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Field methods and site descriptions 

• We limit the impact of landscape change (Schulte et al., 2007) and post-glacial
disturbance on exposure surfaces through the sampling the surfaces of large quartz-
bearing glacial erratics in regions of WI with minimal human disturbance. Large, far-
travelled glacial erratics have been shown to exhibit less cosmogenic inheritance than
bedrock surfaces, particularly in regions where cold-based ice may have limited subglacial
scouring (Corbett et al., 2013). We focus our site selection on stable topographic highs
away from collapsed ice features with minimal till cover.  Due to such geomorphic setting,
topographic shielding correction was unnecessary for all of the samples.  We preferentially
selected boulders that were large in size (>1 m in diameter and height) and showed
minimal signs of surface erosion (no pitting or spalling). For individual sample information
on location, elevation, and thickness see Table DR1.

• The Baraboo Hills are a Proterozoic quartzite syncline in south-central WI. The eastern
half of this range was covered by the sLIS during the LGM, depositing erratic boulders on
top of the quartzite bedrock as part of the Johnstown LGM moraine (Clayton and Attig,
1990). We sampled far-traveled granite boulders in addition to local quartzite and
sandstone boulders deposited in a prominent boulder-train moraine resting directly on
bedrock (site sGBL) (Fig. DR1).

• About 10 km to the northeast, the i-sGBL site lies atop another quartzite hill, which was
covered by ice during the LGM and exposed following ice-retreat from the terminal
moraine (Fig. DR1) (Clayton and Attig, 1990). The lack of moraines in between i-sGBL and
sGBL indicates a continuous retreat pattern between the two sampling locations.

• The Blue Hills are an outcrop of erosion-resistant quartzite in north-central WI of similar
age to the Baraboo Hills (Mudrey et al., 1982). LGM ice covered most of the bedrock
topographic highs in the Blue Hills. Site CL is along this maximum extent of the LGM
phase of the Chippewa Lobe (Attig et al., 1985; Johnson, 1986), whereas the i-CL site is
located ~12 km to the northeast of the terminal moraine (Fig. DR2). No moraines exist
between CL and i-CL suggesting no stable ice margin positions between these two sites.

• The Gogebic Mountains (site GM) in northern Wisconsin are a high-relief set of parallel
ridgelines of metasedimentary and meta-volcanic bedrock (Cannon et al., 2007). We
sampled glacial erratics at GM resting directly on bedrock of these flat-topped topographic
highs (Fig. DR3, DR4).

• The northern Green Bay Lobe (nGBL) samples come from a high-relief section of the
prominent LGM Hancock Moraine that is correlative to the Johnstown Moraine (Fig. DR5)
(Attig et al., 1985). The samples are from 2 stable sections of the Hancock Moraine crest,
away from ice-collapse features (Fig. DR6, DR7).

• The inner nGBL site (i-nGBL) lies ~15 km east of the LGM extent of the LIS in the
interlobate region of the Langlade and Green Bay Lobes, where the recessional Summit
Lake Moraine of the Langlade Lobe and Bowler Moraine of the Green Bay Lobe connect
(Attig et al., 1985; Fig. DR4, DR8). The Summit Lake Moraine is correlative with Tiger Cat
and Flambeau moraines to the west. The Bowler Moraine continues south where it is
called the Green Lake Moraine in southeast WI. We sampled boulders from a
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constructional deposit that accumulated in an ice cavity (Mickelson, 1986). The exposure 
ages from these boulders are associated with the retreat of ice from this location. 

 
Laboratory methods 
 
• Sample preparation and isolation of BeO was conducted in the Cosmogenic Isotope 

Laboratory at the University of Wisconsin-Madison (UW).  
• Each sample was crushed and sieved to separate the 425-841 µm grain-size fraction.  

The quartz fraction was separated using a Frantz Magnetic Separator to remove mafic 
grains, followed by etchings with HCl and dilute HF/HNO3.  

• The purity of this quartz fraction was verified through elemental analysis by Inductive-
Coupled Plasma Atomic Emission Spectrometry at University of Colorado-Boulder.  

• After addition of Be carrier, the BeO was isolated through a series of dissolution, oxidation, 
anion/cation removal, pH adjustments, and final sample drydown.  

• 10Be/9Be ratios were measured by accelerator mass spectrometry (AMS) at Purdue Rare 
Isotope Measurement (PRIME) Laboratory at Purdue University.  

• Throughout this project, the UW Cosmogenic Lab made improvements in the 9Be purity of 
its standard. Initial use of a commercially available Be standard resulted in blank AMS-
measured 10Be/9Be ratios that averaged to be 12.2x10-15 ± 0.9x10-15 (Claritas, Table DR1, 
ratio expressed as long-term laboratory mean with standard error as uncertainty). An 
intermediate standard of higher purity resulted in 10Be/9Be ratios that averaged to be 
3.4x10-15 ± 0.4x10-15 (Merck, Table DR1). Use of a new ultra-pure standard developed at 
Oregon State University (Murray et al., 2012) used in later analysis resulted in average 
procedural blank 10Be/9Be ratios of 2.0x10-15 ± 0.3x10-15  (OSU Blue, Table DR1).  

• Sample 10Be concentrations are shown in Table DR1.  
 
Exposure age calculation 
 
• We used the online CRONUS-Earth calculator (http://hess.ess.washington.edu/) to 

determine exposure ages (Balco et al., 2008) using the northeast North American 
production rate (NENA, Balco et al., 2009).  

• All relevant sample data entered into the online CRONUS-Earth surface exposure 
calculator is presented in Table DR1.  

• Our analysis throughout the text uses the Lal-Stone time-dependent scaling scheme (Lal, 
1991; Stone, 2000) for calculating both the new chronology of this study as well as in 
recalculating the existing 10Be dates (Colgan et al., 2002; Balco et al., 2009).  

• Use of any of the other scaling schemes (Stone, 2000; Desilets et al., 2006; Dunai, 2001; 
Lifton et al., 2005) does not change the interpretation (within the uncertainty of 
measurement). 

 
Removal of outliers 
 
• For the timing of initial retreat from the terminal moraines in Wisconsin (sites sGBL, nGBL, 

and CL), we exclude all ages that are older than 30 ka and younger than 17.5 ka for the 
Green Bay Lobe dates, because 14C dates indicate that the sLIS was not present in 
Wisconsin until after 30 ka (Black, 1976; Attig et al., 1985; Dyke et al., 2002; Clark et al., 
2009) and must have retreated from the Green Bay Lobe terminal moraines before 17.5 
ka, based on the oldest calibrated minimum-limiting 14C age from Valders Quarry of 
17.7±0.2 ka (Maher et al., 1998) (Fig. DR9).  

• After this a-priori removal of outliers and because our data sets are normally distributed 
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based on the Shapiro-Wilks test, we use Chauvenet’s statistical test to exclude ages that 
have a large deviation from the sample set mean compared with the standard deviation 
and accounting for the number of samples (Clark et al., 2009; Rinterknecht et al., 2006).  

• We have identified 13 outliers that were removed before calculating site averages and 
standard errors. Eleven outliers were excluded by a-priori removal; two outliers were 
excluded based on Chauvenet’s criterion.  

• Outliers that are removed are shown in Fig. DR9.  
• Because the scatter in ages for a given sample site is larger than the analytical uncertainty 

of each individual measurement, we calculate the straight mean and standard error of the 
mean as the best estimate of the true age of deglaciation and its geological uncertainty for 
sites CL, nGBL, sGBL, i-nGBL, and GM (Bevington and Robinson, 2002).  

• For sites i-CL and i-sGBL, where we only have two samples per site, the difference 
between ages is equal to or smaller than the analytical uncertainty of each measurement. 
Therefore we present the error-weighted mean and uncertainty for these sites, as the 
standard error between the consistent ages does not provide an adequate representation 
of overall uncertainty (Bevington and Robinson, 2002). 

 
Construction of time-distance diagrams  

 
• In Fig. 2 of the text, we construct time-distance diagrams for the Green Bay, Lake 

Michigan, and Miami-Scioto Lobes using the bracketing 14C ages on ice-margin advances 
and retreats. These diagrams have been previously published (see below).  

• All radiocarbon ages discussed are calibrated using Calib 7.0 and IntCal13 (Stuiver and 
Reimer, 1993; Reimer et al., 2013). 

• All information necessary to construct these diagrams is provided in Table DR2 and the 
respective publications.  

• The Miami-Scioto Lobe time-distance curve (Fig. 2f) is an updated version of Eckberg et 
al. (1993), based on ages from Lowell et al. (1990), Dyke (2004) and Glover et al. (2011).  

• The Lake Michigan Lobe time-distance curve (Fig. 2g) is an updated version of the Hansel 
and Johnson (1992) record from Curry and Petras (2011). 

• The Green Bay Lobe time-distance curve (Fig. 2h) is from a combination of dates, and 
was recently summarized in Hooyer et al. (2007) (see Table DR2 for list of ages).  

• In Fig. 2i, we draw a similar record of retreat for the northern Green Bay Lobe, constrained 
by the correlation of the ice margin positions (following Hooyer et al., 2007). 

• Since chronological information for the Chippewa Lobe is limited prior to this study, we 
draw the time-distance diagram of Fig. 2j solely using our new 10Be chronology.  

 
Surface mass balance modeling 

 
• To simulate the surface mass balance (SMB) of the southern LIS, we conducted paired 

simulations of a fully-coupled atmosphere-ocean general circulation model (GCM) (NASA 
GISS ModelE2-R; Schmidt et al., 2014) and a surface energy balance model (SEBM) 

(Anslow et al., 2008; Carlson et al., 2009).  
• The paired GCM-SMB approach used here forces the SMB calculations with an 

equilibrium climate from the GCM, given a particular set of ice sheet and solar/greenhouse 
gas forcings.  

• The current version of ModelE2-R has an atmosphere resolution of 2 degrees latitude by 
2.5 degrees longitude with 40 vertical layers up to 0.1 mb and an ocean resolution of 1 
degree latitude by 1.25 degrees longitude with 32 depth layers.  

• We conducted three separate simulations at 24 ka, 21 ka, and 19 ka using the appropriate 
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insolation of each time period due to changes in orbital parameters (Berger and Loutre, 
1991) (see Ullman et al., 2014). We also ran a simulation at 16.5 ka that included 
appropriate insolation forcing and atmospheric greenhouse gas concentrations.  

• We employed the LGM global ice-sheet topography of ICE-5G (Peltier, 2004) but 
substituted an alternative reconstruction of the LIS over North America (Licciardi et al., 
1998). At the LGM, the Laurentide Ice Sheet abutted the Cordilleran Ice Sheet to the west, 
and the interface between the Licciardi et al. (1998) reconstruction of the LIS and the ICE-
5G reconstruction of the Cordilleran Ice Sheet leads to a discontinuity in ice elevation, as 
the Licciardi et al. (1998) reconstruction does not include ice-buttressing effects of the 
adjacent Cordilleran Ice Sheet. However, we focus our calculations of surface mass 
balance to the southern margin alone, away from this interface between ice sheet masses.  

• The Licciardi et al. (1998) reconstruction is based on a flow-line model that simulates ice-
sheet dynamics over deformable and rigid beds. The advantage of this reconstruction for 
this study is its ability to resolve the low elevation margins of the sLIS that agrees with 
observations of inferred topographic gradients along the southern margin (Clark, 1992). 
Due to these geologic constraints, the Licciardi et al. reconstruction may capture of the 
topographic gradient and resolution of the equilibrium line altitude close to the ice margin 
better than other reconstructions (e.g., Fig. DR10) (Peltier, 2004; Clark et al., 1996; 
Licciardi et al., 1998; Tarasov and Peltier, 2004; Argus and Peltier, 2010; Lambeck et al., 
2010; Tarasov et al., 2012).  

• The Licciardi et al. (1998) model does not include the divergence of ice along flowlines 
with transverse spread. This limitation may result in greater ice elevations relative to 
regions with radial spreading centers, but such spreading centers are well above the 
equilibrium line altitude of the model and the inferred elevation bias may have little effect 
on surface mass balance for the sLIS.  

• Each time slice SMB simulation was forced by temporally interpolated, daily climatologies 
of relevant parameters (surface air temperature, precipitation, wind speed, relative 
humidity, and surface radiation fluxes), which were calculated using the final 100 years of 
equilibrium GCM output.  

• For the downscaling of relatively coarse-resolution GCM output (2 x 2.5 degree) to the 
higher-resolution (50 km) ice sheet topography of Licciardi et al. (1998), we use a 
temperature lapse rate of 5 °C km-1 and a precipitation lapse scaling of 0.1 km-1, following 
Carlson et al. (2009; 2012), and suggested by previous climate reconstructions above ice 
sheets (Pollard et al., 2000; Marshall et al., 2002; Abe-Ouchi et al., 2007). Since we fix 
these lapse rates across each of the time slice simulations, varying them within the range 
of other lapse estimates does not significantly impact our resulting mass balance 
anomalies from the 24 ka results.   

• We performed sensitivity tests and found that since the elevation distance is typically small 
between the GCM and SMB model grids; varying the parameters has a minimal effect on 
absolute surface mass balance that is well within the range of balances that arise from the 
changes in surface roughness and albedo decay. Testing at differing resolutions at and 
below 50 km x 50 km did not impact the model surface mass balance anomalies (Carlson 
et al., 2009). 

• We use snow/ice roughness and albedo decay rate parameters that match average 
modern observations from the Greenland and Antarctic Ice Sheets (Carlson et al., 2009; 
Grainger and Lister, 1966; Duynkerke and van den Broeke, 1994; Greuell and 
Konzelmann, 1994; Smeets and van den Broeke, 2008).  

• Because we are interested in the effects that changes in radiative forcing from Earth’s orbit 
and greenhouse gases have on the southern LIS SMB, we only look at the change in SMB 
relative to the 24 ka simulation (Fig. DR10).  
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• The 16.5 ka simulation are the results of a hybrid SMB simulation, which uses a 16.5 ka 
GCM climate forcing downscaled and applied to the LGM (21 ka) ice-sheet topography. In 
the GCM resolution, the differences between 21 and 16.5 ka ice sheets are small (both in 
extent and ice sheet elevation), so the downscaling to the higher resolution ice sheet 
topography is similar to the straight LGM (24-19 ka) downscaling.  

• Total surface mass balance across the southern LIS is negative and decreasing with 
increasing insolation forcing: -330 Gt yr-1 (24 ka), -540 Gt yr-1 (21 ka), -690 Gt yr-1 (19 ka). 
The 16.5 ka forcing with increases in both insolation and greenhouse gas forcing results in 
a southern LIS surface mass balance of -1320 Gt yr-1 (Fig. DR12). We focus the results as 
anomalies in the main text so as to minimize uncertainty that may be inherent to our model 
design.  
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Fig. DR1. Topographic map of the sGBL and i-sGBL sampling locations and the samples 
collected at each site (shown as red circles). Extent of LGM ice is shaded in white, with a 
rough outline of the terminal moraine drawn with the heavy black line. Underlying 
topographic map provided by the USGS and the National Geographic Society (© 2011). 
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Fig. DR2. Topographic map of the CL and i-CL sampling locations and the samples collected at 
each site (shown as red circles). Extent of LGM extent of the Chippewa Lobe is shaded in white, 
with a rough outline of the terminal moraine drawn with the heavy black line. Underlying 
topographic map provided by the USGS and the National Geographic Society (© 2011). 
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Fig. DR3. Regional topographic map of the GM sampling location and the samples collected at 
the site (shown as red circle). The parallel ridgelines of the Gogebic Range can be seen in 
eastern portion of the map. The sampling location is on one of the westernmost bedrock arms of 
this range. The rough extent of the Lake View Phase ice margin is shaded in white. This 
readvance occurred during Younger Dryas cold interval and is correlative with the Marquette 
Phase to the east (Lowell et al., 1999a). There is no evidence to suggest that this readvance 
overtopped the Gogebic Range. Region displayed in Fig. DR4 denoted by the black dashed 
box. Underlying topographic map provided by the USGS and the National Geographic Society 
(© 2011).   
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Fig. DR4. Map of topography immediately surrounding GM sampling sites (red circles). 
Underlying topographic map (1:24,000 scale, 10 foot contour interval) provided by the USGS 
and the National Geographic Society (© 2011). 
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Fig. DR5. Regional topographic map of the nGBL and i-nGBL (LCBC) sampling locations and 
the samples collected at each site (shown as red circles). This map shows the confluence of the 
Langlade and Green Bay Lobes shaded in white, with their outer LGM extents drawn with the 
heavy black line. Regions displayed in Fig. DR6-DR8 denoted by the black dashed boxes. 
Underlying topographic map provided by the USGS and the National Geographic Society (© 
2011). 
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Fig. DR6. Map of topography immediately surrounding sampling sites GBL-11-01 through GBL-
11-05 (red circles). Ice-collapse features are evidence along this moraine, but the sampling sites 
come from a stable and flat topographic high away from hummocky terrain. Underlying 
topographic map (1:24,000 scale, 10 foot contour interval) provided by the USGS and the 
National Geographic Society (© 2011). 
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Fig. DR7. Map of topography immediately surrounding sampling sites GBL-11-06 through GBL-
11-10 (red circle). The prominent terminal moraine of this site can be seen running from the 
southwest to northeast corners of this map, with the flatter outwash plain evident in the 
northwest corner. The sampling sites come from a stable and flat topographic high away from 
some of the collapsed features on this moraine. Underlying topographic map (1:24,000 scale, 
10 foot contour interval) provided by the USGS and the National Geographic Society (© 2011). 
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Fig. DR8. Map of topography immediately surrounding i-nGBL sampling sites (red circle). 
Underlying topographic map (1:24,000 scale, 10 foot contour interval) provided by the USGS 
and the National Geographic Society (© 2011). 
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Fig. DR9. Individual 10Be exposure ages for each of the sampling sites (denoted in upper left 
corner of each plot). Green symbols indicate ages used in site age calculation, and red symbols 
indicate outliers not included in the site age. Error bars for each age are 1σ analytical 
uncertainty. Vertical black lines show mean age for each site with shaded gray bars indicating 
the 1σ uncertainty range (standard error of the mean or error-weighted sigma for sites i-CL and 
i-sGBL). For CL and sGBL, inset plot with expanded age axis shows older outliers. Dashed grey 
lines indicate a priori 14C constraints on initial ice retreat. 
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Fig. DR10. Comparison of the LIS topographies in the reconstruction used in our surface mass 
balance simulations (left; Licciardi et al., 1998) and the ICE-5G reconstruction (right; Peltier, 
2004). Units are meters above 21 ka sea level. The region outlined in black indicates the area 
used to calculate the region-specific surface mass balance for the sLIS. This region is separated 
from the rest of the LIS using topographic ice drainage divides from the reconstruction. Because 
we focus only on the sLIS, we restrict our surface mass balance analysis to the two 
southernmost regions from the James Lobe to New England. Note: ICE-5G was not used in the 
analysis for this paper because it does not adequately resolve the low-elevation margins along 
the sLIS.  
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Fig. DR11. Modeled surface mass balance (SMB; units of meters water equivalent per year) 
anomalies relative to 24 ka at (a) 21 ka, (b) 19 ka, and (c) 16.5 ka.  
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Fig. DR12. Ablation and accumulation anomalies for each of the SEBM simulations relative to 
24 ka (units of meters water equivalent per year). (a) 21 ka ablation anomaly, (b) 19 ka ablation 
anomaly (c) 16.5 ka ablation anomaly, (d) 21 ka accumulation anomaly, (e) 19 ka accumulation 
anomaly (f) 16.5 ka accumulation anomaly.   
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e a density of 2.65 g cm
-3 for granite and sandstone, 2.75 g cm

-3 for quartzite.  
bA

ll A
M

S
 m

easurem
ents are standardized to 07K

N
S

TD
. 

c1-sigm
a A

M
S

 uncertanty
d 10B

e atom
 concentrations are blank-corrected (see text).

eA
ll age calculations use standard atm

osphere, m
odern elevation, and zero erosion. N

o shielding correction necessary.  
          10B

e ages are presented w
ith 1-sigm

a analytical uncertainty.
          A

ges w
ere calculated using the C

R
O

N
U

S
 E

arth online calculator(v 2.2) w
ith the N

E
N

A production rate and the Lal/S
tone tim

e-dependent scaling schem
e (see text).
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Table D
R

1b. C
osm

ogenic sam
ple inform

ation (continued).

S
am

ple
Latitude    

(D
D

)
Longitude   

(D
D

)

M
odern 

E
levation  
(m

 asl)

S
am

ple 
Lithology

a
Thickness     

(cm
)

Q
uartz       
(g)

B
e 

S
tandard 
U

sed

A
M

S
 

10B
e/ 9B

e 
ratio (10

-15) b

A
M

S
 

U
ncertainty 
(10

-15) c

10B
e        

(atom
s g

-1) d

U
ncertainty       

(atom
s g

-1)

10B
e age     

(ka) e

i-nG
B

L
LC

B
C

-11-01
45.227

-88.768
412

granite
2.0

35.844
M

erck
124.9

7.0
102066

6019
17.9 ± 1.1

LC
B

C
-11-02

45.227
-88.768

408
granite

2.0
38.394

M
erck

128.5
10.4

109884
9181

19.3 ± 1.6
LC

B
C

-11-03
45.227

-88.768
417

granite
1.5

38.471
M

erck
134.0

5.6
114498

5020
19.9 ± 0.9

LC
B

C
-11-04

45.227
-88.769

430
granite

2.0
38.069

M
erck

110.2
5.4

95591
4981

16.5 ± 0.9
LC

B
C

-11-05
45.227

-88.769
375

granite
2.0

39.342
M

erck
78.4

3.7
65205

3306
11.8 ± 0.6

sG
B

L
B

H
-09-01

43.398
-89.692

397
granite

2.0
40.278

C
laritas

154.1
9.1

119507
7840

21.6 ± 1.4
B

H
-09-02

43.397
-89.692

419
quartzite

4.0
38.344

M
erck

396.5
14.4

342928
13020

61.5 ± 2.4
B

H
-09-03

43.397
-89.692

411
sandstone

4.0
39.051

M
erck

310.0
10.1

262284
9045

46.9 ± 1.7
B

H
-09-04

43.398
-89.693

427
granite

2.0
39.195

M
erck

111.2
8.7

91498
7502

16.2 ± 1.3
B

H
-09-05

43.398
-89.693

431
granite

3.0
40.838

C
laritas

153.9
9.3

117868
7871

20.9 ± 1.4
B

H
-09-06

43.398
-89.694

425
quartzite

3.0
40.023

C
laritas

187.8
7.0

149105
6170

26.4 ± 1.1
B

H
-09-07

43.398
-89.695

425
sandstone

2.0
40.008

C
laritas

190.5
8.2

151706
7226

26.7 ± 1.3
B

H
-09-08

43.399
-89.694

424
sandstone

4.0
44.319

C
laritas

181.3
6.9

129017
5504

23.1 ± 1.0
B

H
-09-09

43.400
-89.692

404
quartzite

5.0
39.104

M
erck

446.5
15.7

376692
13868

69.0 ± 2.7
B

H
-12-05

43.398
-89.686

363
granite

2.0
25.280

O
S

U
 B

lue
113.0

13.0
73741

8670
13.8 ± 1.6

B
H

-12-06
43.397

-89.686
371

granite
2.3

24.862
O

S
U

 B
lue

118.0
8.0

77596
5414

14.4 ± 1.0
B

H
-12-07

43.397
-89.686

364
granite

2.3
24.693

O
S

U
 B

lue
133.0

8.0
89353

5535
16.7 ± 1.0

B
H

-12-09
43.397

-89.690
405

granite
2.0

25.269
O

S
U

 B
lue

220.0
30.0

142500
19665

25.5 ± 3.6

i-sG
B

L
B

H
-12-01

43.498
-89.637

366
granite

2.0
24.698

O
S

U
 B

lue
158.0

7.0
104533

4814
19.4 ± 0.9

B
H

-12-02
43.501

-89.640
336

granite
1.3

24.337
O

S
U

 B
lue

151.0
8.0

101423
5547

19.3 ± 1.1

aA
ll age calculations assum

e a density of 2.65 g cm
-3 for granite and sandstone, 2.75 g cm

-3 for quartzite.  
bA

ll A
M

S
 m

easurem
ents are standardized to 07K

N
S

TD
. 

c1-sigm
a A

M
S

 uncertanty
d 10B

e atom
 concentrations are blank-corrected (see text).

eA
ll age calculations use standard atm

osphere, m
odern elevation, and zero erosion. N

o shielding correction necessary.  
          10B

e ages are presented w
ith 1-sigm

a analytical uncertainty.
          A

ges w
ere calculated using the C

R
O

N
U

S
 E

arth online calculator(v 2.2) w
ith the N

E
N

A production rate and the Lal/S
tone tim

e-dependent scaling schem
e (see text).
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