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Geochemical and tectonic uplift controls on rock
nitrogen inputs across terrestrial ecosystems
Scott L. Morford1, Benjamin Z. Houlton1, and Randy A. Dahlgren1

1Department of Land, Air and Water Resources, University of California, Davis, California, USA

Abstract Rock contains> 99% of Earth’s reactive nitrogen (N), but questions remain over the direct
importance of rock N weathering inputs to terrestrial biogeochemical cycling. Here we investigate the factors
that regulate rock N abundance and develop a new model for quantifying rock N mobilization fluxes across
desert to temperate rainforest ecosystems in California, USA. We analyzed the N content of 968 rock samples
from 531 locations and compiled 178 cosmogenically derived denudation estimates from across the region to
identify landscapes and ecosystems where rocks account for a significant fraction of terrestrial N inputs.
Strong coherence between rock N content and geophysical factors, such as protolith, (i.e. parent rock), grain
size, and thermal history, are observed. A spatial model that combines rock geochemistry with lithology and
topography demonstrates that average rock N reservoirs range from 0.18 to 1.2 kgNm�3 (80 to 534mgNkg�1)
across the nine geomorphic provinces of California and estimates a rock N denudation flux of 20–92Ggyr�1

across the entire study area (natural atmospheric inputs ~ 140Ggyr�1). The model highlights regional
differences in rock N mobilization and points to the Coast Ranges, Transverse Ranges, and the Klamath
Mountains as regions where rock N could contribute meaningfully to ecosystem N cycling. Contrasting these
data to global compilations suggests that our findings are broadly applicable beyond California and that the N
abundance and variability in rock are well constrained across most of the Earth system.

1. Introduction

Quantifying the magnitude and pattern of terrestrial nitrogen (N) inputs is crucial for predicting future carbon (C)
uptake and storage in the terrestrial biosphere [Hungate et al., 2003]. Past studies of N input fluxes in land ecosys-
tems and their importance in regulating ecosystem structure and functioning have focused on primarily atmo-
spheric sources of N [Cleveland et al., 2013; Vitousek and Howarth, 1991; Wang and Houlton, 2009]. Crustal rock
could contribute additional amounts of N to key ecosystempools, however, given thewidespread nature of N-rich
parent materials and the massive size of this N reservoir in the Earth system (supporting information Table S1).
Indeed, early biogeochemical studies pointed to the potential importance of bedrock N in global N budgets
[Hutchinson, 1944; Rayleigh, 1939] and a number of recent studies have supported the idea that rocks are an over-
looked source of N to terrestrial and aquatic ecosystems [Cornwell and Stone, 1968; Dixon et al., 2012; Hendry et al.,
1984; Holloway et al., 1998;Montross et al., 2013;Morford et al., 2011; Strathouse et al., 1980]. However, incomplete
knowledge of controls on the chemistry, denudation, and chemical weathering of rock N sources across terrestrial
landscapes has limited our understanding of this N input pathway [e.g., Ciais et al., 2013; Houlton and Morford,
2015]. Here we investigate rock N concentrations in combination with denudation rates across diverse spatial
and geomorphic domains to better constrain the abundance of N reservoirs found in bedrock and the conditions
under which rock N exhumation and denudation account for a significant fraction of ecosystem N balances.

Several factors could contribute to variations in rock N contents, thus affecting the magnitude of rock N
weathering inputs to the terrestrial biosphere. Of particular importance is the initial N composition of rock
materials and the lithification environment. Sedimentary, metasedimentary, and some hydrothermally
altered rocks, for example, are derived from the burial of organic matter (OM) in marine, lacustrine, and fluvial
sediments where diagenesis and subsequent metamorphism preserve N in organic and mineral forms [Boyd,
2001]. Nitrogen from the mantle is also incorporated into some igneous rocks, such as basalt [Marty, 1995]
but at lower concentrations than are typically found in rocks of sedimentary origin [Holloway and
Dahlgren, 2002]. These differences between the origin of rocks and their histories give rise to several orders
of magnitude variation in the N content of parent materials that underlie terrestrial ecosystems.

Further, the N content of sedimentary and metasedimentary rocks is intimately coupled to the lithification of
organic C in sediments [Hedges and Keil, 1995;Muller, 1977] and varies as a function of the burial efficiency of
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organic matter in sediments, as well as the thermal environment during diagenesis andmetamorphism. Fine-
grained siliciclastic sedimentary rocks such as shale and mudstone typically have higher N concentrations
than their coarse-grained counterparts (e.g., sandstones and conglomerate) due to the protection of OM
on minerals with highly reactive surface areas [Kennedy et al., 2002]. These general trends are further modu-
lated by oxygen dynamics of the sediments during burial, as oxidative degradation of OM is attenuated in
anoxic basins and at continental margins where sediment accumulation is rapid [Hartnett et al., 1998].

After burial, the thermal environment and mineralogy of the sediments play an additional role in controlling
the retention and form of N in rock. Sedimentary and metasedimentary rocks contain both organic and
mineral forms of N [Miller, 1903; Stevenson, 1959], but progressive heating during burial diagenesis and
metamorphism results in thermal mineralization of organic N to ammonium (NH4

+) [Boudou et al., 2008].
The mineral N can be incorporated into silicate minerals or lost from the rock via hydrothermal fluid flow
or volatilization reactions [Bebout and Fogel, 1992]. The total N content of the source rock may decline during
progressive heating as a function of the abundance of compatible minerals (e.g., micas and feldspars) result-
ing in high-grade metamorphic rocks generally containing substantially less N than the sediments from
which they were derived.

In addition to controls on rock N chemistry, tectonics and climate interactively control the rate of rock exhu-
mation and chemical weathering across the terrestrial surface [Gaillardet et al., 1999; Kump et al., 2000;
Stallard and Edmond, 1983]. Denudation rates in particular are strongly correlated with chemical fluxes from
regolith and soil [Riebe et al., 2004], suggesting that rock Nmobilization and weathering fluxes will be highest
among moderate to rapidly denuding landscapes. Chemical weathering rates likely differ between organic
and silicate mineral N reservoirs in rocks [Bolton et al., 2006; Petsch et al., 2000], as the former is more suscep-
tible to rapid oxidative weathering and may not be as sensitive to kinetic limitation of acid hydrolysis reac-
tions, particularly among highly erosive landscapes [Calmels et al., 2007; Hilton et al., 2014; West et al.,
2005]. Together, these factors suggest that spatial patterns of rock N mobilization in terrestrial ecosystems
are governed interactively by geochemistry and tectonics, and the fraction of rock N that is chemically weath-
ered is further constrained by climate and the composition of the N reservoir (i.e., organic versus silicate N).

We evaluated trends of N concentration across different rock types from a large and diverse geographic area
and investigated how interactions on rock geochemistry, lithology, and tectonics regulate the rock N
denudation flux. Importantly, our analysis does not directly consider the influence of climate and hydrologic
factors on rock N denudation and weathering. These factors, particularly through controlling runoff and
stream power, play an important role in regulating mass fluxes from bedrock at basin scales [Howard et al.,
1994; Kump et al., 2000; Maher and Chamberlain, 2014] but are difficult to integrate into predictive models
over large spatial domains. Rather, our analysis emphasizes the role of topographic relief in regulating the
N denduation flux, which is strongly correlated with denudation rates across the terrestrial system
[Montgomery and Brandon, 2002; Portenga and Bierman, 2011; Summerfield and Hulton, 1994].

Our analysis addresses two related hypotheses. First, rock N reservoirs are coherent across landscapes and can be
estimated with some knowledge of rock types and geologic histories. Second, patterns of N denudation across
landscapes reflect the combined influence of tectonics and lithology N concentration, rather than N concentra-
tion alone. To test our hypotheses, we examined rock N content in combination with denudation using a spatial
framework. Our approach combined N lithology and denudation models to estimate the rock N flux across dif-
fering geomorphic regions and ecosystem types. We parameterized the N lithology model using 968 rock sam-
ples collected across California, and N denudation rates were modeled using 178 catchment scale 10Be
measurements compiled from California watersheds. Our combined model is the first to estimate a large-scale
rock N flux—and places an upper bound constraint on the rock N chemical flux to ecosystems of California.

2. Methods
2.1. Sample Collection and Preparation

We sampled 968 different rocks from 531 locations across the Pacific Coast of the U.S. (i.e., southern Oregon
to southern California, Figure 7). Regional geologic maps (1:250000 scale) from the California Geological
Survey were used to identify time stratigraphic units, and a stratified sampling regime was used to maximize
collection of sedimentary and metasedimentary lithologies across a lithology-by-age matrix. Minimally
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weathered bedrock was sampled from fresh road cuts or intact outcrops. At locations where multiple rock
units were observable, we collected up to three independent samples to characterize the variability among
lithologies. Rock samples were sorted into one of six lithological categories based on field and laboratory
determination of rock type, protolith, andmetamorphic grade (Table 1). In cases where classification of meta-
morphic rocks was not achievable using hand samples or field geologic data, samples were identified using
geochemical data and/or thin-section microscopy.

2.2. Rock Analysis

In the laboratory, any rock weathering rind was removed using a lapidary slab saw. Unweathered subsamples
were treated with 5% hydrogen peroxide for 24 h at room temperature (22 ± 1°C) to remove surficial organic
contaminants and then heated to 100°C to decompose the hydrogen peroxide. Samples were dried and
crushed with a hydraulic press to particle sizes< 10mm in diameter. Next, samples were washed with deio-
nized water and dried at 110°C for 48 h. A 60 g subsample was pulverized using a hardened-steel shatter box
to pass a standard U.S. 200mesh (74μm) sieve.

Rock pretreatment procedures were compared to a potassium hypobromite (KOBr) digestion procedure
[Silva and Bremner, 1966] to determine if oxidation, washing, and grinding resulted in rock N loss prior to

Table 1. Rock Nitrogen Concentration in the 968 Samples Analyzed in This Studya

Total Nitrogen (mg kg�1) Probability Distribution

Q0 Q10 Q25 Q50 Q75 Q90 Q100 n Skewness Kurtosis (β2)

Fine-grained siliciclasticb <20 278 453 698 907 1242 7154 537 3.95 26.25
Coarse-grained siliciclasticc 57 144 202 271 376 523 3680 217 5.84 44.95
Carbonatesd 45 134 156 307 461 1128 1910 53 1.82 5.86
Siliceouse 53 75 111 157 201 287 1792 24 3.11 13.16
Igneousf <20 <20 55 80 130 183 280 94 0.97 3.67
High-grade metamorphicg 41 81 99 148 232 305 35390 40 3.58 18.34

aPercentile data are presented to illustrate the range of values observed across different rock types: lowest (0th percentile—Q0) to highest values (100th per-
centile—Q100); Q50 corresponds to median value.

bFine-grained siliciclastic rocks and their low-grade metamorphic counterparts including argillite, mudstones, siltstone, shale, slate, phyllite, and mica schist.
cCoarse-grained siliciclastic rocks and their low-grade metamorphic counterparts including sandstone, conglomerate, greywacke, and quartzite.
dCarbonates and metacarbonates: limestone, dolomite, and marble.
eSilicic rocks: chert and metachert.
fIgneous rocks: granite, diorite, gabbro, rhyolite, andesite, and basalt.
gHigh-grade metamorphic rocks (distinguished from low-grade metamorphic rocks by lack of chlorite minerals): gneiss, amphibolite, upper greenschist

facies (no chlorite), hornfels, granulites, and hydrothermally altered igneous rocks. The distinction between high-grade and low-grade metamorphisms is
based upon the recognition that N devolatilizes from rocks at temperatures above ~450°, corresponding with dehydration of mica and chlorite minerals
[Bebout and Fogel, 1992].

Figure 1. Model fit for denudation data using quantile regression model (equation (1)). Solid line represents the median
model estimate (τ = 0.5) and shaded area bound the 25th to 75th quantiles (τ = 0.25–0.75). Dashed lines represent the
95% prediction interval (τ = 0.025–0.975). Pseudo R2 of the median model (τ = 0.5) using methodology from Koenker and
Machado [1999].
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analysis. The KOBr removes modern organic N and
exchangeable N from mineral samples but does
not remove rock-derived N (mineral and organic).
We found less than a 6% difference in rock N values
between samples treated by our rock pretreatment
procedures and the KOBr digestion for rocks host-
ing both mineral and organic N reservoirs (support-
ing information Table S2), suggesting that the two
methods provide similar results when preparing
samples. Our method was not quantitative for vesi-
cle N gas that can be found in some volcanic rocks
and glasses; however, these rock N reservoirs do
not contribute substantially to rock N abundance
on a mass basis [Javoy and Pineau, 1991].
Additionally, our method was not quantitative for
nitrate and ammonium salts that may have accu-
mulated in rock samples due to long-term atmo-
spheric N deposition.

We used an Elementar Vario EL cube elemental
analyzer with a combustion temperature of 1800°C
(1050°C oven temperature) to quantify total N and
C and a PDZ Europa 20-20 isotope ratio mass
spectrometer (Sercon Ltd., Cheshire, UK) to quantify
13C/12C. The detection limit for our samples was
20μgN and 100μg C (100mg sample size);
rock replicates (n=135) had an average relative
standard deviation (RSD) for N of 11.2% for
rocks <200mgNkg�1 and 3.2% for rocks
>200mgNkg�1. The RSD for total C was 2.4%, and
the 13C/12C standard deviation was <0.2‰.
Measurements (n=33) of the B2152 sediment
standard (Elemental MicroAnalysis, Devon U.K.)
averaged 1071±17mgNkg�1 (accepted=1020
±100mgNkg�1) and 1.27±0.02% C (accepted=1.27
±0.1% C). We assume that total C equals organic C
where sample 13C/12C<�20‰ [Hoefs, 2009]. Total
aluminum (Al) and potassium (K) were determined
on a subset of samples by inductively coupled
plasma optical emission spectrometry (ICP-OES) fol-
lowing lithium metaborate fusion (AcmeLabs,
Vancouver, BC) with RSDs< 2%. ICP-OES data qual-
ity was assessed by analysis of blind standards (U.S.
Geological Survey BCR-2 (Basalt, Columbia River))
and sample duplicates (supporting information

Figure 2. Total nitrogen concentration across all 968 geo-
logic samples. Samples are separated into six categories
based upon protolith and postdepositional processes. A
kernel density function and boxplot are presented for each
group to characterize the distribution of values. The data
show substantial N enrichment in fine-grained siliciclastic
rocks. Rock N reservoirs on a mass:volume ratio presented
in supporting information Figure S1.
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Table S3). Of the 22 BCR-2 standard comparisons, 21 were within 1 standard deviation of the accepted value,
with an average relative percent difference (RPD) of 1.3% (range: 0.0–5.8%) between accepted and measured
values. Across all duplicates, the average specific RPD was 1.2% (range: 0.0–5.8%).

Statistical comparisons among rock types and rock ages were performed pairwise using the nonparametric
Mann–Whitney U test in R [R Core Team, 2014]. A total of 26 pairwise comparisons were performed.

2.3. Lithology Model

We modeled the spatial distribution of surficial rock N reservoirs (representing the upper ~5m of bedrock)
across California using geochemistry and lithology data from our sample set, sample age estimates extracted
from 1:250,000 regional geology maps, map units derived at a 1:750,000 scale [Ludington et al., 2005], and
rock density data derived from the literature (supporting information Table S4). First, we developed a
lithology-by-age model from our data by applying a slice-wise aggregation algorithm [Beaudette et al.,
2013] to estimate median and quantile values for each lithology group as a function of geologic age. Next,
we applied these median rock N concentrations to mapping units based on bedrock age and lithology type.
In cases where multiple lithologies were identified within a given grid cell (i.e., shale + sandstone), we
assumed that each identified rock type contributed an equal fraction. This approach is conservative in
terms of estimating rock N concentrations; fine-grained sediments are typically dominant across siliciclastic
map units in North America [Suchet et al., 2003] and are enriched in N relative to their coarse-grained counter-
parts (see results). Franciscan mélange (mixed heterogeneous lithologies derived from subduction zones)
map units were assigned rock N values of 456mg kg�1, corresponding to the median rock N value
(range= 45–1230mg kg�1) of the 68 samples taken within those map units. To estimate rock N concentra-
tions of quaternary alluvium mapping units, we performed watershed segmentation and identified the con-
tributing area of sediment from upland positions. Mean area-weighted rock N concentrations were then
calculated for the upland component of each watershed basin and applied to the alluvial map unit. This
segmentation approach does not consider weathering of rock N reservoirs prior to redeposition in unconso-
lidated alluvial sediments and thus may overestimate N contents within these environments, particularly

Figure 3. Nitrogen concentration as a function of rock type and geologic age. Colored regions span 25th–75th percentile
and dashed lines bound the 95% confidence interval; note that the x axis differs for each column.
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where lowland sediments are fed by upland environments with a high degree of chemical weathering.
Finally, we multiplied rock N concentrations by corresponding rock density data (supporting information
Table S4) within each mapping unit, with density estimates ranging from 2000 kgm�3 for alluvium to
2950 kgm�3 for basalt; density of mélange units was estimated to be 2400 kgm�3.

2.4. Denudation Model

We utilized long-term, catchment-scale 10Be cosmogenic radionuclide measurements in California water-
sheds (n= 178) to estimate landscape denudation rates [Balco et al., 2013; Gudmundsdottir et al., 2013;
Portenga and Bierman, 2011]. We regressed denudation rates against mean local relief derived from 30m
Shuttle Radar Topography Mission topography [U.S. Geological Survey, 2004], as denudation is correlated with
topographic relief and slope at large spatial scales [Montgomery and Brandon, 2002; Portenga and Bierman,
2011]. Local relief was calculated as the difference between maximum and minimum elevation within a
radius of 5 km at each grid cell (Albers Equal Area Conic projection) using the r.neighbors function in a geo-
graphic information system (GIS) [GRASS Development Team, 2012]. We used a nonparametric quantile
regression model [Koenker, 2013] to evaluate the dependency of denudation on topographic relief in R [R
Core Team, 2014]. The functional form of our denudation model reflects the exponential relationship
between denudation and topography [Montgomery and Brandon, 2002; Willenbring et al., 2013]:

QD τ reliefj Þ ¼ β0 τð Þ þ βrelief τð Þexp reliefð Þð (1)

where denudation (QD, units: length time�1) increases exponentially with relief (Figure 1). Denudation rates
were calculated at the 0th, 2.5th, 10th, 25th, 50th, 75th, 90th, and 97.5th quantiles (τ) to provide a probability

Figure 4. (a, c, and e) Total nitrogen versus organic carbon and (b, d, and f) total nitrogen versus aluminum for fine- and
coarse-grained siliciclastic rock samples. Metasedimentary rocks have been separated from their sedimentary counter-
parts to illustrate differences in rock N reservoirs as a function of postdepositional processing. The regression derived in
Figure 4f is plotted in Figure 4b (dashed line). To remove the potential influence of carbonates, only samples with bulk
δ13C<�20‰ were used in the model.
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distribution rather than a single, mean-field estimate. Nitrogen denudation (DN, τ, units: mass area�1 time�1)
rates were then calculated at each grid cell using N concentration data from our model [N]rock:

DN;τ ¼ QD;τ �ρ� N½ �rock�A (2)

where A is grid cell area and ρ is rock density. Denudation rates were evaluated among nine geomorphic pro-
vinces [California Geological Survey, 2002] in California to investigate how dominant landforms and rock types
contributed to rock N input fluxes. To simplify our analysis, the Modoc plateau was joined with the Cascades,
and the Colorado Desert was joined with the Mojave Desert. The gridded data were segmented in GIS and
then analyzed in R to compute quantiles, interquartile range, and empirical cumulative distribution functions
of the segmented regions.

Application of CRN derived denudation rates to predict the rock N denudation flux has limitations. CRN denu-
dation measurements are biased toward coarse-grained lithologies, such as felsic igneous rocks and sand-
stones, and may not accurately represent denudation rates among fine-grained sedimentary rocks due to

Figure 5. Carbon:nitrogen ratio (mol:mol) of fine-grained siliciclastic (solid line) and coarse-grained siliciclastic (dashed
line) sedimentary rocks. Calcareous siliciclastic rocks excluded from compilation.

Figure 6. Cumulative probability for rock nitrogen content across (left) landscape position, (middle) ecosystem type, and
(right) geomorphic province from our lithology model. Map of geomorphic provinces provided in Figure 10.
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their lack of recoverable quartz. Additionally, our model does not incorporate factors such as rock strength,
land sliding, and land use change that can contribute to higher short-term denudation rates than the
long-term CRN denudation values would suggest. We address these limitations in our discussion below.

3. Results
3.1. Nitrogen Reservoirs and Geochemistry

Our analysis of total N showed that among the six rock categories, four significantly different (p< 0.005, nonpara-
metric pairwise comparisons) rock groups emerged: fine-grained siliciclastic rocks> coarse-grained siliciclastic
and carbonate rocks> siliceous and high-grade metamorphic> igneous. The median total N content of all rocks

Figure 7. Rock nitrogen reservoirs and mobilization. (a) Sampling locations and measured rock N. Point data reflect the
highest N concentration observed at a particular sampling site when multiple samples were taken. (b) Dominant geolo-
gic units. (c) Modeled median N reservoirs in rock. (d) Modeled median N denudation flux illustrating the mobilization
potential for rock N across the study area.
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sampled was 426mgkg�1 (n=968)
with coherent variation both among
and within rock types. Fine-grained
siliciclastic rocks had the highest
median N content (698mgkg�1),
while igneous rocks contained the
lowest (80mgNkg�1, Figure 2 and
Table 1). Coarse-grained siliciclastic
rocks and carbonate rocks contained
intermediate N concentrations
(median N of 271 and 307mgkg�1,
respectively), while siliceous
(157mgkg�1) and high-grademeta-
morphic rocks (148mgkg�1) con-
tained substantially less N.
Distributions for all groups exhibited
nonnormal, positive skew, with the
exception of igneous rocks.

Nitrogen content also varied by
geologic age for sedimentary
lithologies; younger rocks con-
tained more N than older rocks
(Figure 3). Median N concentra-
tions were higher in Cenozoic
fine-grained siliciclastic rocks
(972mg kg�1, n=134) versus

Mesozoic (648mg kg�1, n = 316, p< 0.001) and Paleozoic (422mg kg�1, n= 68, p< 0.001) counterparts.
Median N content of Cenozoic carbonate rocks (median = 488mg kg�1, n= 32) was found to be more than
double its older Mesozoic (226mgkg�1, n=21, p=0.04) and Paleozoic (221mgkg�1, n=8, p=0.02) counterparts.
Median N values for Cenozoic siliceous rocks (656mgkg�1, n=5) exceeded older rocks bymore than a factor of 3
(Mesozoic: 136mgkg�1, n=19, p=0.006; Paleozoic: 149mgkg�1, n=4, p=0.02). In coarse-grained siliciclastic
rocks, Cenozoic (271mgkg�1, n=95) and Mesozoic (258mgkg�1, n=120, p=0.03) rocks have similar median
N concentrations but were higher than Paleozoic rocks (171mgkg�1, n=20, p< 0.001). In contrast, igneous rocks
contained similar N concentrations across all age classes (median: 75–83mgkg�1, n=93, p> 0.73). High-grade
metamorphic rocks showed similar median N concentrations between Mesozoic (171mgkg�1, n=19) and
Paleozoic eras (148mgkg�1, n=20, p=0.52), but Cretaceous rocks contained more N on average (median=259,
n=10, p=0.02) than other Mesozoic rocks. However, differences in N content among high-grade metamorphic
rocks may be driven in part by differences in protolith (i.e., parent rock), which were not assessed.

The N content of siliciclastic rocks was positively correlated with C and Al in sedimentary and metasedimen-
tary classes, respectively (Figure 4). Total (organic) C explained roughly half of the variation in the N content of
coarse-grained (R2 = 0.485) and fine-grained (R2 = 0.484) sedimentary siliciclastic rocks. However, in metasedi-
ments the correlation with C was much weaker (R2 = 0.121) and N was more strongly correlated with Al con-
tent (R2 = 0.497). No significant relationship between Al and N was found in coarse-grained (R2 = 0.024) or
fine-grained (R2< 0.001) siliciclastic sedimentary samples. Median C:N ratios (molar) for coarse- and fine-
grained siliciclastic sedimentary rocks were 2.9 and 8.1, respectively (Figure 5).

3.2. Nitrogen Lithology Model

The median surficial N concentration across all of California was estimated to be 159mgNkg�1
, but estimates

varied substantially among geomorphic provinces as a function of differing rock types and ages (median range:
80–534mgNkg�1, supporting information Table S5). The highest median lithology N concentration is found in
the sedimentary rock dominated Coast Ranges (534mgNkg�1), while igneous provinces of the Sierra Nevada,
Cascades, and Peninsular Ranges had the lowest median lithology N concentrations (80mgNkg�1).

Figure 8. Rock nitrogen denudation estimates by geomorphic province.
Estimates span the 25th–75th quantiles in our denudation regression
model. Gray boxes include total area, while white boxes include only upland
(nonalluvial) landscapes. Estimates of natural atmospheric N inputs (biolo-
gical fixation + deposition) presented as red diamonds for comparison. Map
of geomorphic provinces provided in Figure 10.
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Accounting for differences in rock density among lithologies, themodel estimated amedian surficial rock N reser-
voir of 0.33 kgNm�3 across the entire state. Median estimates for alluvial and upland positions were similar (0.32
and 0.34 kgNm�3, respectively), but upland positions showed a higher right skew (Figure 6). Rock N reservoirs
varied substantially among geomorphic provinces (Figure 7c), with the Coast Ranges (1.2 kgNm�3) hosting the
largest reservoirs and the Cascades and Sierra Nevada hosting the lowest (0.18 and 0.21 kgNm�3, respectively).

3.3. Nitrogen Denudation Model

Nitrogen denudation simulations for California ecosystems predict a mobilization flux of 20–92GgNyr�1 statewide
(25th–75th percentile estimate, median=40Ggyr�1). Denudation from alluvial systems accounted for 13% of the
total N flux; considering only upland landscape positions developing on bedrock, our estimates ranged from 17
to 80GgNyr�1 (median=35GgNyr�1). We observed substantial differences in N denudation rates among geo-
morphic provinces owing primarily to differences in dominant lithology and landscape relief (Figure 8). In our
model, 32% of the land area accounted for half of the total N denudation flux, but the majority of the total N denu-
dation flux was derived from landscapes with moderate mean local relief (500–1500mkm�1, Figure 9). Forested
landscapes account for 50% of the N denudation flux in the model, but only occupy 35% of the total land area.

The Coast Ranges accounted for 53% of the total N denudation flux across the study area, with a median N
denudation rate of 3.2 kg ha�1 yr�1 (Figure 10). Considering the N denudation flux on an area-averaged basis,
large denudation fluxes were observed among geomorphic provinces with moderate-to-high relief in com-
bination with abundant sedimentary and metasedimentary lithologies (Coast Ranges, Transverse Ranges,
and Klamath Mountains). Median N denudation fluxes in these provinces were more than double the flux
estimated in provinces dominated by low-relief terrains (irrespective of rock N content) or provinces that
have low rock N concentrations and moderate-to-high relief (Figure 10).

Figure 9. Modeled nitrogen denudation rates across our study area. (a) Empirical distribution function for median nitrogen
denudation flux (red) and contributing area (blue). (b) Modeled total nitrogen denudation as a function of landscape relief.
Shaded area represents 25th and 75th prediction interval; dashed lines encompass the 95% prediction interval. (c) 95%
prediction interval for nitrogen denudation as a function of rock nitrogen concentration and landscape relief. (d) Area-
averaged nitrogen denudation flux as a function of landscape relief. Shaded area represents 25th and 75th prediction
interval; dashed lines encompass the 95% prediction interval.
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4. Discussion
4.1. Geophysical Controls on Rock Nitrogen Content

Our analysis reveals widespread distribution of N-rich rocks in many different kinds of terrestrial ecosystems
and confirms our first hypothesis that rock N reservoirs are spatially coherent across different rock types.
Specifically, > 35% of our 531 sampling sites had one or more rock samples that exceeded 500mgNkg�1,
and of the sampling sites that had fine-grained siliciclastic rocks, 64% had one or more rock samples that
exceeded 500mgN kg�1. These data suggest that soils developing from sedimentary parent materials con-
tain substantial amounts of native, reactive N that could be chemically weathered similar to other rock-
derived nutrients, such as phosphorus and calcium.

We also found important differences in N content within rock categories as a function of geologic age, support-
ing our hypothesis that geologic histories have important leverage on rock N concentrations. These differences
are likely not directly attributable to the age of the rock but rather differences in depositional or postdeposi-
tional processes that control the accumulation and devolatilization of N from sediments during diagenesis
and metamorphism. The differences in total N concentrations for sedimentary rocks of Mesozoic versus
Cenozoic age in the Coast Ranges of California may reflect differences in thermal histories. Nitrogen is progres-
sively mobilized (lost) from sediments during prograde diagenesis andmetamorphism [Bebout and Fogel, 1992;
Bebout et al., 1999;Williams et al., 1992], so it is not surprising that Coast Range Mesozoic sediments maturing in
a subduction zonewith temperatures exceeding 300°C are depleted in N relative to Cenozoic sedimentary rocks
that have only undergone burial diagenesis (50–150°C) [Compton et al., 1992; Sadofsky and Bebout, 2003].

Knowledge of the thermal alteration of sedimentary and metasedimentary rocks can be useful when assessing
potential N enrichment of rocks with differing geologic histories. Thermal mineralization of organic N is initiated
at temperatures of 80–140°C, corresponding with hydrocarbon mobilization [Williams et al., 1992]. While not all
N is released from organic reservoirs at these temperatures [Boudou et al., 2008], substantial amounts of N are
freed as NH4

+ which can be fixed in silicate minerals or mobilized in pore fluids. Nitrogen is relatively stable
in silicate minerals at low to moderate metamorphic temperatures where it behaves like large ion lithophiles
(e.g., K+, Rb+, and Cs+) [Busigny et al., 2003] but is progressively lost from rock at temperatures> 300–500°C
[Bebout and Fogel, 1992; Pitcairn et al., 2005; Williams and Ferrell, 1991]. Temperature alteration of rock can be
inferred from mineralogy and vitrinite reflectance, and N devolatilization from silicates is generally correlated
with the dehydration (loss) of chlorite and/or muscovite in metasedimentary rocks.

Figure 10. Boxplots showing modeled nitrogen denudation flux as function of geomorphic province. Flux estimates from
upland areas only. Locations of the geomorphic provinces provided in the inset.
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Conceptually, this thermal framework suggests that sedimentary and metasedimentary siliciclastic rocks can be
roughly segmented into three groups based upon the stability of N in organic and silicate reservoirs under differ-
ing temperature regimes. First, rock N concentrations are greatest in organic-rich rocks that have experienced
shallow burial diagenesis (<80°C). Nitrogen concentrations in these rocks can exceed 2000mgNkg�1, with N pri-
marily associated with C in organic matter. Second, sedimentary rocks from greater burial depths (T> 80°C) and
low-grade metasedimentary rocks contain N reservoirs< 2000mgkg�1, with N increasingly found as NH4

+ in
minerals as recalcitrant organic N pools are thermally decomposed under prograde diagenesis/metamorphism
[Boudou et al., 2008; Busigny and Bebout, 2013]. Finally, at metamorphic temperatures>~450°C, N reservoirs in
rock are reduced further as NH4

+ stabilized in hydrous minerals (e.g., mica) is largely devolatilized. Some N is
retained during moderate temperature metamorphism in high-temperature micas and feldspars, but the maxi-
mum N concentration in these rocks is typically< 400mgkg�1 [Bebout and Fogel, 1992; Bebout et al., 1999].

4.2. Organic and Aluminosilicate N Reservoirs in Siliciclastic Rocks

The partitioning of N between organic and mineral forms in rock is important, because these reservoirs likely
undergo different rates of chemical weathering. Rocks enriched in organic matter are more susceptible to
rapid oxidative weathering processes versus those with low organic contents. Our geochemical data suggest
that both organic andmineral N are present in siliciclastic sedimentary rocks. We observe a strong correlation
between C and N abundance in these rocks, suggesting that much of the N is associated with sedimentary
organic matter, particularly among rocks with high N content (Figure 4). However, two lines of evidence sug-
gest that mineral N forms are also an important component of these reservoirs.

First, for fine- and coarse-grained siliciclastic rocks, the regression models between C and N had highly sig-
nificant (p< 0.001) nonzero intercepts (482 and 220mgN kg�1, respectively) suggesting that these rocks
contain N even in the absence of C. Further, a subset of fine-grained siliciclastic rocks did show a clustering
around the Al:N regression line derived for metasedimentary rocks (Figure 4b, dashed line), suggesting that
both organic and mineral N reservoirs are present in fine-grained sedimentary rocks and that aluminosilicate
abundance plays a subordinate control on N retention in rocks of low-to-moderate N contents. These results
are consistent with data from petroleum basins that suggest that inorganic N comprises between 30 and 70%
of the total rock N reservoir [Compton et al., 1992; Jurisch et al., 2012; Williams and Ferrell, 1991].

Our data reveal strong correlations between rock N concentrations and Al in low-grademetasedimentary rocks,
reflecting the mobilization of C from rock and fixation of N in aluminosilicate minerals at temperatures> 80°C.
This finding builds on previous work demonstrating a link between N and potassium (K) in marine sediments
[Muller, 1977] and in high-pressure metasedimentary rocks from subduction zones [Bebout and Fogel, 1992;
Busigny et al., 2003]. However, the relationship between N and K in metasedimentary rocks was significant
thoughmore variable when analyzed across all samples (R2 = 0.23, p< 0.001, not shown) andwhen considering
only high-pressure mica schist (R2 = 0.325, p< 0.001, not shown). Such weaker correlation coefficients has been
attributed to preferential N devolatilization (versus K) [Busigny and Bebout, 2013] at higher temperature regimes
but may also reflect accumulation of detrital K-feldspars in the sediments [Boyd, 2001] or the presence of N in
condensed organic phases protected by mineral association [Boudou et al., 2008].

4.3. Spatial Distribution of Rock N Reservoirs

Differences in rock type and postdepositional processing give rise to substantial variation in rockN reservoirs at both
local and regional scales. Segmenting our data by geomorphic province reveals substantial variation in the size of
regional-scale N reservoirs (Figure 6), including numerous “hot regions” where median rock N contents exceed
2kgNm�3 (Figure 7c). These findings support the idea that N-rich rocks are widespread, with rock type abundance
and geophysical constraints (i.e., depositional and thermal histories) serving as useful proxies for rock N contents.

Our model also points substantial N reservoirs in ecosystems dominated by both herbaceous and woody
vegetation. Regionally, the distribution of rock N reservoirs was primarily associated with the distribution
of dominant rock types (Figure 6). Median rock N reservoir estimates did not vary substantially between
upland and alluvial landscapes, but upland ecosystems had a higher potential for large rock N reservoirs
due to differences in density between alluvium versus the in situ bedrock. Desert in California hosted lower
rock N reservoirs compared to grasslands and forests, primarily owing to the igneous lithologies and alluvial
deposition regimes that dominated arid lands. More than a quarter of all forests and grasslands in the state
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had rock N reservoirs in excess of 1 kgNm�3, as these ecosystems were generally underlain by sedimentary
lithologies of the California Coast Ranges.

At local scales, rock N reservoirs may be more variable than our model suggests, particularly in sites developing on
sedimentary lithologies where depositional strata can vary at centimeter to meter scales. Among sampling sites
where we observed multiple strata (n=119, 22% of sampling sites), we analyzed three or more rock samples and
found that themedian range of observedN concentrations was 353mgkg�1, which could alter our rock N reservoir
estimates by ~1kgNm�3. These findings suggest that assumptions of substrate homogeneitymust be appliedwith
cautionwhenworking at scales<~1mand that knowledge and sampling of the sedimentary stratigraphy is neces-
sary to quantify rock N reservoirs, and their contribution to soil N pools at the scale of individual ecosystem stands.

4.4. Rock Nitrogen Denudation

Consistent with hypothesis two, tectonics and rock geochemistry more strongly regulated rock N denudation
fluxes than lithology alone in our analysis. Nitrogen denudation rates were highest in regions with moderate-
to-high relief (>500mkm�1) and rock N concentrations> 500mg kg�1, and low among regions with low
relief, irrespective of rock N content. At moderate-to-long time scales, the mobilization of N from rock sources
to the terrestrial biosphere is controlled by interactions between rock N concentration and the rate of rock
exhumation (i.e., physical plus chemical weathering). While the N denudation rate likely exceeds the rate
of chemical N weathering in some ecosystems, chemical fluxes of elements generally scale with denudation
fluxes [Riebe et al., 2004]. Therefore, N denundation rates is a good predictor of the relative magnitude of
the geologic N supply flux, except at very high denudation rates where chemical and denudation fluxes
become decoupled due to climatic constraints on silicate-weathering kinetics [Gabet and Mudd, 2009; West
et al., 2005].

Our denudation model highlights the importance of synergistic interactions between lithology and tectonic
uplift in determining N inputs to terrestrial ecosystems. In our model, 50% of the N denudation flux is derived
from upland forest ecosystems (~30% of the land area), owing primarily to orographic controls on erosion,
precipitation, and controls on the distribution of plant functional types across California. Given that water
can be limiting in temperate and boreal biomes, these relationships suggest that rock N fluxes could contri-
bute disproportionately to montane forests where orographic precipitation patterns, driven by mountainous
topography, control the distribution of both vegetation types and erosion rates.

The role of climate in regulating rock N weathering is not explicitly considered in our model. Past studies have
pointed to relatively poor correlations between climatic factors and denudation rates in the kinds of ecosys-
tems we examined [Riebe et al., 2001; Portenga and Bierman, 2011]. Biological availability and ecosystem uti-
lization of the rock N sources is likely sensitive to climatic factors, but it is difficult to incorporate such controls
into our model owing to uncertainties over the realized relationships between climate and weathering of sili-
cate versus organic N reservoirs. Weathering of mineral N forms is probably climate dependent, as field ana-
lyses show that water availability strongly regulates acid hydrolysis kinetics at hillslope to basin scales [Kump
et al., 2000; Riebe et al., 2004; Rasmussen et al., 2011]. However, organic N reservoirs may not exhibit this same
sensitivity, as oxidative weathering processes appear to be more dependent on rates of rock exhumation
[Bolton et al., 2006; Calmels et al., 2007]. Further, weathering of rock N may not adhere to standard climate-
dependent kinetic models, as biological demand for N may enhance the weathering of N-rich rocks via plant
roots, mycorrhizal networks, and free-living microbes [Jongmans et al., 1997]. A recent study byMorford et al.,
2016 showed that chemical depletion rates of N in sedimentary rocks exceeded those of other elements (K
and Na) by ~20% across a range of temperate forest ecosystems. Future work addressing the interaction
between organic and silicate N rock reservoirs, climate, and biology will greatly enhance the ability to project
rock N inputs across terrestrial ecosystems [Houlton and Morford, 2015].

Our denudation model assumes that erosion rates scale with mean local relief; hence, the highest rates of N
denudation are observed for the steepest terrains (Figure 7d). However, our analysis shows that high-relief
areas (>1500mkm�1) have only minor leverage on the total N denudation flux across California due to their
limited areal extent (Figure 9b). Only 21% of the total N denudation flux originates from areas with relief
greater than 1000mkm�1 and only 3% of the flux from areas with relief greater than 2000mkm�1. Thus,
while high-relief ecosystems exhibit the highest N denudation rates, landscapes with more moderate topo-
graphy and N-rich lithology account for most of the total N denudation flux regionally (Figure 7).
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There are limitations to statistical modeling approaches to denudation. In particular, grid-scale bias [Zhang
and Montgomery, 1994] and selective sampling of high-relief landscapes [Kirchner and Ferrier, 2013] contri-
bute to underestimation and overestimation of denudation fluxes in high-relief and low-relief landscapes,
respectively. Furthermore, the application of 10Be erosion rates may not accurately reflect denudation rates
of fine-grained sedimentary rocks, as these lithologies do not contain quartz grains amenable to cosmogenic
radionuclide geochemical analysis. Similar to biases derived from the regression model, these factors may
contribute to an overestimation of N denudation among basins dominated by low-relief alluvial sediments
or an underestimation of N denudation among high-relief areas with fine-grained sedimentary rocks, which
can erode more rapidly due to lower rock strength than metamorphic or igneous rocks [Aalto et al., 2006].
However, our model suggests that low-relief alluvial domains contribute only 13% of the total N denudation
flux, thus pointing to a minimal effect of these possible limitations on our estimates overall.

In sum, our model is useful for segmenting spatial domains where rock N sources may contribute meaning-
fully to terrestrial N inputs across ecosystems. Geologic nitrogen is predominantly mobilized in regions with
an abundance of sedimentary and metasedimentary rocks with moderate-to-high relief landscapes. While
some exceptions exist owning to extreme relief (e.g., N-poor igneous lithologies of the southern Sierra
Nevada escarpment and Mount Shasta), most ecosystems developing in igneous lithologies or areas of low
relief have relatively low N denudation values, regardless of rock N reservoirs (Figures 7d and 8). Our spatial
model points to numerous regional “hot spots” of high N denudation rates, including sedimentary and meta-
sedimentary lithologies of the North Coast and Klamath Mountains, western Transverse Ranges, and the
White Inyo Mountains of the Great Basin.

4.5. Implications of Rock N Reservoirs for Terrestrial N Supply

Our findings suggest that rock N comprises an important N input to forest and grassland ecosystems across
California. Our model does not explicitly consider the chemical weathering component of the total denuda-
tion, which likely varies regionally owing to differences in climate and geobiological factors. However, local-
scale investigations of chemical weathering of bedrock residuum in rapidly eroding headwater catchments of
northwest California indicate that 37–47% of N is chemically released from silicate N reservoirs prior to trans-
port [Morford et al., 2016]. Erosion and redeposition of N-bearing minerals via colluvial and alluvial processes
likely contributes to further chemical depletion of rock N reservoirs prior to export to the ocean. Further,
organic N reservoirs weather more rapidly than silicates due to oxidative weathering [Bolton et al., 2006;
Hilton et al., 2014; Petsch et al., 2000]. Together, this suggests that chemical weathering comprises a substan-
tial fraction of the total N denudation across California.

Our results suggest that rock N inputs could increase statewide N inputs to California ecosystems by 25–30%.
Preindustrial (natural) atmospheric N inputs via deposition and fixation are estimated to be 140
±20GgNyr�1 statewide [Dentener, 2006; Houlton et al., 2008]. Our model predicts N denudation fluxes on
the order of 20–92Ggyr�1 in California (median=40GgNyr�1). Even under conservative scenarios where N
denudation is relatively low, inputs from rock are comparable to background N inputs via atmospheric deposi-
tion.Modern anthropogenic N inputs are thought to contribute~ 150GgNyr�1 to California [Liptzin et al., 2016],
largely via the application of N fertilizers; but these N inputs are focused in agricultural lands and ecosystems
downwind of urban sources (i.e., Central Valley and Los Angeles Basin). In contrast, high rock N input areas
are concentrated among the mountain ranges adjacent to the Pacific Ocean and in northwestern California,
where anthropogenic N inputs are relatively low [National Atmospheric Deposition Program, 2014].

Further, rock N reservoirs could contribute substantially to total soil N reservoirs, thus altering the mineraliza-
tion of N to vegetation. Across the northern Coast Ranges, our model suggests that rock N reservoirs average
1–2 kgNm�3

. Assuming that soil is derived from 50 cm of bedrock, this rock N density could account for
between 5 and 10Mgha�1 of soil N in the absence of N loss pathways (e.g., leaching and denitrification).
In comparison, average total N storage in these soils ranges from 6.4 to 9.3Mg ha�1 [Post et al., 1985], sug-
gesting that rock N contribution to soil N reservoirs may be similar, or larger, than atmospheric N inputs.

Local-scale empirical investigations in forests of northwestern California substantiate these predictions: 46–51%
of total soil N is found in rock materials (4.8–7.0Mgha�1), with rock accounting for as much as 80% of the total
soil N [Morford et al., 2016]. Given the size of this in situ reservoir, we suspect that rock N sources contribute to
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the development of ecosystem nutrient pools in a way that mimics other important rock-derived nutrients such
as calcium and phosphorus [Walker and Syers, 1976].

The rock N denudation flux presented here does not consider incomplete chemical weathering of regolith
beneath the plant-rooting zone. Unweathered sedimentary organic matter can be directly transferred to
the marine environment from small mountainous watersheds at active tectonic margins [Blair et al., 2003],
suggesting that the residence time of rock N in the weathering zone is an important factor in controlling rock
N supplies. In contrast, if chemical weathering of rock N occurs at depth within soils and regolith, some or all
of the N may be released to groundwater, transported to fluvial systems, or denitrified, thus bypassing land
ecosystems [Hendry et al., 1984; Holloway et al., 1998; Strathouse et al., 1980]. The ability of terrestrial plant
communities to utilize this deeply weathered N is dependent on the depth to which the critical zone pene-
trates into the subsurface environment.

4.6. Global Distribution of Rock N Reservoirs

Our analysis builds on previous compilations of N concentrations in rocks and sediments [Holloway and
Dahlgren, 2002; Johansson et al., 2012; Kerrich et al., 2006; Johnson and Goldblatt, 2015], and N abundance esti-
mates among geologic reservoirs [Goldblatt et al., 2009; Li, 1991;Wedepohl, 1995] (Table 2). Together, our results
combinedwith past data argue for a large and extensive reservoir of reactive N in the Earth system. Sedimentary
and metasedimentary rocks occupy~70% of the Earth surface [Durr et al., 2005], with fine-grained rocks com-
prising~40% of these reservoirs [Suchet et al., 2003]. While the global weathering flux of rock N remains uncer-
tain, N burial in marine sediments [Gruber and Galloway, 2008] substantially exceeds the volcanic degassing flux
and transfer to themantle [Vincent Busigny et al., 2011; Sano et al., 2001], suggesting that a large weathering flux
of rock N (~15–25 TgNyr�1) is required to balance ocean burial of N at geologic time scales [Berner, 2006;
Boyd, 2001].
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