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Abstract The origins and Pleistocene evolution of plateau landscapes along passive continental margins
of the North Atlantic have been debated for more than a century. A key question in this debate concerns
whether glacial and periglacial surface processes have substantially eroded plateau areas during late
Cenozoic climatic cooling or whether the plateaus have mainly been protected from erosion by cold-based
and largely nonerosive ice sheets. Here we investigate the Pleistocene evolution of a prominent plateau
landscape in Reinheimen National Park, southern Norway. We estimate erosion rates across the plateau via
inverse modeling of 141 new cosmogenic 10Be and 26Al measurements in regolith profiles and bedrock. We
combine these results with sedimentological analyses of the regolith. In the vicinity of Reinheimen’s
regolith-covered summits, the combination of uniformly slow erosion (<10 m/Myr) and near-parabolic slope
geometry suggests long-term equilibrium with the presently active periglacial mass-wasting processes.
Outside summit areas, erosion is faster (up to >50 m/Myr), possibly due to episodic glacial erosion. Despite
some indications of chemical alteration, such as grusic saprolite and small amounts of secondary minerals,
the fine regolith comprises low clay/silt ratios and is dominated by primary minerals with no sign of
dissolution. Together with our modeled erosion rates, this indicates that the regolith cover formed, and
continues to develop, during the cold climate of the Late Pleistocene.

Plain Language Summary Plateaus dissected by steep-sided valleys and fjords are common
landscape elements within the mountains bordering the North Atlantic. Most of these plateaus have likely
experienced millions of years of near-freezing temperatures and were repeatedly covered by ice sheets
during recent glacial periods. Yet the imprint of cold-climate erosion processes on the plateau landscape
evolution remains poorly understood. Here we investigate the Pleistocene evolution of an extensive
Scandinavian plateau landscape in Reinheimen National Park, southern Norway. We measure cosmogenic
nuclides within the surficial layers of rock and sediment on the plateau. The concentration of these
cosmogenic nuclides reflects the erosion of the plateau landscape and thereby the impact of recent
cold-climate surface processes. We find that erosion has influenced the plateaus within the latest glacial
cycles. In the vicinity of the highest, sediment-clad summits, the plateau shape is determined by processes
related to freezing and thawing of rocks and sediment, while the influence of erosion by glaciers and streams
increases further downslope.

1. Introduction

The genesis of low relief at high elevations is disputed globally (e.g., Calvet et al., 2015; Whipple et al., 2017;
Widdowson, 1997; Yang et al., 2015), especially along the passive continental margins of the North Atlantic,
where widespread plateaus are deeply dissected by glacial troughs and fjords (e.g., Andersen et al., 2018;
Briner et al., 2006; Lidmar-Bergström et al., 2000; Nielsen et al., 2009). A key element in the debate concerns
the degree to which glacial and periglacial processes, invigorated by late Cenozoic cooling, have conditioned
present-day plateau morphology (Berthling & Etzelmüller, 2011; Egholm et al., 2015).

On one hand, several lines of observation indicate that the plateaus have experienced only limited glacial
erosion: (1) the plateaus commonly host well-developed blockfields with tors and weathering pits, indicative
of long-term subaerial weathering (Marquette et al., 2004; Rea et al., 1996; Stroeven et al., 2002); (2) many pla-
teaus contain high abundances of in situ produced cosmogenic 10Be and 26Al and sometimes also low
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26Al/10Be ratios, pointing to overall slow erosion and long periods of shielding by nonerosive ice (Briner et al.,
2006; Staiger et al., 2005; Stroeven et al., 2002); (3) some regolith mantles contain secondary minerals such as
gibbsite and kaolinite, which have been attributed to weathering under a warm humid climate (Marquette
et al., 2004; Rea et al., 1996; Strømsøe & Paasche, 2011); and (4) it is often argued that the low relief of the
plateaus fits the concept of glaciers as agents of selective erosion that tend to preserve topography
between glacial troughs (Hall et al., 2013; Sugden 1968).

On the other hand, computational experiments demonstrate that both glacial (Egholm et al., 2017) and peri-
glacial (Anderson, 2002; Egholm et al., 2015) erosion promotes plateau formation on Pliocene-Pleistocene
timescales. These studies suggest that rates of plateau erosion gradually decelerate as glacial trough devel-
opment cause more ice to go through valleys and less ice to go over plateaus. The erosional deceleration is
further enhanced by erosional unloading and isostatic uplift that promote frozen-bed conditions on the pla-
teaus (Egholm et al., 2017; Kessler et al., 2008). A recent study (Andersen et al., 2018) shows that plateaus
along Sognefjorden in southern Norway may have eroded substantially during recent glaciations, thus ques-
tioning the presumed link between low-relief morphology and lack of Pleistocene glacial modification.
Finally, recent work shows that small amounts of secondary minerals can form in regolith under cold condi-
tions given the existence of favorable hydrological microsystems (Goodfellow, 2012; Goodfellow et al., 2014;
Meunier et al., 2007). Hence, the presence of secondary minerals in a mixture dominated by primary minerals
is not a decisive indicator of weathering under warm climates. Together, these findings question the link
between plateau morphology and absence of cold-climate erosion processes.

Here we address this question by studying a regolith-covered plateau landscape in southern Norway. Our aim
is to constrain rates of erosion and regolith mixing in the landscape, as well as to assess the degree of che-
mical weathering of surface materials. We estimate variations in erosion rates across the landscape via an
intensive sampling scheme coupled with inverse modeling of in situ produced cosmogenic 10Be and 26Al
abundances measured in surface samples from bedrock surfaces and regolith depth profiles. Cosmogenic
nuclides are produced by the interaction of secondary cosmic rays with minerals in the upper few meters
of Earth’s surface (Gosse & Phillips, 2001). Because nuclide production declines exponentially with depth,
their abundances reflect the erosion of the land surface, the exposure/burial history, and the mixing within
regolith (Foster et al., 2015; Jungers et al., 2009; Small et al., 1999; Struck et al., 2018). We combine this infor-
mation from cosmogenic nuclides with detailed sedimentological analyses of the regolith via X-ray diffrac-
tion, X-ray fluorescence, inductively coupled plasma mass spectrometry (ICP-MS), scanning electron
microscopy, and particle size measurements. We also integrate geomorphological mapping and topographi-
cal analysis to evaluate the representativeness of our findings.

Based on our results, we assess the relation between erosion rates, regolith mixing, and degree of chemical
weathering of near-surface (uppermost 2–3 m) regolith and reflect upon the links between landforms, sur-
face processes, and rates of erosion.

2. Field Area

Our study area is situated in the eastern part of Reinheimen National Park, south central Norway (Figure 1).
Reinheimen contains some of the most extensive, low-relief, regolith-mantled plateaus in Scandinavia, and
the area is consequently highlighted as a prime example of Scandinavian landscapes that predate the incep-
tion of glaciation (Bonow et al., 2003; Hall et al., 2013). We note that, although we use the term “plateau” to
describe this landscape throughout this manuscript, the plateau area is not flat but includes several hundred
meters of internal relief. However, the gently undulating shape of the regolith-covered interfluves in
Reinheimen stands in stark contrast to the steep-sided valleys surrounding and incising the plateau land-
scape. The Reinheimen plateaus are bounded by two major glacial valleys: Ottadalen in the south and
Gudbrandsdalen in the north. Both valleys are approximately 1–1.5 km deep (from plateau surface to valley
bottom). Precambrian granitic to dioritic gneisses (1.7–0.9 Gyr) are predominant, and a contact to the much
younger nappes of the Caledonian orogeny (~435 Myr) consisting of metasedimentary rocks of Cambrian to
Silurian age (Sigmond, 1992) coincides with a major step in topography (Figure 2). Mean precipitation is
~750–1,000 mm/year, mean annual temperature is around �5 °C on summits (annual data 1961–1990,
Norwegian Meteorological Institute), and permafrost is continuous above ~1,500–1,550 m above sea level
(a.s.l.; Etzelmüller et al., 1998; Gisnås et al., 2017).
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3. Methods
3.1. Sampling Strategy

To assess the variation in erosion rates across landforms in Reinheimen, and to constrain the timing of the last
deglaciation of the area, we sampled regolith-covered slopes, bedrock outcrops, blockfields, glacial erratics,
and stream sediment for cosmogenic nuclide analysis. Five pits were hand-dug into the regolith along the
gentle slope of a smooth convex summit at elevations of 1,540 to 1,766m a.s.l. (Figure 1 and supporting infor-
mation Figure S1). The pits were spaced at varying distances from the apex across a gradient in periglacial-
sorting intensity (Figure 3). Maximum pit depths (70–150 cm) were limited either by the local groundwater

Figure 1. Reinheimen topography and sample locations. (a) Topographic map with sample locations; 100-m contour interval (box shows area of c). (b) Generalized
topography showing the effects of glacial incision on the passive continental margin of southern Norway; 50-m digital elevation model (box shows area of a). (c)
Detailed topography around central study area, showing smooth convex summits and our transect of depth profiles in regolith (pits 1–5); 50-m contour interval.
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table or by large immovable slabs of rock. No pits extended to unweathered bedrock. From each pit, three to
six sediment samples were collected at ~20-cm vertical intervals, yielding 22 samples for in situ 10Be and 26Al
analysis (see section 3.4); subsamples were analyzed for sediment composition and weathering
characteristics as described below (section 3.3).

In addition to pit samples, we analyzed 40 bedrock samples, 4 blockfield boulder samples, 2 glacial boulder
erratic samples, and 4 stream sediment samples (Figure 1 and supporting information Figure S2). Bedrock
was sampled at elevations of ~1,050 to 1,900 m a.s.l., spanning a ~20 × 20-km area of the Reinheimen plateau
landscape. All major summits were examined for bedrock outcrops in the field. On a few summits without
suitable bedrock outcrops, we sampled large blocks composing the blockfields (n = 4), which we assumed
to be products of in situ weathering. Bedrock samples obtained outside summit areas stemmostly from topo-
graphic saddles, where bedrock is typically exposed. In all cases, we aimed for locally horizontal surfaces with
minimal topographic shielding. The sampled erratics were of a distinctly different lithology, size, and shape,

Figure 2. Lithological map and transects. (a) Lithological map; 100-m contour interval (heavy black line indicates transect in b). amp = amphibolite; ss = sandstone;
gn = gneiss; gran = granitic; migm = magmatic. Bedrock map in 1:250.000 downloaded from www.ngu.no. Lithological information shown here derives from
mapping at different scales and across different map sheets; hence, some of the boundaries are uncertain. (b) Transect of surface lithology showing the relationship
with topography. (c) Valley longitudinal profiles of Skjervedalen and Finndalen with surface lithology; the pronounced knickzone is marked KZ. Thickness of litho-
logical units in (b) and (c) is for visibility only.

Figure 3. Geomorphological map and transects. (a) Geomorphological map of the study area interpreted from aerial photographs (ground sampling distance 0.25m,
source: norgeibilder.no). (b and c) Summit transects (locations indicated in a) showing typical relationships between surface geomorphology, location, and slope.
Parabolas fitted to summit morphology (±200 m from apex along transect) are indicated by dashed blue lines. Arrows in (b) indicate the location and distance of pit
profiles from this transect. Thickness of the geomorphological units in (b) and (c) is for visibility only.
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compared to the locally derived blocks, and we selected only those >1 m high to minimize snow shielding.
Stream channel sediments, collected from small ponds in the active channel, were sieved in the field to sepa-
rate the 250- to 500-μm fraction.

3.2. Mapping of Surface Geomorphology

To set our sample locations into context of the overall plateau morphology, we mapped the spatial distribu-
tion and attributes of the regolith (indicators of solifluction, sorting, etc.), meltwater channels, and large
boulder erratics, using orthorectified aerial photographs (ground sampling distance 0.25 m; source: norgei-
bilder.no) through on-screen digitization using GIS software and cross-checked with field observations and
geotagged field photographs (Figure 3). The degree of periglacial sorting, including orientation of sorted
stone stripes and solifluction lobes, was evaluated, and areas with bare bedrock or lakes were identified.
The spatial resolution of the aerial photographs allowed for identification of objects, for example, erratics,
as small as approximately 1 m, and precise delineation of linear objects and boundaries between
surficial units.

3.3. Sedimentological Analyses

To assess the degree of chemical weathering of surface materials, we augmented our cosmogenic analyses
with detailed sedimentological analyses of the regolith. We determined the grain size distribution of the fine
matrix (<2 mm) for all depth profile samples using laser diffraction, with a Sympatec HELOS system at Aarhus
University. We identified clay mineral species using X-ray diffractograms from (i) untreated, (ii) ethylglyco-
lated, and (iii) heated (550 °C) clay fractions, as well as from bulk samples using a PANalytical X’pert Pro
MPD X-ray diffractometer at Aarhus University. Mineral species were qualitatively identified using the princi-
ples outlined in Moore and Reynolds (1997). The geochemical bulk composition of the sediments plus the
composition of two to three clasts from every depth profile were determined by X-ray fluorescence (for oxi-
des) and lithium borate fusion ICP-MS (for trace elements), analyzed commercially at ALS Minerals in Malå,
Sweden. Finally, we examined all samples from the depth profiles, using a scanning electron microscope
(SEM) at the Geological Survey of Norway, Trondheim. The SEM samples were untreated and investigated
at a relatively low magnification, allowing for basic investigation of grain morphology and semiquantitative
element analysis only.

3.4. 10Be and 26Al Nuclides

Quartz separation as well as Be and Al element extraction were conducted at Aarhus University following
standard procedures (Child et al., 2000; Kohl & Nishiizumi, 1992). 10Be/9Be and 26Al/27Al isotopic ratios were
analyzed at the Aarhus AMS Centre (Heinemeier et al., 2015; see supporting information Tables S1 and S2)
and normalized to ICN standard 01–5-4 (10Be/9Be ratio 2.851 × 10�12, Nishiizumi et al., 2007) and 01–4-3
(26Al/27Al ratio 10.65 × 10�12, Nishiizumi, 2004), respectively. The average processing blank ratio was
3.6 ± 2.3 · 10�15 (1 SD, n = 9) for Be, and 3.9 ± 4.2 · 10�15 (1 SD, n = 9) for Al. Following each batch of 10Be
and 26Al samples, we subtracted the ratio of the processing blank from the sample ratios and propagated
uncertainties, including the balance error (supporting information Table S2). Blank corrections were insignif-
icant for both 26Al (0.1–1.0%) and 10Be (0.1–3.2%). The total Al content (native + carrier) determined by either
ICP-optical emission spectrometry (OES) at the University of Bergen or by ICP-MS at Aarhus University, was
used to calculate the 26Al concentration. On the ICP-OES, we assessed the accuracy of the total Al determina-
tion by performing repeat measurements of an independent multielement ICP standard, with Al results typi-
cally falling within a few percent of the certified value. The actual versus expected Al content in the
processing blank samples yielded an average of 103% ± 1.4% (n = 7), while the parallel measurement of
Be in both blanks and samples showed an average of 98.7% ± 3.1% (n = 64) of the expected content. For
the samples measured on ICP-MS, we have no independent quality control of the ICP measurements.
However, the actual versus expected Al content in the processing blank samples yielded an average of
94.2% ± 3.8% (n = 3), while the parallel measurement of Be in blanks and samples yielded an average of
93.5% ± 5.3% (n = 18) of the expected content. Based on the yield of the associated processing blanks, we
corrected the total Al of samples measured on ICP-MS and increased the error on the total Al determination
to 5% in order to account for the uncertainty associated with this correction. We note that these corrections
do not influence our conclusions because the 26Al/10Be ratios associated with samples analyzed on ICP-MS
(n = 15) compare well with the population of samples measured on ICP-OES (n = 52).

10.1029/2018JF004670Journal of Geophysical Research: Earth Surface

ANDERSEN ET AL. 3374



Production rates and apparent exposure ages were calculated using the calculators formerly known as the
CRONUS-Earth online calculators, source code version 2.3, constants version 2.3 (hess.ess.washington.edu;
Balco et al., 2008). We used a global calibration of the spallation production rates (Borchers et al., 2016)
and the Lal-Stone time-independent scaling scheme (Lal, 1991; Stone, 2000). For stream samples, the
shielding-corrected, catchment-averaged production rate was used to compute the apparent-age estimate
(Codilean, 2006). For regolith samples, the apparent-age estimate was based on surface production rates
assuming fully mixed profiles (pits 3–5) and in the absence of vertical mixing we applied production rates
at the sample depth (Granger & Riebe, 2003).

3.5. Inverse Modeling of Long-Term Erosion Rates

Apparent exposure ages are useful indicators of whether glacial erosion during the last glacial period was suf-
ficient to remove cosmogenic-nuclide inventories from previous periods of exposure. They cannot, however,
be directly translated into quantitative estimates of erosion and may be susceptible to interpretation bias if
the multiple ice cover and erosion histories that may lead to the same cosmogenic-nuclide inventories are
not properly investigated (Knudsen & Egholm, 2018). We used a Markov chain Monte Carlo (MCMC) model
to map the range of erosion and ice cover histories associated with each sample (Knudsen et al., 2015).
The MCMC model relies on the following balance equation for nuclide abundance N(z, t) at depth z below
the surface and time t before present:

∂N z; tð Þ
∂t

¼ P z; tð Þ � λN z; tð Þ þ er tð Þ ∂N z; tð Þ
∂z

þ ∂
∂z

m zð Þ ∂N z; tð Þ
∂z

� �� �
(1)

where λ is the nuclide decay constant, er(t) is the rate of erosion, and

P z; tð Þ ¼ Pspal tð Þe�
zρ

Λspal þ Pfm tð Þe�
zρ

Λfm þ Pnm tð Þe�zρ=Λnm (2)

is the nuclide production rate due to spallation (spal), fast muons (fm), and negative muons (nm). The actual
production rate varied through time between full exposure during ice-free periods and zero exposure due to
burial under ice during ice-covered periods. We used a stacked benthic δ18O record (Lisiecki & Raymo, 2005)
in combination with a glaciation threshold, δ18Og (as a free parameter), to simulate the exposure/burial his-
tory. For interglacial periods (δ18O < δ18Og), we assumed zero shielding due to overlying ice, whereas glacial
periods (δ18O > δ18Og) are characterized by 100% shielding by ice and therefore zero production of cosmo-
genic nuclides. The final term on the right-hand side of equation (1) accounts for diffusive vertical mixing of
materials, with m(z) being the mixing diffusivity. This term is only relevant for the pit samples, where mixing
of sediment has clearly occurred over time. Similar to Anderson (2002), we assume that the mixing diffusivity
decays exponentially with depth due to a decreasing influence of frost heave:

m zð Þ ¼ m0e
�z=zm (3)

wherem0 is the mixing diffusivity at the surface and zm is a characteristic mixing depth (supporting informa-
tion Table S4). We allowed the erosion rate to vary smoothly—but nonlinearly—through time between two
rates: (i) the initial rate, einir , at the beginning of the Quaternary (t = Tini) and (ii) the final rate, eendr , at t = 0:

er tð Þ ¼ einir þ eendr � einir

� � T ini � t
T ini

� �p

(4)

This simple erosion model does not distinguish rates associated with different erosion processes (e.g., glacial
or periglacial erosion), but it allows erosion to accelerate or decelerate through time in the different model
simulations, for example, in response to more intense glaciation.

For each bedrock sample, we invert for four of the above parameters: (1) initial (t = 2.7 Ma) erosion rate,

einir ; (2) final (t = 0 Ma) erosion rate, eendr ; (3) erosion rate exponent, p; and (4) glaciation threshold, δ18Og.
We time-integrated equation (4) using a Lagrangian approach where the position of the sampled bedrock
material is tracked and its nuclide abundance integrated through time on its way to the surface. The third
term in equation (1) then vanishes, because the measuring point follows the sample and material
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advection through the measuring point is hence 0. Instead, erosion acts to change the position of the
measuring point through time:

∂z
∂t

¼ �er tð Þ

We also neglected the fourth term in equation (1) for the bedrock samples, because bedrock materials
do not mix. The inverse-modeling approach relied on four MCMC random walkers, each including
10,000 accepted models, and an acceptance ratio of 0.4, to ensure a thorough search of the
model space.

For the pits, we modeled the mixing diffusivity, m0, in addition to the four parameters described above, but
here we used a Eulerian approach in combination with the one-dimensional finite-element method to model
nuclide abundances at fixed depths through time. We used a one-dimensional grid of 100 nodal points to
cover a 25-m-deep profile. The distance between nodes was irregular, increasing from 1 cm at the surface

to 1 m at the bottom. With the Eulerian approach, the depths (z) to nodal points are fixed in time (∂z∂t ¼ 0Þ,
and the third term in equation (1) represents the effects of erosion due to advection of material through
the grid. The Eulerian approach furthermore allowed us to account for material mixing via the last term in
equation (1). The inverse modeling of depth profile concentrations used eight MCMC random walkers, each
including 1,000 accepted models.

4. Results
4.1. Geomorphological Mapping

Most summits in Reinheimen are smoothly rounded and near parabolic in shape and capped by regolith with
periglacially sorted stone circles grading downslope into sorted stripes and solifluction lobes (Figure 3). Signs
of periglacial sorting are ubiquitous, although the sorting often becomesmore diffuse and patchy downslope
from summits, where the cover is frequently interrupted by active-layer detachment flows or evidence of gla-
cial plucking. Exposure of bedrock is common at topographic saddles and in small hollows developed at the
head of first-order valleys. Bedrock is also exposed at some summits, althoughmost are fully covered by rego-
lith. The degree of bedrock exposure increases markedly away from the highest, central part of the plateau,
with large (kilometer-scale) areas exposed to the south, east, and west (Figure 3).

4.2. Sedimentological Variations Within and Between Depth Profiles

Amixture of grain sizes from clay to boulders characterizes all depth profiles. Boulders and cobbles are mostly
subangular to subrounded, often with a tabular shape corresponding to the gneissic bedrock. Gneissic lithol-
ogies predominate, although some dark, metasedimentary clasts are found in pits 3 and 4. The gneissic clasts
are of similar lithology within pits 3–5, whereas pit 1 displays a large variation in gneissic lithologies. The pro-
files are relatively homogeneous stratigraphically with the exception of pit 2, which shows a clear transition to
saprolite (i.e., in situ weathered bedrock) at ~60-cm depth. Within the saprolite, no particles exceed a few cen-
timeters in diameter.

The clay content in the profiles varies between 1.7% and 7.1% of the finematrix (<2-mm fraction), while total
silt plus clay varies between 25% and 49% (supporting information Table S5 and Figure S3). In general, silt
fractions are most abundant in pits 1, 3, and 4, while pits 2 and 5 are sand dominated (aside from the two
samples above 60 cm in pit 2). The clay/silt ratio of all samples lies distinctly within the periglacial domain
defined by Goodfellow (2012; Figure 4b).

The clay fractions consist mainly of primary minerals and, to some degree, mixed-layer clay minerals (sup-
porting information Table S5). The exception is pit 2, where notable amounts of smectite and possibly minor
amounts of kaolinite are present within the saprolite (Figure 4c). Principal component analysis of the log-
transformed oxide concentrations (Figure 4a and supporting information Table S6) shows that intrapit varia-
tion in geochemical composition is generally less than variations across the full sample population. However,
the compositions of the two uppermost samples in pit 2 vary from the composition of the saprolite below.
Clasts analyzed from each profile generally have more extreme principal component scores than the finer-
grained sediments, except for pit 5 in which the principal component scores of clasts and sediment matrix
are almost identical. The gneissic clasts of pits 3 and 4 are similar in composition to a nearby gneissic
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surface boulder, and the geochemical composition of the sediment falls between these gneisses and the
composition of a dark, metasedimentary clast from pit 4. The principal component analysis results are
insensitive to exclusion of clasts in the analysis, and a similar pattern arises from separate analysis on trace
elements (supporting information Figures S4 and S5 and Table S7). Etching or pitting of grain surfaces was
not detected in the SEM examination of the pit samples. Instead, most grains have subangular to angular
edges, and some display conchoidal fractures (supporting information Figure S6).

4.3. In Situ 10Be and 26Al in Depth Profiles

The depth profiles at the highest elevations (pits 3 and 4) also have the greatest nuclide abundances and 10Be
apparent exposure ages (~60 kyr; Figure 5). Both these pits have relatively uniform nuclide abundances with
depth. Further downslope pit 5 has lower 10Be and 26Al abundances that are also rather uniform (apparent
10Be age ~20 kyr) down to 1-m depth, whereas pit 2 shows exponentially decreasing nuclide abundance with
depth. However, fitting an exponential function to the four lowermost data points of pit 2 (within the sapro-
lite) underestimates the abundances in the two uppermost samples (Figure 6b), indicating that the strati-
graphic boundary at 60-cm depth is also reflected in the nuclide abundances. Whereas nuclide
abundances in pit 2 approach 0 asymptotically, abundances in pit 1, near the edge of the plateau, become
near uniform with depth (~1.2 × 105 10Be at g�1). The 26Al/10Be ratio varies systematically between the pits
(supporting information Figure S7). Pits 3 and 4 have the lowest ratios, ~5, ratios in pits 2 and 5 fall between 6
and 6.5, while pit 1 spans the two groups.

4.4. 10Be Apparent Exposure Ages and Nuclide-Derived Erosion Rates

Apparent 10Be exposure ages for bedrock samples range from 7.5 ± 0.7 to 78 ± 7 kyr, with clusters around ~11
and ~30 kyr (Figure 5 and supporting information Table S1); apparent 10Be ages of the boulder erratics are
~10.5 kyr and vary between ~11 and ~67 kyr for the regolith depth profiles. Most 26Al/10Be ratios in bedrock
and boulder erratics overlap or exceed the surface production ratio of 6.75 within 1σ (Figure 5b); the samples

Figure 4. Sedimentological and geochemical data from depth profiles. (a) Principal component analysis (PCA) of log-trans-
formed oxide concentrations analyzed by X-ray fluorescence. Triangles represent clasts from pits; the open triangle is
cosmogenic sample “Re01”: a gneissic surface boulder from near pit 4. (b) Clay versus silt fractions in fine matrix (<2 mm).
Compositions within the shaded gray area indicate a periglacial environment (Goodfellow, 2012). (c) X-ray diffractogram
of clay fraction from sample H2-4 in pit 2. Note the shift in the ~14-Å peak to ~16 Å following ethylglycol-treatment
and the subsequent collapse to 10 Å upon heating. This is a clear indication of smectite. The peak around 7 Å is broad,
which could indicate the presence of both chlorite and kaolinite in the clay fraction.
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with lower ratios derive from a wide spread of locations and represent almost the full range of 10Be apparent
ages within the data set (~10 to ~78 kyr). Complex erosion and sediment-routing patterns in intermittently
glaciated landscapes lead to violation of most of the basic assumptions for derivation of catchment-scale
denudation rates from cosmogenic-nuclide inventories in fluvial sediments (von Blanckenburg, 2005). Our
fluvial samples can thus not be used in this regard. However, we note that our data from fluvial sediments
mirror the overall trend in cosmogenic nuclide inventories within our data set, with apparent stream
sample 10Be ages varying between ~10 and 30 kyr and increasing with elevation (Figure 5).

Inverse-modeled total bedrock erosion over the past 500 kyr varies between ~1.8 m (interquartile range: 0.7–
2.1 m) and 359 m (interquartile range: 322–392 m; Figure 7 and supporting information Table S3); however,
we emphasize that all erosion estimates>50m are from samples characterized by a minor amount of nuclide
inheritance due to deep erosion during the last glaciation, and consequently, the maximum erosion is not
constrained over 500 kyr (Figure 7b). Samples containing a significant amount of nuclides inherited from pre-
vious interglacials have a longer memory; hence, their exhumation paths are relatively well constrained to
500 kyr and beyond (Figure 7c).

In contrast to the modeled exhumation paths, the long-term ice cover history is not well resolved by inverse
modeling of the nuclide inventory (Figure 7g). This is due to a combination of the short nuclide memory
noted above and 26Al/10Be ratios that are close to surface production ratio. It seems reasonable to assume
that the actual ice cover history and hence the glaciation threshold (δ18Og) was largely similar for all samples
in our study given their relatively narrow spatial range. Fixing the glaciation threshold to a uniform value
would confine the range of accepted modeled exhumation paths. However, the choice of δ18Og lacks an
observational basis, and we therefore only provide a supplementary example with δ18Og = 3.8 to illustrate
the effect of fixing the glaciation threshold (supporting information Figures S8 and S9).

Despite sediment mixing, inverse modeling of the pit profiles yields relatively tight constraints on the long-
term exhumation (Figure 7b) with rates varying between 6.3 m/Myr (interquartile range: 3.8–9.0 m/Myr) and
42.8 m/Myr (interquartile range: 37.3–48.9 m/Myr). Erosion rates at the two pits located near a summit char-
acterized by well-sorted regolith (pits 3 and 4) are similarly low (~6–8 m/Myr), whereas the two pits dug into
more diffusely sorted ground further downslope (pits 2 and 5) yield faster erosion (~20–43 m/Myr) regardless
of the large contrast in sediment mixing (Figure 6). We note that the lack of information on regolith thickness
prevents us from constraining the rate of bedrock surface lowering through time (the soil production func-
tion)—only the rate of erosion at the regolith surface can be constrained by the cosmogenic
nuclide inventory.

5. Discussion

We set out to determine the origins, development, and residence time of the regolith capping a typical pla-
teau landscape via analyses of the sedimentology, geochemistry, and cosmogenic 10Be and 26Al abundances.

Figure 5. 10Be apparent exposure ages and 26Al/10Be ratios. (a) Apparent 10Be exposure ages of all samples versus eleva-
tion. The gray swath spanning 10–12 kyr indicates the timing of last deglaciation (Hughes et al., 2016; Stroeven et al., 2015).
(b) Two-nuclide diagram of 26Al/10Be ratio versus 10Be abundances for surface samples—bedrock, blockfield boulders, and
boulder erratics (legend shown in a).
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Our results show that surface abundances of cosmogenic nuclides vary considerably across the plateau area.
Two factors that potentially contribute to the varying nuclide inventory within the regolith, that is,
transported (nonlocal) inputs and regolith mixing, as well as the timing of the last deglaciation, must be
evaluated before we can derive rates of landscape evolution.

5.1. Timing of the Last Deglaciation

Reconstructions of the last deglaciation in Reinheimen indicate that glacial retreat occurred within the range
10–12 kyr ago (Hughes et al., 2016; Stroeven et al., 2015), but no exposure ages exist for the plateau itself. Our
study provides a range of apparent 10Be ages that confirm this overall estimate of the deglaciation age of the
area. Most remarkably, the weighted average of the bedrock samples that have apparent 10Be exposure ages
younger than the last glacial maximum at ~20 kyr is narrowly confined to 11.1 ± 0.2 kyr (n = 25; two outliers
with ages <9 kyr are excluded; supporting information Figure S10). The tight clustering of these apparent
10Be bedrock exposure ages indicates rapid deglaciation within the elevation interval 1,068–1,826 m a.s.l.
in this area.

Figure 6. Cosmogenic nuclide depth profiles in regolith. (a–d) 10Be depth and (e–h) 26Al profiles from regolith pits. Note
that the limits on horizontal axes vary between panels. The gray bands behind the sample points represent the spread of
accepted MCMC models. The inverse-modeled parameters are initial erosion rate, einir ; final erosion rate, eendr ; erosion rate
exponent, p; glaciation threshold, δ18Og; and sediment mixing intensity, m0. The models in (b) and (e) only used the four
lowermost samples within the saprolite section of pit 2. The two uppermost samples in pit 2 were excluded because they
may be mixed with till deposits. The error bars for the 10Be abundances are covered by the markers. See section 3 for more
details on the inverse models.
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We interpret pit 1 to consist of till deposited during the last glaciation because of the heterogeneity of clasts,
a 10Be depth profile that indicates uniform inheritance, and the presence of nearby erratic boulders. Wemod-
eled a median depositional age of 10.9 +4.1/�3.4 kyr (2σ confidence window) for the till based on the 10Be
abundances and allowing surface erosion rates to vary between 0 and 2 cm/kyr (supporting information
Figure S11; Hidy et al., 2010). The modeled age corresponds to the exposure age of two nearby boulder erra-
tics (weighted mean 10Be age 10.5 ± 0.7 kyr; Figure 1). Although postdepositional rotation of the boulders is
likely given their position on a periglacially active hillslope, these ages are compatible with the age estimate
based on bedrock exposure.

Overall, we consider 11 ± 0.5 kyr to be the most likely timing of the last deglaciation in this area. However, if
recent snow conditions with around 60 cm of snow for 6–8 months of the year (average 1958–2017, http://
www.senorge.no) is representative for the current interglacial period, snow shielding could render this esti-
mate ~5–7% too young (for snow density = 0.3 g/cm3).

5.2. Origins of the Regolith Materials

Although our investigations indicate that pit 1 consists of till, the local surfacemorphology near pit 1 provides
little hint of the presence of a till sheet, aside from a few boulder erratics at the surface. This opens the pos-
sibility that the regolith elsewhere may host a significant fraction of glaciogenic materials, perhaps melded
with preexisting regolith. Such transported, nonlocal input makes it difficult to interpret cosmogenic-nuclide
inventories, and careful evaluation of the sedimentological properties in each profile is therefore warranted.
Several aspects indicate that the till deposits are very localized. First, boulder erratics appear to be confined to

Figure 7. Estimated erosion rates for bedrock and regolith. (a) An example of a glaciation threshold applied to the global benthic δ18O curve (Lisiecki & Raymo, 2005).
The threshold defines glacial and interglacial periods and is one of the free parameters in the MCMC inverse model. (b and c) Examples of modeled exhumation
histories: samples FD10 and GU05, respectively. Colors shows likelihood defined by the density of accepted MCMC models. The spread of exhumation paths with
time illustrates the length of memory within the cosmogenic nuclide inventory. This memory is shorter for FD10 (b) than for GU05 (c). The two box-and-whiskers in
(b) and (c) illustrate how the box-and-whiskers in (e) relate to the spread of exhumation paths at 500 kyr. (d) Elevational distribution and (e) modeled total erosion
since 500 kyr for all bedrock samples (purple) plus pits 2–5 (pink). Boxes in (b), (c), (e), and (f) delineate median and quartile values; whiskers show the 2.5–97.5%
range of accepted models. (f) Modeled time since entering within 2 m of present-day surface, reflecting the cosmogenic nuclide memory. (g) Modeled results for the
glaciation threshold, δ18Og.
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the area surrounding pit 1 (Figure 1); we did not detect erratics nearby the other pits. Second, the composi-
tion of clasts in pit 1 is notably more heterogeneous than in the other pits, which are all dominated by one or
two primary lithologies (supporting information Figures S12 and S13). At pit 2 (~1 km from pit 1), the 60-cm
regolith cap is a mixture of materials derived from the underlying saprolite plus a component with a different
geochemical signature (Figure 4a) that might be glaciogenic. At pit 5, all investigated clasts are of the same
gneissic lithology and the geochemical composition of clasts and fine matrix is almost identical, indicating
that the entire regolith originates from locally weathered bedrock (with only minor glaciogenic or aeolian
input possible). At pits 3 and 4, the bulk sediment composition falls between that of the gneissic and meta-
sedimentary clasts identified in the pits, which indicates that the fine matrix is a mixture of these lithologies.
While extensive regolith cover obscures the underlying lithology and none of our pits reached unweathered
bedrock, small patches of metasedimentary rock within the gneiss are found in the area indicating that both
the gneissic and the metasedimentary lithologies are locally derived. Based on these indicators, we consider
that nonlocal inputs are limited to pit 1 and possibly pit 2 above 60-cm depth, which are the two pits at the
lowest elevations.

5.3. Regolith Mixing and Weathering

The mobile regolith capping the Reinheimen plateau landscape displays a wide range of patterned ground
related to freeze-thaw activity, including sorted stone polygons and stripes (Kessler & Werner, 2003). Well-
developed stone sorting is mainly limited to areas (<1 × 1 km) around the highest summits (Figure 3), which
is where we expected to find the most intense mixing via cryoturbation in our depth profiles. Accordingly,
pits 3 and 4 occupy near-summit positions with well-developed stone polygons and are well mixed at the
timescale of 10Be and 26Al accumulation (Figures 1c and 6). However, in downslope areas characterized by
more sporadic stone sorting, pits 1, 2, and 5 show that vertical mixing intensity does not always reflect surface
morphology or topographic attributes. Pits 1 and 2 contain negligiblemixing, whereas pit 5 is very well mixed
despite being <1 km from pit 2 and sharing similar elevation, slope, and aspect (Figure 1c).

Our results demonstrate a low intensity of chemical weathering at Reinheimen. All our depth profiles contain
abundant silt and sand in the fine matrix, and clay/silt ratios are well within the ranges expected for products
dominated by physical weathering processes under a periglacial climate (Figure 4; Goodfellow, 2012). Etching
or pitting, which would indicate chemical weathering of primary mineral grains, was likewise absent under
SEM analysis. Although pits 1, 4, and 5 contain a component of mixed-layer secondary minerals (supporting
information Table S5), we find that primary mineral phases such as quartz, plagioclase, illite/muscovite/bio-
tite, chlorite, and/or amphibole dominate the mineralogical composition of the clay fractions, indicating
low chemical weathering intensity.

Based on the preservation of parent rock structure, we interpret the material below 60 cm in pit 2 to be grusic
saprolite, and the corresponding absence of vertical mixing here is consistent with the nuclide data
(Figure 6b). The saprolite is dominated by grus, sand, and silt, with <4% clay in the fine matrix—again con-
sistent with low chemical weathering intensity. The clay fraction contains smectites, which is unique for this
regolith profile. Minor amounts of kaolinite may also be present (Figure 4c), although this mineral is often dif-
ficult to distinguish on X-ray diffractograms where chlorite also occurs (Moore & Reynolds, 1997).

Regolith mixing is known to influence physical and chemical weathering processes by governing subsurface
circulation of water and the supply of fresh mineral grains (e.g., Yoo et al., 2007). The precipitation of smectite
in the pit 2 saprolite likely reflects an increase in solute concentrations due to low fluid fluxes compared with
those expected in the more permeable mobile regolith observed in pits 3–5. Conversely, if this inferred
hydrological difference is unimportant, then the locally derived mobile regolith might reasonably be
expected to also contain smectite. From this, we argue that the marked differential distribution of smectite
between mobile regolith and saprolite may reflect contemporary chemical weathering and regolith produc-
tion under periglacial conditions. The regolith is therefore not necessarily inherited from a warm pre-
Quaternary climate (Goodfellow, 2012; Goodfellow et al., 2014).

5.4. Processes and Rates of Surface Evolution

Model-based studies show that periglacial processes may form smooth low-relief hillslopes over multimillion-
year timescales via frost cracking and diffusive downslope transport processes (Anderson, 2002; Egholm et al.,
2015). The inverse-modeled erosion rates of ~4–8m/Myr on regolith-covered summits in Reinheimen indicate
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that periglacial processes can indeed influence the topography, albeit at very slow rates (Anderson, 2002;
Berthling & Etzelmüller, 2011; Small et al., 1999). Rates of periglacial erosion during interglacials are expected
to slow as relief declines and plateau regolith thickens over time (Anderson, 2002; Egholm et al., 2015). This
effect may have been amplified over successive glacial cycles, especially if combined with the spread of sub-
glacial frozen-bed patches due to ongoing cooling, isostatic uplift, or loss of ice discharge to adjacent glacial
troughs—as demonstrated by computational modeling (Egholm et al., 2017). This indicates that our modeled
erosion rates might underestimate long-term erosion rates for the regolith-covered summits. Looking to the
sedimentary record, we note that marine cores from the Vøring Plateau contain ice-rafted debris, indicating
that glaciers reached sea level in the North Atlantic back to ~12.6 Myr ago (Fronval & Jansen, 1996).
Periglacial processes, in comparison, were potentially active even further back and across far greater areas
(Egholm et al., 2015). Given that ice masses most likely were present in Greenland back to the Eocene–
Oligocene transition ~34Ma (Bernard et al., 2016; Eldrett et al., 2007), it seems reasonable to suppose that peri-
glacial processes may have a similar lengthy history in the Scandinavian mountains and thus also at
Reinheimen, although the intensity of frost action must have varied in space and time considering the highly
variable late Cenozoic climate (Egholm et al., 2015).

Outside the smooth, regolith-covered summits, rates of erosion vary widely across the hillslopes at
Reinheimen (Figure 7e), and landscape transience is also clearly recognizable in the fluvial domain. The major
drainage network, Skjervedalen (Figure 1a), maintains an open valley in its upper reaches, which show signs
of moderate glacial influence. Downstream of our pits, the channel becomes deeply entrenched (>200 m)
with a V-shaped section that is characteristic of fluvial incision. The incision has left smaller tributaries hang-
ing at their junctions, implying that the plateau landscape remains largely unaffected by the base-level fall
(Crosby et al., 2007). The contrast between the predominantly fluvial Skjervedalen and glacial Finndalen sys-
tems is highlighted by their valley long profiles (Figure 2c). These trace the source of the base-level fall down-
stream to the ~500-m-deep fluvial gorge and knickzone, Nordheringslii, which was cut in response to
deepening of the major glacial trough, Ottadalen (Figure 1a). A large alluvial fan at the Nordheringslii-
Ottadalen junction (locating the village Vågåmo) obscures the bedrock topography, but it appears that much
of the base-level fall has been transmitted upstream by the Nordheringslii knickzone. The long profiles also
indicate that knickzone migration has been modulated by lithology. Outcrops of strong rocks correspond
to profile steepening, and one thick quartzite band, in particular, influences valley morphology along
Finndalen (Figures 2a and 2c). Strong rocks form barriers that slow the transmission of base-level information
(Fjellanger & Etzelmüller, 2003; Jansen et al., 2010), and their presence at Reinheimenmight partly explain the
general lack of deep fluvial dissection of the plateau landscape.

Concerning glacial erosion, the Reinheimen plateau landscape was most likely completely overridden by ice
during the last glaciation, but signs of subglacial erosion are highly localized at elevations above
~1,500 m a.s.l., especially within the central plateau area (Figure 8). Our highest modeled erosion rates
(>50 m/Myr) pertain to sites where glacial plucking has exposed bedrock. These patches of glacial erosion
appear to correspond to topographically determined confluence points in ice discharge, such as saddle
points. The lowest erosion rates (~4–8 m/Myr) derive from the well-mixed, near-summit pits 3 and 4
(Figure 8) and a bedrock tor on an adjacent summit (supporting information Figure S2). Such disparities in
rates of surface lowering indicate that relief may be increasing over time; hence, when viewed together with
the transient fluvial network, a clear picture emerges of a disequilibrium landscape at the plateau scale. At
lower elevations (<1,500 m a.s.l.), the predominance of bedrock outcrops and lakes within low-relief areas
(Figure 3) indicates that the high erosion rates we model from the sampled bedrock outcrops are represen-
tative for the wider area (Figure 7). The trend of increasing erosion rates toward lower elevation in
Reinheimen is congruous with recent results from a transect along the bedrock plateaus near
Sognefjorden in southern Norway (Andersen et al., 2018). Along Sognefjorden, a similar pattern was found
within a localized elevation profile at the inland end of the transect. Erosion rates of 3–5 m/Myr where found
at the summit, with higher rates of 20–50 m/Myr on the surrounding slopes. The trend of decreasing erosion
rates with elevation was also found along the transect that is characterized by an overall decrease in plateau
elevation toward the coast. In general, this indicates that relief is increasing on multiple spatial scales.

A noteworthy characteristic of our cosmogenic data set is that nearly all apparent exposure ages for bedrock
samples fall into two discrete groups of ~11 and ~30 kyr (Figure 9). This could be the result of bedrock erod-
ing via discrete and episodic events rather than continuously—a plausible explanation being that erosion
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during glacial periods is patchy but efficient enough to reset the cosmogenic nuclide inventory. Developing
this notion as an alternative to our MCMC model in section 3.5, we modeled a scenario whereby each glacial
period erodes bedrock sufficiently to remove the existing nuclide inventory, but subsequent glacial periods
do not erode the same areas everywhere.

Assuming that erosion resets the nuclide inventory at time t = t0, we computed the resulting apparent expo-
sure age as

Ta ¼
∫0t0 P tð Þ � λN tð Þ½ �dt

P0

where P(t) is the time-dependent nuclide production rate at the surface (switching between P(t) = 0 in glacial
periods and P(t) = P0 in interglacial periods. Because nuclides are only produced in interglacial periods, reset-
ting events within the same glacial period result in the same value for Ta. Hence, a uniform distribution of t0
returns a highly nonuniform Ta distribution similar to the frequency distribution of our measured apparent
exposure ages in Reinheimen (Figure 9). Long-term rates for this mode of erosion are difficult to constrain
with cosmogenic nuclides, since the model only involves one discrete erosion event that fully resets the
nuclide inventory. However, given that we find only three bedrock samples with apparent ages >35 kyr, it
seems likely that most bedrock outcrops in Reinheimen have eroded sufficiently to remove the cosmogenic
nuclide inventory accumulated prior to the last or penultimate glacial periods.

5.5. Pleistocene Evolution of a Scandinavian Plateau Landscape

We have investigated the Pleistocene evolution of an extensive mountain plateau area in southern Norway.
Our results indicate that cold-climate erosion processes, in concert with lithological and structural controls, to
a large extent condition the present-day plateau morphology.

First, we show that rates of erosion vary by more than an order of magnitude across the plateau landscape.
We note that most major topographic steps correspond to contrasts in rock strength at lithological

Figure 8. Spatial distribution of estimated erosion rates in Reinheimen. Modeled total erosion since 500 kyr (apparent 10Be ages), for all bedrock (br) and blockfield
(block) samples plus pits 2–5. Inset shows details around central study area. Erosion rates were only modeled for samples with both 26Al and 10Be, and only
those samples are shown here. Note that all samples in the “FD” transect have high erosion rates (>25 m since 500 kyr), despite maximum surface elevations
(~1,830 m above sea level, a.s.l.) similar to those of the plateau area to the northeast, which is dominated by less erosion (mostly <25 m since 500 kyr). The lowest
erosion rates (<5 m since 500 kyr) pertain to our two highest pit profiles and a weathered tor outcrop (RE04) situated at 1,700–1,766 m a.s.l., but similar low ero-
sion rates are expected on other high, low-relief parabolic summits covered in well-sorted regolith.
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boundaries, which have been amplified by fluvial knickpoint retreat fol-
lowing glacial incision. This implies first-order lithological control on topo-
graphy (Figure 2)—a point previously recognized at a larger spatial scale in
southern Norway (Fjellanger & Etzelmüller, 2003).

Second, we note that Reinheimen’s smoothly rounded, regolith-covered
summits approximate a parabolic shape (Figures 3b and 3c), and rates
of erosion on one typical summit (pits 3 and 4) are nearly uniform
(~8 m/Myr). Low-curvature, parabolic summits with uniform erosion
rates are a primary signature of steady state topographic development
due to creep-dominant (e.g., periglacial) sediment transport (Anderson,
2002; Egholm et al., 2015; Small et al., 1999). For this type of landscape,
little can be inferred about preexisting topography, except perhaps that
the presence or absence of tors may indicate a steeper or flatter initial
landscape, respectively (Anderson, 2002). In other words, it seems that
at the hillslope scale, the smooth parabolic summits in Reinheimen
reflect a steady state morphology in harmony with the creep-dominant
transport processes operating today. We stress that only the parabolic
summits with well-sorted regolith mantles display a steady state condi-
tion; on a larger scale, the Reinheimen landscape is eroding at widely
varying rates through periglacial mass wasting, as well as glacial and flu-
vial processes. We also note that these low-relief parabolic summit areas
constitute only a small fraction of the overall Reinheimen plateau area
(approximately equal to the areas mapped as “sorted circles” and
“sorted stripes” within Figure 3). Glacial erosion thus seems to be more
widespread across the plateau than suggested in previous studies (e.g.,
compared with Figure 13 in Bonow et al., 2003). Our results lead us to
question the interpretation of previously identified “stepped paleosur-
faces” as markers of uplift of former fluvial base levels (Bonow et al.,
2003). Instead, we suggest that the plateau morphology in
Reinheimen is conditioned by differential erosion by glacial, periglacial,
and fluvial surface processes combined with lithological and structural

controls. Our results demonstrate that even in slowly eroding, low-relief summit areas in Reinheimen, ero-
sion rates (~4–8 m/Myr) are high enough to renew the regolith mantle and smooth out topography over
millions of years, while erosion rates at the larger scale are high enough (>50 m/Myr) to have changed
the relief and morphology of the plateau area during the Pleistocene. However, we emphasize that the
magnitude of the estimated erosion rates is inversely correlated with the period the analysis integrates
over, due to the relatively short attenuation length of cosmogenic nuclides (Figure 7f). In other words,
we cannot ascertain whether our highest modeled erosion rates are representative beyond the most
recent glacial cycle(s). Model-based studies, however, suggest that erosion rates on plateaus have slowed
down during the Pleistocene (Egholm et al., 2015; Egholm et al., 2017).

Our study builds upon previous investigations of regolith mantles elsewhere in Norway (e.g., Rea et al.,
1996; Strømsøe & Paasche, 2011; Whalley et al., 2004) by augmenting detailed geochemical and sedimen-
tological analyses with the chronological control offered by cosmogenic nuclide analysis. Generally, the
results of our geochemical and sedimentological investigations are compatible with those of previous stu-
dies. However, our conclusions differ with regard to regolith residence times and the inferred conditions
necessary to produce secondary weathering products. We concur with the arguments put forward by
Goodfellow (2012) and Goodfellow et al. (2014), which caution against invoking warm-climate conditions
from small amounts of secondary minerals in a fine matrix that is otherwise dominated by primary minerals
and physical weathering. Instead, we suggest that the slight chemical weathering in the examined regolith,
in combination with modeled erosion rates exceeding 4 m/Myr, are compatible with regolith development
under predominantly periglacial conditions. While the periglacial mass-wasting processes most likely
kicked in long before the onset of the Pleistocene, the regolith material found on the Reinheimen plateau
today was produced during the Pleistocene.

Figure 9. Frequency distributions of apparent exposure ages. (a) A threshold
(δ18Og = 3.8‰) applied to the global benthic δ18O curve (Lisiecki & Raymo,
2005) delimits glacial (light purple) and interglacial (white) periods. (b and c)
Frequency distributions of apparent 10Be and 26Al exposure ages from
bedrock samples in this study (red bars) compared to the predicted distri-
bution of apparent exposure ages (light purple) resulting from a single
episode of deep bedrock erosion (>3 m) modeled at times uniformly
distributed during the past 500 kyr (only the past 100 kyr is shown).
Interglacial erosion is set to 0. The disparity between 10Be and 26Al apparent
exposure ages arises from faster radiogenic decay of 26Al.
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6. Conclusions

We have investigated the evolution of a mostly regolith-covered plateau landscape in Reinheimen National
Park, southern Norway. Based on sedimentological and geochemical analyses, we have found that the fine
matrix in the Reinheimen regolith contains high proportions of silt and sand, with primary minerals dominat-
ing the clay fractions. Indications of chemical weathering (e.g., saprolite and secondary minerals) do occur,
but the regolith is overall the product of physical weathering consistent with the cold-climate processes that
operate today and likely dominated through the Late Cenozoic.

Augmenting these results with cosmogenic nuclide analysis and inverse modeling of erosion rates, we find
that the topography of the Reinheimen plateau landscape appears to be the product of periglacial mass
wasting in combination with glacial and fluvial processes that are characteristic of cold climates. Bedrock
and regolith surfaces yield apparent 10Be exposure ages ranging from ~8 to ~78 kyr, with corresponding ero-
sion rates of >100 to ~4 m/Myr derived from inverse-modeled 10Be and 26Al abundances in bedrock and
regolith depth profiles. The wide range of erosion rates, which tend to increase toward lower elevations, indi-
cate a geomorphically active plateau landscape with currently increasing relief at the plateau scale.
Conversely, at the hillslope scale, the smoothly rounded, parabolic summits reflect a steady state morphology
in balance with the creep-dominant transport processes operating today. This study thus illustrates how gla-
cial, periglacial, and fluvial processes combine with lithological and structural controls to condition the mor-
phology of the plateau landscape in Reinheimen.

References
Andersen, J. L., Egholm, D. L., Knudsen, M. F., Linge, H., Jansen, J. D., Pedersen, V. K., et al. (2018). Widespread erosion on high plateaus during

recent glaciations in Scandinavia. Nature Communications, 9, 830.
Anderson, R. (2002). Modelling the tor-dotted crests, bedrock edges, and parabolic profiles of high alpine surfaces of the Wind River Range,

Wyoming. Geomorphology, 46(1-2), 35–58. https://doi.org/10.1016/S0169-555X(02)00053-3
Balco, G., Stone, J. O., Lifton, N. A., & Dunai, T. J. (2008). A complete and easily accessible means of calculating surface exposure ages or

erosion rates from
10
Be and

26
Al measurements. Quaternary Geochronology, 3(3), 174–195. https://doi.org/10.1016/j.quageo.2007.12.001

Bernard, T., Steer, P., Gallagher, K., Szulc, A., Whitham, A., & Johnson, C. (2016). Evidence for Eocene-Oligocene glaciation in the landscape of
the East Greenland margin. Geology, 44(11), 895–898. https://doi.org/10.1130/G38248.1

Berthling, I., & Etzelmüller, B. (2011). The concept of cryo-conditioning in landscape evolution. Quaternary Research, 75(02), 378–384. https://
doi.org/10.1016/j.yqres.2010.12.011

Bonow, J. M., Lidmar-Bergström, K., & Näslund, J.-O. (2003). Palaeosurfaces and major valleys in the area of the Kjølen Mountains, southern
Norway—Consequences of uplift and climatic change. Norsk Geografisk Tidsskrift - Norwegian Journal of Geography, 57(2), 83–101. https://
doi.org/10.1080/00291950310001360

Borchers, B., Marrero, S., Balco, G., Caffee, M., Goehring, B., Lifton, N., et al. (2016). Geological calibration of spallation production rates in the
CRONUS-Earth project. Quaternary Geochronology, 31, 188–198. https://doi.org/10.1016/j.quageo.2015.01.009

Briner, J. P., Miller, G. H., Davis, P. T., & Finkel, R. C. (2006). Cosmogenic radionuclides from fiord landscapes support differential erosion by
overriding ice sheets. GSA Bulletin, 118(3-4), 406–420. https://doi.org/10.1130/B25716.1

Calvet, M., Gunnell, Y., & Farines, B. (2015). Flat-topped mountain ranges: Their global distribution and value for understanding the evolution
of mountain topography. Geomorphology, 241, 255–291. https://doi.org/10.1016/j.geomorph.2015.04.015

Child, D., Elliott, G., Mifsud, C., Smith, A. M., & Fink, D. (2000). Sample processing for earth science studies at ANTARES. Nuclear Instruments and
Methods in Physics Research Section B, 172(1-4), 856–860. https://doi.org/10.1016/S0168-583X(00)00198-1

Codilean, A. T. (2006). Calculation of the cosmogenic nuclide production topographic shielding scaling factor for large areas using DEMs.
Earth Surface Processes and Landforms, 31(6), 785–794.

Crosby, B. T., Whipple, K. X., Gasparini, N. M., & Wobus, C. W. (2007). Formation of fluvial hanging valleys: Theory and simulation. Journal of
Geophysical Research, 112, F03S10. https://doi.org/10.1029/2006JF000566

Egholm, D. L., Andersen, J. L., Knudsen, M. F., Jansen, J. D., & Nielsen, S. B. (2015). The periglacial engine of mountain erosion—Part II:
Modelling large-scale landscape evolution. Earth Surface Dynamics, 3(4), 463–482. https://doi.org/10.5194/esurf-3-463-2015

Egholm, D. L., Jansen, J. D., Brædstrup, C. F., Pedersen, V. K., Andersen, J. L., Ugelvig, S. V., et al. (2017). Formation of plateau landscapes on
glaciated continental margins. Nature Geoscience, 10(8), 592–597. https://doi.org/10.1038/ngeo2980

Eldrett, J. S., Harding, I. C., Wilson, P. A., Butler, E., & Roberts, A. P. (2007). Continental ice in Greenland during the Eocene and Oligocene.
Nature, 446(7132), 176–179. https://doi.org/10.1038/nature05591

Etzelmüller, B., Berthling, I., & Sollid, J. L. (1998). The distribution of permafrost in Southern Norway; a GIS approach. In Proceedings of the 7th
International Conference on Permafrost, Yellowknife, Canada (Vol. 23, No. 27 pp. 251–258).

Fjellanger, J., & Etzelmüller, B. (2003). Stepped palaeosurfaces in southern Norway—Interpretation of DEM-derived topographic profiles.
Norsk Geografisk Tidsskrift - Norwegian Journal of Geography, 57(2), 102–110. https://doi.org/10.1080/00291950310001388

Foster, M. A., Anderson, R. S., Wyshnytzky, C. E., Ouimet, W. B., & Dethier, D. P. (2015). Hillslope lowering rates and mobile-regolith residence
times from in situ and meteoric

10
Be analysis, Boulder Creek Critical Zone Observatory, Colorado. GSA Bulletin, 127(5-6), 862–878. https://

doi.org/10.1130/B31115.1
Fronval, T., & Jansen, E. (1996). Late Neogene paleoclimates and paleoceanography in the Iceland—Norwegian Sea: Evidence from the

Iceland and Vøring plateaus, ODP Leg 151 and 104. In J. Thiede, A. M. Myhre, & J. Firth (Eds.), Proceedings of the Ocean Drilling Program,
(Vol. 151, pp. 455–468). College Station, TX: Scientific Results.

Gisnås, K., Etzelmüller, B., Lussana, C., Hjort, J., Sannel, A. B. K., Isaksen, K., et al. (2017). Permafrost map for Norway, Sweden and Finland.
Permafrost and Periglacial Processes, 28(2), 359–378. https://doi.org/10.1002/ppp.1922

10.1029/2018JF004670Journal of Geophysical Research: Earth Surface

ANDERSEN ET AL. 3385

Acknowledgments
We thank Eric Portenga and two
anonymous reviewers for very
constructive comments that helped us
improve the manuscript. This work was
supported by the Aarhus University
Research Foundation (AU ideas pilot
center grant to D. L. E.) and the
Independent research fund Denmark
(DFF-6108-00266). J. D. J. was supported
by the Australian Research Council
(DP130104023) at the University of
Wollongong and a Marie Skłodowska-
Curie fellowship at the University of
Potsdam. V. K. P. acknowledges financial
support from the Research Council of
Norway. We would like to thank A.
Margreth at the Geological Survey of
Norway for helpful guidance with SEM
analyses and L. Evje at the University of
Bergen for help with ICP-OES analyses.
The authors declare that the main data
supporting the findings of this study,
including source code needed to
reproduce modeled results, are avail-
able within the paper and its supporting
information. The authors declare no
financial conflicts of interest.

https://doi.org/10.1016/S0169-555X(02)00053-3
https://doi.org/10.1016/j.quageo.2007.12.001
https://doi.org/10.1130/G38248.1
https://doi.org/10.1016/j.yqres.2010.12.011
https://doi.org/10.1016/j.yqres.2010.12.011
https://doi.org/10.1080/00291950310001360
https://doi.org/10.1080/00291950310001360
https://doi.org/10.1016/j.quageo.2015.01.009
https://doi.org/10.1130/B25716.1
https://doi.org/10.1016/j.geomorph.2015.04.015
https://doi.org/10.1016/S0168-583X(00)00198-1
https://doi.org/10.1029/2006JF000566
https://doi.org/10.5194/esurf-3-463-2015
https://doi.org/10.1038/ngeo2980
https://doi.org/10.1038/nature05591
https://doi.org/10.1080/00291950310001388
https://doi.org/10.1130/B31115.1
https://doi.org/10.1130/B31115.1
https://doi.org/10.1002/ppp.1922


Goodfellow, B. W. (2012). A granulometry and secondary mineral fingerprint of chemical weathering in periglacial landscapes and its
application to blockfield origins. Quaternary Science Reviews, 57, 121–135. https://doi.org/10.1016/j.quascirev.2012.09.023

Goodfellow, B.W., Stroeven, A. P., Fabel, D., Fredin, O., Derron,M.-H., Bintanja, R., &Caffee,M.W. (2014). Arctic–alpine blockfields in the northern
Swedish Scandes: Late Quaternary—Not Neogene. Earth Surface Dynamics, 2(2), 383–401. https://doi.org/10.5194/esurf-2-383-2014

Gosse, J. C., & Phillips, F. M. (2001). Terrestrial in situ cosmogenic nuclides: theory and application. Quaternary Science Reviews, 20(14),
1475–1560.

Granger, D. E., Riebe, C. S., (2003). Cosmogenic nuclides in weathering and erosion, 1–43.
Hall, A. M., Ebert, K., Kleman, J., Nesje, A., & Ottesen, D. (2013). Selective glacial erosion on the Norwegian passive margin. Geology, 41(12),

1203–1206. https://doi.org/10.1130/G34806.1
Heinemeier, J., Olsen, J., Klein, M., & Mous, D. (2015). The new extended HVE 1MVmulti-element AMS system for low background installed at

the Aarhus AMS Dating Centre. Nuclear Instruments and Methods in Physics Research B, 361, 143–148. https://doi.org/10.1016/j.
nimb.2015.05.039

Hidy, A. J., Gosse, J. C., Pederson, J. L., Mattern, J. P., & Finkel, R. C. (2010). A geologically constrained Monte Carlo approach to modeling
exposure ages from profiles of cosmogenic nuclides: An example from Lees Ferry, Arizona. Geochemistry, Geophysics, Geosystems, 11,
Q0AA10. https://doi.org/10.1029/2010GC003084

Hughes, A. L. C., Gyllencreutz, R., Lohne, Ø. S., Mangerud, J., & Svendsen, J. I. (2016). The last Eurasian ice sheets–a chronological database and
time-slice reconstruction, DATED-1. In Boreas, 45.1, (pp. 1–45).

Jansen, J. D., Codilean, A. T., Bishop, P., & Hoey, T. B. (2010). Scale-dependence of lithological control on topography; bedrock channel
geometry and catchment morphometry in western Scotland. Journal of Geology, 118(3), 223–246. https://doi.org/10.1086/651273

Jungers, M. C., Bierman, P. R., Matmon, A., Nichols, K., Larsen, J., & Finkel, R. (2009). Tracing hillslope sediment production and transport with
in situ and meteoric

10
Be. Journal of Geophysical Research, 114, F04020. https://doi.org/10.1029/2008JF001086

Kessler, M. A., Anderson, R. S., & Briner, J. P. (2008). Fjord insertion into continental margins driven by topographic steering of ice. Nature
Geoscience, 1(6), 365–369. https://doi.org/10.1038/ngeo201

Kessler, M. A., & Werner, B. T. (2003). Self-organization of sorted patterned ground. Science, 299(5605), 380–383. https://doi.org/10.1126/
science.1077309

Knudsen, M. F., & Egholm, D. L. (2018). Constraining Quaternary ice covers and erosion rates using cosmogenic.
26
Al/

10
Be nuclide concen-

trations. Quaternary Science Reviews, 181, 65–75. https://doi.org/10.1016/j.quascirev.2017.12.012
Knudsen, M. F., Egholm, D. L., Jacobsen, B. H., Larsen, N. K., Jansen, J. D., Andersen, J. L., & Linge, H. (2015). A multi-nuclide approach to

constrain landscape evolution and past erosion rates in previously glaciated terrains. Quaternary Geochronology, 30, 100–113. https://doi.
org/10.1016/j.quageo.2015.08.004

Kohl, C. P., & Nishiizumi, K. (1992). Chemical isolation of quartz for measurement of in-situ-produced cosmogenic nuclides. Geochimica et
Cosmochimica Acta, 56(9), 3583–3587. https://doi.org/10.1016/0016-7037(92)90401-4

Lal, D. (1991). Cosmic ray labeling of erosion surfaces: In situ nuclide production rates and erosion models. Earth and Planetary Science Letters,
104(2-4), 424–439. https://doi.org/10.1016/0012-821X(91)90220-C

Lidmar-Bergström, K., Ollier, C. D., & Sulebak, J. R. (2000). Landforms and uplift history of southern Norway. Global and Planetary Change,
24(3-4), 211–231. https://doi.org/10.1016/S0921-8181(00)00009-6

Lisiecki, L. E., & Raymo, M. E. (2005). A Pliocene-Pleistocene stack of 57 globally distributed benthic δ
18
O records. Paleoceanography, 20,

PA1003. https://doi.org/10.1029/2004PA001071
Marquette, G. C., Gray, J. T., Gosse, J. C., Courchesne, F., Stockli, L., Macpherson, G., & Finkel, R. (2004). Felsenmeer persistence under non-

erosive ice in the Torngat and Kaumajet mountains, Quebec and Labrador, as determined by soil weathering and cosmogenic nuclide
exposure dating. Canadian Journal of Earth Sciences, 41(1), 19–38. https://doi.org/10.1139/e03-072

Meunier, A., Sardini, P., Robinet, J. C., & Pret’, D. (2007). The petrography of weathering processes: Facts and outlooks. Clay Minerals, 42(04),
415–435. https://doi.org/10.1180/claymin.2007.042.4.01

Moore, D. M., & Reynolds, R. C. (1997). X-ray diffraction and the identification and analysis of clay minerals, (2nd ed.). Oxford: Oxford university
press.

Nielsen, S. B., Gallagher, K., Leighton, C., Svenningsen, L., Jacobsen, B. H., Thomsen, E., et al. (2009). The evolution of western Scandinavian
topography: A review of Neogene uplift versus the ICE (isostasy–climate–erosion) hypothesis. Journal of Geodynamics, 47(2-3), 72–95.
https://doi.org/10.1016/j.jog.2008.09.001

Nishiizumi, K. (2004). Preparation of
26
Al AMS standards. Nuclear Instruments and Methods in Physics Research Section B, 223, 388–392.

Nishiizumi, K., Imamura, M., Caffee, M. W., Southon, J. R., Finkel, R. C., & McAninch, J. (2007). Absolute calibration of
10
Be AMS standards.

Nuclear Instruments and Methods in Physics Research Section B, 258(2), 403–413. https://doi.org/10.1016/j.nimb.2007.01.297
Rea, B. R., Whalley, W. B., Rainey, M. M., & Gordon, J. E. (1996). Blockfields old or new? Evidence and implications from some plateaus in

northern Norway. Geomorphology, 15(2), 109–121. https://doi.org/10.1016/0169-555X(95)00118-O
Sigmond, E. M. O. (1992). Bedrock map. Norway and adjacent ocean areas, Scale 1:3 million, (). Trondheim: Geological Survey of Norway.
Small, E. E., Anderson, R. S., & Hancock, G. S. (1999). Estimates of the rate of regolith production using

10
Be and

26
Al from an alpine hillslope.

Geomorphology, 27(1-2), 131–150. https://doi.org/10.1016/S0169-555X(98)00094-4
Staiger, J. K., Gosse, J. C., Johnson, J. V., Fastook, J., Gray, J. T., Stockli, D. F., et al. (2005). Quaternary relief generation by polythermal glacier ice.

Earth Surface Processes and Landforms, 30(9), 1145–1159. https://doi.org/10.1002/esp.1267
Steer, P., Huismans, R. S., Valla, P. G., Gac, S., & Herman, F. (2012). Bimodal Plio-Quaternary glacial erosion of fjords and low-relief surfaces in

Scandinavia. Nature Geoscience, 5(9), 635–639. https://doi.org/10.1038/ngeo1549
Stone, J. O. (2000). Air pressure and cosmogenic isotope production. Journal of Geophysical Research, 105(B10), 23,753–23,759. https://doi.

org/10.1029/2000JB900181
Stroeven, A. P., Fabel, D., Hättestrand, C., & Harbor, J. (2002). A relict landscape in the centre of Fennoscandian glaciation: Cosmogenic

radionuclide evidence of tors preserved throughmultiple glacial cycles. Geomorphology, 44(1-2), 145–154. https://doi.org/10.1016/S0169-
555X(01)00150-7

Stroeven, A. P., Hättestrand, C., Kleman, J., Heyman, J., Fabel, D., Fredin, O., et al. (2016). Deglaciation of fennoscandia. Quaternary Science
Reviews, 147, 91–121.

Strømsøe, J. R., & Paasche, Ø. (2011). Weathering patterns in high-latitude regolith. Journal of Geophysical Research, 116, F03021. https://doi.
org/10.1029/2010JF001954

Struck, M., Jansen, J. D., Fujioka, T., Codilean, A. T., Fink, D., Egholm, D. L., et al. (2018). Soil production and transport on postorogenic
desert hillslopes quantified with

10
Be and

26
Al. Geological Society of America Bulletin, 130(5-6), 1017–1040. https://doi.org/10.1130/

B31767.1

10.1029/2018JF004670Journal of Geophysical Research: Earth Surface

ANDERSEN ET AL. 3386

https://doi.org/10.1016/j.quascirev.2012.09.023
https://doi.org/10.5194/esurf-2-383-2014
https://doi.org/10.1130/G34806.1
https://doi.org/10.1016/j.nimb.2015.05.039
https://doi.org/10.1016/j.nimb.2015.05.039
https://doi.org/10.1029/2010GC003084
https://doi.org/10.1086/651273
https://doi.org/10.1029/2008JF001086
https://doi.org/10.1038/ngeo201
https://doi.org/10.1126/science.1077309
https://doi.org/10.1126/science.1077309
https://doi.org/10.1016/j.quascirev.2017.12.012
https://doi.org/10.1016/j.quageo.2015.08.004
https://doi.org/10.1016/j.quageo.2015.08.004
https://doi.org/10.1016/0016-7037(92)90401-4
https://doi.org/10.1016/0012-821X(91)90220-C
https://doi.org/10.1016/S0921-8181(00)00009-6
https://doi.org/10.1029/2004PA001071
https://doi.org/10.1139/e03-072
https://doi.org/10.1180/claymin.2007.042.4.01
https://doi.org/10.1016/j.jog.2008.09.001
https://doi.org/10.1016/j.nimb.2007.01.297
https://doi.org/10.1016/0169-555X(95)00118-O
https://doi.org/10.1016/S0169-555X(98)00094-4
https://doi.org/10.1002/esp.1267
https://doi.org/10.1038/ngeo1549
https://doi.org/10.1029/2000JB900181
https://doi.org/10.1029/2000JB900181
https://doi.org/10.1016/S0169-555X(01)00150-7
https://doi.org/10.1016/S0169-555X(01)00150-7
https://doi.org/10.1029/2010JF001954
https://doi.org/10.1029/2010JF001954
https://doi.org/10.1130/B31767.1
https://doi.org/10.1130/B31767.1


Sugden, D. E. (1968). The selectivity of glacial erosion in the Cairngorm Mountains, Scotland. In Transactions of the Institute of British
Geographers, 45, (pp. 79–92).

von Blanckenburg, F. (2005). The control mechanisms for erosion and weathering at basin scale from cosmogenic nuclides in river sediment.
Earth and Planetary Science Letters, 237, 462–479.

Yang, R., Willett, S. D., & Goren, L. (2015). In situ low-relief landscape formation as a result of river network disruption. Nature, 520(7548),
526–529. https://doi.org/10.1038/nature14354

Widdowson, M. (Ed) (1997). Palaeosurfaces: Recognition, Reconstruction and Palaeoenvironmental Interpretation, Special Publication, (Vol. 120,
p. 330). London: Geological Society.

Whalley, W. B., Rea, B. R., & Rainey, M. M. (2004). Weathering, blockfields, and fracture systems and the implications for long-term landscape
formation: some evidence from Lyngen and Øksfordjøkelen areas in north Norway. Polar Geography, 28(2), 93–119.

Whipple, K. X., DiBiase, R. A., Ouimet, W. B., & Forte, A. M. (2017). Preservation or piracy: Diagnosing low-relief, high-elevation surface for-
mation mechanisms. Geology, 45(1), 91–94.

Yoo, K., Amundson, R., Heimsath, A. M., Dietrich, W. E., & Brimhall, G. H. (2007). Integration of geochemical mass balance with sediment
transport to calculate rates of soil chemical weathering and transport on hillslopes. Journal of Geophysical Research, 112, F02013. https://
doi.org/10.1029/2005JF000402

10.1029/2018JF004670Journal of Geophysical Research: Earth Surface

ANDERSEN ET AL. 3387

https://doi.org/10.1038/nature14354
https://doi.org/10.1029/2005JF000402
https://doi.org/10.1029/2005JF000402


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


