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Accurately inferring erosion rates from cosmogenic isotope concentrations in river sand assumes
temporally steady concentrations; few studies test this assumption. Following Hurricane Maria in Puerto
Rico, we quantified temporal variability in meteoric and in situ 1°Be (1°Bey,, 1°Be;) on sand-sized grains
of riverine transported material in landslide-prone basins. We analyzed 20 samples collected over 18
months from the channels of two nested watersheds: the Icacos (3.14 km?2, 0.09% active landslide area)
and Guaba basins (0.11 km?2, 1.23% active landslide area). °Be; concentrations in Icacos basin sediment
remained steady over time whereas concentrations in Guabd basin sediment were initially half those
in the Icacos basin and increased linearly over 18 months, constraining recovery time to <2 yrs for
this basin. '°Bey, concentrations in both drainages did not change consistently over time and were not
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landslides related to precipitation events; 21°Pbex and 137Cs were below detection limits in all samples. Our data
%ggmorph‘)bgy demonstrate that '°Be; concentrations in river sand can be lowered for months to years after major
e

landscape disturbing events, such as large or extensive mass movements. Sampling soon after a landslide
will result in over-estimates of long-term erosion rates. Such bias can be reduced by repeated sampling
over time and by sampling numerous similar watersheds of different sizes and different concentrations
of landslides in a study area.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Steep tropical landscapes, such as the Sierra de Luquillo in
northeastern Puerto Rico, experience landslides due to high an-
nual rainfall and frequent, intense hurricanes (Larsen and Torres-
Sanchez, 1998). Episodic landslides may contribute more to the
erosion of such landscapes than distributed processes such as soil
creep (Wolman and Gerson, 1978). It is important to constrain
what effects landslides have on cosmogenic nuclide concentra-
tion in detrital sediments because accurate erosion rate deter-
minations from single samples rely on the assumption of steady
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isotope concentration in sediment over time (Brown et al., 1995;
Bierman and Steig, 1996; Granger et al., 1996). Such an assump-
tion is violated if mass movements episodically contribute large
amounts of deeply-sourced, and hence low isotopic concentra-
tion, sediment to channels (Niemi et al.,, 2005; Yanites et al.,
2009).

Here, we report in situ produced and meteoric 1°Be (1°Be; and
10Be, ., respectively) as well as 137Cs and 21%Pbey concentrations in
detrital sediment collected from two nested, headwaters basins in
northeastern Puerto Rico (Fig. 1), the Rio Icacos and its tributary,
Quebrada Guaba. Samples were collected at weekly to monthly in-
tervals over 18 months following Hurricane Maria, a category 4
storm when it hit Puerto Rico in 2017, and thus allow us to quan-
tify the effect of landscape disturbance by a major hurricane. Repli-
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Fig. 1. Map of study location. (a) Location of Puerto Rico and (b) the study area (purple box) in Puerto Rico. (c) Study watersheds. Elevation data from NOAA and USGS
(OCM Partners, 2020). We mapped landslides visible in Google Earth imagery taken after Hurricane Maria at locations of landslides caused by Hurricane Maria (Hughes et
al., 2019). Box shows location of panels (e) and (f). (d) Typical landslide along the road labelled in (c). (e-f) Satellite image of the two landslides in the Guaba (outlined in
white) with river channels (blue) 41 days (e) and 434 days (f) after Hurricane Maria. Images are from Google Earth. (For interpretation of the colours in the figure(s), the

reader is referred to the web version of this article.)

cate '9Be; measurements in and around these basins from 1995 to
2015 (Brown et al., 1995, 1998; Riebe et al., 2003; Brocard et al.,
2015) provide context for the data we present.

2. Background

Concentrations of in situ '9Be (1°Be;) have been widely used to
determine basin-scale erosion rates and track sediment movement
down slopes (Bierman et al., 2021). '°Be; accumulates in minerals
primarily in the upper several meters of the Earth’s surface as a re-
sult of interactions with cosmic rays (Lal, 1991). Landslides erode
into and through the production profile of '9Be;, removing the
nuclide-rich shallow sediment and supplying more deeply-sourced,
nuclide-poor sediment to rivers (Brown et al., 1995; Niemi et al.,
2005; Yanites et al., 2009).

Basins with relatively small and shallow landslide areas can still
generate temporally representative concentrations of 1°Be; in sed-
iment, because the percentage of material in transit derived from
landslides is small (Niemi et al., 2005; Yanites et al., 2009). Large
basins, with numerous tributaries, each having different landslide
frequencies and timing, are more likely to have buffering capacity

sufficient to minimize the impact on sediment '°Be; concentration
from isolated landslides (Niemi et al., 2005; Yanites et al., 2009).

In contrast, when landslides affect a large percentage of a wa-
tershed or are very deep, they collectively excavate enough deeply
sourced material to periodically lower sediment 1°Be; concentra-
tions at the basin outlet because landslide material dominates
the outgoing sediment flux (Bierman and Steig, 1996). A study
of samples collected before and after the 2008 Wenchuan earth-
quake in Sichuan, China suggests that in the case of major dis-
turbances (affecting >0.5% of the basin area), sufficiently deep
landslides can change !°Be; concentration in detrital sediment
even in large (>15,000 km?) basins (West et al., 2014). Landslides
can also bias 1°Be; concentrations if sampled sediment is sourced
from a single landslide at an elevation not representative of the
catchment as a whole, such as in the Himalayas (Lupker et al.,
2012).

Landslide recovery times are less than a decade for tropical
regions to decades or more in temperate regions (Wolman and
Gerson, 1978). The duration of landslide impacts on detrital sed-
iment 1°Be; concentrations can be modelled (Niemi et al., 2005;
Yanites et al., 2009), and models based on the replicate analyses
taken after the Wenchuan earthquake indicate a “recovery peri-
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od” of approximately 2-3 yrs (West et al., 2014). Data following
Typhoon Morakot in Taiwan suggest that the effects of landslides
remain detectable in 1°Be; concentration in detrital sediments af-
ter three years (Chen et al., 2019).

Meteoric 1°Be (1°Bey,) is used to trace sediment through wa-
tersheds and estimate soil loss (Bierman et al., 2021), as well as
to measure erosion rates in combination with reactive °Be (von
Blanckenburg et al., 2012). Spallation reactions in the atmosphere
produce '°Bey,, which is deposited by precipitation and dryfall and
adsorbs to the outside of grains, where it is incorporated in grain
coatings (Singleton et al., 2017). Peak concentrations of °Bey, usu-
ally occur in the upper meters of the Earth’s surface (Graly et al.,
2010) and hence can shed light on the depth of erosion.

210pp,, and '37Cs are short-lived fallout radionuclides often
used to fingerprint sediment source. 21%Pbey is a product of the
2381 decay series, which decays to %22Rn gas and escapes to the
atmosphere. 137Cs on the surface of the Earth is a result of atmo-
spheric weapons testing in the 1950s-70s. Both nuclides are only
present in the upper ~25 cm of soil; their absence provides a min-
imum constraint on the depth of erosion over the past decades.

3. Study site

The Icacos and Guaba basins are located in the Sierra de
Luquillo (Luquillo Experimental Forest), northeastern Puerto Rico
(Fig. 1). The low relief surface that surrounds the Sierra de Luquillo
is interpreted as an old shore platform uplifted since the Pliocene,
creating incised reaches and large knickpoints in the area (Brocard
et al, 2015). Landslides are the primary source of coarse mate-
rial to rivers while slower hillslope processes are the source of fine
grained material (Brown et al., 1995, 1998; Riebe et al., 2003). The
Guaba basin is within the Icacos basin, and experiences similar en-
vironmental conditions, including landslides.

USGS gauging stations (sites 50075000 and 50074950) are at
the basin outlets and water quality sampling is ongoing (McDow-
ell, 2015). The Icacos basin has a mean elevation of 684 m and
a basin area of 3.14 km?, which includes the Guaba basin. The
Guaba basin has a mean elevation of 707 m and is 0.11 km?. The
Icacos and Guaba basins are characterized by old-growth primary
forest and experience rainfall of >4500 mm/yr (Garcia-Martino et
al,, 1996). The base of the mountain range has an average temper-
ature between 23.5°C and 27 °C (Garcia-Martino et al., 1996).

Hurricane Maria, which made landfall in September of 2017,
was the strongest hurricane to hit Puerto Rico since 1928 (NWS,
2017). The combination of heavy rainfall, abundant soil moisture,
and flooding triggered ~40,000 landslides in mountainous areas
of the island (Hughes et al., 2019). In addition to episodic large
events like Hurricane Maria, each year brings, on average, about
one landslide-inducing storm to Puerto Rico (Larsen and Simon,
1993).

Hurricane Maria caused eight landslides in the Icacos basin, two
of which were in the Guabd basin (Hughes et al., 2019). Maria-
induced landslides cover 0.09% of the Icacos basin and 1.23% of
the Guaba basin. The two slides in the Guaba basin were ~100
and ~900 m?; the smaller slide was located on the basin divide
in a hollow directly connected to the tributary network while the
larger slide was located ~60 m from the nearest channel (Fig. 1e-
f). Landslides (Fig. 1d) are common, particularly along the road
through the basin (Fig. 1c).

The lithology and geomorphology of the Icacos and Guaba
basins may contribute to the frequency of landslides (Borgomeo
et al., 2014). The Sierra de Luquillo has a central igneous core
(Bessette-Kirton et al., 2019). Both basins are underlain by erodi-
ble, weathered quartz diorite bedrock, with widespread saprolite
(Buss and White, 2012). This quartz diorite is homogenous and
rich in quartz (23% by mass) (Turner et al., 2003). The combination
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of high temperatures and precipitation causes these watersheds to
have some of the fastest documented chemical weathering rates of
granitic rock in the world (McDowell and Asbury, 1994; Riebe et
al., 2003). This creates weak saprolite and regolith on steep slopes
which is amenable to sliding in heavy rains when pore pressures
rise.

Estimates of surface lowering in the Icacos basin vary widely
depending on whether estimates are based on chemical or physical
denudation; estimates range from 0.08-0.20 x 10% kg km~2 y~!
for chemical denudation and 0.17-2.14 x 10® kg km—2 y~! for
physical denudation (McDowell and Asbury, 1994; Larsen, 1997;
White et al., 1998; Turner et al., 2003; Larsen, 2012; Stallard and
Murphy, 2012). Steady state sediment yield rates are estimated to
be 0.1-0.2 x 108 kg km~—2 y~! (Turner et al,, 2003; Stallard and
Murphy, 2012); modern rates are an order of magnitude higher
due to shallow landslides along the road through the basin as
shown in Fig. 1 (Larsen, 1997, 2012; Stallard and Murphy, 2012).

10Be; concentrations in the Sierra de Luquillo have been mea-
sured previously several times (Table S1) in undisturbed hillslope
sediment, landslide scars, detrital sediment in multiple grain sizes
from both the Icacos and the Guaba basins, and exfoliation slabs
exposed on ridges (Brown et al., 1995, 1998; Riebe et al., 2003;
Brocard et al., 2015). The 2015 measurements of 1°Be; in Icacos
basin sediment are nearly 30% lower than comparable measure-
ments in 1995 of sediment in the same grain size (1.71 x 10° +
5.50 x 103 atoms g~ ! vs 2.35x 10° +1.89 x 10 atoms g—! in 1995,
adjusted for changes in 1°Be standards). Perhaps the difference is
due to the road through the basin which has many small slides
where it is cut into the hillslope. Measurements made in 2003 are
on unsieved sediment and thus cannot be directly compared to
those from 1995, 1998, and 2015 because of known variation of
nuclide concentration with grain size in this region (Brown et al.,
1995).

4. Methods

We collected detrital sediment samples from the Icacos and
Guaba basins, upstream of knickpoints, on twenty sampling dates
between January 19™, 2018 (121 days after the storm) and May
1%t, 2019 (588 days after the storm). Sediment was collected from
the wetted portion of the streams to ensure it had been sourced
and transported from the basin upstream and not from local
streambanks. Most samples were collected on the same date from
both watersheds (Table S1). We analyzed seven samples collected
soon after large rain events for 1°Be; and 1°Be,,, and all twenty for
137Cs and 219Pbey. We also report data from samples collected in
2011 from a) surface soil from a broad ridge and b) an excavated,
exposed portion of a fresh landslide scar in the Icacos basin, to un-
derstand the depth distribution of '°Be,, concentrations from the
surface through saprolite to a depth of 3.2 m (Table S2).

We extracted 1°Be; and 1°Be,, from seven sieved river sediment
samples at the University of Vermont Community Cosmogenic Fa-
cility. We isolated quartz from 250-710 pm river sand (Kohl and
Nishiizumi, 1992) to extract '9Be; (Corbett et al., 2016). 1°Be,, was
extracted using a modification of the methods described in Stone
(1998). We added ~250 pg of ?Be to each °Be; and ~400 ng of
9Be to each '9Be;,, sample using a carrier made at the University of
Vermont with a °Be concentration of 304 ppm (Tables S3 and S5).

We extracted 1°Be,, from surface soil (n = 3) and landslide
depth profile samples (n = 7) sieved to <2 mm at the University
of Pennsylvania using methods described in Ebert et al. (2012). At
the University of Pennsylvania, we added ~250 ng of 9Be to each
10Be, sample using a SPEX ICP standard with a concentration of
1000 ppm. (Table S7).

Accelerator mass spectrometry (AMS) analysis of all 1Be sam-
ples was completed at the Purdue Rare Isotope Measurement Lab-
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oratory (PRIME). Measured ratios were normalized to the 07KN-
STD3110 standard with an assumed '°Be/°Be ratio of 2.85 x 1012
(Nishiizumi et al., 2007). 1°Be; samples were corrected for back-
ground using the mean and standard deviation of four blanks
processed around the same time and analyzed in the same AMS
run (Table S4). 1°Be,, in sediment samples was corrected for back-
ground using the mean and standard deviation of two blanks pro-
cessed around the same time and analyzed in the same AMS run
(Table S6). Soil samples were corrected for background using the
average of three blanks processed around the same time and ana-
lyzed in the same AMS run (Table S8).

Samples were analyzed for 137Cs and 210Pbe, at Oberlin Col-
lege (Singleton et al., 2017). No sample had peak areas for either
isotope above the critical limit for detection (Supporting Informa-
tion).

5. Results

10Be; concentrations in Guaba basin river sand increased lin-
early from 5.7 to 14.7 x 10* atoms g~! over the 18-month sam-
pling period following Hurricane Maria (R* = 0.96, p < 0.01)
(Fig. 2). 1%Be; concentrations in Icacos basin river sand did not vary
significantly over the 18-month period (error weighted mean =
15.540.2 x 10% atoms g~!, n =7, error weighted uncertainty, Ta-
ble S4). The 19Be,,, concentration in the Icacos and the Guabé basin
sand varied with no clear relationship with time or rainfall amount
(78.6 £19.6 x 10% and 68.7 &+ 8.1 x 10° atoms g~!, respectively,
n =7 each, mean and 1SD) (Table S6). The '°Be,, concentrations
in the landslide soil profile (0-320 cm) in the Icacos basin showed
no systematic variation with depth (61.1 £ 8.1 x 108 atoms g~!,
n=7) (Fig. 3, Table S8). The 1°Be,, concentrations in a shallow
soil profile (0.15 m) were higher (146 £5 x 108 atoms g~!, n=3)
than in the landslide soil profile.

6. Discussion

Hurricane Maria, and the landscape change it caused, system-
atically lowered the concentration of 9Be; in the smaller of two
watersheds we sampled (the Guaba basin), because a sufficient
volume of landslide-sourced sediment was introduced into the
channel to change the 1°Be; concentration in the flux of sedi-
ment out of the basin. Time series data indicate that the lowered
concentration of 1%Be; lasted for over 17 months, implying that de-
trital sediment sampling soon after major hurricanes could result
in low measured isotope concentrations that are unrepresentative
of the long-term sediment flux.

6.1. Landslides affect the 1°Be; in Guabd but not the Icacos basin

The '9Be; concentration for Guaba basin sediment 121 days
after Marfa (5.7 £ 0.3 x 10* atoms g~!) is 2X lower than pre-
viously measured river sediment at the same location (12.4 +
2.7 x 10* atoms g~!, n =2, mean and 1SD (Brown et al,, 1995))
but greater than '°Be; concentration in landslide material (3.1 +
0.7 x 10* atoms g—!, n =2). By the end of the 17-month col-
lection period, concentrations in Guaba basin sediment had in-
creased steadily to values (14.8 + 0.5 x 10* atoms g~') compara-
ble to but slightly less than 1°Be; concentrations in hillslope soils
(17.6 £ 0.5 x 10* atoms g~', n =7) (Brown et al, 1995; Riebe
et al., 2003). This suggests that landslide sediment slowly evac-
uated from the Guaba basin over the sampling period. As more
landslide material was removed, the landslide sediment was mixed
with hillslope material, leading to linearly increasing °Be; concen-
trations.

In the Icacos basin, error weighted average nuclide concentra-
tions of river sand over the 500 days following Maria (15.5+0.2 x
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10* atoms g~', n = 7) are slightly lower than the finer of two
medium sand fractions (17.6 £ 0.2 x 10* atoms g~!, 250-500 pm)
and significantly higher than the coarser medium sand fraction
(8.4 +0.9 x 10* atoms g~!, 500-1000 pm) previously measured
(Brown et al.,, 1995). Given that the area has strong grain size de-
pendency in isotopic concentration and our samples contain sedi-
ment with grain sizes that span both the size fractions measured
by Brown et al. (1995), it is not surprising that the °Be; con-
centrations we measure fall between those measured by Brown.
However, the two data points reported by Brown et al. (1995)
nearly span the entire range between hillslope soils and landslides
in the basin, suggesting that there is a high degree in variability of
isotopic concentration in Icacos basin sediment.

Previous studies have shown that coarse grain (>1 mm) river
sediment samples have '9Be; concentrations similar to landslide
material; finer (<1 mm) grained samples have concentrations
more like hillslope material (Brown et al., 1995, 1998; Brocard et
al,, 2015) (Fig. 4a). We measured medium sand (250-710 pm) and
find that our samples from the Guaba basin have 1°Be; concen-
trations that linearly increase over time after the hurricane-related
landslide events. At the start of sampling, ~4 months after the
hurricane, 1°Be; concentrations are similar to landslide material.
After 17 months of additional sampling, they are similar to hill-
slope material (Figs. 2c and 4a).

Our data show that in this watershed, sand-sized material con-
tains a significant proportion of landslide material for at least 18
months after a major landslide event. After 18 months, °Be; con-
centrations indicate that most sand is delivered by on-going, diffu-
sive hillslope processes, as previously inferred (Brown et al., 1995,
1998; Brocard et al., 2015).

6.2. Timescale of landslide impacts on sediment

If we assume a simple mixing model between the end-
members of landslide material at a similar grain size (sand) and
soil, then Guaba basin sediment contained ~80% landslide mate-
rial 121 days after Hurricane Maria and was 19% landslide material
by 588 days after the storm (see supporting materials); extrap-
olating the linear regression of landslide material as a function
of time back to the storm suggests that the Guaba basin sedi-
ment was 100% landslide-derived immediately following Hurricane
Maria. The dilution of landslide-sourced material is steady over
time (Fig. 2), suggesting it decreases at a rate of ~1% per week; at
that rate, it would take about 700 days for 1°Be; concentration in
river sand to return to background levels. This suggests a recovery
time of ~2 yrs following the storm for a basin ~0.1 km?, in line
with estimates made for much larger basins (up to 15,000 km?2)
after the Wenchuan Earthquake (West et al., 2014) and after Ty-
phoon Morakot (Chen et al., 2019).

Field and satellite image observations suggest that landslides
in the Guaba basin do not fully revegetate and stabilize over 18
months (Walker et al., 1996). Although there are two landslides
in the Guab4, the smaller landslide (100 m?), which is in a collu-
vial hollow directly connected to the channel network, is likely the
primary source of the landslide sediment in our samples.

Based on the difference in concentration of 1°Be; in landslide
sediment and surface soil, and assuming a density of 2000 kg m~—3,
we calculate that the landslide was between 3 and 4 m thick, on
average. This 100 m? slide would have contributed 6 to 8 x 10° kg
of sediment to the channel network during Hurricane Maria. This
is 10-12X the annual sediment yield in the Guaba that we can
calculate from our final sample (day 588; 5.9 x 10° kg km—2 y~!
for a 0.1 km? basin is 5.9 x 10* kg y~1), suggesting that even a
small slide (0.1% of the basin area) that is well connected to the
drainage network can make a measurable difference in sediment
isotope concentrations.
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Fig. 2. Trends in (a) discharge (from USGS gauging station at the Icacos sample site, 50075000), (b) precipitation (also from Icacos gauge; data missing for days 133-181),
(c) '9Be; (circles), and (d) '°Bey, (triangles) during the period in which samples were collected. (e) Percent of sediment modelled as landslide sediment based on the '°Be;

concentrations and end-member landslide and soil data for the Icacos (shown in (c

)) (Brown et al., 1995; Riebe et al., 2003). Blue represents samples from the Icacos basin

and red the Guaba basin. Error bars are 1 SD analytic uncertainty. Inset numbers are R? values of the isotopic concentration as a function of time. ** indicates p < 0.01.
Trendline in panels (c) and (e) are the linear best fit line for the Guaba basin sediment with the 95% confidence interval shown. Grey bars in (c) and (d) are the range of

measurements for the soil pits, as labelled; grey bars in (c) are from Brown et al. (

1995); and Riebe et al. (2003). Darker line in each grey area is the standard deviation of

the data from each soil pit. New soil pit data are shown in Fig. 3. Grey bar in panel (e) is the mean landslide concentration for the Icacos, based on all our data. Data in

panels (c) and (d) are available in Tables S3, S5, and S7.

Because all our '°Be; samples were collected soon after large
rainstorms, it seems likely that they reflect the results of active
evacuation of landslide material that filled a small stream chan-
nel. The slow, linear decline in landslide sediment as it exits the
Guaba basin is inconsistent with a discrete sediment pulse. Rather,
the steady decline in landslide-derived sediment over time is more
consistent with on-going excavation of a first order channel over-
whelmed during Hurricane Maria with landslide material originat-
ing from a failed colluvial hollow. As more material is removed
by high stream discharge events, the remaining sediment in the
landslide becomes less connected to the channel, resulting in the
pattern of decreasing landslide material sampled at the Guaba out-
let over time.

The landscape-wide average recurrence interval for landslides
in the Luquillo Mountains is 10 ka (Larsen and Torres-Sanchez,
1992), several orders of magnitude longer than the recovery pe-
riod that we measured. Landscape-scale estimates of landslide re-
currence intervals average areas that slide frequently with those
that rarely or never slide. The recurrence interval of sliding on a
previous landslide surface will be significantly shorter and is typi-
cally controlled by how quickly the landscape accumulates regolith
that can slide. Work in other humid locations, where landslide fre-
quency was found to depend primarily on regolith depth in hills-
lope hollows (Reneau et al., 1990; Parker et al., 2016), is consistent
with our interpretation. We speculate that recurrence intervals in
this watershed are on the scale of decades to centuries. The larger
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of the landslides associated with Maria in the Guaba basin most
recently slid in 2003.

6.3. Role of landslides in sediment source and measured denudation
rates

We show here that sediment sourcing changes over time in the
Guaba basin, consistent with previously published '°Be; data for
the Icacos and Guaba basins that indicate that sediment is not ex-
clusively derived from landslides (Brown et al., 1995, 1998; Riebe
et al,, 2003; Brocard et al., 2015). Thus, it seems that in this land-
scape, the sediment source varies over time, similar to how the
source of discharge varies over time in catchments (Dunne and
Black, 1970). Our data confirm modelling studies suggesting that
in areas affected by landslides, random grab samples of sediment
could over- or under-estimate representative '9Be; concentrations
in river sand and thus '°Be;-derived, basin-scale erosion rates de-
pending on time since the last landslide (Yanites et al., 2009).

6.4. The role of landslides in explaining discrepancies among measures
of basin-wide denudation rates

Variability among different estimates of basin-wide denuda-
tion in the Icacos provides further evidence of the role of land-
slides in the watershed (Fig. 4b). Mass removal rate estimates
from 1°Be; in river sand (sediment generation rates; 0.06 & 0.02 x
10 kg km~—2 y~1, n = 18) (Brown et al., 1995, 1998; Brocard et al.,
2015) are similar to, but slightly lower than, estimates of chem-
ical weathering from either chemistry of weathering rinds or the
dissolved load in rivers (0.14 & 0.05 x 10% kg km~2 y~!, n =4)
(Brown et al., 1995; White et al., 1998; Turner et al., 2003; Stallard,
2012). In deeply weathered landscapes, where chemical weather-
ing removes material below the penetration depth of neutrons,
10Be; derived erosion rates underestimate total denudation (e.g.,
Riebe et al., 2003). This is likely the case in Luquillo, and explains
the discrepancy between chemical weathering rates and sediment
generation rates.

In contrast, sediment yields calculated from both suspended
(0.7 4+ 0.6 x 10° kg km=2 y~!, n = 12) (McDowell and Asbury,
1994; Brown et al., 1995; Larsen, 1997; Stallard and Murphy, 2012)
and total (suspended and bedload; 1.0 + 0.6 x 10 kg km—2 y~ I,
n = 8) (Larsen, 1997; Stallard and Murphy, 2012) measurements
and models in Luquillo are up to an order of magnitude higher
than the isotopic or geochemical estimates of denudation (Fig. 4b).
Modelling estimates of steady state sediment loads prior to distur-
bance (0.1-0.2 x 10% kg km~2 y~1) (Turner et al., 2003; Stallard
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and Murphy, 2012) are lower than measured loads, but still higher
than the '°Bej-derived sediment generation rates we and others
measured.

Overall, the variability in 1°Bej-derived sediment generation
rates (1 SD = 0.03 x 10% kg km~2 y~1) is an order of magni-
tude lower than the difference between the sediment generation
rates and modern sediment yield rates (difference in means =
0.68 x 10% kg km~=2 y~!). This suggests that even in this area,
which is affected by landslides, 1°Be; is useful for determining
long-term rates of sediment generation and evaluating the effects
of human activity on modern sediment yield rates. Small landslides
in the Icacos basin caused by slope cuts made for the roads on
steep slopes provide large amounts of wash load silt to the river
network; because such slides are shallow (Fig. 1d), they do not
significantly alter '°Be;-concentration or the derived sediment gen-
eration rates, which are remarkably consistent with one another
over time and space (Fig. 4b).

6.5. Effects of basin size on changes in isotopic concentration due to
landsliding

Although the isotopic data indicate that landslides contributed
the majority of the sediment (80%) to the Guaba basin about
4 months after the storm, we see no indication that landslide-
sourced sediment (estimated to be from 3-4 m deep landslides)
affected the isotope concentration of Icacos basin samples. This im-
plies that the landslide-derived sediment from the Guaba basin is
sufficiently diluted by sediment from the 30X larger Icacos basin.
Mass balance calculations support these observations. The Guaba
basin is ~3.5% the size of the Icacos basin and our sample from
day 588 (~20% landslide sediment) contributes about 3.5% of the
total sediment leaving the Icacos, based on mean values for the
Icacos basin. Even if 100% of the sediment leaving the Guaba is
from a landslide, this would only account for 20% of the sedi-
ment leaving the Icacos. The small percentage of total Icacos basin
sediment originating from the Guaba basin should not measurably
affect isotopic concentrations in the Icacos basin.

These data support previous modelling studies indicating that
the effect of landslides is more pronounced in small basins than
large (Niemi et al., 2005; Yanites et al., 2009). Yanites et al. (2009)
predicts that basins larger than 100 km? can average out landslide
effects while Niemi et al. (2005) concludes that landslide effects
scale inversely with erosion rate (Ajve = 100/E, where E is the
erosion rate in km Ma~! and Auye is the area required to average
out landslide effects in km?). Using their equation and the average
erosion rate calculated in the CRONUS online calculator (Balco et
al.,, 2008) from our error-weighted average concentration of 1°Be;
for E (0.0195 km Ma~!, Table S5), would suggest basins need to
be at least 5300 km? in order for erosion rates determined using
10Be; to be unaffected by localized landsliding. 1°Be; concentration
in the 3.1 km? Icacos basin was unaffected by Hurricane Maria
suggesting that considering basin area, mean erosion rate, and area
of landslides, as both prior models do, is less relevant than the
volume of slid material relative to background sediment loads in
the basin.

Our data suggest that the most important parameter to con-
sider is not the basin size but the percentage of sediment exiting
the basin contributed by deep-seated landslides, which is a func-
tion of the recurrence interval at a given location, the fraction of
the basin affected by landslides, and the volume and depth of typ-
ical slides. The volumetric fraction of sediment leaving the basin
that is caused by a landslide is what determines whether and for
how long a landslide signal can be detected in the detrital river
sediment '9Be; concentration. In Puerto Rico, landslides are a rel-
atively minor contribution to overall erosion and most slides are
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small, shallow and in regolith not rock, meaning that landslides
have little effect on '°Be; concentrations most of the time.

6.6. Landsliding impacts detrital 1°Be; concentration and apparent
erosion rates over time

Using the data that we and others have collected, we inves-
tigate the likelihood that grab samples of sediment will over- or
under-estimate the long-term average concentration of °Be; in
river sediment. Such a calculation relies on the estimate (based on
a linear mixing model of measured 1°Be; concentrations in land-
slide and hillslope sediment that we solved for the mean 1Be;
concentration of Icacos sediment) that 14% of material in trans-
port is typically derived from landslides. There are significant grain
size dependent variabilities in '°Be; concentration in Puerto Rico
(Brown et al., 1995, 1998; Brocard et al., 2015); we only consider
medium sand in this analysis.

For a system in which the same amount of landslide sediment
is exported over time, all samples will accurately reflect the long-
term mean concentration of 1°Be; and the only variability will
be analytic noise. This is not the case in our data set where an-
alytic precisions for the Icacos data average 3.3 4 0.4% but the
standard deviation of concentrations we measured in seven sam-
ples is 4.5%, about 50% higher. Thus, the concentration of landslide
sediment in the Icacos sediment does vary over time, but not sub-
stantially.

Using the measured Icacos basin time series, and the endmem-
bers listed above in combination with the same linear mixing
model, we infer the fraction of medium sand leaving the basin that
is derived from landslides is 5-20% (mean = 14 + 3%, mean and
1 SD) (Fig. 2e). Even after a major hurricane, only small changes in
isotope concentration are “normal” for the Icacos basin system and
are probably driven by changes in the amount of landslide sed-
iment delivered to the channel and transported out of the basin
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over time (presuming hillslope 1°Be; concentrations are spatially
homogenous).

A simple model shows the extent to which estimates of ero-
sion from a single grab sample taken within a few years after a
landslide event can vary (Fig. 5). Using the hillslope and landslide
sediment endmembers (17.5 x 10* and 2.7 x 10* atoms g~! re-
spectively), we assume the response time of the Guaba basin (1%
per week recovery) with 100% hillslope sediment contributed be-
tween landslides and landslides initially contributing 100% of sed-
iment to the river. To reach the average of 14% landslide material
over long periods of time requires a seven-year recurrence interval
of landslides. In such a system, 94% of the time the concentration
of 19Be; in the river channel will be more than 10% different from
the long-term average concentration; 73% of the time the concen-
tration will be too high (too much hillslope material, up to 13.5%
too high) and 11% of the time it will be too low (too much land-
slide material, up to 80% too low). We conclude that measuring
between slide cycles gives a slight underestimate of long-term ero-
sion rates whereas measuring soon after a landslide is likely to
result in significantly overestimating the long-term, basin average
erosion rate.

Most fluvial systems lie between the end-members of well-
mixed sediment and pulsed delivery of landslide-derived material.
The narrow range of landslide contributions that we measure in
the larger Icacos (5-20%, mean = 14 =+ 3%) suggests that the Ica-
cos remained relatively well mixed even after a major hurricane
like Maria. In contrast, the smaller Guaba is much less well mixed
(evolving from 80 to 19% landslide material over 18 months). Basin
size and landslide volume are clearly important controls on vari-
ability in 1°Be; concentration over time, but the connectivity of
hillslopes and the river channel are also important because such
connectivity determines how efficiently landslide material enters
the channel (Li et al, 2016). This is exemplified in the Guaba,
where a second Maria-induced landslide is not connected to the
channel.

Our simple interpretive model illustrates how understanding
the sediment sourcing dynamics in watersheds over time prior to
sampling provides important context. Knowing the depth and vol-
ume of landslides as well as their recurrence interval can inform
whether it is useful to take multiple samples over longer periods
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of time or to sample many smaller catchments in a region in order
to accurately estimate long-term average concentrations of 19Be; in
sediment leaving a watershed.

6.7. Differences between isotopic systems

The response of 1°Bey, and 1°Be; concentrations in Guaba basin
river sand differ because '°Be,, and 1°Be; concentration depth
profiles in the regolith from which landslide sediment is sourced
are dissimilar. 1°Bey, concentrations, controlled by 9Be, transport
through the soil profile and soil mixing, vary little over a range of
>3 m depth (Fig. 3). In contrast, 1°Be; concentrations with depth
are determined by cosmic ray attenuation and bioturbation by an-
imals and plant roots, ultimately decreasing by three meters depth
to <5% of surface values.

Unlike many '°Bey, profiles that show either a subsurface bulge
profile or exponential decrease in '°Be, concentration with depth
(Graly et al, 2010), there is no systematic change in the '°Bey,
concentrations with depth in the Guaba basin depth profile (Fig. 3)
- even through two meters of intact saprolite. This is consistent
with profiles measured in other warm and humid settings, includ-
ing tropical Taiwan, Brazil, and the wetter parts of Hawaii, which
also have relatively little variation in '°Be;, concentration profiles
with depth below the surface (You et al., 1988; Brown et al., 1992;
Graly et al., 2010; Dixon et al., 2018). Together, these data suggest
that there may be little variance of 1°Be;, with depth in certain
climates. The lack of a clear depth profile in deeply weathered (hu-
mid) tropical soils limits the utility of °Bey, for sediment tracing
related to sourcing depth in humid, tropical watersheds.

The low concentrations of short-lived 137Cs and 2!9Pby in our
measurements indicate that the collected sediment was sourced
deeper than the depth at which these short-lived nuclides pene-
trate soil profiles, which is about 25 c¢cm in undisturbed environ-
ments. At the low erosion rates we measured (~20 m Ma~!) in
a forested landscape, it is unlikely that anthropogenic activity or
natural erosion processes have stripped the top 25 cm of soil from
the environment over the past ~60 yrs, when human activity in
the Icacos basin has been minimal (McDowell et al., 2012). Thus,
we conclude that the absence of detectable 137Cs and 21%Pbey im-
plies that sediment is sourced from below the mixed surface layer.
However, without knowledge of the grain size distribution of 137Cs
and 2'9Pb,, (Singleton et al., 2017) in this location, we cannot ex-
clude the possibility that most of these nuclides are adsorbed to
finer sediments.

7. Implications

Our data suggest that in areas with recent extreme storms and
subsequent landsliding, sampling for basin-average erosion rates
could generate biased data (Fig. 5) unless (a) landslides contribute
a small percentage of the sediment leaving the basin or (b) suf-
ficient time has elapsed since the storm and landslides such that
isotope concentrations in river sediment reflect a return to hill-
slopes as the dominant source of sediment. However, if storms
and the resulting landslides are frequent and elevations within a
watershed do not vary considerably in isotopic content, then the
bias would be less. Our data suggest that the relative volume of
sediment contributed by a landslide at a single point in time is
the primary factor determining whether a landslide affects mea-
sured concentrations of 1°Be;, and thus models of landslide effects
will be more realistic if they consider volume rather than average
erosion rate, basin area, or fraction of the watershed covered by
landslides.

We find that in a small, humid, tropical basin (<1 km?), 1°Be;
concentrations in river sand are lowered for months to years af-
ter a landslide. Initially, material in transport is dominated by that
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sourced from the slide. As time passes, a greater percentage of the
material is from slopes. Sampling soon after a landslide, within a
year or two for our study area, would result in over-estimates of
long-term erosion rates of basin slopes. Such bias could be reduced
by repeated sampling over time and by sampling numerous similar
watersheds of different sizes in a study area to understand regional
rates of erosion.
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