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The depth to unweathered bedrock beneath landscapes influences
subsurface runoff paths, erosional processes, moisture availability
to biota, and water flux to the atmosphere. Here we propose
a quantitative model to predict the vertical extent of weathered
rock underlying soil-mantled hillslopes. We hypothesize that once
fresh bedrock, saturated with nearly stagnant fluid, is advected
into the near surface through uplift and erosion, channel incision
produces a lateral head gradient within the fresh bedrock inducing
drainage toward the channel. Drainage of the fresh bedrock
causes weathering through drying and permits the introduction
of atmospheric and biotically controlled acids and oxidants such
that the boundary between weathered and unweathered bedrock
is set by the uppermost elevation of undrained fresh bedrock, Z,.
The slow drainage of fresh bedrock exerts a “bottom up” control
on the advance of the weathering front. The thickness of the
weathered zone is calculated as the difference between the
predicted topographic surface profile (driven by erosion) and
the predicted groundwater profile (driven by drainage of fresh
bedrock). For the steady-state, soil-mantled case, a coupled an-
alytical solution arises in which both profiles are driven by
channel incision. The model predicts a thickening of the weath-
ered zone upslope and, consequently, a progressive upslope in-
crease in the residence time of bedrock in the weathered zone.
Two nondimensional numbers corresponding to the mean hill-
slope gradient and mean groundwater-table gradient emerge
and their ratio defines the proportion of the hillslope relief that
is unweathered. Field data from three field sites are consistent
with model predictions.

U plift and erosion of bedrock commonly leads to ridge and
valley topography variably mantled with weathered bedrock
and soil. Quasi-steady-state conditions may develop in which the
topography is statistically constant as channels incise, hillslope
surfaces erode, and fresh bedrock is uplifted to the surface. As
this fresh bedrock rises up, it enters a near-surface zone where
weathering irreversibly breaks and alters the rock before it is
entrained into the mobile soil mantle and transported to adja-
cent streams. Variably weathered bedrock occupies the zone
between the top of the fresh bedrock and the bottom of the soil.
Here we identify Z, as the elevation of the transition from fresh
to weathered bedrock (Fig. 1).

The transport of sediment and water from hillslopes to
stream channels is influenced by the rock property changes that
result from weathering. Hence, the depth to and topography of
Zp, is an important driver in runoff generation and landscape
evolution. Weathering tends to increase bedrock hydraulic
conductivity and porosity, allowing infiltrating waters to perch
on underlying fresh bedrock and flow laterally to stream
channels (Fig. 1). Field studies that have instrumented the
weathered rock zone have shown that this perched groundwater
path can deliver most of the stream runoff (1-4) and can be the
source of sustained summer baseflow (5). The chemical evo-
lution of hillslope runoff may be strongly dictated by the depth
to Z, and flow paths through the weathered zone (6-8). The
weathering of bedrock may also increase moisture retention,
which can be exploited by vegetation to sustain transpiration
(9, 10). Furthermore, water exfiltration from this zone on steep
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slopes can cause localized elevated pore pressures and land-
slides (11), and the change in rock mass strength across this
boundary due to weathering may localize deep-seated land-
slides (12, 13).

Collectively, these observations suggest that, aside from the
ground surface, the topography of Z, is the most important
boundary controlling surface and near-surface processes, and as
such, observation and theory are needed to understand what
controls its structure across a landscape. Field studies that have
directly documented the depth to fresh bedrock underlying
ridge and valley topography (e.g., refs. 14, 15) are rare and
none have depicted the detailed 3D pattern of Z, relative to
surface topography. Nonetheless, the few studies that have
mapped Z, under hillslopes have found a tendency for the
weathered zone to be thickest at the ridge top and pro-
gressively thin downslope (14-18) (as illustrated in Fig. 1).
Although Pavich (15) and Feininger (18) associate this trend
with areas of low relief, studies in steep landscapes in the
California and Oregon Coast Ranges (5, 6) have documented
a systematic upslope thickening of the weathered zone as well
(Fig. S1).

It is commonly assumed that the depth of weathered bedrock
is controlled by downward propagating (top-down) processes
driven by the advance of chemically reactive meteoric water into
the underlying fresh bedrock (e.g., ref. 19). The top-down hy-
pothesis leads to a weathered zone thickness that is set by the
relative rates of erosion and the downward propagation of the
weathering front. Approaches to addressing this hypothesis have
included reactive transport modeling (e.g., ref. 20) and exten-
sion of the soil production function (21) to the weathered bed-
rock zone through a negative feedback between weathered
zone thickness and erosion rate (e.g., ref. 22). For a convex 2D
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Conceptual model showing the elevation of fresh bedrock, Z,, under ridge and valley topography with a thin soil mantle overlying a weathered

bedrock zone that extends to Z,. Channel incision, at the rate C,, drives hillslope erosion and drainage of fresh bedrock (flow paths illustrated with blue
arrows). (Left) The model framework and assumptions. At the ridgetop (x = 0), the surface elevation is Z,, and the fresh-bedrock elevation is Z,o. Groundwater
flux, qu. is horizontal and proportional to the water table gradient, VZ,. Soil transport, g, is proportional to the surface slope, VZ;. All soil and water leaves
the hillslope at L where the hillslope meets the channel. At steady state, the rate of channel incision (C,) is equal to the uplift rate such that the ground

surface, Z; and surface of the fresh bedrock, Z,, are stationary.

hillslope with a mobile weathered layer composed of soil and
weathered bedrock, Lebedeva and Brantley (20) propose that
the downslope steepening of the topographic surface may
lead to progressively less water flux normal to the underlying re-
active bedrock and, consequently, a weathered zone that thins
downslope.

An alternative hypothesis for the downslope decrease in
depth to Z;, under hillslopes is suggested by field observa-
tions of weathering profiles. Some of the earliest quantitative
observations of weathering profiles identified the role of ground-
water in impeding chemical weathering, and restricting the depth
of the weathered zone (e.g., refs. 14, 16, 23, 24), such as occurs in
supergene enrichment processes (25). In fresh bedrock of suffi-
ciently low hydraulic conductivity, nearly stagnant or slowly mov-
ing water will reach chemical equilibrium and chemical weathering
reactions will slow or stop (19, 26). In addition, the chronic sat-
uration of fresh bedrock prevents mechanical breakdown due to
swelling and contraction cycles associated with wetting and drying
(27). Drainage of this fresh bedrock permits meteoric fluids to
enter from above, thus allowing atmospherically and biotically
controlled acids and oxidants to enter pore spaces and induce
weathering reactions.

These observations suggest a “bottom up” control on the ele-
vation of fresh bedrock under hillslopes in which drainage of sat-
urated fresh bedrock is the key process. We propose that: (i) fresh
bedrock that is advected into the near-surface environment
through uplift and erosion arrives saturated with nearly stagnant
pore fluid that is in chemical equilibrium with surrounding mineral
surfaces; (ii) in this environment, channel incision creates a lateral
head gradient in the fresh bedrock and induces drainage toward
the adjacent channel; and (iii) drainage may cause drying and
fracturing of the bedrock and permit meteoric water to enter the
fresh bedrock, inducing weathering at the rate that the fresh
bedrock is drained. For these conditions, we propose that the
fresh-bedrock drainage profile defines Z,. The depth of fresh
bedrock along a hillslope will depend on both this groundwater-
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drainage control and on the erosion shaping the surface topogra-
phy. Here we predict the thickness of the weathered bedrock
zone by coupling a groundwater flow model with a surface ero-
sion model.

Model for a Bottom-Up Limit To Bedrock Weathering
Consider the simplest case described above: a steady-state
landscape in which hillslope erosion has adjusted to and matches
the uplift rate and adjacent channel incision rate, C,. The
landscape is mantled with soil, and a steady-state groundwater
flow system drains water from the uplifting fresh bedrock to the
adjacent channel (Fig. 1). Assume that uplifted bedrock remains
both unweathered and saturated until it reaches the top of the
drainage profile to the adjacent channel. After the bedrock is
advected above the elevation of the drainage profile (Fig. 1), it
desaturates, weathers instantaneously, and develops a significant
increase in porosity and permeability such that seasonal ground-
water dynamics above Z, do not influence drainage of the low
conductivity, slowly draining bedrock. For a steady-state ground-
water system, the shape of the drainage profile will be set, then, by
the porosity and saturated hydraulic conductivity of the bedrock and
the rate of channel incision. In effect, “recharge” to this ground-
water system is only accomplished by the upward advection of
saturated bedrock from below (Fig. 1).

The presence of a soil mantle allows us to assume that surface
sediment flux is proportional to slope, the divergence of which is
the erosion rate. For simplicity, we use the common expression
qs =—Dps%, where ¢, is the sediment transport rate per unit
contour length (MT‘1 L‘l), Z, is the local elevation, x is the
distance from the hillslope divide, p, is the soil bulk density
(M L™%), and D is a rate constant often referred to as the soil
diffusivity (L> T™") (28). At steady state, uplift and erosion are equal
to the channel incision rate, C,, the soil thickness is constant, and
erosion is matched by conversion of bedrock to soil at the rate of
p,C, in which p, is the weathered bedrock bulk density at the base
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of the soil column. For a constant C,,, the surface topography, Z;, is
a convex up profile given by

PrCoa o
Zs(x)_pSZD(L x), (1]

where L is the hillslope length (Supporting Information).
Weathering of the bedrock in this case reduces the bulk density
but does not lead to collapse or consolidation of the weathered
bedrock column. The surface topography, Z;, that results from
a nonlinear relationship between soil flux and slope (Eq. S10),
following Roering et al. (29), is also used in the analysis that
follows however the linear form is shown here for simplicity
(Supporting Information).

In the saturated fresh bedrock, the one-dimensional, steady-
state form of the Boussinesq equation for groundwater flow (30) is

K &*Z}
5 ?zb +2C, = 0, [2]
where K is the saturated bedrock hydraulic conductivity (L/T)
and recharge is defined as the channel incision rate, C,, times the
saturated drainable pore space, set equal to porosity, ¢ (Support-
ing Information). Assuming strictly horizontal flow, topographic
symmetry about the ridge, and that the elevation of the channel
is the bottom of the flow system, we arrive at

2C,
K

Zy(x)= (L*=x). [3]

The difference between Eq. 1 and Eq. 3 gives the thickness of
the weathered zone (including soil), H, as a function of position
along the slope

2 Coga_ oy
H(x)_pS2D(L x?)

2Ce (L*-x). [4]

H(x) always increases toward the divide, so to explore the con-
trols on the weathered zone thickness (and thus the distance
from the ground surface to fresh bedrock), we focus on the ridge-
top (x = 0). At the ridgetop, the nondimensional ratio of bedrock
relief, Z,, to surface relief, Z, is given by

2C,

Zo _V K _Sw

Zy P LG Sy
ps 2D

[5]

Hence, the proportion of the hillslope underlain by fresh
bedrock at the divide, Z,0/Zy, is a function of the ratio of two
dimensionless numbers: the numerator is the mean slope of the
water table, S,,, and the denominator is the mean slope of the
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Fig. 2. Controls on the fresh-bedrock profile and thickness of the weathered zone under hillslopes. (4) Conceptual illustration of the dependence of the
weathered zone thickness on the mean hillslope gradient, S;, and mean groundwater table slope, S, and thus soil transport and hydraulic properties (all
terms defined in the text). (B) The dependence of the ratio of fresh-bedrock relief to hillslope relief at the ridgetop, Zy¢/Zso, on S, and S, illustrates the
parameter space for which the weathered zone is expected to be limited in vertical extent by drainage of fresh bedrock. Observations from three sites
(solid symbols) and data associated with the example profiles shown in Figs. 3 C—F (open symbols) are plotted. Open circles represent results of the linear
soil flux model (Eqg. 5) and open squares represent the nonlinear model (Eq. $12). The dark gray area indicates where S, exceeds S, and thus bedrock is
expected at the surface. The light gray area indicates where S,, is so low relative to S, that Z,, is essentially at the elevation of the channel. (C-F) Four
example profiles for a fixed hillslope length (L = 100 m) and lowering rate (C, = 0.1 mm/y) demonstrate the influence of soil diffusivity, D, and the ratio of
hydraulic conductivity to porosity, K/@, on the thickness and residence time of the weathered bedrock zone. Fresh bedrock is denoted by dark gray. The
surface topography was calculated using the nonlinear model (29) assuming a critical slope, S., of 1.2 (Eq. $10). The corresponding linear profiles are

shown in Fig. S2.
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surface topography, S;, (Fig. S3). Seven terms must be evaluated
to solve Eq. 5. The lowering rate, C,, enters both dimensionless
numbers, as C, sets the pace for both landscape lowering and
drainage of the bedrock.

The residence time of material that arrives at the soil bedrock
boundary at the ridgetop, T,, is calculated as the ridgetop
weathered thickness divided by the channel incision rate. Thus,
from Eq. 4, the residence time at the divide is

Hy o, L2 > 0.5
Tr =—="_—-L|— .
'7¢C, p.2D \CK [6]

The forms of Egs. 4, 5, and 6 derived using the nonlinear relationship
between slope and soil flux are given in the Supporting Information.

Fig. 24 shows qualitatively how the topographic profile, Z(x)
and the bedrock profile, Z,(x), vary with the two nondimensional
variables corresponding to the mean slope of each profile. Higher
mean hillslope gradients (S},), due to high uplift or incision rates,
longer hillslopes and lower soil diffusivity lead to a deeper weath-
ered bedrock zone. A higher average groundwater-table slope
(Sw), due to high C, and low K /@ thins the weathered zone by
increasing Zy.

Fig. 2B plots the dependence of Z,o/Zy, on S,, and S;.. If S, is
calculated to equal or exceed S, bedrock is expected at the
surface and the model no longer applies. Steep slopes charac-
terized by S, above 1.0 are typically associated with exposed
bedrock at the surface (31). For fresh bedrock to occupy a sig-
nificant portion of the hillslope relief, S,, must be similar to S,

2
which implies (according to Eq. 5) £ ~ (%‘ %) (C%) If S, is
much less than S, then effectively Z, is at the elevation of the
adjacent channel bed.

Fig. 2 C-F show the predicted Z; and Z, profiles as well as the
calculated residence time for material within the weathered
bedrock zone for four cases. C,, is held constant and the effects of
varying D (thus changing S;,) and varying K /@ (thus changing S,,)
are shown. The resulting S, and S, for these four profiles are
plotted in Fig. 2B for both the linear and nonlinear soil transport
case. For sufficiently steep slopes such that nonlinear soil
transport processes prevail, the nonlinear model (Eq. S10) is
used to plot the surface profiles (Profiles resulting from the
linear model are shown in Fig. S2). In general, the nonlinear
model reduces the slope and relief of the hillslope, making it
more likely that Z, is some significant portion of the relief. Note
that the modeled groundwater table is predicted to intersect the
ground surface at the lowest, steepest portion of the hillslope.
Although this does violate the model assumptions (e.g., soil
mantled, no seepage face), this prediction is consistent with
common field observations of relatively fresh, saturated bedrock
exposed at the lower, steep portions of hillslopes (Fig. S1). The
model also predicts a systematic thickening of the weathered
bedrock zone toward the divide and, correspondingly, a system-
atic increase in residence time of material transiting through the
weathered bedrock zone. Despite the relatively high incision rate
(0.1 mm/y), the residence time through the weathered bedrock
zone is calculated to be on the order of 10° to 10° years.

In Fig. 2B, we plot field data from three field sites where the
Z,, surface was reported and estimates of erosion rates and
bulk densities are available: Rivendell (14), Coos Bay (15), and
Rondénia (32). The Rondonia site is located in the Rio Branco
and Rio Massanagana watersheds near the town of Ariquiemes,
Rondb6nia, Brazil (9°55'33 S; 63°2' W) and is underlain by gneiss
(32). Both the Rivendell and Coos Bay sites are located in the
Pacific Northwest of the United States and are underlain by
turbidite sequences of shale and sandstone, with the Rivendell
nearly all shale (e.g., argillite; ref. 14) and Coos Bay mostly
sandstone (e.g., greywacke; ref. 15). In Fig. 2B, the observed S,,

Rempe and Dietrich

and Sy, are plotted for each site, leading to Z,o/Z,o values of 0.5,
0.72, and 0.83 for Rondodnia, Rivendell, and Coos Bay, re-
spectively. C, at the Rondonia site is estimated to be ~0.004
mm/y (32) and the 500-m hillslope is roughly convex. C, is es-
timated to be roughly 0.4 mm/y at Rivendell (33) and ~0.1 mm/y
at Coos Bay (6). The high S, values for the Rivendell and Coos
Bay sites and the apparent role played by periodic landsliding
indicate that the nonlinear soil-transport relationship (Eq. S10)
is the more appropriate soil flux relationship for these sites (29).

Although S, can be observed from topographic data, and
depends on relatively constrained values of transport parame-
ters, C,, and bulk densities, S,, defines the lower boundary and
varies with both C, and a material property, K /@, which ranges
over several orders of magnitude. The hydraulic conductivity, K,
of consolidated rocks is known to range between 10712 to 102 my/s,
and effective porosity, ¢, ranges from nearly 0 to 50% (30, 34).
Observed values of S,, and C, can be used to estimate K /@ (Fig.
S4). For possible values of C,, (0.001-10 mm/y; ref. 35), Z,, will be
above the elevation of an adjacent channel for K/@ between
~107" and 107® m/s (Fig. S4). Based on lithologic permeability
compilations reported by Freeze and Cherry (34) and recently
supported by field data compiled by Gleeson et al. (36), this range
of K/@ is associated with shales and unfractured metamorphic
and igneous rocks (assuming ¢ = 0.1).

The observed persistence of the water table at the Z, boundary
at the end of summer in Rivendell over 7 y of monitoring (5),
argues strongly for a very low bedrock K /@ value, consistent with
the predicted value of 107!° m/s. The K /@ value predicted for the
Coos Bay site is 107"* m/s (Fig. S4). Ebel et al. (37) modeled the
runoff and groundwater dynamics for a relatively short period at
Coos Bay and assigned a K/@ value of 5 x 10~ m/s for the fresh-
bedrock zone. The groundwater table continually dropped, how-
ever, during the modeling period (38), hence the modeled K/&
did not lead to the observed condition of a persistent water table
significantly higher than the channel elevation.

Using model parameters for the Coos Bay site (Table S1), Fig.
3 illustrates the influence of C, on the relative weathered zone
thickness (Z,0/Zs0) and the residence time of material arriving at
the soil-weathered bedrock boundary at the ridgetop (7,y). The
linear model for Z(x) predicts that as channel incision rates and
K/@ increase, the weathered zone progressively thickens (Z,0/Zy
decreases) and the material residence time correspondingly
increases (Fig. 3). In contrast, the onset of nonlinear soil trans-
port dominance, which generally applies as landscapes steepen
(29, 39, 40), significantly slows the rate of increase of the hillslope
gradient with increasing channel-incision rate. Consequently, be-
cause S,, continues to increase with incision, the predicted weath-
ered bedrock zone reaches a maximum value (minimum Zy/Zy,)
and then thins as C,, increases (Fig. 34). Increasing K /@ lowers the
weathered bedrock zone to the channel elevation (Zy0/Zy
approaches 0) but does not eliminate or shift the value of C, at
which the lowest Z,y/Zy, occurs. The material residence time cor-
respondingly has a maximum value, but it shifts to greater values
with decreasing C, and increasing K/@. Although the general
pattern illustrated in Fig. 3 holds, the specific values depend on
L, p./p,, and transport parameterization (D, S.).

Discussion

The coupled equations that predict the thickness of the weath-
ered zone (Eq. 4), the ratio of fresh bedrock to surface relief (Eq.
5), and the residence time of material in the weathered zone at
the divide (Eq. 6) depend on seven parameters for the linear soil
flux case, and eight for the nonlinear case. Saturated conductivity
and porosity of the fresh bedrock, which are treated here as the
ratio K /@, are the most difficult parameters to measure. For the
likely range of C, for which the model has applicability, signifi-
cant S,, (i.e., Z, above the elevation of the adjacent channel) only
occurs for K /@ between 107'% and 10~ m/s (Fig. S4). Hence, our
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Fig. 3. Mapping the ratio of saturated hydraulic conductivity to porosity
(K/@), fresh-bedrock relief ratio (Z,0/Zso) and mean residence time (T,o). (A)
The influence of channel incision rate, C,, on the fraction of the total hill-
slope relief that is unweathered (Z,0/Zs). (B) The influence of C, on the
residence time of the weathered material that arrives at the soil-bedrock
boundary at the ridgetop (T,0). In both A and B, solid lines represent pre-
dictions using a nonlinear relationship between soil flux and slope (Egs. S12
and S13) and dashed lines represent the linear model. Model parameters for
Coos Bay were used to generate predictions (Table S1). A range of K/@ is
shown to illustrate how the deviation between the linear and nonlinear
model predictions depend on K /@ such that higher K/@ will produce a thicker
weathered zone. Deviations between the two model results are minimal at low
G, but increase with increasing C,. Whereas the linear model predicts a thick-
ening of the weathered zone (and thus an increase in residence time) with in-
creasing erosion rate, the nonlinear model predicts a maximum weathered zone
thickness that depends on the bulk density ratio, p,ps, hillslope length, L, and
critical slope, S.

model suggests that bedrock of low conductivity is required for
a significant portion of the hillslope relief to remain unweathered.
As argued by Hatijema and Mitchell-Bruker (41) and explored by
Gleeson et al. (36, 42), the tendency for a water table to reflect the
local topography increases with decreasing hydraulic conductivity,
Gleeson and Manning (43) further suggest that low-hydraulic-
conductivity crystalline rock within hillslope interiors limits the
role of regional groundwater flow between watersheds.

Despite a few deep-conductive fractures in the bedrock, Z,
may remain elevated well above the channel floor. At the Coos
Bay site (Fig. S1) for example, Anderson et al. (6) noted two
fractures between 12 and 36 m below the surface at the divide

6580 | www.pnas.org/cgi/doi/10.1073/pnas.1404763111

that showed signs of oxidation in otherwise fresh bedrock. Sim-
ilarly, Gburek and Folmar (44) noted the occurrence of local
weathered and more conductive fractures within fresh sedi-
mentary rocks in a drill hole used for characterizing groundwater
dynamics on an unglaciated hill in Pennsylvania. This suggests
that even though rare fractures may be seasonally dynamic in
transmitting some deeper groundwater flow, Z, might be main-
tained well above the channel elevation by the predominance of
low-conductivity rock matrix and the absence of abundant con-
ductive fractures (Supporting Information).

The boundary condition for Z,(x) in Eq. 2 is that all lateral
flow emerges at the channel surface at the base of the hillslope
(Fig. 1). The flux of water per unit length of channel due to
drainage of the fresh bedrock is simply C,@L, which, given very
slow incision rates (less than 1 mm/y) and low porosity (less than
0.1), will be typically less than 10~ m>/m-y. This is an undetectable
amount of runoff addition to a channel. Even in a seemingly dry
channel, slow flow to the channel may occur.

Although the model successfully predicts a thickening weathered
zone toward the divide, it also predicts a surprising Z, dependency
on tectonics and climate. The depth of weathering and the degree
of weathering is not a simple function of erosion rate. One might
expect that faster erosion rates would thin a weathering profile,
but instead the profile initially thickens with increasing uplift
(Fig. 3) due to the more rapid steepening of the hillslope than
the groundwater table. This thickness decreases once nonlinear
soil transport prevails. Hence, for the nonlinear case, fresh
bedrock could be at the surface if erosion rates are slow or fast,
and, for the Coos Bay example this requires channel-incision
rates less than 0.02 mm/y and greater than 0.4 mm/y. Residence
time, and thus, degree of alteration of the weathered rock zone
is correspondingly a parabolic function of incision rate, with
shorter residence times and a narrower range of possible resi-
dence times with decreasing K/@. Observations in the slowly
eroding landscapes of tropical Rondonia, Brazil (32) (Z,0/Zs =
0.5) and the humid temperature Appalachian piedmont (15)
(ZpolZso = 0.64-0.8) suggest that the bottom-up limit on Z, may
have broad application beyond areas of rapid uplift.

Neither the elevation profile of Z;, (Eq. 3), nor the thickness of
the weathered zone (Eq. 4) is an explicit function of rainfall or
runoff rate but climate may play an important role (see full
discussion in Supporting Information). Climate influences L (or
valley wavelength; e.g., refs. 45, 46), C, (e.g., ref. 47), D (48), and
p,/p, due to chemical weathering (e.g., ref. 6).

Three-dimensional topographic effects arising from ridge and
valley topography and vertical or lateral heterogeneities, especially
of K /@, could significantly affect the Z, profile. The timescale to
develop the steady-state profile modeled here is possibly several
relief replacement times (48, 49). For example, a 50-m-high hill-
slope eroding at 0.1 mm/y requires at least 500,000 y to reach
steady state. C, is unlikely to be constant over such timescales.
Global climate cycles and internal dynamics of stream capture,
episodic instabilities (e.g., landslides), variably resistant bedrock,
propagating knickpoints, and lateral shifting of the channel will all
contribute to nonuniform channel incision, even under relatively
constant uplift. Such variations could also lead to perturbations in
the Z, profile, and in the case of lateral channel shifting, disso-
ciation of the Z, profile from the more rapidly adjusting surface
topographic profile. Numerical modeling of unsteady C, is needed
to evaluate the degree to which the Z, profile is damped in re-
sponse to perturbations.

Conclusion

Until hillslope interiors are more accessible, either through geo-
physical imaging or extensive deep drilling, the relationship be-
tween surface topography (Z;) and the topography of the
transition to underlying fresh bedrock (Z,) will remain essen-
tially unknown. This knowledge gap is important to geomorphic,
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hydrologic, geochemical, ecological, and atmospheric processes.
Our theory suggests that slow groundwater drainage of fresh
bedrock creates a bottom-up control on the elevation of Z,.
Consistent with limited field data, the weathered zone is predicted
to thicken toward the divide. Z, can be a significant fraction of the
hillslope relief under a specific set of circumstances for a given
hillslope length: (i) the underlying fresh bedrock K /@ is less than
107 m/s and fractures are rare and mostly nonconductive; (i)
channel incision rate is slow (order 0.1 mm/y or less) or sufficiently
high that nonlinear soil transport dominates; (i) dissolution sig-
nificantly lowers the weathered bedrock bulk density (leaving less
to be carried away by soil transport); and (iv) soil diffusivity is
high. The model is testable because all variables can be de-
termined with current technology of topographic surveying,
cosmogenic nuclide measurements of erosion rates, field mapping
of Z, through drilling, and measurements of bulk density, porosity,
and saturated hydraulic conductivity. The systematic drilling of
ridgetops at well-chosen sites could demonstrate the circumstances
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where Z,, is below the surface and above the elevation of an adja-
cent channel and also evaluate if the model predicted K/@ cor-
responds with the observed rock type. Such work would illuminate
the interior structure of hillslopes and allow for the systematic
mapping of the fresh-bedrock topography under landscapes. Just as
high-resolution digital elevation data of topography is revolution-
izing earth-surface process research, we now need high-resolu-
tion maps of the topography of the weathering front, Z,, under
landscapes. This is a shallow frontier in earth-surface processes.

ACKNOWLEDGMENTS. The authors thank T. Dunne for contributing key
data to this study and K. Loague for his valuable insight. This work was
supported by the Keck Foundation, the National Center for Earth-Surface
Dynamics, the National Center for Airborne Laser Mapping, and National
Science Foundation CZP EAR-1331940 for the Eel River Critical Zone Obser-
vatory. D.M.R. is supported by the Department of Energy Office of Science
Graduate Fellowship Program, made possible in part by the American Re-
covery and Reinvestment Act of 2009, administered by Oak Ridge Institute
for Science and Education under Contract DE-AC05-060R23100.

24. Budel J (1957) Double surfaces of leveling in the humid tropics. Z Geomorphol 1:
223-225.

25. Mann A (1998) Oxidised gold deposits: Relationships between oxidation and relative
position of the water-table. Aust J Earth Sci 45:97-108.

26. Taylor G, Eggleton RA (2001) Regolith Geology and Geomorphology (Wiley,
Chichester, UK).

27. Dunn J R Hudec, P. P. (1966) Water, clay and rock soundness. Ohio J Sci 66:65-78.

28. Dietrich WE, et al. (2013) Geomorphic transport laws for predicting landscape form
and dynamics. Prediction in Geomorphology, eds Wilcock PR, Iverson RM (American
Geophysical Union, Washington, DC), pp 103-132.

29. Roering JJ, Kirchner JW, Dietrich WE (2001) Hillslope evolution by nonlinear, slope-
dependent transport: Steady-state morphology and equilibrium adjustment time-
scales. J Geophys Res 106:16-499.

30. Bear J (1988) Dynamics of Fluids in Porous Media (Dover, New York).

31. Heimsath AM, DiBiase RA, Whipple KX (2012) Soil production limits and the transition
to bedrock-dominated landscapes. Nat Geosci 5(3):210-214.

32. Biggs TW, Dunne T, Martinelli LA (2004) Natural controls and human impacts on
stream nutrient concentrations in a deforested region of the Brazilian Amazon basin.
Biogeochemistry 68(2):227-257.

33. Fuller TK, Perg LA, Willenbring JK, Lepper K (2009) Field evidence for climate-driven
changes in sediment supply leading to strath terrace formation. Geology 37(5):
467-470.

34. Freeze RA, Cherry JA (1977) Groundwater (Prentice-Hall, Englewood Cliffs, NJ).

35. Portenga EW, Bierman PR (2011) Understanding Earth’s eroding surface with 10 Be.
GSA Today 21(8):4-10.

36. Gleeson T, et al. (2011) Mapping permeability over the surface of the Earth. Geophys
Res Lett 38(2):L02401.

37. Ebel BA, et al. (2007) Near-surface hydrologic response for a steep, unchanneled
catchment near Coos Bay, Oregon: 2. Physics-based simulations. Am J Sci 307(4):
709-748.

38. Ebel BA, et al. (2007) Near-surface hydrologic response for a steep, unchanneled
catchment near Coos Bay, Oregon: 1. Sprinkling experiments. Am J Sci 307(4):
678-708.

39. Roering JJ, Perron JT, Kirchner JW (2007) Functional relationships between de-
nudation and hillslope form and relief. Earth Planet Sci Lett 264(1):245-258.

40. Ganti V, Passalacqua P, Foufoula - Georgiou E (2012) A sub-grid scale closure for

nonlinear hillslope sediment transport models. J Geophys Res 117(F2).

. Haitjema HM, Mitchell-Bruker S (2005) Are water tables a subdued replica of the

topography? Ground Water 43(6):781-786.

42. Gleeson T, Marklund L, Smith L, Manning AH (2011) Classifying the water table at
regional to continental scales. Geophys Res Lett 38(5).

43. Gleeson T, Manning AH (2008) Regional groundwater flow in mountainous terrain:
Three-dimensional simulations of topographic and hydrogeologic controls. Water
Resour Res 44(10).

44. Gburek WJ, Folmar GJ (1999) A groundwater recharge field study: Site character-
ization and initial results. Hydrol Processes 13(17):2813-2831.

45. Perron JT, Kirchner JW, Dietrich WE (2009) Formation of evenly spaced ridges and
valleys. Nature 460(7254):502-505.

46. Perron JT, Fagherazzi S (2012) The legacy of initial conditions in landscape evolution.
Earth Surf Process Landf 37(1):52-63.

47. Molnar P (2001) Climate change, flooding in arid environments, and erosion rates.
Geology 29(12):1071-1074.

48. Fernandes NF, Dietrich WE (1997) Hillslope evolution by diffusive processes: The
timescale for equilibrium adjustments. Water Resour Res 33:1307-1318.

49. Howard AD (1994) A detachment-limited model of drainage basin evolution. Water
Resour Res 30(7):2261-2285.

4

PNAS | May 6,2014 | vol. 111 | no.18 | 6581

EARTH, ATMOSPHERIC,
AND PLANETARY SCIENCES



