mg/L, area =20 m? and ¢ = 647 days. Assume that the
ratio of q, to ¢ is 10/1.

A landfill next to a river has been leaking chromium continuously for 20 years, creat-
ing a plume of contamination. The gradient of ground water flow is towards the river,
as shown in the figure below. Well concentration data is provided along with water
level readings. Assume that chromium acts as a conservative tracer in this aquifer
where longitudinal dispersivity =1.0 m. Landfill, ground water, and river data are pro-
vided in the following table and Figure P6.21. K =10~ cm/sec; n = 0.4; b = 20 ft;
Q(river) = 200 cfs; Concentration of Cr at point A (upstream) = 0 mg/L.

1000 ft \ A
P emm—— \x
A Landfill & '|
1 2 3 5
500 it | 1000 mg/L Cr ® 2 ./ 5
Av2 -————————
Y =" N b-20n 1000 ft |x| 500+t
' B

Figure P6.21
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Well Water elavation (ft) Cr Concentration (mg/L)

1 100 1000

2 90 nodata

3 80 nodata

4 90 0

100 0

(a) Find the predicted concentration of Cr in well 3 (at t = 20 years).

(b) Find the concentration of Cr in the river at point B (immediately downstream)
Consider the flow from both sides of the river.

A well fully penetrates an aquifer which has a uniform depth of 10 m. 100 grams of

benzene is spilled into the well and is immediately dissolved and mixed into the water

in the well. The seepage velocity = 30 m/yr in the x direction, the longitudinal dis.

persivity = 1.0 m, and the transverse dispersivity is 0.1 m.

Using the following aquifer characteristics, calculate the retardation factor R for ben-

zene in this aquifer. Bulk density = 1.8 g/cm®, porosity = 0.3, organic carbon fraction

= 1%, K,,, for benzene = 135 L/kg

(a) Which equation should you use for calculating benzene concentrations downgra-
dient of the well (1-D, 2-D, or 3-D; spike or continuous)

(b) What is the maximum benzene concentration at + = 1 year? Where is this
maximum located?

(c¢) What is the benzene concentration at ¢ = 1 year, 3 meters away from the center
of mass in the x direction?

(d) What is the benzene concentration at ¢ = 1 year, 3 meters away from the center
of mass in the v direction?

(e) Comment on how the dispersivity affects the concentration of benzene 3 m away
in the x and y directions.

[}

. Repeat Example 6.1a from Chapter 6, using a retardation factor (R = 2.5) for benzene.
- Repeat Example 6.2 from Chapter 6 for benzene (with a retardation factor, R = 2) for

a 10,000 pg/L spill.

Bromide (Br"), a common field tracer, is injected continuously at a concentration of
500 mg/L and a flowrate of 5 L/min from a well (6 inches in diameter) into a con-
fined aquifer with a hydraulic conductivity of 2 x 10 cm/s and a gradient of 0.009.
The porosity is 0.3 and &, = 1 m, «,=0.Im A receptor well is located 2 meters
downgradient of the injection well. You may neglect the z-direction as the well is as-
sumed to be fully penetrating the aquifer.

(a) Plot out the Br- concentration versus time for the receptor well.

(b) For ¢ = 24 hours, plot the concentration as a function of distance.

Chromium is a common contaminant associated with metal plating operations.
Chromium was continuously released from a small metat shop for 5 years at a con-
centration of 5000 mg/L into an aquifer with a porosity of 0.3, @, = 1 m, and &, =
0.1 m. the aquifer is a fine sand (2.4 X 10 cm/s). Groundwater flow is to the south
with a gradient of 0.01. A nearby resident placed a shallow well (fully screened) for
watering a garden 1000 feet south and 50 feet east of the discharge location. The
EPA MCL for chromium is 0.1 mg/L. Assume that there is no degradation. Calcu-
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6-27.

late the maximum possible concentration in the well if the depth of the source zone
was 1 foot and the width of the source zone was
(a) 6 inches (b) 12 inches (¢) 36inches

Several drums of radioactive waste leaked into an aquifer. with o, = 1 m, o, = 0.1m,
and o, = 0.04m. The drums contained 1000 ci Sr-90 and 300 ci Cs—137 ( see table
4.5) The linear groundwater velocity is 10 cm/day. Sr-90 has a half life of 28 years,
and Cs—137 has a half life of 33 years. A river is located 1000 feet downgradient of
the drums. Calculate the time it takes for Sr—90 and Cs—137 to reach the river and de-
termine what the maximum concentration will be at a point near the river bank.

A tracer study is to be performed at a field site to determine hydraulic conductivity.
Slug tests indicate that the site has a conductivity between 10~ and 10™ cm/s. The
aquifer is confined with a thickness of 15 ft. Bromide has been selected for the tracer
(field detection limit of 0.1 mg Br7/L using the Phenol Red colorimetric method).
The tracer is injected at a concentration of 1000 mg/L for 12 hours into a fully
screened well with a 6 inch diameter and then monitored at various receptor wells to
determine hydraulic conductivity and dispersivity. The tracer test needs to be finished
within 3 weeks.
{(a) Choose the location for five monitoring wells around the injection well. Since
this is for design purposes, assume porosity of 0.3, &, = 1 m, and ¢, = 0.1 m.
(b) Design a sampling schedule for the test taking into account the cost associated
with taking a round of samples and the resolution necessary to determine the hy-
draulic conductivity and dispersivity. Remember that you do not know the exact
hydraulic conductivity and dispersivity beforehand.

Chapter 8

8-

1.

Example 8.2 in the text presents a biodegrading plume (assume that it is all benzene)

which then receives 20 and 40 mg/L of oxygen into the aquifer. Answer the follow-

ing questions regarding the benzene plume.

(a) What is the average seepage velocity in the plume with the pump/treat system
on? What is the flow rate across the plume assumed to be 2500 ft wide?

(b) Each well in the pump and treat system is pumping 1 gpm. How does this
combined flow compare to the average flow across the plume without pumping?

(¢) What mass of oxygen in Kg is transported into the plume over the two year pe-
riod assuming a concentration of 8.0 mg/L in the groundwater.

(d) If there is 15 inches of rainfall per year, with an O, concentration of 8.0 mg/L,
what mass of additional benzene will be degraded over that contained in Fig. 8.6.

(e) Why does the plume shape change in Fig. 8.6 after biodegradation?

Set up a BIOPLUME II or III model for the input data given in example 8.2
(a) Change pump locations by 2 cells

(b) Change pump rates by a factor of 2

(¢) Change O, concentrations by a factor of 2

(d) Change the gradient across the plume by a factor of 2

(e) Compare your results with example 8.2 and discuss.
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11-3. A source zone contains about 2000 drums of residual DNAPL comprised of TCE

Chapter 11 [ (Trichloroethylene). The porosity is 0.4 and the total mass of DNAPL is 1.3 x 10°

kg. The average down gradient dissolved hydrocarbon concentration is 100 mg/L. If

11-1. A contaminated site has been surveyed and a contaminated region 100 ft X 150 ft x 1t there is no adsorption, biodegradation, or natural attenuation of any kind, what is a
15 ft deep was delineated. The average concentration of total petroleum hydrocarbons B ballpark estimate for the maximum length of contaminant plume that would result?

(TPH) on soil is 10,000 mg/Kg .

{(a) What is the total mass of contaminants at the site in kilograms? Assume the Hint: Do notuss'the acdvection dispersion equiation. Asstine tha'eitia depth and width df the

density of the soil is about 128 1b per cubic foot (specific gravity = 2). :‘:“n::x] ms:;en;"h :ﬁ:xﬂ?mm?;im T’i‘:’;m’b""s ;‘“:ge"‘g";efca'c“‘a‘e
(b) Using the results from (a), estimate the total volume of petroleum hydrocarbons ssoived aqurier.
released assuming 50% of the hydrocarbons have been lost to volatilization, Ford 1 Average
biodegradation, and dissolution (report the answer in gallons). Assume that the o I ""P;';::'“' Width:
hydrocarbon released at the site was gasoline with a specific gravity of 0.8, and - 33 \___toon
that the density of the gasoline did not change over time in the soil. 3
(c) Estimate the residual saturation of the hydrocarbon-soil system. Assume a soil =
porosity of 0.35. R G f..;"&'..’l:i
11-2. A sampling program at a Superfund site indicated the following DNAPL zones: S| 2 8 : . 40 ft
L} A “pOOl” of free-phase DNAPLin a slratigraphic depression in an unfractured Vil Figure P11.3 v.v". ’ ’,’v‘v’c.v’vOv‘v.v‘v’v‘v’v’v’vr’v.v’v
clay. The pool is 200 ft*in area and averages 5 ft in thickness. I BOXGRCOOCOCONOOOOOONG
e A zone of residual DNAPL extending directly underneath an old pit 100 ft* in i
area. The residual zone extends through the 5 ft thick unsaturated zone and A Buried
15 ft through the saturated zone until it reaches the DNAPL. pool. | ::-:'n::r
Other Data: Laboratory tests of mgs of hydrocarbons on the soil and engineering 2orm (sand)
judgment provided the following saturation data: ] P|E 'v”; Profile View
Residual saturation in the unsaturated zone: 0.10 e an View T
i jon in the saturated zone: 0.35
Resnduz_il sgturatlonu} © s . z 218 11-4. Gasoline is found in a monitoring well with a specific gravity of 0.8. If a total of
Saturation in the free-phase zone: 0.70 5 ounc C [ 0 >
Oid Pit ree-Phase oid 1 6 ft of gasoline is found in the well, what is the estimated actual thickness of the
Aea=100n2  DRAPLZong el LNAPL in the formation?
5 11-5. A large gasoline release completely displaces the water in an shallow sandy aquifer at
Residual | e an old refinery. A large recovery trench is installed to recovery the free-product gaso-
DNAPL | (B! line.
Zone ] i Using Darcy’s law, what is the estimated recovery rate of LNAPL in gpm (gallons
4 per minute)?
Figure P11.2 il Note that hydraulic conductivity can be converted to intrinsic permeability by using
£afil 1 cm/sec ~ 1 x 10° darcies = 107 cm? Use values in units of cm? for intrinsic perme-
1l ability and poise (not centipoise; 1 cp = 0.01 poise) for dynamic viscosity in Eq.
i 11.9.
AR Profile View
Plan View Profile View | 3 - Trench Length: 100 ft.

s

(a) What is the estimated total volume of DNAPL at the site?

(b) How much is pumpable from a theoretical basis? i
(Assume a typical porosity value of 0.3. This should be considered an upper range : Figure P11.5
estimate of the total recoverable volume. Actual volumes are usually much lower).

Hydraulic Conductivity of Sand:
1x 102 cmisec

Fres-Phasa Gasoline 57| &

1ot B

Density of Gasoline: 0.8 fm/icm3

.'V'VV"VV"VV'VV"V"VVV"‘"V
XX TUXUT.  ryrermic viscosity: 0.45 certipoise

DEXXXX XXX XXX X XXX XXXXXXAXAXXN
200 ft =

/4
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11-6. Assume that Figure 11.14 represents the residual saturation curve for the system for

this system (even though gasoline is not a DNAPL). If there is 20% of water in the

system shown in Problem 11-5 (therefore saturation of gasoline = (.8),

(a) What would the relative permeability be?

(b) What percentage reduction in gasoline recovery would there be?

(¢) Would there be any water recovery?

(d) When the NAPL reaches residual saturation, what is the relative permeability for
NAPL and for water?

11-7. Using the capillary number relationship (Eq. 11.13), estimate the hydraulic gradient

required to initiate movement of gasoline trapped at residual saturation in a gravel ag-

uifer with a hydraulic conductivity of 1 x 10~ cm/sec.

¢ Assume the dynamic viscosity of water is 1 cp, or 0.01 g/cm-sec.

® Assume the interfacial tension for gasoline is 50 dyne/cm

e (1 dyne = 1 gm cm/sec?). Use the capillary number curve for sandstone in Fi 2.
11.16 as representative data for this system.

Is your answer the same as is shown if Fig. 11.17?

11-8. A contaminated area in the saturated zone has approximately 250 kg of gasoline

trapped as a residual NAPL. If you needed to remediate this area back to background

conditions within a 6 month timeframe, how could one use in-situ biodegradation to

reach the 6 month cleanup objective?

e Assume that you can design a groundwater injection/extraction system that
will flush the contaminated area with oxygenated (but otherwise untreated)
water. Therefore the only removal mechanism will be the in-situ biodegrada-
tion, and the flushing zone will serve as an underground bio-reactor.

. Assume the groundwater Darcy velocity is 5 m/day and the oxy-
gen/hydrocarbon consumption ratio by the native microorganisms is
2 mg O,/mg NAPL. See Example 11.7 for any other required data.

° Note that the solubility of oxygen in water at 20 °C is 9.2 mg/L when the
water is in equilibrium with air (21% O,) and proportionally higher when in
contact with pure oxygen)

Is it possible to dissolve this much oxygen into the reinjection stream using air?

Using pure oxygen?

11-9. A DNAPL mixture is estimated to consist of 110,000 mg/kg 1,2 dichloroethane,

5,000 mg/kg trichloroethene, and the rest long chained alkanes such as decane. Wh?t
is the effective solubility of these chemicals when water is in contact with this
DNAPL?

Chemical Molecular Weight Solubility (mg/L)
(g/mole)
1,2 DCA 72 8,690
TCE 131 1,000
Decane 142 Insoluble

INDEX

1% rule (see NAPL), 432435

AATDF., 519-520
Abiotic Fate Processes, 215-218
elimination, 217
hydrolysis, 215
oxidation-reduction, 217
Activity coefficients, 327
Adsorption (see Sorption)
Advection, 161-165
Advection-dispersion equation. 166-169
Agricultural wastes, 92-93
Air Flow in porous media, 309
Alcohols (see also cosolvents), 100, 104
Analytical model, 177-184
I-D Continuous Source, 170-172
1-D Instantaneous Source, 172
2-D Continuous Source, 177~178
2-D Pulse Source, 178-180
3-D model (Domenico), 181-184
Anisotropic aquifers, 28-30
Aquifer tests (see Well hydraulics)
Aquifers, 1, 18-23
anisotropic, 28-30
aquitard, 18
artesian, 20
artesian well, 20
bulk density, 18
confined, 19
equipotential lines, 20, 30-31
isotropic, 30
leaky confined, 18
perched water table, 20
piezometric surface, 4, 21
potentiometric surface, 21
recharge zone, 21
spring, 20
storage coefficient, 22
uniformity coefficient, 18
Artesian aquifers (see Aquifers, artesian), 20
Artesian well, 20
Attenuation (see Natural attenuation studies)
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Backward difference approximation, 356
Bacterial Growth, 221
Benzene, 102, 104
Bemnoulli's Equation, 24
Biodegradation, 219-231
Biodegradation modeling, 237-284
Biodegradation of organics,
aerobic, 220
anaerobic, 220
bacterial growth, 221
biodegradation rates, 245
chemotrophs, 220
cometabolism, 221
dissolved oxygen effects, 223-224
kinetics, 222-223, 238-244
limiting substrate, 221
metabolism (see Metabolism)
microcosms, 232
primary and secondary substrates,
reductive dechlorination, 227-231
Biofilm model, 247-248
BIOPLUME II, 251-258, 274-277
BIOPLUME I11, 269-273, 277-284
Bioremediation, 497501
Borden Landfill, 190
demo projects, 500-501
engineering design, 499-500
injection systems, 497—499
Traverse City, Michigan, 83-84
BIOSCREEN (see Analytical models),
258-269
BTEX, 77,102

Cape Cod, MA, (see Case studies)
Capillary

action, 289-29]

fringe, 46

rise, 7

water, 16

zone, 16

suction head, 45-46
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Case studies, 521-537
Borden Landfill, 190-192
Cape Cod, MA, 193-198
Hill AFB, 97-98, 277-284, 529-537
Hill QU1, 97-98, 532-537
Industrial Waste site, 108—110
Kessler AFB, 468470
Michigan Gas Plant Facility, 274-277
Motco DNAPL site, 516-529
Traverse City, Michigan, 83-84
US AFB, 97, 44, 521-526
Woburn, MA, 76
Cauchy conditions, 343
Cauchy-Riemann equations, 42
Central difference approximation, 356
CERCLA, 562-572
liability under CERCLA, 571-572
National Contingency Plan, 564-566
Chlorinated models, 273-274, 264-269
Chlorinated solvents, 226-231, 264-269
Chromium, 82, 108
Clausius-Clapyron equation, 328
Compressibility, 35, 36
Conceptual site model,
development of, 114115
Cone of depression. 50-51. 139-142
Cone Penetrometer, 139-142
Confined aquifer, 19
Contamination sources, 75-110
Contour map, 32-33
Cosolvents (see also Alcohols), 519
Crank-Nicolson (see Finite difference meth-
ods), 357

Darcy's Law, 23-25, 312-313, 325
Desorption (see also Sorption), 213
Diffusion, 162-165
Dirichlet conditions, 342
Discretization in numerical models, 341
Dispersion, 162-165
Dispersivity testing, 185-189
laboratory tests, 185
scale effect of dispersion, 188-189
single-well tracer test, 188
DNAPL (see also NAPL), 10, 114
conceptual model, 409411

Index

migration, 402-403
special programs, 435-436
thickness in well, 430431
typical components, 398-401
Domenico analytical model, 181-184
BIOSCREEN, 258-269
Drawdown curve, 50-51
Drilling methods, 127-33
air rotary drilling, 130
cone penetrometer, 139-142
core logging, 137-139, 152-155
direct push probes, 131-133
geophysical methods, 142
hand auger soil borings, 133
hollow-stem auger drilling, 128-30
rock classification. 139
rock core sample collection, 136-137
shelby tube samplers, 132
solid flight auger drilling, 127-28
sonic, 130
split barrel, 135
split spoon, 134-35
wet rotary drilling, 130-31
Dry Cleaners, 91-92, 377-381
Dupuit equation, 37-39
assumptions, 37
with recharge, 3941
Dupuit parabola, 3940

Effective stress, 35
Effective porosity (see Porosity)
Equipotential lines, 22, 30, 31, 4145

Fate Processes (see also Biodegradation,
Abiotic Fate Processes, and Sorption),
203-236
abiotic fate processes, 215-219
biodegradation. 219-231
evaluating, 231-232
sorption/desorption, 204-215

Fertilizers, 92-93

Fick's Law of diffusion, 162, 313

Field sites (see Case Studies)

Field testing methods, 151-152

Index

Finite difference methods,
alternating direction of implicit (ADI),
357
diffusion equation,
explicit finite difference approximation,
356
Forward difference approximation, 356
Gauss-Seidel iteration, 358-359
Gaussian elimination, 348
implicit finite difference approximation,
356
iterative methods, 358
Jacobi iteration, 358
successive over relaxation, 358-359
tridiagonal matrices, 359

Flow equations, 3441
leaky aquifer, 70-73
radial flow, confined, 50-52
radial flow, unconfined, 52-54
saturated flow in three dimensions, 339
steady-state saturated flow, 34-35
transient saturated flow, 35
unsaturated flow in three dimensions,
339
unsteady well hydraulics (Cooper-Jacob),
63-65
unsteady well hydraulics (Theis Method),
58-63

Flow nets, 22-23, 30-32, 34-35
equipotential lines, 22, 30-31, 41-44
image wells, 58
streamlines, 4144

Gaussian elimination, 348
Geologic data acquisition, (see also Drilling
methods), 126-142
cross section, 154
Gradient, 30, 146-147
horizontal, 28-31
range of values, 26
saturated thickness, 25
transmissivity, 25, 51
vertical, 28-31
Green-Ampt (see Infiltration models)
Ground water, 1-575
contamination in, 75-111
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source categories, 77

trace metals in, 83

typical organic contaminants in, 82
typical radionuclides in, 95

vertical zones, 16

Ground water movement,

anisotropic aquifers, 28-30
Darcy's law, 17, 23
hydraulic conductivity, 24-25, 45

Ground water properties (see also Aquifers),

aquifers, 1, 18

capillary rise, 7
capillary water,16
hygroscopic water, 16
porosity, 17-18, 20
root zone, 16
soil-water zone, 16
vadose zone, 16
vertical distribution, 16

Ground water remediation (see Remediation)
Ground water use, 5

information, 11-12
regions, 5-6

Half life, 94
Hazardous and Solid Waste

amendments of 1984 (HSWA), 546,
558-562

land ban, 558-560

leaking underground storage tanks, 561
waste management units, 561

Head loss, 25

Henry's Law coefficient, 218-219

Hill AFB (see Case studies)

Horizontal Plane Source Model (HPS), 183
Hvorslev piezometer test, 65 (see Slug

tests)

Hydraulic conductivity, (see also Well hy-

draulics), 24-25, 45

Hydraulic conductivity determination,
(see also Well hydraulics), 27-30, 147-148

constant head permeameters, 27
falling head permeameters, 27

pump tests, 28, 14748, 58-65

slug tests, 28, 147, 65-70

stepped rate well performance test, 148
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Hydraulic conductivity determination (cont)
tracer tests, 28-29
unsaturated, 294

Hydrogeologic characterization, 133-153

Hydrolysis, 215

Hydrogeologic site investigation, 115
contamination zones, 116
data collection methods, 125-126,
142-148
data evaluation methods, 152-157
geologic data acquisition, 126-142
lab specifications, 124-125
plume characterization, 117
plume detection/delineation, 119-122
procedures, 117-119
sampling plan, 123
unsaturated source zone characteristics,
116-17

Hydrology, 1, 1547

Hydrologic cycle, 2-3

Hydrologic data acquisition, (see also Well
hydraulics), 142-148

Hygroscopic water, 16

Immunoassay tests, 151-152

Intermediate zone, 16

Infiltration models, 298-303
Green-Ampt, 299-303
Richards equation, 295

Injection wells, 88-90

Inorganic compounds, 107-108

Intrinsic permeability. 26

Isotherm, 206-210

Isotropic aquifer, 36

Irrigation, 93

Iteration index (see Jacobi Iteration)

Kinetics (see Biodegradation of organics),
222, 238-244
first order, 173-175, 240
instantaneous, 238-240
Monod, 222-223, 240
stationary phase, 222-223

Land application, 93-94
landfarming, 93-94
land treatment, 93-94

Index

Landfifls, 85-86 £l
LaPlace Equation, 25, 42, 349-355,
Legal protection of ground water, 545-575 fs
Leaky confined aquifer, 18, 70-73 ) 4]
Leaking underground storage tank (see alsg

Underground storage tank), 561
LNAPL (see NAPL), 117, 397-398

conceptual model, 407409

water table, 404
Love Canal, 76

Mass Transport
1-D Continuous Source, 170-172
1-D Instantaneous Source, 172
2-D Continuous Source, 177-178
2-D Pulse Source, 178-180
3-D model (Domenico), 181-184
Mathematical model, 336
Metabolism, 220, 224-231
Chlorinated Solvents, 226-231
Methyl Tertiary Butyl Ether (MTBE),
225-226
monoaromatic hydrocarbons, 224
Nitroaromatic compounds, 231
phenolic compounds, 225
polynuclear aromatic hydrocarbons, 225
Metals in ground water, 79, 83
Method of Characteristics (MOC) (see also
BIOPLUME II, 1 and models), 251,
346-347, 365-~367
Methyl Tertiary Buty! Ether (MTBE), 225-
226
Microcosm studies, 232
Models, 232, 244-284
analytical models, 177-184, 336
application to field sites, 381-384, 274
BIO1D. 250-251
Biofilm model, 247-248 i
BIOPLUME II, 251-257, 274-277, 367 3
BIOPLUME III, 269-273, 367
BIOSCREEN, 258-269
conceptual model, 336,338-
Domenico, 181
GMS. 375-381
HELP, 368

Index

Method of Characteristics (MOC),
367-368

microcolony models, 248-250
MODFLOW, 369-371
MODPATH, 371

MOTIF, 369

MT3D, 367, 374

MT3DMS, 369, 372,375
numerical models, 336-390
PATH3D, 371

protocol, 337

purpose, 33

Random Walk, 369

RT3D, 273-274, 367, 372, 374-375
SEAM3D, 372, 375
SEFTRAN, 369

specific models, 368

SUTRA, 369

SWIFT 11, 369

uses of, 335-336

Vadose Zone, 315-334

Monod Kinetics (see Kinetics)

Mining, 94

Military, 97-98

MODFLOW, (see Models)

Moisture content, 45

Monitoring wells, 143-146
design, 143-145
development, 146
filter pack, 143-144
installation, 145-46
logs, 153
materials, 145
riser, 143-144
well screen, 1434

MT3D, (see Models, modeling natural bio-
degradation)

NAPL (non aqueous phase liquid)
biodegradation of, 428429
capillary forces, 401-402
capillary pressure, 415416
characterization, 429436
contact angle, 401402
direct measure of, 426431
dissolution, 411-<414, 426-428
dissolved mass, 395
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effective solubility, 426-428
fate, 422
hydrolysis, 425426
indirect measure of (1% rule), 432435
interfacial tension, 401-402
long term sources, 395
non-wetting fluid, 401402
presence of, 396-397
Raoult's Law, 424425
relative permeability, 418-420
residual saturation, 353, 395, 419420
scale effects of, 411414
single component, mixed, 392-393
transport, 401-414
vadose zone, 403
visual examination of, 431
volatilization, 423-425
wetting fluid, 401-402
NAPL recovery, 509-511
pumping to remove residual NAPLs,
soil vapor extraction,
NAPL remediation, 507-512
bioventing, 511-512
General technology, 507-509
low-permeability enclosure, 512
proven technologies, 507
pumping to remove DNAPL, 511
pumping to remove LNAPL, 509-511
NAPL transport
computation, 414422
fractures, 404406
site level, 406407
Natural attenuation, 44171
advantages/disadvantages, 447448
bulk attenuatipn rate, 466—467
case study, 468—470
degradation, 449450
dilution, 450
dispersion, 448—449
emergence, 441-443
EPA Directive, 455-456
geochemical indicators, 462466
lines of evidence, 451-452
modeling studies, 467468
modeling tools, 456
plume history, 456-457
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plume life cycle, 443447
protocols, 451-456
sorption, 449
statistical tests, 457-462
Natural gradient field-tests for dispersion,
Borden landfill, 190-192
Cape Cod, MA, 193-198
National priority list (see also Superfund),
564-565
Neumann conditions, 342
Newton-Raphson [teration, 348
Nonaqueous—phase liquids (see NAPLs),
Nuclear sites, 95
Numerical model (see also Models), 336
Numerical methods. (See also Finite,
difference methods, Models),
Numerical models,
boundary and initial conditions, 342
calibration, 382
dimensionality, 342
discretization, 341
dispersion, 364
errors, 344
instability in, 341
limitations of models, 344—345
model setup, 38!
numerical instabilities in, 341

One—dimensional models,
1-D Continuous Source, 170-172
1-D Instantaneous Source, 172
1-D Steady Flow, 50
Organic compounds, 98—107
aliphatic hydrocarbons, 99, 101
aromatic hydrocarbons, 99, 101-104
halogenated hydrocarbons, 99, 104-105
properties, 207-208
Oxidation-Reduction, 217

Partial Differential Equations, 345
Finite Difference Methods, 353
numerical solutions, 349-353

Particle size distribution, 21

Partitioning
equilibrium, 206-211, 314
non-equilibrium, 314-315

Index

partition coefficient, 205-206
prediction, 210
Perched Aquifer, 2
Permeameter, 27
constant head, 27
falling head, 27
Perchloroethene (PCE), 406
Phenols, 104
Piezometric surface, 4, 33
Piezometer, 24
Plume, 117, 124-125
Polyaromatic Hydrocarbons (PAHs), 100,
102-103
Polycyclic Biphenyls (PCBs), 102
Porosity, 17, 18, 20, 46
Priority pollutants, 76, 78-79
Pump-and-treat systems, 488-496
analysis with numerical models,
495-496
capture zone techniques, 490-495
interceptor systems, 488
optimizing pumping injection systems,
496-497
Pump tests, 58-65, 147-148
Push technology, 135-136

Radial Flow, 50-53
Radioactive contaminants, 94-97
Radioactive isotopes, recharge zone, 21
Rate of Biodegradation, 240
Raoult's Law, 310, 321, 424425
RBCA (Risk Based Corrective Action),
471-475
natural attenuation factor, 472-474
point of exposure, 472-474
site specific target level, 472474
Reductive Dechlorination (see also Metabo-
lism)
of chlorinated solvents, 227
Remediation methods, 479-537
Remedial alternatives (proven), 481-507
bioremediation, 497-501
case studies, 521-537
excavation, 484
NAPLs, 507-512
natural attenuation, 441-470

Index

physical barrier, 485-486
Rump—and-treat systems, 488—497
risk-based corrective action, 471-474
soil vapor extraction systems, 501-507
source control, 483—487
. surface water control, 486487
emediation technologies (emergi
AATDF, 519-520 gles (emerging)
air sparging, 505-507
bioventing, 511-512
cosolvents, 519
funnel-and-gate, 512-516
low permeability enclosures, 512
restoring aquifers with NAPLs, 507~519
soil flushing, 516-519
surfactants, 517-518
thermal enhancement, 519
treatment curtains, 513-516
Resource Conservation and Recovery Act
(RCRA), 85-87, 546, 550, 558
subtitle D, 85
Retardation. 204
Root zone, 16
RT3D, 273-274, 367, 372, 374-378

Safe Drinking Water Act (SDWA), 546-550

Sampling procedures, 148-150
ground water sample collection,
149-150
handling, 149-150
quality-control measures, 150

Saturated thickness, 25

Saturated flow, 46

Saturated zone, 17,46

Savannah river, 96

Seepage velocity, 24

Secant Method, 348

Septic systems, 90-92

Sin? Investigation, (see Hydrogeologic Site
investigation)

Site investigation workplan, 122-125

Silent Spring, 92

Slug Test, 28, 65-70, 147

Soil classification, 21

Soil gas surveys, 151

Soil sampling, 133-139
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Soil sample vapor analysis, 151
Soil vapor extraction systems, 315-329,
501-507, 529-532
air sparging, 505-507
design issues for vapor extraction Sys-
tems, 505
Hill AFB, 529-532
hydrogen injection, 505-507
modeling, 315, 529-532
Soil-water characteristic curves, 291-294,
297
Soil-moisture curves, 17, 45
Specific storage, 36
Sorption, 204-215
absorption, 172-173204
adsorption, 204
desorption, 213-215
equations, 212
estimation of sorption, 210
factors influencing sorption, 204
linear, 209
retardation, 211-213
Source control, 483—487
barriers to ground water flow, 484—d85
excavation methods, 484
grout curtains, 485
liners, 486-487
sheet piling, 486
surface-water controls, 486
Source zone, 115-122
Sources of ground water contamination,
agricultural wastes, 92-93
military, 97-98
mining, 94
landfills, 85-86
nuclear sites, 95
septic systems, 90-92
Specific yield, 17
Spring, 20
Storage coefficient, 22
Stress, effective, 35
Stream function, 42
Streamlines and equipotential lines, 30-32,
41-45
Surface impoundments, 87-88
Superfund, 76
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Superfund Amendment and Reauthorization
Act (SARA), 546, 563-574
CERCLA liabitity, 571
SARA title III, 574

Surface geophysical surveys, 132

Subsidence, 36

Surfactants, 532-537
reported mass removal, 536
results, 535-537
test cell operation, 534-535
tracer test, 535

Storage coefficient, 36, 22

Storativity, 36

Tension head (see Capillary suction head),
45-46
Tensiometer, 46
Tortuosity, 313
Total Petroleum Hydrocarbons (TPHs), 395
Tracer test, 190-198, 535
Trace metals, 83
Transmissivity, 25, 51
Transport mechanisms,
adsorption (sorption), 161-1635,
204-215
advection, 161-162, 165-169
biodegradation, 219-231
diffusion, 162-165
dispersion, 162-165
flow and transport equations in 2-D,
175-177
mass transport equations, 165-169,
175-176
NAPLs transport,
one-dimensional models, 170-175
Tremie method, 146
Trichloroethene, 77, 82, 104-106
Tetrachloroethene, 77, 79, 82, 104-106
Truncation errors, 346

Underground storage tanks, 83-84
leak detection, 83-84

Uniformity coefficient, 18

Unconfined aquifer, 18, 4546

Unsaturated flow and the water table, 4546,

295-297
Unsaturated flow equation, 295-297

Index

Unsaturated zone, 16, 45-46, 289-303
comparison with saturated zone,
296-297
hydraulic Conductivity, 294
properties, 46
transport in, 303-308

Unsaturated zone transport, 303-308
governing equations, 295-297
models, 315-329

Vadose zone, 16
Vadose zone transport models,
HyperVentilate, 316, 318-323
VENT3D, 315, 317, 323-329, 529-532
Vapor Transport, 308-315
equations, 308-315
organics, 310
Velocity potential, 41
Vertical distribution of groundwater, 16
Volatilization, 218-219

Water divide, 39
Well, (see Drilling methods), 22
annulus, 23
bentonite, use of, 23
casing, 22
screen, 23
Well logs, 153
Water table, 3, 16, 46
Water level surveys, 146—147
Water use, 4
Well hydraulics (steady-state), 50-56
Cooper-Jacob method of solution,
63-65
image wells, 56
leaky aquifer, 70-73
multiple-well systems, 55-58
slug tests, 65-70
steady radial flow to a well: confined, 50
steady radial flow to a well: unconfined,
52
Theis method of solution, 58-63
well in a uniform flow field, 54
well hydraulics (unsteady), 58-73
Woburn, MA (see Case studies)
Work Plan, 122-125
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