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S1 Model description 

We calculate the total production rate at each sample site (Ptot, at g-1 yr-1), under prescribed ice thickness 

histories for that site, using the LSDn scaling framework (Lifton et al., 2014; Lifton, 2016) and account 

for the depth-dependence of spallogenic and muogenic production due to ice thickness and erosional 

histories for one-year time steps over a modeled glacial history since 20 ka. We account for erosion 

using a Lagrangian framework, which tracks the production changes in the sample as it moves towards 

the surface over time, including ice-shielding effects (e.g., Knudsen et al., 2019). In practice this 

involves back-calculating sample depths within the bedrock according to subglacial erosion rate, time 

step, and model duration, beneath time-dependent ice thicknesses, such that the sample ends up at the 

ground surface at present. If erosion is zero, only the shielding effects of the ice-thickness history over 

the ground surface are modeled. 

The spallogenic production rate for each nuclide with depth is calculated following the equation: 
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where Psp,i is the site-specific spallation production rate of nuclide i at the ground surface (at g-1 yr-1), 

ρice is the density of ice (0.92 g cm-3), zice(t) is the prescribed ice thickness over time (cm), Λsp,ice is the 

spallation attenuation length for ice at high latitudes (140 g cm-2), Λsp,rock is the spallation attenuation 

length for rock at high latitudes (150 g cm-2) (Lifton et al., 2014; Marrero et al., 2016; Phillips et al., 

2016), ρrock is rock density (2.65 g cm-3), and zrock(t) is the sample depth within the bedrock over time 

(cm). We calculate the depth-dependence of muon production for each nuclide over time using Model 

1a of Balco (2017). This code accounts for depth-dependent changes in the energy spectrum of the 

muon flux per the formulations of Heisinger et al. (2002a, b) with resulting effects on nuclide 

production. We calculate the total production (Ptot,i) at each depth (time) interval by summing the 

spallogenic and muogenic production.  

The cosmogenic nuclide concentrations of nuclide i are then calculated from 20 ka to present 

following the equation:  
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where Ni is the concentration of nuclide i (at g-1), Ni,0 is the concentration of nuclide i (at g-1) produced 

from the previous time step (0 at 20 ka), λi is the decay constant of nuclide i, Ptot,i is the total 

production rate at the sample depth for nuclide i (at g-1 yr-1), and dt is the time step of 100 years.  

S2 Uncertainty estimates 

We estimate uncertainties in the model output by accounting for the production rate uncertainty in 

each nuclide via a simple Monte Carlo method using 1000 iterations. Since the production rate 

estimates and their uncertainties are means and standard deviations, we draw a production rate 

randomly for each iteration from a normal distribution characterized by the calibrated mean and 

standard deviation. We then run the forward model for 1000 iterations and store the predicted modern 

nuclide concentrations from each iteration. Finally, we calculated the mean and standard deviation of 

the predicted modern values for each nuclide and plot the results ±2σ.  

S3 Subglacial erosion 

Effects of subglacial erosion are incorporated via an optional erosion rate ranging from 0.01 mm yr-1 

typical of polar glaciers to 0.1 mm yr-1 suggested for thin temperate plateau glaciers on crystalline 

bedrock (Hallet et al., 1996), tied to a specified minimum ice thickness threshold for erosion to occur. 

However, constraints are lacking on the ice thickness required to reach pressure-melting conditions in 

this setting, especially for the bedrock knob where higher subglacial pressure on its upstream side 



may have resulted in the production of subglacial water which could have facilitated the sliding of ice 

across the sampling site or refreezing and plucking. Indeed, common and prominent striations were 

noted in the field at the sampling locations on the knob, suggesting glacial sliding there (Fig. S5). 

Given the reconstructed ice thickness histories, we evaluated minimum erosional thresholds of 10, 20, 

and 30 m with respect to the resulting cosmogenic nuclide concentrations and found little difference 

in predicted concentrations when the threshold is between 10 and 30 m with our modeled scenarios. 

Since we model our maximum ice thickness over our sample locations during the Holocene as 34 m 

(mean of 35 and 33 m over Riuko 16-001/2 and Riuko 16-003/4, respectively; Table S4), based on the 

LIA thickness reconstruction, we set the minimum erosional threshold at 30 m. 

S4 Pre-Holocene ice-thickness history 

The precise ice-thickness history for the location of our sampling sites since 20 ka is poorly 

constrained except that it was fully shielded until local deglaciation from the Fennoscandian Ice Sheet 

(FIS) retreat. The FIS margin was slowly pivoting in this region because the ice margin retreat from 

the north and particularly from the east wildly outpaced retreat from the west (Stroeven et al., 2016; 

Ploeg and Stroeven, 2025). Detailed reconstruction of the ice sheet margin using glacial 

geomorphology and the evolution of ice-dammed lakes in an area immediately east and north of our 

study area, reveals that the reconstructed margins by Stroeven et al. (2016) for 10.0 and 9.9 ka were 

overall correct, but showed a lot of detailed crenulations that remain unresolved on an ice sheet-scale 

(Ploeg and Stroeven, 2025). This lends strength to the outline of the reconstructed ice sheet margins 

across Riukojietna, only kilometers away from the Ploeg and Stroeven (2025) detailed reconstruction. 

In the Stroeven et al. (2016) reconstruction, the ice margin would have retreated approximately in a 

WSW-ENE direction across the catchment. The ice margin was likely steep, as evidenced by the 

many deep lakes it dammed in the course of its retreat across the landscape. For ice thickness 

reconstructions, this means that the sampling sites were under deep ice until local FIS deglaciation 

somewhere around 9.8 ka. In the process of FIS retreat, Riukojietna must have separated from the 

main margin and become its own entity and here is where thinning potentially starts to become 

important for subglacial nuclide production. We modeled this broadly by assuming a linear decrease 

in ice thickness over Riukojietna from 200 m at 20 ka to 50 m by 9.9 ka. Subsequent ice-thickness 

changes from 9.8 ka through present are described in section 5.3 in the main text.   



S5 Supplemental figures 

 
Figure S1: Age-depth model output from the Bayesian accumulation age-modelling software of Blaauw and 
Christen (2011) for Pajep Luoktejaure (Rbacon 3.5.2) using three radiocarbon tie points (samples Ua-14024, 
Ua-14025, and Ua-16628; Table 3) and a surface age of -48 BP (1998 CE). In the solution space, the median is 
shown (red) with the minimum and maximum estimates on either side (95% probability). Extrapolation to the 
bottom of the core (169 cm depth) is shown, but has no significance.  
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Figure S2: Bed topography constructed from interpolated GPR measurements in 2011, 2012, and 2015. 
Contour interval 10 m. Surrounding topography is 2 m LiDAR from 2015 provided by © Lantmäteriet 
(https://www.lantmateriet.se/).  
 
 
 
 
 
 

 
Figure S3: Elevation reconstructions of the Riukojietna ice cap from 1910, 1960, 1978, and 2015 with respect 
to its maximum extent during the LIA (1910). The 1960 and 1978 elevations have been corrected to better 
compare to the 2 m LiDAR DEM from 2015 (Fig. S2).  
 



 
Figure S4: (a) Ice extents from 1910 to 2015 showing the ice reconstruction from 2015 (Fig. S3). (b) Ice profile 
reconstructions along the 1910 flow line in (a).  
 
 
 
 

 
Figure S5: Prominent striations evident on bedrock knob emerging from Riukojietna northeast outlet glacier, in 
the vicinity of sample Riuko-16-003. Chisel for scale. 
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