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ABSTRACT

The chemical composition of river waters 
gives a measure of the atmospheric CO2 
fixed by chemical weathering processes. 
Since the dominating factors controlling 
these processes are lithology and runoff, as 
well as uplift and erosion, we introduce a 
new simplified geo-lithological map of the 
Alps (Alpine-Geo-LiM) that adopted a lith-
ological classification compliant with the 
methods most used in literature for estimat-
ing the consumption of atmospheric CO2 by 
chemical weathering. The map was used to-
gether with published alkalinity data of the 
33 main Alpine rivers (1) to investigate the 
relationship between bicarbonate concen-
tration in the sampled waters and the lithol-
ogies of the corresponding drained basins, 
and (2) to quantify the atmospheric CO2 
consumed by chemical weathering. The 
analyses confirm (as known by the litera-
ture) that carbonates are lithologies highly 
prone to consuming atmospheric CO2. 
Moreover, the analyses show that sandstone 
(which could have a nonnegligible carbon-
ate component) plays an important role in 
consuming atmospheric CO2. Another re-
sult is that in multilithological basins con-
taining lithologies more prone to consum-
ing atmospheric CO2, the contribution of 
igneous rocks to the atmospheric CO2 con-
sumption is negligible. Alpine-Geo-LiM has 
several novel features when compared with 
published global lithological maps. One 
novel feature is due to the attention paid in 
discriminating metamorphic rocks, which 
were classified according to the chemistry 
of protoliths. The second novel feature is 
that the procedure used for the definition of 
the map was made available on the Web to 
allow the replicability and reproducibility 
of the product.

INTRODUCTION

Carbon is the fourth most abundant element 
in the universe (Morgan and Anders, 1980; An-
ders and Ebihara, 1982), and it plays a vital role 
in Earth’s environment. This element migrates 
continuously among four sinks: oceans, atmo-
sphere, ecosystems, and geosphere (Holland, 
1978; Berner, 2003; Kump et al., 2009). Con-
sidering the time scale of the phenomena, the 
“short-term” carbon cycle (shorter than 1 m.y.) is 
distinguished from the “long-term” carbon cycle 
(longer than 1 m.y.). The 1 m.y. threshold is as-
sumed in literature to be coherent with the resi-
dence time of Ca2+ in the ocean system (Donnini 
et al., 2016). In the “short-term” carbon cycle, 
carbon is rapidly exchanged within surficial sys-
tems, such as oceans, biosphere, soil, and atmo-
sphere, where the anthropogenic CO2 production 
is also taken into account. In the “long-term” 
carbon cycle, carbon is slowly exchanged be-
tween the geosphere and the ocean-atmosphere 
system. Here, the concentration of atmospheric 
CO2 mainly derives from the balance between 
the CO2 produced by both volcanism and meta-
morphism, and the atmospheric CO2 consumed 
by weathering of silicates and carbonates (Ber-
ner et al., 1983; Berner, 1991, 1994, 2004, 2006; 
Berner and Kothavala, 2001; Gislason and Oelk-
ers, 2011; Li and Elderfield, 2013).

Because the solutes produced by chemical 
weathering enrich the river dissolved load, the 
composition of river waters can be considered 
as a good indicator of chemical weathering pro-
cesses (Mackenzie and Garrels, 1966; Garrels 
and Mackenzie, 1971; Meybeck, 1987; Tardy, 
1986; Probst, 1992; Gaillardet et al., 1999; Viers 
et al., 2007; Berner and Berner, 2012). Starting 
with knowledge of both the chemical composi-
tions and flow rates of river waters, as well as 
of the lithologies of their basins, two different 
methods can be used to calculate the atmo-
spheric CO2 consumed by chemical weathering 
(Hartmann, 2009; Hartmann et al., 2009): (1) the 
reverse and the (2) forward methods. Both meth-
ods assume that the only reactions  occurring 

within the river basins are the alteration of sili-
cates and the alteration of carbonates due to the 
presence of carbonic acid.

The reverse method uses mass balance equa-
tions to discriminate weathering products by 
considering specific lithological end members 
(Garrels and Mackenzie, 1967; Meybeck, 1987; 
Gaillardet et al., 1999). Consequently, the stoi-
chiometric relationships between the cations 
dissolved in the fluvial waters give, with good 
approximation, an estimate of the moles of at-
mospheric CO2 involved in the alteration pro-
cesses (Probst et  al., 1994; Amiotte-Suchet, 
1995; Amiotte-Suchet and Probst, 1996; Boeg-
lin and Probst, 1998; Mortatti and Probst, 2003; 
Donnini et  al., 2016). Depending on the time 
scales, different reactions have to be consid-
ered in order to quantify the atmospheric CO2 
consumed by chemical weathering (Huh, 2010; 
Donnini et al., 2016).

The forward method assumes that lithology 
and runoff (i.e., the discharge per unit area) are 
the predominant controlling factors of bicar-
bonate concentration in river waters, which is 
a measure of the atmospheric CO2 consumed 
by chemical weathering. For specific litholo-
gies, the runoff is linked to the atmospheric CO2 
consumed by chemical weathering through em-
pirical relationships. In this way, it is possible 
to quantify the atmospheric CO2 consumed by 
chemical weathering (Bluth and Kump, 1994; 
Amiotte-Suchet and Probst, 1993a, 1993b, 1995; 
Probst et al., 1994; Amiotte-Suchet et al., 2003; 
Hartmann, 2009; Hartmann et al., 2009).

A good understanding of the nature of the 
rocks is fundamental for building the empirical 
relationships between CO2 consumption and 
 lithology. As highlighted by Amiotte-Suchet 
et  al. (2003) and by Moosdorf et  al. (2010), 
geological maps often give scarce information 
regarding the chemical and physical nature of 
the rocks, focusing on the age of rocks, their de-
formation, their stratigraphy, and their structural 
position. This lack of information is problem-
atic, especially for sedimentary rocks, which 
are very abundant in orogens (Doglioni, 1994; †marco.donnini@irpi.cnr.it.
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Einsele et al., 1996; Clift et al., 2001) and which 
have a highly variable chemical composition 
(Amiotte-Suchet et  al., 2003). Moreover, it is 
often not simple to obtain information about the 
protoliths of metamorphic rocks.

In the literature, a few lithological maps have 
been published at the global scale and are illus-
trated in the following. Gibbs and Kump (1994) 
presented a 2° × 2° global lithological map clas-
sified into the six following rock types: (1) car-
bonates, (2) shales, (3) sandstones, (4) extrusive 
igneous rocks, (5) shield areas (including both 
intrusive igneous rocks and metamorphic rocks), 
and (6) “complicated lithology” (where it was 
difficult to discern a single rock type within the 
2° × 2° grid cell). That lithological map was used 
together with a derived 7.5° × 4.5° global runoff 
map to calculate the global riverine bicarbonate 
flux by using the relationships between runoff and 
bicarbonate flux from Bluth and Kump (1994).

Amiotte-Suchet and Probst (1995) elaborated 
a 1° × 1° global map of CO2 consumption (Glob-
al Erosion Model for CO2 fluxes [GEM-CO2]) 
starting from the simplified lithological and soil 
maps published by the Food and Agriculture 
Organization (FAO) and United Nations Edu-
cational, Scientific and Cultural Organization 
(UNESCO) (FAO-UNESCO, 1971, 1975, 1976, 
1978, 1979, 1981) and exploiting the relation-
ships estimated by Meybeck (1986) considering 
more than 200 French monolithological basins 
(Amiotte-Suchet and Probst, 1993a, 1993b). 
Amiotte-Suchet and Probst (1995) defined the 
total atmospheric/soil CO2 flux consumed by 
rock weathering, ϕ(CO2)short, as the CO2 moles 
consumed per area unit in a given period of time. 
In the map, the following seven lithologies were 
considered: (1) plutonic and metamorphic rocks, 
(2) sand and sandstone, (3) acid volcanic rocks, 
(4) evaporite rocks, (5) basalts, (6) shales, and 
(7) carbonate rocks.

Subsequently, Amiotte-Suchet et  al. (2003) 
elaborated a 1° × 1° global lithological map 
considering six rock categories: (1) sands and 
sandstone, (2) shales, (3) carbonate rocks, (4) 
combined intrusive igneous rocks and metamor-
phic rocks (i.e., shield rocks), (5) acid volcanic 
rocks, and (6) basalts. Compared with the map 
presented by Gibbs and Kump (1994), the map 
of Amiotte-Suchet et  al. (2003) has a greater 
resolution (1° × 1° vs. 2° × 2°), and it is more 
informative, since ∼27% of the total exposures 
are “complicated lithology” in the map of Gibbs 
and Kump (1994), and, as such, they are not 
precisely characterized (Amiotte-Suchet et al., 
2003). Similar to Amiotte-Suchet and Probst 
(1995), ϕ(CO2)short was estimated by Amiotte-
Suchet at al. (2003) through the relationship 
between ϕ(CO2)short and runoff published by 
Meybeck (1986).

A more detailed global lithological map was 
published by Dürr et al. (2005) at 1:25,000,000 
scale. In contrast to the maps published by Gibbs 
and Kump (1994) and by Amiotte-Suchet et al. 
(2003), which are two grid-based raster maps, 
the map of Dürr et al. (2005) is in vector format 
and includes 8300 polygons. The map considers 
15 rock categories (excluding water and ice): (1) 
acid volcanic rocks, (2) basic volcanic rocks, (3) 
acid plutonic rocks, (4) basic plutonic rocks, (5) 
Precambrian basement, (6) metamorphic rocks, 
(7) consolidated siliciclastic rocks, (8) mixed 
sedimentary rocks, (9) carbonates, (10) semi- to 
unconsolidated sedimentary rocks, (11) alluvial 
deposits, (12) loess, (13) dunes, (14) evaporites, 
and (15) complex lithology (where sediments, 
volcanic, and metamorphic rocks are mixed to-
gether). Together with outcropping lithologies, 
the map contains three other thematic layers 
 containing other geological information (major 
subsurface evaporite occurrences, geology, and 
limits of maximum Quaternary glaciation extent).

Another global lithological map (named 
GLiM), in vector format, was presented by Hart-
mann and Moosdorf (2012). The map includes 
1,235,400 polygons at 1:1,000,000 scale. Fol-
lowing Moosdorf et al. (2010), the map contains 
three levels of information (layers). The first one 
is mandatory and represents the general lithol-
ogy. It considers 15 lithologies (excluding water 
and ice): (1) evaporites, (2) metamorphics, (3) 
acid plutonic rocks, (4) basic plutonic rocks, 
(5) intermediate plutonic rocks, (6) pyroclas-
tics, (7) carbonate sedimentary rocks, (8) mixed 
sedimentary rocks, (9) siliciclastic sedimentary 
rocks, (10) unconsolidated sediments, (11) acid 
volcanic rocks, (12) basic volcanic rocks, (13) 
intermediate volcanic rocks, (14) Precambrian 
rocks, and (15) complex lithologies. The second 
and the third layers optionally contain informa-
tion on the specific rock attributes.

At regional scale, Donnini et al. (2016) pre-
sented a lithological map of the Alps. The map 
was used, together with the major-element con-
centrations of the 33 main Alpine river waters, 
to estimate the atmospheric CO2 consumption 
by chemical weathering in the Alpine region by 
applying the MEGA geochemical code (Ami-
otte-Suchet, 1995; Amiotte-Suchet and Probst, 
1996), which implements the reverse method. 
This map was elaborated at 1:1,000,000 scale 
and considers eight lithological classes: (1) acid 
igneous rocks, (2) mixed carbonate, (3) clay and 
claystone, (4) debris, (5) mafic rocks, (6) meta-
morphic rocks, (7) pure carbonate rocks, and (8) 
sandstone.

In this paper, we introduce a new high- 
resolution (1:1,000,000 scale) simplified 
geo-lithological map of the Alps (named 
Alpine-Geo-LiM) that adopted a  lithological 

classification (10 lithological classes: (1) 
“pure carbonate,” (2) “mixed carbonate,” 
(3) “gypsum evaporite,” (4) “acid rocks,” 
(5) “mafic rocks,” (6) “intermediate rocks,” 
(7) “sandstone,” (8) “claystone,” (9) “meta-
morphic rocks,” and (10) “peats”), compliant 
with the reverse and the forward methods. 
Alpine-Geo-LiM was derived from the na-
tional geological maps of Italy, France, Ger-
many, Switzerland, Austria, and Slovenia, 
and it represents an implementation of the 
map previously published in Donnini et  al. 
(2016). Moreover, it is released together with 
the code adopted for building the map (Don-
nini et al., 2018). Although we used the same 
input data as in Donnini et al. (2016), Alpine-
Geo-LiM differs from the map published in 
Donnini et al. (2016) in the lithological clas-
sification, i.e., eight lithological classes of 
Donnini et al. (2016) versus 10 lithological 
classes for Alpine-Geo-LiM, as well as in a 
more accurate analysis of the protoliths of 
metamorphic rocks. Moreover, unlike Don-
nini et  al. (2016), Alpine-Geo-LiM is re-
leased in vector format together with both the 
informatic procedures used to elaborate the 
map and the original data (see Donnini et al., 
2018). We define Alpine-Geo-LiM as a geo-
lithological map since we provide the litho-
logical map, but we also provide the origi-
nal layers and procedure used to create the 
map. Moreover, we release, in the  attribute 
table, the original geological information 
(Appendixes A, B, and C1).

Alpine-Geo-LiM, together with the alkalinity 
of the 33 main Alpine rivers sampled in 2011 
and 2012 (Donnini et al., 2016), was used: (1) to 
investigate the relationship between HCO3

− con-
centration in the sampled river waters and the 
lithologies of the corresponding drainage basins, 
and, applying the forward method, (2) to quan-
tify the atmospheric CO2 consumed by chemical 
weathering.

STUDY AREA

The Alps (south-central Europe; Fig. 1) are 
a collisional belt generated by the Cretaceous 
to present convergence of the European and 
 African (also named Adriatic or Apulian) con-
tinental margins, which caused the closure of 

1GSA Data Repository item 2020085, Appendix 
A: Deep description of the geology of the Alps; 
Appendix B: Names of the attribute fields of the 
different national geological maps used for the 
elaboration of Alpine-Geo-LiM; Appendix C: 
Considerations done to classify some specific 
Alpine geological units, is available at http://www.
geosociety.org/datarepository/2020 or by request to 
editing@geosociety.org.
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the ocean located in the Mediterranean region 
(Trümpy, 1960; Frisch, 1979; Tricart, 1984; 
Haas et al., 1995; Stampfli et al., 2001; Dal Piaz 
et al., 2003; Schmid et al., 2004; Pfiffner, 2014).

The Alps have an arc shape and can be roughly 
subdivided into the following different geo-
logical domains (Dal Piaz et al., 2003; Schmid 
et al., 2004; Pfiffner, 2014) shown in Figure 1: 
the  eastern Alps, the Northern Calcareous Alps, 
the southeastern Eoalpine Calcareous Alps, 
and the western Alps. The Alps are partially con-
tinuous to the northwest with the Apennine chain 
and to the east with the Dinarides. The Pannonian 
basin bounds the Alps to the east, the Molasse 
 Basin bounds the Alps to the north, and the Po Val-
ley and Adriatic foreland bound the chain to the 
south. The Jura Mountains define the northwest-
ern boundary of Alps. External to the Alps, in the 
north, there is the European foreland. The polygon 
in Figure 1 represents the study area, correspond-
ing to the subdivision of the Alps into the 33 main 
Alpine river basins used by Donnini et al. (2016).

The geology of the Alps can be roughly sche-
matized using the following geological domains 
(Rossi and Donnini, 2018): (1) Austroalpine 
crystalline rocks in the eastern Alps; (2) carbon-
ate rocks in the Jura Mountains, in the Northern 
Calcareous Alps, and in the southeastern Eoalpine 
Calcareous Alps; and (3) Helvetic calcareous 
units mixed with crystalline massifs and Penninic 

metamorphic-ophiolitic units in the western Alps. 
Outside of the Alpine chain, (1) the Molasse basin 
in the north is filled by Tertiary successions hav-
ing several kilometers of thickness, and (2) the Po 
Valley and Adriatic foreland in the south mainly 
consist of alluvial deposits, as do the Pannonian 
basin and the European foreland.

From a geomorphologic point of view, the Alps 
are characterized by altitudes ranging between 
1200 and 1300 m above sea level (m.a.s.l.), exten-
sive lowlands, deeply incised valleys, and moun-
tains higher than 4000 m.a.s.l. (the highest peak 
is Monte Bianco at 4888 m.a.s.l.; Dal Piaz et al., 
2003), leading to a strong topographic variability 
(Carraro and Giardino, 2004; Gobiet et al., 2014).

Temperature extremes and annual precipitation 
are related to the physiography of the Alps. The 
valley bottoms are generally warmer and drier 
than the surrounding mountains. In winter, nearly 
all precipitation above 1500 m.a.s.l. is in the form 
of snow. Snow cover lasts from approximately 
mid-November to the end of May at 2000 m.a.s.l 
(Diem et al., 2019). The precipitation stored as 
snow and ice in the winter season is released in 
the following months after their fusion (European 
Environmental Agency, 2010). The water in the 
Alpine region is in the form of lakes, aquifers, 
and glaciers, which feed many basins in Europe, 
including the Rhine, Danube, Po, and Rhone (We-
ingartner et al., 2007), which are the biggest Eu-

ropean rivers in terms of flow rate and basin area. 
Glaciers cover an area of ∼2050 km2 (Paul et al., 
2011), representing 1% of the area of the 33 main 
Alpine basins (Donnini et al., 2016).

METHODS AND DATA

The following sections introduce the reader 
to (1) the basic equations governing atmo-
spheric CO2 consumption and (2) the new 
 Alpine-Geo-LiM.

Weathering Estimation

The chemical composition of river waters is 
an indicator of weathering processes (Mackenzie 
and Garrels, 1966; Garrels and Mackenzie, 1971; 
Meybeck, 1987; Tardy, 1986; Probst, 1992; Gail-
lardet et al., 1999; Viers et al., 2007; Berner and 
Berner, 2012), which contribute, together with 
atmospheric input (rain), pollution, biota, and 
evaporite dissolution, to the dissolved load (e.g., 
Gaillardet et al., 1999; Galy and France-Lanord, 
1999; Roy et al., 1999; Moon et al., 2007; Wu 
et al., 2008; Gao et al., 2009; Jha et al., 2009; 
Donnini et al., 2016). Weathering reactions of sil-
icate minerals, hydrolysis, and carbonate dissolu-
tion consume atmospheric/soil CO2 and produce 
an increase in the solution alkalinity. The forward 
reactions of silicate and carbonate alteration by 
carbonic acid are the only reactions that occur 
within the river basins in the “short-term” and are 
described by the following equations (Mortatti 
and Probst, 2003; Donnini et al., 2016):

albite into kaolinite:
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K-feldspar into montmorillonite:
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Ca-plagioclase into kaolinite:
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olivine weathering:
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Figure 1. Hydrogeological map of the Alps (modified from Rossi and Donnini, 2018). WA—
western Alps, EA—eastern Alps, NCA—Northern Calcareous Alps, SA—southern Alps, J—
Jura Mountains, AP—Apennines, DI—Dinarides, M—Molasse Basin, PA—Po Valley and 
Adriatic foreland, PB—Pannonian Basin, EF—European foreland.
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calcite dissolution:

 CaCO CO H O Ca HCO3 2 2
2

32+ + ++ −� ,  (5)

dolomite dissolution:
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+ +
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+ −

�

.  (6)

In the “long-term” period, not all the atmo-
spheric CO2 is permanently removed by weath-
ering reactions because some of the carbon is 
returned to the atmosphere (Huh, 2010; Donnini 
et al., 2016). In particular, the rivers’ dissolved 
load released to the oceans is partially precipi-
tated as carbonate (mainly reverse reaction in 
Eq. 5) or authigenic clays (reverse reactions in 
Eq. 1 and Eq. 2). In particular, Equation 5 shows 
that weathering of CaCO3 consumes one unit of 
CO2 (forward reaction, “short-term”), and that 
the same amount of CO2 is returned to the atmo-
sphere upon precipitation of CaCO3 in the seas 
and/or oceans (reverse reaction, “long-term”).

A similar behavior might be due to the weath-
ering of CaMg(CO3)2 (see Eq. 6), where two 
units of CO2 consumed by weathering (forward 
reaction, “short-term”) return to the atmosphere 
upon precipitation of CaMg(CO3)2 in the seas 
and/or oceans (reverse reaction, “long-term”). 
However, the direct precipitation of dolomite 
at ambient temperature from aqueous solution 
is prevented (e.g., Frondini et  al., 2014, and 
references therein) by a strong solvation shell 
of aqueous Mg2+ as well as by crystallization 
barriers that inhibit the formation of Ca-Mg or-
dered dolomite (Montes-Hernandez et al., 2016). 
Therefore, the reverse reaction of Equation 6 is 
just theoretically considered.

Weathering reactions of silicate minerals con-
taining Na and K (albite and K-feldspar) con-
sume atmospheric CO2 (Eq. 1 and Eq. 2 forward 
reactions, “short-term”). When Na+ and K+ ions 
are transported by rivers to the oceans and/or 
seas, they could be subjected to reverse weath-
ering, forming authigenic clays and releasing 
atmospheric CO2 (Eq. 1 and Eq. 2 reverse reac-
tions, “long-term”; Huh, 2010).

Equation 3 and Equation 4 are not reversible, 
and the products of the forward reactions (HCO3

−, 
Ca2+, and Mg2+) are involved in the reverse reac-
tions described by Equation 5. In particular, half 
of the units of atmospheric CO2 consumed during 
weathering of Ca-plagioclase (Eq. 3) are precipi-
tated in the oceans as CaCO3 (according to Eq. 
5, reverse reaction). The same might also occur 
for the product of the forward reaction of olivine 
(Eq. 4), when considering the reverse reaction of 
Equation 6. However, the last speculation is just 
theoretically given, as previously explained. The 

assumption that Equations 1–6 are the only reac-
tions that occur in the river basins is valid (a) if 
carbonic acid (H2CO3, derived from the interac-
tion between river water and atmospheric CO2) is 
the only source of protons in weathering reactions 
(the contribution of other acids [HNO3, H2SO4] 
is negligible; Mortatti and Probst, 2003; Don-
nini et al., 2016), and (b) if pyrite (FeS2), gypsum 
(CaSO4•2H2O), and halite (NaCl) percentages are 
negligible in the river basins, and their dissolution 
is not considered in the model calculation (Perrin 
et al., 2008). Overall, the described conditions are 
valid in nonpolluted areas, for temperate climates, 
and for lithologies without pyrite.

As previously stated, two different methods 
were used to calculate the atmospheric CO2 
consumed by chemical weathering (Hartmann, 
2009; Hartmann et al., 2009): (1) the reverse and 
the (2) forward method. In the following, a brief 
description of both approaches is reported.

Reverse Method
In the reverse method, the moles of at-

mospheric/soil CO2 consumed by chemical 
weathering are computed from Equations 1–6, 
considering the forward (“short-term”) and the 
reverse (“long-term”) reactions. In practice, the 
measured dissolved cations in river waters are 
used to estimate the moles of consumed atmo-
spheric/soil CO2.

In the “short-term” (forward reactions), one 
mole of atmospheric CO2 is consumed by the 
weathering of silicate minerals containing Na 
and K (Eq. 1 and Eq. 2) and carbonate minerals 
containing Ca and Mg (Eq. 5 and Eq. 6), whereas 
2 moles of atmospheric CO2 are consumed by 
silicate minerals containing Ca and Mg (Eq. 3 
and Eq. 4). As a consequence, ϕ(CO2)short can be 
calculated by the following equation:

 

φ φ φ
φ

( ) ( ) ( )

( ) .

CO Na K Ca Mg

Ca Mg
short sil sil

carb

2 2= + + +
+ +  (7)

On the other hand, considering the “long-
term” period, the total atmospheric/soil CO2 flux 
consumed by rock weathering on a river basin, 
ϕ(CO2)long, takes into account the CO2 released 
to the atmosphere by precipitation of carbonates 
and authigenic clays due to the reverse reactions 
(Eqs. 1, 2, 5 and 6). As a consequence, only the 
weathering of silicate minerals containing Ca 
and Mg is a net sink for atmospheric/soil CO2 
(Huh, 2010; Berner et al., 1983; Donnini et al., 
2016), and ϕ(CO2)long is given by:

 φ φ( ) ( ) .CO Ca Mglong sil2 = +  (8)

In Equation 7 and Equation 8, ϕ(X + Y) is the 
sum of the fluxes of two generic chemical spe-
cies X and Y in river waters, given by its molar 

concentration multiplied by the runoff, while the 
suffixes “sil” and “carb” indicate the considered 
chemical species derived from either silicate or 
carbonate weathering (Huh, 2010; Donnini et al., 
2016). Starting from the measured concentration 
of Ca2+ and Mg2+ in river waters, the contribu-
tions of silicate weathering, (Ca + Mg)sil, and 
carbonate dissolution, (Ca + Mg)carb, to the to-
tal riverine fluxes can be distinguished by using 
specific ionic ratios of water drained from mono-
lithological basins (e.g., Meybeck, 1986, 1987).

The reverse method has been already applied 
by many authors to estimate the atmospheric 
CO2 consumption in the Congo, Amazon, and 
Niger watersheds and in the 33 main Alpine riv-
er basins (Probst et al., 1994; Amiotte-Suchet, 
1995; Amiotte-Suchet and Probst, 1996; Boeg-
lin and Probst, 1998; Gaillardet et  al., 1999; 
Mortatti and Probst, 2003; Moon et al., 2007; 
Donnini et al., 2016).

Forward Method
In the forward method, the moles of atmospher-

ic/soil CO2 consumed by chemical  weathering 
are computed from Equations 1–6 considering 
only the “short-term” forward reactions.

The forward method assumes that, at the 
catchment scale, the amount of atmospheric/soil 
CO2 consumed by chemical weathering on the 
“short-term” can be estimated from the bicarbon-
ate concentration in river waters. The moles of 
atmospheric CO2 consumed by chemical weath-
ering are considered to be equivalent to the total 
moles of HCO3

− in rivers draining silicate rocks 
(see Eqs. 1, 2, 3 and 4) and to half of the moles 
of HCO3

− in rivers draining carbonate rocks (see 
Eqs. 5 and 6; Amiotte-Suchet and Probst, 1993a, 
1993b, 1995; Probst et al., 1994; Amiotte-Suchet 
et al., 2003; Hartmann, 2009; Hartmann et al., 
2009). The forward method does not consider the 
portion of carbon that returns to the atmosphere 
in the “long-term” period, and for this reason, it 
is applicable only to estimate the flux of atmo-
spheric CO2 consumed over the short-term ac-
cording to the following equation:

 
φ φ φ( ) ( ) ( ) .CO HCO HCOshort sil carb2 3 3

1
2

= +
 

(9)

Similar to Equation 7 and Equation 8, in Equa-
tion 9, ϕ(HCO3) is the flux of moles of HCO3

−, 
given by its molar concentration multiplied by 
the runoff. The suffixes “sil” and “carb” indicate 
whether the considered chemical species (HCO3

−) 
derives from silicate or carbonate weathering.

In the literature, a set of empirical relation-
ships links, for different lithologies, the flux of 
atmospheric/soil CO2 consumed by chemical 
weathering on the “short-term,” ϕ(CO2)short, to 
the runoff. Amiotte-Suchet and Probst (1993a, 
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1993b, 1995), Probst et al. (1994), and Amiotte-
Suchet et al. (2003) estimated the relationship 
between ϕ(CO2)short and runoff from the dis-
solved load and the runoff of more than 200 
French monolithological river basins (Mey-
beck, 1986, 1987). Similar relationships were 
estimated by Bluth and Kump (1994) from the 
dissolved load and the runoff of ∼100 mono-
lithological catchments across the United States, 
Puerto Rico, and Iceland. In Hartmann (2009) 
and Hartmann et al. (2009), for the first time, 
the relationship between ϕ(CO2)short and runoff 
was estimated through a multivariate nonlinear 
regression analysis starting from 382 Japanese 
river basins draining more than one lithology.

The forward method considers that lithology 
and runoff are the dominating factors control-
ling the atmospheric CO2 consumption pro-
cesses, and that other factors, such as relief or 
land cover, are less important at both regional 
and global scale (Hartmann, 2009; Hartmann 
et al., 2009). A temperature dependence of the 
atmospheric CO2 consumption is implemented 
only for the global basalt-weathering model 
(Dessert et al., 2003).

Starting from the empirical relationships be-
tween ϕ(CO2)short and runoff and knowing only 
the outcropping lithology and the runoff within 
a given territory, it is possible to estimate the 
moles of atmospheric CO2 consumption. Data 
on the chemical composition of river water are 
not needed for this estimation. The forward mod-
el has been applied at basin scale in the Garonne, 
Congo, and Amazon River basins (Amiotte-
Suchet and Probst, 1993a, 1993b, 1995; Probst 
et al., 1994), at regional scale in the Japanese 
Archipelago (Hartmann, 2009), and at a global 
scale (Amiotte-Suchet and Probst, 1995; Ami-
otte-Suchet et al., 2003; Hartmann et al., 2009).

Geological Maps

For the elaboration of our geographic infor-
mation system (GIS)–based simplified geo-lith-
ological map (1:1,000,000 scale) of the Alps, we 
took advantage of the geological layers, in vector 
format, extracted from (1) the geological map of 
Italy at 1:500,000 scale (Bonomo et al., 2006) re-
leased by the Italian Institute for Environmental 
Protection and Research (ISPRA; http://www.
isprambiente.gov.it), (2) the geological map of 
Switzerland at 1:500,000 scale (Bundesamt für 
Landestopografie, 2005) released by the Swiss 
Federal Office of Topography (Swisstopo; http://
www.swisstopo.admin.ch), (3) the geological 
map of Germany at 1:1,000,000 scale (BGR, 
2011), (4) the geological map of Austria at 
1:500,000 scale (Egger et al., 1999) released by 
the Geological Survey of Austria (GBA; http://
www.geologie.ac.at), (5) the geological map of 

France at 1:1,000,000 scale (BRGM, 2003), and 
(6) the geological map of Slovenia at 1:250,000 
scale (Buser, 2010). These two last maps were 
obtained from the European Geological Data In-
frastructure (EGDI; http://www.europe-geology.
eu/metadata). The six maps are released in ESRI 
shapefile formats having different coordinate 
reference systems and different accuracy and 
information quality. The layers of France, Ger-
many, and Slovenia contained several topologi-
cal errors (e.g., gaps between polygon borders, 
overlapping polygon borders, etc.) and were 
corrected by removing duplicate boundaries and 
areas smaller than, respectively, 1 m2, 600 m2, 
and 50 m2 (the longest boundary with adjacent 
area was removed).

The attribute tables of the vector maps contain 
different attribute fields where the description of 
the geological information is stored. Those fields 
are listed in the Appendix B (see footnote 1).

Geo-lithological Classification Scheme

According to Moosdorf et  al. (2010, p.  2), 
“classification is a constant compromise between 
exactness and simplicity.” The lithological classi-
fication used in Alpine-Geo-LiM is a compromise 
among the 6–7 rock categories used by Gibbs and 
Kump (1994), Amiotte-Suchet and Probst (1995), 
and Amiotte-Suchet at al. (2003), and the 15 rock 
categories used by Dürr et al. (2005), Hartmann 
and Moosdorf (2012), and Moosdorf et al. (2010), 
since we consider the first classification too 
 simplified and the second one too detailed. Ten 
lithologies were taken into account for Alpine-
Geo-LiM: (1) “pure carbonate,” (2) “mixed car-
bonate,” (3) “gypsum evaporite,” (4) “acid rocks,” 
(5) “mafic rocks,” (6) “intermediate rocks,” (7) 
“sandstone,” (8) “claystone,” (9) “metamorphic 
rocks,” and (10) “peats.”

The “pure carbonate” category includes rocks 
composed mainly of calcite, aragonite (CaCO3), 
and dolomite [MgCa(CO3)2], such as limestone, 
dolomite, and travertine, as well as marble, for 
which the protolith is composed by carbonate 
rock (Pettijohn, 1957; Garrels and Mackenzie, 
1971; Boggs and Boggs, 2009).

The “mixed carbonate” category includes 
rocks composed of carbonate minerals mixed 
with noncarbonate minerals. In this category, 
there are impure carbonate rocks, calcarenites, 
and marls (Pettijohn, 1957).

In the “gypsum evaporite” category, we in-
clude gypsum and anhydrite. We know that, 
generally, the term evaporites refers to anhydrite, 
gypsum, and halite (Garrels and  Mackenzie, 
1971). However, since the analyzed bibliograph-
ic sources (see Appendixes A and C, and refer-
ences therein [footnote 1]) excluded the presence 
of halite in the Alps, in this work only gypsum 

and anhydrite were included in the “gypsum 
evaporite” group.

The subdivision among “acid rocks,” “mafic 
rocks,” and “intermediate rocks” was done ac-
cording to (1) the total-alkali-silica (TAS) dia-
gram (Le Bas et al., 1986; Middlemost, 1994), 
which classifies many common types of volcanic 
rocks starting from the relationships between the 
combined alkali (Na2O + K2O) and silica (SiO2) 
contents, and (2) an adaptation of the same dia-
gram for plutonic rocks (Le Bas et  al., 1986; 
Middlemost, 1994). Thus, we considered “mafic 
rocks” those with less than 50%–52% of SiO2, 
“intermediate rocks” the rocks with SiO2 content 
between 50%–52% and 60%–62%, and “acid 
rocks” those with more than 60%–62% of SiO2. 
The metamorphic rocks, which are not included in 
the two TAS diagrams, were classified according 
to Mottana et al. (2009). Based on the composi-
tions of the protoliths, an orthogneiss was consid-
ered as “acid rocks” (assuming a granitic protolith 
composition), and a serpentinite was considered 
as “mafic rocks” (Mottana et al., 2009).

In the “sandstone” category, we included ar-
kose, graywacke (Garrels and Mackenzie, 1971), 
and conglomerate, the last one being similar to 
sandstone in terms of origin and depositional 
mechanisms (Boggs and Boggs, 2009). More-
over, the metamorphic rock quartzite falls in the 
“sandstone” category, as its protolith (Mottana 
et al., 2009).

In the “claystone” category, we included 
shale, argillite, siltstone, and mudstone (Garrels 
and Mackenzie, 1971; Boggs and Boggs, 2009), 
as well as, again considering the protoliths (Mot-
tana et  al., 2009), the metamorphic phyllite, 
schists, and paragneiss.

The generic “metamorphic rocks” category 
was used only when information on protoliths 
was unavailable or unclear (e.g., in the case of 
migmatite, mylonite, and metasediments).

Finally, we introduced the further lithology 
“peat,” due to the presence of these types of de-
posits in the Alps.

Rocks composed by more than one lithot-
ype posed some problems for their classifica-
tion. Goldich (1938) introduced a weathering 
series of silicates that was further modified by 
 Railsback (2006), who added some nonsilicate 
minerals. According to this weathering series, 
carbonate dissolution is considerably higher 
than silicate dissolution, whereas gypsum/
anhydrite dissolution is higher than carbonate 
dissolution. For this reason, (1) in the “gypsum 
evaporite” category, we also included rocks 
composed of a mix of carbonate and gypsum/
anhydrite, and (2) in the “mixed carbonate 
rocks” category, we also included the rocks 
composed of more than one lithotype, where 
at least one of them was composed of “mixed 
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carbonate rocks” (e.g., a lithotype composed 
by sandstone, graywacke, and marl was con-
sidered “mixed carbonate rocks”).

For the silicate rocks composed by more 
than one lithotype, we adopted the “principle of 
prevalence.” We classified these rock types ac-
cording to the most abundant lithologies among 
those listed in the different fields of the reference 
map attribute tables. For example, an outcrop (a 
polygon of the vector map) where the different 
field attributes reported the presence of basalt, 
trachybasalt, and andesite was included in the 
“basic rocks” class, since, following our classifi-
cation, basalt and trachybasalt can be considered 
as “basic rocks” and only andesite as is classified 
as “intermediate rocks.”

In the rare occasions when an outcrop is com-
posed by “intermediate rocks” and “acid rocks” 
(or “mafic rocks”) in the same proportions, 
it was considered as “acid rocks” (or “mafic 
rocks”). This is the case, as an example, of an 
outcrop composed by monzonite (“intermedi-
ate rocks”) and granite (“acid rocks”); it was 
considered as “acid rocks.” An in-depth study 
of alpine geology, described in the Appendix C 
(see footnote 1), was carried out to classify spe-
cific geological units.

Alpine Geo-Lithological Map  
(Alpine-Geo-LiM)

The new Alpine-Geo-LiM is a portion of 
the “Geo-Lithological Map of Central Europe” 

(Geo-LiM; Donnini et  al., 2018), which was 
released in vector format, and which is freely 
downloadable at the Web address (https://doi 
.org/10.5281/zenodo.3530257, Donnini et  al., 
2018). The map is composed by 12,001 poly-
gons. Some very small polygons exist in the map 
(due to the cut of the map along the boundaries 
of the studied area). The biggest polygon has an 
area of ∼11,197.5 km2, and the average polygons 
size is ∼16.5 km2.

The preprocessing (cleaning of topological 
errors) and processing (unions, intersections, 
and classifications) steps to build the map were 
performed using GRASS GIS (Neteler and Mita-
sova, 2008; Neteler et al., 2012), an open-source 
GIS software, and PostgreSQL (PostgreSQL - 
http://www.postgresql.org), an open-source rela-
tional database management system (RDBMS), 
with its PostGIS spatial extension (PostGIS; 
http://www.postgis.org).

The attribute table of the resulting map is 
composed by the following 10 fields: litho_irpi, 
rsil_mm, orig1, orig2, orig3, orig4, orig5, 
orig6, orig7, and country. The litho_irpi field 
was compiled with one of the 10 aforemen-
tioned lithological classes (“acid rocks,” “mafic 
rocks,” “intermediate rocks,” “metamorphic 
rocks,” “sandstone,” “claystone,” “pure carbon-
ate rocks,” “mixed carbonate rocks,” “gypsum 
evaporite,” and “peat”). The orig1, orig2, orig3, 
orig4, orig5, orig6, and orig7 fields contain the 
original geological information derived from the 
six original geological maps (Italy, Switzerland, 

Germany, Austria, France, Slovenia; see Appen-
dix B [footnote 1]), and the country field con-
tains the name of the country.

The command lines and queries used for 
building the map based on the original data 
are provided together with the geo-lithological 
map herein.

Lithology and Morphology of the Study Area
Alpine-Geo-LiM is shown in Figure 2. The 

colors used to distinguish the different litholo-
gies in Alpine-Geo-LiM were derived from the 
lithologic legend adopted by the U.S. Geologi-
cal Survey (USGS) for the geologic maps of the 
United States. The legend and the red-green-blue 
(RGB) codes are made available by the USGS 
on the Web (https://mrdata.usgs.gov/catalog/
lithclass-color.php).

The abundance of rock types outcropping in 
the Alpine region is shown in Table 1, and it 
was estimated within an area of 197,773 km2, 
corresponding to the area of the main Alpine 
river basins (Fig. 3) defined in Donnini et al. 
(2016). The table shows that carbonate rocks 
are the most abundant type in Alpine region, 
with 23.75% of “mixed carbonate” and 20.82% 
of “pure carbonate,” for a total of 44.57%. They 
are followed by “sandstone” (26.99%), “clay-
stone” (12.87%), and volcanic rocks (with 
7.38% of “acid rocks,” 2.69% of “mafic rocks,” 
and 0.43% of “intermediate rocks,” for a total 
of 10.50%). “Metamorphic rocks” represent 
1.81% of the study area, while “peats” and 

Figure 2. Geo-lithological map 
of the Alps (Alpine-Geo-LiM), 
scale: 1:1,000,000. IT—Italy, 
MC—Monte Carlo, AT—
Austria, CH—Switzerland, 
FR—France, DE—Germany, 
SI—Slovenia, LI—Liechten-
stein, SM—San Marino.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/132/9-10/2004/5140164/2004.pdf
by guest
on 24 November 2020

https://doi.org/10.5281/zenodo.3530257
https://doi.org/10.5281/zenodo.3530257
http://www.postgresql.org
http://www.postgis.org
https://mrdata.usgs.gov/catalog/lithclass-color.php
https://mrdata.usgs.gov/catalog/lithclass-color.php


Donnini et al.

2010 Geological Society of America Bulletin, v. 132, no. 9/10

“gypsum evaporite” represent less than 1% of 
the study area (respectively 0.48% and 0.08%). 
A small area (2.69%) is covered by “water” in 
the form of lakes and glaciers. The data about 
the abundance of each outcropping rocks type 
(% Area in Table 1) in the Alpine region are 
quite similar to the percentages computed by 
Donnini et al. (2016), which, however, under-
estimated the percentage of claystone and did 
not fully differentiate the metamorphic rocks. 
Looking at the elevation and slope values re-
ported in Table 1, and based on the 25-m-res-
olution European digital elevation model (EU-
DEM; Bashfield and Keim, 2011; https://www.
eea.europa.eu/data-and-maps/data/copernicus-
land-monitoring-service-eu-dem), we find 
that “claystone,” “acid rocks,” “mafic rocks,” 
“metamorphic rocks,” and “intermediate rocks” 
have the highest mean elevation (from 1664 m 

to 1993 m) and slope values (from 23.95° to 
28.32°) associated with relatively low standard 
deviation values. This is due to the fact that 
these lithologies compose the crystalline mas-
sifs that are the tallest mountains of the Alps 
(e.g., Monte Bianco, 4808 m.a.s.l.; Monte Rosa, 
4634 m.a.s.l.; Dent Blanche, 4357 m.a.s.l.).

High mean elevation values (1662 m) are as-
sociated also with “water” (lakes and glaciers), 
with a high standard deviation (1301 m); more-
over, a medium slope value (12.55°), with a 
relatively high standard deviation (14.72°), is 
associated with “water.” This big variation is re-
lated to the fact that the “water” class includes 
lakes (which usually are located in the valley) 
and glaciers (which are located at high altitude).

The mean elevation and the mean slope of 
“pure carbonate rocks” are equal to 1279 m and 
22.55°, respectively. This is confirmed by the 

fact that the highest calcareous mountains of the 
Alps have quite high elevations (e.g., Ortles, at 
3905 m.a.s.l.; Gran Zebrù, at 3857 m.a.s.l.; and 
Marmolada, at 3343 m.a.s.l., in the southeastern 
Eoalpine Calcareous Alps; Parseierspitze, at 
3036 m.a.s.l., in the Northern Calcareous Alps; 
and Crêt de la Neige, at 1720 m.a.s.l. in the Jura 
Mountains). Table 1 shows that “mixed carbon-
ate rocks,” mainly composed by impure carbon-
ate rock, calcarenite, and marl, have mean el-
evation and slope values, respectively, of 1157 m 
and 18.38°.

Elevation and slope of the rocks classified 
within the “sandstone” class are relatively 
low with respect to the other lithologies (re-
spectively 698 m and 8.50°, with associated 
standard deviation of 519 m. and 10.27°, re-
spectively). This is due to the fact that we in-
cluded, in this lithology, conglomerates and 
uncemented sediments produced by the ero-
sion of the massifs.

“Gypsum evaporite” presents low mean eleva-
tion (603 m) and slope (11.50°) values, as does 
“peat” (555 m; 2.14°). This last observation is 
not surprising, since “peat” is formed in veg-
etated and flattened wetlands by the degradation 
of the vegetation (Bracco et al., 2004).

Lithology of Main River Basins
With the aim to quantify the atmospheric 

CO2 consumed by chemical weathering using 
the  forward method, the proportions of the out-
cropping rocks (Table 2) were estimated for each 

TABLE 1. RELATIVE ABUNDANCE (% AREA), MEAN, AND STANDARD 
DEVIATION (SD) OF ELEVATION AND SLOPE

Rock type % area Elevation 
(m above sea level)

Slope 
(°)

Mean SD Mean SD

Sandstone 26.99 698 519 8.50 10.27
Mixed carbonate 23.75 1157 656 18.38 11.81
Pure carbonate 20.82 1279 590 22.55 12.88
Claystone 12.87 1664 703 23.95 11.85
Acid rocks 7.38 1774 704 27.06 11.88
Water (lakes and glaciers) 2.69 1662 1301 12.55 14.72
Mafic rocks 2.69 1666 720 25.06 11.60
Metamorphic rocks 1.81 1775 609 25.68 11.69
Peat 0.48 555 89 2.14 2.52
Intermediate rocks 0.43 1993 619 28.32 11.00
Gypsum evaporite 0.08 603 587 11.50 9.00

Figure 3. Main Alpine river 
basins defined by Donnini 
et al. (2016), including the four 
Rhine subbasins, highlighted 
by asterisks.
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river basin. We considered all the 33 river basins 
(Fig. 3) defined in Donnini et al. (2016), includ-
ing the four Rhine subbasins (Linth,  Reuss, 
 Alpine Rhine, and Aare).

Glaciers and lakes pose some uncertainty in 
estimating atmospheric CO2 consumption by 
chemical weathering. Anderson et al. (1997) 
and Anderson (2005) showed that glaciers in-
crease runoff within basins, but they do not 
enhance silicate weathering processes. Re-
garding lakes, Cole et al. (2007) and Tranvik 
et al. (2009) showed that freshwaters (lakes, 
rivers, and reservoirs) act both in transport-
ing and in producing the atmospheric carbon 
(CO2 and CH4), confirming the atmospheric 
CO2 and CH4 production in lakes as high-
lighted by Huttunen et al. (2003), Del Sontro 
et al. (2010), Diem et al. (2012), and Pighini 
et al. (2018). In this work, we decided to sim-
plify our approach by considering glaciers 
and lakes just like parts of the hydrograph-
ic network.

In Alpine-Geo-LiM, the sediments of the 
alluvial valleys and terraces were included in 

the “sandstone” class. Here, conglomerates 
and  uncemented sediments have been put in 
place by the erosion, transport, and deposi-
tion of the rocks constituting the upper part 
of the watersheds. As a consequence, one can 
assume that the lithology of those materials 
should reflect that of the upstream massifs. It 
becomes relevant to check if, in the 33 river 
basins, the sandstones are mainly associated 
with the presence of carbonate rocks or sili-
cate rocks. To better investigate the associa-
tion of the “sandstone” class with the other 
lithologies, we performed a cluster analysis 
using the well-known unsupervised k-means 
algorithm (Hartigan and Wong, 1979) imple-
mented in the R software (R Core Team, 2016) 
and imposing four clusters. The percentages 
of the lithologies representing the centers of 
the four clusters are shown in Table 3.

Cluster 1 shows a percentage of “sandstone” 
equal to 19.72% associated with: (1) 73.80% of 
carbonate rocks (“mixed carbonate” and “pure 
carbonate”), (2) 6.24% of “claystone” and igne-
ous and metamorphic rocks (“acid rocks,” “maf-

ic rocks,” “metamorphic rocks,” and “intermedi-
ate rocks”), and (3) 0.26% of other lithologies 
(“peat” and “gypsum evaporite”).

Cluster 2 shows a similar percentage of “sand-
stone” (15.02%) associated with a relatively 
low percentage of carbonate rocks (28.66%), 
and a high percentage of “claystone” and igne-
ous and  metamorphic rocks (56.32%). Other 
 lithologies (“peat” and “gypsum evaporite”) are 
negligible (0.01%).

In cluster 3, the “sandstone” percentage is 
equal to 20.74%, carbonate rocks are 64.46%, 
“claystone” and igneous and metamorphic rocks 
are 14.75%, and other rocks are 0.06%.

Cluster 4 shows relatively high concentration 
of “sandstone” (40.79%), followed by carbonate 
rocks (37.86%) and by “claystone” and igneous 
and metamorphic rocks (20.29%). As for the 
other clusters, other lithologies have a low per-
centage (1.06%).

The analysis shows that the “sandstone” 
class is associated with a high percentage of 
“claystone” and igneous and metamorphic 
rocks only in cluster 2, while in the other 

TABLE 2. PROPORTIONS OF THE LITHOLOGICAL CLASSES FOR EACH RIVER BASIN CALCULATED FROM ALPINE-GEO-LIM

Basin 
ID

River name Sandstone 
(%)

Mixed 
carbonate 

(%)

Pure 
carbonate 

(%)

Claystone 
(%)

Acid rocks 
(%)

Mafic rocks 
(%)

Metamorphic 
rocks 
(%)

Peat 
(%)

Intermediate 
rocks 
(%)

Gypsum 
evaporite 

(%)

1 Roia 21.94 40.05 32.28 1.50 3.97 0.00 0.06 0.00 0.00 0.21
2 Mella 50.36 21.97 21.26 5.04 1.27 0.11 0.00 0.00 0.00 0.00
3 Brenta 11.84 27.87 47.74 0.00 11.73 0.82 0.00 0.00 0.00 0.00
4 Isonzo 13.98 28.45 57.37 0.00 0.20 0.00 0.00 0.00 0.00 0.00
5 Livenza 50.81 11.16 38.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00
6 Iller 43.52 38.79 14.03 1.44 0.00 0.00 0.38 1.84 0.00 0.00
7 Oglio 37.23 15.12 14.92 21.75 4.46 0.35 0.00 0.00 6.17 0.00
8 Sesia 44.01 0.74 0.41 25.81 13.22 14.04 0.00 0.00 1.77 0.00
9 Tagliamento 21.36 17.85 59.03 0.35 0.47 0.94 0.00 0.00 0.00 0.00
10 Var 8.60 52.21 23.97 1.28 3.32 0.00 10.62 0.00 0.00 0.00
11 Mincio 16.47 14.00 51.01 3.48 5.74 0.26 0.00 0.00 9.04 0.00
12 Lech 39.67 10.61 46.61 1.55 0.00 0.00 0.01 1.55 0.00 0.00
13 Enns 21.06 13.88 31.79 29.16 3.08 0.84 0.18 0.00 0.00 0.00
14 Mur 9.72 10.74 7.65 51.38 2.88 5.31 12.31 0.00 0.00 0.00
15 Dora Baltea 12.71 21.91 2.42 33.33 7.25 21.32 0.01 0.00 1.04 0.00
16 Piave 21.35 38.62 36.71 0.81 1.51 0.78 0.00 0.00 0.22 0.00
17 Adda 20.61 13.28 7.79 24.30 25.85 4.36 0.97 0.00 2.85 0.01
18 Ticino 17.27 7.59 3.61 32.97 32.94 5.31 0.11 0.00 0.16 0.05
19 Isar 48.46 16.76 24.12 3.83 0.00 0.00 0.00 6.84 0.00 0.00
20 Tanaro 41.65 32.19 5.66 2.63 9.85 6.18 0.51 0.00 0.00 1.32
21 Sava 22.22 18.53 56.43 2.01 0.81 0.00 0.00 0.00 0.00 0.00
22 Po 46.05 17.90 4.51 11.74 9.94 9.64 0.00 0.00 0.09 0.13
23 Adige 13.51 21.69 15.06 22.69 22.59 2.56 0.00 0.00 1.91 0.00
24 Drau 15.39 17.68 20.38 31.54 5.35 3.64 6.02 0.00 0.00 0.00
25 Rhone 31.20 25.02 14.29 17.17 10.04 1.83 0.16 0.00 0.10 0.19
26 Isere 14.76 28.68 25.05 16.77 6.22 2.90 5.62 0.00 0.00 0.00
27 Durance 13.20 40.90 35.08 9.38 0.57 0.06 0.81 0.00 0.00 0.00
28 Inn 31.67 16.34 21.55 14.71 7.62 2.41 4.71 0.78 0.20 0.01
29 Rhine 35.99 34.57 14.92 6.02 5.70 1.23 0.98 0.45 0.09 0.06
30 Linth* 32.01 40.83 16.83 9.70 0.48 0.15 0.00 0.00 0.00 0.00
31 Reuss* 23.36 40.30 15.26 8.73 11.21 1.05 0.00 0.00 0.00 0.09
32 Alpine Rhine* 22.03 35.89 15.27 11.38 9.84 4.76 0.78 0.00 0.02 0.02
33 Aare* 30.78 38.74 22.15 4.18 3.79 0.16 0.00 0.00 0.00 0.21

mean 26.81 24.57 24.34 12.32 6.72 2.76 1.34 0.35 0.72 0.07
st. dev. 13.07 12.38 16.92 12.94 7.77 4.59 3.06 1.24 1.93 0.23

Note: Lakes and glaciers (which represent less than 3% of the total study area) were excluded from the computation.
*Indicates Rhine subbasin.

TABLE 3. RESULT OF THE CLUSTER ANALYSIS

Cluster Sandstone 
(%)

Mixed 
carbonate  

(%)

Pure carbonate  
(%)

Claystone 
(%)

Acid rocks 
(%)

Mafic rocks 
(%)

Metamorphic 
rocks 
(%)

Peat 
(%)

Intermediate 
rocks 
(%)

Gypsum 
evaporite 

(%)

1 19.72 20.68 53.12 1.23 3.16 0.34 0 0.26 1.51 0
2 15.02 15.98 12.68 30.85 14.28 6.19 4.15 0 0.85 0.01
3 20.74 39.73 24.73 7.08 4.56 1.1 1.98 0 0.03 0.06
4 40.79 22.1 15.76 9.02 5.65 3.25 1.6 0.9 0.77 0.16
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 clusters (including cluster 4 characterized by 
high “sandstone” concentration), “sandstone” 
is associated with a high percentage of car-
bonate rocks. Since the “sandstone” lithology 
is produced by the erosion of the massifs, we 
maintain that in the studied area, “sandstone” is 
mostly composed of carbonate rocks.

  Figure  4 shows the spatial distribution 
of the four clusters, highlighting (1) the 
 presence of an inner core mainly composed of 
crystalline silicate rocks (mainly  “claystone”; 
cluster 2), (2) a western and eastern (main-
ly) bound with carbonate rocks (cluster 1 
and cluster 3), and (3) “sandstone” rocks 
(cluster 4) in the northern and  southern sec-
tors of the Alps (Molasse Basin and Po Val-
ley) composed of sandstone rich in  carbonates 
(see Appendix A [text footnote 1]).

RELATIONSHIPS AMONG 
LITHOLOGY, RIVER ALKALINITY, 
AND ATMOSPHERIC CO2 
CONSUMPTION

Input Data

To estimate the atmospheric CO2 consumed 
by chemical weathering in the Alpine region, we 
applied a revised version of the forward method 
(Hartmann, 2009; Hartmann et al., 2009).

For the purpose, we considered the subdivision 
of the Alpine region in 33 river basins (Fig. 3) 
from Donnini et al. (2016) and the alkalinity of 
river waters sampled near the basin outlets dur-
ing spring and winter seasons in the 2011–2012 
hydrological year (Donnini et al., 2016).

 Table 4 shows the data on alkalinity and flow 
rate for the 33 sampled river basins in Donnini 
et al. (2016). In the table, the suffixes (s) and (w) 
refer to the two sampling campaigns (s: spring sea-
son, w: winter season). [HCO3](s) and [HCO3](w) 
represent the alkalinity of river waters sampled in 
the two sampling campaigns; Q(s) and Q(w) repre-
sent the daily discharge at the time of the two sam-
pling campaigns; and Q(my) represents the mean 
annual discharge expressed in m3/s estimated by 
using the daily discharge measured in one hydro-
logical year. PD[HCO3](w/s) and PD[Q](w/s) are the 
percentage difference respectively calculated be-
tween [HCO3](w) and [HCO3](s), and between Q(w) 
and Q(s) by using the following equation:

 PD X X Xw s w s[ ] ([ ] / [ ] )%.( ) ( ) ( )/ = × −100 100  
 (10)

The data on discharges were obtained from 
different sources, including international, na-
tional, and local authorities (see references in 
Table 4). For most catchments, the data were 
available as flow rates (m3/s); for the catchments 

where only stage measurements (m) at gauging 
stations were available, the stage measurements 
were converted to estimated discharge (m3/s) 
by using rating curves provided by river basin 
 authorities or derived using empirical data.

Table 4 shows that data on flow rate markedly 
varied within the two sampling campaigns, with 
mean PD[Q](w/s) of 3.06%, and a coefficient of 
variation equal to 23.79%. Moreover, Table  4 
shows that 22 rivers (almost 70% of considered 
rivers) have the lowest flows in winter season 
and the highest in spring season (PD[Q](w/s) > 0), 
which is typical of rivers with glacial- and 
 snowmelt-dominated regimes. A comparison of 
Q(s) and Q(w) with Q(my) highlights the fact that al-
most all the flow rate values, measured at the time 
of the two sampling campaign, were lower than 
the mean annual discharge estimated considering 
the daily discharge in one hydrological year. On 
the contrary, Table 4 shows that alkalinity values 
are less variant across the seasonal measure-
ments with respect to the flow rates, having mean 
PD[HCO3](s/w) of 17.38% and a variation coef-
ficient equal to 1.40%. More generally, it seems 
that there is not a correlation between the flow rate 
and the alkalinity. The weak correlation between 
flow rate and alkalinity is also shown in Figure 5, 
where the alkalinity (HCO3) of the river waters 
sampled in the two campaigns (in spring season 
and in winter season) is plotted with respect to the 

Figure 4. Result of the clus-
ter analysis performed by 
using R software (R Core 
Team, 2016).
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flow rate (Q) of the river waters registered at the 
moment of the two sampling campaigns.

Correlation between Lithology and 
Water Alkalinity

Starting from the alkalinity of the 33 river wa-
ters (sampled in spring and in winter seasons) 
and from the lithological composition of the 33 
rivers basins (computed using Alpine-Geo-LiM), 
we applied an approach derived from Hartmann 
et al. (2009) to investigate the relationship be-
tween alkalinity and lithology. We performed a 
multilithological regression using the following 
linear equation:

 
[ ] ( ).HCO3

1

= ×
=

∑
i

n

i iSR b
 

(11)

where [HCO3] is the alkalinity expressed in mol 
L−1, SRi is the proportion (from 0 to 1) of the 
surface area covered by the lithology i derived 
from Alpine-Geo-LiM, and bi is a coefficient 
estimated for each lithology i and obtained by 
linear multiple regression analysis.

We performed the analysis considering the 10 
lithological classes of Table 2, and, due to the 

scarce presence of some lithologies in the study 
area, also considering four general lithological 
classes defined according to the following sche-
ma: (1) “sandstone,” (2) “claystone,” (3) “total 
carbonate” (including “pure carbonate,” “mixed 
carbonate,” “gypsum evaporite,” and “peat”), 
and (4) “igneous and metamorphic rocks” (in-
cluding “acid rocks,” “mafic rocks,” “intermedi-
ate rocks,” and “metamorphic rocks”).

Analysis Performed with 10 Lithological 
Classes

The coefficients resulting from the linear multi-
ple regression analysis performed considering 10 
lithological classes are shown in Table 5, where 
b represents the estimated coefficient for each 
lithology; Std Error measures the standard error 
in b estimation; the P value expresses the prob-
ability that the b value is equal to 0 by chance; and 
Significance level is a literal classification of the 
P value expressing the reliability of the analysis.

High b values are correlated with relevant 
HCO3

− concentrations and therefore identify li-
thologies more prone to consuming atmospheric 
CO2 by chemical weathering. Conversely, a low 
value of b is indicative of a low atmospheric 
CO2 consumption by chemical weathering from 

the corresponding lithology. Small P values in-
dicate weak correlations between the predictor 
([HCO3]) and response (SR) variables. High P 
values correspond to low significance (Signifi-
cance level in Table 5) of the analysis.

Figure 6 shows the alkalinity values of the 
Alpine rivers measured during the two sam-
pling campaigns (Alkalinity observed) versus 
the alkalinity values of the same Alpine rivers 
predicted by applying Equation 11 (Alkalin-
ity predicted). The coefficient of determination 
(R2) of the linear fit (passing through the zero) 
between measured and fitted values is close to 
1 (0.95), while the median, the mean, and the 
standard deviation of the residuals are –3.742 × 
10−5, –1.92 × 10−9, and 5.335 × 10−4 respectively, 
highlighting the capability of the model in repro-
ducing the observed data.

In Table 5, the lithologies are ordered from the 
highest to the lowest b value. The table shows 
very high chemical alterability and related CO2 
consumption rates for “gypsum evaporites” 
and “peat” (high b values, respectively, equal to 
2.35 × 10−2 mol L−1 and 2.2 × 10−2 mol L−1), with 
very low significance for “gypsum evaporites” 
(P value = 0.51) and high significance for “peat” 
(P value = 0.0017).

TABLE 4. DATA ON THE 33 SAMPLED RIVER BASINS

Basin 
ID

River name [HCO3](s) 
(mol/L)

[HCO3](w) 
(mol/L)

Q(s) 
(m3/s)

Q(w) 
(m3/s)

Q(my) 
(m3/s)

PD(HCO3)(s/w) 
(%)

PD(Q)(s/w) 
(%)

Ref.

1 Roia 1.66 × 10−3 2.56 × 10−3 6.67 3.38 11.93 54.22 –49.33 1
2 Mella 4.95 × 10−3 4.79 × 10−3 3.35 7.80 16.74 –3.27 132.84 2
3 Brenta 2.03 × 10−3 2.67 × 10−3 44.70 42.30 61.77 31.42 –5.37 3
4 Isonzo 2.63 × 10−3 2.80 × 10−3 42.00 73.10 161.75 6.22 74.05 4
5 Livenza 3.08 × 10−3 2.88 × 10−3 76.30 32.40 42.12 –6.57 –57.54 3
6 Iller 3.16 × 10−3 4.06 × 10−3 17.93 36.50 42.40 28.26 103.57 5
7 Oglio 1.95 × 10−3 1.66 × 10−3 27.49 46.05 54.91 –14.95 67.52 6
8 Sesia 1.41 × 10−3 1.85 × 10−3 43.51 7.30 73.89 31.84 –83.22 7
9 Tagliamento 1.79 × 10−3 2.50 × 10−3 20.51 73.72 77.57 39.45 259.43 4
10 Var 1.42 × 10−3 2.54 × 10−3 29.10 20.10 37.31 79.03 –30.93 1
11 Mincio 2.37 × 10−3 1.91 × 10−3 5.19 4.89 7.83 –19.47 –5.78 8
12 Lech 3.27 × 10−3 3.60 × 10−3 63.20 112.00 99.96 10.19 77.22 5
13 Enns 1.84 × 10−3 2.38 × 10−3 81.96 36.88 72.49 29.90 –55.00 9
14 Mur 1.54 × 10−3 2.47 × 10−3 44.10 25.80 49.52 60.35 –41.50 9
15 Dora Baltea 1.47 × 10−3 1.69 × 10−3 64.60 42.30 78.83 15.16 –34.52 7
16 Piave 2.79 × 10−3 3.36 × 10−3 42.44 25.96 61.99 20.23 –38.83 3
17 Adda 1.37 × 10−3 1.27 × 10−3 110.80 145.60 168.96 –7.39 31.41 10
18 Ticino 8.46 × 10−3 6.75 × 10−3 248.00 185.00 178.88 –20.21 –25.40 11
19 Isar 4.48 × 10−3 4.62 × 10−3 46.80 32.50 49.43 3.32 –30.56 5
20 Tanaro 2.83 × 10−3 3.31 × 10−3 121.00 61.00 137.39 16.67 –49.59 7
21 Sava 3.21 × 10−3 3.37 × 10−3 105.74 95.03 269.21 4.97 –10.13 12
22 Po 1.90 × 10−3 1.88 × 10−3 80.30 58.90 150.81 –0.83 –26.65 7
23 Adige 1.76 × 10−3 1.87 × 10−3 158.77 102.68 216.51 6.39 –35.33 8
24 Drau 2.02 × 10−3 2.28 × 10−3 110.17 66.38 256.87 12.95 –39.75 9
25 Rhone 1.57 × 10−3 1.81 × 10−3 233.00 333.00 232.28 15.88 42.92 1
26 Isere 1.80 × 10−3 2.67 × 10−3 377.06 212.95 238.94 48.36 –43.52 1
27 Durance 2.25 × 10−3 3.29 × 10−3 9.26 8.20 18.20 46.23 –11.45 1
28 Inn 2.78 × 10−3 2.83 × 10−3 450.21 218.73 561.79 1.52 –51.42 9
29 Rhine 2.43 × 10−3 2.77 × 10−3 564.00 708.00 837.70 14.15 25.53 13
30 Linth* 2.43 × 10−3 61.18 61.73 14
31 Reuss* 1.81 × 10−3 53.40 105.78 13
32 Alpine Rhine* 2.99 × 10−3 9.51 240.79 13
33 Aare* 2.70 × 10−3 175.77 131.66 13

Note: The suffix (s) means “spring season” and (w) means “winter season.” [HCO3](s) and [HCO3](w) are the river water alkalinity values. Q(s) and Q(w) are the daily 
discharge at the time of the sampling campaign. Q(my) is the mean annual discharge. PD[HCO3](s/w) and PD[Q](s/w) are the percentage difference respectively calculated 
between [HCO3](s) and [HCO3](w), and between Q(s) and Q(w). References: 1: geoportal of the French Ministry of Ecology, Sustainable Development and Energy (www.
hydro.eaufrance.fr); 2: ARPA Lombardia (2012); 3: ARPA Veneto (2012); 4: Friuli-Venezia Giulia Region (2012); 5: geoportal of the Environmental Agency of Bavaria (www.
hnd.bayern.de); 6: geoportal of the Consorzio dell’Oglio (www.oglioconsorzio.it); 7: ARPA Piemonte (2012); 8: Ufficio Dighe Servizio Prevenzione Rischi Protezione Civile 
Provincia Autonoma di Trento (2012); 9: geoportal of the Federal Ministry of Sustainability and Tourism of Austria (eHYD) (https://www.ehyd.gv.at/); 10: Consorzio dell’Adda 
(2012); 11: geoportal of the Consorzio del Ticino (www.ticinoconsorzio.it); 12: Meteorological and Hydrological Service of Croatia (2012); 13: International Commission for 
the Hydrology of the Rhine basin (CHR/KHR) (2012); 14: Federal Geoportal of Switzerland (https://www.hydrodaten.admin.ch/en).

*Indicates Rhine subbasins that were sampled only in winter season.
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High b values are shown for “sandstone” 
(b = 4.13 × 10−3 mol L−1), with very high 
 significance (P value = 1.77 × 10−10), and “pure 
carbonate” and “mixed carbonate” (b values, 
 respectively, equal to 2.62 × 10−3 mol L−1 and 
2.32 × 10−3 mol L−1; P values = 2.03 × 10−7 and 
1.96 × 10−4, respectively).

Very low b values together with low sig-
nificance are shown for “metamorphic rocks” 
(b = 2.28 × 10−3 mol L−1; P value = 0.48) and 
“claystone” (b = 1.44 × 10−3 mol L−1; P val-
ue = 0.12).

Negative b values were obtained for “mafic 
rocks,” “acid rocks,” and “intermediate rocks,” 

associated with very low significance and 
P values.

These results show a surprising behavior of 
“peat,” with a positive and highly significant 
value of the calibration parameter b. Since peat 
is composed by at least 30% of organic matter 
(Joosten and Clarke, 2002), its dissolution leads 
to the release of organic carbon into the atmo-
sphere (e.g., Chow et al., 2003; Bengtsson and 
Törneman, 2004; Schwalm and Zeitz, 2015; Sel-
vam et al., 2017); for this reason, we would have 
expected a negative value of b. This discrepancy 
could be explained by the fact that the “peat” 
presence is concentrated in the Isar basin (6.84% 
of the basin), where it is associated with “sand-
stone” (41.6%), “pure carbonate” (24.12%), and 
“mixed carbonate” (16.76%), i.e., lithologies 
particularly effective at CO2 consumption.

The relative high values of the Std Error 
 values (and low P values) obtained for “mafic 
rocks,” “acid rocks,” and “intermediate rocks” 
demonstrate that the values of the b coefficients 
are not  statistically different from 0, and there-
fore that the contribution of these lithologies to 
the CO2 consumption is negligible.

Analysis Performed with Four Lithological 
Classes

Two other linear multiple regression analy-
ses were performed using the linear multiple 
(lm) and the multiple nonnegative linear (nnl) 
regression analysis tools in the R software (R 
Core Team, 2016) considering the following four 
lithological classes: (1) “sandstone,” (2) “clay-
stone,” (3) “total carbonate” (including “pure 
carbonate,” “mixed carbonate,” “gypsum evapo-
rite,” and “peat”), and (4) “igneous and meta-
morphic rocks” (including “acid rocks,” “mafic 
rocks,” “intermediate rocks,” and “metamorphic 
rocks”). Table 6 shows the values of the b co-
efficients obtained by modeling the lithologies 
with the lm and nnl regression models (R Core 
Team, 2016). We observe that in the lm model, 
all the coefficients are significant (very high sig-
nificance for “sandstone” and “total carbonate,” 
and medium significance for “claystone” and 
“igneous and metamorphic rocks”). Moreover, 
we note that the b value for the “igneous and 
metamorphic rocks” is still negative. This value 
does not agree with the assumptions that acid, 
mafic, intermediate, and metamorphic rocks 
are involved in a process of CO2 consumption 
(Eqs. 1–4). For this reason, in Table 6, we also 
show the values of the b coefficients obtained 
using a nonnegative linear (nnl) regression anal-
ysis. We observe that, as expected, the b value 
for “igneous and metamorphic rocks” becomes 
0, whereas the coefficients of “sandstone” and 
“total carbonate” do not significantly change 
with respect to the values obtained with the 

Figure 5. Plot showing the al-
kalinity (HCO3) of the river 
waters sampled in the two 
 campaigns (in spring season 
and in winter season) vs. the 
flow rate (Q) of the river waters 
registered at the moment of the 
two sampling campaigns.
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TABLE 5. RESULTS OF THE LINEAR MULTIPLE (lm) REGRESSION ANALYSIS

Lithology b 
(mol L−1)

Std Error P value Significance level

Gypsum evaporites 2.35 × 10−2 3.58 × 10−2 0.51 Very low
Peat 2.2 × 10−2 6.66 × 10−3 0.0017 High
Sandstone 4.13 × 10−3 5.22 × 10−4 1.77 × 10−10 Very high
Pure carbonate 2.62 × 10−3 4.37 × 10−4 2.03 × 10−7 Very high
Mixed carbonate 2.32 × 10−3 5.79 × 10−4 1.96 × 10−4 Very high
Metamorphic rocks 2.28 × 10−3 3.19 × 10−3 0.48 Very low
Claystone 1.44 × 10−3 9.01 × 10−4 0.12 Low
Mafic rocks –2.37 × 10−4 2.10 × 10−3 0.91 Very low
Acid rocks –1.64 × 10−3 1.15 × 10−3 0.16 Very low
Intermediate rocks –3.98 × 10−3 4.00 × 10−3 0.32 Very low

 Note: b value represents the calibration parameter estimated for each lithology, Std Error measures 
the standard error in b estimation, P value expresses the probability that the coefficient is equal to 0 by 
chance. Significance level codes: very high (P value < 0–0.001), high (P value = 0.001–0.01), medium 
(P value = 0.01–0.05), low (P value = 0.05–0.1), very low (P value = 0.1–1).

Figure 6. Plot showing the al-
kalinity values of the Alpine 
rivers measured during the two 
sampling campaigns (Alkalin-
ity observed) vs. the alkalin-
ity values of the same Alpine 
rivers predicted by applying 
linear multiple (lm) regression 
analysis (Alkalinity predicted). 
R-squared is the coefficient of 
determination of the linear 
fit passing through zero (R2); 
median(res), mean(res), and 
sd(res) are, respectively, the 
median, the mean, and the stan-
dard deviation of the residuals.0.001 0.002 0.003 0.004 0.005
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lm regression. Conversely, the b coefficient of 
“claystone” obtained using the nnl model (6.30 
× 10−4 mol L−1) is lower with respect to the val-
ues obtained using the lm regression (2.00 × 
10−3 mol L−1). The determination coefficient of 
the fitting between the measured concentrations 
and the fitted values of the lm regression (R2) 
is again equal to 0.95, whereas the median, the 
mean, and the standard deviation of the residuals 
are –5.035 × 10−5, –1.65 × 10−9, and 5.935 × 10−4 
respectively. Analogue values for the nnl model 
were obtained (R2: 0.94, residuals median: 5.943 
× 10−5, residuals mean: 1.453 × 10−5, residuals 
standard deviation: 6.187 × 10−4).

The linear model derived using four lithologi-
cal classes was tested against a model built using 

literature values and in particular the b values 
estimated by Amiotte Suchet et  al. (2003). In 
particular, we assumed b equal to (1) 1.52 × 
10−4 for “sandstone,” (2) 6.27 × 10−4 for “clay-
stone,”  (3) 3.17 × 10−3 for “total carbonate” and 
(4) 9.50 × 10−5 for “igneous and metamorphic 
rocks.”  Residuals between the linear model built 
using the Amiotte Suchet et al. (2003) coeffi-
cients and the measured alkalinity have values 
of median, mean, and the standard deviation re-
spectively equal to –6.74 × 10−4, –7.86 × 10−4, 
and 9.06 × 10−4. As expected, the model built us-
ing the Amiotte Suchet et al. (2003) coefficients 
is less accurate (larger absolute values of mean 
and  median values) and precise (larger standard 
deviation) in predicting the original alkalinity 

values with respect to the proposed model de-
rived using four lithological classes.

Amount of Atmospheric CO2 Fixed by 
Chemical Weathering

The flux of atmospheric CO2 consumed 
by chemical weathering on the “short-term,” 
namely ϕ(CO2)short, was estimated considering 
the following equation derived from Hartmann 
et al. (2009):

 φ( ) ( ),CO short2 1= × × ×=RO Σ i
n

i iSR b a  (12)

where RO is the runoff, SRi is the proportion 
(from 0 to 1) of the surface area covered by li-
thology i, bi is the calibration parameter for li-
thology i, and a is a parameter having value 1 
in case of silicate rocks and value 0.5 in case of 
carbonate rocks (see Eq. 9).

Table 7 shows the fluxes, ϕ(CO2)short, of at-
mospheric CO2 consumed by chemical weath-
ering and estimated at basin scale by applying 
Equation 12. The values of b coefficients were 
derived by the lm regression analysis performed 
using 10 lithologies (see Table 5). Where the 
Significance level of the b values was very low 
(i.e., for “gypsum evaporites,” “metamorphic 

TABLE 6. RESULTS OF THE LINEAR MULTIPLE (lm) AND NONNEGATIVE (nnl) REGRESSION ANALYSES

lm regression analysis nnl regression analysis

b 
(mol L−1)

Std Error P value Significance 
level

b 
(mol L−1)

Sandstone 4.65 × 10−3 4.39 × 10−4 3.42 × 10−15 Very high 4.50 × 10−3

Claystone 2.00 × 10−3 7.87 × 10−4 0.0138 Medium 6.30 × 10−4

Total carbonate 2.48 × 10−3 2.28 × 10−4 1.16 × 10−15 Very high 2.45 × 10−3

Igneous and metamorphic 
rocks

–2.08 × 10−3 9.24 × 10−4 0.0284 Medium 0

Note: b value represents the calibration parameter estimated for each lithology, Std Error measures 
the standard error in b estimation, P value expresses the probability that the coefficient is equal to 0 by 
chance. Significance level codes: very high (P value < 0–0.001), high (P value = 0.001–0.01), medium 
(P value = 0.01–0.05), low (P value = 0.05–0.1), very low (P value = 0.1–1).

TABLE 7. FLUXES OF ATMOSPHERIC CO2 CONSUMED BY CHEMICAL WEATHERING, Φ(CO2)short, WITHIN THE MAIN  
ALPINE RIVER BASINS ESTIMATED CONSIDERING “SANDSTONE” COMPOSED MAINLY BY SILICATE ROCKS  

(SILICATE-SANDSTONE SCENARIO) AND MAINLY BY CARBONATE ROCKS (CARBONATE-SANDSTONE SCENARIO)

Basin ID River name Silicate-sandstone scenario Carbonate-sandstone scenario PD[Φ(CO2)S(my)](carb/sil)

Φ(CO2)S(s) Φ(CO2)S(w) Φ(CO2)S(my) Φ(CO2)S(s) Φ(CO2)S(w) Φ(CO2)S(my) (%)

(mol km−2 yr−1) (mol km−2 yr−1) (mol km−2 yr−1) (mol km−2 yr−1) (mol km−2 yr−1) (mol km−2 yr−1)

1 Roia 5.76 × 105 2.92 × 105 1.03 × 106 4.32 × 105 2.19 × 105 7.73 × 105 –24.96
2 Mella 3.70 × 105 8.61 × 105 1.85 × 106 2.27 × 105 5.28 × 105 1.13 × 106 –38.72
3 Brenta 1.27 × 106 1.20 × 106 1.75 × 106 1.05 × 106 9.94 × 105 1.45 × 106 –17.01
4 Isonzo 1.36 × 106 2.38 × 106 5.26 × 106 1.13 × 106 1.96 × 106 4.34 × 106 –17.40
5 Livenza 3.71 × 106 1.57 × 106 2.05 × 106 2.28 × 106 9.68 × 105 1.26 × 106 –38.49
6 Iller 7.85 × 105 1.60 × 106 1.86 × 106 5.38 × 105 1.09 × 106 1.27 × 106 –31.47
7 Oglio 9.17 × 105 1.54 × 106 1.83 × 106 6.00 × 105 1.00 × 106 1.20 × 106 –34.61
8 Sesia 1.32 × 106 2.21 × 105 2.23 × 106 7.73 × 105 1.30 × 105 1.31 × 106 –41.25
9 Tagliamento 5.23 × 105 1.88 × 106 1.98 × 106 4.00 × 105 1.44 × 106 1.51 × 106 –23.62
10 Var 4.25 × 105 2.93 × 105 5.45 × 105 3.66 × 105 2.53 × 105 4.70 × 105 –13.74
11 Mincio 8.79 × 104 8.29 × 104 1.33 × 105 6.88 × 104 6.48 × 104 1.04 × 105 –21.79
12 Lech 1.88 × 106 3.33 × 106 2.97 × 106 1.31 × 106 2.33 × 106 2.08 × 106 –29.94
13 Enns 5.88 × 105 6.83 × 105 1.34 × 106 1.16 × 106 5.24 × 105 1.03 × 106 –23.29
14 Mur 1.75 × 106 3.44 × 105 6.60 × 105 5.02 × 105 2.94 × 105 5.63 × 105 –14.69
15 Dora Baltea 7.38 × 105 4.83 × 105 9.00 × 105 5.88 × 105 3.85 × 105 7.17 × 105 –20.34
16 Piave 5.30 × 105 3.24 × 105 7.75 × 105 4.02 × 105 2.46 × 105 5.87 × 105 –24.19
17 Adda 1.08 × 106 1.42 × 106 1.65 × 106 7.66 × 105 1.01 × 106 1.17 × 106 –29.21
18 Ticino 1.56 × 106 1.17 × 106 1.13 × 106 1.14 × 106 8.52 × 105 8.24 × 105 –26.95
19 Isar 7.70 × 105 5.35 × 105 8.13 × 105 5.81 × 105 4.03 × 105 6.14 × 105 –24.58
20 Tanaro 1.03 × 106 5.19 × 105 1.17 × 106 6.28 × 105 3.16 × 105 7.13 × 105 –39.00
21 Sava 7.60 × 105 6.83 × 105 1.94 × 106 5.77 × 105 5.18 × 105 1.47 × 106 –24.14
22 Po 6.54 × 105 4.79 × 105 1.23 × 106 3.88 × 105 2.84 × 105 7.28 × 105 –40.68
23 Adige 6.55 × 105 4.24 × 105 8.94 × 105 5.18 × 105 3.35 × 105 7.07 × 105 –20.92
24 Drau 5.20 × 105 3.14 × 105 1.21 × 106 4.14 × 105 2.50 × 105 9.66 × 105 –20.35
25 Rhone 1.41 × 106 2.01 × 106 1.41 × 106 9.62 × 105 1.38 × 106 9.59 × 105 –32.00
26 Isere 1.61 × 106 9.09 × 106 1.02 × 106 1.28 × 106 7.26 × 105 8.14 × 105 –20.16
27 Durance 3.93 × 104 3.48 × 164 7.73 × 104 3.27 × 104 2.89 × 104 6.42 × 104 –16.89
28 Inn 1.29 × 106 6.27 × 105 1.61 × 106 9.00 × 105 4.37 × 105 1.12 × 106 –30.24
29 Rhine 1.10 × 106 1.38 × 106 1.63 × 106 7.38 × 105 9.27 × 105 1.10 × 106 –32.76
30 Linth* 2.92 × 106 2.31 × 106 1.59 × 106 1.60 × 106 –30.66
31 Reuss* 1.04 × 106 2.07 × 106 7.57 × 105 1.50 × 106 –27.44
32 Alpine Rhine* 6.58 × 104 1.67 × 106 4.81 × 104 1.22 × 106 –26.92
33 Aare* 1.39 × 106 1.04 × 106 9.61 × 105 7.20 × 105 –30.69

Mean 1.00 × 106 9.81 × 105 1.52 × 106 7.16 × 105 7.05 × 105 1.09 × 106 –26.94

Note: The fluxes were estimated considering three values of runoff calculated from Q(s), Q(w), and Q(my) (see Table 4). PD[Φ(CO2)S(my)]carb/sil) represents the percentage 
difference between the mean annual fluxes, Φ(CO2)S(my), estimated considering the carbonate-sandstone scenario and the silicate-weathering scenario.

*Indicates Rhine subbasins that were sampled only in winter season.
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rocks,” “mafic rocks,” “acid rocks,” and “inter-
mediate rocks,” as shown in Table 5), we con-
sidered b equal to 0. This choice is reinforced 
by the fact that (1) if the Significance level of 
b is very low, it means that b is statistically not 
different from 0, and (2) the negative b values 
for “mafic rocks,” “acid rocks,” and “interme-
diate rocks” do not agree with the assumption 
that these lithologies are involved in the CO2 
consumption processes (see Eqs. 1–4). The 
CO2 fluxes were then calculated considering 
that “sandstone” is composed mainly either 
by silicate rocks (silicate-sandstone scenario) 
or by carbonate rocks (carbonate-sandstone 
 scenario). In the silicate-sandstone scenario, 
the a parameter was considered equal to 0.5 
only for pure carbonate and mixed carbonate 
categories and 1 for the remaining rock cat-
egories. In the carbonate-sandstone scenario, 
the a parameter was considered equal to 0.5 
for pure carbonate, mixed carbonate, and sand-
stone categories and 1 for the remaining rock 
categories. Finally, RO values were calculated 
from Q(s), Q(w), and Q(my) (see Table 4), leading 
to three sets of ϕ(CO2)short for each scenario: 
ϕ(CO2)S(s), ϕ(CO2)S(w), and ϕ(CO2)S(my).

Considering the silicate-sandstone scenario, 
Table  7 shows that during the spring season, 

the flux of atmospheric CO2 consumed by chem-
ical weathering, ϕ(CO2)S(s), ranges from 3.93 × 
104 mol km−2 yr−2 (Durance) to 3.71 × 106 mol 
km−2 y−2 (Livenza). Similar values were obtained 
by using both Q(w) and Q(my), since: (1) ϕ(CO2)S(w) 
ranges from 3.48 × 104 mol km−2 yr−2 (Durance) 
to 3.33 × 106 mol km−2 yr−2 (Lech), and (2) 
ϕ(CO2)S(my) ranges from 7.73 × 104 mol km−2 yr−2 
(Durance) to 5.26 × 106 mol km−2 yr−2 (Isonzo). 
Also, the average values of ϕ(CO2)S(s), ϕ(CO2)S(w), 
and ϕ(CO2)S(my) were quite similar, being 9.43 × 
105 mol km−2 yr−2, 9.81 × 105 mol km−2 yr−2, and 
1.52 × 106 mol km−2 yr−2, respectively.

The lowest ϕ(CO2)short values were system-
atically obtained considering the carbonate- 
sandstone scenario, since the a parameter for 
“sandstone” for this scenario was considered 
equal to 0.5, in contrast to the carbonate- 
sandstone scenario, where the a parameter was 
considered equal to 1. Considering the spring 
season, ϕ(CO2)S(s) ranged from 3.27 × 104 mol 
km−2 yr−2 (Durance) to 2.28 × 106 mol km−2 
yr−2 (Livenza); considering the winter season, 
ϕ(CO2)S(w) varied from 2.89 × 104 mol km−2 yr−2 
(Durance) to 2.33 × 106 mol km−2 yr−2 (Lech); 
and considering Q(my), the ϕ(CO2)S(my) ranged 
from 6.24 × 104 mol km−2 yr−2 (Durance) to 
4.34 × 106 mol km−2 yr−2 (Isonzo). Quite similar 

values were obtained considering the average 
values of ϕ(CO2)S(s), ϕ(CO2)S(w), and ϕ(CO2)S(my), 
which were, respectively, 6.89 × 105 mol km−2 
yr−2, 7.05 × 105 mol km−2 yr−2, and 1.09 × 106 
mol km−2 yr−2.

In Table 7, PD[ϕ(CO2)S(my)](carb/sil) represents 
the percentage difference, calculated follow-
ing Equation 10, between the two values of 
ϕ(CO2)S(my) computed considering the carbon-
ate-sandstone scenario and the silicate-sandstone 
scenario. The obtained percentage differences 
show that in the carbonate-sandstone scenario, 
the ϕ(CO2)S(my) value is on average –26.94% with 
respect to the fluxes estimated in the silicate-
sandstone scenario, with the minimum value of 
–41.25% for Sesia and the maximum value of 
–13.74% for Var.

The fluxes of atmospheric CO2 consumed 
by chemical weathering coming from silicates, 
ϕ(CO2)S(my)-sil, and from carbonates, ϕ(CO2)S(my)-

carb, were estimated considering the two scenar-
ios and are reported in Table 8. In the silicate- 
sandstone scenario, ϕ(CO2)S(my)-sil values were 
estimated considering the weathering of “sand-
stone” and “claystone,” while ϕ(CO2)S(my)-carb 
 values were estimated considering the  weathering 
of “pure carbonate” and “mixed carbonate.” In 
the carbonate-sandstone scenario, ϕ(CO2)S(my)-sil  

TABLE 8. FLUXES OF ATMOSPHERIC CO2 CONSUMED BY CHEMICAL WEATHERING COMING FROM SILICATE, Φ(CO2)s(my)-sil,  
AND FROM CARBONATE, Φ(CO2)S(my)-carb, WEATHERING EXPRESSED IN MOL KM−2 YR−1 AND IN PERCENTAGE (%)

Basin ID River name Silicate-sandstone scenario Carbonate-sandstone scenario

Φ(CO2)S(my)-sil Φ(CO2)S(my)-carb Φ(CO2)S(my)-sil Φ(CO2)S(my)-carb Φ(CO2)S(my)-sil Φ(CO2)S(my)-carb Φ(CO2)S(my)-sil Φ(CO2)S(my)-carb

    (mol km−2 yr−1) (mol km−2 yr−1) (%) (%) (mol km−2 yr−1) (mol km−2 yr−1) (%) (%)

1 Roia 5.27 × 105 5.04 × 105 51.11 48.89 1.22 × 104 7.61 × 105 1.58 98.42
2 Mella 1.48 × 106 3.67 × 105 80.14 19.86 4.99 × 104 1.08 × 106 4.41 95.59
3 Brenta 5.95 × 105 1.15 × 106 34.02 65.98 0.00 1.45 × 106 0.00 100.00
4 Isonzo 1.83 × 106 3.43 × 106 34.81 65.19 0.00 4.34 × 106 0.00 100.00
5 Livenza 1.58 × 106 4.71 × 105 76.98 23.02 1.77 × 102 1.26 × 106 0.01 99.99
6 Iller 1.18 × 106 4.12 × 105 63.66 22.19 1.35 × 104 9.96 × 105 1.06 78.29
7 Oglio 1.53 × 106 3.06 × 105 83.31 16.69 2.58 × 105 9.40 × 105 21.56 78.44
8 Sesia 2.22 × 106 1.41 × 104 99.37 0.63 3.77 × 105 9.36 × 105 28.71 71.29
9 Tagliamento 9.40 × 105 1.04 × 106 47.51 52.49 5.28 × 103 1.51 × 106 0.35 99.65
10 Var 1.57 × 105 3.87 × 105 28.89 71.11 7.75 × 103 4.62 × 105 1.65 98.35
11 Mincio 6.21 × 104 7.06 × 104 46.79 53.21 4.26 × 103 9.95 × 104 4.10 95.90
12 Lech 1.80 × 106 7.96 × 105 60.69 26.84 2.42 × 104 1.68 × 106 1.17 80.99
13 Enns 9.28 × 105 4.15 × 105 69.07 30.93 3.02 × 105 7.28 × 105 29.32 70.68
14 Mur 5.52 × 105 1.09 × 105 83.55 16.45 3.58 × 105 2.06 × 105 63.49 36.51
15 Dora Baltea 7.01 × 105 1.99 × 105 77.85 22.15 3.35 × 105 3.83 × 105 46.67 53.33
16 Piave 3.80 × 105 3.95 × 105 49.02 50.98 4.99 × 103 5.82 × 105 0.85 99.15
17 Adda 1.36 × 106 2.90 × 105 82.43 17.57 3.96 × 105 7.72 × 105 33.92 66.08
18 Ticino 1.01 × 106 1.15 × 105 89.78 10.22 4.05 × 105 4.19 × 105 49.11 50.89
19 Isar 4.11 × 105 1.02 × 105 50.52 12.54 1.10 × 104 3.02 × 105 1.80 49.22
20 Tanaro 9.31 × 105 2.37 × 105 79.71 20.29 2.01 × 104 6.93 × 105 2.81 97.19
21 Sava 9.64 × 105 9.72 × 105 49.80 50.20 2.95 × 104 1.44 × 106 2.01 97.99
22 Po 1.09 × 106 1.40 × 105 88.59 11.41 8.88 × 104 6.39 × 105 12.19 87.81
23 Adige 5.93 × 105 3.01 × 105 66.34 33.66 2.19 × 105 4.88 × 105 30.98 69.02
24 Drau 8.46 × 105 3.67 × 105 69.77 30.23 3.53 × 105 6.14 × 105 36.51 63.49
25 Rhone 1.08 × 106 3.34 × 105 76.29 23.71 1.73 × 105 7.86 × 105 18.06 81.94
26 Isere 5.74 × 105 4.46 × 105 56.29 43.71 1.63 × 105 6.51 × 105 20.01 79.99
27 Durance 3.26 × 104 4.47 × 104 42.14 57.86 6.47 × 103 5.77 × 104 10.07 89.93
28 Inn 1.13 × 106 3.51 × 105 70.27 21.81 1.58 × 105 8.38 × 105 14.04 74.61
29 Rhine 1.13 × 106 4.29 × 105 69.35 26.29 6.24 × 104 9.63 × 105 5.69 87.83
30 Linth* 1.57 × 106 7.45 × 105 67.81 32.19 1.50 × 105 1.45 × 106 9.35 90.65
31 Reuss* 1.28 × 106 7.84 × 105 62.03 37.97 1.48 × 105 1.35 × 106 9.85 90.15
32 Alpine Rhine* 1.06 × 106 6.08 × 105 63.53 36.47 1.62 × 105 1.06 × 106 13.27 86.73
33 Aare* 6.68 × 105 3.71 × 105 64.29 35.71 1.22 × 104 7.61 × 105 4.19 95.84

Mean 9.75 × 105 5.06 × 105 64.72 32.89 1.31 × 105 9.28 × 105 14.64 82.30

Note: The fluxes were estimated considering “sandstone” composed mainly by silicate rocks (silicate-sandstone scenario) and mainly by carbonate rocks 
(carbonate-sandstone scenario).

*Indicates Rhine subbasins that were sampled only in winter season.
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values were estimated considering only the 
weathering of “claystone,” while ϕ(CO2)S(my)-carb 
values were estimated considering the weath-
ering of “pure carbonate,” “mixed carbonate,” 
and “sandstone.” The relative percentages of 
ϕ(CO2)S(my)-sil and of ϕ(CO2)S(my)-carb for the two 
scenarios were estimated with respect to the to-
tal ϕ(CO2)S(my). Table 8 shows that, considering 
the silicate-sandstone scenario, the contribution 
of silicate weathering is: (1) between 25% and 
50% for eight river basins (Var, Brenta, Isonzo, 
Durance, Mincio, Tagliamento, Piave, and Sava), 
(2) between 50% and 75% for 14 river basins 
(Isar, Roia, Isere, Lech, Reuss, Alpine Rhine, Iller, 
Aare, Adige, Linth, Enns, Rhine, Drau, and Inn), 
and (3) between 75% to 100% for 11 river basins 
(Rhone, Livenza, Dora Baltea, Tanaro, Mella, 
Adda, Oglio, Mur, Po, Ticino, and Sesia).

Considering the carbonate-sandstone sce-
nario, the contribution of silicate weathering 
decreases significantly, being: (1) between 0% 
to 25% for 25 river basins (Brenta, Isonzo, Liv-
enza, Tagliamento, Piave, Iller, Lech, Roia, Var, 
Isar, Sava, Tanaro, Mincio, Aare, Mella, Rhine, 
Linth, Reuss, Durance, Po, Alpine Rhine, Inn, 
Rhone, Isere, and Oglio), (2) between 25% to 
50% for seven river basins (Sesia, Enns, Adige, 
Adda, Drau, Dora Baltea, and Ticino), and (3) 
between 50% and 75% for one river basin (Mur).

DISCUSSION

The principal aims of this work were: (1) to 
investigate the relationship between the litholog-
ical composition of the main Alpine river basins 
and their water alkalinity, and (2) to provide ge-
neric mathematical parameters that link lithol-
ogy to the moles of atmospheric CO2 consumed 
by chemical weathering.

Elaboration of the Alpine-Geo-LiM

Assuming that the chemical reactions oc-
curring within the basins are those reported in 
Equations 1–6, the lithological classes of Alpine-
Geo-LiM were chosen by considering the min-
eralogic composition of outcropping rocks. For 
this reason, metamorphic rocks were classified 
according to the chemistry of protoliths, and 
all the rocks for which data on protoliths were 
unavailable or unclear (e.g., in the case of mig-
matite, mylonite, and metasediments) were in-
cluded in the class “metamorphic rocks” (which 
occupies 1.81% of the whole study area). This 
criterion represents a novel feature when com-
pared with other global lithologic maps (Gibbs 
and Kump, 1994; Amiotte-Suchet and Probst, 
1995; Amiotte-Suchet at al., 2003; Dürr et al., 
2005; Hartmann and Moosdorf, 2012; Moos-
dorf et al., 2010), where lithologies with very 

different behavior in the atmospheric CO2 con-
sumption processes were included in the generic 
“metamorphic” class. This is the case, for ex-
ample, of marble, a metamorphic rock composed 
of carbonate minerals highly prone to consum-
ing atmospheric CO2. Marble has a very differ-
ent behavior with respect to other metamorphic 
rocks, such as, for example, orthogneiss, which 
is a metamorphic rock derived from a granite/
rhyolite protolith that is much less prone to con-
suming atmospheric CO2 with respect to marble. 
The classification of metamorphic rocks ac-
cording to the chemistry of their protoliths is of 
particular interest as regards the Alpine chain, 
where, considering the global lithological map 
GLiM elaborated by Hartmann and Moosdorf 
(2012), metamorphic rocks are quite abundant, 
representing 25.84% of the whole area.

Another novel feature of this work is the re-
lease of the map with the procedures (GIS com-
mands and database queries) used to produce 
the map. We decided to share this information 
to allow reproducibility and replicability of the 
research and following the concept of open sci-
ence (Nüst et al., 2018).

Looking to Alpine-Geo-LiM, it shows that 
carbonate rocks are the most abundant type in 
the Alpine region (44.57%), followed by “sand-
stone” (26.99%), “claystone” (12.87%), “vol-
canic rocks” (10.50%), “metamorphic rocks” 
(1.81%), “peats” (0.48%), and “gypsum evapo-
rite” (0.08%). A small area (2.69%) is covered 
by “water” in the form of lakes and glaciers. 
The effort in discriminating metamorphic rocks 
according to the chemistry of protoliths in 
 Alpine-Geo-LiM is demonstrated by the fact that 
almost all the metamorphic rocks outcropping in 
the study area (25.84% according to Hartmann 
and Moosdorf, 2012) were assigned to a specific 
rock category, and only 1.81% of the study area 
remains in the general “metamorphic rock” cat-
egory, used only when information on protoliths 
was unavailable or unclear.

Overall, the map highlights the presence of 
an inner core mainly composed of crystalline 
silicate rocks, bounded to the north and south 
by rocks mainly composed of carbonates, and 
finally the presence of rocks composed of sand-
stones in the basins external to the Alpine chain, 
coherent with studies by Donnini et al. (2016) 
and Rossi and Donnini (2018).

Relationship between Basin Lithologies and 
River Alkalinities

To investigate the relationship between litho-
logical composition of river basins and their 
water alkalinity, three linear multiple regression 
analyses were performed following an approach 
derived from Hartmann et al. (2009); see Equa-

tion 11 herein. The first analysis used the linear 
multiple (lm) regression analysis tool (R Core 
Team, 2016) and considered the original 10 lith-
ological classes of Alpine-Geo-LiM (Table 2). 
Due to the scarce presence of some lithologies, 
the other two analyses were performed using the 
linear multiple (lm) and the multiple nonnegative 
linear (nnl) regression analysis (R Core Team, 
2016), and considering four lithological classes 
(“sandstone,” “claystone,” “total carbonate,” and 
“igneous and metamorphic rocks”).

The b values obtained from the nnl regression 
analysis (Table 6) were compared with values 
from literature that considered monolithological 
basins (Bluth and Kump, 1994; Amiotte-Suchet 
et al., 2003), and that considered multilithologi-
cal basins (Hartmann, 2009). The comparison 
shows that, in the present work, the calibration 
parameter b for “total carbonate” (2.45 × 10−3 
mol l−1) is included among the range of literature 
values (1 × 10−3 to 8 × 10−4 mol L−1), as well as 
for “claystone,” with an estimated b value equal 
to 6.30 × 10−4 mol L−1, i.e., of the same order of 
magnitude of literature values ranging from 2 × 
10−4 to 9 × 10−4 mol L−1. Conversely, the com-
parison also shows that the estimated b value for 
“sandstone” (4.50 × 10−3 mol L−1) is noticeably 
higher than literature values (6 × 10−4 to 6 × 10−5 
mol L−1). Moreover, the b values obtained for 
the “sandstone” class are always larger than 
those calculated for “pure carbonate,” “mixed 
carbonate,” and “total carbonate” (see Tables 5 
and 6). This large discrepancy is explained by 
the aforementioned cluster analysis (Table  3) 
results, highlighting that, in the study area, the 
“sandstone” class is probably composed by a rel-
evant carbonate component. The presence of a 
relevant carbonate component in the Alpine fore-
lands is explained in Appendix A, and it is well 
noted in the literature (see, e.g., for the Molasse 
Basin: Schlunegger et al., 1994, 1998; Kempf et 
al., 1999; Anne et al., 2017; Abdul Aziz et al., 
2008; e.g., for the Po Valley and Adriatic fore-
land: Fontana et al., 2014). The high b value of 
the “sandstone” class can be also explained with 
the inclusion of recent alluvial sediments in the 
“sandstone” class. Besides the weathering act-
ing at the soil-air interface, in fact, they are also 
exposed to chemical dissolution due to ground-
water, which contributes to the basin streamflow. 
Furthermore, in alluvial sediments, which are 
usually located in flat and low-elevation areas, 
the resident time of water in the soil-air inter-
face increases, facilitating the chemical dissolu-
tion processes. The presence of large amounts 
of alluvial sediments in the “sandstone” class 
is evident from the analysis of Table 1. “Sand-
stone” slope and elevation mean values are 
indeed much lower than those observed in the 
other lithologies. Therefore, results show that 
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carbonates (in the three forms of “pure carbon-
ate,” “mixed carbonate,” and “total carbonate”), 
as expected, have a strong positive correlation 
with water alkalinity. Surprisingly, the results 
also show that the correlation is even stronger for 
“sandstone.” This fact can be explained consid-
ering that (1) the “sandstone” class includes ce-
mented and uncemented deposits also composed 
by gravel and sand-carbonate sediments, and, (2) 
in the analyzed basins, “sandstone” is prevalent 
(Table 3) in association with “pure carbonate” 
and “mixed carbonate” rocks.

Interestingly, the “claystone” class (outcrop-
ping in ∼13% of the area) always shows a posi-
tive correlation with water alkalinity; however, 
depending on the type of regression, it can be 
low (10 lithological classes, lm; 4 classes, nnl) 
or high (4 classes, lm). The significance asso-
ciated with the value of the coefficients is low, 
apart from the medium value estimated by the 4 
classes lm regression. We explain such behavior 
with the presence in the study area of other car-
bonate-rich lithologies that hide the “claystone” 
influence on CO2 consumption. Moreover, we 
observe that the positive values of the b coef-
ficient for “claystone” can be due not only to 
silicate weathering, but also to the chemical dis-
solution of carbonates that can be present in the 
“claystone” class rocks.

“Igneous and metamorphic rocks” are scarce-
ly represented in the area (∼11%), and their cor-
relation with water alkalinity is always negative 
or equal to zero (see Tables 5 and 6). The signifi-
cance of the “igneous and metamorphic rocks” 
coefficients is generally very low; it is also low 
in the case of the 4 classes lm regression, where 
it results in medium significance, where the cor-
responding P value is larger than those obtained 
for the other coefficients. Consequently, the 
present study shows a negligible contribution of 
volcanic rocks (acid, mafic, and intermediate) to 
atmospheric CO2 consumption. On the contrary, 
in the literature, it is shown that these lithologies, 
with b values ranging from 1.5 × 10−4 to 4.5 × 
10−6 mol L−1, do provide a contribution (even if 
small) to atmospheric CO2 consumption. This 
different behavior is due, of course, to the fact 
that volcanic rocks constituted by silicate min-
erals occupy a small percentage (∼10%) of the 
whole study area. Moreover, we maintain that 
the negative or zero b values for the “igneous and 
metamorphic rocks” class (see Table 6) is due 
to the fact that b was estimated in basins where 
these lithologies are associated with more abun-
dant carbonate minerals, which are more soluble 
than silicates (Table 2). This is different from 
what was done (1) by Bluth and Kump (1994) 
and Amiotte-Suchet et al. (2003), who consid-
ered monolithological basins, and (2) by Hart-
mann (2009), who considered multilithological 

basins, but who excluded basins containing more 
than 0.05% of carbonate sedimentary rocks.

Regarding the “metamorphic rocks” class, 
the result (very low significance level; see Ta-
ble 5) is different from the outcomes of other 
authors (Bluth and Kump, 1994; Amiotte-Suchet 
et al., 2003; Hartmann, 2009), which could be 
explained by the fact that we used our own 
classification scheme for the definition of the 
lithological map (made available along with the 
present manuscript). As an example, we believe 
that either the inclusion or the exclusion of some 
types of rocks into the metamorphic class, based 
on the analysis of the protoliths, can have a rel-
evant influence on the estimation of the contri-
bution of this class to the CO2 consumption. We 
conclude that, in this study area, these litholo-
gies (“igneous and metamorphic rocks”) do not 
significantly contribute to the atmospheric CO2 
consumption process.

Atmospheric CO2 Consumption in 
Alpine Basins

Considering Equation 9, the amount of atmo-
spheric CO2 consumed by chemical weathering 
can be estimated starting from river water alka-
linity. For this reason, the calibration parameter 
b of Equation 11 expresses the capability of 
different lithologies to consume atmospheric 
CO2 by chemical weathering (high value of b 
corresponds to high capability to consume at-
mospheric CO2). Consequently, the analysis 
shows that the lithologies more prone to con-
sume atmospheric CO2 are, from the higher to 
the lower: “sandstone,” “carbonates,” and “clay-
stone,” while the contribution of “igneous and 
metamorphic rocks” is negligible.

Finally, we applied Equation 12 to estimate the 
fluxes of atmospheric CO2 consumed by chemi-
cal weathering in the “short-term,” ϕ(CO2)short, 
within the study area. The fluxes were calculated 
considering “sandstone” composed (1) mainly 
by silicate rocks (silicate-sandstone scenario) 
and (2) mainly by carbonate rocks (carbonate-
sandstone scenario). In Equation 12, we consid-
ered the b values obtained from the lm regres-
sion analysis performed using 10 lithologies (see 
Table 5). For “gypsum evaporites,” “metamor-
phic rocks,” “mafic rocks,” “acid rocks,” and “in-
termediate rocks,” where the Significance level 
of the b values was very low (see Table 5), we 
considered b equal to 0. In the silicate-sandstone 
scenario, the a parameter was considered equal 
to 0.5 for “pure carbonate” and “mixed carbon-
ate” categories and 1 for the remaining rock 
categories. In the carbonate-sandstone scenario, 
the a parameter was considered equal to 0.5 for 
“pure carbonate,” “mixed carbonate,” and “sand-
stone” categories and 1 for the remaining rock 

categories. Runoff values (RO in Eq. 12) were 
estimated considering the daily discharge at the 
time of the two sampling campaigns (in spring 
season and in winter season) and considering 
the mean annual discharge, Q(s), Q(w), and Q(my) 
in Table 4.

As expected, in the carbonate-sandstone sce-
nario, the ϕ(CO2)short values were systematically 
lower than in the silicate-sandstone scenario, 
since the a parameter for “sandstone” for this 
scenario was considered equal to 0.5, in con-
trast to the carbonate-sandstone scenario, where 
the a parameter was considered equal to 1. The 
percentage difference between the mean an-
nual fluxes estimated considering the carbonate-
sandstone scenario and the silicate-weathering 
scenario (see Eq. 10) was on average 26.99%, 
with the minimum value of –41.25% for Sesia 
and the maximum value of –13.74% for Var (see 
Table 7).

A comparison between the contribution (1) 
of silicate weathering, ϕ(CO2)S(my)-sil, and (2) 
of carbonate weathering, ϕ(CO2)S(my)-carb, in the 
two scenarios (silicate-sandstone and carbon-
ate-sandstone scenarios) is shown in Table  8. 
As expected, the table shows that considering 
the carbonate-sandstone scenario, the contribu-
tion of silicate weathering is 14.51% of the total 
ϕ(CO2)S(my), and it increases up to 64.72% in the 
silicate-sandstone scenario. It is evident that the 
contribution of ϕ(CO2) from silicates is really 
dependent on the assumptions made about the 
chemical composition of the sandstone rocks. In 
the present work, the results indicate that, in the 
study area, the sandstone rocks contain a rele-
vant component of carbonate rocks. The general 
implication of our results is that the estimation 
of CO2 consumption in areas where sandstone 
rocks are relatively abundant cannot be made 
without a careful evaluation of the carbonate 
content of the lithotypes that were included in 
the sandstone class. As a consequence, attention 
should be paid to the choice of the coefficients 
adopted from the literature (for the “sandstone” 
class) for calculating the CO2 fluxes in any given 
area different from the areas used for the calibra-
tion of the parameters themselves.

The approach here presented is valid in non-
polluted areas, for temperate climates, and for 
lithologies without pyrite (see “Weathering Es-
timation” section). The absence of pyrite is im-
portant because, as highlighted, for example, by 
Moon et al. (2007), pyrite oxidation generates 
sulfuric acid, which could weather surrounding 
carbonate and silicate minerals. Since atmo-
spheric CO2 is not consumed in this process, 
not considering pyrite oxidation could lead to 
an overestimation of the atmospheric CO2 con-
sumption by silicate weathering. Since both 
pyrite oxidation and gypsum dissolution lead to 
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an increase of SO4
− in river waters (e.g., Ber-

ner and Berner, 1996), distinguishing between 
the gypsum and pyrite sources of SO4

− in river 
waters is important for a reliable estimation of 
the fluxes of atmospheric CO2 consumed by 
chemical weathering (Moon et  al., 2007). We 
know that the presence of pyrite in the Alps is 
well documented (e.g., Kappler and Zeeh, 2000; 
Lavrič and Spangenberg, 2003; Rantitsch, 2007; 
Gainon et al., 2007; Grachev et al., 2008; Ber-
nard et al., 2010; Herlec et al., 2010; Sanders 
et  al., 2010; Sabatino et  al., 2011; Pálfy and 
Zajzon, 2012). In addition, in the river waters 
sampled by Donnini et al. (2016), the samples 
with a relevant sulfate enrichment were located 
in the southwest French Alps (Roia, Var, Isere, 
Durance) and in the southeastern Italian Alps 
(Tagliamento). Since the presence of gypsum 
in Triassic carbonate rocks is well documented 
both in the southwest French Alps (e.g.,  Olivier 
et al., 2009) and in the southeastern Italian Alps 
(e.g., Stefanini, 1976; Longinelli and Flora, 
2007), we think that it is more reasonable to 
consider the SO4

− enrichment in these river wa-
ters as a consequence of evaporite dissolution, 
rather than pyrite oxidation. For this reason, we 
maintain that our simplification—which consid-
ers the pyrite oxidation negligible—could lead 
to only a slight overestimation of atmospheric 
CO2 consumption.

Global Carbon Cycle Implications

A comparison of the fluxes of atmospheric 
CO2 fixed by chemical weathering obtained 
in this work with those available from the lit-
erature shows that minor differences exist at re-
gional scale. In particular, a comparison of the 
ϕ(CO2)short values obtained in the present work 
with the ϕ(CO2)short values estimated by Don-
nini et al. (2016) for the same area shows that 
the range of atmospheric CO2 fixed by chemical 
weathering within the 33 main Alpine river ba-
sins is quite similar.

In Donnini at al. (2016), during the spring sea-
son, ϕ(CO2)short ranges from 2.60 × 104 mol km−2 
yr−2 (Durance) to 2.03 × 106 mol km−2 yr−2 (Liv-
enza), and during the winter season, ϕ(CO2)short 
ranges from 2.48 × 104 mol km−2 yr−2 (Durance) 
to 2.04 × 106 mol km−2 yr−2 (Lech).

In this work, during the spring season, in the 
silicate-weathering scenario, ϕ(CO2)S(s) ranges 
from 3.93 × 104 mol km−2 yr−2 (Durance) to 3.71 
× 106 mol km−2 yr−2 (Livenza), and in the car-
bonate-weathering scenario, it varies from 3.27 
× 104 mol km−2 yr−2 (Durance) to 2.28 × 106 mol 
km−2 yr−2 (Livenza). During the winter season, 
in the silicate-weathering scenario, ϕ(CO2)S(w) 
ranges from 3.48 × 104 mol km−2 yr−2 (Durance) 
to 3.33 × 106 mol km−2 yr−2 (Lech), and in the 

carbonate-weathering scenario, it varies from 
2.89 × 104 mol km−2 yr−2 (Durance) to 2.33 × 
106 mol km−2 yr−2 (Lech). Considering the mean 
annual discharge, in the silicate-weathering sce-
nario, ϕ(CO2)S(my) ranges from 7.73 × 104 mol 
km−2 yr−2 (Durance) to 5.26 × 106 mol km−2 yr−2 
(Isonzo), and in the carbonate-weathering sce-
nario, it ranges from 6.24 × 104 mol km−2 yr−2 
(Durance) to 4.34 × 106 mol km−2 yr−2 (Isonzo).

Overall, the difference between the mean 
ϕ(CO2)short estimated in the present work, where 
the mean values of ϕ(CO2)S(s), ϕ(CO2)S(w), and 
ϕ(CO2)S(my) are 9.43 × 105 mol km−2 yr−2, 9.81 × 
105 mol km−2 yr−2, and 1.52 × 106 mol km−2 yr−2 
in the silicate-weathering scenario, and 6.89 × 
105 mol km−2 yr−2, 7.05 × 105 mol km−2 yr−2, and 
1.09 × 106 mol km−2 yr−2 in the carbonate-weath-
ering scenario, and the mean ϕ(CO2)short estimat-
ed by Donnini at al. (2016) (4.69 × 105 ± 1.03 × 
105 mol km−2 yr−2 in spring season, and 5.35 × 
105 ± 0.97 × 105 mol km−2 yr−2 in winter season) 
is less than one order of magnitude.

Quite similar values were estimated by Gail-
lardet et al. (1999) for the Rhine, Rhone, and Po 
basins, respectively 5.42 × 105 mol km−2 yr−2, 
8.56 × 105 mol km−2 yr−2, and 1.12 × 106 mol km−2 
yr−2, showing that the mean ϕ(CO2)short of these 
three rivers is much higher than the world average 
CO2 consumed by chemical weathering (2.46 × 
105 mol km−2 yr−2) estimated by the same authors.

We maintain that the data-driven estimation of 
the CO2 consumption rates in the Alpine region 
presented here is more objective than the rates 
estimated using literature values, since the new 
b parameters presented here were obtained using 
measured data only.

The results of the present study highlight the 
importance of discriminating rocks according to 
their mineralogic composition, paying close at-
tention to the presence of minor carbonate com-
ponents in rock categories usually considered 
dominated by silicates, like metamorphic rocks, 
and, as highlighted by Hartmann et al. (2009), 
like sandstone and shale (in the present work de-
nominated claystone). It is well known, in fact, 
that these lithologies could contain a small car-
bonate content (e.g., Jacobson and Blum, 2003; 
Emberson et al., 2018). The nonnegligible con-
tribution of carbonates to atmospheric CO2 con-
sumption of silicate-dominated rock categories 
was stressed by Hartmann et al. (2009, p. 189), 
who stated that, at global scale, “about 12.6% of 
the carbonate CO2 consumption can be attrib-
uted to silicate dominated lithological classes.” 
The same authors highlighted that the global 
contribution of carbonate sedimentary rocks has 
been overestimated in the past, being ∼25% in 
Hartmann et al. (2009), in contrast to ∼40% in 
Gaillardet et al. (1999), Munhoven (2002), and 
Amiotte Suchet et al. (2003).

CONCLUSIONS

Alpine-Geo-LiM is a high-resolution (scale 
1:1,000,000) geo-lithological map of the Alps. 
It represents a novel map when compared with 
published global lithological maps (Gibbs and 
Kump, 1994; Amiotte-Suchet and Probst, 1995; 
Amiotte-Suchet at al., 2003; Dürr et al., 2005; 
Hartmann and Moosdorf, 2012; Moosdorf et al., 
2010) for two main reasons. First of all, the litho-
logical classes used to map the study area were 
chosen by considering the mineralogic composi-
tion of the outcropping rocks. Particular atten-
tion was paid in discriminating metamorphic 
rocks, which were classified according to the 
chemistry of protoliths. The class “metamor-
phic rocks” included only the rocks for which 
data on protoliths were unavailable or unclear. 
The role of different lithologies in atmospheric 
CO2 consumption by chemical weathering was 
estimated by means of a multilithological ap-
proach and by applying a linear multiple regres-
sion for predicting water alkalinity based on 
lithologies. The analyses confirmed that carbon-
ates are lithologies highly prone to consuming 
atmospheric CO2, as previously stated by several 
authors (Bluth and Kump, 1994; Amiotte-Suchet 
et al., 2003; Hartmann, 2009). The present work 
also shows that the “sandstone” category, which 
includes quartzite, and also arkose, graywacke, 
and conglomerate, could have a nonnegligible 
carbonate component (Garrels and Mackenzie, 
1971; Mottana et al., 2009) and play an impor-
tant role in consuming atmospheric CO2. More-
over, the linear multiple regression analyses 
showed that the contribution of igneous rocks 
in atmospheric CO2 consumption is negligible.

The second novel feature is that Alpine-Geo-
LiM is being released in vector format together 
with the procedure used for the definition of the 
map and the original data in order to allow the 
replicability and reproducibility of the product 
(see Donnini et al., 2018).
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