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Solar radiation weathering
of the Pietraforte sandstone
outcrops as assessed by the
Schmidt Hammer values in
Tuscany and Latium (Central
Italy)
A previous article relating to a series of outcrops of an Oligocene sandstone (Macigno) located
in Tuscany along a N-NW S-SE band, illustrated that the compression strength values measured with the Schmidt Hammer gradually decreased from north to south. This study applies the
same criteria and methods to the outcrops of another sandstone (Pietraforte = Strong Stone)
belonging to the geological formation of the Super Gruppo della Calvana from the Cretaceous-Eocene age. The results reveal a similar trend for the outcrops between Poppi (lat. 43°45’)
and Radda (lat. 43°29’), while the southernmost part (from Radda to Santa Marinella (lat.
42°02’, Rome) shows an initial process of case hardening, which toughens the rock due to the
presence of hydroxides-oxides of Fe / Mn, and neogenic clay, and that can be attributed to the
action of solar radiation. This facilitates the disintegration of the poly-minerals rock in the northern areas, while the ones located in the south, through the dehydration and oxidation of the
hydroxides of Fe / Mn, the precipitation of carbonates and the incorporation of colloidal silica,
determines significant hardening, especially on the surface levels.
Keywords: Schmidt Hammer, Insolation weathering, Mesozoic sandstones.
L’alterazione generata dall’insolazione su alcuni affioramenti di Pietraforte in Toscana e nel Lazio Settentrionale, misurata con lo sclerometro. Un precedente articolo
relativo ad una serie di affioramenti di una arenaria oligocenica (Macigno) disposti in Toscana
lungo una fascia N-NW S-SE, ha evidenziato che i valori di resistenza alla compressione misurati
con lo Schmidt Hammer andavano progressivamente diminuendo procedendo da Nord verso
Sud. Questa nota applica gli stessi criteri e metodi agli affioramenti di un’altra arenaria (Pietraforte = Strong Stone)appartenente alla Formazione geologica del Super Gruppo della Calvana
di età Cretaceo-Eocene. I risultati rivelano un andamento simile al precedente per gli affioramenti compresi tra Poppi (lat. 43°45’) e Radda (lat. 43°29’), mentre la parte più meridionale
(da Radda a Santa Marinella, lat. 42°02’, Roma) mostra un iniziale processo di case hardening
che indurisce la roccia per la presenza di idrossidi di Fe/Mn e di argilla neogenica e può essere
attribuito all’azione della radiazione solare. Questa infatti facilita la disgregazione della roccia “
poli-mineralica” nelle zone settentrionali, mentre in quelle più meridionali tramite la disidratazione e l’ossidazione degli idrossidi di Fe/Mn, la precipitazione dei carbonati e l’incorporazione
di silice colloidale, si determina un sensibile indurimento, specialmente dei livelli più superficiali.
Parole chiave: Sclerometro-Insolazione-Case Hardening, Arenarie Mesozoiche.

1. Introduction
For many years, it has been
known that climatic factors such
as rainfall and temperature broadly
shape regions with different types
and intensities of alteration in relation to the rocks in these exposed
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environments (Peltier, 1950). In the
pedological field, the FAO proposed
a soil degradation index (FAO-Unesco 1980) which was subsequently
resumed and modified by Magaldi,
Ranalli and Ungaro (2011), with
a view to applying it also to stone
materials. This index (AGCT) corre-
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lates well with the LN of the solar
radiation of Tuscany, according to
the equation y = 723.74x – 6142.9,
where y is the degradation index e
x the LN of the solar radiation, with
R2 = 0.4584, thus indicating that
the alteration broadly increases in
the southernmost climatic zones.
Recently, many authors and, in
particular, A.Goudie (2016), L.Mol
(2014), J. Mattews et al. (2016),
have highlighted in the geomorphological and applied geological
field the relevance of an inexpensive and easy-to-use tool, such as the
Sclerometer or Schmidt Hammer,
which allows a rapid evaluation,
both in the field and in the laboratory, of certain mechanical properties of a rock mass, starting with
its uniaxial compression strength,
measured by the bounce of a steel
ball. Recently, a set of measurements taken with the Sclerometer
on approximately fifty outcrops
of a commonplace sandstone in
Tuscany (the Oligocene Macigno)
developed according to a N-NW
S-SE band verified that their resistance decreases significantly from
the northernmost to the southernmost areas (Magaldi, 2019). Taking
this point into account, this survey
seeks to ascertain as to whether
another lithology similar to the previous one, but with fewer outcrops
and commonplace in Tuscany and
northern Lazio, was subject to the
same trend as the Macigno. For this
purpose, the decision was made to
examine a Lithic Greywacke with
carbonate cement dating to the
Late Cretaceous, called Pietraforte
(Bortolotti, 1962), distributed in
various isolated “slabs” oriented
according to a band fairly similar to
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that of the Macigno, between latitude N°44 and N°43 (Fig. 1). This rock
is made up of a turbiditic sandstone
belonging to the Super Gruppo della Calvana (external Ligurides). Its
mineralogical properties (Cipriani
C., and Malesani, 1966; Bastogi
and Fratini, 2004) are as follows:
rock fragments for about 35-56%
(dolomite, limestone, flint, argillite,
siltstone, mica-schists, gneiss and
quartzite), feldspar (<7%), of which almost exclusively plagioclase,
and a high ratio of polycrystalline
quartz / total quartz 43-47%. An
unique characteristic of this rock is
the abundance of detrital dolomite
(25-23%) and the frequency of interstitial calcite responsible for cementing the sandstone. Regarding
the mechanical properties, the remarkable compression strength is
notable (140 MPa), as is the high
specific weight (2.70), and finally,
the low porosity (4-6%) (Malesani,
Pecchioni, Cantisani, and Fratini,
2003). The centuries-old quarries
were largely used from the Middle
Ages onwards for the construction
of the main Florentine palazzos
due to the resistance of this rock
to degradation processes and its
particular mechanical properties.
Light gray in color and fine-grained, it appears to have a characteristic reddish-yellow color due to
the abundance of hydroxides and
iron oxides. Outside Tuscany (Prealpi Bergamasche), there is almost
certainly a sandstone (Arenaria di
Sarnico) with the same characteristics that some studies (Cipriani N.,
Magaldi and Malesani, 1976) have
identified as the northernmost
Italian part of the ancient turbidity, which originated in the Ligurian-Piedmontese oceanic domain.
It then overlapped the Tuscan Miogeosynclinal Sequences during the
Alpine orogeny (Bastogi and Fratini, 2004).
It is widely believed by all those who dealt with this rock, both
technically and scientifically, that
the name attributed to it since the
Dicembre 2020

Middle Age (“strong stone”) fully
reflects its characteristics of resistance to compression and durability. These properties determined
its intense cultivation and vast use
in the construction of the most
historic and majestic Florentine
palazzos (Palazzo Vecchio, Palazzo Strozzi, Palazzo Pitti, etc.) and
finally, in the construction of fortresses and castles where the widespread outcrops in central southern
Tuscany were sufficiently extensive: for example, Arcidosso and
Montalcino. This research intends
to evaluate the resistance values
according to the Schmidt-Hammer
methodology measured on fresh or
slightly altered rocky outcrops, in
relation to their geographical location and the solar energy received,
expressed by the value of the natural logarithm of radiation, measured on the basis of the coordinates
of the latitude and longitude.

2. Methods
The instrument used in the
countryside on dry outcrops, from
fresh to slightly altered, is the Schmidt Hammer Type L, known in
Italy as a Sclerometer and sold by
the Pasi company in Turin. The
easy-to-use and reproducible instrument evaluates the rebound
(SH) of a mass solicited by an internal spring according to a measurement scale (from 10 to 70 units)
proportional to the compression
strength of the material examined in MPa. The measurements
(Tab. 1) were conducted according
to the following criteria: at least 20
non-corresponding points, on the
flat surface of the rock, perpendicular to the tip of the measuring
instrument; on-site measurement
at altitude of the flat geographical coordinates, and finally, of the
average annual value of solar radiation on a normal surface, in MJ /
m2 / y, according to the Atlas of

Solar Radiation of ENEA, taken
as a measure of the insolation to
which the outcropping rocks are
subjected. In order to take rainfall
into account, an empirical relationship has been established between
the decimal value of latitude and
the annual rainfall obtained from
the twenty-year averages (19912010) proposed by the Italian Atlas of Climate and Climate Change
(CREA-CMA, 2016). However, the
values obtained gradually decrease
towards the south without particular variations and therefore have
not been taken into consideration
for the purposes of this research.
Instead, the maximum annual
temperature range was considered
by evaluating this magnitude from
the data of about fifteen inhabited
centers present along a NW-SE
belt, from Massa to Santa Marinella (Rome) in relation to the LN
of the Solar Radiation. The results
are expressed in Fig. 1.
The selected outcrops for the
survey (Fig. 2)appear relatively
fresh for the most part, except for
a typical yellow-brown color from
Fe and Mn hydroxides and are
mainly subject to sandy disintegration (granular disintegration;
Mustoe, 1982; Gomez-Heras.,
Smith and Fort., 2006; Labus
and Bochen, 2012). Only in some
cases has it been possible to observe that they give rise to some
developed soils with a sandy-loam
texture, perhaps Alfisols. The climatic-morphological subdivision
of the sampled area is as follows:
northwestern mountainous area:
MAT (mean annual temperature) =
10-12°; climate according to Thornthwaite: perhumid and humid;
central mountainous and hilly
area: MAT = 12-14° and subhumid
climate; south-eastern hilly and coastal areas: MAT = 14-16° and subarid climate. The winds that blow
in central southern Tuscany come
mainly from the north, northeast
and south quadrants; more rarely
from the Atlantic depressions of a
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Tab. 1. Properties of the studied sixteen outcrops.
Caratteristiche dei sedici affioramenti studiati.
LOCATION
Lat.-Long.
Masseto, Fiesole
43°52’-11°21’
Riscaggio
43°43’-12°28’
Sillano
43°35’-11°15’
Gualdo
43°52’-11°14’
Olmo
43°52’-11°20’
San Gersolè – Mezzomonte
43°43’-11°15’
SE di Greve in Chianti
43°35’-11°20’
Fiesole, Camping
43°48’-11°18’
Arcidosso Castello
42°52’-11°32’
Montalcino
43°03-11°29’
M.Ripaldi
43°44’-11°15’
Radda
43°29’-11°23’
Poppi
43° 43’-11°46’
Manciano Castello
42°35’-11°31’
Manciano San Giovanni
42°35’-11°29’
Santa Marinella
42°02’-11°51’

maritime nature which manifest
themselves as Mistral currents,
coming from the northwest.

3. Results
The SH values in relation to the
natural logarithm of the annual
average solar radiation show substantially constant values or at
most slightly decreasing (but not
significant) in the central northern areas of Tuscany characterized by a humid climate but tend to
increase and stabilize when passing to the more southern ones
characterized by a dry sub-humid
climate and progressively sub-arid. This trend appears substantially different from that found
for the Macigno, which, on the
other hand, shows lower values
the closer the measurement stations are to the warmer and more
arid climate zones of southern
Tuscany where the rock alteration
processes are more intense. The
site of Santa Marinella (Rome),
at about 100 m above sea level,
represents the last outcrop of the
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STRIKE
NW-SE
NE-SW
N-S
E-W
NW-SE
N-S
N-S
NW-SE
N-S
E-W
SW-NE
N-S
SE-NW
NE-SW
NE-SW
NO-SE

ELEVA.
560 m
100 m
500 m
455 m
500 m
220 m
340 m
400 m
700 m
600 m
100 m
456 m
425 m
425 m
260 m
100 m

WEA.ST.
FR
FR
FR
SH
FR
FR
FR
FR
FR
FR
FR
SH
FR
SH
FR
SH

Formation, which subsequently
disappears, possibly beneath the
Tyrrhenian Sea. The value of SH
here is lower than that of Manciano, potentially due to the action
of past and current storm surges,
which originate just over one kilometer away.
The degree of alteration of the
sandstone was subsequently evaluated, according to the methodology proposed by Mattews et al.,
2016, in the Riscaggio quarry to
SE of Florence for measurements
as it is representative of the most
extensive and northernmost sequence of the Formation. Finally,
in some cases, it was possible to
assess the color of the rock in both
relatively fresh and highly altered
outcrops, using the color kit prepared by the Geological Society of
America in cooperation with Munsell Color in 2009 for rocks. The
sandstone of the Riscaggio quarry
has an alteration degree equal to
11% with a more frequent coloration of the rock equal to 5 YR 6/4
(Light Brown) due to iron hydroxides, with circular and centimeter
black streaks from hydroxides Fe /
Mn. On the contrary, the color of

SH
50
50
47
42
46
47
47
51
47
55
47
40
54
46
49
44

ST.DEV.
4,8
2,9
4,62
3,8
2,9
4,7
1,9
3,8
4,1
4
2,9
2,1
2,8
5,3
4,5
4,4

SOL.RAD
7262
7251
7422
7304
7268
7384
7238
7321
7524
7615
7376
7405
7189
7635
7635
7758

the bedrock in the southernmost
outcrop of Tuscany (Manciano)
is N8 (Very Light Gray), while the
altered sample (walls of Castello
Aldobrandeschi, Manciano) has
a color 10 R6 / 6 (Moderate Reddish Orange) with an alteration
value equal to 26%. In the Lazio
outcrop of Santa Marinella, which
represents the southernmost part
reached by the Formation, a fairly
cool rock has a color 5 Y 7/2 (Yellowish Gray). In Santa Marinella,
it was not possible to sample the
roof of the Formation, now completely removed with only collapsed blocks remaining, one of which
had an altered level underneath a
compact thin surface layer, with
red streaks of Fe oxides crossed by
irregular mottles and nodules of Fe
/ Mn. On these stones, widely used
for the construction of medieval
structures, circular-shaped lichens
are visible, at times with a random
distribution, probably of the genus
Sarcogyne (according to what was
preliminarily communicated by
S. Favero-Longo of Turin,), which
seem to exert a mobilization action
of iron from hydroxides (Favero
Longo et al., 2000).
Dicembre 2020
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color. By relating the values of
SH with the LN of solar radiation
8,2
expressed in MJ / m2, we obtain
R² = 0,5329
(Fig. 3) a distribution of points
8
expressed by a 3rd order polyno7,8
mial curve (R2 = 0.3811), which
suggests it consists of two parts:
7,6
that of an initial decrease between the values of LN 8.88 and 8.91
7,4
(between Poppi and Radda), the
7,2
subsequent one increasing and
stable between the values of LN
7
8,86
8,88
8,9
8,92
8,94
8,96 8.91 and 8.96 (between Radda
and Santa Marinella).
LN Rad.So.
Similar to what was found for
Fig. 1. Maximum annual thermic excursion in °C degrees in relation to LN Solar Radiation Macigno (Magaldi, 2019), the
for Tuscany.
decreasing part of the curve inMassima escursione termica annuale in gradi Celsius in relazione al Log. Naturale della Radiadicates a reduction in resistance
zione Solare.
that seems to be attributable to
the insolation weathering (Goorigin, which give the altered rock mez-Heras, Smith and Fort R.,
4. Discussion of results
its characteristic reddish-brown 2006; Aldred et al., 2015) inIt is clear that solar radiation
affects the physical and chemical
properties of this rock (Aldred et
al., 2015) which is absolutely different from other Tuscan sandstones precisely due to its strength
and durability. The rock, as previously mentioned, is characterized by a fine grain, low porosity
and permeability, and by a chemical-mineralogical composition
where quartz, calcite, dolomite
and finally the oxides-hydroxides of iron and manganese are
frequent, the latter of secondary

Excursion

8,4

NEFI = Nord-Eastern of Firenze sites:
Sillano; Gualdo; L’Olmo; San Gersole
FS =

Fiesole-Camping; Masseto-Fiesole

MR =

M. Ripaldi

RI =

Riscaggio

PO =

Poppi

GR =

Greve

RA =

Radda

MO = Montalcino
AR =

Arcidosso

MC = Manciano Castle
MN=

Manciano S. Agostino

SM =

Santa Marinella (Roma)
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Fig. 2. Site Location in Tuscany and Latium, Central Italy.
Localizzazione degli affioramenti in Toscana e Lazio, Italia Centrale.
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60

SH Values

50
40
R² = 0,3811

30
20
10
0
8,8600

8,8800

8,9000

8,9200

8,9400

8,9600

LN Rad.So.

South Africa (Chima et al., 2018).
To verify this hypothesis, a study
was performed on two surficial
rock sections with the Zeiss Gemini SEM 500 Scanning Electron
Microscope of the Microscopy
Center of the L’Aquila University.
The results strengthen (Fig. 4A-D)
the previous statements and also
suggest the neo-formed clays occurrence together with a Fe amorphous oxide/hydroxides common
distribution while the Mn mottles
8,9800 and nodules form a few mm crust
at sample surface.

Fig. 3. Schmidt Hammer Values (SH) in relation to LN Solar Radiation.
Valori di rimbalzo (SH) in relazione al Log. Naturale della Radiazione solare.

duced by the wide temperature
range that causes, among other
things, different expansions and
contractions of the various minerals of different natures and
colors. This stretch extends along
an arc of about 140 km, oriented
NW-SE. It is more difficult to interpret the behavior of the other
“piece” (about 70 km). It is known
that the alteration processes of a
sandstone can, in some cases, lead
to an increase in the resistance
of the surface part of the rock,
known as “case hardening” (Goudie and Viles 1997; Goudie and
Viles, 2003; McBride and Picard,
2004; Mol, 2014; Mol and Viles,
2012; Dorn et al., 2017). This process precedes, especially in arid
environments, the formation of
honeycombs and subsequently of
tafoni, as occurred in the Oligocene sandstones (Macigno) along
the Italian coast in the Province
of Livorno (McBride and Picard,
2004). Even if phenomena attributable to these processes do not
appear on the rock surface, either
due to the limited extension of
the outcrops, or to the absence or
rare instances of the environmental conditions that give rise to
these phenomena, it is likely that
the increase in the rebound, with
the exception of the site of Santa
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Marinella, is determined in our
case by the surface cementation
operated by the re-precipitation
of carbonates, by the enrichment
in silica, and probably in clays, deriving from the surface chemical
alteration, but particularly from
the dehydration and oxidation of
iron and manganese hydroxides
(McAlister, Smith and Curran J.,
2003), which give rise to the formation of Fe / Mn oxides, responsible for the typical ferruginous
color of the most altered rock
(McBride and Picard, 2004; Dorn
et al., 2017). These are visible as
irregular patches on the planar
surfaces of the rock. It should also
be noted that these measurement
sites are characterized by a higher
average annual temperature, therefore by a more effective evaporation (Ben Neriah et al., 2014)
as well as a greater sensitivity of
the calcite cement to expansion
and contraction. Possible films of
oxides / hydroxides of Fe and Mn
protect the underlying parts. This
increasing rock hardening process
can be interpreted as an initial
example of epidiagenesis according to Fairbridge, 1967. A similar phenomenon appears to have
also occurred in the Stormberg
Group Sandstone Formations
of the Eastern Cape Province in

5. Conclusion
The analysis conducted on a
series of outcrops located in a
straight belt from north to south
for about 200 km clearly indicates the effect of insolation on the
mechanical strength of the rocks
examined. Similarly to what was
found for the Macigno Formation, the mechanical resistance of
the rock tends to decrease, albeit
to a lesser degree compared to Macigno, towards the southwest due
to sand disintegration processes,
mainly, though not exclusively,
due to contraction-dilation of mineral crystals of different nature
and color present in sandstones.
However, this process is reversed to the south, probably due to
a greater hardening of the rock
mainly in relation to the oxidation
and de-hydration of the hydroxides of iron and manganese in the
surface levels, subjected to fairly
incipient pedogenetic processes.
Unfortunately, it was not possible
to observe undisturbed outcrops
of high altitude at these sites, but
only accumulations of collapsed
stones with dimensions of a few
decimeters.
To conclude this survey, it’s clear that, apart from rare cases, the
solar radiation tends to modify the
strength of sandstone.
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B

Fig. 4A. Scanner Image of Section A surface.
Immagine scannerizzata della superfice della Sezione sottile A.

Fig. 4B. SEM-EXDRA map of A Section surface.
Mappa della distribuzione degli elementi Fe, Ti, Si, Al, entro la sezione A.

C
D

Fig. 4C. SEM-EXDRA analysis of Section B surface showing a concentration of clay minerals.
Analisi totale di alcune zone della Sezione B che mostra la diffusione
di alcuni minerali argillosi.
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