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Abstract Radiocarbon ages and thermal stability

measurements can be used to estimate the stability of

soil organic carbon (OC). Soil OC is a complex

reservoir that contains a range of compounds with

different sources, reactivities, and residence times.

This heterogeneity can shift bulk radiocarbon values

and impact assessment of OC stability and turnover in

soils. Four soil horizons (Oa, Bhs, Bs, Bg) were

sampled from highly weathered 350 ka Pololu basaltic

volcanics on the Island of Hawaii and analyzed by

Ramped PyrOX (RPO) in both the pyrolysis (PY) and

oxidation (OX) modes to separate a complex mixture

of OC into thermally defined fractions. Fractions were

characterized for carbon stable isotope and radiocar-

bon composition. PY and OX modes yielded similar

results. Bulk radiocarbon measurements were modern

in the Oa horizon (Fm = 1.013) and got progressively

older with depth: the Bg horizon had an Fm value of

0.73. Activation energy distributions (p(E)) calculated

using the ‘rampedpyrox’ model yielded consistent

mean E values of 140 kJ mol-1 below the Oa horizon.

The ‘rampedpyrox’ model outputs showed a mostly

bimodal distribution in the p(E) below the Oa, with a

primary peak at 135 kJ mol-1 and a secondary peak at

148 kJ mol-1, while the Oa was dominated by a

single, higher E peak at 157 kJ mol-1. We suggest

that mineral-carbon interaction, either throughmineral

surface-OC or metal-OC interactions, is the stabiliza-

tion mechanism contributing to the observed mean

E of 140 kJ mol-1 below the Oa horizon. In the Oa

horizon, within individual RPO analyses, radiocarbon

ages in the individual thermal fractions were indistin-

guishable (p[ 0.1). The flat age distributions indicate

there is no relationship between age and thermal

stability (E) in the upper horizon ([ 25 cm). Deeper in

the soil profile higher lEf values were associated with

older radiocarbon ages, with slopes progressively

steepening with depth. In the deepest (Bg) horizon,

there was the largest, yet modest change in Fm of 0.06

(626 radiocarbon years), indicating that older OC is

slightly more thermally stable.
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Introduction

Soil organic carbon (SOC) is the largest terrestrial

reservoir of organic carbon (C), holding an estimated

2800 Pg C in the upper 3 m of soil globally (Jackson

et al. 2017). It is heterogeneous in chemistry,

morphology, and reactivity. Its long-term stability as

a net C sink is uncertain, especially under changing

environmental conditions (Bradford et al. 2016;

Davidson and Janssens 2006). A common model to

determine SOC stability depicts distinct carbon pools

with variable turnover times, as measured by a

radiocarbon (14C) age (Trumbore 2009). In tropical

volcanic soils, SOC with old radiocarbon ages is

associated with mineral soil (Torn et al. 1997), but it

can co-exist with modern plant-derived material

transported downwards via macropore flow, leading

to a heterogeneous age mixture of carbon compounds

within individual soil horizons (Marin-Spiotta et al.

2011). The introduction of modern carbon down the

soil profile can significantly shift the bulk radiocarbon

ages to younger values and could introduce bias when

using 14C to calculate turnover time and C reservoir

stability. Along with the mixture in 14C ages at depth,

there is a mixture of OC with different reactivities

because OC stability is a function of OC compound

structure and its interaction with mineral surfaces,

bridging cations, and other organic compounds

(Lehmann and Kleber 2015; Schmidt et al. 2011).

Consequently, bulk 14C measurements may not ade-

quately describe the soil system in which SOC consists

of a wide range of components with various reactiv-

ities and ages in a single sample.

To address the need for a greater understanding of

SOC reactivity and 14C age distribution in soils we

investigate the use of the newly developed Ramped

PyrOx accelerator mass spectrometry technique

(thereafter referred to as RPO) that can elucidate the

age and reactivity distributions of SOC in a single

sample. We ask how the 14C ‘‘age’’ in a single soil

sample, representing a complex mixture, can be

interrogated using the RPO technique which provides

a CO2-weighted age distribution along with a distri-

bution of activation energies (Hemingway et al.

2017b; Rosenheim et al. 2008). Techniques measuring

thermal reactivity have been widely used to assess soil

organic matter stability, but few studies have directly

measured carbon isotopic measurements and thermal

reactivity (Lopez-Capel et al. 2008; Plante et al. 2009).

By combining thermal activation energy analysis with

environmental tracers such as radiocarbon and

stable isotopes, we can directly probe the relationship

between SOC reactivity, source, and age.

The coupling of RPO and AMS 14C measurements

is relatively recent, and most work to date has been

carried out in riverine and aquatic sedimentary

systems to understand the age spectrum and source

variation of OC deposited in these environments

(Bianchi et al. 2015; Rosenheim and Galy 2012;

Schreiner et al. 2014; Williams and Rosenheim 2015).

One study applied RPO-14C in oxidation (OX) mode

to an active soil system (Plante et al. 2013), and

recently the pyrolysis (PY) approach was used to

examine carbon sources in a paleosol (Vetter et al.

2017). RPO analysis of sediments and soils demon-

strate that these sinks store OC with a wide range of

properties. RPO analyses have been used to measure

sedimentary depositional systems, successfully sepa-

rating OC with distinct sources having large differ-

ences in age ([ 20,000 14C yrs) and reactivities

(100 kJ mol-1 to [ 200 kJ mol-1) within a single

sample. Sediments, either due to environmental

differences or source contributions, can have a wide

range of 14C content (expressed as fraction modern—

Fm) among fractions of increasing thermal recalci-

trance, while existing data on soils run with the same

techniques show much smaller differences in Fm

values among thermal fractions (Vetter et al. 2017;

Plante et al. 2013). Sediments also tend to have broad

and complex distributions of activation energy, while

soils generally have simpler and narrower distribu-

tions (Hemingway et al. 2019). Zhang et al. (2017)

used RPO analyses to identify sources of carbon in

sediments derived from permafrost erosion, but did

not specifically consider the energetics. Hemingway

et al. (2018) attributed large Fm differences in soil

thermal fractions to rapidly eroding bedrock and soil

formation in Taiwanese landscapes via the mixing of
14C-dead petrogenic OC and young biogenic OC

within the soil profile. A study of paleosols using RPO

showed invariant ages between thermal fractions

which was attributed to paleosol burial and isolation

from the environment, rather than a property of the soil
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prior to burial (Vetter et al. 2017). Yet, it remains

unclear why RPO analysis of sediments and soils show

differences: is it a method artifact or does it reveal a

fundamental difference between carbon in soils and

sediments?

Here we apply the coupled RPO-14C approach to a

tropical volcanic soil in order to test the method’s

applicability to a dynamic soil system with a range of
14C inputs. In this pilot scale study, we test whether

RPO can distinguish changing chemical signals

between soil horizons. We use Pu‘u Eke, a well-

studied SOC-rich site on Kohala Mountain, Hawaii to

test the RPO system on modern, active soils (Kramer

et al. 2012; Marı́n-Spiotta et al. 2014). Nearby and

closely related soils in Hawaii are known for ‘‘old’’

SOC ages estimated from 14C activity, in some cases

over 10,000 14C years (Torn et al. 1997). The Pu‘u

Eke soil has a combination of carbon from distinct

sources: macropore DOC, mineral bound OC and

microbially degraded OC.We expect the three sources

to have different 14C ages and thermal properties. Thus

Pu‘u Eke soils should provide a useful test of whether

isotope-enabled RPO techniques can enhance our

understanding of carbon turnover in chemically com-

plex soil environments. We seek to gain additional

insight into the age distribution and reactivity of the

large stores of organic carbon stored in volcanic soils.

Materials and methods

Site/sample description

Soil samples were collected in April 2013 from the

Pu‘u Eke (20�404200N, 155�4304400W) site on the

leeward side of Kohala volcano, on the Island of

Hawai‘i. The Pu‘u Eke soil sits at 1500 m and is

underlain by 350 ka Pololu lava flow and supports an

O‘hia (Metrosideros polymorpha) and Hapu‘u pulu

(tree fern: Cibotium splendens) forest. All vegetation

near the site uses the C3 photosynthetic pathway. The

site receives about 2800 to 3500 mm of rainfall per

year (Giambelluca et al. 2013, 1986), though rain

gauges are not in place at the site and precipitation is

spatially variable, so precipitation remains uncertain

and may well be higher. Soils are categorized as

Hydric Hapludand or Hydric Placudand (Kramer et al.

2012; Marin-Spiotta et al. 2011). Soil pits were dug

to * 1 m and sampled for genetic horizon using

standard methods detailed in Kramer et al. (2012).

Horizons were designated as follows: the Oa is a

subsurface horizon with strong organic accumulation,

Bhs contains both organic and Fe accumulations, the

Bs shows significant Fe and Al accumulation, and the

Bg has Fe loss due to anoxia induced reduction

processes (SI Table S1). Samples were sent to Cornell

University and stored field moist at 4 �C until analysis.

In the laboratory, field moist samples were homoge-

nized, sieved to\ 2 mm and freeze dried. Excess

sample was stored at 4 �C.
The Pu‘u Eke soil and other soils on Kohala have

similar properties and have been extensively studied to

understand the relationships among edaphic properties

and soil carbon sequestration (Buettner et al. 2014;

Chadwick et al. 2003, 2007; Kramer et al. 2012;

Marin-Spiotta et al. 2011; Torn et al. 1997). Marin-

Spiotta (2011) presented a detailed assessment of Pu‘u

Eke soils, where mineral matrix OC is distinct from

macropore OC. The re-allocation of modern OC to

belowground horizons was facilitated by DOC flow

down large crack structures. Data presented in Marin-

Spiotta (2011) shows shifts in the C/N ratio, NMR

spectra, and radiocarbon ages, depicting a range of age

and OC degradation in the mineral horizons.

The soils are composed of a mineral matrix of Al-

oxy/hydroxides allophane and imogolite with nano-

mineral and colloidal Fe phases, such as nano-goethite

(Marin-Spiotta et al. 2011; Thompson et al. 2006b).

Occasional periods of saturation create an active redox

environment that stimulates formation of mineral-

bound carbon assemblages, especially those involving

Fe oxides (Thompson et al. 2006a, b). This frequent

variation in soil saturation, redox state, and increased

organic acid input in the upper horizons causes the pH

values to range from 3.7 in the Oa to 4.5 in the Bs and

Bg horizons (Marin-Spiotta et al. 2011), where Fe

reduction causes an increase in pH values in the

deeper, anoxic environment. Mineral dust supplies the

near-surface horizons with some SiO2 and base cations

(Kurtz et al. 2001).

We selected these soil samples for RPO measure-

ment because previous work has shown these samples

contain a mixture of macropore OC originating in

surface horizons and soil carbon closely associated

with the mineral matrix, which have distinct 14C

signatures. Each soil horizon was sampled volumet-

rically, specifically not separating interior matrix

carbon from macropore carbon to test if RPO can
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successfully resolve signals from these two distinct

sources. The soils are well-suited for RPO measure-

ment because they formed from one parent material,

the Pololu lava flow (350 ka), they receive relatively

simple plant inputs, and contain no sedimentary,

petrogenic C (14C-dead). Four soil samples (Table 1)

were obtained from a single pit, sampled in coordina-

tion with a larger sampling campaign.

Geochemistry

Inorganic elemental analysis was done at Cornell

University and compared to previous measurements

presented in the literature and to unpublished data (O.

Chadwick). Samples were dried at 105 �C for 24 h

prior to pulverization with an agate shatter box.

Samples were combusted in a muffle furnace at

500 �C for 4 h and then ignited at 950 �C for 30 min

to remove all OC and structural water and convert

Fe2? to Fe3?. Total metal analyses were carried out by

microwave digestion with HNO3/HCl/HF using an

Ethos Milestone Microwave Digester (Milestone

Scientific, Inc., Livingston, NJ). Ignited samples were

digested in a 3:2:0.25 solution of HNO3/HCl/HF at

200 �C for 40 min. Samples were cooled to 25 �C and

4 wt% boric acid was added; the solution was reheated

to 150 �C for 20 min to neutralize excess HF, while

retaining dissolved SiO2. The USGS standard BHVO-

2 was used as a reference material and procedural

blanks measured every 10 samples. Upon digestion,

samples were immediately diluted to 10,000 9 for

analysis on the SpectroBlue ICP-OES (Ametek,

Kleve, Germany) for major elements and

20,000 9 for trace metal analysis on the Thermo

Element II ICP-MS (Thermo Fisher Scientific, Wal-

tham, MA). Quantification was achieved using matrix

matched intensity calibration curves for both the ICP-

OES and ICP-MS runs. Analytical uncertainties are

within 5%, based on repeat analysis of standards and

of selected samples. Element loss or gains are

calculated relative to an ‘‘immobile’’ element (i), in

this case, niobium (Nb), and normalized to the

unweathered parent material (p) (Kurtz et al. 2000).

The mass transfer coefficients, sij, (1) are a measure of

weathering where the abundance of a mobile element

(j) in the weathered material (w) is compared to an

immobile element (i).

sij ¼
Ci;p

Ci;w
� Cj;w

Cj;p

� �
� 1 ð1Þ

Bulk samples were dried in a 60 �C oven, homog-

enized by lightly grinding with a mortar and pestle,

and loaded into tin capsules for combustion. Total

organic carbon (TOC), nitrogen (TN), d13C, and d15N
were measured at the Cornell Stable Isotope Labora-

tory on a Thermo Delta V Advantage coupled EA-

IRMS (Thermo Scientific, Waltham, MA, USA). Data

were corrected following standard procedures; d13C is

reported relative to Vienna Pee Dee Belemnite

(VPDB) and d15N is reported relative to the 15N/14N

ratio in air.

Ramped pyrolysis/oxidation (RPO)

Ramped temperature pyrolysis/oxidation (RPO) anal-

ysis was carried out at the National Ocean science

accelerator mass spectrometer facility at woods hole

oceanographic Institution. Four samples were mea-

sured in both oxidation (OX) and pyrolysis (PY)

configurations. The RPO technique and instrumental

set up is detailed in Rosenheim et al. (2008) and

Hemingway et al. (2017a). Briefly, all glassware is

combusted at 850 �C for quartz and 450 �C for Pyrex.

Depending on %OC, 20–60 mg of freeze-dried,

homogenized soil is loaded between quartz wool into

a quartz reactor insert. The reactor is placed into the

top of a dual oven, ramped at 5 �C/min, while the

bottom oven was held constant at 800 �C. The sample

Table 1 Characterization table for Pu‘u Eke soils in this study

Sample designation Depth (cm) Horizon %OC d13C d15N Age (14C years) Age (Fm)

PE-1 13–21 Oa 49.2 ± 0.2 - 26.16 3.72 Modern 1.01

PE-2 25–36 Bhs 17.00 ± 1.18 - 26.21 2.55 1028 0.88

PE-3 40–55 Bs 12.74 ± 0.09 - 26.58 2.33 1937 0.79

PE-4 63–74 Bg 9.86 ± 0.10 - 26.47 0.57 2528 0.73
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is heated under an atmosphere of He (ultrapure) for PY

or 92% He:8%O2 for OX with a 32 mL/min flow rate.

Evolved gases are passed through the bottom oven

where an additional 3 mL/min of O2 (PY) or 92:8

He:O2 (OX) is added and gas is passed over a Cu, Pt,

and Ni catalyst wire to ensure complete conversion to

CO2 in both configurations. Evolved CO2 flows

through a water trap (dry ice and isopropyl alcohol)

and is quantified using an infrared gas analyzer

(IGRA) in parts per million by volume (ppmv CO2)

with 1-second temporal resolution. CO2 is collected in

one of two liquid N2 traps, which capture CO2 at user

defined intervals, referred to as ‘fractions’. Five

fractions, referred to as F1–F5, were collected per

sample. CO2 was purified downstream on a vacuum

line and flame-sealed in 6 mm Pyrex tubes contain-

ing * 100 mg CuO and * 10 mg Ag. Sealed sam-

ples were combusted at 525 �C to remove contaminant

gases, graphitized, and measured for radiocarbon and

d13C following standard procedures (McNichol et al.

1994). All bulk and RPO fractions were measured for

stable carbon isotope compositions using a dual-inlet

isotope ratio mass spectrometer (IRMS) (McNichol

et al. 1994). All radiocarbon data is presented as

fraction modern notation (Fm) and is corrected for 13C

fractionation. RPO fraction masses, d13C, and Fm are

corrected for blank carbon contribution as described in

Hemingway et al. (2017a). d13C values are further

corrected for kinetic fractionation as described in

Hemingway et al. (2017a).

Activation energy analysis

RPO thermograms are analyzed using the open

sourced ‘rampedpyrox’ Python package (Hemingway

2016) where the distributed activation energy model is

solved inversely and yields a continuous distribution

of activation energy (E) (Hemingway et al., 2017b). It

makes no a priori assumptions about the distribution of

activation energies, thereby resulting in a non-para-

metric activation energy distribution. The overall

distribution as well as specific portions of it corre-

sponding to RPO gas fractions can be characterized by

their mean (lE) and standard deviation (rE). In this

case, the standard deviation refers to the variance of

the distribution of E within the sample rather than an

uncertainty in the measurement. It is a measure of the

heterogeneity in the bonding environment within each

sample. This approach permits the direct comparison

of the distribution of E in kJ mol-1 within each RPO

fraction to measured Fm and d13C values in the same

fraction (Hemingway et al. 2017b). Each thermogram

is broken down into individually calculated lEf and

rEf. values within each collected CO2 fraction, f,

where f = 1 to 5. It does not attempt to assign known,

single component activation energies to these samples,

rather it is an assessment of the overall chemical

bonding environment of the organic matter. It is most

effectively used to compare samples within an RPO

data set, not necessarily to activation energies

obtained by other methods. The F14R parameter (2),

detailed in Soulet et al. (2016), which provides a time-

insensitive metric of 14C reservoir age, allows us to

directly compare changes in the relationship between

Fm values of the individual fractions and E.

F14Rx�y ¼
Fmx

Fmy

ð2Þ

In this case, x indicates the individual thermal

fractions (f1–f5) and y is designated as the youngest or

most 14C enriched fraction (f1 in each sample).

Results

Geochemistry

This study uses one soil profile as an example of RPO

methodology examined in the context of the previous

studies to expand our understanding of the SOC in a

highly weathered volcanic soil. Pu‘u Eke has highly

weathered andic soils, with almost complete loss of

major cations Na, Ca, Mg. Iron and Al are significantly

lost in these soils with sFe values relative to Nb

of\-0.6 for the profile, and sAl of\- 0.8 below

30 cm soil depth (Fig. 1).

The measured organic carbon content in the

13–21 cm horizon (Oa) is 49% and decreases to 9%

in the deepest horizon (Table 1). The OC content is

presented normalized to TiO2 (Fig. 1) to show carbon

addition to the soil profile in relation to other mass

losses or gains. Other studies of Pu‘u Eke soils show

similar carbon storage values in the upper 1 m of soil,

however, our horizons contain more carbon on aver-

age than most of the other sampled soil pits at this site.

This may be due to soil heterogeneity; in particular we

think our soil pit contained more organic infillings as
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described in (Marin-Spiotta et al. 2011). The bulk d13C
values range from - 26.0% in the top 13–21 cm Oa

horizon to - 26.6% at depth 63–74 cm Bg horizon

(Fig. 1). The relatively constant bulk d13C confirms a

uniform C3 plant input from the upper horizons. In

other soil pits at Pu‘u Eke, bulk d13C increased from

- 29 or - 30% in shallow horizons to - 26.5% at

depth, yet the organic infillings show a similar pattern

to our bulk measurements (Marin-Spiotta et al. 2011).

The C:N ratio is similar to that reported in previously

published work at this site, with C:N ratios increasing

with depth from 24.0 to 27.5, indicating either a

preferential decomposition of nitrogen-containing

species or the accumulation of plant-derived com-

pounds as was proposed in Kramer et al. (2012), or

some combination of the two.

Bulk radiocarbon (Table 1) shows a systematic

decrease from a modern Fm value of 1.013 in the Oa

horizon to 0.730 (D14C = - 265%) in the Bg horizon.

In our soils, the bulk radiocarbon data in the upper

three horizons are similar to the bulk measurements

from other studies (SI Fig. 1), but the Bg bulk

radiocarbon measurement was younger than previ-

ously measured soils at Pu‘u Eke (Marin-Spiotta et al.

2011), where bulk 14C measurements in the Bg

horizon were - 600%. Our data are consistent with

the presence of organic infillings associated with

younger radiocarbon values, indicating a greater input

of young carbon at depth. This highlights the large

heterogeneity of these systems as well as the ability of

young carbon to contribute to the SOC at depth

([ 70 cm).

Ramped pyrolysis/oxidation (RPO)

Radiocarbon activity was determined on five CO2

fractions (f1–f5) released at increasing temperatures

from each RPO run (SI Table S2). For the individual

RPO experiments on the Oa, Bhs, and Bg horizons in

both the OX and PY modes, the Fm values of f1-f5 are

statistically the same (p[ 0.4) (Fig. 2), with the mass

weighted average of f1–f5 equaling the measured bulk

value. In OX mode, there is a small but significant

systematic decrease in Fm from f1 to f5 in both the Bhs

(from 0.89 to 0.85) and the Bg horizon (0.76 to 0.71).

The RPO normalized thermograms (Fig. 3) in OX and

PY modes show minimal variability in peak shape and

T-max for the samples below 25 cm depth. There is a

small difference in the T-max from the Bhs and Bg in

the PY mode, which we believe to be an experimental

artifact attributed to reactor variability and O2 back

flow. This variability does not appear in the OX

experiments. We conclude there is no discernable

systematic difference in the Fm distributions obtained

in the PY and OX modes.

Measured stable carbon isotopes of fractions

showed no trend within a single RPO run (SI Table 1).

d13C values varied by B 1.7% across the fractions

within a given horizon (e.g. Bhs), and there is no

resolvable difference between fraction data obtained

in the PY and OX modes.

Activation energy model

The distribution of E for each horizon in the OX and

PY mode are presented in Fig. 4. In the OX experi-

ments, the shallow Oa horizon had a lE of

159.2 kJ mol-1 and a dominant peak at

157.9 kJ mol-1 (Fig. 4). This horizon also had the

Fig. 1 Panel A–E depict a subset of the geochemical analysis

done on these soils. A normalized carbon content shows a

decline of C in the system. The normalized parameter shows

carbon addition to the system relative to the initial soil mass.

B the C/N ratio is relatively stable around * 23 until a sharp

increase below the Bs horizon (50 cm). C Stable isotope data

(d13C) shows there is only C3 input into the soil system. There is

a slight enrichment of shallower horizons. D Al is subject to

substantial weathering losses. E Fe loss is also extensive, and is

greatest in the shallower horizons
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largest rE of the OX experiments. The lE values were

constant below the Oa horizon, with values close to

140 kJ mol-1, and rE showed no systematic varia-

tions in the 11.5–13.1 kJ mol-1 range (Table 2,

Fig. 5), suggesting the bonding environment is sim-

ilar. Below the Oa horizon, the mineral horizons’

E distributions show a primary peak

at * 135 kJ mol-1 and a second, smaller peak

at * 147 kJ mol-1. This secondary peak is more

prominent in the Bhs horizon than deeper in the soil. In

the PY experiments, the model outputs have ‘broader’

peaks, with the Oa and Bg consistent with the OX

experiments, but the Bhs shows a less distinctive

bimodal distribution. The activation energy

distributions for the fractions obtained in PY mode

also have larger standard deviations ranging from

rE = 20.9 kJ mol-1 for the Oa to 15.7 kJ mol-1 for

the Bg (Table 1). The lE of the Oa is significantly

different than the lE of the three mineral horizons

(p\ 0.026).

Additionally, the lEf energies ranged from 123 to

204 kJ mol-1 (SI Table 2) depending on the sample.

In Fig. 6, we show for each horizon both the un-

normalized Fm values and the F14R values compared

to the mean E value of each fraction, where the un-

normalized slope for the Oa horizon is nearly flat

(-0.0005 and r2 of 0.63), but the slope becomes

progressively negative with depth, from - 0.0011 to

Fig. 2 Comparison of

thermograms from the OX

(left side) and PY (right

side) experiments. The

panels are arranged in order

from the Oa (13–21 cm)

horizon on top to the Bg

(63–74 cm) horizon on the

bottom. The normalized

evolved CO2 (unitless) is the

thick green line, while the

histograms indicate Fm

values of each fraction

measured for radiocarbon in

the experiment. Analytical

errors are not represented on

the graph as they are smaller

than the histogram line

thickness. Differences in Fm

between fractions in an

individual experiment are

small, and the Fm values

average to bulk values

within a single experiment
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- 0.0017 (r2 of 0.93 and 0.98 respectively) from the

Bhs to the Bg. We found negative correlations

between E and Fm in all three measured OX horizons,

however only the Bhs and Bg were statically signif-

icant with p\ 0.05 (Fig. 6). This change with depth is

more clearly represented using F14R where the change

in the slope of Bhs to Bg is from -0.0014 to -0.0022

(r2 of 0.93 and 0.98). In the Oa, there was minimal

correlation (r2 = 0.63, p[ 0.1) between Fm and E or

d13C. In deeper horizons older OC has higher E. The

correlation was present in both PY and OX modes.

Discussion

RPO PY and OX are indistinguishable

While there are theoretical and methodological dif-

ferences between the two instrument modes PY and

OX, there is overall good agreement between data

obtained in PY and OX modes (Fig. 1, Fig. 3, SI

Table S2). We find however that the activation energy

distributions obtained from OX mode runs are char-

acterized by smaller rE than in the PY mode, perhaps

reflecting more prominent charring effects in the latter

(Williams et al. 2014). The model was optimized for

the OX mode, yet it theoretically can be used in any

time–temperature regime to analyze thermal decom-

position curves as long as decomposition occurs

following first order kinetics (Hemingway et al.

2017b). The OX mode avoids some potential exper-

imental artifacts which may be produced in pyrolysis

experiments. This can occur during PY experiments

when lower temperature products are converted to

more thermally stable chemicals, which themselves

Fig. 3 Panel A depicts RPO runs in oxidation mode, where T-

max is shifted towards lower temperatures deeper in the soil

profile and the Oa horizon (organic rich) is shifted towards

higher temperatures. In this mode, there is no difference in T-

max or thermogram shape below the Bhs horizon. Panel B shows

the pyrolysis mode runs for the same set of samples.

Thermograms have relatively similar shapes, with a unimodal

peak distribution

Fig. 4 ‘rampedpyrox’ Model outputs from the four Pu‘u Eke

soil horizons in the OX (upper panel) and PY (lower panel). All

model experiments were run with the same parameters and

outputs are mass normalized distributions. The Oa has a shifted

p(E) towards higher activation energies. In the OX experiments,

the Bhs has a bimodal distribution, with a dominate peak at

135 kJ mol-1 and a second peak at * 146 kJ mol-1. The

amplitude of this peak is progressively reduced in the two deeper

horizons. In the PY output, the bimodal distribution is apparent,

yet with less definition in the Bhs
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are decomposed at higher temperatures (so-called

charring), leading to skewed thermograms (Williams

et al. 2014). However, such byproducts typically

appear at higher T ([ 600 �C). We observed no

residual C evolved past 600 �C in any experiment.

Also, the PY mode has, in some instances, permitted

O2 flow back into the reactor resulting in partial

oxidation instead of pure pyrolysis. For future exper-

iments in soils, we thus recommend the OX mode as

the most reliable. In the case of Pu‘u Eke soils, the PY

and OX modes on the RPO instrumentation can

however be used interchangeably, and our overall

results are independent of the method used.

Table 2 Thermal activation energy data calculated by the ‘rampedpyrox’ python package

Sample

designation

Depth

(cm)

Horizon T-max OX

(�C)
T-max PY

(�C)
OX lE
(kJ/mol)

OX rE
(kJ/mol)

PY lE
(kJ/mol)

PY rE
(kJ/mol)

PE-1 13–21 Oa 389 395 159.13 12.41 163.21 20.90

PE-2 25–36 Bhs 300 333 140.63 11.91 148.02 17.46

PE-3 40–55 Bs 301 n.m. 141.98 13.11 n.m.a n.m.a

PE-4 63–74 Bg 296 313 139.71 11.54 144.01 15.74

aPE-3 was not measured in pyrolysis mode

Fig. 5 Depth profile of RPO lE for Pu‘u Eke samples. Samples

below 30 cm are identical in both the PY and OX modes for

thermal activation energy. Activation energies in the Oa horizon

are higher than deeper samples, implying both increased

temperature sensitivity and higher thermal stability. Bulk Fm

values show decreases down the profile while the lE shows no

change. Plot insert: ‘rampedpyrox’ model output (p(E)) for the

Bhs is shown in the black line, while lE and rE are shown in the

red lines. This model output is the distribution of activation

energies and can be represented as a mean and standard

deviation

Fig. 6 Upper Panel: Pu‘u Eke Oa, Bhs Bg RPO run in OX

mode where thermograms are analyzed with the ‘rampedpyrox’

python package. Model output directly relates lEf and Fm of

each individually collected fractions; slope and r2 for Oa are

-0.0005 and 0.63, Bhs -0.0011 and 0.93, Bg -0.0017 and

0.981 respectively. Error bars on the x-axis indicate the rE of

the distribution of E within each fraction, while vertical error

bars represent the analytical error in Fm. For the Bg horizon, the

absolute change in Fm is small, less than 0.06, which

corresponds to 626 radiocarbon years. Lower Panel: Compar-

ison of the F14R metric and lEf. Data is normalized to the most
14C-rich (i.e. youngest) fraction for clearer comparison between

samples of contrasted bulk 14C ages. Slope and r2 for Oa are

- 0.0004 and 0.63; Bhs - 0.0013 and 0.93; Bg - 0.0022 and

0.98 respectively
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Stable lE indicates single C stabilization

mechanism in deep mineral horizons

The development of the ‘rampedpyrox’ program for

RPO has increased our understanding of the thermo-

chemical stability of OC (Hemingway et al. 2017b).

The RPO instrument in soils is seen as an in situ

experiment as no chemical pretreatment or separations

are performed. In the three deeper horizons (Bhs, Bs

and Bg) the lE values are essentially constant near

140 kJ mol-1 (Fig. 5). In the upper-most Oa horizon,

the lE (159 kJ mol-1) is about 25 kJ mol-1 higher,

implying greater thermal stability. The OC in the Oa

horizon is both muchmore abundant (49 wt%) and has

different chemistry than the deeper horizons. Previous

studies find a higher proportion of microbially-derived

compounds in the Oa compared to deeper horizons,

which contain more oxidized lignin (Kramer et al.

2012). Although we do not have thermograms of Pu‘u

Eke DOC, thermograms of the Oa horizon OC closely

resemble samples of river DOC previously run on the

RPO instrument (Hemingway et al. 2019), where the

distributions of activation energy are characterized by

relatively low rE (10–15 kJ/mol) and lE values close

to 160 kJ/mol. The similarity between Oa horizon and

DOC thermograms is indicative of OC which has

minimal mineral interactions, confirmed by the large

OC/Ti in the Oa horizon (Fig. 1).

Below the Oa horizon, lE values were constant and

lower (140 kJ mol-1) in every sample regardless of

increasing radiocarbon age. The activation energy

model distributions (Fig. 4) are mostly bimodal, with

maxima at 135 kJ mol-1 and at 147 kJ mol-1. The

deeper samples have substantially lower ratios of OC

to mineral material, with OC/Ti ratio decreasing from

8 in the Oa horizon to\ 2 in the three deeper horizons

(Fig. 1). The decrease in %OC and OC/Ti ratio

suggests that there is relatively more mineral surface

area available to interact with the OC below the Oa

horizon. In the Oa horizon (OC content is 49 wt%), the

amount of carbon suggests the mineral surfaces may

be saturated leading to an abundance of OC not

associated with the mineral matrix (Kaiser and

Guggenberger 2003). In this case, the greater mean

RPO E in the shallow Oa horizon likely reflects this

mineral-unassociated organic material. From the Oa to

the Bhs, there is a substantial decrease in the amount of

OC from 49 to 17 wt% and an approximately four-fold

decrease in OC/Ti. The substantially lower ratio of

carbon to mineral matrix implies a larger fraction of

the OC is interacting with secondary alumino-silicates

and metal hydroxides (e.g. Feng et al. 2013a, b; Ohno

et al. 2017). The retained OC in the Bhs horizon and

below contains more partially oxidized carbon than in

the Oa horizon (Marin-Spiotta et al. 2011). This could

lead to smaller, partially oxidized molecules at depth,

which can be protected by interaction with the mineral

matrix (Chorover et al. 2004; Kramer et al. 2012).

These smaller molecules, most likely, are more

thermally labile than the Oa material, as we see a

shift from 160 kJ mol-1 in the Oa to 140 kJ mol-1 in

deeper horizons. We hypothesize that mineral surface

interactions would increase the lE and rE of the

activation energy distribution compared to unassoci-

ated, ‘left over’ material but not sufficiently to fully

compensate for the decrease in lE associated with

degradation processes that organic matter undergoes

during early stage of soil formation. Overall, we

therefore suggest that the decrease in lE between the

Oa and deeper horizons reflects the transition from

free un-associated organic material in the Oa horizon

to mineral associated organic matter in the deeper

horizons. In other settings, this framework is further

supported by the higher mean thermal activation

energy of light (free OM) than heavy (mineral

associated OM) soil density fractions (Williams

et al. 2018), and the differences in energy density of

new versus persistent OM (Barre et al. 2016).

In the deeper Bhs, Bs and Bg horizons the

differences in the distribution of RPO E also suggest

changes in stabilization mechanisms, despite rela-

tively small changes in the mean E. The amplitude of

the peak at 147 kJ mol-1 in the p(0,E) values

decreases with depth while the amplitude of the peak

at 135 kJ mol-1 increases slightly. We hypothesize

that the higher energy peak likely represents a

chemically distinct pool of OC, while the lower

E (135 kJ mol-1) peak represents mineral-stabilized

C. However, these differences in the model output

represent small changes compared to the sample

thermograms which are very similar.

Interaction with mineral surfaces is thought to be a

driver of SOC stability in volcanic soils (Kleber et al.

2005; Mikutta et al. 2006, 2009; Rasmussen et al.

2005; Torn et al. 1997). An explanation for the result

of uniform reactivity below 25 cm is that stability is

predominantly controlled by environmental or phys-

ical stabilization mechanisms, not the chemical
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structure of organic molecules (Schmidt et al. 2011).

The constant lE below the Oa could be analogous to

the energy required to disrupt the surface adsorption of

the OC where there are sufficient mineral surfaces

available.

Experimental adsorption–desorption studies pro-

vide a basis for comparison with our data. Generally,

these experiments use one organic molecule and a

single synthetic mineral, and have found that surface

adsorption reactions give bonding energies in the

125–320 kJ mol-1 range for carboxyl and hydroxyl

functional groups on iron oxides (Gu et al. 1995).

These experiments yield relative energy ranges

broadly similar to what we have find with the RPO

analysis, however they are not directly analogous. In

the RPO instrument, we are likely measuring the

bonding energies of desorption and the oxidation of

many different OC compounds. RPO does not give

absolute E values, rather the results are best inter-

preted as a relative energy distribution of the bonding

environment within and locally surrounding the

organic molecules. Nevertheless, it is useful to com-

pare the RPO results to other calculated activation

energy values with thermal methods (differential

scanning calorimetry, DSC). One study of mineral

and organic soil horizons using DSC gave a remark-

ably similar average Ea value of 136 kJ mol-1 for all

soils measured (Leifeld and von Lutzow 2014). From

RPO lE data, we suspect the mobilized DOC is likely

adsorbing to mineral surfaces below the Oa horizon

where there is plenty of mineral surface relative to OC

(Fig. 1). The constant and somewhat lower lE
(140 kJ mol-1) below the Oa is consistent with a

mineral stabilization mechanism as the primary con-

trol on soil C stability in the mineral soil. The lower lE
values relative to unassociated SOC indicate that the

stability of SOC associated with mineral surfaces

could be less sensitive to temperature.

Relationship between SOC age and reactivity

One of the powerful features of RPO is its ability to

probe the relationship among OC bonding environ-

ments, source, and age independently. Hawaiian soil

samples at Pu‘u Eke (as well as unpublished data from

similar sites in Hawaii) run on the RPO system thus far

show small variation in the Fm values between

thermal fractions (Fig. 2). For the Oa horizon there

was only a 0.79% total change (Fm range of

1.031–1.015) between fractions. The flat radiocarbon

distribution across fractions in the Oa and the single,

dominant peak of the p(0,E) are suggestive of a well-

mixed, ‘modern’ OC pool in this horizon. For the

deeper Bhs and Bg horizons, there was a small

systematic decrease in Fm between F1 and F5, and this

change is negatively correlated with computed lEf of

each fraction (Fig. 6). While there is a strong corre-

lation coefficient (respectively r2 of 0.93 and of 0.98

for the Bhs and Bg horizons) the range in 14C

composition is small when compared to samples of

different environments such as sediments, where

changes in 14C age across fractions sometimes exceeds

20,000 years (Hemingway et al. 2017b; Rosenheim

and Galy 2012). In addition, in the Pu‘u Eke soils there

is no relationship between source (d13C) and E (SI

Table S2). In previous RPO studies involving riverine

sediments, differences in radiocarbon years between

fractions were thousands of years and likely due to

mixing of biospheric or petrogenic carbon within river

loads and sediments (Hemingway et al. 2017b;

Rosenheim and Galy 2012). Sediments have, along

with longer OC turnover times, severe O2 limitation

which lead to environments where carbon can undergo

chemical differentiation and preservation of reaction

products. To achieve persistent OC in relatively well-

oxygenated soil, an external stabilization mechanism

such as mineral sorption or co-precipitation is essen-

tial. Data from the Pu‘u Eke soils, with one dominant

peak in the thermogram and relatively consistent Fm

values of the fractions, are consistent with the

hypothesis that mineral-organic interactions are a

stronger control on E than either oxygen supply per se

or carbon compound composition.

A study of paleosols that used RPO in PY mode did

find invariant 14C ages between fractions (Vetter et al.

2017) and attributed it to the unique properties of

paleosols rather than to soils generally. They assumed

extremely rapid soil turnover in the Holocene Missis-

sippi Delta that homogenized the 14C content across

the thermochemical spectrum during pedogenesis, and

that subsequent burial prevented modern 14C infiltra-

tion into the system, leading to flat Fm values across

the fractions. However, in our soil, at depth, there is

small variation in Fm despite clear evidence of the

influx of modern OC into the system. We cannot

attribute this finding to carbon burial and isolation

from near-surface chemical processes. We propose

that it is more indicative of rapid turnover and
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decomposition of ‘modern’ OC from the Oa horizon

that homogenizes most OC across the thermal gradient

because at Pu‘u Eke we see both modern OC along

surface coatings at depth and bulk OC with an age of

2500 radiocarbon years, but little radiocarbon differ-

entiation across the different thermal fractions. Within

each thermal fraction, there must be a mixture of

organic carbon that has the same thermal activation

energy and the same average radiocarbon age.

However, the rate of 14C depletion with increasing

activation energy appears to increase with soil depth;

the greatest change in age between thermal fractions is

in the deepest Bg horizon and is 626 radiocarbon years

between f1 and f5. This difference in age between

thermal fractions indicates that in deeper soil, OC with

the highest lEf is older than low lEf OC (Fig. 6). If

this pattern results from a mixing of older and younger

sources, the younger component has a low lEf, and the

older component has a higher lEf similar to what we

observed in the Oa horizon. As face value this

observation is not compatible with the addition of a

young component derived from the Oa, but the

variation in activation energy may reflect other

processes than mixing. Mechanistically, the change

in radiocarbon age along the E continuum can be

explained by the competition between the kinetics of

sorption/desorption reactions occurring at mineral

surfaces and the rate of microbial activity (Rothman

and Forney 2007).

Conclusion

Our study is the first to evaluate the C properties in an

active, non-buried, soil profile using the RPO instru-

ment, allowing us to gain a fundamental understanding

of how soil OC changes by depth. RPO analysis of

Pu‘u Eke samples yielded two main results: (1)

constant lE below the Oa horizon even with increas-

ing age and (2) small radiocarbon age increase across

the thermal gradient at depth. At Pu‘u Eke, the shallow

Oa horizon has a modern radiocarbon value, indicating

young inputs, yet has the highest measured RPO lE
measured in the soil profile. In previous studies using

the RPOmodern Fm values were evolved at the lowest

temperatures (i.e. lowest E values). RPO data for the

deeper horizons yields near-constant lE values that

are independent of changes in chemistry (e.g. OC

content), consistent with mineral stabilization of SOC.

The deeper, mineral-stabilized samples have lower lE
than the high-TOC Oa horizon, implying a lower

temperature sensitivity for the mineral-stabilized car-

bon. We show that below the Oa horizon of Pu‘u Eke,

the measured E distribution of OC does not change,

even as it ages and the OC concentration decreases.

Our result show that the OC in the Oa horizon at this

site has high OC/Ti and a high lE, suggesting that its

decomposition is likely strongly temperature-depen-

dent. The radiocarbon age of this material is essen-

tially modern, indicating that it is not stabilized over

longer time scales. There is no evidence for an old

component in this material, which may reflect the

limited mineral matrix available for interaction with

carbon compounds. The OC in the deeper Bhs and Bg

horizons has lower lE, significantly lower OC/Ti and

is considerably older. We propose that these differ-

ences reflect greater importance of mineral-OC inter-

actions at depth. Predicting whether OC will persist in

the environment relies on a combination of factors,

and thermal activation energy adds an important

insight into OC stability. The dominance of carbon

molecular structure as the main predictor for persis-

tence has been challenged (Hemingway et al. 2019;

Lehmann and Kleber 2015; Schmidt et al. 2011), but

the idea that as soil carbon ages it becomes harder to

decompose is still widespread in the literature. There

is however a growing understanding that the rate of C

mineralization in soils is a strong function of the soil

environment and mineral-carbon interactions (Sch-

midt et al. 2011). The RPO approach allows us to

directly test this hypothesis.

RPO is a powerful tool to probe the relationship

between the thermal reactivity, d13C, and radiocarbon.
This study provided an initial, detailed analysis of the

RPO technique on a small set of well-studied soils. We

were able to leverage the existing understanding of

this soil environment to propose some working

hypotheses for the RPO results in these soils. We

show the RPO instrument can detect energetic differ-

ences in organic and mineral horizons. This study lays

the foundation to utilize RPO to understand mineral-

organic carbon stabilizing interactions across a wide

range of soil environments.
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