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Abstract Seminal research into geomorphic shaping of landscapes by emerging groundwater suggest
that the relationships governing channel form and incision rate are distinct from otheruvial systems
(Howard, 1995; Dunne, 1980, 1990). While some recent work has connected these models to natural settings
(Abrams et al., 2009; Petroff et al., 2011), other studies have shown that seepage erosion may be erroneously
invoked in landscapes shaped byooding and overland ow (Lamb et al., 2006, 2007). We investigate the
impact of seepage erosion on the geomorphology of a tropical mountain watershed, the Rio Blanco in the
Luquillo Mountains of northern Puerto Rico. We focus on a population of amphitheateshaped channels
that incise into deeply weathered saprolite prdes in the upland reaches of the watershed, where the river is
disconnected from regional bastevel lowering (Brocard et al., 2015, 2016). We measured high rates of
base ow from springs feeding these catchments, despite their small drainage areas. We constructed an
empirical model relating base ow discharge to catchment area within the watershed. We quangd
long term (103104 yrs) catchment erosion from 10Be in sediment and measured the sherm volumetric

ux of bedload transport at baseow. Rates of transport and erosion in this group of channels scale linearly
with the feeding drainage area and basew discharge. This nding supports a stream incision model
proposed for groundwatedriven channels (Howard, 1995). We propose that deepening saprolite and
coincident entrenchment of the subsurface wateouting system initiated seepage erosion and are actively
expanding the headwaters in the Rio Blanco.

Plain Language Summary The relationship between landforms and the processes that shape
them on Earth can be used to identify the processes at work in places that can only be studied remotely,
like the deep ocean or the surface of other planets. In the early 1980s, researchers recognized that river
channels have different shapes depending on whether they are carved by water moving over the land surface
or owing underground. Early studies of groundwater erosion in sandbox models found that there is a
unique relationship between erosion and the rate of groundwaterow into a channel that does not exist
under other circumstances. However, this relationship has yet to be veed in natural landscapes. In this
study, we measured the shapproperties, groundwater ow, and erosion rates over short (hours) and long
(tens of thousands of years) timescales in the headwater channels of steep, mountain rivers in a tropical
rainforest in Puerto Rico. We identied a distinctive population of streams with geometric properties and
stream ow to erosion rate relationship that match predictions for channels carved by wateowing
underground on both short and long timescales. This is therst study investigating groundwatedriven
erosion usinglOBe as a direct geochemical tracer.

1. Introduction

Water emerging from the subsurface contributes to landscape evolution, but the evidence of such contribu-
tion is often subtle. Seeps enhance chemical weathering, slope toe undercutting, slope failure, and in some
cases, stream incision. Horton overlandow, saturation overland ow, and subsurface ow erode the land-
scape in distinct ways, generating landforms with different characteristics. Channels initiated by overland
ow are tightly V shaped in plan view, tapering towards their head into sharply narrow channels (Carson
& Kirkby, 1972; Howard, 1994). Subsurfaceow drives sapping erosion (Dunne, 1980), producing broad,
shallow incisions that are Ushaped in plan view (Howard, 1994). Connecting form to process,dhaped
channels in Martian topography have been attributed to seepage erosion, implyingwing subsurface water
(Baker et al., 1983; Malin & Carr, 1999; Sharp & Malin, 1975). However, as other erosion processes may
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generate broad, shallow slope failures the form itself is not diagnostic. Amphitheateeaded channels have
been found in landscapes shaped by plungmol erosion (Lamb et al., 2006, 2007) and by cliff collapse
(Weissel & Seidl, 1997) in addition to by sapping and seepage erosion (Higgins, 1982; Laity &
Malin, 1985). To date, physical modeling (Howard, 1995) ancld studies (Abrams et al., 2009) have con-
nected the process of seepage erosion to incising channels with the amphitheater form under rare condi-
tions, such as uniform substrate with high permeability and inltration capacity in excess of normal
precipitation.

Groundwater sapping is the intermittent collapse of an escarpment due to undercutting above a seep.
Undercutting increases the hydraulic gradient of the water table, and thereby accelerates groundwateres

to the seep point. As a result, ow lines in the subsurface converge toward the backwearing seep wall,
expanding the size of the underground area that feeds the seep (Dunne, 1980). Howard et al. (1988) devel-
oped a numerical model describing seepage erosion in cohesionless sediment which he tested through a ser-
ies of sandbox experiments. He idented speci c areas where sapping or uvial erosion dominate. The
sapping zone is located near the base of the escarpment; it is a region where sediment delivered by cliff col-
lapse pilesup near the angle of repose before being periodically entrained farther down the stream network
by discharged groundwater. Downstream of the sapping zone, the deposited material is slowly winnowed
away by baseow in the uvial zone, if discharge is capable of transporting the sediment. The model predicts
that erosion rate is proportional to groundwater in ux at the channel head. Abrams et al. (2009) tested this
model on a network of steephead channels located in the Apalachicola River, on the Florida panhandle.
They found a linear relationship between channel headwall backwearing rate and contributing drainage
area for the channel network.

Linear scaling between stream incision and discharge/drainage area is a distinctive characteristic of chan-
nels that grow by seepage erosion and groundwater ef. Indeed, incision by streams fed by surface runoff
tends to follow a power law function of drainage area and channel steepness (stream power model). Neither
model explicitly includes grain size and channel width as variables, both of which impact erosion
(Lague, 2014; Sklar & Dietrich, 1998). Groundwater sapping models, however, tend to treat the downstream
transition from sapping to uvial transport as a continuum (Dunne, 1988; Howard & Mclane, 1988; Kochel
et al., 1985). In doing so, they implicitly require that groundwater discharge be sufent to transport parti-
cles away from the seepage face. The low velocity of groundwater is regarded as ir@gaht to transport
coarse grained material in most settings (Lamb et al., 2006), requiring contribution of overlandw.

The importance of groundwater ow in the hydrology of the Luquillo Experimental Forest (LEF) of north-
eastern Puerto Rico is well established owing to decades of research (Bhatt & McDowell, 2007; Chestnut &
McDowell, 2000; Derry et al., 2006; Kurtz et al., 2011; Murphy & Stallard, 2012; Scholl et al., 2015; Shanley
etal., 2011; Stallard, 2012b). However, its contribution to the geomorphic evolution of the landscape has not
been addressed. Our objective in this work is to determine whether seepage erosion contributes to the
growth of the Rio Blanco stream network through expansion of the headwaters. We surveyed ~200 springs
feeding rst order channels, in a part of the LEF underlain by slowly eroding quartz diorite, mantled by a
thick saprolite. These springs are often located in amphitheatshaped, hemispheric valley heads. Unlike
studies of bedrock stream incision by groundwater (e.g., Hawaii and the Colorado Plateau; Kochel &
Piper, 1986; Laity & Malin, 1985; Lamb et al., 2007), our investigatiomds evidence for widening of valley
head features by sapping and sediment transport irrst order drainages under baseow discharge. The
study area possesses several characteristics that are favorable to seepage erosion, including overall shallow
gradient streams, lowcohesion subsurface material, and a continual, high rate of groundwater recharge.
As a rst line of evidence, we compare the geometric properties of channel heads in this river network to
the predicted amphitheatershape that is a characteristic of groundwater erosion (Dunne, 1980; Howard
etal., 1988; Petroff et al., 2011). A criticism of many studies that attributedbiaped channels to groundwater

is that the low velocity of baseow is incapable of transporting material in the channel. We measured the
bedload ux of material under base ow, documenting the transport capacity of subsurface water discharged
into the channels. Further, we measured catchmeraveraged erosion rates in a group of
amphitheater shaped channels usingn situ produced *®Be from the bedload sediment and found that
despite small contributing drainage areas, these channel tips are exporting sediment at rates that are gener-
ally higher than the range of ridgetop erosion rates (250 m/My) determined by prior research for this study
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area (Brown et al., 1995). The mismatch in erosion rates indicates a deepening valley network but contains

no information about erosion mechanisms. Hydrograph analyses in our study area show thash oods

occur frequently (Murphy & Stallard, 2012; Stallard, 2012a), with an early and sigeant contribution of

groundwater to the peak discharge (Kurtz et al., 2011), so channel heads incised by sapping could depend

on high discharge events that clear sediment away from the seep face and out of the stream channel

(Gellis, 2013; Murphy & Stallard, 2012), which would result in higher erosion rates than expected from base-
ow groundwater discharge alone.

1.1. Field Setting

The Luquillo Mountains are located in northeastern Puerto Rico (Figure 1) and represent thest topo-
graphic barrier encountered by the Westerly trade winds (Scatena & Larsen, 1991). Consequently, oro-
graphic forcing makes this area the wettest region in Puerto Rico, with mean annual precipitation ranging
from 2.5 mly at the coast to 4.5 m/y at the peaks (Figure 1; Gardiartiné et al., 1996; Murphy et al., 2017).
Although hurricanes and tropical storms provide the highest intensity rainfall events, most precipitation is
delivered by lowintensity rainfall (Brown et al., 1983; Murphey & Stallard, 2012). The study area encom-
passes the upper Rio Blanco watershed, which drains the southerank of the Luquillo Mountains.
While stream discharge and chemistry have been well studied, the shape of the water table, as well as the
volume of water stored in the saprolite and underlying fractured aquifer, remains poorly constrained, due
to the pristine nature of the oldgrowth forest, its remoteness, and its protection status. By inventorying
the springs that are still owing at base ow, as well as numerous small incisions that go dry, we obtained
the rstspatially extensive dataset of local water table position in the study area. It suggests the presence of a
large, persistent aquifer. This inference is in agreement with lortgrm hydrological monitoring of Rio
Icacos, demonstrating a sustained basew component contributes ~75% of the total river discharge
(Chestnut & McDowell, 2000; Scholl et al., 2015; Shanley et al., 2011).

The material composition in the subsurface is a strong control on the volumegw paths, and residence time
of groundwater. As explored by Dunne (1980, 1990) compositional heterogeneities, fractures, openings and
pore networks in uence the ow eld, potentially overriding the in uence of topographic curvature on ow

Figure 1. Map of the Rio Blanco watershed with the four main tributary rivers identied: Rio Cubuy, Rio Sabana,

Rio Icacos, and Rio Prieto. The color gradient corresponds to the orographic precipitation gradient. Rainfall quantities

and patterns were reported by Murphy et al. (2017). USGS gage 50075000 is marked with a black star symbol. In the upper
right hand corner is an inset map showing the island of Puerto Rico with the area of the Luquillo Mountains in black.
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line convergence at seep locations. Weathering has broken down the rock material at depths well below the
emergence of spring waters. Thick prdes of intensely weathered saprolite overlay the bedrock and extend
for tens of meters into the subsurface (Buss et al., 2013). The bedrock weathers along fracture planes into
spheroidal corestones (Buss et al., 2008, 2013), which are exhumed along drainage lines but rarely crop
out on hillslopes. The physical and hydraulic properties of the saprolite indicate that it is capable of absorb-
ing and storing large quantities of water. Porosity values of ~45% are constant with depth (White et al., 1998),
and dry bulk density averages 0.75 g cm (Larsen et al., 1999). Inltration rates are highest in near surface
soils, exceeding all but the greatest rainfall intensities for the area (Larsen et al., 1999). Piezometer studies
have found that groundwater recharge during storms is linked to slope failures occurring. 25 hr after

the storm event (Simon et al., 1990). However, storgenerated precipitation also moves through the shal-
low subsurface as quickow (Kurtz et al., 2011) leading to shallow slope failures that initiate at permeability
boundaries where clay horizons accumulate (Simon et al., 1990).

2. Methods
2.1. Field campaigns and digital terrain analysis

We located potential springs in hemispheric valleys on a 1 nesolution lidar digital elevation model (DEM,;
Luquillo CZO Rio Blanco and Rio Mameyes LiDAR Survey, 2012011) and veri ed the presence of owing
water in eld campaigns. From the digital map, we measured the width of valley incisions at multiple inter-
vals between the crest of the headwall to the junction with the larger river network to compare with the pre-
diction of continually spaced, rather than widening, channel valleys (Figure 2a). We note that these
measurements correspond to the valley incision and not the wetted channel. Petroff et al. (2011)reel
the plan form aspect ratio of a channel head as the ratio between the valley width and the radius of a circle

tted to the tip of the incising channel (Figure 2c). We calculated comparable metrics for a subset of the
seeps we surveyed(= 99). In order to de ne the location of the circle tto the channel tip, we pulled long-
itudinal pro les from the DEM and identi ed the slopebreak occurring at seep point and the start of chan-
nelized ow. The seep point and channelized ow do not always correspond in space due to deposition
caused by sapping at the seep (Figure 2Db).

We measured catchmenaveraged erosion rates forve of the amphitheatershaped channels, and at these
sites, we calculated the k, for the channels using Topo Toolbox in Matlab (Schwanghart & Scherler, 2014)
and de ned an average slope from that value, using the equation

SYaKsn*A (1)

We setm = 3 andn = % for the calculation, values which are typical for steadgtate stream channels
(Whipple & Tucker, 1999), an appropriate assumption for these logradient, concaveup streams.

2.2. Base ow discharge measurements

Base ow is the fraction of river discharge that comes from groundwater storage (Hall, 1968). Laiegm
monitoring of Rio Icacos has shown that basew forms a signi cant portion of river discharge (~75%;
Derry et al., 2006; Kurtz et al., 2011; Schellekens et al., 2000, 2004; Scholl et al., 2015; Shanley et al., 2011).
During low ow conditions, nearly all of the discharge in the small, sandy channels forming from the coa-
lescence of seeps are therefore contributed by groundwater. During owld campaign in June of 2016, the
Luquillo Mountains had not received highintensity rainfall for nearly 2 weeks. Sampling was completed
between 14 June 2016 and 18 June 2016. Discharge measured at the USGS gage on Rio Icacos for the entire
time period of sampling averaged 10.1 L/s with a standard deviation of 0.5 L/s. We measured bagedis-
charge using salt plug tracer injection (Moore, 2004a, 2004b) ine seepformed channels, and weirs in an
additional two where channel reaches were too short to apply the tracer method (Figure 3). Measurements
were made as close as was practical to the initiation point of channelizedw, that is, typically, no more

than a few meters from the channel head.

The size of this data set was constrained by complexities of theld setting, especially by the small size of the
seep channels. In order to estimate basew discharge at these smaller channel sites, we used an empirical
relationship between baseow rate and drainage area for the watershed. We supplemented discharge
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Figure 2. (a) Shaded contour map of a seefed, amphitheatershaped channel in Rio Icacos. Basew discharge and
long term erosion rate were both measured at this site. (b) Long prie of the channel pictured in 2a derived from a

1 m DEM. Foci of sapping erosion and uvial transport are identi ed, following the morphology of seepage eroded
channels described by Howard (1995). (c) Diagram adapted from Petroff et al. (2011) showing the measurements of
planform aspect ratio of channel head features. (d) Measurements of plan view aspect ratio for 99 amphithestieped
channels. Mean of the measurements is 3.17, and median is 3.15.

measurements from seeps with additional measurements of base in larger subcatchments using the
same saltplug tracer injection (h = 6) and the discharge recorded for Rio Icacos at USGS stream gage
50075000 (Figure 3). The measured catchments have a range of drainage areas (04008m7), which
were extracted from the 1 nresolution lidar assuming that surface and underground watersheds
coincide. Mean annual rainfall increases from 3.8 to 4.6 m/y across the study area (Murphy et al., 2017,
Figure 1). We therefore weighted drainage area by the precipitation average across each individual
catchment. We combined measured discharge and precipitatisreighted drainage area to construct a
linear dischargeto drainage area model for the studied group of seeps andvial catchments (11 in total).
We improved the robustness of the lineart to the data through 1,000 bootstrapped iterations of the
measured data points. We used thiseld calibrated relationship to calculate baseow discharge in other
channels based on their precipitatiorweighted drainage area.

2.3. Bedload grain size and mobility

At one amphitheaterheaded channel, we deployed a Hellegmith bedload sampler (Emmett, 1980) for 3 hr
and 15 min under baseow conditions (discharge of 0.94 L/s) to catch the mobile bedload (Figure 3). The
sample was sieved into phscale size fractions (<0.063, 0.068.125, 0.1250.25, 0.250.5, 0.52 mm dia-
meter). The cumulative sum of the size fractions was used to determine tbg, of the bedload sample.

2.4. Catchment averaged detrital '9Be erosion rates

We collected grab samples of istream sediment from ve amphitheaterheaded channels at the start of
channelized ow, proximal to the incised tip (Figure 3). We quantied the accumulation ofin situ produced
1%e in river borne quartz during its exhumation and transportation off the slopes draining to these channels

HARRISON ET AL.

5 of 16



o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Earth Surface 10.1029/2019JF005341

Figure 3. Map of the Rio Blanco watershed with sampling sites for this study identd. Baseow discharge rates were
measured for each of the watersheds idengd by shading. Sediment collected from stream channels and measured
for 1%e concentrations are identied in white star symbols, and the contributing drainage area for those
measurements is identied with a black line pattern. The black cross symbol marks the location where sediment
moving as bedload in a stream at basew was collected.

(Brown et al., 1995; Granger et al., 1996fBe is produced in the mineral lattice of quartz grains in the upper

~2 m of Earth's surface at a weltonstrained rate (Dunai, 2010; Gosse & Phillips, 2001; Lal, 1991). In many
settings, 1%Be records the total volume of mass lost from chemical and physical erosion (Dixon &
Riebe, 2014) but here, saprolite production and chemical weathering occur at depths greater than the aver-
age attenuation length (Buss et al., 2013), such thdBe mostly documents physical erosion (Dixon & von
Blanckenburg, 2012). Instream collection assumes that a random sample of material actively transported
by a stream represents an average of the landscape contributions above the collection site (Bierman &
Nichols, 2004; Brown et al., 1995; Granger et al., 1996).

Samples were prepared in the Scripps Cosmogenic Isotope Laboratory, University of California San Diego.
The sieved 0.250.5 mm sand fraction was puried until only etched quartz remained, following an adapta-
tion of the technique developed by Kohl and Nishiizumi (1992). ABe carrier (Supplier Purdue Rare Isotope
Measurement Laboratory, Designation 2017.11.B#) was added to each sample prior to quartz dissolution

in hot, hydro uoric acid. We separated Be from other elements following von Blanckenburg (2004). We oxi-
dized the samples over aame to convert the BeOH to BeO, added niobium powder to the BeO powder, then
packed the samples into a cathode target. TH&Be/°Be ratio of the samples was measured by accelerator
mass spectrometry at PRIME Laboratory, Purdue University. Results were normalized to the 07KNSTD stan-
dard (Nishiizumi et al., 2007) with a'°Be/°Be ratio of 2.79 x 10! (Balco et al., 2009).

We calculated catchment average erosion) from the *°Be concentrations of the samples using equation 2 (
Dunai, 2010; Lal, 1991), wher®(z)is the shielding corrected production rateC(z)is the nuclide concentra-
tion, isthe %8¢ decay constant, is the attenuation length, and gis the material density.

Pozb
1, *__- 2
" cazb R @
For this calculation, we assign a material density of 1.6 g criand calculate a*%Be production rate with the
CRONUS calculator from the latitude, longitude, and elevation of sampling locations and an assigned
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shielding correction (Balco et al., 2008). Shielding corrections assume vegetative shielding (7%, details in
Brocard et al., 2015) and invariant bedrock composition within the catchment feeding area (geologic map
in Brocard et al., 2016).

The °Be concentration in river born sediments integrates the entire upstream drainage area, thus deriving
an average for the contributing catchment. In this study, we restrict our results as nearly as possible to the
erosion rate at the channel head by sampling at the initiation point of channelizedow to reduce ridgeline
contributions to the sediment ux. The channel head topography is a conical depression, which results in a
complex shielding geometry (Codilean, 2006). However, as demonstrated by DiBiase (2018), oblique radia-
tion on sloping surfaces increases the effective vertical attenuation length in the subsurface such that, except
in the most rugged topographic settings, no topographic shielding correction factor is required for
catchmentaveraged erosion rates at sites where the lithology and surface erosion are spatially constant.

3. Results
3.1. Field campaigns and digital terrain analysis

The headwaters of Rio Blanco host numerous springs £ 254) although the smallest are not constantly
owing. Although most springs are not associated with any speci erosional landforms, a sizable popula-
tion (n = 99) lie beneath semicircular, steep valley headwalls that show evidence of slumping (Figure 4a).
Seeps surge from saprolite,.40 m below the ridge crests that enclose the valley heads, below surface soils
in general, and below the clay Bt horizon in particular. Clay accumulation horizons create permeability tran-
sitions that concentrate ow (quick ow) in the vadose zone during storms and have been linked to shallow
slope failures typically seeded at depths ~0.5 m (Simon et al., 1990). Headwall failures above seep points initi-
ate well below clay horizons where there is no contrast in the material permeability. In addition, seepw is
not fed by quick ow, which corresponds to the fraction of subsurfaceow that occurs in the highly perme-
able soil above the Bt. Therefore, the slumping process carving the amphitheatkaped headwalls is not
primarily driven by excess ow during storm events or at permeability contrasts. Immediately downstream
of the seeps, water ow is not channeled, and overland ow takes place over a sandy substrate for a short
distance before concentrating into small streams with cohesive banks composed of soft sediment
(Figure 4b). Bank cohesion may be aided but is not necessarily armored, by the presence of roots.
Channel beds are sandy, with weltleveloped ripples and bars (Figure 4c).

We recorded many seeps associated with amphitheatraped valleysrf = 99) and measured topographic
watershed areas spanning three orders of magnitude (0.00083 kn12) contributing drainage. At each of
these sites, we measured the average width of the incised valley walls using a consistent contour interval
and the radius of a circle t to the incision at the point of seep emergence, following methods described in
Petroff et al. (2011). The average channel planform aspect ratio (width/tip radius) for the population is
3.17, and the median is 3.15, which matches the predicted aspect ratio for channel morphologies associated

Figure 4. (a) Image of the channel headwall and unchannelizedow from the seep. (b) Seep waters saturate piles of
sediment at the base of headwalls where they emerge from the subsurface. (c) Seep waters forming a channel with
well de ned banks.

HARRISON ET AL. 7 of 16



o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Earth Surface 10.1029/2019JF005341

with sapping erosion (Petroff et al., 2011). All measurements are available in an online supplementary
resource using the link in the acknowledgements section.

Channel metrics for ve amphitheatershaped channels are presented in Table 1. Measurements are
reported for these channels because we measured the Idegm erosion rates for these catchments using
1%e. This subpopulation of amphitheateshaped channels falls at the larger end of the drainage area distri-
bution for the entire study areq however, based on our observations, the low values measured for channel
slope and steepness are consistent with the greater population.

3.2. Base ow discharge measurements

The slope of linear regression between drainage area and discharge is the mean of 1,000 linear regressions by
random iterative sampling on measurements (nine out of 11) giving arf value of 0.86. Residuals are
reported in Figure 5. The linear regression was used to calculate discharge of 99 dedphannels based

on their drainage area. Nonlinear regressions provided highegr values or more normally distributed resi-
duals. However, most of the seeps for which discharge was predicted are seeps where tive was too

low to be reliably measured in the eld, and the predictions of nonlinear regressions were poorly constrained

at low discharges. Predicted discharge rates at séded channels range from 0.04 to 4.4 L/s. These values are
comparable to groundwater discharge (1.1.9 L/s) measured in wells along the riparian zone of a small
secondorder tributary by Chestnut and McDowell (2000).

3.3. Bedload grain size

The Dsg of the bedload sample, a medium sand size between 0.25 and 0.5 mm (Figure 6), is similar to the
median size of quartz grains in the saprolite (White et al., 1998). No grains larger than 2 mm were collected
during the sampling or observed in either the channel reach, the sapping zone, or the headwalls of the
amphitheater shaped channels.

3.4. %Be catchment erosion rates

Catchmentaveraged erosion rate measurements were made in watershed drainages spanning an order of
magnitude in area (0.0030.039 knf; Table 2). Samples were collected in the headwaters of two main
branches of Rio Blanco: Rio Icacos and Rio Sabana (Figure JBe concentrations ranged between 88
and 287 x 18 at/g. Four procedural blanks ran with the samples had°Be/°Be ratios between 3.5 and

5 x 10 ' Measurements yield erosion rates between 40 + 3 and 130 + 10 m/My.

4. Discussion

Structurally, the hemispheric headwalls of the amphitheater channels in Rio Blanco suggest formation by
subsurface ow dynamics akin to those outlined by Dunne (1980), 1990) and generalized by Petroff
et al. (2011). Field evidence supports headwall erosion by sapping, rather than overlamdv or shallow
landslides (Lamb et al., 2006, 2007; Simon et al., 1990), which leads us to attribute the shape properties of
these channels to seepage erosion. Of itself, this implies diffusive subsurfao® through a substrate where
there are spatially nonuniform material properties (e.g., corestones, a clay horizon, root voids). We propose
that a deepening chemical erosion front has entrenched the local water table within a zone of thick, highly
weathered saprolite in which the subsurfaceow eld is relatively unimpacted by such heterogeneities.

Table 1

Channel Metrics Extracted From 1 m DEM

Site ID Migration distance (m) Incision depth (m) kn % Slopé Drainage area (rﬁ)
IC GW1 120 84 6 3.8 82450

IC GW2 250 40 2 1.2 27150
SabGW8 87 48 2 15 11495
SabGW9 112 50 4 &3 10079
SabGW16 160 50 3 3.2 38882

calculated from ks, value and equation 1 using valuem = %and n= %:
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Figure 5. A linear model with the equationy = 53.06x relating the contributing
drainage area to the baseow discharge rate. Baseow measurements made in
the eld for 11 subcatchments with a range of contributing drainage areas.

Expansion of the stream network via sapping and seepage erosion
requires that subsurface discharge must be forcible enough to erode
the material deposited in the sapping zone and inhannel sediment.
As pointed out by Lamb et al. (2006), seepage erosion is shut off if dis-
charge from the seep is incapable of transporting coarse grained
material away from the face. As such, the linear relationship between
discharge and erosion in seepagmrved channels proposed by
Howard (1995) has been evaluated thus far in just one natural setting
on the Florida panhandle (Abrams et al., 2009). In the discussion that
follows, we evaluate the applicability of Howard's model using a
direct geochemical tracer of erosion for therst time.

4.1. Distribution of spring  fed channels

Amphitheater shaped channels are concentrated in the upland por-
tion of the watershed (Figure 7) and cluster in the interior of stream

basins, away from the drainagelivide forming ridges that separate

the four principal tributaries. We attribute this distribution of

The black line represents the average outcome of iterative random resampling ofamphitheater type channels to a combination of greater precipitation

the data and is the model prediction of the relationship between drainage area
and discharge. The drainage areas of 99 additional catchments are plotted alon

the line showing the modelpredicted range in baseow discharge rate for
seepfed channels within the Rio Blanco. Residual distribution of the model is
plotted in the bottom right inset.

at higher elevations (Murphy et al., 2017) and spatial patterns in the

fhferred depth to solid bedrock. The upland reaches of these tributary

watersheds are bowlike, with lower relief topography surrounding
the river channel (Comas et al., 2018). Ridgelines in this section of
the watershed have the slowest documented erosion for the entire
catchment (2550 m/My; Brocard et al., 2015, 2016), and thick, highly

depleted weathering proles (Buss et al., 2013; Porder et al., 2015). In quickly eroding parts of the watershed,

all of the springs we observed feed

boulder choked heads.

into nonhemispheric 8haped channels with steep,

An erosive wave traveling up the Rio Blanco watershed generated sharp knickpoints that separate the land-
scape into a slowly eroding upper catchment and a steep lower catchment eroding twice as fast (Brocard
et al., 2015, 2016). The furthest extent of knickpoint propagation, mapped in Brocard et al. (2015, 2016) is
indicated in the topography ¢ Erosion FrontZFigure 7). In a study by Comas et al. (2018) utilizing geophy-
sical methods to visualize the deep critical zone architecture, the authors suggest that upstream of the ero-
sion front the depth to fresh rock is signi cantly greater. There are no amphitheateshaped channels in the
topography downstream of the erosion front, and we observed few springs emerging overall. The absence of

springs may be due to decreased porewater as the saprolite layer thins. Furthermore, fast erosion enhances

core stone exhumation, as evidenced by the number of ahannel
boulders in stream reaches adjusting to the modern base level (Pike
et al., 2010).

We do not attempt to isolate the contribution of seepage erosion to chan-
nels where core stones have accumulated. Channel armoring by coarse
material would shut off sediment transport at baseow discharge. The
focus of this study is the multistep process of headwall sapping supplying
sediment to the valley bottom, and the progressive transport of that mate-
rial by base ow into the greater uvial network. At some sites, we
observed pipes excavated at the edges of core stones, likely due to concen-
trated subsurface ow, as described by Dunne (1990). This type of seepage
erosion may contribute to the total sediment exported in the watershed.
However, it is distinct from rotational slumping at channel heads that is
caused by saturation in the saprolite.

Figure 6. Material mobilized under baseow in a seepfed channel,
collected with a bedload sampler. Representative portion of size fractions
plotted as a histogram, line plot showing the cumulative function of the size
fractions. Dgg is the median value of the cumulative function.

4.2. Landscape (dis)equilibrium and stream incision

Multiple methods document nonuniform erosion across the upstream
landscape, characterized by faster erosion along hillslopes than on

HARRISON ET AL.

9 of 16



Ay

NI Journal of Geophysical Research: Earth Surface 10.1029/2019JF005341
AND SPACE SCENCE
Table 2
Cosmogeni&OBe Derived Erosion Rates
Elevation Shield [mBe]a AMS Uncert. Prod. rate Erosion Rate
Site ID Lat Long (m) corr. (atoms/qg) (atoms/g) % (spall) rate (m/My) Uncert. (m/My)
IC GW2 65.7884 18.2875 623 0.98 13,4983 4,623 9.66 84.96 +7.16
3.4%
IC Gw1 65.7884 18.2878 629 0.98 88,491 1,380 9.71 131.43 +10.2
1.6%
SabGW8 65.7971 18.2786 651 0.98 287,067 5,574 9.91 40.01 +3.25
1.8%
SabGW9 65.7962 18.2786 655 0.98 268,924 4,367 9.95 42.96 +3.45
1.6%
SabGW16 65.8029 18.2777 643 0.98 185,315 3,454 9.84 62.43 +4.99
1.9%

#The measured ratio of the carrier yielded A°Be/’Be ratio of 0.5 + 0.1 x 10 2%,

ridgelines. The!%e erosion rates that we measured in amphitheater channels (Table 2) span a range
comparable to the differences in erosion rates between the slowly eroding upper landscape and the
fastereroding downstream landscape (Brocard et al., 2015). This difference, and the propagation of this
wave of incision across the Rio Blanco catchment, is driven by the lowering of the general base level of
Rio Blanco. However, the differences in erosion upstream of the front of erosion are not driven by a drop
in base level, since little lowering occurs along the main streams. The four major streams draining the Rio
Blanco catchment have low gradients and are alluviurbedded in their headwaters. They become steep

bedrock rivers after passing the front of erosion. The alluvial reaches are graded to bedrock sills located in
the riverbeds at the front of erosion, which act as a local, perched base level. Headward propagation of
the front of erosion is slow (~1 mm/ky, Brocard et al., 2016). The bedrock sills provide a relatively stable

base level for the alluviated reaches.

Figure 7. Locations of semicircular channel heads (black dots) within the Rio Blanco catchment. The boundaries of the

four major tributary rivers are identi ed by thick black lines. A dashed black line indicates the extent of knickpoint
retreat up the river channels and the front of the erosive wave impacting the hillslopes (Brocard et al., 2015, 2016).
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In the absence of regional base level as a driver, what process causes the differentiation of stream and ridge
erosion? Valleys may deepen due to taown differences in erosion (i.e., induced by vegetation or rainfall
gradients) or bottomup by baselevel change. Mountain uplift would have increased the orographic effect,
but the persistence of a protective vegetative cover and the slow rate of knickpoint advance has maintained
overall low erosion rates in the upland topography. It is possible that the combined effect has deepened the
solid rock interface and induced lowering of a local base level set by the subsurface watarting system.
Brown et al. (1995) proposed differentiation between hillslope and stream erosion rates began 1.3 Ma in
Rio Icacos from measurements of’Be derived erosion rates in the ne fraction of river sediments. There

is a strong grainsize dependence in%Be derived erosion rates in the Rio Blanco, which has been interpreted
tore ectlandsliding that delivers grains shielded at depth directly to the channel. Using the coarse sediment
fraction, differentiation between ridgelines and channels initiated 110 ky ago (Brocard et al., 2016). The
initial uplift of the Luquillo Mountains dated by Brocard et al. (2015) occurred 4.4 Ma, providing an upper
age constraint for valley deepening.

We estimated the initiation age of valley incisions as the time required to erode a volume of sediment that
would I the existing valley incision (Table 3). The rate of excavation was derived from th¥Be erosion
rates, and the approximate volume of excavated sediment was calculated from the DEM. Eroded volume
was calculated as the valley surface area §mmultiplied by the depth of the incision between the ridge crest
and seep point at the valley headwall (m; Figure 2b). This volume is an underestimate due to the elevation
lost between the seep emergence point and the river junction downstream. Stream incision commenced
between 500 ky and 1.2 Ma following this approximation. This timeframe may represent the moment when
the saprolite had deepened sutiently to induce seepage erosion following mountain uplift. We only infer
this process for the population of small, amphitheateshaped channels that are mapped in Figure, 7and
recognize that other processes likely form larger, more complex catchments in the watershed.

4.3. Stream incision models

Howard et al. (1988) proposed that the incision rate of segpoded channels is linearly proportional to the
discharge of water at the seeps. Abrams et al. (2009) showed that this model is consistent with the morphol-
ogy of a channel network incised into uviodeltaic and marine sediments in the Apalachicola delta, Florida.
Channel erodibility is an empirically derived proportionality coefcient in this and other stream incision
models. In this eld setting, the channel is incising loncohesion sediment; therefore, a transport coefient

is more appropriate than an erodibility constant.

To analyze the performance of the Howard (1995) model over oueld area, we compared basew discharge

to our catchmentaveraged-°Be soil erosion rates, integrated over $010* years (Figure 8, data compiled in
Table 4). Longterm incision rates correlate linearly with baseow discharge ratest€ = 0.87), suggesting that
seepage erosion, rather than surfacew, drives the erosion of the valley heads. We repeat this analysis on
data from streams in the same watershed that drain $haped, corestone choked source points (data from
Brocard et al., 2016), where we expect a weaker coupling between base and erosion (Figure 8 inset).
No scaling between baseow discharge and erosion rate is found among the dataset of catene choked
stream catchments r(2 = 0.18), the erosion of which is therefore not properly described by ground seepage.
The base ow discharge rate we model is based on catchment drainage area, and a maité compilation
of V shaped channels found no trend betweetBe erosion rates and drainage area (Schaller etal., 2001), sug-
gesting the scaling shown here is not an artefact of tHéBe method. However, this relationship does not

Table 3
Estimated Initiation Age of Incision
Site ID 1%¢ derived erosion rate (m/My) Estimated eroded volume (kﬁ) Approximate initiation age (Ma)
IC GwW1 131+2.1 6.93 0.6
IC GW2 85+29 1.086 0.5
SabGWw8 40+ 0.8 0.552 1.2
SabGW9 43+0.7 0.504 1.2
SabGW16 62+1.2 1.944 0.8
HARRISON ET AL. 11 of 16
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Figure 8. Long term (103..104 y) 1%¢ derived catchmentaveraged erosion rates
as a function baseow discharge for ve seepfed channels. Baseow discharge
rates were calculated using the eld calibrated relationship between drainage
area and discharge (Figure 5). Dotted line: linear regression’?(: 0.86). Solid
square: seeged channel for which eld measured discharge is available. The
model predicted baseow discharge rate is greater than the measured value,
which is also visible in the residuals plotted for the model results in Figure 5. The

allow us to distinguish between groundwatedriven erosion and
vadosezone seepage occurring during storm events.

The perpetuation of bedload entrainment by basew over longer
timescales should result in backwearing of the channel into the semi-
circular valley headwall, spurring hillslope soil erosion, and ulti-
mately affecting catchmemaveragedloBe soil erosion rates. We
measured ne to medium sized sand particles moving as bedload
at base ow in one small amphitheaterheaded catchment. The sam-
pler was deployed for 195 min, and the total mass of sediment col-
lected during sampling was 23.9 g. If the sediment transported in
the channel is not replaced by sediment feeding upstream, this trans-
port rate represents an erosion rate of approximately 42 m/My
(Table 4). This shortterm sediment ux rate is plotted against

eld measured base ow discharge in the same channel in Figure 8.
Volumetric transport at base ow from this single data point agrees
well with the relationship de ned by the longterm rates. While lim-
ited, this agreement suggests that the lortgrm erosion rates re ect
the dynamics of baseow discharge, rather than large interow dis-
charges that occur during storms.

corresponding modeled and measured data points have been indicated by white

x marks on the marker faces. Triangle: volumetric basew sediment ux
converted to an erosion rate assuming net export of sediment, plotted veld
measured baseow discharge in the same channel. Inset’Be derived
catchmentaveraged erosion rate and calculated discharge for 19 river source
points which channel heads are choked with core stones (data from Brocard
et al., 2016). No signicant correlation is found (2 = 0.18). Inset plots the xaxis
in log scale.

4.4. Drainage competition

Catchment areas of amphitheater channels in the upland watershed
span an order of magnitude. The relationship in Figure 8 implies
that seeps with larger feeding areas erode more quickly. This
should lead these channels to captureow from their neighbors
producing a positive feedback of larger catchments eroding increas-
ingly faster and eventually pirating smaller basins. Field observa-
tions suggest there are many examples of this dynamic in the

interior of the Rio Icacos and Rio Sabana watersheds, having the greatest density of hemispheric inci-
sions. For the benet of a qualitative illustration of this process, Figure 9 shows a magred image of

the topography in the Rio Sabana.

The valley morphology of the tributary network illustrates the channel head shape common to the chan-
nels formed by seepage erosion. This form can be visually contrasted with channel head incisions in the
steep topography near the divide and downstream of the erosion front. In the center of the image, two
amphitheater channels have joined, merging their feeding areas. An adjacent incision has nearly inter-
sected with the active channel of an upstream tributary. The channel in the amphitheatehaped valley

is ~10 m below the elevation of the Sabana tributary channel, indicating that the incision is likely to
pirate the uvial channel once the remaining ridge is breached. This small section of stream demonstrates
that the impact of subsurface water discharge on surface topography is such that it may drive avulsions in

the uvial network.

Table 4

Erosion, Discharge, and Drainage Area of Channels in Figure 8

Site ID 1%e derived erosion rate (m/My) Drainage area (ﬁ) Modeled baseow Q% (L/s)
IC GW1 131+ 2.1 82,450 4.4

IC GW2 85+29 27,150 1.45
SabGWw8 40+0.8 11,495 0.61
SabGW9 43+0.7 10,079 0.53
SabGW16 62+1.2 38,882 2.08

Derived from the linear model presented in Figure 5.
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Figure 9. Magni ed topdown view of valley topography generated from a 1 m resolution lidar DEM. The thick black
line traces the ridge crest divide with Rio Icacos to the east, and the dashed line marks the mapped extent of the
erosion front propagation (Brocard et al., 2015, 2016). A thinner black line demarcates thevial network. The
topographic elevation is indicated at a series of points illustrating a future stream capture event, in which sapping driven
incision of a headwall will intersect with a larger tributary channel. Inset shows a view of the Rio Blanco watershed with
the area of the visualized subsection highlighted in a black rectangle.

5. Conclusions

In this study, we assess whether the headwater of the Rio Blanco watershed in the Luquillo Mountains,
Puerto Rico is expanding due to seepage erosion at the heads of the channel network. A population of hemi-
spheric valleys, incised by slumping at the headwalls, is likely formed by high rates of base over long
timescales. This nding for a steep, mountain catchment suggests that seepage erosion may impact geo-
morphic evolution in other, previously overlooked landscapes having deep weathering phes and large
volumes of groundwater. We found that the base@w discharge in small, amphitheateshaped channels
transports bedload sediments at a rate consistent with the lotngrm catchment erosion rates derived from
1%Be concentrations. This result suggests that thew regime occurring most often is a larger determinant
in channel characteristics than infrequent large oods (Phillips & Jerolmack, 2016). Both measures of sedi-
ment export scale linearly with the drainage area feeding amphitheatshaped channels, a relationship that
is consistent with a model of groundwatedriven channel incision proposed by Howard (1995). We found no
similar relationship exists between erosion and basew discharge in another population of rst order chan-
nels from the same watershed, where coarggained material armors the alluviated stream bed. Thus, our
eld study supports distinct relational forms between discharge rate and channel erosion for stream systems
dominated by seepage vs. overland contributions t@w.

Erosion rates in the small amphitheater channels exceed the average surface lowering recorded in ridgetop
soils and large catchment areas in the Rio Blanco headwaters, indicating deepening relief at these sites. We
propose from the evidence collected in this study that seepage erosion is entrenching the valley network. Our
estimates place the onset of incision by this process between 500 ky and 1.2 Ma. Research dating the uplift of
the Luquillo Mountains has demonstrated that the upland portions of the Rio Blanco catchment are shielded
from an incision wave propagating up the river network (Brocard et al., 2016). We hypothesize that a com-
bination of increased orographic precipitation and low erosion in the relict topography allowed the weath-
ering front to deepen sufciently to entrench the subsurface water routing network, mechanistically
lowering the base level set by the emergence of springs at channel heads in the river network. Broadly, we
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suggest that the coevolution of groundwater accommodation space and hydrology is a mechanism for topo-
graphic change in relict and postorogenic landscapes.
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