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Abstract.  Upland peatlands are a major terrestrial carbon reservoir that may play an important role in the global carbon  

cycle. However, knowledge of upland peatlands before the Holocene remains speculative because of the poor long-term 

preservation potential  of  peat  in  upland  environments.  Here,  we explore  using paired  26Al and  10Be to  simultaneously 

determine denudation rates and peat thicknesses averaged over multiple glacial-interglacial cycles. We report cosmogenic  
26Al and 10Be concentrations in quartz from saprolite underlying the modern peat cover along a hillslope transect and from 

stream sediment in the Hautes Fagnes, an upland peatland in the Belgian Ardennes. The measured 26Al/10Be ratios are lower 

than expected for steady-state denudation under the modern peat cover, which we interpret as evidence of thicker peat in the 

past. To quantify long-term average peat thicknesses and denudation rates and identify secular changes in overburden, we 

inverse-model the measured  26Al and  10Be concentrations. Modeled denudation rates of the saprolite, reflecting landscape 

lowering rates, are exceptionally low (0.3-4.9 tons km-2 yr-1,  equivalent to approximately 0.1-1.9 m Myr-1). The median 

probability long-term overburden thicknesses exceed modern overburden thicknesses by 190-350 g cm -2 along the hillslope 

transect, approximately equivalent to 1.8-3.4 m of saturated peat. Peat degradation from historical land use, including peat  

extraction,  drainage, and afforestation,  may explain much of the discrepancy.  Inverse-modeling of the sample with the  

slowest denudation rate, and thus the longest near-surface residence time of quartz and signal integration timescale, suggests  

that a secular increase in overburden thickness, potentially reflecting the onset of peat cover, coincided with mid-Pleistocene  

uplift of the Ardennes. These results demonstrate the utility of cosmogenic nuclides in inferring the long-term history of peat  

cover where geomorphic process rates are slow and differential radioactive decay is non-negligible. 
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1 Introduction

Peatlands are among the largest terrestrial carbon reservoirs and are an important element of the global carbon 

cycle, both in the present and through geologic time (Gorham, 1991; Treat et al., 2019). Changes in climate and land use  

patterns may alter the fluxes of CO2 and CH4 from peatlands, affecting Earth's radiation budget and climate (Abdalla et al.,  

2016; Yu et al., 2011). For example, the expansion of northern peatlands after the Last Glacial Maximum (LGM) caused a  

rise in the concentration of atmospheric CH4 in the early Holocene, while simultaneously creating a sustained CO2 sink 

(Macdonald et al., 2006; Nichols and Peteet, 2019). Similarly, ongoing anthropogenic exploitation of peatlands and climatic 

warming  and  drying  may  release  stored  carbon  and  amplify  climate  change  (Loisel  et  al.,  2021).  A  more  thorough  

understanding of how peatlands have responded to changing climate and land use pressures in the past is necessary for  

accurately modeling interconnections between Earth’s land surface and climate system in the future. 

The  importance  of  peatlands  to  the  global  carbon  cycle  has  motivated  extensive  work  on  peat  accumulation 

histories (Yu et al., 2010). In northern peatlands, these studies typically use 14C to date peat in formerly glaciated landscapes 

that began accumulating following ice retreat. However, this approach is limited by the temporal range of 14C (< 50 kyr) and 

the inherent transience of peat deposits. Although climatic conditions were amenable to peat accumulation during previous  

interglacials, re-advance of ice has destroyed or buried most northern peatlands that existed before the LGM (Treat et al.,  

2019).  Beyond  the  limit  of  Pleistocene  glaciation,  continuous  loss  of  peat  occurs  through  oxidation  and  anaerobic 

respiration such that peat mass in old peatlands tends towards steady state. In a steady-state bog, the modern peat archive  

does not record the full history of peat on the landscape (Clymo, 1984). This limits knowledge of peatlands before the LGM 

to the few locations where older peat deposits are well-preserved (e.g., Treat et al., 2019; Woillard, 1978) and to inferences  

drawn from land-surface modeling (Kleinen et al., 2016).

Sensing the presence of peat over longer timescales requires a proxy for past peat cover. The accumulation of  

cosmogenic nuclides in quartz depends on the amount of overlying mass shielding the quartz from cosmic radiation (Lal,  

1991). Consequently, the cosmogenic nuclide concentration in a saprolite sample collected from beneath a peat layer carries  

information  about  the  average  thickness  of  the  peat  over  the  exposure  history  of  the  sample,  which  on  a  hillslope  is 

controlled by the denudation rate (the sum of the physical erosion and chemical weathering rates). If two nuclides with  

differing half-lives are measured (e.g.,  26Al and  10Be) and the exposure timescale is sufficient for differential radioactive 

decay between the two to be important, then the denudation rate and peat thickness can be determined concurrently. In this 

paper, we explore the novel application of paired 26Al and 10Be to infer peat thicknesses in slowly denuding, non-glaciated 

landscapes. Because the half-lives of  26Al and 10Be are 0.717 Myr and 1.39 Myr, respectively, differential decay becomes 

measurable  only  when  the  cosmogenic  nuclide  signal  integrates  over  timescales  greater  than  approximately  0.2  Myr. 

Knowledge of average peat thickness over such timescales may shed new light on long-standing questions concerning the 

magnitude of carbon storage in peatlands before the LGM (Treat et al., 2019) and the extent to which modern carbon storage  

differs from the long-term average because of anthropogenic impacts (Joosten and Couwenberg, 2008). 
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We test the use of paired 26Al and 10Be concentrations to infer long-term peat thicknesses in an upland peatland in 

the Belgian Ardennes. The study site is located on a low-relief surface above regional knickpoints on the Hautes Fagnes 

plateau, where geomorphic process rates are expected to be low and differential radioactive decay between  26Al and  10Be 

significant. We report 26Al and 10Be concentrations in quartz isolated from saprolite underlying peat along a hillslope transect 

and from stream sediment collected at the base of the hillslope. We invert the nuclide concentrations using a Markov Chain  

Monte Carlo (MCMC) approach to constrain time-averaged overburden thicknesses, denudation rates of the saprolite, and 

secular changes in overburden thickness with time. To assess the inverse-model results, we compare the modeled denudation 

rates to an independent estimate of the watershed-averaged denudation rate derived from solute fluxes and a geochemical  

mass-balance of the regolith. Likewise, we evaluate modeled overburden thicknesses against constraints from theoretical 

peatland models and the site’s land-use history. 

Figure 1: A. Regional map of the study site on the Hautes Fagnes plateau showing the location of the pre-Senonian surface (PSS, 
orange shading), the knickzone on the Hoëgne, the study hillslope (dashed box labeled B), and study catchment (denoted by the 
white, solid line upstream of the purple marker) with reference to 2020 orthophotography (Source: Walloon Public Service, CC-
BY 4.0 License).  Contour elevations (m) are shown by the white  numbers.  B.  Local  map of  the study hillslope showing the 
locations of the six hillslope positions (LS1 to LS6), the stream gauge where LSR-1 was collected, and the PSS. C. View of the study 
hillslope looking upslope. 
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2 Study Site 

The study site comprises a hillslope transect in the upper reaches of the Hoëgne catchment on the Hautes Fagnes 

plateau (Figure 1). The plateau encompasses the highest elevations in the Belgian Ardennes and has a cooler and more  

humid climate than found elsewhere in the region. Mean annual precipitation (MAP) from 1971-2000 recorded at the Mont 

Rigi weather station ca. 2 km northeast of the study transect was 1440 mm yr -1 and mean annual temperature (MAT) 6.7 °C 

(Mormal and Tricot, 2004). Cloud cover generated by adiabatic cooling during orographic uplift of air masses over the 

plateau is  persistent  and limits  evapotranspiration (ET).  Together,  high MAP,  low ET,  and  low MAT make the  local  

environment conducive to peat accumulation.  

The bedrock at the site consists of lower Paleozoic low-grade quartzite and argillite. These rocks were deformed by 

the Paleozoic Caledonian and Variscan orogenies into a syncline that strikes north-east by south-west and were exhumed 

before  the  late  Mesozoic  (Goemaere  et  al.,  2016).  A deformed,  paleo-weathering  surface,  known as  the  pre-Senonian  

surface, has been identified across the Hautes Fagnes. A Cretaceous age for this surface is supported by K-Ar dates on  

supergene, K-bearing, Mn-oxide minerals (Demoulin et al., 2018). Transgressions in the late Cretaceous and the Oligocene 

flooded the pre-Senonian surface and unconformable outliers of marine sediments are locally preserved. 

The modern elevation of the Ardennes massif is primarily the result of Pleistocene uplift. Uplift has been attributed  

variously to the far-field effects of the Alpine Orogeny or a mantle plume underplating the massif (Demoulin and Hallot,  

2009; Meyer and Stets, 2002). Cosmogenic nuclide dating of fluvial terraces on the margin of the Ardennes massif indicates 

that river entrenchment accelerated in the early mid-Pleistocene (Rixhon et al., 2011) and uplift velocity is believed to have  

peaked at this time (Demoulin and Hallot, 2009; Van Balen et al., 2000). The study site is located upstream of the mid-

Pleistocene  knickzone  on  the  Hoëgne  (Sougnez  and  Vanacker,  2011;  Figure  1),  and  is  not  yet  affected  by  erosional 

adjustment to uplift. Consequently, the landscape is characterized by low-gradient hillslopes (the study hillslope falls ca. 30 

m over 700 m, giving a mean gradient of 2.4°) and subdued topography. 

Although the Ardennes were never glaciated, abundant evidence of periglacial conditions during the Pleistocene, 

such as lithalsa ramparts (remnants of ice-cored mounds) exist on the Hautes Fagnes plateau. While the oldest  14C dates 

obtained from peat in the vicinity of the study site are from the latest Pleistocene (Bølling–Allerød; Pissart et al., 2010),  

peatland  distribution  modeling  using  the  peatland-enabled  CLIMBER2-LPJ  model  indicates  that  regional  climate  was 

broadly favorable to peat accumulation during most of the last 130 kyr (Treat et al., 2019). At present, the upper elevations 

of the Hautes Fagnes host a moorland ecosystem, with raised, ombrotrophic bogs on summit surfaces and hillslopes that are 

mantled by a peat blanket (Goemaere et al., 2016).

In recent centuries, the Hautes Fagnes peatlands have been affected by land use. Peat extraction for fuel is recorded  

in historical records since the 16th century and intensified in the 19th century (Paulissen et al., 2021), while extensive grazing, 

mowing and raking,  and intermittent  slash-and-burn cultivation of hardy cereals  are also documented (Froment,  1968). 

Drainage ditches were excavated and the study site planted with spruce (Picea abies) in the early 20th century. However, the 
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extent to which these activities impacted peat thickness is not known. Efforts to restore a moorland ecosystem have been  

ongoing since the 1990s and include removal of the spruce in the early 2000s and the introduction of hardwood species 

(Henrion et al., 2024). Modern vegetation at the study site is dominated by mosses (Sphagnum spp.) that are increasingly 

replaced by purple moor grass (Molina sp.) (Li et al., 2024).

3 Methods

3.1 Sampling 

Samples were collected from a northwest-facing hillslope transect extending from the interfluve to the channel of  

the Hoëgne (Figure 1).  Current peat depths along this transect  (0.2-2.1 m) were previously characterized using ground  

penetrating radar imaging (Henrion et al., 2024). Samples for determination of saprolite and bedrock geochemistry were  

collected in one or two soil pits excavated through the peat layer using a shovel at locations LS1-LS4 (Figure 1B). Larger  

quartz-bearing saprolite samples for cosmogenic nuclide analyses were later taken at 6 positions (LS1-LS6, see Figure 1B) 

along the transect by coring through the peat layer using a soil auger. At LS4, the saprolite yielded insufficient quartz, so a  

bedrock sample taken at the bottom of the soil pit was used in lieu of saprolite. The thickness of the intervals sampled for 

quartz ranged between 5 cm (LS4) and 28 cm (LS6). Bulk stream sediment was collected from several locations along the  

stream bed at the base of the study hillslope and amalgamated (LSR-1). The stream’s discharge was monitored between 

August 2023 and July 2024 using a water level gauge and the local stage-discharge relationship. Stream water samples were  

collected into acid-cleaned, low-density polyethylene bottles at the gauge at monthly intervals. 

3.2 Water and soil geochemistry 

Stream water  chemistry  and saprolite,  rock,  and stream sediment  geochemistry  were  measured by inductively  

coupled plasma-optical emission spectrometry (ICP-OES). Here, we focus on Si, which is the major dissolved constituent in  

the stream water that is least impacted by atmospheric inputs and thus the best gauge of the denudation rate of the underlying 

bedrock. Dissolved Si concentrations were measured in the stream water samples using an Agilent 5800 spectrometer. The  

bulk saprolite samples were wet sieved to isolate the fine earth (< 2 mm). The fine-earth fraction was heated to 550 °C for 24 

h in a glass crucible to remove organic matter and loss on ignition was determined. An aliquot of the ash was weighed and 

fused in a 2:1 mixture of lithium metaborate and lithium tetraborate at 1000 °C in a graphite crucible and the fusion cake was  

dissolved in 1.6 M HNO3.  To determine bedrock composition, rocks embedded within the saprolite, the intact bedrock 

sampled at LS4, and the stream sediment were crushed in a ball mill, fused, and prepared for measurement in the same way  

as  the  saprolite  samples.  The  concentrations  of  Si  and  the  refractory  elements  Ti  and  Zr  were  determined  using  a  

ThermoFisher iCAP 6000 spectrometer.  
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3.3 Denudation rate from solute flux and regolith geochemistry

A watershed-scale denudation rate (D) can be estimated from stream solute fluxes and weathering intensity. To be 

comparable with denudation rates determined from cosmogenic nuclide concentrations in saprolite samples, we calculate D 

for the saprolite. To gauge the weathering intensity of Si in the saprolite, a Si-specific chemical depletion factor (CDFSi) was 

calculated following Riebe et al. (2004): 

CDFSi =1-  
[Si ]sap [ I ]rock

[Si ]rock [ I ]sap

(1)

where [Si]sap is the concentration of Si in the saprolite, [Si]rock is the concentration in the bedrock from which the saprolite is 

derived, and [I]sap
 and [I]rock are the concentrations of a refractory element that is assumed to be immobile during weathering, 

such as  Zr or  Ti,  in  the  saprolite  and bedrock,  respectively.  In  equilibrium, the  denudation rate  is  proportional  to  the  

weathering flux of Si, which is equivalent to the product of specific discharge (Q, ml cm-2) and the Si concentration in stream 

water ([Si]w, μg ml-1), [Si]rock, and CDFSi (Riebe et al., 2004):

D =
Q [Si ]w

CDFSi [ Si ]rock

(2)

Significantly, Eq. 2 assumes that the dissolved flux of Si is constant over regolith residence timescales. Specific discharge  

was estimated by taking the mean of the discharge measurements on the 12 sampling days (1 per month), multiplying by the  

length of the year, and dividing by catchment area.

3.4 Cosmogenic nuclide analysis 

To isolate  quartz  for  cosmogenic  nuclide measurements,  the  saprolite  and stream sediment  samples  were first  

washed and sieved. Vein quartz and quartz-rich sandstone pieces were hand-picked from the > 2 mm fraction of the saprolite  

and, along with the rock sample from LS4, crushed, and cleaned of meteoric 10Be by repeated leaching in 2% HF/1% HNO3. 

Quartz was separated from the 0.25-2 mm fraction of the stream sediment through treatment with H 2O2 to remove organics, 

leaching in 2% HF/1% HNO3, and density separation in lithium heteropolytungstate.    

The  quartz  separates  were  spiked  with  low-level  9Be  carrier  and  dissolved  in  concentrated  HF/HNO3.  After 

digestion was complete, volatile fluorides were removed by evaporation and the residues dissolved in HCl. A liquid aliquot  

was taken for determination of total sample Al content by ICP-OES using an Agilent 5800 spectrometer. The Be and Al 

were then isolated and purified using a simplified separation scheme. In brief, non-amphoteric species were first precipitated  

at pH 14 and removed by centrifugation. The Be and Al were then precipitated at pH 8 and the precipitates dissolved in 0.4  

M oxalic acid. The oxalic-acid solution was passed through a 2 ml anion exchange column (Dowex 1x8, 100-200 mesh). In  

0.4 M oxalic acid, Be2+ forms a neutral oxalate complex and passes through the column, whereas negative oxalate complexes  

of Al3+, Fe3+, and Ti4+ are retained on the resin. The Al was then selectively eluted from the column in 0.4 M HCl. The Be 

and Al were precipitated as Be(OH)2 and Al(OH)3 with NH4(OH). The hydroxides were washed with 18.2 MΩ-cm water, 
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transferred to quartz glass crucibles, dried, and oxidized at 900 °C and 1000 °C, respectively, in a muffle furnace. The BeO  

was mixed with Nb powder and the Al2O3 with Cu powder. The mixtures were loaded into Cu cathodes for measurement of 
10Be/9Be and 26Al/27Al by accelerator mass spectrometry (AMS) at the Laboratory of Ion Beam Physics, ETH Zurich using 

the compact MILEA system (Gautschi, 2024). The AMS measurements were normalized to the in-house standards S2007N 

and S2010N (10Be) and ZAL94N (26Al) (Christl et al., 2013), which have been recalibrated against the KN standard series 

(Nishiizumi, 2022). 

3.5 Cosmogenic nuclide models 

3.5.1 Depth attenuation of cosmogenic nuclide production

Modeling cosmogenic nuclide concentrations under a peat blanket requires considering how cosmic radiation is 

attenuated during passage through peat. The intensity of cosmic radiation declines with depth below the surface following a 

negative exponential function: 

Pn ,i( z )= Pn ,i(0 )e
-  

z
Ʌ i (3)

where Pn,i(z) is the production rate of nuclide n by nuclear reaction i at depth z (atoms g-1 yr-1), Pn,i(0) is the production rate of 

nuclide  n by reaction  i at the ground surface (atoms g-1  yr-1),  Ʌi
 is the absorption mean free path of the cosmic radiation 

responsible for production mechanism i (g cm-2), and z is the depth below the surface (g cm-2)  (Lal, 1991). 

Production of 26Al and 10Be in quartz near the Earth’s surface occurs primarily through spallation reactions induced 

by cosmic ray nucleons. The mean free path of nucleonic radiation in the subsurface is inversely related to the nuclear cross-

sectional  area  per  unit  mass of  the ground,  which is  compositionally  dependent.  The cross-sectional  area of  a  nucleus 

increases with A2/3,  where A is the atomic mass,  while the number of atoms per unit  mass of the ground is inversely  

proportional to A. Thus, the cross sectional area per unit mass scales with A -1/3 and the mean free path with A1/3 (Marrero et 

al., 2016). Peat at the study site has a porosity near 90% and is typically at saturation below the upper 10-30 cm (Henrion et 

al., 2025). Therefore, the geochemical composition of peat is dominated by water, which has a mean atomic mass of 6 u,  

compared to ca. 20 u for silicate minerals. This suggests a peat to saprolite mean free path ratio of 0.67. Adopting the 

conventional mean free path in silicate rocks at mid-latitude of 160 g cm-2 for saprolite and multiplying by this ratio gives a 

first-order estimate of the value in saturated peat of 110 g cm-2. This is in good agreement with the mean free path in water of 

109 g cm-2 determined by Zweck et al. (2013) using Monte Carlo particle-transport modeling. 

We estimate the surface spallation 10Be production rate at the study site using the Lal/Stone time-invariant scaling 

model (Stone, 2000) and reference production rates from Borchers et al. (2016). A growing body of evidence indicates that  

the 26Al/10Be production ratio at low elevations and high latitudes exceeds the conventional value of 6.8 (Corbett et al., 2017;  

Halsted et al., 2021). To capture this effect, we adopt the 26Al/10Be spallation production ratio of 7.2 predicted for the study 

site by the reaction-specific scaling model of Lifton et al. (2014). 
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Cosmogenic nuclides are also produced through muon reactions. Although the surface production rates of 26Al and 
10Be from muon reactions are < 1% of that from spallation at the study site, muons penetrate more deeply into the subsurface  

than nucleons. This makes accurately modeling muon-induced production important for interpreting cosmogenic nuclide 

concentrations in  samples  under  a  thick peat  layer.  We parameterize  muon production using a  series  of  four  negative  

exponential terms, identical in form to Eq. 3, fit to the full muon depth profile calculated from 102-104 g cm-2 at the elevation 

and cutoff rigidity of the study site (Moore and Granger, 2024). This gives a surface muon 26Al/10Be production ratio of 9.5. 

The multi-exponential approximation is used rather than the full muon-production depth profile because it is computationally 

efficient to implement with minimal loss of accuracy (Balco, 2017). 

3.5.2 Hillslope model

To model accumulation of cosmogenic nuclides at the hillslope positions, we conceptualize the subsurface as 

consisting of a peat blanket overlying saprolite and assume that downslope transport occurs exclusively within the peat layer. 

The saprolite is shielded from cosmic radiation by the peat layer or other overburden and undergoes denudation through 

chemical weathering and physical incorporation into the overlying peat. In steady state, the concentration of a cosmogenic 

nuclide n in the saprolite, Nn, under overburden depth z (g cm-2) is described by (Lal, 1991): 

N n( z , D )=  ∑
i

Pn ,i( z )

λn +
D
Ʌ i

(4)

where λn is the decay constant of nuclide n (yr-1),  D is the denudation rate of the saprolite (g cm -2  yr-1), and n denotes the 

nuclide, either 26Al or 10Be. The summation is over all negative exponential production functions. Where denudation is rapid,  

D/Ʌ will be much larger than λAl-26 and the measured 26Al/10Be ratio will be equivalent to the production ratio. In this case, a 

lower production rate from greater shielding by overburden cannot be distinguished from a faster denudation rate. However,  

where D/Ʌ is similar in magnitude to λAl-26, the overburden (z) and denudation rate may be solved for simultaneously from 

measured 26Al and 10Be concentrations. 

Equation 4 is applicable only to scenarios in which oscillations in overburden thickness occur over timescales that 

are much shorter than the integration timescale of the cosmogenic signal. If a step-change in peat thickness occurred at a 

discrete point in the past, but the denudation rate of the saprolite remained constant, Eq. 4 can be modified to reflect that in 

this case the nuclide concentration in the saprolite is the sum of a component accumulated under steady-state conditions for 

the original overburden thickness, less nuclide losses to radioactive decay and denudation, and another produced under the 

new thickness: 
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N n( z1 , z2 , D , t )=∑
i

Pn ,i ,( z1)

λn +
D
Ʌ i

 (e
-( λn +

D
Ʌ i

)t)  +
Pn ,i ,( z2)

λn +
D
Ʌ i

(1- e
-( λn +

D
Ʌ i

)t)  
(5)

where z1 is the overburden thickness before the change (g cm-2), z2 is the new overburden thickness (g cm-2), and t (yr) is the 

time since the change in overburden thickness occurred. 

Although a step change in the denudation rate of the saprolite is also possible, geomorphic constraints indicate such 

a change is unlikely to be recorded in the cosmogenic nuclide signal of most of the samples at the study site. This is because 

the summit sample (LS1) is located on a mapped paleo-surface. If this interpretation is correct, then it cannot have 

experienced a recent acceleration in denudation rate. For the remaining hillslope positions (except LS2), the magnitude of 

incision below the paleo-surface is sufficient (5-30 m) to have removed nearly the entire cosmogenic nuclide inventory 

produced before the start of incision. For LS2, we acknowledge that a change in denudation rate is a potential source of bias 

in the model. 

3.5.3 Sediment model

Obtaining a basin-averaged erosion rate from the stream sediment requires considering the impact of peat cover on 

cosmogenic  nuclide accumulation in  quartz  as  it  is  transported downslope in  a  mobile  soil  layer  through the hillslope 

conveyor.  Cosmogenic  nuclide  concentrations  are  conventionally  inverted  for  basin-averaged  erosion  rates  under  the 

assumptions that enrichment or depletion of quartz across the mobile layer/saprolite interface and radioactive decay are  

negligible. Neither of these assumptions are valid at the study site. The measured 26Al/10Be ratios indicate that radioactive 

decay is non-negligible and the quartz concentration in the peat is substantially lower than in the underlying saprolite. To 

account for these factors, we use the framework proposed by Riebe and Granger (2013), after modification to incorporate 

radioactive decay (text S.1): 

N n , sed (R , z , Esap )=∑
i

Pi(0 ) Λ i

z
(1- e

- z
Λ i)[ Esap

Rz
+ λn]

-1

+
Esap

Rz

Pi(0 )

(λn +
Esap

Λ i
)

e
- z
Λ i[ Esap

Rz
+ λn]

-1

(6)

Equation 6 describes the nuclide concentration as a function of the quartz concentration ratio between the mobile layer and 

the saprolite (R), the thickness of the mobile layer (z) (g cm-2), which we assume is equivalent to the peat layer, and the 

erosion rate of the saprolite underlying the peat (Esap). Significantly, Eq. 6 provides an estimate of the saprolite erosion rate 

rather than the denudation rate. 

The lowest elevation sample in the transect (LS6) was collected within the floodplain of the stream and likely 

consists of floodplain sediment. Modeling this sample necessitates accounting for radioactive decay and cosmogenic nuclide  

production during storage in the floodplain. To do this, we assume that the sediment, when buried, had an inherited nuclide 
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concentration governed by Eq. 6 and that this concentration has been diminished by radioactive decay and augmented by 

post-burial production: 

N n , fp( z , R , Esap , zbur , tbur )= N n , sed ( z , R , Esap )e
- λn tburial +∑

i

Pn ,i ( zbur )
λn

(1- e- λn tbur )   (7)

where Nn,fp is the concentration of nuclide n in the floodplain sediment. In addition to the three variables governing Nn,sed, Eq. 

7 also includes the burial time (tbur) and depth of burial (zbur) as free parameters. 

3.5.4 Inverse methods

We use a Markov Chain Monte Carlo (MCMC) inversion to obtain probability distributions for the parameters in 

Eq. 5-7 (Andersen et al., 2023; Hippe et al., 2021). We adopt the inversion method of Andersen et al. (2023), which uses the 

Metropolis-Hastings algorithm to sample the joint probability distribution of the parameters. Combinations that result in a  

reduction of the χ2 statistic from the previous combination are accepted, whereas those that increase χ 2  are accepted or 

rejected based on a randomly varying acceptance threshold, which allows the algorithm to explore the parameter space 

between the defined bounds (parameter bounds are given in the Supplementary Data Tables; Moore, 2025). We use 10 

random walkers and discard the initial  4 x 104 accepted parameter combinations as a “burn-in” phase.  Afterwards,  the 

inversion is run until 105 accepted iterations per walker are achieved, for a total of 106 accepted parameter combinations. To 

demonstrate the suitability of the MCMC approach to this problem, we use Eq. 5 to calculate nuclide concentrations for an  

artificial parameter set and then invert for the parameter values. The algorithm successfully recovers the input parameters 

(Figure S.1). The posterior probability distributions for the parameters obtained from the MCMC inversion are somewhat 

asymmetric, so we report the median of the probability distributions, which is robust to skewness, and the 50% credible  

interval as summary statistics. 

4. Results 

4.1 Solute fluxes and regolith geochemistry

Despite a large water flux from the study catchment, the solute flux carried by the stream is low. The annual  

specific discharge was 1214 mm yr-1, which is equivalent to 70% of precipitation (P) during the August 2023 – July 2024 

gauging period (1736 mm) measured at the Mont Rigi weather station. Given the water balance relationship for a watershed  

with no change in groundwater storage with time (Q = P-ET), this suggests that ET is 522 mm yr-1. To obtain a longer-term 

estimate of Q, we subtract this ET value from the 30-year normal MAP of 1440 mm yr -1 (Mormal and Tricot, 2004) giving a 

long-term specific discharge of 918 mm yr-1. Concentrations of Si measured in the stream water range from 0.84 to 1.59 μg 

ml-1 and do not vary with the stream discharge on the sampling days: the unweighted mean concentration is 1.20 μg ml -1, 

which is nearly identical to the flow-weighted mean of 1.22 μg ml-1 (Supplementary Data Tables; Moore, 2025). The annual 
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Si weathering flux from the study catchment calculated using the long-term specific discharge is 1.12 tons Si km -2 yr-1, 

equivalent to 2.39 tons SiO2 km-2 yr-1. That the gauging record misses high discharge events is unlikely to appreciably bias 

this estimate if overland flow becomes significant during these events and the excess discharge does not interact with the 

soil.  

Calculating CDFSi (Eq. 1) for a unit of saprolite requires knowing the elemental concentrations in the parent 

material. Although concentrations were determined in rock samples embedded within the saprolite (Supplementary Data 

Tables; Moore, 2025), these might not accurately reflect the parent material because the bedrock at the study site consists of 

interbedded argillite and quartzite, whereas the sampled rocks were exclusively quartzite, which more effectively resists 

weathering. The ratio between two immobile elements should not change between the parent material and saprolite. 

However, TiO2/Zr ratios in the analyzed rocks are, on average, lower than those in the saprolite (mean and standard deviation 

of 9.8 ± 3.6 vs. 19.3 ± 4.7), demonstrating that the rocks do not fully capture the parent material composition, assuming that 

Ti and Zr are equally refractory. Conversely, the coarse fraction of the stream sediment (> 2 mm), which consists of a 

mixture of argillite and quartzite gravel, has a TiO2/Zr ratio of 17.8, which is comparable to the mean ratio in the saprolite. 

Thus, we use the stream sediment elemental concentrations to approximate the average bedrock composition along the 

transect when calculating CDFSi. This approach introduces considerable uncertainty because of fluvial sorting and because 

the ratio of argillite to quartzite at each hillslope position may differ from the catchment average. This yields CDFSi ranging 

from 0.25 to 0.57 between all soil pits when using Ti as the immobile element and 0.23 to 0.54 when using Zr. The mean 

CDFSi along the hillslope is 0.43 (Moore, 2025). Using the mean CDFSi, the measured riverine flux of Si, and the stream 

sediment Si concentration in Eq. 2 yields a watershed-average denudation rate of 7.2 tons km-2 yr-1 (2.8 m Myr-1 at a rock 

density of 2.6 g cm-3). This estimate of the denudation rate has large, but poorly quantified, uncertainties arising from long-

term temporal variability in runoff and the assumptions underpinning the calculation of CDFSi.
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Figure 2: 26Al/10Be two-nuclide plot for the six hillslope positions (LS1 to LS6) and the stream sediment (LSR-1). The black, solid 
line is the steady-state denudation line with no shielding by overburden. Dashed lines show the steady-state denudation line under 
shielding by different overburden mass-thicknesses (calculated using a spallation mean-free path of 160 g cm -2). The dotted line 
shows the secular equilibrium ratio, which curves upwards towards greater overburden thicknesses because of the increasing 
importance of muon-induced production that has a higher 26Al/10Be ratio. The error ellipses show the 95% confidence interval and 
the data are plotted without normalization by shielding from the modern overburden. 

4.2 Cosmogenic nuclides

Concentrations of 26Al and 10Be vary with hillslope position (Table 1). Concentrations of both nuclides are highest 

at the summit (LS1), although this sample was collected from the greatest depth below the surface. Concentrations measured 

in the floodplain sample (LS6) are intermediate between the summit (LS1) and the remaining hillslope positions (LS2-LS5). 

Neither 26Al nor 10Be concentrations are significantly correlated with the samples’ depths below the modern surface (r2 = 

0.05 for 26Al and r2 = 0.15 for 10Be). The concentrations of both nuclides in the stream sediment sample are broadly 
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comparable with the mean concentrations in the hillslope samples (LS1-LS5) (252 x 103 atoms g-1 vs. 292 x 103 atoms g-1 for 
10Be and 1.39 x 106 atoms g-1 vs. 1.30 x 106 atoms g-1 for 26Al). 

Aluminum-26 and 10Be are produced together in quartz at a characteristic production ratio (7.2 at the surface at the  

study site). The measured  26Al/10Be ratios are lower than the surface production ratio and range from 3.29 ± 0.12 at the  

summit (LS1) to 6.06 ± 0.36 at the toe-slope (LS5). The 26Al/10Be ratio in the stream sediment is 5.52 ± 0.19, approximately 

equivalent to the hillslope positions LS2-LS5, but significantly higher than the ratio measured at the summit (LS1) and in the 

floodplain (LS6). All samples plot further below the steady-state denudation line on an 26Al/10Be two-nuclide plot than can 

be accounted for by the shielding provided by the modern peat cover (Figure 2). Ratios below the steady-state denudation  

line are conventionally interpreted to result from deep burial and descent from the line along a decay trajectory. However,  

the geomorphic position of the study site on a hillslope near a local topographic maximum in a non-glaciated landscape  

precludes deep burial by sediment or ice during the Pleistocene. Instead, we suggest that the depressed 26Al/10Be ratios result 

from the average peat thickness across the exposure duration of the samples exceeding the modern thickness and apply the  

models described in section 3.5.

4.3 Modeling results 

The results of the inverse-model for the hillslope transect are given in Table 2 and Figure 3 and Figure 4. The  

median peat thicknesses (z2) exceed modern overburden thicknesses by 190-350 g cm-2 along the hillslope transect. This is 

equivalent to ca. 1.8 to 3.4 m of peat at a saturated peat density of 1.04 g cm-3 (assuming 90% porosity and a solids density of 

1.4 g cm-3; Lal and Shukla, 2004). Inferred peat thickness is greatest at LS3, on the hill’s shoulder, and least at LS4, where 

the hillslope is steepest. Denudation rates of the saprolite are low: a median rate of 0.32 tons km -2 yr-1 (equivalent to 0.12 m 

Myr-1 at a rock density of 2.6 g cm-3) was determined for the summit position (LS1) and median rates between 1.8 and 4.9 

tons km-2 yr-1 (0.69 and 1.9 m Myr-1) for the four downslope positions. Integration timescales of the signal range between 

0.72 and 1.8 Myr. The long integration timescales result from the slow denudation rates and the greater relative importance  

of muon-induced production under the peat layer (Table 2; Text S.2). Denudation rate and overburden thickness covary 

Type Elevation Latitude Longitude Depth to bottom
Sample ID m asl deg. deg. cm cm cm
LS1 Saprolite 627.9 50.494012 6.054318 80 175 200 569.6 ± 13.1 1,875 ± 56 3.29 ± 0.12
LS2 Saprolite 626.6 50.495054 6.05331 25 22 44 195.4 ± 6.1 1,126 ± 34 5.76 ± 0.25
LS3 Saprolite 620.6 50.496354 6.051803 90 101 127 149.8 ± 8.0 785.9 ± 27.9 5.25 ± 0.34
LS4 Saprolite 609.0 50.497526 6.050448 65 85 90 262.7 ± 4.5 1,543 ± 52 5.87 ± 0.22
LS5 Saprolite 598.0 50.498631 6.049175 135 130 150 145.3 ± 5.3 880.4 ± 41.3 6.06 ± 0.36
LS6 Floodplain 597.6 50.498891 6.048725 45 55 82.5 426.3 ± 6.5 1,595 ± 61 3.74 ± 0.16
LSR-1 Sediment 594.0 50.499078 6.047537 - - - 251.9 ± 4.6 1,390 ± 40 5.52 ± 0.19

Table 1. Sample data and cosmogenic nuclide concentrations 
Peat depth1 Depth to top2 [10Be] [26Al] 26Al/10Be

x103 atoms g-1 x103 atoms g-1

1 Mean peat depth of the 5 m surrounding the sampling point surveyed with ground-penetrating radar (Henrion et al., 2024). 
2 Top and bottom of sampled interval.
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negatively at LS2-LS5 (Figure S.2). Only the summit sample (LS1) clearly resolves a change in overburden thickness. The 

model for this sample indicates that overburden thickness increased at a median probability age of 1.0 Myr and a modal age  

of 0.93 Myr (Figure 5). The integration timescales of LS2-LS5 are insufficient to clearly capture this change. 

Modeling of the stream sediment sample (LSR-1) supports a thick long-term peat layer and slow denudation rate at  

the watershed scale (Figure 6). Inversion of the 26Al and 10Be concentrations using Eq. 6 gives a median catchment-average 

erosion rate of the saprolite of 0.64 tons km-2 yr-1 (equivalent to 0.49 m Myr-1 for a dry saprolite density of 1.3 g cm-3). The 

modeled median peat layer/saprolite quartz ratio is 4.1 x 10 -3 and mixed layer depth 490 g cm-2 (equivalent to 4.7 m of 

saturated peat). The floodplain sample (LS6) we interpret as a fluvial sediment deposit that has experienced post-burial  

production and decay and model this sample using Eq. 7. The erosion rate, quartz ratio, and mixed-layer thickness are  

essentially unconstrained, as is the burial age above 1 Ma (Table 2; Figure S.3) indicating that the problem, which requires 

inverting for 5 parameters from two measurements, is ill-posed.  Additional nuclides would be required to constrain the 

model. 

Figure 3: Study hillslope cross section with 10 vertical exaggeration with the five hillslope positions (LS1 to LS5). The black, solid 
line shows the elevation of the top of the saprolite surveyed with ground penetrating radar (Henrion et al., 2024). The light green  
line  shows the  elevation  of  the  modern  peat  surface.  The  cosmogenic  nuclide-based  estimate  of  peat  thickness,  interpolated  
between measurement points, is shown by the dark green line and the 90% confidence interval by the grey band. The dashed,  
black line shows the elevation and dip of the pre-Senonian surface (labeled paleo-surface).
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Figure  4:  Violin  plots  of  the  posterior  distributions  for  the  denudation  rate  of  the  saprolite  and the  overburden  thickness, 
measured from the top of the saprolite, inferred from the Markov Chain Monte Carlo inversion for the five hillslope positions  
(LS1 to LS5). Black dots show the medians of the probability distributions.
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Figure  5:  Joint-distribution  plot  showing  the  posterior  distribution  of  the  original  overburden  thickness  vs.  timing  of  the 
overburden thickening event resolved by the Markov Chain Monte Carlo inversion for LS1. The initial overburden thickness has  
been corrected by the overburden mass between the sample and the contact between the saprolite and peat, assuming a density of 
saturated saprolite of 1.8 g cm-3. The thickening event may correspond to the onset of peat cover. The black line shows the younger 
main terrace age at Romont reported by Rixhon et al. (2011), a temporal marker of Ardennes uplift (Section 6.3). 

Figure 6: Joint-distribution plots showing (A) the quartz ratio (saturated peat/saprolite) vs. the watershed-averaged saturated peat 
thickness (g cm-2) and (B) the saturated peat thickness vs. the erosion rate of the saprolite inferred from the Markov Chain Monte  
Carlo inversion of the stream sediment (LSR-1). 
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1Corrected for mass of overburden between the sample and the contact between the saprolite and peat, assuming a density of  
saturated saprolite of 1.8 g cm-3. 

5. Discussion 

5.1 Evaluating modeled hillslope denudation rates 

The modeled hillslope denudation rates are more than one order of magnitude below the global mean (Wittmann et  

al., 2020) and are similar to rates in extremely slowly denuding landscapes in the interior of Brazil (Shuster et al., 2012;  

Vasconcelos et al., 2019), Australia (Flatley et al., 2025; Struck et al., 2018), and South Africa (Richardson et al., 2025). Are 

such low rates consistent with independent evidence? The estimate of the watershed-averaged denudation rate from stream 

solute fluxes and regolith geochemistry is 7.2 tons km-2 yr-1 (2.8 m Myr-1) (section 4.1), which agrees in order of magnitude 

with the mean of the median probability rates for the five hillslope positions (2.7 tons km -2 yr-1 or 1.0 m Myr-1). However, the 

climate of northwestern Europe during glacial periods was drier than modern climate (Kjellström et al., 2010; Strandberg et 

al., 2011). When considering that discharge over the timescales of regolith production and erosion, including glacial periods,  

was  lower  than  modern  discharge  and  that  the  solute-flux  based  denudation  rate  is  therefore  an  upper  estimate,  the  

accordance between the two metrics may be even closer.  Similarly, the cosmogenic nuclide denudation rate is likely a 

minimum bound,  intermediate  between  the  true  denudation  rate  and  the  erosion  rate.  This  is  because  some chemical  

weathering occurs below the depth of the sample (Riebe and Granger, 2013). If the solutes generated by this weathering are  

eventually discharged into the stream through groundwater flow, the weathering missed by the cosmogenic nuclide signal  

will be recorded in the solute flux. Thus, the denudation rates inferred from the hillslope cosmogenic nuclide model and the  

solute fluxes and weathering intensity are in good agreement.   

The magnitude and spatial patterns in denudation that emerge from the cosmogenic nuclide model also align with 

the geomorphic interpretation of the site as spanning a transition from a relict surface into a slowly incising valley. The  

lowest denudation rate (0.32 tons km-2 yr-1, 0.12 m Myr-1) was obtained at the summit position (LS1), which is located within 

the mapped extent of the pre-Senonian surface (Demoulin et al., 2018). Preservation of supergene Mn-oxide minerals that 

yield Cretaceous K-Ar ages indicate that the down-wasting of this surface since the Cretaceous has been insufficient to  

ID Change (t -Myr) Averaging time 
Median Interquartile Interquartile Interquartile Median Interquartile Median Interquartile Myr

Hillslope - Eqn. 5
LS1 432 271-617 0.32 0.16-0.5 0.12 0.06-0.22 1.01 0.83-1.43 237 204-275 1.78
LS2 363 333-411 3.18 2.27-4.94 1.22 0.71-1.40 2.88 0.41-6.34 353 138-662 0.87
LS3 437 400-477 1.78 1.09-2.93 0.69 0.40-1.05 3.79 0.87-6.9 458 237-715 1.24
LS4 259 236-282 3.09 2.39-4.03 1.19 0.71-1.24 4.32 1.66-7.21 471 221-729 0.72
LS5 352 308-400 4.89 3.54-6.9 1.88 1.13-2.39 4.09 1.12-7.08 445 211-723 0.75
Stream - Eqn. 6 Quartz ratio (R)
LSR-1 489 425-578 0.64 0.3-1.05 0.0041 0.0024-0.0063
Floodplain - Eqn. 7 Quartz ratio (R)
LS6 454 198-710 5.30 3.04-7.43 0.56 0.33-0.77 436 429-456 5.30 2.92-7.27

Table 3. Best-fit parameter values from Markov Chain Monte Carlo (MCMC) inversion
Thickness (g cm-2)1 Denudation (D - t km-2 yr-1) (m Myr-1) Initial thickness (z1 - g cm-2)

Median (t km-2 yr-1) Median (m Ma-1)

Thickness (z - g cm-2) Erosion (Esap - t km-2 yr-1)

Thickness (z - g cm-2) Erosion (Esap - km-2 yr-1) Burial depth (zburial - g cm-2) Burial time (tburial – Myr)
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completely strip the Mesozoic weathering profile (Demoulin et al., 2010). Although the surface’s stability may be partly  

explained through burial by marine sedimentary cover for much of the Cenozoic, the denudation rate determined at the 

summit is consistent with minimal down-wasting during the Pleistocene. The downslope positions (LS2-LS5) have higher  

modeled denudation rates (3.2 tons km-2 yr-1, 1.2 m Myr-1), which supports the incision into the paleo-surface mapped in this 

area. This incision must have begun before Pleistocene uplift of the Ardennes, and represent an earlier stage of Neogene 

landscape evolution, because the Pleistocene knickzone on the Hoëgne is located downstream of the study area. 

5.2 Long-term hillslope peat thickness

Given the  low denudation  rates,  explaining  the  measured cosmogenic  nuclide  concentrations  requires  that  the 

samples experienced greater shielding by overburden, averaged over their exposure histories, than is provided by the modern 

peat layer (Figure 3 and Figure 4). Across the transect, the difference between modeled and measured overburden thickness  

ranges from 190-350 g cm-2. Might snow or loess cover explain this signal, rather than a thicker peat blanket? On the Hautes  

Fagnes plateau, current snow thickness rarely exceeds 1 meter (ca. 10 g cm -2 snow water equivalent). Even if maximum 

snow cover persisted for 3 months per year, mean annual snow shielding would amount to only 2.5 g cm -2, two orders of 

magnitude  lower  than  the  signal.  The  density  of  loess  greatly  exceeds  that  of  snow,  creating  the  potential  for  more 

substantial shielding. Accounting for the signal would require continuous cover of 1.1-2.0 m of loess over the integration 

timescale of the signal (assuming a saturated loess density of 1.8 g cm-3). In the central Belgian loess plain deposits exceed 

this depth (Haase et al., 2007), yet loess thicknesses diminish southwards towards the Ardennes (Rixhon et al., 2011) and, at  

present, no loess cover exists at the site (Lehmkuhl et al., 2021). Moreover, the peat layer contains a low ash (mineral)  

fraction, and the coarse stream sediment, which likely approximates watershed-averaged bedrock (section 4.1), has TiO 2/Zr 

ratios that are within the range of the saprolite’s ratios (Supplementary Data Tables; Moore, 2025), supporting that the 

saprolite originates from in situ weathering of bedrock. This implies that any loess cover deposited after the LGM must have 

been sufficiently thin to be completely removed by Holocene erosion. Therefore, it is unlikely that snow or loess cover 

accounts for the bulk of the missing time-averaged overburden. 

The Hautes Fagnes were under permafrost conditions at the LGM (Lindgren et al., 2016; Pissart et al., 2010), and 

presumably during earlier glacial maxima. During these periods, segregation ice was likely present at the site and may have 

contributed to the overburden thickness. For example, the lithalsa ramparts preserved in the Hautes Fagnes are evidence for 

ice lenses several meters thick (Pissart et al., 2010). Still, the local nature of these lenses makes them an unlikely source of 

the modeled signal, which is similar in magnitude across the hillslope. Furthermore, permafrost would have existed at the  

study site only near glacial maxima, limiting the time-averaged shielding effect. Thus, ground ice is also unlikely to fully 

account for the modeled overburden deficit.   

The peat depths required to explain the signal are consistent with the limits to peat thickness predicted by theory.  

Climate in Belgium is modeled to have been broadly conducive to peat formation over most of the last glacial cycle (Marine 

Isotope Stages 5-2), and thus likely for most of the period since the mid-Pleistocene transition (Figure S.5 in Treat et al.,  
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2019).  Over  sufficiently  long timescales  peat  thickness  tends towards  steady state,  where  inputs  of  organic  matter  are 

balanced by decomposition within the peat deposit (Clymo, 1984). The stability of peat is strongly controlled by the height  

of the water table, which is a function of net precipitation (P-ET) and the groundwater flow rate within the peat body. The 

latter depends on the hydraulic conductivity and head gradient. If peat is preserved in the long-term only below the water  

table,  then  a  bog’s  surface  topography  will  mimic  the  topography  of  the  water  table.  This  principle  underlies  the  

“groundwater-mound” model  of  bog morphology.  In this  model,  the  thickness  and surface taper  of  a  peat  bog over  a 

relatively impermeable substrate are explained by the need to accommodate a lateral water flux that increases with distance  

from the drainage divide, which requires a corresponding increase in the bog-surface (hydraulic head) gradient (Cobb et al.,  

2024; Ingram, 1982). The steady-state peat thickness at the center of a bog predicted by this model depends on the water  

balance, but is typically ca. 10 m. 

The modeled long-term overburden thicknesses correspond to reasonable steady-state peat depths at the study site. 

Peat thicknesses greater than 8.5 meters have been reported for raised bogs on plateau surfaces in the Hautes Fagnes (e.g.,  

Misten Bog; Allan et al., 2013). These bogs must be at or below the modern steady-state peat thickness on a flat surface for  

the  local  climate.  The  median long-term peat  thicknesses  inferred  from the  cosmogenic  nuclide  model  are  below this  

threshold, reaching a maximum of 4.2 m at LS3 and a minimum of 2.5 m at LS4, consistent with the expectation of thinner  

peat on sloping landscapes. These thicknesses are broadly comparable to values reported for undisturbed blanket peat on 

similarly low-gradient  slopes (< 3°)  under comparable climatic  conditions in,  for  example,  the Wicklow Mountains  of  

Ireland (Holden and Connolly,  2011).  Additionally,  the “groundwater  mound” model requires that  horizontal  discharge 

increases linearly downslope from the drainage divide to accommodate water inputs across the bog’s surface. The horizontal 

flux of water (Q) through a peat layer can be described using the Dupuit-Forchheimer approximation to Darcy’s law (Belyea 

and Baird, 2006). In its simplest form, this gives Q = kDΔh, where k is hydraulic conductivity, D is peat thickness, and h is 

the hydraulic head (or surface) gradient. For spatially homogeneous hydraulic conductivity and net precipitation, the product  

of peat depth and the head/surface gradient must increase linearly downslope to accommodate the increasing discharge  

(Ingram, 1982). The product of the overburden thickness and surface gradient inferred from the cosmogenic nuclide model  

follows this trend (Figure S.4), indicating that the modeled long-term overburden thicknesses meet the physical constraints 

of a steady-state peatland. 

The typical climate in northwestern Europe over the averaging timescale of the cosmogenic nuclide signal was 

colder and drier than the modern climate. How would cooler and drier conditions impact steady-state peat thickness? For 

example, modeling of European climate during a representative Marine Isotope Stage 3 stadial at 44 ka indicates that annual  

precipitation was ca. 25-30% lower and MAT ca. 5 °C lower than at present  (Kjellström et al.,  2010). If these relative 

differences are applicable at the scale of the Hautes Fagnes, then MAT was ca. 1.7 °C and MAP ca. 1050 mm yr -1. This 

places the site near the high-precipitation end of the distribution of peatlands in modern precipitation-temperature space 

(Cobb et al., 2024), and slightly above the temperature threshold for permafrost formation (MAT < 0 °C). Moreover, because 

ET at 44 ka would have been lower than modern ET (ca. 500 mm yr -1, section 4.1) due to lower MAT, the precipitation to 
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ET ratio would have exceeded 2.1, which is believed to be the threshold for blanket peat formation (Gallego-Sala and  

Prentice, 2013). In the “groundwater-mound” model, the steady-state peat thickness at the center of a bog is proportional to 

the square root of net precipitation (Ingram, 1982). Thus, a <40% reduction in net precipitation (>550 mm yr -1 vs. 918 mm 

yr-1) during permafrost-free stadials would reduce the peat thickness by only ca. 20% at the drainage divide. During even 

colder phases (e.g., the LGM) the site would have been under permafrost conditions. Under permafrost, peat stability ceases 

to be controlled by saturation and is instead maintained by low temperatures. This enables preservation of thick organic  

layers even under low precipitation rates. For example, in modern high-latitude permafrost, peat may extend to depths of  

greater than 3 m (Hugelius et al., 2013). 

We suggest  that  the  difference  between  the  overburden  thickness  inferred  from cosmogenic  nuclides  and  the  

modern peat thicknesses measured by ground penetrating radar mostly reflects anthropogenic disturbance. The land use 

history of the Hautes Fagnes is well-documented in the historical and palynological records. Although cereal pollen is first  

detected in  the  Neolithic,  evidence for  human activity  rises markedly in  the  High Middle Ages (the 13 th century)  and 

significant exploitation of the Hautes Fagnes peatlands began at this time (De Vleeschouwer et al., 2012). For example, 

extensive mowing and raking of  litter  and sphagnum for animal  fodder and bedding,  livestock grazing,  slash-and-burn 

cultivation of rye on peat soils, and peat wildfires are documented in historical records and peat cores (Damblon, 1996; 

Froment, 1968). The net effect of these practices would have been to reduce the supply of fresh organic matter and shift the  

system to a negative mass balance, wherein peat decomposition exceeds litter inputs. The rate of anaerobic decay occurring 

below the water table is proportional to peat mass and a decay constant on the order of magnitude of 10 -4 yr-1 (Clymo, 1984). 

For a peat layer with a thickness of 400 cm, this suggests loss of ca. 30 cm in 800 years, if the supply of fresh litter is  

shutoff.  Peat extraction for fuel is also recorded in historical documents since the 16 th century (Paulissen et al.,  2021). 

Annual peat extraction from the Hautes Fagnes at the beginning of the 19 th century is recorded as nearly 200,000 cubic 

meters (Froment, 1968). As an illustrative calculation, if this rate of extraction was maintained from the beginning of the 16 th 

to the end of the 19th century and distributed evenly across the 15,000 hectares of peatland documented on the Hautes Fagnes 

plateau in the late 18th century (Froment, 1968), this would amount to 50 cm of peat loss. Because extraction likely targeted  

thick and accessible deposits, local losses could be significantly larger. Although no peat-cutting scars are evident in the  

study transect, it is possible that these were destroyed during drainage and afforestation in the early 20 th century, which 

indisputably accelerated peat degradation. Peat subsidence rates in blanket and raised bogs after drainage and afforestation 

reported in the literature range from ca. 1 to 2 cm yr -1 (Adetsu et al., 2024; Oleszczuk et al., 2021; Shotbolt et al., 1998). If a 

similar  rate  were  sustained since the early 20th century  across  the  study transect,  then this  implies  1-2  meters  of  peat 

subsidence. Thus, the combined effects of drainage, peat cutting, and other land-use practices may have driven >2 meters of  

peat loss. This likely explains most of the discrepancy between the modern measured and modeled long-term overburden  

thicknesses. 
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5.3 Onset of peat cover 

The inverse-model for the summit position (LS1) indicates that this sample captures a secular thickening in the  

overburden. The greatest probability density for the timing of this change is between 1.4 Myr and 0.8 Myr (inter-quartile  

range), with a median of 1.0, a mode of 0.93 Myr (Table 2; Figure 5). This may represent the initial development of a thick  

peat  blanket at  the study site.  Interestingly,  the timing of this  event corresponds closely to the uplift  of the Ardennes. 

Pleistocene uplift of the Ardennes is recorded by the fluvial terraces of the Meuse River. Abandonment of the East Meuse  

valley and an increase in Meuse terrace gravel content indicate that gradual uplift began in the early Pleistocene (da Silva 

Guimaraes et al., 2024). An age of 0.73 ± 0.12 Myr for incision into a prominent terrace at mid-elevation in the Meuse 

valley, known as the Younger main terrace, has been determined using 26Al/10Be depth-profile dating (Rixhon et al., 2011). 

However, since publication of this work production rates have been revised downwards (Balco, 2017; Borchers et al., 2016),  

so this age should be treated as a minimum estimate. Incision into the Younger main terrace is believed to be a transient  

response to a pulse of tectonic uplift of the Ardennes massif. This uplift pulse, combined with the subsequent isostatic  

response to erosional unloading, has amounted to ca. 100 m of total uplift in the vicinity of the Hautes Fagnes plateau 

(Demoulin and Hallot, 2009). The summit position (LS1) is presently at an elevation of 630 m above sea level and thus was 

at ca. 530 m immediately before the uplift pulse. Today, the cool, moist climate of the study area, which is conducive to peat  

accumulation, is a result of moist air from the Atlantic rising over the Hautes Fagnes plateau and the resulting orographic  

precipitation,  persistent  cloudiness,  and  low ET.  These  orographic  effects  become pronounced above  ca.  500  m.  This  

indicates that the site may have reached sufficient elevation for peat accumulation shortly preceding or during the uplift  

pulse recorded by the Younger main terrace. The modeled timing of the overburden thickening event is in good agreement  

with this interpretation. Although for simplicity the <10% increase in spallation production rates associated 100 m of uplift  

has  not  been  incorporated  into  the  model,  considering  this  change  would  only  modestly  lower  the  initial  overburden  

thickness estimate and not significantly impact the remaining parameters.  

5.4 Stream and floodplain sediment

The inversion  of  the  stream sediment  nuclide  concentrations  broadly  supports  the  inferences  drawn from the 

hillslope samples. Converting the median probability catchment-averaged erosion rate of the saprolite (0.64 tons km -2 yr-1) to 

a denudation rate using the mean CDFSi on the study hillslope as an approximation of catchment-average bulk weathering 

intensity gives a denudation rate of 1.5 tons km-2 yr-1 (0.57 m Myr-1). This is intermediate between the denudation rate 

obtained at the summit position (0.32 tons km-2 yr-1 / 0.12 m Myr-1) and the mean of the downslope positions (3.2 tons km -2 

yr-1 / 1.2 m Myr-1) and is of the same order of magnitude as the solute-flux based denudation rate (7.2 tons km -2 yr-1 / 2.8 m 

Myr-1).  The median probability catchment-averaged peat  thickness is  490 g cm -2 (4.7 m), greater than the mean of the 

modeled thicknesses along the hillslope of 370 g cm -2 (3.6 m) and consistent with thicker peat on the low-relief surface in the 
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headwaters of the catchment (Figure 1). The median quartz concentration ratio between the saturated peat layer and saprolite 

is low (4.1 x 10-3), which is expected for ombrotrophic peats with minimal input of mineral material from below. 

Nevertheless, there are several limits to inferring catchment-scale process rates from detrital sediment at the study 

site that may complicate the sediment model. Notably, the site violates the assumption that radioactive decay is negligible  

and that the nuclide concentration is a simple, inverse function of the denudation rate, which is required for basin averaging  

(Granger et al., 1996). Furthermore, the depressed 26Al/10Be ratio in the floodplain sediments indicates that storage times, at 

least locally, may be >1 Myr (Figure S.3). Remobilization of floodplain sediments that experienced significant radioactive  

decay during storage has the potential to bias the results towards rates that are too low. Despite the potential for these biases,  

the results broadly caution against inferring catchment-scale geomorphic process rates in peatland environments from the 

concentration  of  a  single  cosmogenic  nuclide  in  fluvial  sediment.  At  the  study  site,  simple  interpretation  of  the  10Be 

concentration in  the  stream sediment  as  a  denudation  rate  gives  43.5  tons  km -2 yr-1 (ca.  16.7  m Myr-1),  which would 

overestimate the landscape lowering rate by an order of magnitude.    

6 Conclusions 

To investigate long-term peat  thickness and landscape evolution, we examined  26Al and  10Be concentrations in 

quartz from saprolite underlying a peat-mantled hillslope and from stream sediment in the Hautes Fagnes of the Belgian  

Ardennes. Measured 26Al/10Be ratios are below those expected for steady-state denudation under the modern peat cover. This 

is evidence of thicker peat in the past. Inverse-modeling of the cosmogenic nuclide concentrations indicates that median 

probability overburden thicknesses over the last several glacial cycles exceed modern thicknesses by 190 to 350 g cm -2 (ca. 

1.8-3.4 m of peat).  We suggest that peat degradation due to human land use since the medieval period, and especially  

drainage and afforestation during the 20th century, are the primary sources of this discrepancy. The modeled denudation rates 

show that the study site is experiencing a transient wave of incision into a stable, low-relief surface, but that incision rates  

since the mid-Pleistocene remain low. Low rates are consistent with qualitative geomorphological interpretations, K-Ar  

weathering-profile  geochronology,  and a catchment-averaged denudation rate  inferred independently from stream-solute 

mass balance. Significantly, modeled denudation rates on both the hillslope and catchment scale are an order of magnitude 

lower than would be inferred from 10Be concentrations alone, assuming that the modern peat cover represents the long-term, 

steady state overburden thickness. Finally, the inverse-modeling indicates that an overburden-thickening event occurred with 

peak probability density between 1.4 and 0.8 Ma. We attribute this to the onset of peat cover at the study site, which was  

likely associated with contemporaneous Ardennes uplift and local climate cooling and humidification. 

This work demonstrates the potential for paired cosmogenic nuclides to constrain peat thickness averaged over 

multiple glacial-interglacial cycles. Key to this analysis, is that the process rates in the landscape are sufficiently slow for  

differential radioactive decay between 26Al and 10Be to be important (<10 tons km-2 yr-1). Thus, this approach may be suitable 

for studying long-term peat thickness in other slowly denuding landscapes that were not affected by Pleistocene glaciation  
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(e.g., the moorlands of southwestern Britain), or tropical peatlands in slowly eroding, cratonic environments (e.g., Amazonia  

or the Congo).  In situ  14C paired with  10Be represents an especially promising direction for future studies of peatlands 

because the short half-life of 14C should allow long-term peat thicknesses to be resolved where process rates are faster and 

potentially in formerly glaciated landscapes. 
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