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ABSTRACT: This study presents rock strength variations at granite outcrops and in subsurface vertical profiles in the Jizerské
hory Mountains, Czech Republic. Schmidt hammer rebound values in subsurface profiles change gradually from the bedrock
surface downward. An exponential relation has been observed between the R-values and depth in rock outcrops to a depth of
around 4-5 m. The exponential nature of the curve indicates that rock hardness increases more rapidly with depth in the upper-
most T m section of the rock profile. A detailed study of rebound values obtained from both intact and polished rock exposures
reveal effects of surface grinding on results of the Schmidt hammer method. The range of data collected increases after grinding,
allowing more precise discrimination of rock surfaces in respect of age and weathering. The Schmidt hammer method may be
used effectively as a relative-age dating tool for rock surfaces that originated during the Late Pleistocene. It is concluded that this
time limitation can be significantly mitigated by surface grinding before measurement. Copyright © 2010 John Wiley & Sons, Ltd.
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Introduction

Weathering changes the physical and chemical properties of
exposed rock surfaces. The extent of change reflects the dura-
tion of exogenic action factors and this indicates relative age
of rock surfaces. Hardness is a characteristic commonly used
for estimating the relative age of surfaces and can be measured
using the Schmidt hammer (SH). Emphasis has been laid on a
set of operating guidelines designed to eliminate error in SH
measurements. The instrument is calibrated for horizontal
impact directions, although measured R-values for non-hori-
zontalimpacts couldbe corrected (Proceq, 1977). Measurement
should be made on surfaces free of lichens, avoiding places
near cracks or edges of a rock mass (Day and Goudie, 1977).
Some authors have recommended polishing the surface using
a carborundum wheel or electric grinder before measurement
(Malhotra, 1976; Katz et al., 2000). The latter technique is
rarely adopted because the measurement becomes time-con-
suming, and there are doubts as to the influence of such an
alteration of the rock on the resulting measurements: ‘If the
surface is first prepared by removal of weathered material, the
hammer is then testing rock that is fresher than the original
surface’ (Nicholas and Butler, 1996).

The SH has been used as a dating tool for recent to Middle
Pleistocene rock surfaces. Relative dates have been obtained for
Holocene surfaces, including various anthropogenic features,
moraines, rock glaciers, rock-falls, avalanches, debris flow and
deltaic deposits. SH has been used only sporadically to estimate

the relative age of older features, for example, glacial landforms
(Sumner et al., 2002), periglacial trimlines (Ballantyne, 1997;
Andersonetal., 1998), rock glaciers (Humlum, 1998; Frauenfelder
et al., 2005), raised beaches (Sjoberg, 1990) and lake shorelines
(Matthews et al.,, 1986). Limitations of the method itself have
been described (McCarroll, 1989; Goudie, 2006). However, data
on the effective range of geological time for which the SH dating
technique is useful are not available.

This paper presents SH measurements on intact and pre-
pared surfaces in the Jizerské hory Mountains, Czech Republic.
SH R-values were collected from granite outcrop surfaces and
from vertical profiles below rock surface. The main aims of
this study were (1) to verify the influence of surface grinding
on the results of SH measurements; (2) to uncover how rock
hardness changes with depth; and (3) to identify the age limita-
tions of the SH dating technique.

Study Area

The Jizerské hory Mountains lie in the northern part of the
Bohemian Massif in Central Europe. The bedrock in the study
area is composed of granite which was differentiated by
Chaloupsky (1989) into two types: porphyritic coarse-grained
biotitic granite and a porphyritic medium-grained granite.
Both types have uniform petrographical composition and their
grain sizes are also similar. Thus, properties of two granite
types may not differ enough to affect the SH measurements.



SCHMIDT HAMMER REBOUND VALUE VARIATION FOR A GRANITE OUTCROP

171

D

s

— River

A Surface measurements
Bedrock profile measurements 0 1 2
——— Contour line (interval 50 m) ‘ i

kilometres

R’-aspenav

A
Il

o (r

~\

650 Polednik S ()
AN
P i O

500

LD \’ as
=>-@[ibverda

%0p 0.

Figure 1.

Location of SH measurement sites in the study area.

The study area includes the steep northern flank of the
mountains, as well as glacially transformed foothills (Figure
1). Incised valleys dissect the flank, isolating prominent ridges
with a variety of rock outcrops. In the lower foothill area, low
outcrops (extensive isolated rock outcrops with height less
than 2 m) and roches moutonnées predominate. Boulder piles
(outcrops that fell to pieces and consist of in situ boulders) are
the most frequent type of outcrop occurring at all altitudes.
Tors are found at all altitudes, but their heights differ. Low tors
(less than 3 m high) are frequent below 470 m whereas the
highest tors (more than 5 m) predominate above 520 m a.s.l.

Apart from the above mentioned landforms a variety of
other granite forms including mushroom rocks, balanced
boulders, pseudokarst caves, potholes and weathering pits
have developed in the study area. The distribution, size and
shape of landforms are influenced by differences in lithology
and structure of the Jizera granite (Letosnik, 1962). Ginzel and
Novak (1962) have shown that porphyritic structure and frac-
ture patterns control the morphology of tors and rock walls in
the study area. Minor granite landforms relate to the presence
of fractures and vein rocks such as aplite or kersantite (Zitny,
1966). The two-stage model of landform evolution defined by
Jahn (1962) may be applied to granite landforms located
above the upper limit of continental glaciation. These land-
forms have formed under the influence of long-term weather-
ing which affected the landscape since the tectonic composition
of the Hejnice Basin in the Tertiary (Chaloupsky, 1989). The
last stage of granite landforms development may be attributed
to the cold conditions in the Quaternary (Migori, 2007).

The morphostratigraphic study of Kralik (1989) indicates
that the ice sheet reached the northern part of the Jizerské hory
Mts three times, twice during the Elsterian glaciation and once
in the Saalian (OIS 6 or 8). However, more recently both
Polish and German authors consider all ice sheet advances to
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have taken place during the Elsterian (=OIS 12) (Eissmann,
1995; Badura and Przybylski, 1998; Michniewicz, 1998).
Contrasting hypotheses have important implications for ice-
sheet trimline studies. The more recent the retreat of the gla-
ciation, the higher the probability that the trimline can be
reconstructed from landform evidence including measure-
ment of rock surfaces hardness. The altitudinal limit of glacia-
tion was estimated by Krdlik (1989) at 400-500 m, by Traczyk
and Engel (2006) at around 425 m and by Janaskova (2010)
at 470-490 m (20 m).

Methods

SH recording technique was applied to the naturally weath-
ered surface at the sites of 40 rock outcrops along six transects
from the foothills (350 m a.s.l.) upslope to 600 m a.s.l. (Figure
1, Table 1). The surfaces were then prepared using an electric
grinder and re-examined with a hammer. The grinding was
used to reduce surface roughness removing 3-4 mm of the
rock. All the outcrops where measurements were taken are
situated on parallel ridges with similar geomorphic positions
and evolution.

Below rock surface measurements were made throughout
the bedrock at nine sites (Table 2). At five outcrops SH mea-
surements were taken along subsurface vertical profiles (down
to a 5 cm depth) using an electric saw. A series of vertical cuts
were made and a sequence of horizontal cuts at 1 cm intervals
was then cut into the profile. The top surface of each horizon-
tal cut was tested in sequence as the cuts were made. At four
remaining sites rebound values (R-values) of deeper sections
were measured down to a 50 cm depth at horizontal cuts
using a 5 cm interval (Figure 2a). Similar measurements were
subsequently made at quarries on prepared horizontal sur-
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Table 1. Results of SH measurement on naturally and prepared surfaces of rock outcrops

Natural surface Prepared surface

Landform  Coarse/medium Standard  Coefficient of Standard  Coefficient of

Site No. Landform height (m) grained granite ~Altitude R-value deviation variation R-value deviation variation
1 Roche moutonnée 1-5 M 346 260 2:4 9-3 44-6 1-6 36
2 Boulder pile 2-8 C 359 296 2-1 72 46-0 2:7 59
3 Boulder pile 2:0 C 377 236 2-8 11-8 41-4 13 3-1
4 Boulder pile 2:6 C 390 27-4 2-1 76 363 2:0 56
5 Low outcrop 2:0 M 392 25-8 39 15-0 37-3 1-6 4-2
6 Low outcrop 2:0 M 394 310 2-8 8-9 489 1-5 3-0
7 Tor 4-0 C 401 22-8 2-1 9-4 25-8 1-1 4-2
8 Roche moutonnée 2-0 C 405 30-8 2-9 93 54-3 1-9 36
9 Roche moutonnée 4-0 C 413 28-4 2-5 9-0 426 32 11-8
10 Roche moutonnée 60 M 413 34-3 4-2 12:3 506 21 4-2
11 Tor 3-0 C 416 313 41 132 481 2-5 51
12 Roche moutonnée 0-2 C 417 34-4 2-1 61 41-4 20 47
13 Boulder pile 2:0 M 417 24-8 2:6 10-6 379 1-5 4-0
14 Low outcrop 1-2 M 426 295 33 113 42-9 2-3 53
15 Tor 45 C 434 29-5 29 9-7 40-6 1-4 3-4
16 Boulder pile 2:0 M 438 27-1 32 11-8 59-7 2-1 4-4
17 Tor 5-0 C 441 266 2:6 9-8 360 1-5 43
18 Tor 5-0 M 452 21-1 2:0 9-6 32-8 1-7 53
19 Low outcrop 1-8 M 452 21-7 3-0 139 30-5 1-4 4-7
20 Tor 2:5 C 454 24-3 29 12-1 33-3 1-3 39
21 Tor 6-0 C 454 31-3 3-7 11-7 43-5 2:6 59
22 Tor 3-8 C 461 24-5 19 7-8 37-7 1-3 3-6
23 Low outcrop 1-5 C 465 252 2-8 11-0 42-8 3-1 71
24 Tor 4-0 C 477 21-5 2-4 11-3 28-2 13 4-5
25 Low outcrop 1-2 C 482 21-0 2-7 13-0 385 19 50
26 Tor 2-0 C 486 256 2:2 86 357 13 3-6
27 Boulder pile 3-0 M 491 28-0 3-2 113 44-1 17 39
28 Low outcrop 1-8 C 495 260 3-0 11-6 47-1 13 29
29 Boulder pile 1-2 C 496 253 1.7 6-9 49-3 2-1 4-4
30 Tor 10-0 C 518 229 2-8 12-2 352 15 4-3
31 Tor 2-5 C 520 23-8 1.7 7-3 32-8 17 53
32 Tor 70 C 520 206 1-4 72 27-8 1-1 59
33 Tor 5-0 C 535 24-3 2:6 11-8 31-5 1-4 56
34 Tor 11-0 C 547 230 2-1 89 297 2-1 3-0
35 Tor 12-0 C 556 20-7 1-8 12:3 25-1 0-9 13-2
36 Tor 3-4 M 570 227 2:0 87 32-4 13 4-0
37 Tor 15-0 M 583 25-1 1-6 63 27-2 13 4-7
38 Tor 12-0 C 588 20-1 2:0 9-9 211 1-1 4-2
39 Tor 60 C 593 23-3 15 6-4 291 17 59
40 Tor 15-0 M 596 21-6 16 76 286 1-2 4-2
Table 2. Schmidt Hammer R-values measured on prepared surfaces and below rock surfaces

Landform  Coarse/medium Depth of Depth Surface R-value  Maximum
Site No. Landform height (m)  grained granite  Altitude (m) measurement (cm) interval (cm) (prepared) R-value
41 Tor 3-0 C 474 5 1 31-4 23-1
42 Tor 2:0 C 471 5 1 51-0 49-9
43 Low outcrop 1-2 M 397 5 1 37-1 34-5
44 Low outcrop 15 C 363 5 1 41-2 42-2
45 Roche moutonnée 1-5 M 345 5 1 44-4 469
20 Tor 2:5 C 454 50 1-5 333 320
47 River channel - C 365 50 5 62-2 67-1
46 Quarry - C 449 450 25-75 399 62-6
48 Quarry - C 350 380 1-75 39-4 665

faces of quarry steps down to a depth of 4-5 m at 25 to 75 cm
intervals. The quarry at Site 48 is cut into bedrock located
12 m above the surroundings in the glacier-covered area. The
small quarry at Site 46 is situated close to the summit of a hill
which lies about 90 m above the surrounding relief. The esti-
mated trimline indicates that a thin sheet of ice might have
covered it for some time during the glaciation.

The supplementary measurement of density of cracks was
done in a vertical profile at Site 20. The density of cracks was

Copyright © 2010 John Wiley & Sons, Ltd.

measured along 5 cm deep vertical cuts below each SH tested
horizontal surface. The crack density was expressed as
ratio of crack length and relevant areas of the vertical cuts
(Figure 2b).

The standard N-type of SH was chosen and used in accor-
dance with the operating guidelines recommended by Day
and Goudie (1977). 25 hammer impacts were taken on each
horizontal surface. The data were processed following the
guidelines presented by Matthews and Shakesby (1984) and
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Figure 2. SH applied to horizontal surfaces along 50 cm deep vertical profiles (A). Vertical cuts with marked cracks (B). This figure is available

in colour online at wileyonlinelibrary.com

extended by Moon (1984). First, the mean and the standard
deviation of the recorded readings were calculated. Then, the
five values with the greatest deviation for each surface were
excluded from the dataset and new mean values for R were
calculated from the remaining 20 values. The resulting mean
R-values for the intact and prepared surfaces measured at 40
sites were compared for each measurement site. Coefficients
of variation were calculated for each of the intact and pre-
pared datasets. R-values for the naturally weathered surfaces
were correlated with the test values for prepared surfaces
using the least squares regression method. The equation for
the line of best fit, the 95% confidence limits and the correla-
tion coefficient were determined for the regression. R-values
for subsurface horizontal flats were determined using the same
statistical techniques as for data from intact and prepared
surfaces. Subsequently the mean R-values of subsurface hori-
zontal flats were plotted against depth. Regression curves were
constructed for the datasets derived from sampling Sites 46
and 48.

Results

Rock outcrop surfaces

R-values for rock outcrop surfaces are given in Table 1. The
average R-values for natural surfaces range from 20-1 to 34-4
for coarse-grained granite, and 21-1 to 34-3 for medium-
grained granite. The coefficients of variation range from 6-1%
to 13-2% for coarse-grained granite, and from 6-:3% to 15-0%
for medium-grained granite. The results of measurements on
prepared surfaces show considerably higher R-values than
those on natural surfaces, as well as a wider range of measured
values (Figure 3). The average R-values range from 21-1 to
54-7 for coarse-grained granite, and from 27-2 to 59-7 for
medium-grained granite. The coefficients of variation range
from 2:9% to 13-2% for coarse-grained granite, and from
3:0% to 5:3% for medium-grained granite. The coefficients of
variation are high for coarse-grained granite in both natural
and prepared datasets whereas for medium-grained granite the

Copyright © 2010 John Wiley & Sons, Ltd.
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Figure 3. R-values versus altitude in the study area.

average value of the coefficient is lower for prepared surfaces.
R-values measured on prepared surfaces are higher on average
by nearly 12 points (10-8 for coarse-grained and 13-7 for
medium-grained granite) than values obtained before grind-
ing. The relation between R-values on intact and prepared
surfaces (Figure 4) is described by linear regression.
Nevertheless, its reliability is relatively low (R-squared value
0-539) which means that R-values on natural surface can
hardly be used to predict the R-values on prepared surface.
The above described facts indicate that the measured
R-values are not primarily influenced by bedrock types as dif-
ferentiated by Chaloupsky (1989). Instead, the results suggest
that weathering histories are of major importance. SH mea-
surements along transects include both weathered and rela-
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tively fresh rock outcrops, representative of weathering
conditions in the area. Smaller R-values (of up to 35) represent
strongly weathered outcrops even if subjected to grinding, but
much higher values were usually obtained from weakly
weathered outcrops after polishing (R-value above 50). The
progressive increase in the data range after polishing empha-
sizes the contrast between measurements on recently exposed
and older surfaces. The increased variation enables easier
recognition of outcrops in various stages of weathering. In
terms of variation among sites, there are higher mean R-values
at the recent river channel (mean R-value 39-8 intact / 62-2
prepared surface) and on roches moutonnées (mean R-value
30-8 / 46:7 prepared surface), with lower values being char-
acteristic for outcrops situated above the altitudinal limit
(500 m a.s.l.) of the Quaternary ice sheet (mean R-value 22-5
intact / 29-1 prepared surface).

Bedrock profiles

Stable or slightly varying R-values were recorded in shallow
subsurface vertical profiles down to a depth of 5 cm (Figure
5). The coefficients of variation range from 2-4% to 10-0% for
coarse-grained granite and from 3-1% to 6:4% for medium-
grained granite. The lower hardness of subsurface sections is
thought to be due to increased presence of rock cracks. Sub-
horizontal cracks invisible on naturally weathered surfaces
seem to affect the measurement according to their density. SH
data from all subsurface measurements show a similar hard-
ness to R-values recorded at the surface.

The data presented in Figure 6 show the change of R-values
in lower sections of coarse-grained granite down to 4-5 m.
The R-values vary widely depending upon the depth of the
rock surface tested within the profile. The average R-values
range from 34-4 to 66-5 for Site 48 and from 39-9 to 66-9 for
Site 46. The R-values in the Site 47 profile vary from 60-5 to
69-8, a restricted range compared with the previous two sites.
Coefficients of variation range from 2-0% to 10-4% (Site 48),
from 1:9% to 5-6% (Site 46) and from 1:5% to 4-0 % (Site 47),
with an overall average of 4:6%, 3:6% and 2:4%. An expo-
nential relation between the R-values and depth was found,

Copyright © 2010 John Wiley & Sons, Ltd.
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Figure 5. R-values down to 5 cm depth. Solid and unfilled shapes
represent coarse- and medium-grained granite, respectively.

as was a similar exponential fit. The high value of the coeffi-
cient of determination is the result of a correlation between
R-values and depth in both deep vertical profiles (Sites 48
and 47).

SH measurements at Site 20 revealed an anomalous trend
in surface hardness for the upper 0-5 m section. The highest
R-value was recorded 5 cm below the surface (34-9). The data
show a decreasing trend between 5 and 20 cm, followed by
a slight increase down to 50 cm (Figure 7A). The data scatter
is due to irregular cracking in the rock, which is sub-horizontal
and invisible on the bedrock surface. The higher the density
of cracks below the measured horizontal surfaces, the lower
the R-value (Figure 7B).

Discussion

Impact of surface grinding on R-value

The variation of R-values among the subsurface 5 cm sections
is low irrespective of the surface hardness and the degree of
rock weathering. The measurements carried out suggest that
if the unevenness is removed from the surface the variable
depth of grinding does not significantly affect the measured
R-value. Thus, concerns about the negative influence of rock
surface preparation expressed by Nicholas and Butler (1996)
do not apply. Results of SH measurements are more prone to
be affected by discontinuities in the rock, decreasing R-values
substantially. Sub-horizontal cracks, in particular, present a
problem because these are invisible on the surface, prohibit-
ing the operator from avoiding incorrect readings. This source
of error can be eliminated by using measurements on a more
extensive area of the surfaces being tested. The measurements
undertaken evidence a relation between R-values and cracks
and confirm that SH is highly sensitive to discontinuities in
the rock, as noted by Goudie (2006). The results also support
the recommendations of Malhotra (1976) on the application
of grinding before SH measurements.

Earth Surf. Process. Landforms, Vol. 36, 170-179 (2011)
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The results obtained demonstrate contrasting readings from
two different weathering zones (Figure 8). Rock surfaces
affected by glacial erosion (roches moutonnées) yielded gen-
erally higher and more scattered R-values than tors above the
upper limit of ice-sheet glaciation. The decrease in surface
hardness with altitude probably results from different land-
scape evolution above and below the glacial trimline located
around 500 m a.s.l. (Janaskova, 2010). Although both R-value
datasets markedly overlap, the aggregate results point to dif-
ferent degrees of surface weathering. A comparison of R-value
sets obtained on intact and prepared surfaces emphasizes the
weathering contrast. The difference between mean R-values
from intact and prepared surfaces is more than twice as high

Copyright © 2010 John Wiley & Sons, Ltd.

for rock surfaces below 500 m a.s.l. as for outcrops situated
higher up which feature greater weathering.

Figure 8 also demonstrates the benefits of grinding. While
on natural surfaces R-values from roches moutonnées (21-50)
largely overlap with the group of tors (17-30), on prepared
surfaces, the overlapping is negligible (33-57 roches mouton-
nées, 18-35 tors). If SH is used to differentiate these groups,
only the measurements on prepared surfaces are reliable data.

Natural surfaces, which yielded R-values between 20 and
25, give R-values between 22 and 42 after polishing. This
expansion of data range after polishing significantly improves
resolution of the SH method. Measurements on prepared sur-
faces allow comparison and differentiation of outcrops with

Earth Surf. Process. Landforms, Vol. 36, 170-179 (2011)
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moutonnées and tors above 560 m a.s.l., respectively. Grey bars represent data from natural surfaces and black bars represent prepared

surfaces.

similar R-values on intact surfaces. SH measurements of both
intact and prepared surfaces is thus advisable, since this will
tend to provide a better estimate of the degree of weathering
than measurements applied to natural surfaces only. Applying
SH to prepared surfaces follows similar principles to repeated
hammer impacts at individual points (Poole and Farmer, 1980;
Aydin and Basu, 2005) but with higher accuracy. Surface
grinding is especially worth the effort when surfaces of similar
weathering rate or very old surfaces are compared, if better
accuracy is needed or if the data are to be compared with an
absolute time scale.

Relationship between depth and R-value

The most important point arising from SH measurement in
vertical profiles is the variable decrease of weathering in the

Copyright © 2010 John Wiley & Sons, Ltd.

granite outcrops. The largest vertical gradient for the R-value
marks the upper 0-5 m of the vertical profile, while in lower
sections it gradually decreases. The gradual change of rock
hardness results in a substantial depth at which the impact of
weathering may be recorded and measured using SH. The
R-value change in profiles 46 and 48 can be traced lower than
4 m below the surface.

R-values for fresh granite usually reach 50-60 (Goudie,
2006) and may exceptionally exceed 70 (Katz et al., 2000).
According to our data from the recent river channel, an
R-value of at least 70 seems to be the upper limit of local
granite hardness. SH measurements along subsurface vertical
profiles in both quarries show similar values. These results
suggest that an R-value of at least 70 may be expected at a
certain depth below the bedrock surface in the whole study
area. As regards the exponential increase in R-value with
depth, the maximum hardness for unweathered granite was

Earth Surf. Process. Landforms, Vol. 36, 170-179 (2011)
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obtained in both profiles at a minimum depth of 8 m. By
contrast, in the recent river channel this R-value was recorded
25 cm below the surface (Figure 9). The different course of
exponential fits reflects various periods of time over which
rock has been affected by weathering. The depth, at which
the maximum R-value is reached, decreases with decreasing
surface hardness. As the degree of weathering increases, the
fit of the curve shifts toward lower R-values, but its overall
shape remains exponential.

For the profile through the tor protruding above the sur-
rounding bedrock, no R-value trend is noticeable at a depth
down to 50 cm. In this case, we expect the exponential
R-value will increase with depth as well, but beginning below
the level of the surrounding surface. The vertical profiles in
rock outcrops (Sites 20, 41-45) affected by weathering from
both above and the sides differ from bedrock profiles weath-
ered from the surface only (Sites 46, 48). The outcrops tend
to display a much more uniform, slowly varying hardness, not
only in the first 5 cm of depth but throughout the section
protruding above the surroundings.

Comparison of SH measurements performed in vertical pro-
files with the surface measurements reflects the influence of
landform development on surface hardness. Regarding the fact
that bedrock conditions vary only slightly within the study
area the wide range of surface R-values must be conditioned
by various degrees of weathering. Because of the uniform
climate within the study area, the impact of different origins
and/or ages of rock outcrops are of major interest. The high
among-site variance in surface R-values compared with
R-values measured in vertical profiles suggests that hardness
differences caused by different weathering histories have not
yet been obliterated by subsequent weathering.

Copyright © 2010 John Wiley & Sons, Ltd.
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Figure 10. Age-calibration curves for rock surfaces including fitted
regression models. Curves are calculated using data from Betts and
Latta (2000), Shakesby et al. (2006), Engel (2007) and Sanchez et al.
(2009).

Effective age range of Schmidt hammer dating

The SH has often been used to evaluate the degree of surface
weathering as an indicator of relative age. Until recently, it
was considered to be a valid tool for distinguishing recently
exposed from much older surfaces. In a few studies, SH mea-
surements were applied directly to surfaces of known age. In
such cases, R-values were calibrated with reference to licheno-
metric or historical data (Matthews et al., 1986; Evans et al.,
1999; Winkler, 2005), radiocarbon ages (Aa and Sjastad,
2000; Betts and Latta, 2000), OSL data (White et al., 1998)
and exposure ages (Engel, 2007; Sanchez et al., 2009). Based
on the reference R-values, the SH method was subsequently
employed to estimate the ages of measured surfaces.

Authors mostly used age estimates based on an inferred
linear weathering rate (Nesje et al.,, 1994; Aa and Sjastad,
2000; Winkler, 2005; Shakesby et al., 2006). However, such
a linear trend was only presumed and its use represents an
oversimplification of the relation between rock weathering
and time. According to Colman (1981), the rate of weathering
is constant only when an equilibrium thickness of the residue
is reached. Generally, the rate of weathering changes substan-
tially with climate conditions, oscillating between rapid dete-
rioration of the rock surface during the interglacial period and
slow modifications to the rock surface under cold and dry
glacial conditions (Goodfellow, 2007). Thus, the linear weath-
ering rate is not valid, at least for evaluating age in surfaces
originating prior to the Holocene. The non-linear pattern of
weathering was reflected by White et al. (1998), Betts and
Latta (2000), Engel (2007) and Sanchez et al. (2009), who
demonstrated that a curvilinear or exponential curve, rather
than a straight line, fits the data more precisely. An exponen-
tial relation between R-values and depth described in this
study supports this view of weathering.

By applying the calibration curves, it is possible to deter-
mine the theoretical age range for which SH is applicable on
granite surfaces as a dating tool (Figure 10). In considering a
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linear rate of R-value decline, it is evident that the time span
over which SH can be used as a regional dating tool is narrow
and its use is restricted to Holocene and last glacial (OIS 2)
surfaces only. The period associated with the non-linear rela-
tionship between the R-value and time overlaps the Holocene
timescale, extending the lower limit at least to the Late
Pleistocene. The later view is supported by the conclusions of
White et al. (1998) and Rae et al. (2004), who demonstrated
that SH is capable of distinguishing surfaces exposed for more
than ten thousand years from those originating during the
Holocene. However, a gradual increase in surface degrada-
tion caused by weathering processes increasingly restricts SH
dating. The exponential nature of the curves indicates that
time intervals represented by a single R-value unit increase
rapidly with greater age, reducing the resolution of the dating.
This limitation can be mitigated by surface grinding, which
not only extends the effective measurement range but also
increases R-values, enabling the measurement of strongly
weathered granite whose R-value for intact surfaces is lower
than 20. The SH measurements applied on prepared surfaces
of various types of outcrops show, that it is possible to distin-
guish roches moutonnées of Middle Pleistocene age from
older tors above the glacial trimline. This fact indicates a
significant extension of the SH effective measurement range
after grinding. However, measurements on prepared surfaces
of known age are necessary to identify the exact limitations of
the SH dating technique.

Conclusions

Comparison of R-values obtained from both intact and pre-
pared surfaces reveals that grinding before measurement pro-
vides more accurate data. While the range in data collected
increases after grinding, the coefficient of variation decreases.
The increase of measured data range markedly emphasizes
the variable degree of weathering. Using grinding before mea-
surement enables one to differentiate reliably among the sur-
faces which display little or no difference using measurements
on natural surfaces only. The data suggests that measurement
of both intact and prepared surfaces using the SH method is
more discriminating in respect of age and weathering and is
highly advisable. It was also proved that in the shallow sub-
surface (first 5 cm) of rock outcrops the R-value is stable.
Therefore it does not make any difference to resulting R-values
if a few millimetres or 2 cm are ground away before
measurement.

Schmidt hammer data obtained in subsurface vertical pro-
files reflects a gradual change in rock hardness from the
bedrock surface downward. The data indicate a decreasing
vertical gradient in the R-value of rock outcrops to depths of
around 4-5 m. The lowest R-values correspond to subsurface
sections and a higher degree of weathering. Simple regression
reveals an exponential relation exists between R-values and
depth. The exponential nature of the curve indicates that rock
hardness increases with depth more rapidly in the uppermost
1 m section of the rock profile. According to SH measure-
ments at the bottom of a river channel and along subsurface
profiles, R-values of at least 70 seem to be the upper limit of
local unweathered granite hardness.

The exponential relation between R-values and depth sup-
ports the hypothesis of non-linear variation of weathering rates
over time. This exponential trend indicates that time intervals
represented by a single R-value unit increase with greater age.
The resolution of the SH as a regional dating tool decreases
with increasing age of rock surface. Surface grinding, which
increases R-values, is thus advisable for dating of strongly

Copyright © 2010 John Wiley & Sons, Ltd.

weathered granite because it extends the effective measure-
ment range of the SH method. However, the age limitation of
SH remains unclear and further investigations are necessary
for its determination.
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