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ABSTRACT 

Field data show disparities between organic solute concentration in the aquifer and that in 
monitoring wells: an order of magnitude disparity had been recorded in some cases. 
Therefore. it is important to be able to relate concentrations between the two media for 
design of remediation systems. More significantly. to assess the impact of the leachate 
from a landfill on a downgradient drinking water well. it is imp011ant to correlate aquifer 
concentration with that in a drinking water well such that the true 1isk is not overlv 
estimated. ~ · 

A three-dimensional finite difference flow and transport model has been applied to 
demonstrate the disparity between aquifer and well concentrations is indeed well founded 
and can be quantified. The modeling shows that the concentration in the well is a function 
of the initial ve11ical concentration profile in the aquifer. the amount of flux from below the 
partially penetrated well. the degree of penetration. the soil lithology. and the amount of 
purged water before sampling. Based on these parameters. an approximate analytical 
solution is developed and that agrees well with numerical solutions. 

INTRODUCTION 

It was repo11ed (Robbins. 1989: Robbins and Martin-Hayden. 1991: Martin-Hayden et al.. 
1991) that solute concentrations in a monitoring well may underestimate the aquifer 
concentrations by over an order of magnitude. Factors such as well screen length. purging 
procedure. vertical solute concentration profile in the formation. sand pack characteristics. 
and the hydrogeological properties of the aquifer were cited to cause the difference. Other 
factors such as dissolved constituent volatilization. chemical reactions. bioloe:ical 
processes. stagnation and vertical groundwater flow were also reponed to cause the 
disparities between well and aquifer concentration (Marsh and Lloyd. 1982: Barcelona and 
Helfrich. l 986: McAlarv and Barker. 1987; Robin and Gillham. 1987: Herzoe: et al.. 
1988). . ~ 

As a result. it was suggested (Robbins and Martin-Hayden. 1991: Martin-Hayden et al.. 
1991) that typical monitoring wells provide only qualitative contaminant information. 
irrespective of how the wells are purged: and water samples must be collected at discrete 
depths to quantitatively delineate groundwater contamination. 

The major objective of this paper is to understand the dynamics of groundwater hydraulics 
and solute transpon around a panially penetrating monitoring well during and after a 
groundwater purging. Groundwater samples were collected from a panially penetrating 
monitoring well and from the adjacent aquifer at different depths by a cone 
penetrometer/porous probe system (Chiang, et al.. 1992). These groundwater samples 
were analyzed by a standard capillary gas chromatography (GC) purge and trap method 
(similar to EPA Method 602). A three-dimensional finite difference groundwater flow and 
transport model was developed to simulate the data. In addition. analytical solutions were 



developed. and verified by numerical solutions. to con-elate the aquifer concentration to that 
of monitoring wells with different penetrating depths. 

SITE CHARACTERIZATION Ac'.'D DAT A COLLECTION 

The data were collected at a Texas aquifer (Figure 1) which was described by Chiang et al. 
( 1992). As shown in the fornre. a series of underrtound hydrocarbon storage facilities and 
an above ground tank fa(m located on the eastern portion of the property were the 
suspected sources of the soluble hydrocarbon in the groundwater. The groundwater flows 
are generally to the east with a gradient of approximately 0.004. The depth to the water 
table ranges from 12 to 15 feet below grade. 

Aquifer groundwater samples were collected at a distance of four feet from the monito1ing 
well 17. which has a radius of 2 inches and is partially penetrated to an average depth of 
seven feet below the groundwater table. The aquifer thickness at the well location is 
approximately 40 feet. Groundwater samples were obtained by inserting a presterilized. 
preevacuated glass sample vial into a sample container housing which was lowered in the 
extension pipes of the cone penetrometer assembly. The vacuum in the vial then draws 
groundwater from the f01mation. through the filter tip into the vial. The detailed sampling 
procedure was described in Chiang et al. ( 1992). A total of 12 samples were taken at a 
depth interval of six inches. starting at the depth of one foot below the groundwater table. 

After the aquifer groundwater sampling, well 17 was purged at the rate of one gallon per 
minute by a dedicated submersible pump that was positioned one foot above the well 
bottom. Following a 24-hour purging, groundwater in the well was allowed to fully 
recover (25 minutes) before discrete samples at a depth interval of six inch were taken. 
starting from the top of the well. To examine whether the water in the well is thoroughly 
mixed and to evaluate the effect of volatilization during the recovery pe1iod. a second set of 
discrete water samples were taken in the well. without the well being purged again. during 
the following day. 

All samples were analyzed for methyl tert-butyl ether (MTBE) using a high resolution GC 
technique similar to USEPA method 602. The vertical concentration profiles in the aquifer 
and well 17 are presented in Figure 2. The figure shows the ve11ically averaged MTBE 
concentration (7.770 ppbl in the aquifer is one order of magnitude higher than that in the 
well (637 ppb and 1.139 ppb). The reason for the lower well concentration dming the first 
sampling event was suspected due to the non-equilibrium hydraulic condition between the 
well and the aquifer. The peak MTBE concentration ( 15.850 ppb) in the aquifer was 
located at about two feet below the groundwater table: it then exponentially decreased with 
depths, which was expected due to volatilization. 

DATA ANALYSIS 

Volatilization Analysis 

The two set of MTBE data , Figure 2) at well 17 show no apparent decrease of 
concentration due to volatilization dming the two separate sampling events. To ve1ify that 
volatilization did not cause significant sampling errors. the following equations will show 
the molecular diffusion in the aqueous phase is the limiting factor causing the concentration 
of purgeable organics to decrease in a monitoring well. The kinetics of molecular diffusion 
will also be discussed. The diffusive mass flux ratio ( R) of vapor diffusion to molecular 
diffusion can be expressed by 



d) 

where DvlL2Jn and D1[L2Jn are the diffusion coefficients in the vapor and liquid phases. 

respectively: Ct[MJL3] and CfrM/L3] are the concentrations in the vapor and the liquid 
phases. respectively: and 

cl (mole/cm3l = Xi 
· 18 ml/mole 

(2) 

where Xi is the mole fraction of component i in the liquid phase: and 

v·P CY (mole/cm3) = u_ 1 RT 
(3) 

where Yi is the mole fraction of component i in the vapor phase. P (atm) is the pressure. R 

= 82.05 cm3-atm/mole-°K is the gas constant, T = 293°K is the absolute temperature. 
For purgeable organics, the diffusion coefficients (Verschueren, 1983) in the vapor and in 
the liquid phases are in the order of 10- l cm2/sec and 10-5 cm2/sec. respectively. 
Substituting Equations 2 and 3 into Equation 1 and recognizing YiP/ci = Hi, the Henry·s 
law constant for component i (=28 atm/mole fraction for MTBE). the diffusive mass flux 
ratio for MTBE was calculated to be 209. That translates that the limitirn! factor for MTBE 
to attenuate in a monitoring well is the liquid phase molecular diffusion. ~ 

Kinetics of Molecular Diffusion 

To estimate the liquid phase molecular diffusion rate. the governing equation for one
dimensional diffusive transp011 in a monitoring well is 

(4) 

with the initial condition C = C0 at t = 0, y' > 0: and boundary conditions C = 0 at t = 00 • 

y · > 0: dC/dy' =0 at y' = L ( length of the well screen below water table). The solution 
( Sherwood et al.. 1975) to Equation 4 with the above initial and boundary conditions is 

J:.. = 4[e-~sinrcy + le-9~sin3rtY + le-25~sin57tY + ··· l (5) 
C0 rt 2L 3 2 L 5 2 L 

where 
p = rc2D1t 

4L2 
and y = L + y' 

Substituting D1 = I o-5 cm2/sec and L = 7 feet into the above equation. shows that the well 
water concentration is reduced by only two percent in a 24-hour period near the top of the 
water column (0.1 feet below the air-water interface). Therefore. dissolved constituent 
volatilization and stagnation (liquid phase molecular diffusion) are not major factors to 



cause disparities between well and groundwater composition. This is verified by the two 
samples over a 24-hr period. 

Flow and Transport near a Paitially Penetrating Well 

The three-dimensional saturated-unsaturated flow equation can be described by the .. mixed 
form .. Richards equation (Celia et al.. 1990) which perfrctly conserves mass 

ae + S 0(\V)dh +V-u = q 
at s n at (6) 

where e [L3/L3] is the moisture content. Ss [ 1/L] is the specific storage of the aquifer and 

is set to zero in the unsaturated zone. t [n is the time. n [L3/L3] is the porosity. h [Ll is the 
hydraulic head, h ='II+ z, where 'II is the pressure head and z is elevation head. q [ 11n is 
the flow rate at injection and purge wells, and u [Un is the specific discharge 

(7) 

where K(y) is the effective hydraulic conductivity. The above equations combined with 
initial and boundary conditions (either Dirichlet and/or Neumann conditions) were solved 
by the block-centered finite differences (Lapidus and Pinder. 1982). Nonlinear algebraic 
equations resulting from finite difference discretizations were solved by a globally 
convergent variation of Newton· s method. 

The general three-dimensional solute transport equation has been derived (Bear. 1979) as 
follows 

nRctac + V-(uc -DVc) = qc' 
dt 

(8) 

where Rd (dimensionless) = ( l ~ ( P t/n)kp) is the retardation coefficient. Pb l M/L3] is the 

bulk density of an aquifer. kp [L3/M] is the soil-water panition coefficient. c l M/L3 I is the 

solute concentration. c' [MJL3] is the source or sink concentration. and D is the dispersion 
tensor [L2/Tl which is described in Chiang et al. (1989). Equation 8 was solved by the 
hi2:her-order Godunov-Mixed finite element method and is described in Dawson ( 1992). 
In~this approach, the equation is split into an advection equation and a dispersion equation. 
The higher-order Godunov procedure is essentially a more accurate version of standard 
upwind differencing to handle the advection equation. The main advantage of using a 
higher-order Godunov method is that sharp fronts can be approximated accurately with no 
loss of stability, and on coarser grids than many standard procedures can use. 

Parameters for Numerical Modeling 

The following examines the dynamics of groundwater flow and solute u-ansport around the 
partially penetrating well 17 during and after a groundwater purging. Several key 
parameters are discussed first. 



A slug test was performed at well 17 to estimate the adjacent aquifer·s hydraulic 
conductivity (K). The data was analyzed by the method developed by Bouwer and Rice 
( 1976) and Kemblowski and Klein ( 1988). The aquifer K value was estimated to be 0.003 
cm/sec. Since the sand pack in the annular space is more permeable than the aquifer soils. 
a K value of 0.007 cm/sec was assigned for the sand pack. The K value in the well bore 
was estimated to be 0.01 cm/sec bv matching the observed drawdown (3 feet) at 24-hour in 
well 17 by numerical simulations.· To simulate the bottom cap of the well bore. a thin layer 
with very small K value oo-25 cm/sec) was assigned. The specific storage of the aquifer 
was assigned a value of 0.0025 feet-1. 

To avoid boundary effects on numerical solutions, the well was located at the center of a 
200 feet x 200 feet x 40 feet domain. The domain was divided into a 25 x 25 x 40 !!rid 
system. with individual grid sizes telescoping from 20 feet x 20 feet x I feet on the outside 
edge of the domain to 4 inch x 4 inch x 6 inch for the monitoring well (Figure 3). A single 
point sink was placed at ( l 00 feet. l 00 feet. 6.5 feet), which was pumped at a constant 
rate of 1 gpm. 

Simulations were pe1i'ormed by assuming the aquifer is either confined or unconfined. For 
the confined case, the top and bonom boundary conditions were the Neumann type with the 
flux being set to zero In the x and y directions the boundary conditions were the Dirichlet 
type with the head set equal to zero. The initial aquifer concentration was uniformly set 
equal to the concentration profile measured by the cone penetrometer/porous probe system. 
In addition, concentration flux was set to zero at all six boundaries. 

Groundwater Hydraulics and Flowline Analysis 

The first step in the sampling analysis was to understand how and at what rate groundwater 
enters the well after purging. Based on the parameters described above. Figure 4 shows 
the groundwater velocity vector field overlayed with flow lines in and around well 17 after a 
24-hour purging, under the unconfined condition. Flowlines were simulated by the particle 
tracking method similar to the method developed by Pollock ( 1989) of the U. S. Geological 
Survey. The figure shows flows converge to the point sink (pump) from above and 
below. Near the point sink. the magnitude of the velocity vector is also the highest. To 
funher illustrate this point. Figure 5 shows the magnitude of the velocity vector along the 
well bore is the highest at the point sink and it then exponentially decreases with height of 
the well bore. 

As shown in Figure 4. a significant amount of flux is from below the penetration of the 
well: it is important to realize that this flux causes dilution in the groundwater sampling. 
Figure 6 shows the volumetric flux below the penetration as a function of time under both 
confined and unconfined conditions. The fluxes increase lo2arithmicallv with time for both 
cases and after 12 days they then level off to a steady state~ value of 52 cm3/sec, although 
the flux under the unconfined condition is initially slightly lower than that under the 
confined condition. 

The steady state flux of 52 cm3/sec was expected, from the mass balance analysis. to be 
equal to the pumping rate (63.09 cm3/sec) multiplied by the ratio (33/40) of the thickness 
below the penetration to the aquifer thickness. Figure 7 sh_ows the mass balance concept 
under the steady state condition. At some distance (about two aquifer thickness, (Bear. 
1979)) from the well. the flow is principally horizontal. Since all of the flow at some 
distance must leave the system through the single outflow Q. therefore Q = Q l + Qz = Q 1 
+ Qv. Where Q 1 and Q2 a.re the horizontal flows above and below penetration at some 



distance from the well. respectively. and Qv is the ve1tical flow from below the penetration 
near the well point. Therefore. the total flow (Qv) that passes through the dividing plane at 
z l is equal to Q2, which is proportional to the height 22 and hence Qv is a linear function of 
penetration. 

Solute Transport Analysis 

The velocity field from the groundwater flow analysis was used in Equation 8 for the 
advective transport analysis. The dispersive transport was assumed to be negligible 
because the physical system is advective dominated. Figures 8 and 9 show vertical 
concentration profiles in the annular space and in the monitoring well after 0.1 day of 
purging under the confined and unconfined conditions, respectively. Similar results were 
obtained for both cases. The average concentrations were 4.787 ppb and 2.736 ppb in the 
annular space and in the well, respectively for the confined case. While the average 
concentrations were 4,910 ppb and 2,849 ppb in the annular space and in the well. 
respectively for the unconfined case. 

Since both confined and unconfined cases provided similar results. the unconfined case 
was simulated to the final time of 24 hours and the result is shown in Fi 2ure I 0. The 
average concentrations were 2,540 ppb and 1,508 ppb in the annular space a~d in the well. 
respectively. The simulated average concentration of 1,508 ppb in the well is comparable 
to those measured at two separate occasions (637 ppb and l.139 ppb). 

Analytical Solution 

A simple mass balance concept for the groundwater flow was presented in a previous 
section. If the well bore functions as a well mixed CSTR. the same mass balance concept 
can be applied to approximately correlate the average aquifer concentration to that in a 
panially penetrating well by the following 

Cwell = (Cbelow X Fbelow(t) + Crop X Ftop(t) ) / (Fbelow(t) +Frop(t)) (9) 

where Cwell is the vertically averaged well concentration. Cbelow is the vertically 

averaged initial aquifer concentration below the penetration of the well, Crop is the 
vertically averaged initial aquifer concentration above the penetration of the well. 

Fbelow(t) is the flow from below the penetration as a function of time. and Frop(t) is the 

flow from above the penetration as a function of time and is equal to Q - Fbelow( t). 

The vertically averaged well concentration was calculated to be 1.385 ppb based on the 

parameters described above. ie., Cbelow =0. Crop = 7,700 ppb, F below( 24hr) = 51. 7 4 

cm3/sec. and Frop(24hr) = 11.35 cm3/sec. The calculated concentration of 1.385 ppb is 
very close the nume1ically simulated concentration of 1.508 ppb. 

CONCLuSIONS 

Field data indicate that the \ertically averaged groundwater concentration in the aquifer may 
be up to one order of magnitude higher than that in a monitoring well after a 24-hour 
purging. A one-dimensional analysis showed the disparity of concentration between the 



two media was not caused by the dissolved constituent volatilization and stagnation (liquid 
phase molecular diffusion). 

A three-dimensional flow and transport analysis is used to simulate this dispa1ity and 
supported that it is not caused by sampling e1Tors. Furthermore. the concentration 
relationship between the two media can be quantified by considering the initial vertical 
aquifer concentration distribution. the degree of well penetration. the amount of flux from 
below the well penetration. 

The groundwater flow analysis showed the flux from below the well penetration increases 
logarithmically with time, and it then levels off to a steady state value. This steady state 
value can be estimated from a mass balance analysis, which is equal to the pumping rate 
multiplied by the ratio of the thickness below the penetration to the aquifer thickness. The 
mass balance concept was extended to correlate the vertically averaged aquifer 
concentration to that in a partially penetrating well. Subsequently, an analytical solution 
was developed and comparable results were produced by both the analytical and the 
numerical solution. 

The analysis and results provide another equation in the overall risk assessment. For 
example. in the new (May 20. 1992) EPA proposed rule concerning hazardous waste 
management system. EPA used the EPACML (USEPA 1990) model to assess the true 
impact of the leachate from a landfill on a downgradient drinking water well. It is 
important to be able to quantify the dilution factor from the adjacent aquifer to the drinking 
water well such that the true risk is not overly estimated. 
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Figure 10. Vertical concentration profile for partially penetrating well 17 in an 
unconfined aquifer after 24 hours of pumping at 1gpm. 

12000 


