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Groundwater Residence Times in Glacial Aquifers—A
New General Simulation-Model Approach Compared to

Conventional Inset Models

By J. Jeffrey Starn, Leon J. Kauffman, and Daniel T. Feinstein

Abstract

Groundwater is important as a drinking-water source
and for maintaining base flow in rivers, streams, and lakes.
Groundwater quality can be predicted, in part, by its residence
time in the subsurface, but the residence-time distribution can-
not be measured directly and must be inferred from models.
This report compares residence-time distributions from four
areas where groundwater flow and travel time were simulated
with conventional simulation-inset models (IMs) and with a
new automated model-construction method called general sim-
ulation models (GSMs). The comparison provides an oppor-
tunity to explore controls on travel time and improve the meth-
ods used in the creation of GSMs. These models can be useful
for three main-use cases: (1) rapid testing of relationships that
govern groundwater flow and age, (2) generation of consistent
examples for training a machine-learning metamodel, and
(3) serving as a starting point for more detailed models.

Comparison of the GSMs to IMs indicated a quali-
fied pattern of agreement for residence-time distributions as
indicated by the Nash-Sutcliffe efficiency and Spearman’s
correlation coefficient. The agreement was best for the median
values of the simulated residence times in young fractions
of groundwater (defined as the fractions of groundwater in
samples less than 65 years old) at the scale of the eight-digit
hydrologic-unit code. Generally, the median values of the
young fractions in the IMs were correlated with the median
values from the GSMs. The relative trends across the four
areas also were similar for the other residence-time metrics.
The medians of residence-time metrics at finer scales show a
fair degree of scatter. The GSM results compared most poorly
for median travel times in the older fraction of groundwater
(older than 65 years).

The GSM approach is intended as a flexible framework
for developing models that can be useful individually as
screening tools or collectively to support projects in statistical
learning. Although one set of GSM algorithms was presented
here, the approach can accommodate many types of data and
also different categories of prior information. Comparison
of GSMs and IMs suggests ways in which the GSMs, while
remaining easy to construct and calibrate, can be improved for

estimating groundwater travel times. IMs do not yield exact
travel times, and matching GSMs to IMs does not guarantee
an improvement; however, IMs provide a convenient bench-
mark against which to explore relations between physical
characteristics of watersheds and the distribution of travel
times within them.

This effort was undertaken as part of the National Water
Quality Program of the U.S. Geological Survey to assist in
determining the susceptibility of groundwater in glacial aqui-
fers to a variety of natural and anthropogenic contaminants.

Introduction

Groundwater is an important source of water for drink-
ing, commerce, industry, and agriculture and for maintaining
base flow in rivers, streams, and lakes. The chemical quality
of groundwater affects its potential use as a drinking-water
source and its ability to support healthy ecosystems. Some
indicators of groundwater quality can be predicted, in part, by
its residence time in the subsurface (Eberts and others, 2013).
Residence time cannot be measured directly and must be
inferred from models. Numerical models are especially useful
in yielding estimates of groundwater flow and residence time
that can be used for management objectives because of their
flexibility and ability to better represent basin-specific charac-
teristics (Anderson and others, 2015).

Traditional multilayer, large-scale numerical models draw
on a complex assemblage of databases to define the geometry,
boundary conditions, aquifer properties, and calibration targets
that constitute the model and therefore can require substan-
tial time and effort to construct and calibrate. It sometimes is
necessary to create a second generation of models, which are
called inset models (IMs), extracted from the parent model
to address specific management objectives. IMs incorpo-
rate detailed and complex data for a basin and are useful for
addressing site-specific issues of interest to local stakeholders.
For example, Feinstein and others (2018) created IMs from a
regional model of the Lake Michigan Basin in order to assess
groundwater ages in specific areas. The regional model was
originally created by Feinstein and others (2010).
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The effort of constructing and calibrating groundwater-
flow models can limit their utility as tools for quick, respon-
sive resource management. If a suitable model already exists,
as in the previous example, it can be used to construct IMs;
however, if no model exists, alternative approaches can be
pursued. One such area not yet modeled is the glacial-aquifer
system in the United States. A single, multilayer, large-scale
model of this area does not exist, and an alternative to IMs
is needed. One approach to this challenge is to use a recently
developed method for the rapid automated construction
and calibration of simplified models called general simula-
tion models (GSMs; Starn and Belitz, 2018). GSMs rely on
national-scale geospatial datasets and can be constructed
for any area in the glacial-aquifer system, albeit with less
site-specific detail than IMs. GSMs have not yet been tested
outside the glacial-aquifer system but could be used in other
areas if the appropriate datasets were available (for example,
regolith thickness). IMs and GSMs have important roles in
addressing hydrologic questions and improving understand-
ing of groundwater-flow systems. GSMs can be useful for
three main-use cases: (1) for rapid testing of relationships that
govern groundwater flow and age, (2) to generate consistent
examples for training a machine-learning metamodel, and
(3) to serve as a starting point for more detailed models.

Purpose and Scope

This study was undertaken as part of the National Water
Quality Program of the U.S. Geological Survey to deter-
mine the susceptibility of groundwater in glacial aquifers to
a variety of natural and anthropogenic contaminants (Eberts
and others, 2013). The purpose of this report is to compare
differences between two different methods (IMs and GSMs)
that were used in travel-time calculations for glacial aquifers.
This report compares the input and output from four areas
where groundwater flow and travel time were simulated with
IMs (Feinstein and others, 2018; Fienen and others, 2018) and
GSMs (Starn and Belitz, 2018). The overlap of these modeled
areas enables the comparison of the GSMs to the IMs and
provides opportunities to explore controls on travel time and
to improve the GSM method for glacial aquifers.

Significantly, neither of these sets of models was cali-
brated to tracer data, although the GSMs were shown to be
consistent with tritium concentrations measured in samples
from wells (Starn and Belitz, 2018). The comparison between
GSMs and IMs can highlight how systematic differences
in model structure affect the calculation of residence-time
distributions (RTDs) but may not provide insight into which
modeling approach better depicts reality.

The models in this study encompass four watershed
areas near Lake Michigan in the States of Wisconsin, Illinois,
and Michigan (fig. 1). The models and supporting data are
available from Kauffman and others (2023). The watershed
boundaries were derived from the Watershed Boundary
Dataset (WBD) component of the National Hydrologic

Dataset Plus (NHDPIlus; U.S. Geological Survey, 2016).

The WBD delineates watersheds and assigns them numeric
hydrologic-unit codes (HUC). HUCs are hierarchical, with
the leading digits indicating larger basins and trailing digits
indicating subbasins. The four watershed areas represent four
eight-digit HUC (HUCS) watersheds averaging 1,663 square
miles (mi?) in area. Within these 4 HUCS watersheds are

40 ten-digit HUC (HUC10) watersheds averaging 166 mi? in
area and 230 twelve-digit HUC (HUC12) watersheds averag-
ing 29 mi? in area (fig. 1; table 1). These models represent a
large area that contains diverse glacial deposits in the Lake
Michigan Basin (Feinstein and others, 2010), including

* the Kalamazoo (KALA) basin in the Lower Peninsula
of Michigan (HUCS 04050003),

* the Boardman-Charlevoix (BOARD) basin in the
Lower Peninsula of Michigan (HUC8 04060105),

* the Upper Fox (UPFOX) basin in northeastern Illinois
(HUCS8 07120006), and

* the Manitowoc-Sheboygan (MANI) basin in eastern
Wisconsin (HUC8 04030101).

Background

Groundwater travel time (sometimes referred to as
groundwater age) is defined as the elapsed time for a particle
of water to travel from its point of entry into the saturated
part of the aquifer, typically at the water table, to a point of
interest within the aquifer. Groundwater that discharges to
wells or surface-water bodies includes a mixture (or distribu-
tion) of different travel times because flow paths converge
in these locations. This study is concerned primarily with
the RTD of the groundwater in the aquifer, which represents
a static snapshot of the ages of the groundwater in an aqui-
fer. The related travel-time distribution (TTD) represents
the ages of water exiting an aquifer, such as into a stream or
well. TTDs reported for catchments often are much younger
than their RTDs (Berghuijs and Kirchner, 2017). The differ-
ence is the result of the probability that catchments will drain
younger water over older water in storage; however, the two
are related through reservoir theory (Bolin and Rodhe, 1973;
Eriksson, 1971).

Numerical simulation models of RTDs involve solving
the master age-density equation of Ginn and others (2009)
either directly on a grid or by tracking the locations of many
particles moving through a simulated flow field. Recent
research highlights the need for understanding how RTDs
are related to landscape (Basu and others, 2012; Condon and
Maxwell, 2015; Kirchner and others, 2001; Leray and oth-
ers, 2016; Maxwell and others, 2016; McDonnell and others,
2010; McGuire and McDonnell, 2006; Remondi and others,
2019; Sprenger and others, 2019; Starn and Belitz, 2018).
The relation between groundwater flow and hydrogeographic
features has long been noted. For example, Carlston (1966)
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Table 1.

Areas of 8-, 10-, and 12-digit hydrologic-unit code basins in four groundwater travel-time models: the Kalamazoo,

Boardman-Charlevoix, Upper Fox, and Manitowoc-Sheboygan basin models in Michigan.

[HUCS, 8-digit hydrologic-unit code; HUC10, 10-digit hydrologic-unit code; HUC12, 12-digit hydrologic-unit code. Basins shown on figure 4]

. Kalamazoo Boardman-Charlevoix Upper Fox basin Manitowoc- .
Basin type . . Sheboygan basin
basin model basin model' model

model
HUC8

Total basin area, in square miles 2,023 1,430 1,575 1,624
HUC10

Number of basins 9 7 12 12

Mean area, in square miles 230 240 130 140
HUC12

Number of basins 75 36 60 59

Mean area, in square miles 27 40 26 28

I'The northern part of the Boardman-Charlevoix Basin-model watershed was excluded from the map (fig. 1) and table.

found that groundwater discharge is proportional to drainage
density in streams in the northeastern United States, includ-
ing nonglaciated areas. Groundwater gradients and flow-path
lengths in heterogeneous aquifers are affected by drainage
density (Broers, 2004; Goderniaux and others, 2013), and
drainage density and groundwater discharge are partly a func-
tion of local and regional topography (Toth, 1970; Winter,
1999, 2007). The position of the surface that separates local
flow discharging to nearby streams from underflow to more
distant streams is a function of drainage density and recharge
(Goderniaux and others, 2013). The presence of local and
regional multiscale flow systems and their associated stagna-
tion points leads to fractal scaling of RTDs (Cardenas and
Jiang, 2010; Jiang and others, 2012; Kollet and Maxwell,
2008). Aquifer geometry as well as spatial variation of
recharge have been found to result in complex RTD shapes
(Leray and others, 2016).

Methods

Groundwater flow was simulated for four watersheds
by using two methods of model construction, GSM and IM.
Construction of GSMs and IMs (table 2) is discussed in detail
in Starn and Belitz (2018) and Feinstein and others (2018),
respectively. A summary of the two types of model construc-
tion and a discussion of the major differences between them
are presented in appendix 1. The different methods of con-
struction resulted in structural differences between the model
types (figs. 2 and 3). These differences and their effects on
RTDs (and to a lesser extent on TTDs) are discussed in this
report. Computations in both the GSMs and IMs were done
with the U.S. Geological Survey (USGS) model codes known
as MODFLOW-NWT (Niswonger and others, 2011) and
MODPATH (version 6; Pollock, 2012).

MODPATH Inputs for Simulating Groundwater
Travel Time

MODPATH was used to calculate groundwater travel-
time distributions for both GSMs and IMs by tracking par-
ticles backwards from their starting locations to their points
of recharge. Two million particles were started in each model
and distributed among model cells in proportion to the flux
of water moving through the cell. In this way, the RTDs were
weighted by the amount of flow associated with each particle
(as opposed to weighting by the volume associated with each
particle). This differentiation from a volume-based RTD,
where each particle represents an equal volume of water in the
aquifer, is important. The reason for a flow-based RTD in the
aquifer was that it should represent the travel time of discharge
to wells or streams at any point within the aquifer. Particles
within each cell were started at random three-dimensional
locations. TTDs for streams were calculated in a similar fash-
ion, except that particles were started only in discharge cells
and distributed randomly on the top cell faces. Particles in the
IMs were started only within the GSM boundary correspond-
ing to a HUCS basin, although the IMs have active areas
outside the GSM boundaries.

MODPATH requires additional input beyond what is
required for GSMs or IMs: these two model-type inputs were
made as consistent as possible. Sources and sinks of water
(recharge, drains, streams, and lakes) were placed on the upper
faces of model cells. A correction to travel time in surface-
water cells was applied (Abrams, 2013): if both sources
and sinks were in the same model cell, the net value of flux
was used.

For the purpose of comparison, the effective poros-
ity was set uniformly to 0.20. Although this is a reasonable
value for effective porosity overall, it is probably high for
the bedrock part of the system and likely low in parts of the
glacial sediments.
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Table 2. Major construction details of general simulation and inset models.

[HUCS, 8-digit hydrologic-unit code; ft, foot]

General simulation model I

Inset model

No-flow boundaries

HUCS watershed boundary Rectangle enclosing HUCS watershed boundary
Cell spacing
1,000 ft 500 ft

Layer thickness in glacial deposits

Three equally thick but nonuniform layers

One layer up to 100 ft thick; additional layer(s) up to
200 ft as required

Layer thickness in bedrock

One uniform layer 100 ft thick

Variable, to depth of pre-Cambrian basement

Soil water balance recharge

From Trost and others (2018); distributed to fine and coarse zones

From Westenbroek and others (2010); distributed cell-by-cell
from parent model

Discharge to streams

Gaining streams

Gaining and losing streams

Lakes and wetlands

High hydraulic-conductivity zone connected to drain cells

Drain cells

Glacial hydraulic conductivity

Calibrated for fine and coarse zones

Distributed cell-by-cell from parent model

Bedrock hydraulic conductivity

One calibrated value

Distributed cell-by-cell from parent model based on
lithologic units

Vertical hydraulic conductivity

One calibrated value

Distributed cell-by-cell from parent model based on
lithologic units

The SFR (streamflow-routing package in MODFLOW)
was used to represent streams in the IMs, which allows water
to leak back into the groundwater system. Generally, the flow
paths followed by the stream leakage are short, and any water
lost to the aquifer generally discharges back into a downgradi-
ent stream reach within a short distance. Because most of the
MODFLOW-simulated stream leakage into the groundwater
system resulted from the way that streams were discretized
and stream altitudes were assigned, these flow paths were not
used in the computation of the RTD and corresponding travel-
time metrics.

Model-Input Characteristics Used for
Comparison

A set of 26 model-input characteristics (including the
mean and standard deviation) was calculated for each model
type and for each HUCS watershed and their HUC12 subwa-
tersheds (fig. 4; table 3). These factors can be divided into
four groups related to (1) the volumetric amount of water
available (in the form of recharge for GSMs and of recharge

and stream losses for IMs) compared to the volume of the
saturated aquifer, (2) the surface-water network, (3) the ease
of lateral flow, and (4) the ease of vertical flow. The mean and
standard deviation were calculated in log space for factors
related to transmissivity, hydraulic conductivity, and verti-

cal anisotropy (the ratio of horizontal to vertical hydraulic
conductivity), so that the expected value would be the geomet-
ric mean, and the standard deviation would be the log-based
standard deviation defined in National Institute of Standards
and Technology (2003).

Some factors were calculated for the glacial part of the
saturated-flow system, some for the bedrock, and some for the
total-flow system. In the GSMs, bedrock refers to the single
bedrock layer and any parts of overlying layers with the same
bedrock hydraulic conductivity. For the IMs, bedrock refers
to the multiple layers assigned to bedrock units above a depth
where the ratio of thickness to the vertical hydraulic con-
ductivity of a geologic unit is greater than 50,000 days. This
depth, corresponding to shallow bedrock, varies on a cell-by-
cell basis in the IMs.
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After preliminary analysis, 17 of the 26 potential
explanatory factors were shown to influence results suffi-
ciently enough to warrant more extended correlation analy-
sis. Because of the importance of the zonal structure in the
GSMs, several factors were calculated for these zones in the
corresponding areas in the IMs, including recharge, hori-
zontal glacial hydraulic conductivity, and shallow-bedrock
hydraulic conductivity.

The differences and similarities between the two model
types were summarized by using the ratios of model-input
parameters (GSM:IM; fig. 5). A value of | indicates that the
parameter is the same in both model types, and a departure
from 1 in either direction indicates less agreement between the
characteristics of the two model types.

Characteristics related to saturated volume (fig. 54)
showed agreement for recharge and glacial tau (the ratio of
saturated glacial volume to recharge rate, generally equiva-
lent to the time needed to flush the glacial material and thus
directly tied to residence time). Differences related to the
surface-water network (fig. 5B) were attributable in large mea-
sure to the cell-size difference in the models; more GSM cells

mulation model for the Lake Michigan Basin, showing model layers,
nd B, general simulation model. Groundwater flow is simulated only

contained surface water. The small but consistent gradient
difference in the computed GSM:IM ratio between the water
table at locations within the HUCS and the nearest downgra-
dient stream also could have been a function of grid size and
could cause slower velocities in the GSMs. Characteristics
related to ease of flow (fig. 5C-D) differed between the two
model types, with notable differences in horizontal hydraulic
conductivity of bedrock (K} and three characteristics related
to vertical flow.

Groundwater RTD Metrics and Comparison
Metrics

Four RTD metrics were computed on the basis of
particle-tracking results. A threshold of 65 years was used to
split young and old water to correspond roughly with bomb
testing, which released large amounts of tritium into the
atmosphere and thus allowed tritium concentrations to become
a travel-time indicator in the groundwater system. Also, this
threshold (water with a travel time less than 65 years) was
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considered a general indicator of potential anthropogenic con-
tamination. In addition to the RTD, the following travel-time
metrics were computed:

* Young fraction—the fraction of particles with travel
times less than 65 years;

e Median travel time—the median travel time of all
the particles;

* Median travel time of young fraction—the median
travel time of all particles whose travel times were less
than 65 years; and

* Median travel time of old fraction—the median travel
time of all particles whose travel times were greater
than or equal to 65 years.

The agreement between model types was evaluated by
using the Nash-Sutcliffe efficiency coefficient (NSE). NSE is
the proportion of variance in one model that is predicted by
the other model and can have values from —oo to 1.0. An NSE
of 0 indicates that the mean of observations is the best predic-
tor of the observations (as opposed to a more complicated
model). Values less than zero indicate that predictions are
worse than those predicted by the mean, and that values close
to 1 indicate greater correlation among RTDs. The equation
for the NSE is

NSE(y, 5) =1-

amples

where

is the number of samples,

is the number of a specific observation,
is the IM value,

is the GSM value, and

is the mean observed value.

oD e oo

In addition to comparing the two model types with each
other by using NSE, correlations between RTD metrics and
potential explanatory factors (table 3) were calculated for all
HUCI12 basins with Spearman’s correlation coefficient rho (p),
which is a nonparametric coefficient that indicates perfect
negative correlation (p = —1), perfect positive correlation
(p = 1), or no correlation (p = 0). The mean correlation for
each factor and values of Spearman’s p > 0.25 are reported for
input characteristics in this report.

Results

The RTD and TTD model types showed similarities and
differences; the differences are most likely a result of system-
atic differences in the construction of the two model types
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(figs. 6 and 7). Metrics based on RTDs indicate several consis-
tent patterns, but the quality of the agreement is partly a matter
of scale. For example, GSMs and IMs are more similar when
aggregated for HUCS than for HUC12 basins.

Comparison of RTDs in Aquifers and TTDs in
Streams by HUC8 Basin

The NSEs for simulated RTDs in the aquifers between
IMs and GSMs ranged from 0.67 in the BOARD model
to 0.91 in the UPFOX model (fig. 6). RTDs from the GSMs
indicated generally older water than from the IMs for all
four basins. The shapes of the curves generally are similar
within a given model, the most obvious exceptions being in
BOARD, where the IM had a broader and possibly bimodal
peak (fig. 6B). RTDs from the GSMs were less symmetrical,
or more skewed, than those from the IMs and had a greater
density of travel times less than the peak travel time.

The NSEs for simulated TTDs for streams were less than
for aquifer RTDs for models of the MANI and UPFOX basins
and greater for models of the KALA and BOARD basins
(fig. 7). GSMs generally simulated older water than the IMs,
as with the aquifer RTDs. Three of the stream RTDs for both
model types were generally unimodal with a well-defined
mode (fig. 74—C); the UPFOX GSM RTD suggests two modes
(fig. 7D). Stream TTDs from the GSM, like the aquifer RTDs,
are less symmetrical than those from the IMs and have a
greater density of travel times less than the peak travel time,
especially in the MANI and UPFOX models. The IM TTD
peaks were earlier than the GSM peaks in all cases due to a
faster rising limb, indicating that the IMs tended to produce
large groundwater velocities and small flow paths. The 65-year
travel-time cutoff (between young and old fractions) crosses
the falling limb for three of four IMs, whereas it is near the
peak for all GSMs (fig. 7).

NSE values between aquifer RTDs and stream TTDs
ranged from 0.83 to 0.96 for IMs, indicating that the age
distributions of water in the aquifer and in discharge were
similar, and the effect of water flowing through bedrock to
streams was minimal (fig. 84, C, E, and G). NSE values for
aquifer RTDs and stream RTDs were lower for GSMs, ranging
from 0.57 to 0.85 and thus suggesting a more important role
for bedrock (fig. 8B and H).

Comparison of RTD Metrics Aggregated Over
HUC8 and HUC12 Watersheds

The median age for groundwater in both the HUC8
(fig. 94) and HUC12 (table 4) basins typically was higher for
the GSMs than the IMs, particularly in the case of BOARD;
they are almost equal in the case of MANI. The mean young
fraction (less than 65 years) was always greater for the IMs
(fig. 9B), a finding also made evident by their RTDs (fig. 6).
The median age was generally younger for the IMs (fig. 84
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Table 3. Possible explanatory factors for travel-time results from general simulation and inset models.

[Factors are from MODFLOW and are defined in Niswonger and others (2011). Shallow bedrock in the inset models refers to bedrock above the first aquitard
with hydraulic resistance equal to 50,000 days; in general simulation models, the shallow bedrock corresponds to a 100-foot-thick unit representing bedrock.
in/yr, inch per year; m, meter; yr, year; —, dimensionless; m?/d, square meter per day; m/d, meter per day; K, hydraulic conductivity; GSM, general simulation
model; SFR, MODFLOW Streamflow-Routing Package; DRN, MODFLOW Drain Package; IM, Inset Model]

Factor

Unit

Assumed distribu-
tion for calculating
mean or variance

Definition

Group 1. Relation of recharge to saturated-groundwater volume

RECHARGE in/yr Normal Recharge rate

GLAC satTHK m Normal Saturated thickness of glacial deposits

SHAL BDRX satTHK m Normal Saturated thickness of shallow-bedrock deposits

TOT _satTHK m Normal Saturated thickness of glacial plus shallow-bedrock deposits

GLAC_TAU yr Normal Ratio of saturated glacial volume to recharge

TOT_TAU yr Normal Ratio of saturated glacial plus shallow-bedrock volume to recharge

Group 2. Surface-water network

SW_DENSITY — Normal Densities of streams and water bodies (DRN cells and High-K cells
for GSMs, SFR, and DRN cells for IMs)

STR_DENSITY — Normal Densities of streams (DRN cells for GSMs, SFR cells for IMs

SW_DISTANCE m Normal Distance from any cell to nearest active surface-water cell

SW_GRAD — Normal Gradient between the water table at any cell and nearest active
surface-water cell with lower water table

Group 3. Ease of lateral flow

GLAC satTRAN m?/d Lognormal Transmissivity of saturated glacial deposits

GLAC _satKh m/d Lognormal Ratio of saturated glacial transmissivity to saturated glacial
thickness

SHAL BDRX SatTRAN m?/d Lognormal Transmissivity of shallow saturated-bedrock deposits

SHAL BDRX satKh m/d Lognormal Ratio of saturated shallow-bedrock transmissivity to saturated
shallow-bedrock thickness

TOT satTRAN m?/d Lognormal Transmissivity of saturated-glacial plus shallow-bedrock deposits

TOT _satKH m/d Lognormal Ratio of saturated-glacial plus shallow-bedrock transmissivity to
saturated-glacial plus shallow-bedrock thickness

GLAC_sqrtKhKv m/d Normal For saturated deposits in glacial layers: square root of the product
of thickness-weighted arithmetic mean of horizontal hydraulic
conductivity and thickness-weighted harmonic mean of vertical
hydraulic conductivity

SHAL BDRX sqrtKhKv m/d Normal For saturated deposits in shallow-bedrock layers: square root of
the product of thickness-weighted arithmetic mean of horizontal
hydraulic conductivity and thickness-weighted harmonic mean of
vertical hydraulic conductivity

TOT _sqrtKhKv m/d Normal For saturated deposits in glacial and shallow layers: square root of
the product of thickness-weighted arithmetic mean of horizontal
hydraulic conductivity and thickness-weighted harmonic mean of
vertical hydraulic conductivity

Group 4. Ease of vertical flow

BDRX FLUX FRACTION — Normal Ratio of downward flux to bedrock to inflow to water table (inflow
equals recharge for GSMs, but recharge plus loss from streams
for IMs)

GLAC_Resist yr Normal Sum of ratio of saturated glacial thickness to vertical hydraulic

conductivity across glacial layers




Table 3.

Results 1

Possible explanatory factors for travel-time results from general simulation and inset models.—Continued

[Factors are from MODFLOW and are defined in Niswonger and others (2011). Shallow bedrock in the inset models refers to bedrock above the first aquitard
with hydraulic resistance equal to 50,000 days; in general simulation models, the shallow bedrock corresponds to a 100-foot-thick unit representing bedrock.
in/yr, inch per year; m, meter; yr, year; —, dimensionless; m?/d, square meter per day; m/d, meter per day; K, hydraulic conductivity; GSM, general simulation
model; SFR, MODFLOW Streamflow-Routing Package; DRN, MODFLOW Drain Package; IM, Inset Model]

Assumed distribu-

Factor Unit tion for calculating Definition
mean or variance
Group 4. Ease of vertical flow—Continued

SHAL BDRX Resist yr Normal Sum of ratio of saturated shallow bedrock thickness to vertical
hydraulic conductivity across glacial layers

TOT_Resist yr Normal Sum of ratio of saturated glacial plus shallow bedrock thickness to
vertical hydraulic conductivity across glacial layers

GLAC VANI — Lognormal For saturated deposits in glacial layers: ratio of thickness-weighted
mean of horizontal hydraulic conductivity to thickness-weighted
harmonic mean of vertical hydraulic conductivity

SHAL_BDRX_VANI — Lognormal For saturated deposits in shallow-bedrock layers: ratio of thickness-
weighted mean of horizontal hydraulic conductivity to thickness-
weighted harmonic mean of vertical hydraulic conductivity

TOT_VANI — Lognormal For saturated deposits in glacial-plus-shallow bedrock layers: ratio

of thickness-weighted mean of horizontal hydraulic conductiv-
ity to thickness-weighted harmonic mean of vertical hydraulic
conductivity

and C) than for the GSMs, except for the MANI basin

(fig. 6C). The median ages of the “old” fraction of water
(greater than 65 years) generally were the same for both types
of models (fig. 9D).

Although the GSMs and IMs used in this study were
constructed at the HUC8 watershed scale, age metrics were
also calculated for HUC12 watersheds in this study to deter-
mine how they would compare to the age metrics of the IMs at
smaller scales. The RTD metrics (fig. 10) showed substantial
scatter and a different correlation between the GSM and IM
for each modeled area. The largest differences were in the
metrics for the BOARD basin, where the GSM predicted older
median ages of young water in all and a smaller fraction of
young water in all but one of the HUC12 basins. The correla-
tions were positive in all cases, but the slope of the trendline
was always less than one, possibly pointing to some bias in the
GSM results compared to the results from IMs. The slope of
the trendline in the predicted fraction of old water was close
to 0 in the MANI basin (fig. 10D); this result could indicate
that the IM produces a greater variability in the age of the old
water than does the GSM—results that are consistent with dif-
ferences observed in the RTDs.

Correlation of RTD Metrics With Model-Input
Characteristics

Correlation between model-input characteristics and RTD
metrics generally showed that characteristics strongly corre-
lated with RTD metrics (either positively or negatively) for the

IMs also were correlated strongly with RTD metrics for the
GSMs (fig. 11). The median age of glacial sediments across
HUCI12 watersheds for both model types was negatively corre-
lated with recharge rate and the magnitude of glacial hydrau-
lic conductivity: the higher those parameters, the lower the
median age. The median age was positively correlated with the
vertical resistance of saturated glacial material and the ratio

of the volume of saturated glacial material to the recharge rate
(glacial tau, variable name GLAC _tau) (fig. 114).

Seven characteristics had correlations that exceeded 0.25
for the fraction of young water. Total saturated thickness,
glacial saturated thickness, vertical resistance of glacial
material, and glacial tau were negatively correlated, with
glacial tau having the highest correlation. Recharge and
glacial hydraulic conductivity were less strong but positively
correlated (fig. 11B).

The median age of young water was strongly and
positively correlated to glacial tau for both model types
(fig. 11C). Recharge and glacial hydraulic conductivity were
negatively correlated to this metric, whereas glacial verti-
cal resistance was positively correlated. The pattern is less
consistent for average glacial vertical anisotropy and shallow
bedrock resistance.

The median age of the old fraction of water in both model
types was most strongly and positively correlated to glacial
recharge and glacial and total saturated thickness. The direc-
tion of correlation was opposite for many other factors. The
negative correlations in the cases of the IMs may indicate that
high bedrock resistance tends to keep many of the long flow
paths in the glacial part of the system yielding younger water
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for residence times greater than 65 years, whereas the posi-
tive correlation for the GSMs may be affected by the higher
proportion of flow which enters the bedrock (fig. 11D), which,
having entered, tends to be older.

Spearman’s p for all the potential factors showed that
the two model types agreed better with respect to the rela-
tive explanatory power of each factor for the median age and
young- fraction metrics (fig. 124 and B) than they did for the
median age of young fraction and median age of old fraction
(fig. 12C and D). The model types disagreed the most for the
median age of old fraction, with almost no correlation between
model inputs and that metric (fig. 12D). This result comple-
ments the finding that, between the two types of models, the
simulated median age and young-fraction metrics tend to
correlate better than do the median ages of young and old frac-
tions for both RTDs (table 4).

Discussion

Differences in model construction and parameter values
affect flow patterns (for example, partitioning flow between
glacial sediment and bedrock) and partly explained differ-
ences in RTDs between the two model types. Starn and Belitz
(2018) found that glacial tau had the largest effect on the shape
of the RTD; other factors included the ratio of recharge from
land surface to recharge from bedrock; horizontal hydraulic
conductivity (K,) of glacial sediment, K, of bedrock, the ratio
of horizontal to vertical hydraulic conductivity (K,,:K); the
fraction of surface area occupied by surface-water bodies; and
the ratio of glacial thickness to bedrock thickness. They also
found that interaction among these characteristics was signifi-
cant in estimating RTDs—any of the univariate correlations
could behave differently if considered jointly with other model
inputs. It is not surprising that model-input characteristics that
differed in value between the two model types were similarly
important in affecting RTDs, especially characteristics related
to saturated volume and the ease of horizontal and vertical
movement of groundwater.

Of considerable interest in this study were the charac-
teristics relative to vertical and horizontal ease of flow. These
characteristics play a large role in partitioning flow deep into
the glacial sediments and into bedrock. Starn and Belitz (2018)
found that although vertical anisotropy was important in
determining the shape of the RTD graph, values derived from
the GSM were not sensitive to the calibration method and
thus were highly uncertain. GSM calibration produced high
vertical-anisotropy ratios for the KALA and BOARD models
and low ratios for the UPFOX and MANI models (fig. 3D).

In addition, the transmissivity of glacial sediments in GSMs
was generally lower for IMs, and the transmissivity of the
bedrock was appreciably higher (fig. 5B). These characteristics
together condition the ratios of recharge (plus surface-water
loss in the case of the IMs) to the downward flow into bedrock
for the four HUCS areas. The ratio of recharge at the water
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table to flow into bedrock, which is known to be a significant
factor in RTD shape (Starn and Belitz, 2018), was several
times higher in three of the four GSMs than in the correspond-
ing IMs (fig. 54).

The comparison between aquifer RTDs and stream
TTDs in the KALA and BOARD GSMs differed from the
comparison between those in the MANI and UPFOX basins.
Stream TTDs in the BOARD and KALA GSMs generally
are skewed younger than the aquifer RTDs, particularly for
the young fraction of water, while in the MANI and UPFOX
GSMs, the stream TTDs in the young fraction generally are
shifted older. As noted above, differences in the IM vertical
anisotropy (lower in BOARD and KALA and higher in MANI
and UPFOX; fig. 3D) may help explain the shifts. For all the
basins, the mean vertical anisotropy values from the IMs are
intermediate to the range of the GSM values; this comparison
may help explain why there is more agreement between the
aquifer RTDs and stream TTDs in the IM models.

Aquifer RTDs were calculated only considering water
in glacial sediments; however, some water in glacial sedi-
ments may have flowed through bedrock at some point along
its path. On the other hand, stream TTDs represent travel
times between the recharge and discharge points. Differences
between aquifer and stream RTDs reflect how much ground-
water discharged as base flow primarily through glacial sedi-
ments compared to through bedrock. RTDs and TTDs in IMs
were similar, and the effect of water flowing through bedrock
to streams was minimal. RTDs and TTDs in GSMs were lower
but also similar, suggesting a more important role for bedrock
(fig. 8B, D, F, and H).

The structure of the models, as opposed to the values of
model parameters, also can affect age. Model-structure consid-
erations apply to both GSMs and IMs, but the magnitudes of
these effects are difficult to test and quantify. Boundary effects
can be important. For example, groundwater was free to flow
across the HUC8 watershed boundary in the IMs, and this flow
could add or subtract individual particle travel times from the
ensemble averages for the HUCS. In addition to simulating
more streams, smaller grid spacing enables finer resolution of
groundwater-velocity gradients.

Future Work

The GSM approach was intended as a flexible frame-
work for developing models that can be useful individually as
screening tools or collectively to support projects in statistical
learning. Although one set of GSM algorithms was presented
here, the approach can accommodate many types and catego-
ries of data. Comparison of GSMs and IMs points to ways
in which the GSMs, while remaining easy to construct and
calibrate, can be improved for estimating groundwater travel
times. IMs were constructed with more detailed data than
GSMS; however, IMs do not yield exact travel times, and
matching GSMs to IMs does not necessarily guarantee an
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Figure 8. Graphs showing comparisons of probability-density functions of residence time and travel-time distribution for

the inset and general simulation models for the A and B, Kalamazoo (KALA); C and D, Boardman-Charlevoix (BOARD); E and

F, Manitowoc-Sheboygan (MANI); and G and H, Upper Fox (UPFOX) model eight-digit hydrologic-unit code (HUC8) basins within the
Lake Michigan Basin. NSE, Nash-Sutcliffe efficiency coefficient.
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Table 4. Residence-time distribution statistics for all 230 twelve-digit hydrologic-unit code basins calculated by general simulation and
inset models.

[Young fraction is the fraction of groundwater less than 65 years old. GSM, general simulation model; IM, inset model]

. . Young fraction Median age of young Median age of old

Statistic Median age, in years [dimensionless] fraction, in years fraction, in years

IM GSM M GSM IM GSM M GSM

Minimum 2.8 5.1 0.087 0.268 22 2.7 77.1 70.2

Average 26.7 355 0.779 0.699 15.4 15.9 130.8 125.5

Median 18.7 26.9 0.824 0.729 13.2 15.5 119.1 113.5

Maximum 1553 150.4 0.999 0.999 50.0 31.8 459.8 326.8
Spearman’s correlation 0.57 0.64 0.33 0.30

coefficient (p) for
general- simulation and
inset models combined
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improvement in GSMs. Direct measurements of RTDs do not
exist, and IMs provide a reasonable benchmark against which
to explore relations between physical characteristics of water-
sheds and the distribution of travel times within them. Here
are some ways in which GSMs could be improved without
altering the paradigms that underlie their development:

* incorporating distributed arrays for recharge and glacial
hydraulic conductivity,

+ adding more choices for model-edge bound-
ary conditions,

* constraining bedrock anisotropy by using
prior information,

* applying separate anisotropy ratios to the glacial and
bedrock layers,

* assigning bedrock hydraulic conductivity based on
rock type, and,

* through further testing:
* refining grid spacing,
 changing weights on calibration criteria,
* using streamflow routing instead of drains, and

* using an alternative to grid-search calibration, such
as Bayesian search.

Summary and Conclusions

Numerical simulation models provide one way to esti-
mate groundwater ages over large spatial areas. One method
to rapidly develop models is the general simulation model
(GSM) method. The GSM method automates model construc-
tion by using large-scale data layers (for inputs such as land
surface, recharge distribution, and surface-water network) to
rapidly generate numerical models. GSMs represent a tradeoff
between time and resources (they can be constructed more
quickly) and the level of detail (they are less detailed) rela-
tive to conventional models. GSMs can be useful for three
main-use cases: (1) rapid testing of relationships that gov-
ern groundwater flow and age, (2) generation of consistent
examples for training a machine-learning metamodel, and
(3) serving as a starting point for more detailed models.

An important consideration is whether GSMs capture
the essential mechanisms that affect travel-time simulation in
conventional groundwater-flow models. This study directly
compares GSMs to conventional inset models (IMs) that
simulate glacial and bedrock groundwater conditions in the
same basins in the Upper Midwest. Direct measurements of
residence-time distributions (RTDs) do not exist, and IMs

provide a reasonable benchmark against which to explore
relations among physical characteristics of watersheds and
the distributions of travel times within them. The comparison
is designed

* to evaluate the degree to which GSMs reproduce
behavior simulated by flow models that offer a more
detailed representation of the subsurface (IMs); and,

* by means of the comparison, to deepen our overall
understanding about controls on travel time useful for
the management of groundwater vulnerable to con-
tamination by constituents typically dissolved in either
younger or older waters.

The set of four IMs and companion GSMs evaluated
in this report are steady-state models centered on four eight-
digit hydrologic-unit code (HUCS) topographic basins, two of
which are in the southern peninsula of Michigan, one in south-
eastern Wisconsin, and one in northeastern Illinois. The same
particle- tracking techniques were used for both model types
to calculate residence-time distributions for water in glacial
sediments and travel-time distributions at stream-discharge
locations. The GSM and IM results were then analyzed and
compared in terms of

* RTDs;

» metrics based on RTDs: median age, young fraction,
median travel time of young fraction and median travel
time of old fraction, (young groundwater defined as
having a travel time less than 65 years); and

* the correlation of RTD metrics with model-input
characteristics.

Comparison of the GSMs to IMs indicated a qualified
pattern of agreement for RTD (as indicated by Nash-Sutcliffe
efficiency) and RTD metrics (as indicated by Spearman’s
correlation coefficient [p]). The agreement was best for the
median values of the simulated young fraction of groundwater
residence times at the HUCS scale. Where the IMs showed
the median value of the young fraction to be relatively high or
low at the HUCS scale, so did the GSMs. The relative trends
across the four HUCS basins also were similar for the other
RTD metrics.

The RTDs for the two types of models show a distinct
difference in their shapes. The rising limbs of the IM RTDs
tend to be steeper and shifted younger than the correspond-
ing parts of the GSM RTDs. The reasons for this difference
may be that parameter combinations in the GSMs—including
lower glacial transmissivity, higher bedrock transmissivity,
and lower overall vertical resistance to flow—that allow more
bedrock flux than in the IMs tend to produce longer flow
paths. Because the vertical anisotropy ratios in the GSMs are
insensitive to the calibration process, it is possible that the



GSMs underestimate vertical resistance to flow and therefore
overestimate the bedrock component of flux and the propor-
tion of older water that follows longer flow paths.

The correlation of explanatory factors to RTD metrics
sheds light not only on the areas of agreement and disagree-
ment between the GSMs and IMs, but also on shared controls
of simulated travel time. There was marked agreement for
both sets of models in the set of factors positively or nega-
tively correlated with (and assumed to explain) the young
fraction simulated across all 12-digit hydrologic-unit code
(HUC12) basins within the four simulated HUCS basins.
Agreement among factors also was strong for median age.

In particular, the glacial tau factor, equivalent to the ratio of
saturated glacial volume to recharge flux, was a dominant
(negatively correlated) control on young fraction and a domi-
nant (positively correlated) control on median travel time for
both the GSMs and the IMs (consistent with Starn and Belitz,
2018). Other factors, such as glacial vertical resistance, are
similar in their effect (magnitude and direction of correlation)
on young fraction and median travel time at the HUC12 scale
for both sets of models.

There was less agreement between the two sets of models
in the model-input characteristics for median travel time of the
young fraction and especially for median travel time of the old
fraction. The strength and even the direction of correlation dif-
fered, in some cases appreciably. Glacial tau was an important
positively correlated factor for median travel time of young
fraction, but for both GSMs and IMs, it had less explanatory
power for median travel time of the old fraction. No specific
factor was strongly correlated with median travel time of the
old fraction for the IMs, whereas factors associated with verti-
cal resistance to flow were correlated most strongly in the case
of GSMs. RTDs in both model types may be influenced jointly
by many types of model inputs, including boundary condi-
tions, aquifer properties, and sources and sinks.

Characteristics of the surface-water network did not
appear to affect RTDs in this study; however, the effect of
increasing the surface-water-network density lowers the
vertical position of the interface between young and old water
(Broers, 2004); the RTDs in this study were averaged over
watershed areas at all depths. Stream density may be more
important for studies in which depth-dependent travel time
is important.

There likely would be more confidence in model results
for HUCS8 watersheds than for those at the HUC12 scale.
Agreement of RTDs was much better at the larger HUCS
scale, at which local variation is averaged over a wider range
of values. Less agreement among HUC12 watersheds for all
metrics may indicate a systematic bias in metrics produced
by GSMs. This bias in HUC12 metrics may be caused by
significant differences in recharge and hydraulic conductivity
and possibly also by movement of particles in or out of the IM
watersheds. Because these factors produce the same effects
in both types of models, the models can be applied in the
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metamodel approach. Subsequently, these rankings, in combi-

nation with other data- or model-based predictors and through

machine-learning techniques, could be used to map vulnerabil-
ity to contamination across an aquifer system.

Model construction and calibration had a large effect on
the resulting RTD; however, GSMs and IMs, produced with
different levels of detail and effort, showed qualified agree-
ment. The RTD metrics for HUC8 watersheds generally were
similar in magnitude and trend between GSMs and IMs. This
finding supports one of the intended uses of GSMs, which was
providing training examples in statistical learning, particu-
larly in gradient-boosted regression (Fienen and others, 2018;
Nolan and others, 2015). This qualified agreement persists
in the face of large differences in parameters that govern the
ease of horizontal and vertical flow. It may be that the GSM
calibration process will select other parameter values that
compensate for the single and relatively insensitive vertical
anisotropy factor. The fact that the ordinal position of RTD
metrics is maintained in the two model types indicates that
these metrics are robust against details of model construc-
tion. Use of these metrics in metamodeling may be useful in
predicting groundwater age and, by extension, susceptibility of
groundwater to contamination.

Although structural differences between the two model
types limit conclusions as to the applicability of GSMs, there
is enough evidence to indicate that GSMs would work best
where flow across lateral boundaries is limited, and where the
lower boundary can be readily defined. Depth-related hetero-
geneity seems to pose a potential challenge as well.
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Four general simulation models (GSMs) were created for
the study by Starn and Belitz (2018), and these were used in
this report for comparison (fig. 1.1) with inset models (IMs).
The GSM approach relies on simple model parameterization
so that the models can be created and run quickly. Model con-
struction and calibration were automated in Python through
the use of the SciPy computing stack (Oliphant, 2007), and
each step of the process was run and documented in a Jupyter
Notebook (Perez and Granger, 2007). Jupyter Notebooks are a
computational environment that operates in a web browser.

GSMs were constructed in the following four steps:

(1) create a two-dimensional finite-difference grid, (2) sample
the necessary geospatial data onto the grid, (3) extrude the grid
and its data into three dimensions, and (4) create input files
necessary to run the model. After the models have been cre-
ated, they are calibrated.

Square-grid cells measuring 1,000 feet (ft) on each side
were used for this analysis, although the GSM method is
designed to facilitate any spatial resolution. A shapefile con-
taining a polygon of the desired area defines the active model
area, and a rotated model grid that includes that polygon and
minimizes inactive model cells is automatically created and
stored in memory as a blank raster image. Lateral boundaries
are vertical and correspond to the outline of the surface water-
shed that is used for model construction.

Geospatial data representing the altitude of bedrock
surface, the altitude and location of streams, the hydraulic con-
ductivity, and the recharge rates were sampled (for raster data)
or rasterized (for vector data) onto the grid (fig. 1.2).

Streams.—The basis of the stream-drainage network
is the National Hydrologic Dataset Plus (NHDPIlus) (Moore
and Dewald, 2016; U.S. Geological Survey, 2016). Grid cells
containing a simulated stream were identified by intersecting
NHDPIlus flowlines representing all perennial and ephemeral
streams with the model grid. The altitude of the stream was
linearly interpolated along the flowline to the midpoint of each
stream segment within a cell by using the NHDPlus attributes
minsmo and maxsmo.

Hydraulic conductivity—Two hydraulic conductivity
zones (fig. 1.2) that correspond to coarse and fine glacial mate-
rial were defined by using classifications of surficial glacial
material from Fullerton and Richmond (1983-2007). Water
bodies, such as lakes, were treated as a third zone. An addi-
tional fourth zone was used to represent bedrock underlying
the glacial sediments.

Recharge.—Spatially distributed recharge estimates for
the Lake Michigan Basin were calculated by using the Soil-
Water Balance (SWB) model (Westenbroek and others, 2010).
SWB is a modified Thornthwaite-Mather method that utilizes
land use, spatial physiographic data, and daily precipitation
and temperature data to estimate spatially distributed recharge.
The recharge estimates used in this study were derived from
estimates of recharge on glaciated terrain east of the Rocky
Mountains, including the Michigan Basin, developed with
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the SWB model by Trost and others (2018). The total SWB
recharge to each model was distributed between areas of
coarse and fine glacial zones so that the ratio of the recharge
onto coarse sediments would be 2.7 times that onto fine
sediments. This ratio is based on research that indicates that
recharge through coarse sediments is about 2.7 times the
recharge through fine sediments in New England (Handman
and others, 1986) and lowa (Schilling, 2009).

Model layering was approached in two stages. First,
a one-layer model having variable saturated thickness and
uniform default properties was developed and used to simulate
a preliminary water-table surface. This simulated water table
was used as the top reference altitude for a subsequent four-
layer model. The bottom altitude of glacial deposits was either
the altitude of bedrock (from Soller and Garrity, 2018) or land
surface minus a user-specified minimum thickness (15 ft); the
latter was used to maintain model continuity in areas where
the bedrock thickness was less than 15 ft. In this application of
the GSM method, the distance between the preliminary water-
table and bedrock altitudes was divided into three uniform
layers. An additional fourth layer of uniform 100-ft thickness
beneath the glacial deposits was added to represent bedrock.
Parts of the top three layers may represent bedrock in areas
where the surficial aquifer is thin; in these areas, hydraulic-
conductivity zones were assigned accordingly (fig. 1.3).

Model layers were formatted for MODFLOW-NWT and
MODPATH (version 6) by using FloPy (Bakker and others,
2016). FloPy is a Python module that creates model-input files
from user-supplied data arrays. Streams were simulated with
the MODFLOW-NWT Drain (DRN) package (Niswonger
and others, 2011). Drain discharge (q,; length[L]/time][t])
is given by

CH-h,h>H
dp = 0, h<H 5 (1 1)
where
C is the drain conductance (¢),
H s the drain elevation (L), and
h is the head in the drain cell (L).

Groundwater discharges to drains only when the simu-
lated water table is above the streambed altitude assigned to
the drain. Water bodies, such as lakes, were connected to drain
channels; therefore, the groundwater travel times through
these features are essentially zero. Recharge was simulated
with the MODFLOW-NWT Recharge package. This is a
specified-flux boundary in which water recharge is applied to
all cells on the top model layer.

The calibration strategy is presented in Starn and Belitz
(2018). Aquifer properties were represented by four parame-
ters that were adjustable during calibration: horizontal hydrau-
lic conductivity (K, for coarse glacial sediments (K ), for fine
glacial sediments (K)), for bedrock (K), and a single ratio
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Figure 1.1. Scatter plots showing comparison of Spearman correlation coefficients (o) for A, median age, B, young fraction,

and median ages of C, young and D, old fractions for the general simulation and inset models for the 12-digit hydrologic-unit
code (HUC12) subbasins in the Lake Michigan Basin. (Duplicate of figure 12 in the main report.)

of horizontal to vertical hydraulic conductivity (K,:K,) ratio
(the subscripts indicate either horizontal or vertical direction)
applied uniformly to all zones. The K|, for water bodies such
as lakes, which are considered free of aquifer resistance across
the total glacial thickness, was not estimated in calibration but
instead was fixed at the very high value of 10,000 feet per day.
Recharge is an important control on groundwater flow and
age; however, it was not included in the calibration for two
reasons: (1) only simulated heads (not simulated streamflows)
were used in calibration of the models; the high degree of cor-
relation between hydraulic conductivity and recharge would
not readily allow for inclusion of recharge in the calibration,
and (2) SWB is a physically based model that uses spatial and
climatic data to independently estimate recharge to an aquifer.

GSMs were calibrated by a grid-search method, that is,
by running the model for approximately 200 plausible sets of
the four parameters defined above (the number of actual sets
depends on the model area). This calibration method depends
on preselected parameter combinations and does not neces-
sarily provide a thorough search of parameter space. The grid
search included two stages. The first stage was an order-
of-magnitude exploration of parameter space in which trial
parameter values were integers on a logarithmic scale. The
second stage was a refinement of parameter space centered
on the best values from the first stage. The calibration criteria
were based on two error rates (e) that are calculated for the
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Figure 1.2. Maps showing the A, National Hydrologic Dataset Plus (NHD Plus) surface-water flowlines, B, surface-water bodies,
C, land-surface altitudes, D, surficial materials categorized as coarse and fine deposits, E, bedrock-surface altitudes, F, recharge

rates, G, land use (National Land Cover Dataset), and H, stream-stage layers of the Kalamazoo general simulation model for the Lake
Michigan Basin.
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C, Upper Fox (UPFOX), and D, Kalamazoo (KALA) eight-digit hydrologic-unit code (HUC8) basins at the Lake Michigan Basin.
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top model layer, one for nondrain cells (R) and the second
for drain cells (D) associated with perennial streams in the
NHDPIlus dataset:

(hg > Ly)
ep = >~ and 1.2
R Z NR ( )
(hp < Hp)
ep = ZT’ (1.3)
where
h is the model-calculated head,
L, island-surface altitude,
N,  is the number of nondrain cells,
H,  1isdrain elevation, and
N, is the number of drain cells.
Table 1.1.
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Candidate parameters sets [C] are those for which
(ep +ep) <Py, (ep + eg), which indicates that a candidate
parameter set produces simulated heads that are in the low-
est 20 percent of combined error. The parameter set that
meets min(je, — eg) € Cis selected. The idea is (1) that the
best parameter set minimizes both water-table flooding of
the land surface (ey) and the extent of dry perennial-stream
reaches (ep), and (2) that the best parameter set should pro-
duce a model that balances the difference between the two
error rates. The two error criteria were given equal weight,
but this need not be the case. Giving more weight to one or
the other might produce results that are better suited for the
calculation of RTDs, but testing this possibility was beyond
the scope of this study. GSMs are often insensitive to changes
in parameter values, particularly the single vertical anisot-
ropy value assigned to all layers. It can be said, however, that
calibration in this way produces a plausible model that honors
topography and hydrography well enough to allow a mod-
eler to run a first-order calibration at the start of a modeling
project (table 1.1).

General simulation model-calibrated parameter values and calibration statistics.

[K, is horizontal hydraulic conductivity; VANI ratio is ratio of horizontal to vertical hydraulic conductivity; HYDRO error is perennial streams simulated as dry
drain cells; TOPO error is fraction of cells with water table above land surface. ft/d, foot per day]

Parameter Calibration statistics
Basin K("h;'d“)e K;.(t;:;:)r se Kh"(’f‘:/dd’)"ck VANIraio  HYDRO  TOPO H‘T(g':,g *
Kalamazoo 10.4 48.2 22.3 316 0.06 0.06 0.11
Boardman-Charlevoix 4.82 10.4 1.04 316 0.18 0.18 0.36
Upper Fox 0.328 3.28 32.8 1 0.08 0.08 0.16
Manitowoc-Sheboygan 1.04 22.3 10.4 3.16 0.06 0.05 0.11
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Inset Models

Four IMs (Feinstein and others, 2018) were derived from
a regional groundwater-flow model of the Lake Michigan
Basin (Feinstein and others, 2010) in the same areas as
the GSMs. The Lake Michigan Basin (LMB) model has a
5,000-by-5,000-ft-grid spacing that was deemed too coarse
to reliably capture key mechanisms that affect groundwater
travel time. To overcome the limits imposed by the regional-
grid spacing, IMs of four basins were extracted from the LMB
model domain to simulate groundwater-flow conditions in
different glacial settings at a refined grid spacing of 500 by
500 ft. This finer resolution allows for a more precise location
of wells and surface-water features and a more detailed repre-
sentation of heterogeneous glacial deposits. A telescopic-mesh
refinement technique (Rumbaugh and Rumbaugh, 2011) was
applied to the parent LMB model to extract and modify the
domains shown in figure 1 of this report. The lateral-grid spac-
ing of square cells was refined so that each cell in the LMB
model corresponds to 100 cells in the IMs. The LMB model
was not refined in the vertical direction; therefore, the LMB
model and the IMs derived from it have the same layering.
Recharge and hydraulic conductivity in the IMs were based
on values shown in the LMB model (figs. 1.4 and 1.5) and
distributed cell-by-cell.

The original IMs (Feinstein and others, 2018) contained
glacial and bedrock wells pumping at rates indicated by recent
records. The GSM method can accommodate pumping wells,
but in this application of the method, GSMs were designed to
simulate undisturbed conditions and did not include pumping.
To make the model types comparable, groundwater withdraw-
als from the IMs were set to zero. The lateral boundaries
of these “no-pumping” versions were changed to a no-flow
boundary condition. Unlike the GSMs, however, the no-flow

conditions in the IMs are typically many miles from the
boundary of the target HUCS basins (fig. 1.6). Comparison of
the “no-pumping” heads and fluxes to those from the original
IMs showed only small differences; in particular, the removal
of the wells resulted in only a very small increase in the
fraction of cells with groundwater levels above land surface.
Because pumping is considered to have minimal effects on the
water levels or groundwater flow in the modeled area, it can
be disregarded.

The IMs were not calibrated individually; the final
parameters were derived from the calibration of the parent
LMB model, with some adjustments described in Feinstein
and others (2018). The parent model was calibrated by using
conventional inversion techniques that are available through
the PEST code (Doherty, 2008a, b) and that affect heads and
flux observations (Feinstein and others, 2010).

A fifth IM was presented Feinstein and others (2018)
but was not used in this study. The area corresponds to the
combined Tacoosh-Whitefish and Fishdam-Sturgeon basins
(WHITEDAM) in the Upper Peninsula of Michigan. This area
was distinguished by very thin glacial deposits (with satu-
rated thickness of about 20 ft), a high density of water bodies
(largely swamps), and simulated travel times that were very
young (Fienen and others, 2018). The IM simulation for these
basins also was characterized by an unrealistically high degree
of flooding; in about one-third of the area, simulated ground-
water levels are more than 5 ft above land surface, giving
rise to spuriously high hydraulic gradients near surface-water
features. For this reason, the calculated residence times and
base-flow ages for the WHITEDAM model were not con-
sidered a reliable standard for comparison to corresponding
GSM results and were accordingly excluded from the overall
analysis.
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model; BOARD, Boardman-Charlevoix model; UPFOX, Upper Fox model; MANI, Manitowoc-Sheboygan
model. (Duplicate of figure 1 in the main report.)
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Systematic Differences in Model
Construction

Boundary conditions, lateral extent, and grid spac-
ing (both horizontally and vertically) differ between GSMs
and IMs. IMs are complex distributed-parameter models,
whereas the GSMs have simpler parameter structure and
boundary conditions. Model parameters for both model types,
averaged over the same zones, showed systematic similari-
ties and differences.

GSMs had no-flow boundaries at the HUCS watershed
boundary; therefore, the only flow out of the model was
through streams within the HUCS watershed. IMs had no-flow
boundaries on the rectangle bounding the HUC8 watershed,
and the model domain was two to four times larger than the
HUCS watershed. Flows to and from the HUCS8 watershed in
IMs accounted for 5 to 14 percent of inflow and 5 to 17 per-
cent of outflow. Grid spacing in the GSMs was 1,000 ft,
whereas the IMs had a 500-ft grid spacing. The glacial depos-
its in both the GSMs and IMs were divided into three layers.
Layers in the GSMs were roughly of uniform thickness; how-
ever, there were only one or two layers representing all glacial
deposits over much of the IM domains.

Sources and sinks of water also differed between the two
model types. Recharge to both GSMs and IMs was based on
different applications of the SWB-derived estimates. GSMs
used Trost and others (2018), and IMs used Westenbroek
and others (2010). In addition, the GSMs used one uniform
recharge rate assigned to the coarse zone and a second to the
fine zone; in the IMs, a recharge value was inherited from the
parent model cell and was assigned to each refined grid cell in
the IM. In both model types, water discharged through streams
and standing water bodies such as lakes and large wetlands.
The stream networks in both the GSMs and IMs were derived
from all orders contained in the NHDplus network; however,
streams were simulated by using different MODFLOW-NWT
packages: IMs simulated streams with the streamflow rout-
ing package (SFR), and GSMs simulated streams with the
DRAIN package. Water discharged to streams in both model
types into cells where the head in the aquifer was greater than
the specified stream elevation. Water in GSMs discharges only
to streams, whereas water in the IMs also can discharge from
the stream to the aquifer if the specified stream elevation is
greater than the head in the aquifer, and if baseflow is avail-
able from upstream.

Water bodies such as lakes and large wetlands were
simulated in both model types by using somewhat differ-
ent approaches, but both approaches functioned similarly
with water leaving the model through drain cells. Water
bodies (other than streams) in IMs were simulated with the
MODFLOW-NWT DRAIN package. Water bodies in GSMs
were simulated as zones of very high hydraulic conductivity
that were connected to drain cells representing streams; this
structure focuses water through the features and directs the
water out of the model through the drain cells.

Hydraulic properties also differed between GSMs and
IMs. Horizontal hydraulic conductivity of glacial sedi-
ments (K,) in GSMs was defined in two zones that corre-
sponded to sediment texture, whereas in IMs, it was estimated
cell-by-cell on the basis of the category of glacial material
and interpolated maps of coarse fraction (Feinstein and oth-
ers, 2018). Horizontal hydraulic conductivity of bedrock (K})
in the GSMs was assigned a single value; in the IMs, it was
assigned cell-by-cell on the basis of rock type and aquifer-test
results. Bedrock in the IMs was divided into multiple layers
representing distinct lithologic types, whereas the bedrock
was represented by a single layer with uniform thickness in
the GSMs. The bottom of the basal layer of both model types
was a no-flow boundary. This was defined as the top of the
Precambrian rock or at the top of an aquitard in the IMs and as
a constant depth below the bottom of glacial sediments in the
GSMs. The GSMs contained a single K,:K|, (vertical anisot-
ropy) ratio for all four model layers. The glacial K|, values for
the IMs varied cell-by-cell on the basis of the category of gla-
cial material and interpolated maps of coarse fraction. Vertical
anisotropy between glacial sediments and bedrock for the IMs
also was distributed on a cell-by-cell or zone basis.

Recharge was distributed to zones representing fine and
coarse materials in GSMs by use of a fixed ratio, whereas
recharge did not vary as a function of surficial geology in
IMs. K, values from glacial sediments from IMs were similar
to those from GSMs in the two models KALA and BOARD
and dissimilar in the two models UPFOX and, to a lesser
extent, MANI. The K, values of bedrock were somewhat
similar between model types except for the UPFOX model.
Estimates of K,,-K, varied widely among model types but not
in a systematic way; anisotropy values in GSMs were higher
than those for IMs for two models (KALA and BOARD)
and lower for two models (UPFOX and MANI). Vertical
anisotropy ratios for the bedrock units in the Upper Midwest
region clustered around 50:1 and were associated with the IMs
(Feinstein and others, 2018), whereas for the four HUCS areas,
the GSM calibration process yielded a much larger range of
values applied jointly to unconsolidated and bedrock layers.
All of these inputs affect the results generated by the two sets
of models.
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