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6 Soils: Soil Depth

6.1 Introduction

Soil depth is a fundamental property of soils. Sensitivity
tests have shown that uncertainty in our knowledge of
soil depth is a significant contributor to uncertainty in
estimating carbon and water fluxes between the terres-
trial environment and the atmosphere (Knorr and
Lakshmi, 2001; Peterman et al., 2014), and thus the soil
moisture and the biosequestration potential of the terres-
trial environment.

Yet even something as apparently simple as soil depth
can be difficult to define objectively, as the definitions
discussed in the previous chapter for regolith, soils and
saprolite indicate. The models described below define soil
as all materials above the unweathered bedrock or sapro-
lite, so soil depth is that depth to the bedrock or saprolite
interface. In the field such a distinct boundary may or may
not exist. For instance, the regolith may contain signifi-
cant corestones surrounded by soil, and the corestones
may become bigger and more frequent with depth until
there is a transition to solid bedrock (e.g. Fletcher et al.,
2006; Graham et al., 2010). Measurements of changes in
porosity and bulk density down through the soil profile in
the field show mixed results even when allowing for the
impacts of agricultural landuse. Some profiles show no
significant change down the soil profile suggesting that all
change occurs at the base of the profile (e.g. Angers et al.,
1997; Corti et al., 2001), while others show a trend of
increasing bulk density with depth suggesting that
changes may occur gradually throughout the profile (e.g.
Unger and Jones, 1998; Graham et al., 2010). Ouimet
(2008) noted a sharp boundary in bulk density within his
profiles and attributed this to tree throw physically mixing
(i.e. bioturbation) the soil. Finally, Richter and Markewitz
(1995) report a gradual transition in the soil biogeochem-
istry with depth and argue that physical properties under-
estimate the depth of the biochemically active zone.
Despite these conflicting data the literature discussed in
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this chapter typically assumes that a distinct interface
between saprolite and soil exists.

6.2 Soil Depth and Bedrock Conversion
to Soil

Ahnert (1976) first described a model for the evolution of
soil depth:

dr p,

D p,
=P p_E)

6.1)
where D is the depth of the soil, P is the rate of
conversion of bedrock to soil (depth/time), E is the
erosion rate (depth/time) and p, and p, are the bulk
densities of the soil averaged over depth and bedrock
density at the soil-bedrock interface, respectively. Some
early equations ignore changes in porosity and bulk
density that occur in the conversion from bedrock to
soil. Equation (6.1) includes this bulk density change.
Ahnert did not consider bulk density changes resulting
from soil production but they are included above for
consistency with Chapter 2. The general form of Equa-
tion (6.1) (either with or without the density change) is
the basis of all the soil depth modelling that has
followed on from Ahnert.

This equation ignores the effect of dissolution because,
as we see when we discuss bulk density evolution
(Section 7.6), there is the possibility of complex inter-
actions between dissolution and bulk density changes.
However, in a model of chemical dissolution in soil Mudd
and Furbish (2004) and Yoo and Mudd (2008) assumed
that bioturbation would mix the soil from top to bottom
and ensure that bulk density remained the same through-
out the profile (Brimhall et al., 1992). Brimhall et al.
(1992) found a complex pattern of dilation (e.g. increase
in porosity) and collapse (decrease in porosity) based on
depth, age and mineralogy, and attributed many of the
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changes to bioturbation and related processes, which will
be discussed in Chapter 7.

The function P is (interchangeably) called the bedrock
conversion function, bedrock weathering function, bed-
rock erosion function or soil production function. In
recent years the soil production function (SPF) has been
the most commonly used description, and this is the
terminology used in this book. If, as is commonly
accepted, the SPF declines with the depth of the soil-
bedrock interface below the surface, then an equilibrium
depth can be attained. A particularly simple solution arises
when the ‘exponential’ SPF is used:

P =Py " (6.2)

where Py is the soil production rate when there is zero soil
coverage, A is the rate at which the conversion rate
decreases with increasing soil depth and z is the depth
below the soil surface. For equilibrium when the left-hand
side of Equation (6.1) equals zero,

Poe P = E (6.3)

where D is the depth below the surface of the bedrock
interface (i.e. the soil depth), or rearranging

D = Aln (&)
E

This equation shows that if the SPF and erosion rates
are the same everywhere, then the soil depth will also be
the same everywhere. Also if the SPF rate increases or the
erosion rate decreases, then the soil depth will increase.

(6.4)

Since it is rare for soils to be constant depth everywhere,
one of the conversion or erosion rates must vary in space
if Equation (6.4) is to be true. Equation (6.4) also says that
everything else being equal, then higher erosion rates
should lead to shallower soils, which has been observed
in the field (Cox, 1980; Dietrich et al., 1995; Heimsath
et al., 1999).

The conceptual appeal of the exponential form of the
SPF is that the conversion rate decreases with the depth of
the bedrock interface below the soil surface. If soil pro-
duction is driven by temperature (e.g. driving cycles of
internal thermal stresses in rock particles) and soil wetness
variations (e.g. driving cycles of salt crystallisation), both
of which become less extreme with depth in the soil
profile, this function is qualitatively consistent with
observed behaviour. Recent research using cosmogenic
nuclides for the dating of soil profiles has provided strong
empirical evidence that, to first order, the exponential
decline with depth in Equation (6.2) is well founded
(Heimsath et al., 1997, 1999). There do, however, appear
to be significant variations in both Py and 1 from site to
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FIGURE 6.1: Example exponential and humped soil production
functions (SPFs). Two humped functions are shown: (a) p = 0 is zero
at the soil surface, (b) p = 0.2 is nonzero at the soil surface; all other
parameters are the same. The depth decay parameter is the same for
all three functions (i.e. 1 = 0,), so, in this example, the exponential
and humped functions converge to the same value for deeper soils.

site (Anderson et al., 2002). Recent field research has
clarified some causal factors for variations from site to
site (Navarre-Sitchler et al., 2013) with

« the underlying geology and soil moisture being high-
lighted as dominant and

« less clear-cut conclusions on the role of temperature,
with some authors showing a strong impact (e.g. Eppes
and Griffing, 2010) while others show a relatively
minor impact for sites below the snowline (e.g. Ras-
mussen et al., 2010).

There are other postulated SPFs. One criticism of the
exponential function is that it has the highest weathering
rate when there is no soil. If weathering is also driven by
the time that the rock is wet (e.g. by chemical reactions),
then the rate should be highest just below the surface
when there is sufficient soil to store some of the infiltrated
water (Carson and Kirkby, 1972). To model this, the
“humped” developed (Figure 6.1).
A variety of mathematical forms have been presented
(e.g. Ahnert, 1977; Anderson, 2002), all of which are
empirical. While Heimsath et al. (2009) and Stockmann
et al. (2014) provided experimental evidence which sup-

function was

ports the exponential function, their data are also consist-
ent with humped behaviour because there is significant
scatter in their data for shallow soil depths.
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The key differences between the mathematical formu-
lations of the humped SPF are whether (1) the function
goes to zero or not, for zero soil depth (i.e. whether a bare
rock surface can weather at all), (2) it asymptotes to zero
for large depths (i.e. weathering declines to zero at depth
like the exponential function) and (3) the function is
continuously differentiable over its range (differentiability
can be useful for numerical solvers). Many of the pub-
lished equations do not meet the third point because they
provide different equations for above and below the depth
of maximum weathering rate. One equation that satisfies
all three requirements is a modification of that used by
Minasny and McBratney (2006) and Cohen et al. (2010):

P=Py(1 —e e Pe)es (6.5)

where J;, J, and P, are all parameters with positive
values, where J; > d,, and P, controls the weathering
rate for zero soil depth. The depth D* at which maximum
weathering rate occurs is

1 01+ 0
D* =—|1 - P,
51%( 1) ) }

Furbish and Fagherazzi (2001) present another equa-

(6.6)

tion, but it has the disadvantage that it cannot control the
rate of decline with depth (i.e. the d, in Equation (6.5))
independently of the weathering rate at the surface (i.e. P,
in Equation (6.5)), so we will not discuss it. Finally some
studies suggest that soil production rates are independent
of depth (Wilkinson et al., 2003), though they are in the
minority and the reasons for their observed behaviour is
not known.

All these equations are empirical and based on field
experiment data including cosmogenic nuclide dating
(CN), optically stimulated luminescence (OSL) dating
and geochemical modelling of rivers and soil profiles
(Minasny et al., 2015). One consideration with the dating
methods is they rely upon assumptions about rates of
exposure to the atmosphere. Bioturbation potentially
mixes the soil, bringing deeper material to the surface
and burying surface material. If the soil is fully mixed
from top to bottom, then the cosmogenic dating methods
will yield the average age of the soil, whereas OSL will
yield the time since the particle(s) were last at the surface
(Dunai, 2010).

One of the limitations of the SPF above is that they
lack any explicit feedbacks with soil moisture and tem-
perature. The work of Freer et al. (2002) provides empir-
ical evidence of the importance of spatial feedbacks that
are not included in the above formulations. They mapped
the bedrock topography and soil depth at the Panola site
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and showed that the spatial pattern of the bedrock topog-
raphy and soil depth appeared to be unconnected to the
surface topography. The bedrock surface had patterns of
drainage with valleys and holes in the bedrock surface
suggestive of concentrated water flow over the bedrock
surface (James et al., 2010). This disconnect between the
surface topography and the bedrock topography, but
where the patterns were clearly not random nor linked to
geology, suggested feedbacks in the soil thickness dynam-
ics that cannot be modelled by the simple models above.

Saco et al. (2006) investigated whether the bedrock
patterns observed at Panola are a result of soil water where
the lateral soil water drainage patterns are determined by
the bedrock topography, not the soil surface topography.
They extended the exponential SPF by making it a func-
tion of soil moisture so that the SPF became

P =f(M)Pye ™™ 6.7)

where M is the soil moisture as determined by using the
wetness index

A
M=K-
S

(6.8)
but where the contributing area A and slope S used in the
wetness index formulation were derived from analysing
the bedrock topography rather than, as is traditionally
done, the soil surface topography. Depending on the func-
tional relationship between soil moisture and weathering
used (i.e. the functional form of f(M), e.g. using absolute
depth of soil water versus percentage saturation of the soil
profile) spatial patterns in the bedrock topography and soil
depth qualitatively similar to that observed by Freer could
be generated (Figure 16.1).

There are ecological feedbacks that I will touch on
briefly here but will return to later in the book. In arid
zones where the vegetation spatial distribution is banded,
it has been observed (Ludwig et al., 2005) that infiltration
was higher (and therefore so was soil moisture) within the
bands of vegetation (enhanced organic matter changed the
soil structure and increased the infiltration capacity) than
between the vegetation bands. Underneath the bands of
vegetation the soil depth was greater than in the interband
areas where there was lower soil moisture and organic
matter. The model formulations of Saco et al. (2006,
2007) are consistent with this behaviour.

Gabet and Mudd (2010) have proposed a tree throw
mechanism that results in a distinct soil-saprolite
boundary, a distinct change in bulk density at this bound-
ary and which naturally leads to a humped SPF. In
essence tree roots rip out rock from the saprolite during
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FIGURE 6.2: As soil thickness
increases, the amount of bedrock

disrupted by tree roots decreases

. — — Thickness of bedrock

because of their limited vertical
extent. Conversely, thicker soils

disrupted by tree throw
Tree density

support higher tree densities.
The combination of these two
Bedrock erosion rate

competing trends is posited to

produce a humped soil production
function (Figure 2 from Gabet and
Mudd, 2010).

FIGURE 6.3: Model results
compared to soil production rates
measured in a Douglas fir forest in
the Oregon Coast Range. The
results of Gabet and Mudd, (2010)

(their Figure 6) bracket the shaded
area. Both the data and the model
results reveal a humped
relationship between bedrock
erosion rates and soil thickness
(Figure 7 from Gabet and Mudd,
2010).
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tree throw. This causes the distinct boundary and bulk
density change at the soil-saprolite interface. The humped
SPF results from an interaction between an exponential
decline in root density in depth, and an increasing density
of trees as soil depth increases (Figure 6.2). The model has
been tested in a heavily forested wet climate (Figure 6.3).
Finke et al. (2013) modelled tree throw as a hypothesis for
explaining the apparent random variability in soil depth and
lack of any spatial organisation in soil cores at an aeolian site
in Belgium (Vanwalleghem et al., 2010). A model with tree
throw was an improvement over a model without tree throw,
though the improvement was relatively small.

One final observation on the SPFs is on the stability of
the equilibrium solutions to the soil depth equation.
Kirkby (personal communication) has pointed out that
the solution in Equation (6.4) for the exponential function
is unconditionally stable for all soil depths, so that any
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soil, if at the equilibrium in Equation (6.4), will return to
this equilibrium if the soil depth is perturbed slightly (this
return to the previous solution is the mathematical defin-
ition of stability, with respect to soil depth). The humped
function, however, is not unconditionally stable every-
where (Figure 6.4). For soil depth greater than the hump
peak D* (Equation (6.6)) the soil depth solution is stable.
However, for soil depths between zero and the hump
peak, the equilibrium solution for soil depth is unstable.
In this region if the soil depth is slightly increased, then
the SPF increases and the soil depth increases further.
This continues until the soil depth reaches the hump peak,
and the soil depth will evolve past the peak (because at the
hump peak soil production is greater than the erosion rate)
until it reaches the corresponding equilibrium soil depth
greater than D*, and vice versa if the soil depth is slightly
decreased, then the soil production function decreases and


https://doi.org/10.1017/9781139029339.007

94

Soils: Soil Depth

Soil Production Function

Initial Depth Trajectories

Depth of Max=0.5443

o Depth Stability Trajectories

(a) (b) ’ ()

-0.5} 4 -0.5} 4 —0.5F{{ ]
£ \ |
&
© -1.0F N 1 -1.0} 41 -1.0F \ .
%
’ \

-1.5¢/ /7 {-15} {-15 l\ \\

_2'00 500 1000 1500 2006209000 0.001 0.002 0.003 0.0032'00 2000 4000 6000 8000 10000

Time Soil Production Time

FIGURE 6.4: Trajectories over time of soils with a range of initial soil depths and subjected to the humped soil production function. (a) All
simulations have the same erosion rate for each initial soil depth and trajectory with time; (b) the soil production function applied in this

example and (c) each initial soil depth has an erosion rate just balancing the corresponding soil production rate for that initial soil depth. In panel
(c) a small random perturbation on this erosion rate (+0.5% the erosion rate) is then applied, and this panel shows the subsequent trajectory of

the soil depth.

the soil thins further. Again this will continue until the soil
depth is zero (the rock exposure likely turning that part of
the hillslope into a weathering- or detachment-limited
regime).

Figure 6.4 shows an example of the soil depth evolu-
tion for a range of initial soil depths (in increments of
0.1 m from 0.1 m to 2.0 m) and the humped SPF in
Equation (6.5). The same erosion is applied to all the
trajectories so soils grow deeper or shallower based on
the imbalance between the erosion and the soil produc-
tion for that depth. In this example most of the initially
deeper soils evolve to an equilibrium depth of 1.17 m
(the exact value of the equilibrium depth is a function of
the parameters used in the SPF, 1.17 m is the solution for
the parameters used in Figure 6.4). Figure 6.4a shows if
you project across to the SPF in Figure 6.4b, that the
equivalent shallow depth equilibrium with the same soil
production rate is 0.21 m. All soils with initial depth less
than 0.21 m (i.e. in the figure the 0.1 m and 0.2 m initial
soil depths) diverge away from the equilibrium to have
zero depth, while soils with an initial depth of greater
than 0.21 m converged past the hump to the deeper
equilibrium. This means that in practice while a solution
for soil depth between zero depth and D* is mathematic-
ally possible it is unstable, and the solution will diverge
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from this equilibrium toward either zero depth or the
stable depth on the other side of D*.

Figure 6.4c shows a slightly different but equally
enlightening set of depth trajectories for the same SPF in
Figure 6.4b. In this figure for each initial depth, the
erosion rate that would exactly balance the soil production
rate has been calculated. If the soil production and erosion
exactly balance, then the soil depth will not change with
time, but if the equilibrium is unstable, tiny perturbations
will grow and eventually cause the depth to diverge from
the equilibrium and converge on the stable equilibrium.
To trigger this divergence, a small (£0.05%) random
perturbation on the erosion rate was applied so some
erosion rates will be slightly higher (i.e. so soils will
initially thin slightly) while others are slightly smaller
(so soils will initially thicken slightly) than the exact
equilibrium. Figure 6.4c shows that for soils depths
greater than the hump, the trajectory is a straight line
because they are a stable equilibrium and slight perturb-
ations do not make significant difference in the equilib-
rium soil depth. However, for all the depths less than the
hump there is divergence. Some of the trajectories con-
verge on zero. These are the cases where the random
perturbations produced an erosion rate slightly higher than
equilibrium so soils thin. Some of the other trajectories
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increase and converge on the equilibrium soil depth that is
at greater depth than the hump. For instance, projecting
across to the SPF in Figure 6.4b, the trajectory starting at
0.4 m converges on the equilibrium at about 0.9 m. The
zero depth simulation in also interesting because the par-
ameters chosen for the SPF have a nonzero value at depth
zero and the random perturbation results in a reduced
erosion rate. Because the erosion is very small, the balan-
cing soil production rate is also very small, and they only
balance when the depth is off-scale at the bottom (about
8 m in this case). This is the reason the zero depth simula-
tion disappears off-scale at time 1000.

Carson and Kirkby (1972, p. 105) and Kirkby (2000)
speculated that these stable/unstable equilibria will lead to
a hillslope that is a patchwork of bare rock and soil with
depths greater than D* and is potentially a factor in bad-
land development. Figure 6.4c supports that idea because
even with identical physics minor random perturbations
caused some soils to disappear and some to deepen. This
argument is true for any shape SPF where there is a region
where the SPF increases with increasing depth, so is more

https://doi.org/10.1017/9781139029339.007 Published online by Cambridge University Press

general than the exact form of Equation (6.5) and the
example in Figure 6.4. To further investigate this hypoth-
esis Furbish and Fagherazzi (2001) coupled the humped
SPF with diffusive and fluvial hillslope transport and
showed that the spatial coupling does not substantially
change the hillslope profile at the hilltops but may lead to
significant changes downslope where fluvial transport is
dominant.

The key characteristics of the models in this chapter
are that they only simulate the processes that are occurring
at the top and bottom of the soil profile and use these
processes to determine the mass balance of the soil profile,
lumped as a whole from top to bottom, to describe
the dynamics. However, much weathering occurs within
the profile (e.g. Anderson et al., 2002), so focussing on the
top and the bottom of the profile is a simplification. More
importantly these models do not describe what the char-
acteristics are of the soil that is created, and they do not
provide any information about what is occurring within
the soil profile. We will now discuss models that simulate
the evolution of soil characteristics within the profile.
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