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Abstract

Contaminants within groundwater move in the subsurface depending upon the physical
and chemical nature of the contaminant and the physical and chemical characteristics of
the aquifer in which the groundwater is located. In this study, nontoxic amounts of the
nonlinear adsorbing solute lithium was traced over a three-year period in a sand and
gravel aquifer, which has had both chemical and physical characteristics documented in
previous studies, located in Cape Cod, Massachusetts. The lithium data is compiled into
spatial moment representations, using a trapezoidal integration technique along with a
Delaunay triangulation scheme, in order to quantify plume characteristics throughout the
experiment. Comparisons are made between the results of this study to that of a study
completed in 1987, which used slightly different methods to quantify the data over time.
Quantitative sets of equations are then derived using a Gaussian Plume model
approximation as well as a Saturated flow approximation in order to attempt to model the
spatial moment changes over time. Results are shown for the derived spatial moment

equations and the results of the comparison between model and field data.
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Chapter 1: Introduction
"#' $%&' ()&
!
. As groundwater moves in the subsurface, contaminants within the water can
adsorb to soil pores based upon both the physical and chemical properties of the
aquifer in which the groundwater is located. The rate at which sorption, the process
by which a material adsorbs to soil pores, is typically represented by an adsorption
isotherm determined through laboratory experiments (Buergisser et al, 1993).
These isotherms describe the amount of solute sorbed to the total amount in
concentration at a constant temperature. Adsorption isotherms can be both linear
and nonlinear in nature depending upon the chemical nature of the adsorbent. For
the purpose of this experiment, the structure of a Freundlich isotherm (Freundlich
1906) has been assumed based on a previous study (Garabedian 1987). The
adsorption isotherm used during this experiment can be seen in Equation 1.1 where
S is the mass sorbed, K is the Freundlich coefficient, C is the mass in solution, and N
is the adsorption coefficient.
| = KgC' (1.1)

Quantitative models are used in science today to predict everything from the
weather to population based income changes; subsurface hydrology can also make
use of these models. In this experiment, a large-scale natural gradient tracer test is
analyzed in an effort to model the nonlinear movement and decay of a controlled
contaminant injected into the soil. Field data collected throughout the duration of
the test, described in section 1.2, is analyzed and compared to a numerical model

derived to test the lifetime changes of contaminants injected during the tracer test



and the reliability of the quantitative model. Calculations from data collected in the
field are made of total change of mass, the location of the center of mass over time,
and the variance of the contamination plume around the center of mass. The
calculated values are then compared to a previous study that calculated the same
values using a different technique. Using the quantitative model, described in
section 2.2, attempts are made at predicting changes in the plume characteristics
over time. Finally, concluding remarks are made and suggestions for future work

and improvements are provided.
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. A large-scale tracer test was conducted over a three-year period beginning in
July 1985, in which three chemical contaminant solutions were injected as a pulse at
a source location and the three-dimensional transport and dispersion of the
contamination plumes were monitored. These contaminant solutions contained
nontoxic amounts of bromide, a nonreactive tracer, lithium and molybdenum, both
reactive tracers (LeBlanc et al. 1991). This paper will look at the transport and
dispersion of the lithium plume in order to gain a better understanding of the
processes controlling nonlinear adsorption. Through lab experiments, it has been
shown that solutions containing lithium compounds adsorb to soil pores nonlinearly
during subsurface groundwater movement (Stollenwerk and Kim, 1990; Wood et al.
1990). While lithium solutions undergo sorption, solutions containing bromide

move linearly through the subsurface while not adsorbing to the soil and thus act as

quality groundwater tracers (Garabedian 1987). For the purposes of this



experiment, the bromide data will be used to estimate the total groundwater
velocity and as a movement comparison to the lithium plume.

The tracer test was completed on the western part of Cape Cod,
Massachusetts, near Otis Air Base, at an abandoned gravel pit in which the
experimental groundwater plume could remain unobstructed throughout the
duration of the experiment. The location of the site can be seen in Figure 1 below in
which the hatched area represents the test site and the dashed line is the water
table altitude in meters. Known concentrations of the bromide, lithium, and
molybdenum solutions were injected at a single injection site during a 24-hour
period. Bore holes were dug south and east of the injection sites, as seen in Figure 2,
where concentration measurements could be made at multiple levels, shown in
Figure 3, throughout the hole. A comprehensive description of the test site and
measuring techniques can be found in Leblanc et al. 1991.
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The movement of water in the subsurface has several driving forces that
determine the ability to flow and the flow rate of groundwater. The hydraulic
conductivity, or the permeability of the aquifer, is often highly spatially variable

within a single aquifer (Gelhar 1993)(Sudicky, 1986). The spatial variability of the
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hydraulic conductivity arises from large heterogeneities within an aquifer. These
heterogeneities can be physical in nature, such as changes between sand and gravel,
or they can be chemical in nature, such as having different sorption properties. In
this study an aquifer-wide estimated hydraulic conductivity was used (LeBlanc et al.
1991). Along with an aquifer-wide hydraulic conductivity, aquifer scale porosity has
been calculated to determine the amount of void space within the aquifer
(Garabedian 1991). The movement of groundwater is based upon Darcy’s Law and

Fick’s Law.

= K, (ﬂ) (12)

TRP ('_> (1.3)
A (i

Darcy’s Law, Equation 1.2, describes the flow rate, q;, of a fluid though a
porous medium depending upon the hydraulic conductivity, Kj, and pressure
gradient, (dh/dx;), present in the medium. Fick’s Law represents the diffusion, Dy, of
a substance, (dc/dx;), over time in a particular direction. This study assumes a fully
saturated flow pattern throughout the duration of the test; therefore all equations

presented are shown in terms of saturated flow.
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! Three-dimensional representations for groundwater plume characteristics
can be defined by spatial moments. Spatial moments define characteristics of
groundwater plumes such as, total mass in solution (zeroth moment), center of

mass (first moment), variance about the center of mass (second moment), and
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skewness of the groundwater plume (third moment). Changes in spatial moments
over time represent the movement characteristics of a groundwater plume. For a
sorbing solute such as lithium, over time the zeroth moment decreases in time as
mass sorbs to soil pores. The first moment increases at a slower rate than a non-
sorbing material as retardation typically occurs due to the sorbing process, which
slows the overall movement of the plume. Finally the second moment increases at a
faster rate due to the sorption process increasing the spread of the plume. Examples
of these can be seen in Figure 4, which illustrates three comparisons between
bromide, on the right, and lithium, on the left, during the tracer test. The lithium
plume spreads over the direction of flow during the test, while the bromide plume
remains in a concentrated ball as it moves with the groundwater. The movement
speed can also be seen to be much slower within the lithium plume as the sorption
process is occurring, whereas the bromide plume is located nearly 200 feet ahead of

the lithium plume after 461 days of the test.
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Chapter 2: Methodology

2.1 Moment Calculations of Field Data
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2.2.4 Zeroth Moment Mathematical Derivation!
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2.2.5 First Moment Mathematical Derivation!!
@*+! 6&1%)! %82)&29! .0.+'PA&0'%*&8! /2! '0=! :+!5+18&4+5! =&)*! 32" &'

CA-2)&0''D?"U

@703t

$%&'(1)*+19%2.+! ) +/*'&A-+1)*2)1 =2%! -%+5! 601! 5+1&4&'(!)*+! <+10)*!.0.+") 7! )*+! 6 &1%)!
O0.+)/2'1:41+2%&9;15+1&4+5P
! ®?DB

! !!!!”!” !!i‘!”!” !!5‘!”!” !!i‘!ﬂf!!“!!“!!”!!!!!!!!!!!!!

L'/9-5&'(1 )*+!'+=1 G>7;7<J! /0.80'+)1 &)0! }*+1/29/-92)&0'1/0.89  &/2)+%! }*&%! %9&(*)9;!

2'51255%!2'1255&)&0'2919%0)+8

!!!!”!” !!i‘!”!” !!5‘!”!” ah f!“!!!!! f!“!!!!! f!"”!!!!!!

@®?DW




@*+16&1%)!)=018&129%!9+25!)01)*+196A-21+1100)!06!a!=*&9+1)*+16&29!&')+(129!9+25%!)0!
! 1 | :_ ! G)’)D‘)(
f!(%)'!!! Lot f!”!!!!!!

BO.:&'&'(I)*+181+4&0-%12'%=+11=8)*)*+12'%=+1%!610.!)*+8U80-%!9&'+!:&4 95

!|!|!|! [N @®@?DY
—— !y HErry DLy, Hrr

| T
Ic+/299&'(1610.1+219&+1! 5+1&42)&0'%!)*2)!)*+19%609-)+1)12'%6801)! +A-2)&0'! =2%! 60-'5!)O!

+1)* 4+ +A-2)&0' - +90=71)*+1)1&89IH£129!/2''0=! :+! 1+892/+5! =&)* =*2)1 *2%! d-%)!

++'15+184+57?
! ®?"'D2
¥' Ill—ﬂfl K T
! i,,” ! !!Ilé_:l!! AR Iy )!#!!! II'_[I ! |¥]| iy @7ONE

@238 (1)*+1)&.+15+1&42)84+106!)*+19296)!) H1HB+6)!1%6&5+06!CA-2)&0'  DPEREYH )0

![!!!!ﬁ]!”!!”!&!". LIRS ®?DNI

V&'5)*+1)&.+15+1&42)&4+106!)*+!<+10)*1.0.+")!9+25%!)0

It NIt ®?DN2I
SR II!.I!!I!!!!!!!!!!!!I!!!!!!!!!! ©?DND;
" - " ! !
—!'!,,'!!! " l!"'l—!!!”][ " !—! !l” !|!!!—”!”! @®?DNR:
Lt L @®?DNI
. 11,
| : !




W-:96)&)-)&(2/31&)0! CA-2)&0'I SOV )*+1)&.+15+1&42) &4+)5406&1%)! 9%682)&29! .0.+)!

J2'1 41 60-'51 &' )*+! G>7:7<J! /0015&'2)+! %:%)+.?! @0! 810/++5! =&)*1 %094&'(! )*+! )&.+!

5+1842)+1061)*+!681%)!%82)&29!.0.+')71:2/3=215%!C-9+11&')+(12)&0'1&%!'++5+5!&'1015+1!

)0!19%6094+1)*+1&")+(12)&0'?

. NI !5_(! NI ®?IH2
L | P R Y AR B e S
" e : | : .
' ' A
Ly L !i—(! SN A ®7IHD
L T R I P RS R e MR
|II H H H I . ' LI
' ' I
. ERTEENI !5_(! NI ®?IH2!
L S T TN () L S e B 1
'II H H H ' . 111 L
' ' A
!
!
Chapter 3: Results
3.1/Field Data Comparison
! [:1-96&(1)*+1.4)*05!5+%/1& +5!&1%+/)&0' D?"71%682)&29!.0.+)12'29:%8%!/2':+!
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3.1.1 Lithium Data
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Table 2.
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Figure 5.

Zeroth Moment Comparison
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Figure 6.

First Moment Comparison (Y-Direction)
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Figure 7.

Second Moment Comparison (Y-Direction)
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3.1.2 Bromide Data
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Table 4.

|
BromideZeroth Moment Comparison (Concentration (g))
Days After Injection| Garabedian| Current Study| Percentage Chang
13 4442 4234.00 4.68
33 5146 4746.00 7.77
55 4939 4286.00 13.22
83 4986 4890.00 1.93
111 4912 4783.00 2.63
139 4229 4301.00 -1.70
174 4318 4245.00 1.69
203 4850 4527.00 6.66
237 4901 4862.00 0.80
273 4469 4667.00 -4.43
315 4808 4777.00 0.64
349 4916 476200 3.13
384 4927 4870.00 1.16
426 4936 4970.00 -0.69
461 4998 5104.00 -2.12
511 4953 4303.00 13.12
!
Table 5.
BromideFirst Moment Comparison (Center of Mass Location (ft))
Garabedian Current Study
X Y Z Days after Injection| X Y Z
2.5 -24.3 | 403 13 2.0 -23.0 | 39.9
8.7 -55.3 | 38.3 33 7.6 -52.9 | 38.0
9.9 -85.0 | 36.3 55 8.7 -80.4 | 35.8
18.5 | -127.6 | 34.7 83 18.6 | -128.7 | 35.1
26.7 | -167.1| 33.8 111 27.3 | -168.2| 34.1
33.2 | -211.5| 33.9 139 32.9 | -209.2 | 33.8
36.5 | -251.2 | 31.6 174 37.0 | -255.2| 32.0
37.5 | -291.4| 30.8 203 38.1 | -285.9| 31.1
38.6 | -329.3 | 30.3 237 39.4 | -324.2| 30.5
43.5 | -375.0| 30.2 273 43.0 | -375.2| 29.9
54.8 | -439.4 | 30.8 315 54.9 | -439.2| 30.9
62.4 | -483.8 | 30.7 349 62.0 | -479.9 | 30.5
71.7 | -532.7 | 30.3 384 71.9 | -534.4| 30.2
83.2 | -592.0 | 29.3 426 83.0 | -591.9| 29.3
93.7 | -644.1| 28.6 461 93.9 | -643.9| 28.6
106.3 | -702.1| 26.6 511 100.5| -687.6 | 26.1




Table 6.

BromideSecond Moment Comparison (Variance (ft"2))

Garabedian Study Current Study

X Y z Days after Injection| X Y z
16.6 69.8 | 4.0 13 109| 458 4.0
19.8 | 2171 | 5.0 33 16.3| 139.8 | 4.9
20.7 | 3751 | 54 55 16.6 | 2183 | 4.7
26.7 | 5645 | 7.8 83 21.8| 5645 | 5.6
33.8 | 9215 | 7.9 111 23.6| 906.1 | 7.1
374 | 1261.1| 7.7 139 26.0 | 1336.7| 7.3
46.3 | 14435]| 111 174 34.5| 1518.1| 8.8
41.4 | 1742.0| 11.0 203 28.1 | 2206.6| 10.0
54.7 | 19104 113 237 56.4 | 2856.1| 12.0
55.8 | 2114.4| 11.3 273 50.0 | 2087.7 | 10.4
65.0 | 2590.2| 14.7 315 60.5| 2673.9| 145
63.2 | 2441.1| 94 349 55.6 | 2837.0| 10.1
75.0 | 3515.7| 8.8 384 67.5| 3532.1| 7.6
82.8 | 3597.1| 8.7 426 70.8| 3577.6| 7.9
76.9 | 4003.2| 10.5 461 57.2 | 3992.0| 8.8
1125 | 4362.9| 14.3 511 84.2 | 3257.3| 13.8

3.2 Quantitative Modeling
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3.2.1 Zeroth Moment
$%&'(CA2)&0''D?DT!)*+112)&0!06!.2%%!&"1%09-)&0'7!)*+!<+10)*!.0.+") 7!)0!)*+!

)0)29!.2969%!1/2'1:+19%094+51601!2'51)*+'1.05+9+512(2&'%)!)*2)106!)*+ 68+95!52)21)*2)1*204|
++106*0="18'1%+/)&0' 12" 7i29-+%! 601! %0.+1%6)2)21&2:9+%! 21+ 98&%)+5! &'l @RI X

429-+%!*24+1#1)23+'1610.!T&1299H9R&9*+A!"NNI? !

Table 7.
M+6&'+5!1i29-+%%6
Td SNSH{
M-, | "™HHH!/. Bh52;!

Moo DD!/. 152;!
M ?DD!/.5b52;!
Lw H?I!G9b.(§?8
fa "2XI(b/.
'l H?IN
M H?8

|

! P*2)1 &%! +>8+/)+5! &%!)*2)1 )*+1 A-2')&)2)&4+! .05+9& (! +A-2JBH'2)&0' D?ON!

=899 .2/*1)*+1 96)1-/)-1+! 06! J+! 6&+95! 52)27! V&(-1:#90=! %*0=0%! )*+! /0.821&%0'!



H)=++1 )%+ 05+9+5! +A-2)&0'71 9&'+71 2'51 ¥+ 68-+95!52)271/&1/9+%62! L)1 /2'1 :+1 Yp++'1)*2)1
)<+ 2)/*1&%!'+219;1&5+')&/291=*+'1/0.821&'(1)*+1)=012'5!)*-0p1 j*+1 2-)*0 11 :+9&+4+%

)*2)! =&)*! Y*+1 *+981 06! %&.89+! (04+1'&'(! +A-2)&0'%! 2'5! 2! 6+=! 28810>&.2)&0'%67! *+!
<+10)*! .0.+)! 06! 2! '0'9&"+21! %01:&'(! %09-)+! /2'! :+1)12/+5! )*10-(*! )&.+! -%&(!
CA-2)80''D?CAIWO&(*).05868/2)80'%!*24+!:++'1.25+1)016&)!)*+19&'+!)01)*+168+95!52) 2?1L "
015+11)01:4))+116&)!)*+!.0B+5!9&'+1)01)*+152)271 21)1&29! 2'51 +1101! 25d-%).+')! 06! )*+!
2506018)&0'! /0+66&/&+)! 2BL+-'59&/*! [0+66&/&HF24+] ++1 25+ 1] %9&(*)9;!

[¥2'(&(1 +2/%1 429-+1 -)&I! 2'! 2//+8)2:9+! 6&)! =2%! 1+2/*+57! [;} 3++8&'(! :0)*! )*+!
2506018)&0'1/0+66&/&+")! AAH-'59&/*1/0+6&/&+Y90%+1)0!)*+1+%6)&.2)+5!429-+%1610.!
_212:+5&2'718)18&%!+'%-1+51)*2)1)*+1.05+918%!'0)!/*2'(&'(1)*+104+1299!5;'2.8/%!061)*+!
2A-&6+HL?

!
Figure 8.

Estimates of Zeroth Moment From Freundlich Approx. Kf =0.3, N=0.48
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3.2.2 First and Second Moments
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Figure 9.

First Moment (Y Direction) Field Data
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Figure 10.
Second Moment (Variance in Y Direction) Field Data
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Chapter 4: Summary and Conclusion

4.1 Summary
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4.2 Improvements
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4.3 Future Work
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