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Abstract

Large uncertainty remains in the spatial distribution of deep soil organic carbon (OC) storage and
how climate controls belowground OC. This research aims to quantify OC stocks, characterize soil
OC age and chemical composition, and evaluate climatic impacts on OC storage from the soil
surface through the deep critical zone to bedrock. These objectives were carried out at four sites
along a bio-climosequence in the Sierra Nevada, California. On average, 74% of OC was stored
below the A horizon, and up to 30% of OC was stored in saprock (friable weakly weathered
bedrock). Radiocarbon, spectroscopic, and isotopic analyses revealed the coexistence of very old
organic matter (OM) (mean radiocarbon age = 20 300 years) with relatively recent OM (mean
radiocarbon age = 4800 years) and highly decomposed organic compounds with relatively less
decomposed material in deep soil and saprock. This co-mingling of OM suggests OC is prone to
both active cycling and long-term protection from degradation. In addition to having direct effects
on OC cycling, climate indirectly controls deep OC storage through its impact on the degree of
regolith weathering (e.g. thickening). Although deep OC concentrations are low relative to soil,
thick saprock represents a large, previously unrealized OC pool.

1. Introduction

Soil is the largest terrestrial organic carbon (OC)
reservoir on earth, storing over 3000 Pg of C (Le
Quéré et al 2014). Most soil OC inventories focus
on soil horizons near the surface, and fewer stud-
ies report OC below soil in materials such as sap-
rock, even though 60% of OC is found below 1 m
(Richter and Markewitz 1995, Jobbagy and Jackson
2000, Jackson et al 2002, Harper and Tibbett 2013).
Although key works have expressed the importance
of deep soils in understanding the OC cycle, 60% of
papers published in four major soil science journals
did not specify the depth sampled and the remaining
studies had an average depth of only 24 cm (Yost and

© 2021 The Author(s). Published by IOP Publishing Ltd

Hartemink 2020). Investigations of deep OC dynam-
ics (>1 m) are rare in part because the thickness of
overlying soil imposes unique sampling challenges
related to cost, labor, and accessibility of equipment.
Evidence suggests constraining OC stock estimates to
the upper layers of soil has led to an underestimation
of global soil OC stocks, limiting our understanding
of how the entire regolith OC responds to changes in
climate.

Compared to subsoil, OC concentration in near-
surface horizons is typically higher with shorter
mean residence times (Jobbdgy and Jackson 2000,
Chabbi et al 2009). The rate of organic matter
(OM) decomposition is slower in subsoil, largely
due to lower concentrations of OM and lower
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microbial abundance, as well as increased persist-
ence of OC due to burial, aggregation, and organo-
mineral associations (Chabbi et al 2009, Rumpel and
Kogel-Knabner 2011, Schrumpf et al 2013). Despite
its persistence, OC in subsoils can be vulnerable to
mineralization due to changes in climate (Jobbagy
and Jackson 2000, Melillo et al 2002, Davidson and
Janssens 2006, Berhe et al 2008, Chabbi et al 2009),
including warming that can stimulate biogeochem-
ical reaction rates (Hicks Pries et al 2017, Soong et al
2021). While many studies have demonstrated the rel-
evance of subsoil OC dynamics, only a handful of
studies have documented OC below the solum (A, E,
and B horizons) into the lower reaches of soil com-
monly referred to as parent material.

We investigated the distribution, stability, and
chemical composition of OM in regolith to the
depth of hard bedrock, which at our study sites
includes the mineral soil and saprock. Saprock is
slightly weathered bedrock, where the original rock
fabric is maintained, but has become more porous
and friable (Graham et al 2010). We sampled to
depths spanning 1.0-10.7 m along a 2300 m bio-
climosequence located on the western slope of the
Sierra Nevada in California (location of the Southern
Sierra Nevada Critical Zone Observatory; figure land
table S2 (available online at stacks.iop.org/ERL/16/
124059/mmedia)). The objectives of this study were
to: (a) quantify OC stocks in soil and saprock across a
bioclimatic gradient; (b) characterize the age and rel-
ative degree of decomposition of OM in soil and sap-
rock across the bioclimatic gradient; and (c) identify
regional trends in deep OC storage as influenced by
climate, vegetation, and degree of weathering.

2. Materials and methods

2.1. Site descriptions

The four study sites were located along an eleva-
tion transect (i.e. bio-climatic gradient), from 405 m
to 2700 m, on the western slope of the south-
ern Sierra Nevada, California (figure 1). As eleva-
tion increases, mean annual air temperature (MAT)
decreases, while mean annual precipitation (MAP)
and deep-water percolation (DWP, calculated as the
difference between precipitation and evapotranspira-
tion (ET) (Goulden and Bales 2014)) increases. Soils
include Entisols, Inceptisols and Alfisols, representing
a range of soil properties. Soils reflecting the highest
degree of development (as indicated by clay content
and pedogeniciron) are found at mid elevations (Tian
etal2019). All sites are underlain by granodiorite bed-
rock, except the lowest elevation site that is tonal-
ite, a slightly more felsic rock (Dahlgren et al 1997).
Because we were unable to constrain the exact age
of soil-landscapes, we assumed erosion and weather-
ing rates have reached steady state with local climate
conditions, as was the case with other studies located
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at and near our sites (Dahlgren et al 1997, Dixon et al
2009).

Vegetation along the bio-climosequence varies
systematically with climate, consisting of oak savan-
nah at the lowest elevation site (405 m asl eleva-
tion), pine-oak forest (1160 m), mixed-conifer forest
(2015 m), and subalpine forest (2700 m). Vegeta-
tion changes with elevation in response to changes
in climate (figure 1). Gross primary productivity
(GPP) and ET reflect vegetation patterns, where ET
and GPP are low at oak savannah (350 mm yrfl,
480 ¢ C m~2 yr~!), and high at pine-oak forest
(600 mm yr~!, 1900 g C m~2 yr~!) and mixed-
conifer forests (550 mm yr—!, 1700 g C m~2 yr— 1),
decreasing at subalpine forest (450 mm yr—!,
700 g Cm~2 yr~! (Goulden et al 2012)) (figure 1).

2.2. Regolith sampling

A total of 36 regolith profiles (soil + saprock) were
analyzed (table S2) from soil pits, Geoprobe cores,
and hand augers. Hand augering (with a depth limit-
ation of 7.6 m) was used at a subset of sites that could
not be accessed by Geoprobe due to terrain. Geoprobe
and hand auger samples at adjacent locations were
compared to ensure no sampling effect on OC distri-
butions.

Soil pits were sampled by genetic horizon to a
depth of hard bedrock or the maximum excavation
depth of 2.7 m. Geoprobe cores were collected in
1 m sections to the depth of refusal and were sub-
sampled by 20-50 cm intervals based on color change.
Hand-auger samples were collected to a depth of
hard bedrock or 7.5 m, whichever was shallower, and
subsampled in 20-50 c¢cm intervals based on color.
Regolith was partitioned into soil and saprock based
on friability and brittleness (Graham et al 2010).

2.3. Carbon and nitrogen analyses

Soil and saprock materials were air-dried, gently
crushed with mallet, and sieved (2 mm). The coarse
fraction (i.e. >2 mm dia) was assumed to have no
OC. Total C and N concentrations (%) of the fine-
earth fraction (i.e. <2 mm dia) were determined
on oven-dried (70 °C for 48 h) samples ground
to pass a 180 pum sieve and analyzed by dry com-
bustion (Costech Analytical ECS 4010 instrument,
Costech Analytical Technologies, Inc., Valencia, CA).
The average signal detected from samples of low con-
centration (354 & 162 (sd), N = 10) was significantly
larger than the blank (15 + 14 (sd), N = 9). Most
samples had pH values below six; however, a subset
of samples was pretreated with 1 M hydrochloric acid
to verify that the samples had no inorganic C. In all
cases, the acid pretreatment did not result in a reduc-
tion in total C so we assumed no inorganic C was
present. Hence, total C was equivalent to OC in our
samples.
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Figure 1. (a) Hillshade map of California; (b) four study sites on the western slope of the Southern Sierra Nevada: San Joaquin
Experimental Range (oak savannah), Soaproot (pine-oak forest), Providence (mixed-conifer forest), and Shorthair (subalpine
forest); (c) cross-section of the elevation transect with stars indicating four study sites: 405 m, 1160 m, 2015 m, 2700 m AMSL;
(d) mean thickness of soil and saprock at each site illustrating how climate (MAT and MAP) and vegetation (GPP) are related to

regolith thickness.

Bulk density of soil and saprock was measured
using the core method (Blake 1965). Multiple depth
profiles (see table S2 for data) of OC were aggreg-
ated over 25 cm depth intervals to create an aggreg-
ated OC depth profile (figure 2) using the R package
Algorithms for Quantitative Pedology (Beaudette et al
2013). The algorithm summarizes OC along depth
slices from a collection of regolith cores (figure S2).
Variability of OC by depth was also calculated as the
Ist and 3rd quartiles.

Equations (1)—(3) describe calculations of OC
stock and OC density for soil, saprock, and regolith.
Thickness (d. (cm)) was calculated using the actual
thickness of horizons (d (cm)) and correcting for
the volumetric percent of the coarse fraction (r (%);
equation (1))

(1)

OC stock (C, (kg C m™2)) was calculated as the sum
of the product of OC concentration (C (g C kg™1)),
layer thickness (d. (cm)), and bulk density (pp
(Mg m~?); equation (2))

Cy = XC x d. x py x 100. )

OC density (C4 (kg C m™?)) of both soil and sap-
rock was calculated using the respective OC stock

(Cs (kg C m~2)) divided by its associated (i.e. soil or
saprock) thickness (d (cm); equation (3))

Cq= % x 100. (3)
Polynomial and linear regression models were per-
formed to explore correlations between climatic para-
meters (temperature, precipitation, and deep percol-
ation) and C; and Cy for each core. The square of
the correlation coefficient (adjusted R?) was calcu-
lated for soil (N = 55) and saprock (N = 22), and we
evaluated statistical significance by p-value < 0.001.

2.4. Diffuse reflectance infrared Fourier transform
(DRIFT) spectroscopic analyses

Soil and saprock were analyzed for OM chem-
ical composition via DRIFT. Mid-IR spectra (400—
4000 cm™ ') were recorded using an IR spectropho-
tometer (Bruker IFS 66 v s~ 1, Ettlingen, Germany)
and a Praying Mantis DRIFT sampler (Harrick Sci-
entific Corporation, Ossining, NY). Before analysis,
all samples were ground to a powder using a ball mill
(SPEX Sample Prep Mixer Mill 8000C, Metuchen,
NJ, USA) and dried at 60 °C for 24 h. Potassium
bromide (Aldrich Chemical Company, Saint Louis,
MO, USA, FT-IR grade) was used as a background
reference. We used 500 background scans and 500
sample scans with a 4 cm™! resolution. All spec-
tra were tangentially baseline corrected. Peak areas
were calculated that corresponded to local baselines to

3
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Figure 2. Depth profiles across the bio-climatic gradient of OC concentration (g kg™!, N = 77); (a) a rescaled portion (2-10 m)
of the profile data to visualize the low OC trends. Solid color lines represent the mean value; transparent color shading represents

the values from 1st quartile to 3rd quartile.

remove impacts from larger spectral features and tails
using ‘approxfun’ and ‘integrate’ functions in Rstu-
dio; areas of peaks were calculated by subtracting the
area of the baseline between each endpoint (Hall et al
2018).

Several studies have used ratios of specific spec-
tral bands to study chemical composition of soil OM
(Ellerbrock et al 2005, Artz et al 2006, Calderén et al
2006). FTIR spectra were analyzed to determine the
level of OM transformation derived from decompos-
ition using a ratio of peak heights at areas of interest.
Peaks heights at 2925 and 2850 cm™! (spanning
2898-2976 and 2839-2870 cm™!) indicate aliphatic
C-H asymmetric and symmetric stretches. Peak
heights at 1648 cm™! (spanning 1570-1710 cm™!)
indicate C=0 stretch of amides, quinones, and
ketones, with constituents coming from C=C. A
clearly distinguishable shoulder at 1512 cm ™! (span-
ning 1500-1550 cm™!) is indicative of aromatic
C=C stretch. A pronounced peak at 1400 cm™!
(spanning 1360-1450 cm ™ !) reflects carboxylate C-O
(COO) stretch. Ratios of these areas of peak heights
were used as an index for degree of OM processing

during decomposition (Kaiser et al 2012, Ryals et al
2014).

2.5. Radiocarbon analysis

Radiocarbon analyses were conducted after sealed-
tube combustion of OC to CO, (with CuO and Ag)
that was then reduced onto Fe powder in the presence
of H, (Vogel et al 1984). Radiocarbon values were
measured in 2018 on the model FN van de Graff tan-
dem accelerator mass spectrometer at the Center for
Accelerator Mass Spectrometry (Lawrence Livermore
National Laboratory, Livermore, CA, USA). OM §'*C
values were determined using a DELTA V Plus isotope
ratio mass spectrometer (Thermo Fisher Scientific,
Inc., Waltham, MA, USA, Stable Isotope Ecosystem
Laboratory, UC Merced). Radiocarbon isotopic val-
ues were corrected for mass-dependent fractionation
with measured §'*C values, and were reported in A-
notation corrected for *C decay since 1950 (Stuiver
and Polach 1977).

2.6. DRIFT-FTIR mineral content testing
DRIFT-FTIR was analyzed on regolith samples before
and after OM removal (ashed at 430 °C for 8 h
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Figure 3. Allocation of OC in soil and saprock across the bioclimatic gradient. Bar chart represents the OC stock (error bars are
standard deviations, N = 48) in soil and saprock. Pie charts represent the proportion of OC stock in soil and saprock among the
four study sites: oak savannah (405 m), pine-oak forest (1160 m), mixed-conifer forest (2015 m), and subalpine forest (2700 m).

(Ellerbrock and Gerke 2004)) to ensure there was no
mineral interference. Bulk samples and post-ashing
samples were almost identical, verifying that even
though regolith was low in OM, peaks of interest in
the FTIR spectra represent OC in these samples.

3. Results

3.1. Depth trends in OC

Depth trends in OC concentration were similar
across the bio-climosequence, decreasing exponen-
tially from soil surface horizons to uniformly low
values in saprock (figure 2). The boundary between
soil and saprock was between 1.7 and 2 m at all
sites, except subalpine forest, where saprock did
not exist (i.e. soil thickness = regolith thickness)
(figure 2). Considering all sites, average OC concen-
tration decreased from 26 g kg™! in topsoil (A hori-
zon) to 0.2 g kg™! in deep saprock. The OC con-
centration in saprock was lowest at oak savannah.
Pine-oak forest and mixed-conifer forests had similar
saprock OC concentrations (figure 2).

3.2. Regional partitioning of OC stocks in soil and
saprock

Soil organic C stock increased with elevation from
4.1 + 0.6 kg C m™? in the oak savannah site (400 m
asl elevation) to a maximum of 20.2 4 12.8 kg C m ™2
in the mixed-conifer forest (2015 m; figure 3). At the
subalpine forest site (2700 m), soil stocks were lower
(8.1 4 4.1 kg Cm™2) and similar to levels at the pine-
oak forest site (9.6 + 3.2 kg C m~2, 1160 m; figure 3
and table S4). While soils exhibited the largest OC
stock at every site, saprock accounted for over 25%
of OC stock at mid-elevations (figure 3).

Small but detectable OC concentrations in sap-
rock became significant contributions to overall rego-
lith stocks (soil + saprock) when integrated over
large thicknesses (figure 3). OC stock in saprock
was greatest at mid-elevations (5-10 kg C m~—2)
where mean thickness ranged from 2.25 to over 9 m
(figure 1). The relative proportion of saprock OC
stock in regolith increased with elevation, from oak
savannah (8.9%), to pine-oak forest (22.5%), and
mixed-conifer forest (29.2%).
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Figure 4. Depth profiles across the bio-climatic gradient of: (a) radiocarbon A C (%o); (b) carbon to nitrogen (C:N) mass ratio;
(c) the ratios of integrated areas of C=C of aromatic rings to carboxylate COO— (1512 cm™1/1400 cm™1!); (d) the ratios of C=C
of aromatic rings to C=0 of amides, quinones, and ketones (1512 cm™!/1648 cm™!); (e) the ratio of aliphatic C-H to
carboxylate COO— ((2850 + 2925 cm™!)/1400 cm™!); and (f) the ratio of aliphatic C~H to C=0 of amides, quinones, and

ketones ((2850 + 2925 cm™!)/1648 cm™!).

3.3. Characterization of OM in soil and saprock
Soil A™C generally decreased with depth, but fluc-
tuated in saprock indicating the co-existence of older
and newer C (figure 4(a)). Across all sites, A*C
values of topsoil (A horizons) were relatively less
depleted (A™C —70%0—120%o), indicative of soil OC
dominantly composed of newly fixed OC. The most
depleted A"C value (—921%o or 20 300 years BP
average radiocarbon age) was found in saprock at
6 m depth at mixed-conifer forest, while younger
OC was found below at 9.5 m depth (—456%o or
4800 years BP average radiocarbon age). While deep
saprock A C values suggest, on average, the presence
of relatively old OC, fluctuations between more and
less depleted A'*C values with depth imply a mixture
of older and younger OC. Similar fluctuations with
depth in saprock were observed at pine-oak forest and
oak savannabh sites.

C:N ratios tended to decrease with depth in soil,
but fluctuated more dramatically throughout saprock
(figure 4(b)). Fluctuations in saprock C:N generally

6

coincided with that of A'C values and FTIR indices
of decomposition (figures 4(c)—(f)).

Ratios of peak areas derived from DRIFT-FTIR
spectroscopy were used as biochemical proxies for
decomposition-related processing of OM (Kaiser et al
2012, Hall et al 2018). Interestingly, at all sites, cer-
tain depths within saprock show similar ratios to
soil, whereas the signature from other depths depart
drastically from that of soil (figure 4). This suggests
that OM in certain locations in the saprock profile,
which tended to be older than soil OM (more negat-
ive AC), is of varying degrees of decomposition.

Although FTIR indices of OM decomposition
fluctuated with depth at all sites, certain changes in
the depth signature coincided with changes in A*C.
For example, mixed-conifer forest had a large peak
in the ratio of aromatic C=C:carboxylate COO—
(figure 3(c)) at the soil-saprock transition (~1.75 m).
This same site had a decrease in all FTIR indices
at depths between 4.5 and 5.75 m (figures 4(c)-
(f)), which coincided with a zone where the most
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depleated AC values were measured (figure 3(a)).
At pine-oak forest, three of the four FTIR prox-
ies showed an increase with depth (figures 4(d)—(f))
between 200 and 400 cm. This increase coincided with
a decrease in A'C values from —100%o to —300%so.
Similar coincident changes between FTIR and AC
values occurred at the base of the regolith. At the base
of regolith (4.75 m) at pine-oak forest, A"C values
were more depleated relative to the overlying layer
(from —300%o to 500%o), and FTIR indices decreased
(figures 4(e)—(f)). Soil OM signatures in oak savan-
nah were distinct from other sites, likely indicating the
difference between grassland and forest vegetation on
OM chemical composition, distribution, and trans-
formations in soil.

3.4. Climate-plant-regolith interactions

Bioclimatic parameters MAT, MAP, and DWP
showed varying degrees of correlation with OC stock
in soil and saprock (figures 5(a)—(c)). Trends show
peak storage at mid elevations (pine-oak and mixed-
conifer forests) where water and temperature are
optimal for productivity. In saprock, correlations
between OC stocks and bio-climatic parameters were
stronger, showing positive linear correlations with
DWP and MAP and negative correlation with MAT.
Trends in OC density mirrored that of soil stocks, but
not saprock (figures 5(d)—(f)). With a slope near zero,
OC density in saprock is insensitive to bioclimatic
conditions of this region and reflects the uniformly
low concentration of OC throughout its thickness
and across sites where saprock is present. It indirectly
demonstrates that thickness drives OC stock trends
in saprock. These bio-climatic factors, however, drive
regolith thickening along the gradient.

4. Discussion

4.1. Regional trends and controls on deep OM

Few studies have documented deep OC in the critical
zone from the topsoil to bedrock. The range in OC
concentration in saprock (0.15-0.94 gkg ') was con-
sistent with the few studies previously published (0.3
and 0.4 g kg~!) in Australia (depths of 5-38 m) and
the eastern USA (depth of 6 m) (Richter and Marke-
witz 1995, Harper and Tibbett 2013). No studies to
our knowledge have documented systematic trends in
deep OC stocks in response to state factors (i.e. cli-
mate and biota).

Climate indirectly controls OC in regolith along
the western slope of the southern Sierra Nevada
through its impact on vegetation and weathering
(figures 1 and 5). Climate exerts strong controls on
saprock weathering primarily through thickening and
subtle transformations of primary minerals (Dahl-
gren et al 1997, Tian et al 2019). Trends in regolith
stocks are also influenced by GPP, which was highest
at mid-elevations, contributing to high C inputs, and
perhaps, to regolith thickening through biophysical
weathering processes (figure 1) (Hinsinger et al 2001,
Goulden et al 2012, Kelly and Goulden 2016, O’Geen
et al 2018). Plant productivity and regolith thicken-
ing are limited by low precipitation in the oak savan-
nah (lowest elevation), and low temperature in the
subalpine forest (highest elevation) (figure 1). His-
toric glaciation has scoured away saprock at sub-
alpine forest and, combined with the shorter grow-
ing season, soils remain shallow overlying hard bed-
rock (Giger and Schmitt 1993, Dahlgren et al 1997).
This analysis highlights the biotic and climatic inter-
actions that appear to control C storage for this
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region (figure 5). For example, precipitation and
temperature directly influence OC inputs by gov-
erning GPP (figure 1) (Goulden and Bales 2014).
The extent of DWP allows for the deep penetra-
tion of roots and translocation of DOM (Bales et al
2011). All three parameters influence regolith thick-
ening, which ultimately controls saprock C stocks
through preservation at depth and increased storage
capacity.

4.2. Factors influencing depth distributions of deep
oC

In most studies and especially in global soil C mod-
eling, radiocarbon age increases with depth to 1 m
(Shi et al 2020). The greater depths explored in our
study displays a fluctuating trend in radiocarbon
age within saprock, indicating that residence time
of OC varies with depth. This illustrates that cur-
rent soil carbon models that predict an exponential
increase in radiocarbon age with depth and a corres-
ponding decrease in C% to zero may be inaccurate.
Although fluctuations in FTIR indices of OM decom-
position coincided with major shifts in OC age at spe-
cific depths, correlations between age and degree of
decomposition were not consistent (figure 4). This
irregularity with depth is likely a result of varying
degrees of preservation of old and more modern OM
and variability in the vertical distribution of C inputs.
Moreover, soils have a mixture of carbon compounds
that are heterogeneous with respect to residence time
(Sierra et al 2017). Hence, it is important to note that
bulk soil radiocarbon values reflect the mean resid-
ence time across this diversity of soil carbon com-
pounds.

The OM may be derived from roots and mycor-
rhizae that are known to explore deep regolith in
the Sierras (Stone and Kalisz 1991, Hubbert et al
2001, Allen 2007). Moreover, sharp fluctuations in
OM, have been found to indicate the presence of
plant-derived OM, such as roots (Ryals et al 2014,
Hall et al 2018). Changes in C:N, like those observed
here in deep saprock, can indicate different types of
organic materials (various residues, dissolved organic
matter (DOM), plant types), whereas low C:N can
indicate zones where OM is more microbially pro-
cessed (Rumpel and Kogel-Knabner 2011, Batjes
2016). In fact, a sagebrush steppe existed at mid-
elevations in the Sierra Nevada during the last gla-
cial maximum, and a transition from steppe to forest
occurred about 10000 years ago (Anderson 1990,
1996, Woolfenden 1996). These shifts in vegetation
coincide with radiocarbon ages estimated to be over
20000 years at 6 m depth at the mid-elevations
(figure 4(a)). Considering changes in vegetation his-
tory and the deep exploration of contemporary forest
and shrub vegetation, it is plausible that variation in
deep OC age is a result of many generations of root
exploration.
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Recent OM can also come from the continuous
downward flux of DOM, via deep percolation, facilit-
ated by coarse-textured soils and episodic flushing of
snowmelt (Kalbitz et al 2000, Bales et al 2011, Kaiser
and Kalbitz 2012, Gross and Harrison 2019). Soils
in this region contain low concentrations of react-
ive and short-range order minerals that sorb DOM
(Rasmussen et al 2005), and low sorption favors deep
DOM transport (Hemingway et al 2019). Organo-
mineral stabilization of ancient DOM is less likely
given the low degree of mineral transformation in
saprock (Tian et al 2019), but possible if mineral
transformations are localized around roots exploit-
ing fractures (Frazier and Graham 2000). Although,
DOM can be transformed and degraded with depth
(Roth et al 2019), little is known about its fate in
saprock.

The existence of both old and new OC in vari-
ous stages of decomposition (figure 4) is likely a result
of dampened microbial activity or microbial isolation
(Kaiser and Zech 2000, Shen et al 2015). There is a
large difference in OM concentrations between sap-
rock and topsoil, and energy starvation of microbes
and microbial response to changes in resource avail-
ability precludes their ability to produce enzymes that
degrade OM (Allison et al 2007, Dove et al 2020). In
addition, microbial activity at depth may be slowed
due to the temperature effect on biogeochemical reac-
tions being dampened by cool, stable temperatures
relative to soils, which experience dynamic swings in
temperature and moisture (Tian ef al 2019).

In some lithologies, presence of C in deep rego-
lith may suggest contribution of geogenic C to sap-
rock (Zethof et al 2019). However, multiple lines of
evidence suggest that this is not the case at our sites.
Mineralogical analysis of saprock, through quantitat-
ive x-ray diffraction, showed no evidence of calcite
(Tian et al 2019), as did acid pretreatments before
and after C analysis of a subset of saprock samples.
In addition, it is highly unlikely that igneous bedrock
would contain geogenic OC by virtue of the nature of
the type of rock formation.

4.3. Implications for global warming

Given the current trajectory of contemporary climate
change, atmospheric temperatures are expected to
increase by up to 4 °C by the end of the century,
warming the land and underlying soil (Hartmann
et al 2013). There is considerable uncertainty on how
much and how fast deep regolith will warm relative to
the atmosphere. One study reported that soils down
to 3 m have warmed by as much as 2 °C since 1961
in China (Zhang et al 2016). At our study sites, meas-
urements and modeling at the pine-oak and mixed-
conifer forest sites showed that, with depth, there is a
dampening of diurnal and seasonal variability in tem-
perature (Tian et al 2019). Soil temperature at 10 m
was uniform and relatively low compared to 0.5 m,
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which is seasonally variable (Tian et al 2019). Year-
round, cool deep temperatures combined with evid-
ence of SOM persistence, suggests OM may remain
protected in deep saprock as climate warms.

The vulnerability of deep OC storage to changes
in climate remains unclear. Incubation studies have
shown higher and lower warming sensitivity of sub-
soils compared to topsoils (Leppdlammi-Kujansuu
et al 2014, Hicks-Pries et al 2017). Most research in
this area has focused on the top 30 cm of soil based on
the assumption that deep soils do not interact with the
atmosphere (Jobbdgy and Jackson 2000, Rumpel and
Kogel-Knabner 2011, Schmidt et al 2011). However,
recent studies suggest subsoil may be more vulnerable
than topsoil to warming (Rumpel and Kogel-Knabner
2011, Hicks Pries et al 2017, Jia et al 2019, Soong
et al 2021), particularly when temperature changes
are coupled with changes in soil water (Min et al
2020). One study estimated that with a 4 °C increase
in temperature, deep soils have the potential to release
C to the atmosphere at a rate equivalent to 30% of
current fossil fuel emissions (Hicks Pries et al 2017).
Regression analysis shows that MAT explained more
variability in OC stock than other climatic variables
tested (figure 5), suggesting that OC storage in soil
may be vulnerable to warming. However, the rela-
tionship between saprock OC density and MAT sug-
gests deep OC may be less sensitive to warming. Even
though temperature warming in the next decades may
affect GPP and OC decomposition in soils, there is a
need to understand the vulnerability of OC in deep
soils and saprock. Our findings of large OC stocks,
comprised throughout the depth column as a mix-
ture old and seemingly young, and of varying degrees
of decomposition, indicates that C dynamics oper-
ate differently in deep saprock than in soil. Deep OM
characteristics suggests a significant degree of C pro-
tection in saprock despite its minimal degree of min-
eral transformations (Tian et al 2019).

5. Conclusions

We discovered large OC stocks in saprock repres-
enting a previously unexplored pool of OC. Rego-
lith thickness directly influences OC stock, which is
governed in part by climate and vegetation. Overall,
we observed significant amounts of deep OC stor-
age at mid-elevations in the Sierra Nevada, where
the climate is most conducive to weathering (saprock
thickening) and GPP (OM inputs to regolith). The
magnitude of this stock relative to soil suggests high
uncertainty in the global terrestrial C inventory, espe-
cially in areas with climate that is conducive to thick
regolith.

Over the next century, subsoil is projected to
warm at roughly the same amount as topsoil (IPCC
2014). The effect of a temperature increase on C cyc-
ling is less certain in deep regolith than in surficial
soils, where temperature fluctuations are uniformly
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low and OC is isolated from high rates of microbial
activity. Most importantly, our findings suggest that
shallow soil sampling provides a biased estimate of
OC storage and leads to misleading conclusions about
deep OC dynamics in ecosystems that form thick sap-
rock layers. Our study provides compelling evidence
to justify further investigations of OC in different eco-
systems with deep regolith to fully understand the
how one of the largest pools of OC will respond to
changes in climate.
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Figure S1: Representative of FTIR-DRIFT spectra of the topsoil (A horizon), subsoil (BC horizon), and the deepest regolith sample. From left to right depth is 270

cm, 467 cm, 1067 cm, and 102+ cm, from the lowest elevation to the highest elevation site.
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Figure S2: Demonstration of the soil aggregation algorithm using the R package Algorithms for Quantitative Pedology. The algorithm summarizes
OC along depth slices from a collection of regolith cores. Reprinted from Beaudette et al (2013), Copyright (2013), with permission from Elsevier.



Table S1.

Table S1: Site characteristics along a granitic-derived elevation gradient in the Sierra Nevada,

California.
Location Elevation  Mean Annual Mean Annual  Soil Vegetation Communities'
Min/Max Precipitation? Taxonomy?
Name Temperature'
(m) O (mmy™)
ak 405 9.3~235 531
g{vann ah Coarse-loamy, Blue oak (Quercus douglasii),
mixed, active, interior live oak (Quercus wislizeni),
thermic Mollic gray pine (Pinus sabiniana),
Haploxeralfs California Buckeye (Aesculus
californica), poison oak
(Toxicodendron diversilobum) and
annual grasses
Pond 1160 5.5~18.0 878
i?lne /zz?(sa Fine-loamy, Mix of Ponderosa Pine (Pinus
If)ores ) mixed, ponderosa) with oak (Quercus
semiactive, kelloggii)
mesic Ultic
Haploxeralfs
Mixed- 2015 2.7~14.8 1034
Colnxiier Coarse-loamy, Mix of white fir (Abies concolor),
forest mixed, Ponderosa pine (Pinus ponderosa),
superactive, Sugar pine (Pinus lambertiana) and
frigid Humic incense cedar (Calocedrus
Dystroxerepts decurrens)
balpi 2700 -1.9~10.2 1078
?(:lre:tpme Sandy-skeletal, =~ Lodgepole Pine (Pinus contorta)

mixed, Typic
Cryorthents

and Western White Pine (Pinus
monticola)

1 Data from Southern Sierra CZO website http://criticalzone.org/sierra/infrastructure/field-areas-sierra/

2 Mean annual precipitation is extracted from PRISM database in 1981-2010

3 Major soil units are identified from Web Soil Survey



Table S2.

Table S2: Thickness of soil and saprock along an elevation transect of the Sierra Nevada,
California. (0.15-0.94 g kg'!)

Vegetation communities Mean soil thickness Mean saprock thickness Mean regolith thickness
(elevation) (m) (m) (m)

Oak savannah 123 (n=7) 0.67(n=4) 1.62(n=7)
(405 m)

Ponderosa pine/oak 1.53 (n=15) 245 (n=10) 4.06 (n=10)
forest

(1160 m)

Mixed-conifer forest 1.54 (n=10) 7.55 (n=6) 941 (n=6)
(2015 m)

Subalpine forest 1.00 (n=4) 0.00 (n=4) 1.00 (n=4)
(2700 m)

Meanzstandard error 1.33£0.13 (n=4) 2.67+1.71 (n=4) 4.02+191 (n=4)




Table S3.

Table S3: Carbon stock (kg C m?) in soil and saprock along an elevation gradient of the Sierra
Nevada, California.

Vegetation communities Soil Saprock

(elevation)
Mean Median s.d. Mean Median s.d.

kg C m?

Oak savannah 451 441 1.64 0.44 0.44 0.17
(n=15) (n=6)

(405 m)

Ponderosa pine/oak forest 13.10 10.38 9.58 3.81 2.77 3.80
(n=20) (n=10)

(1160 m)

Mixed-conifer forest 19.40 15.67 14.93 7.99 433 5.80
(n=14) (n=6)

(2015 m)

Subalpine forest 10.70 9.60 5.16 NA NA NA
(n=6)

(2700 m)




Table S4.

Table S4: Bulk density (Mg m™) in pedogenic horizons of regolith profiles along an elevation
gradient of the Sierra Nevada, California.

Depth Bulk Density

-3

cm Mg m
(pedogenic horizon)

Oak savannah Minimum Median Maximum
(405 m)

0-15 (A) 1.38 141 1.69
15-65 (Bwi) 143 1.65 1.80
65-123 (Bw2) 1.52 1.67 1.83
123-145 (C)) 1.52 1.56 1.67
145-270 (C2/Cy) 1.56 1.69 1.80
Ponderosa pine/oak forest Minimum Median Maximum
(1160 m)

0-25 (O/A) 0.78 093 1.07
25-50 (Bwi) 1.01 1.16 1.28
50-70 (Bw2/Bu) 1.08 1.24 1.38
70-110 (Be) 1.08 1.14 143

110-153 (Bu/BC) 1.12 1.16 1.64



153-220 (C)

220-300 (Cr)

300-400 (Ci3)

400-467 (C)

Mixed-conifer forest

(2015 m)

0-15 (O/A)

15-30 (BA)

30-60 (Bu1)

60-100 (Buw2)

100-154 (BC/C)

154-200 (Cr1)

200-300 (Cr)

300-400 (Ci3)

400-500 (Cw)

500-600 (Crs)

600-700 (Crs)

700-800 (Cs7)

1.19

1.06

135

1.27

Minimum

0.64

091

1.23

1.07

1.20

1.23

135

1.54

1.44

148

1.55

1.21

142

1.55

1.67

Median

0.84

1.20

133

1.34

1.21

122

1.51

1.56

1.66

1.59

1.60

1.59

122

1.60

2.12

1.84

Maximum

1.15

1.21

1.34

1.55

1.55

143

1.69

1.83

1.89

1.87

1.95

2.12



800-900 (Cis)

900-1000 (Crw)

1000-1067 (Cri0)

Subalpine forest
(2700 m)

0-10 (O/A)

10-20 (AB/Bw1)

20-30 (Bw2)

30-50 (Bws)

50-90 (BC/Ch)

90-115 (C2)

148

1.58

1.64

Minimum

1.08

1.00

1.26

1.34

1.52

1.06

1.66

1.70

1.66

Median

1.28

1.28

1.40

1.39

1.59

1.12

1.94

1.72

1.67

Maximum

145

148

1.66

1.66

1.79

1.36




Table S5.

Table S5: Carbon density (kg C m?) in soil and saprock.

Vegetation communities Soil Saprock

(elevation)
Mean Median s.d. Mean Median s.d.

kg C m?

Oak savannah 3.67 3.58 1.33 0.48 047 0.19
(n=15) (n=6)

(405 m)

Ponderosa pine/oak forest 8.56 5.79 6.26 127 092 1.27
(n=20) (n=10)

(1160 m)

Mixed-conifer forest 12.60 10.17 9.70 0.99 0.54 0.72
(n=14) (n=6)

(2015 m)

Subalpine forest 9.30 8.34 4.49 NA NA NA
(n=6)

(2700 m)




Table S6.

Table S6: C storage proportions of different zones in the entire regolith.

Vegetation communities

Proportion of C storage in the entire regolith (%)

(elevation)

A horizon 0-50 cm 0-100 cm Soil Saprock
Oak savannah 320 66.2 86.5 91.1 89
(405 m)
Ponderosa pine/oak 355 54.7 71.1 715 22.5
forest
(1160 m)
Mixed-conifer forest 18.6 423 62.6 70.8 292
(2015 m)
Subalpine forest 200 69.8 98.0 100 NA
(2700 m)
Mean + standard error 26.5+4.2 58.3+6.2 79.6+7.9 84.9+6.6 20.2+6.0




