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CROUNDWATER TRACER EXPER MENT (11)
AT SAND R DGE STATE FOREST, |ILLINOS

by Thomas G Naymk and Mark E S evers
ABSTRACT

The final groundwater dye tracer experinent under this contract
agreenent was conducted at Sand R dge State Forest during April, My, and
June 1983. Three different fluorescent dyes (Rhodamne WI, Anmino G Acid,
and Lissamne FF) were allowed to mgrate side by side through a sandy
water table aquifer under natural hydraulic gradient conditions. Each
plunme was nonitored first with a line of sand point wells near the source
that were perpendicular to flowand at a uniformdepth, and then (at a
greater distance) with sand point wells in nested arrangenents. Data was
obtai ned that described the plume geonetry as it varied due to mxing
within the aquifer, inhonogeneities along the flow path, and changes in
gradient and direction of flow A solute transport nodel was calibrated
to the field data to provide estinmates of the val ues of | ongitudi nal
di spersivity and average linear velocity and al so to account for the
dimnishing nass of the mgrating plunes in both planar and cross-
sectional orientations. The dynamc flow patterns and non-uniform
hydraul ic conductivity within the aquifer had a narked effect on plume
geonetry that could not have been predicted by either the results of
smal | -scal e | aboratory experiments or the observations at sites of |arge-

scal e gross contam nati on.



| NTRCDUCTI ON

The purpose of the tracer experinments at Sand Rdge is to aid in
understandi ng the processes controlling the novenent of dissolved con-
stituents in groundwater. "In field" experinents using environnentally
harm ess solutions and a high density of detection wells are inperative to
the advancerent of groundwater science in solving contamnant mgration
problens. nly after "in-field" processes are understood can hydrol ogi sts
proceed with the evaluation of the tools already devel oped to anal yze
pol | ution probl ens.

In this experinment, three different fluorescent dyes (Rhodam ne W,
Lissamne FF, and Amno G Acid) were injected into the aquifer in three
individual source wells and allowed to mgrate under natural hydraulic
gradient conditions. Two plumes were forned in the shal |l ow w nd- bl own
sand unit in the aquifer, and two other plumes were formed in the | ower
unit of higher conductivity sand and gravel. Mnitoring of the plunes at
a short distance fromthe source well was done with a line of sand point
wells perpendicular to flow in each lithology, and nonitoring at a |arger
di stance was done with nested sand point wells. [Infornation was obtai ned
fromthese wells that defined the plumes in lateral extent near the source
wells and in vertical extent at a distance. Rates of novenent of the
pl unes through the aquifer were observed, and estinates of |ongitudinal
dispersivity were derived froma mass transport nodel (Prickett, Naym Kk,
and Lonnqui st, 1981) developed at the Illinois State Water Survey. After
the field work was finished, all sanples were returned to the lab for
testing wth the Turner Mddel 111 fluoroneter, using the appropriate

filter conbination.



Acknowl edgnent s

This research was funded by the United States Environmental
Protection Agency and adm nistered through Ckl ahoma State University
(Contract No. 806391). Special thanks go to the project officer,

Dr. Vyne A Pettyjohn, Chairnman, Departnent of Geol ogy, C8U.

The authors express their gratitude to the Illinois Departnent of
Conservation for allowing unrestricted use of the site. V¢ especially
appreci ate the assistance given to us by Superintendent Dan R ggs and
Ranger Geg Hunter of Sand R dge State Forest.

Bob Kohl hase of the Illinois State Vter Survey staff spent several
days sanpling during the field effort and supervised the construction of
sone of the wells. Three University of Illinois student enpl oyees, Bruce
Mat her, graduate student, and Al ex George and Peggy Marr, undergraduat es,
hel ped in the conputer programmng and graphics. Pamela Lovett typed the
manuscript, and John Brother, Jr., and WIIliamNMbt herway, Jr., prepared
the figures. Gl Taylor nade the final editorial comments. Qur thanks
are extended to all of them

M ke Barcel ona, Head, Aquatic Chemstry Section, |SW5 gave us
extensi ve advice on the properties and uses of dye tracers, provided space
in his labs for our use, and reviewed the nmanuscript. Ji mWiitney,
Assistant Head, Analytical Chemstry Laboratory Unit, |1SW5 provided his
assistance as well as that of other chemsts in the unit —always, it
seened, on short noti ce.

V¢ al so thank JimG bb, Head, Qoundwater Section, |SW5 for his
advice, particularly wth regard to well construction, and for his review
of the manuscript, and also Hlis Sanderson, Assistant Head, G oundwater

Section, for his help in locating the site for the experinent.



THE EXPER MENTAL AQJ FER PLOT

Site Location

Sand Ridge State Forest is in an area known as the Havana Regi on of
west-central Illinois. The location of the Havana Region is illustrated
in Figure 1. It includes Mason, southwestern Tazewell, western Logan,
northern Menard, and northern Cass Counties, and strips of Peoria, Fulton,
and Schuyler Counties adjacent to the Illinois Rver (Figure 2). It lies
between parall el s 40°00* and 40°35' N latitude and meridi ans 89°30" and
90°30" WI ongitude (Vél ker, Bergstrom and Wil ton, 1965).

The region is primarily a wide, low, rolling, roughly triangul ar
sandy plain along the Illinois Rver. It is bordered on the east by
gl aci ated upl ands, on the south by the south bluff of the Sanganon R ver
and Salt CGeek, and on the west by the west bluff of the Illinois R ver.
It includes three mai n physiographic areas (Figure 3): 1) the floodpl ai ns
of the Illinois, Sanganon, and Mackinaw R vers and Salt Oreek; 2) the wde
sand-ridged terraces east of the Illinois Rver; and 3) the | oess-covered
Illinois drift upland in southeastern Mason County. FE evations in the
region range fromabout 430 feet above nean sea level (nsl) on the
Illinois Rver floodplain near Beardstown to 736 feet nsl in the upl ands
west of Mason Aty (Wl ker, Bergstrom and Vlton, 1965).

The site of the tracer experiment is near the center of Section 34,

T.23N, R7W, which is in Sand Rdge State Forest (Figure 3).

Hydr ogeol ogy

The experinental plot is located on the Manito Terrace (Wsconsin),
at whi ch point the outwash deposits are overlain by about 30 ft of dune
sand. The deepest wells at the site are 40 ft, and the water table

fluctuates slightly at a depth of 20 ft. Therefore, the deposits of



HAVANA REGION
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interest are 20 ft in thickness wth about 10 ft each of dune sand and
Manito Terrace deposits. Piezoneters have been conpleted in both
deposits, and very little if any vertical hydraulic head difference could
be measur ed.

Split spoon sanples were taken to define the horizon between the dune
sand and the terrace deposits and to deternine porosity, drainable poros-
ity, and laboratory hydraulic conductivity. Four sanples were taken
during the construction of well SPSP1. Two of these were fromthe w nd-
bl own sand (sanple 1, -24 to -25.5 ft, and sanple 2, -29 to -31.5 ft), and
two were fromthe Manito Terrace deposit (sanple 3, -31 .5 to -34 ft, and
sanple 4, -39 to -40.5 ft). S eve analyses of these sanples (Figure 4)
show that the terrace naterial is coarser and nore poorly sorted than the
wi nd- bl own sands.

These sanpl es were anal yzed for porosity and drai nabl e porosity
through a sinple method of weighing-saturating-wei ghi ng-drai ni ng-wei ghi ng.
Porosities of 0.29 for the dune sand and 0.25 for the terrace material
were determned. The drainable porosities were 0.28 and 0.23 for the dune
sand and terrace material, respectively. In unconsolidated sand and
gravel s the effective porosity (pertaining to flow through porous mnedi a)
nay be assuned to be equal to or sonewhat |ess than porosity but not |ess
than drainable porosity. Many researchers use drai nable porosity val ues
rather than effective porosity in calculating a travel tine through
unconsol idated materials. This yields a faster travel rate (worst case
situation) which nay be useful in contam nation studies.

In estimating the hydraulic conductivity prior to the experinent,
four approaches were used, two of which utilized the grain size anal yses

(Freeze and Cherry, 1979).
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Wth the Hazen equati on,
K = Ad2yq (1)

the conductivities for increasing depths were:

Sanpl e # K (gpd/ft?)
1 210
2 420
3 760
4 550

Wth the Kozeny-Carnen equati on,

d 2
m

Ko (28) [52] (2) (2

the conductivities for increasing depths were:

Sanpl e # K (gpd/ft?)
1 395
2 355
3 930
4 730

The third approach was to gather existing information about the area.
Conductivity values fromprevious studies are plotted in Figure 5. These
val ues were obtained fromtests of large production wells conpleted at
about 100 ft in depth. They therefore are not totally representative of
the shal | oner deposits encountered at the site of the experinent.

In the fourth approach a recently conducted aquifer test by |SW
personnel was anal yzed by the Theis and Jacob nmethods. The test was
conducted only 3/4 mle to the north of the tracer experinment site at the
[l1linois Departnent of Conservation Fish Hatcheries. A conductivity of

4300 gpd/ft? was obtained fromthis test, but again this production wel

10
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had been conpleted at a depth of 90 ft and is not representative of the
shal | ower deposits encountered in this experinent.

The range of conductivity values fromthese indirect approaches was
too large to enter into a tracer experinment with confidence in travel
times. It was necessary to conduct either an aquifer test or a prelini-
nary tracer experinent at the site to arrive at a reliable value. A
prelimnary tracer experinment was conducted, fromwhich a conductivity of
3000 gpd/ft? in the terrace material was obtai ned.

A generalized water table nap for the area is shown in Figure 6. In
general, the flowis toward the Illinois and Sanganon R vers. A the
experinental aquifer plot, flowis toward the west-northwest. Deternining
the precise direction of flow at the site itself was difficult since it
fluctuated fromday to day. Three water |evel observation wells were
installed at the onset of the project, and measurements have been nmade at
regular intervals since April 1, 1982 (a feware presented in Table 1).
From t hese measurenents the 3-point probl emwas solved to deternine the
flowdirection (Figure 7). The line between wells SR2 and SR3 was used as
the reference for the angle of flow direction

The first angle determined was 18°, as seen in Figure 7. Table 1
lists a few representative angles determned during the follow ng 18
nonths. For the first 9 nonths the flow direction was nore southerly than
had initially been determined and shifted at times by as nuch as 6°.
During early 1983, as water levels first declined and later increased, the
direction of flow steadily shifted farther to the north, eventually
reaching 34°. The first 3 wells for the tracer experinments, TRL.1, TRl.?2,
and TR1. 3, were spaced 20 ft apart along a flow path of 18° (Figure 8).

The orientation of these wells was based on the first 3 nonths of neasure-

12
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Measurenents fromthe 3-Spot Cbservation Vélls

Tabl e 1.

Angl e from

SR2- SR8 reference

in ft

| evel ,
(relative to previous measurenent)
SR

+ Change in water

line (in degrees)

ft/ft)

Q adi ent

(10

B3

Ti ne SRl

Dat e

18
16
19
17
18
20
17
13
16
15
11
13
14
15
18
15
15
17
16

9.9
9.8
10.7

4-1

1982

0.44
0.74
0.31
0.39
0. 06
-0.05
-0.05
-0.02

0.44
0.72
0.32
0.42
0. 06
-0.03
-0.06
-0.03
0.03
-0.03
-0.06
-0.14
-0.05
-0.10
-0.13
-0.09
-0.10
-0.07

0.45
0.71
0.33
0.41
0.05
-0.02
-0.04
-0.04

4-23
5-11
5-21
6-23
7-13

8-9

10.3

9.3
9.3
8.5

1600
1500
1000
2000

8.6
9.1

8-17
8-18
8-18
8-19
8-21

9-7

8.7

0.02
-0.02
-0.03
-0.16
-0.06
-0.10
-0.13
-0.09
-0.11
-0.01

0.03
-0.01
-0. 06
-0.15
-0. 06
-0.11
-0.12
-0.09
-0.11
-0.05

8.9
10.0

1100
1300
0800

9.4
9.1

1000
1000
1100
1200
1500
1400

9-24
10-6

9.2
9.1

10-21
11-6

9.1

8.8
10. 8

11-22
12-21
1983

19
25
26
25
24
28
28
29
29
27

11. 4

0.01
-0.16
-0.42

0
-0.18
-0.43

0.24
0. 67
0.94
0.10
0.08

-0. 02
-0.21
-0. 44

1400
1400
1030
1100
1030
1200
1300
1200
1200
1500
1400
1200

1-20
2-23
3-31
4-18
5-8

12.7

13.2

13.8

0. 26
0.70
0.93
0.10
0.08
-0.01
-0.13
-0.55
-0.60

0.25

14.8

0. 68
0.91

14.8

6-10
6- 20
6-29
7-13
7-25
8-25
9-23

14.8

0.10
0. 07

15.0

15.9

14.7

-0. 14
-0.54
-0.60

-0.12
-0. 58
-0.62

32

15.0

34

15.4

14
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LOCATI ON OF FIRST SIX WELLS
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Figure 8. Position of the first three wells for tracer experinents
based on three nonths of water |evel data.
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nerits (the only data available at the time). These wells, however, were
still wuseful in the grid pattern of wells that had devel oped at the site,
and they have since provided useful data. Punpage fromirrigation wells
in the area during the 1982 growi ng season may have caused the initia
southerly shift in flow direction, but these wells were not in production
when this latest experinment was conpleted

The hydraulic gradient at the test site remained fairly stable during
1982 at about 0.0009 ft/ft (Table 1) but steadily increased during 1983 to
a peak of 0.00159 ft/ft. Considering the conductivity uncertainty, this
caused only mnor concern about any possible effects on plume behavior.

In Cctober 1982, a Stevens Type F water |level recorder was installed
inwll WRL at the site, and since then the groundwater |evel has been
nmeasured continuously. During the experinment in May and June 1983, the
water |evel increased nearly 2 ft due to unusually high spring recharge
Water level rises and declines of 0.1 ft over 3~ to 4-day periods are
common but those rises not due to spring recharge have yet to be corre-
lated with rainfall events.

Changes in the direction of flow were seen to correspond directly to
changes in the hydraulic gradient; northerly shifts in direction closely
mat ch increased gradients and southerly shifts correspond to flatter
gradi ents. Although water levels in 1983 were higher than in 1982 (due to
unusual |y heavy rainfall in the spring) as were the gradient and angle of
the direction of flow, a direct cause and effect relationship could not be
det er m ned.

At the Sand Ridge plot a long-termeffort is under way to correlate
recharge events with water quality fluctuations. El even chem cal anal yses

have been conpleted at this tine (Table 2), and it seens clear that water

17
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Table 2. Water Quality Analyses from Observation Well SR1

Constituent Date of Sample
(values in mg/1) 8-19-82 10-5-82 11-22-82 12-21-82 1-20-83 2-23-83 3-31-83 4-27-83 6-10-83 6-30-83 7-25-83
Iron (Fe) (total) 6.0 13.1 12.7 10.8 15.3 18.5 12.3 6.43 9.77 31.2 16.6
(diss.) - - - - <0.05 <0.05 0.02 0.16 0.05 0.10 0.22
Manganese (Mn) (total) 4.57 1.03 0.92 0.22 1.43 1.3 0.21 0.97 0.82 2.36 1.4
(diss.) - - - - 0.06 0.14 0.05 0.21 0.08 0.06 0.10
Calcium (Ca) (total) - 102 83.9 83.7 95.0 111 85.7 80.2 73.2 145 124
(diss.) 69.6 66.5 72.1 69.3 60.4 73.2 66.2 63.3 60.3 60.4 60.9
Magnesium (Mg) (total) - 43.6 34.2 36.4 38.7 47 .4 31.0 37.7 29.0 63.8 50.4
(diss.) 20.7 194 24.1 22.9 18.1 20.4 194 18.5 16.6 7.9 15.7
Sodium (Na) (total) - 3.1 2.8 2.8 3.0 3.2 2.4 2.6 2.4 2.9 3.0
(diss.) 3.0 2.9 2.9* 3.0* 2.6 2.6 2.2 2.3 2.3 2.5 2.6
Potassium (K) (total) 2.21 2.3 1.7 3.2 5.1 2.1 4.1 2.1 3.8 13.2 5.2
(diss.) - 0.9 0.8 0.9 0.9 0.9 0.7 0.9 0.8 0.9 0.8
Ammonium (\H) 0.2 0.10 0.2 0.2 0.1 0.2 <0.2 0.2 <0.2 0.2 0.2
Phosphate (P) (total) - - - - - - - - 0.3 2.3 0.7
Silica (Si0y) 10.6 15.0 14.7 13.8 14.1 13.7 15.9 15.0 14.7 14.9 14.6
Fluoride (F) - - - - - - - - - 0.2 -
Nitrate (NO3) 92* 7.8 10.3 42.0 32.2 20.5 20.7 28.2 22.2 16.6 15.8
Nitrite (Nop) - <0.01 <0.1 - <0.1 <0.1 - - - 0.5 0.3
Chloride (C1) 10 1 1 3 1 2 2 2 2 2 <1
Sulfate (So,) 13 24.3 29 22.2 19.3 26 26.7 14.8 24.3 26.3 21.4
Alkalinity (as CaCO3) 120 191 174 144 136 144 154 120 130 128 120
Hardness (as CaCO0;) (total) - 434 350 359 396 267 342 355 302 624 517
(diss.) 259 246 279 - 225 - 245 234 219 183 217
Total Dissolved Minerals 301 289 261 298 265 272 283 302 250 241 302
Total Organic Carbon 10.9 14.1 15.3 15.1 15.9 - 26.0* 12.2 10.3 13.8 13.5
Turbidity (in Lab) 50 70 90 80 175 150 275 200 250 630 450
pH (in Lab) 7.0 7.9 7.6 7.7 7.5 7.6 7.6 7.7 75 7.8 7.8
Temperature (F°) 56 - - - 53 - - - - - -

*Possible interference

Note: Dissolved values are from in-lab filtrate



quality variations are not significant and concentrations of nost con-
stituents, with the exception of TOC, are within reasonable limts. The
relatively high values of total organic carbon are alnost certainly due to
the method of well construction and should not be attributed to high

background levels in the aquifer.

Location and Design of Wells

Figure 3 illustrates the location of the site in Township 23N. ,

Range 7W Its location and orientation in the center of Section 34 are
shown in Figure 9. It lies in a flat clearing and is flanked by gently
sl oping sand ridges. (Qak and pine trees surround the clearing, but daily
water |evel declines fromtranspiration have not been significant. The
tracer well grid shown in Figure 9 is presented in detail in Figure 10.
Presently there are 42 wells at the site with 7 basic well designs.

Wells SR1, SR2, SR3, TR1.1, TR1l.2, and TR1l.3 have the sane basic
design (Figure 11). The SR wells are water |evel observation wells and
the TR wells were the first to be enplaced for use in the tracer experi-
ments. These wells are open to about 10 ft of both the fine and coarse
deposits. Wells of this design were drilled by the straight rotary method
using Revert® as the drilling fluid and chlorinating subsequently. Revert®
was tested and found to cause no fluorescent interference with the tracer
sol uti on Rhodamine WI. Chlorine is known to interfere with the fluores-
cence anal ysis of Rhodami ne WI, but with repetitive well devel opnent the
chlorine concentrations in the wells were reduced below the |evel of
interference. This was checked continually throughout the 1982 experi nent
usi ng bl anks and standard stock sol utions.

The najority of the monitoring wells at the site are sand point wells

with short screened intervals. In the sandy environment of the test plot,
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Figure 9. Topographic map of Section 34 with experinmental plot |ocated.
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Figure 10. Tracer well grid at Sand Ridge State Forest.
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Figure 11. Well design for wells SR1, SR2, SR3, TR1.1, TR1.2 and TR1.3.
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this type of well design provides many advantages in that the casings can
be driven very closely together with good control of the |ocation and
depth of each well and a minimal disturbance of the aquifer material

Thus, plumes of mnimal areal extent can be nonitored with a reasonable
degree of reliability and precision. |In the 1982 experinment, 2-in.-

di aneter sand points were used, but 1-1/4-in.-diameter wells were chosen
for this |atest experinment because they provided several advantages:

1) they were large enough to allow sanpling with a hand bailer, 2) the
time required to evacuate the casing (and thus sampling time) was
decreased, 3) distortion of plume geonmetry during sanpling was m nim zed
4) well spacing could be reduced without causing nore disturbance of the
aqui fer materials, and 5) nore wells could be obtained w thout increasing
expenses. Al sand points driven in a line perpendicular to the direction
of flow had 36-in. screened intervals, and the wells driven along the flow

path in nested arrangenents had 12-in. screens.

The wells shown in the first line in Figure 10 are the shall ow sand
point wells (Figure 12), finished at 26 ft, and used to nonitor the plunes
traveling through the upper fine-grained sand deposit. Wells SP1. 2,
SP1.3, and SP1.4 are the 2 in. wells, and SP2.1, SP2.2, SP2.3, SP2.4, and
SP2.5 are the 1-1/4-in. wells.

The second line of wells perpendicular to flow (Figure 13) were
finished at 36 ft and used to nonitor the novenent of the deep plumes in
the sand and gravel of the Wsconsin terrace material. Wlls DP1.2,
DP1.3, and DP1.4 are 2 in. in dianeter, and wells DP2.1 through DP2.7 are
the 1-1/4-in. wells.

The nested wells were designed to nmonitor the tracer plumes at a

greater distance fromthe source wells and to detect any changes in
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concentration with depth or dowward migration of the plunme. Two nests
are finished in the shall ow w nd-bl own deposit (Figure 14) and two are
finished in the deeper coarse-grained deposit (Figure 15). Al casings
are 1-1/4 in. in diameter. The first wells in the shallow nests, NS2.1.1
and NS2.2.1, are each finished at 25 ft; the second wells, NS2.1.2 and
NS2.2.2, are finished at 27 ft; and the third wells, NS2.1.3 and NS2. 2. 3,
are at 29 ft. The spacing between the wells in the NS2.1 and NS2.2 nests
is 12 in. and 6 in., respectively. Likewise, the first wells in the deep
nests, ND2.1.1 and ND2.2.1, are each finished at 33 ft; ND2.1.2 and
ND2.2.2 are finished at 37 ft; and ND2.1.3 and ND2.2.3 are at 42 ft. The
di stance between casings in each nest is 12 in

Vel |l SPSP1 was conpleted as shown in Figure 16. This well is 40 ft
deep, screened only in the coarse unit, was a source well for tracer
solution injections (as were wells TRL.1 and WLR1), and released a tracer
exclusively into the coarse unit. It was augered using the holl ow stem
met hod, and the four split spoon sanples discussed earlier were taken
during its construction.

The last of seven basic well designs (for well WRL) is shown in
Figure 17. This well was used to house the water |evel recorder and to
act as a tracer solution injection well for the upper unit. The borehole
for this well was augered using |large holl ow stem augers. The auger
flights were pulled while the hole was being filled with Revert® sol ution
after which the casing was enplaced and the drilling fluid was flushed
from the annul us.

Al wells were devel oped by back flushing with fresh water and
pumping with air at the tine of enplacenment and then again prior to each

tracer experinent.
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Figure 12. VeIl design for wells SP1.1, SP1.2, SPl1.3, SPl.4,
SP2.1, SP2.2, SP2.3, SP2.4, and SP2.5.
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TRACER EXPER MENT

Four plumes were created using three different tracers: one injected
into the lower sand and gravel deposit, one injected into the upper
fine-grained sand, and one released into both units sinultaneously which
created a plune in each unit. Thus, two individual plumes were formed in
each unit of the aquifer. As in the previous experinent, the dyes were
allowed to mgrate under natural hydraulic gradient conditions.

The goals of the experinent were to: 1) determine the rate of
novenent of the plumes at increasing distances fromthe source, 2) observe
vertical mgration of the tracers, if any, 3) conpare the behavior of sonme
commonly used tracers under field conditions, and 4) construct plume

geonetries fromdata obtai ned fromdetection wells.

Tracer Sol utions
The three tracers used in this test—Rhodam ne WI, Lissamne FF, and
Amno G Acid (see Table 3) —wer e chosen because they have properties

desirabl e for use as groundwater tracers (Snmart and Laidl aw, 1977) and

Table 3. The Three Huorescent Dyes (fromSmart and Laidl aw, 1977)

Maxi mum Maxi mum
Dye names and col or excitation em ssi on
nm nm
Amino G Acid (bl ue) 355 445
7-am no- 1, 3- napt hal ene-di sul phoni c acid
2- napt hyl ani ne- 6, 8- di sul phoni ¢ acid
Li ssamine FF (green) 420 515
a Acid Yellow 7
Rhodam ne WI' (or ange) 555 580

31



have been proven effective in the field (Trudgill et al., 1983; Naymk and
Barcel ona, 1981; and Aul enbach et al ., 1978). In addition, they are
environmental |y harm ess, easily detectable, and convenient to obtain and
use. hloride had been an early tracer choice but was |ater abandoned
because of its potential to interfere with the detection of the organic
dyes should the plurmes overlap during the course of the test.

Rhodam ne WI, an orange fluorescent dye devel oped specifically for
tracer work, was chosen for use because of its proven effectiveness as a
groundwater tracer. To ensure that the dye was not being adsorbed onto
aquifer material, a Rhodam ne W adsorption experiment was conducted using
augered aquifer material fromboth the w nd-bl own sand and the sand and
gravel deposits. Adsorbent aquifer solids were added to native ground-
water at 5 and 50 g/1 levels. A 12 to 120 pg/ 1 concentrations of
Rhodam ne W no significant adsorption of the dye was observed on either
aquifer material. Froma previous tracer experinent, background |evels of
fluorescence in the orange enission wavel ength range were known to be
stable and to present no problens during sanpl e anal ysis.

Lissamne FF, a green fluorescent dye sel domused for tracing in
porous medi a, was chosen for this test because its properties as reported
by Srart and Laidl aw were very favorable for such a use. Background
I evel s of green fluorescence, while slightly higher than those in the
orange part of the spectrum were not of concern. The only probl emthat
could be foreseen was the possibility that residual |evels of orange
fluorescence remaining in the aquifer fromthe previ ous experinent m ght

cause interference in the sanples of the green plune due to an overlap of
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the filtered em ssion spectra of the two dyes. To mnimze the problem
the Lissamne FF slug was injected into the location nost renpte from any
potential interference.

Amino G Acid, a blue dye used primarily as an optical brightener, was
selected as the third tracer because its properties seened suitable as a
groundwat er tracer and because its excitation and emi ssion spectra appar-
ently did not overlap with those of Rhodam ne WI (although sone interfer-
ence was observed during the experinent). Concern about high background
level s was greatly reduced when it was found that the native groundwater
at the test site had considerably less blue fluorescence than city tap
water or even distilled water. The potential for |oss of fluorescence
from sanples as a result of prolonged exposure to bright sunlight was

mninmzed, as will be explained later.

Standard solutions of each of the three fluorescent dyes were nade up
in both distilled water and native groundwater fromthe site before the
start of the test. Calibration curves were derived for the Turner Mde
111 fluoroneter fromthe groundwater standards, and the distilled water
standards served as a backup against the possibility that background
fluorescence at the site mght vary during the experinent. As expected
from previ ous experience, no variation in orange or green background
occurred. Mnor fluctuations in blue background fluorescence were noted
but were not considered large enough to require a change in testing

procedures.

Procedur e
The tracer experinment was designed to proceed in two stages, requir-
ing the presence of one person at the site daily for nearly four weeks.

The first step was to nonitor the front lines of wells (one |ine perpen-
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dicular to flowin the deep unit and another in the shallow unit) for the
breakt hrough times of the plunes and to nmonitor relative val ues of peak
concentrations in adjacent wells. Fromthis infornmation both the rate and
the direction of noverent of the plumes were pinpointed, after which sets
of nested sand point wells were placed at the correct distance and | oca-
tion to intersect the plumes. This staged approach permtted flexibility
inlocating the nests and ensured that each plunme would be intercepted at
a greater distance fromthe source wells.

The dyes were injected on different days so breakthrough of the
plurmes in both the shall ow and deep wells woul d occur nearly simultane-
ously. The staggered injection tinmes also were intended to mnimze any
effects that the gradient induced at a source well during injection of a
tracer slug mght have on an adjacent slug. The concentrations of dye in
each of the three injection slugs were the sane (100 ng/1). Therefore,
the relative concentrations of the three plumes as they mgrated past the
nmonitoring wells could be easily conpared. This also allowed the use of
the same nodeling procedure for each plume. The actual vol ume of each
slug varied depending on the georetry of the plune as released fromthe
source well casings.

The injection procedure for each of the three slugs was identical
First, a neasured vol une of highly concentrated dye sol uti on was poured
directly into the source well and mxed with the casing water to forma
100 ng/ 1 solution. Then volumes of tracer solutions (also at 100 ng/1
concentration) necessary to formslugs of the desired geonetries were
released into the casings at rates of about 5 /mn from hol di ng tanks

nmounted directly above the top of each casing.



The relative difference in size of the slugs in the two different
l'ithol ogi es was dependent upon the difference in the rate of release from
the only injection well open to both units (TR1.1). From data obtained
during the first experinent, it was known that an injected volune creating
a cylinder 3 ft in dianeter in the lower unit would also forma cylinder 1
ft in diameter in the upper unit. Since the injection wells were 3 ft
apart, these dianmeters were chosen as the largest attainable with no
i mredi ate overlap of plunes.

Dye tracer injection began with Lissanine FF in well WRL, the 26-ft
well with a 3-ft screened interval. This well was finished only in the
fine sand where the flowrate was only about 0.25 ft per day. After 7
days Rhodamine WI was injected into SPSP1, the well screened only in the
coarse unit. Two days later Amino G Acid was introduced into well TR1.1
formng the final two plumes, one in each |ithol ogy.

Sanpling intervals varied with the location of the plunes and the
formation in which they were traveling. The same sanpling nethods were
used at all wells. The deep wells were sanpled twice daily until the
peaks had passed, after which sanpling frequencies were decreased
Simlarly, the shallow wells were sanpled once a day until the peaks had
passed and thereafter sanpling decreased in frequency. Al sanpling was
done with a stainless steel bailer and one well volune was renoved from
each well before retaining a sanple. This well evacuation procedure had
been proven acceptable during testing in the previous experinment. The
renmoval of nore than one well volune distorted the geometry of the plune,
but on the other hand, concentrations did not stabilize if |ess than one
wel | volune was discarded before sanpling. Qher sanpling nethods were

tried, but were less efficient than the hand bail er.
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Sanple handling during the field effort consisted nainly of filtering
each of the days' sanples after the sanpling rounds had been made. Spot
tests were made with the fluoroneter when necessary to pinpoint the
arrival of a breakthrough or a peak. Al sanples containing a concentra-
tion of dye were retained for thorough testing in a laboratory environ-
nment. Adsorption of dye onto the plastic sanple bottles was not a
problem but as nentioned earlier the Amno G Acid sanples did require
nore careful handling. To ninimze possible deconposition of the blue dye
before final testing could be conpleted (approxinately 3 nonths), sanples
were stored in a tenperature-controlled environment with mninmal exposure
to sunlight or heat. They also were tested first upon arrival in the |ab.
Sanpl es for blue dye analysis were filtered with high quality nyl on
nenbrane filters to prevent contanination of the sanples by the |eaching

of optical brighteners present in the paper filters.

Br eakt hr ough Qurves

Dye concentrations were nonitored in the 3 source wells and in 10
observation wells in the well array. The general novenent of the dye
pl umes was downgradi ent and parallel to the axis of the well array
(Figure 10) for a distance greater than 10 ft. After 10 ft of mgration
the plumes favored a nore northerly path and presunably deforned and
segnented. The approximate rate of novenent was 1.75 ft/day in the | ower
deposit and 0.21 ft/day in the upper deposit.

The Amino G Acid plume was forned around well TRL.1 on April 27,
1983. This plume took only about 2 days to mgrate anway fromthe well
(Figure 18). It was considered the nost efficient of the 3 injections in
terns of entering the fornmation and noving away at the rate of groundwater

flow This plune nmoved at a rate of about 1.8 ft/day directly down the
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Figure 18. Concentration depletion curve for
injection well TR1.1, Amino G Acid.
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axis of the array and was initially detected in well DPL. 3 after 3 days on
April 30, 1983 (Figure 19). Well DPL. 3 was conpleted in the lower unit as
were the next 6 wells to be addressed in this section. The concentration
inDPL.3 peaked at about 7 ng/1l, 6 days after injection into TRL.1. This
was the nost efficient detection of a plune in terms of accounting for
nmass during the course of the experinent. A discussion of plume nass is
found in the dimensional analysis section of this report. The Amno G
Acid plune al so was detected in wells on either side of DP1.3. Low con-
centration (0.025-0.035 nmg/1) peaks were found in wells DP2.3 and [CP2. 4
(Figures 20 and 21).

Figures 19, 20, and 21 confirmthat the Amno G Acid pl une was
initially mgrating down the central axis of the well array. After this
pl ume crossed the front line of wells of the |ower deposit it began to
deform presunably because of inhonogeneity of the nmedium and favored a
nore northerly path than that of the central axis of the well array. It
mgrated at a slightly slower rate (1.63 ft/day) to well TRL.2 and arrived
at a lower peak concentration (approximately 0.1 ng/1) than that observed
inthe front line of wells.

Figure 22 shows the breakthrough curve for well TR1.2. Note that
there is a significantly higher (0.185 ng/1l) data point plotted for the
May 12 date. This is a spurious value and is included only to show the
variability in these data. The Amno G Acid plune continued to nigrate
general ly down the axis of the array another 20 ft at a slightly faster
rate (2.17 ft/day) and was detected in well TR1.3. |Its breakthrough curve
(Figure 23) shows a slightly | ower peak concentration of 0.12 ng/1. The

plume was finally detected in the mddl e wells of both nests conpleted in
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the lower deposit. These two wells, NX2.2.2 and ND2. 1.2, were both com
pleted at a depth of 37 ft. The Arino G Acid plune was not detected above
or below this level. The breakthrough curves for the Amno G Acid in these
wells are shown in Figures 24 and 25.

In sumary, the Amno G Acid plune in the | ower deposit mgrated for
the nost part in a cylindrical shape down the central axis of the well
array for a distance of greater than 10 ft. Between a distance of 11 to
20 ft fromthe source well the plune split, segregated, or deforned and
noved northward fromthe central axis. In addition, the plume followed a
preferred path at a depth of about 37 ft. This type of behavior seens
reasonable in terrace deposits.

The Anino G Acid also forned a plume in the w nd-bl own deposit since
well TRL.1 had a slotted interval of 20 ft. This plune was detected in
well SP1.3 which is on the central axis of the well array in the front
line of wells of the shallow deposit. Using the concentration data from
SP1.3, the plunme nigration rate through the w nd-bl own deposit was cal cu-
lated to be approxinately 0.21 ft/day. The breakt hrough curve for well
SP1.3 is shown in Figure 26. This plume also was detected in the upper
well (NS2.1.1) in the shall ow nest downgradient from SPl1.3. The break-
through curve for N2. 1.1 (Figure 27) shows a peak concentration of 0.9
ng/ 1 occurring 47 days after injection. This indicates that the plune was
mgrating at a rate of approximately 0.1 ft/day at a depth of 25 ft. The
Amino G Acid plune forned in the w nd-bl own deposit was not found in any

ot her detection wells.
In summary, the plume in the upper deposit: 1) was noving at a much
slower rate than the plume in the lower deposit, 2) had a radius of |ess

than 1 ft, and 3) deformed in a shorter distance than the plune in the



| oner deposit, but not necessarily in less time. This indicates that
pl ume deformation may be a function of tine as well as distance.

The Rhodam ne W plume was fornmed around well SPSP1 on April 25,
1983. This plume took about 6 days to mgrate away fromthe well
(Figure 28). The Rhodanmine W plune was forrmed only in the | ower coarse-
grained deposit and mgrated in a simlar fashion to the Anino G Acid
pl ume except that it was centered 3 ft off the central axis of the well
array and mgrated slightly nore slowy. The slower mgration rate can be
attributed to the slightly higher viscosity of the injected Rhodam ne W
solution. This plune noved at a rate of about 1.66 ft/day downgradi ent
and parallel to the central axis for a distance greater than 10 ft. The
center of the plunme was detected in well DP2.1 (Figure 29), and the
margins of the plume were detected in wells DP1.2 and DP2.3 (Figures 30
and 31). The fluoronetric interference level was too high inwell DP2.2 to

anal yze for Rhodanmi ne W.

After the plunme passed through the front line of wells of the |ower
deposit it mgrated at a rate of 1.6 ft/day until detected in the mddle
wells (37 ft depth level) of both nests of the lower unit. The break-
through curves (Figures 32 and 33) for these wells (ND2.1.2 and NDX2. 2. 2)
show hi gher concentrations of Rhodamne W' than Amno G Acid (Figures 24
and 25). Both dyes arrived in the mddl e of the deep nests at about 20
days after their injection; however, the Rhodam ne W curve is consid-
erably nmore broad. The shape of the breakthrough curves can be attributed
to the release function at the injection well rather than dispersivity.

In sumary, the Rhodamine W plune fol lowed a behavior very simlar to the
Amno G Acid plune. Heterogeneities in the |ower deposit caused the plune

to segregate and flatten over a travel distance of 50 ft.
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The Lissamne FF plume was forned around well WRL on April 18, 1983.
It took about 15 days before 85% of the Lissanine FF solution entered the
formation (Figure 34. This occurred because the well was 6 inches in
dianmeter and less efficient as an injection well. Because of the slow
release to the formation and the very slow mgration rate in the upper
deposit, Lissanmine FF was not detected in downgradient wells before the
termnation of the experinent. The possibility also exists that this
pl ume took a path in the upper unit which was totally different from any
other path so far observed at the site. The detection wells shown in
Figure 10 were sanpled at a frequency which was nore than anpl e to detect

the plume if it had behaved simlarly to the other plumes at the site.
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Figure 24. Concentration breakthrough curve for
detection well ND2.2.2, Amino G Acid.
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Figure 25. Concentration breakthrough curve for
detection well ND2.1.2, Amno G Acid.
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Figure 26. Concentration breakthrough curve for
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Figure 29. (oncentration breakthrough curve for
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D MENSI ONAL ANALYSI S

The "randomwal k" solute transport code presented in Prickett,
Naym k, and Lonnqui st (1981) was used in planar and cross-sectiona
perspective to further analyze the data obtained fromthe tracer experi-
ment. The two nodel designs were used to: 1) deternine the velocities of
the plunes which were presented in the previous section, 2) deternine
val ues of longitudinal dispersivity by calibrating to the breakthrough
curves, and 3) quantify the percent of the injected mass that was detected

by downgradi ent wel | s.

Mbdel Desi gns

Two nodel s were designed for the analysis of the plumes. A planar
nodel was designed for the whole well array, and a cross-sectional node
was designed for applications parallel to the central axis of the well
array and noved according to injection location of the plune.

The two-dinensional finite difference grid of the planar nodel wth
sinks and sources of mass is presented in Figure 35. The array is 60 by
21 and the nodal spacings are uniformat 1 ft. No boundary conditions
were set for velocity calculations. The velocity was entered directly
into the code as a paraneter used in calibrating to the field data. The
flowwas steady and uniformin the direction of increasing i values for
each calibration

There were no peripheral boundary conditions set for nass in either
the planar or cross-sectional nodels. Al mass novenent occurred between
sources and sinks in the nodel interiors. |In the planar nodel, solute was
released in three separate configurations. |In the case of injection at
SPSPL two concentric rings of particles having radii 0.5 and 1.5 ft from

the well center were released in accordance with a snoothed tine rel ease
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function devel oped fromthe concentration depletion curve at the well (see
Figure 28). The mass of the particles in the case of SPSP1 was averaged
over the depth interval -31 to -40 ft. A total of 1000 particles was
divided evenly between each ring and was assigned a nmass such that each
particle represented 0.1 ng/1 of the tracer concentration in the aquifer.
A simlar technique was used in the case of well TRL.1 (Amno G Acid
injection). In the portion of the TRL.1 source well conpleted in the
lower unit, 875 particles were released, and in the portion conpleted in
the upper unit, 125 particles were released. This division was based on
the ratios of the groundwater velocities in the units, which are directly
proportional to hydraulic conductivity. This was the best infornation
avai |l abl e on which to assune a value for the division of mass between the
two deposits. A so, in the upper unit nmass was rel eased fromtwo concen-
tric rings of radii 0.25 and 0.5 ft. The only remaining differences
between injection well SPSP1 and TRL.1 were their coordinate |location in

the nodel and tine rel ease functions for nass.

The sinks for the plunes forned by the injections were located at the
nearest node to the detection wells. For alnost every well there was a
sink positioned at its exact location (conpare Figure 35 to Figure 10).

The cross-sectional nmodel design is shown in Figure 36. The nodel is
60 by 25 and nost of the basic features are simlar to those of the planar
nodel . The horizon between the fine and coarse sand is shown along with
the cross-sectional areas occupied by the sources and sinks. In cross
section the sources were handled by initializing particles in three
colums i =4, 5 and 6 within the area shown in Figure 36 for the |ower
unit and i =5 for release in the upper unit. The sane nunber of par -

ticles were released in the cross-sectional design as in the planar
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design, and the sane tinme release function was used. In the case of the
lower unit, half of the total nunber of particles was rel eased fromthe
center colum (i =5), with the other half divided equally between col ums
4 and 6. This was done to approxinate the concentric rings of the planar
nmodel . In determning the particle mass of each particle, a plune thick-
ness of 3 ft was assuned into the plane of the nodel in the |ower deposit
and a 1 ft thickness was assuned in the upper deposit.

The sinks in the cross-sectional nodel were positioned at the
screened intervals in the detection wells. In Figure 36 all of the sinks
are shown even though they don't exist in the sane cross section.

For both the cross-sectional and planar nodels, 7 wells (sinks) were
calibrated to breakthrough curves. These wells were: 1) DPl.3. TRL. 2,
TR1.3, and NS2.2.2 used to detect Amno G Acid down the central axis in
the lower unit; 2) DP2.1 and ND2.1.2 used to detect the Rhodam ne W
plume; and 3) SP1.3 fromwhich Amino G Acid was detected in the upper
fine-grained unit. The calibrations of these wells are described in both

the planar and cross-sectional nmodels in the following two sections.

Two- D mensi onal Pl anar

To quantify the Amno G Acid plurme in the deep unit the nodel was
calibrated to the breakt hrough curves of wells DP1.3, TRL.2, TRLl.3, and
ND2.2.2. The curves generated by the nodel are shown in Figures 37
through 40 and can be conpared to Figures 19, 22, 23, and 24 for cl oseness
of fit. The nost restricting limtation for calibration was the rel ease
function which was not nodified to account for the deformati on and segre-
gation of the plunme as it mgrated. A longitudinal dispersivity of 0.17

ft was used because it gave good results when calibrating to DP1. 3.

62



However, after the plune mgrated 10 ft, the concentration data were too
sparse spatially to allow for further dispersivity cal cul ations.

Wsing these calibrated sinulations, the mass of the plune cumul ated
at each sink throughout the duration of the simulation was sumred and
expressed as a percent of the total mass which should have been present if
all the nodel assunptions were valid. Wlls DP1.3, TR1.2, TR1.3, and
ND2. 2.2 detected 66%, 1.3%, 1.9% and 1.0% of the expected plunme nass,
respectively. The generation of particles at well TRL.1 and their nove-
nment toward the front line sinks in the lower unit are shown by the tinme

sequence in Figure 41.

In quantifying the Rhodam ne W plunme, the nmodel was calibrated to
the breakthrough curves of wells DP2.1 and ND2.1.2. These curves are pre-
sented in Figures 42 and 43 and can be conpared to Figures 29 and 32. A
longitudinal dispersivity of 0.1 ft was used to simulate the OP2.1 curve,
but as in the Amno G Acid plune, dispersivity could not be back-
calculated after a travel distance of 10 ft. The percentage of the plune
detected in DP2.1 was 52$% whereas ND2.1.2 encountered only 0.26$% of the
pl ure mass.

Wl SP1.3 was used in an effort to quantify the plunme in the upper
unit. The calibrated curve, Figure 44, can be conpared to the observed
curve, Figure 26. These curves show that Amno G Acid was present and
noving in the upper deposit and that it was less than 1$ of the plume

anticipated to pass through the front line of wells in the shallow unit.

Two- D mensi onal O oss- Secti onal
In quantifying the amount of nmass detected by the wells in cross
section the same technique was used as that for the planar model. The

sane 7 wells were used as in the planar nodel, so conparisons can be nade
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to the planar calibrations as well as the breakthrough curves fromthe
field data. The calibrated curves for the Amno G Acid detection wells
are presented in Figures 45 (DP1.3), 46 (TRL.2), 47 (TR1.3), and 48
(ND2.2.2). These curves correspond to the planar nodel curves in

Figures 37, 38, 39, and 40 and the field data curves in Figures 19, 22,
23, and 24, respectively. Fromthe cross-sectional simulations, DPl.3,
TR1.2, TR1.3, and ND2.2.2 cunul ated 100% 15.7% 20.9% and 0. 73% of the
mass fromthe Amno G Acid plunme. The generation of particles at well
TRL.1 (in the lower deposit) and their novenment toward DP1.3 at i = 15 are
shown by the tine sequence in Figure 49.

Two wells (OP2.1 and ND2.1.2) which detected the Rhodam ne W pl une
were calibrated to produce Figures 50 and 51. These can be conpared to
Figures 42 and 43 as well as Figures 29 and 32. The percentage of the
plunme cunulated by sink DP2.1 was 80% and only 0.26% was curmul ated by
sink ND2. 1. 2.

Vell SP1.3 was used again in an effort to quantify the plume in the
upper deposit. Figure 52 shows a rather poorly fitting curve but never-
theless its significance is in the fact that 7% of the nmass assumed to be
in the upper unit was needed for the calibration.

The significance of the location and magnitude of mass flow ng
through or by a well is inperative to understandi ng plume geonetry. In
the follow ng section the breakthrough curves and mass cal cul ations wll

be used to describe, in part, the behavior of the plumes at Sand R dge.

M ume Georretri es
Fromthis experiment three plumes can be characterized: 1) the

Amno G Acid in the lower deposit, 2) the Rhodamne W in the |ower
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deposit, and 3) the Amino GAcid in the upper deposit. These wll be
addressed individually.

The Amino GAcid plume in the lower deposit was initialized as a
cylinder around well TRL.1 which was approxi mately 10 ft tall and 3 ft in
dianeter. The dye solution forming the plume ideally replaced the ground-
water in the cylindrical volune at tine = 0 days and had a uniform concen-
tration of 100 ng/1. However, at tinme = 0 days, the plunme was probably
irregularly shaped but nevertheless had a radius of less than 3 ft. This
was nonitored by surrounding wells. Undoubtedly, irregularities in casing
slots and screens as well as inhomogeneities in the native sands used to
fill the annulus and in the deposits thensel ves caused variations fromthe
precal cul ated shape. |In any event, the resulting shape at the end of
injection was not so irregular that it could not be approxi mated by a
cylinder. The Anmino G Acid plunme retained its initial shape within reason
for a distance greater than 10 ft of mgration. There was evidence,
however, that the plune was favoring a path through the mddle 3 ft of the
lower formation. This can be deduced fromthe large (100% anount of nass
needed to calibrate the cross-sectional nodel to well DP1.3 which was

conpleted at the 33-36 ft depth.

The plume mgrated down the central axis of the well array at 1.81
ft/day, slightly favoring the north side of the axis. After the plume
passed through the front line of wells in the lower unit it was not
detected until it reached TRL.2, which was 10 feet farther downgradient.
Here only a small fraction (1.3% of the plume nass was detected. During
that 10 ft, the plume nore than |ikely encountered enough variation in the
aquifer naterials to cause it to disperse. The breakthrough curves of

both plumes in the lower deposit ultimately indicated mgration along a
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path at a depth of approximately 36 ft. |In addition to dispersing, the
plurme likely continued to mgrate along a more northerly path. Véter
| evel neasurenents during the experiment showed a gradient increase and a
flow direction shift toward the north. A this site as the gradient
i ncreases the groundwater flow direction shifts toward the north. Anot her
line of small dianeter sand point wells positioned perpendicular to flow
woul d have been ideal further downgradient, but were cost prohibitive.

Between wells TRL.2 and TRL. 3 (the next 20 ft of migration), the
velocity of mgration increased. This could have been caused by a nore
perneabl e | ayer along the preferred 36-ft depth and/or the increase in
gradient. The sinulated percentage of plunme nmass to reach TRL.3 was 198
which was close to the amount (1.3% detected 20 ft upgradient. There-
fore, after the plune segnentation there was no further |oss of mass al ong
the central axis. The last detections of the Amino G Acid plune were in
mddle wells of both nests of the |Iower deposit. Both wells had a
screened interval from36 to 37 ft in depth and they were spaced 3 ft
apart. The nore northerly of the 2 wells had a slightly higher concentra-
tion of Amino G Acid which reflects the shift in the direction of flowto
the north. Less than 1% of the nass was detected in each of these wells.
To summari ze, the novenment of this plume: 1) maintained its initial shape
for greater than 10 ft of travel, 2) segnented and noved north off of the
central axis, and 3) flattened possibly into a pancake shape at a depth of
36 ft.

The mgration of the Rhodamne W plume was simlar to that of the
Amno G Acid plune and was used to reinforce the conclusions of the
analysis. This plune was initialized in the |ower deposit in the sane

nmanner as the Amno G Acid plume. As seen in the detection wells, it
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renained intact for the initial 10 ft of mgration. It did, however,
slightly favor the north side of a line parallel to the central axis.

E ghty percent of the total mass was needed to calibrate the cross-
sectional nodel to well DP2.1 which had a screened interval 33 to 36 ft in
depth. After passing through the front line of detection wells the
Rhodam ne W pl une was unnonitored until it reached the well nests of the
deep deposit. It was detected in the sanme wells (ND2.1.2 and ND2.2.2) as
the Amno G Acid plume, and |ikew se less than 1% of the nass was present.
The migration of the Rhodamne W plune reinforces the interpretation that
the segnentation and flattening of the plunes after 10 ft of migrati on was
caused by a slightly nmore perneable layer within the aquifer. However, no
significant grain size variation was seen in the |ower deposit when the

aqui fer material was sanpled at well SPSPL.

The Amno G Acid plune also was initialized in the upper unit.
Imredi ately after injection this plune was assuned to extend fromthe
water table to the bottom of the w nd-blow sand and to have a dianeter of
1 ft. It also was assuned to be cylindrical in shape, but irregular. This
plune nmoved at a slowrate (0.21 ft/day) down the central axis of the well
array where it was detected in well SP1.3. In the 23- to 26-ft-deep
screened interval of SP1.3.7% of the anticipated nass was detected. Wth
a longer period of observation, nore mass probably woul d have nm grated
through. The wells in the front line of detection wells were spaced 1 ft
apart and Amno G Acid was found inonly 1 well. Therefore, the plune
after 5 ft of mgration had a radius of less than 1 ft. The second and
only other well to detect the dye in the upper deposit was NS2.1.1. This

well is the uppernost of the wells in the shallow nest having a screened
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interval between 24 and 25 ft in depth. The two lower level wells in the

nest did not detect tracer even after 90 days of nmonitoring. In summary,
the plume in the upper deposit was thin (radius less than 1 ft) and

mgrated through the upper half of the fine-grained deposit.
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Figure 43. Calibrated breakthrough curve for well ND2.1.2

(planar model), Rhodamine WT.
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Figure 44. Calibrated breakthrough curve for well SP1.3
(planar model), Amino G Acid.
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Figure 45. Calibrated breakthrough curve for well DP1.3

(cross-sectional nodel ), Anmino GAcid.
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Figure 46. Calibrated breakthrough curve for well
(cross-sectional nodel ), Amno GAcid.
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Figure 47. Calibrated breakthrough curve for well

(cross-sectional
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Cal i brated breakthrough curve for well
(cross-sectional nodel ), Anmino G Acid.
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Figure 49A. Generation and movement of particles simulating
Amino G Acid in cross section in the lower deposit
(particle cell grid) at time = 0 days.
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Figure 49C. Particle positions at time = 2 days.
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Figure 49E. Particle positions at time = 4 days.



15

20

25

X - Direction of Flow

11t.

10 15 20 30 40

Figure 49F. Particle positions at time = 5 days.

50

60



96

15

20

25

. Direction of Flow

1t

10

15

20

Figure 49G.

30 40

Particle positions at time = 6 days.

50

60



20

25

Direction of Flow

1ft.

10

15

20

Figure 49H.

30 40

Particle positions at time = 7 days.

50

60



86

1%

20

25

Direction of Flow

10

15 20

Figure 49I.

30 40

Particle positions at time = 8 days.

50

60



66

0 X Direction of Flow D 12(_
5
y 10 — —
} o, o g o
16
20
25 -
¢} 10 15 20 30 40 50 60

Figure 49J. Particle positions at time = 9 days.
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Figure 50. Calibrated breakthrough curve for well DP2.1

(cross-sectional model),

100
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Cal i brated breakthrough curve for well
(cross-sectional nodel ), Rhodam ne WI.
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QONCLUSI ONS

Thi s experinent has shown how dynamc solute plumes can be in the
subsurface on a scale of 50 ft. Punes at this site responded passively
to the conpl ex relationships of hydraulic gradient, flowdirection, and
slight inhonogeneities in aquifer naterial. These controlling factors
caused changes in velocity, shifts in direction of flow and flattening in
the vertical dinmension.

Two- di mensi onal solute transport nodeling proved to be a useful too
as a mass accounting system However, on this scale, using a solute
transport nodel for predictive purposes would be fruitless unless nore
control, i.e., nore nonitoring wells, were added and nmore aquifer sanples
wer e taken.

No downward migration of dye was observed fromplunmes in either the
wi nd-bl own or terrace deposits. Instead, mgration occurred al ong pre-
ferred flow paths near the mddle of the nonitored portion of both
deposi ts.

The plunes maintained their initial geometries for a mgration
di stance of greater than 10 ft through the coarse deposits. Between 10
and 20 ft of mgration, the changes in the groundwater flow dynam cs
becone frequent and I arge enough to change either the rate or direction of
mgration and/ or plune shape.

As nore controlled tracer experiments are conducted in natural
groundwat er flow systens, perhaps enough infornation will be collected to
bridge the gap in our understandi ng between | aboratory experinents and
| arge-scal e gross contam nation cases. Research needs, therefore, include

the controlled scaling-up of tracer experinments until the field scale
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(approx. 0.25 mle) is obtained. As larger and | arger experinents are
conduct ed, nethods shoul d be devel oped to address the probl ens of detec-

tion well density and data requirenents for nodels.
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