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volume flux rate of alluvial groundwater beneath

the tailings [resultant volune flux rate from mixing
the background groundwater with the fluid percolating
through the tailings) (gpm).

volume flux rate (percolation) through the tailings

$ 4 in

ons uen
sample) (mg/1).
concentration of water quality constituent in the
Aum beneath the tailings (resultant concentra-
xing background alluvial water with
ore water) (mg/1).

Using Qp 9.9 gpm (see Table 0.5.7), average pore water
concentrations from lysimeter GRNO1-714 (Table 0.5.14), average
backaround gqroundwater concentrations from alluvial monitor
wells 563 and 707, and resultant groundwater concentrations
from alluvial onsite wells 1702, 704, and 105, Q¢ was calcu-
lated to be 0.010 gpm using both uranium and manganese concen-
trations. Gther constituents were considered but were not
useful either because the'r background concentrations were
higher than resultant concentrations or pore water analyses
were not available.

Based on the calculated Q¢, the con®*inuous infiltraticn
rate over the eight-acre 2rea of the tailings 1s 6.4 x 10-11
ft/s (2.0 x 10-9 em/s); the average annua)l rate 1s equal to
0.024 in/yr (0.06 cm/yr), or 0.4 percent of the average annual
precipitation. While this method of calculating Q¢ has 1in-
nerent uncerta’nties (e.g., averages are used and geochemical
attenuation 1¢ not zonsidered), it indicates that the percola-
tion of water through the tailings 15 very little, and is
probably within the range estimated Dy Rush et al. (1982).
Regatied mixing saisulatiors to estimate (¢ are.on.file \n
the UMTRA Project OFFtce, Aldbuquerque, New Mexico.

were collected and analyzed
east end of the pile (see
3 . ; than
mit) ters ¢O - taine rom t ) 2 t pach time,
$0 only a select J 0 ) neters coul¢ ' NO
pore water at all could be collect ( ct , 1987,
and January, ‘ >inc¢
require on~
pore water : )t b te -
select nber of constit ‘ analyzed,
balance could not De \y performed and the
of the j1ts are uncertain 1] the pore wat
\n s9%) moisture

. ¢

are highly sensitive to fluctuations
responses to rainfall and evaporation); this seems
P water paramet<

reflected Sy the high vartance in
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Table B.2.23 Water-quality analysis for lysimeter 716, September, 1986,
Green River, Utah, tailings site

Parameter Detection
Parameter value 1imit
Ce 385 0.0
(o 2900 1.0
K 16() 0.00
Mg 1090 0.0
Na IR 0.002
NH4 N 0.1
S04 16000 0.1
T0S 26100 10.0
- U 221 0.003

- -

UNIT OF PARAMETER
PARAMETER REASUKE VALUE+/=UNCERTAINTY
ALUNINUM MG/L 6300,
AMMONIUM mG/L 14,
BORON nG/L 0.5
CALCIUN MG/L 4S7.
CHLOR I DE mG/L 443,
« CHROMI UM mG/L 2.64
FLUORIDE MG /L ( 0.1
IRON mG/L 2200,
AGNES TUM MG/L 2640,
> nG/L 3460
= MOLYHDENUM nG/L el
RG/L 4500
POTASS UM mG/L 0.19
- STLENILM MG/L 0.092
SOD1UM nG/L 87.2

SULFATE mG/0 546200,

/’_JO\ SOLIDS mG/L 80800,
~URANIU mG/L 675,

FORM 9 008 ' (a8



3 [JE JALUDBY ENIINECKINY

fn =56, t.r(ﬁ&.-

(1 AMD |6 DAL -

1 A (UG DALE e

SHEET MO
JO8 NO

702-93 0%

FaRAM TR
VAL + /e b RTAINLY

[}
«
«
<
]
Ivoo.
«
t
t
[
b ‘
4.0
¢ 0.1
6.2 1“2
10
0.4 0.2
0.0 “e
0.0vy
2
¢ 0.0¢
¥oo.
S.
v .
0.0
t

%
00208
o3y !’0 -

J0% -0 Ga/ve/Be
FARAR LK
VAL UNCER ALY

s,

¢ 0.00

™.
0.0y

DATE g SUBJECT
» owo Jlo
\
Table B /.22 Mater-quelity analyses “or allurial on-site wells .
02, 104, and U5, Green River, Utah, tatlings site
FURMAT (O 00 CORWLLTLIw: AT IvIie
WIDSAR 1€ UM RELALTIMSNIIF: UN SETE
o v S el : LA 1D - SAMI b
102-01 0470/ /e 20N QYN Ine /97-0¢ Q¥/0/iwe
- s L o e P N
PARAN TLR A AR /MR TATNET  VALUE ¢/ UMCLKIAINLY  VALUE 7 e LR ALY
AKALIRITY  mGA CAMUD PR 2ah. 2,
e ~mA * e.4 0.4
ARON | (- L 2 s . 2.,
LR T LS . ¢ v.00.4 t 9.001
ARSENIC Lo ¢ 0.0 ¢ ©.01 0 0.04
Al oo - ‘ L « 0.
oo o - 0.4 0.4
CADA LUN LN . { . 1 Q.
CaLCTm " Ay, 70, Se0.
LWL e LIS vi. Wwo., wo.
L im | Um L 1] . e.0¢ 0.02
IR LN ~A - L] o.vh . 0.0%
Cleaas 1ANCH UmMO(N 1500 . Fv00, IO .
R LTS - 0.04 0.93
(ARTY BIT L 0.4 0.¥ o.v
ANSS NP KON - -
T Ghuss se1A PCIL . p
e 4 ~/L 0.0/ ( 0.03 ¢ 0.03
- e . t 0.0 ¢ 0.0¢
Sium nGAL 1we. 5. 5.
Pt AN St ~eL .7 0.4 0.4/
~AmY i . « U002 « 0.0092
R TR NS 0.2/ 0.0% 0.0
LAIRE 18 L a8 . 0.0% 0.0
NIIRALE L - i .
wiiRile L - ¢ 0.t t |
el CARRUN WG - ’0 70.
P20 roin - L) .4 1.5 .4
L Sl 7,34 .00 6.mt
FIRFPHATE L - [ 6. 1 0.1
P-210 rein . 0.4 0./ 0.2 0.7
FOIASS (1M A (P L) .8
KA 22 rAn 0. 0.1 0.1 0.7 0.1 0.?
LERR RS ] Ll B} 9. 0.y 0.9 1.0 o.n “e
SN . ¢ 0.00% L 1) o ovy
SHes s v V.
Siias ~e { 0.0 i 0.0
nim - /vy wu. oo .
LORON D un el LN 5.4
AR BALL ey wo. e, ¢Yuo .
e im 04 i ) “ w. 0.
H-200 e ot (] Y o
0l L ¢ 0.00u ( 0. 00
DiaL AN TN W, wvn B,
AN L= -~ L 1.y 1.4y
VA o 0. 8
i ~ 0.0c0 0.0
e sassrnisen s R e B TR ET BRTTREE R
73298 WY/ /06 9V uAIVL/ e JoA 1 Uv/e/ e
I rARAN 1IN PARAM N L N
Fanane 1R M ASE Vi /UM R AT VAR U TAINET VAL /M RTALINY
AR INILT LA LALDY o LU
DR ~ 0.0
Ar ) . L} o .
L AR L T2 < 0.00) »
ARSIwIC L AR < 0.0 ¢ 9.0
WA [ LN { 0.1 n
Brmon oL 6.4
A e AL { ¢.001
CaCl- A L. ARy,
LR 106 L Y e, 299.
LIMOR | LN LI 2.0/ -
i ! LI ( 0.9% o
Clmmn i TANCE Um0 /CA ¥ cub0.
CQrrER L TN 9.0}
Foum e NG /L o.v (|
GANGS MPHA PCIAL 0. 0.
w OROSS BEIA POIAL . tea, 9. "
M L1048 v. Q) oy o.vi
= ta L ' 0.01 ¢ 0.04
MALME S (LN oA 5, i 24/,
RA AN Lt ~L 0.4 0.% .40
L ISR nGiL ¢ 0, wov L 0.0w¢
LA IR nG L Q. 0. J. 18
LILEA SN L TR .0 9.V
MllRATE L [T R 0, 2%,
NiIRTIE G { 9.1 9.4
OmG., LARBON MG/ 0 1o, 70.
*9-210 PO/ $.2 1.7 ' 9.v “s ./
r SU 6.8 " /.40
FHECPUALE L ‘ 0.1 1 9.
LS AL rciA 9.1 0.7 0.4 0.0 9.9 0.6
FilAs_ lum LI “w.o e/ 9.0
BA- 474 rein 0.7 0.¢ . ¢.¢ 0.2
wA 228 rein 0.0 o.w 0.v “
SENus Ay ¢, 1w t .o 0.0vy
il 1CA A ¥ )
Slivan L ‘ 0.6 1 9.0
0N L T wod (T Q.
SIROMT U AL LAY a6
e Al ~L 2990 o0 weve.
TInLRATURE L2 e "% .
208 | AR ?.M LI ] @ 0.2 1. 0./
iw o { oW { 0. 00y
TOIN Wil s A vy L v,
AN i™ L I} (PR “. & 0. e
VARAL | N Latla} B 2N v.rA
liww L) V.0 0.ueh

FORM 91 008 1 4 8

Ao ry

PANLE L

VALLR AR R RTALNTY

‘
«
«
‘
(
{
«
«
«
L1 J
‘
0.4
0.2
0.0
{
0.9
(
10% 0V OV/0/7ue
PARAM LN

VAL ¢/ UNCLR ALY

-
-

-

‘ -
6Lo000c00-0

.
L. 4 -
ooBood
2 &2

L

0. oMy
0.4
0.0/



i J—! JACOBS ENGINEERING

B e e
ov_ .l _omo S

. d"aéh/fnw'/ 7a/a VTR 4 T 2 1'/ =

Table 8 2.21 Concentrations of major end trece constituents
In groundwater, Green River, Utah, titlings site
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annual precipitation evaporates back into the atmosphere and
long-term drainage off the pile would be negligible. Finally,
since the long-term seepage rate through the tallings 1s esti-
mated to be 1 x 10°8 ecm/s (or 1 x 107 em/s at the most),
ponding or *bathtubbing* of seepage in the disposal cell will
not occur. Qetstled.runoff and ponding calculations are .on
file at the UMIRA Project Office, Albuquerque, New Mexico.

Seepage impacts

Mixing and dilution

Following percolation downward through the fractured
foundation bedrock, tatlings seepage will contact and mix
with groundwater flowing beneath the disposal cell. The
upper-middle shale unit s probably not saturated beneath the
southern sector of the disposal cell (See Figure 0.5.4). fo
this reason it 1s assumed that tailings seepage wil) mix with
groundwater in both the upper-midcle and lower-middle units
beneath the cell, and in approximately equal proportions. The
mixing is assumed to take place in the saturated thickness of
the upper-middle unit beneath the cell (maximum of ten feet),
and in the saturated thickness of the lower-middle unit beneath

the cell (20 feet).

Given these assumptions, lateral flow rates beneath the
disposal cel)l were calculated to be 2.2 gpm for the upper-
middle unit, and 1.6 gpm for the lower-middle unit (DOE, 1987).
Further, assuming that the tatlings seepage is divided equally
into each unit, and the long-term steady state seepage rate
through the tatlings is 1 x 10-8 cm/s (0.029 gpm), the mixing
ratio (tailings seepage to groundwater underflow) was calcu-
lated to be 0.0066 for the upper-middle unit and 0.0091 for
the Jlower-middle wunit. Assuming a saturated infiltration
barrier for steady state conditions, the mixing ratios would
be 0.066 and 0.091, respectively. The dilution of the tall-
ings seepage by groundwater underflow is proportional to these

mixing ratios.

Tatlings seepage from the proposed disposal cell was
mixed with groundwater in the Cedar Mountain Formation beneath
the cell dy using the following mixing formula;

CrQp = C40p + Cyly
where

C, = Resulting concentration of water quality constituent
peneath the disposal cell (mg/l).

Qp = Resulting flow rate beneath the disposal cell; equal
to taidlings seepage rate plus groundwater underf)ow

(gpm)
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A trench f.rmed by the intersection of a partially below-grade cover with
the eage of the bedrock excavation might allow water to pond along the edge
of the cell. This note provides an estimate of the maximum amount of
ponding expected with the current proposed design, and the implications for
infiltration.

Figure 1 shows a section through the edge of the proposed cell and the
adjacent host material. Water will be shed from the top of the cell
through the bedding material and riprap. A1l infiltration is expected to
penetrate the common fill where it is present, rather than drain laterally
through the upper bedding layer. Infiltration reaching the lower pedding
layer will either penetrate the clay cover or flow through the bedding to
the bedrock contact. Runoff reaching the bedrock will accumulate until the
saturated area of the rock and the driving force of water ponded in the
trench produce discharge balancing the rate of runoff from the pile.

Beyond the edge of the radon barrier, rainfall infiltration will be limited
by the permeability o{sthe bedrock. The minimum observed permeability for
this unit is 7 x 10 cm/sec or 2000 cm/year. Since this conductivity
far exceeds annual rainfall, the bedrock will never become saturated in
this area. Any off-pile recharge within the trench will infiltrate the
bedrock rather than flowing downslope to the point of contact with the
barrier. Ponding in the trench, if it occurs, will therefore results from
water shed from the cell only,.

To estimate the maximuri amount of runoff from the cell, the following
assumptions were made:

(1) The annual rainfall f 15 cm/year recharges the lower or common
bedding layer over the entire surface of the pile, both above and
below grade.

(2) No evaporation takes place.

(3) 10'7 cm/sec or 3 cm/year infiltrates through the radon cap, leaving
a net excess recharge of 12 cm/year shed by the pile.

Because the radon cap must remain saturated for any runoff to occur, 12
cm/year represents the maximum flux rate to be disposed in the trench.

The total pile area is:
A= (440 7t)° = 1.8 x 10% cn?
S0 that the maximum volume of runoff is

Qmax s (12 cm/year) x (1.8 x ¢m®) = 2.2 1-109 cmzfyear
68 ¢m”/sec



This runoff will create a ring of infiltration surrounding the pile (see
Figure 2;. Should ponding occur, the minimum infiltration rate will be the
lower bound on bedrock permeability acting under a minimum gradient of 1:

Uin = 7 x 10'5 cm/sec

Note that this rate does not include the additional criving force created
by ponding, and so underestimates the capacity of the trench to drain.

The area over which this infiltration occurs will be governed by the
circumference of the pile (C), the width »f the ponded zone D max, and the
proportion of the ponded area in contact with the bedrock. The fraction of
the ponded area allowing infiltration depends on the packing of the bedding
material against the bedrock. Infiltration would enter the bedrock through
the open pore spaces, and expand into regions blocked by grains of bedding
material. We therefore expect the bedrock immedi:tely below the contact
area to be completely saturated, giving an effective-to-ponded infiltration
area ratio near 1. As a conservative estimate, we assumed that the
infiltration area will be limited to the open pore space area in the
bedding material at the contact, giving an effective-to-ponded area ratio
equal to the bedding layer porosity of .25. The effective infiltration
area is approxinately

A' = COn = 4 x (440 ft.) «x Dmax x (.25) = 440 ft. x omax

4
= 1.3 x 10" cm x Dmax
The infiltration through the periphery must equal the maximum runoff rate:
Omax = A' x Tnin

or 3

68 c¢m 5

) 4 3
/sec = 1.3 x 107cm x Omax x 7 x 10 7 ¢m/sec

2> Cm‘x - 75 ¢cm

With a 2:1 excavation sideslope, this infiltration zone would produce a
maximum ponding depth of 37 c¢m at the contact of the radon barrier with the
bedrock. Current simulations of the proposed design predict a ponding
height of 1f ¢m in the bedding layer. The maximum additional ponding in
the trenches would increase vertical gradients through the barrier, and
therefore infiltration around the edge of the cell. With the current 5:l
cover sideslope and a bedding thickness of .5 ft., this addi*icnal ponding
would occur in a 100 cm (3.6 feet) skirt surrounding the cell (see Figure
3). Tne fraction of the cell area affected by tihis ponding is then:

2

f =CxD'/A= (440 ft) x (3.6 ft)/(440 ft)" = 0.8%




The maximum additional ponding of 37 c¢m over the 30 c¢m radon barrier will
not increase infiltration by more tnan 50% over the modeled infiltration
rate, which predicts 16 cm of ponding. The ponding height wili decrease
toward the center of the pile, producing an average exceedence over D'
lower than 50%. Since the affected area is small (Compared to the total
cell area, we expect insignificant impact on the overall percolation rate.

Assuming that the average observed bedrock conductivity of !.6_jt/day is
representative, the minimum infiltration rate will be 6 x 10 cm/sec,
providing an extent of ponding of

D = 68 cm3/sec / (1.3 x 10 cm) x (6 x 10" cm/sec) = 9 cm

with a corresponding depth of ponding of 4.5 cm, less than that calculated
in the simulations of infiltration through the cell. This result implies
that the bedrock would be able to accept more water under a unit gradient
than the bedding layer could deliver under a gradient of 20%.

In summary, we expect ponding in the sub-surface trench to increase
infiltration by a maximum of 50% over a maximum of 0.8% of the pile, or
0.4% overall. This calculated increase is likely to be too large becaise
of the following conservative assumptions:

(1) Neglect of evaporative losses;

(2) Neglect of the effect of bedding layer ponding on radon barrier
infiltration, and consequent over estimation of runoff;

(3) Neglect of contribution of ponding in the trench to bedrock
infiltration;

(4) Use of the minimum observed bedrock conductivity as representative of
the conductivity along the trench;

(5) The assumption that the effective draining area is limited by
bedding-layer porosity;

(6) The assum tion that the maximum ponding occurs cver the entire
affected area of the radon barrier;

(7) Inclusion of inmnocuous infiltration through the radon barrier, where
it abuts the bedrock, as a contribution to leachate generation.
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Dispersion

Nitrate dispersion was modeled using the ODomenico and

Robbins (1985) two-dimersional dispersion model. Aatdllag

(f') ARpUt-and-peswits are. 0 flle at the UMTRA Project Office,
Albuguerque, New-Mexico.

Modeling input and results are summarized in Table 0.5.26.
Nitrate concentration will disperse to a background level
(currently beneath the proposed disposal site) of 99 mg/]
at a distance of 435 feet downgradient of the mixing zone in
the lower-middle unit. Since the mixing zone for the lower-
middle unit 1s beneath the nc-thern half of the disposal cell
(see the section entitled "Mixing and dilution®), 435 feet
downgradient of the mixing 2zone 1s approximately the down-
gracdient toe of the disposal cell. This analysis 1s assum-
irg the talling seepage is equal to 0.029 gpm (seepage flux
ot 10-8 cm/s). This analysis also assumes no geochemical
attenuation. Dispersion estimates (assuming no geochemical
attenuation) were also made for a tailings seepage rate of
0.29 gpm (seepage flux of 107 cm/s) for the lower-middle
unit; talling seepage rates of 0.029 and 0.29 gpm for the
upper-middle unit; and distances to disperse to the local
background level as well as the proposed EPA MCL for nitrate
(44 mg/1 as NOj).

Uranium and gross alpne dispersion was not modeled because
of the high resultant concentrations of c(hese constituents
estimated by mixing calculations. The dispersion modeling
would not be helpful in making a realistic estimate of the
fate of the uranium and gross alpha. Geochemical attenuatien
is expecled to be an important factor in removing these con-
taminants from the groundwater downgradient of the dispcial
cell. If wurantum concentrations are not lowered to local
background levels or the proposed EPA MCL of 0.044 mg/)

thim «0 %00 Feet downgradient of the disposal site, the fate of the
el yranfum plume will be the same as the fate of the uranium
) plume currently in the vyoper-middle c<hale unit. Any uyranium
in the lower-middle sanastone unit would also disperse, and
since the lower-middie unit ‘ntertongues with the upper-middie
unit west (downgradient) of the present tatlings pile (see
Figures 0.5.2 and 0.5.3), the fate of any uranium (and gross
alpha) contamination in tae lower-middle unit would likely be

similar to :hat of the uvpper-middlic unit.

E___ -

Geochemial attenuation

Concentrations of arsenic, barium, lead, mercury, and
sdlver within tatlings pore fluid and the Cedar Mountain
Formation aquifer 2are below proposed EPA maximum concentraticn
1imits (MCL): therefore, these contaminants ars not addressed.
Concentraztions of caamium, chromium, nitrate, selenium, and
yranium, however, exceed EPA MCLs within tailings pore fluld
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A New Method of Contaminant Plume Analysis

by P. A, Domenico and G. A. Roobins®

ABSTRACT

This paper develops an analytical expression for
contaminant transport from a finite source in a cor unuous
flow regime. The model requres some numerics! integra-
on and its degree of accuracy for near-field provlems
acpends on discrecization procedures applied to the source
boundary. A second inodel for a continuous sOUTce 1S
devrloped by extending a wellknown pulse model This
second medel is particy'arly useful in that it permits the
dezerrnination of severa! potential unknowns directly from
a concentration distribution. These include the source
conuentration, source dimens.ons, the position of the
center of mass which 1s the producr of the seepage velocity
and the time since the contaminant fir.t entered the ground
water, 4nd up to threx dispersivities for a three-<dimensional
problem. As 2 demorstration of its utility, this second
mode. s apphied with reasonable success 10 3 welldefined
field conditron. A somparson of the tao models indicates
that, except for minor differences in the very near field, the
results from each are virtually identical

INTRODUCTION

The use of models in probiems of contaminant
ransport is tapidly increasing in response to the
need tc measurs, monitor, and apply predictive
approaches to contaminant plumes of various size
and shape. An impressive uray of numerical and
unalyticel models is available, both for instanta-
neous pulses und for continucus sources Many of
the analvtical models are quite sophisticated and
generally require some numerical integration
(Prakash, 1922} In the more simple closed form
category for instantaneous pulses are the models of
Baeusle (1969) and Hunt (1978) For continuous
source problems, the hydrogeologist may draw on
the relatively simple two-dimensional mode! of
Wilson and Miller (1978) or the threedimensional
solution of Hunt (19787 Unfortunately, these

‘Dcpmmcm of Geology. Texas ARM University,
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lat=sr models require that the source "¢ treated as
a point and, consequently, are only app'icable to
the far field. Whatever model is contemplated, one
of the more formidable prohlems in contaminant
transpe-t is the difficulty in assessing the imporrant
parameters and coefticients, including source
concentration and dimensions, seepage velocity,
time since the contaminant first encered the
groung water, and up to three dispersivities for a
threedimersiona! problem. This probiem is
addressed in this paper with the development of
two continucus finite source models The most
rigorous of »ese models requires sume nnmerical
integration, and does not otfer any spe sal
advaniages over other medels in that it offers no
new methods by which to determine these
parameters and ccefficients. A second model, how-
ever, appears to be useful in these determinations
A comparative analysis is prriormed to assess theu
mutual reliability in field situations

MATHEMATICAL CONSIDERATIONS
“ae dispersion-convection equation is of the
form

aC/it + vaC/ax = Dy Crax? =
D, C/ay? - D;8°C/a2} = 0 (1)

where C is concentration in mass per unit volume
of water; Dy, Dy, D, are the principal values of the
dispersion tensor 1 is time, x, y, Z represent
Carresian coordinates which are presumed to
coincide with the principal directions of the
dispersion tensor; and v is the ground water
seepage velocity For the continvous finite source
the source condition is described by

Fix.y.zt)=M for x =0
-Y<y<Y
2w e<l (2}
all t

=0 otherwise

where F represents the source term of the contami-
nants: Y and Z are the source dimensions in y and

Vol 23, No. 4=GROUND WATER ~July-August 1985




2, respectively; and M = the strengch ¢ the source,
mL™t". This describes 2 contarious injection mt”
stx=Oovertheares -Y<y< Y ~4<2<2.

The solution to equation (1) with equation
(2)is

C(x.y.z.t)':!i' / (VB[P DyDy Dyt - 1)) %)
.

exp (=[x = x'=v(t=¢))3/4Ds(t - ') -
(y=y')P/4Dy(t = t') = (2 = 2')* /4Dy (2 = 1)) -
dx', dy dz’ds’ 3)

where R, indicates the | ple integration over the
region which x', y', and 2’ are extended Integrating
over dx’ yields

C(x.y.z.t)-g' {Mdt"/8 [ 2, Dy, (1 - 1'))%)

Y 2
exp = ([x-v(t- 0] Dy -1 | [ ay ar

exp{[=(y=y')?/4Dy(* =~ t') = (2~ 2')* /4D, (* = 1')] }

To make further progress with the finite source
expresii i ~f egiarion (4), it {s assumed that the
crder of integratinn can be im *, changed, i e, the
¢pcratons involvi +g dt’ will be done before those
involving dy’ and dz'. In this case, equation (4)
becomes

, Y 2 t
Cix,y,2,t)= f [ dy' dz' J
Y 2 0

{M dt'/8 [#'DxDyD,(t - 1')*] ")
exp{=[x=~v(t=-t')]?/4D, (1 - t') -
(y - y‘)’/4D,.(t =t)=(z-2')'/4D,(t - t")}. (8)

In the form, the integral over dt' has already been
presented by Hunt (1978) for a continaous point
source Incorporating Hunt's (1978) results in
equation (3) yields

Y 2
Clx,y2,t)= |/ [ dy dz' -
Y -2

[M exp (xv/2D,)/8#R (DyD,)"] -

[exp(~=Rv/2D,) erfc {(R = vt)/2(Dy1)"} +
exp(Rv/2Dy) erfc (R «+ 1)/2(D,1)"))  (6)

whee

Re=[x's(y-y) Dx/Dy +(2-2')' Dy, )" (7)

o P P I L S —— o . .o

The quantity R differs frem the R in Hunt
(1978) in that y und z are replaced by y - y' ard
t~ 2" For a point source, y' = 2' = 0 and the
integrals over 5y’ and dz’ would be dropped, result-
ing in Hunt's (1978) three~dimensional continuous
point source solution.

The steady-itate form of equation (6) is

expressed
Y&
C'(X.y'z'-). 'f ! dyl dz' .
Y 2

(M/4#R(DyD,)" ] exp [(x - R)v/2D,]  (8)

w.hiere C'indicates the steady-state concentration.
Given the complexity of equation (6), deriving
a closed form solution which includes the temporal
variations is viituall s vuled out. The integrals in
equation (£ can likely be worked ¢. . for a special
type of elliptic source region, or for a circle, but
these will ¢ ¢ of limited value in real contamination
problems. In spite of this difficulty, equation (6)
Is quite interesting in that it demonstrates how a
closed form continuous point source solution is
incorporated within a complex finite source solu-
tion. Hence, from a practical point of view, all that
is required is the replacement of a continuous
source region of any shape or size by an array of
discrete points for which the solution is 2lready
known. Tk field disaioution of concentration can
then be determined by superposition. This is
demonstrated in the following section

SUPERPOSITION MODEL

As expressed by equation (6), the solution to
the finite source problem s the inregracion ol tie
po.nt source model of Hunt (1978) over the area
of the finite source. The numerical integration
entails the following First, the finite source is
divided into a grid of node centered cells having
equal area with a symmetrical distribution about
the center soint of the finite source The volumetric
flow rate through each cell is then equal to the total
flow rate through the scurce divided by the number
of cells Second, the puint source mode! of Hunt
{1978) is used to calculate the concentration at a
peint of interest resulting from flow through each
pode. This entails adjusting the spatial coordinates
of the point of interest with respect to each node’s
position relative to the center of the source That
15, each point of interest where a concentration
determination is required is associated with an x v,
and z coordinare with respect to the center node of
the source, as well as x', y', and 2’ coordinaces with
respect to each node within the source Third, the
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calculated concentrations for all nodes are then
summed. This approach can be applied to a soi:rce
of any size or shape, and calculations are relatively
straightforward and easily programmed for micro-
computer analysis.

To illustrate the superposition model, a series
of calculations were performed for a source having
a square cross section. The source measured § x §
m, the total source flow rate equals 250 cm? sec™,
the seepage velocity is taken as 1 X 107 em sec™,
the longitudinal dispersion coefficient equals
1 X107 em? sec™, and the transverse coefficients
in y and z are assuned equal and taken as § x 10
em? sec™.

Figure 1 illustrates centerline (x, 0, 0! steady-
state concentration ratio (C'/C,) versus distance
curves where the source was divided into grids
having 9, 25, and 121 cells Here, C' is the maxi-
mum steady-state concentration and C, 15 the
source concentration. For comparative purposes,
centerline “oncentrations are presented for the case
where the source is *reated as a single point with
Hunt's (1978) model As demonstrated on the
figure, as the number of cells increase, the configu-
ration of the concentration distribution takes on
the shape of a more normal breakthrough cure,
and the distance at which the source concentration
is predicted approaches the actual source position
This effect is due to the boundary condition in
Hunt's (1978) model such that as x approaches
zero, the concentration approaches infinity These
characteristics are best explained by Hunt's (1978)
point source centerline concentration at steady
state

C'(x,0,0,@) = CoQ/4r x (DyD,)* (9)

where ., is the source concentration mL™. and Q
is the point source flow rate L't Setting the

#°8

maximum concentration C' equal to the source
concentration Co, and determining the position at
which this concentration occurs gives

x = Q/47(DyD,)" (10)

Hence, the Jistance at which the nearfield concen-
tration converges on C, does not coincide with the
position x = 0, but is directly proportional to the
volumetric source rate Q. As the number of cells in
the superposition model increase, the magnitude
of Q decreases for each node, although the total
source Q remains constant. For example on Figure
1, the 121cell model predicts the source concen-
tration at a distance of only 7 m from the source.
As expected, finite and point source calculations
converge in the far field (Figure 1).

EXTENDED PULSE APPROXIMATION

The superposition model given above is rela-
tively straightforward and can be readily applied to
well-defined plumes emitting from some finite
continuous source. This model, along with all
Tansport models, incorporates several potential
unknowns, including the source concentration and
dimensions, the seepage velocity, time since the
contaminant entered the ground water and three
dispersion coefficients. In this sense it offers no
special advantages over straightforward numerizal
or other analytical approaches to the finite source
problem. Cleary (1978), for example, presents
several analytical s lutions. all of which reouire
some numerical integration. In a practical ¢ nse_ it
Is advantageous to have a much simpler but still
reaso..ably equivalent approximation to this mode!
which is better suited for direct determination of
the pertinent coefficients and parameters As the
development of such a model will require sor 2
approximations, its ultimate test will rely on how
close its performance matches the more rigorous
superposition model A first-order attempt at
obtaining such a model requires an extension of
the parallelepiped instantaneous pulse shown in
Figure . This paralielepiped model is given by
Hunt ¢ ,78), and is of the form

Clxy.2.t) = (Co/8) (erf [x = vt + (X/2)/2(Dyt) ")

-erf(x = vt~ (X/2)2:D,1)%) )

{erfly « (Y/2)/2(D,0)"] = erf[y - (Y/2)2(Dy 1))}

{erflz+ (2/2)/2(D,1)"] = erf[2- (2/2:/2(D,0)") )

. 4433

where X. Y, and Z refer tc the original source
dimensions This solution describes the convection

-
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and dispersion of a substance deposited at time
t = 0 in the region ~X/2 < x< X/2,-Y2<y< YA,
-2/2 <2< Z/2,as shown in Figure 2. Clearly, in
this solution, Co approaches zero in the x = 0 plane
as time gets large. For the continuous plane source
of dimensions Y and Z (equation (5)], it is required
that the concentration be maintained at C, for all
time in the x = 0 plane and, of course, be equal to
zero at x > O for time equal to zero. This effect
can be accomplished with the box of Figure 2 by
extending the box to infinity in the minus x
direction. Continuous mass flow from the x = 0
plane is then accomplished by the extended con
taminant source. More common!; . the process is
described by an infinite number of line scurces
resulting in an infinite number of elementary
solutions which must be superposed. i.e., integrated
from so'ne x to infinity (Crank, 1979, p 12)
ccording to Crank (1979, p. 14), this is described
as

C(x,t)= [Co/2(2Dyt)?] | exp(-§?/4Dyt)d}

- lCO "'.zj

where n = §/2(Dyt)” Equation (12) can be
expressed by the simple complementary error
function solution

Cix,1) = (Co/2) erfe [(x = vt)/2 Dyt)”] (13
which describes continuous mass flow {from the
x = 0 plane. Equation (13) is obtained exactly when
X 1s extended to infinity in the first bracketed erf
term in equation (11

There still remains an acce

stance initially confined in the :~gion -Y/2 < y <
Y/2and -2/2 <2< Z/2. According to Crank (1979

t.L,(p

p. 15) the irtegr :tion here is fromy -~ Y/2 to
y+Y/2and 2z~ 2,7 to 2+ Z/2,instead of from
x to infinity as w» eq ‘ation (12). This gives

C = (Co/2) erf [(y + ¥/2)2(Dyt)"] =
erf [(y=Y/2)12.Ty1)"]
C = (Cor2) erf [(2 + 2/2)/2(Dyt) ") -

erf [(z = 2/2)/2(D,1)") (14-2)
The product of these three integral solutions
[equations (13) and (14)] describes ¢ semi-infinite
contaminated pasce! which moves in the positive x
direction with a onedunensional velocity but
which continually expand; in size in drrections
transverse to x throughout the whole domain of x
i.e, in the positive and =#gative regions. This is
because time t in the transverse spreading terms of
equation (14) is inte: preted as running time
Reinterpreting (his time as x/v for 2 moving
coordinate system, as mon in all transverse
spreading models (Bruh and Street, 1967 Ogata
1770, Domenico and Palciauskas, 1982), has the
effect of maintaining the vriginal source dime.sions
at x = 0 so thar the .ondition C 2 C; .5 maintained
at x = 0 for t > 0. Making this substitution and
collecting equations (13) « ! (14) gives

Cix,y.z2,t) = ( 8) erfc [(x -

{erf(y+Y

Equation (15) is given as the extended p
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Two forms of equation (15) are of interest.
The first is for the centerline concentration
(.'o. ol t)

C(x,0,0,0) = (Co/2) exfe [(x = vt)/2(Dyr)")
erf (Y/4Dyxm)* | erf (Zra(0,xm)®)  16)

The boundary condition at x = 0 is mcre apparent
with this expression. At x = 0, the error function
terms go to unity and for time greater than zero,
the complementary error function rapidly
approaches two. The second expression is for the
steady-state concentration (i.e., the maximum at
x,0,0) along the centerline, which is obtai..ed at all
x<<wn

C'=Co erf [V/4(Dyxm) " erf (2/4(D,x1 %] (17

where C' is the steady-state concentration It is
noted further that for Y and Z considerably larger
than 4(Dyx/v)" and 4(D,x")" respectively, the
centerline concentration can approach the ini-.:!
concentration ihroughout some distance x.
Equation (15) is quite versatile in describing
different spreading geometries As written, equation
(15) applies to the spreading geometry schematical-
ly illustrated in Figure 3(b), which corresponds to
the numerical integration of Hunt's (1978) point
source model [equation (6)] . If the upper surfice
of a contaminant plume coincides with the water
rable 50 as to provide only downward 2 spreading,
a: llustrated in Figure 3(a), th: quantities 2/2 in
equation (15) are replaced by Z. This problem can
Pe viewed as a contaminat -4 parce! bounded at (1=
top, z =0 "vazero flux boundary, wich transverse
spreading \n all v but in only one vertical direction
In this form, equation (15) is analogous to a
tiinsverse dispersion solution presented by
Lomenico and Palciauskas (198, with the
excrption that this current form has provisions for

\\‘/4\

Fig. 3 Idealized conaminant migration peometries for
IOUS transYers spread ing darsctions.
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longitudinal dispersion. If contaminant spreading

in 2 is restricted, as illustrated in Figure 3(c),
equation (15) would be modified by changing €, /8
to Co/4 and dropping the error functions contain-
ing the Z terms. In this form, the model corresponds
to a nurnerical integration of the Wilson and Miller
(1978) ine source model.

Figure 4 thows steady-state transverse profiles
for the extend: d pulse and the 121-cell superposi-
tion model as generated from the same data
empioyed in Figure 1. At about two source sizes
(10 m) and beyond, the extended pulse matches
the 121<cell superposition result

The results of an additional check are demon-
strated in Figure § for a field size plume Here, the
same “oefficients and parameters are employed in
both the superpesition and extended models for an
assumed spreading geometry as given in Figure
3(b) The coefficients and parameters are as
follows Dy = 1.06 cm? sec™, Dy = 0.21 em? sec™,
D;=000016cm? sec™” Y=240m, 2= ¢ m. the
seepage velocity ve 2 49 x 10™ em sec™!,

Co = B50 mg/l, time t is taken as 14 years, and the
source flow rate Q 's obtained from information on
velocity and source size or 3 x 10° cm? sec™ .
Thus, for this ilentical set of parameters and



coefficients, the plumes should be identical pro-
vided the extended pulse is a reasonad.c approxi-
mation for the finite source prablem, as described
more rigorously by the superposition model. The
superposition result is shown in Figure 5(a) and
the extended pulse in Figure 5 (b). Comparing the
results of the two calculations, it is noted that
within one source dimension (Y), the roncentra-
tions differ by less than 10 percent. At a distance
within two source dimensions, the concentrations
differ by less than two percent. Beyond two source
dimensions, the results are virtually identical.

A METHOD OF CONTAMINANT
PLUME ANALYSIS
In this section, a calibration method for
determining the pertinent coefficients and
parameters using the extended pulse model is
discussed. The procedure employed is exactly the
same procedure that has been used for decades in
the applicaticn of well hydraulics—that is, the
matching of real response data with an idealized
mathematical model that presumably describes
that response. As with well hydraulics, deviations
from the ideal behavior are to be expected, and

r— (SOCHLOR (mg/1)

0 SO0 m

[ - " b

Fig 5 Plan view concantrationr comparison with dentical
coeMicints for (a) superposition model and (b extended
Pl mode !
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Fig. 6 Plan view of an idea! pluma showing (A) plane of
maximum concentrations and (b) plane of lower concentrs-
tions near the base of the source.

provide a measure of how much the real system
departs from the iueal one. For this case, real
response data are provided by some observed
concentration d. .- vution in space whereas the
mathematical model of that response is provided
by equation (15).

Figure 6 gives cwo plan views of an ideal
plume generated with ejuation (15) for the case
where :he upper surface oi the plume coincides
with the water table [Figure 1(a)]. Figure 6(A)
gives the concentration distr.>utfon C(x vy,0,r" at
the warer table, which is the plar. »f maximum
concentration, whereas Figure 6(B) ; ves the
concentration C(x,y,2,t) where 2 is taxc * 2* 50 cm
above the base of the source Due to this spu*ading
geometry, the lowermost plane [Figure 6(B))
cortains lower concentrations than the uppermost
plane [Figure 6(A)] . For this idealized plume, the
dispersivities a were assumed to be about tracer
scale in magnitude, where o, = 100 ¢cm, oy = 10
cm, and a; = 1 cm In addition, the seepage
velocity was assumed to be 10™ ¢m/sec. the source
dimensions Y and Z were taken as 1,000 and 500
em, respectively, the source concentration was
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taken at 1,000 mg/l, and the time of interest is
WO years.

From the form of equation (15) appropriate
to this problem, the following ratic for two
concentrations may be derived for two points
common to any single horizontal plane in the
threedimensional plume

C(xnoYI.h.!.)/C(X,.)'..l,,t;)' (Grf((y, + Y/Z)/Z(ﬂyxﬂ"]
-erf[(y,= ¥/2)/2(ayx )" ] ) + {erf[(ys + Y/2)/2(ayx,)"]
~erf((y, = Y/2)/2(ayx,)"]) (18)

where y, # y;. For a field application, where the
concentration ratio in equation (18) is k nown from
measurement, an iteration routine gives rather
complete information on the relationship between
ay and Y. The results of this iteration are shown in
Figure 7 (A) for various concentration ratios taken
off the z = 0 plane [Figure 6(A)] . For the close-in
points (x = 4 000 cm), the transverse coefficient is
very sensitive to the source dimension. The concen-
tration ratio of equation (18) for these two particu-
lar points can be satisfied with any combination of
Y and ~y taken off this curve. For the furthest
points (x = 8,000 cm), the transverse coefficient is
less sensitive to the source dimension Y, which is
fully expected for points distant from some finite
source. The concentration ratio of equation (18)
for these particular points can be satisfied with any
combination of Y and ay taken off this curve. One
property of the ideal plume is that those points
closest to the source have the largest intercept on
the a axis. The most important property is that the
common point of intersection for the three curves
of Figure 7(A) provides the unique source dimen-
sion Y and transverse dispersivity ay for the total
field distribution, in this case 1,000 cm and 10 ¢m,
respectively. It may be noted further that the use
of a source dimension smaller than the actual
results in a scaling upward of dispersivity, while use
of a larger source dimension results in downward
scaling.

A similar routine can be established for a,
and the source dimension Z by considering the
concentrations C(x,,y,.z,.t,)and C(x,,y,,2;.1,)
Figure 7(B) gives the relationship berween the
transverse coefficient a, and the source dimension
Z for the ideal plume of Figure 6, with the point
of intersection denoting the unique values If
C(x,,y,,2;,t,) irf unknown, as in the case of
mopping a plume in the (x,y,0) plane, an iteration
procedure can still be followed by taking the ratio
of two steady-state concentrations in the (x,y,0)
plane. For this model, the steadystate concentra-

-

| —— o e

ton is described
C'(x,y,0) = (Co/2) {erf [(y + Y/2)/2(ayx)")
=erfly - ¥/2)/2(ayx)* ) ) (erf [2/2(0,)" ]} (19)

where C' is the steady-state (maximum) concentra-
tion. If two steady-state concentrations are selected
along the centerline (x,0,0), the ratio of the
concentrations can be expressed

C'(x,0,0)/C'(x;,0,0) = {erf [Y/4(ayx,)")
erf (2/2(azx,)" ]} + (erf [Y/4(ayx,)" ]
erf (2/2(a,x:)"))

which is readily iterated in terms of a, and Z.

The procedures developed above would appear
to be quite efficient in obtaining the transverse
coefficients and appropriate source dimensions
from field distributions of contaminants. It is
noted that these parameters are obtained
independent of source concentration, seepage
velocity, longitudinal dispersivity and time. This
methodology can now be extended to determine |
the remaining unknowns in the problem. For the
plume geometry under consideration, the steady-
state centerline solution is expressed ’

C'(x,0,0) = Co erf [Y/4(ayx)"?] erf [2/2(a;x)"] (21)

if « steadystate concentration C'(x,0,0) is known

near the source, equation (21) can be solved durectly

for the source concentration C,  For the ideal

plume of Figure 6(A), a concentration C(x,0,0) of

977 mg/l is noted at x = 2,400 cm. Solving ‘

(20)

[} o o © s T
Y g™ 1 =
Fug 7 Plot of (A] the transverse dispersivity a, versus the
source dimenson Y and (B) the transverse dispersivity a,
versu) the source dimenpon 2.
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distribution,

equation (21) for C, gives a source concentration
of 999.8 mg/l, which is virtually identical to the
designated value. For other concentrations at
distances ranging from 1,000 ¢m to 2,600 cm,

equation (21) continually yields a source concentra-

tion C, in excess of 999 6. With all of the variables
in equation (21) »ow known, this equation may be
used to determine s eady-state concentrations at
any x along the cent slhse. The results of this
calculation are shown in Figure 8 In this figure,
the curve labeled B represents actual centeriine
concentrations for the ideal plume of Figure 6, o4
the curve labeled A depicts steady-state concentra-
tions as determined with equation (21) Curve C is
the relative concentration profile developed by
taking the ratio of curve B to A, which has the
form

C(x,0,0,)/C'(x,0,0) = (M) erfec [(x = vt)/2(axvt) ]
. (22)

Equation (22) states that the ratio of actual
to steady-state concentration at any x along the
centerline of the ideal plume will be equal to
one-half the value of the stated complementary
error function Thus, if the actual concentration is
already at steady state, which can only occur
where x < < w1, the value of erfc approaches two.
and the ratio C/C’ approaches unity. From Figure
8 it 1s clear that the ideal plume is at steady state
in the region from x equals zero to x equals
approximately 3 000 cm. On the other hand, when
X 1s set equal to vt, equation (22) states that the

‘acation of the center of mass (vt) will always be at
some unique distance x where the concentration
ratio C/C’ equals 0.5. From Figure 8, the center of
mass is determined to be at x = 6,300 cm, which
corresponds to the distance predicted by the
known velocity (10" em/sec) and the known time
(two years, or 6.3 X 10" sec). As the velocity v is
understood to be the velocity of the contaminant,
this procedure can be used for both attenuated and
unattenuated contaminants without the necessity
of retardation factors. If the plume is mapped at
two different points in time, both velocity and
time (as opposed to their product only) may be
determined. For the case of an artenuated species
mapped at two different points in time, the
retardation factor is easily found by taking the
ratio of the respective distances x = vt, as
determined above.

The last remaining unknown, ay, 1s readily
determined with equation (22) and Figure 8 for
any x in the unsteady portions of the plume. For
points behind the determined vt of 6,300 cm, a,
averages 98 9 cm; for points in front of the
determine~ ', ay averages 101.5 cm. The overall
average is 9 8 cm, which compares favorably with
the stipulai »d value of 100 em_ Indeed, if the actual
value of vt 'was used (6,307.5 ¢m), all of the points
employsd al ove would yield an exact value of
100 em. Thu , if the position of the center of mass
is vnderestim .ted, howe er slight, an exact i~ tch
in ' 0e unstea y portions of the plume requires a
scaling up of . in front of v, and a scaling dewn
in the regior >ehind vt. Presumably, the amount of
scaling requ  ed will depend on the degree of error
in determir ng the position of the center of mass
It is noted har .he methods employed above do
not requirr L.nowledge of the seepage velocity nor
the time " ascertaining this position

“W’.e rocedures described above represent a
Syst aa' ¢ approach to obtaining the pertinent
trar.sport parameters and coefficients more or less
independently of each other. These include the
transverse dispersivities ay and a,, the source
dimensions Y and Z, the source concentration C,,
the distance traveled by the center of mass \t, and
the longitudina! dispersivity a,. Unfortunately,
the data demands are rather large and require
concentrations within a given plane of a well-
defined three-dimensional plume If the field
concentrations are not within this single plane but
are determined a* various depths for a three-
dimensional problvm, the point of uniqueness
demonstrated on Figure 7 will not materialize
Indeed, when dealing with real data, an exact
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(A) 8 (€
Fig. . Chioride concentration plumes: (A) observed <t
refuse tip, (B) reproduced by extended pulse model with
ay*4mand 'y = 200 m, and (C) reproduced by extended
puim model witha, =266 maend Y = 220 m.

adherence to the idealized behavior shown on
Figure 7 is not likely. Nevertheless, it is a worth-
while exercise to treat the data in this fashion to
obtain reasonable bounds on the transverse
dispersivity, and especially so if the source size
is known already from other data

A FIELD EXAMPLE

As a2 demonstration of a field application of
the methodology discusscd, a ground-water con-
tamination study by Exler (1972) is used The
waste facility is believed to have been [irst put into
operation in 1954 For this analysis, 1970 data are
employed, where observation points extend to
almost 3,500 m from the source, where surprisingly
large concentrations are encountered The spread-
ing geometry is considered to be of the rype
already discussed in the construction of Figure 6

The available data base and some contoured
representatior: is shown in Figure 9(A). A ground-
water mound exists beneath the refuse site, the
center of which is taken as the point of origin for
the plume. As noted, very lirtle data are available
in general and especially so in the upper one-thud
of the plume. The plume narrows considerably in

medium, which is reported to be marly clay with
interlayers of sand. The plume obviously follows
the favored pathways in sand and, where the
pathway's are not laterally extensive, the transverse
spreading is constrained.

The relationship between the source dimension
Y and the transverse coefficient ay is shown in
Figure 10. In the absence of actual data, contour
values had to be used in this iteration, with most of
the analysis taking place within three source sizes
where control was the most abundant. As antici-
pated, uniqueness between Y and ay was not
obtained. On the positive side, however, the inter-
cepts on the ay axis become higher (greater) with
decreasing distance from the sourc, as expected
under ideal behavio: (Figure 7). Further, upon
closer observation, it is noted that ay can vary
from 1.85 m 0 7.5 m over a source dimension
variation of 223 m to 170 m. In general, the lowest
ay values and the largest source size determinations
are from the data points furthest from the source.
The relationships shown on Figure 10 arz perhaps
the best that can be expected under these condi-
tions where the dats are very sparse to the extent
that contoured values had to be employed, and the
geology very complex. Averaging the results of
Figure 10 suggests an average a, on the order of
4 m for a source dimension Y on the order of
200 m.
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_its central portions and is not perfectly symmerrical
near the source. The reasons for the narrowing are
likely related to tue geology of the wansporting

Fig. 10. Plot of the transverse d spersivity a, versus the
source dimension Y ot various distances x Yor the chiorwde
goncentration plume.
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In the absence of three-dimensional data, the
transverse coefficient e, and the source dimension
Z was obtained by the procedures outlined in
equations (1., and (20), averaging about 0.0064 m
and 5 m, respectively. Vertical _ispersion is
obviously somewhar insignificant.

In accordance with the procedures outlined
earlier, a plot such as Figure 8 is in order, where
bo:htbcposidonofzbemterofmvtmdm
longitudinal dispersivity a, are determined. How-
ever, the results of such a plot indicate that the
entire plume as mapped on Figure 9 is already at
steady state throughout its length; that is, the
concentrations are at their maximum values. This
agrees with data presented by Exler (1972) who
calculated the average velocity to range between
5to 10mday™”. Even atonem day™ for a2 16-year
plume, the center of mass would be located about
5,760 m from the source, or some 2,300 m beyond
the last data points of Figure 9. This virtually
assures steady state in the mapped region.

The steady-state ideal plume is presented in
Figure 9(B) fora, =4 m; Y = 200 m, and o; and Z
as previously reported. As noted, the near field
mat:hes quite well, which is not surprising in that
most of the data used in the analysis came from
near-field observation points. in the far field, the
200 mg/l contour is not sufficiently extensive to
match the real response. Reducingay to 265 m
for a source size of 220 m, which corresponds to
data points of Figure 10 whic. ire furthest from
the source, provides the plume of Figure 9(C)

- Here, the near-field mode! sesults start to depart
from actual concentrations whereas the far field
appears to be accurstely depicted From a simula-
tion perspective, the results appear to be acceptable
for a ransverse dispersivity on the order of 3 m
and a source dimension Y of about 220 m

CONCLUSIONS

The methodology presented in this paper may
be useful in the analysis of contaminant plumes
The calcularions are relatively straightforward and
easily programmed for microcomputer analysis,
and the mode! can be manipulated to account for
several spreading geomerries Most importantly,
information on seven potential unknowns can be
extracted directly from the concentration distribu.
tion, thereby providing a better physical basis for
the model it is argued that such procedures remove
much of the nonuniqueness associated with
contaminant plume analysis. As the information
for the analysis is taken directly off the plume, the
method can be applied 1o chemically retarded

species without sy regard to retardation
coefficients.

On the negative side, the model has limitations
commor. to all analytic expressions, namely the
isotropic and homogeneous assumptions along with
an assumed constant velocity system. In addition,
the data demands are rather large, and the calibra-
tion procedure discussed should be viewed as a first
try estimate based on an extended pulse approxi-
mation that realistically cannot be expected to
adequately describe all portions of & plume.
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THBLE A-6

Dispersivity of the Alluvial Aquifer at
Several Sites at Lyons, France

Mean velocxt} Longitudinal igagxtudinnl Dispersion
Methed dispersivity dispersion Ratio
(v) (ay) £t2 (ngZ 0,/a, or
ft/day m/day (ft) (m) /day /day Dx/Dy .
Single-well test .33-1.6 0.10-0.50
(stratum scale)
16 $.0
(full aquifer)
Single-well test 24 7.2 40 12.0 260 292.6 0.9-3.9
with recistivity
32 9.6 26 8.0 832 2513.6 8.0-530
43 13.0 16 5.0 688 209.7 «34-34.5
30 9.0 23 7.0 690 210.3 7.0-780
Environmental t 40 12.0 3.0
TABLE A~-7
ivities From Two-Well Tests
Type of Sl ‘Distance between - Dispersivity
Aquifer Location wells (m)  Porosity (=)
/‘< Fractured Carlsbad,
\ doloaite N.M. 38.1-54.9 0.12 38.1
Fractured schist Savannah Riv,
& gneiss Plant, S.C. 538 0.0008 134.1
Alluvial Barstow, CA 6.4 0.40 19.2
sediments
Alluvial
sediments Tucson, AZ 79.2 0.38 15.2
Fractured Chalk Jorset, Eng, 8 0.005 3.1
Chalk Dorset, Eng. 8 0.023 1.0




Regional Dispersivities (a)

Longitudinal Dispers)
Location Porosity dispersivity -ratio
(ay) (ax/ay (or)
(fr) Dy /Dy)
Alluvial Rocky Mountain 0. 3( 100
sediments Arsenal, Co)
Colorado
Califorunia
Lyon, France
Barstow, CA

Sutter Basin,

Clacial Long Island,
deposits

Limestone

Fractured
basalt

Alluvial

sediments

Clacial ti1ll

thetical
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