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ABSTRACT

Heterogeneous sedimentary deposits present complications for tracking contaminant 
movement by causing a complex advective flow field. Connected areas of high 
conductivity produce so called "fast paths" that control movement of solutes. 
Identifying potential "fast paths" and describing the variation in hydraulic 
properties was attempted through simulating the deposition of a glaciofluvial 
deposit (outwash).

Glaciofluvial deposits usually consist of several depositional facies, each of 
which has different physical characteristics, depositional structures and 
hydraulic properties. The- 'ore, it is unlikely that the property of 
stationarity (a constant mean hydraulic conductivity and a mono-modal probability 
distribution) holds for an entire glaciofluvial sequence. However, the process 
of dividing an outwash sequence into geologic facies presumably identifies units 
of material with similar physical characteristics.

It is proposed that patterns of geologic facies determined by field observation 
can be quantified by mathematical simulation of sediment deposition. 
Subsequently, the simulated sediment distributions can be used to define the 
distribution of hydrogeologic parameters, and locate possible "fast paths."

To test this hypothesis, a hypothetical glacial outwash deposit based on geologic 
facies descriptions contained in the literature was simulated using a sedimentary 
depositional model, SEDSIM (Tetzlaff and Harbaugh, 1989), to produce a three- 
dimensional description of sediment grain-size distributions. Grain-size 
distributions were then used to estimate the spatial distribution of hydraulic 
conductivity. Subsequently, a finite-difference flow model and linked particle 
tracking algorithm were used to trace conservative transport pathways. This 
represents a first step in describing the spatial heterogeneity of hydrogeologic 
characteristics for glaciofluvial and other braided stream environments.

BACKGROUND

There are several ways to approach the problem of determining the distribution 
of hydrogeologic properties in the subsurface. Until recently, these methods 
could be subdivided into three groups 1) detailed field mapping, 2) geophysical 
inferences and remote sensing, 3) mathematical approximations.

The purpose of field mapping is to develop a deterministic model of a given area 
(Molz et al., 1983). Lake (1990) reports making over 10,000 hydraulic 
conductivity measurements using a mini air-permeameter. These data were then 
used to construct detailed conductivity maps for an eolian outcrop. The method



used is described by Goggin et al. (1988). Field mapping usually involves 
destructive sampling procedures such as auger sampling, drill core collection, 
or excavation. The primary disadvantage of this approach is the large time and 
financial commitment necessary to collect such data sets. Currently, the ground
water consulting industry relies on this method to evaluate possible directions 
of contaminant movement.

Geophysical techniques are widely used by the oil industry to map subsurface 
hydraulic properties and to delineate spatial heterogeneity. The resolution of 
these methods depends on the contrast in the geo-electric, acoustic, elastic, 
or magnetic properties of the material. Suites of geophysical logs allow the 
definition of electro-facies (Serra, 1986), which can then be used to infer 
formation permeability and porosity (Moline et al., 1990). However, geophysical 
techniques are limited to areas where ground truth can be established. 
Therefore, "geophysical methods by themselves probably will not provide 
appropriate means of monitoring ground water in most cases; a drilling program 
will probably be necessary to supplement geophysical data" (Sendlein and 
Yazicigil, 1981). Thus, geophysical methods are best used to extrapolate between 
field observations. However, reducing the total field characterization effort, 
but the benefits may be offset by increased data processing requirements and lack 
of resolution. Furthermore, a conversion is often required to transfer the 
estimated value from the scale of measurement to the scale of interest.

Mathematical approximations may be used to describe expected properties for 
unsampled areas based on a knowledge of the geologic environment, or extrapolate 
between limited site data. This allows some freedom from the data collection 
process. Among this group of methods are: geostatistical analysis (Greenholtz 
et al., 1988); fractal models (Menduni, 1990; Wheatcraft and Tyler, 1988; Hewett,
1986); and stochastic models (Dagan, 1987, Vomvoris and Gelhar, 1987). 
Unfortunately, there are certain length scales and/or entire environments to 
which these models do not apply (Neumann, 1990).

Recently, Davis et al. (1990) along with Lewis and Lowden (1990) have attempted 
to correlate hydraulic properties with geologic facies descriptions. Anderson 
(1987, 1989) along with Fraser and Bleuer (1987) propose the use of geologic 
facies models to guide either sampling or modeling. Anderson (1989) suggested 
that the purpose of a facies model is to "characterize spatial trends in 
hydraulic conductivity, . .. predict geometry of hydrogeologic facies from limited 
field data, . . . describe horizontal trends in hydraulic conductivity and 
establish a method for calculating the anisotropy in hydraulic conductivity for 
each facies." However, facies models are usually defined base on sedimentological 
properties without regard to hydraulic attributes. Therefore, facies models may 
define trends in hydogeologic parameters, but they do not quantify these trends

Process simulation models may offer a method for quantifying the distribution 
of sediment properties described qualitatively in facies models. Process 
simulation codes can be used to reproduce narrowly defined geologic environments 
(Bonham-Carter and Sutherland, 1968; Price, 1973; Juergens, 1990). They may also 
be designed to simulate rather diverse geologic environments base on theoretical 
and empirical laws. SEDSIM (Tetzlaff and Harbaugh, 1989) has been used to model 
modern and ancient braided stream deposits (Scott, 1986); submarine deltaic 
sequences (Tetzlaff and Harbaugh, 1989); modern deltas (Koltermann and Gorelick, 
1990); and glacial outwash sequences (Webb and Anderson, 1990).



OBJECTIVES

The objectives of this study are to show that: 1) distributions of sediment 
parameters can be estimated by process simulation models; 2) the spatial 
arrangement of sedimentary deposits predicted by the process simulation model 
indicate connected areas of high conductivity; and 3) the velocity and travel 
times for solutes moving with the fluid, are controlled by the distribution of 
hydraulic conductivity heterogeneity.

To accomplish these objectives, SEDSIM (Tetzlaff and Harbaugh, 1989) was used 
to simulate a sequence of glacial outwash deposits. Calibration standards were 
derived from limited facies descriptions and grain-size data reported by Fraser 
and Cobb (1982) . The model's estimates of the areal grain-size distribution were 
transformed to estimates of hydraulic conductivity using the method of Hazen 
(Freeze and Cherry, 1979). A two-dimensional, areal ground-water flow model was 
constructed using MODFLOW (McDonald and Harbaugh, 1988) and estimates of 
hydraulic conductivity from SEDSIM. PATH3D (Zheng, 1989) was then used to trace 
the movement of dissolved particles through the hypothetical fluid system.

OUTWASH SEDIMENTS

Proglacial, fluvial environments are characterized by an abundant source of 
detrital material and frequent high discharge rates. As melt water travels away 
from the ice margin, its transport energy dissipates and consequently its 
carrying capacity is decreased. Thus, large quantities of first coarser then 
progressively finer sediments are deposited. The longitudinal extent of outwash 
sequences is a function of discharge rate and the location of lateral boundaries. 
Characteristic depositional structures and sediment types can be recognized for 
over 50 km along the Wisconsin River, where drainage was confined to a relatively 
narrow valley. Where lateral containment is not present, flow spreads more 
quickly, and energy is lost. Coarse material is deposited in coalescing alluvial 
fans which form broad outwash plains sometimes referred to as sandur (Smith, 
1985). Suspended sediment transport is commonly much higher than in other 
fluvial environments and may reach several grams per liter. Bedload transport 
is less well understood, due to the difficulty in observation (Smith, 1985) . 
However, bedload may exceed 50% of the total transport (Church, 1972; Hammer and 
Smith, 1983; Smith, 1985) .

To describe outwash sequences, we have adopted the facies assemblages used by 
Fraser and Cobb (1982) based on sediment type and depositional structures. 
Specific facies types are listed for the four assemblages in Table 1. 
Characteristic outcrops for each assemblage are shown in Figures 1A-D. This 
classification system defines four assemblages of associated depositional facies 
into zones that are progressively farther from the ice margin. The marginal 
assemblage, nearest the ice margin, has relatively high relief, a lack of 
erosional features, and extensive compressive and load deformation (Figure 1A). 
This assemblage is dominated by mass movement and therefore, cannot be modeled 
by SEDSIM.

The proximal, medial, and distal assemblages are farther from the glacial margin 
and have progressively finer sediments. These zones are dominated by water lain 
deposits and can be simulated by SEDSIM. The boundary between washed and 
unwashed material defines the proximal-marginal boundary. The medial-proximal



transition is based on distinctions in texture and bedding styles, but the two 
are closely related genetically (Cobb and Fraser, 1981) . The proximal assemblage 
is dominated by open and closed framework gravels (Figure IB), while the medial 
assemblage has greater sand content and displays stronger cross-bedding (Figure 
1C) . The distal assemblage consists of parallel-laminated muds and fine-grained 
cross-bedded sands (Figure ID) which were probably deposited in a ponded 
environment. Deposits similar to those described by Fraser and Cobb (1982) have 
been identified in central Wisconsin (Clayton and Attig, 1989; Brownell, 1986).

Figure 1A-D. Representative outcrops £or each of the four facies assemblages
in a glaciofluvial outwash sequence.



A calibration standard was developed using the grain-size distribution data 
reported by Fraser and Cobb (1982) along with Cobb and Fraser (1981). SEDSIM 
produces spatially averaged estimates of grain-size distributions. Therefore, 
the bulk percent of gravel, sand, and fines for each assemblage were used as 
calibration targets irrespective of the small scale, depositional facies within 
each assemblage.

PRECESS SIMULATION MODELS

SEDSIM (Tetzlaff and Harbaugh, 1989) is a process simulation computer code that 
describes the flow of water over a sediment surface. Fluid motion is describe 
by the Navier-Stokes equation with an assumed constant vertical velocity profile. 
Modified versions of formulas by Kalinske (1947) and Laursen (1958) are used to 
describe the transport of a mixture of different sediment grain sizes. SEDSIM 
produces a unique set of output for each array of input parameters.

Input to SEDSIM includes: the number of grid nodes and their dimensions; starting 
topography; the density and mean grain size for four sediment types; the 
location, flow rate, total sediment load, and the percentage of each sediment 
type for each water source; the distribution of sediment types beneath the 
initial topography; total time of flow; and several factors that allow erosion 
and deposition to be estimated for a short time and then extrapolated over longer 
periods to reduce computer effort.

SEDSIM produces estimates of the three dimensional distribution of four specified 
grain types, changes in topography, and the status of water elements within the 
grid boùndary. Sophisticated graphical output to display sediment accretion is 
available for use with work stations operating on Silicon Graphics UNIX 
(Harbaugh, 1990).

LIMITATIONS OF SEDSIM

Several assumptions were used to simplify the flow equations and reduce 
computation time. However, these simplifications impose limitations on the used 
of SEDSIM. The vertical and horizontal resolution of the model are controlled 
by grid cell size and the length of the time step between successive model 
output. Due to the assumption of a constant vertical velocity profile, the model 
is unable to simulate small scale bedforms. Thus, the minimum cell size and 
minimum layer thicknesses (time step3) must be large enough to encompass several 
of these bedfoms. Consequently, model estimates of grain-size distributions 
represent large scale spatial averages.

SEDSIM is designed to represent the entire spectrum of sediment sizes by four 
sediment types, defined by mean grain diameter and density. Model output is 
reported in terms of the thickness of these four sediment divisions. Limiting 
the grain size continuum to only four types reduces the codes computational 
requirements, but restricts resolution of the cumulative grain-size curve.



Each cell in the SEOSIM grid containing a fluid element is considered submerged 
under an evenly distributed volume of water. Therefore, the maximum cell size 
must be smaller than the width of the flow channel being modeled. This can 
result in the need for a large number of grid cells, greatly increasing the 
computational time.

Finally, current versions of SEDSIM assume a constant flow rate. Few geologic 
phenomena occur under constant conditions. For instance, most sediment transport 
by glacial meltwater occurs during two to three months of summer.

To bypass these limitations, SEDSIM was used to simulated a regional outwash 
system with a 200 m x 200 m cells size. The model represented sediment transport 
during the summer melt stage when the outwash plains are commonly submerged by 
meltwater. Therefore, each fluid element represents the movement of water in 
many small, interconnected channels. We have also assumed that one year of model 
time represents five years worth of seasonal flood, or that 40 model years 
represent 200 actual years. We did not modify the code to allow more than four 
sediment types, although this could be done for future simulations.

SEDSIM INPUT

A model area of 4000 m x 4000 m was divided into 20 rows and 20 columns. The 
initial topography was specified to be a planar surface with 1% dip. Fluid 
sources were specified along the eastern edge of the model area with a total 
discharge rate of 540 mVsec. Initial velocities were set at 0.5 m/sec. Total 
sediment load was specified to be 2.8 kg/m3 divided between the four sediment 
types with the following distribution: 10%, 25%, 15%, 50%, from largest to
smallest grain size. The model was run for a time period representing 200 years. 
The four sediment types were defined as 8 mm (gravel), 1 mm (coarse sand), .25 
mm (fine sand), and 0.06 mm (silt-clay) with constant density of 2650 kg/m3.

SEDIMENT SIMULATION RESULTS

Input to SEDSIM, was formulated so that each east-west row of cells began with 
identical surface topography, fluid sources and sediment types. Estimates of 
sediment deposits in each row, where then considered separate realizations of 
the same flow system. This allows us to produce a statistical estimate of mean 
and 95% confidence interval of grain-size data for each column. Through several 
iterations of SEDSIM, we were able to match the distribution of percent of each 
sediment type estimated by SEDSIM with those observed by Fraser and Cobb (1982) . 
Figures 2A-C shows the model estimates compared with observed values for three 
grain types: gravel, sand, and fines (silt and clay). In each diagram the 
stippled area indicates the 95% confidence interval of grain sizes estimated by 
Fraser and Cobb (1982).

Since the sand fraction is a dominant constituent in all assemblages, it was 
treated as the most significant calibration target. Simulated values of percent 
sand (Figure 2B) show a nearly perfect match with observed values. Simulated 
gravel percent (Figure 2A) is much lower than the observed values in the proximal 
sequence, but general trends are similar. As a consequence of choosing 8 mm for 
the largest grain size, we can trace the transport of gravel to the medial 
assemblage, but gravel percent is underestimated in the marginal and proximal



zones. Fines (Figure 2C) match well in the proximal and medial zones, both 
gravel and fines do not match observed values for the distal assemblage. The 
transition between the medial and distal zones occurs where the primary 
transported sediment is less than sand size. This reduction in flow energy 
occured where outwash streams emptied into proglacial lakes or at great distances 
from the ice margin. To reduce the computational requirements, we choose to 
restrict the total number of grid nodes. Therefore the model does not simulate 
the distal zone. In future work we plan to increase the number of sediment types 
handled by SEDSIM and extend the length of the model grid to improve estimates 
of the coarser and finer sediment grain-size fractions.
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MODFLOW: GROUND-MATER FLOW MODEL

Estimates of relative hydraulic conductivity were derived from the grain-size 
distributions estimated by SEDSIM using a method after Hazen (Freeze and Cherry, 
1979). Conductivity estimates by this method should not be considered absolute, 
but the patterns conductivity are appropriate. Figure 3 shows the resulting 
areal distribution of conductivity. Two regions of higher hydraulic conductivity 
are evident along rows (5-8) and (12-15) . The overall geometric mean of 
hydraulic conductivity is 4.1 x 10'2 cm/sec with a range from 4.4 x 10’3 to 2.1 
x 10"1 cm/sec. Figure 4 shows the mean and range of conductivities for each 
column. A strong decrease was observed in both values with distance from the 
glacial margin.

Figure 3. The areal distribution of hydraulic conductivity estimated from 
SEDSIM's grain-size distribution. Shaded area indicates higher 
conductivity.
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MODFLOW (McDonald and Harbaugh, 1988) was used to simulate a confined aquifer 
with a constant thickness of 10 m and an area of 4000 m x 4000 m divided into 
200 m x 200 m grids (Figur: 5). Constant head boundaries were set to 48 m along 
the right-hand boundary aid 10 m along the left-hand boundary establishing a 
fixed regional flow system from right to left. Local variations in hydraulic 
gradient are the result of heterogeneity in the conductivity distribution. A 
steady state simulation of the model area produced estimates of the areal 
distribution of potentiometric head (Figure 6). Areas of lower potentiometric 
head correspond to the regions of higher hydraulic conductivity displayed in 
Figure 3.

SPECIFIED HEAD 
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Figure 5. Schematic representation of the confined aquifer system modeled with 
MODFLOW. Shaded area indicates one grid cell.
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Figure 6. Estimates of potentiometric head from steady-state simulations with 
MODFLOW. Variation in head results from variability in the hydraulic 
conductivity distribution.



PATH3D: »ARTICLE TRACKING MODEL

PATH3D (Zheng, 1989) links directly with MODFLOW, and was used to trace water 
particles through the constructed flow system. In addition to input files from 
MODFLOW, PATH3D requires the number of particles, the time frame of particle 
movement, several iteration and output control parameters, estimates of porosity, 
along with the initial x, y, z locations for each particle. An effective 
porosity of 15% was assumed as a constant over the model area. We simulated the 
release of 100 equally spaced particles from the eastern boundary of the model. 
Figure 7 shows the paths taken for a select number of particles. An average 
particle velocity of 2.7 x 10'1 cm/sec would be expected, given a constant 
hydraulic gradient of 0.01, porosity of 0.15, and the average hydraulic 
conductivity estimated from grain sizes (4.1 x 10"J cm/sec). However, for the 
100 particles tracked, the average particle velocity was 30% higher or 3.5 x 10" 
3 cm/sec with a range of 1.7 x 10'* to 7.4 x 10*J cm/sec. More than 60% of the 
particles moved with a faster average velocity by following the path of high 
conductivity.
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Figure 7. Selected paths showing the direction of general particle movement.
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channeling due to the presence of a higher conductivity zone.



CONCLUSIONS
SEDSIM, a process simulation code, has been used to simulate two of the four 
facie3 assemblages in a glacial outwash sequence. Model results were 
quantitatively compared to observed grain-size distributions and relative 
hydraulic conductivities were estimated from the grain-size data. The resulting 
pattern of conductivity was used to produce a ground-water flow model. Tracking 
the movement of particles through this hypothetical system indicates that areas 
of higher hydraulic conductivity channel the flow and decrease the average travel 
time similar, to work done by Desbarats (1990) and Anderson (1990).

This method produces estimates of the distribution of heterogeneity of hydraulic 
conductivity based on an understanding of depositional processes. Therefore, 
refinement of the sediment simulation model is essential.

We have identified limitations of one process simulation code (SEDSXM) as a step 
in its refinement. Three significant restrictions are: 1) the limited spatial 
resolution caused by assuming a constant vertical velocity profile, 2) a need 
for more than four sediment types to describe a wide ranges of grain-sizes, and 
3) the model is unable to handle variations in discharge rate.
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