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Abstract

Mixed siliciclastic and carbonate active orogens are common on Earth’s surface, yet most studies have focused on physical
erosion and chemical weathering in silicate-rich landscapes. Relative to purely siliciclastic landscapes, the response of erosion
and weathering to uplift may differ in mixed-lithology regions. However, our knowledge of weathering and erosion in mixed
carbonate-silicate lithologies is limited and thus our understanding of the mechanistic coupling between uplift, chemical weath-
ering, and the carbon cycle. Here, we partition the denudation fluxes into erosion and weathering fluxes of carbonates and
silicates in the Northern Apennine Mountains of Italy—a mixed siliciclastic-carbonate active orogen—using dissolved solutes,
the fraction of carbonate sand in sediments, and existing 10Be denudation rates. FErosion fluxes are generally an order of
magnitude higher than weathering fluxes and dominate total denudation. The contribution of carbonate and silicate minerals
to erosion varies between lithologic units, but weathering fluxes are systematically dominated by carbonates. Silicate weath-
ering may be limited by reaction rates, whereas carbonate weathering may be limited by acidity of the rivers that drain the
orogen. Precipitation of secondary calcite from super-saturated streams leads to the loss of up to 90% of dissolved Ca2+ from
carbonate-rich catchments. Thus, in the weathering zone, [Ca2+] is exceptionally high, likely driven by high soil pCO2; how-
ever, re-equilibration with atmospheric pCO2 in rivers converts solutes back into solid grains that become part of the physical
denudation flux. Limits on weathering in this landscape therefore differ between the subsurface weathering zone and what is

exported by rivers.
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Introduction

Text S1inthe supporting information justifies the exclusion of samples that show evidence for
draining evaporite deposits, Text S2 describes the data used for the global denudation and
weathering flux comparison, and Text S3 provides the equations used for calculating secondary
carbonate precipitation. . Tables in the supporting information provide sample information, solute
concentrations, or calculated metrics (e.g. saturation index) as a reference for figures included in
the main text. Figures in the supporting information illustrate either aspects or justifications for the
methods employed in this paper (Figures S2, S3, and S5), provide pictures of the lithologic units that
we describe in the main text (Figures ST and S6), or complement data presented in the text (Figure



S7). We note that none of the figures presented here are necessary for comprehending the main
text.

Evaporite Weathering (Text S1)

In the absence of evaporite deposits, the total amounts of Ca** and Mg?" in water samples
reflect weathering of both silicates and carbonates. However, evaporites such as gypsum
(CaSO4) may represent another substantial source of dissolved, riverine Ca** (Meybeck,
1987). In carbonate catchments, the expected stoichiometric ratio of (Ca + Mg)/HCOs is
0.5 in pristine water (Sarin et al., 1989; Perrin et al., 2008). In the absence of evaporite
deposits, calculated ratios along the Brahmaputra River are 1.09 + 0.1 (Sarin et al., 1989),
and between 1-2 for small catchments in France that were cultivated with nitrogen
fertilizers (Perrin et al., 2008). The average (Ca + Mg)/HCOs ratio and 2o errors for our
river samples is 1.21 + 0.32 (R* = 0.74), a value that indicates negligible Ca- and Mg-
bearing evaporite sources. High concentrations of SO4*, Na*, and Ca** were found in three
of the studied catchments (No. 3, 5, and 15). These rivers fell outside the average ratios of
(Ca + Mg)/HCOs for all other catchments, consistent with observations of evaporite
sources (halite and gypsum) in catchments 3 and 15 (Cortecci et al., 2008; Chiesi et al.,
2010; Boschetti et al., 2011), and were therefore excluded from the weathering flux

calculations (Figure S2).

Global Denudation and Weathering Flux Dataset Calculations (Text S2).

A variety of methods have been employed to calculate the associated denudation and
physical erosion fluxes for the global dataset. Most estimates of physical erosion in these
data are derived from stream sediment fluxes (Hodson et al., 2000; Millot et al., 2002;
Picouet et al., 2002; Hosein et al., 2004; West et al., 2005). A small subset of studies have
calculated denudation and physical erosion fluxes from detrital cosmogenic nuclides
measured in river sediments (Galy and France-Lanord, 2001; West et al., 2005). In turn,
chemical weathering fluxes are calculated using either annual average element budgets or

spot chemistry measurements combined with annual discharge.

We compare our weathering data to studies that also calculated chemical weathering fluxes

either from oxide concentrations of Ca*", Mg?", K*, Na*, and Si or from cation
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concentrations. Note that for the purposes of comparison, we exclude the contribution of
anions (COs3) from our carbonate weathering flux calculation (Equation 6, main text), in
order to be consistent with the methods used to calculate weathering fluxes in the global
compilation. Most global data points were extracted from West et al. (2005), from which
we estimate weathering fluxes using the “Total Cation Denudation Rates fluxes” (TCDR),
combined with weathering estimates of Si from SiO» fluxes. We also recalculated
weathering fluxes for datapoints from the Andes (Gaillardet et al., 1997) using the methods
employed in this paper, and corrected the initial concentrations for atmospheric CI™ inputs
using the weighted average composition of rainwater in the Amazon basin (8.31 umol/L)

calculated by Gaillardet al. (1997).

Secondary Carbonate Precipitation Calculations (Text S3)

With calcite precipitation, enrichment of Sr** occurs, and (Sr/Ca) increases, such that :

[Sr2+] _ [Sr2+]0 (kd—1) (1)
[caZ+] [ca2+]0

2+
Sr 0

[ca?+],

kd is the partition coefficient for Sr, and y is the fraction of primary calcite that remains

where reflects the initial ratio of Sr to Ca in the absence of secondary precipitation,

in the water at the sampling site (Bickle et al., 2015). (St**/Ca*")o is constrained from
elemental ratios in silicate and carbonate bedrock, which form an endmember mixing
line. To estimate the endmember composition of local bedrock, we use published
geochemical data of bedrock samples in the Northern Apennines (Bracciali et al., 2007;
Dinelli et al., 1999). The carbonate endmember is defined as the inferred Sr/Ca content
when Na/Ca equals zero, since carbonates are assumed to have negligible Na* (Bickle et
al., 2015). We estimate the endmember mixing line for each lithology using bulk major
ions and the trace element composition of sandstones from the the Marnoso Arenacea
Unit (Figure 8a) and the Macigno-Cervarola Unit (Figure 8b) (Dinelli et al., 1999), and
from the IntL Unit (Figure 8c) and the ExtL Unit (Figure 8d) (Bracciali et al., 2007). We

have no constraints on the bedrock composition of the Epiligurian Unit. However, in



most cases the Epiligurian Unit represents deposition in satellite basins that were coeval
with and coupled with the deposition of the Tertiary Foredeep Units (Ricci Lucchi,

1986a), so we expect that the composition of these units should be similar.

The best-fit endmember mixing lines through all data points for each lithologic unit is

described by the equation:

1000+[Sr2+]
[caZ+]

[Nat]
=a+b m (2)
where a and b are the intercept and slope of the fit. Samples that have not experienced
secondary calcite precipitation should fall on this line (uncorrected samples, Figure 8).
Similarly, samples before secondary precipitation fall on that line. The amount of
secondary precipitation is calculated as the deviation of the solute samples from the

[sr?+],

bedrock mixing line. We can rearrange equation (3) to solve for [z,
0

[sr**]y _ [Sr%*] _ (1-ka)
[CaZ+]O - [CaZ+] (3)

Moreover, we have from equation (2), the definition of y , and the assumption that the

concentration of sodium does not change:

1000 x [Sr2*]y [Na*]p [Nat]
Teae A Pla, T 2t P ¥

Combining equations (3), and (4), we can minimize the following equation numerically

for y:

1000 x [Sr2+]
[Ca?*]

- [Nat]
*y(l kd)—a—bmyzo (5)
Samples were corrected for secondary calcite precipitation using a partition coefficient of
k = 0.05. Previous studies suggest that the acceptable range of values for k is 0.02-0.2
(Tesoriero and Pankow, 1996; Gabitov and Watson, 2006; Nehrke et al., 2007), so we

additionally performed the correction using the two endmember k values (k = 0.02 and k

=0.2), in order to assess the variability in the adjusted [Ca?'] concentrations (Figure S5).
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Using a lower k value results in a smaller correction to [Ca*"], so the value used for our
correction (k = 0.05) could be interpreted as a minimum; however, regardless of the k

value used, the resulting correction to the original [Ca*"] concentrations is substantial.
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Figure S1. Field examples of lithologies observed in the Northern Apennines. a) sandstones of the
Macigno Unit, b) Interbedded sandstone and marls of the Marnoso Arenacea Unit, c) sandstone of
the Epiligurian Unit (background), d) shale and limestone beds (white, dashed outline) and f)




serpentinite of the Internal Ligurian Unit, and e) scaly clays of the External Ligurian Unit. Black arrows

in a) and b) indicate rock hammers for scale.
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Figure S2. Denudation fluxes plotted against annual runoff estimates averaged over the last five

available years of data.
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Figure S3. Plot of HCO; against Ca + Mg. Linear regression (dashed line) and R? statistic apply only
to black data points. Outlier data points are illustrated as blue circles; numbers correspond to river

numbers shown in Figure 1a.
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Figure S4. Mixing diagram comparing ratios of Ca/Na and Mg/Na for different lithologies in the
Northern Apennines (colored circles) with Gaillardet et al. (1999) global dataset (gray circles) and
endmember compositions for carbonate, silicate, and evaporites.
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Table S1. Elemental Concentrations and TDS calculations using a local precipitation correction for
rainwater inputs. “% Change TDSr.wai” reflects the percent difference between using global seawater
ratios versus local precipitation ratios to perform the correction.

% Carbonate
Basin Area Sand Avg Size of L.
River/Location Latitude Longitude (km’) {250-500 pm) |_grain counts  grains {pm}
1 Bisenzio 43.9278° 11.1258° 149 28 NA NA
2 Lima 43.9903° 10.5539° 317 20 NA NA
3 SerchioatPiaggone 43.9299° 10.5060° 1160 24 33" NA
4 Serchio at Filicaia 44.1360° 10.3762° 252 N.A. NA NA
5 Magm 44.1869° 9.9755° 947 25 20" NA
6 Vam 44.1899° 9.8578° 555 18 6 540
7 Entella 44.3509° 9.3619° 297 17 7 620
8 Scrivia 44.7194° 8.86056° 615 57 36 3107
9 staffora 44.8930° 9.0569° 264 a9 55 300
10 Trebbia 44 9089° 9.5893° 918 60 a5 400
11 Nure 44.8816° 9.6532° 343 67 57 310
12 Tam 44.6976° 10.0934° 1250 63 a3 570°
13 Baganza 44.6842° 10.2130° 153 76 70 310
14 Pama 44.5688° 10.2370° 264 yil Y2y 140
15 Enza 44.6267° 10.4133° 481 60 53 235
16 Secchia 44.5431° 10.767 1010 a7 a0 190
17 Panam 44.4196° 10.925 680 38 51 310
18 Reno 44.3923° 11.257 990 36 28 580
19 Senio at Palazzuolo 44.2266° 11.632 136 25 NA NA
20 Lamone at Biforco 44.0651° 11.601 179 n NA NA
21 Montone at Davadola 44.1201° 11.885 190 a2 NA NA

* Data from Garzanti et al. {1998) Ligurian Rivers {1-7) were sampled along the coastline and Adriatic Rivers (8-21) were sampled

at the mountain front.

t Data from Garzanti et al. (2002). Values referto estimates for the Massa Carmara Unit that is drained by the Magra River (5) or

the Pisa Province that is drained by the Serchio River(3).
Table S2. Sampling locations, basin area, and % catchment-averaged percent carbonate sand from
this study. Lithic carbonate (Lc) point counts and average grain size for each catchment (where
available) from Garzanti et al. (1998, 2002).
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Table S3. Major dissolved ion concentrations and sampling location information.
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Bedrock [Caz']*
Catchment  Catchment Sample Compaosition Date Saturation [Caz']* Error ¥
Number Name Locality Number Latitude Longitude Correction {dd.mm.yy) Index {umol/L) {umol/L) ¥ 1a)
1 Bisenzio' Vaiano 1 43.926° 11.127° ND 7/15/2018 L35 ND ND ND ND
2 Lima® Cutigliano 1 43.999° 10.554°  Macigno-Cervarola  7/15/2018 0.69 33573 2217 035 0.02
2 Lima™ Borgo a Mozzano 1 44,099°  10.752°  Macigne-Cervarola 5/4/2017 -0.75 ND ND 1.00 0.00
4 Serchio” Filicaia 1 44,137° 10.374°  Macigno-Cervarola  7/15/2018 1 4055.7 2610 041 0.02
5 Magra§ Aulla 1 44.187¢ 9.926° External Ligurian 3/20/2018 0.01 ND ND 1 0
6 vara™ Aulla 1 44.190°  9.858° Internal Ligurian ~ 3/20/2018 0.78 ND ND 1 0
[ vara™ Piana Battella 2 44.192¢ 9.858° Internal Ligurian 7/15/2018 0.69 ND ND 1 0
7 Entella®™ Piana Battella 1 44.351° 9.362° Internal Ligurian 3/20/2018 -0.46 ND ND 1 0
7 Entella® Carasco 2 44.351° 9.362° Internal Ligurian 7/15/2018 0.33 ND ND 1 0
8 Scrivia Carasco 1 44.719° 8.860° External Ligurian 3/18/2018 0.55 115317 610.1 0.13 0.01
9 Staffora Serravalle Scrivia 1 44,893 9.057° External Ligurian 7/15/2018 0.6 15842.7 1044.4 0.09 0.01
10 Trebbia® Godiasco 1 44,908° 9.590° External Ligurian 3/22/2018 0.33 8706.3 480.7 0.16 0.01
10 Trehhbia®® Rivergaro 2 44,909* 9.589% External Ligurian 7/15/2018 0.01 ND ND 1 0
11 Mure® Rivergaro 1 44,828° 9.617° External Ligurian 7/15/2018 0.68 9857.5 870.1 0.12 0.01
11 Nure* Vigolzone 1 44,882° 9.653° External Ligurian 3/21/2018 0.46 15632.8 ©00.6 0.15 0.01L
12 Taro® Lugherzano 1 44.698°  10.093° External Ligurian 3/21/2018 0.58 11140.0 566.9 0.13 0.01
12 Taro™ Ramiola 2 44 697° 10.094° External Ligurian 7/15/2018 0.74 8923.1 585.4 0.16 0.01
13 Baganza’e Ramiola 2 44.605°  10.120° External Ligurian 7/15/2018 0.65 15538.0 1075.0 0.08 0.01
13 Baganza* Calestano 1 44.606°  10.123° External Ligurian 3/21/2018 0.67 19210.0 11185 0.10 0.00
14 Parma® Calestano 1 44.569°  10.237° External Ligurian 7/15/2018 0.71 12629.7 819.2 0.10 0.01
15 Enza® Pastorelle 1 44.627° 10.413° External Ligurian 7/15/2018 0.59 10675.5 836.2 0.14 0.01
17 Panaro San Polo d'Enza 1 44.420°  10.925°  Macigno-Cervarola  7/15/2018 09 4503.3 3617 030 0.02
18 Reno Sassuclo 1 44338 11.213°  Macigne-Cervarola 5/1/2017 0.86 22003 150.3 0.54 0.03
18 Reno Marano sul Panaro 1 44362°  11.257°  Macigne-Cervarola 5/3/2017 0.76 50643 353.6 032 0.02
18 Reno Marzahotto 1 44.317°  11.185°  Macigno-Cervarola 5/5/2017 0.51 1964.4 132.0 0.58 0.04
18 Reno Scuola 1 44,079  11.051°  Macigne-Cervarola 5/5/2017 0.09 11106 55.8 0.78 0.03
18 Reno® Sibano 1 44.100°  10.962°  Macigne-Cervarola 5/4/2017 0.24 1402.8 85.6 0.75 0.04
18 Reno® Lentula 1 44.085°  11.044°  Macigne-Cervarola 5/5/2017 0.23 1286.3 52.0 0.80 0.02
18 Reno® Castello di Sambuca 1 44.104°  10.998°  Macigne-Cervarola 5/5/2017 0.03 11814 75.7 0.74 0.04
18 Reno# Poretta Terme 1 44,183 10.971° Macigne-Cervarola 5/5/2017 0.91 2066.5 62.0 0.58 0.03
19 Senio” Limentrella di Treppioc 1 44.227°  11.632° Marnoso Arenacea  7/15/2018 0.95 5553.9 336.2 0.26 0.01
20 Lamone” Casola Valsenic 1 44,169° 11.688°  Marnoso Arenacea  7/15/2018 0.79 56703 306.0 0.25 0.01
20 Lamone* Biferce 1 44,065° 11.601° Marnoso Arenacea  7/15/2018 0.87 67752 3451 0.22 0.01
21 Montone” Davadola 1 44.121°  11.885° Marnoso Arenacea  7/15/2018 0.71 73920 394.1 0.19 0.01L
21 Montone® San Benedetto 1 43.982° 11.689° Marnoso Arenacea  7/15/2018 0.52 33854 167.5 0.29 0.01

#Samples used te constrain water chemistry mixing lines.

§Samples under or at saturation for which secondary calcite correction was not performed.

polluted sample for which additional analyses were not performed.
ND Values were not determined for these samples.

Table S4. Saturation Index and results for secondary calcite precipitation correction.

Denudation Suspended Sediment
Latitude Longitude Area Rate Sediment Yield yield

Catchment Location (°N) (°E) (km?) (mm/yr)y* (t/km>/yr)* (mm/yr)  Resource

Scrivia Serravalle 44.724 8.861 605 0.035 92.7 0.08 Bartonlini et al. (1996)
Trebbia Salvatore 44.753 9.380 631 0.118 312.7 0.28 Bartonlini et al. (1996)
Taro S.Quirico 44917 10.254 1476 0.412 1091.8 0.98 Bartonlini et al. (1996)
Parma Baganzola 44.847  10.312 618 0.482 1277.3 1.15 Bartonlini et al. (1996)
Enza Sorbolo 44.844  10.454 670 0.858 2273.7 2.04 Bartonlini et al. (1996)
Panaro Ponte Samone 44.357  10.922 589 0.594 1574.1 1.41 Bartonlini et al. (1996)
Reno Calvenzano 44300 11.134 581 0.408 1081.2 0.97 Bartonlini et al. (1996)
Lamone Sarna 44.243  11.826 261 0.627 1661.5 1.49 Bartonlini et al. (1996)
Magra Bagni 44.198 9.951 903 0.199 526.92 0.47 Grauso et al. (2021)

*Assumes a bulk density of 2.65 t/m’

Table S5. Calculations of suspended sediment yield fluxes for rivers from the Northern Apennines.
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Figure S5. Endmember corrections for secondary calcite precipitations using k = 0.02 (outlined
circles) and k = 0.2 (filled circles). Internal Ligurian Unit is neglected as samples draining this unit
were not corrected for secondary calcite precipitation.
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Figure S6. Examples of carbonate grains from a) the Lamone River (River No. 20) and b) the
Baganza River (River No. 13). Grains of interest are highlighted relative to the background and are
indicated with arrows in each figure. a) Example of a secondary calcite grain comprised of organic
matter (dark material at center of both pieces) surrounded by a carbonate crust. b) Examples of
primary carbonate grains in the Baganza River. The upper-left grain is comprised of sparry micrite
and the lower-right grain is a single-grain calcite.
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Figure S7. Percent carbonate sand measured in catchments from this study plotted against a) the
calculated secondary Ca flux as a percent of the total denudation flux and b) the calculated
secondary CaCO; flux as a percent of the total denudation flux. Dotted black line represents the 1:1
line. Dashed black line represents the linear regression through the data, with associated regression
statistics.
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Introduction

Text S1inthe supporting information justifies the exclusion of samples that show evidence for
draining evaporite deposits, Text S2 describes the data used for the global denudation and
weathering flux comparison, and Text S3 provides the equations used for calculating secondary
carbonate precipitation. . Tables in the supporting information provide sample information, solute
concentrations, or calculated metrics (e.g. saturation index) as a reference for figures included in
the main text. Figures in the supporting information illustrate either aspects or justifications for the
methods employed in this paper (Figures S2, S3, and S5), provide pictures of the lithologic units that
we describe in the main text (Figures ST and S6), or complement data presented in the text (Figure



S7). We note that none of the figures presented here are necessary for comprehending the main
text.

Evaporite Weathering (Text S1)

In the absence of evaporite deposits, the total amounts of Ca** and Mg?" in water samples
reflect weathering of both silicates and carbonates. However, evaporites such as gypsum
(CaSO4) may represent another substantial source of dissolved, riverine Ca** (Meybeck,
1987). In carbonate catchments, the expected stoichiometric ratio of (Ca + Mg)/HCOs is
0.5 in pristine water (Sarin et al., 1989; Perrin et al., 2008). In the absence of evaporite
deposits, calculated ratios along the Brahmaputra River are 1.09 + 0.1 (Sarin et al., 1989),
and between 1-2 for small catchments in France that were cultivated with nitrogen
fertilizers (Perrin et al., 2008). The average (Ca + Mg)/HCOs ratio and 2o errors for our
river samples is 1.21 + 0.32 (R* = 0.74), a value that indicates negligible Ca- and Mg-
bearing evaporite sources. High concentrations of SO4*, Na*, and Ca** were found in three
of the studied catchments (No. 3, 5, and 15). These rivers fell outside the average ratios of
(Ca + Mg)/HCOs for all other catchments, consistent with observations of evaporite
sources (halite and gypsum) in catchments 3 and 15 (Cortecci et al., 2008; Chiesi et al.,
2010; Boschetti et al., 2011), and were therefore excluded from the weathering flux

calculations (Figure S2).

Global Denudation and Weathering Flux Dataset Calculations (Text S2).

A variety of methods have been employed to calculate the associated denudation and
physical erosion fluxes for the global dataset. Most estimates of physical erosion in these
data are derived from stream sediment fluxes (Hodson et al., 2000; Millot et al., 2002;
Picouet et al., 2002; Hosein et al., 2004; West et al., 2005). A small subset of studies have
calculated denudation and physical erosion fluxes from detrital cosmogenic nuclides
measured in river sediments (Galy and France-Lanord, 2001; West et al., 2005). In turn,
chemical weathering fluxes are calculated using either annual average element budgets or

spot chemistry measurements combined with annual discharge.

We compare our weathering data to studies that also calculated chemical weathering fluxes

either from oxide concentrations of Ca*", Mg?", K*, Na*, and Si or from cation
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concentrations. Note that for the purposes of comparison, we exclude the contribution of
anions (COs3) from our carbonate weathering flux calculation (Equation 6, main text), in
order to be consistent with the methods used to calculate weathering fluxes in the global
compilation. Most global data points were extracted from West et al. (2005), from which
we estimate weathering fluxes using the “Total Cation Denudation Rates fluxes” (TCDR),
combined with weathering estimates of Si from SiO» fluxes. We also recalculated
weathering fluxes for datapoints from the Andes (Gaillardet et al., 1997) using the methods
employed in this paper, and corrected the initial concentrations for atmospheric CI™ inputs
using the weighted average composition of rainwater in the Amazon basin (8.31 umol/L)

calculated by Gaillardet al. (1997).

Secondary Carbonate Precipitation Calculations (Text S3)

With calcite precipitation, enrichment of Sr** occurs, and (Sr/Ca) increases, such that :

[Sr2+] _ [Sr2+]0 (kd—1) (1)
[caZ+] [ca2+]0

2+
Sr 0

[ca?+],

kd is the partition coefficient for Sr, and y is the fraction of primary calcite that remains

where reflects the initial ratio of Sr to Ca in the absence of secondary precipitation,

in the water at the sampling site (Bickle et al., 2015). (St**/Ca*")o is constrained from
elemental ratios in silicate and carbonate bedrock, which form an endmember mixing
line. To estimate the endmember composition of local bedrock, we use published
geochemical data of bedrock samples in the Northern Apennines (Bracciali et al., 2007;
Dinelli et al., 1999). The carbonate endmember is defined as the inferred Sr/Ca content
when Na/Ca equals zero, since carbonates are assumed to have negligible Na* (Bickle et
al., 2015). We estimate the endmember mixing line for each lithology using bulk major
ions and the trace element composition of sandstones from the the Marnoso Arenacea
Unit (Figure 8a) and the Macigno-Cervarola Unit (Figure 8b) (Dinelli et al., 1999), and
from the IntL Unit (Figure 8c) and the ExtL Unit (Figure 8d) (Bracciali et al., 2007). We

have no constraints on the bedrock composition of the Epiligurian Unit. However, in



most cases the Epiligurian Unit represents deposition in satellite basins that were coeval
with and coupled with the deposition of the Tertiary Foredeep Units (Ricci Lucchi,

1986a), so we expect that the composition of these units should be similar.

The best-fit endmember mixing lines through all data points for each lithologic unit is

described by the equation:

1000+[Sr2+]
[caZ+]

[Nat]
=a+b m (2)
where a and b are the intercept and slope of the fit. Samples that have not experienced
secondary calcite precipitation should fall on this line (uncorrected samples, Figure 8).
Similarly, samples before secondary precipitation fall on that line. The amount of
secondary precipitation is calculated as the deviation of the solute samples from the

[sr?+],

bedrock mixing line. We can rearrange equation (3) to solve for [z,
0

[sr**]y _ [Sr%*] _ (1-ka)
[CaZ+]O - [CaZ+] (3)

Moreover, we have from equation (2), the definition of y , and the assumption that the

concentration of sodium does not change:

1000 x [Sr2*]y [Na*]p [Nat]
Teae A Pla, T 2t P ¥

Combining equations (3), and (4), we can minimize the following equation numerically

for y:

1000 x [Sr2+]
[Ca?*]

- [Nat]
*y(l kd)—a—bmyzo (5)
Samples were corrected for secondary calcite precipitation using a partition coefficient of
k = 0.05. Previous studies suggest that the acceptable range of values for k is 0.02-0.2
(Tesoriero and Pankow, 1996; Gabitov and Watson, 2006; Nehrke et al., 2007), so we

additionally performed the correction using the two endmember k values (k = 0.02 and k

=0.2), in order to assess the variability in the adjusted [Ca?'] concentrations (Figure S5).
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Using a lower k value results in a smaller correction to [Ca*"], so the value used for our
correction (k = 0.05) could be interpreted as a minimum; however, regardless of the k

value used, the resulting correction to the original [Ca*"] concentrations is substantial.
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Figure S1. Field examples of lithologies observed in the Northern Apennines. a) sandstones of the
Macigno Unit, b) Interbedded sandstone and marls of the Marnoso Arenacea Unit, c) sandstone of
the Epiligurian Unit (background), d) shale and limestone beds (white, dashed outline) and f)




serpentinite of the Internal Ligurian Unit, and e) scaly clays of the External Ligurian Unit. Black arrows

in a) and b) indicate rock hammers for scale.
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Figure S2. Denudation fluxes plotted against annual runoff estimates averaged over the last five

available years of data.
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Figure S3. Plot of HCO; against Ca + Mg. Linear regression (dashed line) and R? statistic apply only
to black data points. Outlier data points are illustrated as blue circles; numbers correspond to river

numbers shown in Figure 1a.
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Figure S4. Mixing diagram comparing ratios of Ca/Na and Mg/Na for different lithologies in the
Northern Apennines (colored circles) with Gaillardet et al. (1999) global dataset (gray circles) and
endmember compositions for carbonate, silicate, and evaporites.

10



vz EUFP0S BEFOTZL SEFPILT €¥8E  OTF2b2 T2*STh STF0b6  SI0Z/ST/L  .688°TT  .786°€P T oLI3pauag ues BUoluO T2
ET'T  CSF6S0C L9FTHIL V8T TOLE SFZL LEFPLTT SY#1S6 TP #S6ET STOT/ST/L  .S88TT  IZIFF T ejopeneq suouopy Tz
0T  SEFEIET €9FZPSL TLFSTZE €F/b OFEF8b. EbF/S8 €L FEEPT 8I0Z/ST/L  .TOSTD  .S90°PP T oauopg auowe 0z
TOT 09+ pSEC BLF 86 867 ¢STP SF9. PSFOSET T9F8TCT TP #06ET STOT/ST/L  LZESTT  LLZTPP T oluas|e elose) ojuag 61
SL7 9T ¥99S STFLS6 TEFELST 9FE€8  9F 9T TIFLIT STFLES  LTOZ/S/S  .8660T  .vOT'bP T EaNqWes Ip 0fj3150 ouay 81
0Pz LUF.25 PEFSTZL SEFSPLT 9F68 GFSIT SIFb67 OE¥S66  LT0Z/S/S  .bpOTT  .S80°PF T oidda1] Ip gjRUa W ouay 81
STE  GFSEE LIT6P6 6ZFLSIT TFPT  SFSET OTF007 STFTES  LTOZ/S/S  LISOTT  .6L0°PF T enua ouay 81
8T'Z  SU¥8EL LEFSLIT Tb*9T6T PFSS OTF86€ SIFSOE €EFETTT  LT0Z/S/S  .S8TTT  LIEPP T oueqs ouay 81
8L7  EFLEE EEF99TL PEFEOST TF8  9F€ST CIFLET TEF0C0T  LIOZ/W/S  .Z960T  .00TPP T au3) enalod ouay 81
LT 9bFO0IST BSTOEPT €T U0EE EFSP  CPF6S0T CZFOSP SPFL6ST  LTOZ/E/S  LLSTTT LT9EPE T ejonag ouay 81
vI'?  6LFEPL GEFCTCL EPFSS6T TFST LIFTEr 9TFECE PEFSPTT  LTOZ/T/S  LEIZTT  LBEEFF T onogeziely ouay 81
L9T  9ZFLIOT [P F6TVT PSTO0ST €FOr PIFPES €CFSSP OPFLTET  LTOZ/W/L  LSTEOUT  .0Z0PP T D1euzd [ns ouztely oleuzq L1
6€T  SEFOEST ESFZLPT 99T B00E PFOS SEFEL8 S FLSS EPFGEPT STOT/ST/L  LETPOT  .LZ9FF T ezu3,p ojod ueg ezu] ST
99T  TEFEECT SPFL8TT GSF6IST CFIE  BUF669 T F9Th SEFO0STT STOT/ST/L  LLEZOT  .695°PF T ojfpJ01sed euzg 1
€97  TEFSSCT OGP TLOST GS¥TYSZ CFEE  LTF980 S FTOS LEFBTZT STOZ/ST/L  .€2T0T  .909°%p z ouelsajen ezuedeg €1
PST  9UF8EY 09F9L0C ¢OFPILL CFSC EIFLIE TC#0CP SS+998T SI0Z/TL/e  L0ZIOT  .S09°PP T ouelsajen ezuedeg €1
8T  SZFOPOT TSFOTOT LST6PIZ €Fib TCFSES S ¥295 TPF69ET STOZ/ST/L  .b60OT  .L69PP z ejo1wey osel z1
8T  SLF€09 OSFUPil CSTLVEC CF8C CIF66C ECFI9v b #2obl STOZ/TT/E  LE600T  .869°FF T ejorwey osel 71
ST 92 F2€0T BSTO98L €9F T6BZ CF9E OCF86b SEF0S. TP FROVD 8IOZ/ST/L  .L19%6  .8Z8°FPP T oueziaysn] any 1
82T  SEFLOTT 99 FOLTC CLFLLZE CF8C PCF16S SEFbSL €5FTLLT STOZ/TL/E  .£S96  .Z88°PP T auozjoBIA 2y 1
9T OPFSPOT BPFOTTT 79F8YST TF67 LEFSI6 CCF6PP OPFZCET STOZ/ST/L 6856  .606°PF z oseHIansy BIqq3.L 01
86T  SL¥985 SPFOCST LPFCITZ TF2Z0  ZIFb6C LIFLEE TPFS9ET STOZ/ZL/E 0656  .806°PPF T oueBiangy BIqqa4L 01
67T OPF 99T [STSSST 69F7SZE PFZ9 PEFIPE 9 FSTL IPFSLET STOZ/ST/L  .LS06  LE68°PF T 03seIpog e10j4e15 6
76T SU¥229 LPTOSSI 0ST¥8LTZ TFST  EIFE2E CIF6EC SPFOTST STOZ/BT/E 0988  6TLPP T BIADS 3|[EABLISS BInDg g
T6T 6CFPELT SEF766 SPF98TZ OFv  SFP6T SFSST CZFSTL STOZ/ST/L  .I9E6  ISEPP z odselE) CIEHIE] L
65 OLF0TH €7%96/ SZFL9TT TF60 9ZFT199 €IF1ST bEFLETT 8I0Z/0T/E 7986  .ISEPP T D3sEIED CIEHTE] z
0T'Z  SUFSTL GEFSLTL EPFT66T TF9T PIFZ9E SI#29€ vEFTETT STOZ/ST/L 8586 06T z el|orieq suely erep ]
6S€  CTFL8F TIF8LY SZFSYIT TF6  6FEIZ SFEST 0IFES9 8T0ZAT/E  .858'6  .I6TPP T eljotieq euely erep 9
vZ'Z  GLFZ6L BEFCLOL TPFHYST TFbT  LIFEIP 6F9LT PEFPPTT ST0Z/0/E 9266 LLST'PP T eliny eidely 5
8LT  PTF7SS ZSFL6LT PST6PEC TF9T  TIF69Z ST FOTE 6P F8POT STOZ/ST/L  LPLEOT  LLETPP T erealiy olya13g 4
817  LUFS0L BEFPIZL CPF6I6T TFbPT  STFPBE ST FS6 PEFOSTT STOZ/ST/L  .bSSOT  .666°EH T ouezzoy e 0diog ewr z
=Hsal  (flowr) (ewr) (fowrd) (owd) (1fjowd) {(1/jowdd) [1fjow) ajeq apnyufucl 8pmne]  JAquiny Ayjeaon swieN Jaquiny
afueydse 1) Heeql  "™sal A LEN LW 780 Suyjduwies a|cdwesg FUETTTTERC ]

11



Table S1. Elemental Concentrations and TDS calculations using a local precipitation correction for
rainwater inputs. “% Change TDSr.wai” reflects the percent difference between using global seawater
ratios versus local precipitation ratios to perform the correction.

% Carbonate
Basin Area Sand Avg Size of L.
River/Location Latitude Longitude (km’) {250-500 pm) |_grain counts  grains {pm}
1 Bisenzio 43.9278° 11.1258° 149 28 NA NA
2 Lima 43.9903° 10.5539° 317 20 NA NA
3 SerchioatPiaggone 43.9299° 10.5060° 1160 24 33" NA
4 Serchio at Filicaia 44.1360° 10.3762° 252 N.A. NA NA
5 Magm 44.1869° 9.9755° 947 25 20" NA
6 Vam 44.1899° 9.8578° 555 18 6 540
7 Entella 44.3509° 9.3619° 297 17 7 620
8 Scrivia 44.7194° 8.86056° 615 57 36 3107
9 staffora 44.8930° 9.0569° 264 a9 55 300
10 Trebbia 44 9089° 9.5893° 918 60 a5 400
11 Nure 44.8816° 9.6532° 343 67 57 310
12 Tam 44.6976° 10.0934° 1250 63 a3 570°
13 Baganza 44.6842° 10.2130° 153 76 70 310
14 Pama 44.5688° 10.2370° 264 yil Y2y 140
15 Enza 44.6267° 10.4133° 481 60 53 235
16 Secchia 44.5431° 10.767 1010 a7 a0 190
17 Panam 44.4196° 10.925 680 38 51 310
18 Reno 44.3923° 11.257 990 36 28 580
19 Senio at Palazzuolo 44.2266° 11.632 136 25 NA NA
20 Lamone at Biforco 44.0651° 11.601 179 n NA NA
21 Montone at Davadola 44.1201° 11.885 190 a2 NA NA

* Data from Garzanti et al. {1998) Ligurian Rivers {1-7) were sampled along the coastline and Adriatic Rivers (8-21) were sampled

at the mountain front.

t Data from Garzanti et al. (2002). Values referto estimates for the Massa Carmara Unit that is drained by the Magra River (5) or

the Pisa Province that is drained by the Serchio River(3).
Table S2. Sampling locations, basin area, and % catchment-averaged percent carbonate sand from
this study. Lithic carbonate (Lc) point counts and average grain size for each catchment (where
available) from Garzanti et al. (1998, 2002).
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Table S3. Major dissolved ion concentrations and sampling location information.
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Bedrock [Caz']*
Catchment  Catchment Sample Compaosition Date Saturation [Caz']* Error ¥
Number Name Locality Number Latitude Longitude Correction {dd.mm.yy) Index {umol/L) {umol/L) ¥ 1a)
1 Bisenzio' Vaiano 1 43.926° 11.127° ND 7/15/2018 L35 ND ND ND ND
2 Lima® Cutigliano 1 43.999° 10.554°  Macigno-Cervarola  7/15/2018 0.69 33573 2217 035 0.02
2 Lima™ Borgo a Mozzano 1 44,099°  10.752°  Macigne-Cervarola 5/4/2017 -0.75 ND ND 1.00 0.00
4 Serchio” Filicaia 1 44,137° 10.374°  Macigno-Cervarola  7/15/2018 1 4055.7 2610 041 0.02
5 Magra§ Aulla 1 44.187¢ 9.926° External Ligurian 3/20/2018 0.01 ND ND 1 0
6 vara™ Aulla 1 44.190°  9.858° Internal Ligurian ~ 3/20/2018 0.78 ND ND 1 0
[ vara™ Piana Battella 2 44.192¢ 9.858° Internal Ligurian 7/15/2018 0.69 ND ND 1 0
7 Entella®™ Piana Battella 1 44.351° 9.362° Internal Ligurian 3/20/2018 -0.46 ND ND 1 0
7 Entella® Carasco 2 44.351° 9.362° Internal Ligurian 7/15/2018 0.33 ND ND 1 0
8 Scrivia Carasco 1 44.719° 8.860° External Ligurian 3/18/2018 0.55 115317 610.1 0.13 0.01
9 Staffora Serravalle Scrivia 1 44,893 9.057° External Ligurian 7/15/2018 0.6 15842.7 1044.4 0.09 0.01
10 Trebbia® Godiasco 1 44,908° 9.590° External Ligurian 3/22/2018 0.33 8706.3 480.7 0.16 0.01
10 Trehhbia®® Rivergaro 2 44,909* 9.589% External Ligurian 7/15/2018 0.01 ND ND 1 0
11 Mure® Rivergaro 1 44,828° 9.617° External Ligurian 7/15/2018 0.68 9857.5 870.1 0.12 0.01
11 Nure* Vigolzone 1 44,882° 9.653° External Ligurian 3/21/2018 0.46 15632.8 ©00.6 0.15 0.01L
12 Taro® Lugherzano 1 44.698°  10.093° External Ligurian 3/21/2018 0.58 11140.0 566.9 0.13 0.01
12 Taro™ Ramiola 2 44 697° 10.094° External Ligurian 7/15/2018 0.74 8923.1 585.4 0.16 0.01
13 Baganza’e Ramiola 2 44.605°  10.120° External Ligurian 7/15/2018 0.65 15538.0 1075.0 0.08 0.01
13 Baganza* Calestano 1 44.606°  10.123° External Ligurian 3/21/2018 0.67 19210.0 11185 0.10 0.00
14 Parma® Calestano 1 44.569°  10.237° External Ligurian 7/15/2018 0.71 12629.7 819.2 0.10 0.01
15 Enza® Pastorelle 1 44.627° 10.413° External Ligurian 7/15/2018 0.59 10675.5 836.2 0.14 0.01
17 Panaro San Polo d'Enza 1 44.420°  10.925°  Macigno-Cervarola  7/15/2018 09 4503.3 3617 030 0.02
18 Reno Sassuclo 1 44338 11.213°  Macigne-Cervarola 5/1/2017 0.86 22003 150.3 0.54 0.03
18 Reno Marano sul Panaro 1 44362°  11.257°  Macigne-Cervarola 5/3/2017 0.76 50643 353.6 032 0.02
18 Reno Marzahotto 1 44.317°  11.185°  Macigno-Cervarola 5/5/2017 0.51 1964.4 132.0 0.58 0.04
18 Reno Scuola 1 44,079  11.051°  Macigne-Cervarola 5/5/2017 0.09 11106 55.8 0.78 0.03
18 Reno® Sibano 1 44.100°  10.962°  Macigne-Cervarola 5/4/2017 0.24 1402.8 85.6 0.75 0.04
18 Reno® Lentula 1 44.085°  11.044°  Macigne-Cervarola 5/5/2017 0.23 1286.3 52.0 0.80 0.02
18 Reno® Castello di Sambuca 1 44.104°  10.998°  Macigne-Cervarola 5/5/2017 0.03 11814 75.7 0.74 0.04
18 Reno# Poretta Terme 1 44,183 10.971° Macigne-Cervarola 5/5/2017 0.91 2066.5 62.0 0.58 0.03
19 Senio” Limentrella di Treppioc 1 44.227°  11.632° Marnoso Arenacea  7/15/2018 0.95 5553.9 336.2 0.26 0.01
20 Lamone” Casola Valsenic 1 44,169° 11.688°  Marnoso Arenacea  7/15/2018 0.79 56703 306.0 0.25 0.01
20 Lamone* Biferce 1 44,065° 11.601° Marnoso Arenacea  7/15/2018 0.87 67752 3451 0.22 0.01
21 Montone” Davadola 1 44.121°  11.885° Marnoso Arenacea  7/15/2018 0.71 73920 394.1 0.19 0.01L
21 Montone® San Benedetto 1 43.982° 11.689° Marnoso Arenacea  7/15/2018 0.52 33854 167.5 0.29 0.01

#Samples used te constrain water chemistry mixing lines.

§Samples under or at saturation for which secondary calcite correction was not performed.

polluted sample for which additional analyses were not performed.
ND Values were not determined for these samples.

Table S4. Saturation Index and results for secondary calcite precipitation correction.

Denudation Suspended Sediment
Latitude Longitude Area Rate Sediment Yield yield

Catchment Location (°N) (°E) (km?) (mm/yr)y* (t/km>/yr)* (mm/yr)  Resource

Scrivia Serravalle 44.724 8.861 605 0.035 92.7 0.08 Bartonlini et al. (1996)
Trebbia Salvatore 44.753 9.380 631 0.118 312.7 0.28 Bartonlini et al. (1996)
Taro S.Quirico 44917 10.254 1476 0.412 1091.8 0.98 Bartonlini et al. (1996)
Parma Baganzola 44.847  10.312 618 0.482 1277.3 1.15 Bartonlini et al. (1996)
Enza Sorbolo 44.844  10.454 670 0.858 2273.7 2.04 Bartonlini et al. (1996)
Panaro Ponte Samone 44.357  10.922 589 0.594 1574.1 1.41 Bartonlini et al. (1996)
Reno Calvenzano 44300 11.134 581 0.408 1081.2 0.97 Bartonlini et al. (1996)
Lamone Sarna 44.243  11.826 261 0.627 1661.5 1.49 Bartonlini et al. (1996)
Magra Bagni 44.198 9.951 903 0.199 526.92 0.47 Grauso et al. (2021)

*Assumes a bulk density of 2.65 t/m’

Table S5. Calculations of suspended sediment yield fluxes for rivers from the Northern Apennines.
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Figure S5. Endmember corrections for secondary calcite precipitations using k = 0.02 (outlined
circles) and k = 0.2 (filled circles). Internal Ligurian Unit is neglected as samples draining this unit
were not corrected for secondary calcite precipitation.
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Figure S6. Examples of carbonate grains from a) the Lamone River (River No. 20) and b) the
Baganza River (River No. 13). Grains of interest are highlighted relative to the background and are
indicated with arrows in each figure. a) Example of a secondary calcite grain comprised of organic
matter (dark material at center of both pieces) surrounded by a carbonate crust. b) Examples of
primary carbonate grains in the Baganza River. The upper-left grain is comprised of sparry micrite
and the lower-right grain is a single-grain calcite.
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Figure S7. Percent carbonate sand measured in catchments from this study plotted against a) the
calculated secondary Ca flux as a percent of the total denudation flux and b) the calculated
secondary CaCO; flux as a percent of the total denudation flux. Dotted black line represents the 1:1
line. Dashed black line represents the linear regression through the data, with associated regression
statistics.
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