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Introduction

Minnesota Geological Survey (MGS)

is fulfilling its responsibilities primar-

ily through statewide 1:100,000 and

1:500,000-scale geological mapping.

Institutional geological databases re-

quired for the mapping include field

observations, drillhole data, karst fea-

tures, as well as sediment texture and

lithology. Geological collections in-

clude cuttings, geochemical samples,

hand samples, sediment samples, and

thin sections. Geophysical databases

include borehole geophysics, gravity,

magnetic, rock properties, and

soundings; geochemical databases in-

clude groundwater, soil, and soil par-

ent material; geochronological data-

bases are in development. MGS

coordinates with the state drill core li-

brary, the state fossil collection, and

the state aquifer properties database.

The resultant mapping that is pub-

lished is also being assembled as a 2-

resolution, layered set of databases

that includes the offshore, is meant to

underlie bathymetric and soil map-

ping, and that is as compatible as pos-

sible with neighbors. Parsing of leg-

ends, to facilitate queries, is using

well-defined terminology, to facilitate

inference of properties. Progressively

more seamless geological polygons,

at 1:100,000 and 1:500,000-scale, are

tending to have thickness indicated,

while properties, heterogeneity, and

uncertainty will gradually be more

specified. A layered 1:500,000-scale

state bedrock geologic map is largely

complete, although for Precambrian

layers the thickness and underlying

geology have not yet been specified,

while a layered state Quaternary geol-

ogy map is in development. New

1:100,000-scale mapping is meant to

be complete statewide within a de-

cade. Three-dimensional mapping re-

lies mostly on geophysics for the Pre-

cambrian, stratigraphic correlation of

drillhole logs for the Paleozoic and

Mesozoic, and for the Quaternary, a

combination of cross-sections drawn

through lithological data, with sup-

port from geostatistics, is being used.

Organizational Structure
and Business Model

Minnesota is one of fifty states in the

USA. The federal survey, USGS, has

a broad mandate, 9000 employees,

and a budget of over $1B/year. State

geological surveys have 1900 em-

ployees, and total funding is now at

$240M – hence an average of roughly

40 employees and $4.5M per state.

Minnesota has a population of five

million, is 400 km wide and 600 km

north to south, and is located in north-

central USA, just west of the Great

Lakes, and adjacent to Canada. To the

west of Minnesota are the states of

North and South Dakota, Wisconsin

is to the east, and to the south is Iowa.

To the north in Canada are the prov-

inces of Manitoba and Ontario. Two

thirds of the five million state resi-

dents live in the Twin Cities centered

on Minneapolis and Saint Paul. Agri-

culture is prevalent in the south and

west of the state, and the Iron Range

in the forested northern portion of the

state supplies iron ore to the US

through Great Lakes ports.

The MGS, established as part of the

University of Minnesota in 1872, now

has a budget of ~$3.5M/year and a

staff of ~40 that has grown by 50%

and stabilized over the past decade.

MGS serves the people of Minnesota

by providing systematic geoscience

information needed to support stew-

ardship of water, land, and mineral re-

sources. MGS geological mapping

and associated research evolve with

the progress of science and technol-

ogy, and the MGS works closely with

university, government, industry, and

community partners to ensure that we

respond to the diverse needs of the

people.

MGS activity almost entirely consists

of a single, integrated geological

mapping program that is meant to

produce consistent, comprehensive,

complete, statewide mapping. Map-

ping increments are conducted by

county, of which there are 87; an av-

erage county is 50 km by 50 km. The

nature of this program has been dic-

tated by Legislative water resource

planning that specifies the need for

statewide completion, within a decade

or so, accompanied and followed by

updating, of multi-layered county

geologic atlases constructed in part-

nership with the Minnesota Depart-

ment of Natural Resources (DNR),

and with counties. There is concur-

rent focus on the research, databases,

outreach, and statewide mapping

needed to optimize the Atlases.

Minnesota is known for its abundant

lakes and rivers, although the major-

ity of drinking water comes from
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aquifers. Over a decade ago, Minne-

sotans became increasingly concerned

about groundwater contamination,

and over-pumping. A 2007 Minneap-

olis Star Tribune editorial, for exam-

ple, called for steps to restore confi-

dence in our drinking water, including

enhanced funding to the state geologi-

cal survey.

The Statewide Conservation and Pres-

ervation Plan was commissioned in

2006, and completed in 2008. The in-

tent was to create an integrated inven-

tory and assessment of Minnesota’s

environment and natural resources

that could guide decision-makers on

future short and long term planning,

policy, and funding. A recommenda-

tion to improve understanding of

groundwater resources focused on de-

velopment of a large-scale, hydro-

logic-system framework for under-

standing how today’s decisions may

affect tomorrow’s needs. This recom-

mendation specified statewide cover-

age of county geologic atlases or

comparable information products as

being needed.

In 2011, the Minnesota Water Sus-

tainability Framework further advo-

cated that a measure of our progress

in obtaining a complete picture of

groundwater resources in Minnesota

should be the rate of completion of

county geologic atlases by MGS and

DNR. The report therefore advocated

that the pace of completion of the

County Geological Atlases should, at

a minimum, be doubled to allow com-

pletion within a decade, followed by

review and updating on a regular

schedule. These recommendations

then guided the Six-Year Strategic

Plan for Minnesota’s Environment

and Natural Resources Trust Fund

(ENRTF), which is administered by

the Legislative-Citizen Commission

on Minnesota Resources (LCCMR).

The Plan, completed in 2013, advo-

cated statewide completion of county

geologic atlases within a decade.

MGS thus is focused on completing

and updating of atlases, while ensur-

ing that we take a broad approach,

and that we optimize the scientific

quality of all related activities.

MGS therefore is working with the

DNR to fulfill these responsibilities,

through completion of statewide

1:100,000 and 1:500,000-scale sur-

ficial geology, bedrock geology,

subsurface geology, bedrock topogra-

phy, and sediment thickness – the

mapping is comprehensive, and thus

applicable to water and other applica-

tions. We concurrently are undertak-

ing funded basic research that is

needed to optimize our mapping, with

an emphasis on enhanced hydrogeo-

logical characterization of sediment

and rock strata.

Crucial to our work is support from

the Environment and Natural Re-

sources Trust Fund, established by

voter approval in 1988. In addition, in

2008, the people of Minnesota voted

for a tax increase – the Clean Water,

Land, and Legacy Amendment. The

resulting program also supports our

work. Our geological mapping thus is

being very strongly supported by the

Minnesota Legislature, with roles also

being played by programs such as the

United States Geological Survey

(USGS) National Cooperative Geo-

logic Mapping Program, including the

Great Lakes Geological Mapping

Coalition.

Overview of 3D
Modelling Activities

The geological mapping is first pub-

lished as authored and peer-reviewed

paper maps. In addition to these born-

digital publications, all of our publi-

cations back to 1872 - 50,000 pages

and 700 maps - are now 100%

scanned, searchable, and download-

able for free. New 1:500,000-scale

geologic mapping provides context

and supports statewide analyses. The

new bedrock map (Figure 1; Jirsa et

al., 2011) is layered, as Mesozoic and

Paleozoic strata, with thicknesses

specified, can be removed to reveal a

Precambrian map, and we have plans

to map Precambrian layers that also

will be removable, resulting in a base-

ment map. Our 1:500,000-scale 2D

map showing uppermost sediments

was published in 1982 (Hobbs and

Goebel, 1982), and a new state Qua-

ternary map, which will be layered, is

in development, due to support from

the USGS Great Lakes Geological

Mapping Coalition (Figure 2). The

existing one-layer 1:500,000-scale

Quaternary 3D model – also known

as depth to bedrock, or sediment

thickness, is updated regularly.

Our 1:100,000-scale mapping is pack-

aged as County Geologic Atlases. A

User’s Guide to Geologic Atlases

(Setterholm, 2014) helps non-geolo-

gists, especially decision-makers, un-

derstand the information products and

their uses. Atlases are available in

print, or in digital formats, including

pdfs and GIS files. Atlases provide

information essential to sustainable

management of groundwater re-

sources, for applications such as

aquifer management, ground water

modelling, monitoring, permitting,

remediation, water allocation, well

construction, and wellhead protection.

Atlases define aquifer properties and

boundaries, as well as the connection

of aquifers to the land surface and to

surface water resources. They also

provide a broad range of information

on county geology, mineral resources

such as construction materials, and

natural history. The atlases thus are

also useful to consultants, exploration

efforts, educators, and all residents.

A complete atlas consists of a Part A

prepared by MGS that includes the

water-well database and 1:100,000-

scale geologic maps showing proper-

ties and distribution of sediments and

rocks in the subsurface, and a Part B

constructed by DNR that includes

maps of water levels in aquifers, di-

rection of groundwater flow, water

chemistry, and sensitivity to pollution.

Atlases in most cases are initiated by

a request from a county and an offer

to provide in-kind service. A typical

atlas requires a total MGS expendi-
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ture of a half million dollars over

about four years.
Resources Allocated to
3D Modelling Activities

At MGS, we spent $3.5M this past

year, up from $3.3M the year before,

due to variation in project activities.

MGS relies on about $1.3M in base

funding and $2.2M in grants and con-

tracts, primarily from the ENRTF

through LCCMR. Payroll was
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Figure 1. The 1:500,000-scale bedrock map, 400 by 600 km in extent, (Jirsa et al., 2011) is now a static view of an evolving,
layered database. Mesozoic (green area mostly in the southwest) and Paleozoic strata (blue and yellow areas mostly in the
southeast) are single removable layers for now. Work is pending on Precambrian layers, whose removal will allow develop-
ment of a 1:500,000-scale basement map. North is to the top.



~$2.75M last year. MGS funding av-

eraged $2.4M from 2003 to 2011, and

the average since then has been

$3.2M. Additional funding from both

sources covers non-personnel costs

such as travel, drilling, equipment,

supplies, and services.

MGS staffing was stable at 28 full-

time-equivalents (FTE) from 2003 to

2011; since then, staffing has aver-

aged 36 FTE. We currently are 27

geologists, 3 information profession-

als, 2 administrative staff, and 6 stu-

dents equivalent to ~3 FTE.
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Figure 2. The new 1:500,000-scale Quaternary map will be layered, at least for removal of peat, as is shown in this draft de-
piction, which lacks peat (Lusardi et al., in press). Green colors, for example, are tills. Further layering will be facilitated by
completion of ongoing statewide cross-section mapping, at a 5-km spacing. North is to the top.



MGS was located on-campus in

Pillsbury Hall from 1872 until 1970.

MGS then moved to an off-campus

building on Eustis Street in Saint Paul

in 1970, followed by a move to Uni-

versity Avenue in Saint Paul in 1983.

In 2015, we moved to our current lo-

cation on Territorial Road in St Paul.

Overview of Regional
Geological Setting

Precambrian igneous and metamor-

phic rocks occur at the bedrock sur-

face across most of the state. Thin

Mesozoic sedimentary rocks occur in

the southwest, and Paleozoic sedi-

mentary strata are present in the

southeast and far northwest. Glacial

sediments, of greatly varying thick-

ness averaging 50 meters or so, cover

most of the state.

Data Sources

Our geological mapping includes

much fieldwork mostly involving,

depending on the field of study, ob-

servations, shallow augering, and

geophysical surveys, as well as a con-

siderable amount of new coring of the

Quaternary in each county being in-

vestigated. In addition, the mapping is

supported by several spatial data-

bases. For example, the Minnesota

Legislature funded acquisition of

statewide lidar, which has very signif-

icantly improved our work. MGS also

coordinates with the DNR drill core

library and mineral exploration docu-

ment archive, the Bell Museum fossil

collection, and the DNR aquifer

properties database.

MGS geological databases include

drillhole data, field observations,

karst features, as well as sediment

texture and lithology. The water-well

database is a major activity for MGS,

with our partner in this role, the Min-

nesota Department of Health. Much

effort goes into confirming the loca-

tion of each water well to within a

few meters. We now have over

500,000 wells in the database, includ-

ing drillers’ lithological profiles.

MGS geological collections include

cuttings, geochemical samples, hand

samples, sediment samples, and thin

sections.

MGS geophysical databases include

magnetic, gravity, rock properties,

borehole geophysics, and soundings.

We have reprocessed the state mag-

netic database, and the state gravity

database; in both cases, feature reso-

lution was significantly improved.

Borehole geophysical surveys are an

ongoing activity on a statewide basis.

We have made much progress in digi-

tizing previously-collected natural

gamma logs, while our activity is

broadening in multi-parameter, cali-

per, EM-flowmeter and borehole

video logs. Whereas our work in

soundings previously focused on re-

fraction and reflection seismic, pas-

sive seismic is now a major emphasis,

and a source of helpful new data on

depth to bedrock.

Our statewide geochemical databases,

constructed with partners, include

groundwater, soil, and soil parent ma-

terials, while geochronological data-

bases are in development.

3D Mapping Approach

Minnesota geology is first mapped in

2D, concurrently at 1:100,000 and

1:500,000-scale, as a mature 2D map

is considered a precursor to 3D map-

ping. Ongoing efforts are being di-

rected at assembling published

1:24,000 and 1:100,000-scale map-

ping as increasingly seamless data-

bases. Layers, which are polygons

whose thickness can everywhere be

mapped, are being mapped in 3D to

eventually show thickness, extent,

properties, heterogeneity, and uncer-

tainty in some manner. Layers will be

removable from the mapping. Under

the layers is a basement map. Where-

as strata are the focus of 3D mapping

in the layers, structures and discre-

tized properties will be the focus of

the basement mapping. Distinct ap-

proaches are being taken for 1) Pre-

cambrian igneous and metamorphic

rocks, 2) Mesozoic and Paleozoic

sedimentary rocks, and 3) Quaternary

glacial and associated sediments.

Precambrian geological mapping uti-

lizes field observations, structural

measurements, thin sections and anal-

yses, as well as a heavy reliance on

geophysical surveys, in particular

magnetic and gravity surveys. Our

current mapping was transformed by

reprocessing of the magnetic and

gravity databases a decade ago. The

new 1:500,000, layered state bedrock

geology map (Jirsa et al., 2011) was a

major step forward in our Precam-

brian science, supported by this new

generation of geophysical surveys,

and included a new outcrop map,

diabase dykes, and new nomenclature

for features such as batholiths and

structures. The new 1:500,000-scale

map included much detail from pre-

ceding 1:100,000 mapping, causing

much reflection on what should go in

each of our two levels of resolution.

Nevertheless, the 1:500,000 mapping

is now mature, and we are embarking

on a new seamless synthesis of

1:24,000 and 1:100,000-scale Pre-

cambrian mapping. The focus for 3D

in the Precambrian mapping is on

mapping the thickness and properties

of Precambrian layers, principally

through geophysical modelling. The

Precambrian layers include: 1) the

North Shore Volcanic Group/Duluth

Complex that presently are the focus

of Cu-Ni-PGE potential, 2) Sioux

Quartzite, and 3) Animikie Group

units, including the iron ore that is

mined on the Range, and 4) Meso-

proterozoic sedimentary basins along

the Midcontinent rift associated with

Lake Superior. Upon removal of these

layers, and infill of underlying geol-

ogy to the extent that it can be infer-

red, the first 1:500,000 statewide

basement geology will be produced.

Paleozoic sedimentary rocks are ma-

pped based on exposures and cores,

and much reliance on borehole geo-

physical logs that, along with various

analyses, allow stratigraphic correla-

tion of intersections in each available
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drillhole. These correlations allow

mapping of strata, as well as meticu-

lous analyses of structures such as

faults. The 1:500,000-scale 2D map-

ping is stable at present, as seven out-

cropping layers. There is a high de-

gree of congruence in the 2D

1:100,000-scale mapping (Figure 3)

from county to county, although effort

is needed to reconcile surfaces be-

tween mapping efforts that occurred

at differing times. A key factor in the

mapping is an updated Paleozoic stra-

tigraphic naming scheme (Mossler,

2008), based on recent research,

resulting in improved compatibility

with neighboring states.

Mesozoic sedimentary rocks are map-

ped to a greater degree based on li-

thology, relative to the Paleozoic.

Over most of the state, the Mesozoic

is mapped as one layer. Judgment is

needed in distinguishing Mesozoic

deposits from weathered Precam-

brian, or either material reworked

during the Quaternary. This often is

done using water-well records. Nev-

ertheless, a mature 1:500,000-scale

map of the Mesozoic has been pro-

duced, as well as an indication of the

extent of Jurassic in northwestern

Minnesota. For the 1:500,000-scale

map, the Mesozoic was outlined by

contouring the top and base, from

which an isopach grid was created.

Because the distribution is patchy,

unit boundaries were drawn from the

gridded data to represent locations

where more than 25 feet (8 meters) of

thickness occurs. As a result, many

areas outside of the unit boundaries

may be overlain by thin Cretaceous

strata and the unit is depicted without

a contact line (Jirsa et al., 2011).

For the Quaternary, much current ef-

fort is being directed at a new

1:500,000-scale map that will be lay-

ered to the extent achievable, at least

by making peat removable. The new

map will have a lithostratigraphic leg-

end for the first time, taking the place

of the morphostratigraphic legend of

its precursor (Hobbs and Goebel,

1982). Development of this new leg-

end required a major effort over a de-

cade, first involving development of a

naming guide (Johnson et al., 2016),

followed by mapping of pilot state-

wide cross-sections (Lusardi et al.,

2016). Both steps resulted in a dra-

matic improvement in our strati-

graphic model. For 1:500,000-scale

3D mapping of the Quaternary, the

focus now is on a 5-year program of

statewide cross-sections at a 5-km

spacing, utilizing a ~60-layer legend.

At the 1:100,000 level of resolution,

all 1:24,000 and 1:100,000-scale 2D

surficial mapping has been assembled

as a seamless database, with enhanced

textural categorization of map units –

using soil mapping textural categories

– to better support inference of hy-

draulic conductivity for groundwater

management applications.

For the 1:100,000-scale 3D mapping

of sediments, geologists draw cross-

sections at a 1-km spacing, guided by

field work, auger holes, geophysics,

cuttings, new drilling, analyses, water

wells, and geostatistics. Careful atten-

tion is paid to sand and gravel bodies

in the subsurface, which are crucial

sources of groundwater. The cross-

sections are oriented perpendicular to

the prevailing elongation of the sand

and gravel bodies. Interpolation be-

tween cores is guided by water wells

and other data, along with the geolo-

gists’ judgement based on insights

into geological material, process, and

history.
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Figure 3. Paleozoic geology of Hennepin County, which includes the city of Minneapolis, and which largely consists of lime-
stone and sandstone strata (based on Retzler, 2018). This 3D view extends across a 50 km-wide area. North is to the top.



Data distribution laterally and verti-

cally greatly affects the resolution and

accuracy of the models. Although

sand and gravel can be present within

diamict sequences interpreted as till,

sorted coarse-grained sediments occur

more frequently at the contact be-

tween two tills. According to Atlas

authors, the contact between two tills

that are related to different deposi-

tional events and not separated by

sand and gravel may be recognized,

in some cases, by a change in the

driller’s description of material, tex-

ture, density, or color. Using the

available data, contact lines are drawn

along each cross section, with each

line representing the base of a geo-

logic unit of sand or till.

GIS software is used to infer eleva-

tions for contacts and to convert those

into a gridded surface using interpola-

tion. The resulting grids represent the

distribution of the geologic unit with-

in the county in three dimensions.

The surfaces may need to be itera-

tively modified until the geologist is

confident that they adequately repre-

sent the aerial distribution and strati-

graphic interpretation of each geo-

logic unit derived from the subsurface

data.

Clients

MGS geological mapping is primarily

used by state agencies, county admin-

istrations, consultants, and research-

ers. There is a high level of interac-

tion with the user community, through

partnerships with state agencies,

through workshops in counties, and at

conferences such as those held by the

groundwater association, and the

water-well drillers.

Recent Jurisdictional-
Scale Case Study
Showcasing Application
of 3D Models

Recently, MGS 1:100,000-scale 3D

mapping of the Quaternary was used

to support an accounting for depth-

dependent features related to predic-

tion of geogenic arsenic (As) in

drinking water wells (Erickson et al.,

2018). It was found that specific well

construction factors are influential in

predicting As concentrations in drink-

ing water wells, including position of

the well screen relative to strata en-

closing the aquifer, thus leading to

identification of controllable well

construction choices that will influ-

ence As concentrations in drinking

water from wells.

Current Challenges

Linear artifacts associated with cross

section lines have been a challenge.

Current efforts for the Quaternary are

focussed on combining geologists’

cross-section interpretations of fine-

grained strata with an arrangement for

updatable sand bodies inferred using

geostatistics.

Lessons Learned

Crucial to our current success have

been an absolute focus on the needs

of the people statewide, and a com-

mitment to statewide, consistent map-

ping in relation to achievable stan-

dards in the protection of public

health.

Next Steps

Atlases are complete for 42 counties

and of these, 4 have been revised and

2 revisions are underway (Figure 4).

There are 17 new atlases underway;

28 counties have not yet been started.

At the current pace and a completion

rate of ~5 per year, statewide cover-
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Figure 4. Status of the Minnesota Geological Survey County Geologic Atlas Part
A program. North is to the top.



age will be achieved in less than a de-

cade, depending on the pace of revi-

sions and accompanying research –

we foresee that we will then focus on

Atlas revisions and associated activ-

ity.

A current focus is to more fully tran-

sition from production of paper maps

to a concurrent focus on more fully

realized seamless, layered geological

mapping databases.
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