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Relict landscape resistance to dissection by upstream
migrating knickpoints
Gilles Y. Brocard', Jane K. Willenbring', Thomas E. Miller?, and Frederik N. Scatena’

1Department of Earth and Environmental Sciences, University of Pennsylvania, Philadelphia, Pennsylvania, USA,
2Department of Geology, University of Puerto Rico, Mayagtiez, Puerto Rico

Abstract Expanses of subdued topographies are common at high elevation in mountain ranges. They are
often interpreted as relict landscapes and are expected to be replaced by steeper topography as erosion
proceeds. Preservation of such relict fragments can merely reflect the fact that it takes time to remove any
preexisting topography. However, relict fragments could also possess intrinsic characteristics that make them
resilient to dissection. We document here the propagation of a wave of dissection across an uplifted relict
landscape in Puerto Rico. Using '°Be-°Al burial dating on cave sediments, we show that uplift started 4 Ma
and that river knickpoints have since migrated very slowly across the landscape. Modern detrital '°Be erosion
rates are consistent with these long-term rates of knickpoint retreat. Analysis of knickpoint distribution,
combined with visual observations along the streambeds, indicates that incision by abrasion and plucking is
so slow that bedrock weathering becomes a competing process of knickpoint retreat. The studied rivers flow
over a massive stock of quartz diorite surrounded by an aureole of metavolcanic rocks. Earlier studies have
shown that vegetation over the relict topography efficiently limits erosion, allowing for the formation of a
thick saprolite underneath. Such slow erosion reduces streambed load fluxes delivered to the knickpoints, as
well as bed load grain size. Both processes limit abrasion. Compounding the effect of slow abrasion, wide
joint spacing in the bedrock makes plucking infrequent. Thus, the characteristics of the relict upstream
landscape have a direct effect on stream incision farther downstream, reducing the celerity at which the
relict, subdued landscape is dissected. We conclude that similar top-down controls on river incision rate may
help many relict landscapes to persist amidst highly dissected topographies.

1. Introduction

Perched subdued landscapes are common in mountain ranges. In most cases such landscapes are discontin-
uous, with fragments of subdued topography surrounded by steeper, more dissected areas. Depending on
the setting, they are thought to have formed either directly at high elevation, sometimes at equilibrium with
the surrounding landscape, or at low elevation before being uplifted [e.g., House et al., 2001; Wakabayashi
and Sawyer, 2001; Anderson, 2002; Babault et al., 2005; Garcia-Castellanos, 2007; Gunnell et al., 2009; Van der
Beek et al.,, 2009; Brocard et al., 2011; Yang et al., 2015]. The latter are viewed as relict landscapes, while sur-
rounding steeper, landscapes are thought to have developed subsequently, as a result of accelerated relative
base level fall. Such subdued landscapes are expected to be progressively dismantled and replaced by the
surrounding steeper landscapes. However, some perched subdued landscapes have been shown to persist
4 Ma after initiation of dissection [e.g., Wakabayashi and Sawyer, 2001; Van der Beek et al., 2009], calling into
question the ability for dissection to fully eliminate the relict topography and achieve a new erosional and
topographic equilibrium in response to changing climate and tectonics [Willett and Brandon, 2002; Tucker
and Whipple, 2002; Whipple and Meade, 2006].

Here we investigate the response of a tropical river system to a step uplift that initiated during the Pliocene.
The study site is located on the southern side of the Luquillo Mountains, at the eastern end of Puerto Rico
(Figure 1). The island of Puerto Rico lies above a strongly oblique subduction zone. The island has experi-
enced repeated phases of subsidence, standstill, and uplift throughout its geological history. The topogra-
phy retains extensive shore platforms preserved at high elevation [Semmes, 1919; Lobeck, 1922; Meyerhoff,
1927; Brocard et al., 2015]. The rivers that descend the southern flank of the Luquillo Mountains drain a
stock of Eocene-aged quartz diorite. They display pronounced steepened reaches called knickzones or
knickpoint faces, delimited upstream by a break in slope called a knickpoint, or knickpoint lip, which can
feature waterfalls. The knickpoints found in these rivers do not result from streamwise changes in bedrock
resistance. Instead, they cluster in elevation around the elevation of one of these uplifted shore platforms
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Figure 1. Map of the low-relief surfaces of Puerto Rico, showing the main surfaces identified by Lobeck [1922], Meyerhoff
[1927], (“Caguana” and “Barranquitas”/“StJohn”), and some additional ones (“younger or downfaulted”), showing their
extent relative to the Rio Blanco river knickpoints (RB) and to the caves dated in this study. Cave groups: AB = Agua Buenas,
CC=Cueva Cucaracha, RC =Rio Camuy, and RT = Rio Tanama. Dashed lines bound the northern and southern carbonate
belts of Puerto Rico (v: volcanic rocks; c: carbonate rocks). Unmapped area: portion of the island where extensive dissection
hinders the recognition of low-relief surfaces. a-a": trace of the projected section in Figure 2 (Brocard et al. [2015], modified).

and are therefore regarded as the front of a wave of accelerated erosion [Brocard et al., 2015]. They separate
an upland relict landscape from downstream bedrock rivers that have incised the shore platform that
surrounded the relict landscape. The upland landscape was used in seminal studies to test the validity of
the catchment-integrated detrital "°Be denudation rate method in river-borne quartz [Brown et al., 1995;
1998]. These '°Be measurements were then combined with measurements of dissolved exports in rivers
to propose some of the earliest calculations of long-term weathering fluxes and rates of soil and saprolite
development [White et al., 1998; Riebe et al., 2003]. The early isolated measurements were systematized
across the relict landscape and expanded to areas located downstream of the knickpoints. They reveal a
30% to 210% increase in soil denudation across the knickpoints [Brocard et al., 2015].

Here we use the differential decay of in situ-produced 1%8e and 2®Al in river-borne quartz buried in caves to
date caves that formed shortly after shore platform emergence. These ages are used to approximate when
the wave of dissection began and to calculate integrated velocities of knickpoint retreat since initiation.
We then use published detrital '°Be soil denudation rates across the knickpoints to estimate the present-
day rates of retreat of these knickpoints and evaluate the consistency between long-term and short-term
rates. Both data sets point to slow rates of knickpoint retreat over the past 4 Ma.

We then try to understand why the knickpoints have been retreating so slowly, in the context of a tropical
mountain characterized by abundant precipitation and high-intensity storm events. To achieve this, we first
look at the distribution of knickpoints expected if knickpoint migration was governed over the long term by
stream power-dependent processes such as plucking and abrasion. We conduct a space-for-time substitu-
tion, inspecting residuals in arrival time of modeled knickpoints at the places where real knickpoints are
observed today instead of looking at spatial differences in the location of modeled and existing knickpoints.
We test first a model of knickpoint migration where stream discharge controls migration. We then add the
effect of bed load fluxes, bed load grain size, and finally we test a model where incision is controlled by
the orientation of joints in the bedrock. We find that the best performing models exhibit a weak dependency
on discharge, suggesting a weak control by gravel abrasion and plucking. An inventory of the bed forms
carved by the streams into the bedrock along the knickzones is found to be consistent with the conclusions
drawn from the knickpoint distribution, with little evidence for gravel abrasion and plucking. Bedrock weath-
ering is extensive in the streambeds along the knickzones and may explain the good performance of the
knickpoint distribution model based on the influence of bedrock jointing on knickpoint distribution.

We finally discuss how the bedrock lithology along the knickzones and the soil characteristics upstream of
the knickpoints combine here to reduce plucking and bed load abrasion. We generalize these observations
by considering which general characteristics of relict topographies may reduce sediment fluxes and slow
down the headward migration of knickpoints, helping relict topographies to persist over time.
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Figure 2. NW-SE projected topographic section across the Luquillo Mountains showing the altitudinal correspondence
between the tilted Barraquitas-Caguana shore platform, the protruding “El Yunque Island,” and the knickpoint lips in
two tributaries of the Rio Blanco (Brocard et al. [2015], modified). See Figure 1 for location.

2. Knickpoint Generation in the Luquillo Mountains

Puerto Rico and the Virgin Islands comprise the emergent portion of an almost rigid tectonic block located at
the NW corner of the Caribbean plate [Mann et al., 1995; ten Brink et al., 2009]. The block is made of island-arc
volcanic rocks erupted between the Late Jurassic and the Paleogene. Volcanic activity ended with the colli-
sion of the arc with the Bahamas Bank in Early Eocene time [e.g., Rojas-Agramonte et al., 2008; Stanek et al.,
2009]. The collisional orogen soon eroded away and became a slowly subsiding platform experiencing
dominantly terrigenous sedimentation during the Oligocene. Reefal sedimentation became dominant during
Miocene time [Monroe, 19803, van Gestel et al., 1999]. Reefal sedimentation ended during the early Pliocene
with deposition of pure carbonates [Moussa et al., 1987]. However, still in the early Pliocene, the Virgin Islands-
Puerto Rico tectonic block experienced a rapid northward tilting of 4° [Moussa et al., 1987; van Gestel et al.,
1998; ten Brink, 2005]; the northern edge of the platform sank 4.5 km into the Puerto Rico Trench while its
southern ledge emerged. The carbonate cover on the emergent side of the block started eroding, exposing
the underlying volcanic basement. Today, the exposed volcanic basement culminates at 1300 m above sea
level. Vast expanses of flat, subhorizontal erosional surfaces in various stages of dissection are found between
100 m and 900 m in elevation (Figure 1 and the supporting information). They can be identified in the topo-
graphy as areas of subdued topography (see supporting information Figure S1). These prominent surfaces
were first surveyed by Semmes [1919] and Lobeck [1922]. Semmes [1919] interpreted them as remnants of
a large peneplain, exhumed from beneath the Oligocene-Miocene reef cover. The progressive decline of
the terrestrial sources in the Miocene reef platform [Briggs, 1966; Monroe, 1980b] was attributed to a decrease
in erosion rate during the formation of these surfaces [Monroe, 1980b]. Meyerhoff [1927] found that the tilted
Oligo-Miocene platform was truncated by one erosional surface (“Caguana surface,” Figure 1) and concluded
that the surfaces formed after the initial tilting of carbonates, later ascribed to the Pliocene. Similar flat-lying
erosional platforms are found at a depth of 100 m around Puerto Rico and the Virgin Islands, where they also
bevel both the basement and the overlying carbonates [van Gestel et al., 1998]. The Puerto Rican uplifted
peneplains are therefore more likely marine shore platforms, an interpretation supported by the widespread
occurrence of allochthonous sediments dispersed over the uplifted surfaces, and also compatible with the
very short time during which these surfaces were allowed to form [Brocard et al., 2015].

Remnants of one such platform fringe the Luquillo Mountains on several sides [Lobeck, 1922] (supporting
information S2-1). They enclose an ancient “El Yunque” Island, 10 km in diameter and 500 m high (Figure 2),
similar in size and height to the islands found in the Virgin Islands archipelago [Brocard et al, 2015]. The
platform rises to the ESE with an inclination of 0.7° and projects across the Luquillo Mountains within an eleva-
tion range of 500 to 650 m. Flat topographic shoulders, notches on ridges, and knickpoint lips are found around
the Luquillo Mountains at the elevation of the projected platform (Figure 2). The most dramatic knickpoints
(Figure 3) are observed along the tributaries of Rio Blanco, a river that drains a stock of massive quartz diorite.
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Figure 3. Longitudinal (long) river profiles of the main branches of Rio
Blanco, with locations of knickpoint lips (diamonds). Tributary names:
CUY = Cubuy, IC =Icacos, PRI = Prieto, SAB = Sabana, and 5E and 7E = east
tributaries of Rio Icacos. Inset: y plot of the same river profiles [Perron and
Royden, 2012], with y calculated for a reference drainage area A, of 1 km?
and an intrinsic concavity of 0.5. The y scale is a drainage area-weighted
upstream distance representation of river profiles in which knickpoints
retreating at a celerity solely controlled by drainage area plot at the same
x distance. This representation highlights how Kic lags behind other
knickpoints (see section 5).

Above the knickpoints, rivers have
concave-up alluvial reaches with low gra-
dients and limited stream power [Pike
et al, 2010]. Along the knickpoint faces,
streams flow directly over bedrock. The
knickpoint lips are located entirely within
the homogeneous interior of the quartz
diorite stock and cluster around the
600 m altitude of the uplifted shore
platform. Their presence is therefore
interpreted as the front of a headward
migrating wave of incision propagating
along the branches of Rio Blanco, as a
consequence of the uplift that brought
the 600 m platform from sea level up to
its present-day elevation [Brocard et al.,
2015]. Coastal plains around the
Luquillo Mountains are devoid of old
(>20kyr) terrace tracts (A. Johnson, C
ages, Rio Fajardo alluvial plain, unpub-

lished data, 2005), and the surrounding
shelf is devoid of raised reefs, suggesting a lack of late Quaternary uplift. Fault scarps around the Luquillo
Mountains are also highly degraded, suggesting that differential tectonic activity has ceased, at least during
the past few hundreds of thousands of years. The streams of the Luquillo Mountains have been classified as
“flood dominated” channels. Floods are intense and peak discharges can be 1000 times greater than base flow.
Peak flow hydrographs are short-lived and typically have a duration of less than 1 h. Stormflow runoff is quickly
flushed through the system such that the streams return to base flow within 24 h of large events [Murphy and
Stallard, 2012]. Discharges close to the annual peak are experienced several times in a year [Pike et al,, 2010;
Phillips et al., 2013].

3. Methods

3.1. In Situ-Produced Cosmogenic '°Be and 2°Al in Quartz

We measured in situ-produced cosmogenic '°Be and %Al in river-borne quartz deposited in caves along the
karstified northern carbonate belt of Puerto Rico (see section 4.1). Terrestrial cosmogenic 98¢ and %Al are
produced in quartz lattices during the exhumation of quartz crystals through the uppermost few meters
beneath the Earth’s surface. Cosmogenic production during subsequent downslope transport, fluvial trans-
port, and transitory storage in floodplains is generally regarded as minimal compared to the initial exhuma-
tion [Schaller et al., 2001]. Once buried in a cave, °Al/'°Be decreases due to faster decay of 2°Al compared to
'9Be (half-lives of 0.71 and 1.4 Myr, respectively). The concentration of these isotopes in buried quartz grains
can thus be used to retrieve the minimal burial age of the sediments [Lal, 1991; Granger and Muzikar, 2001].

We extracted sand from gravelly and sandy layers deposited within or near ancient subterranean river
channels. The '°Be-2°Al-derived burial age represents a minimum age for the formation of the surrounding
conduit and probably represents the moment when the river occupying the conduit was rerouted into a
deeper level. We avoided silty sand sequences deposited above the coarse basal deposits because they
may have been deposited during floods tens to hundreds of thousands of years after the initial abandonment
of the conduit, or during the temporary choking of deeper conduits.

Samples were prepared at the University of Pennsylvania Cosmogenic Isotope Laboratory. Sand and gravels
were cemented by carbonates, iron, and manganese oxides that were eliminated using hydrochloric acid.
The loosened sediment was then sieved into phi-scale size fractions. Quartz isolation, purification, and disso-
lution; ion exchange extraction; and precipitation of beryllium were performed following an adaptation of
the technique of Kohl and Nishiizumi [1992]. Inductively coupled plasma optical emission spectroscopy mea-
surements indicate that total Al concentration in quartz after etching was higher in the standard fraction
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Table 1. '%Be and 2°Al Concentrations and Burial Age of Quartz in Caves®

1

Cave Grain Size ()  Easting (deg)®  Northing (deg)®  Altitude (m)®  ['°Be] 10%atg™"  [2°A10%atg™"  2°Al/'®Be  Burial Age(Myr)
cuc 3-2 —67.135 18418 130 2436 +0.52 110£12.9 45105 08+0.1
HUM (0) 34 —66.830 18316 290 5.89+0.22 557 +£2.68 09+05 40%20
ENS (c) 0-1 —66.824 18323 310 6.46 +0.45 7.76 £0.54 1204012 36+04
4-2 7.44£0.40 6.96 +0.47 0.94 +0.08 40404
LAR (c) 1-0 —66.814 18320 330 340+0.21 250+032 0.74£0.10 45106
05C (c) 1-0 —66.822 18322 340 545+0.29 4114036 0.75+0.08 45105
JAG (1) —3-4 —66.691 18.396 30 3824019 252£56 07402 47110
4-2 443+038 3.56 4037 0.80+0.11 44106
SOR (1) 4-2 —66.723 18.407 100 3.91+030 2864028 0.73 £0.09 46106
ABU —3-4 —66.108 18231 280 5204026 4814088 093+0.18 41108

3Cave names: CUC = Cucaracha, HUM = Humo, ENS = Ensuefo, LAR = Larga, OSC = Oscura, JAG = Jaguar, SOR = Sorbeto, and ABU = Agua Buenas. Cave groups:

(c) =Camuy and (t) = Tanama.

Location of cave entrances (purposely imprecise for the sake of cave preservation). Analyzed sediment grain size fraction given in phi scale with particle dia-

meter D=Dg 2~ ¥ with Do =1 mm.

(0.25-0.5 mm) than in the 0.5-1.0mm and 1-2mm fractions, which were used to gain dating precision.
Selected fractions had Al concentration ranging from 25 to 90 ppm that did not necessitate 2”Al carrier addi-
tion. About 220 pug of °Be carrier (Scharlau BE03450100 carrier batch 2Q2P—14 October 2010) with a mea-
sured '°Be/’Be ratio of 1.5-107"° was added to each sample during quartz dissolution. Ti and Fe were
precipitated at pH 13 and removed prior to the ion exchange chromatography separation of Be and Al. Be
and Al hydroxides were precipitated at pH 8-9, oxidized to BeO and Al,O3 over an open butane-propane
flame and mixed with Nb and Ag, respectively. The °Be/°Be and 2°Al/?” Al ratios were measured by accelera-
tor mass spectrometry at PRIME Laboratory, Purdue University. Results were normalized to standard 07KNSTD
for "°Be and 319500KNSTD for 26Al [Nishiizumi et al., 2007; Balco et al., 2008] with an assumed '°Be/’Be ratio of
2.79-107"" [Balco, 2009]. '°Be/°Be and 2°Al/?’Al ratios of the procedural blanks were 2.8+0.8-3.4
+£0.7-107 " and 2+6-107', respectively. Reported 1 sigma uncertainties (Table 1) encompass uncertainties
on Purdue accelerator mass spectrometry measurement, uncertainties on the primary standard, an estimated
2% uncertainty on the Be concentration of the carrier solution, and uncertainties on the procedural blanks.
The production ratio of 2°Al/'°Be and the decay constants are those used in the CHRONUS online calculator
[Balco et al., 2008] version 2.2.1 [Balco, 2009].

3.2. Digital Extraction of Knickpoints

The river profiles of the six main branches of Rio Icacos were extracted from a 1 m lidar digital elevation
model (DEM) (doi: 10.5069/G9BZ63ZR) resampled at 5 m to eliminate DEM artifacts due to poor differentia-
tion of canopy and corestones. Cloudiness prevented lidar acquisition over 5% of the catchment of Rio
Blanco. Void areas were patched using a 10 m DEM generated by interpolation of 10 m elevation contour
lines [Pike et al., 2010]. Drainage lines were defined using Arc Hydro Tools 2.0 operated under ArcGIS 10.0
[Maidment, 2002]. Elevation and drainage area were extracted along the river paths using extraction module
ETsurface for ArcGlIS (http://www.ian-ko.com) and transferred to Excel for the modeling of knickpoint propa-
gation. Knickpoint lips are defined as major, irreversible downstream increases in river gradient. In the field,
they correspond to the transition from alluvial to bedrock reaches, and their locations are known to within
+ 10 m. Corestone accumulations are observed upstream of the knickpoint lips, along five of the studied
knickpoints; they impede water flow and generate short (<150 m long) oversteepened reaches along three
of the studied streams. These oversteepened reaches are located within 270-650 m of the main knickpoint
lips, from which they are separated by alluvial reaches. We therefore hypothesize that rather than drawdown
reaches, they correspond to a zone where floodplain groundwater is forced up into the streams due to shal-
lowing bedrock, increasing pore pressure, landsliding, and sapping at the toe of the valley slopes, thereby
enhancing delivery of corestones to the streambed.

3.3. Bed Load Grain Size Analysis

For the purpose of investigating the effect of bed load grain size on knickpoint retreat rates, we measured
streambed grain size immediately upstream of the knickpoints. Streambed grain size distributions are com-
monly bimodal, peaking in the sand and in the gravel classes separated in a saddle centered around 1-4 mm
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Figure 4. Finite uplift and age of the shore platforms. Location and age of dated caves (groups: AB=Agua Buenas,
CC = Cueva Cucaracha, RC = Rio Camuy, and RT = Rio Tanama). Star RB: Rio Blanco drainage. A surface envelope contoured
every 100 m was fitted over the remnants of shore platforms (Figure 1). Mountains protruding above the platforms are
displayed in black (CC: Central Cordillera). A 210 m diameter filter extracting maximum elevation was passed over the platform
remnants to remove the effects of karstification and regolith dissection. The surface envelope was built by fitting a “spline with
barriers” interpolation to the extracted elevations. During the interpolation, major tectonic faults such as the Great Northern
Fault Zone (GNFZ) or the Fajardo Fault Zone (FFZ) can be used as “barriers” that offset the surface, wherever their introduction
statistically improves the fit (Brocard et al. [2015], modified).

[Kellerhals and Bray, 1971]. Because bedrock erosion is predominantly achieved by the coarse fraction of the
bed load [e.g., Whipple et al., 2000], we sampled gravel bars displaying recent evidence of mobility and
excluded the sand fraction. Wolman [1954] pebble counts of 100 grains were conducted on bar surfaces
and were complemented by photo sieving. Five to 12 images were acquired on each bar, 50 cm to 2 m above
the bar surfaces, depending on median clast size. Images were processed using the Cobblecam software
[http://walrus.wr.usgs.gov/staff/jwarrick], which calculates Dsq values by autocorrelation of digital images
[Warrick et al., 2009]. Comparison of manual measurements and digital measurements was used to correct
autocorrelation measurements for a 7% bias in the estimate of the median grain size.

4, Knickpoint Initiation and Retreat
4.1. Age of Initiation of Uplift and Knickpoint Nucleation

The "°Be-2°Al burial dating of caves in northern Puerto Rico allows us to constrain the timing of knickpoint
nucleation along the Rio Blanco drainage. Emergence of the shore platforms that had formed during the
Pliocene exposed the underlying Mio-Pliocene carbonates, affecting the large aquifer that they host [Giusti,
1978; Renken et al., 2002]. Emergence forced the rivers that drain the Central Cordillera of Puerto Rico to
expand downstream across the newly emerged platforms. The largest rivers incised throughgoing canyons,
drawing down the water table and allowing for karstification to initiate in the nonsaturated zone above the
water table. The smaller rivers sank into the carbonates, leaving dry valleys and doline lineaments over their
karstified surface, and opened extensive karst conduits [Monroe, 1976; Troester, 1994; Miller, 2004]. As incision
continued, early conduits were abandoned and replaced by deeper river courses, some of which are still
active today. Epikarstification at the surface of the platform then led to the development of a very serrated
polygonal cockpit karst [Monroe, 1976], characterized by tall cones (mogotes) that reach 100 to 140m in
height above the Cucaracha and Camuy cave systems. Epikarstification led to the exposure of the cave
segments studied here (Camuy, Cucaracha, and Agua Buenas groups), while others were exposed due to
the cutting of slot canyons (Tanama group). Ten out of the 13 of the targeted caves contained sand and
gravel that yielded quartz in a size fraction suitable for the analysis (0.25-2 mm). These caves belong to four
systems which are, from west to east, the Cueva Cucaracha, Rio Camuy, Rio Tanama, and Agua Buenas groups
(Figures 1 and 4). The Cucaracha and Tanama groups have developed into the lower Miocene Aguada and
Montebello limestone members; the Camuy group is hosted by the upper Oligocene-lower Miocene Lares
limestone member [Monroe, 1980a; Troester, 1994; Miller, 2004], while the Agua Buenas group has developed
into an isolated patch of Cretaceous reefal limestones embedded into country volcanoclastic rocks. The
quartz extracted from these caves tracks from dioritic and quartz dioritic stocks located in the Central
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Cordillera of Puerto Rico, where they intrude Jurassic and Cretaceous volcanoclastics poor in quartz in the
analyzed grain size fraction [Seiders, 1971; Briggs and Aguilar-Cortés, 1980; Buss et al, 2013]. In Cueva
Cucaracha, however, one potential source of quartz is the Oligo-Miocene San Sebastian shale which happens
to contain sandy and conglomeratic members in that specific area [Monroe, 1980a].

19Be-25Al burial ages (Table 1) indicate that all caves except Cueva Cucaracha formed in the early Pliocene.
Pliocene cave ages are remarkably similar. The strong clustering of the ages advocates for an overestimation
of the analytical uncertainties and for synchronous emergence of the shore platforms during the early
Pliocene. No spatial trend in emergence time is evident nor is the temporal resolution and limited number
of dated sites sufficient to allow the identification of an age difference between the “Barranquitas” (n=28)
and “Caguana” (n = 1) surfaces of Meyerhoff [1927]. Lumping the ages together provides a mean age of 4.2
+ 0.3 Myr for the initiation of platform uplift.

These burial ages are compatible with the geological constraints on the topographic evolution of Puerto Rico.
The latest carbonate to have been deposited onto the Mio-Pliocene platform is the Quebradillas member
[Seiglie and Moussa, 1975; Moussa et al., 1987]. The Quebradillas member is encountered offshore all across
the platform, indicating that platform tilting occurred after its deposition [Moussa et al., 1987; ten Brink,
2005]. Sedimentation of the Quebradillas limestone is also marked by a 200 m increase in accommodation
space that contrasts with earlier sedimentation and could be related to the tilting [Seiglie and Moussa,
1975]. It contains fossils of Globorotalia tumida tumida (now Globorotalia merotimuda) which appeared
5.6 Myr ago and Globorotalia margaritae which appeared 6.0-6.4 Myr ago [Hayward et al., 2015]. This suggests
that platform tilting predates cave formation by 1.2 +0.3 Myr. The shore platforms that beveled the carbo-
nates and the volcaniclastic basement may have started forming either during [Monroe, 1980a] or immedi-
ately after the deposition of the latest carbonates [Meyerhoff, 1927]. The shore platform would have to
have developed landwards at an average rate of 17.0 £ 1.2 mm/yr to bevel the carbonate platform to its cur-
rently exposed width, assuming that planation spanned the time between the early Pliocene tilting event and
the burial of quartz-bearing sediment into the caves. Such a rate is consistent with modern measurements of
18-35 mm/yr sea cliff retreat rates in similarly poorly consolidated carbonates [e.g., Dornbusch et al., 2008;
Letortu et al., 2014] and 14.3 mm/yr in flysh [De Lange and Moon, 2005]. Beveling of the volcanoclastic base-
ment could require more time, as reported rates of long-term cliff retreat in volcanic rocks are generally lower
(0.6-1.7 mm/yr [Smoot, 1995; Mitchell et al., 2003]). However, high rates of 10-30 mm/yr have also been
reported in volcanic rocks [Mackey et al., 2014]. One age outlier is Cueva Cucaracha. Samples were collected
closer to the modern stream level and therefore may simply date a younger conduit. It is noticeable, however,
that no quartz-bearing formations are currently exposed in the restricted headwaters of its subterranean sys-
tem. The burial age therefore provides a minimum age for the capture of the quartz-feeding headwaters of
that cave by west flowing rivers [Miller, 2007] south of the cuesta that marks the southern border of the tilted
reefal platform (Figure 1). Land emergence and drainage rearrangement in that area may be more recent and
result from the offshore opening of the Mona Rift, west of Puerto Rico, responsible for the activation of faults
on land near Cueva Cucaracha [Hippolyte et al., 2005; Miller, 20071].

4.2. Consistency Between Longer-Term and Shorter-Term Knickpoint Retreat Rates

We take the minimum age of emergence of the shore platforms provided by cave dating as the age of initiation
of the knickpoints found along Rio Blanco. The knickpoints may have initiated at the ledge of the shore plat-
form, or at tectonic dislocations within the platform. The Luquillo Mountains are bounded by fault zones that
separate the mountains from the surrounding coastal foothills and from similar shore platforms still below
sea level located between the Luquillo Mountains and the Virgin Islands [Brocard et al., 2015; van Gestel et al.,
1998]. The closest place to the mountain front that is likely to have experienced tectonic dislocation is located
at the intersection between the Great Northern Fault Zone and the Fajardo Fault zone, which bound the moun-
tains to the southwest and southeast respectively (Figure 4 and supporting information Figure S2-1).
Concordant remnants of shore platform within the watershed indicate that tectonic disruptions of stream pro-
files did not occur farther upstream. The location of these faults is therefore used as the site where these knick-
points were generated. It also corresponds to the southernmost extent of the Rio Blanco stock, meaning that
knickpoint propagation has taken place mostly within the massive dioritic stock, rather than within the more
heterogeneous surrounding volcanoclastics. Using such assumptions, we find that the Rio Blanco knickpoints
have retreated only 5-7 km over the past 4.2 + 0.3 Myr at a time-integrated celerity of 1.1 to 1.5 mm/yr.
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Figure 5. (a) Topography and (b) geology of the Rio Blanco catchment, showing features used for modeling of knickpoint
retreat such as the Cubuy (CUY), Sabana (SAB), Icacos (IC), Prieto (PRI) branches of the Rio Blanco netwrok, and Icacos tri-
butaries E5 and E7. Figure 5a shows the location (A-J) of the field photographs of Figure 9. Figure 5b shows the catchments
used to measure erosion upstream and downstream of the knickpoints [Brocard et al., 2015]. Topographic contour spacing
is 50 m (Figure 5a), and 25 m (Figure 5b), from 25 m to 1050 m at Pico del Este (PDE).
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Table 2. '%Be-Derived Catchment-Wide Denudation Rates and Increase in Erosion Rate Across the Knickpoints®

Erosion Upstream, Erosion Erosion Increase, Erosion Increase Erosion Increase
All Data Set Downstream, All All Data Set Across K¢ Across Ksag
(m/Myr) Data Set (m/Myr) (x Upstream) (x Upstream) (x Upstream)
c f c f c f c f c f

No corrections
1 + topography + vegetation shielding

1167 31+1 247+12 532 21+£02 1.7+£0.1 1.7+03 14+02 26+06 25+06
104+6 29+1 225+ 11 49+2 2202 1.7%0.1 1.7+£03 14+02 27+06 2506

2 + quartz enrichment + ground density 815 48 +2 175+8 64+2 22+02 1.3%0.1 1.7+£03 1.1+0.1 2706 20x05
3 + time dependence of 108e production 84+6 53+2 176 £8 70£3  21+£03 1.3%0.1 1.7+04 1101 26+07 19%05

@Reported values for “all data set” entries are averages of detrital 1%8e denudation rates from Brocard et al. [2015] for five catchments located upstream of the
knickpoints and seven catchments located downstream of the knickpoints. The increase in denudation rate (reported as a multiple of the upstream rate, “x
upstream”) is the ratio of downstream to upstream rates. The increase in denudation across the Icacos knickpoint Kic and the Sabana knickpoint Ksag is calculated
using data subsets consisting in each case of the trunk channel catchment upstream of each knickpoint, and of the catchments of three downstream tributaries.
Due to ~Be concentration dependency on sediment grain size [Brown et al., 1995, Brocard et al., 2015], results are reported for the coarsest (c: 8-16 mm) and finest
(£ 0.75-0.125 mm) measured fractions, as they provide the maximum uncertainty on apparent rates. Results are reported with no correction, then for a suite of
cumulative corrections, topographic and vegetation shielding from cosmic rays, effects of the spatial heterogeneity in ground density and soil quartz enrichment,

and the effect of time dependence in

Be production rate (see Brocard et al. [2015] for details).

Modern '°Be concentration in river-borne quartz provides estimates of erosion rates, which, in the catchment
of Rio Blanco, integrate the denudation signal over a few thousands to a few tens of thousands of years
[Brocard et al., 2015]. Measured '°Be concentrations indicate that the knickpoints are still actively retreating
today, as evidenced by an increase in catchment-averaged soil erosion rates downstream of the knickpoint
lips (Figure 5b and Table 2) [Brocard et al., 2015]. The increase documented by the gravel fraction is slightly
larger (¥2.1 £0.2) than the increase documented by fine sand (*1.7 £ 0.1), where values are expressed as a
multiple (¥) of the upstream erosion rate. Applying environmental corrections specific to the Luquillo
Mountains to these apparent rates [Brocard et al., 2015] tightens the spread to *1.3-1.7 £ 0.1. Such an increase
in denudation rate is modest but large enough to radically change the amount of weatherable minerals
present in the forest soils [Brocard et al., 2015], and the supply of cations available to vegetation [Porder
et al,, 2015]. However, such modest increase in denudation may be consistent with the slow knickpoint
migration rates suggested by cave dating, in spite of the large differences in the timescale over which both
rates are measured. There are, indeed, some potentially complicating factors. First knickpoint propagation
may not be steady and may fluctuate over timescales larger than the 4-40 kyr integration time of the detrital
'9Be signal, for example, under the effects of climatic oscillations or of internal oscillations in the coupling
between stream incision, slope erosion, and sediment delivery [e.g., Schumm, 1973; Humphrey and Heller,
1995; Frankel et al,, 2007]. However, Willenbring et al. [2013] showed that the detrital '°Be signal can be
observed to scale in space and time with the predictions of a numerical model of knickpoint retreat, in a faster
eroding setting more sensitive to climatic oscillations. To compare the detrital '°Be signal to the longer-term
pattern of knickpoint propagation, we need to convert the erosion rates into knickpoint celerity. We assume
that present-day knickpoint celerity is a function of the difference in average denudation rates above and
below the knickpoints, divided by the average slope of the knickpoint faces [Lavé and Avouac, 2001]. This
equation assumes that slope downstream of the knickpoint remains constant as the knickpoints migrate
upstream (parallel retreat) and does not increase or decrease with upstream migration. In the absence of
markers of the downstream change in slope, changes in knickpoint face geometry cannot be addressed.
However, this change in slope can be regarded as negligible over the integration time of the '°Be signal.
Due to the dependency of apparent detrital '°Be erosion rates on sediment grain size in the study area
[Brown et al, 1995; Brocard et al., 2015], we calculate knickpoint celerity using the '°Be concentration
measured in two sediment grain sizes (fine (0.75-0.125 mm) and coarse (8-16 mm)), and for different values
of soil denudation rates obtained using the measured '°Be concentrations obtained after applying a series of
environmental corrections (Table 3). Using these values of celerity, we then calculate the age at which the knick-
points initiated, assuming first no change in knickpoint celerity with upstream drainage area (b=0 in equation
(1) and section 5) and then assuming that celerity scales to the 1/2 power with drainage area, as expected if
knickpoint propagation is controlled by unit stream power (b=0.5, discussed further in section 5).

The higher across-knickpoint differential denudation yielded by the coarse sediment fraction provides retreat
celerities (0.7-1.0 mm/yr) and initiation ages (2.9-7.8 Myr) consistent with the early Pliocene tilting of the
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Table 3. Current Knickpoint Celerity and Projected Time of Initiation of Knickpoint Retreat®

Sediment Fraction Corrections to Detrital Inferred Knickpoint Age of Knickpoint
Considered Erosion Rate Velocity (mm/yr) b Intiation (Myr)
Coarse None 1.01£0.11 0.5 29+03
0 55+0.6
All 0.71+0.09 0.5 41+0.5
0 78%x1.0
Fine None 0.17 £0.02 0.5 172
0 32+3
All 0.13+0.02 0.5 22+3
0 29+4

3Celerity is calculated using the average increase in detrital 1%e denudation rates across the knickpoints reported in
Table 2 (all data set). Conversion to celerity using an average knickpoint face slope of 13% (average of all six knickzones).
To capture a wide range of possible estimates, calculations are reported using '~ Be values of the coarse (8-16 mm) and
fine (0.70-0.125 mm) fractions of stream sediment, applying no correction (None) or the full range (All) of corrections
applied to apparent denudations rates in Table 2. Then, ages of knickpoint initiation are calculated assuming either that
knickpoint migration is independent of drainage area, a surrogate for stream discharge (b =0, equation (1)), or that
knickpoint migration is a function of stream power (b =0.5).

reefal platform and with cave formation at 4.2 0.3 Myr, suggesting that long-term and short-term rates
consistently document slow knickpoint migration. The slower apparent velocity yielded by the fine fraction
may result from recently reduced differences in the '°Be-constrained denudation rates across the knickpoints
due to faster denudation upstream at the timescale of the detrital '°Be record. Some '°Be-based observations
upstream of the knickpoint of Rio Icacos indeed suggest disequilibrium with faster erosion of hillslopes with
respect to hillcrests [Brown et al., 1995], as well as denudation of the topsoil faster than the rate of deepening
of the weathering font at the base of the regolith [Turner et al.,, 2003]. In any case these '°Be-derived retreat
rates consistently document slow rates of knickpoint migration along the Rio Blanco drainage, which is
consistent with the long-term rates of knickpoint migration inferred from cave dating.

5. Processes Governing Slow Knickpoint Retreat

In the following, we explore how stream power, bed load transport, and weathering contribute to the slow
migration of these knickpoints, through their effects at various scales. We first compare the current distribution
of the knickpoints along the six branches of the Rio Blanco drainage with that expected when stream power,
bed load fluxes, or weathering dominate (section 5.1). Conclusions drawn from this broad-scale approach
regarding the balance between these different processes are then compared and refined using qualitative
and semiquantitative field observations of bedrock morphologies along the knickpoint faces (section 5.2).

5.1. Insights From Knickpoint Distribution

5.1.1. Stream Power Dependency

Knickpoint propagation is often thought to be controlled, at least to some extent, by river stream power [e.g.,
Miller, 1991; Tucker and Whipple, 2002; Hayakawa and Matsukura, 2003, Bishop et al., 2005; Crosby and Whipple,
2006; Willenbring et al., 2013]. Nonfluvial processes are thought to be important contributors to knickpoint
retreat where knickpoint faces are susceptible to bedrock mass failure, groundwater sapping, or rock weath-
ering [e.g., Laity and Malin, 1985; Baker et al., 1990; Weissel and Seidl, 1998; Mackey et al., 2014]. Stream power
or basal shear stress models are used as simple, convenient proxies for estimating fluvial erosion. In such
models, the river-dependent component of knickpoint retreat scales with stream discharge and stream
gradient [e.g., Tucker and Whipple, 2002; Bishop et al., 2005; Crosby and Whipple, 2006]. It is often difficult to
evaluate the influence of stream gradient because its temporal evolution is rarely recorded by geomorpho-
logic markers along the knickzones. Some studies suggest, however, that knickpoint retreat is more sensitive
to drainage area than to river gradient [e.g., Bishop et al., 2005]. Furthermore, the unit stream power model
predicts that knickpoint migration should only depend on drainage area [Weissel and Seidl, 1998; Tucker
and Whipple, 2002]. As such, knickpoint propagation is often simply modeled as:

C=yh M

where C is the knickpoint lip propagation celerity (myr™"), A is the drainage area upstream of the knick-
point lip (m?), v is the retreat efficiency (m' 2°yr™"), and b is a nondimensional constant. Drainage area
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Figure 6. Simulations of knickpoint propagation along the Rio Blanco
system. Time required for knickpoint lips in the Rio Blanco drainage to
arrive at their current distance from their initiation point, normalized to
the travel time of the Icacos knickpoint Kjc (x axis). Displayed knickpoints
are those of Rio Icacos (Kic), Sabana (Ksag), Cubuy (Kcyy), Prieto (Kpry),
and of two unnamed streams E5 and E7 (Kgs and Kg7). (a) Time-distance
trajectories and best arrival times for all knickpoints, according to the
drainage dependency model (AD, equation (1)). It also shows the
trajectory of Ksap, corrected for the difference in retreat celerity between
Kic and Ksag derived from the detrital 1%8e measurements reported in
Table 4 for different cases of upstream erosion (g; hatched regions). An
exact match of arrival times is attained by using a retreat efficiency, v, for
Ksag thatis 1.6 times larger than that of Kic (dotted line). (b) Best fit arrival
times of all knickpoints predicted by the drainage area dependency
model (AD, equation (1)) to the weathering-controlled model for aniso-
tropic bedrock erodibility (ABR, equation (2)), the gravel flux-controlled
model (GF, equation (3)), and a grain size-dependent gravel flux model
(equation (4)) for two cases: one based on field measurements of bed
material on gravel bars (GF + S-GB) and the other based on predicting the
bankfull competence from the Shields equation and the local alluvial
slope (GF + S-AS) as described in Table 5.

dependency tends to be higher along
fast-migrating knickpoints, with b>1
[e.g., Bishop et al, 2005; Crosby and
Whipple, 2006], than along slowly
migrating ones, with b<0.5 [eg,
Weissel and Seidl, 1998; Berlin and
Anderson, 2007; Brocard et al., 2012],
suggesting that fluvial processes are
more effective than other processes
at propagating knickpoints. We simu-
lated knickpoint migration along the
six major branches of Rio Blanco start-
ing at an initiation point defined in
section 4.2 (Figure 6a). All catchments
have similar elevations and unit dis-
charges even at peak flow [Pike et al,
2010], supporting the use of drainage
area as a reasonable proxy for stream
power. The fit between modeled and
actual knickpoints can be calculated
either as the spatial mismatch between
the location of modeled and observed
knickpoints or as the temporal differ-
ence in arrival time of the modeled
knickpoint at the location of the
observed knickpoints. We hereafter
use this latter metric, as it does not
require modeling incision beyond
the reaches actually incised. Arrival
times are normalized to the arrival time
of the knickpoint with the largest
upstream drainage area (Rio Icacos, Kic).
Figure 6a shows the best fit simulation
for the drainage area-dependent model
(AD). The misfit is graphically repre-
sented by the scatter of normalized
knickpoint arrival times around the ver-
tical line at time=1.0; a perfect match
corresponds to an alignment of all
knickpoint arrival times on that vertical
line. Normalization is used to explore
the influence of drainage area on
knickpoint retreat, irrespective of the
age of initiation and of the absolute
value of retreat efficiency, which here
are spatially and temporally constant
(area-dependent AD model, Figure 6a).
The best fit value of b corresponds to

the minimum standard deviation of knickpoint arrival times. This value, b=0.25, lies halfway between the
theoretical value of b=0.5 expected when celerity is controlled by unit stream power and the value b=0
expected when celerity is independent from fluvial erosion (Figure 7a, AD model). Using our estimated

age of initiation of 4.2+ 0.3 Myr, the best fit retreat efficiency is 2.5+0.2-107°> m® yr

—1 about 10 times

lower than the retreat efficiency found over steeply bedded shales at similar b values and drainage areas

in the subtropical belt [Brocard et al., 2012].
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Figure 7. Performance of various simulations of knickpoint migration. (a) Performance of the tested models as a function of the drainage area exponent b, for the simple
drainage area model (AD, equation (1)) compared to more complex models, including anisotropic bedrock erodibility (ABR, equation (2)), gravel flux (GF, equation (3)),
and grain size-dependent gravel flux (equation (4)) for two cases: grain size measured on gravel bars (GF + S-GB) and the competent grain size at bankfull flow predicted
from the Shields equation and the local alluvial slope (GF + S-AS) as described in Table 5. (b) Performance of the tested models as a function of model-specific

parameters: bedrock anisotropy (€2 in equation (2)), anisotropy azimuth (°N), and bed load dependency (c and d in equations (3) and (4), respectively). Bottom panels
show contour plots of ¢, as a function of drainage area-dependent erosional processes (b exponent in equation (1)), and as a function of (c) bedrock anisotropy (Q in
equation (2)), (d) bed load flux (c exponent in equation (3)), and (e and f) grain size-dependent bed load flux (d exponent in equation (4)) for the two cases described
above: (GF + S-GB) and (GF + S-AS), respectively. Hatched regions indicate o, minima and, thus, the best fit values. Note the finer contour intervals in Figure 7c.

5.1.2. Unevenness in Retreat Efficiency According to Detrital '°Be Erosion Rates

The simple drainage area-dependent model (AD, equation (1)) predicts that Kc reaches its current location
before other knickpoints reach their respective locations, all other knickpoints arriving at their current loca-
tion at times > 1 Tic (AD model, Figures 6a and 6b). In other words, once weighted for the effect of drainage
area, branch IC is shorter than, for example, branches SAB and CUY. For this reason Kic also lies at a distinctly
shorter y distance on a y plot (Figure 3, inset), as y is a measure of upstream distance weighted by drainage
area [Perron and Royden, 2012].

The amount of deviation from a simple area-dependent model is consistent with differences in '°Be-derived
increases in soil denudation rate measured across knickpoints Kic and Ksag. In section 4.2, a general 1%Be
retreat rate was obtained by contrasting the means of all 19Be-derived denudation rates measured upstream
and downstream of the knickpoints. This average rate was found to be consistent with retreat rates inte-
grated over millions of years. These measurements can be analyzed in greater detail to contrast '°Be-derived
erosion rates across Kspg and Kic (Table 4). The downstream increase in denudation rate of Ksag is found to be
10-40% larger than downstream of Kic. Conversion of denudation rate to knickpoint celerity (section 4.2)
then predicts that Ksag propagates 1.5-1.8 times to 2.2-4.1 times faster than K¢, Kic being 32% steeper than
Ksag (Figure 6a, hatched areas). The difference in the current location of Kspg and Kic can be reproduced
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Table 4. Differential Retreat Celerity of Ksag With Respect To K¢, As Documented by Detrital 198 Erosion Rates®

Sediment Corrections to ¢ "°Be Rate (x Csag for =0 Above Csap for ¢ > 0 Above
Fraction ¢'Be Rate Icacos) Knickpoint (x Icacos) Knickpoint (x lIcacos)
Coarse None 1.12 1.48 2.19

All 1.1 1.47 2.24
Fine None 1.36 1.80 222

All 1.32 1.75 4.06

@Due to the dependency of the detrital %8¢ concentration on sediment grain size (coarse (8-16 mm) versus fine
(0.70-0.125 mm) fractions), and the effects of environmental corrections on erosion rate estimates [Brocard et al.,
2015], the table presents various calculations of the differential retreat efficiency of Ksag with respect to K¢, expressed
as a multiple (x) of the celerity of Kic. The calculations capture the widest possible range of differences in celerity
between the Icacos (Kic) and Sabana (Ksag) knickpoints. We suspect a recent increase in erosion upstream of the knick-
points (see section 4.2), and therefore, we evaluate the maximum effect of such an increase on the differential migration
of both knickpoints by calculating the differences using two end-members as a sensitivity analysis, with a case with no
upstream erosion (& = 0) and another end-member that assumes upstream erosion equal to the measured " ~Be average
(e>0).

through modeling by ascribing Ksap a retreat efficiency y 1.6 times larger than that of Kic (Figure 6a, dotted
line). This difference is remarkably similar to the predictions of the '°Be signal, considering the differing time-
scales of integration and the simplicity of the conversion model. The concordance of these approaches sug-
gests that departures from the simple drainage area model may correspond to differing characteristics in
these knickpoints. We identified two notable differences between these knickpoints: their overall propaga-
tion direction with respect to prevailing bedrock anisotropy and drastic differences in the bed load size
and fluxes at the knickpoint lips. These differences facilitate a better understanding of the mechanisms that
drive knickpoint retreat along the Rio Blanco, as discussed below.

5.1.3. Effects of Variations in Bedrock Erodibility

The Rio Blanco quartz diorite is a coarse-grained crystalline rock of homogenous composition, containing
abundant, but widely interspersed decametric enclaves of diorite. Analysis of jointing along the knickzones
(Figure 8) indicates that typically, jointing includes three prevalent mutually perpendicular sets of joints,
two vertical ones and a horizontal one (Figure 8). These joints typically display a regular 1 to 2 m wide spacing
(Figures 9c and 9e). In places, additional, moderately dipping sets are well expressed, as well as occasional
left-lateral strike-slip faults. Water flow is often controlled by jointing at the meter to decameter scale, the
flow direction being generally controlled by three dominant sets, which generally include two orthogonal
subvertical sets and a shallow-dipping one. At places only one set is well expressed, in which case water flows
alternatively unconstrained, over massive exfoliating bedrock, and channeled into joint-controlled slots. At a lar-
ger scale, this strong local control of jointing on water flow has little effect on the general shape of the Rio
Blanco drainage, which is essentially dendritic. However, the branches that are subparallel to the well-expressed
NW-SE joint set have experienced the largest amount of knickpoint migration (Ksag and Kcyy, Figure 8), and as a
result, the incised drainage seems to have expanded dominantly in the NW-SE direction. Since the basic model
of drainage area dependency underestimates the celerity of Ksag and Kcyy with respect to Kc, we explored the
possibility that migration has been faster in a NW-SE direction due the greater erodibility and/or faster weath-
ering along NW-SE oriented joints. We introduced an anisotropy factor Q which is the ratio of the retreat effi-
ciency in a direction perpendicular to the direction of the dominant joint set to the retreat efficiency parallel
to the dominant joint set, projected onto the direction of flow over length increments of 5 m.

C = y°QAb ¥))

where y°is an effective retreat efficiency that encapsulates the effects of weathering and jointing on bedrock
erodibility with respect to discharge-dependent erosion processes. We refer to equation (2) as the anisotropic
bedrock erosion model (ABR). As in previous simulations, we searched for the best fit between modeled and
observed knickpoint locations, still defined as the lowest standard deviation of knickpoint arrival times at
their present location (ABR, Figure 6b). The search for the best fit value was conducted by concurrently vary-
ing b between 0 and 1, the anisotropy azimuth over 180° (ABR-azimuth, Figure 7b), and Q between 0 and 1
(illustrated for the best fit azimuth value of N45°W, Figure 7b). Adding bedrock anisotropy significantly
improves the fit compared to the isotropic model for low values of b (ABR versus AD, Figure 7a) and particu-
larly in the absence of influence of drainage area (b =0, Figures 7a and 7c). In this case the anisotropic model
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Figure 8. Joint orientations along Rio Blanco, projected onto lower hemisphere Wulf stereoplots using software WinTensor
5.0.7 [Delvaux and Sperner, 2003]. Blue lines: planes followed by water flow at these same sites. Above the knickpoint lips,
bedrock does not crop out and the fabric is inferred from topographic lineaments. The rose diagram shows the statistical
orientation of flow lines along all 50 m long reaches within the incised drainage network. It illustrates the tendency of the
incised drainage to develop in a NW-SE direction.

performs better than the isotropic model for joint orientations between N10°W and N140°, the best fit being
obtained at N45°W. Best fit values are obtained for an isotropy such that retreat efficiencies are 1.25 to 10
times greater in the direction of jointing than in a direction perpendicular to jointing (ABR: 45°W,
Figure 7b), the best fit being attained for a retreat efficiency 5 times greater (2 =0.2). Examination of the
spread in arrival times (ABR, Figure 6b) shows that the anisotropic bedrock model reduces misfit along
all branches. A model where retreat is controlled by variations in bedrock erodibility therefore more closely
reproduces the observed distribution of knickpoint lips than the simple drainage area model (a surrogate
for shear stress or stream power).

5.1.4. Effect of Bed Load Abrasion (“Tools” Effect)

Among the tributaries of Rio Blanco, Rio Icacos stands out for its headwaters draining almost exclusively
quartz diorite (Figure 5b). Quartz diorite weathers to a sandy saprolite that contains residual corestones
several meters across [Brantley et al., 2011]. Upon arriving at the surface, the saprolite erodes to sand
and clays. As a result, the streams that only drain quartz diorite have very shallow gradients (Figure 3)
and have sandy bed load (Figure 9a). For this reason Rio Icacos carries little gravel down to its knickpoint
[Pike et al., 2010] (Table 5). The aureole of volcanoclastic hornfels that surround the quartz diorite delivers
more volcanoclastic gravel into the other tributaries of Rio Blanco. As a result, and in spite of receiving
sandy tributaries while crossing the diorite, the other branches of Rio Blanco are more steeply graded
(Figure 3) and carry gravel down to their knickpoint lips (Figure 9b and Table 5). Pike et al. [2010] showed
that sediment transport capacity along the knickzones is much larger than the threshold for sediment
mobility, implying that gravel is rapidly conveyed downstream while sand is flushed in suspension. Small
particles in suspension tend to cause less erosion than gravel saltation [e.g., Sklar and Dietrich, 2001;
Lamb et al., 2008]. Because of this high transport capacity, an increase in the flux of bed load particles is
expected to increase the rate of abrasion (“tools effect”), while protection of the bedrock by stationary
gravels over the bedrock should remain minimal (“cover effect” [Sklar and Dietrich, 1998]). At such high
capacity, abrasion should also increase with increasing bed load grain size [Foley, 1980; Turowski et al.,
2015], resulting in a positive scaling between sediment flux, bed load grain size, and knickpoint celerity.
Bed load fluxes have been found to play an important role in accelerating knickpoint celerity [e.g.,
Jansen et al., 2011; Cook et al., 2013].
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Figure 9. Field views of knickpoints (see Figure 5 for location). (a) Sandy river above knickpoint (Icacos), (b) gravelly river
above knickpoint (Sabana), (c) joint spacing in quartz diorite, (d) typical waterfall face, (e) boulder-free reach, (f) top
weathering and side abrasion on quartz diorite corestone and transiting gravel, (g) sediment-starved reach, (h) weathering
ponds (gnammas) in shallow scallops, (i) vertical weathering in joint next to weathering ponds, and (j) morphology of
quartz diorite weathering in active river bed.
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Table 5. Geometric Characteristics Used to Model the Influence of the Tools Effect on Knickpoint Retreat

Knickpoint Knickzone Knickzone Upstream Upstream Regional Field Upstream Gravel-Feeding
Name Gradient (%) Steepness® Gradient (%) Steepness® Dso~ (cm) Dso° (cm) Area (kmz) Area® (%)

IC 15.0 258 09 1.26 3 401-91/0310-17° 4.16 03

SAB 10.5 235 2.1 1.57 12 8 3-29] 3.08 7

Ccuy 13.5 243 35 1.79 28 28[1-10] 3.15 47

PRI 27.0 2.62 2.7 1.54 19 8[1-12] 1.66 24

E5 121 2.10 3.8 1.39 19 1811-2] 0.36 3

E7 11.9 220 37 1.66 25 71-13] 1.30 19

@Normalized steepness Kn, [Tucker and Whipple, 2002] defined over 500 m upstream and downstream of the knickpoint lip for K, = A%s, where S is the slope
and A the drainage area in km®.

Median bed surface grain size D5 is estimated using drainage area A, upstream stream gradient S, and a series of functional relationships: grain size predicted
in terms of the bankfull competence using the Shields equation, Dsq = 7/(t*¢ g(ps — py)), Where 7 is the bankfull shear stress, 7*. is the critical Shields parameter
(set equal to 0.050), g is gravitational acceleration, and ps and p,, are sediment and water densities (2700 and 1000 kg m™ ), respectively. The reach-average
shear stress is 7 =p,,gSR, where S is the local channel slope and R is the hydraulic radius for a rectangular channel, R = wd/(w + 2d), where w is channel width
and d is flow depth. The latter two are predicted from downstream hydraulic geometry relations developed by Pike et al. [2010], w= 5.4Obfo‘33 and
d:0.6Qbf°'12. In these relations, the bankfull discharge (Qpy) is determined as Qus=A(0.0042 E;yqg+0.406), where Eq is the average elevation of the
upstream catchment.

“Grain size measured in the field on gravel bars displaying evidence of recent mobility. Numbers in brackets refer to the number of manual counting sites
followed by the number of photo sieving sites.

Median bed load grain size along the sandy Icacos River.

®Feeding area expressed as a fraction of the total feeding area of Rio Blanco.

We tested the ability of the tools effect to account for the amount of knickpoint migration by modulating
knickpoint celerity by bed load flux

Cy' APFC ?3)

where F is the bed load feeding area composed of volcanoclastic substrate (m?, Table 5), A the total upstream
drainage area (m?, Table 5),and ' and ¢ parameters encapsulating the effects of bed load flux on celerity. We
refer to equation (3) as the gravel flux model (GF). Best fit solutions to parameters b and ¢ (Figure 7d) suggest
again a weak dependency on drainage area (b < 0.3), and a moderate dependency on gravel flux (c=0.4).
Including bed load fluxes effectively accelerates all knickpoints with respect to Kc (GF versus AD, Figure 6b).
However, knickpoint retreat is overaccelerated in rivers with abundant gravel, causing overall poor
performance compared to the simple-area-dependent model (GF versus AD, Figures 7a and 7b). An alterna-
tive formulation was therefore implemented to take into account the effect of bed load grain size

C=y " A°(F Dsp)? ()

where Dsq represents the median grain size and w" and d parameters encapsulate the combined effects of
bed load flux and grain size on celerity. D5 was assessed in two ways, first through direct field measurements
of the gravel size on bars immediately upstream of the knickpoint lips (Table 5, model GF + S-GB, Figure 6b)
and second, based on a prediction of the bankfull competence using the Shields equation, local slope, and
hydraulic geometry relationships developed by Pike et al. [2010] from 234 sites in the Luquillo Mountains,
including the Rio Blanco drainage (Table 5, model GF + S-AS, Figure 6b). Though less precise than direct field
measurements, this calibration over many streams is less sensitive to potential short-term fluctuations in bed
material grain size that could bias one-time measurements on the gravel bars. Adding the contribution of the
sand fraction approximated by the extent of the quartz diorite feeding area has negligible effect on the out-
put due to the very small median size of the sandy streams (Table 5). Because gravel only stems from the
headwaters, bed load grain size is expected to decrease in the downstream direction, and the distance from
the feeding area might have to be taken into account. In fact, this effect can be neglected because the dis-
tance between the feeding areas and the knickpoints remains short compared to the characteristic length
of gravel comminution in the Luquillo Mountains [Miller et al., 2014]. Both estimations of Dsq (derived from
bed material measurement on gravel bars and estimated from the bankfull competence using the local
stream slope) agree in four out of the six streams, while measured Dsq is much lower along two of the six
streams. This discrepancy may arise from the fact that along these streams, gradient is set by a population
of distinctly coarser, less mobile volcanoclastic boulders, while field measurements targeted more mobile
gravel bar material. The model calibrated to bankfull competence using the local alluvial slope to infer grain
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size upstream of the knickpoint lips (GF + S-AS, Figure 6b) performs better than the model calibrated using
field measurements of mobile gravel bars, with residuals twice as small (GF+S-AS versus GF +S-GB,
Figures 7a and 7b). Both perform better than the simple bed load flux model (GF, Figures 7a and 7b). They
do not perform better than the simple drainage area-dependent model (AD, Figures 7a and 7b) but yield
knickpoint arrival times distributed more evenly around that of Kc (Figure 6b). Best fit values in either case
again indicate a weak dependency on drainage area (b<0.25, Figures 7d-7f).

The exploration of the knickpoint distribution therefore suggests that, overall, knickpoint propagation weakly
correlates to stream discharge (b =0-0.3, according to inspection of Figures 7a and 7c-7f). Incorporating bed
load fluxes and grain size strongly modifies the predicted temporal distribution of the knickpoints (Figure 6b)
and produces variations in knickpoint celerity that mirror modern variations in knickpoint celerity deduced from
the spatial variability in detrital 19Be soil erosion rates. These “tool” models still predict a poor dependency of
knickpoint celerity on stream discharge. A model taking into account the influence of bedrock jointing on knick-
point retreat yields the best fit to the observed distribution. The modeling consistently documents a weak
dependency of knickpoint retreat on stream discharge and leaves open questions regarding the dominant pro-
cesses, which we investigate below using field observations. In order to identify the processes at work along the
knickzones, we review the marks left by these different processes on streambed morphologies and evaluate
their compatibility with the conclusions drawn from knickpoint distribution in the following section. The field
observations only show the processes at work today, while the modeling provides a deeper perspective on
how such processes may have shaped the incised network over time.

5.2. Field Observations on the Relative Efficacy of Plucking, Abrasion, Weathering, and Mass Wasting

An observation of riverbed morphology along the knickpoint faces provides important insights on the
respective contribution of plucking, abrasion, weathering, and mass wasting [e.g., Wohl, 1998; Montgomery,
2004; Richardson and Carling, 2005]. The knickzones are composed of an alternation of bare bedrock and
boulder-strewn reaches (Figure 5a). The boulders are corestones unearthed from the surrounding slopes;
they slide or creep downslope and end up in the river channel. There, the location of weathering and
abrasion features at their surface indicates that they remain mostly immobile and decay in place through a
combination of chemical weathering at their top and abrasion around their base (Figure 9f) until underlying
bedrock becomes reexposed. Bedrock incision is usually achieved through a combination of plucking and
abrasion [e.g., Whipple et al., 2000]. Field observations indicate that joints typically display a 1 to 2m wide
spacing (Figure 9c¢). Fresh surfaces left by plucking are rarely observed in the field and are only seen at a
few particular places characterized by unusual decimeter-scale joint spacing. Qualitative observations thus
suggest that plucking along the knickzones is rare. Bed forms typically produced by abrasion, such as scallops
and potholes [Richardson and Carling, 2005], are equally rare. Potholes were observed at only one place.
Scallops are more common; they are, however, very shallow and are floored by weathering hollows (gnam-
mas) where water can pond in the scallops (Figure 9h). The irregular outline of the gnammas is hardly mod-
ified by subsequent abrasion, indicating that abrasion rate is outpaced by weathering rate. Weathering
features, such as blunt edges left after spallation of rindlets are observed along vertical joints in the stream-
beds, even on the floor of active channels (Figures 9i and 9j). These observations suggest that bed load-
driven abrasion is very slow along the knickzones. This can happen if the bedrock is shielded from abrasion
beneath a sediment cover (cover effect [Sklar and Dietrich, 2006]) or, on the contrary, if the bed load flux is
limited [Sklar and Dietrich, 2006]. Bed load storage along the knickzones in the form of fill terraces and gravel
bars is close to nonexistent. Very little gravel is found trapped in plunge pools, bedrock clefts, or between
boulders (Figures 9e-9g). All of these observations imply that the streams are essentially sediment starved.

The scarcity of plucking and abrasion morphologies and the widespread preservation of weathering features
indicate that plucking and abrasion operate very slowly and, at most at the pace of geochemical weathering.
The weathering rate of the quartz diorite under soil cover is well quantified upstream of the knickpoints,
where saprolite basal propagation rates of 58 to 87 m Myr~' have been inferred from weathering balances
and dissolved exports [White et al., 1998; Stallard, 2012]. Deepening rates of the saprolite/bedrock interface
of45m Myr_1 have been obtained using U-series nuclides [Chabaux et al., 2013]. These values may represent
an upper bound for the weathering rate of barren rock along the knickpoint faces, because barren rock typi-
cally weathers more slowly than soil-mantled rock. Limited plucking and abrasion is also consistent with the
slow knickpoint celerity inferred from catchment-averaged '°Be erosion rates of 70-180 m Myr™" along the

BROCARD ET AL.

RELICT LANDSCAPE RESISTANCE TO DISSECTION 1198



@AG U Journal of Geophysical Research: Earth Surface 10.1002/2015JF003678

knickpoint faces [Brocard et al., 2015], and with knickpoint integrated celerities of a few millimeters per year
over the past 4.3 Myr (section 4.2). The weak dependency of retreat rates on drainage area (section 5.1)
further suggests that these stream power-dependent processes are slow enough for nondischarge-
dependent processes to take over and control knickpoint retreat rates. In particular, limited plucking and
abrasion by bed load particles could explain the poor performance of the simple drainage area and bed load
flux models, respectively.

Field observations suggest that in the absence of other competing processes, bedrock eventually yields
through the opening of vertical joints by a combination of chemical weathering and scouring (Figures 9i
and 9j). The continued enlargement of such fractures leads to the isolation of large bedrock slabs that topple
or slide away. The higher erodibility in the NW-SE direction does not seem to result from a higher density of
NW-SE trending joints, but rather from an intrinsic weakness of these joints to weathering and erosion. They
may have experienced cataclasic shearing during Eocene time, when large, N70°W left-lateral faults devel-
oped throughout Puerto Rico [Jolly et al., 1998]. Along the most massive bedrock reaches, exfoliation of slabs
a few decimeters thick prevails. It seems therefore that the pace of bedrock removal and knickpoint migration
is set by a combination of weathering along bedrock joints, exfoliation, and by the eventual gravitational
removal of large blocks which could occur at high flow but could also be triggered by other events such
as earthquakes or by the landing of landslides stemming from the surrounding slopes. This combination of
processes together may weakly correlate with stream power. The above observations are consistent with
the best fit model for knickpoint retreat being one in which erodibility is greatest along a NW-SE oriented
set of fractures. The importance of weathering on the pace of river incision is probably underappreciated
but is increasingly recognized, especially for sedimentary bedrock [Montgomery, 2004]. The bed forms found
along the knickpoints of the Rio Blanco drainage suggest that weathering can also significantly contribute to
river incision on plutonic bedrock.

6. From Processes to Rates: The Persistence of Upland Relict Landscapes

In the Luquillo Mountains, the dramatic knickpoints described here are only observed along rivers that drain
quartz diorite. The rivers that drain the surrounding volcanic and volcanoclastic terrain display either fully
relaxed concave up profiles, disrupted by minor knickpoints that coincide with massive layers, or more irre-
gular profiles with diffuse knickzones, which represent either subdued waves of incision, or broad-scale adap-
tations to changes in bedrock erodibility (see supporting information Figure S2-2). The quartz diorite
therefore exerts a first-order control on the development rate and/or preservation of migrating knickpoints.
The bedrock control acts in two ways: first, it slows down headward knickpoint migration, such that the wave
of incision is still seen today migrating up the Rio Blanco drainage, several million years after its initiation; sec-
ond, the quartz diorite favors the preservation of steep knickpoint faces. Retreat of the knickpoint faces is
slow because the usual processes of bedrock erosion, plucking and abrasion, are relatively ineffective along
the knickzones. Plucking is frequent on the highly fractured and thinly bedded volcanoclastic rocks [Pike et al.,
2010] but is infrequent on the quartz diorite due to the wide spacing of the joint sets. Abrasion is rendered
inefficient through a combination of factors upstream of the knickpoints: a wide occurrence of the quartz
diorite and a protective vegetation cover. In the rainforest, soils contain abundant and well-connected
macropores that efficiently convey runoff underground as quick flow [Beven and Germann, 1982] and reduce
overland flow to a fraction of a percent, even during the most intense rain showers [Larsen et al., 1999; Harden
and Cruggs, 2003; Schellekens et al., 2004; Larsen et al., 2012]; they also prevent pore pressure buildup, redu-
cing landslide frequency [Simon et al., 1990]. As a result, over the quartz diorite, denudation rates are low for
such a steep tropical mountain, only reaching of a few tens of meters per million years [Brown et al., 1995;
Brocard et al., 2015]. Coeval high weathering rates [White et al., 1998; Turner et al., 2003; Chabaux et al.,
2013] have resulted in the development of a thick saprolite [Brantley et al., 2011; Buss et al., 2013]. Erosion
of the saprolite feeds streambeds with a bimodal population of corestones several meters across and sand.
While corestones decay in place, the stream feeds knickpoints with sand, which has little abrasive power.
Volcanoclastic rocks weather to a clayey saprolite and boulder-to-pebble-sized blocks. While saprolite gravels
soon disintegrate [Miller et al., 2014], a small fraction of nonweathered gravel makes it way to the knickpoint
lips and contributes to erosion along the knickzones. However, due to the low erosion rates and intense
weathering upstream, this overall flux of gravel is small, and streams are gravel-starved along the
knickpoint faces.

BROCARD ET AL.

RELICT LANDSCAPE RESISTANCE TO DISSECTION 1199



@AG U Journal of Geophysical Research: Earth Surface 10.1002/2015JF003678

The low activity of stream power-dependent erosion processes leads to a dominance of weathering and mass
wasting along the knickpoint faces, in a way similar to what is observed along vertical knickpoints [Laity and
Malin, 1985; Baker et al., 1990; Weissel and Seidl, 1998; Crosby and Whipple, 2006; Mackey et al., 2014]. This is
evidenced by the weakness of the dependency of knickpoint celerity on drainage area, and by the apparent
sensitivity of knickpoint retreat to joint orientation in the quartz diorite. Weathering along bedrock joints,
exfoliation, and toppling of large blocks becomes the process that sets the rate of knickpoint retreat. As
weathering and toppling become the limiting factors of knickpoint retreat, the maintenance of steep knick-
point faces becomes necessary for retreat to proceed. The fact that the Icacos River knickpoint has the stee-
pest face among the knickpoints developed only into the quartz diorite (Table 3) can then be explained by its
sandy bed load, which ensures a complete predominance of nonfluvial processes.

Geomorphologists have differentiated weathering-limited and transport-limited landscapes [Carson and
Kirby, 1972]. In the former, the rate of formation of erodible debris by physical and chemical processes con-
trols the rate of landscape lowering [e.g., Baldwin et al., 2003; Sklar and Dietrich, 2006]. The relict landscape
of the Luquillo Mountains, with its deep regolith, is transport limited, while the knickzones are clearly
weathering limited, but this latter characteristic is inherited from the upstream properties of the relict land-
scape. In essence, by starving the knickpoints from erosion tools, the relict landscape slows knickpoint pro-
gression, effectively protecting itself from dissection. The specific contribution of the quartz diorite is to
reduce plucking along the knickpoint face and to weather to a saprolite that erodes to sand and scarce
gravel over the relict landscape. Over the volcaniclastic landscape, knickpoints have largely migrated
and diffused, presumably because the bedrock is more densely fractured and thus more prone to plucking,
while abrasion is favored by a saprolite that contains gravel-sized material which release more bed load to
the streams.

Shore platforms are still largely preserved all over the island of Puerto Rico. Their preservation can be
explained by the overall lower slopes of the shore platforms (14.4°) compared to the steeper relict island
of El Yunque. The platforms are blanketed by the most deeply evolved soils of the island [Beinroth, 1982],
and we hypothesize that they similarly deliver little bed load to the head of the canyons that are currently
propagating through them. Bed load starvation could likewise explain the extensive preservation of upland
relict landscapes in many mountain belts. Depending of the location, it would result from sediment flux
limitations due to factors such as subdued slopes, effective protection of soils by vegetation, advanced
weathering of the relict landscape, and bedrock prone to weathering but resistant to stream erosion.

7. Conclusions

Rivers along the southern flank of the Luquillo Mountains drain a massive stock of quartz diorite. Over this
homogenous substrate rivers have developed prominent knickzones, the lips of which cluster about the
600 m elevation of a long-known low-relief surface that surrounds the Luquillo Mountains. We interpret this
surface as a former shore platform that has formed and has been uplifted after the early Pliocene (5 Myr ago).
Knickpoints in the Rio Blanco drainage have developed following the uplift of this platform and are since
retreating toward the headwaters of the drainage.

Previous investigation of these knickpoints using detrital '°Be in river-borne quartz had shown that passage
of these topographically dramatic knickpoints is associated with a modest, twofold increase in denudation
[Brocard et al., 2015]. Here using '°Be-2°Al dating of caves that have formed following the emergence of
the shore platform, we find that knickpoints initiated 4.2+ 0.3 Myr and have retreated only 5-7 km since.
Using a simple model for converting modern detrital '°Be denudation rates into knickpoint celerity we show
that both independent datasets are consistent and point to a very slow rate of knickpoint propagation.

Variations in knickpoint retreat rate deduced from spatial variation in detrital '°Be denudation rates are
consistent with the current distribution of the knickpoints. Knickpoint retreat along each of the different
branches of the Rio Blanco drainage is not well described by a simple drainage area (stream power) model
nor do models that incorporate the effects of bed load flux (abrasive tools) and the size of bed material
perform much better. A model that incorporates the effect of bedrock weathering along vertical joints
produces the best fit to the current knickpoint distribution. All models point to a weak dependency of
knickpoint retreat on drainage area.
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Inspection of the knickpoint faces confirms the inferences from the knickpoint distribution, revealing a weak
contribution of abrasion and plucking to knickpoint retreat. Weathering and exfoliation are largely developed
and seem to set the pace of knickpoint retreat.

Slow rates of erosion upstream of the knickpoints limit the delivery of bed load to the knickpoint lips, thereby
limiting abrasion. The effect is reinforced by the nature of the quartz diorite, which weathers to sand, provid-
ing little abrasion tools, while in the meantime constituting a bedrock very resistant to plucking. In the
Luquillo Mountains, steeper topography is not correlated with increased erosion due to a very efficient lim-
itation of surface denudation by the native vegetation cover. At the scale of Puerto Rico, however, as in other
mountain ranges, the preservation of large expanses of shore platforms could be mostly due to limited bed
load fluxes and reduced sediment grain sizes out of the flattest regions of the topography, where erosion
rates are generally low and weathering much more advanced than in the steeper portions of the landscape.
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