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Hydrologic Change in the St. Louis River Basin from 
Iron Mining on the Mesabi Iron Range, Northeastern 
Minnesota
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Abstract

This study compares the results of two regional steady-
state U.S. Geological Survey Modular Three-Dimensional 
Finite-Difference Ground-Water Flow (MODFLOW) models 
constructed to quantify the hydrologic changes in the St. Louis 
River Basin from iron mining on the Mesabi Iron Range in 
northeastern Minnesota. The U.S. Geological Survey col-
laborated in this study with bands of the Minnesota Chippewa 
Tribe, and the Minnesota Pollution Control Agency to inform 
management decisions about aquatic resources in the St. Louis 
River Basin. A model constructed and calibrated to represent 
average 1995–2015 mining conditions produced regional 
groundwater heads and flows. A pre-mining scenario model 
was constructed from this mining model but had the land 
and bedrock surfaces restored to pre-mining topographies 
and had modeled mining features (mine pits, tailings basins, 
waste-rock piles, and mining-disturbed areas) eliminated to 
represent general pre-mining stratigraphy and hydrogeology. 
Many of the features important to the hydrology of this mining 
area (like individual mine pits) are difficult to represent in 
groundwater models and required the use of modeling tools to 
indirectly account for their effects. The difference between the 
results of these two models represents mining’s effects on the 
hydrology in the Mesabi Iron Range area of the St Louis River 
Basin. The mining and pre-mining regional models also can 
provide boundary conditions and initial properties for future 
local or site-specific groundwater-flow models in the area.

Total groundwater flow through the mining model is 
171 million cubic feet per day. Areal recharge is the largest 
source of groundwater (78 and 81 percent of total groundwater 
flow in the mining and pre-mining scenario models, respec-
tively). Seepage from streams and lakes provides another 
17 percent of the total groundwater flow through both models. 
Water leaves aquifers through seepage to streams (discharge 
as base flow, 43 percent in both models) and areal seepage to 
the land surface (surface seepage), for example to wetlands 
(45 and 49 percent, mining and pre-mining scenario models 
respectively).

Comparison of the results from the mining and pre-
mining scenario models shows that iron mining has produced 
measurable hydrologic changes in the St. Louis River Basin, 
but that most of those changes and the highest magnitude 
changes occur near the mining features. Flow changes to and 
from surface-water bodies like streams and wetlands were 
analyzed in detail because of their importance in sustaining 
surface waters and aquatic life. Overall, groundwater flow 
in the mining model was 3.62 million cubic feet per day 
(2.2 percent) greater than total pre-mining model groundwater 
flow. This was caused by an increase in recharge from tail-
ings basins and a decrease in discharge from surface seepage. 
Groundwater discharge to mine pits was the largest change in 
groundwater flows between the models (a change representing 
2.8 percent of total pre-mining model groundwater flow). Net 
recharge to groundwater from tailings basins (2.4 percent), net 
decrease in surface seepage from groundwater (2.7 percent), 
and net increase in seepage to streams (1.0 percent) were all 
in this same range of total pre-mining model groundwater 
flow. Groundwater lost through mine-pit withdrawals was 
nearly offset by groundwater gained through recharge from 
tailings basins. However, because losses and gains occurred in 
different areas, the effect of mining can have more substantial 
effects on local areas than the model-wide averages represent.

Introduction
Iron has been mined in and adjacent to the St. Louis 

River Basin in northeastern Minnesota for more than a cen-
tury. Iron mining is concentrated along the northern border 
of the Basin. Some effects of mining are obvious and can be 
substantial near the mines (Lively and others, 2002; Berndt 
and Bavin, 2009; Tetra Tech, 2014). For example, mining can 
remove aquifer material and expose otherwise buried confined 
aquifers at the land surface. During mining and after it ceases, 
mines, waste-rock piles, and tailings basins can continue 
to affect the hydrology. Removing water from mine pits or 
underground mines can cause hydrologic changes near the 
mines, such as changes in groundwater-flow directions and 
rates, changes in the area of surface-water or groundwater 
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basins, and changes in stream base flow. Streamflow may 
increase from water discharged to rivers to dewater mines or 
it may decrease because dewatering can divert discharge to 
other surface waters. But groundwater and surface-water flows 
can increase and decrease in complex ways from mining and 
the aggregate hydrologic effect of the changes associated with 
mining in the St. Louis River is not well understood.

The Reservation of the Fond du Lac Band of Lake 
Superior Chippewa of the Minnesota Chippewa Tribe (FDLB) 
is in the southern part of the St. Louis River Basin, 50 miles 
(mi) south of the city of Virginia and 25 mi west of the city 
of Duluth (inset map, fig. 1), in northeastern Minnesota. 
The reservation is bordered on the north and east by the St. 
Louis River. FDLB tribal members rely on natural resources 
upstream from the 157-square-mile (mi2) reservation. All Min-
nesota Chippewa (Ojibwe) Tribe members rely on resources 
guaranteed by treaty outside reservations throughout much of 
the rest of the St. Louis River Basin. Effective stewardship 
requires that tribal resource managers understand the St. Louis 
River’s original hydrology and how mining and other land-
use changes in the St. Louis River Basin have altered it (Tetra 
Tech, 2014). The understanding now does not meet the need.

To address the lack of hydrologic information, bands of 
the Minnesota Chippewa Tribe partnered with the U.S. Geo-
logical Survey (USGS) to pursue a two-phase groundwater 
modeling study of the St. Louis River Basin. The first phase 
produced a simulation of two-dimensional regional ground-
water flow for the entire St. Louis River Basin (Haserodt, and 
others, 2019). The second phase examined the effects of iron 
mining (including present iron mining) on groundwater flow 
in the historical mining area of the Mesabi Iron Range (fig. 1) 
and on base flow to the St. Louis River and its tributaries. 

The approach of the second study phase, documented in this 
report, was to compare results of a groundwater-flow model 
of recent (1995–2015) mined conditions (hereinafter, mining 
model) with the results of a pre-mining scenario model (here-
inafter, pre-mining model). This report discusses the (1) con-
ceptual model of groundwater flow in the study area; (2) the 
three-dimensional modeling method; (3) the development, 
calibration, and results of the mining model; (4) the develop-
ment and results of the pre-mining model; (5) the assump-
tions and limitations of the two models; and (6) hydrologic 
differences between the two models.

Purpose and Scope

The objective of this study is to investigate the cumula-
tive effects of mining on groundwater and stream base flow 
in the St. Louis River Basin by simulating groundwater flow. 
Steady-state finite-difference models of groundwater flow 
were produced, considering groundwater and surface water 
in the Basin as a single interconnected resource. The study 
accomplishes two objectives:

•	 describes the general distribution, direction, and rate 
of groundwater flow and groundwater-surface water 
interactions across the northern St. Louis River Basin 
between the Mesabi Iron Range and St. Louis River 
(fig. 1), and

•	 evaluates the cumulative hydrologic effects of iron 
mining in the study area.
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Figure 1.  Topography and location of the Mesabi Iron Range and the study area, northeastern Minnesota.
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Geology, Groundwater Flow, and 
Interaction with Surface Waters

Haserodt and others (2019) provide a description of the 
St. Louis River Basin hydrogeologic setting and a conceptual 
model of its groundwater flow. The following is a condensa-
tion of that discussion with emphasis on the study area and 
groundwater flows to the St. Louis River and its tributaries in 
that area. The study area comprises 3,205 mi2 in the northern 
half of the St. Louis River Basin. About 60 percent of the 
study area is within this Basin. The remaining 40 percent is 
within the Rainy River Basin to the north and Mississippi 
River Basin to the west. The Mesabi Iron Range (herein-
after, Iron Range) forms the divide between the St. Louis 
River Basin and every other basin in the region except for 
the Embarrass River Basin, a tributary to the St. Louis River, 
whose headwaters are north of the Iron Range. Lakes and 
wetlands are common within the study area. Parts of the basins 
of two major tributaries to the St. Louis River, the Cloquet 
and the Whiteface, are partly within the study area, but these 
tributaries do not contribute flow to the St. Louis River inside 
of the study area.

The Iron Range is the topographically high area in the 
northern part of the study area. The Toimi Drumlin Field is 
the topographically high area in the southeast part of the study 
area (fig. 1). The headwaters and main channel of the St. Louis 
River lie between these two highlands. Much of this lower part 
of the river basin within the study area is quite flat, containing 
extensive areas of lakes and wetlands. Many of these wetlands 
were drained for agriculture in the first two decades of the 
20th century, especially in the southwest part of the study area 
(King, 1980). Topography and hydrology have been substan-
tially altered by iron mining along the Iron Range. Much of 
the area in the northwest third of the study area is covered 
with thin (less than 50 feet [ft]) glacial sediments (fig. 2). 
Note that the discontinuity of thickness data along a north-
south line through the town of Aurora in figure 2 is the result 
of combining different datasets from the Minnesota Geologic 
Survey (MGS; M. Jirsa, MGS, written commun., January 30, 
2018; Jirsa and others, 2010; Jirsa, 2016) to produce a 
study-area-wide coverage.

The conceptual understanding of study area aquifers and 
groundwater flow within them is based on the geologic and 
hydrologic studies detailed in Haserodt and others (2019). 
Results of this 2019 study show that basin-scale groundwa-
ter flow is generally to the south and southwest within the 
St. Louis River Basin. Groundwater discharges to streams, 
lakes, wetlands, reservoirs, and the land surface in areas where 
groundwater head in the aquifers is higher than surface-water 
levels or the land surface. These discharges help keep rivers 
in the basin flowing during nonrain periods. Some wetlands 
in the basin are not connected to the St. Louis River stream 
network except during wet periods. Most of the groundwater 

that discharges to these disconnected wetlands likely leaves 
the basin through evapotranspiration (ET; Cowdery and oth-
ers, 2019).

In general, more groundwater discharges to the surface 
from shallow and higher conductivity aquifers than from 
deeper and lower conductivity aquifers. St. Louis River 
Basin aquifers exist either in glacial deposits or in fractured 
bedrock. (fig. 3). Bedrock is exposed at land surface in very 
small areas of the basin near the Iron Range.

Glacial Aquifers

Glacial aquifers are genetically complex and spatially 
heterogeneous sand and gravel bodies upon, within, and 
under finer-grained glacial tills and lake clays. However, 
some tills are hydraulically conductive enough to contrib-
ute water to sand and gravel. Surficial glacial aquifers are 
exposed at the land surface. Areal recharge rates tend to be 
highest in surficial glacial aquifers because they are coarse 
grained (have higher hydraulic conductivity) and receive 
infiltrating water directly at land surface. Where surface 
waters (streams, lakes, and wetlands) lie in direct contact 
with surficial glacial aquifers, which is common in the study 
area, the water table is shallow and water exchanges easily 
between groundwater and surface water. Groundwater usu-
ally discharges to surface waters, which tend to lie low in the 
landscape. The areal extent and, to a lesser degree, thickness 
of surficial glacial aquifers is quite well known in the study 
area (figs. 2 and 4). Meltwaters of three different glacial lobes 
of the Laurentide Ice Sheet deposited the areally extensive 
surficial glacial aquifer sediments in the study area: the Rainy 
Lobe, the Superior Lobe, and St. Louis Sublobe of the Des 
Moines Lobe (glacial-lobe areas on fig. 4). Surficial aqui-
fers deposited by the Rainy Lobe cover much of the study 
area. Aquifers formed of Superior Lobe deposits lie in the 
southeast part of the study area (fig. 4). Aquifers composed 
of St. Louis Sublobe deposits form a thin veneer through-
out the southwest, central, and northwest parts of the study 
area. Although the tills deposited by these lobes are differ-
ent (Johnson and others, 2016), the sands and gravels that 
compose these aquifers are similar because the depositional 
processes are similar among these ice lobes.

Buried glacial aquifers are sands and gravels depos-
ited within or beneath relatively fine-grained glacial tills or 
lake clays. Some buried glacial aquifers may be partly in 
contact with underlying bedrock or with overlying surficial 
glacial aquifers. In general, however, fine-grained sediments 
form confining beds around the buried glacial aquifers. 
Compositionally, hydraulically, and genetically, buried glacial 
aquifers are similar to surficial ones. However, each buried 
glacial aquifer was formed by more than one glacial advance: 
first, at least one advance that deposited coarse-grained sedi-
ment that was followed by at least one advance that depos-
ited fine-grained sediment. This process, through successive 
glacial advances, produced buried glacial aquifers that are 
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Figure 2.  Thickness of glacial sediments in the study area, northeastern Minnesota.
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generally less areally extensive than surficial ones. The extent 
of buried glacial aquifers in the study area is much less well 
known than the extent of surficial glacial aquifers because the 
only information about them comes from boreholes.

Buried glacial aquifers are recharged by leakage of water 
from the materials that surround them. Tills, lake clays, and 
bedrock are generally much less hydraulically conductive than 
is the sand and gravel of aquifers (Fetter, 2000), so flow within 
buried glacial aquifers is controlled by the hydraulic proper-
ties of the fine-grained materials surrounding them. If buried 
glacial aquifers are connected to surficial glacial aquifers, 
however, flow can be controlled by the area of that connection. 
Pumping from a buried glacial aquifer can increase the rate of 
flow through it by increasing the groundwater-head gradients 
toward the well.

Bedrock Aquifers

Geologists have divided the bedrock in the St. Louis 
River Basin into scores of rock types (Haserodt, and oth-
ers, 2019, p. 3 and the citations therein). These rocks are old 
(Middle Precambrian or older), hard, dense, and fractured 
at the surface. In general, because the density of fractures in 
bedrock decreases with depth, so too will its hydraulic con-
ductivity (Haserodt and others, 2019, p. 3). For the purpose of 
groundwater flow, bedrock in the study area can be aggregated 
into four hydrostratigraphic groups (fig. 5):

•	 crystalline bedrock comprising granites, metamor-
phosed volcanic rocks, and metamorphosed sediments 
like slates and quartzites;

•	 the Biwabik Iron Formation comprising metamor-
phosed iron-rich near-shore sediments that include 
the underlying thin, genetically related Pokegama 
Quartzite. Other small iron formations on the northern 
border of the study area (fig. 5) are lumped together 
with the surrounding crystalline bedrock in this study;

•	 the Virginia formation (Morey, 1972) graywackes (with 
some argillites); and

•	 the Duluth Complex comprising layered intrusive gab-
broic rocks.

These groups are based on age, depositional environ-
ment, contiguity, mapping scale, rocks of interest to the 
study, and presumed similarity of rock hydrologic properties. 
Except for the Biwabik Iron Formation, water likely travels 
primarily, if not exclusively, through fractures in these bed-
rock groups because these rock types are not porous. At some 
depth, fractures in bedrock become so small and infrequent 
that nonvuggy bedrock becomes effectively impermeable. In 
the Biwabik Iron Formation, water can also travel through 
interconnected voids in the rock matrix, known as vugs. 
The existence of vugs in these rocks varies greatly, spatially 
(Siegel and Ericson, 1980). A literature review by Haserodt 
and others (2019) found that the hydraulic conductivity 
of these bedrock groups generally increases in this order: 
Duluth Complex, crystalline bedrock, Virginia formation, and 
Biwabik Iron Formation. However, where the Biwabik Iron 
Formation is not very vuggy, it can have much lower hydrau-
lic conductivity.

The Virginal Formation was deposited on the Biwabik 
Iron formation which was deposited on crystalline bedrock. 
The contacts of these three bedrock groups dip to the south-
east toward the Lake Superior Basin at an angle of about 
5–15 degrees (Morey, 1972). The contact between the Duluth 
Complex and the graywackes of the Virginia formation is 
poorly known areally, interfingered, complex, and variable 
(Bonnichsen, 1972). In this work, the contacts between the 
Duluth Complex and other bedrock groups are assumed to be 
roughly vertical in the absence of better information. In most 
places in the study area, bedrock aquifers are buried beneath 
glacial deposits. Where these deposits are thin (fig. 2) or 
coarse-grained, bedrock aquifers may be locally unconfined. 
But generally, bedrock aquifers are confined by glacial tills 
or lake clays of varying hydraulic conductivities; Superior 
Lobe has the sandiest and most conductive till, and the St. 
Louis Sublobe has the most clay-rich and least conductive till 
(Johnson and others, 2016). Lake clays are the least conduc-
tive of all the glacial sediments. St. Louis Sublobe tills and 
all lake clays are so clay rich that most groundwater moves 
through fractures within these sediments. The aperture of 
these fractures closes with depth (McKay and others, 1993), 
meaning that hydraulic conductivity of these clayey materials 
decreases with depth.



Geology, Groundw
ater Flow

, and Interaction w
ith Surface W

aters  


9

Base from U.S. Geological Survey and Minnesota Geological Survey 
digital data 1:1,000,000 and 1:100,000, variously dated 
Universal Transverse Mercator, zone 15

0 8 16 KILOMETERS

0 8 16 MILES

0 8 16 KILOMETERS

0 8 16 MILES

ST. L
O

U
IS C

O
U

N
T

Y
L

A
K

E
 C

O
U

N
T

YITA
SC

A
 C

O
U

N
T

Y

ST. L
O

U
IS C

O
U

N
T

Y
L

A
K

E
 C

O
U

N
T

YITA
SC

A
 C

O
U

N
T

Y

Little Fork River

St.
 Lo

uis
 River

Cloq
uet

 River

Pike River

Little Fork River

St.
 Lo

uis
 River

Cloq
uet

 River

Pike River

Lake 
Superior

Lake 
Superior

Eveleth

Hibbing

Virginia

Chisholm Buhl

Aurora

Gilbert

Biwabik

Babbitt

Keewatin

Nashwauk

Mountain Iron
Hoyt Lakes

Eveleth

Hibbing

Virginia

Chisholm Buhl

Aurora

Gilbert

Biwabik

Babbitt

Keewatin

Nashwauk

Mountain Iron
Hoyt Lakes

91°40'92°00'92°20'92°40'93°00'93°20'

47°40'

47°20'

Virginia Formation

Duluth Complex

Crystalline bedrockBiwabik and other iron formations, 
including underlying quartzites

St. Louis River Basin boundary

Model area 
and study area boundary

EXPLANATION

0 8 16 KILOMETERS

0 8 16 MILES

Figure 5.  Simplified bedrock geology of the study area, northeastern Minnesota.



10   Hydrologic Change in the St. Louis River Basin from Iron Mining on the Mesabi Iron Range

Mining Groundwater-Flow Model
Horizontal and vertical groundwater flow and ground-

water head within the current mined landscape in the study 
area of the St. Louis River Basin is calculated by the mining 
model. This model area is affected by more than 100 years of 
mining and associated changes in the landscape. The model is 
executed using the U.S. Geological Survey Modular Three-
dimensional Finite-Difference Ground-water Flow model 
(MODFLOW) computer program. This program uses a finite-
difference scheme to solve the groundwater flow equations. 
The version used for models in this study is the MODFLOW–
NWT code (Niswonger and others, 2011). The mining model 
incorporates complex hydrologic boundaries and stresses 
and quantifies groundwater fluxes to or from rivers, lakes, 
and wetlands. Because the model is steady state, imposed 
hydrologic stresses and results produced represent long-term 
average hydrologic conditions during the calibration period of 
1995–2015.

The Iron Range model area (IRMA) is 3,205 mi2 in 
area and includes the part of the Iron Range within the 
St. Louis River Basin (fig. 1). This area is discretized into a 
MODFLOW model grid of 400-ft square cells composed of 
594 rows and 940 columns, oriented with the cardinal direc-
tions. The model contains 558,360 cells per layer and is 
8 layers thick with a total of 4,466,880 cells. This discretiza-
tion was a compromise between a small cell size needed to 
simulate groundwater-surface water interaction and a larger 
cell size needed to make runtimes reasonable. The MOD-
FLOW Newton-Raphson solver (Niswonger and others, 
2011) was used because it handles dry cells (cells where the 
groundwater level is below the cell bottom) in the model more 
robustly than other MODFLOW solvers (Hunt and Feinstein, 
2012)—a capability important for simulating wet and adjacent 
dry cells that occur near mine pits. An archive of all model 
input, output, executable, and ancillary files is available in a 
USGS ScienceBase model archive release (Cowdery and oth-
ers, 2023).

The model was constructed to represent the hydrologi-
cally important features in the IRMA. In the next sections, 
we first describe how the model grid is discretized vertically 
to match the hydraulic-conductivity zones of the aquifers 
and confining layers. We then describe how the geology and 
some of the mining features of the IRMA were incorporated 
into hydraulic-conductivity zones in these layers. Next, we 
describe the techniques used to provide realistic water flows 
through the boundaries of the model. We then introduce the 
important hydrologic features (called hydrologic stresses) 
incorporated into the model and describe how we used the 
MODFLOW packages to represent them. These stresses 
include the features that represent mining in the model. 
Finally, we show how we used the MODFLOW Unsaturated-
Zone Flow (UZF) package to determine where groundwater 
discharges to the land surface; areas interpreted as permanent 
wetlands in the model.

Model Layering

Model layers follow the land-surface and bedrock topog-
raphy so that bedrock hydrostratigraphy can be realistically 
represented. The top of the model (layer 1) is the land surface 
generalized to the model grid from 1-meter (m) light detec-
tion and ranging (lidar) elevation data from the Minnesota 
Department of Natural Resources (MN–DNR, 2011). The 
upper four model layers (1–4) are parallel the land surface 
and represent glacial sediments (fig. 3) that are highly vari-
able in thickness and composition (figs. 2 and 4) across the 
IRMA. These layers increase in thickness with depth (table 1) 
because available stratigraphic detail decreases with depth. 
The thickness of the layers is reduced to a minimum of 0.25 ft 
from layer 4 upward to layer 1 until the thickness of all four 
layers equals the thickness of the glacial sediments (fig. 3). 
However, in small areas where thick glacial sediments pinch 
out at land surface, minimum thickness of layers 1–4 is 
0.01 ft. In this way, layers of glacial sediments were negligible 
where glacial deposits are thin or absent. The bottom four 
model layers (5–8; fig 3) represent bedrock. Each is assigned 
a constant thickness, paralleling the bedrock surface. The 
thicknesses of the layers increase with depth (table 1). This 
layering scheme allows hydraulic conductivity of bedrock to 
decrease with depth below the bedrock surface. The number 
and aperture of fractures in bedrock decrease with depth (M. 
Jirsa, MGS, oral communication, January 30, 2018), thereby 
decreasing the hydraulic conductivity with depth. The Biwabik 
Iron Formation dips through the entire thickness of the model 
at an angle to the bedrock and land surfaces. As a result, the 
Biwabik Iron Formation follows a stepped boundary verti-
cally along the model grid (fig. 3). The overall thickness of the 
IRMA varies from 600.76 to 1103.49 ft across the IRMA.

Model Surficial Geology

The basic surficial geology for layer one of the min-
ing model was produced by combining data from the MGS’s 
Arrowhead mapping project (J. McDonald, MGS, written 
commun., 2019) in St. Louis and Lake Counties and MGS’s 
statewide Quaternary geology map (Hobbs and Goebel, 1982) 
in Itasca County. Glacial geology in the resulting map was 
generalized into areas of coarse sand and gravel and areas of 
fine sediment deposited by three glacial lobes: the Rainy Lobe, 
the St. Louis Sublobe of the Des Moines Lobe (Koochiching 
Lobe), and the Superior Lobe. Areas of peat accumulation and 
mining features from other sources were substituted for surfi-
cial geology where appropriate. The areas of peat accumula-
tion were considered to be the areas of permanent wetlands in 
the IRMA. In St. Louis and Lake Counties, a separate map of 
peat areas from the MGS’s Arrowhead mapping project was 
substituted for surficial geology in model layer one. In Itasca 
County, the statewide Quaternary geology map does not con-
tain information about glacial materials where peat is mapped. 
Glacial materials in these peat areas were interpolated from 
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Table 1.  Maximum model-layer thickness in the mining model, northeastern Minnesota.

Layer Material Method Maximum thickness, in feet Bottom depth,a in feet

1 Glacial Variable 20 20
2 Glacial Variable 80 100
3 Glacial Variable 100 200
4 Glacial Variable Variable Bedrock
5 Bedrock Fixed 50 50
6 Bedrock Fixed 50 100
7 Bedrock Fixed 100 200
8 Bedrock Fixed 400 600

aDepth of layer bottom from land surface (layers 1–4) or from bedrock surface (layers 5–8).

the trends of boundaries between surficial deposits outside 
of the peat areas to create a complete surficial material map. 
More accurate peat areas were then substituted for the surfi-
cial geology in model layer one in Itasca County. The more 
accurate peat map was created from the National Wetlands 
Inventory (NWI) map as modified by the MN–DNR to include 
information from spring aerial imagery collected during 
2009–14 and ancillary data to improve wetland delineation 
and better support wetland management (MN–DNR, 2018). 
Areas of the MN–DNR modified NWI map with the following 
attributes were categorized as peat producing and therefore 
permanent wetlands: water-regime field “watreg” with codes F 
(semipermanent), G (intermittently exposed), H (permanently 
flooded), and B with the modifier field q (seasonally saturated 
with peat accumulation). The q modifier was created by MN–
DNR to identify wetlands with organic accumulations such 
as peat, which are extensive in northeastern Minnesota (Steve 
Kloiber, MN–DNR, written commun., June 6, 2018). These 
permanent wetlands were considered permanently connected 
to groundwater for the purposes of model calibration.

Mining features (mine pits, waste-rock piles, tailings 
basins, and mining-disturbed areas) were substituted for 
the surficial geology where appropriate based on a mining 
feature map produced by the MGS and MN–DNR. Generally, 
waste-rock piles are large mounds of crystalline rock in large 
(one-tenth foot or larger) pieces. Mining-disturbed areas 
were taken from the statewide MGS Quaternary geology map 
(Hobbs and Goebel, 1982; metadata field “text”, populated as 
“mine pit and dumps”) in Itasca County and from the MGS 
Arrowhead mapping project surficial geology mapping (J. 
McDonald, MGS, written commun., 2019; metadata field 
“lithology,” populated as “Fill” or “Bedrock”) in St. Louis and 
Lake Counties. More specific mining features were taken from 
MN–DNR mapping that was obtained from John Coleman of 
the Great Lakes Indian Fish & Wildlife Commission (written 
commun., 2018). These mining features were identified in the 
metadata field “CATEGORY” as mine pits (“pits”), waste-
rock piles (“in-pit stockpiles” or “stockpiles”), and tailings 
basins (“tailings basins”). Where the specific mining feature 
overlapped mining-disturbed areas, the more specific mining 

features were substituted. All mining features except mine 
pits were substituted for surficial geology in model layer one. 
The mine-pit areas were modified from MN–DNR mapping 
using the mine pit areas visible in the 2011 lidar elevation 
data (MN–DNR, 2011). These mine pits were substituted for 
all geology in all appropriate model layers using mine pit 
depths derived from the 2011 lidar elevation data. Each kind 
of mining feature was considered a zone of uniform hydraulic 
conductivity (figs. 6 and 7).

In model layers two through four, layer thickness and 
glacial materials were stratigraphically modeled in three 
dimensions using Groundwater Modeling System software 
(AQUAVEO, 2018) and borehole data from the Minnesota 
Well Index (T. Wahl, MGS, written commun., 2018; publicly 
available data at h​ttps://www​.health.st​ate.mn.us/​communities/​
environment/​water/​mwi/​index.html) (fig. 6). Borehole stra-
tigraphy was generalized into two groups: coarse-grained 
(sand and gravel) and fine grained (tills and lake clays). Each 
well had no more than four glacial layers, accommodated by 
the four glacial layers of the model. The area of Rainy and 
Superior glacial lobes mapped at the surface were assumed to 
extend to bedrock throughout the mining-model area. The area 
of the St. Louis Sublobe was assumed to exist only in layer 1 
of the model because it was the last glacial lobe to be depos-
ited in the IRMA (Wright, 1972). Glacial material thickness is 
greatest (fig. 2) in the south and southwest of the IRMA where 
bedrock dips away from the Iron Range and St. Louis Sublobe 
(Des Moines Lobe) deposits overlie the Rainy Lobe deposits 
(fig. 4). To the north of the Iron Range, glacial material is thin 
to absent over bedrock (fig. 2).

Model Bedrock Topography and Geology

The elevation of the bedrock surface is derived from 
a mosaic of preliminary rasters of bedrock topography (in 
order of precedence) for the southeast (M. Jirsa, MGS, written 
commun., January 30, 2018) and central (Jirsa, 2016) portions 
of the MGS Arrowhead study area and the MGS statewide 
bedrock topography raster (Jirsa and others, 2010). These data 
were generalized to define the top elevation of model layer 5. 

https://www.health.state.mn.us/communities/environment/water/mwi/index.html
https://www.health.state.mn.us/communities/environment/water/mwi/index.html
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In some cells where glacial sediments are thin or absent, the 
less detailed and interpolated bedrock-surface elevation was 
higher than the more accurate, measured lidar land-surface 
elevation. In these cells, the bedrock surface was adjusted to 
below land surface, and glacial layers were pinched (figs. 3 
and 6). Bedrock hydraulic-conductivity assignments reflect 
our conceptual model that fracturing decreases with depth, 
such that layer 5 is highly fractured, 6 is moderately fractured, 
7 is minorly fractured, and 8 is unfractured. This assumption 
is based on observations of bedrock at land surface and drill 
cores made by geologists of the MGS (M. Jirsa, MGS, oral 
communication, January 30, 2018.).

Bedrock geology from Jirsa and others (2011) was 
simplified broadly into the four previously described hydro-
stratigraphic units. The third dimension for the bedrock was 
generated by simply offsetting to the southeast the contacts 
of the Biwabik Iron Formation (red areas in figs. 3 and 6) 
and other bedrock at a dip angle of 15 degrees. The contact 
between the Duluth Complex and other bedrock is assumed to 
be vertical. Each of the four bedrock hydrostratigraphic groups 
(defined in the bedrock geology section) has four hydraulic-
conductivity zones with thicknesses shown in table 1 (figs. 3 
and 6). Zones of high hydraulic conductivity were added in 
mine pits to allow for seepage along the edges of the mine 
pits. The depth to which the mine-pit hydraulic-conductivity 
zone extended was determined using the minimum lidar eleva-
tion in each cell.

Model Boundaries

Groundwater flows into and out of the lateral and top 
boundaries of the IRMAs; no flow is assumed to flow across 
the bottom boundary of the model. Flows through the top of 
layer one include areal recharge, exchanges with streams and 
lakes, and exchanges with mining features where geologic 
material has been moved or removed and groundwater flows 
have thereby changed.

Lateral flows through the boundaries of the mining model 
were extracted from the regional two-dimensional model of 
the St. Louis River Basin (Haserodt and others, 2019) and 
were applied as specified flows to the lateral edge cells of the 
mining model using the MODFLOW Well (WEL) package. 
The two-dimensional horizontal model flows were apportioned 
to the eight model layers based on the initial transmissivity 
of each layer. The transmissivities of each cell at the model 
lateral boundary were determined using the pre-calibration 
hydraulic conductivity estimates for the geologic materials in 
each cell.

Potential areal recharge through the top of the model was 
calculated using Soil-Water Balance (SWB) models described 
by Haserodt and others (2019). Potential areal recharge is the 
amount of groundwater recharge plus water that cannot infil-
trate to the water table (rejected recharge) either because the 
infiltration rate is greater than what the aquifer can transmit 
or because the water table is very near the land surface. The 

potential areal recharge array was a combination of results 
from two SWB models. The first is a detailed St. Louis 
River Basin SWB model (Smith, 2017), which has a 328-ft 
(100-m) resolution and annual potential-recharge estimates 
during 1995–2010. The second is a general statewide SWB 
model (Smith and Westenbroek, 2015), which has 3,281-ft 
(1,000-m) resolution and annual potential recharge during 
1996–2010. Both SWB models were updated to include 
2011–15 using the same DAYMET weather data as the 
original models (Thornton and others, 2014). The results of 
the St. Louis River Basin SWB detailed model took prece-
dence areally, and the annual SWB potential-recharge during 
1996–2015 were averaged to produce the steady-state SWB 
potential recharge into the mining model (fig. 8). The mining-
model potential-recharge array was divided into upland (non-
wetland) and wetland areas for the purposes of calibration. 
These areas were delineated using maps of wetlands from 
the MGS in St. Louis and Lake Counties (Jirsa, 2016) and 
from the areas of permanent wetlands (defined in the “Model 
Surficial Geology” section) in the NWI in Itasca County 
(MN–DNR, 2018).

Hydrologic Stresses

Hydrologic stresses are features that can introduce water 
to or remove water from the groundwater-flow model that are 
not part of the groundwater-flow system itself. Most of these 
stresses are at the land surface (for example, streams, lakes, 
and areal recharge), but some, like withdrawal wells, can be 
within a modeled aquifer itself. Most hydrologic stresses in 
the model are represented as head-dependent flux boundar-
ies using four MODFLOW packages (SFR2, RIV, DRN, and 
GHB packages, table 2).

Streams were represented using the Streamflow Routing 
2 package (SFR2; Niswonger and Prudic, 2005; fig. 9). 
SFR2 represents streams as head-dependent flux boundar-
ies and routes stream base flow downstream. SFR2 ignores 
streamflow contributions from overland flow. The amount of 
flow between the stream and the water table is determined 
by the product of the water-table/stream gradient and the 
streambed conductance. If simulated water-table heads are 
lower than stream stage, SFR2 calculates the stream loss to 
groundwater, as long as water exists in the stream channel 
within the cell. If simulated water-table heads are higher than 
stream stage, SFR2 calculates the amount of base flow that 
flows to the stream within the cell. The SFR2 input file was 
created using the tool sfrmaker (https://github.com/​aleaf/​
SFRmaker, Leaf and others, 2021) with the required stream 
characteristics (width, depth, flow direction) derived from 
the National Hydrography Dataset, NHDPlus v2 (McKay 
and others, 2012). Stream- and lake-surface elevations were 
determined from the lowest cell in the 1-m lidar digital 
elevation model (DEM; MN–DNR, 2011) in the model cell 
area. The thickness of the streambed was assumed to be 1 ft 
in all reaches. Initial streambed conductance was assumed 

https://github.com/aleaf/SFRmaker
https://github.com/aleaf/SFRmaker
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Figure 8.  Soil-Water Balance model potential areal recharge to the unsaturated zone in the mining model, northeastern Minnesota.



16    Hydrologic Change in the St. Louis River Basin from Iron Mining on the Mesabi Iron Range

Table 2.  MODFLOW representations of hydrologic features, mining model, northeastern Minnesota.

[MODFLOW, U.S. Geological Survey Modular Three-dimensional Finite-Difference Ground-water Flow model; SFR2, MODFLOW Streamflow-Routing 2 
package; ft, foot; NAVD 88, North American Vertical Datum of 1988; —, no data; ft2/d, square foot per day; d/ft1/3, day per foot to the one-third power; RIV, 
MODFLOW River package; ft2, square foot; K/tb, hydraulic conductivity divided by bed thickness; UZF, MODFLOW Unsaturated-Zone Flow package; ET, 
evapotranspiration; MNW2, MODFLOW Multi-Node Well package 2; ft/d, foot per day; DRN, MODFLOW Drain package, K, hydraulic conductivity; GHB, 
MODFLOW General-Head Boundary package]

Feature
MODFLOW 

representation
Selected variable Variable value Units Comment

Natural features

Streams SFR2 Stage 1,809.32–1,244.55 ft NAVD 88
Bed thickness 1 ft —
Bed slope 1–0.0001 Unitless —
Conductance 4.98, 1×10−6 ft2/d 4.98, except 1×10−6 

where crossing lakes
Roughness 0.037 d/ft1/3 —

Lakes RIV Stage Layer-1 top ft NAVD 88; land surface
Bed bottom elevation Layer-1 top-0.1 ft NAVD 88; land surface 

to 0.1 ft
Conductance 1.6×105 ft2/d Cell area is 160,000 ft2, 

K/tb is 1 per day
Wetlands UZF Rejected recharge to ET 0.8 Percent Surface seepage and 

rejected recharge un-
routed but partitioned 
to streamgages and ET

surface seepage to ET 0.2 Percent

Mining and pumping features

Wells MNW2 Rw, Rskin, Kskin 0.5, 1, 1 ft, ft, ft/d Well radius, skin radius, 
skin K

Pumped mine pits DRN Conductance 80,000, 79,880 ft2/d Pumped to maintain lake 
level or dry

Flooded mine pits K-zone Hydraulic conductivity 1,000; 1,121.044 ft/d Initial K; calibrated K
Waste-rock piles K-zone Hydraulic conductivity 20; 268.4745 ft/d Initial K; calibrated K
Mining-disturbed K-zone Hydraulic conductivity 5; 22.7913 ft/d Initial K; calibrated K
Tailings basins GHB and 

K‑zone
Conductance 16,000 ft2/d Cell area is 160,000 ft2, 

K/tb is 0.1 per day
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Figure 9.  Hydrologic boundaries and stresses in all layers, mining model, northeastern Minnesota. [WEL, well; SFR, streamflow routing; DRN, 
drain; SFR2, MODFLOW revised Streamflow Routing package; MNW2, multi-node well; RIV, river; GHB, general head boundary]
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to be 5 feet squared per day. Streams are routed as fictitious 
channels through lakes to permit downstream routing. Where 
stream channels cross lakes, the streambed conductance was 
set to 1×10−6 foot per day (ft/d) to prevent the fictitious chan-
nels from exchanging water with the lakes. In those cells, 
groundwater/lake exchange is controlled by lake stresses 
described later.

This procedure produced realistic SFR2 hydrologic 
stresses throughout the model except in two areas (brown 
lines in fig. 9): area 1—that part of the Dunka River and its 
tributaries from 3 mi upstream from where it crosses between 
mine pits on a narrow land bridge, downstream to Birch 
Lake and area 2—the first 4 mi (or less) of small headwater 
streams immediately south and west mine pits in the Virginia 
Horn. Because the upstream parts of these stream segments 
are within a model cell that includes a deep mine pit, the 
elevations of these segments were erroneously set to the bot-
tom of the mine pit instead of the stream surface. All SFR2 
hydrologic stresses downstream from these erroneous SFR2 
stresses were also set to the same too-low elevation until the 
stream intersected the land surface at that elevation. This error 
affected the SFR2 stresses in these areas in two ways. First, 
the elevation of the SFR2 stress head and bottom elevations 
are too low, often by 100 or 200 feet. Second, the stream 
stresses appear in a model layer that is too low, usually layer 
6, but sometimes layers 7 and 8. These SFR2 stresses, which 
represent streams, are covered by 100–200 ft of aquifer and 
are effectively tunnels within the aquifers in these areas. The 
erroneously low SFR2 stress heads cause erroneously high 
gradients to these stream segments, increasing the hydraulic 
driving force toward these streams. This effect is counter-
acted, however, because hydraulic conductivity of the aquifer 
in these lower bedrock layers is orders of magnitude lower 
than the hydraulic conductivity of the geologic material these 
stream segments actually are in contact with (unconsolidated 
glacial sediments or highly fractured bedrock). Therefore, 
although these erroneous SFR2 stresses may produce locally 
high head gradients toward the streams, the actual distortion in 
groundwater flow toward and discharge to these streams likely 
is very small.

Lakes were represented using the river (RIV) package 
(fig. 9). The elevation of the bottom of the riverbed (represent-
ing lakebed) sediments is set 0.1 ft below the lake surface ele-
vation. This has the effect of limiting the amount of water that 
lakes can contribute to aquifers, but not limiting the amount 
of water that aquifers can contribute to lakes. Effectively, the 
amount of water flowing out of lakes to aquifers is determined 
by the conductance of the lakebed because the lake/groundwa-
ter gradient reaches a maximum when the groundwater level 
is 0.1 ft lower than the lake level. The lakebed (RIV) conduc-
tance is set to 1.6×105 feet squared per day throughout the 
model. This is equal to a hydraulic conductivity of 1 ft/d and a 
lakebed thickness of 1 ft because the cell area is 1.6×105 ft2.

Mining Features and Well Withdrawals
Two mining features, tailings basins and mine pits, use 

hydrologic stresses in addition to hydraulic-conductivity 
zones to model their effects on groundwater (fig. 9). Tailings 
basins are modeled using the MODFLOW General Head 
Boundary package (GHB) stresses (light blue, fig. 9; table 2) 
and using low hydraulic-conductivity zones in the uppermost 
model layer. The low hydraulic-conductivity zones account 
for the low hydraulic conductivity of the fine tailings sedi-
ments that coat the bottom of the tailings basins. While the 
low hydraulic-conductivity zone covered the entire area of 
each tailings basin, GHB hydraulic stresses (represented by a 
fixed basin stage [based on lidar elevation data] and a basin-
lining conductance) are only in cells of the open-water part of 
each tailings basin. These GHB stresses represent the fact that 
mining operations constantly keep these pools full of water, 
potentially recharging groundwater.

Mine pits are modeled in detail using several techniques. 
Active mine pits are usually pumped to prevent flooding 
and allow mining, artificially lowering the water table to the 
mine-pit bottom (pumped mine pits, table 2). The pump-
ing in active mine pits, which were generally pumped dry 
during the mining-model period, is represented using the 
MOFLOW Drain package (DRN; shades of pink to maroon, 
fig. 9). The elevation of the top of layer 1 is set to the mine-pit 
bottom, and drain cells allow all water discharging into mine 
pits to be removed from the model, keeping the mine pits dry. 
Drain stage is set to the minimum lidar elevation within a 
mine pit cell, representing the bottom of dry mine pits.

Inactive mine pits have been allowed to naturally fill 
completely with water or have their water level maintained 
somewhat lower by pumping or through a constructed or natu-
ral surface-water outlet (flooded mine pits, table 2). Inactive, 
flooded mine pits with no pumping or outlet have the top of 
model layer 1 set to the pool elevation (mean lidar elevation 
of the pool area), and model cells representing the water-filled 
volume of the mine pits are assigned a hydraulic conductiv-
ity of 1,121.044 ft/d in layer 1, 1,000 ft/d in layers 2–6, and 
16.847 ft/d in layer 7. This choice allows any water entering 
a flooded mine pit to easily flow to any other cell in the same 
mine pit. Because depth data are unavailable, mine-pit bot-
tom elevation is assumed to be 101 ft deeper (to the bottom 
of layer 6) than the pool elevation. No pool water level was 
imposed on flooded mine pits. Instead, MODFLOW calculated 
the water level in flooded mine pits based on the groundwater 
levels adjacent to the mine pits and water flows into, through, 
and out of the mine pits. The actual, measured pool elevation 
was used as a guide in calibration.

Inactive mine pits with pumped or surface-water outflows 
(lowered pools) are modeled with the same general approach 
used for mine pits with no pumping or surface-water outlets. 
In mines with lowered pools, mine-pit outflows are controlled 
by the stage of DRN hydrologic stresses placed throughout the 
area of the pit and in the appropriate model layer determined 
from the lidar elevation of the pool. The amount of flow from 
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these DRN stresses are aggregated for each mine pit. These 
modeled flows are compared to flux targets in model calibra-
tion where measured mine outflows were reported in 2011 
(A. Guertin, MN–DNR, written commun., 2019; R. Clark, 
Minnesota Pollution Control Agency, written commun., 2019), 
the same year that the lidar data used to determine the mine-pit 
pool elevations were collected.

Estimates of outflows from inactive mine pits dur-
ing 2011 are available from the MN–DNR and Minnesota 
Pollution Control Agency (A. Guertin, MN–DNR, writ-
ten commun., 2019; R. Clark, Minnesota Pollution Control 
Agency, written commun., 2019) for seven sites that do 
not discharge into streams with measured flow in the 
IRMA. Because these inactive mine-pit outflows cannot 
be used to help calibrate the model, the flows are repre-
sented using the MODFLOW Multi-Node Well 2 package 
(MNW2) (brown dots, fig. 9). Annual 2011 groundwater 
withdrawals from municipal, commercial, and industrial, 
nonmine-pit wells that require reporting to the MN–DNR 
(https://​www.dnr.st​ate.mn.us/​waters/​watermgmt_​section/​
appropriations/​wateruse.html, accessed April 2019) were 
also represented by the MNW2 package in the mining model 
(green-shaded dots, fig. 9). The MNW2 package was used for 
these features so that these features could be easily separated 
from lakes, which were modeled using the WEL package, in 
model mass-balance results.

All DRN hydrologic stresses (pumped mine pits, flooded 
mine pits with lowered pools, or mine pits with measured 
flows) were placed in cells of bedrock layers (5–8) because 
the mine pits are always constructed in the Biwabik Iron 
Formation. For each mine pit, DRN hydraulic stresses were 
assigned to cells in the bedrock layer containing the minimum 
lidar elevation of that mine pit. Because glacial sediments 
have been removed from mine pits, the thickness of these 
upper four layers (1–4) over mine pits is set to 0.25 ft each. 
Any model layer representing glacial material over a mine pit 
was given a very high hydraulic conductivity (see description 
of flooded mine pits, mentioned earlier) to ensure that water 
discharging to mine pits laterally from those layers can easily 
flow to DRN hydrologic stresses in the bedrock toward the 
bottom of the mine pit.

Waste-rock piles and mining-disturbed areas are repre-
sented as separate zones of moderately high hydraulic con-
ductivity with no additional hydrologic stresses. These piles 
sit above the general land surface and consist of large pieces 
of broken hard bedrock, which justifies the moderately high 
hydraulic conductivity.

Wetlands

Wetlands are extensive within the IRMA (29 percent, 
areally), especially in the southeast, and are areas of sub-
stantial groundwater/surface-water interactions. Because the 
model is steady state, only permanent (wet throughout the 
year) wetlands are simulated. Wetlands are typically simulated 

in MODFLOW as a hydraulic stress, with a package such as 
the GHB package (Anderson and others, 2015). Instead, the 
mining model relies on the UZF package to simulate the flows 
between groundwater and wetlands using an approach by 
Feinstein and others (2020). The UZF package is more appro-
priate to simulate wetlands than the GHB package because 
GHB package stresses may over constrain the modeled 
groundwater heads in the large wetland areas of the IRMA.

The UZF package can limit the amount of potential 
recharge (from SWB models) reaching the water table (actual 
recharge) if the unsaturated-zone geologic material is unable 
to transmit all the specified potential recharge. The difference 
between actual recharge and the specified potential recharge 
is called rejected recharge. Where groundwater levels are at 
land surface, UZF can also permit groundwater to seep to the 
surface if simulated groundwater heads are above land surface. 
This is called (areal groundwater) surface seepage. UZF 
increases surface seepage until groundwater heads decrease to 
land surface. Where there is groundwater-surface seepage in a 
steady-state model incorporating UZF, groundwater levels will 
be very near the surface, all potential recharge will be rejected, 
and permanent wetlands exist.

The UZF package uses a variable called SURFDEP to 
control not only where surface seepage occurs, but also where 
potential recharge is rejected because high groundwater levels 
prevent infiltration. If the groundwater head in a cell is within 
half of the SURFDEP distance to the cell top (land surface), all 
recharge will be rejected, and surface seepage can occur. The 
SURFDEP distance can be thought of as the average height 
of land-surface undulation in the wetland areas of the IRMA 
(Feinstein and others, 2020). In the IRMA, the average land-
surface undulation within areas mapped as wetlands is about 
1 ft in height (based on lidar data), and this measurement was 
used as the SURFDEP value throughout the model. The UZF 
package was not active in cells containing lakes or mine pits 
(fig. 10). For the purposes of defining wetlands in model out-
put, any area with simulated areal groundwater-surface seep-
age to the land surface (and, by definition, any area where the 
water table is within plus or minus 0.5 ft of the land surface) is 
considered a simulated permanent wetland. Areas of simulated 
permanent wetlands were compared to areas of mapped per-
manent wetlands derived from M. Jirsa (MGS, oral commun., 
January 30, 2018) and MN–DNR (2018) (see peat, in the 
“Model Surficial Geology” section, for details). Areas where 
simulated permanent wetland (presence or absence) disagrees 
with areas of mapped permanent wetland are a measure of 
the degree to which the model accurately simulates the IRMA 
wetland hydrology.

The mining model does not use the overland-flow routing 
function of the UZF package, so rejected recharge and surface 
seepage from UZF appear as separate lines in the model water 
balance. The amount of rejected recharge and surface seepage 
that makes its way to become streamflow must be added to 
base flow outside of MODFLOW in postprocessing. A water-
cycle study of a wetland-rich area of northwestern Minnesota 
found that approximately 86–87 percent of groundwater 

https://www.dnr.state.mn.us/waters/watermgmt_section/appropriations/wateruse.html
https://www.dnr.state.mn.us/waters/watermgmt_section/appropriations/wateruse.html
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Figure 10.  Unsaturated-zone simulation and potential-recharge multiplier areas, mining model, northeastern Minnesota.
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discharge left the study area as ET (Cowdery and others, 
2019). Much of the groundwater discharges to closed-basin 
wetlands, rather than flowing streams, before evaporating or 
transpiring. Although the wetland-rich IRMA is somewhat 
wetter (13 percent wetter than average annual precipitation of 
northwestern Minnesota during 2003–15) and cooler (Smith 
and Westenbroek, 2015) than northwestern Minnesota, the 
importance of ET fluxes in the IRMA is also likely to be 
substantial. Rejected recharge likely occurs mostly in perma-
nent wetland areas where groundwater levels are persistently 
at land surface. Although these wetlands are extensively 
ditched for agriculture, the ditches usually contain substantial 
vegetation, especially in the summer. This vegetations plugs 
up ditches, keeping water levels higher and making them 
less able to drain nearby wetlands. This leaves water on the 
landscape where it can evaporate. Therefore, 80 percent of 
the rejected recharge was assumed to leave the Basin through 
ET. The remaining 20 percent was added to the appropriate 
stream base flow by a postprocessing utility as part of the 
calibration process.

In contrast to rejected recharge, most areal surface 
seepage likely occurs low in the landscape, near and beneath 
streams as springs, where upward vertical hydraulic gradi-
ents are highest. Little of this seepage would be lost to ET 
because the seepage discharges close to streams and quickly 
flows to them. Although stream water also evaporates, stream 
surface area is relatively small compared to the flux of water 
in the stream. Therefore, we assumed that only 20 percent of 
surface seepage left the model through ET, and the remaining 
80 percent was added to the appropriate stream base flow by 
the postprocessing utility as part of the calibration process.

Calibration of the Mining Model

The mining model was calibrated with parameter-
estimation software (PEST; Doherty, 2010, 2014) using the 
guidelines of Doherty and Hunt (2010). PEST adjusts model 
variables, called parameters, within modeler-specified bounds 
to minimize the difference between measured (observed) and 
model-calculated groundwater heads, base flows, mine-pit 
outflows, and wetland areas. Observations are weighted 
according to the importance and accuracy of the measure-
ments so that better observations have a bigger effect on the 
calibration of the model. The sum of the weighted differ-
ence between the model-calculated result and the measured 
observation is called the objective function. PEST adjusts 
parameters to minimize the objective function and calibrate 
the model. PEST was used in a stepwise fashion to reduce 
computational time and to control how the objective function 
was minimized (described later).

Observations
PEST calibrated the mining model to measured 

groundwater levels, stream base flow, mine-pit dewater-
ing flows, and the degree to which the model correctly 

simulated wetland and nonwetland areas (discussed later). 
Of the 2,766 measurements forming the water level calibra-
tion dataset (fig. 11), 2,629 groundwater levels came from 
the Minnesota Well Index (T. Wahl, MGS, written com-
mun., 2018, publicly available data at h ttps://www .health.st 
ate.mn.us/ communities/ environment/ water/ mwi/ index.html), 
which is maintained by the Minnesota Department of Health; 
55 were supplied by the MN–DNR (2016); and 8 were sup-
plied by the Minnesota Pollution Control Agency (A. Streitz, 
written commun., 2018). All calibration water levels are 
available in the model archive (Cowdery and others, 2023). 
The remaining 74 groundwater levels were from mine pits and 
mine-pit lakes determined from 2011 lidar elevation data. 
Most groundwater levels were single measurements (table 3) 
collected during drilling or development of wells for domestic, 
municipal water supply, and mining exploration uses. Average 
water levels were calculated at wells with more than one water 
level. Only levels from wells where the aquifer was known 
were included. Levels used for calibration were measured 
during 1900 to 2017, with 97 percent of those measurements 
being collected after 1970. Most measurements are from the 
1990s and 2000s (25 percent and 30 percent, respectively). 
Fifty-seven percent of the water level observations were mea-
sured during the steady-state modeling period of 1995–2015, 
but during 2011, the year corresponding to lidar measurements 
used in determining lake and mine-pit water levels, only 3 per-
cent (83 water levels) were available.

Base flow in streams (fig. 11) measured by the USGS and 
MN–DNR falls into three groups when used for calibration: 
base flow calculated at continuous-flow streamgages (7 sites), 
miscellaneous single streamflow measurements (6 sites), and 
streamflow from a group of sites (34 sites) at which one-time, 
concurrent synoptic flow was measured (table 4). All flow 
measurements were modified to model units (cubic feet per 
day [ft3/d]) and to better represent the steady-state period that 
the calibrated mining model simulates. A base flow estimate 
was calculated from continuous streamflow records at seven 
streamgages by hydrograph separation using the Institute of 
Hydrology Base Flow Index method (Institute of Hydrology, 
1980; Wahl and Wahl, 1988). During 2012–15, four of these 
sites had complete daily average flow records. Three other 
sites had substantial daily flow records, but these records were 
incomplete during 2012–15. The incomplete sections of the 
records were estimated by calculating an average flow factor 
for the streamgage with missing records during periods of 
overlapping flow record with the USGS streamgage (USGS 
site 04015438) in the St. Louis River headwaters at Skibo, 
Minnesota (average daily flow at the Skibo streamgage during 
the period of overlapping record divided by the average daily 
flow at the Skibo streamgage during 2012–15). This aver-
age flow factor, multiplied by the average streamflow at the 
Skibo streamgage during missing streamflow periods, pro-
duced a complete average daily streamflow estimate for the 
streamgage with missing flow record for the 2012–15 period. 
Average daily base flow discharge, which was assumed to be 
groundwater discharge, was calculated at these seven sites 
during 2012–15.

https://www.health.state.mn.us/communities/environment/water/mwi/index.html
https://www.health.state.mn.us/communities/environment/water/mwi/index.html
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Figure 11.  Location of water levels and stream flows used in calibration in the mining model, northeastern Minnesota.
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Table 3.  Water levels at wells in the Minnesota Well Index used 
to calibrate the mining model, northeastern Minnesota.

Water levels, per well Number of wells

1 2,553
2 11
3 1

37 1
42 2
43 1

Table 4.  Observations and objective-function weight used to calibrate the mining model, northeastern Minnesota.

[>, greater than; <, less than; —, not applicable]

Type Group Number Weight
Weight dividenda of flows, 

in cubic feet per second

>100 100–5 <5

Heads Matching, far from edge 1,141 1 — — —
Heads Matching, near edge 449 0.75 — — —
Heads Nonmatching, far from edge 1,023 0.1 — — —
Heads Nonmatching, near edge 153 0.01 — — —
Base flow Continuous hydrograph 7 4.3–39 1,000 400 40
Base flow Concurrent synoptic 34 0–44 1,000 100 10
Base flow Single measurement 6 0.24–3.3 — 16.67 —
Mine-pit flows All 16 20 — — —
Wetlands False negative, false positive 2 0.004 — — —

aWeight dividend is the dividend that is divided by the flow to produce the flow weight. Two base flow weights deviated from this calculation.

Six miscellaneous, single flow measurements stored 
in the USGS National Water Information System database 
(USGS, 2022) and collected during 2012–15 were also used 
as flow observations in calibration. These measurements were 
corrected to produce 2012–15 representative flows using a 
factor of the flow at the Skibo streamgage on the measure-
ment day divided by the average base flow at the Skibo 
streamgage during 2012–15. One set of synoptic streamflow 
measurements was collected for this study at 34 locations 
on August 15–17, 2018. The 34 synoptic measurements 
were also adjusted to produce 2012–15 representative flows 
with the same method used to adjust the miscellaneous flow 
measurements.

The flows of rejected recharge and surface seepage 
calculated by the UZF package are important components of 
the water budget in the IRMA, and some part of these flows 
likely contributes to base flow measured and used as flow 
calibration targets in the mining model. The rejected recharge 
and surface seepage that do not find their way to streams are 
eventually lost to ET. To accurately calibrate the model, the 
flows not lost to ET were added to model-produced stream 
base flows using a post-MODFLOW processing utility 

program because they are not routed within the implementa-
tion of the UZF package used. As noted previously, 20 percent 
of the rejected recharge was assumed to not leave the Basin 
through ET and was added to the appropriate stream base flow. 
In contrast, 80 percent of surface seepage was assumed to not 
leave the Basin through ET and was added to the appropriate 
stream base flow

Reported dewatering flow at 16 mine pits was also 
used as calibration flow targets. The aggregated outflow of 
DRN hydrologic stresses for each mine pit, which is used to 
maintain mine-pit water levels in the model, was compared 
to the average reported mine-pit dewatering flow. Aggregated 
dewatering flows were routed (as part of the postprocessing) to 
the appropriate streamgages to augment simulated stream base 
flows. Two mine pits on the western end of the IRMA were 
within the Mississippi River drainage area where streamflows 
were not measured. The discharge from these mine pits was 
not routed.

Total area of mapped permanent wetland in the IRMA 
was used as an observation (brown areas, fig. 10) and com-
pared to total permanent wetland area produced by the model 
(area of groundwater-surface seepage. See definition of 
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model-produced wetland area in “Wetland” section presented 
previously). The difference in these areas multiplied by a 
weighting factor of 0.004 (table 4) was added to the objec-
tive function, which was minimized during PEST calibration. 
Two types of wetland-area errors are possible. False-negative 
wetland areas are those where mapped wetlands exist, but the 
model does not produce surface seepage. False-positive wet-
land areas are those where there are no mapped wetlands, but 
the model produces surface seepage.

Weights
Weights were applied to the water levels to control their 

importance in parameter estimation. Calibration water levels 
were placed in the model layer corresponding to the depth of 
the well open interval. For wells where the geologic mate-
rial of the open interval did not match that of the containing 
model layer, observation locations were moved vertically by 
as much as 80 ft to an adjacent cell that had matching geologic 
material. Observations that were moved received lower weight 
in calibration; water levels from wells with an open interval 
in geologic material that matched that of the corresponding 
model cell have more weight (number of water levels match-
ing or not matching for each type of material is shown in 
table 5). Water levels from wells that are within three model 
cells of a boundary condition (including hydrologic stresses) 
also have less weight because specified fluxes at the lateral 
boundaries can produce modeled groundwater heads that are 
substantially different from measured heads. The weights used 
for calibration water levels are shown in table 4.

The weights applied to base flow observations favored 
values calculated from continuous hydrographs and those 
with higher flows (table 4). Weights were calculated by taking 
the appropriate weight dividend from table 4 and dividing 
it by the base flow to produce the weight used for that base 
flow. Average base flows calculated from continuous hydro-
graphs have high weight dividends that produce relatively 
high weights because they better represent the average flow 
conditions that a steady-state model produces. Single base 
flow measurements have relatively low weight dividends that 
produce relatively low weights because these measurements 
are idiosyncratic of the flow conditions at the time of measure-
ments and may not represent the long-term average conditions 
produced by a steady-state model. High base flow had higher 
weight dividends because higher flows were measured at loca-
tions that have a larger drainage area, thus integrating a larger 
part of the model. The choice of these weights ensures that 
the overall groundwater flows through the model have more 
effect on parameter values than do flows from a small area of 
the model.

Mine-pit discharge measurements were all given a rela-
tively low weight of 20 because they have a large uncertainty 
and are all about the same magnitude. The weight for wetland 
false-positive area and false-negative area observations were 
0.004, which is small, because the method used to determine 
the wetland area in a steady-state condition in the IRMA is 

uncertain, as described previously. Further, the method used to 
determine what areas of the steady-state model are wetlands 
also contains many assumptions and uncertainties.

Parameters

Model hydraulic conductivity was initially calibrated 
using zones (layers 1, 7, and 8) and pilot points (layers 2–6; 
Doherty, 2003). Pilot points is a parameterization method 
where values of the parameter are estimated at modeler-
specified locations in the model. The model hydraulic-
conductivity arrays were interpolated from the hydraulic 
conductivity at pilot-points using modeler-specified estima-
tion choices. This approach offers a compromise between the 
computationally burdensome option of specifying a parameter 
in every model cell and the rigid representation of specify-
ing a parameter in a small number of constant hydraulic-
conductivity zones (Hunt and others, 2007; Anderson and 
others, 2015). Singular-value decomposition (Kalman, 1996; 
Aster and others, 2013) was used to ensure stability in the 
parameter-estimation process using settings suggested by 
Doherty and Hunt (2010). Tikhonov regularization (Tikhonov, 
1963a; Tikhonov, 1963b; Doherty, 2003; Doherty, 2010) was 
used during parameter estimation to prevent overfitting (that 
is, unrealistic parameter values) following the approach of 
Doherty and Hunt (2010). See Doherty and Hunt (2010), 
Anderson and others (2015), and Leaf and others (2015) for a 
detailed description of the application of these methods.

The PEST calibration adjusted 306 param-
eters: 21 hydraulic-conductivity zones, 252 pilot points in 
12 hydraulic-conductivity zones, 29 vertical hydraulic conduc-
tivity anisotropy zones, recharge multipliers in 2 zones, and 
streambed and drain conductance (tables 6 and 7). Pilot points 
were not used in layer 1 because the available detailed surficial 
geology mapping was able to provide appropriately hetero-
geneous hydraulic-conductivity distributions using zones of 
mapped sediment texture. The glacial geology detail produced 
for layers 2–4 was much lower than in layer 1 because it 
was interpolated from a few hundred well logs that had the 
range of sediment types aggregated into six material groups. 
Two of these materials (St. Louis Sublobe fine-grained and 
course-grained sediments) do not appear in layers 2–4. The 
remaining four glacial materials were treated as single mate-
rial zones regardless of layer, and their hydraulic conductivity 
was calibrated using pilot points within those zones. The four 
bedrock materials in layers 5–8 were given separate hydraulic-
conductivity zones in each layer to account for decreased frac-
turing with depth. Pilot points were placed within the zones 
in layers 5 and 6 (the uppermost two bedrock layers) because 
there were enough groundwater head measurements in these 
layers to inform hydraulic-conductivity variability. Pilot points 
were not placed in layers 7 and 8, because so few groundwater 
head measurements were available to constrain pilot point 
parameters. Piecewise-constant hydraulic-conductivity zones 
represented the four bedrock materials in layers 7 and 8.
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Table 5.  Calibration water levels and group codes for the mining model, northeastern Minnesota.

[WL, water-level; PEST K, horizontal hydraulic-conductivity zone for Parameter Estimation software; HS, hydrostratigraphic; PPs, number of pilot points; —, 
no zone; FG, fine-grained; CG, coarse-grained; SLSL, St. Louis Sublobe of the Des Moines Lobe; Fm., formation; Gran./cryst., granite/crystalline]

Material
Model 
layers

Calibration WLa Zone code
PPsd

Match No match PEST K WLb HSc

Mine features

Mine pits 1 74 0 5 25, 26e 5 0
Mine pits 2–4 0 0 — 13, 14 5 0
Mine pits 5–6 0 6 — 13, 14 1,000 0
Mine pits 7 0 6 28 13, 14 1,000 0
Tailings basins 1–4 0 1 8 13, 14 8 0
Waste-rock piles 1–4 1 10 6 13, 14 6 0
Mining-disturbed 1–4 15 44 7 13, 14 7 0

Postglacial sediments

Peat 1 1 5 11 15, 16 11 0
Alluvium 1 0 0 29 — 29 0

Glacial sediments

Rainy, FG 1–4 19 537 1 1, 2 1 38, 5, 2
Rainy, CG 1–4 867 103 2 3, 4 2 31, 5, 0
Superior, FG 1–4 0 0 3 5, 6 3 1, 1, 1
Superior, CG 1–4 4 0 4 7, 8 4 1, 1, 1
SLSL, FG 1 2 44 9 9, 10 9 0
SLSL, CG 1 11 1 10 11, 12 10 0

Bedrock

Biwabik Fm. 5 3 3 13f 19, 20 102 8
Biwabik Fm. 6 15 1 17f 19, 20 602 9
Biwabik Fm. 7 2 0 21 19, 20 702 0
Biwabik Fm. 8 4 0 25 19, 20 802 0
Duluth Complex 5 2 10 15f 23, 24 104 18
Duluth Complex 6 5 1 19f 23, 24 604 18
Duluth Complex 7 0 0 23 23, 24 704 0
Duluth Complex 8 0 0 27 23, 24 804 0
Virginia Fm. 5 241 60 14f 21, 22 103 30
Virginia Fm. 6 166 2 18f 21, 22 603 30
Virginia Fm. 7 4 1 22 21, 22 703 0
Virginia Fm. 8 1 1 26 21, 22 803 0
Gran./cryst. 5 69 88 12f 17, 18 101 26
Gran./cryst. 6 234 91 16f 17, 18 601 26
Gran./cryst. 7 3 14 20 17, 18 701 0
Gran./cryst. 8 0 0 24 17, 18 801 0

aNumber of water levels from wells with open-interval material that match or do not match (no match) the model material.
bZone code for calibration water levels. The first code number contains wells where the open-interval material matches the model material. The second code 

number contains wells where these materials do not match.
cCalibration water-level, zone-code number for the material.
dNumber of pilot points are for layers 2, 3, and 4, respectively.
eThe first zone code is for natural water levels of mine-pit pools. The second zone code is for the water levels of mine-pit pools that are maintained artificially.
fHydraulic-conductivity zones that were not used because the entire zone was covered with pilot points.



26  


Hydrologic Change in the St. Louis River Basin from
 Iron M

ining on the M
esabi Iron Range

Table 6.  Horizontal hydraulic conductivity of the mining model, northeastern, Minnesota.

[Gray shading of cells with “NPP” indicates those zones do not have pilot points and no statistics should be expected. Pink highlight (also marked with a *) is the pilot-point value at the end of its allowed range. 
Green highlight (also marked with a †) indicates each of layers 2–4 had its own calibrated value based on one pilot point. K, horizontal hydraulic conductivity, in feet per day; PEST, parameter-estimation soft-
ware; —, not available; NPP, zone had no pilot points; FG, fine-grained; CG, coarse-grained; SLSL, St. Louis Sublobe of the Des Moines Lobe; Fm., formation; Gran./cryst., granite/crystalline]

Material
Model 
layers

Literature K 
rangea

PEST-calibrated K for zones PEST-calibrated K for zones with pilot points

Minimum 
constraint

Initial
Maximum 
constraint

Calibratedb Minimum Mean Maximum Range

Mine features

Mine pits 1 — 1.0×103 1.0×103 1.0×105 1,121.044 NPP NPP NPP NPP
Mine pits 2–6 — 1.0×103 1.0×103 1.0×103 1,000 NPP NPP NPP NPP
Mine pits 7 — 1.0×101 1.0×103 1.0×104 16.84704 NPP NPP NPP NPP
Tailings basins 1–4 — 1.0×10−7 1.0×10−1 1.0×101 0.08051 NPP NPP NPP NPP
Waste-rock piles 1–4 — 4.0×10−3 2.0×102 2.0×104 268.4754 NPP NPP NPP NPP
Mine-disturbed 1–4 — 1.0×10−4 5.0×100 1.0×102 22.79139 NPP NPP NPP NPP

Postglacial sediments

Peat 1 0.004–362c 4.0×10−6 4.0×10−1 4.0×101 0.06228 NPP NPP NPP NPP
Alluvium 1 0.001–0.1 1.0×10−4 5.0×100 5.0×102 6.44857 NPP NPP NPP NPP

Glacial sediments

Rainy, FG 1–4 0.04–6.7 2.0×10−6 2.0×10−1 2.0×101 6.06147 0.07 0.449 2* 1.9299
Rainy, CG 1–4 0.004–362c 1.0×10−4 5.0×100 1.0×102 46.276 0.779 10.763 27.777 26.998
Superior, FG 1–4 0.012–31d 4.0×10−6 4.0×10−1 4.0×101 0.62285 0.297† 2.022† 2.19† 1.8934†

Superior, CG 1–4 0.004–362c 1.0×10−4 5.0×100 1.0×102 6.07647 1.5† 2.128† 2.418† 0.918†

SLSL, FG 1 0.00001–0.01 5.0×10−7 5.0×10−2 1.0×102 0.6638 NPP NPP NPP NPP
SLSL, CG 1 0.004–362c 1.0×10−4 5.0×100 1.0×102 0.06993 NPP NPP NPP NPP

Bedrock

Biwabik Fm. 5 0.2–16 1.6×10−5 1.6×101 1.6×102 —e 2.646 11.569 25.391 22.7455
Biwabik Fm. 6 0.2–16 1.6×10−6 1.6×100 1.6×101 —e 0.16* 0.239 0.538 0.382
Biwabik Fm. 7 0.2–16 1.6×10−7 1.6×10−1 1.6×100 0.01019 NPP NPP NPP NPP
Biwabik Fm. 8 0.2–16 1.6×10−7 1.6×10−1 1.6×100 0.03602 NPP NPP NPP NPP
Duluth Complex 5 0.0003–0.4 4.1×10−7 4.1×10−1 4.1×100 —e 0.268 1.175 4.1* 3.8319
Duluth Complex 6 0.0003–0.4 4.1×10−8 4.1×10−2 4.1×10−1 —e 0.015 0.035 0.053 0.0376
Duluth Complex 7 0.0003–0.4 4.1×10−9 4.1×10−3 4.1×10−2 0.00342 NPP NPP NPP NPP
Duluth Complex 8 0.0003–0.4 4.1×10−10 4.1×10−4 4.1×10−3 0.00038 NPP NPP NPP NPP
Virginia Fm. 5 0.002–0.7 3.3×10−7 3.3×10−1 3.3×100 —e 0.056 0.353 1.382 1.326
Virginia Fm. 6 0.002–0.7 3.3×10−8 3.3×10−2 3.3×10−1 —e 0.015 0.031 0.05 0.035
Virginia Fm. 7 0.002–0.7 3.3×10−9 3.3×10−3 3.3×10−2 0.00272 NPP NPP NPP NPP
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Table 6.  Horizontal hydraulic conductivity of the mining model, northeastern, Minnesota.—Continued

[Gray shading of cells with “NPP” indicates those zones do not have pilot points and no statistics should be expected. Pink highlight (also marked with a *) is the pilot-point value at the end of its allowed range. 
Green highlight (also marked with a †) indicates each of layers 2–4 had its own calibrated value based on one pilot point. K, horizontal hydraulic conductivity, in feet per day; PEST, parameter-estimation soft-
ware; —, not available; NPP, zone had no pilot points; FG, fine-grained; CG, coarse-grained; SLSL, St. Louis Sublobe of the Des Moines Lobe; Fm., formation; Gran./cryst., granite/crystalline]

Material
Model 
layers

Literature K 
rangea

PEST-calibrated K for zones PEST-calibrated K for zones with pilot points

Minimum 
constraint

Initial
Maximum 
constraint

Calibratedb Minimum Mean Maximum Range

Bedrock—Continued

Virginia Fm. 8 0.002–0.7 3.3×10−10 3.3×10−4 3.3×10−3 0.00029 NPP NPP NPP NPP
Gran./cryst. 5 0.004–42 2.0×10−5 2.0×100 2.0×102 —e 0.913 7.024 20* 19.0867
Gran./cryst. 6 0.004–42 2.0×10−7 2.0×10−1 2.0×100 —e 0.104 0.193 0.272 0.168
Gran./cryst. 7 0.004–42 2.0×10−8 2.0×10−2 2.0×10−1 0.01532 NPP NPP NPP NPP
Gran./cryst. 8 0.004–42 2.0×10−9 2.0×10−3 7.0×10−2 0.0036 NPP NPP NPP NPP

aHorizontal hydraulic-conductivity ranges based on those literature values summarized by Haserodt and others (2019).
bHorizontal hydraulic conductivity in layer 1 for material with pilot points.
cRange of generic sand and gravel from northeastern Minnesota; used where horizontal hydraulic conductivity of coarse-grained material from specific glacial lobes was not available.
d Range of generic till and lake clays in northeastern Minnesota; used where horizontal hydraulic conductivity of fine-grained Superior Lobe material was not available. 
eZone horizontal hydraulic conductivity not used. Pilot points covered this entire zone.
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Table 7.  Automated calibration parameters of the mining model, northeastern Minnesota.

[No., number; Kxy, horizontal hydraulic conductivity, PAR, potential areal recharge; —, unitless; ft/d, foot per day]

Parameter Type No.
Minimum 
constraint

Initial
Maximum 
constraint

Calibrated Units

Horizontal hydraulic conductivity (Kxy)

Initial zones Zone 29 (a) (a) (a) (a) (a)
Final zones Zone 21 (a) (a) (a) (a) (a)
Pilot points Pilot point 252 (a) (a) (a) (a) (a)

Recharge

Upland PAR Array multiplier 1 0.5 1 3 1.507005 —
Wetlands PAR Array multiplier 1 0.5 1 2 1.130291 —

Streambed hydraulic conductivity

Nonlake crossing Single 1 0.5 5 50 4.983644 ft/d
Lake crossingb Fixed 0 1×10−6 1×10−6 1×10−6 1×10−6 ft/d
Vertical anisotropy  

by zone
Kxy array  

multiplier
29 1 0.1 0.005 0.86–0.0044 —

Drain hydraulic  
conductivity

Single 1 1 8×105 5×106 7.988×104 ft/d

aDetailed in table 6.
bFixed, not a parameter.

The initial hydraulic conductivity for each zone was 
set within ranges reported from the literature to maintain an 
appropriate relative ranking of hydraulic conductivity of aqui-
fer materials to one another (table 6). The hydraulic conductiv-
ity of Des Moines glacial fine-grained sediments is less than 
that of the Rainy Lobe, which is less than that of the Superior 
Lobe, based on the general texture of those tills (Wright, 1972; 
Johnson and others, 2016). Relations in the variability of 
hydraulic conductivity in bedrock were incorporated into the 
model by differing ranges in parameter constraints (table 5). 
The order of decreasing bedrock hydraulic conductivity is the 
Biwabik Iron Formation (which also is more highly variable), 
the Duluth Complex, the Virginia formation, and crystalline 
bedrock (Barr Engineering Company, 2014). Most upper and 
lower bounds for pilot-point hydraulic-conductivity parame-
ters spanned two orders of magnitude for each zone, where the 
initial value was at or near the mean of its range. Zones were 
given wider bounds to reflect the range of reported literature 
values and expected upscaling artifacts that may result from 
using literature values in a groundwater-flow model (table 6). 
Hydraulic conductivity was initially free to vary in each unit 
independently during parameter estimation. Optimum hydrau-
lic conductivities were evaluated for reasonableness at the 
end of the parameter estimation. Vertical anisotropy for each 
initial hydraulic-conductivity zone was calibrated as a separate 
parameter (table 7) regardless of whether that zone had pilot 
points. Using an anisotropy parameter with a lower bound of 
1.0 ensured that optimal parameters always had the expected 

relative relation of horizontal hydraulic-conductivity values 
being equal or greater to the vertical hydraulic-conductiv-
ity value.

The potential areal recharge array was divided into two 
areas, each with a calibration multiplier parameter: “wetland” 
recharge areas of low slope and “upland” recharge areas of 
higher slope (table 7, fig. 10). For the purposes of calibra-
tion, wetland areas are those defined as peat accumulating 
permanent wetlands (see “Wetland” section). All other areas 
are considered uplands. The two wetland recharge area 
multipliers retain the relative potential-recharge distribution 
produced by the SWB model across the IRMA but allow 
PEST to calibrate the mining model to more closely simulate 
the correct total flux through the aquifers in the IRMA. The 
multiplier for upland areas was allowed to vary over a wider 
range during calibration because the uplands are more vari-
able geologically, hydrologically, and biologically than are 
the wetland areas.

Mining-Model Results

The water table in the mining model (fig. 12) generally 
follows the surface topography, with elevations over 1,800 ft 
along the Iron Range and in the topographically high area 
along Lake Superior (Superior highlands) to the southeast 
of the Toimi Drumlin Field (fig. 1). The lowest groundwater 
elevations are in the downstream parts of the major rivers: the 
St. Louis in the southwest, the Pike in the north, and the Little 
Fork (see fig. 1 for location) in the northwest. Within the St. 
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Figure 12.  Simulated water-table elevation in the mining model, northeastern Minnesota.
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Louis River Basin, groundwater-flow direction is like that of 
streams: from the Iron Range and Superior uplands toward the 
St. Louis River and out of the IRMA in the southwest (fig. 12). 
Groundwater gradients dip steeply south from the Iron 
Range, and less steeply to the north. These features appear 
on the cross section A–A′ (fig. 13; trace on fig. 1), which cuts 
west-east through the center of the IRMA, near the city of 
Virginia. On the east and west flanks of the cross section, the 
water table generally follows the topography close to the land 
surface. Near the topographically high areas of the Iron Range, 
the water table is deeper in part because of mine dewater-
ing, and its gradient is steeper because of the high topogra-
phy. Shallow groundwater discharges to surface waters, the 
Embarrass River, and the headwaters of the St. Louis River in 
the cross section. Deeper, regional scale groundwater-flow dis-
charges to areas of low hydraulic head: the Embarrass River 
and dewatered mine pits in the cross section. The McKinley 
mine pit, for example, has the lowest model-layer-one hydrau-
lic head in the cross section and likely captures some ground-
water that otherwise would have discharged to the Embarrass 
River. Note that a lower hydraulic head in the cross section 
is at depth between the city of Virginia and the Missabe 
Mountain mine pit, indicating that all flow is downward in that 
area. The downward flow likely is the result of the erroneous 
SFR2 stresses noted in the “Hydrologic Stresses” section. The 
downward flow may also be caused by some flow that contains 
a component that is perpendicular to the plane of the cross sec-
tion toward some lower discharge area. This lower discharge 
area may be the upper reaches of tributaries of the St. Louis or 
Pike Rivers or some other pumped mine pit.

Groundwater discharges to streams (providing stream 
base flow) throughout most of the IRMA (green reaches in 
fig. 14). Stream reaches that lose water to aquifers are con-
centrated near the model boundary. Recall that the model is 
bounded laterally by WEL package hydrologic stresses that 
represent groundwater flow into or out of the lateral boundar-
ies (fig. 9). These flows are approximate because they come 
from a Basin-wide regional two-dimensional groundwater-
flow model (Haserodt and others, 2019). These lateral flows 
are apportioned in the third dimension of the mining model 
based on the uncalibrated transmissivity of each cell in the 
vertical stack. Because this apportionment is approximate, 
some (outward) boundary flow stresses may be too high. 
Where outward flow stresses occur in cells containing SFR2 
stream reaches, flow from streams may be induced where such 
flows may not actually exist. These unrealistic flows are far 
from the main mining features that are the focus of this study, 
however, so they do not affect conclusions drawn from model 
results. This artificial situation likely occurs at many of the 
losing stream reaches near the lateral boundary. Apart from 
the edges of the grid, short losing reaches occur throughout 
the IRMA, but are nowhere extensive. A broad area of slightly 
gaining stream reaches (lightest green circles, fig. 14) in the 
southwestern part of the IRMA coincides with an area of 
highly ditched wetlands. Model results indicate that this large 
area is in intimate connection with the groundwater, but that 

discharge is small (less than 100 ft3/d) there. This may mean 
that ditches are not particularly effective at draining the wet-
lands, perhaps being clogged with vegetation most of the time.

Water Balance
Total groundwater flow through the mining model is 

nearly 171 million ft3/d. In a steady-state groundwater model, 
inflows should balance outflows. In this model, the balance 
is 0.012 percent. The components of the mining-model water 
balance (table 8) that have the largest flows are areal recharge 
(in, 78 percent), areal groundwater seepage to the surface (sur-
face seepage out, 45 percent), seepage to streams (out, 43 per-
cent), and stream seepage to groundwater (in, 12 percent). 
These four flows comprise 90 percent of the model inflows 
and 88 percent of the model outflows. Flows in other com-
ponents (for example, inflows and outflows from the model 
perimeter, lakes, and mine pits) are each less than 5 percent of 
the total groundwater flow. Simulated model surface seep-
age occurs throughout the IRMA but is concentrated in the 
lowlands. Surface seepage rates in areas of extensive wetlands 
were small (less than 0.01 ft/d per cell), while surface seepage 
rates occurring near streams were larger.

Total groundwater flow out to all mining features and 
pumping wells (man-made features) is 4.1 percent of all 
groundwater flow. This is partly counterbalanced by ground-
water recharge (flow in) from tailings basins of 2.7 percent, 
leaving net groundwater flow out to man-made features at 
1.4 percent. Most of this outflow is mine-pit (dewatering) 
pumping (2.7 percent), other (nondewatering) mine pumping 
(0.6 percent), and groundwater discharge to tailings basins 
(0.4 percent). Coincidentally, the amount of groundwater 
leaving through mine pits is equal to the amount of ground-
water entering from tailings basins (table 8), although some 
groundwater also flows out to tailings basins as seepage 
(0.4 percent). The model was only able to produce 55 percent 
of the specified amount of municipal and industrial groundwa-
ter withdrawals without model cells becoming dry. Similarly, 
only 68 percent of the lateral-boundary flows out of the model 
could be produced. Together, these unproducible flows are 
2.1 percent of total groundwater flow through the model.

Groundwater flow decreases with depth in the model 
(tables 9–11). More than 80 percent of groundwater flow in the 
IRMA model occurs in the upper four model layers of surfi-
cial and glacial materials; flow between layers (downward, 
upward, or net flows) decreases by between one-half and one 
order of magnitude per model layer downward. This pattern 
reflects the fact that most of the hydrologic stresses (water 
sources and sinks) and aquifer transmissivity in the model 
occur in the uppermost layers (recharge, streams, and lakes 
for example, typically occur in the uppermost four layers). 
The distribution of this flow in the unconsolidated layers (1–4) 
likely is not evenly distributed spatially, however. In areas like 
the northwestern and northeastern part of the IRMA, where 
these layers are thin (white areas, fig. 2), considerably more 
groundwater may be flowing in the upper bedrock layers than 
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[All abbreviations relate to MODFLOW packages. SFR, streamflow routing; RIV, river; DRN, drain. Flow paths are schematic and approximate, for illustrative purposes only. 
Flow paths cross head contours at right angles only when head contours are vertical because of 100-times vertical exaggeration]
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Figure 13.  Water-table elevation along the trace shown in figure 6 in the mining model, northeastern Minnesota.
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Table 8.  Water balance, mining model, northeastern Minnesota.

[— indicates flows that are not possible. Negative flows mean flow out of model cells. MODFLOW, U.S. Geological Survey Modular Three-Dimensional 
Finite-Difference Ground-Water Flow model; UZF, MODFLOW Unsaturated-Zone Flow package; %, percent; SFR, MODFLOW Streamflow Routing package; 
RIV, MODFLOW River package; WEL, MODFLOW Well package; DRN, MODFLOW Drain package; GHB, MODFLOW General Head Boundary package; 
MNW2, MODFLOW Multi-Node Well package]

Hydrologic stress (MODFLOW package used) Flow, in cubic feet per day Percentage of total inflow

Inflow to groundwater

Areal recharge (UZF) 133,205,936 78%
Stream seepage (STR) 20,387,044 11.9%
Seepage from the surface (UZF) — —
Lake seepage (RIV) 7,715,896 4.5%
North lateral boundary (WEL) 715,576 0.4%
East lateral boundary (WEL) 2,051,241 1.2%
South lateral boundary (WEL) 1,228,891 0.7%
West lateral boundary (WEL) 605,152 0.4%
Mine-pit pumping (DRN) — —
Tailings ponds seepage (GHB) 4,659,858 2.7%
Mesabi Mine transfer (MNW2)a 136,960 0.1%
Other mine pumping (MNW2) — —
Municipal pumping (MNW2) — —
  Total inflow 170,706,554 100%

Outflow from groundwater

Areal recharge (UZF) — —
Stream seepage (SFR2) −73,770,344 43.2%
Seepage to the surface (UZF) −76,934,160 45.1%
Lakes seepage (RIV) −7,815,384 4.6%
North lateral boundary (WEL) −1,611,329 0.9%
East lateral boundary (WEL) −443,029 0.3%
South lateral boundary (WEL) −1,627,266 1%
West lateral boundary (WEL) −1,585,946 0.9%
Mine-pit pumping (DRN) −4,689,312 2.7%
Tailings ponds seepage (GHB) −737,824 0.4%
Mesabi Mine transfer (MNW2)a −136,960 0.1%
Other mine pumping (MNW2) −1,076,871 0.6%
Municipal pumping (MNW2) −319,514 0.2%
  Total outflow −170,747,939 100%
  Imbalance (inflow minus outflow) −20,553 0.01%

aOne mine in the model transfers water between mine pits, which is accomplished in the mining model with MNW2 wells.
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Table 9.  Hydrologic-stress flows by layer, mining model, northeastern Minnesota.

[%, percentage of total model inflow; BR, bedrock; —, no data]

Material
Model 
layers

Hydrologic-stress flow

In Out % in % out

Glacial 1–4 163,361,612 143,726,152 95.7 84.17
BR 5 5 6,650,288 21,243,982 3.9 12.44
BR 6 6 457,378 4,041,616 0.27 2.37
BR 7 7 236,878 1,599,983 0.14 0.94
BR 8 8 387 136,206 0 0.08
  Total — 170,706,544 170,747,939 100 100

Table 10.  Water flow between layers, mining model, northeastern Minnesota.

[%, percentage of total model inflow; BR, bedrock]

Flow between layers Down Up Net down % in % out

Glacial 4 and BR 5 60,783,880 41,139,290 19,644,590 35.61 24.1
BR 5 and BR 6 10,898,380 5,847,495 5,050,885 6.38 3.43
BR 6 and BR 7 3,008,881 1,542,119 1,466,762 1.76 0.9
BR 7 and BR 8 278,754 161,378 117,377 0.16 0.09

Table 11.  Water balance by layer, mining model, northeastern Minnesota.

[RPD, relative percent difference; BR, bedrock]

Material
Model 
layers

Total flows to or from layer

To From Error RPD

Glacial 1–4 204,500,901 204,510,032 −9,238 −0.0045
BR 5 5 73,281,663 73,281,652 −5 0
BR 6 6 12,897,877 12,897,992 −118 −0.0009
BR 7 7 3,407,137 3,420,856 −13,720 −0.4019
BR 8 8 279,142 297,584 −18,443 −6.3956

in other parts of the IRMA. In the bedrock layers (5–8), mine-
pit drainage and well pumping create hydraulic gradients that 
likely result in higher flows than would otherwise occur in the 
absence of such hydrologic stresses.

Head Calibration Results

Calibration of the mining model produced a good fit 
for heads (coefficient of determination, R2=0.93; fig. 15). 
The mean head residual (measured minus simulated) for all 
heads was −1.89 ft, indicating that modeled heads are biased 
slightly low. The mean absolute error residual for all heads 
was 11.03 ft, with a standard deviation of 14.68 ft. (root mean 
squared error:18.36 ft.). The mean absolute error of heads 
measured in 6 of 74 wells in mines and mine pits was more 

than twice as high as those from other head groups, reflecting 
the inability of the model’s discretization to capture all hydro-
logic variability and heterogeneity near mining activities.

The difference between measured and simulated heads 
(modeled head errors) average near zero (−1.89 ft), indicating 
that the model produces heads that are not substantially biased. 
Most of large head errors cluster near the mining features of 
the Iron Range, however, and these errors tend to be positive, 
indicating that the calibrated model tends to produce heads in 
this area that are too low. The sign and magnitude of the head 
errors within each of the seven head groups shown in figures 
15 and 16 also appear random, indicating that the calibrated 
heads are not biased among these groups. Some simulated 
heads differed substantially (28 heads, 1 percent, greater than 
71 ft, absolute value) from the measured heads, however, but 
are not in any particular group.
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Figure 15.  Measured and simulated groundwater-level  differences by aquifer in the mining model, northeastern Minnesota.
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Figure 16. Measured minus simulated groundwater level differences, by aquifer in the mining model, northeastern Minnesota.
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Several features of the calibration heads are respon-
sible for the disagreement between measured and modeled 
heads. The measured heads used to calibrate the model were 
collected over the last 120 years during times that do not 
represent a steady state, especially during droughts and wet 
periods. Further, many of the heads were collected by drillers 
and reported as water levels below land surface even though 
measurements are often made from a location higher than 
land surface. The location of some wells and, therefore, the 
land-surface elevation derived from DEMs is poorly known, 
which can affect the elevation of water levels. Because the 
discretization of the model grid and the geology it contains 
are crude approximations at the scale of a well, the model 
geologic material of a cell containing the open intervals of 
some wells is not the same material as that on the strati-
graphic record of the well in the real world. If a model well 
is finished in a clayey till but the real well is finished in a 
buried sand, a substantial difference between modeled and 
measured water level can be expected. Finally, the steady 
state produced by the model cannot exist in the natural world, 
so modeled steady-state heads will never perfectly match 
measured heads.

Although the model generally simulated water levels 
well, water levels from mine pits and water levels near other 
mining features have larger residuals than water levels in 
areas with geologic materials. Part of the error in simulated 
mine-pit water levels likely is because of the heterogeneous 
hydraulic conductivity of the Biwabik Iron Formation and 
the overlying coarse-grained glacial deposits that supply the 
mine pits with water. The density of measured water levels 
and, therefore, pilot points used in the model are inadequate 
to capture all the geologic variability in the IRMA. Further, 
mine-pit water levels were determined from the 2011 lidar 
DEM. This year was drier than average and did not represent 
the long-term steady-state heads that the model produces. 
The large head residuals near nonmine-pit mining features 
likely come from their proximity to mine pits, which induce 
large head gradients that change constantly as mine pits are 
developed and dewatered. Finally, the locations of bedrock 
wells (and their water levels) are likely skewed toward parts 
of bedrock that locally have higher hydraulic conductivity. 
Well drillers likely select these locations for wells because 
they produce more water. Because the model calibration 
is dependent on measured water levels from these higher 
hydraulic-conductivity locations in the bedrock, the final bed-
rock hydraulic conductivities in the model likely are closer to 
the real average bedrock hydraulic conductivity in the IRMA, 
not the higher hydraulic-conductivity locations of wells. This 
would result in higher head errors near productive wells.

Head errors in bedrock are also generally very large 
(more than 100 ft) near mines, and nearly all of the residu-
als greater than 30 ft occur along the Iron Range (fig.16). A 
disproportionate number of these large residuals occur in the 
Biwabik Iron Formation for the reasons outlined previously: 
the formation’s hydraulic conductivity is heterogeneous, 
and many water levels come from mine pits, which are 

themselves heterogeneous. While 6.5 percent of heads errors 
were greater than 30 ft, 57 percent of these are in the Biwabik 
Iron Formation. Other bedrock zones had fewer than 5 percent 
of these large head errors.

Flow Calibration Results
Simulated base flow at streamgages also match measured 

streamflow well (R2=0.97 or greater of all but miscellaneous 
base-flow measurements; figs. 17 and 18). The model’s ability 
to reproduce flow is affected by several factors. Average flow 
at continuous streamgages is based on long periods of many 
measurements and better characterizes steady-state base flow 
from the modeled period (1995–2015) than do single synoptic 
or miscellaneous measurements of streamflow. Flow errors 
are biased particularly high (above the 1-to-1 line in fig. 17) 
at streams with smaller flows (less than 25 cubic feet per sec-
ond). The large departure from the 1-to-1 line is an artifact of 
the logarithmic scale of the plot. A given error in terms of flow 
(for example, 10 cubic feet per second, rather than percent) 
will appear large for measurements with low flows.

Simulated mine-pit flows have negative flow errors 
(below the 1-to-1 line in fig. 17). This is likely because 
measured mine-pit flows were given relatively low weight 
during calibration to reflect uncertainties in these observa-
tions. Mine-pit flows used in calibration were selected from 
2011 to better correspond to the mine-pit water elevations, 
which were estimated from the lidar elevation data collected 
in 2011. But 2011 was abnormally dry, so these mine pit flows 
likely represent average conditions poorly. The low calibration 
weight of mine-pit flows means that they had little effect over 
the calibrated values of parameters.

Wetland Presence/Absence
The calibrated mining model was able to reproduce 

71 percent of the mapped permanent wetland areas in the 
IRMA (white area divided by white plus orange area on 
fig. 19). The model produced 997 mi2 of wetlands (white plus 
green areas on fig. 19, defined as areas where the water table 
is within 1 ft of land surface), 71 percent of which overlap 
with mapped permanent wetlands (fig. 19 white areas equaling 
658 mi2). This amount is 108 percent of actual wetland in the 
IRMA. The model produced 339 mi2 of permanent wetlands 
where they are not mapped (green areas on fig. 19; false-
positive areas). Most of the areas where the model incorrectly 
produced wetlands are in the southeast part of the St. Louis 
River Basin in areas between the mapped wetlands and riv-
ers. This suggests that the water table is too high near rivers, 
perhaps indicating that the hydraulic conductivity of surficial 
materials is too high or perhaps that these riparian wetland 
areas are not correctly mapped as wetlands, possibly because 
they are seasonal or because they do not support the plants 
used to identify wetlands. Large areas where the model was 
unable to produce wetlands occur in the northern part of the 
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Figure 17.  Measured and simulated base flow and mine-pit discharge differences in the mining model, northeastern Minnesota.
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Figure 18.  Measured and simulated streamflow and mine-pit discharge differences in the mining model, northeastern Minnesota.
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IRMA (orange area on fig. 19; false-negative areas). Surficial 
sediments are very thin (less than a few feet thick) over much 
of this area. The model likely has difficulty producing heads 
high enough to produce wetlands in bedrock near the land 
surface because the hydraulic conductivities of these rocks 
are calibrated in areas where they are buried beneath tens to 
hundreds of feet of glacial sediments. The PEST parameter 
for wetland area was effective for total wetland area produced 
by the model but not where those wetlands were produced.

Well Withdrawals

Municipal (including commercial) well withdrawals 
account for 0.2 percent and mining process (other mining) 
well withdrawals account for 0.4 percent of the total modeled 
groundwater flow in the IRMA. However, the model simu-
lated only 38 percent of specified municipal pumping and 
60 percent of specified other-mining pumping. Three wells 
simulated no water pumped at all because they were open to 
model cells that were dry. The MODFLOW version used for 
these simulations reduces pumping rates specified by the user 
if the aquifer cannot support the specified rate. Because the 
specified pumping rates are self-reported by water users, this 
discrepancy could be a result of inaccurately reported pump-
ing rates. Alternatively, errors in model properties controlling 
flow in the vicinity of these wells could also result in simu-
lated pumping being lower than reported pumping. Requiring 
that the model produce specified rates of withdrawal could be 
used as a calibration target for future modeling (for example, 
Parsen and others, 2016), if pumping were an important 
model objective for the model. Municipal, commercial, and 
industrial pumping is not the focus of this study and accounts 
for less than 1 percent of the total groundwater flow in 
the model.

Calibrated Parameters

Hydraulic-conductivity zones calibrated using pilot 
points produced zones of varying heterogeneity. The 
most heterogeneous bedrock zones were the Biwabik Iron 
Formation (hydraulic-conductivity range: 2.6–25 ft/d) 
and crystalline bedrock (hydraulic-conductivity range: 
0.9–20 ft/d), in the uppermost bedrock model layer (layer 5; 
table 6). Fractures density and aperture are known to be 
greatest in the uppermost parts of bedrock in the IRMA and 
lessen with depth (M. Jirsa, MGS, oral communication, 
January 30, 2018). Hydraulic-conductivity variability of the 
Biwabik Iron Formation is large because of high concentra-
tions of vugs in some areas relating to its metasedimentary 
origins (Morey, 1972; M. Liljegren, MN–DNR, written com-
mun., 2018).

Although the calibrated model hydraulic conductivities 
generally simulated water levels well, hydraulic conductivi-
ties in mine-related zones likely are too high because their 
simulated heads are too low (yellow and red dots below the 

1:1 line, fig. 15). Further, the hydraulic conductivity of the 
Biwabik Iron Formation and the overlying coarse-grained 
glacial deposits, which supply water to mine pits, are par-
ticularly heterogeneous. The density of pilot points in these 
hydraulic-conductivity zones likely are inadequate to capture 
their real-world variability.

In glacial sediments, the most heterogeneous hydraulic-
conductivity zone was Rainy Lobe sands and gravels (range: 
0.8–28 ft/d, table 6). Generally, water levels from wells 
screened in glacial sediments had small head errors (lie 
close to the 1:1 line, fig.15). Most large residuals in glacial 
sediments are negative (modeled less than measured head), 
suggesting that calibration was unable to produce hydraulic 
conductivities high enough in some areas (fig. 15). Each of 
the 29 hydraulic-conductivity zones had calibrated vertical 
hydraulic-conductivity anisotropy. The largest anisotropies 
are in tailings basins (167 times less than horizontal hydrau-
lic conductivity) and St. Louis Sublobe sand and gravel 
(225 times less than horizontal hydraulic conductivity). There 
is no trend in vertical hydraulic-conductivity anisotropy with 
depth in bedrock, However, because horizontal hydraulic con-
ductivity in bedrock decreases with depth by about an order 
of magnitude per model layer, and because vertical hydraulic-
conductivity anisotropy varies less than an order of magnitude 
in each bedrock unit, calibrated vertical hydraulic conductivity 
also decreases with depth.

The potential areal recharge array was divided into 
upland areas and wetland areas, each with their own mul-
tiplier (fig. 10). The wetland-area potential-recharge array 
multiplier was 1.1 (75 percent of the upland-area multiplier), 
likely reflecting the large amount of rejected recharge from 
the high water table in wetland areas. In a sense, the wetland-
area recharge array multiplier has the effect of controlling 
the amount of rejected recharge. Because 20 percent of this 
rejected recharge is added to streamflow, the wetland-area 
recharge multiplier has the effect of reducing model error for 
stream base flow measurements. The upland-area potential-
recharge multiplier was 1.5, indicating that the SWB recharge 
estimates were too small to produce the amount of ground-
water flow through the model needed for base flow in streams 
in that area. Recharge multipliers equal to 1.0 would repre-
sent no change from the initial SWB potential areal recharge 
values. These calibrated multipliers are not equal to 1 because 
the groundwater model contains more complete hydrologic 
processes than does the SWB model. Calibrated streambed 
and drainbed conductance were nearly the same as the initial 
conductance, indicating that initial values for these parameters 
were appropriate for the system modeled. The model is most 
sensitive to the potential areal recharge multipliers.
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Limitations and Assumptions of the Mining 
Model

Like all models of the natural environment, the steady-
state mining model is a simplification of a complex and 
dynamic hydrogeologic system. The simplifications are 
dependent on the questions that the model is designed to 
answer. The mining model is intended to simulate regional 
groundwater flow in the IRMA. The model is not able to accu-
rately simulate groundwater flow in small areas, especially 
near features like mine pits, which can have large hydraulic 
gradients. When compared with results from a pre-mining-
scenario model of similar regional scale, mining-model results 
can indicate and quantify the hydrologic effects of mining in 
the IRMA. The regional model also is useful for providing 
lateral-boundary flows to future site-scale inset models but 
cannot answer site-scale questions (like those at a mine site or 
production well) directly.

Model Scale, Discretization, and 
Parameterization

This model broadly describes conditions across 3,205 mi2 
of the IRMA, including the upper St. Louis River Basin along 
the Iron Range. Hydrogeologic materials were assumed to 
be horizontally isotropic, but with vertical anisotropy. Model 
cells are 400 ft×400 ft square and range in thickness from 
less than 1 to 800 ft. Cells of this size may be too large to 
accurately answer some question at a small scale, such as the 
details of groundwater interactions with surface waters. Like 
all finite-difference models, spatial input and model results 
(such as the lidar land-surface elevation, glacial stratigraphy, 
bedrock-surface elevation, groundwater heads, and flow paths 
near mine pits) are averages over the model cell area. Modeled 
groundwater heads, for example, may be shallower than the 
actual heads in places where groundwater gradients change 
over a small distance, such as near streams, wells, and mine 
pits. Near these features, modeled heads likely are too high. 
The bedrock-surface raster, which is coarser than land-surface 
DEM, also was averaged across each model cell, resulting 
in a model bedrock surface that was above the model land 
surface in some areas, particularly in areas where bedrock was 
at or near the land surface. To correct this, the model bed-
rock surface was adjusted to be no higher than 1 ft below the 
model land surface. Pilot points used to interpolate hydraulic-
conductivity fields in many zones were widely spaced (at least 
32,000 ft; 80 model cells) because of the few measured heads 
available. The resulting calibrated hydraulic-conductivity 
fields produced during calibration cannot represent actual 
hydraulic-conductivity variability. In hydrostratigraphic units 
that had very few observations, the hydraulic conductivity was 
calibrated as a zone, where one value is applied throughout 
the zone. In reality, hydraulic conductivity varies throughout 
the zone.

Groundwater flows preferentially through coarse-grained 
zones in unconsolidated sediments and through fractures and 
vugs in bedrock. While MODFLOW’s assumption of porous-
medium flow is appropriate at the regional scale of the IRMA, 
this assumption is less appropriate at the small scale of a 
mine-pit wall, for example, where flow is likely dominated by 
fracture flow or flow through vugs. Analyses of model results 
that depend on groundwater-flow paths and flow times (well 
capture-zone delineation or groundwater travel times) likely 
are inappropriate where preferential groundwater-flow paths 
may be present. Because all model materials are assumed to be 
horizontally isotropic, modeled flow paths and flow times are 
likely inaccurate in materials that are anisotropically fractured 
or deposited.

Steady State
The results of the IRMA model represent unvarying 

average conditions and cannot provide information about the 
temporal dynamics of groundwater flow and heads. The poten-
tial areal recharge array specified in the model is an average 
during 1995–2015 (model steady-state period) and is the aver-
age condition represented in the mining model. Water levels 
and streamflows used in calibrating the model were measured 
during different periods. Calibration heads were measured 
during 1900–2017, with 97 percent of these measured after 
1969 and 57 percent measured during the steady-state period. 
Calibration flows from continuous streamgages were aver-
aged over a shorter period: 2012–15, corresponding to the 
years where the largest number of streamgages were active to 
provide a spatially consistent dataset. Flows measured outside 
this period were adjusted to represent flows during 2012–5. 
Precipitation during the calibration flows period was close 
to (6 percent higher than) that of the 1995–2015 average. 
Model results will be less accurate during times when general 
climatic and weather conditions are far different from those 
during the model steady-state period or if hydrologic temporal 
stationarity cannot be assumed (for example, under climate 
change scenarios).

Many hydrologic stresses (for example, mine-pit dewa-
tering stage, tailings-basin pool stage) in the mining model 
required an elevation, which was determined from lidar DEMs 
measured in 2011. To ensure consistency with these eleva-
tions, municipal well and mine-pit dewatering withdrawal 
rates used in the model were those reported in 2011. However, 
2011 was quite dry: precipitation at Aurora, Minnesota, near 
the center of the IRMA, was 78 percent (5.91 in.) lower than 
the 1995–2015 average. The use of 2011 lidar elevations 
resulted in hydrologic-stress stages that are too low for the 
steady-state period modeled. Model results are dependent on 
these stages in complex ways. For example, lower mine-pit 
DRN stage would tend to produce higher groundwater gra-
dients to the mine pits, increasing mine-pit discharge. This is 
because mine-pit water levels, at least initially, will fall faster 
than adjacent groundwater levels, increasing discharge to the 
mine pits. This discharge routed to streams would produce 
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higher simulated base flows for calibration. A model calibrated 
to these higher base flows may produce lower calibrated 
hydraulic conductivities in aquifers discharging to streams. 
The precipitation mismatch between the 1995–2015 model 
period and the 2011 hydrologic-stress stages should be consid-
ered when interpreting model results.

Hydrologic Stresses and Boundary Fluxes

The MODFLOW packages chosen to represent mining 
features, surface-water bodies, and wetlands in the mining 
model imply assumptions and create limitations for the results 
of the model. Dewatering from mine pits was represented 
using drains (DRN package), which can only remove water 
from aquifers. The amount of water removed from mine pits 
through drain stresses is controlled by the hydraulic gradient 
and the drain hydraulic conductivity, which is a calibrated 
parameter. Reported mine-pit dewatering flows were calibra-
tion targets and were aggregated and routed to downstream 
base flow targets. Reported flows from mine pits were 
assumed to reflect actual dewatering flow rather than permitted 
withdrawal rates and to lose no water in transit through evapo-
transpiration or other mechanisms on its path to a streamgage. 
Flows into and out of tailings basins are poorly constrained by 
calibration measurements. These flows were represented with 
the GHB package stresses, which define a groundwater head 
above which water will flow out of a model cell into a tailings 
basin and below which water will flow into a model cell out 
of a tailings basin. The assumption is that the tailings basin 
can supply an unlimited amount of water to the model cell in 
response to the downward gradient. This flow is controlled by 
the head gradient and the GHB conductance, which was esti-
mated on the assumptions that the bed sediments of a tailings 
basin are fine grained and poorly compacted. The assumed 
conductance value corresponds to a hydraulic conductivity of 
0.1 ft/d and a bed-sediment thickness of 1 ft. The conductance 
is uncalibrated because the flows into or out of tailings basins 
to groundwater are unmeasured. At this conductance, tailings 
basins supply 2.7 percent of flow into groundwater in the min-
ing model.

Wetlands are not explicitly modeled using a hydrologic 
stress in the mining model because wetlands cover 29 percent 
of the IRMA, and to do so may over-constrain the modeled 
heads. Wetlands are assumed to be any area where groundwa-
ter levels are within 1 ft of land surface. If the UZF package 
had not been used to model wetlands, the elevation of the 
simulated water table would have been constrained in these 
areas. Thus, the groundwater head field would have been dis-
torted to force groundwater discharge that actually terminates 
as seepage at wetlands to discharge to downgradient stream 
channels instead. Such groundwater discharge to streams in 
the large wetland areas of the IRMA would have artificially 
increased modeled streamflow and lowered aquifer hydraulic 
conductivity to prevent cell flooding.

Fractions of the water flux simulated as rejected recharge 
(20 percent) or as surface seepage (80 percent) were aggre-
gated as runoff and routed to streamgages, augmenting 
modeled base flow for calibration purposes. These assumed 
runoff percentages were based on a water balance study in a 
wetland-rich area of northwestern Minnesota (Cowdery and 
others, 2019) and were not calibration parameters. Finally, the 
UZF variable SURFDEP was assumed to be 1 ft based on the 
average land-surface undulations in wetlands in the IRMA. 
These UZF package assumptions, though realistic, affected 
the calibration of the model and should be kept in mind when 
interpreting or using the model results. See Feinstein and oth-
ers (2020) for a more complete discussion of possible effects 
of SURFDEP.

The potential-recharge array used in the UZF package 
was made from two SWB models of different resolutions: 
one coarse statewide model and one higher resolution model 
of the St. Louis River Basin. The St. Louis River Basin SWB 
model used streamflows from that Basin in its calibration and 
as a result, the potential-recharge array is likely most accurate 
in this area. The potential-recharge array was multiplied by 
two calibrated factors: a factor for upland areas and a fac-
tor for permanent wetland areas, which were assumed to be 
coincident with mapped permanent wetlands from a coverage 
from MGS for St. Louis and Cook County and from the MN–
DNR’s NWI mapped permanent wetlands for Itasca County. 
The unsaturated zone of permanent wetland areas is assumed 
to behave fundamentally differently than the unsaturated zone 
of uplands because unsaturated zones in the uplands are sub-
stantially thicker than those in wetland areas. This assumption 
justifies separate potential-recharge array multipliers. Finally, 
areas of open water have zero potential-recharge in SWB mod-
els, under the assumption that any water for recharge in these 
areas comes from the surface-water body. These assumptions 
likely are valid for regional groundwater flow in aquifers in 
the IRMA. However, in specific areas and at local scales, some 
of these assumptions may not be accurate.

Well withdrawals were modeled in the mining model 
using the MODFLOW MNW2 package. Lateral-boundary 
groundwater fluxes are supplied by the WEL package. Both 
packages will inject or extract the specified amount of water 
into the model at their cell locations. However, if these pack-
ages are specified to remove water from the model, they can 
only do so if the cells in which they are located retain some 
water. If a well stress removes so much water that a cell goes 
dry, the actual withdrawal specified in the model input file 
is reduced until the cell retains water. Collectively, MNW2 
stresses could only produce 55 percent of the specified well 
withdrawals without cells drying out, although the withdrawal 
produced is variable among wells. This means that the mod-
eled aquifers with calibrated hydraulic conductivities have 
lower hydraulic conductivities in the vicinity of wells than 
do the actual aquifers. Therefore, this model would be inap-
propriate to answer specific questions about specific wells. 
Lateral-boundary WEL stresses could only produce (remove) 
68 percent of specified water without going dry. This means 
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that the modeled aquifers could not transmit as much water 
in some areas compared to the real aquifers, implying that 
hydraulic conductivities are too low in modeled aquifers in 
those areas. For example, along the northwestern bound-
ary of the model, streams become losing (red circles) at the 
model edge (fig. 14). In these cells, the aquifer cannot supply 
the specified WEL withdrawals, so water is induced to flow 
out of streams to supply some of the water. Model results in 
the vicinity of these unsatisfied WEL stresses are likely not 
reliable. However, because MNW2 and WEL stresses account 
for less than 5 percent of model flows, these problems likely 
have a small effect on the regional results of the mining model 
as a whole. The boundary flows were derived from the results 
of a 1-layer analytic-element model`. Flow differences can be 
expected between this simple 1-layer model and the complex, 
multilayer IRMA model.

Representativeness of Heads Used for 
Calibration

Not only are model calibration heads limited tempo-
rally, they are also limited by their spatial extent and ability 
to represent all geologic material in the IRMA. Wells and 
the data that they provide (hydraulic conductivities from 
aquifer/specific capacity tests, measured groundwater heads) 
are not evenly distributed spatially or among aquifers. Wells 
are drilled where water is needed, available, or where water 
levels or samples are needed. Water is needed near residential, 
commercial, and industrial development (mainly mines and 
surrounding infrastructure in the IRMA). Water is available in 
more productive aquifers or the more productive parts of them. 
More transmissive parts of hydrologically heterogeneous 
aquifers, like the Biwabik Iron Formation, are more likely to 
have water wells drilled in them. This bias likely results in 
hydraulic-conductivity estimates being higher than the average 
part of the aquifer actually is. Water levels from wells are then 
skewed to the more productive parts of aquifers where water 
and water data are needed. Additionally, water levels can be 
skewed by imprecise measurement. Nearly all of the water 
levels used in model calibration were measured by well drill-
ers when the well was drilled. These measurements are often 
poorly located, rounded to the foot, and often do not account 
for the measuring point height above the ground, thus skewing 
water-level depths (R. Barnes, University of Minnesota and 
others, written commun., 2019).

Even with the limitations of the mining model, regional 
analyses of model results are valid and appropriate. An 
example of appropriate analysis is regional comparisons of 
the spatial patterns of groundwater flows and heads in the 
mining-model with those patterns in the pre-mining model 
(described below). However, comparisons of these results in 
specific areas, especially near mining features, are inappropri-
ate because of the model limitations described previously. 
Another example of appropriate use of model results is using 
mining-model groundwater flows as specified boundary flows 

in another model inset in the IRMA. Care must be exercised 
when constructing inset models to ensure that the effects of 
hydrologic stresses within the inset model do not propagate to 
the specified flow boundaries. Other uses of the mining model 
are inappropriate given the model limitations. In particular, 
using the model to evaluate site-specific hydrologic stresses 
(like a new mine pit) may not produce valid results because 
the scale of the added stress is too small in a regional model. 
Such scenarios are more appropriately explored with an inset 
model bounded by flow from the mining model.

Pre-Mining Scenario Model

A pre-mining scenario model was constructed to quan-
tify the hydrologic changes in the model area produced by 
iron mining. These changes were determined by subtracting 
the results of the pre-mining model from those of the mining 
model. The pre-mining scenario model was developed using 
the calibrated mining model as a starting point; features 
of iron mining were then removed. The land-surface and 
bedrock topography were restored to their estimated original 
contours, and hydraulic conductivity was modified to reflect 
the original geologic materials. Hydraulic stresses represent-
ing mining features (for example, mine-pit dewatering) and 
municipal and industrial well withdrawals were removed. An 
archive of all model input, output, executable, and ancillary 
files is at https://doi.org/ 10.5066/ P9U6KSBJ (Cowdery and 
others, 2023).

The original surficial topography of the Iron Range was 
provided by the MGS (Lively and others, 2002, 2005) based 
on original survey maps produced in 1899 and 1900. This 
topography was substituted for the land surface (top of model 
layer 1) in the area available (fig. 20). Vertical offsets at the 
boundary of the substituted area were smoothed by calculat-
ing and substituting three-cell spatial averages in a three-cell 
rim around the substituted area. This produced a pre-mining 
land-surface topography estimate that was higher in areas of 
mine pits and lower in areas of waste-rock piles and tail-
ings basins (figs. 20, 7, and 9) compared with the mining 
model. Note that several large tailings basins are outside of 
MGS pre-mining land-surface topography area. These basins 
remain in the pre-mining model land-surface topography 
because no data for the original topography exist. Bedrock-
surface topography is the same as the mining model’s, except 
that mine pits from the 2011 lidar DEM were not included. 
The method for determining model layer thickness was the 
same as that used in the mining model except the pre-mining 
land and bedrock surfaces were used. Surficial and glacial 
sediment model layers (1–4) are uniform in thickness below 
land surface until truncated by the bedrock surface. Bedrock 
model layers (5–8) are uniform in thickness below the bed-
rock surface (table 1).

https://doi.org/10.5066/P9U6KSBJ
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Figure 20.  Difference of land-surface elevation between mining and pre-mining models, northeastern Minnesota.
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The hydraulic conductivity of mining-related zones (mine 
pits, waste-rock piles, mining-disturbed areas, and tailings 
basins) in the mining model (fig. 7) were replaced with the cal-
ibrated hydraulic conductivity of the original geologic materi-
als (fig. 21 for model layer 1) as reconstructed by Jennings 
and Reynolds (2005). In layers 1–4, cells with mining features 
were assigned model-calibrated surficial and glacial hydrau-
lic conductivities. The overall effect of these modifications 
likely is modest because bedrock is close to the surface over 
most of the Iron Range and surficial sediments are thin. In 
zones where pilot points produced hydraulic conductivity 
fields (layers 2–4), the average hydraulic conductivity of each 
material in each model layer was calculated as an average of 
the hydraulic conductivity in nearby cells of the same mate-
rial. This average material zone hydraulic conductivity was 
then assigned to mining-related zones in the pre-mining model 
based on the Jennings and Reynolds (2005) reconstruction. In 
bedrock layers 5–8, only the Biwabik Iron Formation in mine 
pits were replaced. Average zone hydraulic conductivities for 
the Biwabik Iron Formation in each layer, calculated like those 
for glacial and surficial sediments mentioned previously, were 
substituted in mine pits.

A process like that used to adjust pre-mining model 
hydraulic conductivity adjusted the potential-recharge array 
for the pre-mining model. This adjustment was necessary 
because potential-recharge is zero over open water such as 
mine-pit lakes, which were removed from the pre-mining 
model. The mining model potential-recharge array was used 
as a base for the pre-mining model potential-recharge array, 
including the upland and wetland multipliers. The average 
potential-recharge rate was calculated in the same manner as 
average hydraulic conductivity for each reconstructed original 
geologic material in the mining-related zones of the mining 
model. Average potential-recharge rates for the materials that 
would have occurred in the mining areas was substituted for 
the rates from the mining model.

All mining-related hydrologic stresses in the mining 
model were removed, including DRN stresses used to simulate 
mine-pit dewatering, GHB stresses used to simulate tailings-
basin interactions, and permitted well withdrawals (MNW2 
stresses; fig. 22). No stream reaches or lakes were added to 
the pre-mining model because pre-mining stream and lake 
data were not available electronically. On paper maps of pre-
mining topography and hydrology, no changes in hydrography 
were readily evident. Elevations of stream reaches (simulated 
using the SFR2 package) and lakes (simulated using the RIV 
package) were changed to correspond to the new topogra-
phy of the pre-mining model where land-surface elevation 
changed. However, the SFR2 stream-reach errors near mine 
pits in the mining model were not corrected in this process.

Limitations and Assumptions of the Pre-Mining 
Scenario Model

Because the mining model was used as the basis for 
the pre-mining model, the limitations and assumptions of 
the mining model apply to the pre-mining model, except for 
those related to mining features, including all permitted water 
use. The comparison of the two models to estimate hydro-
logic changes from iron mining assumes that mining is the 
only important change in hydrology in the IRMA between the 
two periods. Assumptions also were required to reconstruct 
pre-mining land surface, geology, and surface hydrology. No 
actual pre-mining maps of the land surface were available; 
maps of the Iron Range used to reconstruct the land surface 
in the pre-mining model were made during 1899–1900 after 
some mining began and do not cover the entire area affected 
by iron mining. In particular, the land surface of large tailings 
basins far from the mapped area could not be corrected to its 
pre-mining topography. This lack of topography resulted in 
tailings-basin areas in the pre-mining model that are topo-
graphically too high. The hydraulic conductivity and potential 
recharge in tailings-basin areas were changed to reflect geo-
logic materials likely there originally, however. Topographic 
changes from town and city development outside the 
pre-mining topographic maps present similar problems, 
although the changes are smaller. Surface waters above and 
immediately adjacent to the mines were obliterated during 
mining and were not restored in the pre-mining model, even 
though pre-mining topographic maps include surface waters 
in and around the mine areas. The reason for this omission 
is because these areas were typically stream headwaters that 
were ephemeral or intermittent, thus did not warrant inclusion 
in the pre-mining model.

All mining features were assumed to be far enough from 
vertical model boundaries so that the effects of their removal 
would not propagate to the model boundaries. Therefore, 
flows through the vertical boundaries (Haserodt and other, 
2019) were assumed to be the same in both models. These 
flows are the output of a large regional groundwater-flow 
model calibrated to modern conditions. The IRMA bound-
ary was selected to be far from substantial modern condition 
development, so the assumption that flows through the verti-
cal boundaries are the same in both models should not greatly 
limit interpretation of model results.

The potential-recharge array used in both models is 
based on SWB models, which have land use as one of their 
main variables (Smith and Westenbroek, 2015; Smith, 2017). 
The method used to produce the pre-mining potential-
recharge array did not substitute pre-mining land uses into 
the SWB models and re-run them, producing new potential-
recharge estimates. Instead, areas adjacent to mining features 
were spatially averaged and substituted into the pre-mining 
potential-recharge array. This choice has the effect of using a 
potential-recharge estimate based on modern nonmining land 
use in the pre-mining model. Because recharge is, by far, the 
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EXPLANATION

Hydraulic conductivity difference, mining minus pre-mining model, in feet per day; mine feature
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−6 to −3.2: tailings basins
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mining disturbed areas
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0.01 and 0.02: tailings basins
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Figure 21. Differences in hydraulic conductivity of layer 1, mining model minus pre-mining models, northeastern Minnesota.
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Figure 22.  Mining-related hydrologic stresses removed from the mining model to produce the pre-mining model, northeastern Minnesota.
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greatest input flow into both groundwater models, care must 
be used when interpreting pre-mining model results, particu-
larly the flows that it produces.

These limitations and assumptions introduce uncertainty 
into the results of the pre-mining model. However, the main 
use of the pre-mining model is to compare its results to that of 
the mining model to estimate the effect of mining on regional 
hydrology in the St. Louis River Basin. This comparison is 
done by subtracting the pre-mining model results from the 
mining results, producing a change between the two periods. 
As discussed in chapter 10 of Anderson and others (2015), 
the uncertainty of model forecasts formed as the difference 
between two model results is smaller than the uncertainty 
in the individual model forecasts because the subtraction 
removes the effects of systematic bias in the model results. 
For example, if the hydraulic conductivity of the Biwabik 
Iron Formation in model layer 8 is too high, effects of that 
error will not appear in the comparison of the two model 
results because that conductivity is identical in both models. 
In a similar way, complications that were not incorporated in 
the models can be ignored in the comparison of the results 
of the models. For example, no effort was made to quantify 
or incorporate the difference in climate between the mining-
model period (1995–2015) and that of the pre-mining period, 
which was not defined beyond that it was sometime before 
mining. By assuming that the mining model and the pre-
mining model operate under identical climates, any results 
that would have been affected by that different climate are 
eliminated in the comparison, leaving only effects caused 
by differences between the models: the hydrologic effects of 
mining features. Thus, this modeling is less suited to describe 
the actual difference in hydrologic conditions, which is the 
cumulative effects of mining and other changes (such as 
climate, agriculture, artificial drainage, and so forth) that 
occurred between the two periods.

Differences Between the Mining and 
Pre-Mining Model Results

The pre-mining model water table is nearly identical 
(within 0.1 ft) to that of the mining model except near min-
ing features (figs. 23 and 24). In the cross-section A–A′, the 
pre-mining water table (light-blue line) slopes down from the 
Superior highlands in the east toward the Iron Range, rises 
at the Virginia Horn, descends into the Pike River Basin, 
rises at the Iron Range north of Buhl, and slopes down to the 
west (figs. 1 and 24). However, the pre-mining water table 
is hundreds of feet higher at and around future mine pits and 
is lower beneath some future waste-rock piles and tailings 
basins (western-most tailings basin in fig. 24) than in the 
mining model. Note, again, that topographic effect of several 
large tailings basins remains in the pre-mining model because 
the original land-surface topographic data do not exist. The 
hydrologic effects of the basins have been removed, however. 

Regional, deep pre-mining groundwater discharges to the 
Embarrass River (fig. 24) rather than to the McKinley mine pit 
as in the mining model (fig. 13). The regional low in ground-
water head that occurs near the Missabe Mountain mine pit in 
the mining model (fig. 13) is absent in the pre-mining model 
(fig. 24), indicating that the flow to the north, south, or north 
and south (deep brown arrows, figs. 13 and 24) from the 
cross section in this area is induced by mine pits in the min-
ing model. The regional lows in groundwater head beneath 
Virginia and somewhat to the west (piezometric-elevation con-
tour 1,300, fig. 24) are nearly identical in both models, indicat-
ing that groundwater levels in these areas are driven by natural 
features like tributaries of the St. Louis River to the south, 
the headwaters of the Pike River, tributaries of the Little Fork 
River to the north, or some or all of these. Shallow groundwa-
ter flow is similar between models in the far west and east of 
the IRMA away from the Iron Range mining features.

Changes in groundwater discharge to streams (fig. 25) 
from pre-mining to mining scenarios are also most pronounced 
near the mining features, but the discharge effects of mining 
extend farther than do changes in heads. Although ground-
water flow (base flow) to streams increases by 2.1 percent 
because of mining (relative percent difference; green reaches, 
fig. 25), reaches where base flow decreases are more spatially 
extensive (red reaches). Base flow changes in streams can 
have important effects on riparian biota. For example, reduc-
tions in base flow may reduce the area where wild rice can 
grow (Pillsbury and McGuire, 2009). Notable changes in base 
flow far from iron mining features include base flow reduc-
tions to the ditches (straight, angular stream; slight base flow 
decrease) in the south-central part of the IRMA and mixed 
base flow change to small streams north of the Iron Range that 
exit the IRMA to the west. Mixed base flow changes to the 
St. Louis River occur in its middle reaches south of Aurora 
and Biwabik (see fig. 1 for town locations), whereas slight 
decreases occur in its lowest reaches in the IRMA. The area 
with the largest changes, mostly decreases in base flow, occur 
in stream headwaters nearest the Iron Range.

Water Balance

Effects of mining on groundwater flows in the IRMA 
were calculated by subtracting flows in the pre-mining model 
from flows in the mining model. Reductions in groundwater 
flows are negative and increases in flows are positive. Model 
results are separated by flows into groundwater (positive) and 
flows out of groundwater (negative). Adding these two flows 
together for each component of the water balance results in 
net flows into groundwater (table 12). Because all flows in 
the model are from the groundwater perspective, flows to and 
from the surface have opposite signs. For example, if ground-
water flows to a stream (base flow), an increase in those flows 
is negative because that increase causes less water to remain in 
aquifers.
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Figure 23.  Simulated water-table elevation difference, mining minus pre-mining models, northeastern Minnesota.
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Figure 25.  Differences in simulated steady-state groundwater flow to streams, mining minus pre-mining models, northeastern Minnesota.
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Table 12.  Net change in flows to groundwater resulting from mining in the model area, northeastern Minnesota.

[Shaded cells (also marked with a *) are boundary conditions only in the mining model. MODFLOW, U.S. Geological Survey Modular Three-Dimensional Finite-Difference Ground-Water Flow model; ft3/d, 
cubic foot per day; WEL, MODFLOW Well package; MODFLOW RIV, River package; GW; groundwater; SFR2, MODFLOW Streamflow Routing package; %, percent; UZF, MODFLOW Unsaturated-Zone 
Flow package; LS, land surface; DRN, MODFLOW Drain package; GHB, MODFLOW General Head Boundary package; MNW2, MODFLOW Multi-Node Well package]

Feature
MODFLOW 

package

Flows to groundwater
Percent ch-
angec (ft3/d)

Implication
Inflow changea (ft3/d)

Outflow changea 
(ft3/d)

Net changeb (ft3/d)

Lateral-edge 
flow

WEL 0 1,281 1,281 0 Outflow is water that could not be produced by wells, repre-
senting lateral flow out of the model through its vertical 
edges. Less water could be produced in (removed from) the 
mining model than in the pre-mining model.

Lakes RIV 440,024 437,351 877,375 0.5 Leakage of water to or from lakes. The positive net change 
means that more water leaked to GW (about half of the 
change) and less water leaked from GW (about half of the 
change) in the mining model than in the pre-mining model.

Streams SFR2 −167,014 −1,541,312 −1,708,326 −1 Leakage of water to or from streams. The negative net change 
means that less water leaked to GW (about 10% of the 
change) and more water leaked from GW (about 90% of the 
change) in the mining model than in the pre-mining model.

Areal  
recharge

UZF recharge −1,452,512 0 −1,452,512 −0.9 Water areally recharging groundwater. The negative net change 
means that less areal recharge went to groundwater in the 
mining model than in the pre-mining model.

Seepage 
to LS

UZF seepage 0 4,434,288 4,434,288 2.7 Water seeping from groundwater to the surface (surface seep-
age). This positive net change means that less groundwater 
seeped to the land surface in the mining model than in the 
pre-mining model.

Mine  
outflows*

DRN* 0* −4,689,312* −4,689,312* −2.8* Groundwater discharging to mine pits in the mining model.

Tailings 
basins*

GHB* 4,659,858* −737,824* 3,922,034* 2.3* Water in tailings basins seeping into aquifers in the mining 
model.

Pumping* MNW2* 136,960* −1,533,346* −1,396,386* −0.8* Groundwater withdrawn by wells. This does not include the 
transfer of mine seepage between mine pits, which is neutral 
to the GW as a whole.

Total 3,617,316 −3,628,875 −11,559 0 Difference in error in the mass balances between the two 
models.

aChanges in groundwater flow because of mining (mining model minus pre-mining-model flows).
bInflow change plus outflow change. This is the net change in the amount of water flowing into aquifers after mining.
cNet change in flows to groundwater divided by the total amount of groundwater flow (inflows) under pre-mining conditions.
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Flows through the many components of the groundwater 
balance are similar in the two groundwater models, except 
for those related to mining features. Total groundwater flow 
in the pre-mining model is 167.1 Mft3/d, 3.6 Mft3/d less 
than the mining model. Areal recharge is the largest compo-
nent of flow into groundwater in both models but is slightly 
higher in volume and percentage of inflow in the pre-mining 
model (pre-mining model—134.6 Mft3/d and 81 percent, 
respectively; mining model—133.2 Mft3/d and 78 percent, 
respectively). The largest categories of groundwater flow out 
of the pre-mining model are the same as those in the min-
ing model: streams and surface seepage (43 and 49 percent, 
respectively, in the pre-mining model, compared to 43 and 
45 percent, respectively, in the mining model). Stream seepage 
from groundwater (base flow) is identical between the models 
(12 percent), but surface seepage (areal, to the land surface) 
is 3.6 percent higher in the pre-mining model. Lateral flows 
through the vertical sides of each model are nearly identical. 
Lateral outflows, represented in the model as pumping wells 
at the model boundary, are 1,281 ft3/d higher in the pre-mining 
model (table 12; a decrease of 0.1 percent of total groundwa-
ter flow).

The largest changes in flows from the pre-mining to 
the mining model (calculated as mining-model flows minus 
pre-mining flows, table 12) were mine-pit outflows (−2.8 per-
cent of pre-mining groundwater inflows), reduced surface 
seepage (+2.7 percent), net increased recharge from tailings 
basins (+2.4 percent), and net decreased discharge to streams 
(−1.0 percent). Note that the amount of recharge to ground-
water from tailings basins nearly offsets the amount of mine 
outflows (groundwater discharge, pumped from mine pits), 
though these offsets did not occur in the same places. Note 
also that mine outflow, most of which ends up in streams and 
appears as base flow, augments the net increase of groundwa-
ter discharge to streams (base flow). Again, changes do not 
occur in the same places.

The overall increase in groundwater flow through aqui-
fers in the mining model comes mostly from tailings-basin 
recharge offsetting a decrease in areal recharge. The amount 
of groundwater recharge from tailings basins is unmeasured 
and thus associated parameters are uncertain. However, 
groundwater withdrawals for mine dewatering and municipal 
and industrial uses may induce more recharge from lakes 
and less discharge to streams and to the land surface, thereby 
increasing groundwater flow slightly.

Originally, the Iron Range was and now is topographi-
cally high and a recharge area (figs. 1, 12, and 24). When 
mine pits were carved into this high area, the mine pits 
became local groundwater discharge area, so recharge locally 
decreased, and the water table generally became somewhat 
deeper (fig. 23). This could locally reduce surface seepage 
and reduce wetland area near mine-pit areas (fig. 26).

Wetlands

The second largest change in groundwater flow from 
the pre-mining to the mining models is a 2.7 percent reduc-
tion in water seepage to the land surface (surface seepage), a 
percentage nearly as large as mine outflows (table 12). This 
seepage both represents discrete springs, often near streams, 
and diffuse discharge maintaining wetlands. From the pre-
mining to the mining model, surface seepage decreased 
by 4.4 Mft3/d, corresponding to a decrease of more than 
12,000 acres of wetlands. Most areas of wetland loss are 
near mining features (orange areas, fig. 26). The pre-mining 
model simulated mapped wetlands (71-percent agreement by 
area) about as well as the mining model. Simulated wetlands 
covered 20 percent of the IRMA in the pre-mining model, 
which is about 0.1 percent more area than was simulated 
as wetlands by the mining model. The mining-model simu-
lated wetlands that the pre-mining model did not in small 
areas near mining features, indicating that local increases in 
recharge raised the water table in these areas.
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Figure 26.  Differences in simulated wetland areas between the mining and pre-mining models, northeastern Minnesota.
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Hydrologic Changes from Iron Mining
The mining and pre-mining models documented in 

this report show that iron mining has produced measurable 
hydrologic changes in the St. Louis River Basin, but that those 
changes occur mostly, and with the largest magnitude, near the 
mining features of the Iron Range. Mine pits affect hydrology 
in two main ways. First, mine pits increase the groundwater 
gradient when they are dewatered during mining (assuming 
other hydrologic conditions remain constant). The increased 
gradient drives groundwater discharge to the mine pits and 
lowers groundwater heads in their vicinity. Lower heads can 
increase groundwater recharge by decreasing the amount of 
rejected recharge simulated in the model. Lower heads can 
also decrease groundwater seepage to the land surface, reduc-
ing groundwater discharging to lakes and wetlands. Both 
mechanisms increase the amount of groundwater remaining in 
aquifers. Second, groundwater discharging to mine pits must 
be disposed of. In IRMA Iron Range mines, nearby streams 
receive much of this flow from mine pits. Mine dewatering 
augments base flow downstream from the receiving waters. 
This streamflow contribution from the mine-pit dewatering, 
combined with the overall, though spatially variable, 2.1 per-
cent increase in base flow to streams from iron mining, shows 
that mining causes some streams very near mine pits to have 
slightly higher base flows; an effect that decreases down-
stream. Some stream reaches lose base flow from mining (red 
reaches, fig. 25), however. The spatial distribution of these 
effects is hard to understand without modeling.

Mine pits that are flooded after mining has ceased have 
several local hydrological effects. Generally, mine pits with no 
natural outlet or mine pits that are not pumped for other rea-
sons reach new equilibria with the surrounding groundwater. 
Mine pits can cause local losses of groundwater as water flows 
into them. Groundwater losses to mine pits may be partially 
offset by precipitation falling into mine-pits pools directly, 
which can initially recharge aquifers adjacent to mine pits that 
had been pumped during mining. The Biwabik Iron Formation 
offers substantial resistance to groundwater flow. A flooded 
mine pit carved out of the formation that turned into a mine-pit 
lake offers no internal resistance to water movement, however. 
The horizontal movement of groundwater entering a mine-pit 
lake on one side and exiting it on another is controlled by the 
lower hydraulic conductivity of the rocks composing the seep-
age faces of the mine-pit sides. However, within the mine-pit 
pool, water can move very quickly. Finally, flooded mine pits 
that have a water level lower than the water table in the pre-
mining Biwabik Iron Formation will induce flow into the pits 
and lower the water table in the surrounding aquifers.

Tailings basins also affect local hydrology. Two features 
of these basins are hydrologically significant. First, these 
basins are typically lined with fine-grained sediments, and 
second, they have a pool over part of them during operation, 
which provides a constant supply of water at a head higher 
than the surrounding aquifer. The hydraulic conductivity of 
fine-grained tailings deposited on the bottom of basins often 
is higher than its grain size would suggest because its source 

rock, the Biwabik Iron Formation, is siliceous and not clay 
rich (Morey, 1972). Thus, tailings provide more resistance 
to flow relative to a surrounding sandy surficial aquifer, but 
less resistance relative to a more clay-rich till. Therefore, 
the hydrologic effect of tailings sediment depends on the 
natural sediment that they overlie. Many tailings basins were 
constructed in wetland basins whose sediments have lower 
hydraulic conductivity than do the tailings-basin sediments 
that overlie them. The net effect of the tailings basins in the 
IRMA is to increase groundwater recharge by 2.4 percent of 
total groundwater flow compared to the pre-mining model 
(table 12). Much of this recharge occurs in wetland-rich areas, 
so this recharge may have short flow paths, discharging to 
adjacent wetlands. Indeed, stream channels likely carrying 
this discharge are often seen in wetlands adjacent to tail-
ings basins.

Waste-rock piles are the mining feature least likely to 
affect the hydrology in the IRMA. Generally, these are large 
piles of crystalline rock in large (one-tenth of a foot or larger) 
pieces. These piles provide very little resistance to water 
infiltration or flow. Precipitation that enters waste-rock piles 
quickly flows to the bottom where it enters natural sediments 
or flows laterally to pile edges. Simulated water tables sug-
gest that some waste-rock piles can have groundwater levels 
as much as 20 ft higher than those of the pre-mining model. 
Discharge at the edge of waste-rock piles is likely, especially 
in low areas occupied by wetlands.

Changes in the areas of wetlands between the models 
are caused by complex hydrologic interactions of the min-
ing features. The pre-mining model produces an additional 
12,000 acres wetlands relative to the mining model, which are 
close to removed mining features (fig. 26). This area does not 
include possible wetlands that might originally have under-
lain tailings basins. Such wetlands could not be produced by 
the pre-mining model because the original topography of the 
tailings basins is unknown and was not restored. In the IRMA, 
many tailings basins are surrounded by mapped wetlands that 
are not simulated in the mining model, indicating that these 
areas may have been wetlands before mining began. The dif-
ference in wetland areas simulated in these models indicate 
that mining activities reduced groundwater-surface seepage by 
a net of 4.43 Mft3/d (table 12). This reduction is restricted to 
areas close to the mining features.

Summary
The U.S. Geological Survey built two regional three-

dimensional MODFLOW steady-state groundwater-flow 
models to assess the changes to St. Louis River Basin hydrol-
ogy from mining on the Iron Range in northeastern Minnesota. 
The U.S. Geological Survey collaborated in this study with 
bands of the Minnesota Chippewa Tribe, and the Minnesota 
Pollution Control Agency, all of whom are interested in this 
assessment to help them manage aquatic resources within 
the reservations and treaty-rights lands in the St. Louis River 
Basin. Comparison of the results of a mining model and a 
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pre-mining model produced an estimate of the hydrologic 
changes that occurred from iron mining in the St. Louis River 
Basin near the Iron Range. The mining model was designed 
and calibrated to simulate regional groundwater heads and 
flows under 1995–2015 conditions. The pre-mining model 
was based on the mining model but had the land and bedrock 
surfaces and modeled mining features (mine pits, tailings 
basins, waste-rock piles, and mining-disturbed areas) restored 
to their pre-mining stratigraphic and hydrologic conditions. 
Many of the features important to the hydrology of this mining 
area (like individual mine pits) are difficult to represent in 
groundwater models and required use of hydrologic model-
ing tools outside of a groundwater-flow model to account for 
their effects. The difference between the results of the pre-
mining model subtracted from the results of the mining model 
is a measure of the degree to which iron mining has affected 
hydrology in the Iron Range model area. These models rep-
resent regional groundwater hydrology, producing regional 
groundwater flows. The models are not capable of address-
ing site-specific questions. However, the modeled heads and 
flows can provide defensible boundary fluxes for local or 
site-specific groundwater-flow models constructed within 
the Iron Range model area.

Total groundwater flow in the mining model is 171 mil-
lion cubic feet per day (table 8). Areal recharge is the largest 
source of groundwater in both the mining and pre-mining 
models (78 and 81 percent of total groundwater flow, respec-
tively). Seepage from streams and lakes provides another 
17 percent of total groundwater flow through both models. 
Water leaves aquifers through seepage to streams (discharge 
as base flow, 43 percent) and areal groundwater-surface 
seepage (45 and 49 percent, mining, and pre-mining models, 
respectively). A comparison of the mining and pre-mining 
model results shows that iron mining has produced measur-
able hydrologic changes in the St. Louis River Basin, and that 
most of those changes and the highest magnitude changes 
occur near the mining features. Overall, groundwater flow in 
the mining model was 3.62 million cubic feet per day (2.2 per-
cent) greater than the pre-mining model total. This net increase 
was caused by an increase in recharge from tailings basins and 
a decrease in discharge from surface seepage. Groundwater 
discharge to mine pits was the largest change in groundwater 
flows between the models (2.8 percent of pre-mining model 
flow, table 12). Net recharge to groundwater from tailings 
basins (2.4 percent), net decrease in areal groundwater areal 
surface seepage (2.7 percent), and net increase in seepage to 
streams (1.0 percent) were also in the same percentage range. 
Groundwater lost through mine-pit withdrawals was nearly 
offset by groundwater gained through recharge from tailings 
basins. However, because losses and gains occurred in dif-
ferent areas, the effect of mining can have more substantial 
effects on local areas than the model-wide averages represent.
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