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S1: Geologic Setting

The surface geology of the Central Apennines is dominated by a Mesozoic sedimentary
sequencel?, covered by Cenozoic syn-orogenic deposits. Late Triassic evaporites (halite,
gypsum, anhydrite) form the base of the Mesozoic passive margin sequence (Burano
Formation) and cover less than 1% of the surface in Italy? (Figure 1e). The Burano Formation is
overlain by Triassic to Jurassic carbonate platform sediments (Calcare Massiccio Formation),
Upper Cretaceous pelagic chert limestones (Maiolica Formation)?, and Miocene carbonates?.
The stack of syn-orogenic sediments is comprised of siliciclastic-rich turbidite sequences of the
Modino-Cervarola Unit and Laga Formation®, overlain by allochthonous remnants of the
Cretaceous Ligurian Tethys Ocean (Ligurian Unit)®. The youngest deposits exposed in the study
area are Pliocene and Quaternary volcanics on the western margin of the peninsula’, and Plio-
Pleistocene lacustrine and alluvial deposits®. The Tevere and Aterno-Pescara catchments cover
this range of lithologies and span across the geodynamic gradient (Figure 1).

S2: Isotopic Signatures of Sulfate

We illustrate SO, isotopic signatures from the studied catchments, relative to two endmembers
that reflect either pyrite oxidation or evaporite weathering. Both the Aterno-Pescara and
Tevere Rivers illustrate similar ranges of 84S and 5'80(S04) (Figure E2). Carbonate and mixed
samples cover the full range of measured values, whereas the Tevere siliciclastic samples
consistently illustrate some of the most depleted signatures. The majority of samples lie
between the evaporite and pyrite oxidation endmembers, suggesting that sulfate in the river
waters is generally a mixture of the two endmembers. The majority of groundwater samples,
and overall 35% of the winter samples and 30% of the summer samples lie within or close to
the evaporite endmember field, even though evaporites are not exposed at the surface within
the field area (Figure 1e). This observation demonstrates that river water from tributaries in
both catchments and some Tevere springs with evaporite 834S and 520(S04) signatures interact
with rising fluids enriched in H,S (ref.8).

S3: Isotopic Endmember Constraints

We constrain the isotopic composition of §34S for the pyrite oxidation endmember from
Apenninic pyrite samples®. To constrain the evaporite endmember, we used regional estimates
of 534S (refs. 1%11) for Triassic evaporites (Table S4).

Sulfidic caves hosted in the central Apennines can contain a variety of sulfur-bearing
compounds that reflect abiotic and microbial recycling between sulfide (H,S) and sulfate (H,SO4
or CaS0Oy) (ref. 2). Such microbial processes can produce large fractionations between sulfur-
bearing compounds!®!4. 534S measurements exist for secondary gypsum in Italian sulfidic
caves®; however, we do not have evidence that this process is volumetrically relevant for the



central Apennines rivers, and therefore exclude these sources of sulfate from our isotopic
endmembers.

S4: Elemental Endmember Constraints

We prescribed four lithologic endmembers in the inversion model: carbonates, silicates,
evaporites, and pyrite (Table S4). We include a pyrite endmember to distinguish between
sources of sulfate from evaporites and oxidative weathering of sulfides. In addition to the
lithologic endmembers, we also include cyclic inputs to account for dissolved ions from
meteoric water. Finally, we include three carbon endmembers that allow us to represent the
exchange of CO; between the atmosphere and the river: 1) biogenic carbon, which we broadly
define as carbon sourced from carbonic acid or biologic activity in the soil or river, 2) carbon
from metamorphic reactions in the subsurface, and 3) atmospheric carbon.

Inversion endmembers (Table S4) were constrained from local bedrock!®*%*>-17 |ocal meteoric

20-22 or were based on global endmember compositions?? if local

water'®1° carbon sources
constraints were unavailable or did not reflect endmember compositions for the entire field
area. Siliciclastic-rich turbidite deposits in the Apennines can contain a substantial carbonate
fraction®®, and bulk chemistry of carbonates was not available for the Central Apennines, so we
used generic silicate and carbonate endmembers?* that were also calculated with the same

normalization variables (see Table 13, scenario KH-2).

Because this study is focused on understanding how the exported load of riverine dissolved ions
contributes to the carbon budget in the Central Apennines, we incorporated only endmembers
that contribute ions or elements to the riverine dissolved load. The widespread presence of
travertine deposits in the Central Apennines?> suggests that secondary precipitation of calcite is
an important process in the Central Apennines. However, we are unable to chemically or
isotopically differentiate between primary and secondary carbonate within the inversion

model.

S5. Model Misfits

The analysis of misfits from the 5% best-fitting simulations (using the “iterate over
endmember” option in MEANDIR) show that our model reproduces well all of the major ion
data with misfits of < 20%. In contrast, misfits for the ion data tended to be larger. Two main
groups of samples produced misfits that were larger than the desired cutoff (see method).

1) Samples with a mismatch of F**C and/or 6**S signatures.
From the 100 total samples run in MEANDIR, 39 samples (39%) fail because the F'*C values
cannot be reproduced with reconstructed values being lower than observed values (negative



misfits). All but one of these samples invariably have F*4C > 0.75 and at the same time relatively
depleted 6%3C of < -8.0 (Figure S1). Carbonate weathering with carbonic acid should produce
dissolved inorganic carbon (DIC) of 0.5, which represents a mixture between “dead”
radiocarbon from the carbonate and modern carbon from the acid. Within our set of
endmembers, F14C higher than 0.5 can only be achieved by silicate weathering. However, Ca/Na
ratios are high (average Ca/Na= 6.5), and we do not have evidence for a substantial
contribution of non-carbonate Ca-sources, such as from gypsum. As a result, the inversion
cannot find results that both predict a high carbonate weathering and very modern F*4C for
most of our samples — which explains the high number of failed runs. We hypothesize that
these modern DIC signatures could reflect multiple cycles of dissolution and precipitation,
which represents an additional process that the model does not account for.

Of the 39 samples with high F14C misfits, 10 samples also have high misfit between the
observed and reconstructed 84S values, with reconstructed values being higher than the
observed values (positive misfits). All samples with these high misfits have observed depleted
or moderately enriched §3*S values (634S < 6.5). Two samples (25 and 35) have high misfits only
for 634S, but they also have high F**C values (F**C > 0.65). As explained above, high F'*C are
consistent with low carbonate weathering. Thus, with a high Ca/Na ratio, Ca and SO4 may be
modeled to derive from gypsum. However, high gypsum contributions would imply very
enriched 634S values (the gypsum endmember has §3*S = 10.6 — 17.4%o). Thus, balancing
observations of very modern F'*C values, high Ca/Na ratios, and depleted or only moderately
enriched 634S can lead to misfits in F1*C and/or 63S. Decreasing 83*S in the gypsum endmember
may improve the model misfits, but we lack local constraints on the isotopic composition of
gypsum to justify this approach. Moreover, we do not know whether the reason for the modern
F14C value could be the re-precipitation and re-dissolution of carbonates.

2) Samples with a mismatch of §'3C signatures

These six samples are typically from locations that either have depleted 8'3C values (6*3C =-7.9
—-15.3%o) and positive misfits or springs with enriched 63C values (63C = 3.0 — 10.8%o) and
negative misfits. With two exceptions, these samples all have old carbon signatures (F*4C
<0.37). To achieve these “old” carbon signatures, the model requires a high metamorphic
carbon input with §3C = -5 — 2%o, which cannot be fit well with either the more depleted or
more enriched observations. It is possible that the isotopic composition of our metamorphic
endmember does not fit across the study area, but we have no data for more local isotopic
variations that would deviate from this expectation?2. Because the majority of our samples with
low F**C are well fit, we prefer to use an endmember range that is supported by local data
rather than widening the range until they fit all of our datapoints.



S6: Supplementary Figures

o 9) WINTER _b) SUMMER
0.05|
0.00{0—@—0— 0O — @@ OH—.—':—.Ht—l—
- [} @
& 005 e o9, » T
= 00 8 %, #8
T -0.10F e O @ @
o @ Q. @
= o015k “.’}.‘ . Q. :.
o
g -020f @ o Ye° @ s,
£ 8.:’ e oo
0.25F TMax Misit @ @ ‘. Max Misfit ® ®
-0.30 | Min Misfit @ :‘ Min Misfit @ @
035 ‘ . . . : ‘ . . .
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
Observed Fmod Observed Fmod
20 c) WINTER d) SUMMER
5 Max Misfit @ i
e ax Wi 2 Max Misfit @
ol ‘0o Min Misfit @ | oo Min Misfit @
\ \.
¢ °
- 5 ® - J
T ® @
2 ® e © oD 9
% 0 e B o3 —l—0—H4—.Q‘. i
o @ e o
§ ® . o [} e ® ‘ r ° .. o]
¥ 5+ ® o 3 8 @
B . W, ©°
®
0 b e . a? & @
® @ ®
15 o0 ®
-15 -10 -5 0 5 -15 -10 -5 0 5 10 15
Observed 63C Observed 8'*C
e) WINTER - f) SUMMER -
30- @ Max Misfit @ r Max Misfit @
[o1°) Min Misfit @ 15) '. Min Misfit @
200 .,. - o
O ge) I
E 10 °® .U - %e
& ) @
= e o 0 R co "oy
S0 e ®
3 G © ® e e °
= ..
£ 100 ° ¢ ! ® @
O‘.‘ °gm o
20+ ] - @ %
\. ®
'30 T T T T T T T . T T T T T T 1
-15 -10 -5 0 5 10 15 20 -15 -10 5 0 5 10 15 20
Observed 3*S Observed &*'S

Figure S1. MEANDIR model misfits for samples run using the “iterate over endmembers”
approach (Table S15). The misfit reflects the difference between the observed and

reconstructed isotopic values for F14C a) winter and b) summer samples, for 8'3C c) winter and

summer samples, and for §34S e) winter and f) summer samples.
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