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INTRODUCTION
This Quaternary Stratigraphy plate shows the unconsolidated materials expected to 

be encountered between the land surface and bedrock surface in Lincoln County.  Cross 
sections A–A' through E–E' are representative of 49 cross sections (Fig. 1) at 0.6-mile 
(1-kilometer) spacing that were constructed to create a three-dimensional model of the 
Quaternary deposits of Lincoln County.  These deposits are assigned to the lithostratigraphic 
units defined in Johnson and others (2016) unless otherwise indicated.  The major sand 
bodies from this model are depicted on Plate 5, Sand-Distribution Model.  The full model 
and all the cross sections used to develop it can be accessed through the digital files on 
the Minnesota Geological Survey's website (https://cse.umn.edu/mgs).  The Quaternary 
geologic units (Fig. 2) shown on the cross sections were defined from interpretation of 
new data collected for this study and from existing data from previous investigations 
(see Index to Previous Mapping on Plate 3, Surficial Geology, for references to adjacent 
mapping projects).  These include rotary-sonic core from three drill holes completed by 
the Minnesota Geological Survey for this project (LCR-1, LCR-2, LCR-3; Figs. 3-5), and 
information collected from water-well drillers' logs, cuttings set descriptions, bridge boring 
logs (Minnesota Department of Transportation, 2019), exposures, and auger samples (Plate 
1, Database Map).

On the cross sections, drill holes are represented by vertical lines.  Rotary-sonic drill 
holes are labeled with their borehole name and associated unique number (in parentheses).  
Drill hole vertical lines may start above or below the land surface because the data are 
projected north and south onto the cross section from a distance of up to 0.3 mile (0.5 
kilometer), where surface elevations could differ.  Vertical exaggeration is 50x for all cross 
sections to show commonly thin, complex units of the Quaternary section.  Underlying 
bedrock units are indicated on the cross sections by points at unit boundaries and labels 
corresponding to those described on Plate 2, Bedrock Geology.

The availability of data is partially responsible for the spatial extent and complexity of 
the subsurface units shown on the cross sections.  Lincoln County is mostly rural and sparsely 
populated, resulting in an overall low density of water-well data (Fig. 1).  Where data are 
scarce along the east–west cross-section lines, units composed of diamicton (interpreted 
to be glacial till) are generally portrayed (modeled) as continuous, with relatively uniform 
thicknesses and minimal elevation change; the less common, thinner sand and gravel units 
are portrayed as less continuous.  The basis for this portrayal is the fact that ice sheets 
were laterally extensive and contained significant fine-grained sediment, whereas sand 
and gravel were deposited in confined channels and/or localized outwash fans.  Where 
there are more data, all units appear more discontinuous and variable in thickness and 
elevation over relatively short distances, which reflects more accurately the complexity of 
glacial deposits.  Fewer data exist for the older, deeper units, but they are more likely to 
be discontinuous and variable because they are more eroded and dissected.  These factors 
should be kept in mind when viewing the cross sections.  

Most diamicton (unsorted sediment) in Lincoln County is interpreted to be till, sediment 
more or less directly deposited by glacial ice.  Till is composed of clay to boulder-sized 
fragments, with the more sandy-textured tills (Table 1) commonly containing more cobbles 
and boulders than the more clayey-textured tills.  The Quaternary deposits present in the 
subsurface of the county are divided in the cross sections into finer- and coarser-grained 
sediment.  The till and fine-grained lake sediment are depicted by greenish-colored units 
and can be considered potential aquitards, and the fluvial and coarser-grained lake sediment 
are depicted by cream-colored units and are potential aquifers.  The colors in the lithology 
column within the descriptive logs of the rotary-sonic cores (Figs. 3-5) illustrate how 
various sediment layers (depicted by patterns and described in the text) were combined 
into cross-section units.  By convention, the name designations of subsurface sand and 
gravel bodies depicted are associated with their underlying till (except for unit nuo, which 
is a surficial unit), even though meltwater from the ice that deposited the overlying till 
may in fact be responsible for depositing some or all of the sand and gravel (Fig. 2).  Sand 
and gravel units, therefore, commonly include sediment from more than one formation.  
Decomposed organic matter (unit pe on Plate 3, Surficial Geology) is too thin to show on 
the cross sections and is combined with the underlying surficial units.  Similarly, fine-
grained lacustrine sediments encountered in rotary-sonic cores (for example LCR-1; Fig. 
3) are combined with the underlying till in cross-sections due to being thin and difficult to 
distinguish from till in water-well records.  These unit modifications were made to produce 
subsurface stratigraphic models that could be processed to create the sand-distribution 
models on Plate 5.

The scarcity of deep water-well data makes it difficult to interpret and delineate the 
extent of older till units and associated sand layers.  Rotary-sonic drill cores provide data 
for identifying these units; however, the extent of those units is highly uncertain only a 
short distance beyond the immediate vicinity of the core location.  Based on the established 
stratigraphy for the region (Fig. 2), interpretations have been made using limited information 
provided by the records of isolated, deeper water wells.  Where there are no data available 
at depth, the general regional stratigraphy has been extended in a schematic fashion in 
order to illustrate the potential presence of previously recognized glacial units.

Sand bodies were assumed to divide the deposits of the various glacial episodes that 
affected the county (Fig. 2), acknowledging that sand lenses occur within as well as above 
and below individual till and fine-grained lacustrine deposits (Figs. 3-5).  The characteristics 
of the various tills found in Lincoln County are generally similar to one another (Table 1; 
Fig. 6).  They were distinguished in the subsurface primarily on the basis of intervening 
sand beds, except for within the vicinity of core holes.  In the absence of intervening sand 
beds, individual till units were distinguished by changes in several properties including 
texture, composition, color, oxidation, and hardness.

Some formations and members were split into two units to depict sand beds within the 
formation for the sand models (Plate 5, Sand-Distribution Model).  The decision to split 
tills into two units is based on rotary-sonic core and water-well records.  The Ivanhoe and 
Verdi Members are split into two units (ni, ni2; nv, nv2) based on rotary-sonic cores in the 
county and the region.

 TILL GEOCHEMICAL ANALYSES 
Till geochemical analyses conducted during this project support the unit separations 

based on core descriptions, intervening lacustrine and sand bodies, and textural and lithologic 
changes.  Geochemical analysis was conducted on rotary-sonic core LCR-2 (Fig. 4; Table 
2).  In a manner consistent with methods used by Thorleifson and others (2007), the less 
than 63-micron fraction of till samples was analyzed by ICP-Mass Spectrometry (ICP-
MS) following a four-acid, near-total dissolution.  A total of 48 elements were analyzed 
(Table 2).  A pilot study using ICP-MS and X-Ray fluorescence (XRF) of the geochemical 
signatures for the four glacial provenance sources in Minnesota (Wittkop and others, 2020) 
provided a list of elements that are indicators for each source.  The elements are color 
coded at the top of Table 2.

Samples analyzed from rotary-sonic core LCR-2 (Fig. 4) are interpreted to be of 
Riding Mountain or mixed Riding Mountain-Winnipeg provenance (Plate 3, Fig. 3).  
Overall, samples analyzed appear to correlate with provenances characterized by shale and 
carbonate-derived sediment.  In the descriptions below, elements are stated as assigned to a 
specific provenance based on the statistical analyses of Wittkop and others (2020).  Other 
elements are reported as typical to a provenance based on average values calculated from 
data from previous investigations (Thorleifson and others (2019) and the Lac qui Parle 
(Radke, 2023) and Otter Tail (Meyer, 2023) County Geologic Atlases.

The Riding Mountain-derived Ivanhoe Member, Magnolia till, and unnamed till of 
Riding Mountain provenance (units ni, ni2, mg, urm) are enriched in antimony, arsenic, 
barium, cadmium, cesium, manganese, and zinc.  With ICP-MS data, Wittkop and others 
(2020) used principal component, decision tree, and linear discriminant analyses to show 
elements that correlated with the Heiberg Member of the New Ulm Formation included 
barium, manganese, and zinc.  Chromium, lead, and vanadium were also included in 
elements that statistically correlated with the Riding Mountain provenance (Wittkop and 
others, 2020).  The Ivanhoe Member of the New Ulm Formation is highest in cadmium 
compared to other units and has a geochemical signature that is similar to samples analyzed 
in Nobles County to the south (Gowan, 2020a).  The Magnolia till (unit mg) is highest in 
molybdenum and uranium and has a similar geochemical signature to samples analyzed in 
Nobles County (Gowan, 2020a).  The unknown Riding Mountain till (unit urm) has the lowest 
average values of antimony, arsenic, and cadmium but overall is similar to tills derived 
from Riding Mountain provenance in Lincoln County and Nobles County (Gowan, 2020a).

The Verdi Member (units nv, nv2) is interpreted to be of mixed Riding Mountain/
Winnipeg provenance.  Similar to the tills derived of Riding Mountain provenance in 
Lincoln County, it is also enriched in antimony, arsenic, barium, cadmium, cesium, and 
zinc.  It has the highest average values of calcium and magnesium compared to other units 
in Lincoln County, which reflects a greater percentage of carbonate-derived sediment of 
Winnipeg provenance.  Calcium and magnesium, when analyzed using XRF, showed a strong 
correlation to carbonate clast count (r2 = 0.81 and 0.71, respectively) in the Winnipeg-
provenance Good Thunder tills in Renville County core RNR-2 (Wittkop and others, 2020).  
It has the lowest average value of cesium compared to all units analyzed, but overall is 
similar to sediments derived from Riding Mountain provenance.  Geochemical data of the 
Verdi Member in Lac qui Parle (Radke, 2023) and Nobles (Gowan, 2020a) Counties are 
largely similar to data in Lincoln County.

The geochemistry of the unknown till of Riding Mountain/Winnipeg provenance (unit 
urw) differs significantly from other tills analyzed in Lincoln County and includes elemental 
concentrations indicative of both northwest and northeast provenance.  It has the highest 
average values of antimony, arsenic, chromium, cesium, manganese, lead, vanadium, and 
zinc of all units in Lincoln County.  However, it is relatively depleted in calcium and 
magnesium compared to other units in Lincoln County and Winnipeg-provenance sediments.  
In addition, it is enriched in elements that are derived from crystalline (Rainy provenance) 
and Lake Superior (Superior provenance) sediments.  Tills of Rainy provenance typically 
have the highest concentrations of aluminum, sodium, chromium, and strontium.  Samples 
from the Rainy-provenance Hewitt, Independence, and Traverse des Sioux Formations 
showed the highest enrichment in zircon compared to other provenances analyzed using 
XRF (Wittkop and others, 2020).  Other elements from ICP-MS data that stand out using 
principal component, decision tree, and linear discriminant analyses within the Rainy 
provenance include copper, rubidium, strontium, and yttrium (Wittkop and others, 2020).  
Tills of Superior provenance are typically enriched in cobalt, copper, iron, hafnium, 
potassium, nickel, scandium, titanium, tungsten, yttrium, and zircon.  One sample from the 
Superior-provenance Barnum Formation has the highest concentrations of iron, potassium, 
and sodium among other provenances analyzed using XRF (Wittkop and others, 2020).  Of 
the elements listed for these provenances, the unknown till of Riding Mountain/Winnipeg 
provenance is enriched in aluminum, cobalt, copper, hafnium, iron, potassium, nickel, 
rubidium, scandium, titanium, tungsten, and yttrium.  The enrichment in elements derived 
from both the northwest and northeast is puzzling.  It is unlikely due to incorporation of 
underlying bedrock/saprolite because bedrock is estimated to be approximately 250 feet 
(76 meters) below this till.  It may be incorporating underlying sediment that is derived 
from the northeast resulting in enrichment of those respective elements.  Future study 
of the silt/clay mineralogy of this till could better inform about these enrichments, and 
potentially the glacial history of the area.

Other elements may correlate with controlling factors beyond provenance, such as 
aeration during deposition and the interaction of groundwater at unit boundaries.  For 
example, the concentration of sulfur is low where till is oxidized.  Samples of the Heiberg 
Member in Renville County core RNR-2 showed significant depletion of sulfur in oxidized 
samples compared to unoxidized samples (Wittkop and others, 2020).  The Verdi Member 
(units nv, nv2) in core LCR-2 (Fig. 4) is oxidized throughout and has a low concentration 
of sulfur.  This is likely the result of aeration, where sulfur in sulfides (such as pyrite) is 
removed by groundwater as sulfate.
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DESCRIPTION OF CROSS-SECTION UNITS
Each unit on the cross sections is placed in one of three categories, as indicated in 

parentheses after the description: 1. Surficial Geology unit—units having an identical 
description and color as on Plate 3, Surficial Geology (see Plate 3 for the detailed 
descriptions); 2. Subsurface unit—units that appear only on the cross sections and have a 
unique label and color; and 3. Modified unit—multiple units from Plate 3 that are combined 
into one unit on the cross sections (for example units ni, nih, nim, and niw are combined into 
unit ni).  Contact lines that intersect the land surface on the cross sections do not match 
all contact lines shown on the surficial map because some units shown on Plate 3 are too 
small or thin to be shown on the cross sections.  It should also be noted that all of the 
till units described below may include pods, lenses, and thin layers of outwash sand and 
gravel, and sand, as well as lacustrine sand, silt, and clay.  

HOLOCENE

	 al	 Sand, gravel, and sandy loam to silt loam (Surficial Geology unit)—Alluvium.

	 hl	 Silt, clay, and loamy sand (Surficial Geology unit)—Lacustrine sediment.

PLEISTOCENE

Late Wisconsinan glaciation

	 sc	 Silt loam to clay (Surficial Geology unit)—Fine-grained lacustrine sediment.
		  New Ulm Formation—Sediment deposited by ice of the Riding Mountain-        

provenance Des Moines lobe (Fig. 2; Plate 3, Fig. 3).
	 nul		  Clay, silt, and sand (Surficial Geology unit)—Ice-walled lake plain.

	 nuo		  Silty sand, sand, sandy silt, gravelly sand, and sandy gravel (Surficial 
Geology unit)—Glacial stream sediment, outwash.

		    Dovray Member
	 nd		  Loam diamicton (Surficial Geology unit)—Described to the depth of 35 feet 

(11 meters) in the log of rotary-sonic core LCR-3 (Fig. 5).  This unit was 
not included in till geochemical analyses.  Glacial till.

		    Ivanhoe Member 
	 nio		  Sand to gravelly sand (subsurface unit)—Outwash.

	 ni		  Loam to clay loam diamicton (modified unit)—Map units nih, niw, ni, and 
nim from Plate 3.  Described to the depth of 94 feet (29 meters) in the log 
of rotary-sonic core LCR-2 (Fig. 4; cross section B–B').  Geochemically, 
this unit has the highest concentrations of cadmium, sulfur, and strontium 
(Fig. 4; Table 2) and the lowest concentrations of seven elements, including 
four of northeast provenance (cobalt, copper, potassium, nickel) in core 
LCR-2 (Table 2).  Glacial till.

Middle Wisconsinan glaciation

		    Verdi Member
	 nvo		  Sand to gravelly sand (subsurface unit)—Outwash,

	 nv		  Loam to clay loam diamicton (modified unit)—Map units nv and nvw from 
Plate 3.  Described to the depth of approximately 93 feet (28 meters) 
in the log of rotary-sonic core LCR-1 (Fig. 3; cross section E–E'), with 
31 feet (9 meters) observed in core LCR-2 (Fig. 4; cross section B–B').  
Geochemically, this unit has the highest average concentrations in Winnipeg-
provenance elements calcium and magnesium (Fig. 4; Table 2), and the 
lowest concentrations of five elements, including two indicative of northeast 
provenance (aluminum, chromium; Fig. 4; Table 2).  Glacial till.

Pre-Wisconsinan glaciation

  Unnamed units—Glacial sediments without formalized names.  
		  Cazenovia till
	 czo		  Sand to gravelly sand (subsurface unit)—Outwash.

	 cz		  Clay loam diamicton (subsurface unit)—Sediment deposited by Rainy-sourced 
ice (Plate 3, Fig. 3). Encountered in rotary-sonic boring LCR-1 (Fig. 3; 
cross section E–E').  Unsorted, with some pebbles; contains pockets of 
silt, sand, and gravel in places.  Oxidized color is olive (5Y 4/4), becomes 
an unoxidized very dark gray (5Y 3/1).  Reduced color is greenish-gray 
(10GY 5/1 to 5GY 5/1).  This unit averages the most Precambrian and 
crystalline clasts (Fig. 6B; Table 1).  Rainy-provenance tills described 
elsewhere in the state have sandier textures and little to no Cretaceous 
clasts.  Incorporation of underlying finer-grained and Cretaceous-rich 
sediments may have modified the original Rainy signature.  This unit 
was found to have a minimum depositional age of approximately 500,000 
years ago (Bierman and others, 1999).  It is probable that it correlates 
with one or more of the till units within the Wolf Creek Formation in Iowa 
(Hallberg, 1980).  Named for the town of Cazenovia in Pipestone County, 
near where 96 feet (29.3 meters) of this unit (therein designated "till 2") 
were described in rotary-sonic boring SWRA-3 (Patterson, 1997).  This 
unit was not included in till geochemical analyses.  Glacial till.

		  Magnolia till
	 mgo		  Sand to gravelly sand (subsurface unit)—Outwash.

	 mg		  Clay loam to loam diamicton (subsurface unit)—Sediment deposited by Riding 
Mountain-sourced ice (Plate 3, Fig. 3).  This unit was designated "till 3" in 
Patterson (1997), where it was encountered in rotary-sonic boring SWRA-
3.  Unsorted, massive, very hard, with some pebbles.  In core LCR-1 it is 
a clay diamicton and oxidized olive-brown color (2.5Y 4/4) with gypsum 
crystals in situ.  In core LCR-2 it is clay loam to loam diamicton with an 
olive color (5Y 4/4) where oxidized, to dark olive-gray to black (5Y 3/1 
to 2.5/1) with pieces of wood scattered throughout.  This unit averages the 
most Paleozoic clasts out of all pre-Wisconsinan units (Fig. 6B; Table 1).  
Geochemically, it has the highest average concentrations of two elements, 
both of which are northwest indicators (molybdenum, uranium; Table 2).  
It has the lowest average concentration of seven elements, including three 
that are of Superior provenance (hafnium, titanium, zirconium; Table 2).  
Believed to correlate with the Brandon till of South Dakota (Lineburg, 
1993).  The Brandon till lies immediately beneath a volcanic ash layer, 
known as Lava Creek B, that was deposited about 610,000 years ago (Izett, 
1981).  Named for the town of Magnolia, in Rock County, near where 105 
feet (32 meters) of this unit were described in rotary-sonic boring RKR-2 
(Gowan, 2020b).  Glacial till.

		  Unknown formation of Riding Mountain provenance 
	 urmo		  Sand to gravelly sand (subsurface unit)—Outwash.

	 urm 		  Clay loam to loam diamicton (subsurface unit)—Sediment deposited by Riding 
Mountain-sourced ice (Plate 3; Fig. 3).  Encountered in rotary-sonic boring 
LCR-2 (Fig. 4; cross section B–B').  Unsorted, massive, with few pebbles; 
contains layers of silt and sand mixed with till toward the base.  Color is 
an unoxidized dark gray (2.5Y 4/1).  In core LCR-2, it has a very thin dark 
greenish-gray (5GY 4/1) gley layer at the top.  This unit averages the most 
Cretaceous clasts out of all the pre-Wisconsinan units and almost all the 
clasts are exclusively gray shale (Fig. 6B; Table 1).  It is texturally similar 
to the overlying unit mg but averages more Precambrian and Cretaceous 
clasts (Fig. 6A; Table 1).  Its texture and composition are most similar to the 
pre-Wisconsinan Smoky Hills Formation in Becker (Marshall and Gowan, 
2016) and Hubbard (Knaeble, 2018) Counties.  Geochemically, this unit 
has the highest average concentration of sodium (Table 2) and the lowest 
average concentrations of antimony, arsenic, and cadmium, all of which 
are Riding Mountain provenance indicators (Fig. 4; Table 2).  Glacial till.

		  Unknown formation of Riding Mountain/Winnipeg provenance
	 urw 		  Clay to silty clay loam diamicton (subsurface unit)—Deposited by Riding 

Mountain/Winnipeg-sourced ice (Plate 3; Fig. 3).  Encountered in rotary-
sonic boring LCR-2 (Fig. 4; cross section B–B').  Unsorted, massive, with 
few pebbles.  Color is olive (5Y 4/4) where oxidized to black (5Y 2.5/1) 
where unoxidized.  This unit averages the most carbonate clasts and greatest 
clay content among the pre-Wisconsinan tills identified in this study (Fig. 
6A; Table 1).  Its texture and composition are most similar to the pre-
Wisconsinan Smoky Hills Formation in Becker (Marshall and Gowan, 
2016) and Hubbard (Knaeble, 2018) Counties.  Geochemically, this unit 
has the highest average concentration in 22 elements (Table 2).  See the 
Till Geochemical Analyses section for more discussion.  Glacial till.

		  Undifferentiated deposits
	 uno		  Undifferentiated sand to gravelly sand (subsurface unit)—Based on material 

descriptions in well-log records but lacks stratigraphic framework for 
reliable naming.  May include till in places.  Outwash.

	 un 		  Presumed diamicton of unknown provenance (subsurface unit)—Based on 
material descriptions in well-log records.  Till is typically described in well 
logs as clay, sandy clay, silty clay, or pebble clay.  Glacial till.

	 unk 		  Undifferentiated Quaternary sediment (subsurface unit)—Areas where there 
are no sediment descriptions.  Depending on well depths, this can include 
units that are described above.
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Ivanhoe Member (units ni, ni2) n=23
Verdi Member (units nv, nv2) n=12
Magnolia (unit mg) n=21
Unnamed Riding Mountain till (unit urm) n=10
Unnamed Riding Mountain/Winnipeg till 
  (urw) n=9

Ag Al As Ba Be Bi Ca Cd Ce Co Cr Cs Cu Fe Ga Ge Hf In K La Li Mg Mn Mo
ppm % ppm ppm ppm ppm % ppm ppm ppm ppm ppm ppm % ppm ppm ppm ppm % ppm ppm % ppm ppm
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Verdi Member (units nv, nv2) n=12 0.13 5.06 12.2 479 1.29 0.24 8.61 0.59 67.2 10.4 44 3.57 24.7 2.87 11.60 0.12 3.0 0.041 1.50 35.5 35.7 2.52 783 4.75
Magnolia (unit mg) n=21 0.12 5.31 11.5 429 1.30 0.22 7.86 0.61 61.6 10.0 53 3.71 23.0 2.53 12.12 0.12 2.9 0.041 1.57 33.1 39.1 2.12 703 7.52
Unnamed Riding Mountain till (unit urm) n=10 0.11 5.70 7.1 449 1.41 0.26 6.66 0.52 73.8 10.1 58 3.95 23.3 2.78 13.51 0.14 3.5 0.045 1.68 37.2 43.2 1.78 755 2.41
Unnamed Riding Mountain/Winnipeg till 
  (urw) n=9

0.14 7.32 14.5 416 1.92 0.42 4.94 0.64 91.8 13.6 70 6.30 29.4 3.79 17.85 0.16 4.0 0.075 1.83 43.9 58.1 1.16 785 4.37

Na Nb Ni P Pb Rb Re S Sb Sc Se Sn Sr Ta Te Th Ti Tl U V W Y Zn Zr
% ppm ppm ppm ppm ppm ppm % ppm ppm ppm ppm ppm ppm ppm ppm % ppm ppm ppm ppm ppm ppm ppm

0.61 12.2 31.9 699 16.0 68.6 0.017 0.72 1.09 8.6 2.0 1.4 237 0.72 0.07 8.53 0.280 0.70 3.8 121 1.0 18.7 79 112.2
0.64 10.6 34.8 701 17.1 71.1 0.001 0.02 1.03 8.1 0.6 1.3 195 0.68 0.08 9.76 0.281 0.72 3.1 104 0.9 18.9 79 113.5
0.76 10.7 34.8 638 15.8 74.5 0.017 0.58 0.93 7.9 1.7 1.3 211 0.68 0.07 8.82 0.262 0.83 4.8 110 0.9 16.9 78 111.3
0.78 12.1 33.2 698 17.6 79.0 0.006 0.32 0.81 9.0 1.3 1.5 211 0.78 0.07 10.72 0.310 0.70 3.4 111 1.0 19.9 79 129.2
0.37 19.1 48.1 1009 23.3 96.2 0.014 0.28 1.46 12.0 2.2 2.2 213 1.14 0.09 13.52 0.381 0.84 4.7 152 1.4 26.8 113 140.3

           PROVENANCE
Riding Mountain           Rainy      Winnipeg      Superior

Table 2.  Average concentrations of elements from the till samples from rotary-sonic core LCR-2.  Concentrations for elements are expressed in parts per million (ppm) 
or percent (%).  Provenance sources for till units and elements that are diagnostic for the provenance are highlighted by colors.  Bold text and italic text show highest and 
lowest average values for each element, respectively.
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Figure 6.  Ternary diagrams showing the texture and composition of till samples mapped in the subsurface in Lincoln County.
A.  Matrix texture using the U.S. Department of Agriculture texture classification system (less than 2-millimeter grain-size fraction).  Most till 
samples plot as a loam to clay loam, which is typical for southwest Minnesota.
B.  Composition of the very coarse-grained (1-2 millimeters) sand fraction (after Hobbs, 1998).  The majority of till samples have varying amounts 
of shale and carbonate, which supports most of the tills having a northwest provenance (Plate 3, Fig. 3).  The Cazenovia till is an exception, having 
a modified Rainy provenance with a high percentage of crystalline grains and a small percentage of shale grains.
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DescriptionVery coarse-grained 
     sand lithology

Matrix texture               Lithology

Borehole name:  LCR-3; unique number:  854402

Elevation in feet above mean sea level:  1,184
Depth
(feet)

Location:  T. 113 N., R. 44 W., sec. 3; AAAAAA

Dark brown, clayey, silty topsoil and fine-grained alluvium. Calcareous near 
the bottom
Sandy silt to clayey silt lacustrine sediment, vegetation, organics, and 
gastropod shells throughout. Secondary carbonate in places. Black to light 
yellowish-brown, mainly dark grayish-brown. 2.5Y 4/2. Glacial silt and clay 
(unit sc)
Silty sand, greenish-gray. Poor recovery 20-23'
Oxidized loam till, mottled throughout. Non-calcareous in spots, soft. Light 
olive-brown. 2.5Y 5/6. Dovray Member till (unit nd)
Unoxidized loam to clay loam till, similar to till above. Calcareous throughout. 
Silt bed 33-34'. Dark gray. 2.5Y 4/1. Dovray Member till (unit nd)
Very fine- to fine-grained sand, calcareous to non-calcareous. Mix of glacial 
and underlying Cretaceous sands
Silt with clasts of Cretaceous sandy limestone
Cretaceous sandstone and shale

Figure 5.  Lincoln County rotary-sonic core LCR-3 (unique number 854402).  Units have been divided based on lithologic and 
textural changes, as well as intervening lacustrine or sand bodies.  Bedrock consists of Cretaceous sandstone, siltstone, and 
shale, as described by Andrew Retzler of the Minnesota Geological Survey (see Plate 2, Bedrock Geology).
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Cretaceous

Wetland clay and silt with abundant vegetation
Oxidized loam till, gravelly, soft, rusted in some places. Slightly 
mottled 17-20'. Light olive-yellow to olive-yellow. 2.5Y 5/4-6/8. 
Ivanhoe Member till (unit ni)
Unoxidized loam to clay loam till. Similar to the till above 
lithologically and texturally. Dark gray. 2.5Y 4/1. Ivanhoe Member till 
(unit ni)

Very fine- to fine-grained sand, well sorted. Trace to no gravel 
except at 134.5-137'. Largely massive, laminated at 98.5-100', 108', 
and 137-142'. Light brownish-gray to light yellowish-brown. 2.5Y 
6/2-6/4. Ivanhoe Member sand (unit nio2)

Lacustrine silt to clayey silt. Barely calcareous, laminated 
147.5-148' and 155-158'. Olive-gray to olive. 5Y 4/2-5/4 (unit nio2)
Fine- to coarse-grained sand, some gravel. Very fine-grained sand, 
well sorted 158-163' and 172-178'. Ivanhoe Member sand (unit 
nio2)

Very fine-grained silty sand to sandy silt, hardly calcareous. 
Possible rhythmites 187-188.5'. Olive-gray to olive. 5Y 5/2-5/3. 
Verdi Member sand (unit nvo)
Cobbly, coarse-grained sand and gravel. Oxidized, possibly 
ice-contact sediment. Verdi Member sand (unit nvo)
Lacustrine silty clay loam sediment, dense, unoxidized. Secondary 
carbonate present along vertical seams. Dark gray. 5Y 4/1 (unit nv)
Clay loam till, gravelly. Gleyed greenish-gray 212-214' (5GY 5/1) 
and oxidized 214-243.5'. Light olive-brown. 2.5Y 5/6-5/3. Verdi 
Member till (unit nv)

Sand, fine- to coarse-grained, trace gravel. Clayey silt lacustrine 
sediment 252-253'. Magnolia sand (unit mgo)
Interbedded clayey silt and sand. Greenish-gray lake sediment 
258-260', 262-263', and 273-274'. Mix of clay and sand 268-270'. 
Coarse-grained sand and gravel 264-268'. Magnolia sand (unit 
mgo)
Oxidized loam to clay loam till, gravelly. Stratified near the top. Light 
olive-brown to olive-brown. 2.5Y 5/4-4/4. Magnolia till (unit mg)
Unoxidized loam till. Dense, pockets of sand and silt throughout. 
Abundant organics and pieces of wood incorporated throughout the 
till. Trace secondary carbonate. Very dark gray to black. 5Y 
3/1-2.5/1. Magnolia till (unit mg)

Peat, non-calcareous
Gleyed clay loam till, gravelly in places. Dark greenish-gray. 5GY 
4/1-3/1. Unnamed Riding Mountain till (unit urm)
Unoxidized clay loam till, similar to the till above. Dense, organics 
scattered throughout. Dark gray. 5Y 4/1. Unnamed Riding Mountain 
till (unit urm)

Oxidized clay to clay loam till, dense, trace gravel. Abundant 
secondary carbonate, weathered clasts throughout. Black mottling 
395-404'. Olive. 5Y 4/4. Unnamed Riding Mountain-Winnipeg till 
(unit urw)
Unoxidized clay to clay loam till, similar to above. Gypsum begins at 
405.5' through the rest of the core. Dark olive-gray to very dark 
gray. 5Y 3/2-3/1. Unnamed Riding Mountain-Winnipeg till (unit urw)
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Arsenic (ppm) Sodium, Magnesium, Aluminum, Calcium (%) Cadmium, Antimony (ppm) Sulfur (%)

Ivanhoe Member

Verdi Member

Magnolia till

Unknown Riding-
Mountain/Winnipeg till

Unknown Riding-
Mountain till

DescriptionVery coarse-grained 
     sand lithology

Matrix texture               Lithology

Borehole name:  LCR-2; unique number:  854549

Elevation in feet above mean sea level:  1,768
Depth
(feet)

Location:  T. 112 N., R. 46 W., sec. 22; CBCCDB

Figure 4.  Lincoln County rotary-sonic core LCR-2 (unique number 854549).  Formations have been divided into members based on lithologic and textural changes, as well as intervening lacustrine or sand bodies.  Bedrock was not encountered in this boring.  
Downhole concentrations of selected elements of the less than 63-micron fraction of till samples is depicted in percent (%) of the total sample or in parts per million (ppm). 
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Figure 2.  Diagram showing relative age, location (across 
Lincoln County from west to east), provenance (Plate 3, 
Fig. 3), and related unit labels from the cross sections 
for Wisconsinan and pre-Wisconsinan glacial sediments 
(Table 1).  The age column and deposit drawings are 
schematic and not to scale.  All radiocarbon ages shown 
are calibrated to calendar years before present (cal YBP).  
Dashed lines indicate units in the regional stratigraphy 
but not encountered in drill holes in Lincoln County.  See 
the text on Plate 3 for a discussion of the glacial history 
for Wisconsinan units.
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Figure 1.  Location of 49 cross sections, constructed at regular 0.6-mile 
(1-kilometer) intervals, used to create a three-dimensional model of the 
Quaternary deposits of Lincoln County.  Cross-sections A–A' through E–E' 
(magenta lines) appear on this plate.  Squares with labels denote the locations 
where rotary-sonic cores were collected.  Black circles denote the location of 
water wells.  Blue circles denote the location of water wells within 0.3-mile 
(0.5-kilometer) of the published cross section.  Magenta triangles denote the 
locations of water-well cuttings examined for this study.  Major towns are labeled.

Figure 3.  Lincoln County rotary-sonic core LCR-1 (unique number 342627).  Units have been divided based on 
lithologic and textural changes, as well as intervening lacustrine or sand bodies.  Bedrock was not encountered in 
this boring.
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DescriptionVery coarse-grained 
     sand lithology

Matrix texture               Lithology

Borehole name:  LCR-1; unique number:  342627

Elevation in feet above mean sea level:  1,751
Depth
(feet)

Location:  T. 109 N., R. 46 W., sec. 31; BBAABC

Sandy top soil 
Clayey silt, silt loam, soft. Peoria loess, 2.5Y 4/4
Loamy sand and gravel, cobbly near base. Till inclusions 5-6' 
and 10-11'. New Ulm Formation outwash (unit nuo)
Oxidized loam to clay loam till, gravelly. Gray mottling from 
19-27', shale cobble at 21', sandy intervals at 17' and 26'. 2.5Y 
5/6-4/4. Verdi Member till (unit nv)
Unoxidized till, similar to above. 2.5Y 4/1. Verdi Member till (unit 
nv)
Oxidized gravel and very coarse-grained sand, coarser-grained 
in lower section. Fine-grained sand and/or silt 40-41' and 
45-46'. Verdi Member sand (unit nvo2)
Unoxidized silt loam to loam till, gravelly. Minor mottling 64-66', 
secondary carbonate sparse in places, gleyed in places around 
shale clasts, silt lens at 82.5'. 2.5Y 3/1. Verdi Member till (unit 
nv2)
Grayish-brown very coarse-grained sand and gravel
Unoxidized silt loam to clay loam till. Rusted seams and rusted 
along some clasts (2.5Y 4/4). 2.5Y 3/1. Verdi Member till (unit 
nv2)
Clayey silt to silt, unoxidized. Laminated 93.5-97', massive silt 
97-108.5', gleyed greenish-gray (10Y 6/1 to 5GY 5/1) 
108.5-110'. Non-calcareous 93.5-108.5'. Shell fragments 
101-103'. Abundant secondary carbonate 108.5-110'. (unit cz)
Gleyed clay loam till. Black organic spots throughout, gravelly. 
5GY 5/1. Cazenovia till (unit cz)
Mix of gleyed and unoxidized sand and till with abundant 
organics and iron staining
Oxidized loam to clay loam till, olive-brown. Mottling, rusting, 
and manganese staining throughout. Gravelly, silt lens 132.5', 
sand pocket 135.5-136.5'. Secondary gypsum starting at 147'. 
5Y 5/6-5/4. Cazenovia till (unit cz)
Less oxidized clay loam till. Similar to till above, with more 
gypsum. Unoxidized with some mottling. 2.5Y 3/2 to 5Y 3/1. 
Cazenovia till (unit cz)
Silt with some fine-grained sand and clay, oxidized (unit mg)
Unoxidized clay loam till, gravelly. Mottled throughout, slough 
185-189.5'. Secondary gypsum present. 5Y 4/2-4/1. Magnolia 
till (unit mg)
Oxidized clay till, gravelly and dense. Secondary gypsum 
present, slight mottling. 2.5Y 4/4-5/6. Magnolia till (unit mg)

Figure 7.  Examples of rotary-sonic core of Quaternary sediment drilled for this project.  Up is to the left.
A.  Unoxidized dark gray clay loam till of the Ivanhoe Member of the New Ulm Formation (unit ni).  This interval is from 
core LCR-2 and is 35.5 to 37.8 feet (10.8 to 11.5 meters) in depth.  The entire core is depicted in Figure 4.
B.  Contact between oxidized olive-brown loam till of the Verdi Member and unoxidized gray loam till of the Verdi Member 
of the New Ulm Formation (unit nv).  This interval is from core LCR-1 and is 25 to 27.5 feet (7.6 to 8.4 meters) in depth.  
The entire core is depicted in Figure 3.
C.  Oxidized olive-brown clay loam till of the Cazenovia till (unit cz) with some mottling.  This interval is from core 
LCR-1 and is 128.1 to 130 feet (39 to 39.6 meters) in depth.  The entire core is depicted in Figure 3.
D.  Unoxidized very dark gray clay till of the unknown Riding Mountain/Winnipeg till (unit urw).  This interval is from 
core LCR-2 and is 413.6 to 414.5 feet (126.1 to 126.3 meters) in depth.  The entire core is depicted in Figure 4.

A. 

B. 

C. 

D. 

CROSS-SECTION SYMBOLS
	 Geologic contact—Approximate.  
	 Drill hole—The top of the drill hole may not coincide with the cross-section surface-

elevation line because the drill hole may be located near (commonly within 
0.3 mile [0.5 kilometer]) but not on the cross-section line, and therefore may 
have a slightly different surface elevation.  Minnesota Geological Survey 
unique numbers are given for rotary-sonic drill holes with stratigraphic logs 
provided in Figures 3 through 5.

	 Bedrock contact—Contact point shown at the base of the Quaternary deposits 
with the associated bedrock map unit label between contact points from Plate 
2, Bedrock Geology.

!

Table 1.  Average values for the texture and composition of till units recognized in rotary-sonic core and auger holes in Lincoln County.  Matrix texture (less 
than 2-millimeter grain-size fraction) is expressed as relative proportions of sand, silt, and clay in percent.  The lithologic composition of the very coarse-grained 
sand fraction (1-2 millimeters) is expressed in percent as relative proportions of crystalline rock, carbonate rock, and shale fragments.  The crystalline fraction 
is further subdivided by rock type—light (granite and gneiss), clear quartz, dark (mafic-rich igneous [such as basalt] and metamorphic rocks), and red (rhyolite, 
agate, and sandstone).  The lithologic composition can also be divided into relative proportions of grains based on age—Precambrian, Paleozoic, and Cretaceous 
(see Hobbs, 1998 for rock types included in these categories).  These lithologic distinctions are one of the tools used to distinguish between glacial sediments 
and identify provenance (Hobbs, 1998).

New Ulm Formation
Dovray Member till (unit nd) 6 5 37 44 19 Loam 46 33 21 46 30 24 89 11 0 19
Ivanhoe Member till (units ni, ni2) 23 8 38 36 26 Loam 57 32 11 56 29 15 89 11 0 17
Verdi Member till (units nv, nv2) 30 8 29 45 26 Loam 44 43 13 44 39 17 89 11 0 15

Pre-Wisconsinan deposits
Cazenovia till (unit cz) 23 3 31 37 32 Clay Loam 70 26 4 70 23 7 87 13 0 20
Magnolia till (unit mg) 26 6 36 36 28 Clay Loam 57 35 8 57 31 12 88 12 0 16
Unknown Riding Mountain till (unit urm) 10 3 34 39 27 Clay Loam 61 25 14 61 23 16 89 11 0 18
Unknown Riding Mountain-Winnipeg till (unit urw) 9 2 20 41 39 Silty clay loam 59 38 3 59 28 13 89 11 0 27
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