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Abstract. Preferential pathways for contaminant transport between the 
ground surface and the underlying watertable have been identified by injecting a 
gaseous-phase tracer and subsequently sampling for the tracer in numerous 
locations. Zones of anomalously higher tracer concentrations constitute zones 
in which preferential gaseous transport occurs from a deeper injection well to a 
sampling point located directly below the surface of the ground. Sulfur 
hexafluoride constitutes the gaseous tracer. Injection and subsequent sampling 
were accomplished with Paradise Creek Industries Soil-Gas Probes. Samples 
were analyzed on-site with an SRI 8610 gas chromatograph equipped with an 
electron capture detector. The results of the test identify two preferential 
pathways for gaseous transport that connect the ground surface of the site to the 
underlying aquifer. The presence of both pathways was confirmed by drilling. 

Additional Key Words: ground water monitoring networks; gaseous-phase 
tracer; vapor injection well; vapor monitoring well; soil-gas probe; mine and 
mill wastes; sulfur hexafluoride; gas chromatograph. 

Introduction 

When confronted with the task of characteriz-
ing a site with respect to placement of 
monitoring wells or siting a hazardous waste 
1 Paper presented at the 1993 National 
Meeting of ASSMR entitled: "The Challenge 
of Integrating Diverse Perspectives In 
Reclamation," Spokane, Washington, May 
15-19, 1993. Publication in this proceedings 
does not preclude authors from publishing 
their manuscripts, whole or in part, in other 
publications. 

2 Frederick E. Kirschner is a Post Doc Fellow 
of Hydrogeology and Manager of the College 
of Mines and Earth Resources Waste 
Management Studies Laboratory, University of 
Idaho. Roy E. Williams is Professor of 
Hydrogeology and Director of Waste 
Management Studies in the College of Mines 
and Earth Resources at the University of Idaho, 
Moscow, Idaho 83843. 
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facility, the hydrogeologist is charged with 
testing the subgrade to determine whether 
preferential pathways for contaminant trans-
port exist between the site and the watertable 
(unsaturated zone). 

Methods used detecting preferential 
pathways within the vadose zone are limited 
to: (1) in-situ saturated permeability tests, (2) 
core analyses, (3) borehole geophysical tests, 
and (4) surface geophysical tests. In-situ 
saturated permeability tests, core analyses, 
and borehole geophysical tests are of limited 
value because these methods provide only 
point measurements in the horizontal dimen-
sions. Surface geophysical techniques iden-
tify anomalies in the response of a given pa-
rameter. Depending on the nature of the re-
sponse, transport via such anomalies is then 
inferred--not observed. A new method for 
identifying and delineating preferential path-
ways for mass transport in which actual 
transport is observed is described herein. 

The purpose of this investigation is to test 
the feasibility of delineating preferential 
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pathways for mass transport within the un-
saturated zone. In order to accomplish this 
objective a gas-phase tracer test was used to 
identify areas within the unsaturated zone that 
transport the tracer more rapidly than other 
areas within the same medium. We hypoth-
esize that such pathways are capable of 
transmitting contaminants (gaseous, aqueous, 
and nonaqueous phases) in the event that a 
release occurs. 

Soil-gas surveying has been employed as 
a prospecting tool for over 100 years 
(Chavez, 1988; Farwell et al., 1984; Philip 
and Crisp, 1982; Taylor et al., 1982; Hinkle 
et al., 1978; Bristow and Jonasson, 1972). 
Recently, gas surveying techniques have 
been used to map plumes of volatile organic 
compounds (VOCs) that leak from under-
ground storage tanks, surface impound-
ments, and landfills (Barrows, 1987; Devitt 
et al., 1987; Kerfoot and Barrows, 1987; 
Marrin, 1987, 1987; Reisenger et al., 1987; 
Thompson and Marrin, 1987; Balfour et al., 
1986; La Breque et al., 1985; Marrin and 
Thompson, 1984; and Voorhees et al., 
1984). More recently, soil-gas has been used 
to delineate preferential pathways for ground 
water flow (Kirschner and Williams, 1990; 
Kirschner, 1989). 

Our method differs from those described 
above in that we sample for an innocuous 
tracer that we have introduced into the sub-
surface instead of sampling for a specific gas 
or suite of gases that has diffused from liq-
uid-phase contaminants at depth. Also, our 
tracer is injected under a slight pressure; 
therefore, mass transport is governed by ad-
vection and diffusion whereas transport de-
scribed by the previous researchers is gov-
erned by diffusion alone. 

A portion of a floodplain covered by mine 
and mill wastes located at the the Kellogg, 
Idaho Superfund site constitutes the field-test 
area (Figure 1). This site was selected be-
cause: (1) preferentially permeable pathways 
have been identified in an adjacent area dur-
ing other investigations; and (2) the hydros-
tratigraphy within the study area has been 
characterized (Kirschner, 1990). 
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Generalized Hydrostratigraphy of 
the Study Area 

Four hydrostratigraphic units are present 
within the study area: (1) channel gravel, (2) 
brown silt, (3) gray silt, and (4) red sandy silt 
(Figure 2). The channel gravel and the brown 
silt units are .natural deposits. The other two 
units were deposited in an impoundment that 
occupied the valley from the early 1900's to the 
early 1930's. Stumps of trees that had once 
grown in the gravel and brown-silt unit and 
logs deposited on the overlying brown silt unit 
by the South Fork of the Coeur d' Alene River 
protrude thrnugh the gray and red sandy-silts. 

The channel gravel is Pleistocene in age and 
constitutes the uppermost aquifer of the region. 
The hydraulic conductivity (K) of the aquifer is 
estimated to be on the order of 1-10 cm/s 
(Ralston and Kunkel, 1989; Dames and Moore, 
1990). The aquifer is unconfined much of the 
year. 

The brown silt deposit overlies the gravel 
conformably and is interpreted to be a buried 
forest soil. The brown silt deposit acts as an 
upper aquitard for the system during high wa-
ter-table conditions (Kirschner, 1990). 
Kirschner (1990) has shown that this unit is 
highly heterogeneous with values of field satu-
rated hydraulic conductivity (Kps) ranging 
from 8.7 x 10 -3 to 3.9 x 10 -6 cm/s. 

The gray silt sized deposit consists of mill 
wastes that conformably overlie the brown silt 
deposit. Kirschner (1990) has shown that this 
unit also is highly heterogeneous with values of 
Kps ranging from 2.5 x 10 -4 to 1.2 x 10 -6 
cm/s. Norton (1980) reports that this unit is 
associated with relatively high concentrations 
of lead and zinc (up to 7 .0 and 4.0 percent by 
weight, respectively). 

The red sandy-silt sized deposit of 
mine/mill wastes overlies the gray silt deposit 
conformably. Kirschner (1990) also has shown 
that this unit is highly heterogeneous with val-
ues of Kps ranging from 1.0 x 10 -2 to 3.2 x 
10 -4 cm/s. This unit also is associated with 
relatively high concentrations of lead and zinc 
(up to 5.0 and 3.0 percent by weight, respec-
tively; Norton, 1980). 
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Figure 1. Location of the study area within the Kellogg Superfund site and surficial distribution of fine-grained wastes. 
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Figure 2. Generalized hydrostratigraphy and conceptual model of semi-saturated flow (arrows) within the four units. Length of 
arrows represent relative amounts of flow. 



Conceptual Model of Semi-Saturated Ground-
Water Flow Within the Four 

Hvdrostratigraphic Units 

Our conceptual model of semi-saturated 
flow within the aforementioned units during a 
major infiltration event is depicted in Figure 2. 
The conceptual model was developed while 
conducting hydraulic stress tests and liquid-
phase tracer tests in an area immediately adja-
cent to the study area (Kirschner, 1991). The 
model is based on the contrasting values of hy-
draulic conductivity the different hydrostrati-
graphic units. We hypothesize that the brown 
silt and gray silt act as a semi-permeable 
boundary in areas where these two units are 
present. 

Our conceptual model of semi-saturated 
flow is as follows: (1) water infiltrates veni-
cally in the red sandy-silt unit and ponds on the 
underlying gray silt unit; (2) the major ponion 
of flow begins to occur horizontally in the red 
sandy-silt unit as ponding increases with time; 
(3) the direction of horizontal flow in the red 
sandy-silt unit is controlled predominantly by 
the topography of the upper surface of the gray 
silt and the local hydraulic conductivity distri-
bution of the red sandy-silt; (4) horizontal flow 
occurs until stagnation is achieved or until a 
preferential pathway connecting the red sandy-
silt unit to the top of the aquifer is encountered; 
(5) a small fraction of flow occurs venically 
through the gray clayey silt and brown silt units 
to the unsaturated portion of the aquifer; and 
(6) stagnant water captured in subterranean 
basins is removed predominantly by evapora-
tion once infiltration has ceased (the downward 
flux must be very low owing to the low value 
of K associated with the gray and brown silts 
and the amount of hydraulic head that can 
build). 

Methodology and Rationale for Usine; a Soil-
Gas Technique to Identifv Preferential Flow-
paths Within the Unsaturated Zone at the Site 

From the aforementioned conceptual model 
of downward preferential ground-water flow 
from the red sandy-silt unit to the aquifer, it 
follows that such pathways can be identified by 
reversing the direction of flow using a gas-
phase tracer. Gaseous-phase flow in this sys-
tem, sampling/analysis procedures, and quality 
assurance/quality control are detailed by 
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Kirschner (1992). The general methodology 
and its rationale is described below. 

Sulfur hexafluoride· (SF6) is continuously 
injected into the unsaturated portion of the 
aquifer for the duration of the study. Sulfur 
hexafluoride was selected as the tracer because 
it: (1) is anthropogenic; (2) exhibits a relatively 
high gas/liquid panition coefficient; and (3) is 
amenable to detection at concentrations below 
one part per·billion. Injection occurs: (1) 
through a Paradise Creek Industries (PCD va-
por injection well, (2) under a very slight pres-
sure, and (3) at a constant rate (2 1/s). The va-
por injection well constitutes a point source for 
advective and diffusive flow of the tracer 
within this unit. 

Samples from the unsaturated gravels are 
obtained from eight PCI vapor sampling wells 
arranged on a radially symmetrical grid cen-
tered on the vapor injection well (Figure 3). 
Once concentrations measured at these loca-
tions approach that of the source, the unsatu-
rated gravel constitutes a planar source for up-
ward advective/diffusive mass transpon. We 
hypothesize that: (1) zones of higher concen-
trations of the tracer measured within the red 
sandy-silt will occur directly over preferential 
pathways and (2) the zones will expand with 
time of tracer injection. 

A radial grid was selected to facilitate the 
comparison of advective-diffusive radial flow 
velocities within this unit . The results of this 
ponion of the study are given in Kirschner 
(1992). 

The red sandy-silt unit is sampled on a rect-
angular grid centered on the radial grid (Figure 
3). Samples are obtained via PCI soil-gas 
probes driven 0.5 meters into this unit. A rect-
angular grid was selected· in order to facilitate a 
statistical procedure described by Gilbert 
(1989) and applied to a field situation by 
Kirschner (1989). Sampling on the rectangular 
grid is initiated after full break-through is ob-
served at all vapor wells completed within the 
unsaturated gravel. Off-node sampling occurs 
near nodes where concentrations of the tracer 
are anomalously high. 

All samples are contained in O .280 liter 
Vaccutainers®. Samples are analyzed on-site 
in a mobile laboratory with an SRI-8610 gas 
chromatograph equipped with an electron cap-
ture detector. 
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Figure 3. Map view and cross-section of both sampling grids. Vapor injection well and vapor 
monitoring wells (radial grid) are completed in the unsaturated portion of the gravel 
unit. Soil-gas probes (rectangular grid) are completed in the red sandy-silt unit. 
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Results 

Two soil-gas surveys were conducted on 
the rectangular grid. The first soil-gas survey 
(SGS-1) was conducted in order to determine 
whether anomalous concentrations of SF6 
could be identified. The second soil-gas sur-
vey (SGS-2) was conducted later time to de-
termine whether or not such anomalies in-
creased in size. 

SGS-I 

Sampling in the sandy-silt was initiated 
5.0 hours after full breakthrough within the 
unsaturated gravel occurred (approximately 
30 hours after injection began). Sampling 
proceeded outward from the injection well 
because radial flow within the unsaturated 
gravel causes full breakthrough to occur 
nearest the injection well first. This portion 
of the study took approximately three hours 
to complete. 

Two preferential pathways that connect 
the red sandy-silt to the unsaturated gravel are 
present within the study area (Figure 4). 
Eight nodes associated with the northeastern 
anomaly had concentrations of SF6 that were 
higher than background. Only one node as-
sociated with the southwestern anomaly had 
concentrations of SF6 that were higher than 
background. Off-grid sampling occurred 
immediately after sampling on the grid was 
completed. This portion of the study took 
1.5 hours to complete. 

SGS-2 

The second soil-gas survey was initiated 
5.0 hours after SGS-1 had been completed to 
determine whether: (1) any new anomalies 
were present and (2) the two previously 
identified anomalies had expanded apprecia-
bly. No new anomalies were identified. 
Comparison of Figures 4 and 5 indicate that 
both anomalies increased in size, but did not 
shift position. This suggests that the proba-
bility of locating such anomalies given acer-
tain nodal spacing increases with the duration 
of injection. 
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Investigation of the Two Anomalies 

Thirty-three holes were drilled to verify 
the structural features hypothesized to be re-
sponsible for the SF6 anomalies. Ten holes 
were drilled in areas in which SF6 was not 
detected (Figure 5). 

A buried log that protrudes through the 
gray silt and brown silt units directly under-
lies the axial trace of the southwestern 
anomaly. This preferentially permeable flow-
path is interpreted to result from the decay of 
the stump prior to deposition of the gray silt. 
The lateral extent of the stump is much less 
than that of the anomaly. 

The gray and brown silt deposits are ab-
sent below the axial trace of the northeastern 
anomaly. The lateral extent of this disconti-
nuity also is much less than that of the 
anomaly. 

All of the hydrostratigraphic units were 
identified in eight of the ten boreholes drilled 
over areas in which SF6 was not detected. 
Competent logs or stumps protrude through 
the gray silt and brown silt units in two of 
the 10 boreholes. 

Conclusions 

Preferentially permeable pathways that 
connect the upper aquifer to the ground sur-
face through the unsaturated zone . are 
amenable to detection using the described 
method. The probability of locating such 
pathways given a certain nodal spacing in-
creases with the duration of injection within 
the 2500 square meter study area. Two iden-
tify two pathways in which mass can be 
transported preferentially at greater rates. 
The method is: (1) cost-effective, (2) time-
efficient, (3) non-invasive, and (4) relatively 
easy to implement. The method should prove 
useful to evaluate sub grades at other existing 
or proposed waste disposal facilities. 
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