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ABSTRACT

Silicate weathering along an uplifting basaltic range on the Nicoya Peninsula, Costa Rica
by
Elizabeth Horton
Tectonic uplift has been hypothesized to accelerate silicate weathering rates and have

driven atmospheric CO2 drawdown in the late Cenozoic, yet quantifying tectonic control on
silicate weathering rates is complicated by other rate-controlling factors like climate and
lithology. The Nicoya Peninsula, Costa Rica, provides a unique opportunity to assess how
silicate weathering rates vary across a tenfold variation in uplift rates under near-constant
climate and basaltic lithology. Here we report stream water chemistry and 8’Sr/% Sr ratios
from 12 catchments draining mountainous terrain on Nicoya. From stream water chemistry,
we partitioned weathering solutes from silicates and carbonates and then estimated
catchment-scale stream discharge and sediment flux by calibrating global empirical models
against hydrological gauging data in neighboring catchments. Combining these data, we
determined the catchments’ total denudation and silicate weathering rates and find that
weathering on Nicoya is ‘kinetically-limited’, or where silicate weathering rates no longer
increase linearly with denudation rates. The deviation from linear behavior is related to the
extent of low-relief geomorphic surfaces (known as the Cerro Azul surface) in catchments,
which likely sets sediment residence time and weathering duration. Nicoya falls at the high
end of a global trend between temperature and basaltic weathering rates, supporting the
temperature dependence of basalt weathering. Sr isotopic data confirms low ¥’Sr/%Sr ratios
from basalt weathering and suggest that the weathering of mafic lithologies in tropical

margins would not increase Cenozoic seawater Sr ratios. This study enhances our



understanding of silicate weathering in an uplifting tropical basaltic range, while also

highlighting geomorphic controls on silicate weathering.
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1. INTRODUCTION

Silicate weathering represents a major long-term COz sink, regulating atmospheric
COz levels and Earth’s climate over geological timescales (Chamberlin, 1899; Walker &
Hays, 1981; Berner et al., 1983; Hilton & West, 2020; Brantley et al., 2023). Silicate
weathering occurs as COz dissolves in water to form carbonic acid (H2COs3), which reacts
with silicate minerals and converts them to dissolved ions (Meybeck, 1987; Sundquist &
Visser Ackerman, 2014). Weathering products are then transported to the oceans, where
they are buried as carbonate rocks over million-year timescales (Berner et al., 1983; Walker
& Hays, 1981; Sundquist & Visser Ackerman, 2014).

A comprehensive understanding of how tectonic uplift affects silicate weathering
rates is critical for assessing the long-term evolution of Earth’s climate state. Previous
studies hypothesize that tectonic uplift enhanced erosion, accelerated silicate weathering,
and drove global cooling in the late Cenozoic based on the synchrony of mountain growth
and global cooling in the geological past (Raymo et al., 1989; Raymo & Ruddiman, 1992).
For example, seawater *’Sr/%Sr ratios elevated in the late Cenozoic, indicating enhanced
input of more radiogenic Sr flux (e.g., from weathering of silicate continents or other
radiogenic lithologies) (Edmond, 1992; Raymo & Ruddiman, 1992; Li & Elderfield, 2013).
In this paradigm, silicate weathering rates are expected to continually increase with
denudation rates. Other studies suggest that mountain uplift enhanced global weatherability
but not total weathering flux, such that global weathering rates remained less changed under
tectonic uplift (Caves Rugenstein et al., 2019; Macdonald et al., 2019; Martin et al., 2023).
Studies of modern-day weathering patterns in river catchments show that silicate weathering

rates transit from the ‘supply-limited’ to ‘kinetically-limited” weathering regime as
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denudation rates increase. The supply-limited relationship occurs at low denudation rates (<
~100 t/km?/yr) where congruent weathering occurs (West et al., 2005; Gabet & Mudd, 2009;
West, 2012; Bufe et al., 2024) and silicate weathering rates increase linearly with
denudation rates. The kinetically-limited relationship occurs at high denudation rates (>
~100 t/km?/yr) (West et al., 2005; Gabet & Mudd, 2009; West, 2012; Bufe et al., 2024),
where silicate weathering rates no longer increase linearly with denudation rates and fall
below the supply-limited boundary. It has been proposed that under high denudation rates,
silicate weathering rates vary as a function of factors that affect reaction kinetics (e.g.,
temperature and runoff) (West et al., 2005; West, 2012). However, covariations between
denudation rates, environmental conditions (e.g., lithology and associated weatherability),
and kinetic factors in existing global datasets (West et al., 2005; West, 2012; Bufe et al.,
2022, 2024) obscure our understanding of how uplift affects silicate weathering rates.

The Nicoya Peninsula, Costa Rica provides a unique setting for assessing the
influence of tectonic uplift on silicate weathering. On the peninsula, a tenfold variation in
uplift rates (LaFromboise, 2012) occurs under a near-uniform tropical climate and
predominantly basaltic lithology. In addition, low-relief geomorphic surfaces known as the
Cerro Azul surface form a mountainous backbone on the Nicoya Peninsula (Hare &
Gardner, 1985). These surfaces allow us to assess how landscape configuration impacts
silicate weathering rates (Jacobson et al., 2003; Jacobson & Blum, 2003; Porder et al., 2015;
Torres et al., 2015). The prevalent basaltic bedrock and the tropical climate also offer an
opportunity to constrain basalt weathering under warm surface temperatures, as previous
studies have observed a global temperature dependence of basalt weathering (Dessert et al.,

2003; Li et al., 2016; Chen et al., 2020) which has important implications for how the



weathering of mafic terrain in the tropics affects Earth’s climate (Macdonald et al., 2019;
Park et al., 2020).

Using the unique field setting of the Nicoya Peninsula, we investigate the
relationships between uplift, denudation, and silicate weathering along an uplifting basaltic
range in the tropics. We measure the water chemistry in catchments that span the uplift
gradient and derive silicate weathering and denudation fluxes using geochemical analyses,
empirical modeling, and end-member mixing calculations. Based on our results, we
determine how silicate weathering rates vary in response to the uplift gradient on Nicoya
and discuss the implications of how tectonic uplift, geomorphology, and climatic conditions

affect silicate weathering.

2. GEOLOGIC AND CLIMATIC SETTING

The Nicoya Peninsula sits along the Costa Rican portion of the Middle America
Trench (MAT), where the Cocos Plate subducts northeastward beneath the Caribbean Plate
at a rate of ~77 mm/yr (Fig. 1a) (DeMets et al., 2010). Pleistocene to Holocene marine
terraces record average uplift rates that vary between 0.15-1.5 mm/yr along the peninsula’s
Pacific coastline (Figs. 1d & e) (LaFromboise, 2012). These uplift rates were determined by
correlations between soil profiles of terraces and then comparison of linked terraces to a sea
level curve, radiocarbon ages, and Optically Stimulated Luminescence (OSL) ages of terrace
deposits (LaFromboise, 2012). In the northwest, uplift rates range between 0.1-0.2 mm/yr
and increase to 0.25-0.35 mm/yr towards the southeast before rapidly increasing to 1-2
mm/yr at the peninsula’s southern tip (Figs. 1d & e) (LaFromboise, 2012).

Elevations in the study area range from 0-1020 m, but a large portion of the study

area is characterized by mountainous terrain with mean elevations ranging between 100-600
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m (Figs. 1b & c). This mountainous terrain is largely comprised of a set of correlative
geomorphic surfaces together known as the Cerro Azul surface (Fig. 1b) (Hare & Gardner,
1985).These surfaces were originally identified and mapped in the field by Hare & Gardner
(1985) and are hypothesized to be paleo-abrasion surfaces (i.e., relict landscapes) that
previously graded to sea level but were abandoned and incised in response to rock uplift. On
top of the Cerro Azul surface, topography is subdued and deeply weathered, thick (5-10 m)
soils occur (Hare & Gardner, 1985), indicative of the preservation of slower, relict erosion
rates prior to incision and abandonment of the surface. The surface edges are flanked by
steep (> 45°) continuous topographic scarps and fluvial knickpoints 100s of meters in
elevation, which suggest a transition into more rapid erosion rates and landscape transience
below the surface (Hare & Gardner, 1985).

The bedrock on the Nicoya Peninsula is dominated by basalt with lesser amounts of
sedimentary rocks. In the study area, bedrock largely consists of Mesozoic igneous oceanic
plateau assemblages that are partially overlain by Upper Cretaceous to Quaternary deep and
shallow water sedimentary overlap sequences (Fig. 1d) (Baumgartner et al., 1984; Denyer et
al., 2013a-f; Andji¢ et al., 2018, 2019). The dominant Mesozoic oceanic plateau lithology is
the Manzanillo Terrane (Fig. 1d), which is mainly composed of Lower and Upper
Cretaceous (~94-89 Ma) oceanic plateau basalts, with minimal intrusions of gabbro and
dolerite (Andji¢ et al., 2018, 2019). Basaltic and intrusive rocks of the Manzanillo Terrane
show evidence of oceanic hydrothermal alteration and include assemblages of calcite,
zeolites, chlorite, and pumpellyite in veins (de Boer, 1979; Kuijpers, 1980). The Upper
Cretaceous to lower Eocene overlap sequence overlies the Manzanillo Terrane (Fig. 1d) and

contains siliciclastic, carbonate, and siliceous sedimentary rocks that transition between


https://www.zotero.org/google-docs/?WJyzdz

deep and shallow marine environments (Andji¢ et al., 2018). Lowest in the sequence are
turbiditic sequences with interbeds of black shales, siliceous and calcareous shales, and
mudstones (Andji¢ et al., 2018). These rocks are overlain by shallow water sandstones and
conglomerates, deep water limestones, and more turbiditic sequences with local
intercalations of siliceous limestones (Fig. 1d) (Andji¢ et al., 2018).

The Nicoya Peninsula occurs in Costa Rica’s North Pacific climate zone and has a
dry-to-sub-humid tropical climate with distinctly pronounced dry and wet seasons (Kappelle
et al., 2016). The dry season occurs from December to April/mid-May and accounts for ~5%
of annual rainfall, whereas the wet season occurs between mid-May to November and
accounts for the remaining ~95% of annual rainfall (Kappelle et al., 2016). In the study area,
mean annual rainfall rates derived from Tropical Rainfall Measurement Mission (TRMM)
data (Bookhagen & Burbank, 2010) fluctuate less than 2-fold between about 1800-3000
mm/yr (Figs. 1f & g). Mean annual rainfall rates in sampled catchments range between
2101-3376 mm/yr and at most, vary by ~10% from mean annual rainfall rates in the study
area (Fig. 1g). Temperatures on the Nicoya Peninsula are uniform intra-annually. In our
study area, mean monthly temperatures (from the 1948-2024 National Centers for
Environmental Prediction/National Center for Atmospheric Research or NCEP/NCAR
dataset) (Kalnay et al., 1996) range between approximately 24.5-26.1 °C, with a mean
annual temperature of 25 °C. Vegetation in the field area is mainly tropical dry forest and
cattle pasture (Kappelle et al., 2016); however, our sampled catchments occur within

relatively undisturbed, forested areas.

3. MATERIALS AND METHODS



To trace weathering solutes on Nicoya, we collected stream water samples from 12
catchments across the uplift gradient in the region and analyzed the water’s chemical
composition (cations, anions, dissolved inorganic carbon (DIC), and ¥S/*Sr ratios). To
determine total denudation rates, we employed empirical models that predict water and
sediment fluxes for global catchments (Syvitski et al., 2003) and calibrated models against
hydrological gauging data from neighboring catchments (National Climatic Data Center,
NESDIS, NOAA, U.S. Department of Commerce, 2018). To characterize Nicoya’s
geomorphic setting, we computed relief and slope angles and mapped the Cerro Azul
surface in the region from Digital Elevation Models (DEMs) (Insituto Geografico Nacional
Costa Rica, 2019).

3.1. Field sampling

We collected stream water samples from 12 catchments along the uplift gradient on
Nicoya in January 2022 (Figs. 1b, d & f; Table 1). The sampled catchments vary between
small, mountainous, forested catchments to larger river valleys with occasional pasture and
moderate floodplain development. Sampling sites were carefully selected to avoid
anthropogenic disturbances. At sampling sites, we measured water temperatures using a
thermometer and water pH using pH test strips, and collected one cation sample, one anion
sample and one DIC sample. Stream water was collected in 50 mL plastic syringes and
filtered through 0.22-pum pore-sized nylon syringe filters. Filtrates were used to clean the
sampling containers before sample collection and were then collected in 60 mL Milli-Q-
washed polypropylene bottles for anion analysis, in 60 mL acid-washed polypropylene
bottles for cation analysis, and in 12 mL Labco exetainers for DIC analysis. Cation samples

were acidified with 16 N high-purity nitric acid (HNO3) to pH ~ 2.



3.2. Water chemistry measurements

Back in the laboratory, we measured total dissolved solids (TDS) and ¥Sr/*Sr ratios
of the water samples. Cation (K*, Na*, Ca**, Mg**) and dissolved Si concentrations were
measured using an Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES,
1CAP-6300, Thermo Fisher Scientific) at Nanjing University (Li et al., 2024), with reported
analytical uncertainties within + 5% (2c). Anion (CIl- and SO4*") concentrations were
measured at the University of California Santa Barbara via ion chromatography on a
Metrosep A Supp 5-100/4.0 column (Metrohm 930 Compact IC Flex) with a 0.32 M/0.1 M
sodium carbonate/bicarbonate eluent. Reported analytical uncertainties were within + 5%
(20). DIC concentrations were measured at the University of Southern California using an
Apollo DIC analyzer, with analytical uncertainties within  0.5% (2c). ¥’Sr/*Sr ratios were
measured using a Multicollecter-Inductively Coupled Plasma Mass Spectrometer (MC-ICP-
MS, Neptune Plus) at Nanjing University, with analytical uncertainties reported at two
standard deviations. The long-term mean 8’Sr/%°Sr of Reference Material NBS 987 was
0.710265 £ 0.00001 (mean = 26, n = 15) and the measured 3’Sr/*¢Sr values for the standard
seawater IAPSO were 0.709111 £ 0.000024 and 0.709143 + 0.000022, consistent with the
recommended value (Liu et al., 2012; Li et al., 2024).
3.3. Digital topographic analysis and Cerro Azul surface mapping

To characterize the geomorphology of the peninsula, we analyzed a 5-m-resolution
DEM which was reconstructed from 10-m topographic contours acquired from the Instituto
Geografico Nacional of Costa Rica (2019). We derived a hillshade map, slope, relief, 20-m
contours, and a re-sampled 10-m DEM from the 5-m DEM in ArcGIS Pro. Slope was

calculated over a 3 x 3 moving window, and relief was calculated as elevation range over a



I-km-radius moving window. We also delineated catchment boundaries for the 12 sampled
catchments from the DEM and calculated the drainage area (A) for each catchment.

To constrain the extent of the Cerro Azul surface, we produced a new map of the
surface with reference to the DEM-derived products and a low-resolution map by Hare &
Gardner (1985). Specifically, we identified the Cerro Azul surface as high elevation areas
with subdued topography bound by steep continuous topographic scarps. We mapped the
edges of these high elevation areas as the boundaries of the Cerro Azul surface and
supplemented our map with field observations of soil profiles and topography on top of
mapped surfaces. We also computed mean local relief (in 250-m-radius windows) (Whipple
et al., 2013) and slope across mapped Cerro Azul surfaces.

3.4. Stream discharge calculations

The sampled catchments lack field gauging data of stream discharge. In the absence
of gauging data, we estimated annual stream discharge for sampled catchments by
calibrating an empirical model (Syvitski et al., 2003) against gauged stream discharge from
neighboring catchments in Costa Rica’s North Pacific climate zone (National Climatic Data
Center, NESDIS, NOAA, U.S. Department of Commerce, 2018) (Fig. S1), with reference to
TRMM-derived precipitation data (Bookhagen & Burbank, 2010). The adopted empirical
model is derived from a global dataset of 267 watersheds across Earth’s major climate zones
by fitting a power-law function between average annual stream discharge and watershed
area:

Q=a;A*2 (Eq. 1)
where Q is stream discharge (m?/s), A is catchment area (km?), and o1 and o2 are regression

coefficients determined for each climate zone (Syvitski et al., 2003). We modeled stream



discharge for the sampled catchments (Table 2) and gauged neighboring catchments using
regression coefficients (a1 = 0.53, a2 = 0.70) fit to their corresponding climate zone, or the
northern tropics (latitude of 0-30° N) (Tables S1 & S2).

To calibrate the empirical model, we derived decadal mean annual stream discharge
of 5 gauged catchments adjacent to the Nicoya Peninsula in the North Pacific climate zone
(Fig. S1) and compared the gauged stream discharge to those predicted from Eq. 1. The raw
gauging dataset consisted of mean monthly discharges that were derived from daily
discharges measured between 1973-1993 (National Climatic Data Center, NESDIS, NOAA,
U.S. Department of Commerce, 2018). We excluded years with missing data and years with
monthly records that did not span both the dry and wet season. The remaining records
consisted of 4-11 years’ worth of (a) complete datasets with 12 months of data, and (b)
partially complete datasets with 8§ months of data that captured the wet season and about 1.5
months of the dry season. For the 12-month datasets, we summed monthly discharge to
derive an annual stream discharge. For the 8-month datasets, we calculated a mean monthly
stream discharge and converted the monthly value to an annual discharge. We considered
the 8-month datasets adequate substitutes for 12 months because their mean discharges were
only at most 1.5 times higher. We then calculated the mean annual discharge over the 4-11
year-length records for all 5 gauged catchments and correlated the gauged stream discharge
to modeled stream discharge (Eq. 1) to derive a calibration curve (Sec. 4.3.; Eq. 7).

As an additional constraint on the behavior of the empirical model in sampled versus
gauged catchments, we calculated rainfall-equivalent stream discharges using TRMM data

measured from 1998 to 2009 (Bookhagen & Burbank, 2010). We assume all rainfall
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converts to surface runoff without evapotranspiration and long-term groundwater storage
losses (Erikson et al., 2024):

Q. =PA (Eq. 2)
where Q: is rainfall-equivalent stream discharge (m?®/s) and P is TRMM-based mean annual
rainfall (mm/yr) (Tables 2 & S2).

3.5. Sediment flux modeling

In the absence of measured physical erosion rates, we estimated the annual sediment
flux in sampled catchments using an empirical model derived from the same global dataset
of 267 rivers (Syvitski et al., 2003) which was used to derive the model for predicting
stream discharge (Sec. 3.4). The sediment-flux model predicts annual sediment load (Qso,
units kg/s) as a function of catchment area, catchment-scale relief, and mean annual
temperature, yielding predictions within + 20% of observed sediment loads (Syvitski et al.,
2003):

Qgo = azA%+R%ekTo (Eq. 3)
where R is catchment-scale relief (m, range of elevation within a catchment), To is
catchment-averaged temperature (°C), and a3, a4, as, and k are regression coefficients
calibrated to Earth’s major climate zones (Tables 2 & S1) (Syvitski et al., 2003).

To apply Eq. 3 to Nicoya, we used regression coefficients fit to the northern tropics
(latitude 0-30° N): k =-0.1, a3 = 0.31, o4 = 0.40, and a5 = 0.66 (Table S1) (Syvitski et al.,
2003). Catchment-scale relief was calculated from the 10-m DEM. Catchment-averaged
mean annual temperatures were derived from NCEP/NCAR reanalysis temperature data
provided by the NOAA Physical Sciences Laboratory in Boulder, Colorado, USA. The

reanalysis data consists of 2.5° x 2.5° grids of 1000 millibar (mb) level mean monthly
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temperatures from 1948-2024 (Kalnay et al., 1996). Following the protocol established by
Syvitski et al. (2003), we performed a series of corrections to provide more precise estimates
of catchment-averaged temperatures which account for variations in latitudes and elevations
(Syvitski et al., 2003). We first determined a lapse rate L(x) (°C/km), or the rate of
temperature change with altitude as:

L(x) = [ag cos(a;x) + az]{1 — aze[—(x/a,)*]} (Eq. 4)
where x is the catchment-averaged latitude (°) calculated in ArcGIS Pro and ao-a4 are
regression coefficients (a0=2.609, =a1 = 0.03, a2 = 5.464, a3 = 0.1252, a4 = 33.77) (Tables 2
& S1) (Syvitski et al., 2003). We then used lapse rates to calculate catchment-averaged,
mean annual temperatures (To, units °C) (Syvitski et al., 2003):

To =T + [L(x)H] (Eq. 5)
where T is the mean annual temperature from the NCEP/NCAR reanalysis data and H is the
catchment-averaged, mean elevation (km) calculated from the 10-m DEM (Table 2).

We used the resolved To, R, and A in Eq. 3 to predict annual sediment loads (Qs0) in
our sampled catchments based on the globally-calibrated model (Table 2). We further
corrected Qso to account for the deviation of the prediction from the global model from the
local gauging data (Sec. 3.4). We determined the concentration of sediment (Cs, units kg/m?)
in catchments between modeled sediment (Qs0) and modeled stream discharge (Q) (Table 2):

Cs = Qe0/Q (Eq. 6)
Sediment concentrations were then calibrated against corrected stream discharge (Sec. 4.3.).
The resolved sediment fluxes were later combined with water chemistry data to estimate

total denudation rates in sampled catchments (Sec. 5.1.2.).

4. RESULTS
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4.1. Water chemistry

Stream water in sampled catchments is slightly alkaline (pH ~ 7-8) and has a mean
temperature of ~26°C (Table 1). Under such pH and temperature conditions, DIC is
dominated by HCO3™ (Cole & Prairie, 2024), thus we assume that DIC concentrations can be
approximated as HCO3™ concentrations. The electric charges carried by the cations (TZ") are
generally matched by those of the anions (TZ") with Normalized Inorganic Charge Balances
(NICB, ||TZ"| - [TZ||/ (|TZ"| + |TZ]) x 100%) within ~10% (Table 1).

Sampled catchments have TDS concentrations ranging from 2080-3071 mg/L (mean
= 2486 + 256 mg/L (1o), Table 1). In decreasing order, the major cations with the highest
concentrations are Ca*" (656-1309 uM, mean = 862 = 181 pM (1)), Mg?" (429-722 uM,
mean = 539 + 82 uM (1c)), Na* (272-521 uM, mean =378 + 62 uM (lc)), and K* (7-15
pM, mean = 11 + 3 uM (1o)) (Table 1). Dissolved Si varies between 852-1139 uM (mean
1004 = 74 uM (10)) (Table 1), constituting 15-21% of the TDS (by molar amount). CI,
SO4%, and DIC have concentrations of 0-70 uM (mean = 48 + 17 uM (15)), 20-35 uM
(mean =25 =4 uM (l1o)), and 2236-3634 uM (mean = 2851 + 418 uM (10)), respectively
(Table 1). Notably, except for one catchment (Sample 7) where CI" concentration is ~0 uM
(Table 1), the concentrations of TDS, major cations and anions, dissolved Si, and DIC of all
catchments all vary within a factor of around two (Figs. 2a-c). The dissolved ®’Sr/%¢Sr ratios
are relatively uniform between sampled catchments (0.7042-0.7066, mean = 0.705055 +
0.000750 (1o); Table 1; Fig. 2d), comparable to values of 0.7035-0.7053 reported from
volcanic islands (Louvat, 1997) and slightly lower than the modal value (~0.710) of ¥’Sr/%6Sr
from a global dataset of 60 large rivers (Gaillardet et al., 1999).

4.2. Geomorphic characteristics of the Cerro Azul surface

12



We mapped nine patches of high elevation (~200-900 m) surfaces that cover a total
area of 341 km? over 95 km along-strike the MAT between northwestern and southeastern
Nicoya (Fig. 1a). Steep (25-50°), high relief (260-670 m), continuous topographic scarps
(Figs. 3a & c) with bedrock streams (Fig. 3¢) flank these surfaces. Topography on top of the
surfaces is subdued relative to the topographic scarps (Figs. 3a-c). Across all nine surfaces,
the mean slope and relief are 22° + 12° (15) and 125 + 43 m (10), respectively. On top of
several surfaces, we observe deeply-weathered, red soil profiles several meters thick, as well
as occasional outcrops of bedrock and evidence of active bedrock erosion in streams (Figs.
3b & c). The distribution and characteristics of the surfaces we mapped are consistent with
previous observations of the Cerro Azul surface in the region (Hare and Gardner, 1985).
4.3. Performance of stream discharge model

We establish a weighted linear relationship between the predicted annual stream
discharge (Q from Eq. 1; Table 2) and the gauged annual stream discharge (Qg; Table S2):

Q.= 0.30Q —0.38 (Eq.7)
The fit in equation (7) is statistically significant, with p < 0.05, R>= 0.93, and uncertainty on
the slope = 0.04 (Fig. 4a). Applying Eq. 7 to the sampled catchments, we obtain corrected
annual stream discharge Qc of 0.079-3.9 m%/s, or 0.0025-0.12 km®/yr (Table 2).

As an additional constraint on the model behavior, we compare the model-predicted,
uncorrected stream discharge Q (Eq. 1) against TRMM-based stream discharge Q: (Eq. 2)
for both the 12 sampled catchments in Nicoya (Table 2) and the 5 North Pacific catchments
selected for model calibration (Fig. S1; Table S2). We find a strong, consistent linear trend

(R?=0.97) between Q and Q: for all catchments (Figs. 4b & c), suggesting a consistent model
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behavior between Nicoya and the North Pacific. Such consistency lends confidence to using
gauged North Pacific catchments to calibrate stream discharge in Nicoya catchments.

The spatial variations in calibrated stream discharge (Table 2) and strong seasonality
in rainfall on Nicoya allow an assessment of the relationship between solute concentrations
and stream discharge. Riverine solute concentrations have been observed to vary with
stream discharge over space and time, revealing a competition between chemical reactions
(enhancing solute concentrations) and dilution processes (reducing solute concentrations)
(Godsey et al., 2009; Maher & Chamberlain, 2014; Moon et al., 2014; Ibarra et al., 2016;
Torres et al., 2017; Zhang et al., 2022). In our study, TDS concentrations from the January
sampling season have minimal variations with TRMM-based estimates of mean January
discharge (Fig. 5a). Across sampled catchments, mean January discharge varies by a factor
of 27, whereas TDS concentrations only vary by a factor of 1.3, suggesting a near-
chemostatic behavior (e.g., invariant solute concentrations against stream discharge)
(Godsey et al., 2009; Torres et al., 2017). Notably, the mean monthly rainfall between
Nicoya’s dry (34 mm/month) and wet seasons (370 mm/month) varies by 11 times (Fig. 5b),
much smaller than the factor of variation (~27) observed in the January discharge across
sampled catchments. Thus, we consider that the spatial variation in January stream discharge
captures intra-annual variation. As a result, the observed near-chemostatic behavior is
representative for the full year (Godsey et al., 2009) This inference is used in Section 5.1
where we estimate silicate weathering rates.

4.4. Performance of sediment flux model
We calibrate annual sediment flux (Qsc, units kg/s) using sediment concentrations

(Cs, units kg/m?) and corrected annual stream discharge (Qc m?/s):
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Qsc = GsQc (Eq. 8)

The annual calibrated sediment loads range from 0.089-2.4 kg/s or 2.8-76 kt/year
across the sampled catchments (Table 2). Normalizing the sediment load by catchment area,
we obtained sediment yields of 614-1671 t/km?/yr, which translate into physical erosion
rates of 0.20-0.56 mm/yr considering rock density (p = 3000 kg/m?) for basalt, the dominant
lithology in the region (Table 2). Physical erosion rates generally increase to the southeast
along-strike of the MAT (Fig. S2), exhibiting a spatial pattern consistent with average uplift
rates recorded by Pleistocene to Holocene marine terraces (0.15-1.5 mm/yr) (Fig. le)
(LaFromboise, 2012). Assuming topographic steady state (Kirby & Whipple, 2012) and
neglecting chemical denudation, we infer short-term uplift rates from sediment yields as
0.20-0.56 mm/yr, which are within the range recorded by Pleistocene to Holocene marine
terraces (0.1-2 mm/yr) (LaFromboise, 2012). The deviation between these estimates is likely
because sediment loads derived over shorter timescales may not adequately capture natural
oscillations in sediment discharge from factors like climate or landscape transience

(Wittmann et al., 2011).

5. DISCUSSION

In this section, we first quantify the silicate weathering and total denudation rates
using our measurements and modeling results. We then discuss the weathering and
denudation rates in the context of weathering regimes, the geomorphology of the Cerro Azul
surface, and the implications for how tectonic uplift affects silicate weathering. Next, we
compare our results to a global dataset of basalt weathering and discuss the influence of
temperature on weathering rates of Nicoya basalts. Lastly, we discuss the implications of Sr

isotopic data for chemical weathering histories in the late Cenozoic.

15



5.1. Silicate weathering and total denudation rate calculations
5.1.1. Unmixing of solute sources

We use a forward model (Meybeck, 1987; Moon et al., 2007; Bufe et al., 2022) to
isolate dissolved solids from atmospheric and lithologic sources in sampled catchments. We
exclude anthropogenic sources given the limited exposure to human activities in the study
area. We assume that the primary atmospheric inputs are marine aerosols given Nicoya’s
coastal setting (Fig. 1a) (Meybeck, 1983; Kappelle et al., 2016). We consider carbonate and
silicate rocks as primary lithologic sources as there are no evaporite outcrops in the region
(Fig. 1d). This inference is supported by the observation that in a Na-normalized ratio space,
all data from the sampled catchments fall on the mixing trends between silicates and
carbonates (Figs. 6a & b). We note that although the study area is dominated by basaltic
rocks with minor carbonate outcrops (e.g., overlap sequence rocks) (Fig. 1d), studies
indicate that carbonate-enriched hydrothermal mineral assemblages and calcite veins (de
Boer, 1979; Kuijpers, 1980) occur within basalts.

Below we introduce our workflow. We first correct for atmospheric inputs from
marine aerosols in major ionic species (Ca?", Mg?", Na*, K", HCOs", SO4*, CI') and
dissolved Si using molar ratios for seawater (Table S3) (Byrne et al., 2024; Johnson, 2024).
CI serves as an index of atmospheric inputs to riverine solutes because in the absence of
evaporite rocks, all Cl" in stream water is expected to originate from atmospheric deposition
(Gaillardet et al., 1999). We quantify atmospheric inputs to Na" as:

[Na]atmos = [Na/Cllatmos X [Cl]sample (Eq.9)
where [Na]amos is the atmospheric input to Na* (Table S4), [Na/Cl]atmos is the molar ratio for

seawater, and [Cl]sample is the Cl” concentrations measured in water samples (Tables 1 & S4).
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[Na]atmos serves as a normalization factor to determine the atmospheric contributions to other
species (X):

[X]atmos = [X/Na]atmos X [Na]atmos (Eq. 10)
where [ X]atmos is the atmospheric input to X (Table S4) and [ X/Na]atmos is the seawater molar
ratio of a given ionic species. We then use atmospheric inputs to isolate contributions from
the weathering of rocks [X]rock (Table S4):

[Xlrock = [X]sample = [X]atmos (Eq. 11)

We next separate solutes from weathering of silicate versus carbonate rocks. With

the absence of evaporites in the study area, we attribute the residual Na*, K*, and dissolved
Si after correction for atmospheric inputs to source solely from silicate weathering
(Meybeck, 1987; Moon et al., 2007; Bufe et al., 2022). Under the predominance of basalt in
the field area, we attribute weathering solutes from silicates to approximately represent
weathering of basalt. For Ca?*, Mg?*, and HCO3", we use the following equation to quantify
contributions from silicate weathering:

[X]sii = [X/Na]sii x [Na]rock (Eq. 12)
where [X]sil is the concentration from silicate weathering and [X/Na]si is the Na-normalized
molar ratio for silicate rocks. We adopt [ X/Na]sii from an inversion modeling study of 60
large rivers (Gaillardet et al., 1999) (Figs. 6a & b; Table S3).

After resolving [X]sii, we calculate the concentrations of X from carbonate
weathering ([X]carb) as:
[X]carb = [X]rock = [Xlsit (Eq. 13)
Following Egs. 9-13, we calculate the contributions to the dissolved chemical species

from silicates and carbonates (Table S4). On average, carbonate weathering accounts for
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86% of Ca®", 85% of Mg?*, and 76% of HCO3™ in our measured samples. In general,
carbonate weathering is orders of magnitude faster than silicate weathering and can
significantly contribute to total weathering fluxes even when present in minor amounts
(Meybeck, 1987; Moon et al., 2014). On Nicoya, despite limited surficial exposure of
carbonates (Fig. 1d), hydrothermal mineral assemblages and calcite veins (de Boer, 1979;
Kuijpers, 1980) in basalts provide a source of carbonates for weathering. However,
secondary carbonates, which may precipitate from soils and re-dissolve under wetter
climates (Meng et al., 2015; Zamanian et al., 2016) are unlikely to contribute to carbonate
solutes on Nicoya, as suggested by the lack of strong, positive relationships between Ca/Mg,
Ca/Sr, and calibrated stream discharge (Fig. S3) (Li et al., 2023).
5.1.2. Silicate weathering and total denudation rate calculations

We use silicate cation denudation rates (SCDRs) to represent silicate weathering
rates (West et al., 2005). SCDRs consist of the flux (t/km?/yr) of cations derived from
silicate weathering within a catchment and are calculated by integrating the total
concentration of cations from silicate weathering ([Cat]sit = [Ca]sii + [Mg]sit + [Na]sit + [K]sil,
in mass units) over stream discharge (West et al., 2005). Given the near-chemostatic
behavior of weathering processes in sampled catchments (Sec. 4.3.), we approximate
SCDRs as the product of [Cat]sii and the calibrated annual stream discharge Qc (Sec. 4.3.;
Table 2) for each sampled catchment, normalized against catchment area:

SCDR = [Cat];; x Qc (Eq. 14)

Total denudation rates (TDR, t/km?/yr) are the sum of the chemical denudation rates

and physical erosion rates (West et al., 2005). Total chemical denudation rates (CDR) were

calculated as the product of the total concentrations of major solutes from rock weathering
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([Conc]rock = [CaJrock + [Mg]rock + [Na]rock + [K]rock + [Si]rock + [HCO3]rock + [SO4]rock, in
mass units) and calibrated annual stream discharge (Qc), normalized against catchment area:
CDR = [Conc]ock X Q¢ (Eq. 15)
Physical erosion rates (PER) are determined by normalizing the corrected sediment
flux (Qsc; Sec. 4.4.; Table 2) by catchment area (A):
PER= Q4. /A (Eq. 16)
TDR is then determined as:
TDR = CDR + PER (Eq. 17)
In practice, we implement an iterative Monte Carlo random sampling approach to
resolve SCDR and TDR and determine their uncertainties simultaneously. In each iteration,
we resolve Eqs. 9-17 simultaneously and draw variables randomly from their distributions
assigned by related uncertainties (uncertainty on [X]: analytical errors; uncertainty on Qc:
uncertainty on the slope of Eq. 7; uncertainty on Qsc: 20% of predicted value (Syvtiski et al.,
2003), uncertainty on [X/Nalsii: Table S3 adopted from Gaillardet et al., (1999)). We run
1,000,000 iterations and report the mean = 1o of the result population for each catchment.
The mean SCDR and TDR for each catchment range between 24-118 t/km?/yr and 1872-
5727 t/km?/yr, respectively (Table 3).
5.2. Silicate weathering rate versus total denudation rate
5.2.1. Implications for weathering regime
We cast the resolved weathering and denudation rates into the TDR-SCDR space
(West et al., 2005; Gabet & Mudd, 2009; West, 2012) and find that all sampled catchments
and the mean of all sampled catchments (TDR: 4557 = 975 t/km?*/yr; SCDR: 85 + 24

t/km?/yr; Table 3) fall within the kinetically-limited domain (Fig. 7a) (West et al., 2005;
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Gabet & Mudd, 2009; West, 2012). Our data occurs in two groups. One group (consisting of
11 catchments) has TDRs (4057-5727 t/km?*/yr) comparable to some of the highest TDRs
observed in alpine catchments (Fig. 7a) (West et al., 2005). SCDRs of those 11 catchments
(67-118 t/km?/yr) are higher than other catchments under similar TDRs (West et al., 2005;
Bufe et al., 2024) and comparable to chemical weathering rates (19-326 t/km?/yr) observed
among other tropical basaltic settings (Louvat & Allegre, 1997; Louvat, 1997; Dessert et al.,
2001, 2015; Moore et al., 2024), though we note that these fluxes are in part controlled by
other factors such as tectonic setting and volcanic activity (Dessert et al., 2015). The other
group consists of one catchment (Sample 5) that has a TDR of 1872 + 943 t/km?/yr and a
SCDR of 24 + 12 t/km?/yr (Table 3), which are comparable to those of submontane and
alpine catchments (Fig. 7a) (West et al., 2005) as well as tropical basaltic settings (Dessert et
al., 2001; Moore et al., 2024).

On the Nicoya Peninsula, warm mean annual temperatures (27-30 °C) (Table 2),
high mean annual rainfall (1800-3000 mm/yr) (Fig. 1g) and abundant highly-weatherable
mafic rock (Fig. 1d) (Dupré et al., 2003) act in tandem to drive rapid silicate weathering.
Despite these optimal environmental factors, silicate weathering remains kinetically-limited
in the region, which we attribute to limits of weathering duration. Rapid rates of erosion (>
10? t/km?/yr) (Gabet & Mudd, 2009) reduce the residence time of silicate minerals within
the weathering zone, leading to incongruent weathering and a dependence on factors
controlling the kinetics of weathering reactions (e.g., temperature and runoff) (West et al.,
2005; West, 2012). Weathering limited by inadequate residence times is supported by the
predominance of moderately-leached alfisols (Rust, 1983) in the study area (Ryan et al.,

2024). In the next section, we explore how weathering behaviors link to the peninsula’s
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geomorphology and the presence of the Cerro Azul surface in sampled catchments (Sec.
5.2.2).
5.2.2. Geomorphic controls on silicate weathering and implications for the uplift-
weathering hypothesis

With the predominance of basalt (Fig. 1d), relatively invariable concentration-
discharge relationships (Sec. 4.3.; Fig. 5a), and uniform temperatures across sampled
catchments, we hypothesize that the extent of the Cerro Azul surface modulates weathering
behavior. Low relief and inferred slow erosion rates on the Cerro Azul surface most likely
permit silicate minerals longer residence times in the weathering zone, while steepened
relief and landscape transience below the surface most likely reduce residence times. Several
observations support this hypothesis. First, the 11 catchments with lower Cerro Azul surface
coverage (0-49%) (Table 3) fall further from the supply-limited line (logio(residual)=2.4-
2.6), whereas the catchment on top of the surface (Sample 5; 100% Cerro Azul coverage;
Table 3) falls closer to the supply-limited line (logio(residual)=2.1) (Fig. 7b). In sample
catchment 5, comparatively subdued topography on top of the Cerro Azul surface (Figs. 3a
& b) likely slows catchment-wide erosion rates (Table 2; Fig. 7a) and promotes the
development of meters-thick soils (Fig. 3b). These more erosively quiescent conditions
afford silicate minerals longer weathering timespans before being eroded (West et al., 2005).
However, in sample catchment 5, denudation rates still exceed the threshold of supply-
limited weathering (>10? t/km?/yr) (Gabet & Mudd, 2009), and host local zones of high
topography (mean relief = 312 m; Table 2) where bedrock erosion likely occurs (Fig. 3b),

preventing fully supply-limited weathering.
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In contrast, high relief (260-670 m) and landscape transience in the topographic
scarps below the Cerro Azul surface (Figs. 3a & c) accelerate erosion rates, which precludes
thorough leaching of silicate cations into soils and drives silicate weathering further into the
kinetically-limited regime. This is supported by a moderate positive correlation (R = 0.51)
between catchment-averaged relief and distance from the supply-limited line (Fig. 7c). This
transition is clearly revealed in a set of nested catchments (Samples 3, 4, and 5) (Fig. 3a).
Below sample catchment 5, catchments 4 (mean relief=430 m; Table 3) and 3 (mean
relief=414 m; Table 3) sample higher relief in the topographic scarp (Figs. 3a & c) and fall
farther from the supply-limited boundary (Fig. 7c). Additionally, soil orders largely shift
from strongly-leached utisols (Miller, 1983) on top of the surface to moderately-leached
alfisols (Rust, 1983) below (Ryan et al., 2024), which supports the notion that the presence
of the Cerro Azul surface drives variation in the weathering timescales of silicate minerals.
This hypothesis is consistent with observations from a quartz diorite landscape in Puerto
Rico, where weathering similarly transitions from supply-limited on top of low relief
surfaces to kinetically-limited in transiently-adjusting knickzones below (Porder et al.,
2015).

Multiple studies propose geomorphic controls of weathering processes (Jacobson et
al., 2003; Jacobson & Blum, 2003; Porder et al., 2015; Torres et al., 2015), consistent with
the findings from this study. Our results (Fig. 7) suggest that the geomorphic configuration
of mountain ranges could influence the relationship between denudation rates and silicate
weathering rates. In particular, the uplift of orogenic systems with low-relief plateaus (e.g.,
the Himalayan-Tibetan system) may have played a more nuanced role in enhancing silicate

weathering (Raymo & Ruddiman, 1992). In Himalayan-Tibetan style orogenic belts where

22



broad high elevation plateaus develop in the hinterland, silicate weathering rates may transit
from kinetically-limited in steep mountain belts (Gabet et al., 2010) towards more supply-
limited conditions on plateaus, similar to patterns observed for the Cerro Azul surface. This
potential duality between weathering regimes suggests that uplift of broad plateaus in the
hinterland could facilitate a more direct scaling between uplift, erosion, and silicate
weathering, which then breaks down as erosion rates accelerate in steep mountain fronts.
5.3. Implications for basalt weathering and potential for carbon dioxide consumption
Our data allow us to constrain the weathering behavior of basalts on the Nicoya
Peninsula and place them within a global context. We calculate the silicate-derived HCO3
fluxes (product of [HCOsTJsit and Qc) as a proxy for basalt weathering rates (Table 3)
(Dessert et al., 2003). At the warm mean annual temperatures (27-30°C) (Table 2) in
sampled catchments, weathering-induced HCOs™ fluxes range from (0.23-1.2) x 10°
mol/km?*/yr with a mean + 1o 0f 0.93 = 0.17 x 10° mol/km?/yr (Table 3). We find that the
average HCOs" flux (weighted by catchment area) falls onto a global trend between
temperature and HCO3™ flux of inactive basaltic fields (Fig. 8) (Li et al., 2016; Chen et al.,
2020), although geomorphic modulation of weathering rates may partially interfere with
weathering’s relationship to temperature (Sec. 5.2.2.). Nonetheless, our data sit at the high
end of Earth’s surface temperature range, providing a key constraint on basalt weathering
and supporting its temperature dependence under warm temperatures. If viewed as an
additional proxy of CO2 consumption rates (Li et al., 2016), weathering-induced fluxes of
HCOs" from this study suggest that the sampled catchments consume an average of 0.93 x
10° mol/km?/yr of COz, close to the upper bound of consumption rates observed in inactive

tropical basaltic margins (0.1-1 x 10® mol/km?/yr) (Dessert et al., 2003; Li et al., 2016). Our
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estimated CO2 consumption rate from basalt weathering in Nicoya is lower than the CO2
consumption potential (3.9-27 x 10° mol/km?/yr) estimated in an experimental study of
enhanced weathering for CO2 removal using an andesitic soil chronosequence and basaltic
andesites from Costa Rica, and the USGS basalt standard BHVO-1 (Ryan et al., 2024). This
difference is likely because fine grain sizes from powdered materials in the experimental
study provide greater reactive surface area than in natural erosional products (Ryan et al.,
2024).
5.4. Implications for the Sr cycle

The measured ¥’Sr/36Sr ratios (0.7042-0.7066) in Nicoya stream water samples
(Table 1) are consistent with Sr/*Sr ratios (0.705) of rivers draining < 2 Ga magmatic
provinces (Gaillardet et al., 1999), reflecting the relatively young ages (~94-89 Ma) of the
volcanic rocks of the Manzanillo Terrane (Andji¢ et al., 2019) (Fig. 6¢). However, our
samples deviate slightly from the Na-normalized silicate and basaltic end-members (Figs. 6¢
& d), which we tentatively attribute to the influence of weathering solutes from carbonates
in sedimentary lithologies (Andji¢ et al., 2018), hydrothermal mineral assemblages, and
veins (de Boer, 1979; Kuijpers, 1980). While measured 8’Sr/*®Sr ratios capture weathering
solutes from silicate/basaltic end-members, we consider that they conservatively provide a
Sr weathering signature from the mafic tropical margin at Nicoya. However, future work is
needed to separate Sr weathering signals for carbonates versus silicates in the region.

Our results hold implications for seawater Sr isotope evolution and weathering
histories in the Cenozoic when marine carbonates recorded increasing %’Sr/*Sr (~0.708 at
60 Ma; ~0.709 at present) (Raymo et al., 1988; Paytan et al., 2021). Seawater Sr isotopes

reflect contributions from continental weathering, marine hydrothermal activity, and marine
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sedimentary processes (Edmond, 1992; Paytan et al., 2021). Increased seawater 8’Sr/36Sr
throughout the Cenozoic was proposed to reflect increases in weathering fluxes carrying
high 87Sr/%Sr, such as those from the silicate continental crust (Raymo et al., 1988; Li &
Elderfield, 2013; Li et al., 2021), the metamorphic core complex from the Himalayan
Orogeny (Edmond, 1992), and/or mica minerals (Li et al., 2007). Recent studies propose
that the uplift and weathering of the Southeast Asian Islands (SEAIs) made significant
contributions to weathering fluxes in the late Cenozoic (Macdonald et al., 2019; Park et al.,
2020). If we consider ¥’Sr/*Sr ratios (average ~0.7051) from this study representative of Sr
weathering signatures from mafic margins in the tropics, this would suggest that weathering
of fresh mafic rocks at the SEAIs would not directly contribute radiogenic 8’Sr/*Sr fluxes
(Park et al., 2020; Rugenstein et al., 2021). Subsquently, increased marine ’Sr/%¢Sr in the
Cenozoic would require enhanced weathering fluxes from radiogenic lithologies (e.g., those
in the Himalaya) (Edmond, 1992; Park et al., 2020) in tandem with rapid weathering of the
SEAIs. However, future studies reconstructing the magnitude and ®’Sr/%¢Sr ratios of Sr
fluxes from the SEAIs and non-SEAI regions are necessary to better understand how the

SEAIs influenced seawater Sr evolution and Earth’s climate in the late Cenozoic.

6. CONCLUSIONS

We assess the relationship between rock uplift, denudation, and silicate weathering
by studying 12 catchments across a tenfold uplift gradient at the tropical basaltic margin at
the Nicoya Peninsula, Costa Rica. We obtain the following findings:

First, we estimated total denudation rates and silicate cation denudation rates from
stream water chemistry, model-calibrated stream discharge and sediment flux (Syvitski et

al., 2003), and unmixed solute sources. We find that across a tenfold gradient in uplift rates
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and under near-constant climate and lithology silicate weathering rates do not increase to the
same extent, but rather vary by a factor of 5. In other words, uplift rates do not dictate
silicate weathering rates in our study area. Despite favorable weathering conditions (i.e., a
tropical climate and abundant mafic rock), silicate weathering occurs under kinetically-
limited conditions on Nicoya.

Second, the relict, low-relief Cerro Azul surface modulates silicate weathering rates
on Nicoya by separating the landscape into portions with different erosion rates and
weathering timescales. We hypothesize that on top of the low-relief surface, silicate
minerals reside for long enough timescales to have near-congruent weathering, closer to the
supply-limited regime. In the steep transient landscape below the Cerro Azul surface,
silicate minerals have less time to weather before being eroded, and silicate weathering
occurs deeper within the kinetically-limited regime. These findings highlight the role that
the structure and geomorphology of mountain belts have in regulating silicate weathering,
suggesting that broad plateaus codeveloped with orogenic belts (e.g., the Himalayan-Tibetan
system) could further enhance weathering.

Finally, this study also provides insights into the temperature-dependence and Sr
signatures of basalt weathering in tropical settings. Nicoya Peninsula basalts weather at the
highest mean annual temperatures (27-30°C) observed among global inactive basalt fields
and demonstrate a relationship between mean annual temperature and weathering rate,
supporting basalt weathering as an important feedback between chemical weathering and
temperature (Dessert et al., 2003; Li et al., 2016; Chen et al., 2020). Additionally, measured
87Sr/86Sr ratios provide conservative estimates of 3’Sr/*Sr ratios of young (< 2 Ga), non-

radiogenic Nicoya Peninsula basalts (Gaillardet et al., 1999), and suggest that only
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enhancing the weathering of fresh mafic rocks would not produce the observed increase in
Cenozoic marine %’Sr/*®Sr ratios (Park et al., 2020).

Overall, our work provides a comprehensive picture of silicate weathering in an
uplifting basaltic range on the tropical Nicoya Peninsula. Our results indicate that tectonic
uplift rates do not dictate silicate weathering rates in the region. Rather, we demonstrate a
kinetically-limited weathering regime even under favorable weathering conditions (e.g.,
high denudation rates, tropical climates, and highly weatherable mafic rocks) and a key role
of geomorphology. Our findings support a temperature dependence of basalt weathering and
thus a feedback between weathering and temperature. We recommend future work in more
targeted studies atop and below the Cerro Azul surface to better understand how low-relief
surfaces influence silicate weathering. We also recommend future efforts to separate
magnitudes and ®’Sr/*°Sr ratios between silicates and carbonates on Nicoya to enhance our

understanding of geochemical weathering signals in mafic, tropical margins.
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Figure 1. Map view of the study area on the Nicoya Peninsula, Costa Rican margin. (a) Tectonic setting of the
Nicoya Peninsula, where the Cocos Plate (CO) subducts beneath the Caribbean Plate (CA) along the Middle
America Trench (MAT), as shown by the black convergence vector. The white box outlines the study area
displayed in panels, b, d, and f. Spatial data from General Bathymetric Chart of the Oceans (GEBCO) (2024).
(b) 10-m resolution elevation map (Insituto Geografico Nacional Costa Rica, 2019) with sample locations,
catchments, labels (Table 1), and mapped boundaries of the Cerro Azul geomorphic surface. A-A’ transect
delineates elevation swath profile in panel c. (¢) NW to SE striking 20 km-wide elevation swath, measured
along strike of the MAT. Thick solid line: mean elevations; thin solid lines: minimum and maximum
elevations. (d) Geologic map simplified from Andji¢ et al. (2018) with sample locations and catchments.
Purple outlines delineate approximate locations of Pleistocene to Holocene marine terraces with associated
uplift rates (LaFromboise, 2012) displayed in panel e. (e) Uplift rates from Pleistocene to Holocene marine
terraces (LaFromboise, 2012) plotted along-strike of the MAT. Central horizontal line is average uplift rate and
shaded purple area is uncertainty. Black tie lines connect average uplift rates along-strike. (f) Mean annual
rainfall (mm/yr) from a 4-km raster of TRMM hydrological data (Bookhagen & Burbank, 2010) with sample
locations and catchments. B-B’ transect delineates rainfall swath profile in panel g. (g) Corresponding 15 km-
wide swath of mean annual rainfall (mm/yr) along-strike of the MAT. Thick solid line: mean rainfall; thin solid
lines: minimum and maximum rainfall; black points: catchment-averaged, mean annual rainfall (Table 2).
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Figure 2. Along-strike variations of the concentrations (mmol/L) of (a) major cations, (b) major anions, (c)
dissolved inorganic carbon (DIC), and (d) 8’Sr/36Sr isotopic data (Table 1). Data are plotted from NW to SE
along-strike of the Middle America Trench (Fig. 1a). Analytical uncertainties are smaller than symbols.
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Figure 3. Views of 3 nested catchments (Samples 3-5) across a geomorphic gradient established by the Cerro
Azul surface. (a) 3D view of Cerro Azul surface and associated main features on slope map derived from 10-m
DEM (Insituto Geografico Nacional Costa Rica, 2019), with locations and catchments of Samples 3-5 draped
on top. Vertical exaggeration 1.5 x. (b) Field photos of geomorphic characteristics on top of the Cerro Azul
that are representative of conditions in the catchment for Sample 5, with subdued topography, meters-thick
soils, and local bedrock streams. (c) Observations of geomorphic characteristics representative of catchments
for Samples 3 and 4, where the Cerro Azul surfaces’ steep topographic scarps and transiently adjusting bedrock
streams produce a more dominant kinetically-limited signal. Left panel: Google Earth imagery, Right panel:

field photo.
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Figure 4. Calibration of global models for predicting stream discharge. (a) 1:1 plot with calibration curve
constructed by weighted linear regression between numerically-modeled stream discharge (Q; Table 2; Eq. 1)
(Syvitski et al., 2003) and gauged mean annual stream discharge for 5 watersheds from Costa Rica’s North
Pacific climate zone (Qg; Table S2) (National Climatic Data Center, NESDIS, NOAA, U.S. Department of
Commerce, 2018). Solid blue line: best-fit between data (R? = 0.93; Eq. 7; Sec. 4.3.); shaded blue region:
uncertainty of fitted slope; error bars on points: + 1c. (b) 1:1 plot between model-predicted stream discharge
(Q; Table 2; Eq. 1) and TRMM-based (Bookhagen & Burbank, 2010) estimates of mean annual stream
discharge for sampled Nicoya catchments and gauged North Pacific watersheds (R> = 0.97; Qy; Tables 2 & S2;
Eq. 2). Error bars: maximum uncertainty (£ 10%) of mean annual rainfall (mm/yr) from TRMM data.
(Bookhagen & Burbank, 2010). (¢) Zoomed-in view of sampled catchments from (b).
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Figure 5. Variations of solute concentrations and hydrological conditions. (a) Concentration-discharge plot of
TRMM-based (Bookhagen & Burbank, 2010) mean January stream discharge and January 2022 TDS
concentrations from sampled catchments (Table 1). Solid blue line: mean concentration of TDS across sampled
catchments (3 catchments with zero rainfall in January excluded from plot). Horizontal black arrows
demonstrate 27-fold variation in January 2022 discharge across sampled catchments. Vertical arrows
demonstrate variation by factor of 1.3 in TDS concentrations; dashed horizontal lines tie arrows to respective
minimum and maximum TDS concentrations. (b) Mean monthly rainfall on the Nicoya Peninsula, separated
into months of the dry (Dec-Apr) and wet (May-Nov) seasons denoted by dashed golden and teal lines,
respectively. Solid golden and teal lines indicate mean monthly rainfall during dry and wet seasons,
respectively. Vertical black arrows show 11-fold variation between mean monthly rainfall of dry and wet
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Figure 6. End-member mixing plots of Na-normalized molar ratios of data from this study (a) Ca/Na versus
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plotted with end-member Na-normalized molar ratios for evaporites, carbonates, silicates, and basalt
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Figure 7. Relationships between silicate weathering rates, total denudation rates, and geomorphic conditions of
catchments. (a) Total denudation rates (chemical + physical) versus silicate cation denudation rates of
catchments from this study in the context of a global dataset (West et al., 2005). Yellow star: average of
catchments from this study; solid blue line: supply-limited boundary; error bars on points: + 1. (b) Percentage
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limited regime (Figs. 3a & c).
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Table 1: Major chemical composition and Sr isotopic data of sampled catchments on the Nicoya Peninsula.
*MT=Manzanillo Terrane; "’KEos= Cretaceous to lower Eocene overlap sequence; “nd=not determined;
dT=water temperature; “TDS=total dissolved solids; INICB=Normalized Inorganic Charge Balance of ionic
species (Sec. 4.1.).
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Table 2: Stream discharge and sediment flux data for sampled catchments.
3Q=modeled stream discharge (Syvitski et al., 2003) (Sec. 3.4.; Eq. 1); "P=Mean annual rainfall from TRMM
data (Bookhagen & Burbank, 2010) (Sec. 3.4.; Fig. 1g); “Q=TRMM-derived stream discharge (Sec. 3.4.; Eq.
2); YQ.=Model-calibrated stream discharge (Sec. 4.3.; Eq. 7); *T¢=Catchment-averaged mean annual
temperatures (Sec. 3.5.; Eq. 5); {Qew=Modeled sediment flux (Syvitski et al., 2003) (Sec. 3.5.; Eq. 3);
2Cys=Sediment concentration (Sec. 3.5.; Eq. 6); "Q«=Model-calibrated sediment flux (Sec. 4.4.; Eq. 8).
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Sample TDR* SCDR® Bif]iib("l‘(‘)ﬂte % Cerro Azul | Mean relief
(t/km*/yr) (t/km*/yr) mol/km?/yr) surface (m)
1 4602 + 85 98+ 6 0.96 8 262
2 5154 £153 110+ 7 1.1 14 311
3 4931 + 162 82+5 0.80 36 414
4 4761 £212 78+ 6 0.75 49 430
5 1872 £ 943 24 £12 0.23 100 312
6 4242 £ 67 93+6 091 14 370
7 4604 + 50 118+ 7 1.2 24 359
8 5410 + 429 87+9 0.85 48 460
9 4312 + 870 67+ 14 0.65 1 485
10 5727 £203 105+7 1.0 29 532
1806 5009 + 84 86+5 0.84 0 322
1813 4057 £ 69 755 0.73 31 411
Mean and std 4557 £ 975 85+24 0.93+0.17 N/A N/A

Table 3: Total denudation, weathering fluxes, and geomorphic characteristics of sampled catchments.

*TDR=total denudation rate + 15 (Sec. 5.1.2.; Eq. 17); "SCDR=silicate cation denudation rate + 1o (Sec. 5.1.2.;

Eq. 14).
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9. APPENDIX

EIeva1ti8%r6 (m) ] Sample catchments
: 5 1 North Pacific catchments

Figure S1: Map of sampled catchments on Nicoya and additional catchments from Costa Rica’s North Pacific
climate zone. Model estimates of stream discharge in North Pacific catchments (Syvitski et al., 2003) were
compared against gauged measurements of stream discharge (National Climatic Data Center, NESDIS, NOAA,
U.S. Department of Commerce, 2018) to produce the calibration curve (Eq. 7) for correction of modeled
discharge in sampled catchments (Secs. 3.4. & 4.3., Fig. 4a).
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Figure S2: Short-term erosion rates from sediment yields plotted along-strike the MAT, demonstrating a
general increase to the southeast, consistent with the spatial pattern and magnitude (0.15-1.5 mm/yr) of average

uplift rates recorded by Pleistocene to Holocene marine terraces (Fig. 1e) (LaFromboise, 2012). Error bars
indicate + 20% of predicted values (Syvitski et al., 2003).
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Figure S3: Relationships between (a) Ca/Mg and Ca/Sr, (b) calibrated stream discharge and Ca/Mg, and (c)
calibrated stream discharge and Ca/Sr to assess potential contributions from secondary carbonate precipitation
and dissolution in sampled catchments. No strongly positive correlations occur which indicates no significant

inputs into riverine dissolved loads from secondary carbonates (Li et al., 2023).
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Stream discharge (Q) (Sec. 3.4.; Eq. 1)

Model discharge regression coefficients for northern tropics (0-30° N) (Syvitski et al., 2003)

(03]

(05)

0.53

0.70

Lapse rates (L(x)) (Sec. 3.5.; Eq. 4)

Regression coefficients for lapse rate calculations (Syvitski et al., 2003)

ao

aj

a

a3z a4

2.609

0.03

5.464

0.1252 33.77

Sediment flux (Qsx) (Sec. 3.5.; Eq. 3)

Model sediment flux regression coefficients for northern tropics (0-30° N) (Syvitski et al., 2003)

o3

o4

a5

k

0.31

0.40

0.66

-0.1

Table S1: Model parameters for stream discharge, lapse rates, and sediment flux calculations.
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River Area (km?) Q?* (m®%/s) P" (mm/yr) Q¢ (m?/s) Q. ¢ (m%/s)
Rio Tempisque 955 64.6 1715 51.9 18.6
Rio Colorado 128 15.8 1544 6.3 3.7
Rio Tenorio 288 27.9 1628 14.9 8.6
Rio Cafias 129 15.9 2531 10.3 3.9
Rio Lagarto 104 13.7 1754 5.8 4.3

Table S2: Stream discharge data for North Pacific watersheds.
3Q=modeled stream discharge (Syvitski et al., 2003) (Sec. 3.4.; Eq. 1); "PP=Mean annual rainfall from
TRMM data (Bookhagen & Burbank, 2010) (Sec. 3.4.); “Qt=TRMM-derived stream discharge (Sec. 3.4.; Eq.
2); 9Q,=Gauged measurements of stream discharge (National Climatic Data Center, NESDIS, NOAA, U.S.
Department of Commerce, 2018).
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Atmospheric ratios (Byrne et al., 2024; Johnson, 2024)

Ca/Na Mg/Na K/Na Si/Na HCO3/Na Na/Cl SOs/Na

0.0218 0.113 0.0227 0.029 0.005 0.8621 0.125

Silicate end-member mixing ratios (Gaillardet et al., 1999)

Ca/Nasi Mg/Nai HCOs/Nasit

0.35+0.15 0.24+£0.12 2+1

Table S3: Atmospheric and silicate end-member mixing ratios used in forward model (Sec. 5.1.1.)
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Table S4: Atmospheric, silicate and carbonate concentrations of water samples (Sec. 5.1.1).
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