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rates of change provides an important context for understanding the effects of human activity on erosion

(Reusser et al., 2015; Nearing et al., 2017), and for other common applications of cosmogenic nuclides

at the basin-scale, such as quantifying the effect of tectonics (Scherler et al., 2014), climate (Marshall et

al., 2017). and baselevel change (Reinhardt et al., 2007) on rates of landscape change over time.

10Be-derived rates of landscape change at a drainage-basin scale are often implicitly assumed to «

reflect both physical and chemical mass loss, the sum of which is termed denudation (Regard et al.

2016). However, this assumption is only valid if all mass loss from the landscape occurs within the

uppermost meter or two of Earth’s surface, the penetration depth of the cosmic-ray neutrons responsible

for producing most cosmogenic nuclides via spallation reactions (Bierman and Steig, 1996). Deeper

mass loss by rock dissolution remains largely undetected by cosmogenic nuclide analysis. Failure to

account for rock dissolution at depth and the export of mass as dissolved load below the spallation-

dominated nuclide production zone (~2 m) may bias cosmogenic nuclide-derived estimates of
denudation (Small et al., 1999:; Riebe et al., 2001a; Dixon et al., 2009a) on the low side. Incorrectly

determined erosion rates can derail attempts to understand landscape evolution, soil production, and

climate interaction with surface processes (Riebe et al., 2003).,

Rock dissolution at depth is a major process jn areas with significant groundwater-rock
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deep rock dissolution is ubiquitous. Only a few studies focused in the tropics compare nuclide-derived

rates to measurements of dissolved load flux in streams (e.g. Salgado et al., 2006; Hinderer et al., 2013

Regard et al., 2016). As the use of cosmogenic nuclides to measure yates_of landscape change in the
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tropics expands (e.g. Cherem et al., 2012; Barreto et al., 2013; Derrieux et al., 2014; Mandal et al.,
2015; Sosa Gonzalez et al., 2016a; Jonell et al., 2017), considering the potential influence of rock

dissolution at depths below the production of most.cosmogenic nuclides becomes, more important. ,
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the relationships between cosmogenic nuclide concentrations, dissolved load fluxes, and landscape-

scale parameters at a basin scale in a humid tropical location where mass is being lost from the

landscape by multiple, different processes from a variety of rock types. We, characterize the rates and

processes by which the Cuban landscape is changing, and place these data in a global context. Our

findings illustrate the importance of considering rock dissolution when using cosmogenic nuclides to
assess rates of landscape change in areas with the potential for significant mass loss by solution at
depth, and provide a geologic baseline for assessing the impact of human actions on the Cuban

landscape.
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2.1 Quantifying basin mass loss, with cosmogenic nuclides: approaches and limitations
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towards base level, whereas rock dissolution moves mass in solution from the landscape to rivers, and Ometed: by
then to the ocean. Measurement of cosmogenic nuclides in river sediment can be used to infer the
spatially averaged erosion,rate of a drainage basin (Brown et al., 1995; Granger et al., 1996; Bierman (Deleted: sediment generation )

and Steig, 1996)., In a basin that is steadily eroding, the concentration of cosmogenic nuclides in a

sediment sample reflects the rate at which overlying mass at and near the surface was removed as the

material was exhumed, through both physical mass loss and rock dissolution (Lal, 1991), Cosmogenic
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erosion rates are equivalent to denudation rates if, and only if, rock dissolution only occurs within a

meter or two of the surface—the depth of penetration for neutrons which produce most cosmogenic

nuclides. If rock dissolution occurs below the neutron penetration depth, erosion rates calculated from

measured nuclide concentrations will underestimate denudation.

Measuring multiple cosmogenic nuclides with different half lives in the same sample can

provide more information on the near-surface history of surface materials, such as soil mixing depth and

residence time (Lal and Chen, 2005), as well as sediment storage within the watershed (Granger and

Muzikar, 2001). The production ratio of 2°Al/!°Be at the surface at mid- and low-latitudes is constrained
by measurements and nuclear physics (Nishiizumi et al., 1989; Balco et al., 2008). If sediment that has

accumulated cosmogenic nuclides is buried such that production is diminished over > 10° y, the

production ratio decreases because 2°Al decays more rapidly than '°Be. Vertical soil mixing

intermittently buries sediment grains, suppressing the 20A1/!°Be ratio in sediment shed from the

landscape surface (Makhubela et al., 2019).

Paired cosmogenic isotope concentrations are visualized using a two-isotope diagram; the y-axis +-

is the 2°A1/'°Be ratio and the x-axis is the concentration of '°Be with normalization based on the

production rate of nuclides at the sample site (Klein et al., 1986; Granger, 2006). Sediment samples that

have experienced constant exposure with no erosion, or constant exposure under steady-state erosion

will plot within an enclosed region along the top of the diagram; samples that have experienced more

complex exposure histories, including burial during or after cosmic-ray exposure, will plot below this
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region. Such complex histories could include development of a vertically mixed surface layer (Bierman,

1999: Lal and Chen, 2005) as well as extended burial during transport down slopes and in and along

rivers,

Using measurements of cosmogenic nuclides to determine basin-averaged denudation rates

requires the assumptions that mass loss from, the basin is in steady-state, that the mineral used for

cosmogenic nuclide measurements is uniformly distributed throughout the watershed, and that
denudation occurs within the penetration depth of most cosmic rays, the upper several meters of Earth’s

surface (Bierman and Steig, 1996), The grain size fraction selected for cosmogenic nuclide analysis

must also be representative of the grain size distribution of sediment being produced on slopes (Lukens

et al., 2016)_although in many landscapes cosmogenic nuclide concentrations do not vary by sediment

grainsize

Erosion, rates calculated from cosmogenic nuclides can be inaccurate jf these assumptions are

violated. Rock dissolution can leave sediment enriched in resistant mineral phases, such as zircon,
titanite, and quartz—the mineral in which 2°Al and '°Be are most commonly measured (Riebe and

Granger, 2013), Such enrichment produces underestimates of long-term denudation rates unless

accounted for, because the enriched mineral will have a longer residence time relative to the

surrounding regolith (Riebe et al., 2001a; Ferrier and Kirchner, 2008), Calculations of denudation rates
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from cosmogenic nuclide concentrations also rely on the assumption that mass loss is occurring
primarily through surface lowering; however, some rock dissolution and, thus, some transfer of mass
from rock to groundwater solutions occurs below the depth of most cosmogenic nuclide production
(Fig. 1;Small et al., 1999; Dixon et al., 2009a; Riebe and Granger, 2013). In areas with significant rock

dissolution at depth, denudation rates inferred from cosmogenic nuclides underestimate denudation
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information or apply correction factors to cosmogenic nuclide-derived rates. In the tropics, some studies

compare,export rates from dissolved loads in streams to cosmogenically-derived erosion rates, but those

studies, have considered these two metrics of landscape change separately (Von Blackenburg et al.,

2004; Salgado et al., 2006; Hinderer et al., 2013). Other, studies use the measurement of insoluble

elements in bedrock, saprolite, and soil to quantify quartz enrichment through the weathering process
and calculate correction factors that account for the influence of rock dissolution at and near the surface

(Small et al., 1999; Riebe et al., 2001a), at depth (Dixon et al., 2009b), or both (Riebe and Granger.
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Of studies that do correct for the influence of chemical weathering when calculating cosmogenic

nuclide-derived rates of erosion, Riebe and Granger (2013)’s chemical erosion factor (CEF) method. or

earlier quartz enrichment factor method (Riebe et al., 2001a), are often used (Regard et al., 2016).

Calculating a CEF requires measurements of soil thickness and density, as well as determining the

concentration of the mineral used in cosmogenic nuclide measurements (commonly quartz) and an

insoluble element (commonly Zr) in numerous samples of soil, saprolite, and unweathered bedrock. The

method is underpinned by the assumption that chemical mass loss is occurring exclusively in well-

mixed regolith and deep saprolite (Riebe and Granger, 2013). Erosion rates calculated from cosmogenic

nuclide measurements can be multiplied by the CEF to correct for the effects of chemical mass loss

(Riebe and Granger, 2013). Chemical erosion factors reported in tropical environments include a CEF

of 1.79 in Puerto Rico (Riebe and Granger, 2013) and 3.2 in Cameroon (Regard et al., 2016)

demonstrating how significantly cosmogenic nuclide-derived estimates of erosion can underestimate

total denudation rates by not accounting for the effects of deep rock dissolution,,

3 Study area

Cuba is the largest Caribbean island (~110,000 km?) and is situated along the boundary between
the Caribbean and North American plates. Reflecting this complex tectonic setting, Cuban geology is

varied and includes silicate, carbonate, and evaporite rocks (Pardo, 2009), Lithologies, include marine

deposits, accreted volcanic terrains, passive-margin sediments, and obducted ophiolite, all
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unconformably overlain by slightly-deformed autochthonous coarse clastic sediment,and limestone
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The Cuban landscape features a mountainous spine (600-1970 m) descending into low relief =~ <
coastal plains, except along portions of the south coast where mountains meet the sea. This drainage
divide parallels Cuba’s east-west orientation, creating rivers that travel relatively short distances from

headwaters to base level (Galford et al., 2018),Cuba’s climate is tropical wet and dry, with a mean
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annual temperature of 24.5 °C and average annual precipitation of 1335 mm_y"!. The climate is highly

seasonal;,~80% of this precipitation is delivered during the wet season from May-October (Llacer,
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Centuries of agriculture have heavily altered the Cuban landscape (Whitbeck, 1922), Prior
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knowledge of mass loss at the basin scale is limited to measurements of suspended sediment discharge

for short periods between 1964 and 1983 for 32 Cuban rivers (Pérez Zorrilla and Ya Karasik, 1989), and
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central Cuba, underlying basin rock type is the primary control on surface water geochemistry

(Betancourt et al., 2012), a finding supported by geochemical analyses of river waters from the same
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4.1 Field methods

We collected detrital sediment (n = 26) from the beds of active river channels in central Cuba.

representing a variety of basin sizes, average slopes, and lithologies (Fig. 2; Supplement T1-2). Channel

morphologies varied, but most streams were incised, and many had exposed bedrock (see Bierman et al. ;

(2020) for photos/descriptions of select field sites). At each site we collected samples for water

p 9-15 years (Pérez Zorrilla and Ya Karasik, 1989). We
extracted drainage basins and then calculated basin slopes and
effective elevations (Portenga and Bierman, 2011) using the ASTER
Global Digital Elevation Model (Lpdaac), determined underlying
basin rock types from the USGS Caribbean layer (French and
Schenk, 2004)

WorldClim dataset (Hijmans et al., 2005) to estimate basin-specific
mean annual precipitation (MAP).
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beds of active river channels in central Cuba, representing a variety
of basin sizes, average slopes, and lithologies (Fig. 2; Supplement
T1-2). Channel morphologies varied, but most streams were incised,
and many had exposed bedrock (see
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chemistry analysis and measured channel parameters, including width, depth, and discharge at time of
sampling.

4.2 Lab methods
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We prepared samples for cosmogenic analysis and extracted beryllium and aluminum following
the methodology of Corbett et al. (2016). We sieved bulk sediment samples in the lab and used the 250-
850 um grain size fraction for all samples, except for CU-120, which also includes finer material (63-

250 um) due to low quartz content. Sediment samples were chemically etched to purify quartz and

remove meteoric '’Be (Kohl and Nishiizumi, 1992), Twenty-four,samples yielded sufficient quartz for

analysis. We measured quartz yields for all but one sample (CU-120), by recording the mass of sediment

before and after dilute acid etching (Supporting Fig. 1).

We extracted *°Al and °Be at the National Science Foundation/ University of Vermont

Deleted: Sediment samples were chemically etched to purify
quartz and remove meteoric '°Be (Kohl and Nishiizumi, 1992)
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Community Cosmogenic Facility, using ~5-43, g of quartz per sample (mean = 24 g). We added ~250

ug of Be to each sample using two different in-house made carriers (Supplement T5); the first batch
used a low-ratio carrier made from beryl, while subsequent batches used a dilution of low-ratio
commercial SPEX carrier. We added Al to samples with insufficient total Al using a commercial SPEX
ICP standard in order to reach a total Al mass of ~1500 pg (Supplement T6). Samples were processed in
batches of 12, each of which included at least one blank, and two batches included one quality control

standard each (Corbett et al., 2019),
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Accelerator Mass Spectrometry, (AMS) at the Purdue Rare Isotope Measurement Laboratory (PRIME).

19Be ratios were normalized against standard 07KNSTD3110 with an assumed ratio of 2850 x 107!

(Nishiizumi et al., 2007) and 2°A1/>’ Al measurements were normalized against standard KNSTD with an

assumed ratio of 1818 x 107!% (Nishiizumi, 2004), Full laboratory, replicate sample preparations and
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We extracted drainage basins and then calculated basin slopes and effective elevations (Portenga
and Bierman, 2011) using the ASTER Global Digital Elevation Model (Lp Daac), determined
es from the USGS Caribbean layer (French and Schenk, 2004), and utilized

precipitation data from the WorldClim dataset (Hijmans et al., 2005) to estimate basin-specific mean
annual precipitation (MAP).

645 underlying basin rock t

We calculated erosion rates using version 3 of the online erosion rate calculator originally -,

described by Balco et al. (2008) and subsequently updated (wrapper: 3.0, erates: 3.0, muons: 3.1

550 validate: validate v2_input.m - 3.0 consts: 2020-08-26) using the effective elevation (Portenga and
Bierman, 2011) calculated for the basin upstream of the sample collection point, a sample thickness of 0

cm, a rock density of 2.6 g cm™, and assuming no topographic shielding across this low-relief

landscape. We report erosion rates using the Stone/Lal production scaling scheme.

For samples with the highest '°Be concentrations (n=4), we also measured the concentration of

555 cosmogenic 2'Ne in quartz to further characterize exposure history (Supplement T10). Neon isotope

measurements were made at the Berkeley Geochronology Center on aliquots of the same purified quartz

samples used for 2°A1/°Be analysis. They were done by vacuum degassing and noble gas mass

spectrometry using the method described in Balter-Kennedy et al. (2020) and Balco and Shuster (2009),,

We used measurements of dissolved loads in stream water (Bierman et al., 2020) and modelled

560 annual flows from GLOH20 (Beck et al., 2015; Beck et al., 2017) to calculate rock dissolution rates for

the 25 basins where we were able to collect water samples. To account for the wide range of lithologies

in our upstream watersheds, including some with evaporites, we modified the approach used by
Erlanger et al. (2021
published data on dissolved loads in Cuban rainfall (Préndez et al., 2014). We then determined

Supporting Fig. 2). We removed ions deposited as atmospheric inputs based on

565 evaporite weathering rates by balancing Na with Cl and Ca with SO4. The remaining Na was used to

determine the silicate contribution of Mg and Ca by using an assumed ratio of Na/Mg of 0.25 and

10
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Na/Ca of 0.35 (Erlanger et al., 2021). Silicate weathering rates were calculated as the total of SiO» and

HPOs, assumed to result from silicate weathering. Finally, we balanced the remaining Mg and Ca with

bicarbonate to determine carbonate weathering rates.

Considering a variety of landscape-scale metrics, we explored the relationship between '“Be-

derived erosion rates and calculated rock dissolution (total and silicate, carbonate, and evaporite) rates

using linear correlations and their associated p-values. All reported means of sample populations are

arithmetic,
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Quartz sand, isolated from central Cuban river sediment, has high concentrations of cosmogenic
nuclides (0.41 to 12.6 x 10° atoms g"' '°Be and 0.27 to 5.9 x 10° atoms g'' 2A1). 2°A1/'°Be ratios (Fig. 4

Table 1) vary considerably, ranging from 3.65-8.36 (mean = 5.72+1.14, median = 5.83). Sixteen of 24

samples plot below the window defined by continuous exposure and steady erosion on the two-isotope

diagram (Fig. 5). Because these 2°Al/'°Be data indicate significant burial of quartz during and/or after

exposure, many central Cuban drainage basins do not meet the assumption of insignificant nuclide

decay inherent in calculations of erosion rates from cosmogenic nuclide concentrations in detrital

sediment (Bierman and Steig, 1996). To minimize the impact of violating this assumption, we compare

erosion rates based only on the longer-lived nuclide, '°Be. with landscape scale metrics and dissolved

loads. The '“Be rates. because they cannot properly account for loss of nuclides during burial for

samples with depressed 2°Al/!°Be ratios, are overestimates of the true rate of erosion.

Erosion rates (Supplement T8), calculated from measured concentrations of !°Be (Supplement
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in central Cuba are weakly and positively correlated with mean annual precipitation and slope (Fig. 6).

Quartz yields for the samples we analyzed, varied widely (0.5%-60%. ynean = 20%, median = 17%) but
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were not significantly correlated (p<0.05) with any basin-scale variables or analytic results (Supplement
T1).

Rock dissolution rates (Fig. 3) range from 10-176 Mg km? y:' (mean = 92+39, median = 97) and+ (Deleted: 6.9).
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rates. Seven basins (CU-106, 119, 120, 121, 122, 131, and 132) stand out from the rest (Fig. 5) and are

clustered in the northwestern part of our field area. These basins have much lower than average '°Be-

derived erosion rates (3.4-14.5 Mg km2 y'!), low 2°A1/'%Be ratios (3.80-5.87). and rock dissolution rates

1.7- 29 times higher than the '“Be-derived rates of erosion. All but CU-131 are underlain primarily by

sedimentary rocks.
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be detectable at typical measurement uncertainties. The, neon isotope measurements are not inconsistent
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6 Discussion

In central Cuba, erosion rates inferred from the concentration of '’Be in river sand vary, by more

than those measured,in tectonically stable arid Namibia and Australia (White et

al., 1998; Von Blackenburg et al., 2004; Salgado et al., 2006; Regard et al., 2016). The highest '’Be-

landscapes including

inferred rate (189 Mg km y~'; 73 m My™!) exceeds those measured in temperate, humid, tectonically

stable areas such as the southern Appalachian Mountains (Portenga et al., 2019; Duxbury et al., 2015;

S ———

Linari et al.) and is similar to or less than rates measured on other Caribbean Islands including Puerto
Rico and Dominica (Quock et al., 2021; Brocard et al., 2015; Brown et al., 1995b).

Variability in '’Be concentration, and thus inferred rates of erosion, between central Cuban

drainage basins, many within just a few tens of kilometers of each other with similar basin slope

suggests significant landscape-scale controls on '’Be concentration and thus mass loss. Indeed, we find

that '°Be-determined erosion rates are positively correlated with slope (R*>=0.20, p=0.03), mean annual
precipitation (R?=0.22, p=0.02). and rates of silicate dissolution (R?=0.17, p=0.05) (Fig. 6, Table 2).

Erosion rates are lowest for basins underlain dominantly by sedimentary rocks and highest for basins
underlain by metamorphic rocks (Fig. 3). However, accurately quantifying rates of denudation (total

mass loss) from central Cuban landscapes is complicated by significant export of mass in solution and

near-surface quartz enrichment. In the sections that follow, we discuss the '’Be data in the context of
dissolved load export in river water and the landscape-scale insight on active processes provided by

dual-isotope measurements (*°Al and '°Be) made in riverine quartz.

6.1 Cosmogenic erosion rates underestimate landscape scale mass loss in Cuba

Our data show clearly that significant, landscape-scale mass loss is occurring by solution in

central Cuba. Rock dissolution rates exceed, some by more than an order of magnitude. corresponding
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generation rates and rock dissolution rates at the basin scale (Fig. 5).
Basins draining primarily sedimentary lithologies had the highest
rock dissolution rates and the lowest sediment generation rates; this
trend was reversed in basins draining primarily metamorphic
lithologies. The sediment generation rates of sedimentary rocks were
lower than the sediment generation rates of other rock types (p =
0.02). Quartz yields (0.5%-60%, mean = 20%, median = 27%) were
not correlated with any basi le variables (. 1 F1).
Sediment generation

)

correlated with mean annual precipitation and slope (Fig. 6).

Deleted: Rock dissolution rates and sediment generation rates are
not correlated (Fig. 7). The *A1/'°Be ratios of basins underlain by
sedimentary rocks are distinctly lower than the ratios observed in
basins underlain by metamorphic rocks (p=0.001).9

Several basins (CU-106, 120, 121, 122, and 132) have much lower
than average sediment generation rates (3.7-11 tons km™ year™), plot
near each other outside of the simple exposure region on the right of
the two-isotope diagram with low 2°Al/'*Be ratios (3.80-5.09), and
have rock dissolution rates 9-32X higher than the sediment
generation rates. The rock dissolution rates in two additional basins
(CU-016 and 131) are 3.6-6X higher than their respective sediment
generation rates; all also plot on the right side of the two-isotope
diagram, and CU-016 falls far below the simple exposure region,
with a Al/'°Be ratio of 2.89 (Fig. 4).9
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9Be-derived mass loss rates in central Cuba, demonstrating that the cosmogenic nuclide measurements

are an incomplete assessment of total mass loss from the landscape. Rock dissolution rates are greater

than cosmogenic erosion rates for 18 of the 23 basins we analyzed and the median rock dissolution rate

in Cuba is 2.15 times higher than median cosmogenic nuclide-derived rate (Table 1, Fig. 7). Rock

dissolution rates that significantly exceed corresponding '"Be-inferred rates have also been reported

from Uganda (Hinderer et al., 2013) and Cameroon (Regard et al., 2016), where they were attributed to

the influence of easily weathered volcanic tephra and deep weathering associated with thick regolith.

respectively. Most other studies that compare rock dissolution rates and '°Be-derived erosion rates in

the tropics documented rock dissolution rates within the range of cosmogenic nuclide-derived rates
(Von Blackenburg et al., 2004; Salgado et al., 2006; Cherem et al., 2012; Sosa Gonzalez et al., 2016b;
Quock et al., 2021). Cuba is different.

The discordance between high rock dissolution rates and low '°Be-derived erosion rates in

central Cuba suggests that significant rock weathering is occurring below the depth of most cosmogenic

nuclide production (Bierman and Steig, 1996 Fig. 1). The discordance, along with high rates of

carbonate and evaporite dissolution in some basins, suggests that many lithologies in our field area are

highly susceptible to dissolution. Bierman et al. (2020) attribute high rock dissolution rates and the

relationship between stream water chemistry and bedrock type in central Cuba to extensive rock-

groundwater interaction along subsurface flow paths, controlled by ongoing bedrock uplift and

associated rock fracturing. The prevalence of rock dissolution at depth in Cuba is consistent with
findings from other humid, tropical landscapes, including Puerto Rico (White et al., 1998; Kurtz et al.,
2011; Chapela Lara et al., 2017; Moore et al., 2019), Guadeloupe, Martinique, Dominica (Rad et al.,
2007), and Hawaii (Schopka and Derry, 2012).

We observed no correlation between '°Be-derived erosion and rock dissolution rates in central

Cuba (Fig. 7), in contrast to other studies in the tropics that have observed generally positive

correlations (Salgado et al., 2006; Cherem et al., 2012; Sosa Gonzalez et al., 2016b) The lack of

correlation suggests that mass loss below several meters, the depth at which most cosmogenic nuclides

are produced, is an important component of denudation in Cuba. Discordance between high rock

dissolution rates and low '’Be-derived erosion rates observed in Cuba occurs in basins with different
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underlying lithologies (Fig. 6). Such widespread discordance suggests deep chemical weathering is

occurring throughout central Cuba.

Carbonate weathering dominates river water geochemistry in central Cuba. Our analysis of

Cuban water composition suggests that the rate of carbonate dissolution varies widely and in most

basins we sampled, exceeds by several-fold the rate of silicate dissolution (Fig. 4). Silicate dissolution

rates are low (<25 Mg km2 y”!

to reflect the presence of evaporite minerals are also generally low (<35 Mg km™ y'"), except in four
basins dominated by sedimentary rocks (CU-120, 121, 122, 132). Water geochemistry data from four of

these basins suggest the presence of significant evaporite deposits due to high concentrations of Cl, SO4,

and similar between all lithologies. Export yates of elements calculated

Br., and Na (Bierman et al., 2020). Together these data imply that lithologies underlying the basins we

sampled are not uniform and that silicate rocks do not account for most of the dissolved mass loss in at

least some, and likely many, of the basins we sampled.

Together, underlying lithology and topography are important controlling factors in how and how

rapidly the Cuban landscapes we studied are losing mass by both physical and chemical weathering.

Lowland basins, primarily underlain by sedimentary rocks, on average have low rates of |°Be-inferred

mass loss and high rates of dissolution. Six basins underlain by sedimentary lithologies (CU-106. -119,

=120, -121, -122. and -132) have the highest '°Be concentrations and lowest erosion rates indicating

longer total exposure durations for the quartz we analyzed. All are low slope (0.5 to 1.6 degrees). These

six basins also demonstrate the greatest disparity between high rock dissolution rates and low '°Be-

derived erosion rates (5.7-29X). One basin underlain by igneous rocks (CU-131) has similarly low slope

(0.6 degrees) and high '’Be concentration but a much lower ratio of dissolution to erosion rates (1.7)

likely reflecting the paucity of readily soluble minerals. As a result, '°Be-derived erosion rates are

weakly and positively correlated with average basin slope (R = 0.20, p=0.03). but rock dissolution rates

are not correlated (RZ = 0.04, p=0.36) with slope.
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.| dissolution progresses faster than weathering products are removed
i| from the landscape, a process favored in low relief settings (Ollier,
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Underlying basin rock type and topography are important controlling
factors in how and how rapidly the Cuban landscapes we studied are
denuding. Correlations between rock dissolution and sediment
generation rates with basin slope and elevation are influenced by the
distribution of lithologies in our study area, as low-relief, soluble
sedimentary rocks are concentrated at low elevations, and steeper,
less soluble metamorphic rocks are concentrated at higher
elevations. Whereas sediment generation rates are weakly and
positively correlated with average basin slope (p=0.10, R> = 0.13),
rock dissolution rates are strongly negatively correlated (p=0.01, R?
=0.27) with slope. Rock dissolution rates are also negatively
correlated (p=0.01, R? = 0.24) with average elevation. Rock type
plays a key role in determining rock dissolution rates as well. Rock
dissolution rates are highest in the low elevation, low slope basins
underlain primarily by sedimentary rocks, and lowest in the steeper,
high elevation metamorphic basins—the opposite trend observed in
sediment generation rates. These trends emphasize the importance of
low-relief topography and the availability of soluble rocks in driving
the rate of rock dissolution in Cuba. ¢

‘While most other studies that compare rock dissolution rates and
sediment generation rates in the tropics documented rock dissolution
rates within the range of cosmogenic nuclide-derived rates (Von
Blackenburg et al., 2004; Salgado et al., 2006; Cherem et al., 2012;
Sosa Gonzalez et al., 2016b), the mean rock dissolution rate in Cuba
is 6X higher than corresponding cosmogenic nuclide-derived rates.
Rock dissolution rates that significantly exceed corresponding '*Be-
inferred rates have been observed in Uganda (Hinderer et al., 2013)
and Cameroon (Regard et al., 2016), where they were attributed to
the influence of easily weathered volcanic tephras and deep
weathering associated with thick regolith, respectively. As the
discordance between high rock dissolution rates and low sediment
generation rates observed in Cuba occurs in basins with different
underlying lithologies, the disagreement between these rates
suggests deep chemical weathering is occurring throughout central
Cuba regardless of lithology.

The contrast between high rock dissolution rates and low sediment
generation rates suggests that significant rock weathering is
occurring below the depth of most cosmogenic nuclide production
(Bierman and Steig, 1996; Fig. 1). Bierman et al. (2020) attribute
high rock dissolution rates and the relationship between stream
water chemistry and bedrock type in Cuba to extensive rock-
groundwater interaction along subsurface flow paths, controlled by
ongoing bedrock uplift and associated rock fracturing. The strong
negative correlation between chemical denudation rates and average
basin slope also supports the importance of deep weathering in
landscape denudation, since such weathering occurs when rock
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Figure 1: Conceptual diagram showing cosmogenic nuclide production and concentration in a column
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of soil, saprolite, and rock. The dashed line shows decreasing production of cosmogenic nuclides with
depth; solid line shows nuclide concentration with depth, and the white arrow represents mass loss by

solution below the depth of significant cosmogenic nuclide production.
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Figure 2: Maps showing underlying basin geology (panel A; French and Schenk, 2004), elevations
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anel B; Lp Daac), and location of study area within the island of Cuba (panel C). Legend for panel A

75 includes the category of the rock units in terms of sedimentary (S), igneous (I), and metamorphic (M).
Note that the two marine units in A are separated because they have different chemical load signatures. . Deleted: : Maps showing underlying basin geology (panel A;
B French and Schenk, 2004), elevations (panel B; LPDAAC), and
location of study sites within the island of Cuba (panel C).
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Figure 3: Maps showing rates of landscape change and isotopic data for cach study watershed. AB.

Rock dissolution rates. C.D. '’Be-derived erosion rates, In both maps, darker colors in the basins
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erosion rates, are systematically lower than predicted by steady erosion without vertical mixing. Panel B *

shows that this inconsistency can, at least in part, be explained by the presence of a mixed layer of at
least 160 cm, Circles show expected steady-state nuclide concentrations in a fully mixed surface layer
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which highlights that sediment derived from a deep mixed layer has lower nuclide concentrations and
lower 2°Al/!%Be ratios than would be expected if the mixed layer were absent. Sample ID as in panel A.
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Figure 6; Relationship between measured '’Be-derived erosion rates, chemical denudation rates, and the
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TABLE 1. Summary of Central Cuban Drainage Basin Data

Sample Lithology | Latitude __Longitude | Slope rea MAP | 10Befrosionrate  +-  26AlErosionrate | +-  26A/10Be | +/- TotalDisol  diss/10Be erosion maxrate
N W ) (km?) (mmyr) (Mg km? y) (Mg km? y) (Mg km y (108e+ diss)

CU-014 Igneous 22.0662 -79.7962 3.2 730 1456 163.0 14.6 161.0 21.2 715 0.64 712 044 2342
CU-015 Igneous 22.1485 -79.4231 1.5 458 1362 64.5 5.7 7.4 8.3 632 038 1377 213 2022
CU-016 Igneous 22.2090 -79.0172 3.0 177 1491 31.2 27 61.6 71 3.69 0.19 824 2.64 1136
CU-101 Metamorphic 22.0526 -80.2922 9.7 81 1254 67.7 5.6 73.0 8.2 6.46 027 905 134 158.2
CU-102 Sedimentary 22.3011 -80.5004 1.0 19 1327 30.3 3.0 32.2 5.3 641 084 396 131 69.9
CU-104 Sedimentary ND ND ND ND ND ND 589 ND ND
CU-106 Sedimentary 22.7068 -80.3667 0.5 133 1272 4.8 0.5 9.0 12 3.80 0.15 274 5.65 322
CU-107  Undetermined  22.5354 -79.8796 1.1 37 1250 223 21 29.2 4.6 530 0.60 757 339 98.0
CU-108 Igneous 22.3924 -79.6691 2.0 66 1370 76.5 7.7 79.0 18.5 6.74 144 1117 146 1882
CU-109 Igneous 22.3570 -79.7612 23 68 1373 96.1 9.3 98.5 12.9 6.81 0.64 155.0 161 2511
CU-110 Metamorphic 21.9187 -80.2659 10.5 76 1029 46.6 4.0 57.5 6.5 5.66 026 1196 257 166.2
Cu-111 Metamorphic 22.0895 -79.9169 8.2 17 1489 189.0 17.7 193.0 234 691 0.54 108.7 058 2977
CU-112 Metamorphic 21.8326 -80.1503 9.4 7 1059 42.0 3.7 46.4 5.3 6.26 031 ND ND 7 wvALUEl
CU-113 Metamorphic 21.8376 -80.1045 "7 56 1059 43.3 3.6 48.3 5.4 6.23 024 104.9 242 1482
CuU-114 Metamorphic 22.1056 -80.2253 8.9 32 1395 68.3 5.8 67.9 79 6.99 038 845 124 1528
CU-115 Metamorphic 22.1106 -80.1291 10.9 333 1328 106.0 9.4 86.5 9.9 842 0.50 96.8 091 202.8
CU-116 Metamorphic 22.0277 -79.9889 9.9 40 1440 72.4 6.0 76.6 9.2 659 039 1146 158 187.0
CU-117 Metamorphic 22.0494 -79.8431 6.5 40 1489 145.0 14.1 178.0 24.8 5.80 0.62 1024 071 2474
CU-118 Igneous 22.3751 -79.8175 4.6 42 1428 94.3 8.8 139.0 28.9 489 0.90 615 065 155.8
CU-119 Sedimentary 22.5668 -80.2220 1.6 707 1361 14.5 1.2 16.6 20 5.87 027 979 6.75 1124
CU-120 Sedimentary 22.4431 -80.4809 0.7 54 1313 9.8 0.9 14.7 18 463 0.18 142.7 1458 1525
CuU-121 Sedimentary 22.4442 -80.4448 0.6 49 1300 6.5 0.6 10.1 13 442 0.15 108.7 16.69 1152
Cu-122 Sedimentary 22.5047 -80.2907 0.5 2 1285 6.0 4.9 7.9 1.0 5.06 358 175.7 29.08 1817
CU-124 Sedimentary ND ND ND ND ND ND 57.8 ND ND
Cu-131 Igneous 22.3547 -80.5088 0.6 172 1326 5.9 0.5 9.0 12 448 0.19 100 1.70 158
CU-132 22.4918 -80.2963 0.5 23 1329 3.4 3.0 4.8 0.7 4.65 329 754 2212 788

ND = no data
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TABLE 2B. P-values for Linear Regressions

Ratio of
rock
dissolution
10Be- to 10Be-
derived derived  26A1/10Be

erosion erosion ratio Quartzyield
0.583 0.0%0 0.260 0.147
0.006 0.001 0.977

0.028 0.034

0.443

p<0.01

p<0.05

p<0.1

Carbonate
dissolution
rate

0.002

0.054

0.039

0.002

0.563

Silicate Evaporite
dissolution dissolution
rate rate
0.124 0.000
0.047 0.143
0.941 0.000
0.530 0.184
0.629 0.141
0.456 0.291

0.848

Sum of rock

dissolution
and 10Be-
derived

erosion rate

0.001

0.315

0.001

0.442

0.001

0.025

0.605

Mean basin  Total basin  precipitatio Agricultural Mean basin

slope

0.363

0.029

0.540

0.076

0.037

Mean annual %
area n land

0.816 0.753 0.184
0.397 0.020 0.113
0.369 0.421 0.467
0.222 0.818 0.017
0.393 0.581 0.002
0.941 0.626 0.006
0.279 0.007 0.248
0.653 0.754 0.636
0.683 0.120 0.056
0.596 0.501 0.000
0.265 0.936

0.679

elevation

0.296

0.105

0.031

0.004

0.118

0.571

0.051

0.000

0.817

0.175

0.000

Rock
dissolution
rate
10Be-
derived

erosion

Ratio of
rock
dissolution
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26A1/10Be
ratio
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Figure 8: Boxplots comparing long-term sediment generation
rates measured in this study (n = 24) and erosion rates
calculated using modern sediment yield data from island-wide
observations (n = 32). Box plots show the maximum and
minimum values in the lines extending from the box; the upper
side of the box represents the upper quartile, the line inside of
the box represents the median value, and the bottom of the box
represents the lower quartile. Basins with both measurements
are shown as colored points. Sediment yield data are from Pérez
Zorrilla and Ya Karasik (1989) and represent points across the
island of Cuba.
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