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Models suggest that rock-derived nitrogen (N) inputs are of global importance to
ecosystem N budgets; however, field studies demonstrating the significance of rock
N inputs are rare. We examined rock-derived N fluxes in soils derived from sedimentary
rocks along a catena formed under a semi-arid climate. Our measurements demonstrate
that there are distinct and traceable pools of N in the soil and bedrock and that the
fraction of rock-derived N declines downslope along the catena. We used geochemical
mass balance weathering flux measurements to estimate a rock-derived N flux of
0.145 to 0.896 kg ha−1 yr−1 at the ridgecrest. We also developed independent N flux
estimates using a 15N-based isotope mixing model. While geochemical mass-balance-
based estimates fell within the 95% confidence range derived from the isotope mixing
model (−1.1 to 44.3 kg ha−1 yr−1), this range was large due to uncertainty in values for
atmospheric 15N deposition. Along the catena, N isotopes suggest a diminishing effect
of rock-derived N downslope. Overall, we found that despite relatively large N pools
within the saprolite and bedrock, slow chemical weathering and landscape denudation
limit the influence of rock-derived N, letting atmospheric N deposition (7.1 kg ha−1 yr−1)
and N fixation (0.9–3.1 kg ha−1 yr−1) dominate N inputs to this grassland ecosystem.

Keywords: rock-derived nitrogen, nitrogen isotopes, pedon, shale, semi-arid ecosystem

INTRODUCTION

Rock-derived nitrogen (N) can supplement N availability in terrestrial ecosystems (Morford et al.,
2011); its contribution to the global N budget has been estimated at 6–17% (Morford et al., 2016b;
Houlton et al., 2018), and in some ecosystems inputs of rock N are comparable to the flux from
atmospheric fixation (Morford et al., 2016a). However, analysis of rock-derived N at the pedon
scale – i.e., the scale of the soil profile and underlying bedrock – has been limited to a few humid,
forested montane sites underlain by shale (Wan et al., 2021) or relatively N-rich ammonia-bearing
metamorphic rock (Morford et al., 2016a). Expanding our understanding of rock N fluxes to other
biomes and rock types can help constrain the importance of rock N in the nutrient budgets of
natural and managed ecosystems.
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This paper considers rock-derived N fluxes in soils derived
from sedimentary rocks in dryland ecosystems, the latter of which
comprise ∼45% of Earth’s surface (Prãvãlie, 2016). Siliciclastic
sedimentary rocks and unconsolidated sediments account for
50% or more of the global land-surface (Suchet et al., 2003;
Hartmann and Moosdorf, 2012; Börker et al., 2018), and are
an important global source of rock N (Houlton et al., 2018).
However, much of the N in sedimentary bedrock resides in
organic forms that cannot be distinguished from surface-derived
organic N using conventional extraction methods (Morford et al.,
2016a). A multi-year, intensive pore-water and gas sampling
study set in the humid and montane Upper Colorado River
Basin used element proxy-to-N ratios and temporally resolved
subsurface water flux rates to estimate the contribution to
subsurface N from the weathering of marine shale (Wan et al.,
2021). Wan et al. (2021) are currently the only watershed scale
rock-derived N field study that focuses on N in sedimentary
lithology, thus it remains unclear how much rock-derived N is
released from sedimentary parent materials in other climates. For
example, wetter climates have higher weathering rates than drier
climates (White and Blum, 1995; Kump et al., 2000). We thus
expect weathering rates – and rock-derived N fluxes – to be lower
in more arid regions than in the humid regions where rock N has
been studied (Houlton and Morford, 2015).

The rate at which N is released from silicates or fossilized
organic matter (FOM) is set by chemical weathering of bedrock
(Holloway and Dahlgren, 2002; Morford et al., 2016b). Specific
elemental fluxes from the bedrock, as a proportion of total
chemical weathering within the soil, can be quantified by
combining denudation rates with geochemical mass balance
calculations (Riebe et al., 2003). However, using this approach
for N is complicated because N is also sourced from atmospheric
N deposition and biotic and abiotic N fixation (Chapin et al.,
2011). Proxy elements have been used to estimate rock-derived
N fluxes in the absence of direct quantification of rock-derived N
in soil (Houlton et al., 2018; Wan et al., 2021). However, more
common proxies (e.g., Ca and Na) can precipitate as salts in
drier climates and in regions affected by coastal salt deposition
(Vengosh, 2003; Zamanian et al., 2016). To address this challenge,
we use a suite of bedrock-derived nutrients (P, K, and Si) to
provide an estimate for rock-derived N flux. While each of these
elements behaves differently than N (e.g., P and Si can take
relatively insoluble forms), together these elements may behave
similarly to rock-derived N in that they are released to the soil
by rock weathering and are actively biologically cycled. Together,
these elements may hence be used to develop a range of possible
rock-N flux estimates.

Rock-derived N may also be traceable using isotopic
approaches, which can help supplement geochemical mass
balance flux estimates. For example, a study in Northern
California, where rock-derived N comprised roughly half the
N inputs to soils, showed soil δ15N values were similar to
those of the N-rich rock (Morford et al., 2011). The bulk δ15N
of soil and sediments is the product of flux-weighted isotope
values associated with N inputs and outputs (Brenner et al.,
2001). N isotopes fractionate during biological cycling – as N
is mineralized and exported from the soil, 14N is preferentially

lost over 15N (Hobbie and Ouimette, 2009; Craine et al., 2015;
Homyak et al., 2016). The effects of biological cycling over time
thus increase the δ15N of soil organic matter (Kramer et al.,
2003; Dijkstra et al., 2006), possibly leading to different isotope
values in surface soil, FOM associated with sedimentary rock, and
atmospheric N inputs. If the N isotope values for each N source
are sufficiently distinct from each other, then isotope mixing
models may validate rock N fluxes derived from other approaches
(i.e., geochemical mass balance).

Mineral N pools, such as ammonium (NH4
+) and nitrate

(NO3
−), and δ15N- and δ18O-NO3

− values within a pedon may
also help to qualitatively identify sources of rock N. For example,
NH4

+ is a byproduct of N metabolism readily immobilized
by negatively charged soil exchange sites on clays and organic
matter. In this sense, NH4

+ bound to clays and organic matter
within the rock may be less bioavailable, allowing NH4

+ to
persist with little oxidation to NO3

−. Given sufficient oxygen
and favorable pH (neutral-alkaline), however, NH4

+ can be
oxidized to NO3

− by autotrophic nitrifiers (Schmidt, 1982).
In arid climates where potential for NO3

− leaching is limited,
accumulation of NO3

− produced by nitrification below the
surface could reflect increased NH4

+ bioavailability and, thus,
might be used to identify the depth at which rock-derived
N is released. However, because NO3

− is a mobile anion,
atmospheric and biologically produced NO3

− at the surface
could be redistributed to the subsurface (Walvoord et al., 2003),
confounding the use of NO3

− as an indicator of rock weathering.
To differentiate redistribution from weathering, subsurface
concentration maxima of other mobile anions such as Cl− could
be used to indicate leaching from the surface (Walvoord et al.,
2003). Alternatively, natural abundance δ18O- and δ15N-NO3

−

values can help further differentiate between in-situ production
of NO3

− at depth versus redistribution of NO3
− from the surface;

nitrification depletes δ15N-NO3
− values whereas atmospheric

NO3
− influence increases δ18O-NO3

− values (Oelmann et al.,
2007; Rock et al., 2011; Michalski et al., 2012).

Application of these flux assessment approaches is simplest
where solute flux is 1-D (vertical flux) so that accumulation of
soil and solutes from upslope (horizontal flux) is minimized.
Much of the previous pedon-scale rock N work targeted convex,
ridgecrest-adjacent landscape positions to limit upslope colluvial
input (Morford et al., 2011, 2016a). The dearth of pedon-
scale work in downslope positions means our understanding of
the influence of rock-derived N to hillslope-scale N budgets is
limited. It is probable that downslope soils inherit mass from
both upslope colluvium and from the underlying bedrock – the
deeper the soil, the smaller the fraction derived from bedrock
(Heimsath et al., 1997; Yoo et al., 2009). Thus, we expect that
deepening soils downslope will lead to diminished rock-derived
N flux, allowing other N inputs to dominate the N pools. We
use the ridgecrest δ15N signatures for surface and rock N sources
to interpret δ15N depth patterns in downslope, accumulating
hillslope positions and infer the influence of rock-derived N in
these downslope positions.

Here, we examine the contribution of shale-derived N to soils
in a semi-arid, Mediterranean grassland ecosystem at the pedon
and hillslope scale. We calculate bedrock-derived N flux using
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both a geochemical mass balance at the ridgecrest position and
an isotope mixing model which partitions the relative influence
of N inputs on soil δ15N. We then interpret the importance of
rock-derived N contributions across a hillslope using N isotope
depth patterns. We hypothesize that (1) our mass balance- and
isotope mixing model-derived ridgecrest rock-derived N fluxes
will converge, but that (2) the convergent flux will be lower than
previous rock-derived N flux rates measured in wetter climates
with higher denudation rates, and that (3) downslope rock-
derived N fluxes will be lower than at the ridgecrest due to
higher proportions of colluvial input. This work provides the first
estimates of sedimentary rock-derived N fluxes in soils formed
in a semi-arid climate where weathering rates are relatively low.
Since there are no simple tracers of rock-N in soils, we use
geochemical and isotope mass balances to infer the contributions
of rock-derived N.

MATERIALS AND METHODS

Study Site
We selected a study site with comparable bedrock-N
concentrations to previous pedon-scale work (Morford et al.,
2016a), situated in a semi-arid climate on sedimentary rock
in the University of California Sedgwick Reserve, Santa Ynez
Valley of central California (Figure 1). The area is characterized
by a Mediterranean climate with cool, wet winters and warm,
dry summers. The mean annual precipitation is 380 mm and
the mean annual temperature is 16.8◦C. Precipitation can vary
dramatically year to year (Haston and Michaelsen, 1994), which
affects the frequency at which water infiltrates into the soil and
bedrock (Chamran et al., 2002). The vegetation is dominated
by annual grasses, Bromus diandrus and Avena fatua. The
bedrock underlying the study site is the Paso Robles Formation –
a non-marine, alluvial formation with several members that
vary in grain size from conglomerates to mudstones (Dibblee,
1966). The member of the Paso Robles underlying the studied
hillslope is a low-energy depositional environment composed of
organic-rich mudstone with lenses of carbonate (Dibblee, 1966).
N in this type of lithology can be stored as NH4

+ in interlayer
crystalline clays or as organic-N trapped as micro-detritus during
diagenesis (Holloway and Dahlgren, 2002).

The sampling sites chosen for this study are at a ridgecrest
and adjacent, downslope locations positioned at the blackslope
and toeslope of a soil catena (Figure 1). We determine the flux
of rock-derived N at the ridgecrest location and then interpret
changes in this flux at the blackslope and toeslope locations.
The ridgecrest pedon was excavated to include soil and saprolite
(0–250 cm) in early February 2018 and sampled by soil horizon in
the top 100 cm and rock facies properties below 100 cm within the
saprolite Figure 2. The ridgecrest pedon was extended to 415 cm
with a soil auger in May 2018, and these samples were only taken
at depth ranges that represented the strongest expression of the
different sedimentary facies. The sample sites for the catena are
adjacent to the pedon, in linear to slightly concave backslope and
toeslope positions. Soil depths increase dramatically downslope
from 1 m at the ridgecrest to 4.5 m at the backslope and 3.6 m

at the toeslope. Sharp increases in soil depth downslope are also
demonstrated for nearby locations within Sedgwick Reserve by
Gessler et al. (2000). These downslope sites were sampled to the
base of the soil and described previously in Lin et al. (2016)
(locations – Figure 1B). We classified the ridgecrest soil as a
Calcic Haploxeroll, the backslope soil as a Pachic Haploxeroll,
and the toeslope soil as a Calcic Haploxeroll.

Here, we provide a description of important physical
characteristics for the ridgecrest pedon to provide the setting
for our bedrock-N flux calculations. The ridgecrest pedon is
heavily bioturbated from gopher (Thomomys bottae) burrowing.
The deepest gopher burrow identified while digging was 110 cm;
however, most gopher burrows were between 0 and 79 cm,
with the highest density near the surface of the pedon. Rooting
depth is ∼20 cm and sets the base of the A horizon. In-
place bedrock structure appears at 50 cm, but ∼50% of the
horizon at 50–60 cm shows pedogenic structure and carbonate
accumulation within the gopher back-filled burrows. Mottles of
calcium carbonate (CaCO3) appear by 20 cm and increase in
size and percent area coverage to 79 cm, where we identified
a horizon partially cemented by CaCO3. Within the soil (0–
100 cm of the pedon), we identified the presence of a Mollic
epipedon and a Calcic horizon. Below the partially cemented
CaCO3-rich horizon (79–100 cm) was mechanically weak and
easily diggable bedrock that retained its original structure; we
considered this the start of the saprolite (100 cm). Beneath the
soil, the saprolite gradually increases in physical competency with
depth, which is demonstrated by an increase in fragment size
for the shale facies: 1–3 cm at 100 cm to 3–5 cm by 200 cm.
Additionally, the distinction between carbonate-rich and silicate
clay-rich facies of the Paso Robles becomes more pronounced
with depth (Figure 2). The increase in fracture spacing and
competency of shale was used to determine the transition from
saprolite to unweathered bedrock at 250 cm. The horizons and
facies with physical evidence for the presence of CaCO3 are
reflected in the concentration of inorganic carbon, with depth
(Figure 3A). A horizon-by-horizon description can be found in
the (Supplementary Table 1).

Soil Physical and Geochemical Analyses
Bulk density, bulk elemental concentrations and trace metals,
highly mobile anions, total C, inorganic C, total N, and N
isotopes were determined for the ridgecrest, backslope, and
toeslope soils. Geochemical properties were measured on ground
<2-mm fraction for the ridgecrest, backslope, and toeslope
soils and ground bulk samples for saprolite and unweathered
bedrock from the ridgecrest pedon. Samples were ground to
<150 µm to minimize extraction discrepancies produced by
particle size differences between soil, saprolite, and unweathered
bedrock. Bulk density for all soils was determined by saran-
clod method (Soil Survey Division Staff, 1993). Bulk density was
determined for samples extracted from the exposed profile but
not for auger samples (e.g., ridgecrest pedon depths 250–415 cm)
(Supplementary Table 2). Whole-soil elemental concentrations
were determined with lithium borate fusion prior to acid
dissolution and then analyzed on an ICP-AES (ALS-Chemex,
Reno, NV, United States). Trace elements including Zr, Ti,
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FIGURE 1 | (A) Location of Sedgwick UC Field Reserve. (B) Soil (black points) and denudation sample locations (red point) within Sedgwick Reserve. Navy blue
10-m elevation contours lines show change in elevation across study site. (C) Ridgecrest, backslope, and toeslope soil sampling locations (black points).

and Nb were processed in the same manner as whole-soil
elemental concentrations but analyzed on an ICP-MS (ALS-
Chemex, Reno, NV, United States). Labile chloride was water
extracted from ground soil and measured at the UC Riverside
Environmental Sciences Research Laboratory on a Dionex
Aquion Ion Chromatograph. Total C and N were determined
via combustion using a PDZ Europa ANCA-GSL elemental
analyzer at UC Davis Stable Isotope Facility. Inorganic C was
measured at UC Santa Barbara by acidification using 2 N
sulfuric acid with 5% iron sulfate and measuring headspace
CO2 with an infrared gas analyzer (LI-COR 6520) (Loeppert
and Suarez, 1996). Organic C was calculated by subtracting
inorganic C from total C.

N forms were analyzed for the ridgecrest soil only.
Mineral forms of N were measured on air-dried samples,
extracted at UC Santa Barbara using 1 M potassium chloride

and milliQ-water in a 5:1 ratio of solute to sample for
3 h. NH4

+ and NO3
− concentrations were determined

by colorimetric analysis and measured on a micro-plate
reader (Tecan Infinite Series) (Hood-Nowotny et al., 2010).
Mineralization can continue during air-drying (Scherer et al.,
1992); therefore, while our mineral N data can be used to
infer differences within the pit, it is not representative of
field conditions.

Catchment Average Denudation Rate
Denudation rates are required to determine geochemical mass-
balance-derived bedrock N fluxes (Morford et al., 2016a). The
cosmogenic nuclide, 10Be can be used to calculate catchment
average denudation rates. 10Be accumulates in quartz grains over
time by spallation from incoming cosmic rays. The flux of cosmic
rays through surface regolith decreases rapidly with depth, such
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FIGURE 2 | Ridgecrest soil (0–100 cm) and saprolite profile (100–250 cm) with major horizon depth-breaks within the soil indicated. The gopher holes (dark, circular
patches expressing on the pit face) from 0 to 110 cm were present at the time of excavation.

that the accumulation of 10Be within quartz is dependent on
the cosmic ray flux and time spent by the mineral within the
penetration zone – averaging over hundreds to thousands of
years depending on the denudation rate (von Blanckenburg,
2006). Faster denudation corresponds to lower concentrations
of 10Be and slower denudation leads to higher concentrations
of 10Be in the mineral grains (Lal, 1991). Sampling sediment
in stream channels utilizes the natural routing of sediment
through a landscape to spatially average the denudation within
the watershed (Granger et al., 1996).

We measured the 10Be in channel sands from the creek
(Windmill Canyon) draining our study site to determine a
catchment average denudation rate of 0.155 ± 0.019 mm
yr−1 (Figure 1B). Other catchment average denudation
rates previously measured for adjacent and higher order
streams within the Santa Ynez Valley are similar (Figueroa
Creek = 0.143 ± 0.019 mm yr−1 and Santa Agueda Creek
0.122 ± 0.017 mm yr−1), and these Santa Ynez Valley rates
fall within the range of 10Be denudation rates measured across
the Western Transverse range (Bingham, 2019). The channel
sand sample was cleaned and 10Be isolated following standard

procedures adapted from Kohl and Nishiizumi (1992), von
Blanckenburg et al. (2004), and Bookhagen and Strecker
(2012). Beryllium isotopes were measured at the PRIMELab
(Purdue University) and the uncertainty for the erosion rates
reflects the instrument error range per sample. Calculating
catchment average erosion rates from concentrations of 10Be
in channel sands requires the cosmic ray production rate
specific to the sample watershed (von Blanckenburg, 2006).
A shielding-weighting (ratio of production rate with obstruction
to production rate without obstruction) matrix was calculated
to account for potential blocking of cosmogenic rays within
the watershed by dense or high vegetation, ice or snow, and
steep topography (Balco et al., 2008). The shielding matrix for
the rate used in this study was calculated using TopoToolbox
(Schwanghart and Kuhn, 2010; Schwanghart and Scherler, 2014);
because snow and ice are extremely rare in the study area, only
a topographic shielding component was calculated. An average
shielding value and the catchment outlet elevation was input
to the online Chronus-calculator (Balco et al., 2008) and a Lm-
scaling scheme (Nishiizumi et al., 1989; Lal, 1991; Stone, 2000)
was used to convert 10Be concentrations into denudation rates.
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FIGURE 3 | (A) Total C concentrations, (B) Total N concentrations, and (C) organic C: total N for the ridgecrest soil pit. Gaps in data indicate samples not taken at
depth (gaps occurring below 250 cm) or because there was no organic C measured in the sample (50–60 cm).

Mass-Balance-Based N Flux Estimate
We estimate the bedrock-derived N flux at the ridgecrest location
using the mass balance of several proxy elements and a measure
of denudation rate (Riebe et al., 2003; Morford et al., 2016a). Our
estimated rock-derived N weathering flux (WN,e) was calculated
using a set of elements (Si, K, P) assumed to share biogeochemical
characteristics with rock-derived N, and hence provided bounds
on rock N mobility. Si provides a low weathering flux estimate
given its relatively low solubility in near-neutral pH soils prevent
leaching losses from the profile (Elgawhary and Lindsay, 1972).
K is often replaced by NH4

+ within silicate minerals due to
similar ionic radii (Juster et al., 1987; Holloway and Dahlgren,
2002). Lastly, P offers a proxy for bedrock-derived N because P

is second to N as a major plant nutrient and primarily derived
from bedrock (Vitousek et al., 2010). We did not use sodium (Na),
despite previous work using Na for continental- and global-scale
weathering models focused on rock-derived N fluxes (Houlton
et al., 2018). Na concentrations in the A horizon of the ridgecrest
pit were elevated in the soil relative to the parent material
(Supplementary Table 3), reflecting the proximity of our study
site to marine aerosol sources (∼25 km from the coast), which
would bias weathering calculations.

Mass loss in the mobile soil can be quantified using a mass-
balance approach (Brimhall and Dietrich, 1987; Chadwick et al.,
1990). High field strength elements are less likely to be chemically
mobile within a soil profile and can be used as a normalizing
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index element (i) against which biologically relevant elements
(j) can be referenced to understand chemical weathering. We
use the index element to calculate change in individual elements
within the soil (w) and saprolite bedrock (w) relative to their
concentrations in unweathered bedrock (p). This chemical mass
transfer coefficient (t) (Eq. 1) provides relative loss or gain
of an element within the soil (Brimhall and Dietrich, 1987;
Chadwick et al., 1990).

τ =

(
Cj,w∗Ci,p

Cj,p∗Ci,w

)
−1 (1)

Here, we use titanium as the “immobile” index element –
see the (Supplementary Figure 2) for further discussion on the
choice of index element. The elemental composition of parent
material was determined by depth-averaging concentrations
across samples collected from 250 to 415 cm in the ridgetop
pedon, which we identified as unweathered parent material.
Positive t values indicate additions relative to the parent
material, whereas negative values indicate losses relative to the
parent material.

We combine our 10Be-measured denudation rate (D, mm
yr−1) with a profile averaged t value for a given element (Taueor te,
unitless), the concentration of the N in the parent material (CN,
mass fraction), and the bulk density (B, g cm−3) estimate for the
parent material provides the proxy derived flux of N (WN,e, kg
ha−1 yr−1) from the parent material to the mobile soil (Eq. 2;
Morford et al., 2016a).

WN,e = CN ∗ B ∗−Taue ∗ D (2)

Nitrogen Isotope Analysis and Mixing
Model
Ground samples (25–35 mg subsample, duplicated) were foil
wrapped and natural abundance isotopes of total N were
measured at UC Davis Stable Isotope Facility using a PDZ
Europa ANCA-GSL elemental analyzer connected to a PDZ
Europa 20–10 isotope ratio mass spectrometer. Instrument
error for these measurements is ± 0.3h for δ15N and the
range in standard deviation for a set of samples run in
triplicate was 0.41 – 0.71h for δ15N (n = 4 samples). Nitrate
δ18O and δ15N were measured on water extracts following
the microbial denitrifier method (Sigman et al., 2001) at the
Facility for Isotope Ratio Mass Spectrometry at UC Riverside.
Pseudomonas aureofaciens was used for determining δ18O and
δ15N in all samples on a Thermo Delta V isotope ratio mass
spectrometer (Thermo Fisher Scientific) and the Gas Bench
interface. The international reference materials United States
Geological Survey (USGS)-32, USGS-34, and USGS-35 were
included in each analytical run. Uncertainty for this method
is ± 0.5h. Isotope data are presented in delta notation using air
as the standard (Eq. 3).

δ15Nh vs. Air = 1000 ∗
15NS/14NS−15NAir/14NAir

15NAir/14NAir
(3)

We developed a simple isotope mixing model to validate
our mass-balance-based rock N fluxes. We assumed that the
bulk soil δ15N value was a product of the inputs and outputs
at steady-state with respect to N (Brenner et al., 2001). We
based our model on a modified version of the steady-state
solution of Brenner et al. (2001) which designated that the
corresponding δ15N signature of the bulk soil as the sum of the
flux-proportional fractions of δ15N from each input divided by
a fractionation factor which accounts for the change in δ15N
when soil N is transferred out of the soil reservoir via leaching
or gaseous loss (Eq. 4). We modified this model by including
rock-derived N as an additional input along with atmospheric
deposition and N fixation (Eq. 5). Numerical modeling of N
isotope dynamics in soils and plants over time using a box-
model framework indicated that Californian grassland soils
similar to those at our field site reach N steady-state in
a few thousand years (Brenner et al., 2001). We assume a
constant weathering flux over the residence time of our soil
(using denudation rate and 1-m soil depth: ∼6,450 years),
allowing the input of rock-derived N to also be in steady-state
with respect to N.

δ15Nsoil =
Flux weighted mean of isotopic inputs

Fractionation factor for losses
(4)

δ15Nsoil =

δ15Nrock
Nfluxrock
Nfluxtotal

+ δ15Natm
Nfluxatm
Nfluxtotal

+ δ15Nfix
rmNfluxfix
Nfluxtotal

αex
(5)

Nfluxrock =

Nfluxatm
(
δ15Natm − αexδ

15Nsoil
)
+Nfluxfix

(
δ15Nfix − αexδ

15Nsoil
)(

δ15Nrock − αexδ15Nsoil
)

(6)

We parametrized a mixing model to solve for the Nfluxrock
(Eq. 6). We used data from the 3–40 kyr terraces (which bracket
the residence time of the ridgecrest soil) studied in Brenner
et al. (2001) to supply values for the fractionation factor (αex,
encompasses fractionation for all pathways of N loss: 0.9906–
0.9965). This factor was estimated in Central California at a
site that supports similar vegetation (forbs and annual grasses,
including the dominant species at our site) in soils formed in
comparable parent material (terrestrial sediments – although
more influenced by granitic rocks than those at our site) and
features a similar climate (MAT = 16◦C; MAP = 310 mm;
winter-dominant precipitation; Brenner et al., 2001); hence
we consider it and appropriate analog for our study site.
Previous studies in California grasslands provide an estimate
of N fixation inputs (Nfluxfix = 0.9–3.1 kg ha−1 yr−1 and
δ15Nfix = 0h: Jones and Woodmansee, 1979; Cleveland et al.,
1999; Brenner et al., 2001). Total atmospheric N deposition
(Nfluxatm = 7.1 ± 1.1 kg ha−1 yr−1) was obtained from 30-km2

grid cell N deposition rasters at our study site location (National
Atmospheric Deposition Program (Nrsp-3), 2019), summing
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FIGURE 4 | (A) NO3−, (B) NH4+, and (C) Cl− concentrations in the ridgecrest soil pit. Data are in ppm (mg N per kg soil). Gaps in data indicate samples not taken
at depth.

wet and dry deposition of all N forms and averaging over the
years 2000–2019. The range of δ15N signatures for atmospheric
deposition is highly variable, we followed Brenner et al. (2001)
and used a range of δ15Natm signatures (δ15Natm = −5 and
5h) sourced from Hoering (1957), Heaton (1986), and Garten
(1992). Remaining model inputs were determined using mean
and standard deviations obtained from this paper (δ15Nsoil, and
δ15Nrock).

We evaluated the rock N flux by propagating uncertainty from
the parameters listed above using Monte Carlo simulations. The
error in the field-measured parameters (δ15Nsoil and δ15Nrock)
and Nfluxatm was modeled by generating normal distributions
using standard deviations and means listed above. In the case
the remaining parameters (αex, Nfluxfix, δ15Natm) only ranges

were available and so errors were modeled by drawing from
uniform distributions bounded by the minimum and maximum
estimates. δ15Nfix was not varied. We drew random samples
from each parameter distribution 10,000 times and computed
Nfluxrock – these estimates were used to define a distribution for
Nfluxrock given uncertainty in the parameters of Eq. 6. Using this
distribution, we obtained a 95% confidence range for the N flux
estimate from empirical quantiles (Buckland, 1984).

RESULTS

We first examined trends in total C and N and inorganic
N pools to characterize the distribution of organic matter
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FIGURE 5 | Geochemical mass balance (Tau) profiles of (A) Si, (B) K, and (C) P using Ti as the reference element for the ridgecrest soil (0–100 cm). The value of 0
indicates no change between parent and soil values, positive values indicate additions (+) and negative values indicate losses (−). Major horizons identified for the
soil indicated on (A).

and N species within the ridgecrest soil profile. Then we
used mass balance of several proxy elements to calculate an
estimated chemical weathering flux of bedrock-derived N
to the soil in the ridgecrest location. We also determined
the bedrock-derived N flux using an isotope mixing model
and compare our Nfluxrock estimates form these two
approaches. Finally, we collected soil δ15N for the backslope
and toeslope locations to interpret changes in influence of
rock-derived N downslope.

Carbon and Nitrogen Concentration
Depth Patterns at the Ridgecrest
Concentration-depth patterns for C and N were observed in
the soil, saprolite, and bedrock. Organic carbon was highest in
the surface soil and declined below 20 cm (∼0.5 wt. % or less;
Figure 3A). Inorganic carbon was prevalent in the subsoil and
in specific facies of the saprolite and bedrock (Figure 3A). In
the soil, inorganic carbon increased dramatically from 60 to
100 cm, observable as a shift in soil color at ∼60 cm (Figure 2).
In the saprolite and bedrock, inorganic C was variable but
peaked in specific facies at ∼150 and 325 cm depth. Total
N was highest in the A horizon (0–20 cm depth), declined
in the B horizons (20–100 cm depth), and then increased
again in the Cr or saprolite (below 100 cm, Figure 3B). At

all depths, total N tended to be lower when inorganic C
was present. The mean bedrock N concentration was 0.064
wt. % and was slightly lower than the depth-averaged soil N
concentration of 0.095 wt. %. The organic C: total N ratio was
relatively high in the soil and then declined below 100 cm,
with peaks at depth corresponding with increases in organic
C (Figure 3C).

In the ridgecrest soil, NO3
− was highest in the A horizon

(0–20 cm), declined through the soil and saprolite, and peaked
again around 175 cm before declining again in deeper saprolite
and bedrock (Figure 4A). Like NO3

−, NH4
+ was elevated

near the surface, declined through the soil and upper saprolite,
and also increased at approximately 175 cm depth. However,
in contrast to NO3

−, NH4
+ remained elevated through the

lower saprolite and bedrock (Figure 4B). Chloride reached
its maximum in the A horizon and then persisted at low
concentrations through the subsurface soil, saprolite, and
bedrock (Figure 4C).

Geochemical Mass-Balance-Based N
Flux Estimate
We utilized proxy elements (Si, K, P) for calculating the fractional
loss of N in conversion of bedrock to soil in the ridgecrest pedon.
We evaluated changes in these proxy elements throughout the
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TABLE 1 | Estimates for N flux using a bedrock bulk density of 1.733 g cm−3, a
denudation rate of 0.155 mm yr−1, and a bedrock N concentration
of 0.064 wt. %.

Proxy element Profile Average -Taue WN,e (kg ha−1 yr−1)

Si 0.085 0.145

K 0.097 0.167

P 0.524 0.896

mobile soil (0–100 cm depth) relative to the parent material
(250–415 cm depth). We found a range of chemical depletion:
P was moderately depleted, while Si and K were relatively less
depleted (Figure 5). Si was the least depleted element, with small
apparent losses in the horizons with higher inorganic C deeper
than ∼60 cm. K was most depleted between 20 and 60 cm,
but then slightly enriched at the base of the soil (79–100 cm).
P was depleted within the soil (>35% loss in every horizon)
but showed no loss in the saprolite (Supplementary Table 3).
Integrating across the soil column provided a range of Taue
required for estimating N-flux (Table 1). Using the catchment
average denudation rate, the measured rock N concentration and
bulk density from the ridgecrest pedon, and the proxy element
Taue, we estimated the rock-derived N flux for the ridgecrest soil
to be 0.145–0.896 kg ha−1 yr−1 (Table 1).

N Isotope-Depth Pattern and Mixing
Model
We used 15N to characterize different N pools in the weathering
zone and to develop secondary estimates of the rock N flux using
an isotopic mixing model. The δ15N of the ridgecrest pedon
showed a distinct break at the soil-saprolite boundary (Figure 6),
indicating that the soil and bedrock had distinct δ15N values. The
mean± SD δ15N value for soil samples was 3.566± 0.426h and
the mean± SD δ15N value for saprolite and bedrock samples was
6.044± 0.578h.

Given the distinct δ15N values of the soil and rock (Figure 6),
we used an isotope mixing model (Eq. 6) to estimate a rock-
derived N flux and compare against our rock-derived N flux
estimates calculated using element proxies. To parameterize the
model, we used studies from similar ecosystems (Mediterranean
grasslands) to supply fractionation factors, fluxes, and δ15N
values for atmospheric N deposition and N fixation (see section
“Materials and Methods”). The ridgecrest pedon bulk δ15N data
provided values for δ15Nrock and δ15Nsoil. We solved for bedrock-
derived N flux using Monte Carlo simulations to propagate
uncertainty (Figure 7). The mixing model results produce a
wide range of Nfluxrock, with 95% of the estimates derived from
the Monte Carlo simulation falling between −1.1 and 44.2 kg
ha−1 yr−1. Given the wide range of flux estimates, the isotopic
mixing model approach did not appear adequate for constraining
the rock N flux.

Downslope Changes to N Flux
We examined two downslope soils – a backslope position
and a toeslope position – and use δ15N data to interpret
the relative importance of rock-derived N across the hillslope.

FIGURE 6 | Total soil- δ15N depth profile for the ridgecrest location. Circles
represent soil (0–100 cm) samples whereas triangles represent saprolite and
bedrock samples (>100 cm). Red lines and shaded boxes indicate mean
values and ± one standard deviation from the mean for the two groups of
points. Points at the same depth reflect sampling of horizons where there was
both shale fragments and soil present (50–60 and 60–70).

All of the δ15N values for the backslope and toeslope soils
were depleted relative to the mean bedrock δ15N measured
at the ridgecrest (Figure 8). The backslope and toeslope
soils are much deeper than the ridgecrest soil (soil material
extending to 3+ meters at both sites) and show no distinct
groupings of δ15N values with depth (Figure 8). The backslope
soils tended to have slightly more enriched signatures than
the toeslope soils, particularly within the first meter of soil.
The most enriched δ15N values were immediately below the
surface soil in both the backslope (5.32h) and the toeslope
(4.15h) positions. The deepest soils in the toeslope have the
most depleted δ15N values (∼2.5h), suggesting little direct
rock N contribution.

DISCUSSION

We examined the flux of rock-derived N into their overlying
soils in a semi-arid, Mediterranean grassland ecosystem. We
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FIGURE 7 | Monte carlo simulation results. The gray probability distribution shows results from 10,000 estimates of the rock-N weathering flux based on 15N
constraints (Eq. 6), with parameters drawn randomly published ranges and values measured in this study (Methods see section “Mass-Balance-Based N Flux
Estimate”). Estimates of the rock-N weathering flux based on geochemical mass balance calculations are shown for comparison with vertical lines: magenta = Si;
yellow = K; purple = P. The empirical 95% confidence range of the 15N-based estimate spans from –1.1 to 44.2 kg ha−1 y−1, indicating that the range of possible
rock N fluxes consistent with soil N isotopes is large and encompasses zero.

hypothesized that our estimates for ridgecrest rock-derived
N flux would be low compared to fluxes estimated in
wetter climates and that this rock-derived N flux would
decrease downslope. We found a comparatively low rock-
derived N flux, 0.145 to 0.896 kg ha−1 yr−1 at the ridgecrest
as estimated by elemental proxies. Depth profiles of bulk
soil δ15N for downslope soils suggested little evidence for
the presence of rock-derived N within the soils farther
along the catena.

Ridgecrest Rock-Derived N Dynamics
Multiple lines of evidence indicate that there is a substantial
amount of N locked in the rock at our study site. The
ridgecrest pedon had isotopically distinct soil and bedrock
nitrogen pools, and geochemical analyses showed that there
was substantial amount of N well below the lower boundary
of soil in saprolite and unweathered rock (Figure 3). NH4

+

concentrations were high within the bedrock and declined in
the upper saprolite (100–175 cm) (Figure 4B). Together, these
facts suggest that the sedimentary bedrock harbors N, part of
which is held as exchangeable NH4

+ – likely predominantly
bound to clays with a secondary contribution from exchange sites
on organic molecules, given the relatively low organic carbon
concentrations in the rock (<0.5 wt. %). Because exchangeable
NH4

+ was only a small fraction of the total N pool in the
rock (∼2.5 ppm N versus ∼0.1 wt %; Figures 3B, 4B), the
bulk of the rock N must be bound in less available forms.
These could include a combination of organic N and more
tightly bound inorganic forms, given that organic C was present
throughout the rock but organic C to N ratios were low
(C:N < 4; Figure 3C). Tightly bound inorganic N might include
NH4

+ irreversibly fixed in phyllosilicate mineral interlayer spaces
(Holloway and Dahlgren, 2002; Skiba et al., 2018). Unlike
exchangeable NH4

+, this N would not be extractable with KCl,
and would also be less available to plants or soil organisms relative
to organic or exchangeable forms (Holloway and Dahlgren,
2002). If we assume that the lower limit of the (molar) C:N
ratio of fossil organic matter in the parent material is 6.5
(Reiners, 1986), this suggests that roughly 39% of the rock

N may exist as organic N, with the remainder comprised of
exchangeable and more tightly bound inorganic forms. Similarly,
NH4

+ was a dominant N species in a nitrogen-rich marine
shale bedrock studied in the Upper Colorado River Basin
(Wan et al., 2021).

The composition and depth-distribution of mineral N pools
at the ridgecrest suggested that rock N was being oxidized
at the soil-bedrock interface, although this evidence was not
conclusive. Specifically, NH4

+ concentrations declined in the
upper saprolite (100–175 cm) while NO3

− concentrations
increased (Figure 4A), which could reflect the role of microbial
nitrifiers in weathering N in the saprolite. Similarly, nitrification
in the subsurface zone of highest rock weathering was a
source of subsurface NO3

− in the Upper Colorado River Basin
(Wan et al., 2021). Alternatively, NO3

− concentrations at depth
in arid and semi-arid environments can result from NO3

−

leaching (Walvoord et al., 2003); however, subsurface pools of
NO3

− are typically accompanied by subsurface accumulation
of other mobile ions like chloride, which was not observed
in this soil (Figure 4C). Furthermore, δ18O-NO3

− values
show little sign of atmospheric influence on the NO3

− at
depth with values at 175 cm much depleted (<3h) relative
to the surface (8.54h; Supplementary Figure 2B). Our data
thus show little evidence of downward NO3

− mobilization,
leaving open the possibility that microbial nitrification is
responsible for oxidizing bedrock-derived N and generating
NO3

− in the saprolite.
We found that δ15N values in the soil were distinct from

the relatively enriched saprolite and bedrock δ15N values
(Figure 5). The relative homogeneity of the soil may be an
indicator of extensive mixing (Hobbie and Ouimette, 2009) –
and the profile showed significant evidence for bioturbation
by gophers (Figure 2 and Supplementary Table 1). The
depth of gopher bioturbation also corresponds closely with
the base of the soil (Figure 2 and Supplementary Table 1).
This clear separation between the soil and bedrock N
isotopic signatures gives us confidence in using soil δ15N
and rock soil δ15N to parametrize the isotope mixing
model (although atmospheric inputs were harder to
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FIGURE 8 | Total soil-d15N depth profile for (A) ridge, (B) backslope, and (C) toeslope soils. Circles and gray shaded area represent soil samples whereas triangles
and no shading represent saprolite and bedrock samples. Red lines indicate mean values of the soil and saprolite/rock d15N values from the ridgecrest soil.

constrain – see section “Ridgecrest Rock-Derived N Flux
Estimate” below).

Ridgecrest Rock-Derived N Flux
Estimate
We used Si, K, and P as proxies to calculate a rock-derived N flux
using geochemical mass balance. The suite of elemental proxies
used in this study behave differently than N – in particular,
N is subject to gaseous losses unlike P, K, and Si (Chapin
et al., 2011). Additionally, the high -TauP suggests P may be
preferentially lost through a pathway that we were unable to
identify. We speculate that removal of P in biomass due to
historical grazing may partly explain this pattern, although we
have no way to test this. Even given these caveats and the
wide range in -Taue values (0.085–0.524), the comparatively low

denudation rates for our study site limited our estimate of the
N weathering flux (0.145–0.896 kg ha−1 yr−1). This suggests
our flux estimate is not highly sensitive to choice of proxy
element used for mass balance, but instead the magnitude of total
denudation rate. Our low flux estimate, which was considerably
smaller than literature derived ranges for atmospheric deposition
and N fixation, indicates that rock N is a relatively minor N
source at our site.

We also used an N isotope mixing model to provide
an independent calculation of the rock-derived N flux. The
mixing model produced a wide range of flux estimates which
included negative fluxes, leading us to conclude that it was
not possible to constrain the rock N flux quantitatively
using the isotopic data available at our site. This large
uncertainty was likely due to the significant contribution of
atmospheric N deposition, which published estimates suggest
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was responsible for 7.1 kg N ha−1 yr−1 – far more than
the literature-derived N fixation rate of 0.9–3.1 kg ha−1 yr−1,
or our geochemical mass-balance-derived N fluxes of 0.145–
0.896 kg ha−1 yr−1. The variation in the atmospheric 15N
values (−5 to +5 h) means that uncertainty carried by this
input exerts much control over the outcome of the model.
We nonetheless suggest the isotope mixing model results
are informative given previous work demonstrating soil and
rock 15N values may be useful indicators of rock-derived
N (Morford et al., 2011). Here, we show isotope mixing
models might be used to constrain rock N fluxes in systems
where atmospheric inputs are relatively small but highlight
that model uncertainty increases as N inputs via atmospheric
N deposition and fixation increase. In systems with high N
inputs, on-site measurements of 15N atmospheric deposition
and fixation become critical for models to accurately predict
the contribution of rock-derived N, as these N inputs can
be highly variable in both space (Elliott et al., 2019) and
time (Li et al., 2019). Given the relatively high N input from
atmospheric deposition and fixation at our site, our study
mostly relies on the geochemical mass-balance-based estimates,
which suggest a small but non-zero contribution of rock N
to the ecosystem.

The range of fluxes produced by geochemical mass balance
in this study are lower than those from forested soils
derived from N-rich mica schist in Northern California
(Morford et al., 2011, 2016a) and the marine shale in the
Upper Colorado River Basin (Wan et al., 2021). Those
sites receive more than twice as much annual precipitation
as Sedgwick (∼1,000–1,500 mm, vs. 380 mm). Increased
precipitation can drive increased chemical weathering: the
studies in Northern California found chemical weathering
fractions for K, Na, and N (N was derived from a silicate-
N targeted extraction) between 22 and 48% across three
different sites. These weathering fractions are much higher
than the chemical weathering fractions for Si and K (9
and 10%, respectively), and only slightly lower than the P
weathering fraction (52%). Importantly, the sites in northern
California were also eroding at higher rates than our study
site: cosmogenic nuclide derived denudation rates were 0.20–
1.25 mm yr−1 compared to 0.155 mm yr−1. The rock-
derived N fluxes estimated for the Northern California pedon
studies are consequently higher: 1.6–10.7 kg ha−1 yr−1

(Morford et al., 2016a), and 3.0–10.9 kg ha−1 yr−1 (Morford
et al., 2011). Thus – despite an N-rich bedrock – our
study site has a relatively slow denudation rate and lower
chemical weathering, which limits the flux of rock-derived N
to the ecosystem.

We think that the flux estimates from our ridgecrest pit
are representative of the broader landscape for two reasons.
First, while rock N concentrations vary as a function of
grain size in sedimentary rocks (Morford et al., 2016b),
extensive soil sampling within Sedgwick Ranch in previous
work (Gessler et al., 2000; Prentice, 2013; Lin et al., 2016)
enabled us to carefully situate the soil pit at a site dominated
by a single, fine-grained facies of the Paso Robles formation
(Dibblee, 1966); hence we expect that N fluxes estimates

are representative of other soils derived from this fine-
grained rock. Second, denudation rates – which are a major
constraint on rock N flux estimates – were broadly similar in
multiple catchments across the region (Bingham, 2019). We
hence consider it likely that our low rates of rock-derived N
are representative for the local Santa Ynez Valley and that
atmospheric deposition and N fixation dominate N supply to the
soil in this area.

Changes in Rock-Derived N Flux Along a
Catena
We used geomorphic theory of soil production (Heimsath
et al., 1997; Yoo et al., 2009) and depth patterns of δ15N
to interpret downslope changes in the flux of rock-derived
N to the soil. We found varying δ15N patterns with depth
for the backslope and toeslope soils which we interpreted as
representative of surface inputs and biological cycling. With
increasing soil depths, the soil production rate decreases,
reducing the flux of rock-derived elements to the soil (Heimsath
et al., 1997; Yoo et al., 2009). The very low rock-derived N
flux rates at the ridgecrest (where soil depths are shallowest),
imply almost negligible rock-derived N fluxes in backslope
and toeslope positions where soil depths reach 3 to 4
m and are composed of colluvium derived from upslope
(Gessler et al., 2000; Gabet et al., 2005). Some δ15N values
were slightly enriched beyond the ridgecrest soil mean value
(>3.57h), but these values were in near-surface soils, far
from the source of bedrock N. Given the very low rock-
derived N fluxes at the ridgecrest and the proposed lower flux
downslope, biological cycling is the most likely explanation
for the enriched δ15N values observed in the backslope
and toeslope soils. At this study site, decomposition during
downslope transport is thought to account for the lower
concentrations of C and N in the backslope and toeslope
soils relative to upslope soils (Lin et al., 2016). While δ15N
values at the ridgecrest provide a clear distinction between
bedrock and soil, the depth patterns break down across the
hillslope where biological cycling during transport can obscure
isotope endmembers.

CONCLUSION

We examined N dynamics at pedon and hillslope scales
and estimated the first rock-derived N flux for a semi-
arid climate with sedimentary lithology. We found high
concentrations of N within the soil and the underlying
saprolite and unweathered bedrock. We also found evidence
suggesting conversion of bedrock derived NH4

+ to NO3
−

within the saprolite, a potential pathway for rock-derived
N introduction into the ecosystem. The rock-derived N
flux for the study site is between 0.145 and 0.896 kg ha−1

yr−1 as determined by geochemical mass balance proxies.
The rock-derived N flux is low due to slow denudation
rates and low chemical weathering set by the semi-arid
climate. Additionally, large contributions of N from wet
and dry atmospheric deposition dwarf contributions of
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rock-derived N within this study-site. Low rock-derived N
fluxes at the ridgecrest location led to very little rock-derived
N influence in downslope soils. Our results suggest that rock-
derived N likely plays a small and spatially variable role in
semi-arid and arid ecosystems with low denudation rates, even
when the bedrock is N-rich.
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