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Abstract. Meltwater from the Laurentide Ice Sheet changed course frequently over the last deglaciation, with impacts on

local landscapes and global climate. However, a scale gap has confounded efforts to trace the sources and pathways of this

meltwater: well-dated paleoceanographic records lack the precision of regional geological and geomorphic evidence, but local

features are often dispersed and difficult to precisely date, making it challenging to construct a spatially distributed source-to-

sink meltwater timeline. Here, we bisect this scale gap by using the upper Mississippi River network as a local integrator of5

upstream meltwater routing. We analyze a ∼400 cm core retrieved from a fluvial terrace near the mouth of the Whitewater

River, a tributary to the Upper Mississippi River in southeastern Minnesota, where high water from meltwater floods deposited

slackwater sediments. Optically stimulated luminescence (OSL) dates of 11.67±1.51 ka and 11.56±1.44 ka indicate that

these slackwater sediments likely coincide with the Marquette Readvance of the Superior Lobe, a period when Laurentide

Ice Sheet ice briefly reoccupied the Superior Basin, rerouting deglacial meltwater to the south. We geochemically fingerprint10

these sediments by applying Principal Component Analysis (PCA) and k-means clustering to X-Ray Fluorescence data, and

find that Marquette-age meltwater flowed to the Mississippi first from the Glacial Lake Agassiz basin (rich in Ca) via the

modern Minnesota River valley, and then from the Superior basin (rich in Fe, Cu, and Ni) via the glacial-stage St. Croix

River. Weathering and post-depositional alteration obscure geochemical indicators of provenance in the top 200 cm of the core,

which records the remainder of Marquette-age flood inundation. This study brings the pattern of ice-sheet retreat and associated15

meltwater routing into sharper focus and highlights the power of alluvial stratigraphy as an intermediary between local glacial

geology and the marine sedimentary record.
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1 Introduction

Terrestrial routing of Laurentide Ice Sheet-sourced glacial meltwater following the Last Glacial Maximum (LGM; ∼20 ka)

remapped terrestrial hydrologic networks (Licciardi et al., 1999; Wickert, 2016), shaped landscape morphology (Knox, 1996;20

Faulkner et al., 2016; Penprase et al., 2025), and impacted global climate (Condron and Winsor, 2012; Ivanovic et al., 2018).

These effects were felt strongly across the Mississippi River basin, which often received meltwater across an expanded drainage

basin that extended, at times, from the Rocky Mountains in the west, to Hudson Bay in the north, and the Great Lakes to the

east (Licciardi et al., 1999; Wickert, 2016). Records of this change, however, are often limited to local glacial records (e.g.,

Ridge, 1997; Breckenridge, 2013; Breckenridge et al., 2021) or continent-spanning data from marine sediment cores (Wickert25

et al., 2013, 2023; Williams et al., 2012). Here we seek to augment previous work by compiling data on an intermediate scale

(e.g., Breckenridge and Johnson, 2009) that can link meltwater routing directions to their sources, thereby more closely tying

ice-sheet and associated land-surface dynamics to freshwater delivery to the ocean.

Slackwater sediments are deposited at the mouths of tributaries due to inundation by water along the mainstem river. During

the deglacial period, slackwater sediment deposition was triggered by pulses of glacial meltwater (Curry and Grimley, 2006;30

Johnson, 2009). Tributary inundation generates a lacustrine-like setting that allows glacially derived suspended sediments from

the mainstem river to deposit in the tributary valley, including atop existing fluvial terraces. Slackwater sediments fortuitously

preserve high-energy drainage events in a low-energy setting within a tributary connected to the main drainage (Curry and

Grimley, 2006; Johnson, 2009). These preserved slackwater sediments thereby give stratigraphic context of provenance across

regional sub-catchments and provide high-resolution, local records of the timing and provenance of glacial meltwater routing35

(Curry and Grimley, 2006; Johnson, 2009; Van Nest, 2014). As a result, slackwater records allow for comprehensive recon-

structions of glacial meltwater routing and provide detail on the long-term evolution of landscape morphology and hydrologic

changes triggered by deglaciation.

Local Quaternary geological mapping and geochronology constrain the timing of meltwater discharge from both Glacial

Lake Duluth in the western Superior basin (Breckenridge, 2013) and Glacial Lake Agassiz (Fisher, 2003). These studies provide40

local geochronological constraints, but because of the rapid changes in meltwater routing during deglaciation, uncertainties in

dating leave the relative chronology of meltwater routing unclear. At a greater scale, oxygen isotope records from the Gulf of

Mexico tightly constrain the timing of meltwater discharge from the Mississippi River and may help to constrain the volumetric

discharge itself (Wickert et al., 2013, 2023), while providing broad-scale provenance information (Sionneau et al., 2010).

However, these continental scale data cannot easily provide detail about the detailed drainage evolution within a particular45

part of the Mississippi watershed. Slackwater deposits preserve stratigraphy, and therefore, a precise relative chronology of

geochemically fingerprinted sediment supplied from different meltwater sources that also may be dated absolutely.

In this study, we examine a sediment core of slackwater sediments deposited atop a high terrace (20 m above the modern

floodplain) near the mouth of the Whitewater River, an upper Mississippi River tributary. The core is comprised of four contin-

uous core segments from 0 – ∼400 cm depth, with Core Segment 1 starting at 0 cm. We use optically stimulated luminescence50

(OSL) to date the sediments and collect X-Ray Fluorescence (XRF) data from the core segments, which we analyze using
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Principal Component Analysis (PCA) and k-means clustering to determine changes in sediment geochemistry with depth and

link changes in geochemistry to sediment provenance and deglacial meltwater spillway activation. Our goal is to answer two

key questions:

1. Do the sediments in the sampled core preserve a geochemically distinct fingerprint that can be related to one or more55

upstream glacial meltwater sources and/or pathways?

2. How does geochemical variability in the core relate to localized shifts in glacial meltwater routing with ongoing ice-

margin change during the deglacial period?

The results of this study provide a stratigraphic record of regional drainage reorganization and complement existing local

glacial geological data and continental-scale meltwater-routing reconstructions. By leveraging the hierarchical network struc-60

ture of rivers and their tributaries with a field site that is sensitive to two major meltwater pathways, we relate shifts in the ice

margin directly to glacial meltwater streams through their downstream sedimentary records.

2 Background

2.1 Meltwater Routing Down the Upper Mississippi River Valley

Oxygen-isotope and terrestrial records show multiple kyr-scale periods of meltwater discharge down the Mississippi River65

during the most recent glacial and deglacial periods (Süfke et al., 2022; Wickert et al., 2023). Ice advance associated with the

Last Glacial Maximum increased meltwater discharge down the Mississippi by 26 ka (Muller and Calkin, 1993; Clark et al.,

2009; Wickert et al., 2023). As a result, ice-sheet-sourced sediment was long a major driver of aggradation along the Upper

Mississippi River Valley, starting well before the Last Glacial Maximum and continuing until ∼18–16 ka, when sediment de-

livery paused (Knox, 1996; Carson, 2019). Continued periodic rise and fall in meltwater discharge to the Mississippi continued70

until 10.6 ka, when the ice margin retreated enough to route the previously Mississippi-bound meltwater eastward towards the

Atlantic Ocean (Breckenridge and Johnson, 2009; Wickert et al., 2023; Karrow et al., 2000; Breckenridge, 2007).

As the Mississippi River aggraded, it raised base level for its tributaries, which aggraded in turn to meet it (Faulkner et al.,

2016). Decades of field observations, supported by isotopic data, have noted numerous meltwater floods routed through the

Mississippi River valley and generated during the retreat of the Laurentide Ice Sheet. These floods often originated from75

proglacial lake basins that breached a hydrologic barrier or constraint and resulted in initially sediment poor, high-magnitude

discharge. Thus, these events drove significant incision into the landscape while simultaneously depositing slackwater sedi-

ments atop preexisting floodplains, fluvial terraces, and other landforms in tributary systems (Johnson, 2009; Van Nest, 2014;

Fisher, 2003; Breckenridge, 2013).

During Laurentide Ice Sheet retreat, the Upper Mississippi River Valley received glacial meltwater inputs from two major80

sources: 1) a northeastern (NE) source via the Glacial St. Croix River, which received water from a number of glacial lobes and

proglacial lakes, but most significantly from the Superior Lobe and lakes in the Superior Basin and 2) a northwestern (NW)
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Figure 1. A) Approximate Glacial Lake Agassiz margin at 11.5 ka (dark gray; Dyke, 2004), the modern Superior Basin (light gray), the

Minnesota River, the St. Croix River (including the Brule Spillway), the modern Mississippi River, and the Whitewater River watershed

(red). B) The Whitewater and Mississippi River confluence with the core sampling location (yellow star).
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source via Glacial River Warren (modern day Minnesota River; Upham, 1891), which received water from a series of proglacial

lakes, including and most prominently, Glacial Lake Agassiz (Figure 1; Fisher, 2003; Blumentritt et al., 2009; Faulkner et al.,

2016; Wickert, 2016; Gran et al., 2013; Fisher, 2020; Fisher and Breckenridge, 2022). While both sources experienced intervals85

of glacial meltwater delivery, due to differences in bedrock and catchment composition through which both glacial ice and

meltwater was routed, each of these regions generated geochemically distinct sediments that can be identified in deposits

(Curry and Grimley, 2006; Johnson, 2009; Wittkop et al., 2020). By examining the geochemistry, mineralogy, and stratigraphy

of slackwater sediments in the Upper Mississippi River Valley, we can correlate these sediments to meltwater routing in the

deglacial period. Although regional (e.g., Fisher, 2003; Blumentritt et al., 2009) and basin-wide studies (e.g., Wickert et al.,90

2023) indicate significant meltwater discharge from Glacial Lake Agassiz and Duluth to the Mississippi River, slackwater

sediments have not been studied comprehensively this proximal to the most significant meltwater routing corridors of Glacial

River Warren and the Glacial St. Croix River. Our dataset addresses a significant spatial gap and adds much needed chronologic

and stratigraphic control to the meltwater routing events in the upper Mississippi River valley and how this landscape has

evolved post-Last Glacial Maximum.95

2.2 Slackwater sediments as an archive of meltwater floods

Within the Mississippi River valley and its tributaries, slackwater sediments have been the focus of several studies to further

constrain glacial meltwater discharge chronology and connect these events to ice and sediment sources (Curry and Grimley,

2006; Van Nest, 2014; Johnson, 2009). Curry and Grimley (2006) identified slackwater sediments near St. Louis, MO, and tied

the geochemistry and stratigraphy of these sediments directly to upstream shifts in glacial lobe margins. Within their slack-100

water cores, they identified Des Moines, Wadena, James, and Superior Lobe sediments, along with additional sediments from

the Lake Michigan and Green Bay Lobes. These sediments were transported by meltwater from these source areas and were

deposited ∼800 km downstream of our study area (Figure 1). Curry and Grimley (2006) identified increased sedimentation

from the Superior Lobe to the Mississippi River at 34 ka (29,600 ± 700 14C yr BP) and from the Wadena–Des Moines–James

lobes at 25.5 ka (21,200 ± 80 14C yr BP; all radiocarbon dates are calibrated using Calib 8.20; Stuiver and Reimer, 1993105

or IOSACal; Costa et al., 2022; both with the the IntCal20 curve; Reimer et al., 2020). Johnson (2009) examined slackwater

sediments from the Mississippi River in northwestern Illinois (∼300 km downstream from our study area) and additionally

dated alluvial sediments below the slackwater deposits to 15.3 ka (12,840 ± 80 14C yr BP) and 15.6 ka (13,020 ± 45 14C yr

BP). Within the slackwater sediments, Johnson (2009) identified Lake Agassiz-sourced sediments deposited closely after 15.5

ka that transition to fluvially reworked, glacially derived sediments from at least five pulses of meltwater with Superior-derived110

sediments at the top of the sequence. Van Nest (2014) studied sediment cores from Sny Bottom, a stretch of the Mississippi

River in western Illinois ∼600 km downstream of our study area, and identified a red-brown, silty clay cap of sediment asso-

ciated with a Superior Basin source. Though direct radiocarbon dates were not available for these sediments, bracketing based

on regional geochronology suggests that this final, Superior-origin pulse of glacial meltwater-induced slackwater deposition

along the Mississippi River occurred sometime between 10.4–9.5 ka (Van Nest, 2014).115
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Table 1. Superior Basin sediments (NE) major geochemical fingerprints and associated citations.

Color Red Johnson (2009), Curry and Grimley (2006)

Source bedrock Crystalline igneous Wittkop et al. (2020), Curry and Grimley (2006)

Major elements Fe, Cu, Ni
Thorleifson et al. (2007), Johnson (2009),

Curry and Grimley (2006), Wittkop et al. (2020)

Additional elements

Y Johnson (2009)

Sr, Rb, Zr, Cr, Al, Na Wittkopp et al. (2020)

Zr, Cr, Co Curry and Grimley (2006)

Al, K, Mn, Rb, Sr, Ti, Zr Thorleifson et al. (2007)

Major minerals
Kaolinite, chlorite Johnson (2009)

K-feldspar, magnetite Curry and Grimley (2006)

2.3 Source-region geochemistry

2.3.1 Northeastern (NE) Source: Superior Basin via the Glacial St. Croix River

Northeastern, Superior Basin-derived sediments (Table 1), routed down the Glacial St. Croix River, were largely sourced from

mafic igneous bedrock (Curry and Grimley, 2006; Thorleifson et al., 2007) enriched in ferromagnetic and heavy minerals

(Thorleifson et al., 2007) with high magnetic susceptibility (Johnson, 2009). These sediments are typically red and contain120

high iron (Fe) (Lively and Thorleifson, 2009; Wittkop et al., 2020; Johnson, 2009; Curry and Grimley, 2006), copper (Cu)

(Johnson, 2009; Lively and Thorleifson, 2009), and Nickel (Ni) (Lively and Thorleifson, 2009) concentrations, as shown

by state geological mapping (Figure 2; Lively and Thorleifson, 2009). Preserved glacial tills in this region are enriched in

aluminum (Al), iron (Fe), potassium (K), manganese (Mn), nickel (Ni), rubidium (Rb), strontium (Sr), titanium (Ti), and

zirconium (Zr) relative to the Agassiz basin sediments (Thorleifson et al., 2007; Lively and Thorleifson, 2009). Superior-basin125

sediments also have higher yttrium (Y) (Johnson, 2009), Fe2O3 and Na2O + K2O and lower CaO relative to other, regional

glacial sediment sources (Wittkop et al., 2020). Superior-derived sediments have high potassium feldspar and plagioclase

feldspar content, in addition to high levels of kaolinite and chlorite (Curry and Grimley, 2006; Thorleifson et al., 2007; Johnson,

2009).

For the purposes of this study, we focus on the heavy metals Fe, Cu, and Ni as markers for Superior Basin sediments, based130

on available elements from XRF analysis and due to the consistent linkages between Fe, Cu, and Ni with the Superior Basin

in previous studies (Lively and Thorleifson, 2009; Thorleifson et al., 2007; Wittkop et al., 2020; Curry and Grimley, 2006;

Johnson, 2009).

2.3.2 Northwestern (NW) Source: Glacial Lake Agassiz via Glacial River Warren

Northwestern, Glacial Lake Agassiz-derived sediments (Table 2) flowed through Glacial River Warren (modern Minnesota135

River) into the Upper Mississippi River Valley. These glacial sediments are derived from regional bedrock that includes cre-
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Table 2. Agassiz Basin sediments (NW) major geochemical fingerprints and associated citations.

Color Gray Johnson (2009), Curry and Grimley (2006)

Source bedrock Carbonates, shales Wittkop et al. (2020), Curry and Grimley (2006)

Major element Ca
Thorleifson et al. (2007), Johnson (2009),

Curry and Grimley (2006), Wittkop et al. (2020)

Additional elements

Se, Cd Johnson (2009)

Al, S, Mn, Ca, Mg, V, Cr, Mn, Ba, Zn, Pb Wittkopp et al. (2020)

Se Curry and Grimley (2006)

Major minerals

Expandable clays Johnson (2009)

Clays, quartz, low magnetite Curry and Grimley (2006)

Barite, pyrite Thorleifson et al. (2007)

taceous shale and carbonates (Curry and Grimley, 2006; Thorleifson et al., 2007; Wittkop et al., 2020). Sediments from the

Agassiz region are typically fine-grained, clay-rich, and buff to gray (Thorleifson et al., 2007; Wittkop et al., 2020; Johnson,

2009). Agassiz basin sediments have greater abundance of calcite and dolomite than Superior-basin material (Thorleifson et al.,

2007; Johnson, 2009; Wittkop et al., 2020), with 26.2–45.3% carbonate content in Agassiz basin sediments compared to 11.2–140

17.3% for Superior derived sediments (Johnson, 2009). In addition, Agassiz basin sediments include several key clay minerals,

including illite and expandable clay species (Curry and Grimley, 2006; Johnson, 2009) and have relatively low abundances

of feldspar minerals (Curry and Grimley, 2006). Elementally, Agassiz-derived sediments are rich in calcium (Ca) (Lively and

Thorleifson, 2009; Johnson, 2009) as well as selenium (Se) (Curry and Grimley, 2006; Johnson, 2009) and cadmium (Cd)

(Lively and Thorleifson, 2009; Johnson, 2009). The high concentrations of Ca found in sediments from the Agassiz region are145

reflected in geochemical maps, which show elevated Ca in the western portion of Minnesota (Figure 2; Lively and Thorleifson,

2009) and the region is underlain by carbonate bedrock (Lively and Thorleifson, 2009; Thorleifson et al., 2007; Wittkop et al.,

2020; Curry and Grimley, 2006; Johnson, 2009). As a result, we use Ca as a marker for the NW, Agassiz region.

2.4 Field Setting: Whitewater River and the Upper Mississippi River

We collected core sediments from a terrace surface within the Whitewater River valley near the confluence with the Mississippi150

River. The sampling location is upstream of the Curry and Grimley (2006), Johnson (2009), and Van Nest (2014) study areas,

thereby addressing a spatial gap in our data and understanding of meltwater routing through the Mississippi River valley. The

Whitewater River Basin lies in the “Driftless-Like Topography” physiographic region in southeastern Minnesota and on the

edge of the Driftless Area, which was never glaciated (Carson et al., 2019). The “Driftless-Like Topography” region was not

glaciated at the LGM but does have sparse pre-Illinoian glacial till and erratics in the uplands (older than MIS 8, ca. 300 ka;155

Carson et al., 2019).

The Whitewater River catchment is underlain by Paleozoic sandstone, shale, dolostone, and limestone (Runkel, 1996). The

terrace surface we sampled grades to the Savanna terrace level (Flock, 1983; Knox, 2007), based on published age of terraces
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Figure 2. Soil parent material geochemistry, as measured in C-horizon till samples, for the state of Minnesota via the Minnesota Geological

Survey (Lively and Thorleifson, 2009) for the elements of interest in this study, major rivers (black), and Whitewater River watershed

(yellow). Elevated Ca is associated with the NW, Agassiz source while elevated Fe, Cu, and Ni are associated with the NE, Superior source.

Marker size denotes quantity, with larger markers indicating higher quantities present in sample material. Units for each map are given in the

key.
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of the same elevation within the Whitewater catchment (Penprase et al., 2025). Previous studies sampling river terraces in the

Whitewater River Valley have identified local alluvium as quartz-rich and sandy (Penprase et al., 2025), largely sourced from160

the Jordan Formation, a local quartz-rich, sandstone within the catchment (Runkel, 1996). The modern Whitewater River has

a sandy riverbed dominated by sediment derived from this lithologic formation, resulting in elevated silica concentrations in

locally-derived sediments. As a result, we use high Si values as a marker for local sediments in this study.

3 Methods

3.1 Field Sampling165

We used a Geoprobe hydraulic push core rig to extract four continuous, 3.81 cm (1.5 in) diameter, 122 cm (4.0 ft) long

sediment core segments in clear plastic liners to generate a continuous sediment record down to 412.6 cm depth. We completed

the initial sediment description from remnant Geoprobe bit material in the field before packing and capping the core segments

for additional laboratory analysis. We split the sediment core segments and completed detailed sediment descriptions at the

University of Minnesota Surface Processes Laboratory. We determined texture by making a qualitative assessment of sediment170

composition using diagnostic descriptions based on the fraction of clay, silt, and sand. We then collected high-resolution core

segment images at the Continental Scientific Drilling (CSD) Facility at the University of Minnesota using a Geotek Core

Imaging System and calibrated color and grayscale patches (Figure 3).

To date the timing of sediment deposition, we collected two OSL samples, at ∼150 and ∼250 cm depth, using a hand auger

and metal sampling bucket on the same terrace surface, approximately 300 cm away from the sediment core sampling location.175

Target depths were informed by initial Geoprobe sediment core descriptions. During hand auger sampling, we used these

sediment descriptions to ensure stratigraphy between the OSL and the sediment cores were in agreement. At each target depth,

we first collected a bucket of sediment for the dose rate sample, then used a closed metal auger bit containing an aluminum

OSL tube to collect the equivalent dose sample, ensuring it was fully packed. The depth of the hole ensured no sunlight would

prematurely bleach equivalent dose samples and filled sampling tubes tubes were shielded from sunlight and capped in the180

field. A second dose rate sample was collected below the equivalent dose depths and all dose rate samples were homogenized

in the lab to create a single dose rate sample for each OSL sampling depth. In addition, the outermost material of the equivalent

dose tube was excluded from equivalent dose analysis to avoid any risk of sediment exposure to sunlight.

At the time of OSL sampling, final XRF data were not yet available to identify geochemical provenance within the core

stratigraphy. However, prior work (Penprase et al., 2025) dated the underlying terrace fill and surface abandonment age to185

provide bracketing age bounds between 13.8 ka and 10.6 ka. This age window agrees with regional chronologies for slackwater

deposition down the upper Mississippi River Valley (e.g., Van Nest, 2014; Wickert et al., 2024; Lepper et al., 2013). Given

this narrow window and the inherent error margins of OSL dating, high-resolution sampling at every stratigraphic contact

would have been both inefficient and fiscally impractical, as results would overlap substantially. Thus, our sampling strategy

prioritized obtaining reliable ages to constrain the overall period of slackwater deposition, rather than dating each stratigraphic190

unit. Detailed provenance variability within this interval is better resolved through higher-resolution methods such as XRF.

9

https://doi.org/10.5194/egusphere-2025-3920
Preprint. Discussion started: 19 September 2025
c© Author(s) 2025. CC BY 4.0 License.

Cross-Out

Inserted Text
unit

Comment on Text
are these depths in the C horizon of the soil profile ?

Highlight

Highlight

Highlight
are these in the supplemental ?

Inserted Text
Flock, 1983; 



3.2 Optically Stimulated Luminescence (OSL)

We processed the two OSL samples (∼150 and ∼250 cm depth) at the Utah State University Luminescence Laboratory fol-

lowing standard laboratory protocols under amber-light conditions. Due to the high clay content, we treated each equivalent

dose sample with HNO3 to deflocculate and break up the sediment. Once deflocculated, we sieved each sample to isolate the195

150–250 µm fraction and purified the sieved sediments to remove carbonates and organics using HCl and H2O2. To isolate

quartz grains, we completed gravity separation using sodium polytungstate (N6O39W12, 2.72 g cm-3) before final etching in

HF. We divided the etched quartz grains into aliquots (∼20 per disc) and mounted them on stainless steel discs for analy-

sis. The samples were then analyzed using a Risø TL/OSL DA-20 reader with standard instrument settings and following

the single-aliquot regenerative-dose procedure (Murray and Wintle, 2000). We selected water-content percentage based on200

collected water-content samples in combination with an interpreted moisture content over burial history for these sediments.

Dose-rate samples were randomly split and analyzed using ICP-MS and ICP-AES techniques to determine U, Th, K, and Rb

components (Table 3). Total dose rate values included attenuation from water content and cosmic dose contribution based on

sample depth and geospatial location (Durcan et al., 2015). We calculated luminescence ages using the Central Age Model

(Table 3; Galbraith and Roberts, 2012).205

3.3 X-Ray Fluorescence (XRF), k-Means Clustering, and Principal Component Analysis (PCA)

To measure the depth-dependent elemental composition of the sediment core segments, we collected X-Ray Fluorescence

(XRF) data and X-Radiographic Images at the Large Lakes Observatory, University of Minnesota Duluth, using an ITRAX

XRF Core scanner. We scanned each core segment for XRF at 0.2 cm resolution with a 15 second dwell time while simultane-

ously capturing X-radiographic images to determine the relative concentration in counts of 32 elements. Data points received a210

1 (valid) or 0 (invalid) data validity value during collection; invalid (0) data points and data points with no geochemistry values

were excluded from analysis.

Based on the major elements present in each source area, in this study we focused on five elements of interest (Si, Ca, Fe, Cu,

and Ni) which are strongly associated with Local (Si), Agassiz (Ca), or Superior (Fe, Cu, and Ni) source areas. To determine the

elemental variability and find correlations within the XRF data, we performed two-dimensional principal component analysis215

(PCA) using R for the five elements of interest (Si, Ca, Fe, Cu, and Ni). PCA generates axes (PC1 and PC2) that identify

the major drivers of variability in a dataset and plots the parameters of the data as vectors, with vectors of similar orientation

correlating closely, orthogonal vectors uncorrelated, vectors plotting 180 degrees indicating an inverse correlation between

factors, and the location of individual points in the plot indicating the relative concentration of each element for that specific

depth in the core. To delineate grouping within the dataset and which data points are most closely associated with each other,220

we then applied k-means clustering to the PCA output, with an elbow test (Figure S2) to determine an appropriate number of

groupings (k) for the dataset. k-means clustering delineates groups and classifies data points within a dataset by identifying

groupings that minimize the distance between points and their associated cluster center. We associated resultant groupings with

the three possible sediment provenances (Local, Agassiz, and Superior). With the data points in the dataset classified, we then
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Table 3. Optically Stimulated Luminescence (OSL) Age & Dose Rate Information

Sample Lab num. Depth Num. of Over-dispersion Dose Rate Equivalent Dose3 Age

(m) aliquots2 (%) (Gy/ka) ± 2σ (Gy) ± 2σ (ka)

WW_2021101_Weaver_1 USU-3770 1.16–1.39, 1.44–1.641 16 (19) 16±4 2.65±0.11 30.89±3.11 11.67±1.51

WW_2021101_Weaver_2 USU-3771 2.36–2.59 22 (38) 18±4 2.35±0.09 27.13±2.60 11.56±1.44

Sample Lab num. Depth H2O4 K5 Rb5 Th5 U5 Cosmic

(m) (%) (%) (ppm) (ppm) (ppm) (Gy/kyr)

WW_2021101_Weaver_1 USU-3770 1.16–1.39, 1.44–1.64 25.0 (27.4) 1.87 ± 0.05 89.0 ± 3.6 11.0 ± 1.0 2.5 ± 0.2 0.18 ± 0.02

WW_2021101_Weaver_2 USU-3771 2.36–2.59 25.0 (31.0) 1.87 ± 0.05 73.4 ± 2.9 7.2 ± 0.6 1.8 ± 0.1 0.16 ± 0.02

1During sampling for the shallower OSL sample, the first equivalent dose sampling tube (1.16–1.39 m) was unexpectedly partially filled (∼50%). This sample was packed and labeled

as the upper equivalent dose sample. As we had collected a lower dose rate sample at this time (1.39–1.44 m), we then collected a second equivalent dose sample (1.44–1.64 m). We

examined the sediments at these depths in detail in previous auger and drilling holes as well as during OSL sampling and determined that the material in this section was homogeneous,

allowing for this sampling procedure. Both equivalent dose samples were combined in the lab, creating a gap in the sampling depth
2Age analysis using the single-aliquot regenerative-dose procedure of Murray and Wintle (2000) using 1-mm aliquots of quartz sand (150–250 µm). Number of aliquots used in age

calculation and number of aliquots analyzed in parentheses.
3Equivalent dose (DE) calculated using the Central Age Model (CAM) of Galbraith and Roberts (2012).
4In-situ values in parentheses, with the value reported outside the parentheses used as moisture content over burial history.
5Radioelemental concentrations determined using ICP-MS and ICP-AES techniques; dose rate is derived from concentrations using conversion factors from Guérin et al. (2011).

generated a plot of depth distribution by cluster to delineate depth-variable prevalence of each provenance grouping, allowing225

us to visualize changes in dominant sediment source with changes in depth.

4 Results

4.1 Optically Stimulated Luminescence (OSL) Results

OSL ages place the timing of deposition at ∼11.6 ka, with the shallower OSL sample (∼150 cm depth) providing an OSL

age of 11.67 ± 1.51 ka and the deeper sample (∼250 cm depth) providing an age of 11.56 ± 1.44 ka (Figure 3, Table 3).230

Equivalent dose measurements in the OSL analysis show a cluster of values with no obvious outliers (Figure S1), indicating

that the sediments were well bleached prior to deposition and that the central age model is appropriate for age calculations.

4.2 Core Sedimentology

Core sedimentology is distinctly different from fluvial terrace sediments collected in other regions of Whitewater River (Pen-

prase et al., 2025) and is dominated by two major clay lithologies not found in other sediment core segments from the catch-235

ment: a red metallic-rich clay and a gray dolomitic clay. These two clay types transition into quartz-rich sand at the bottom

of the core (examples indicated in Figure 3). X-Radiographic images show alternating densities, as indicated by high density

(black) and low density (white) shading throughout the core segments (Figure 3). Starting at the base of the sediments (412.6

cm), the core contains sandy alluvium and bedding typical to other terrace surfaces within the Whitewater catchment (Figure
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Figure 3. A) X-radiographic images (left along columns) and corresponding high-resolution image scans (right along columns) of the

sediment core segments. OSL age results are indicated in light blue and teal at their corresponding sampling depths. Major lithologies are

shown in insets on the right and indicated on the core segments as triangles and include gray clay (gray box and triangle), red clay (red box

and triangle), and locally derived sand (yellow box and triangle). B) Stratigraphic column for core sections.

3; Penprase et al., 2025). From 392–382 cm, this quartz-rich sand begins to incorporate small (mm-scale) gray clay beds be-240

fore fully transitioning to cm-scale red and gray clay beds (382 cm). These red and gray clay packages become quite large

(occasionally >10 cm thick) as sediment continues to accumulate to 337 cm depth before transitioning to smaller, 1-cm thick

red and gray clay beds with occasional lenses of sand from 337 cm up to 213 cm depth. At depths < 213 cm (corresponding to

Core Segments 1 & 2) the sediments become visibly weathered, with signs of magnesium staining and possible redox reactions

(250–50 cm). The top of the sediment core (<40 cm) is an organic-rich soil profile (0–40 cm).245
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Figure 4. Ca and S concentrations for Core Segments 1–4. Dashed lines delineate different core segments. Major shift in concentration at

the base of Core Segment 2 (at depths ≲200 cm) likely due to leaching and weathering. These data are, therefore, omitted from analyses and

only Core Segments 3 & 4 are used.
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4.3 X-Ray Fluorescence (XRF) Data and Elemental Changes with Depth

Our sediment observations of a highly weathered soil horizon in the top ∼200 cm of the sediments is further corroborated by

the XRF data, as XRF shows considerably higher sulfur (S) and and considerably lower calcium (Ca) concentrations in the

top 200 cm of the core (Figure 4). These changes in S and Ca can be directly tied to soil forming processes and agricultural

practices, as increased S is commonly associated with decomposition in soil horizons (Schroth et al., 2007) and S is commonly250

added to soils to facilitate production of corn and wheat (Sharma et al., 2024). Both corn and wheat were commonly cultivated

in the Whitewater River watershed following Euro-American settlement in the watershed after the 1850s C.E. (Holger, 2019).

Decreased Ca concentrations further corroborate post-settlement alteration via weathering and agriculture, as loss of Ca is a

common sign of leaching in soils, and the application of nitrogen (N) fertilizer to agricultural fields has been shown to greatly

increase Ca leaching loss (Zhou et al., 2024). Therefore, to avoid the impact of post-depositional geochemical alteration of255

sediments, we focused our analyses and interpretation on sediments below this weathered horizon (>212 cm; Core Segments 3

& 4).

Plots of elemental concentration with depth for the five elements of interest below the weathered horizon (>212 cm, Figure

5) show a high amount of variability throughout the sediment core. Moving from bottom to top, Si exhibits noticeably higher

concentrations in the lowermost sediments of the core (>400 cm), with lower but variable concentrations for the rest of the260

section of interest. Ca similarly has a small increase in concentration at lower depths (∼400 cm) and remains noticeably high

in concentration from ∼400 to 300 cm, before decreasing above 300 cm until 225 cm. Fe, Cu, and Ni show high variability in

concentrations as well in the lower section of the core, with large peaks for Fe and Ni at ∼360 cm before a slight increase in

concentration at 300 cm (corresponding to a decrease in Ca) before decreasing slightly at depths above ∼250 cm.

4.4 Principal Component Analysis (PCA) and k-means clustering265

To mitigate the impacts of post-depositional changes to geochemistry of the uppermost sediments >212 cm (Core Segments

1 & 2), our geochemical interpretations focus on depths below 212 cm (Core Segments 3 & 4), where the post-depositional

alteration was no longer pervasive. The PC1 axis of the PCA (Figure 6), which drives the greatest variance in the dataset,

accounts for 44.5% of variability and is forced most strongly in the positive direction by Ca (33.5%), Cu (30.0%), and Ni

(24.7%). The PC2 axis accounts for 30.4% of the variability, and is most strongly driven by Fe (51.7%) and Si (41.9%). Si270

plots nearly orthogonally to Fe + Cu + Ni, indicating almost no correlation, while Ca and Ni plot nearly 180 degrees apart,

indicating negative correlation between elements (Figure 6).

Using the elbow method to identify the optimal number of clusters (k) for the dataset, we apply k-means clustering of the

dataset to identify three groupings (k=3). The resultant groupings are centered around Ca, Fe + Cu + Ni, and Si (Figure 6),

which we tie to the provenance locations of Agassiz, Superior, and Local, respectively. Going forward, we refer to sediments275

from each region as Agassiz-group, Superior-group, and Local-group. The plot of cluster distribution with depth shows a

high amount of change in the relative abundance of points from each provenance through the core. Local-group points are

highly prevalent at lower depths within the core, with two large peaks at ∼410 cm and 390 cm, before tapering off by 300
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Figure 5. Major element concentrations for Si (yellow; local), Ca (gray; Agassiz), and Fe, Cu, and Ni (shades of red; Superior) within

the depth interval of interest (>212 cm) averaged over 2 cm increments. Gray dashed line denotes transition from Core Segment 3 to Core

Segment 4.

cm. Agassiz-group points have a more constant prevalence throughout the core, with a gradual increase in prevalence in the

up-core direction that peaks at ∼350, decreases until ∼250 cm, and exhibits a small resurgence at the top of Core Segment 3.280

Superior-group points show a small increase in prevalence at ∼375 cm, before decreasing until a larger peak, with an initial

maximum at ∼290 cm and highest prevalence at ∼250 cm. Above ∼250 cm, Superior-group elements gradually decline in

prevalence with depth. We additionally place the deeper OSL sample (∼247 cm depth) on Figure 6, indicating that the highest

concentration of Superior-provenance sediments correlates with an age of 11.56 ± 1.44 ka. Our shallower OSL sample (∼140

cm depth) coincides with the altered sediments in the core and is therefore not plotted with the PCA results, but overlaps in age285

within error (11.67 ± 1.51 ka) with the deeper OSL sample.

5 Discussion

XRF and PCA results indicate that the core predominately comprises non-local, glacial meltwater-sourced slackwater sedi-

ments. Based on shifts in dominant provenance with depth (Figures 5 & 6) we suggest a five-phase progression of shifting
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Figure 6. A) Principal component analysis (PCA) and k-means clustering of XRF data for the major elements of interest Ca (Agassiz,

gray), Fe, Cu, Ni (Superior, red), and Si (local, yellow). B) Depth-dependent variability of elemental groups from k-means clustering with

associated group colors. Sampling depth and associated age of our lower OSL sample indicated by dashed black line.16
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sediment source. In order from deepest to shallowest, these are: (1) locally derived sediments that transition to (2) NW, Agas-290

siz basin sediments, followed by (3) mixed Superior and Agassiz-basin sediments, (4) a final transition to NE, Superior basin

sediments, and (5) a cessation of glacial meltwater inputs to the upper Mississippi River Valley (Figures 6 & 7).

Based on the OSL age of ∼11.6 ka, we correlate the sedimentary sequence captured in the core to Laurentide Ice Sheet

advance and retreat associated with the Marquette Readvance during the final phase of ice retreat north of the modern US-

Canada border. During the Marquette Readvance, Superior Lobe ice reached its maximal extent in the upper peninsula of295

modern day Michigan at 10.025±0.055 14C kyr BP (Lowell et al., 1999), which we recalibrate following IntCal20 (Reimer

et al., 2020) to 11.54 (+0.19, -0.21) ka. In the St. Croix River watershed, Clayton (1984) notes a correlated advance called

the Lake View margin. For the remainder of this paper, we will refer to it as the Marquette Readvance. We suggest that the

sediments captured in our core capture the associated sediment provenance changes from glacial meltwater drainage rerouting

and alternating reactivation of NW (Agassiz) and NE (Superior) drainages triggered by Superior Lobe ice advance and retreat300

during the Marquette Readvance.

The five-phase chronology we identify is consistent with stratigraphy observed farther downstream along the Mississippi

River. Johnson (2009) observed a similar stratigraphic sequence near Savanna, in northwestern Illinois. There, alluvium dated

to 15.3 ka (12840±80 14C yr BP) and 15.6 ka (13020±45 14C yr BP) lies beneath an undated sequence of slackwater sediments

whose sources (in stratigraphic order from the alluvium–slackwater contact) progressed from Agassiz to mixed and reworked305

glacially derived materials to a cap of Superior-derived sediments. Although Van Nest (2014) lacked the full stratigraphic

sequence, the authors noted that the uppermost Slackwater sediments at Sny Bottoms, south of Quincy, Illinois, were of Lake

Superior provenance and bracketed the age of their observed slackwater sediments with radiocarbon dates, establishing an age

between 12.26 (+0.33, −0.23) ka (10.40±0.13 14C kyr BP) and 10.84±0.23 ka (9.51±0.08 14C kyr BP). We report these ages

with 1σ age bounds (68% confidence interval). Bettis et al. (2008) further notes that this uppermost layer of sediments with310

Lake Superior provenance extends broadly across the Upper Mississippi River Valley.

5.1 Phase 1 (Before 13 ka): Locally derived sandy alluvium and terrace abandonment

From the PCA and k-means clustering, we find that sediments at the base of the sediment core have highly elevated concentra-

tions of Si (Figure 6). We associate this high concentration of Si with dominant local inputs: quartz grains sourced from local

sandstone bedrock comprise aggradational sandy alluvial deposits within the Whitewater River during a period of no tributary315

inundation along the Upper Mississippi River Valley (Figure 7A). While both Si concentration and grain size increase in the

lower ∼20 cm of the sediment core, we attribute this change to a change in sediment source, rather than an increase triggered

by grain size alone, as the sediments in this interval are markedly different than all other fine-grained, red and gray clay species

found within in the core segments (Figure 3). Furthermore, these grains are highly similar to local, alluvial sediments sourced

from the sandstone bedrock that underlies much of the catchment (Penprase et al., 2025; Runkel, 1996). Thus, while Si is320

present in some capacity in all glacially sourced sediments due to the high concentrations of Si in continental crust (Rudnick

and Gao, 2003), we attribute the anomalously high concentrations in Si at the base of the core segment to elevated local sedi-

ment input. Additionally, based on the textural and geochemical differences between this local, sandy alluvium captured at the
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Figure 7. A-E) Proposed meltwater routing based on the core sediments and available literature. Arrows indicate direction of meltwater

routing, with Agassiz-basin arrow colored gray and the Superior-basin arrow colored red to match provenance sediment color. X’s indicate

no glacial meltwater inputs at that time interval. F) Possible Laurentide Ice Sheet meltwater routes for Glacial Lake Agassiz and Superior

Basins (Süfke et al., 2022; Wickert et al., 2023) and the 11.5 ka ice margin (Dalton et al., 2023). Each of these major drainage pathways was

active at variable intervals during the last deglaciation, not necessarily at 11.5 ka.
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base of the core segment and the clay-rich beds in the rest of the sediment core, we conclude that the majority of the sediment

core segments comprises non-local sediments derived from proglacial river systems.325

Locally derived fluvial sediments at the base of the core segment (Figure 7) correlate with those atop the Savanna Terrace

of the Mississippi River (Penprase, 2024). Geochronological data on the Savanna Terrace indicate that the Mississippi River

incised and abandoned it as an active floodplain between 18 ka (Bettis et al., 2008; Knox, 2007) and 13 ka (Wickert et al., 2024),

with the latter ages corresponding to meltwater floods from glacial Lake Agassiz (approx. 13.4 ka; Lepper et al. (2013);7. Thus,

these core sediments were likely deposited as part of this Savanna Terrace surface that was subsequently abandoned before330

being overtopped by the glacial meltwater pulses that deposited the rest of the core.

The interval between Savanna terrace abandonment and a return to meltwater inundation down the upper Mississippi River

Valley was marked by a number of shifts in spillway activation throughout the deglacial period, with intervals of meltwater

delivery and intervals without (Wickert et al., 2023). By ca. 12.9–12.8 ka, the Upper Mississippi River Valley was not receiving

glacial meltwater and outflow had been rerouted to the north via the Mackenzie River and east via the St. Lawrence River335

(Fisher, 2003; Murton et al., 2010; Leydet et al., 2018; Keigwin et al., 2018; Wickert et al., 2023). This timing is supported

by a range of regional and more distant data: marine cores from the Beaufort Sea indicate continued input of meltwater to the

NW and the Mackenzie delta from ∼12.85 to 12.35 ka (Keigwin et al., 2018) and excess meltwater routing eastwards through

the eastern Great Lakes and St. Lawrence outlets at ∼12.6 to 12.7 ka (Carlson et al., 2007). Additionally, cosmogenic nuclide

dates from the eastern outlet of Agassiz into the Superior basin suggest active flow at 12.7 ± 0.3 ka (Leydet et al., 2018).340

Finally, Young et al. (2021) generated a compilation of Glacial Lake Agassiz water levels and found an onset range of ∼12.41

for the Moorhead low-water phase. This phase is traditionally associated with Agassiz outflow to the east toward the Superior

basin (Young et al., 2021; Lepper et al., 2013; Leydet et al., 2018). This interval without meltwater delivery to the Mississippi

River presumably led to a time of post-incision floodplain stabilization and river aggradation (Knox, 2007; Bettis and Mandel,

2002). Despite this re-aggradation of the incised valley, the floodplain remained below the level of the Savanna terrace. As a345

result, prior to ice-sheet readvance, only an exceptionally large flood could create high enough water to inundate the Savanna

Terrace and initiate renewed floodplain deposition.

5.2 Phase 2 (∼11.7 ka): Glacial Lake Agassiz via Glacial River Warren

Moving up stratigraphy in our sediment core, above 400 cm local inputs largely disappear and, instead, sediments from the NW

(Agassiz) provenance become most prevalent, with a small increase in Superior sediments at ∼375 cm, that remains below the350

high occurance of Agassiz-basin sourced sediments within this interval (Figure 6). We associate this elevated Agassiz input with

the initial pulse of Glacial Lake Agassiz-derived meltwater down a reactivated Glacial River Warren (NW; Figure 7) following

the initiation of the Marquette Readvance. Starting ∼11.7 ka, ice from the Marquette Readvance began to fill the Superior

Basin and blocked eastern drainage of Lake Agassiz into the Superior Basin (Fisher and Smith, 1994; Lowell et al., 1999) and

triggered reactivation of Lake Agassiz’ southern drainage via Glacial River Warren (Fisher, 2003). Evidence for the timing of355

this advance comes from a transition towards isotopically light, and therefore likely glacially sourced, meltwater reaching the
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Gulf of Mexico during this interval (Wickert et al., 2023). Within the bounds of local age constraints, this meltwater rerouting

also corresponds to the lower slackwater sediments observed by Johnson (2009) and Van Nest (2014).

5.3 Phase 3 (∼11.6 ka): Mixed sediments from Glacial Lake Agassiz and the Superior Basin via both routing

pathways360

After 350 cm depth, Agassiz sediments gradually decrease, while Superior sediments begin to rise. By 290 cm depth, the

prevalence of NW (Agassiz) and NE (Superior) sediments in the core are equal. We suggest that this interval in the sediment

core preserves a period when both NW (Agassiz) and NE (Superior) drainages were active glacial meltwater pathways. As

Marquette-phase ice continued to advance, the ice lobe blocked eastward drainage of the Lake Superior to the Atlantic via the

Great Lakes and the St. Lawrence River. This rerouted outflow from the Superior Basin southwards (Wickert, 2016; Wickert365

et al., 2023), reactivating the Glacial St. Croix River and leading to a period where Glacial River Warren and the Glacial St

Croix River both actively delivered glacial meltwater to the Upper Mississippi River Valley. The start of this phase likely

predates the burial and subsequent ice advance across the Lake Gribben Forest bed, which marks advance of Superior Lobe

ice onto the southern shore of modern-day Lake Superior. Lowell et al. (1999) radiocarbon dated in-situ wood from this buried

forest and statistically combined these ages to obtain a bulk age estimate of 10.025±0.055 14C kyr BP to constrain ice advance,370

which we recalibrate to 11.54 (+0.19, -0.21) ka (Reimer et al., 2020).

5.4 Phase 4 (∼10.6 ka): Superior Basin sediments via the Glacial St. Croix

Following the 290-cm interval where both provenances are equally present in the dataset, NE, Superior-sourced sediments

become the most common, with an increase at ∼290 cm. While this second peak in NE, Superior sediments coincides with

the depth of the lowermost OSL sample (11.56 ka ± 1.44 ka), we believe the true age of these sediments lie on the younger375

end of the error bounds and tie this period of larger Superior inputs to Marquette Readvance retreat. We suggest that ongoing

Marquette Readvance ice retreat after ∼10.6 ka would have reopened Lake Agassiz drainage pathways to the Lake Superior

basin. This age is recorded by three sets of thick–thin varves in the Western Lake Superior basin, which may be interpreted to

indicate progressive floods of water from Lake Agassiz into Lake Superior (Breckenridge, 2007). While Lake Agassiz waters

were able to flow into the Superior Basin, we propose that the eastern outlets of Lake Superior remained closed by ice. The380

eastern Superior outlets remaining closed permitted the combined waters to traverse the western Superior Basin (Glacial Lake

Duluth) and drain through the Moose Lake/Portage outlet and later the Brule outlet into the St. Croix River valley. This shift

would have greatly diminished meltwater delivery to the Upper Mississippi River Valley via Glacial River Warren and would

have instead resulted in a dominant NE, Superior basin signal in glacially sourced meltwater at this time consistent with our

slackwater data (Figure 7).385
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5.5 Phase 5 (After ∼10.5 ka): Cessation of glacial meltwater inputs to the Upper Mississippi River

Because of we focus our analysis on only Core Segments 3 and 4, to avoid post-depositional alteration in sediments above

∼200 cm depth in Core Segments 1 and 2, we are not able to directly relate shifts in sediment geochemistry to glacial meltwater

sourcing sediments for the uppermost sediments captured in Core Segments 1 and 2. However, downstream observations by

Van Nest (2014) noted a red-brown cap of fine-grained, slackwater sediments along the Mississippi River in western Illinois390

and attributed the topmost slackwater sediments to a Superior-basin source. Based on local stratigraphic relationships and

geochronology, these Superior-basin sourced sediments were deposited sometime after ∼12.3 ka (10,400 ± 130 14C yr BP)

but before∼10.8 ka (9,490± 140 14C yr BP) (Van Nest, 2014; Bettis et al., 1992), suggesting that sediments within top meters

of our core are likely Superior in origin. The modern Whitewater River occupies a floodplain 20 m below the surface where

our sediment core segments were taken and previous studies of non-slackwater terraces in the Whitewater place the lowermost395

regional terrace elevation abandonment at ∼10.6 ka (7.3 – 13.7 ka; Penprase et al., 2025). Additionally, prior work (e.g.,

Breckenridge, 2013) has noted that an eastward routing of meltwater in the Superior Basin occurred when Glacial Lake Duluth

and Glacial Lake Minong merged as Marquette-phase ice retreated north. This has been reinforced by current work (Fischer

et al., 2024) suggesting a high-magnitude rerouting event shifting meltwater drainage eastward in the Superior Basin around

10.5 – 10.6 ka. Ultimately, this would have shut of meltwater delivery to the Upper Mississippi River Valley and is consistent400

with ages from basal sediments within the lower St. Croix and upper Mississippi (Blumentritt et al., 2009). Therefore, we

propose the top sediments in our core capture the continued Marquette Readvance ice retreat identified in previous studies.

This reopening would have resulted in a final end of glacial meltwater delivery to the Upper Mississippi River Valley and the

cessation of slackwater sediment deposition along the Upper Mississippi River Valley and the mouths of its tributaries (Figure

7; (Breckenridge and Johnson, 2009; Wickert et al., 2023; Van Nest, 2014).405

6 Conclusion

Results of this study provide a new, detailed record of the most recent glacially derived slackwater deposition along the Upper

Mississippi River Valley. The proposed meltwater routing chronology directly ties slackwater sediments delivered to the Upper

Mississippi River Valley to their sources from∼11.7–10.6 ka and is associated with glacial meltwater rerouting triggered by the

Marquette Readvance within the Superior Basin. Our stratigraphically grounded sequence begins with locally derived fluvial410

sands that are overlain by northwesterly sourced slackwater sediments, carried by Glacial River Warren from the Lake Agassiz

region as advancing ice during the Marquette Readvance Agassiz drainage southward. These sediments are overlain by mixed

NE/NW-sourced sediments from both Lake Agassiz and the Superior Basin during the period of ice pullback, as both spillways

became active. The sequence is capped by northeasterly sourced Superior Basin sediments, routed to the Mississippi via the St.

Croix River as ice retreat following the Marquette Readvance reopened eastward Agassiz drainage. While post-depositional415

alteration of the uppermost sediments in the uppermost core segments inhibit the ability to link these sediment to their source,

slackwater deposition almost certainly ceased by 10.5ka due to the cessation of meltwater delivery to the Upper Mississippi

River Valley and eastward rerouting of meltwater via both Lake Agassiz and Lake Superior. Our findings place new constraints
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on the evolution of Marquette Readvance phase ice during the final phases of Laurentide Ice Sheet meltwater delivery to the

Upper Mississippi River Valley at the earliest Holocene.420
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