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Capture Zone Analysis
Confined Aquifer

The equation to describe the edge of the capture zone for a confined aquifer when
steady-state conditions have been reached is (Todd 1980; Grubb 1993):

- —y
* = an(2nKbiy/Q) 0018
where
xandy are directions defined on Figure 10.32
Q is the pumping rate (L*/T; f*/day or m*/day)
K is the hydraulic conductivity (L/T; ft/day or m/day)
b is the initial saturated thickness of the aquifer (L; ft or m)
i is the hydraulic gradient of the flow field in the absence of the pumping well
(dimensionless)
tan(y) is in radians
Capture Zone Analysis
Confined Aquifer
xg = —(/(2=Kbi) 10.17)

Where x; is the distance from the pumping well to the d gradient edge of the capture
zone (L; ft or m),

L The maximum width of the capture zone as x approaches infinity is given by
Ymax = =0/ (2Kb) (10.18)

Where y,..,., is the half-width of the capture zone as x approaches infinity.




Capture Zone Analysis
Confined Aquifer
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Capture Zone Analysis
Unconfined Aquifer
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where
xandy are directions defined in Figure 1032
Q Is the pumping rate (L/T; ft*/day or m”/day)
K is the hydraulic conductivity (L/T: ft/day or m
tanfy) s in radians
The maximum width of the capture zone as ¥ approaches infinity is given by
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Capture Zone Analysis
Example
Compute the capture zone of an interceptor well pumping at a rate of 190,000 ft” /day from a

fined aquifer with a hydraulic conductivity of 1500 ft/day, an original hydraulic gradse it of

0.00300, and a saturated thickness of 75.0 ft.

Part A:  Find the maximum width of the capture zone.

.
Your ™ % 30K
s 190,000 £ fday _
2 % 750 ft % 1500 ft/day * 000G00
= 281 it

Part B: Find the distance to the stagnation point.
Q
2mKbi
190,000 ft'/ day

2% 7 % 1500 ftjday * 75.0ft 000500

896




Capture Zone Analysis: Example

Find the shape
of the caphure 52

deescribireg the capture zone. The following values are for
is symanetrical about the x-ads.

(2 = % 1500 f/day

* 000300 * y)
tan I‘ 190,000 ft'/day . J

M2y
il Capture Zone

must be in radians.
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Advection

The diffusion of a solute through water is described by Fick’s laws. Fick’s first law de-
scribes the flux of a solute under steady-state conditions:

F = —D dC/dx (10.)
where
F = mass flux of solute per unit area per unit time
D = diffusion coefficient (area/time)
C = solute concentration (mass/volume)
dC/dx =  concentration gradient (mass/volume/distance)

The negative sign indicates that the movement is from greater to lesser concentrations
Values for D are well known for electrolytes in water. For the major cations and anions in
water, D ranges from 1 X 107 to 2 X 107 m?*/s.
For systems where the concentrations may be changing with time, Fick’s second law
may be applied:
9C/ot = D 9°C/dx* (102

where 9C/dt = change in concentration with time.

Advection proportional to
Linear Velocity

[he rate of flowing ground water can be determined from Darcy’s law as

K di
v nd (10.4)
where
o, average linear velocity
K = hydraulic conductivity
", effective porosity
d:[l hydraulic gradient

Contaminants that are advecting are traveling at the same rate as the average linear
welocity of the ground water.




Longitudinal Dispersion
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A FIGURE 10.8
Facton cauning por-wcale lengitudinal dipenion.

Lateral Dispersion

Lateral dispersion is caused by the fact that, as a fluid containing a contaminant flows
through a porous medium, the flow paths can split and branch out to the side. This will ccou
even in the laminar flow conditions that are prevalent in ground-water flow (Figure 10.9)

The mechanical dispersion due to the preceding factors is equal to the product of the
average linear velocity and a factor called the dynamic dispersivity {a.).

Mechanical dispersion = a; v, s

-« FICURE 10,9
Flow paths in a porous medism that cause lateral hydrodynamic
dispersion,

Hydrodynamic Dispersion

The: pnm'-x:s of mc;l.ccuhr diffus;on and mechanical dispersivity cannot be separated it
flowing ground water. Instead, a factor termed the coefficient of hydrodynamic dispe

sion, Dy, is introduced. It takes into account both the mechanical mixing and diffusion. Fer
1i 1 flow it is rep d by the following i
Dy =agw, + D* (10
where
D, = the longitudinal coefficient of hydrodynamic dispersion
ap = the dynamic dispersivity
v, = theaverage linear ground-water velocity

D* = the effective molecular diffusion coefficient
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A FIGURE 10,10
Jefuence of dispersion and diffusion on "breakthrough®” of a salute.

Advection and Dispersion

The o sicnal equation for hydrody ic dispersion (Beruch & Street 1967;
Hoopes & Harleman 1967} is given by
fe_ i

D 2 x
i ar o at

(10.7)

Dy is the coefficient of longitudinal hydrodynamic dispersi
C s the solute concentration
vy is the average ground-water velocity in the x-direction

¢ is the time since start of solute invasion

Advection and Dispersion
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A FIGURE 10,11

Transport and spreading of a solute shig with time due t advection and dispersion. A slug
of solute was injected at x = 0 4 o at time f; with a resulting concentration of Cy. The
ground-water flow is to the right. Soure: C. W, Fetter, Contaminant Hydrogeology. Lipper
Soddle River Nj: Prentice Hall, 1999,




Advection and Dispersion

The concentration, C, at some distance, L, from a constant source of contamination at
concentration, Cy, at time, 1, is given by the following expression (Ogata 1970), where erf;

is the complementary error function:
[ l'L) L+ oty
+ ex ( l-rrg-( ) | (103
) P\ p, 23Dt/

erfi ( L
[ 2,
C  is the solute concentration (M/L?, mg/L)

where

Cy is the initial solute concentration (M/L”, mg/L)

is the flow path length (L; ft or m)

v, is the average linear ground-water velocity (L/T:

day or m/day)

is the time since release of the solute (T: day)

Dy, is the longitudinal dispersion coefficient (L*/T; ft*/s or m*/s)

Advection and Dispersion

Grovand-waiter flow - FIGURE 10.12

— A The development of a
contamination plurne from a
continuous paint source, B, The
travel of a contaminant slug from a
one-time point source, Density of
dots Indicates solute concentration.
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Length Dependence of Dispersion

ity and flow length, and found that the following equation best describes the
relationship.

ay, = 0.83(log L)** (10.9)

where

ap s the apparent longitudinal dynamie disg

(L; it or m)
L is the length of the flow path (L; ft or m)




Advection and Dispersion: Example

Alandiill is leaking leachate with a chloride concentration of 725 mg/L, which enters an aquifer
with the following properties:

Hydraulic conductivity = 3.0 % 107" em//s (30 % 107" m/s)
00020
Effective porosity nz3
D* = 1% 107" m/s {estimated)

Compute the concentration of chloride in 1 y at a distance 15 m from the point where the leachate
entered the ground water.

Advection and Dispersion: Example

. Determine average linear velocity.

K{hydT)

(30 3 107 % myf's % 0O02)/(0.23)

6% 107 m/s

2. Determine the coefficient of longitudinal hydrodynamic dispersion,

a Find the value of 4, froe Equation 10.9

@ = DE3 (logl)*

083 (log 15 m*4™

= 1.23m

ind the value of D
[P
(123m = 26 % 1077 m/s) + 1% 10" mi/s
=32 % 10 w8
3. Restate the 1-y time of travel in seconds.

t o= 1y % 605/min % 1440 min/day % 365 days/y

5107 s

Advection and Dispersion: Example

4. Substitute v

alues into Equation 105

- 725 mg/L
L = 15m
[ 315% 1078

2% 107 s

B, = 6% 1077 m/s

¢ - 7f

* 1077 mys % 315 x 107 s) |
2 % 107 mfs % 315 % 1 s)® |
b o (262107 s % 15m)

R S TR

[15m + (26 = 107

2=

* 315 x 1075) |

X e /s ] A
i 2% 107 mfs % 315 % W0s | }”"‘ L

) + ep(12:19) x erfe

3625 [erfo(1.08) + exp{129) ¢ erfc(368)] mg/1.

tioe

The complementary error
tary error fu

equation.

e determined from Appendix 13. Since the complemes]
cticn of numbers greater than 3 is very small, we may &

re the second berm of

C o= 3628 %0127 mg/L




Adsorption — lons “stick” to porous
media and thus don’t advect or
disperse

" Whenan Jn}ﬁmpl&nm u:l.:l:nn.-.hip canbe plo‘licd as a straight line on log-log paper, itis
described by the Freundlich isotherm as

log C* = jlog C + log K, (10.10)
or
cr =Ko (10.11)
Whesge
C* = mass of solute sorbed per bulk unit dry mass of soil
C = solute concentration
Ko f = coefficients
* FIGURE 10.13 o b

», amount of lead aborbed pgy

The slope of the curve on the log-log paper is represented by . In a plot of C* versus (,
where the slope is a straight line, the relationshi i
these conditions, the derivative of C* with respect to C yields the relationship

dCHIC = Ky (101

where K, is known as a distribution eoefficlent.

Influence of Adsorption

A FIGURE 10,74
Influence of retardation on movemnent of a solute front in a one-dimensional column,




Retardation

The E; value can be used to compute the retardation of the solute front as it passes
through the soil by the following equation:

Retardation factor = 1 + (p,/6) (K,) 10.14)

where
oy is dry bulk mass density of the soil (M/LY; gm /em®)

@ is volumetric moisture content of the soil (dimensionless)
K, is distribution coefficient for the solute with the soil (L*/M; mL/g)

If a solute is reactive, it will travel at a slower rate than the ground water owing to ad-
sorption. The rate of solute can be d ined by the lation equation

v, = v,/ [1 + (pa/8HES] (10.15)

where
v, s average linear velocity (L/T: ft/day or m/day)

v, is velocity of the solute front. In a one-dimensional column the solute
concentration is one-half of the o | value (C/Cy = 0.5) (L/T: ft/day or
m/day}

Retardation Example

hstion coel

Compute the relative velocity of the solute front of a solute-soll system with a di
clent of 10 mL/g, a gy value of 1.75 g/cm’, and 0 of 0.20:

LI

1+ (K

- B

- 1.75 gfem® ( mL
t ( 020 ) s
o,

885

= 0.011n,

T S,
Ground water is polluted by industrial and
municipal wastes, leaking sewers, and
lawn fertilizers, pesticides, and herbicides.

(a) Urban areas

£ 2008 Brock Ihomace Urban Pollution




Ground water is polluted by septic tanks,
animal feedlots, and crop fertilizers,
pesticides, and herbicides.

(b) Rural areas

£ 2004 Brocks ooy Rural Pollution

a)

Je 2005 BrogiaCode - Thomson

Desired area
of anaerobic
decomposition

Septic Tank Field

O —— .
T30 o

Ground water is poliuted by substances
less dense (gasoline) and more dense

(c) Density effects

£ 3008 Brocka iy Densl(z
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Barrier
beachs
e

Jo 2005 BrogkaCate - Thomsan

Injection of Treated Water

Organic Pollutants

Ko
‘Compound (gL} imLig) Class
1, +-Diowane miscible 1 wvery high
Abydrovy-bmethyl Zpentanone miscible 1 wvery high
acetone ‘miscible 1 wvery high
setrabydrofusan miscible 1 very high
NN dimethylformamide 1 wvery high
NN dimethylacetanside 2 very high
Z-methyl-2-butancl 140000, @ very high
Lbstarol 125000, @ wvery high
ethyl ether #4300, 5 very high
cyclobexanol SE700. 0 very high
Fmethylbutancic ncid 42000, 12 very high
benuzyl aleohol 40000, 12 very high
aniling 000 13 very high
Lhexanone (butylmethylketone) 35000, 4 wery high
Zhydsony-tricthylamine 15 very high
Lmethylphenal (o-cresol) 3000, 15 wery high
Lmethyl-2-propancl 16 wery high

Organic Pollutants

Salubility K. Mobility
Campaund (mg/Lh {mLig} Class

4methylphencl (p-cresol) 24000, 7 wery high
pentaroic acid 24000, 7 wery high
cyclohexancne 3000, " very high
4-methyl-2-pentanone 19000, 0 very high
2, d-dimethyl phenol 17000, n very high
4-methyl-2-pentanal 17000, n very high
methylene chloride 13200, 25 very high
isophorane 12000, % very bhigh
phenol 2000, 2 very high
J-chlorophencd 1067, 7 very high
hexanoic acid 11000, 2 very high
chlamibarm THa0 3 very high
1.2-dichloroethane 8450, 36 very high
12-trans-dichlorocthens 6300, Ed very high
ehloroethane 5700, a wery high
5-methyl-2-hexanane 540, a very high
ehlurmethase 5380, 43 wery high
1.1-dichlorocthane 5100, 45 wvery high

11 2-trichloroethane 0. 45 very high




Organic Pollutants

1 2-dichlaropropane 51
ben d 2]
octanaic acid ™
ey c acicd m
1,12 2 tetrachloroethane 88
benzene o
diethyl phthalate 1
123
sromethane 13
pic acidl 13 high
1100 moderate
700, moderate
Lat 400, moderate
~dichlorocthene 400, moderate
hon tetrachloride 800, enoderate
2-butanone (methylethyll asa, moderate
thylbercoic acid 340. o Tabe
tolues 500, moderabe
tetrachloroethylene 200. e
1 S moderate
ilaroberizene 148 moderate
170 prate
trifluaro-1,1 2-richloroethane
162
chlarobercene 18
Musratsichlosomet 10
& Sdinitrodmetty Iphe moderate
351 lew
Tow
s low
Tow
30. Tow
317 low
hylphenal low
10 alight
& slight
74 slight
85
Bexachlarobenmene 0,035
hesachlarobutadiene 32
-octyl phihalate 3
il berczyl phthalate 28
198
54
06
04
heptachlor epondde 035
endosu 0z
fluoranthene 0275

Organic Pollutants

1.2diphenylhydrazenc (as
azoberioenc)
endosulian sulfate
phenanthrene

dieldrin
anthracene
BHC-gamana
decanaic acid
chlordane

m
PUB-1254
heptachlor

endrin
Bensofalanthracene
aldri

44-DDD

0073
018

0056

o
oMz
003

0024
[

immaobile

immobile
immobile
immobile

immobile

immobile
imobile
immobile

12



Migration of Organic Pollutants

Common Groundwater Pollutants

Municipal Solid Water Landfill Leacates
Wisconsin

13



Solvent/Degreaser Plumes

[
|
|
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| san Franch
| Lon Argetes | eeomcr sme
| San Diege™—

| Honwater bearing sock
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el
& FIGURE 101
Plumes of contaminated ground water in the 170.mi* San Gabriel groundwater bagn,
southemn Califormia. C which include L
earbon tetrachlonide, and other suspected carcinogens, are found in more than 88
muriicipal supply wells 10 depths as great as 1000 ft (J00m). Muhliple sources of

$ respansible for th ievdusteial sohwents and degressers found In

the ground water, Seurce: [. |. Kosswats & M. |, Spenseller, Engineering News Record 217, no.
21 (Now. 21, 1986): 28-29.

Monitoring Wells

> FIGURE 10.2
Typical ground-water monitoring well

Bentonte sesl

Fife pack or
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Gas Monitoring Well

= FIGURE 10.6

G mnitirieg well In wade sone.
Soume: L 5. Wison, Ground Water

Monisering Review 5, e 1 (15811
155-68.

ATLANTIC OCEAN

Fresh Kills Landfill, NYC

15



a)

Great Pyramid of Giza Fresh Kills landfill

fo 2008 BrockaCole - Thomson

World's Largest Landfill, NYC

S
i waste

(8) Ciass | anitt

Soi e
et waate

{c) Clasa M lnnctis

I Classes of Landfill

Chaw |

Group 1
Groep 2
Grop 3

Mo possbiliy of discharge of Ieachate 1o uable watens. Inuncaticn and wathout miat not
whether 10d or syrthetic, munt be esserially impermeable; (3t o, it must have a perme
groups may be receaed {Figure 15.5, pant a).

Site overlies or is adjacent 10 usable grouad water. Arificial baiers may be usesd for boh vertical sad bateral leachate migration.
Geologs: formasian of artifickally conseructied ey of harrsms should hawe 4 permeabliy of less than 10 cm/year. Ceoups 2
and ) waste may be accepted (Figure 15.5, part b

. The waderiying lining marenal,
y bevs tham 0.3 cmyes. ANl waste

4 ar sarface-water quality. Incluces filevg of areas that contam water, such a5 rearhy
aray, pits, and quaies, Only inert Cevup 3 wastes can be accepted (Figare 138, part.c).

Constituents of Waste Groups.
Comists of tas not imited 10 taxk substances tha coal water qualy. Exarmid Jine fluidh, oxc chemcals, Lot
wastes, bnnes from food proceming, pesticiles, chemical ferilizes, a ef arsenic, and i et

Household and commercial garbage, tn cars, metals, paper prochicts, glass, cloth, wood, yard cligpings, smal dead animalk,
ind bair, hide, and bones.

Mon-witer-sohible, nondecomposable inert solids such as concrete, asphalt, plasterboard, rubber products, steeb-mill slag, dlay
eoddacts, glass, and asbestos shingles

16



Methane-extraction well

Deep Well Injection of Hazardous Waste

Leachate Collection System

30-mil PVC
liner

| 1" x 1" anchor
trench

6" PVC pipe, perforated;
| sloped to wet well f2| 7

|

A FIGURE 10.7

| £r0ss section of leachate-collection lysimeter beneath clay liner of a landfill.




Landfill Design

snat
B cey i with Fycnc corebucipy of s more thas 1 107 cmis. The wsondary
. 400md WEPY pias

meriarng wall

iy Landfill design with Lechate and Methane controls

Multimedia Landfill Cap

3 percent slope

80 mil synthesic liner
2" of compacted clay

201 % 107 emisec

permeability)

= Backfill

' Contaminated soil and
building rubble

A FIGURE 10.23
Pesign of a low-permeability multimedia cap to cover waste. Fill material is used above waste
o create a 3% slope if the waste material or land surface over the waste material is not sloped,

18



Leaching of Sulfate

AsH BASD
suh shskce e
0

A FIGURE 1017

water highes Srom a fiy ash lanara
Iocatexd bekow the walse Labde. Source: Ol R, Viste, Proceedingn, First Annual Conference
of Applied Research and Practice on Musicipal and industrial Waits (ifodisn: Linrendty of
Wikcanuin, 1578}, pp. 12740

AMD, Mike Horse Mine, Montana

Solubility”
A grams compound Titer water
Compound Specific Gravity" 1@ *C Temperature)

Acetone 09 Infinite
Benzene 088 1780 (20)
Carbon tetrachloride 159 BOO (200), 1160 (25)
Chloroform 148 000 (200), 9300 (25)
Methylene chloride 133 20,000 {20), 16,700 (25)
Chlorobenzens m 500 (201, 488 (30)
Ethyl benzene 087 140 (15), 152 (20)
Hexachlorobenzene 160 0.11 (24)
Ethylene chioride 1.4 G200 (0, B30 (20)
1, 1, 1-trichloroethane 134 4400 (20)
1, 1, 2-trichlorocthane 144 4500 (300
Trichlorocthylene 146 1100 (25)
Tetrachloroethylene 162 150 (25)
Phenol 107 82,000 (15)
2-Chlorophenal 126 28,500 (200
Pentachlorophenol 1.98 5 (00), 14 (20
Toluene 087 470 (16), 515 (20)
Methy] ethyl ketone 081 353 (10)
Maphthalene 103 32(3)
Vinyl chloride 09 1125




13.5 bilion gal

U.S. Toxic Waste

Light, Slightly Soluble Organic
Liquids (e.g., gasoline)

A FIGLRE 1019
Ovganic bquids such as gasoline, which are onky dightly sohible in water and are ks dende
than water, tend to float on the water table when a spill occurs.

Dense Non-Aqueous Phase Liquids

a liquid that is denser than water and does not dissolve or mix easily in water
1

LA FIGURE 10.20
| Brganic liquich such an trichloroethylene, which are only shightly soluble in water ard e
[Piore dense than water, may sink to the bottem of an squier whin a spill occurs.

20



il rateral wasiom actviy il % 101
€

A rGuRL 1027

| e . [ae— tafings pords.
(B & & White 1 . . G, Goone] Waster Monioring Beview 5, na. 7 (13855 73-82.

Love Canal, Niagara Falls, NY
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Superfund Site

a7

Superfund Site

e Seymassr Bicydling Conpe

o Fast Fork
of White River

* Monitoring well

seale oo

A FIGURE 10,29
Extent of the 1,-dioxane plume on December 1984. Concentrations in ug/L.

[10 East Fork
of Whit River

25001

A FIGURE 10.30
Extent of the 1,4-dioxane plume in 1990, Concentrations in g/L.
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