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Abstract
Knowledge of denudation rates over geologic timescales provides important
insight into the processes that govern soil formation, the regulation of Earth’s climate,
and the evolution of landscapes. Accurately establishing long-term denudation rates is
also key to understanding how human actions have altered the rates and patterns of
erosion over time. While cosmogenic nuclides are often used to measure long-term
denudation rates at the basin scale, these rates can be unrepresentative of total landscape
denudation in areas where significant mass loss occurs through rock dissolution. In
tropical landscapes, mass loss by solution often represents a significant portion of total
landscape mass loss.
We compare long-term sediment generation rates derived from measurements of
in-situ cosmogenic nuclides 26Al and 10Be in stream sediment to rock dissolution rates
from stream solute fluxes in order to characterize the pace and processes of denudation in
the humid, tropical landscape of central Cuba. We use the ratio of 26Al to 10Be to explore
the exposure histories of surface materials within watersheds. We also compare long-term
sediment generation rates to sediment yield data collected during the height of
industrialized agriculture in Cuba, to evaluate how human actions have affected the pace
of sediment generation over time.
Long-term sediment generation rates derived from measurements of 10Be for 24
basins in central Cuba range from 3.7-182 tons km-2 year-1 (mean = 61.1), while rock
dissolution rates range from 23.9-153.7 tons km-2 year-1 (mean = 84.3). Rock dissolution
rates are higher than cosmogenic-based erosion rates in 15 of the 22 basins in which both
measurements were made. Sediment generation rates are slowest in basins underlain by
sedimentary rocks and highest in basins underlain by metamorphic rocks, while the
opposite trend was observed for rock dissolution rates, demonstrating a lithologic control
on the rates and processes of denudation in the Cuban landscape. Low 26Al/10Be ratios
(2.89-5.09) in 5 samples provides evidence for complex exposure histories. Sediment
generation rates are lower on average than erosion rates calculated from island-wide
sediment yield data collected during the peak of Soviet-assisted agricultural production,
suggesting that modern sediment generation rates in Cuba have increased above longterm averages, likely due to agriculture.
We find that relying on cosmogenic nuclide-based sediment generation rates
alone underestimate total landscape denudation in central Cuba. The discrepancy between
high rock dissolution rates and low sediment generation rates suggests that significant
mass loss is occurring by solution at depths below significant production of cosmogenic
nuclides (> 3m). 26Al/10Be ratios in basins with the highest disagreement (9-32X)
between fast rock dissolution rates and slow sediment generation rates are consistent with
expected nuclide concentrations and ratios calculated assuming long-term exposure
within a deep mixed surface layer – providing additional evidence for rock dissolution at
depth. We suggest that measuring rock dissolution rates alongside cosmogenic-derived
sediment generation rates can be used to set minimum and maximum bounds on total
landscape denudation in areas where mass loss at depth plays a large role in total
landscape denudation. These data emphasize the importance of accounting for mass loss
at depth when interpreting cosmogenic nuclide measurements in tropical landscapes.
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Chapter 1: Introduction
Knowledge of the rates and processes by which landscape denudation occurs over
geologic timescales is critical to our understanding of climate, soil formation, and the
evolution of landscapes (Riebe et al. 2003). Accurately establishing long-term denudation
rates across a variety of climates is key to characterizing these global processes.
Information on long-term denudation rates can also be used as a baseline by which to
evaluate the effects of human actions on modern rates of landscape change (Reusser et al.
2015, Nearing et al. 2017). This application is critical for assessing the intensity of
human impacts on landscapes, and for assessing the sustainability of land use practices.
Cosmogenic nuclides, such as 10Be and 26Al, have been used globally to quantify
long-term rates of landscape change at the watershed scale (Portenga and Bierman 2011,
Codilean et al. 2018). Commonly, erosion rates derived from measurements of
cosmogenic nuclides are interpreted as total denudation rates (e.g., von Blackenburg et al.
2004). In certain situations, however, cosmogenic nuclide-derived erosion rates can overor underestimate total landscape denudation. For example, in areas where significant
mass loss is occurring through the dissolution of rocks at depth, or in landscapes mantled
by thick soils and/or saprolite, cosmogenic-nuclide based erosion rates have been found
to underestimate total landscape denudation because they fail to account for chemical
losses at depth (Dixon et al. 2009). In landscape with intensely weathered regolith,
relying on cosmogenic-derived sediment generation rates alone can underestimate the
rate of total landscape denudation by nearly 100% (Riebe and Granger 2013).
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Tropical regions play a disproportionately large role in global denudation compared
to their land area (Stallard 1988), which makes accurately establishing denudations rates
of tropical landscapes key to understanding global denudation rates overall. Cosmogenic
nuclide-derived sediment generation rates indicate that erosion rates in tropical regions
are lower than the erosion rates of most other climate zones (Portenga and Bierman
2011), yet chemical denudation rates in the tropics are among the highest globally (Pope
2013), suggesting that relying on cosmogenic nuclide-based measurements of denudation
alone may be underestimating total landscape denudation in the tropics. Although
cosmogenic nuclide-based erosion rates have primarily been quantified in temperate
landscapes (Portenga and Bierman 2011), their application in tropical landscapes is
growing (e.g. Cherem et al. 2012, Barreto et al. 2013, Derrieux et al. 2014, Mandal et al.
2015, Sosa Gonzalez et al. 2016, Jonell et al. 2017, Grande et al. 2021). As the
cosmogenic-nuclide technique is more frequently used in tropical landscapes, ensuring
rock dissolution rates are accurately accounted for in estimates of total landscape
denudation becomes more critical.
Accurately quantifying long-term rates of landscape change is necessary for
understanding how erosion has responded to human actions in the tropical nation of
Cuba, a country that experienced extensive changes in land use in recent history.
Following colonial sugarcane production, Cuba practiced high-input conventional
agriculture that was focused on crop yields, compensating for reductions in soil quality
with heavy applications of fertilizers and pesticides provided by the Soviet Union
(Wright 2012). The collapse of the Soviet Union and loss of associated subsidies and
imports forced an abrupt shift towards sustainable soil management beginning in 1989
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(Gersper et al. 1993). Across the Cuban landscape, information on long-term sediment
generation rates can be used both as a baseline to understand how industrialized
agriculture may have increased erosion rates above background levels, and for evaluating
the effectiveness of the widespread adoption of conservation agriculture practices.
In this thesis, I strive to characterize long-term denudation rates in Cuba using
measurements of cosmogenic nuclides in stream sediment and dissolved loads in streams.
I examine the assumptions underpinning the use of cosmogenic nuclides to estimate total
denudation rates, particularly in areas where rock dissolution represents a major
component of total denudation. This research adds to a growing body of work that
examines denudation rates in tropical landscapes, and presents the first cosmogenicnuclide based rates of landscape change measured in the country of Cuba.
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Chapter 2: Background and Literature Survey
2.1 Cosmogenic Nuclides
2.1.1 Terminology
Across the literature, cosmogenic nuclide-based rates of landscape change are
commonly referred to as long-term erosion rates (e.g. Granger et al. 1996), background
erosion rates (e.g. Reusser et al. 2015), sediment generation rates (e.g. Clapp et al. 2000),
or bedrock-equivalent lowering rates (e.g. Clapp et al. 2001). Similarly, rates of mass loss
by solution are referred to by different names, including chemical weathering rates (e.g.
Riebe et al. 2003), chemical denudation rates (e.g. Hinderer et al. 2013), silicate
weathering rates (e.g. von Blackenburg et al. 2004), or rock dissolution rates (e.g. Zhang
2011). Throughout this thesis, I refer to cosmogenic nuclide-derived rates of landscape
change as sediment generation rates, and rates of mass loss calculated from stream solute
measurements as rock dissolution rates. These terms emphasize the difference between
the physical and chemical components of denudation. I use total landscape denudation to
refer to the combined physical and chemical processes that remove mass from a
landscape.

2.1.2 Overview
Cosmogenic isotopes such as 10Be, 36Cl, and 26Al are produced by the interaction
of cosmic rays with rocks and soil (Lal 1988). Minerals at the surface of the Earth are
bombarded with neutrons that result from primary cosmic rays (largely protons)
interacting with the Earth’s atmosphere (Bierman 1994). These neutrons interact with
target nuclei to produce cosmogenic isotopes via spallation, neutron activation, and muon
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capture (Lal 1991). 10Be and 26Al are largely produced by spallation near the surface (Lal
1991). The production of cosmogenic nuclides is greatest at the surface of the Earth and
decreases with depth; production rates are influenced by depth, elevation, latitude, and
the strength of Earth’s magnetic field (Lal 1991). Some cosmogenic nuclides are also
produced in the atmosphere and are deposited on surfaces and in basins through
precipitation, however separation of these meteoric inputs from cosmogenic isotopes
produced in-situ can be accomplished through laboratory cleaning methods (Kohl and
Nishiizumi 1992).
Because the production of cosmogenic nuclides is largely concentrated in the
upper few meters of Earth’s surface, measuring these isotopes can provide information
about a variety of surficial processes that occur over timescales of 103-106 years
(Bierman and Nichols 2004). At the landscape scale, rock that is eroding slowly will be
exposed to a greater number of cosmic rays before eroding, whereas rock that is eroding
rapidly will spend less time in the zone of cosmogenic nuclide production before eroding
(Bierman and Steig 1996). Eroded materials will eventually be transported downslope
and into a river channel. The average concentration of cosmogenic nuclides in sediment
being exported from a basin is inversely proportional to the rate at which the basin is
eroding; by this principle, sediment collected from stream networks can be used to
determine a basin-averaged sediment generation rate for the basin area upstream of the
sample site (Brown et al. 1995, Bierman and Steig 1996, Granger et al. 1996).
To establish basin-averaged sediment generation rates using cosmogenic nuclides,
the mineral quartz is most commonly selected for isotopic analysis (Riebe and Granger
2013). The advantages of using quartz include its relative abundance in different rock
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types, allowing it to be used to examine surficial processes across many different
landscapes, and the ease by which it can be separated from other minerals, making it
simple to work with (Kohl and Nishiizumi 1992). Additionally, the production rate of
10

Be in quartz is relatively well constrained (Cockburn and Summerfield 2004).
Although sediment transport within a stream network and landscape storage time

are often trivial compared to the timescale of rock erosion (Granger and Schaller 2014),
cosmogenic nuclides can also provide information on the transport and exposure history
of surface materials. Measuring two or more distinct cosmogenic isotopes with different
half lives in the same sample can reveal if sediment in a sample has been exposed and
then buried (Granger and Muzikar 2001), or to constrain soil mixing depth and residence
times (Lal and Chen 2005). If a sediment sample is buried and no longer exposed to
cosmic rays or experiences significant near-surface residence times, the cosmogenic
nuclides will decay at different rates in accordance with their half-lives (Granger and
Muzikar 2001). If the ratio of concentrations between the isotopes at the surface is
known, changes to this ratio due to decay can be measured and used to calculate burial
duration or near-surface residence time (Fülöp et al. 2020).

2.1.3 Assumptions and Consequences of their Violation
Calculating basin-averaged sediment generation rates by measuring cosmogenic
nuclides in stream sediments relies on the assumptions that the sampled sediment is well
mixed (and therefore, spatially and temporally representative of the sediment being
exported), that mass loss from the basin is occurring primarily as a result of surface
lowering, that the mineral selected for cosmogenic nuclide measurement is uniformly
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distributed throughout the sampled basin, and that the rate of sediment generation
through time is constant, though it does not need to be spatially uniform (Bierman and
Steig 1996). Sediment generation rates inferred from cosmogenic-nuclide measurements
accurately represent total landscape denudation only when these method assumptions are
valid for the sampled landscape.
Several factors can cause sediment generation rates interpreted from cosmogenic
nuclides to over- or underestimate total landscape denudation rates. The exhumation and
erosion of subsurface material through events like earthquakes (West et al. 2014),
landslides (Riebe et al. 2003, Niemi et al. 2005, Grande et al. 2021), or large-scale soil
stripping from agriculture (von Blackenburg et al. 2004, Schmidt et al. 2016) can bias
apparent sediment generation rates high. Mineral dissolution introduces additional
complications. Concentrated mineral dissolution near the surface of the earth can cause
sediment to become enriched in quartz, causing the quartz grains to have a longer
residence time relative to the surrounding regolith, leading to apparent sediment
generation rates that are unrepresentatively slow (Small et al. 1999). Mineral dissolution
concentrated at depth will also lead to sediment generation rates that are
unrepresentatively slow, as this material is largely shielded from the production of
cosmogenic nuclides, leading to mass loss that is not captured in measurements of
cosmogenic nuclides (Dixon et al. 2009, Riebe and Granger 2013).

2.2 Accounting for Rock Dissolution
2.2.1 Correcting Cosmogenic Nuclide-Based Rates of Landscape Change
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A variety of correction factors have been proposed to adjust cosmogenic nuclidebased rates of landscape change for the influence of chemical weathering, to make the
cosmogenic-nuclide based rates more representative of total landscape denudation. These
correction factors rely on the measurement of an insoluble element or mineral. Small et
al. (1999) proposed measuring the concentration of quartz through a vertical profile of
regolith to quartz concentrations in bedrock outcrops, to determine the degree of quartz
enrichment in the regolith as compared to the bedrock. This method assumes that the
dissolution of quartz itself in the regolith is negligible or can be quantified (Small et al.
1999), making it less practical for tropical environments, where quartz dissolution can be
significant (Schulz and White 1999). Small et al. (1999) suggest that when quartz
enrichment is high, cosmogenic nuclide-based rates of landscape change can
underestimate total landscape denudation by 20-30%; errors which are significantly
higher than errors introduced by uncertainty in the production rate of 10Be or due to
analytical precision.
Riebe et al. (2001) modified Small et al. (1999)’s method by using measurements
of the element zircon, in place of quartz, to quantify enrichment in the regolith relative to
bedrock. Because Zr is highly immobile in most weathering environments, it can be used
as a proxy for quartz enrichment (Riebe et al. 2001). Using data from a range of
temperate climates, Riebe et al. (2001) conclude that the magnitude of error introduced
by quartz enrichment is significantly less than what Small et al. (1999) suggested, and
therefore likely not a concern when applying the cosmogenic nuclide technique to
temperate landscapes. They note, however, that biases due to quartz enrichment at the
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surface are likely greater in tropical environments, and should be evaluated (Riebe et al.
2001).
While Small et al. (1999) and Riebe et al. (2001)’s correction schemes focused on
errors introduced due to quartz enrichment in regolith near the surface, Dixon et al.
(2009) noted that chemical weathering deep within saprolite can introduce additional, and
potentially significant, biases in cosmogenic nuclide-based estimates of total landscape
denudation. Material at depths greater than a few meters is largely shielded from the
production of cosmogenic nuclides; when deep saprolite weathering is significant,
cosmogenic nuclide based rates of landscape change will only weakly reflect total
landscape denudation rates, as they do not capture deep saprolite weathering (Dixon et al.
2009). Dixon et al. (2009) propose an alternate correction factor for cosmogenic nuclide
based rates, also using measurements of Zr, to account for mass loss due to chemical
weathering at depth. However, this method only corrects for the effects of deep chemical
weathering, and thus does not address biases that can result from chemical weathering at
the surface.
Synthesizing findings about deep and near-surface chemical weathering, Riebe
and Granger (2013) developed a correction factor that accounts for both, termed the
chemical erosion factor (CEF). Similar to earlier proposed correction factors, determining
a CEF requires measurements of soil thickness and density and the concentrations of both
the quartz and an insoluble element (typically Zr) in soil, saprolite, and unweathered rock
(Riebe and Granger 2013). The calculated CEF is then multiplied by the uncorrected
cosmogenic rate to determine the rate of total landscape denudation. Riebe and Granger
(2013) calculate CEFs across several climatic settings and indicate that CEFs can reach
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values as high as 1.87, indicating that relying on cosmogenic nuclides alone to determine
total landscape denudation can lead to underestimates of nearly 100% (Riebe and
Granger 2013). One of the highest CEFs, 1.79, was documented in the humid, tropical
environment of the Luquillo Critical Zone Observatory in Puerto Rico, emphasizing the
prominence of rock dissolution in total landscape denudation within tropical landscapes.

2.2.2 Determining Rock Dissolution Rates from Stream Solute Flux Measurements
Although several studies indicate the importance of correcting cosmogenic
nuclide-based rates of landscape change for the influence of deep and near-surface
mineral dissolution, particularly in tropical environments, the measurements involved in
determining correction factors require significant investments of time and resources in
both the field and the lab (Riebe et al. 2001), potentially explaining why they have not
been widely used (Riebe and Granger 2013). Another method to quantify the importance
of rock dissolution to total landscape denudation is by comparing cosmogenic nuclidederived rates to rock dissolution rates determined from stream water chemistries (e.g. von
Blackenburg et al. 2004).
Rock dissolution rates can be determined by measuring solute concentrations and
discharge volumes of streams (Dunne 1978). Typically, discreet water samples are
collected from streams, and dissolved ions are measured in the laboratory to determine
total fluxes over time (Hem 1985). Although quantifying rock dissolution rates centers
around measuring dissolved ions in stream water, across the literature there is no
consensus on exactly which dissolved ions should be included as components of rock
dissolution (Rad et al. 2013). This determination depends in part on the rock types that
underly the basins in which stream solute measurements are being made, as different rock
12

types will contribute different major ions as they weather (Hem 1985). For example, in
basins underlain entirely by carbonate rocks, rock dissolution can largely be characterized
by measuring the flux of calcium and magnesium (e.g. Pulina and Fagundo 1992).
2.2.3 Applications in the Tropics
In the tropics, correcting for the influence of chemical weathering on cosmogenicerosion rates is uncommon, and the methods of doing so have been inconsistent. Of 22
published studies presenting measurements of cosmogenic nuclides in the humid tropics,
only eight corrected for or considered chemical weathering information alongside
cosmogenic rates, using a variety of methods. Three measured insoluble elements to
correct cosmogenic-based erosion rates for the influence of mineral dissolution (Riebe et
al. 2003, Riebe and Granger 2013, Regard et al. 2016), and four compared cosmogenicbased erosion rates to rock dissolution rates calculated from measurements of stream
dissolved load flux (von Blackenburg et al. 2004, Cherem et al. 2012, Regard et al. 2016,
Sosa Gonzalez et al. 2016). Two additional studies compare rock dissolution rates to
cosmogenic nuclide-based rates reported elsewhere (Salgado et al. 2006, Hinderer et al.
2013). All of these studies that include a comparison to rock dissolution rates conclude
that rock dissolution represents a significant fraction of total denudation in tropical
environments, highlighting the importance of considering rock dissolution when
determining denudation rates of tropical landscapes.

2.3 Cosmogenic Nuclides in Calcite
The majority of cosmogenic nuclide analyses have focused on measuring 10Be
and 26Al in quartz, although attempts have been made to identify additional viable
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mineral/cosmogenic nuclide pairings (Nishiizumi et al. 1990, Braucher et al. 2005,
Merchel et al. 2010). In carbonate-rich sediments, measurement of 10Be is impractical
because no methods have been proven to reliably remove the meteoric 10Be that is
abundant in clay minerals without also losing in-situ 10Be (Merchel et al. 2010). 26Al,
however, offers a viable alternative. Although the production rate of 26Al in carbonates is
much lower than in quartz, Merchel et al. (2010) successfully isolated 26Al from wellcrystallized calcite and achieved reproducible measurements across trials, demonstrating
the potential of this method.
As part of this thesis, I began the process of adapting the methodology of Merchel
et al. (2010) to the isolation of Al from carbonate-rich sediments. The results of this
research are presented in Appendix 3, though this method requires additional refinement,
and the majority of the analyses presented here focus on measuring 10Be in quartz.
Applying the 26Al in calcite method to measure sediment generation rates will require the
determination of absolute production rates of 26Al in calcite, and the adaptation of
laboratory methods to account for 27Al in samples with higher concentrations of clay
minerals, such as sediments.
2.4 The Cuban Landscape
2.3.1 Climate, Geography, Geology
The main island of Cuba is the largest island in the Caribbean, with a land area of
~110,000 km2 (Iturralde-Vinent et al. 2016). Cuba’s climate is tropical, with a mean
annual temperature of 24.5 °C and average annual precipitation of 1330 mm/yr (Llacer
2012). Much of this precipitation is delivered during the wet season from May-October.
The center of the island features a mountainous spine (600-1970 m) descending into low
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relief coastal plains, except along portions of the southeast coast where mountains meet
the sea. This drainage divide parallels the island’s east-west orientation, creating rivers
that travel relatively short distances from headwaters to base level (Galford et al. 2018).
Cuba is part of the Greater Antilles Arc, which began to form ~135 m.y. after the
breakup of Pangea, as the North American plate was subducted under the Caribbean Plate
(Iturralde-Vinent et al. 2016). After the Cuban arc collided with the Bahama Platform in
the middle to late Eocene, formation of the Cayman spreading ridge and the Oriente
transform fault created a new plate boundary zone between the North American and
Caribbean plates, transferring Cuba to the North American Plate, and forming the Gonave
microplate to the southeast (Iturralde-Vinent et al. 2016). Cuba is bordered along its
northern coast by a frontal thrust, and along much of its southern coast by an inactive
trench (Pardo 2009).
Cuba’s geology can largely be divided into two distinct units: (1) a fold belt that
is comprised of both continental and oceanic units, and (2) a neoauthochton made up of
slightly-deformed Eocene to Recent sedimentary rocks that unconformably overlie the
units in the fold belt (Iturralde-Vinent 1998). The fold belt formed in the CretaceousPaleocene as part of an Alpine-style orogeny along the North American continental
margin, in which shelf carbonates, deep-water sediments, volcanics, and ophiolites were
thrust northwards towards the craton (Pardo 2009).

2.3.2 Land Use History
Cuba has undergone extensive land use changes. Before Spanish settlement in
1492 the native Ciboney people practiced an early form of agriculture, and an estimated

15

95% of the island was forested (CITMA 1997). Colonial, plantation-style cultivation of
cash crops—primarily sugar—transformed the landscape through slash and burn
agriculture, and by the end of the 18th century Cuba was producing 25% of the world’s
supply of sugar (Houck 2000). Following the Cuban Revolution of 1959 and the
establishment of close relations between Cuba and the Soviet Union, Cuba went through
a period of rapid and comprehensive agricultural development, assisted by the Soviet
Union (Gersper et al. 1993). Cuba received food, agrochemicals, and farm machinery, in
exchange for sugarcane, tobacco, and fruit exports (Wright 2012). The use of artificial
fertilizer and tractors per hectare in Cuba was higher than comparable agricultural
operations in the United States during the same time period (Wright 2012).
As a result of this agricultural industrialization, Cuba was rapidly deforested. At
the beginning of the 20th century, Cuba had lost an estimated 50% of its original forests,
and only 50 years later forested land was reduced to 14%, largely concentrated in places
that were impractical for agriculture such as mangrove swamps and mountainous areas
(CITMA 1997). In 1998, more than 75% of the land area of Cuba was affected by
erosion, salinity, acidification, desertification, drainage problems, or a combination of
these factors (CITMA 1998).
The collapse of the Soviet Union in 1991 brought a halt to Cuba’s industrialized
agricultural system. Previously reliant on imports from the USSR, Cuba was faced with a
severe food and energy crisis (Houck 2000). Agricultural production and the availability
of food fell to critically low levels, with the average caloric intake of Cuban citizens
dropping by as much as 30% (Wright 2012). In response to this crisis, Cuba instituted a
variety of plans to achieve domestic food security that were centered on developing
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ecological production techniques such as chemical-free organic agriculture, the use of
bio-fertilizers and pesticides, reduced tillage methods, and intercropping/crop rotation
(Houck 2000). The management and restoration of soil quality is critical for organic
agriculture, so soil conservation became a top priority in Cuba (Gersper et al. 1993). In
only a several-year period, Cuba went from intensive industrial agriculture to soil
conserving, organic agriculture featuring minimal soil tillage, the replacement of tractors
with draft animals, crop rotation/intercropping, cover crops, and sustainably-produced
soil amendments (Wright 2012). This change in land use and associated abandonment of
previously cultivated areas resulted in the amount of forested land increasing to 36%
(Galford et al. 2018).
This massive and rapid conversion from industrial agriculture to organic
agriculture on a nationwide scale represents a unique opportunity to study the effects of
agriculture on the rate and spatial distribution of erosion. The characterization of longterm sediment generation rates using cosmogenic nuclides presented in this thesis provide
the baseline for comparing how erosion has changed over time, and how different styles
of agriculture affect erosion as compared to background levels.

2.3.2 Prior Characterizations of Denudation in Cuba
Previous denudation estimates at the basin scale in Cuba are limited. Between
1964-1983, Cuba maintained a network of flow/sediment gauging stations (Pérez Zorrilla
and Ya Karasik 1989), providing sediment yield data that coincide with Soviet-assisted
industrialization of Cuba’s sugarcane agricultural production. These data indicate that
sediment yields are lowest in coastal lowland areas and increase towards the interior of
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the county, as relief increases (Pérez Zorrilla and Ya Karasik 1989). The study found
strong positive correlations between sediment yield, precipitation, and altitude noting that
sediment yields were highest in steep, wet, mountainous terrains (Pérez Zorrilla and Ya
Karasik 1989). The authors also determined that among agricultural catchments, sediment
yields were three to four times lower in areas that were perennially or semi-perennially
cultivated, as compared to areas that were cultivated year-round or seasonally (Pérez
Zorrilla and Ya Karasik 1989), highlighting the impact of different styles of agricultural
production on sediment yields.
At some of these gauging stations, in basins underlain by carbonate units with
karst, rock dissolution rates were also investigated and reported by Pulina and Fagundo
(1992). Rock dissolution rates were determined by measuring Ca2+ and Mg2+ in stream
waters over a period of one to three years (Pulina and Fagundo 1992). The authors found
that rock dissolution rates were lowest in mountainous basins and relatively high in
upland basins (Pulina and Fagundo 1992).
Several studies determining stream water geochemistry, which provide
information about the dissolved load of rivers, have been undertaken in Cuba. In central
Cuba specifically, the water chemistry of 4 reservoirs spanning 2 river systems and a
variety of underlying lithologies has been evaluated (Betancourt et al. 2012). The authors
determined that basin lithology exerted the primary control on river water geochemistry
(Betancourt et al. 2012).
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3.1 Abstract
We consider measurements of both in-situ produced cosmogenic nuclides and dissolved
load flux to characterize the processes and pace of landscape change in central Cuba. The
tropical landscape of Cuba is losing mass by numerous complex processes, making it
difficult to quantify total denudation rates and to assess the impact of agricultural
practices on rates of landscape change. Long-term sediment generation rates inferred
from 26Al and 10Be concentrations in quartz extracted from central Cuban river sand
range from 3.7-182 tons km-2 yr-1 (mean = 62, median = 57). Rock dissolution rates (24154 tons km-2 yr-1; mean = 84, median = 78), inferred from stream solute loads, exceed
measured cosmogenic nuclide-derived sediment generation rates in 15 of 22 basins,
indicating significant landscape-scale mass loss not reflected in the cosmogenic nuclide
measurements. 26Al/10Be ratios are consistent with the presence of a deep mixed regolith
layer in the five basins that have the greatest disagreement between rock dissolution rates
(high) and sediment generation rates inferred from cosmogenic nuclide concentrations
(low). Our data show that accounting for the contribution of mineral dissolution at depth
in calculations of total denudation is particularly important in the humid tropics, where
dissolved load fluxes are high, and where mineral dissolution can occur many meters
below the surface, beyond the penetration depth of most cosmic rays and thus the
production of cosmogenic nuclides. Relying on cosmogenic nuclide data or stream solute
fluxes alone would both lead to underestimates of total landscape denudation in the
central Cuba, emphasizing the importance of combining these approaches to fully capture
mass loss in tropical landscapes.
3.2 Introduction
This study presents measurements of cosmogenic nuclides in river sand and solute
fluxes in central Cuba that highlight the importance of both physical and chemical
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weathering in humid, tropical landscapes. Cosmogenic nuclide concentrations of river
sand have been used to quantify sediment generation rates and bedrock-equivalent
lowering rates since the 1990s (Brown et al. 1995, Bierman and Steig 1996, Granger et
al. 1996, Portenga and Bierman 2011, Codilean et al. 2018). Cosmogenic nuclides are
commonly used to infer the combined rates of physical erosion and rock dissolution
(Regard et al. 2016), also referred to as chemical weathering, under the assumption that
both occur primarily 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).
Such rates are often assumed to represent total landscape denudation, but failure
to account for rock dissolution at depth and the export of mass as dissolved load below
the spallation-dominated production zone (below ~2 m) can result in a low bias for
cosmogenic nuclide-derived erosion rate estimates (Small et al. 1999, Riebe et al. 2001,
Dixon et al. 2009). Considering both physical erosion and rock dissolution is essential for
understanding landscape evolution, soil production, and climate regulation (Riebe et al.
2003). Accurately establishing long-term denudation rates provides 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.
Accounting for rock dissolution is particularly important for interpreting rates of
landscape change in areas with the potential for significant groundwater-rock interactions
at depth. This includes any landscape where the physical removal of mass is slow,
allowing for prolonged water-rock interactions, such as low-relief landscapes (Ollier
1988). Landscape features that facilitate water-rock interaction, such as thick saprolite
(Dixon et al. 2009), extensively jointed/fractured bedrock (Ollier 1988), or readily
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soluble rocks, such as karst systems (Pope 2013) and evaporite deposits, can also
contribute to significant rock dissolution at depth. These features can develop in any
climate; however, conditions in the humid tropics are often favorable for prolonged and
extensive water rock-interaction. The absence of recent glaciation (Modenesi-Gauttieri et
al. 2011), presence of active groundwater flow systems year-round (Ollier 1988), and
large amounts of precipitation create ideal conditions for rock dissolution at depth.
Rock dissolution rates in the tropics are among the highest globally (Pope 2013);
yet, global compilations of cosmogenic nuclide data from river sand suggest sediment
generation rates in the tropics are slower than most other climate zones (Portenga and
Bierman 2011), indicating the potential for cosmogenic nuclide-derived rates of
landscape change to significantly underestimate total landscape denudation in areas
where deep rock dissolution is ubiquitous. As the use of cosmogenic nuclides to measure
erosion rates in the tropics expands (e.g. Cherem et al. 2012, Barreto et al. 2013, Derrieux
et al. 2014, Mandal et al. 2015, Sosa Gonzalez et al. 2016, Jonell et al. 2017), considering
the potential influence of rock dissolution will lead to more accurate estimates of total
denudation. Basin-wide rock dissolution rates can be quantified by measuring river water
chemistry and flow over time (Dunne 1978); however, only a few studies focused in the
tropics compare cosmogenic nuclide-derived rates of sediment generation to
measurements of dissolved load flux in streams (e.g. Salgado et al. 2006, Hinderer et al.
2013, Regard et al. 2016).
We measured in-situ 10Be and 26Al in riverine quartz and stream water dissolved
loads in humid, tropical central Cuba to characterize the rates and processes by which the
Cuban landscape is changing, and to place these data in a global context. Throughout this
paper, we refer to rates of landscape mass loss calculated from 10Be and 26Al as sediment
generation rates, and rates of landscape mass loss inferred from measurements of stream
water dissolved loads as rates of rock dissolution – all in units of mass per unit area over
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time. 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.
3.3 Background
3.3.1 Quantifying basin denudation with cosmogenic nuclides: approaches and
limitations
Landscape-scale denudation occurs through both physical removal of mass
(erosion) and chemical dissolution of minerals in rocks. Sediment produced by eroding
bedrock travels downslope towards base level; rock dissolution moves mass in solution
from the landscape to rivers, then to the ocean. Measurements of cosmogenic nuclides in
river sediment can be used to infer the spatially averaged sediment generation rate of a
drainage basin (Brown et al. 1995, Bierman and Steig 1996, Granger et al. 1996).
Assuming a density of the source rock, one can calculate equivalent rates of landscape
lowering over time. In a basin that is steadily eroding, the concentration of cosmogenic
nuclides in a sediment sample reflects the rate at which overlying mass at the surface was
removed as the material was exhumed, through both physical erosion and rock
dissolution (Lal 1991).
Measuring multiple cosmogenic nuclides with different half lives in the same
sample can provide more information on the exposure history of surface materials, such
as soil mixing and residence time (Lal and Chen 2005), and sediment storage within the
watershed (Granger and Muzikar 2001). The production ratio of 26Al/10Be at the surface
at mid- and low-latitudes is ~6.75 (Nishiizumi et al. 1989, Balco et al. 2008). If sediment
that has accumulated cosmogenic nuclides is buried such that production is negligible,
this ratio decreases as 26Al decays more rapidly than 10Be. Similarly, vertical mixing
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within a soil column has the effect of increasing the near-surface residence time of
sediment grains—suppressing the 26Al/10Be ratio in sediment shed from the landscape
surface during erosion (Makhubela et al. 2019). Isotope concentrations are commonly
examined using a 2-isotope diagram, where the y-axis is the 26Al/10Be ratio and the x-axis
is the concentration of 10Be (Klein et al. 1986, Granger 2006). Sediment samples that
have experienced constant exposure with no erosion, or constant exposure under steadystate erosion conditions, will plot within the simple exposure region along the top of the
diagram; samples that have experienced more complex exposure histories will plot below
this region. Such complex histories could include exposure followed by burial or
development of a vertically mixed surface layer (Bierman 1999, Lal and Chen 2005).
Using measurements of cosmogenic nuclides to determine basin-averaged longterm total denudation rates requires the assumptions that erosion of the basin is in steadystate, 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). Denudation rates calculated from cosmogenic nuclides do not
represent total landscape denudation rates if these method assumptions are violated. Rock
dissolution can leave sediment enriched in resistant mineral phases, such as zircon,
titanite, and quartz—the mineral in which 26Al and 10Be 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. 2001, Ferrier and
Kirchner 2008). Calculations of denudation rates from cosmogenic nuclide
concentrations also rely on the assumption that mass loss is occurring primarily through
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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. 2009, Riebe and Granger 2013). In
areas with significant rock dissolution at depth, denudation rates inferred from
cosmogenic nuclides underestimate total denudation because some mass loss occurs
below the depth of most nuclide production.
3.3.2 Incorporating rock dissolution
Although the importance of accounting for chemical weathering when calculating
cosmogenic denudation rates has been recognized (Small et al. 1999, Riebe et al. 2001,
Dixon et al. 2009, Riebe and Granger 2013), few studies incorporate rock dissolution
information or apply correction factors to cosmogenic nuclide-derived rates. In the
tropics, some studies have compared export rates from dissolved loads in streams to
catchment-averaged sediment generation rates from cosmogenic nuclide measurements,
but considered these two metrics of landscape change separately (von Blackenburg et al.
2004, Salgado et al. 2006, Hinderer et al. 2013). More broadly, other studies use the
measurement of insoluble elements in bedrock, saprolite, and soil to quantify enrichment
through the weathering process and calculate correction factors that account for the
influence of rock dissolution at the surface (Small et al. 1999, Riebe et al. 2001), at depth
(Dixon et al. 2009), or both (Riebe and Granger 2013).
Of studies that do correct for the influence of chemical weathering when
calculating cosmogenic nuclide-derived denudation rates, Riebe and Granger (2013)’s
chemical erosion factor (CEF) method, or earlier quartz enrichment factor method (Riebe
et al. 2001), are often used (Regard et al. 2016). Calculating a CEF requires
measurements of soil thickness and density, and 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
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bedrock; the method is underpinned by the assumption that chemical erosion is occurring
exclusively in well-mixed soils and deep saprolite (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 denudation can underestimate total
denudation rates by not accounting for the effects of rock dissolution.

3.4 Study Area
Cuba is the largest Caribbean island (~110,000 km2) and is situated along the boundary
between the Caribbean and North American plates. Reflecting this complex tectonic
setting, Cuban geology is varied (Pardo 2009). Basement lithologies include marine
deposits, accreted volcanic terrains, passive-margin sediments, and obducted ophiolite,
all unconformably overlain by slightly-deformed autochthonous coarse clasitcs and
limestone (Iturralde-Vinent et al. 2016). 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 eastwest 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
annual temperature of 24.5 °C and average annual precipitation of 1335 mm/yr; ~80% of
this precipitation is delivered during the wet season from May-October (Llacer 2012).
The Cuban landscape has been heavily altered by agriculture for centuries
(Whitbeck 1922). Prior 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 measurements of dissolved
loads in five limestone basins with karst (Pulina and Fagundo 1992). In central Cuba,
underlying basin rock type is the primary control on surface water geochemistry
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(Betancourt et al. 2012) a finding supported by geochemical analyses of river waters from
the same basins sampled in this study (Bierman et al. 2020). Dissolved load fluxes carried
by Cuban rivers (Bierman et al. 2020), and rock dissolution rates inferred from these
fluxes, are consistent with rates reported for other Caribbean islands [Dominica,
Guadeloupe, and Martinique from Rad et al. (2013) and Puerto Rico from White and
Blum (1995)], and high compared to global data compiled by Larsen et al. (2014).
3.5 Methods
We collected detrital sediment from the beds of active river channels (n = 26) 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). Three sample sites are near previously-gauged hydrologic stations with
discharge and suspended sediment records spanning 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), and utilized precipitation data from the
WorldClim dataset (Hijmans et al. 2005) to estimate basin-specific mean annual
precipitation (MAP).
We prepared samples for cosmogenic analysis and extracted Be and Al following
the methodology of (Corbett et al. 2016). We sieved bulk sediment samples in the lab and
used the 250-850 μm grain size fraction for all samples, except for CU-120 which also
includes finer material (63-125 μm) due to low quartz content. Sediment samples were
chemically etched to purify quartz and remove meteoric 10Be (Kohl and Nishiizumi
1992). 24 samples (including all 3 gauging station samples) yielded sufficient quartz for
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analysis. We measured quartz yields for all samples by recording the mass of sediment
before and after dilute acid etching. We extracted 26Al and 10Be at the National Science
Foundation/ University of Vermont Community Cosmogenic Facility, using ~5-40 g of
quartz per sample (mean = 24). We added ~250 μg Be to each sample using an in-house
made carrier (Supplement T5). 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 μg
(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 (Corbett et al.
2019).
10

Be/9Be (n = 26, including 2 duplicates) and 27Al/26Al measurements (n = 20,

including 2 duplicates), were made by Accelerator Mass Spectrometer (AMS) at the
Purdue Rare Isotope Measurement Laboratory (PRIME). 10Be ratios were normalized
against standard 07KNSTD3110 with an assumed ratio of 2850 x 10-15 (Nishiizumi et al.
2007) and 27Al/26Al measurements were normalized against standard KNSTD with an
assumed ratio of 1818 x 10-15 (Nishiizumi 2004). Laboratory replicate measurements of
10

Be and 26Al agree to within < 2% (Supplement T7; n=2). We corrected Be

measurements by carrier (the average of two process blanks for 10 samples [1.91±1.01 x
10-15; 1SD] and the average of 3 process blanks [4.14±1.19 x 10-15; 1SD] for the
remaining samples; Supplement T3) and Al measurements using a single process blank
(1.92 x 10-15; Supplement T4). We subtracted blank ratios from sample ratios and
propagated uncertainties in quadrature.
We calculated erosion rates using the online erosion rate calculator version 3
[wrapper: 3.0, erates: 3.0, muons: 3.1, validate: validate_v2_input.m - 3.0 consts: 202008-26 (Balco et al. 2008)] 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 density of 2.6 g cm-3, and assuming no topographic shielding. We report erosion
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rates using the Lal-Stone (St) (Lal 1991, Stone 2000) production scaling scheme. Finally,
for four samples with the highest 10Be concentrations, we also attempted to measure
concentrations of cosmogenic 21Ne in quartz as a further means of distinguishing simple
and complex exposure histories (Supplement T10). Neon isotope measurements were
made at the Berkeley Geochronology Center on aliquots of the same purified quartz
samples used for 10Be/26Al analysis, by vacuum degassing and noble gas mass
spectrometry using the method described in Balter-Kennedy et al. (2020) and Balco and
Shuster (2009).
We compare measured cosmogenic nuclide-derived sediment generation rates to
rock dissolution rates for the same basins, inferred from measurements of dissolved loads
in stream water. Across the literature, there is little consensus on calculating chemical
weathering rates, with the greatest difference reflecting which elements are included in
the total dissolved solids (TDS) term (Rad et al. 2013). In our study area, the calculation
of rock dissolution rates is further complicated by the variety of underlying rock types
present in sampled basins (Supplement T2), which contribute different major ions as they
dissolve. Rock dissolution rates for the same basins sampled in this study (Bierman et al.
2020) were calculated using all major cations, anions (including all bicarbonate), and
silica measured in stream water as TDS, multiplied by basin-specific runoff coefficients
from GLOH2O (Beck et al. 2015, Beck et al. 2017). This approach provides an upper
limit for rock dissolution rates.
Here, because we are interested in constraining the influence of rock dissolution
on total landscape denudation (bedrock-equivalent lowering), we use the same stream
solute flux data but follow West et al. (2005)’s method that includes only bicarbonate
thought to derive from the weathering of carbonates in TDS. The West et al. (2005)
method underestimates rock dissolution rates in basins with geochemical evidence of
evaporite deposits, but otherwise provides an estimate of mass loss resulting from both
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the weathering of silicate and/or carbonate rocks. Rock dissolution rates presented here
are uncorrected for atmospheric inputs as site-specific atmospheric deposition
information are not available; however, a survey of atmospheric inputs across Cuban
cities (Préndez et al. 2014) suggests such deposition is a minor component of stream
solute loads.
We explore the relationship between sediment generation rates and rock
dissolution rates with landscape variables using linear correlations and their associated pvalues. All reported means of sample populations are arithmetic means.
3.6 Results
Sediment generation rates (Supplement T8) calculated from measured
concentrations of 10Be and 26Al (Supplement T7) differed considerably between sites.
10

Be-derived sediment generation rates (Fig. 3) range from 3.7-182 tons km-2 year-1

(mean = 59±53.4, median = 41). Considered as bedrock lowering rates, these are 1.4-70
m/My (mean = 23±21, median = 16) for 10Be and 1.7-63 m/My (mean = 24±20, median =
23) for 26Al data. 26Al/10Be ratios (Fig. 4) also varied considerably, ranging from 2.898.32 (mean = 6.24±1.31, median = 6.24). Rock dissolution rates (Fig. 3) range from 23.9153.7 tons km-2 year-1 (mean = 84.3±34.2, median = 78.2) and are higher than
cosmogenic nuclide-derived erosion rates in 16 of the 23 basins in which both
measurements were made. The median rock dissolution rate is 1.5X higher than the
median sediment generation rate.
Neon isotope measurements (Supplement T10) revealed unusually high total neon
concentrations with isotope composition indistinguishable from atmosphere, so excess
21

Ne was likewise indistinguishable from zero. Expected cosmogenic 21Ne concentrations

in the samples we analyzed, calculated from observed 10Be concentrations and the
assumption of steady erosion (3-6 M atoms g-1 cosmogenic 21Ne), would comprise less
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than 2% of the total amount of 21Ne we observed and would not be detectable at typical
measurement uncertainties. Thus, the neon isotope measurements are not inconsistent
with the 10Be and 26Al data, but do not provide any additional useful information.
There is lithological dependence of both 10Be sediment 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 10Be sediment generation
rates; this trend was reversed in basins draining primarily metamorphic lithologies. The
10

Be-based 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 basin-scale variables (Supplement F1).
10

Be-based sediment generation rates in central Cuba are weakly and positively correlated

with mean annual precipitation and slope (Fig. 6). Rock dissolution rates and 10Bederived sediment generation are not correlated (Fig. 7). The 26Al/10Be ratios of basins
underlain by sedimentary rocks are distinctly lower than the ratios observed in basins
underlain by metamorphic rocks (p=0.001).
Several basins (CU-106, 121, 122, and 132) have much lower than average 10Be
sediment generation rates (3.7-7.1 tons km-2 year-1), plot near each other outside of the
simple exposure region on the right of the two-isotope diagram with low 26Al/10Be ratios
(3.80-5.09), and have rock dissolution rates 9-32X higher than the 10Be-derived sediment
generation rates. The rock dissolution rates in two additional basins (CU-016 and CU119) are 4-6X higher than their respective 10Be-derived rates; both also plot on the right
side of the two-isotope diagram, and CU-016 falls far below the simple exposure region,
with a 26Al/10Be ratio of 2.89 (Fig. 4).
3.6 Discussion
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3.6.1 Discordance between high rock dissolution rates and low sediment generation rates
Rock dissolution rates exceed, sometimes by an order of magnitude, most
corresponding cosmogenic nuclide-derived sediment generation in Cuba, demonstrating
that the cosmogenic nuclide measurements are an incomplete assessment of total mass
loss from the landscape. This comparison shows that mass loss is occurring largely by
solution in central Cuba, which is consistent with observations from other tropical
landscapes (White et al. 1998, von Blackenburg et al. 2004, Salgado et al. 2006, Regard
et al. 2016). The predominance of rock dissolution in these landscapes is likely a
reflection of the favorable weathering conditions created by tropical climates (Pope
2013). In areas with slow physical erosion, chemical export is also favored (Anderson et
al. 2007).
Underlying basin rock type plays an important controlling factor in how and how
rapidly the Cuban landscapes we study are denuding. Correlations between rock
dissolution and cosmogenic nuclide-derived sediment generation 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 10Be sediment
generation rates are weakly positively correlated with average basin slope (p=0.1, R2 =
0.13), rock dissolution rates are strongly negatively correlated (p=0.01, R2 = 0.27) with
slope. Rock dissolution rates are also negatively correlated (p=0.01, R2 = 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 cosmogenic nuclide-derived 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.
38

While most other studies that compare rock dissolution rates and cosmogenic
nuclide-derived 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. 2016), rock dissolution
rates in Cuba are, on average, 6X higher than their corresponding cosmogenic nuclidederived rates. Rock dissolution rates that significantly exceed corresponding 10Beinferred rates have been observed in humid tropical sites of 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 cosmogenic
nuclide-derived 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.
The contrast between high rock dissolution rates and low cosmogenic nuclidederived sediment generation rates suggest 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 dissolution progresses
faster than weathered products are removed from the landscape, a process favored in low
relief settings (Ollier 1988). In contrast to other studies in the tropics that have observed
generally positive correlations between cosmogenic nuclide-derived sediment generation
and rock dissolution rates (Salgado et al. 2006, Cherem et al. 2012, Sosa Gonzalez et al.
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2016), we do not observe a correlation between these metrics of landscape change in
central Cuba (Fig. 7). The lack of correlation mandates that mass loss below the depth at
which most cosmogenic nuclides are produced is an important component of denudation
in Cuba. 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, Réunion
(Rad et al. 2007), and Hawaii (Schopka and Derry 2012).
3.6.2 Low 26Al/10Be ratio evidence for a deep mixed surface layer
26

Al/10Be data in five sampled basins are inconsistent with predictions for steady

surface erosion alone (Fig. 4). The basin with the lowest 26Al/10Be ratio (CU-016; 2.89) is
primarily underlain by ultramafic rocks (Fig. 2) and has an average basin slope of 3°. All
other basins with 26Al/10Be ratios ≤ 5 (n = 4) drain predominantly marine sedimentary
lithologies, and have low average basin slopes (0.5-1.6°). These basins have the highest
10

Be concentrations, indicating longer exposure durations, and demonstrate the greatest

disagreement between high rock dissolution rates and low sediment generation rates (932X). Water geochemistry data from three of these basins (CU-121, 122, 132) suggest the
presence of evaporites due to high concentrations of Cl, SO4, Br, and Na (Bierman et al.
2020), and the fourth basin (CU-106) is primarily underlain by the same marine unit as
those the basins, presumptive evidence of the presence of evaporite deposits.
Observed 26Al/10Be ratios in all of these low-ratio samples apart from CU-016 are
not suppressed to the point that they cannot be explained by prolonged near-surface
exposure (Struck et al. 2018). We suspect that the inconsistency between measured
26

Al/10Be ratios and those predicted by a simple steady surface erosion model is due to

soil mixing. Typically, the lower boundary of the simple exposure region of a two40

isotope diagram (Fig. 4) is constructed based on the assumption that all grains move
monotonically towards the surface at the rate that the surface is eroding (Granger 2006).
Vertical mixing, due to bioturbation or other soil processes taking place in the upper
layers of soil, violates this assumption. Within a mixed soil layer, grains circulate at a
higher velocity than the erosion rate, and therefore experience a different production rate
and near-surface residence time than assumed by a simple steady surface erosion model,
resulting in lower 26Al/10Be ratios than predicted by a simple steady surface erosion
model.
We hypothesize that rapid chemical denudation due to the presence of readily
soluble evaporite and marine deposits in these basins enriches the remaining sediment in
quartz. The combination of the predominance of mass loss by rock dissolution due to
soluble deposits and the retention of weathering residuum favored by low topography
allows less-soluble material (e.g., quartz) to accumulate at and near the surface, creating
thick regolith. Flat topography and slow surface erosion rates allow grains to be mixed at
or near the surface for durations long enough to lower 26Al/10Be ratios from what would
be expected by a simple steady surface erosion model.
This assertion is supported by the consistency between measured 26Al/10Be ratios
and expected nuclide concentrations and ratios calculated assuming the presence of a
mixed surface layer (per Lal and Chen (2005), equation 12). Expected 26Al/10Be ratios
calculated assuming a mixed layer depth of 40-160 cm agree well with measured low
26

Al/10Be ratios from basins CU-122 and 132. This mixed layer depth range is consistent

with the soil depths of 90-150 cm reported for the location of these basins (Bennett and
Allison 1928). In deeply weathered tropical soils, bioturbation can extend to depths of 34 m (von Blackenburg et al. 2004).
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Two basins (CU-106, 121), however, have 26Al/10Be ratios slightly lower than
those expected given the presence of a mixed soil layer 160 cm in depth. The 26Al/10Be
ratio in the lowest-ratio sample (CU-016) is too low to be attributed to the effects of a
deep mixed surface layer, and requires that some fraction of the sample has experienced
both surface exposure and a significant period of burial well below the surface where
cosmogenic nuclide production is negligible. Factors that could lead to this low ratio
include the incorporation of previously deeply buried sediment through channel avulsion
(Wittmann et al. 2011) or incision into terraces (Hu et al. 2011).
The presence of a deep, mixed soil layer in at least five basins is further evidence
for rock dissolution at depths below the significant production of cosmogenic nuclides;
extensive subsurface dissolution leads to the observed and significant disagreement
between slow sediment generation rates and fast rock dissolution rates. The lengthy
exposure durations observed in basins CU-106, 121, 122, and 132 demonstrate that even
in the dynamic, high-precipitation, tropical environment of central Cuba, quartz can
remain stable in the landscape in low slope basins across time scales of hundreds of
thousands of years.

3.6.3 Constraining total landscape denudation
The disagreement between high rock dissolution rates and low cosmogenic
nuclide-derived sediment generation rates raises questions about how to best characterize
total landscape denudation rates, since neither cosmogenic nuclide measurements nor
stream solute flux are not capturing all or even in some cases the majority of landscape
denudation in central Cuba. Evidence for deep rock dissolution suggests that sediments
and solutes are being sourced at least partially from different places in the landscape.
Since it is clear that the majority of mass loss in Cuba occurs in solution (rock dissolution
rates are higher than 10Be-derived sediment generation rates in most basins), rock
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dissolution rates represent a minimum bound on total landscape denudation. Treating the
removal of mass in solution and through physical erosion as entirely discrete processes
happening at different depths in the landscape allows us to set a maximum bound on total
landscape denudation: the sum of inferred rock dissolution rates and cosmogenic nuclidederived sediment generation rates. In basins with evidence of evaporite deposits, the total
rate of landscape denudation would be even higher than the sum of cosmogenic nuclidederived sediment generation rates and rock dissolution rates presented in this study, as the
method we used for calculating chemical denudation rates does not include some ions
that would result from the dissolution of evaporites.
Summing cosmogenic nuclide-derived sediment generation rates and chemical
denudation rates increases estimates of total landscape denudation across study basin by a
factor of 1.4-33 above 10Be-inferred sediment generation rates (mean = 6.4, median =
2.5). Disregarding the extreme examples of the basins with evidence of evaporite deposits
would lead to an average increase of a factor of 2.8 above 10Be-inferred sediment
generation rates (median = 2.2). These mean and median values are between the reported
CEF of 1.79 for the Luquillo Critical Zone Observatory in humid, tropical Puerto Rico
(Riebe and Granger 2013), and lower than the CEF for the thickly saprolite-mantled,
tropical environment of south Cameroon (Regard et al. 2016). These comparisons suggest
that for landscapes with a significant proportion of total denudation occurring through
deep rock dissolution, summing rock dissolution rates and cosmogenic nuclide-derived
rates provides a reasonable estimate of total landscape denudation.
In landscapes like central Cuba, total denudation rates may be difficult to predict
based on landscape metrics but perhaps easier to predict based on climatic factors.
Summed chemical denudation rates and cosmogenic nuclide-derived erosion rates are not
correlated with rock type, as rock type appears to have opposing influences on these rates
(i.e., basins underlain by sedimentary rocks had the highest rock dissolution rates but
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lowest cosmogenic nuclide-derived rates). Similarly, summed rock dissolution rates and
cosmogenic nuclide-derived rates are not correlated with average basin elevation or
average basin slope (Fig. 6), since 10Be-derived rates were highest in high elevation, steep
basins and rock dissolution rates were highest in low slope, low elevation basins—
relationships that are primarily controlled by the influence of rock type on these two
different denudational processes.
In central Cuba, the lack of correlation between summed rock dissolution rates
and cosmogenic nuclide-derived sediment generation rates suggests a possible
mechanism for limiting total reductions in landscape relief. While global data
demonstrates significant, positive correlations between cosmogenic nuclide-derived
sediment generation rates and basin slope and relief (Portenga and Bierman 2011),
accounting for the influence of rock dissolution may alter this dynamic. The possibility of
combined physical and chemical processes limiting reductions in relief has significant
implications towards the study of deeply weathered, high relief tropical landscapes. The
dual importance of rock dissolution in low-lying areas and physical erosion in steeper
terrain could explain the relationship behind sustained high relief topography and low
sediment generation rates common across some tropical landscapes such as in Brazil
(Vasconcelos et al. 2019) or Sri Lanka (von Blackenburg et al. 2004).
Regardless of rock type, however, both cosmogenic nuclide-derived erosion rates
and summed chemical denudation rates and cosmogenic nuclide-derived erosion rates are
positively correlated with MAP (p = 0.005, R2 = 0.34). While the range of MAP values in
central Cuba is not highly variable, this relationship demonstrates a possible climatic
control on erosion rates across this landscape. This finding is contrary to other studies in
the humid tropics (von Blackenburg et al. 2004), and beyond (Riebe et al. 2001, Portenga
and Bierman 2011), that have found no correlations between climate variables and
cosmogenic nuclide-derived long-term erosion rates. Since in Cuba, 10Be-inferred
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sediment generation rates are positively correlated with MAP but chemical denudation
rates are uncorrelated with MAP, this trend likely highlights the importance of rainfall in
allowing for the physical export of sediment from a drainage basin that is export-limited
rather than weathering-limited.
Our data clearly demonstrate that cosmogenic nuclide measurements can
underestimate total denudation in landscapes with significant rock dissolution at depth,
particularly in the tropics, suggesting that similar underestimations of total denudation
rates using measurements of cosmogenic nuclides may be a factor in other tropical
landscapes. While rock dissolution rates in the tropics have been documented as among
the highest globally (White and Blum 1995, Rad et al. 2013, Larsen et al. 2014), a global
compilation of 10Be-derived sediment generation rates demonstrated that such rates in the
tropics are lower than all other climate zones, apart from arid regions (Portenga and
Bierman 2011). The contrast between these two depictions of tropical denudation
suggests that 10Be-derived erosion rates for tropical areas are incomplete representations
of total mass loss from these landscapes because dissolved loads are incompletely
accounted for by measurements of 10Be in river sand. This discrepancy highlights the
need for more studies that compare rock dissolution rates and cosmogenic nuclidederived rates, in the tropics and beyond, to provide more accurate estimations of total
landscape denudation.

3.6.4 Comparison of 10Be-derived sediment generation rates with modern sediment yield
records
10

Be-inferred sediment generation rates from central Cuba are lower on average

than erosion rates calculated from island-wide sediment yield data (1-19 years of record)
collected during the peak of Soviet-assisted agricultural production (Pérez Zorrilla and
Ya Karasik 1989), suggesting that modern erosion rates in Cuba have increased above
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long-term averages (Fig. 8). These two data sets are directly comparable because neither
consider the solutional component of denudation. The increase in sediment yields over
background sediment generation rates represents an increase in the physical component
of denudation over time, likely due to human-landscape alteration through agriculture.
However, the three watersheds with both sediment yield data and 10Be-inferred erosion
rates suggest that this increase in erosion rates over background levels may not be
uniform across the Cuban landscape. The comparisons imply that sediment yield
decreased by 33% in one basin, remained fairly uniform (decrease of 2%) in another, and
increased by 86% in the third. These differences may be caused by variations in how well
cosmogenic nuclide-derived rates capture the chemical component of denudation not
reflected by the sediment yield data due to differences in chemical weathering depth
between basins, or due to variability in the intensity of landscape alteration due to
agriculture. However, the sediment yield data for these three watersheds span fairly brief
periods of record (9-15 years), leading to possible underestimates of modern average
sediment delivery rates if episodic events that would increase sediment delivery have not
been captured (Kirchner et al. 2001). This indicates the potential for modern erosion rates
to be even higher than suggested by the sediment yield data. Longer-term sediment yield
records are needed to more accurately assess how erosion rates in Cuba may have
changed over time.
3.7 Conclusions
Our data, the first cosmogenic nuclide measurements from the island of Cuba,
provide insight into how landscape denudation occurs in humid, tropical settings.
Solution plays a large role in total mass flux, and significant mineral dissolution occurs
along weathering fronts meters below the landscape surface. Rock type exerts the
primary control on the pace of denudation, and precipitation influences total landscape
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denudation. We find evidence for thick mixed surface layers in lowland basins and
suggest that deep rock dissolution dominates denudational processes in basins where
weathering products remain near the surface for long periods of time.
These findings highlight the necessity of accounting for mass loss by solution at
depth when interpreting cosmogenic nuclide-derived rates in landscapes with the
potential for significant rock dissolution. The discrepancy between high rock dissolution
rates and low 10Be-derived sediment generation rates observed in central Cuba
emphasizes how relying on cosmogenic nuclide measurements alone to determine total
denudation rates can lead to considerable underestimations of total mass flux off
landscapes. Summing rock dissolution rates and cosmogenic nuclide-derived sediment
generation rates can provide reasonable estimates of total denudation in landscapes with
significant rock dissolution concentrated below the penetration depth of cosmic ray
neutrons. These findings suggest that estimating rock dissolution rates is important when
applying cosmogenic nuclides to other humid, tropical landscapes where solute fluxes
carried in stream loads are significant.
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Chapter 3 Figures and Captions

Figure 1: Cosmogenic nuclide production and rock dissolution at depth
Conceptual diagram showing cosmogenic nuclide production and concentration in a column 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 study area, basin geology, and elevation data
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Maps showing underlying basin geology (panel A; 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: Measured sediment generation rates, rock dissolution rates, and the ratio between sediment generation and
rock dissolution
Maps showing rates of landscape change for each study watershed. Panel A shows measured 10Be-derived sediment
generation rates, and panel B shows measured rock dissolution. In both maps, darker colors in the basins indicate faster
rates of landscape change. Panel C shows the ratio between rock dissolution rates and cosmogenic sediment generation
rates; darker colors indicate larger ratios. Rock dissolution exceeds sediment generation in basins with a ratio > 1.
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Figure 4: 26Al/10Be two-isotope plots
To permit comparison of data from different locations and elevations on the same plot, nuclide concentrations have
been normalized by dividing measured concentrations by calculated mean production rates in the respective drainage
basins, using production rate calculations from version 3 of the online exposure age calculator described by Balco et al.
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(2008) and subsequently updated. In both plots, uncertainty ellipses denote 68% confidence regions for the normalized
nuclide concentrations, and the black lines are the boundaries of the simple exposure region (Lal, 1991) calculated
using the conventional assumption of steady block erosion without vertical mixing. Panel A shows (leaving aside an
anomalous result from CU-016) that 26Al/10Be ratios from basins with high nuclide concentrations, implying low
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. Circles show expected steady-state
nuclide concentrations in a fully mixed surface layer calculated according to Lal and Chen (2005) for a range of erosion
rates and mixed-layer thicknesses, which highlights that sediment derived from a deep mixed layer has lower nuclide
concentrations and lower 26Al/10Be ratios than would be expected if the mixed layer were absent.

Figure 5: Sediment generation rates and rock dissolution rates by rock type
10

Be-inferred sediment generation rates and rock dissolution rates, classified by rock type. 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.
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Figure 6: Correlations between sediment generation rates, rock dissolution rates, and basin characteristics
Relationship between measured 10Be-derived erosion rates, chemical denudation rates, and the sum of chemical
denudation rates and 10Be-derived erosion rates to basin characteristics. Different shaped/colored points represent the
dominant underlying rock type in that basin. Plots with p > 0.1 are shown with a gray background.
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Figure 7: Rock dissolution rates vs. 10Be-derived sediment generation rates.
Scatterplot of rock dissolution rates vs. 10Be-derived sediment generation rates. Dashed orange line is a 1:1 line.
Horizontal lines extending from the points demonstrate the uncertainty associated with the calculation of 10Be-based
sediment generation rates. Histograms on axes show distribution of data.
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Figure 8: Comparison of sediment generation rates and modern sediment yield data
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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Chapter 4: Conclusions and Future Work
The combination of cosmogenic nuclide-derived sediment generation rates and
rock dissolution rates provides considerable insight into the processes of total landscape
denudation in the across the varied geology and tropical environment of central Cuba.
Both rock dissolution rates and sediment generation rates vary widely across the island.
Rock dissolution rates are higher than sediment generation rates in most watersheds,
emphasizing the importance of rock dissolution to total landscape denudation in central
Cuba. The discrepancy between high rock dissolution rates and low cosmogenic nuclidederived sediment generation rates also demonstrates that considerable mass loss is
occurring by solution at depths below the zone of significant cosmogenic nuclide
production ( > 3m).
Basin geology is a major control on both sediment generation rates and rock
dissolution rates in central Cuba, and average basin slope also influences these rates of
landscape change. Sediment generation rates were highest in high-slope basins underlain
by metamorphic rocks and lowest in low-slope basins underlain by sedimentary rocks,
whereas the opposite trend was observed for rock dissolution rates. The differential
importance of these physical vs. chemical weathering processes based on rock type and
slope may serve to limit total reductions in landscape relief over time.
26

Al/10Be ratio data suggest the presence of a deep mixed soil layer in several

watersheds. Lowered 26Al/10Be ratios, coupled with high 10Be concentrations, indicate
that sediment in these watersheds has remained stable on the landscape for considerable
lengths of time. A particularly low 26Al/10Be ratio in one study watershed suggests that
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previously buried material is being eroded and incorporated into stream sediment – likely
through stream channel avulsion or incision into terraces.
The combination of rock dissolution and sediment generation rate data indicates
that relying on measurements of cosmogenic nuclides alone would lead to underestimates
of total landscape denudation. I demonstrate that summing rock dissolution rates and
cosmogenic nuclide-derived sediment generation rates leads to reasonable estimations of
total landscape denudation in landscapes where significant mass loss is occurring by
solution at depth. This finding highlights the importance of considering mass loss by
solution when applying the cosmogenic nuclide technique to estimate rates of total
landscape denudation in areas with the potential for significant mass loss by solution at
depth, particularly in the humid tropics.
This study presents the first cosmogenic nuclide-derived sediment generation
rates for the country of Cuba; however, additional measurements could lend more insight
into the rates and processes of total landscape denudation in this tropical environment. In
particular, measuring sediment generation rates in eastern Cuba, situated on the boundary
of the North American and Caribbean plates, would help elucidate the role of tectonic
activity on landscape denudation. Additional information regarding the influence of
mineral dissolution on quartz-enrichment and total landscape denudation would also be
helpful in better constraining total landscape denudation rates in central Cuba. This could
be accomplished by calculating a quartz enrichment factor in future studies, or further
validated with longer-term records of stream solute fluxes. Finally, additional
comparisons to modern sediment yield data, or information on how erosion may have
changed since Cuba’s system of agricultural production shifted to lower-impact
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agricultural methods, would be helpful in determining how changes in agricultural
production have affected the pace of sediment generation through time.
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Appendix 1: Supplemental Tables
Table 1: Sampled basins data

Sample
Name

Latitude
(°N)

Longitude
(°W)

Eff.
Elev.
(m)

Avg.
Basin
Slope (°)

Basin
Area (km2)

Mean Ann.
Precip.
(mm yr-1)

CU-014
CU-015
CU-016
CU-101
CU-102
CU-106
CU-107
CU-108
CU-109
CU-110
CU-111
CU-112
CU-113
CU-114
CU-115
CU-116
CU-117
CU-118
CU-119
CU-120
CU-121
CU-122
CU-131
CU-132

22.0662
22.1485
22.2090
22.0526
22.3011
22.7068
22.5354
22.3924
22.3570
21.9187
22.0895
21.8326
21.8376
22.1056
22.1106
22.0277
22.0494
22.3751
22.5668
22.4431
22.4442
22.5047
22.3547
22.4918

-79.7962
-79.4231
-79.0172
-80.2922
-80.5004
-80.3667
-79.8796
-79.6691
-79.7612
-80.2659
-79.9169
-80.1503
-80.1045
-80.2253
-80.1291
-79.9889
-79.8431
-79.8175
-80.2220
-80.4809
-80.4448
-80.2907
-80.5088
-80.2963

158
136
128
191
8
47
28
67
67
230
56
301
256
85
449
155
74
58
96
17
18
2
42
14

3.2
1.5
3.0
9.7
1.0
0.5
1.1
2.0
2.3
10.5
8.2
9.4
11.7
8.9
10.9
9.9
6.5
4.6
1.6
0.7
0.6
0.5
0.6
0.5

730
458
177
81
19
133
37
66
68
76
17
71
56
32
333
40
40
42
707
54
49
2
172
23

1456
1362
1491
1254
1327
1272
1250
1370
1373
1029
1489
1059
1059
1395
1328
1440
1489
1428
1361
1313
1300
1285
1326
1329
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Table 2: Underlying basin rock type

PostEocene
marine
strata

Tertiary and
Cretaceous
complex of
deformed
Quaternary sedimentar
alluvium
y rocks
6.6
20.3

0.6
99.2

50.6
8.9

5.7

80.9
64.9

3.3
30.8
37.4

22.9
37.9

19.2
23.7

20.0
46.3

5.2
3.2
2.6
60.6
2.4
4.4

70.2

99.2
53.7
93.3
100.0
94.8
57.1
49.4
39.4

6.7
3.4

Water

6.7
28.1
47.9

2.0

29.1
47.0

Upper
Cretaceous
Ultramafic
marine
rocks
Undetermined
strata
4.0
24.4
42.2
10.2
46.3
1.5
0.8
49.4
4.1
0.4
24.1
7.8
6.8
62.5
0.5
33.4
5.0
0.8

3.5
100.0
100.0
100.0
100.0

9.64468539
0.02720145
68.5
10.9

34.1

23.2
96.6
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Name
CU-014
CU-015
CU-016
CU-101
CU-102
CU-104
CU-106
CU-107
CU-108
CU-109
CU-110
CU-111
CU-112
CU-113
CU-114
CU-115
CU-116
CU-117
CU-118
CU-119
CU-120
CU-121
CU-122
CU-124
CU-131
CU-132

Cretaceous
Eocene and
plutons,
(or)
mostly
Cretaceous Paleocene Gabbro and
intermediat
volcanic
marine
related
e to silicic
rocks
strata
rocks
17.0
37.8
3.7
0.0
0.9
26.7
13.4
31.3

Underlying Rock Type (% of Basin Area)
Mesozoic
metasedimentary
Mesozoic
Mesozoic
and metaigneous metavolcani
Jurassic
amphibolites and
rocks, low to
c and
marine and
associated
intermediate
associated
continental
metasedimentary
metamorphic
metasedime
strata
rocks
grade
ntary rocks
8.0
5.1

Table 3: Beryllium blank data

Blank
Name

UVM Batch
Number

Cathode
Number

Be
Analysis
Date

BLK
BLKX
BLK
BLK
BLK

649
649
656
663
678

153469
153475
157209
159117
160463

3/26/19
3/26/19
6/24/19
10/18/19
3/17/21

From AMS:
Be/9Be Ratio

10

From AMS:
Be/9Be Ratio
Uncertainty

10

1.19E-15
2.62E-15
4.21E-15
2.92E-15
5.29E-15

5.11E-16
6.86E-16
7.69E-16
7.08E-16
1.18E-15

Table 4: Aluminum blank data

Blank
Name

UVM Batch
Number

Cathode
Number

Al Analysis
Date

BLK

649

154614

6/1/19
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From AMS:
Al/27Al Ratio

26

1.92E-15

From AMS:
Al/27Al Ratio
Uncertainty

26

1.36E-15

Table 5: Beryllium isotope data
Quartz
Mass
(g)

Be Carrier
Concentration
(μg mL -1)

AMS
Cathode
Number

Uncorrected
10
Be/9Be
Ratio**

31.78
20.66
21.61
36.75
6.25
10.53
5.29
8.46
12.10
21.92
22.33
21.74
36.53
42.51
21.81
43.07
26.16
13.75
22.23
21.02
21.67
32.57
32.65

Mass of
9
Be
Added
(μg)
241.6
251.0
251.2
239.7
251.3
250.9
251.1
251.8
251.0
250.3
250.3
250.0
241.7
241.9
250.2
241.3
240.3
250.8
249.5
250.8
244.8
240.8
241.5

CU-014
CU-015
CU-016
CU-101
CU-102
CU-106
CU-107
CU-108
CU-109
CU-110
CU-111
CU-112
CU-113
CU-114
CU-115
CU-116
CU-117
CU-118
CU-119
CU-120
CU-121
CU-122
CU-122
DUP
CU-131
CU-132
CU-132
DUP

291
304
304
291
304
304
304
304
304
304
304
304
291
291
304
291
304
304
304
304
291
304
304

153464
157200
157201
153465
159114
157202
159115
159116
157204
157205
157206
157207
153466
153467
157208
153468
153470
159118
157210
160468
157211
153471
153472

8.690E-14
1.307E-13
3.388E-13
2.595E-13
7.532E-14
6.109E-13
8.647E-14
4.818E-14
5.492E-14
2.234E-13
5.841E-14
2.652E-13
4.384E-13
2.797E-13
1.105E-13
2.957E-13
8.321E-14
6.387E-14
5.198E-13
6.602E-13
9.853E-13
1.615E-12
1.605E-12

16.15
34.78
34.86

251.1
241.3
240.9

291
304
304

159119
153473
153474

7.862E-13
2.694E-12
2.756E-12

Uncorrected
Be/9Be Ratio
Uncertainty**

10

10

3.34E-15
4.80E-15
8.44E-15
5.53E-15
3.89E-15
1.14E-14
3.43E-15
2.51E-15
2.58E-15
5.76E-15
2.49E-15
8.59E-15
1.02E-14
7.47E-15
4.18E-15
6.41E-15
4.37E-15
2.75E-15
9.97E-15
1.62E-14
1.89E-14
1.98E-14
2.17E-14

BackgroundCorrected
10
Be/9Be
Ratio
8.50E-14
1.27E-13
3.35E-13
2.58E-13
7.12E-14
6.07E-13
8.23E-14
4.40E-14
5.08E-14
2.19E-13
5.43E-14
2.61E-13
4.37E-13
2.78E-13
1.06E-13
2.94E-13
8.13E-14
5.97E-14
5.16E-13
6.56E-13
9.81E-13
1.61E-12
1.60E-12

BackgroundCorrected
10
Be/9Be Ratio
Uncertainty
3.49E-15
4.94E-15
8.53E-15
5.62E-15
4.06E-15
1.14E-14
3.63E-15
2.77E-15
2.84E-15
5.88E-15
2.76E-15
8.68E-15
1.03E-14
7.54E-15
4.35E-15
6.49E-15
4.48E-15
3.00E-15
1.00E-14
1.63E-14
1.89E-14
1.98E-14
2.17E-14

Be
Concentrati
on (atoms
g-1)
4.32E+04
1.03E+05
2.60E+05
1.12E+05
1.91E+05
9.66E+05
2.61E+05
8.76E+04
7.04E+04
1.67E+05
4.07E+04
2.01E+05
1.93E+05
1.06E+05
8.15E+04
1.10E+05
4.99E+04
7.28E+04
3.87E+05
5.23E+05
7.41E+05
7.97E+05
7.92E+05

Be
Concentration
Uncertainty
(atoms g-1)
1.77E+03
4.01E+03
6.62E+03
2.45E+03
1.09E+04
1.82E+04
1.15E+04
5.52E+03
3.94E+03
4.49E+03
2.07E+03
6.66E+03
4.54E+03
2.87E+03
3.33E+03
2.43E+03
2.75E+03
3.66E+03
7.53E+03
1.30E+04
1.43E+04
9.79E+03
1.07E+04

1.80E-14
2.93E-14
3.28E-14

7.82E-13
2.69E-12
2.75E-12

1.81E-14
2.93E-14
3.28E-14

8.12E+05
1.25E+06
1.27E+06

1.88E+04
1.36E+04
1.52E+04

10
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Sample
Name

Table 6: Aluminum Isotope Data

Quartz
Mass
(g)

Total 27Al
Quantified
by ICPOES (μg)*

AMS
Cathode
Number

Uncorrected
26
Al/27Al
Ratio**

CU-014
CU-015
CU-016
CU-101
CU-106
CU-109
CU-110
CU-111
CU-112
CU-113
CU-114
CU-115
CU116
CU117
CU-119
CU-121
CU-122
CU-122
DUP
CU-132
CU-132
DUP

31.78
20.66
21.61
36.75
10.53
12.10
21.92
22.33
21.74
36.53
42.51
21.81
43.07
26.16
22.23
21.67
32.57
32.65

5042
4906
2622
3425
1714
4441
1251
1492
1708
2701
3671
1525
5894
5983
5029
3766
5102
5059

160360
160348
160349
157226
160350
160352
160353
160354
160355
157227
160361
160356
160362
160363
160358
160359
154615
154616

34.78
34.86

4559
4517

154617
154618

Uncorrected
Al/27Al Ratio
Uncertainty**

Background
-Corrected
26
Al/27Al
Ratio

8.92E-14
1.25E-13
2.80E-13
3.50E-13
1.01E-12
6.06E-14
7.46E-13
1.91E-13
7.19E-13
7.30E-13
3.85E-13
4.42E-13
2.39E-13
5.87E-14
4.52E-13
8.47E-13
1.16E-12
1.16E-12

6.76E-15
5.39E-15
1.18E-14
1.21E-14
3.36E-14
4.26E-15
2.77E-14
1.12E-14
2.56E-14
2.20E-14
1.79E-14
1.91E-14
1.29E-14
5.02E-15
1.86E-14
2.44E-14
2.44E-14
2.48E-14

2.00E-12
2.03E-12

4.29E-14
4.01E-14

26

26

26

Al
Concentration
(atoms g-1)

Al
Concentration
Uncertainty
(atoms g-1)

8.72E-14
1.23E-13
2.78E-13
3.48E-13
1.01E-12
5.87E-14
7.44E-13
1.89E-13
7.17E-13
7.29E-13
3.83E-13
4.40E-13
2.37E-13
5.67E-14
4.50E-13
8.45E-13
1.16E-12
1.15E-12

Background
-Corrected
26
Al/27Al
Ratio
Uncertainty
6.90E-15
5.56E-15
1.18E-14
1.21E-14
3.36E-14
4.47E-15
2.77E-14
1.13E-14
2.56E-14
2.20E-14
1.79E-14
1.92E-14
1.29E-14
5.20E-15
1.87E-14
2.44E-14
2.45E-14
2.48E-14

3.09E+05
6.50E+05
7.54E+05
7.25E+05
3.68E+06
4.81E+05
9.47E+05
2.82E+05
1.26E+06
1.20E+06
7.38E+05
6.87E+05
7.25E+05
2.90E+05
2.27E+06
3.28E+06
4.05E+06
3.99E+06

2.44E+04
2.94E+04
3.20E+04
2.53E+04
1.22E+05
3.67E+04
3.53E+04
1.69E+04
4.49E+04
3.64E+04
3.45E+04
2.99E+04
3.95E+04
2.65E+04
9.43E+04
9.46E+04
8.55E+04
8.58E+04

2.00E-12
2.03E-12

4.30E-14
4.01E-14

5.86E+06
5.86E+06

1.26E+05
1.16E+05
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Sample
Name

Table 7: Measured 26Al and 10Be Concentrations
10

Sample
Name

Be
Concentratio
n (atoms g-1)

CU-014
CU-015
CU-016
CU-101
CU-102
CU-106
CU-107
CU-108
CU-109
CU-110
CU-111
CU-112
CU-113
CU-114
CU-115
CU-116
CU-117
CU-118
CU-119
CU-121
CU-122
CU-122
DUP
CU-131
CU-132
CU-132
DUP

10

26

26

Al
Concentrat
ion (atoms
g-1)

4.28E+04
1.04E+05
2.61E+05
1.12E+05
1.95E+05
9.69E+05
2.66E+05
9.04E+04
7.23E+04
1.68E+05
4.17E+04
2.02E+05
1.93E+05
1.05E+05
8.26E+04
1.10E+05
4.94E+04
7.45E+04
3.88E+05
7.42E+05
7.97E+05
7.92E+05

Be
Concentrati
on
Uncertainty
(atoms g-1)
1.81E+03
4.02E+03
6.63E+03
2.47E+03
1.10E+04
1.82E+04
1.16E+04
5.56E+03
3.97E+03
4.50E+03
2.08E+03
6.67E+03
4.55E+03
2.88E+03
3.34E+03
2.44E+03
2.78E+03
3.68E+03
7.54E+03
1.43E+04
9.80E+03
1.08E+04

3.09E+05
6.50E+05
7.54E+05
7.25E+05
3.68E+06
4.81E+05
9.47E+05
2.82E+05
1.26E+06
1.20E+06
7.38E+05
6.87E+05
7.25E+05
2.90E+05
2.27E+06
3.28E+06
4.05E+06
3.99E+06

Al
Concentrati
on
Uncertainty
(atoms g-1)
2.44E+04
2.94E+04
3.20E+04
2.53E+04
1.22E+05
3.67E+04
3.53E+04
1.69E+04
4.49E+04
3.64E+04
3.45E+04
2.99E+04
3.95E+04
2.65E+04
9.43E+04
9.46E+04
8.55E+04
8.58E+04

8.14E+05
1.25E+06
1.27E+06

1.88E+04
1.36E+04
1.52E+04

5.86E+06
5.86E+06

1.26E+05
1.16E+05

85

26

Al/10Be

26

Al/10Be
Uncertainty

7.22
6.26
2.89
6.48
3.80
6.65
5.62
6.75
6.23
6.24
7.01
8.32
6.61
5.86
5.86
4.42
5.09
5.04

0.65
0.37
0.14
0.27
0.14
0.62
0.26
0.53
0.30
0.24
0.38
0.49
0.39
0.63
0.27
0.15
0.12
0.13

4.69
4.61

0.11
0.11

Table 8: Erosion rates from 26Al and 10Be

Sample
name

CU-014

Nuclide

10

Erosion
rate
(m/Myr)

Internal
uncertainty
(m/Myr)

External
Uncertainty
(m/Myr)

69.6

2.95

6.26

Al

60.7

4.85

8.01

Be

26.8

1.05

2.38

Al

26.8

1.24

3.10

Be

9.7

0.26

0.83

Al

22.6

0.99

2.60

Be

25.5

0.57

2.12

Be

26

CU-015

10

26

CU-016

10

26

CU-101

10

26

Al

24.6

0.88

2.76

CU-102

10

Be

12.4

0.71

1.23

CU-106

10

Be

2.0

0.04

0.19

26

Al

3.4

0.13

0.43

CU-107

10

Be

9.0

0.40

0.84

CU-108

10

Be

29.9

1.86

3.02

CU-109

10

Be

37.8

2.09

3.66

Al

35.7

2.77

4.68

Be

16.8

0.46

1.43

Al

18.7

0.72

2.13

Be

67.2

3.37

6.31

Al

63.0

3.81

7.63

Be

14.4

0.49

1.26

Al

14.3

0.53

1.64

Be

26

CU-110

10

26

CU-111

10

26

CU-112

10

26

CU-113

10

14.7

0.36

1.24

Al

14.5

0.46

1.64

Be

25.5

0.71

2.16

Al

22.4

1.08

2.62

Be

41.6

1.70

3.72

Al

31.0

1.37

3.56

Be

25.5

0.57

2.12

Al

23.9

1.34

2.88

Be

26

CU-114

10

26

CU-115

10

26

CU-116

10

26

CU-117

10

56.8

3.22

5.54

Al

61.8

5.72

8.65

CU-118

10

Be

36.4

1.81

3.42

CU-119

10

Be

6.1

0.13

0.53

Al

6.3

0.29

0.77

Be

2.7

0.06

0.25

26

26

CU-121

10
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26

CU-122

10

Al

3.8

0.13

0.47

Be

2.5

0.03

0.22

Al

2.8

0.07

0.36

Be

2.5

0.04

0.22

26

CU122DUP

10

Al

2.9

0.07

0.37

CU-131

10

Be

2.5

0.06

0.23

CU-132

10

Be

1.4

0.02

0.14

Al

1.7

0.05

0.25

Be

1.4

0.02

0.14

1.7

0.05

0.25

26

26

CU132DUP

10

26

Al
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Table 9: Be blank correction sensitivity analysis

Sample
Name

Average
Be Blank
by
Carrier

Batch
Be
Blank

Background
Corrected 10Be
Concentration
with Average
Blank by
Carrier
(atoms/g)

Background
corrected 10Be
Concentration
with Batch
Blank
(atoms/g)

% difference in
background
corrected 10Be
concentrations

CU-014
CU-015
CU-016
CU-101
CU-102
CU-106
CU-107
CU-108
CU-109
CU-110
CU-111
CU-112
CU-113
CU-114
CU-115
CU-116
CU-117
CU-118
CU-119
CU-120
CU-121
CU-122
CU-122DUP
CU-131
CU-132
CU-132DUP

1.91E-15
4.14E-15
4.14E-15
1.91E-15
4.14E-15
4.14E-15
4.14E-15
4.14E-15
4.14E-15
4.14E-15
4.14E-15
4.14E-15
1.91E-15
1.91E-15
4.14E-15
1.91E-15
1.91E-15
4.14E-15
4.14E-15
4.14E-15
4.14E-15
1.91E-15
1.91E-15
4.14E-15
1.91E-15
1.91E-15

1.91E-15
4.21E-15
4.21E-15
1.91E-15
2.92E-15
4.21E-15
2.92E-15
2.92E-15
4.21E-15
4.21E-15
4.21E-15
4.21E-15
1.91E-15
1.91E-15
4.21E-15
1.91E-15
1.91E-15
2.92E-15
4.21E-15
5.29E-15
4.21E-15
1.91E-15
1.91E-15
2.92E-15
1.91E-15
1.91E-15

4.32E+04
1.03E+05
2.60E+05
1.12E+05
1.91E+05
9.66E+05
2.61E+05
8.76E+04
7.04E+04
1.67E+05
4.07E+04
2.01E+05
1.93E+05
1.06E+05
8.15E+04
1.10E+05
4.99E+04
7.28E+04
3.87E+05
5.23E+05
7.41E+05
7.97E+05
7.92E+05
8.12E+05
1.25E+06
1.27E+06

4.32E+04
1.03E+05
2.60E+05
1.12E+05
1.95E+05
9.66E+05
2.65E+05
9.00E+04
7.03E+04
1.67E+05
4.06E+04
2.00E+05
1.93E+05
1.06E+05
8.15E+04
1.10E+05
4.99E+04
7.43E+04
3.87E+05
5.22E+05
7.41E+05
7.97E+05
7.92E+05
8.14E+05
1.25E+06
1.27E+06

-0.1
0.0
-1.7
0.0
1.5
2.7
0.1
0.0
0.1
0.0
--0.1
--2.0
0.0
0.2
0.0
--0.2
---
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Table 10: Step-degassing Ne isotope measurements for selected Cuba fluvial quartz

Sample name

CU-106

CU-121

CU-122

CU-132

Aliquot

Heating
temperature

Heating
time

Aliquot

weight (g)

(deg C)

(hr)

a

0.1847

850
1100

0.25
0.25

12.560
1.949

+/- 0.169
+/- 0.031

37.283
5.874

+/- 0.759
+/- 0.185

1270.752
198.029

+/- 20.564
+/- 4.056

2.968
3.014

+/- 0.033
+/- 0.076

101.2
101.6

+/- 0.5
+/- 1.5

0.63
0.58

+/- 4.92
+/- 1.12

1.2

+/- 5.0

232.4 +/-

2.7

b

0.1305

2.5

+/- 4.8

191.8 +/-

2.6

-6.7

+/- 5.1

234.8 +/-

2.9

a

0.1729

b

0.1266

a

0.1739

Total 20Ne released1
(109 atoms)

Total 21Ne released2
(106 atoms)

Total 22Ne released3
(106 atoms)

21Ne / 20Ne4
(10-3)

22Ne / 20Ne4
(10-3)

Excess 21Ne
This heating step
(106 atoms g-1)

850

0.25

7.480

+/- 0.112

22.337

+/- 0.513

754.470

+/- 9.751

2.986

+/- 0.036

100.9

+/- 0.7

1.55

+/- 4.68

1100

0.25

0.977

+/- 0.019

3.012

+/- 0.11

103.148

+/- 3.118

3.083

+/- 0.097

105.6

+/- 3.0

0.93

+/- 0.94

Total
excess 21Ne
(106 atoms g-1)

Total
atmospheric 21Ne

(106 atoms g-1)

850

0.25

12.408

+/- 0.169

35.513

+/- 0.71

1247.428

+/- 20.052

2.862

+/- 0.031

100.5

+/- 0.5

-6.95

+/- 5.03

1100

0.25

1.314

+/- 0.022

3.936

+/- 0.159

135.817

+/- 3.224

2.995

+/- 0.106

103.4

+/- 2.0

0.28

+/- 0.99

850
1100

0.25
0.25

7.935
1.244

+/- 0.115
+/- 0.024

23.443
3.892

+/- 0.573
+/- 0.139

810.451
129.275

+/- 10.120
+/- 3.233

2.955
3.129

+/- 0.041
+/- 0.092

102.1
103.9

+/- 0.4
+/- 2.2

-0.28
1.67

+/- 5.26
+/- 1.23

1.4

+/- 5.4

214.5 +/-

2.7

-3.8

+/- 7.8

366.7 +/-

4.4

850

0.25

19.076

+/- 0.256

55.465

+/- 1.092

1917.565

+/- 28.698

2.908

+/- 0.025

100.5

+/- 0.4

-5.65

+/- 7.64

1100

0.25

2.474

+/- 0.038

7.647

+/- 0.22

258.904

+/- 4.915

3.091

+/- 0.068

104.6

+/- 1.3

1.88

+/- 1.42

b

0.0808

850
1100

0.25
0.25

8.097
0.664

+/- 0.119
+/- 0.014

24.186
2.009

+/- 0.565
+/- 0.102

822.845
68.790

+/- 10.461
+/- 2.543

2.987
3.027

+/- 0.037
+/- 0.140

101.6
103.6

+/- 0.6
+/- 3.6

2.82
0.56

+/- 8.24
+/- 1.37

3.4

+/- 8.4

320.8 +/-

4.4

a

0.1766

850
1100

0.25
0.25

24.138
1.489

+/- 0.467
+/- 0.024

72.354
4.416

+/- 1.72
+/- 0.161

2436.494
158.709

+/- 46.834
+/- 3.386

2.997
2.965

+/- 0.026
+/- 0.092

100.9
106.6

+/- 0.4
+/- 1.8

5.26
0.05

+/- 12.50
+/- 1.00

5.3

+/- 12.5

429.4 +/-

7.8

b

0.0679

850
1100

0.25
0.25

7.841
0.943

+/- 0.113
+/- 0.018

23.748
2.778

+/- 0.566
+/- 0.13

796.496
100.165

+/- 10.109
+/- 2.782

3.029
2.946

+/- 0.039
+/- 0.122

101.6
106.2

+/- 0.5
+/- 2.6

8.06
-0.19

+/- 9.68
+/- 2.07

7.9

+/- 9.9

382.8 +/-

5.0

1 Computed by comparison to 20Ne signal in air pipettes. 1-sigma uncertainty includes measurement uncertainty of 20Ne signal in this analysis and the reproducibility of the air pipette signal
2 Computed by comparison to 21Ne signal in air pipettes. 1-sigma uncertainty includes measurement uncertainty of 21Ne signal in this analysis and the reproducibility of the air pipette signal
3 Computed by comparison to 22Ne signal in air pipettes. 1-sigma uncertainty includes measurement uncertainty of 21Ne signal in this analysis and the reproducibility of the air pipette signal
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4 Isotope ratio measured internally during each analysis and corrected for mass discrimination based on the air standard

Appendix 2: Season 1 Field Site Descriptions
CU-14

Site Name: Mabijina
Collection Date: 8/23/2018
Latitude: 22.066218 Longitude: -79.796231
Site Description: Wide, fairly deep (> 1m) river with exposed bedrock outcropping in
channel. White granite with fairly large gray circles of other rock inside. Small tributary
coming in upstream of sample site. Big terrace on one side of bank, other big terrace
higher up.
Other Notes: Aniel went in the river here to get flow. We were worried about him
because the water was deep and he doesn’t know how to swim; also worried about flow
meter digital readout getting wet, but everything worked.
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CU-15

Site Name: Saltero
Collection Date: 8/24/2018
Latitude: 22.148453 Longitude: -79.423129
Site Description: Fossiliferous limestone bedrock channel. Channel was slightly incised.
Sediment collected from pool close to shore, but was in the thalweg. Downstream
channel got deeper and wider.
Other Notes: Amanda jumped off the bridge here! Victor too. Some locals told us there
was a dam release in the last couple of days because there had been lots of rain. The dam
is apparently many kilometers upstream.
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CU-16

Site Name: Paso Real (Río Jatibonico)
Collection Date: 8/24/2018
Latitude: 22.208998 Longitude: -79.017224
Site Description: High terraces on either bank, pasture with cows on opposite bank from
sample point. Terrace on sampling side was somewhat a strath, sloped towards river.
Limestone outcropping. Small, grassy island in center of channel.
Other Notes: We tried to go to a different point first but it was too fast + deep. This was
less fast but still too deep. Amanda and Aniel wiped their feet on the rock.
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CU-101

Site Name: El Negrito
Collection Date: 08/22/2018
Latitude: 22.05258 Longitude: -80.29218
Site Description: Wide, flat, shallow river. Few rocks exposed. Lots of pebbles in
channel, looks like quartz. Sediment collected from sandbar under bridge.
Other Notes: Blank happened here. The calibration for the conductivity meter read very
high and we couldn’t turn it down (1580). Solution might be contaminated. We moved
the barbed wire fence to get down to the river. We thought we had 11 filters but we only
had 6. Paul has extra in his bag.
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CU-102

Site Name: Limones
Collection Date: 08/19/2018
Latitude: 22.301066 Longitude: -80.500401
Site Description: Meandering river featuring pasture on one side and forested land on
the other. Northern bank featured an outcrop of bedded sedimentary rocks and an
intrusive, fine-grained mafic outcrop slightly upstream of water quality site and at
sediment site. Sediment was collected 150-200 m upstream of water quality
measurements.
Other Notes: Storm is rolling in. We walked 1 km through pasture land to get here. Lots
of cows.
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CU-104

Site Name: San Pedro
Collection Date: 8/21/2018
Latitude: 22.881545 Longitude: -80.519811
Site Description: We observed two tributaries coming together just upstream of sample
site, one tributary ~.5 m higher than main channel forms a small waterfall. Tufa/travertine
outcrops near waterfall tributary; limestone bedrock outcrop in main channel. Pasture
surrounding bank on sample size, collapsed bank next to pasture.
Other Notes: The smallest town with abandoned houses and roads. We parked next to a
pig with many suckling piglets.
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CU-106

Site Name: Puente Blanco
Collection Date: 8/21/2018
Latitude: 22.706792 Longitude: -80.366741
Site Description: Wide river, sampled from a big long white bridge along the main road.
Small tributary with steep banks joining just upstream of the bridge. Large backwater
pool on same side of bridge, opposite side of tributary joining. Vegetation along bank
except for small area next to an agricultural field with cows present, which had a
collapsing bank.
Other Notes: Downstream of junction; lots of wind which really impacted
velocity/discharge measurements (made by floating debris off of bridge). Final stop for
Amanda’s group on Tuesday, feeling tired.
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CU-107

Site Name: San Gil
Collection Date: 8/21/2018
Latitude: 22.53541 Longitude: -79.87957
Site Description: Exposed rock on one bank: (metabasalt?), some foliation, lots of
fractures, silica vein fillings, maybe quartz. Stacked stones spanning channel, path that
crosses river.
Other Notes: This site was easy to reach for once! We thought the journalists were going
to join us but they didn’t come.
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CU-108

Site Name: Zuleta, Camajuaní River
Collection Date: 08/21/2018
Latitude: 22.39237 Longitude: -79.66906
Site Description: Fairly shallow channel, vegetated on both sides. Rock outcropping in
channel and along banks. Vegetated islands in channel.
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CU-109

Site Name: Falcón
Collection Date: 08/21/2018
Latitude: 22.35697 Longitude: -79.76122
Site Description: Sandy, few fines, fines may be from floodplain. Steep bank on one side
of river, big floodplain with sugarcane on the other side.
Other Notes: There was a dog swimming when we got here. The filter broke so we used
the blank. I thought it was the last site but it was the 3rd.
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CU-110

Site Name: Ormigas
Collection Date: 08/22/2018
Latitude: 21.918681 Longitude: -80.265871
Site Description: Fairly large, meandering river. Sediment was collected from a point bar.
There was an open field on the point bar side of the river and a small plot of banana trees
above the cutbank.
Other Notes: We tried to go down the other side but there were too many ants, so we
walked down a log bridge and sampled flow from the point bar.
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CU-111

Site Name: Manicaragua
Collection Date: 8/23/2018
Latitude: 22.089492 Longitude: -79.916892
Site Description: Channel was slightly incised. There was a large bar with big rocks in a
sandy matrix at the center of the channel. Upstream of the sample point there were two
tributaries with different geologies coming together. One tributary contained large rocks
and lots of white sand, while the other had fewer exposed rocks; rocks were grayer.
Other Notes: I gave Rita a geology lesson about mica and lineation.
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CU-112 (Sediment only)

Collection Date: 8/22/2018
Latitude: 21.833200 Longitude: -80.149215
Site Description: Sample site at mouth of river; marine influence prevented water quality
sampling. Sediment collected from bar near mouth of river. Sediment appeared riverine
and not marine.
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CU-113

Site Name: La Lima
Collection Date: 08/22/18
Latitude: 21.837604 Longitude: -80.104537
Site Description: Meandering river 12-15 m wide draining upland mountainous area.
Sediment samples were collected from a sandy bar towards the center of the channel
separating the main channel from a backwater pool. Wide, hilly, sandy/rocky floodplain
with some established vegetation.
Other Notes: We tried to get one last site along the coast, the skies opened up just as we
got to the creek, but we found shelter in the “La Lima” ranch house and had a feast of
snacks with the family.
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CU-114

Site Name: Seibabo
Collection Date: 08/22/2018
Latitude: 22.105607 Longitude: -80.225297
Site Description: Straight channel with cobbles and exposed bedrock on the bottom.
Vegetated island in center of channel. Floodplain was rocky with some vegetation.
Other Notes: First site for Amanda’s group on Wednesday. Beautiful rock stream. Lots
of flow + plants + exposed bedrock.
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CU-115

Site Name: El Mamey (Hanabanilla)
Collection Date: 08/22/2018
Latitude: 22.11061 Longitude: -80.12940
Site Description: Big exposures in the river of fine-grained, black/gray metamorphic
rocks. Some granite = quartz! The river was cold + shallow. Vegetated bank and islands
in river. Mountains visible in distance.
Other Notes: Enniet bought us bananas on the way in. It took the pH meter a long time
to stabilize.
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CU-116

Site Name: Jibacoa
Collection Date: 8/23/2018
Latitude: 22.027663 Longitude: -79.98887
Site Description: River was incised a couple of meters, maybe an intermediate terrace.
Vegetated banks all the way to the river, small scale agriculture nearby (no plantations,
no cows). Coarse sediment collected from channel and fine sediment collected from bar
by the bank.
Other Notes: We had to move the sample because it turns out the river flows towards the
mountains and we wanted to be upstream of the dam. We saw wild coffee beans here and
opened them up to smell them. I told our collaborators that we call them “frijoles de
café”.
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CU-117

Site Name: Güinía de Miranda
Collection Date: 8/23/2018
Latitude: 22.049357 Longitude: -79.843068
Site Description: Outcrop on one side of channel, mostly fine sand with some fist-sized
clasts on opposite bank. Small sandy bar towards the center of the channel. Small
tributary coming in above sampling point. Short bridge with flood debris coming ¾ of the
way up the sides. Small mountain/hill downstream.
Other Notes: Amanda went swimming here and I got my shorts wet and talked about
how I don’t know metric.
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CU-118

Site Name: Miller
Collection Date: 8/21/2018
Latitude: 22.37516 Longitude: -79.81694
Site Description: River split downstream of sample point. Sediment was collected from
a sandy, silty bar about 2 m above current flow, which appeared recently deposited.
Other Notes: People were jumping off the bridge!
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CU-119

Site Name: 26 de Julio
Collection Date: 08/20/18
Latitude: 22.566843 Longitude: -80.222009
Site Description: Straight reach, deep and wide channel. Sand fraction sampled from a
strath terrace at the left bank. Mud fraction sampled from the river bank. Sampled at
bridge downstream of planned point. 2 (or more?) big reservoirs upstream of site > 10
miles. Water totally nasty green. Sand from strath terrace at left bank. Mud (<63) from
river bank downstream of bridge (left bank). We dropped stuff for flow instead of using
the gurly.
Other Notes: We learned we didn’t lose our stuff!
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CU-120

Site Name: Cartagenia
Collection Date: 08/20/2018
Latitude: 22.443138 Longitude: -80.480883
Site Description: Side of highway excavated under bridge – old terrace/floodplain
visible. Little sand. Bulk samples. Sampled upstream on side with cows. Floated stuff for
flow measurements. Sampled carbonate/snails from paleosol.
Other Notes: Delimbed pregnant doll.
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CU-121

Site Name: Damuji
Collection Date: 08/20/2018
Latitude: 22.444158 Longitude: -80.444816
Site Description: Site north of highway V8. Had to move past the barbed wire. Sediment
from ~50 m upstream of bridge/highway. The channel experienced a small constriction
before going under the bridge and getting much much bigger/wider under the bridge.
Other Notes: Upstream of water/flow site and downstream of sediment was a fish trap?
Sediment trap? It was filling part of the river (left bank).
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CU-122

Site Name: San Marcos Uno
Collection Date: 08/18/2018
Latitude: 22.504696 Longitude: -80.290681
Site Description: Small, shallow stream surrounded by sugarcane agriculture. ~3 km
upstream of the original sample site. Very sandy sample upstream of bridge to avoid road
sand. Sugar cane land.
Other Notes: After we got stuck in the mud then we had a discussion about the iPad,
Alejandro, and riding a tractor.
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CU-124

Site Name: Azucar
Collection Date: 8/21/2018
Latitude:22.758724 Longitude: -80.362130
Site Description: Lots of chert bedrock. Sediment was coarse grained with lots of fine
mud. Lots of vegetation on both sides of river, deep flow. Mud is coming in from
upstream + chert is coming in (possibly from road), sample collected from downstream of
the bridge to get better mixing.
Other Notes: We walked through the “Midwest of Cuba” with sugar fields on all sides to
get to a small creek between two sugar fields, accessed by a small, rough concrete bridge.
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CU-131

Site Name: Congojas
Collection Date: 08/18/2018
Latitude: 22.354729 Longitude: -80.508793
Site Description: Downstream of bridge in flood conditions. Alejandro says highest flow
he’s ever seen. Sand from bridge with dredge. Pasture on two sides with some animals.
Many thorny herbaceous plants. Large sweeping grass. Trees downstream.
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CU-132

Site Name: Yumuri
Collection Date: 08/20/2018
Latitude: 22.491781 Longitude: -80.296337
Site Description: Flow taken at entrance to culvert under the road. Big swimming hole
under railroad bridge. Sediment sample upstream of railroad bridge and road.
Other Notes: Horses and men swimming/bathing here. Sediment collection took forever.
This was an extra sample.
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Appendix 3: Progress Towards the Development of a Method for the Extraction of
26
Al from Carbonate Sediments to Determine Basin-Scale Background Erosion
Rates

Introduction
Measurements of cosmogenic nuclides in detrital sediments can be used to
determine the spatially-averaged, background erosion rate of a drainage basin (Brown et
al. 1995, Bierman and Steig 1996, Granger et al. 1996). To date, this application has
largely been limited to the measurement of 26Al and 10Be in quartz-bearing lithologies
(Merchel et al. 2008), which excludes the ~15% of Earth’s surface that is underlain by
carbonate rocks (Xu et al. 2017). Measurement of 36Cl in calcite has been used lessfrequently to determine erosion rates in carbonate terrains (Stone et al. 1994, Ryb et al.
2014); however, the three production pathways of 36Cl in calcite make calculating
erosion rates using this system more complex (Alfimov and Ivy-Ochs 2009). The ability
to extend cosmogenic nuclide techniques to a greater variety of minerals and the ability to
pair nuclides with different half-lives in cosmogenic analyses would greatly expand the
utility of these isotopes (Merchel et al. 2010).
Recent research (Merchel et al. 2010) has demonstrated the potential for
extracting 26Al from well-crystalized calcite offering an alternative to 36Cl as an erosion
rate monitor in carbonate lithologies. Adapting this methodology to allow for the
extraction of 26Al from calcite-rich sediments would allow the determination of spatiallyaveraged, basin-wide erosion rates in carbonate terrains using 26Al. This chapter presents
the methodology and results of initial attempts to develop this method.
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Dissolution Experiments
The initial challenge presented when adapting Merchel et al. (2010)’s
methodology for well-crystallized calcite to detrital samples is that detrital samples
contain clay minerals as well as carbonate grains. Clay minerals are rich in stable
aluminum (27Al), and dissolution of an excess of 27Al would lower the 27Al/26Al ratio,
potentially making the cosmogenic 26Al in a sample unmeasurable. We tested dissolution
procedures on 7 carbonate sediment samples from Oman, and segments of a carbonate
core collected from a Marine Isotope Stage 5e Terrace from Cancún, Mexico (Blanchon
et al. 2009) with the goal of identifying a method to preferentially dissolve the carbonate
material in a sample while leaving the clay minerals mostly intact.
To test what type of acid would be most suitable, we dissolved 5g of sediment
from the same sample in 35 mL of 3.5 M acetic acid, 4 M hydrochloric acid, and 4 M
nitric acid in 50 mL polypropylene centrifuge tubes, and allowed the samples to react for
24-72 hours in a warm sonic bath. Following dissolution, we centrifuged the samples and
took a 1 mL aliquot of each sample, which we diluted to a total of 10 mL with deionized
water. We measured the aluminum concentrations of the dissolved aliquots using
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES, JY Hobia Ultima
2, polychrometer). The samples dissolved using hydrochloric and nitric acids contained
30-100X higher concentrations of aluminum than samples dissolved using acetic acid
(Fig. 9). Acetic acid is commonly used when working with clay-rich carbonate sediments
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because it is less likely to disturb clay crystallinity (Poppe et al. 2001).

Figure 9: Al concentrations by acid treatment
Box plots showing measured concentrations of aluminum in carbonate samples dissolved using 3.5 M acetic acid, 4 M
nitric acid, or 4 M hydrochloric acid. 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. Sediments dissolved in hydrochloric and nitric acids contained
30-100X higher concentrations of aluminum than samples dissolved using acetic acid.

We confirmed that the difference in aluminum concentrations in the solutions
dissolved using different acids was due to a difference in the acids effects on clay mineral
phases using X-Ray Diffractometry. Unprocessed material as well as post-acid treated
residual material were prepared using zero-background slides and scanned from 5-50
degrees at 1 degree per minute using a Rigaku MiniFlex II diffractometer equipped with a
Cu Kα X-ray tube. The resulting diffractograms were analyzed and quantified for mineral
abundances using the Rietveld module in Rigaku PDXL (v. 1.6.0.0). In all samples, a
greater abundance and overall amount of clay minerals were observed in the samples that
had been treated with acetic acid as opposed to the samples that had been treated with
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hydrochloric or nitric acids (Fig. 10). We conclude that acetic acid is the best choice for
dissolving calcite while limiting clay mineral dissolution and thus, 27Al leaching.

Figure 10: Mineralogy of post-dissolution residuum
Pie charts demonstrating the relative abundances of different mineral phases measured by x-ray diffractometry in
unprocessed material and post-acid treatment residue from sample OM-2.

After making the determination to use acetic acid, we scaled up the dissolution
procedure in order to dissolve more material and increase the amount of aluminum in
solution. We dissolved 30 g of carbonate core material in 210 mL of 3.5 M acetic acid in
250 mL Teflon bottles.
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Calcium Precipitation Experiments
In order to more efficiently isolate aluminum from the acid solutions, we
undertook two experiments to reduce the concentration of calcium in solution when
dissolving limestone, which is 40% Ca by mass. Our goal was to remove most Ca while
leaving the Al in solution. We took two 10 mL aliquots of the CH3COOH solution from
two samples of dissolved carbonate core material. We added ~20-25 mL of 4.8 M NaOH
to one set of aliquots and ~10-15 mL of 18.4 M H2SO4 to the other, sufficient acid to
precipitate all Ca. Our goal was to precipitate calcium as Ca(OH)2 in the NaOH reaction
and as CaSO4 in the H2SO4 reaction. We added reagent until we could no longer observe
visible precipitation. 10 mL of deionized water was added to the set of aliquots reacted
with H2SO4 before adding any acid, and ~5 mL of deionized water were added to all
samples while adding the reagent to increase the amount of solution and allow visual
monitoring of precipitation. Samples were then centrifuged for 5 minutes at 3500 RPM.
A few more drops of each reagent were added to the solutions to determine if more
precipitate would form. We did not observe additional precipitate. After centrifuging for
an additional 10 minutes at 3500 RPM, all samples had precipitate up to the 5-6 mL line,
and 25-30 mL of solution.
We removed 5 mL of the post-precipitation supernatant from each of these four
test samples for analysis by ICP-OES. Measurements of the H2SO4 supernatant had
significant amounts of aluminum in solution while measurements of the NaOH
supernatant had very low concentrations of Al (0.02-0 ppm) in solution (Table 1).
Although the NaOH precipitation reduced the amount of calcium to lower measured
concentrations than the H2SO4 precipitation (2-20 ppm in the NaOH supernatants vs. 94-

120

95 ppm in the H2SO4 supernatants), the NaOH precipitation also removed the aluminum
from solution. Our intent for these precipitations was to reduce the amount of calcium in
solution while keeping the aluminum in solution, which was successful in the H2SO4
precipitation but unsuccessful in the NaOH precipitation, making the H2SO4 precipitation
the best option for our methodology moving forward.
Table 11: Measurements of Al and Ca in post-precipitation supernatants of the dissolved carbonate core samples

*Zero values were measured as negative concentrations.
+
Zero RSD values indicate that a given line was saturated.

Sample

Precipitation Method

50-55cm

H2SO4

NaOH

196-200cm

H2SO4

NaOH

Element/Line
(nm)
Al 308.215
Al 309.271
Ca 317.933
Mg 279.079
Al 308.215
Al 309.271
Ca 317.933
Mg 279.079
Al 308.215
Al 309.271
Ca 317.933
Mg 279.079
Al 308.215
Al 309.271
Ca 317.933
Mg 279.079

Measured Concentration
(ppm)
1.47
0.53
94.17
53.55
0.02
0*
20.11
0.04
0.44
0*
94.73
53.52
0*
0*
2.63
0.02

RSD
(%)
1.83
10.01
0.00
0.00+
58.35
42.91
0.66
2.87
3.97
2.26
0.00+
0.00+
171.14
16.66
0.93
1.74

H2SO4 Precipitations
Following our test precipitations on aliquots of two samples, we centrifuged all 8
carbonate core samples that we had dissolved in CH3COOH and poured the solute from
each into two 50 mL tubes. We added 5.4 mL of 18.4 M H2SO4 to all samples, which is
double the amount of acid that we had calculated we would need to fully precipitate Ca in
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these samples. We centrifuged the samples for 10 minutes at 3500 RPM to separate the
precipitated CaSO4 from the supernatant. After centrifuging, we then added a few more
drops of H2SO4 to see if we could observe additional CaSO4 precipitation, but did not
observe it in any of the samples. We then vortexed the samples and centrifuged them for
an additional 10 minutes at 3500 RPM. After centrifuging, we poured the postprecipitation supernatant into two 50 mL tubes. A very small amount of precipitated
CaSO4 appeared to not remain at the bottom of the tubes and may have been poured off
with the supernatant.

pH 7.5-8 Precipitation of Al
Following the precipitation of Ca in our samples, we neutralized all samples to a
pH between 7.5 and 8 in an effort to precipitate Al gels, as aluminum is less soluble
between pH 6-8 (Driscoll and Schecher 1990) We added 2 drops of methyl red indicator
and 12 mL of 30% NH4OH to all samples, then added 20-40 additional drops to reach a
pH between 7.5 and 8, which we tested with pH paper (range 6 to 8). We then centrifuged
the neutralized samples for 10 minutes at 3500 RPM, and poured off the supernatant into
two 50 mL tubes, leaving behind the precipitated Al gels. We added 5 mL of 1% HNO3
to the Al gels to reacidify the samples and bring the Al back into solution, then vortexed
the samples.
We measured aluminum concentrations in an aliquot of re-acidified aluminum gel
solution and the supernatant that remained after precipitating aluminum. In this attempt,
only ~2-11% of the aluminum precipitated out of solution (Fig. 11). We suspect that high
levels of calcium remaining in solution even after Ca precipitation are preventing the
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trace amounts of aluminum from precipitating. Future work is needed to continue to
refine this method; the current methodology is summarized in Fig. 12.

Figure 11: Measured aluminum in the reacidified Al gel and post-Al precipitation supernatant
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Figure 12: Proposed method flow for isolating Al from calcite
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Appendix 4: Season 2 Field Site Descriptions
Note: these samples are not discussed as part of this thesis, but the site descriptions are
included here for completeness.
CU-01

Site Name: Complejo Pica-Pica
Collection Date: 7/29/19
Latitude: 22.45119 Longitude: -83.91958
Site Description: Limestone outcropping along one bank, channel is a couple meters
incised. Densely vegetated banks. Very slow flow. Vegetated island upstream near where
Hector collected the sediment.
Other Notes: This is the site that had the stairs leading to the river but we didn’t use
them we went under the bridge. Cable car site.
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CU-02

Site Name: San Carlos (Río Cuyaguateje)
Collection Date: 7/29/19
Latitude: 22.39282 Longitude: -83.99625
Site Description: Limestone outcropping on banks and in the channel, some quartz veins
visible. Sand from before the bridge.
Other Notes: We had to move the sampling point to a nearby bridge because the selected
site was inaccessible. Mosquito site.
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CU-03

Site Name: Guane (Río Cuyaguateje)
Collection Date: 7/29/19
Latitude: 22.22046 Longitude: -84.07425
Site Description: Big deep slow river, looks turbid. Incised several meters. Dark brown
sandy soils with layers of small, rounded cobbles interbedded. Sandy channel, no
bedrock, but there were several small limestone outcrops on the path to the river.
Other Notes: The river was too wide and deep to measure flow. Butterfly site! The locals
said sand used to be harvested from this river for construction materials many years ago.
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CU-04A

Site Name: Río San Juan y Martinez
Collection Date: 7/30/19
Latitude: 22.29699 Longitude: -83.85889
Site Description: Narrow channel with bedrock outcropping in the stream and on the
banks. Mostly gravel bed, bedrock outcrops looked like schist. Water was clear. Dense
vegetation on either side of the bank.
Other Notes: This was a gauging station site where we believed the actual station was up
a mountain in deep forest. A dam has since been built at this site and due to the dense
vegetation and terrain, the team was unable to get above the dam to collect a sample. The
sample was collected from below the dam, which is why the letter “A” has been added to
the end of this sample name, to note that results from this sample might not be
representative of actual conditions due to the impoundment of the dam.
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CU-05

Site Name: Los Pilotos (Río Hondo)
Collection Date: 7/28/19
Latitude: 22.5417 Longitude: -83.636
Site Description: Wide, deep channel. Dense vegetation on either bank.
Other Notes: There was a bridge through the channel that was partially covered with
water. Lots of people and horses traveled through, and several people were swimming in
the channel. We sampled upstream of the bridge. The river was too deep to measure
depth or flow; there wasn’t a bridge to hang something over to estimate.
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CU-06

Site Name: Noroña
Collection Date: 7/28/19
Latitude: 22.96823 Longitude: -82.673258
Site Description: Kind of icky river in a pasture area. Was flowing ok, but not great.
Mud bedded, but seemed like sediments were going to be coarse enough for cosmo. In
the midst of farmland. Again, small river flowing into a really big reservoir. Incised.
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CU-07

Site Name: San Diego de los Baños
Collection Date: 7/28/19
Latitude: 22.644329 Longitude: -83.373427
Site Description: Gravel bedded river. Pretty big. There may be evidence of the gauging
station upstream (tried to capture on photo from the bridge). Upstream of a big bridge
(access was under bridge and up a trail). Water was kind of deep. Incised, but more like
the river was just deep.
Other Notes: Horses and people being bathed downstream. We sat on a nice cement pad
while we did data collection.
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CU-08

Site Name: La Tranquilidad (Río Santo Domingo)
Collection Date: 7/28/19
Latitude: 22.698369 Longitude: -83.224486
Site Description: Bedrock channel – limestone rock. Upstream of bridge. Mainly
forested. Next to a former military area. Decent sized river. Slightly incised. Just
downstream of a really big gorge. Apparently kind of flashy in floods.
Other Notes: People bathing upstream and downstream.
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CU-09

Site Name: Campismo el Aspiro
Collection Date: 7/28/19
Latitude: 22.704842 Longitude: -83.192914
Site Description: Bedrock limestone channel with some sediments on top of it. Lots of
horses in the immediate vicinity but looked wooded outside of there. Road on left bank,
pasture/grass area on the right bank. Slightly incised, but not nearly as much as others we
saw. Water was flowing.
Other Notes: Camp site. Tons of people sitting in a natural pool downstream of where
we sampled. People cooking next to the channel.
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CU-10

Site Name: Santa Ana
Collection Date: 7/27/19
Latitude: 22.935321 Longitude: -81.599436
Site Description: Under bridge on small road. River width varied considerably. Water
was not too deep. Kind of hard to find sediments. Sampled mostly downstream of the
bridge, which isn’t ideal, but it is where the seds were. Lots of vegetation next to the
river. Seemed to be mostly household gardens not big ag operations. Gravel and mud
bedded river (?). Incised.
Other Notes: Walked through someone’s yard to get there.
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CU-11

Site Name: Armona
Collection Date: 7/27/19
Latitude: 23.054269 Longitude: -81.727733
Site Description: Marked site with largest upstream contributing area was stagnant.
Hector was worried that water quality would not be representative and asked around
about a better stream. This is upstream of a big reservoir. We decided to go around
towards the mountains (hills) on the east of the reservoir. We found a pretty small stream
but water was flowing. River was pretty muddy on the bottom. Water was REALLY low
(hard to get the gurly meter underwater). Unclear how the reservoir ever filled with such
apparently low water input in the tributaries that contribute to it. Forested land around the
channel but the land around the reservoir was mostly ag (pasture, mainly). Incised.
Other Notes: I am worried that the erosion rate is artificially high because we only
sampled the mountains, not the main big flat area contributing to the reservoir. We think
gauging stations were put in place to figure out if dams could be built.
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CU-12

Site Name: Paso del Medio
Collection Date: 7/27/19
Latitude: 23.008132 Longitude: -81.651732
Site Description: Upstream of the junction of the river downstream of CU-11 and this
channel. Another gauging station site. Near the top of the backwaters of a small dam that
is part of the water supply system (?) that the big reservoir above CU-11 is. Muddy. Deep
water. The site was adjacent to grazing land. The reservoir overall was pretty small
compared to the other ones we saw. Mud bedded due to the reservoir.
Other Notes: Estimated depth, width, velocity, because the river was way too wide,
deep, and disgusting to get into. Sampling was done with the dredge because of this.
Climbed through some barbed wire fences and through pasture land to get to the site. The
land owner said something about the entire area being barren (due to coffee farming?) in
the 1920s and that it naturally grew back. Didn’t look too natural to me with all the grass
and some grazing animals. The sediments used to be coarser before the small dam was
built downstream. Also water levels were lower.
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CU-301

Site Name: San Martín
Collection Date: 7/29/19
Latitude: 22.24228 Longitude: -84.03239
Site Description: The channel was wide but shallower. Slightly upstream of where we
sampled were limestone cliffs that looked like they had been carved out by big floods
(see photos album). Small vegetated islands in the middle of the channel. The water was
cool and very turbid. Channel where we sampled was sandy but there are rocks in the
channel upstream.
Other Notes: We had to walk a while to get here because the road was mud. We tried to
go to a slightly different point that turned out to be a water bottling station and they
wouldn’t let us in.

137

CU-302

Site Name: San Luis (Río San Sebastián)
Collection Date: 7/30/19
Latitude: 22.26855 Longitude: -83.76953
Site Description: The river was small. It looked like an agricultural ditch from the bridge
but we walked through a field with a farmer and got to a part that looked more like a
river. Small pool and riffle, we collected sediment from the pool. The area around the
channel was totally flat and agricultural. Lots of sand, no sign of rocks. Some small tan
sandy cliffs in the background.
Other Notes: Marika and I want to know where the rice part of rice is. A horse and foal
came and drank from the stream while we were sampling.
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CU-303

Site Name: Boca de Galafre (Río Ramone)
Collection Date: 7/30/19
Latitude: 22.19619 Longitude: -83.91422
Site Description: small river, barely moving. Vegetated banks, no sign of rocks, a bit
incised.
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CU-304

Site Name: Los Cayos San Felipe (Río Paso Viejo)
Collection Date: 7/29/19
Latitude: 22.55116 Longitude: -83.76472
Site Description: Flat, shallow channel. Slightly incised, vegetated banks sloping gently
towards the channel. Variable clast size in the channel.
Other Notes: People and animals were passing through the stream during sampling.
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CU-305

Site Name: Desvío (Río Ajiconal)
Collection Date: 7/29/19
Latitude: 22.53109 Longitude: -83.69362
Site Description: Slow moving, turbid water. Lots of exposed, weathered bedrock within
the channel and along the banks. Some vegetation growing in the channel. Loose cobbles
on the bank showed evidence of past floods.
Other Notes:
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CU-306

Site Name: Consolación (Río Leña)
Collection Date: 7/28/19
Latitude: 22.53358 Longitude: -83.5552
Site Description: Extremely turbid, reddish-brown water. Flowing slowly. Vegetated
banks, farmland close to the channel.
Other Notes:
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CU-307

Site Name: La Cantera
Collection Date: 7/28/19
Latitude: 22.58991 Longitude: -83.51399
Site Description: Fairly narrow channel with bedrock outcropping along one bank and
within the channel. Turbid water. Lots of vegetation around the banks.
Other Notes:
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CU-312

Site Name: Los Jazmines
Collection Date: 7/29/19
Latitude: 22.57489 Longitude: -83.70889
Site Description: Grassy field and sloping path leading to sample point. Mostly sand on
banks right next to the river and in the channel. Steep slope on the opposite the side we
sampled.
Other Notes:
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