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INTEGRATION OF SEDIMENTOLOGIC AND HYDROGEOLOGIC
PROPERTIES FOR IMPROVED TRANSPORT SIMULATIONS
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Department of Geological Sciences, Michigan State University, 206 Natural Science Building,

East Lansing, Michigan 48824-1115, U.S.A.
e-mail:  hyndman@msu.edu;  phani@egr.msu.edu;  weissman@msu.edu

ABSTRACT:  Traditional geostatistical approaches for estimating distributions of hydraulic conductivity fail to reflect sharp contrasts that
occur at boundaries between different stratigraphic units, thus limiting the accuracy of contaminant-transport models. We present an
approach to incorporate a stratigraphic framework into geostatistical simulation at the scale of a plume, to better represent aquifer
heterogeneity. The approach was developed and tested at the Schoolcraft Bioremediation Site in southwestern Michigan, where detailed
estimates of aquifer properties were needed to accurately simulate multi-component reactive transport and to design an effective
bioremediation strategy. The sediments at the site were deposited as glaciofluvial outwash downstream of the Kalamazoo Moraine, and
consist mainly of fine to medium sands with interbedded gravels and silts. A series of 18-meter-long continuous cores was collected in
the vicinity of the bioremediation-system delivery wells. These cores were assessed for sedimentary facies, grain-size distribution,
porosity, and hydraulic conductivity. Sedimentologic measurements from outcrop analogs supplemented the core data from the site.
On the basis of the core data, the aquifer was separated into four stratigraphic units, and the measured conductivity values were
geostatistically interpolated within each stratigraphic unit. The stratigraphically based estimates of hydraulic conductivity were used
as input to a high-resolution, three-dimensional model of groundwater flow and solute transport in the region. The model with
stratigraphic interpolation provided better transport predictions for an injected tracer pulse than models that do not incorporate the
stratigraphy.

Aquifer Characterization
SEPM Special Publication No. 80, Copyright © 2004
SEPM (Society for Sedimentary Geology), ISBN 1-56576-107-3, p. 3–13.

INTRODUCTION

Accurate predictions of solute transport are commonly lim-
ited by the ability to preserve sharp gradients in aquifer param-
eters, yet these sharp gradients may be identified using aquifer
stratigraphic analysis. Over the past few decades, several work-
ers have shown that heterogeneity in hydraulic conductivity (K)
and other aquifer parameters (e.g., porosity and storage coeffi-
cients) are controlled largely by the distribution of sedimentary
material in the aquifer (e.g., Fogg, 1989; Anderson, 1989; Webb
and Anderson, 1996; Davis et al., 1997; Webb and Davis, 1998;
Anderson et al., 1999; Bersezio et al., 1999; Hornung and Aigner,
1999; Klingbeil et al., 1999; Ritzi et al., 2000).

The statistics of aquifer parameters also commonly vary sig-
nificantly between different stratigraphic units (Davis et al., 1997;
Carle et al., 1998; Ritzi et al., 2000). Thus, when using geostatistics
to estimate aquifer parameters, variogram correlation lengths
should be independently evaluated for each stratigraphic zone if
the necessary data are available from either core measurements
or outcrop analog studies. The mean and variance of aquifer
parameters, such as hydraulic conductivity, also vary by strati-
graphic unit and thus are not globally stationary. Geostatistical
methods, from kriging to stochastic simulation, can be used more
effectively to estimate aquifer parameters using different
variogram models for each stratigraphic zone.

Eschard et al. (1998) and Weissmann and Fogg (1999) used the
geology and stratigraphy as a framework for geostatistical real-
izations to avoid the assumption of global stationarity of the
aquifer parameter statistics. Rather than assuming that the mean,
variance, and correlation lengths are stationary across the entire
area of geostatistical inference, such approaches have a less
restrictive assumption that these statistics are stationary only
across an individual geologic unit. These approaches were ap-
plied at the regional scale; however, point-source remediation
typically requires that models of heterogeneity be developed at
the smaller, plume scale.

In this paper, we present a modification of the stratigraphi-
cally based approach of Eschard et al. (1998) and Weissmann and
Fogg (1999) to interpolate measured hydraulic conductivity at a
plume scale. Our results show that incorporation of geologic
information in the form of identified stratigraphic zonation im-
proved our ability to predict tracer transport through a
glaciofluvial aquifer in southeastern Michigan.

SITE DESCRIPTION

The Schoolcraft study site is located southeast of Schoolcraft,
Michigan, on the glaciofluvial outwash plain associated with the
Kalamazoo Moraine (Fig. 1; Monaghan and Larson, 1982;
Rheaume, 1990; Kehew et al., 1996). The Kalamazoo Moraine,
located west of Kalamazoo, Michigan, and northwest of the study
site, was deposited when the Michigan Lobe ice margin stagnated
during overall retreat of the Wisconsinan continental ice sheet
(Monaghan and Larson, 1982).

Several contaminant plumes exist in the shallow glaciofluvial
aquifer at Schoolcraft, Michigan (Hyndman et al. 2000; Dybas et
al., 2002). The Schoolcraft Plume A study site (Fig. 2), the focus of
this work, is located in an unconfined aquifer composed of a 27.5-
m-thick succession of glaciofluvial sediments that lie directly
over a regionally extensive clay-rich till and lacustrine unit
(Monaghan and Larson, 1982; Lipinski, 2002). This clay-rich unit
acts as an aquitard in the Schoolcraft area (Lipinski, 2002). The
Plume A site is the location of a carbon tetrachloride (CT)
bioaugmentation experiment, where microbes and substrate were
injected to degrade aqueous and sorbed phase contaminants (Fig.
2) (Hyndman et al., 2000; Dybas et al., 2002). This CT contaminant
plume is about 1.2 km long and 90 m wide, extending from
roughly 8 to 26.5 m below ground surface (bgs), with CT concen-
trations from 5 to 150 parts per billion (ppb). The water table at
this site lies at roughly 4.5 m bgs. Pilot studies indicated that
sediments above 8 m depth did not have CT contamination
(Dybas et al., 1998); thus we have not included these shallow
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- Kalamazoo River Valley (modern fluvial sediments)

- Climax-Scott Outwash Plain (older sands and

gravels)

- Outwash Plain (sands and gravels) related to

Kalamazoo Moraine

- Kalamazoo Moraine

- Till (clay-rich diamict)

Schoolcraft

Kalamazoo

Outcrop analog sites

FIG. 1.—Surficial geology of Kalamazoo County, Michigan. Also shown are the locations of the outcrop analog sites used in this
study. The modeling study area is located in the town of Schoolcraft. Modified from Monaghan and Larson (1982) and
Rheaume (1990).

FIG. 2.—The approximate distribution of Schoolcraft Plume A in the town of Schoolcraft (shown by roads). Our study site is at the
location of the bioremediation project. Contours show the water-table elevation (in feet). Modified from Mayotte (1991).
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sediments in this study. This biocurtain has proven to be greater
than 97% effective at removing aqueous-phase contaminants
(Hyndman, et al., 2000) and effective at removing sorbed-phase
CT in the biocurtain region over more than four years of operation
(Dybas et al., 2002). The Schoolcraft Plume A site was chosen for
this study because a large database exists that includes core
descriptions, measurements of K from many wells, and many
measured concentration histories collected during tracer tests.

The bioaugmentation system at this site consists of a series of
closely spaced recirculation wells for delivery of microbes and
nutrients (Fig. 3). Continuous core samples (approximately 5 cm
in diameter) were collected from 7 of the 15 delivery well loca-
tions and from 4 monitoring well locations (Fig. 3). Cores were
collected in sections 1.5 m long using the Waterloo continuous
core sampler, which advances a core barrel ahead of an auger
string. A vacuum-sealed core liner minimizes sample loss. Twenty-
seven additional monitoring wells were drilled in both upgradient
and downgradient locations relative to the biocurtain.

CORE ANALYSIS

Core samples were collected from wells D2, D4, D6, D8, D10,
D12, D14, P6, P7, and P8 (Fig. 3; Table 1). These samples were cut
into 15.2 cm lengths, removed from the core liner, repacked to
their original volume in permeameter sleeves, flushed with car-
bon dioxide gas, and tested for K using a constant-head
permeameter. The K measurements show that the highest K
values are generally located at the base of the aquifer and lower
K values are generally closer to the top of the aquifer (Fig. 4).
Several discrete lenticular units of either low K or high K material,

FIG. 3.—Locations of delivery wells (D) and monitoring wells
(MW or P) at the Plume A Schoolcraft Bioremediation site.

however, are present in the section. Preliminary modeling of flow
and transport by Hoard (2002) indicated that the repacked K
measurements provided reasonable estimates of the actual hori-
zontal K at the site, based on a reasonably good match between
simulated and observed tracer concentration histories.

Grain-size distributions were measured for a subset of these
samples using a standard sieve set (Table 1). The data show an
expected relationship between grain size, sorting, and K, where
coarser-grained sediment tends to have higher K than fine-grained
sediment, and poor sorting reduces K (Fig. 5).

In order to gain additional insight into the aquifer stratigra-
phy at the study site, core from well P18 and selected samples
from wells P6, P7, and P8 were analyzed for sedimentologic
characteristics (e.g., grain-size distribution, vertical trends in
grain size, bedding thickness, and sedimentary structures) and
vertical K of minimally disturbed sediment (Fig. 6). To assess
samples for vertical K, 42 subsamples (15.2 cm long) from the P18
core were kept in the sampling tube, flushed with carbon dioxide,
and tested for K using a constant-head permeameter. Results
show a trend in K similar to that observed in other wells, where
relatively high K values exist at the bottom of the aquifer and
lower K values are found in the upper part of the aquifer (Fig. 6).

The measured vertical K  values from core P18 were consis-
tently lower than the repacked K measurements on samples of the
same grain size and zone from other wells by a factor of about
0.74. Because repacked K values appear to reasonably represent
horizontal K at the site (Hoard, 2002), we assume that this differ-
ence represents the vertical to horizontal anisotropy in K. There-
fore, the measured vertical K values from P18 were multiplied by
this ratio to develop horizontal K estimates for the interpolation
to the groundwater model grid. Although it is possible that this
ratio is biased by the fact that horizontal K values were all
measured on repacked samples and all vertical samples were
measured on intact core, it is generally expected that the vertical
K will be lower than horizontal K because of a higher degree of
continuity of strata in the horizontal direction.

SITE STRATIGRAPHY

Four stratigraphic zones were identified in well P18 based on
the observed sedimentary character and K distribution (Figs. 6
and 7). Stratigraphic boundaries were identified in cores using
one or more of the following characteristics: (1) an erosional basal
contact; (2) abrupt changes in mean grain size; and (3) abrupt
changes in sedimentary structures and bedding thickness. Miss-
ing core (from lack of recovery) created some uncertainty for zone
delineation. However, as is described in this section, detailed
measurements of K and grain size (Fig. 4) provided additional
evidence of these stratigraphic boundaries across the modeled
region.

The basal zone, or Zone 1 (from ~ 27.5 m up to ~ 20.5 m depth),
overlies the regional lacustrine clay or till and generally fines
upward from cobbles in a coarse sand matrix up to medium sand.
Though core was not collected across this boundary in well P18,
cores from other wells indicate that this basal contact is erosional
and sharp. Drilling character and cuttings from P18 and other
wells indicate that the bottom one meter of this zone consists
mainly of cobbles. Sands in this zone are well sorted to poorly
sorted with gravel. The sediment is cross-stratified, horizontally
stratified, or massive. Because stratification may be too subtle to
recognize in core, the massively bedded sands may actually be
stratified. Gravel typically occurs along cross-strata in the sandy
beds. Bedding thickness is difficult to determine in core because
of the subtle nature of stratification. However, several cross-
strata sets were distinguishable in this zone, being 0.1 to 0.25 m
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thick. Measured K values through this zone are variable but
consistently higher than observed in other stratigraphic zones.
Similar relatively high K deposits are observed in other wells
across the site through this interval (Fig. 4).

Zone 2 (from ~ 20.5 to ~ 20.25 m depth in well P18) consists of
silty sand to sandy silt with relatively low K over much of the
study area. The sediments in the silty sand portion of this interval
are faintly laminated and display the lowest K of the stratigraphic
section. Though this zone is thin, it is distinctive because a low-K
feature is recognized at this depth in a significant number of other
wells across the site (Fig. 4). As is described in the section on
groundwater modeling, delineation of this zone improved the
tracer-test simulation results significantly.

Zone 3 (from ~ 20.25 to ~ 15.9 m depth) consists of fine to
medium sand that is moderately to well sorted. Beds in this zone
are typically cross-stratified to massive; however, the massively
bedded sands may have stratification that is too subtle to recog-
nize in core. Grain size and sedimentary structures are more
variable in different cross-strata cosets than observed in either
Zone 1 or Zone 4. Additionally, set thickness is highly variable in
this zone, ranging from 0.05 to 0.25 m. Likewise, K in this zone is
more variable over short distances, with a mean intermediate
between Zones 1 and 4 (Fig. 7). This mean and short-distance
variability in K is also observed across the study site, thus allow-
ing delineation of this zone in other wells (Fig. 4).

Zone 4 (from about ~ 15.9 m to < 8 m depth) consists of well
sorted fine sand. A thin gravel lag was identified at the base of
this zone. Individual beds appear to be relatively thin (0.05–0.15
m) and cross-stratified or horizontally stratified, with massive
beds in places that may have stratification that is too subtle to
recognize in core. K through this zone has low variability and is
lower than Zones 1 or 3 (Fig. 7). Similar consistently low-K
distributions at this depth are observed in other wells at the site,
thereby allowing delineation of this zone across the study area
(Fig. 4).

The stratigraphic boundaries appear to be laterally continu-
ous and horizontal at the scale of the study area. This is consistent
with observations at the outcrop analog sites, as is described in
the next section. This stratigraphic character is consistent with
glaciofluvial outwash deposition of a retreating ice margin
(Boothroyd and Ashley, 1975; Boothroyd and Nummedal, 1978;
Maizels, 1995). The basal, coarse-grained unit (Zone 1) represents
proximal to medial outwash deposited as the ice margin retreated
past the Schoolcraft location. The upper zones (zones 2–4) most-
likely represent distal outwash deposited when the ice margin
stagnated at the Kalamazoo moraine.

OUTCROP ANALOG

Cores at the study site provide an excellent sampling of
vertical distributions for K analysis, but lateral data were lim-

Well Number

D2 D4 D6 D8 D10 D12 D14 P6 P7 P8 P18

Grain size 9 6 9 3 15 10 15 - - - 42

Repacked K 44 24 22 21 31 27 31 27 30 27 -

Vertical K - - - - - - - - - - 42

TABLE 1.—Number of samples analyzed from each well for grain size, repacked K, or vertical K.
Dashes in cells indicate that no analysis was completed.

 

 

 

 

FIG. 4.—Plots showing the log-K data points used for interpola-
tion and stratigraphic zonation. A) A transect through the
delivery wells (see Figure 3 for well locations). B) A transect
through downgradient wells where K data were available.
Zonal boundaries were identified at 16 m below ground
surface (bgs), 20 m bgs, and 21 m bgs. Modified from Hyndman
et al. (2000).
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ited even with closely spaced cores. To supplement the core data
and to aid in the interpretation of bounding-surface geometries
at the site, data on lateral variability and geometry of cross-bed
sets were collected on outcrop analogs. Outcrop analogs to the
Schoolcraft Plume A site were selected on the basis of: (1)
location within the same outwash complex, (2) comparable
down-valley distance from the Kalamazoo Moraine, and (3)
grain size, bed thickness, and sedimentary structures similar to
those observed in the P18 core. Unfortunately, no gravel and
sand pits are present in the distal outwash deposits, because of
relatively high water table in these deposits. Sand and gravel
pits are present, however, in proximal and medial outwash
deposits on several outwash fans adjacent to the Kalamazoo
Moraine. Exposures at two of these gravel pits were used as
outcrop analogs for this study (Fig. 1).

Bounding surfaces and cross-bed set thickness and width
were measured at the outcrop sites and recorded using photomo-
saics of the outcrop (Fig. 8). Sediments exposed in outcrop consist
of medium- to coarse-grained, trough cross-stratified to planar-
tabular cross-stratified sand. Some gravel is present along cross-
strata and as discrete, cross-stratified to massive units. Maximum
observed thickness of individual cross-strata sets range between
0.1 and 0.5 m. Coset bounding surfaces appear to be horizontal
and as extensive as the outcrop.

Because the outcrops are oriented oblique to paleoflow, width-
to-thickness ratios of several cross-strata sets could be measured.
An average width-to-thickness ratio of 7.7:1 was determined for
these sets. It was not possible to measure the coset or bed lengths
because the outcrop is two dimensional and these lengths are
longer than the scale of the outcrop. No published data were
available on the ratios of bed thickness to length, likely for the
reason stated above.

Bedding characteristics (e.g., grain-size distributions, bed
thickness, and sedimentary structures) at these outcrop sites
were similar to those observed in Zone 1 of the P18 core.
Additionally, the outcrops lie within the same outwash succes-

sion and are in a medial position relative to the Kalamazoo
Moraine. Thus, we use these outcrops as an analog for sedi-
ments of Zone 1.

Originally, we hoped to collect samples for K analysis from
several cross-strata sets in outcrop, but collected samples were
too disturbed to make valid K measurements. Additionally,
outcrop instability prevented us from collecting sufficient samples
to ensure statistical validity of relationships between K distribu-
tion and cross-strata set geometry. Instead, we assume that K
varies little within a cross-strata set and that K varies more
significantly between cross-strata sets in a manner similar to that
described by Davis et al. (1997).

GEOSTATISTICS

We used the stratigraphic zones identified at the Schoolcraft
site to separate regions for geostatistical interpolation. For each
zone, experimental variograms were generated to model the
correlation lengths in directions that are vertical, longitudinal to
paleoflow, and transverse to paleoflow. Different variogram
models are justified, if not necessary, because correlation length
scales are different in each of these zones, as indicated by differ-
ences in the thickness variation of beds and cross-strata sets,
grain-size variability, and K variability within each zone. Addi-
tionally, the means and standard deviations of K differ for each
zone (Table 2; Fig. 7).

Experimental variograms were developed using log-K values
from core samples. Log-K data were used instead of K in this and
other geostatistical analyses because values of hydraulic conduc-
tivity were more log-normally distributed than normally distrib-
uted at this site (Hoard, 2002), as is commonly observed (Hoeksema
and Kitanidis, 1985). The modeled variogram parameters for the
vertical correlation length were estimated to fit the experimental
variogram. Because horizontal data are sparse, the horizontal,
transverse-to-paleoflow correlation lengths were determined
using the 7.7:1 width-to-thickness ratio measured from the out-

FIG. 5.—Plot of grain size versus K for the study area. Different symbols are used to indicate sediment sorting.
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FIG. 6.—Core description for well P18 showing zonal boundaries (marked by arrows) and measured vertical K. See Figure 3 for
location.
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crop analogs. Because outcrop analog data were not available in
the upper, distal outwash sediments (Zones 2, 3, and 4), to
develop lateral variograms in these units we assumed the same
width-to-thickness ratio. Although this may add uncertainty to
the modeling, the effect on the final results is likely minimal.
Sensitivity studies, however, may be conducted in future.

The horizontal, longitudinal-to-paleoflow correlation lengths
were extended as far as Groundwater Modeling System (GMS3.1,
BYU, 2000) would allow, which is approximately 18 m. We believe

that this length is shorter than the true longitudinal-to-paleoflow
correlation length based on the outcrop analogs and the nature of
these fluvial deposits; however, the difference a slightly longer
value would make is likely insignificant. Table 3 summarizes the
sill, nugget, longitudinal-to-flow range, transverse-to-flow range,
and vertical range for each stratigraphic unit.

Using the estimated variogram models and conditioning K
data from wells, we generated a three-dimensional log-K field for
each hydrostratigraphic zone using ordinary kriging. Though
kriging may smooth results relative to conditional simulation, we
chose kriging for this study because: (1) this approach most
closely reflects current standard practice; (2) this allowed us to
directly compare these results to previously published modeling
results (e.g., Hyndman et al., 2000), and (3) the conditioning data
are very closely spaced, thus conditional simulation results would
be similar to kriging results in the region near the conductivity
measurements. The kriging results from the four zones were
merged to create a final log-K field surrounding the biocurtain
area. This zonal kriged field preserved abrupt changes in K,
especially noticeable at approximately 20–21 m depth in zone 2
(Fig. 9A).

In addition to the zonal kriged results, a log-K field was
estimated by kriging without the zonal boundaries to evaluate
the influence of the additional geologic information (Fig. 9B).
For this model, the variogram range was set at 18.0 m (to be
consistent with the zonal kriging). The nugget, sill, and range in
all three orthogonal directions were fitted to the experimental
variograms on the basis of core data (Table 3). In a visual
comparison, the zonal kriged field had significantly more
horizontal bedding-like features than the traditional kriged
field, which had smoother features with less horizontal conti-
nuity. Additionally, the low-K region in Zone 2 is larger and
more diffuse in the nonzonal kriged case than suggested by the
core data (Fig. 9).

GROUNDWATER MODELING AND
TRACER-TEST SIMULATION

We used the three-dimensional groundwater flow model,
MODFLOW-96 (McDonald and Harbaugh, 1988; Harbaugh
and McDonald, 1996), to predict hydraulic heads and ground-
water fluxes for the region. Constant-head boundaries were
used in the flow direction to provide a gradient of 0.0011 based
on regional head measurements (Fig. 2). The model domain is a
rectangular region 101.5 m wide (y) by 57.2 m long (x) by 27.4 m
in depth (z). We discretized this region using a computational
grid with 136 (y) x 86 (x) x 44 (z) cells. The delivery-well gallery
is located at the center of the computational domain with fine
cells (20 cm x 20 cm) approximately equal to the size of the
boreholes surrounding the delivery wells, and larger cells in a
geometric progression away from the well gallery. The resolu-
tion in the vertical direction varies and is discretized most finely
around Zone 2 (Table 4).

During the tracer test, a conservative tracer (bromide) was
injected into the seven even-numbered delivery wells and ex-
tracted from the eight odd-numbered delivery wells for five
hours. During the next hour the same pumping rate was used in
a flow-reversal phase in which tracer was extracted from the
even-numbered wells and injected into the odd-numbered wells.
We used the reactive-transport code RT3D (Clement, 1997;
Clement and Jones, 1998) to simulate three-dimensional tracer
transport through the site. Because the concentration of injected
bromide changed during the tracer test, we divided the five-
hour interval in the transport model into three stress periods
with different concentrations, 18, 14, and 17 ppm, respectively.

FIG. 7.—Box plots showing ranges of K for each stratigraphic
zone. Each box shows the 25th, 50th (median), and 75th percen-
tile of the population. The lines extending from the boxes
show the effective maxima and minima of the data popula-
tion. Outliers (circles) are points that fall outside 1.5 times the
interquartile distance.

FIG. 8.—A portion of the outcrop analog for medial deposits (Zone
1) at the Schoolcraft study site. A 40-cm-long shovel is shown
for scale.
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The one-hour-flow-reversal phase was simulated with a single
stress period in which injected concentrations were 23.5 ppm.
The last stress period in this simulation represents a 20-day
natural gradient period with no pumping. The differences in
hydraulic conductivity across the vertical extent of the aquifer
cause proportional differences in the flux through different
layers from the well. To represent this behavior, we used a
conductivity-weighted average to compute the fluxes for the
injection and extraction wells.

RESULTS AND DISCUSSION

The tracer-test comparison shows that the addition of geo-
logic data significantly improved transport simulations in some
regions whereas in others the zonal and nonzonal simulated
tracers are similar (Fig. 10). In many cases, the hydrostratigraphic
interpretation improves the match between simulated and ob-
served tracer concentrations, whereas in a few cases it reduced
the match slightly. Overall, the zonal model reduced the sum of
squared residuals from 13.24 to 10.47, or roughly a 21% improve-
ment. These residuals are calculated using the normalized con-
centrations (from 0 to 1); thus, squaring these residuals with
values < 1 provides a conservative estimate of the improvement
made by including the geologic information.

The largest difference between the zonal kriging model and
the nonzonal model was the preservation of the abrupt nature
of contacts between Zones 1, 2, and 3 in the zonal model. The
most significant improvement in the tracer simulation was also
in the region around Zone 2 (at 19.8 m depth), especially at wells
MW10 and MW13, where the low-K silty fine sand was observed
across more than half of the delivery-well area. The core de-
scriptions and K data indicate that this unit extends through
delivery wells D8, D10, and D12. MW13 and MW10 are located
downgradient from delivery wells D10 and D8, respectively
(Fig. 3). At the same depth in MW11 and MW12 there is no
evidence for the low-K silty fine sand in Zone 2, and the simu-
lations of tracer concentration respond similarly for both types

of kriging for these wells. No core was recovered from well D2
at this depth; however, the measured tracer breakthrough at
MW9 (immediately downgradient) is very similar to the mea-
sured data from MW13, suggesting the presence of the low-K
silty fine sand at this location.

At most other depths, the tracer tests simulated in the zonal
and traditional kriged K fields are very similar. Slight improve-
ments are made in MW10 and MW13 at depth 22.9 m, in MW10
and MW11 at depth 16.8 m, and MW11 at 13.7 m and 10.7 m,
where the breakthrough occurs a bit earlier in the zonal kriging
tracer simulation.

There are a few instances where the two kriging approaches
provide similar transport results and a few sites where the
nonzonal kriged K field provides a better match to the measured
tracer concentrations. For example, the nonzonal kriged trans-
port simulation better matches the measured tracer at MW12 at
17.8 m depth because the nonzonal kriging interpolated a higher
K value than the zonal kriging estimated in this region.

These results show the influence that thin, low-K beds can
have on tracer-test results. Though few aquifers will be character-
ized to the degree of the Schoolcraft site, this research demon-
strates the importance of correctly identifying the stratigraphic
zonation of an aquifer. The high-K and low-K features that
significantly altered the measured transport at this site will
generally be missed by standard aquifer characterization ap-
proaches.

CONCLUSIONS

The addition of stratigraphically significant boundaries into
geostatistical interpolation methods helps preserve abrupt changes
in K where they occur in the sedimentologic record. The zonal
kriging approach used in this study required an understanding of
the stratigraphy. We accomplished this through assessment of
core for K, grain size, and bedding character. At locations where
core data do not provide sufficient information to construct
models of spatial variability (e.g., variograms), outcrop analogs

Zone 1 Zone 2 Zone 3 Zone 4 All Zones

K Log-K K Log- K K Log- K K Log- K K Log- K

Mean 5.44x10
-2

-1.26 1.56x10
-2

-1.81 3.20x10
-2

-1.49 1.38x10
-2

-1.86 3.07x10
-2

-1.51

Median 5.28x10
-2

-1.28 1.74x10
-2

-1.76 3.12x10
-2

-1.51 1.27x10
-2

-1.90 2.59x10
-2

-1.59

Standard Deviation 2.90x10
-2

-1.54 1.11x10
-2

-1.95 9.40x10
-3

-2.03 5.40x10
-3

-2.27 2.43x10
-2

-1.61

No. of data points 106 25 82 133 346

TABLE 2.—Statistics on horizontal K (cm/s) for the four stratigraphic zones and for the entire aquifer.

Range (m)

Nugget Sill Parallel-to-

paleoflow

Perpendicular-to-

paleoflow

Vertical

Nonzonal model 0.011 0.065 18.0 6.84 2.70

Zonal models

Zone 1 0.012 0.026 18.3 2.61 0.35

Zone 2 0.027 0.21 17.7 4.09 0.53

Zone 3 0.0017 0.020 18.0 8.33 1.08

Zone 4 0.0053 0.024 18.4 12.51 1.62

TABLE 3.—Variogram parameters for zonal and nonzonal models. All variograms were fitted using exponential models.
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FIG. 9.—A) Zonal kriging results for the study site. The arrows mark boundaries of the four zones. Note that abrupt changes in K are
preserved in the zonal kriging approach. B) Results of nonzonal kriging for the same area. The scale bar is in log K (cm/s).
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can be used to provide approximate lateral correlation lengths for
different facies types. Importantly, the zonal model of K im-
proved the tracer simulations most in regions with the largest
degree of heterogeneity, where there was a sharp contrast in K of
an order of magnitude or more.

For this site, our approach of kriging measured K values into
a stratigraphic framework provided an estimated K field used in
simulations that matched tracer-test results more closely. This
allowed reasonable predictions of tracer breakthrough with no
calibration of the conductivity values. The value of the approach
would likely be more significant in regions with higher degrees
of heterogeneity and sites with fewer measured conductivity

values. In this case, typical kriging provided a reasonable con-
ductivity field because so many conductivity estimates were
available. Even with such detailed characterization, inclusion of
a geologic framework helped improve predictions of solute
transport. In most cases, the measured conductivity data will be
much more limited, thus increasing the need for geologic infor-
mation.
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TABLE 4.—Vertical discretization of layers.

Layer Number Layer Thickness (m)

1 5.4

2 to 7 1.0

8 to 26 0.5

27 to 34 0.25

35 to 44 0.50

FIG. 10.—Measured tracer concentrations (shown by x) from monitoring wells MW9, MW10, MW11, MW12, and MW13 at five depths
(10.7 m, 13.7 m, 17.8 m, 19.8 m, and 22.9 m), and simulated concentrations from the results of zonal kriging (solid line) and the
nonzonal kriging (dashed line). Numbers listed for each of the simulation results are the sum of squared residuals. C/C0 is
measured tracer concentration normalized by the original tracer concentration released at the delivery wells.
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