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A B S T R A C T   

Weathering of organic carbon contained in sedimentary rocks (petrogenic OC, OCpetro) is an important control on 
the concentrations of carbon dioxide (CO2) and oxygen in the atmosphere. Of particular significance are steep 
mountainous catchments, where high rates of physical erosion introduce OCpetro to the surface, where oxygen in 
air and water can help drive oxidative weathering reactions, yet measurements of CO2 emissions from OCpetro 
oxidation are still scarce. Here, we use in situ gas accumulation chambers and show that CO2 fluxes, and their 
environmental controls, can be determined during a stand-alone, short-term (8 days) field campaign, applied to a 
remote setting. In the rapidly eroding Waiapu River catchment, New Zealand, dominated by mudstones, we 
measured high rates of CO2 release (222–1590 mgC m− 2 d− 1) in five accumulation chambers in the near-surface 
of naturally fractured and bedded rock outcrops. The corresponding CO2 concentrations are very high (pCO2 
~4700–27,100 ppmv), and such values could influence acid-hydrolysis reactions during chemical weathering of 
co-occurring silicate minerals. The CO2 is radiocarbon depleted (fraction modern, F14C = 0.0122–0.0547), 
confirming it is petrogenic in origin. Stable carbon isotopes suggest a source from OCpetro, but δ13C values of the 
CO2 are lower by ~3.5–3.7 ± 0.1 ‰ from those of OCpetro (− 25.9 ± 0.1 ‰), consistent with isotope fractionation 
associated with microbial respiration of OCpetro. Over 6 days of measurement, we find that CO2 fluxes respond 
quickly to changes in temperature and humidity, indicating an environmental regulation that is captured by our 
short-term installation. The approaches applied here mean that future research can now seek to constrain the 
climatic, lithological and biological controls on OCpetro oxidation across regional to global scales.   

1. Introduction 

Earth’s sedimentary rocks contain around 130,000 times more car
bon (~75 × 109 Mt) than the pre-industrial atmosphere, of which ~80% 
are present in the form of inorganic minerals (carbonates) and ~20% 
organic carbon (petrogenic OC, OCpetro), respectively (Petsch, 2014). 
Over geological timescales, small changes in the balance between the 
deposition of sedimentary carbon and its weathering on land can alter 
the concentration of carbon dioxide (CO2) and oxygen (O2) in the at
mosphere (Berner, 1999; Sundquist and Visser, 2003). These govern the 

planet’s habitability, climate and composition of the oceans and atmo
sphere (Bergman et al., 2004; Berner, 2004). 

Steep mountainous areas are responsible for more than half of the 
planet’s denudation, with rapid rates of physical erosion and chemical 
weathering (Larsen et al., 2014). As such, these locations are important 
for the global exchange of carbon between rocks and the atmosphere 
(Hilton and West, 2020). In terms of silicate weathering by carbonic 
acid, which acts as a carbon sink when the weathering products are 
coupled to the precipitation of new carbonate minerals (Berner, 1999; 
Chamberlin, 1899; Walker et al., 1981), erosive settings can have high 
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weathering fluxes (Larsen et al., 2014; Milliman and Syvitski, 1992), but 
more importantly are where the climate-sensitivity of silicate weath
ering is most pronounced (Maher and Chamberlain, 2014; West et al., 
2005). They are also places where the erosion of organic carbon from the 
biosphere can be rapid (Galy et al., 2015; Hilton, 2017), which, when 
coupled to burial, acts as a CO2 sink (Berner, 1999). However, it is 
increasingly recognized that, depending on the lithological composition, 
oxidative weathering reactions can lead to a CO2 release (Calmels et al., 
2007; Hilton et al., 2014; Petsch, 2014; Torres et al., 2014) that can 
dominate the net rock-atmosphere exchange of CO2 during weathering 
and erosion (Hilton and West, 2020). 

During chemical weathering, the oxidation of OCpetro produces CO2 
and consumes O2, so-called georespiration (Berner, 1999; Keller and 
Bacon, 1998; Petsch, 2014): 

CH2O+O2→CO2 +H2O. (1) 

Another source of CO2 during chemical weathering can be via the 
oxidation of sulfide minerals (Calmels et al., 2007; Li et al., 2008; Torres 
et al., 2014). In this process, sulfuric acid released from the oxidation of 
sulfides (e.g., pyrite) can lead to in situ emission of CO2 by dissolving 
neighboring carbonates: 

CaCO3 +H2SO4→CO2 +H2O+Ca2+ +SO2−
4 . (2) 

Alternatively, the CO2 can be released elsewhere (e.g., by impacting 
the carbonate system of stream and river water) and when considering 
the timescale of carbonate precipitation in the oceans (~106 yr) (Berner, 
2004). This can be described by the equations 

2CaCO3 +H2SO4→2Ca2+ +SO2−
4 + 2HCO−

3 (3)  

and 

Ca2+ + 2HCO−
3 →CaCO3 +CO2 +H2O. (4) 

The global CO2 fluxes derived from oxidative weathering are known 
well enough to be recognized as important players in the geological 
carbon cycle (Hilton and West, 2020), with estimates of OCpetro oxida
tion (40–100 MtC yr− 1) (Petsch, 2014) and sulfide oxidation (31–36 MtC 
yr− 1) (Berner and Berner, 2012; Burke et al., 2018) comparable in size to 
the CO2 drawdown by silicate weathering (90–140 MtC yr− 1) (Gaillardet 
et al., 1999; Moon et al., 2014). Previous research has suggested that 
oxidative weathering is controlled by various environmental factors, 
such as temperature, oxygen availability, hydrology, erosion rates and 
lithology (Bolton et al., 2006; Chang and Berner, 1999; Hemingway 
et al., 2019; Hilton et al., 2014; Soulet et al., 2021). However, they are 
not well constrained compared to the analogous controls of silicate 
weathering (Maher and Chamberlain, 2014; Walker et al., 1981; West 
et al., 2005). In addition, rock weathering can be affected by microor
ganisms, which can form biofilms around minerals contributing to and 
accelerating their breakdown (Ehrlich et al., 2015). This seems to be true 
for oxidative weathering of sedimentary organic matter, with a growing 
body of work highlighting the potential for microbes to thrive on and 
incorporate OCpetro, with evidence from weathering profiles and labo
ratory incubations (Bardgett et al., 2007; Berlendis et al., 2014; Matla
kowska and Sklodowska, 2011; Petsch et al., 2001; Seifert et al., 2013, 
2011). Despite the potential of microorganisms to enzymatically influ
ence the oxidation of OCpetro, it is unknown how the net weathering rate 
and CO2 release are affected in natural environments (Hemingway et al., 
2018; Stasiuk et al., 2017; Włodarczyk et al., 2018). 

Research addressing the fate of sedimentary organic carbon under
going weathering has so far focused mostly on indirect approaches, 
using river data that describe the export of OCpetro from a catchment, 
which can be used to estimate the amount of organic matter that escapes 
oxidation (Bouchez et al., 2010; Hilton et al., 2011), or trace element 
proxies have been applied at the river catchment scale (e.g., Dalai et al., 
2002; Hilton et al., 2014). However, this scale of investigation cannot 
directly track the reactions in situ, thus obscuring how biogeochemical 

processes and environmental variables, such as temperature, control 
oxidative weathering processes. In order to better understand regional 
and global patterns of oxidative weathering and their environmental 
controls, we require measurements from a variety of settings (Long
bottom and Hockaday, 2019). In situ measurements of CO2 emissions 
that identify a rock-derived component have only been reported from 
two sites (Keller and Bacon, 1998; Soulet et al., 2021, 2018). Following 
the method described by Soulet et al. (2018), rock-derived CO2 can be 
differentiated from modern sources (such as soils or the atmosphere) 
using radiocarbon analyses, whereas radiocarbon-free contributions 
from OCpetro and sulfide oxidation coupled to carbonate dissolution can 
be partitioned using the stable carbon isotope compositions. 

Here we explore whether CO2 emissions from oxidative weathering 
and their environmental controls can be captured using stand-alone, 
short-term field campaigns. We do this by installing in situ weathering 
chambers in the remote and rapidly eroding Waiapu catchment, New 
Zealand. In this area, OCpetro bearing rocks are widespread (Leithold 
et al., 2006; Thompson, 2009) and the physical erosion rates are well 
described (Hicks et al., 2004; Marden et al., 2012; Parkner et al., 2006), 
supplying OCpetro to the weathering zone. We measure CO2 fluxes that 
appear rapid when compared to other weathering fluxes (e.g., silicate 
weathering) and approach values of soil respiration. In contrast to the 
only other study of this type (Soulet et al., 2021, 2018), we find that the 
CO2 fluxes are dominated by OCpetro oxidation, with no evidence for 
carbonate-derived CO2. The OCpetro weathering fluxes vary over the 
installation, and we explore how this variability can be explained by 
changes in precipitation/hydrology and temperature. In addition, the 
potential microbial impact on the oxidation of OCpetro and the carbon 
isotope composition of emitted CO2 is discussed. Finally, we examine the 
wider implications for the understanding of Earth’s geological carbon 
cycle including the weathering of silicate minerals in sedimentary rocks. 

2. Material and methods 

2.1. Study site 

The study site is located within the Waiapu River catchment, North 
Island, New Zealand (Fig. 1), situated on the active margin of the 
converging Pacific and Australian plates and part of the Hikurangi 
Accretionary Prism (Shulmeister, 2017). This setting is characterized by 
tectonic uplift of ~4 mm yr− 1 in the Late Quaternary (Litchfield and 
Berryman, 2006) and the tectonic setting results in active fault systems 
and occasional methane gas and oil seeps in the region (Reyes et al., 
2010). Generally, the lithology of the Waiapu catchment is dominated 
by intensely deformed Cretaceous and Tertiary sedimentary rocks 
(Mazengarb and Speden, 2000). 

In the Northeast of New Zealand, several stations for environmental 
monitoring are run by the Gisborne District Council including data re
cords on air temperature, rainfall and river flow for the Waiapu catch
ment (Fig. 1). The mean annual rainfall is ~2 m yr− 1 in a temperate 
maritime climate where storms arrive from the tropics around once to 
twice a year (Chappell, 2016). The combination of these intense rainfall 
events with easily erodible rocks and high rates of tectonic uplift result 
in high erosion rates, which have been further increased due to wide
spread deforestation in the late nineteenth and early twentieth century 
(Hicks et al., 2004; Marden et al., 2012; Parkner et al., 2006). In the 
Waiapu River basin, a fifth of the terrain is susceptible to gully erosion 
and sediment is generated primarily by mass movement processes 
following oversteepening of gully sidewalls by channel incision, leading 
to a very high suspended sediment yield of 17,800 t km− 2 yr− 1 (Betts 
et al., 2003; Hicks et al., 2004). Taking the bedrock density into account, 
an average erosion rate of ~7 mm yr− 1 can be estimated for the Waiapu 
catchment, indicating short residence times of the abundant exposed 
bedrock and regolith (Fig. 1) (Leithold et al., 2006). Chemical weath
ering fluxes are constrained by long-term discharge data and spot river 
samples (Lyons et al., 2005), and they are very high (400 t km− 2 yr− 1), 
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with silicate weathering (1.9 × 105 mol km− 2 yr− 1, total cation yield 
from silicate minerals) slightly dominating over carbonate weathering 
(1.2 × 105 mol km− 2 yr− 1, Ca2+ yield from carbonate minerals). 

Our site is located in one of the large gully complexes (0.37 km2) that 
drains into the Tapuaeroa River (Fig. 1). It is underlain by Early Creta
ceous mudstones of the Mokoiwi Formation (Ruatoria Group) and part 
of the Miocene East Coast Allochthon (Mazengarb and Speden, 2000). 
No gas or oil seep occurs in close proximity to the study site (Francis 
et al., 1991; Reyes et al., 2010; Scadden et al., 2016). Measurements of 
rocks from this region (Thompson, 2009) and the stable carbon isotope 

composition and radiocarbon activity of suspended sediments in the 
Waiapu River show OCpetro is widespread in the catchment (Leithold 
et al., 2006), with a concentration of ~0.4 wt% to 0.5 wt% in river 
sediments (Hilton, 2017). 

2.2. CO2 measurements 

2.2.1. In situ weathering chambers 
We installed gas accumulation chambers directly into rock outcrops 

undergoing weathering (Fig. 1) following the design established by 

Fig. 1. Map and imagery of the study area. A) Location of the Waiapu catchment in the Northeast of New Zealand. B) Location of the study site (1) and environmental 
monitoring stations in the Waiapu catchment: Poroporo Fire Station for air temperatures (2), Ruatoria Telemetry Station for rainfall data (3), and Rotokautuku Bridge 
for Waiapu River flow (4). C) Exposed rocks and regolith occur frequently in the surrounding of the study area. D) Location of the experimental setup (1) in a rapidly 
eroding gully complex. Panels A) to D) are based on data and satellite imagery provided from the Land Information New Zealand (LINZ) Data Service under the 
Creative Commons Attribution 4.0 International License. 
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Soulet et al. (2018). In summary, weathering chambers were drilled 
horizontally into the exposed rock face which was cleared of loose 
material beforehand. Their elongated cylinder-like shape ensures a large 
ratio of surface to volume that benefits CO2 flux measurements and al
lows gases to be trapped for isotope analysis (Table 1). In order to install 
the chambers, we used a hand auger with a diameter of 2.6 cm. Then, a 
small PVC tube is inserted in the entrance of each chamber and closed 
with a rubber stopper holding two glass tubes fitted with Tygon® tubing, 
which allows either connection to a gas-sampling system or closure with 
WeLock® clips to isolate the chamber from the atmosphere. In addition, 
the intersection of the PVC tube and the surrounding rock is sealed with 
silicone sealant (Selleys Wet Area Silicone). In this design, the gas ex
change between the chamber headspace and the rock pore space hap
pens over the surface of the inner wall of the chamber (Soulet et al., 
2018). 

We installed seven chambers which were distributed evenly over a 
transect of ~10 m length in a small gully that was free of vegetation or 
soil (Fig. 1). A thermocouple meter (Digi-Sense), which was externally 
calibrated in the range of 5–25 ◦C, was placed inside one of the chambers 
to measure the internal temperature. Another chamber was installed as a 
back-up in case one was lost, for example, in the event of structural 
collapse. Four of the chambers had similar depths, but H7 was notably 
shorter (Table 1), which reflected a refusal depth of the hand drill. The 
chamber array started with H4 at 1.5 m elevation above the riverbed in 
which the gully drained, followed by H3, H5, H7, and H2 at 4.5 m 
elevation at the top of the transect, respectively (Table 1). The elevation 
was estimated to the nearest 1 m with a digital elevation model (8 m 
spatial resolution; Land Information New Zealand (LINZ) Data Service 
under the Creative Commons Attribution 4.0 International License), 
verified with GPS-derived altitude measurements, and estimated to the 
nearest 10 cm with scaled imagery taken in the field. 

In addition, we collected rock powder from the drilling of the 
chambers and stored it in pre-combusted glass vials (4 h at 450 ◦C) at 4 
◦C (apart from transport) until freeze-drying. 

2.2.2. Rock pCO2 measurements 
The concentrations of CO2 in the chambers (pCO2) were measured 

using an infra-red gas analyzer (EGM 5 Portable CO2 Gas Analyzer, PP 
Systems), which is equipped with an internal pump and calibrated to a 
pCO2 in the range of 0 ppmv to 30,000 ppmv, connected to a closed-loop 
CO2 sampling system incorporating a CO2 scrub (soda lime) and a water 
trap (magnesium perchlorate) as described by Hardie et al. (2005). 
Before measuring the CO2 flux in a chamber, the ambient pCO2 was 
determined by connecting the purged, CO2-free sampling system to a 
chamber that was left closed overnight so that the CO2 concentration in 
the surrounding rock pores and the chamber equilibrated. After a short 
equilibration, the rock pCO2 can be calculated from the measured CO2 
concentration in the combined air volume of the chamber and the 
sampling system by accounting for the dilution introduced from the 
CO2-free air that was originally contained within the sampling system 
(Soulet et al., 2018). 

2.2.3. CO2 flux measurements 
Flux measurements of CO2 from in situ weathering chambers have 

been described in detail previously (Soulet et al., 2018). In summary, the 
accumulation of CO2 can be recorded over time after lowering the pCO2 

to a near-atmospheric value by the CO2 scrub or a zeolite sieve (Section 
2.2.4) mounted in parallel to the CO2 monitoring line. One flux mea
surement consists of a series of repeatedly monitored CO2 accumulations 
over ~6 min that are separated by short periods where the CO2 is 
removed from the chamber to near-atmospheric values. The rate of CO2 
accumulation is then calculated by fitting an exponential model to the 
recorded pCO2 change (Pirk et al., 2016), which considers the diffusivity 
of carbon from the rock to the chamber and the chamber leakiness 
(Soulet et al., 2018). The first three repeats are not used in the calcu
lation of the flux, but instead to purge the CO2 in the rock pores sur
rounding the chamber. A further three repeats are used to determine an 
average rate of CO2 accumulation and its standard deviation. This flux is 
reported as the CO2 accumulation rate normalized to the surface area of 
exchange with the surrounding rock to account for differences in the 
depth of the chambers that are related to differences in volume and 
surface area (Table 1). 

2.2.4. CO2 sampling and isotopic analyses 
The CO2 accumulations of a flux measurement can be sampled by 

circulating the chamber air through a zeolite molecular sieve sampling 
cartridge mounted in parallel to the CO2 monitoring line (Hardie et al., 
2005). In the chambers, CO2 was sampled between day 5 (02/05/2018) 
and day 8 (05/05/2018) of the trip, and a total of 10 samples was 
collected. To yield a sufficient amount of CO2 for isotopic analyses, a 
greater number of repeats was sampled for some measurements with 
lower fluxes. The volume of carbon loaded onto the sieves was quanti
fied by adding up the pCO2 maxima of the repeated accumulations of a 
flux measurement minus the near-atmospheric value (lower boundary of 
an accumulation) while accounting for the combined volume of the 
chamber and the sampling system. 

The gas trapped onto the zeolite sieves was recovered in the labo
ratory by heating to 425 ◦C, while purging with high-purity nitrogen 
gas. The CO2 was purified cryogenically under vacuum and its volume 
quantified (Garnett et al., 2019; Garnett and Murray, 2013). All volumes 
of CO2 are normalized to 0 ◦C and 1013 mbar. The stable carbon isotope 
composition of the CO2 was measured using Isotope Ratio Mass Spec
trometry (IRMS; Thermo Fisher Delta V). The results are reported in 
standard delta (δ) notation in per mil (‰) relative to Vienna Pee Dee 
Belemnite (VPDB) standard. To determine the radiocarbon activity of 
CO2, aliquots were graphitized by iron/zinc reduction and measured 
with Accelerator Mass Spectrometry at the Scottish Universities Envi
ronmental Research Centre (SUERC). Radiocarbon measurements were 
corrected for isotopic fractionation using the sample-specific δ13C value 
and reported in the form of the fraction modern (i.e., in the F14C nota
tion) (Reimer et al., 2004; Stuiver and Polach, 1977). 

In addition, an atmospheric CO2 sample was collected by circulating 
the atmosphere sampled at ~3 m above ground through a zeolite mo
lecular sieve using the CO2 sampling system and analyzed for its stable 
carbon isotope composition as described above. 

2.3. Bulk geochemistry 

The rock powder collected during the drilling of the accumulation 
chambers was analyzed for its bulk geochemical composition. After 
freeze-drying, it was ground and homogenized using a pestle and 
mortar. The stable carbon isotope composition of organic carbon and its 

Table 1 
Properties of gas accumulation chambers drilled into weathering sedimentary rocks in the Waiapu catchment, New Zealand (37.85986◦ S, 178.19028◦ E).  

Chamber Elevation above riverbed (m) Installation date Depth (cm) Volume (cm3) Area of exchange with surrounding rock (cm2) 

H2 4.5 28/04/2018 42 227 334 
H3 1.8 28/04/2018 43 229 336 
H4 1.5 28/04/2018 44 237 344 
H5 2.1 29/04/2018 48 269 361 
H7 3.2 29/04/2018 12 64 79  
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content were obtained using an Elemental Analyzer (Costech) coupled to 
an IRMS (Thermo Fisher Delta V Advantage) after inorganic carbon 
removal from the samples with aqueous HCl (4 mol L− 1). In summary, a 
known sample mass was weighed into pre-combusted silver capsules 
(combusted at 450 ◦C within a week of analysis) loaded into a Teflon 
tray, with acid added to each capsule and then placed in the oven at 80 
◦C until the liquid was evaporated (~2 h), and the acid step and drying 
repeated twice. Capsules were folded closed prior to analysis. The stable 
carbon isotope composition of inorganic carbon and its content were 
measured with a carbonate dissolution device (Thermo Scientific Gas 
Bench II) coupled to an IRMS (Thermo Scientific MAT 253). Further
more, total sulfur measurements were performed with an Elemental 
Analyzer (Costech) coupled to an IRMS (Thermo Fisher Delta V Plus). 
Both stable carbon isotope compositions are reported in standard delta 
(δ) notation in per mil (‰) relative to Vienna Pee Dee Belemnite (VPDB) 
standard, whereas carbon and sulfur contents are reported in % weight. 

Because the studied rocks are of Cretaceous origin, they should not 
contain any radiocarbon. We assume that their F14C values are zero 
when studying the carbon isotope mass balance in the weathering zone 
(Eq. (5)) (Soulet et al., 2018). 

3. Results 

3.1. Bulk geochemistry 

The rocks of the Mokoiwi Formation are characterized by an average 
organic carbon concentration of 0.76 ± 0.23 wt% (± standard devia
tion, unless otherwise stated), with a δ13C of − 25.9 ± 0.1 ‰. In contrast, 
for most of the rock samples, the inorganic carbon content was below the 
detection threshold (0.1 wt%). For the remaining samples, they had 
inorganic carbon concentrations of 0.17 ± 0.06 wt% with a δ13C of 
− 10.7 ± 0.1 ‰. This δ13C value is significantly more negative than 
typical δ13C values from Early Cretaceous marine carbonates ranging 
between ~0 ‰ and + 5 ‰ (Erba, 2004; Gröcke et al., 2003; Weissert 
et al., 1998). This discrepancy could be the result of diagenesis and 
tectonic deformation of carbonate concretions, which are widespread in 
several outcropping lithologies in the Waiapu catchment (Mazengarb 
and Speden, 2000), and which occur with a wide range of δ13C values 
between − 50 ‰ and + 15 ‰ in Cretaceous and Cenozoic rocks in New 
Zealand (Nelson and Smith, 1996; Pearson and Nelson, 2005). 
Furthermore, total sulfur measurements revealed a content of 0.33 ±
0.04 wt%. 

Fig. 2. Time series of carbon dioxide fluxes and partial pressures alongside environmental variables. A) Rainfall (mm h− 1) and flow of the Waiapu River (m3 s− 1). B) 
Fluxes [CO2] (mgC m− 2 d− 1) with standard deviation from five in situ weathering chambers alongside air temperature at the Poroporo Fire Station (◦C). C) Partial 
pressures [pCO2] (ppmv) measured prior to each flux measurement. The elevation of the chambers above the riverbed (m) is denoted next to each partial pres
sure symbol. 
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3.2. Environmental variables 

The start of the field trip coincided with a storm event in the Waiapu 
catchment, which delivered ~45 mm rainfall within 3 days, and resulted 
in an increase in the water discharge of the Waiapu River and its trib
utaries (Fig. 2A). This peaked on 30/04/2018. The chambers were 
installed between 28/04/2018 and 29/04/2018 (Table 1). In the 
following days, no significant precipitation occurred and the bare sur
face of the studied mudstones dried visibly. Over the 6 days of CO2 
measurements and the 2 days before, significant changes in air tem
peratures were recorded ranging from 9.5 ◦C to 19.9 ◦C at the Poroporo 
Fire station (~18 km from the site at ~164 m elevation) (Fig. 2B). The 
temperature record at Poroporo Fire station closely mirrors that 
measured in the rock face (dummy accumulation chamber at ~160 m 
elevation). Due to the short and incomplete character of the latter, this 
study benefits from including the more detailed air temperature record. 
The agreement between the datasets is best when considering a lag of 
around 2 h from the Poroporo Fire station to the rock chamber (Fig. 3). 

3.3. CO2 fluxes 

Over the sampling period, the measured CO2 fluxes varied between 
the gas accumulation chambers, and over time at each single chamber 
(Fig. 2-B). Overall, the CO2 fluxes ranged between 222 mgC m− 2 d− 1 and 
1590 mgC m− 2 d− 1 (Table 2), with fluxes in each chamber varying by, on 
average, a factor of 2.5 ± 0.8. 

The CO2 fluxes of the chambers in the studied gully complex were 
broadly correlated with their elevation above the riverbed (Fig. 4). 
Chamber H2 recorded the highest fluxes, on average, while the cham
bers H4 and H7 had the lowest fluxes on average. Overall, the data 
reveal a positive relationship between CO2 fluxes and the elevation of 
the chambers above the riverbed (R2 = 0.40, p = 0.005, n = 18; Fig. 4). 
The correlation is weaker when the measurements made before the 03/ 
05/2018 (first 3 days following the storm event) are excluded from this 
comparison (R2 = 0.25, p = 0.170, n = 9). 

The CO2 fluxes were broadly linearly correlated with instantaneous 
air temperature at the start of each measurement (R2 = 0.17, p = 0.091, 
n = 18; Fig. 5-A). This correlation is improved using the average tem
perature of the last 24 h before a measurement (R2 = 0.22, p = 0.049, n 
= 18; Fig. 5B), and further improved when considering the measured 
~2 h lag from the timing of the CO2 flux measurement and the air 
temperature (R2 = 0.35, p = 0.010, n = 18; Fig. 5C), based on the time 
lag observed between the air temperature record and the rock chambers 
(Fig. 3). The statistical outputs of the correlation between temperature 
and CO2 flux do not vary notably when the lag time is between 1.5 h and 
3 h. Furthermore, when the measurements made before the 03/05/2018 
are excluded (first 3 days following the storm event) the correlation 
between CO2 fluxes and air temperature is further improved (R2 = 0.67, 
p = 0.007, n = 9; Fig. 5D). 

3.4. Rock chamber pCO2 

The measured rock pCO2 varied between the gas accumulation 
chambers and over time (Fig. 2C). Overall, the pCO2 values ranged be
tween ~4700 ppmv and ~27,100 ppmv with an average temporal 
variability for a single chamber of a factor of 3.1 ± 1.6. Generally, the 
rock pCO2 declined steadily following the storm event in all chambers 
although this trend is somewhat more evident for higher elevations 
above the riverbed (Fig. 2C). Furthermore, changes in rock pCO2 
correlate well with changes in CO2 fluxes (R2 = 0.44, p = 0.004, n = 17; 
Fig. 6). 

3.5. Carbon isotope composition of CO2 

The stable carbon isotopic composition of the CO2 sampled from the 
in situ weathering chambers revealed three samples with notably high 
δ13C values, ranging from − 5.5 ‰ to + 22.3 ‰. These samples were all 
collected 4 days after the chamber installation (02/03/2018 for H2 and 
H3, and 03/03/2018 for H5, respectively). The remaining samples had 
δ13C values between − 29.3 ‰ and − 16.3 ‰. 

Overall, these high δ13C values correlate with a metric of excess 
carbon trapped on the molecular sieves. This is the ratio of the volume of 
CO2 recovered from the zeolite molecular sieve cartridges (MSC), 
compared to that trapped based on the estimate of the volume of CO2 
loaded onto the sieves using the pCO2 recorded with the infra-red gas 
analyzer (IRGACO2) (Fig. 7). This trend also reflects the time passed since 
the installation of each chamber. Together, this indicates the presence of 

Fig. 3. Time series of air temperatures and chamber temperatures. Tempera
tures (◦C) within the weathering chambers can be described by shifting the air 
temperature record from Poroporo Fire Station by 2 h. 

Table 2 
Summary table of CO2 fluxes.  

Chamber Average flux (mgC 
m− 2 d− 1 ± σ) 

Minimum flux (mgC 
m− 2 d− 1 ± σ) 

Maximum flux (mgC 
m− 2 d− 1 ± σ) 

H2 1125 ± 275 (n = 5) 758 ± 109 1590 ± 270 
H3 662 ± 144 (n = 4) 544 ± 63 904 ± 97 
H4 647 ± 219 (n = 5) 222 ± 2 834 ± 102 
H5 731 ± 277 (n = 3) 441 ± 32 1105 ± 86 
H7 611 (n = 1) 611 ± 60 611 ± 60 

Standard deviations for the smallest and the largest flux measured at each 
chamber are reflecting the uncertainty of a single flux measurement, which 
consists of a series of repeated accumulations. The standard deviation for the 
average flux at each chamber is based on the average rate of accumulation for 
each flux measurement. 

Fig. 4. Carbon dioxide flux from in situ weathering chambers versus their 
elevation above the riverbed. Fluxes [CO2] (mgC m− 2 d− 1) and their standard 
deviation are shown from five in situ weathering chambers as a linear function 
of the chamber elevation above the riverbed (m). 
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a contaminant in the trapped gases of the initial samples that was not 
detected by the IRGA as CO2 but that behaves in a similar way to CO2 
during the CO2 recovery and purification in the laboratory. Laboratory 
experiments following the field trip identified that the silicone sealant 
used was the source of some contamination, releasing an unidentified 
gas during the curing process that interferes heavily on the IRMS (at m/z 
value 45). However, it was found that curing finishes mostly within 3 
days and that no contamination of the stable carbon isotope measure
ment occurs when the sealant has dried for 1 week under outside con
ditions similar to the field setup. 

Therefore, only CO2 sampled from the end of the fieldtrip is used for 
further interpretations in this study. In contrast, the CO2 volumes and 
δ13C values of samples collected before the sealant dried are tainted and 
likely to be only an apparent signal consisting of naturally emitted CO2 
and the contaminant (Fig. 7). It is important to note that the CO2 flux 
measurements are not affected by the contaminant. 

Stable carbon isotope analyses revealed a δ13C of − 29.3 ‰ for CO2 
collected from chamber H3 on the 04/05/2018 (6 days after the 
installation) and a δ13C of − 28.3 ‰ for the following day. The radio
carbon activities for this CO2 from chamber H3 were F14C = 0.0122 ±
0.0049 and F14C = 0.0547 ± 0.0047, respectively (Table 3). The 
radiocarbon content is used to assess the contributions from the atmo
sphere (mass fraction; fAtm) and from petrogenic carbon (that is the 
combined pool of inorganic and organic carbon; fPetrogenic C) to the 
sampled gases by solving the following isotope mass balance system: 

fAtm + fPetrogenic C = 1  

fAtm × F 14CAtm + fPetrogenic C × F 14CPetrogenic C = F 14CChamber. (5) 

Based on the assumption that the declining trend of the atmospheric 
radiocarbon content over the last few decades can be described by a 
linear regression (Cerling et al., 2016; Hua et al., 2013), we estimate the 

Fig. 5. Carbon dioxide flux versus temperature. Fluxes [CO2] (mgC m− 2 d− 1) and their standard deviation are shown from five in situ weathering chambers as a 
function of the air temperature record from Poroporo Fire Station treated in different ways: A) All CO2 flux measurements versus the air temperature at the start of 
each measurement. B) All CO2 flux measurements versus the average air temperature over the last 24 h of a measurement. C) All CO2 flux measurements versus the 
air temperature delayed by 2 h from the timing of each measurement. D) CO2 flux measurements without measurements made before the 03/05/2018 (excluding the 
first 3 days following the storm event) versus the air temperature delayed by 2 h from the timing of each measurement. Details of linear functions (dashed blue lines) 
are given in each panel. As an alternative (Section 4.2.2), exponential functions (dotted gray lines) are delineated in the background. 
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radiocarbon content of the local atmospheric CO2 to be F14CAtm =

1.0216 during the sampling period, by extrapolating an atmospheric 
record of radiocarbon dioxide measurements from Wellington, New 
Zealand, for the years 2013–2017 (Turnbull et al., 2017). This estimated 
value is close to the latest report of F14C = 1.0226 for 20/09/2017 
(Turnbull et al., 2017). Correcting for the atmospheric contributions 
(fAtm ≈ 1.2% and 5.4%, respectively) by taking its δ13CAtm value of − 8.6 
‰ into account indicates that the petrogenic carbon pools in the two CO2 
samples have very similar δ13C signatures (δ13CPetrogenic C) of − 29.5 ±
0.1 ‰ within the measurement uncertainties (Table 3), following the 
equation 

fAtm × δ13CAtm + fPetrogenic C × δ13CPetrogenic C = δ13CChamber. (6) 

Since the radiocarbon activities of the sampled CO2 are very low, we 
estimate any uncertainty of the atmospheric correction that is associated 
with extrapolating the atmospheric radiocarbon content to be 
negligible. 

4. Discussion 

4.1. Source of rock-derived CO2 

To quantify the CO2 emissions from weathering of mudstones 
exposed in the Waiapu catchment (Fig. 1), it is crucial to first constrain 
the source of carbon. To do this, we rely on the stable and radioactive 

Fig. 6. Carbon dioxide flux versus partial pressure of carbon dioxide in the 
weathering zone. Partial pressures [pCO2] (ppmv), representative for the stor
age of CO2 in a gas accumulation chamber and surrounding rock pores prior to 
a flux measurement, are correlated with CO2 fluxes from five in situ weathering 
chambers. Standard deviations are given for CO2 flux measurements while the 
standard deviation of a single pCO2 measurement cannot be determined with 
the applied method. 

Fig. 7. Stable carbon isotope measurement of CO2 from in situ weathering chambers versus sampling efficiency. Excess of gas recovered from the molecular sieve 
cartridges (MSC) compared to the amount of CO2, which theoretically should have been trapped in the field according to the infra-red gas analyzer (IRGA), correlates 
with the δ13C (‰ VPDB) of the sample. This trend coincides with the time passed since the installation of the particular chamber, which is denoted next to each data 
point (days), indicating a contamination of the trapped CO2 associated with the chamber set-up. This contaminant is not detected by the IRGA (i.e., does not impact 
CO2 flux measurements) but behaved similar to CO2 during the CO2 recovery and purification in the laboratory, and interferes heavily on isotopic measurements. An 
uncontaminated sample has typically a sampling efficiency of ~95% with the applied methods. 

Table 3 
Carbon isotope composition of sampled CO2.  

Sample Date Publication code δ13C (‰ VPDB ±0.1) Fraction modern (± 1σ) δ13C (‰ VPDB ±0.1) corrected for atm. contribution 

Atmosphere 03/05/2018 – − 8.6 1.0216* – 
H3 04/05/2018 SUERC-84238 − 29.3 0.0122 ± 0.0049 − 29.6 
H3 05/05/2018 SUERC-84239 − 28.3 0.0547 ± 0.0047 − 29.4 

The atmospheric contributions to chamber H3 are corrected using an extrapolated fraction modern based on a published record for the years 2013–2017 (Turnbull 
et al., 2017) (*). 
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carbon isotopic composition of the emitted CO2, which is used alongside 
measurements of the rocks undergoing weathering. This allows us to 
track the contributions from OCpetro, carbonates and the atmosphere. 
The very low radiocarbon content of the sampled CO2 (F14C =
0.0122–0.0547) indicates only minor contributions from modern at
mospheric CO2 (fAtm <6%), and also confirms the underlying assump
tion that neither soil organic matter nor plants incorporating modern 
carbon contribute any CO2 in the rock outcrops we studied (Fig. 1). 

The mudstones that make up the study site contain very little inor
ganic carbon (IC) as disseminated carbonate (<0.2 wt%). The OCpetro/IC 
ratio is ≥4.5. This could suggest that the contribution of IC to the CO2 
emissions via reaction 2 is negligible in this setting. Indeed, the δ13C 
values of trapped CO2 (~− 29.5 ‰, corrected for atmospheric contri
bution; Table 3) confirm this hypothesis because they are significantly 
more negative than that of typical Cretaceous marine carbonates (~0 ‰ 
to + 5 ‰) (Erba, 2004; Gröcke et al., 2003; Weissert et al., 1998) or that 
of IC from the study site (− 10.7 ‰). This contrasts notably with the 
carbonate-rich marly rocks of the Laval catchment in the Draix-Bléone 
Critical Zone Observatory (CZO; France) where carbonate dissolution by 
sulfuric acid derived from the oxidation of sulfide minerals (Reaction 2) 
contributes >70% of the emitted CO2 (Soulet et al., 2021, 2018). 
However, we do not exclude that carbonate dissolution could contribute 
to the carbon fluxes from weathering in the Waiapu catchment because 
carbonate concretions are a common feature in several outcropping li
thologies (Mazengarb and Speden, 2000; Speden, 1976) and dissolved 
ion fluxes suggest high carbonate weathering rates (Lyons et al., 2005). 

The δ13C values of CO2 from our accumulation chambers are more 
negative than the δ13C values of OCpetro (− 25.9 ‰) in rock samples. 
Having corrected for carbon input from atmospheric CO2, the offset is 
~3.6 ‰ (Table 3). It is important to note that previous work did not find 
any carbon isotope fractionation associated with the methods used for 
gas sampling and processing while testing CO2 standards with volumes 
similar to our samples (Garnett et al., 2019; Hardie et al., 2005). In 
addition, any contamination of the trapped gases associated with the 
setup of the accumulation chambers (silicone sealant) is avoided by 
considering samples collected approximately 1 week after installation 
(Fig. 7). Indeed, if present, such a contamination would lead to an 
apparently heavier stable carbon isotope composition and thus could not 
explain the lower δ13C values of emitted CO2 compared to OCpetro. In 
addition, the δ13C values of OCpetro reported here are verified by com
parison with previous work in the Waiapu catchment (Thompson, 
2009). Therefore, we explore two remaining scenarios for why the δ13C 
signatures of CO2 from mudstone weathering are offset from OCpetro: i) 
an additional fossil carbon source with a more negative δ13C value; and/ 
or ii) carbon isotope fractionation associated with the weathering 
processes. 

4.1.1. Metamorphic contributions of CO2 and CH4 oxidation 
One explanation for the 13C-depleted nature of the sampled CO2 

compared to the δ13C values of the OCpetro in the mudstones could be 
contributions of CO2 or methane (CH4) that is oxidized to CO2 below (or 
around) the accumulation chambers from deeper belowground sources. 
In general, during metamorphism of sedimentary rocks, the thermal 
decomposition of OCpetro and/or decarbonation of carbonate minerals 
can release CO2 and CH4 (Evans et al., 2008; Hoefs and Frey, 1976), both 
to variable extents, with their abundances controlling their carbon 
isotope compositions (Evans et al., 2008; Giggenbach, 1997; Menzies 
et al., 2018). In the northeast of New Zealand, gas seeps occasionally 
occur but none are reported in close proximity to our study site (Francis 
et al., 1991; Reyes et al., 2010; Scadden et al., 2016). In the wider area, 
the composition of gas discharged from springs indicates that CO2 and 
CH4 are close to or in a thermally controlled isotopic equilibrium 
(Giggenbach et al., 1995). While a metamorphic carbon source would 
most likely be 14C-free, CO2 from spring water in the region has high 
δ13C values of ~− 12.0 ‰ (ranging from − 6.7 ‰ to − 17.3 ‰) which is 
~17.5 ‰ more positive than the δ13C values of CO2 that we sampled 

(Giggenbach et al., 1995; Lyon and Giggenbach, 1992). Thus, even if 
missed, a metamorphic CO2 source could not explain our observations. 

Gas in waters from cold and hot springs in the northeast of New 
Zealand can be dominated by thermogenic CH4 and only contain trace 
amounts of CO2 (Giggenbach et al., 1993; Lowry et al., 1998). Taking 
into account the reported δ13C values of CH4 of − 34 ‰ to − 42 ‰ for this 
area (Giggenbach et al., 1995; Lyon and Giggenbach, 1992) and a car
bon isotope fractionation during aerobic or anaerobic methane oxida
tion of 5–30 ‰ (Whiticar, 1999), a CH4 source that is oxidized and 
degassing into our chambers would have a δ13C value of CO2 between 
− 39 ‰ and − 72 ‰. If oxidation of thermogenic CH4 was occurring, this 
process alone cannot explain the measured δ13C values of chamber CO2. 
Instead, we would have to invoke a mixture with contributions from an 
isotopically heavier source (e.g., OCpetro). However, to shift the CO2 
stable isotopic composition by 3.6 ‰, we calculate that the mass of 
thermogenic CH4 flux would have to be very large, ranging from ~62 
mgC m− 2 d− 1 to ~218 mgC m− 2 d− 1, and represent 7.8–27.4% of the 
average CO2 release from the chambers (795 mgC m− 2 d− 1). This would 
be similar in size to the globally highest CH4 fluxes from sub-tropical 
wetland soils (Oertel et al., 2016). Furthermore, it would greatly 
exceed the mean CH4 flux of ~6 mgC m− 2 d− 1 from microseepage in 
soils over near-surface oil-gas reservoirs or active geothermal areas 
(Etiope and Klusman, 2010). Indeed, it would be comparable only to the 
highest fluxes associated with macro-seeps in such settings (Etiope and 
Klusman, 2010, 2002). Thus, a significant metamorphic carbon contri
bution to the CO2 emissions measured in our accumulation chambers 
appears to be unlikely. 

4.1.2. Microbial impact on OCpetro oxidation and carbon isotope 
fractionation 

An alternative explanation for the δ13C values of the CO2 would be 
via carbon isotope fractionation associated with microbial heterotrophic 
respiration (Petsch et al., 2001), which can produce CO2 that is 13C- 
depleted compared to the substrate (Blair et al., 1985; Werth and 
Kuzyakov, 2010). However, although previous studies have shown that 
microorganisms can thrive aerobically on OCpetro as a sole carbon source 
(Matlakowska and Sklodowska, 2011; Petsch et al., 2001; Stasiuk et al., 
2017), to our knowledge, no report exists yet on carbon isotope frac
tionation during the CO2 release from microbial degradation of OCpetro. 
In contrast, this process is well described for soil organic matter. As 
reviewed by Werth and Kuzyakov (2010), the 13C-depletion in soil mi
crobial respiration is an apparent isotope fractionation as the combined 
result of three effects: i) kinetic 13C-fractionation; ii) preferential sub
strate utilization; and iii) heterogeneity and activity of microorganisms. 
The ~3.6 ‰ 13C-depletion of CO2 emissions compared to OCpetro re
ported here is well within range of the kinetic carbon isotope fraction
ation during microbial catabolism, leading to a 13C-depletion in respired 
CO2 that is balanced typically by a 0.1–5.7 ‰ 13C-enrichment of the 
microbial biomass in soils (Blair et al., 1985; Šantrůčková et al., 2000). 

Thus, our measurements would be consistent with a microbial pro
cess that leads to a 13C-depletion in CO2 produced during oxidative 
weathering. However, further research is needed to constrain the detail 
and magnitude of the offsets. Ramped temperature pyrolysis or oxida
tion, coupled with stable carbon analysis, could be used to determine 
whether 13C-depleted fractions of OCpetro are oxidized preferentially 
(Hemingway et al., 2018, 2017). This signature may be present in 
organic biomarkers associated with microbial activity (e.g., phospho
lipid fatty acids) (Petsch et al., 2001; Schwab et al., 2019; Seifert et al., 
2013, 2011). Modification of OCpetro oxidation experiments (Chang and 
Berner, 1999) could also be informative, when coupled to an apparatus 
to measure the isotopic composition of evolved gases (Beaupré et al., 
2016). In summary, we conclude that the oxidation of OCpetro is the sole 
contributor of CO2 in this case, with lower δ13C values of the CO2 
possibly relating to isotopic fractionation associated with microbial 
respiration of OCpetro during weathering. 
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4.2. Rock-derived CO2 fluxes and their environmental controls 

In general, the large CO2 emissions from oxidative weathering of 
OCpetro in mudstones of northern New Zealand have a similar magnitude 
as fluxes from soil respiration reported for various soil types and cli
mates (Oertel et al., 2016; Raich and Schlesinger, 1992). Furthermore, 
they are comparable in size to OCpetro-derived CO2 fluxes measured in 
marly rocks exposed in the French Alps ranging from ~1 mgC m− 2 d− 1 to 
~790 mgC m− 2 d− 1, although at the French site the OCpetro-derived CO2 
fluxes are ~5.5 times lower than CO2 fluxes from carbonate dissolution 
(Soulet et al., 2021). Both locations experience very high erosion rates. 
In the Waiapu catchment, the sediment export rates are ~17,800 t km− 2 

yr− 1 (Betts et al., 2003; Hicks et al., 2004), whereas in the Laval 
catchment in the Draix-Bléone CZO they are ~11,200 t km− 2 yr− 1 

(Mathys et al., 2003). Estimates of OCpetro oxidation using the rhenium- 
proxy suggest that high erosion rates could sustain rapid rates of 
oxidation (Hilton et al., 2014), and this could explain the apparent, 
broad similarity between the sites. We also note that the rocks in the 
Waiapu River basin contain slightly more OCpetro (0.76 wt%) than the 
rocks in the Laval catchment (~0.54 wt%) (Soulet et al., 2021), but 
again they are broadly similar. These features are interesting and call on 
more studies that quantify OCpetro oxidation and their CO2 emissions in 
this way. However, to make more detailed comparisons requires a larger 
dataset than is presently available. Here, instead, we focus on the 
observation that OCpetro fluxes appear to respond quickly to environ
mental changes. 

4.2.1. Local topographic position and moisture 
The relationship between CO2 fluxes and the elevation of the 

chambers above the riverbed (Fig. 4) can be explained in terms of 
diffusive processes operating in a hydrological framework. The degree of 
water-saturation generally decreases with increasing elevation above 
the riverbed (Lu and Godt, 2013; Mason et al., 2016), which allows for 
more diffusive exchange of any connected pore space around the 
chamber (Bao et al., 2017; Bolton et al., 2006; Feng et al., 2002; Tremosa 
et al., 2020; Voroney and Heck, 2015). This provides greater amounts of 
oxygen for the oxidation of OCpetro (Reaction 1), and, if present, the 
oxidation of pyrite that can lead to dissolution of carbonate minerals 
(Reactions 2 and 3). Furthermore, lower degrees of water-saturation in 
the weathering zone increase the amount of CO2 that escapes in gaseous 
form while the export of dissolved inorganic carbon to the river de
creases (Hasenmueller et al., 2015; Neu et al., 2016; Tune et al., 2020). 
These inferences offer an explanation for the relationship between 
chamber elevation and CO2 flux (Fig. 4), and confirm findings from the 
French Alps where five gas accumulation chambers were installed 
within 2.5 m elevation above a riverbed (Soulet et al., 2021). 

Another way to examine these controls is to categorize our data set 
into “wet” and “dry” measurement periods. We do this based on a 
threshold of 3 days after the rain event (Fig. 2A). This categorization 
indicates the hydrological control on CO2 fluxes since their correlation 
with the chamber elevation is lower when “wet” samples are excluded 
(R2 = 0.40 and R2 = 0.25, respectively). This also affects the pCO2 within 
the weathering zone (Fig. 2C) similar to findings in soils where high 
levels of moisture act as a diffusion barrier that leads to greater accu
mulations of CO2 (Hasenmueller et al., 2015). However, future research 
is needed to specify the impact of the hydrology in the shallow weath
ering zone on the production and accumulation of CO2. 

Previous studies have indicated that the presence of water is crucial 
for microbial life in the weathering zone. In the laboratory, dissolved 
OCpetro derived from an aqueous kerogen dissolution can be rapidly 
assimilated and biodegraded by aerobic heterotrophic bacteria (Schil
lawski and Petsch, 2008). The authors suggested that the dissolution 
could be the rate limiting step of respiration of OCpetro. Furthermore, 
recent research highlighted the importance of aqueous subaerial bio
films for the degradation of OCpetro, which act to incorporate enzymes 
crucial for aerobic heterotrophic metabolism (Stasiuk et al., 2017). 

Taken together, this could mean that the CO2 fluxes from OCpetro 
oxidation relate to moisture in a bell-shaped curve. At low levels of 
moisture, CO2 production is inhibited due to a lack of an aqueous 
transport and reactant medium that is also needed to create epilithic 
biofilms. At high levels of moisture, the CO2 production is hampered due 
to a limited oxygen supply. 

4.2.2. Temperature 
Our 6 day measurement period revealed a positive relationship be

tween CO2 flux from OCpetro and regional air temperatures (Fig. 5). 
Daily-averaged air temperatures indicate a broadly positive relation
ship. However, the correlation is stronger when considering a 2 h lag 
between the measurements and air temperature record (Fig. 5C). This 
time lag was observed between the local climate station and the rock 
chambers (Fig. 3) and is likely associated with thermal diffusion in the 
probed weathering zone. Minor variability in the time lag over the study 
period can be expected based on the control of the water content in the 
pore space on the overall thermal conductivity (Hopmans et al., 2002; 
Romio et al., 2019), which may result in an uncertainty of up to 50% on 
the time lag. However, this uncertainty does not significantly impact the 
quality of the relationship between CO2 flux and temperature. This is 
also true for the improvement of the correlation when “wet” measure
ments are excluded (Fig. 5D). Despite the influence of precipitation and 
of the topographic position of the chambers on the CO2 fluxes, the evi
dence for an important temperature control on the oxidative weathering 
of OCpetro is unambiguous. It should be noted that single chambers 
respond comparably to temperature, such as H3 and H4 located at 
similar elevation above the riverbed, and the trend of this relationship is 
confirmed by comparing the combined CO2 fluxes of all chambers with 
the temperature record (Fig. 5). 

Previous research has indicated the presence of such an environ
mental control by investigating the oxidation of coal in laboratory ex
periments but this was restricted to two temperatures at 24 ◦C and 50 ◦C 
(Chang and Berner, 1999). Only recently, seasonal investigations of in 
situ oxidative weathering of OCpetro contained in marly rocks have 
specified this relationship as highly sensitive and exponential (Soulet 
et al., 2021). To provide an exponential measure of the change in flux as 
the consequence of increasing the reaction temperature by 10 ◦C, a 
dimensionless Q10 value can be calculated: 

Q10 = exp(10 ◦ C × α), (7)  

where α is the growth rate parameter (◦C− 1) that can be derived from a 
growth exponential model: 

F = F0 × exp(α × T), (8)  

where F is the CO2 flux (mgC m− 2 d− 1), T is the temperature (◦C) and F0 
is the CO2 flux at 0 ◦C. The Q10 coefficient of Soulet et al. (2021) can be 
compared with our dataset, although we note that the data from the 
Waiapu basin can be described sufficiently by a linear relation (Fig. 5). 
By using an exponential model, we find a Q10 value of 2.7 ± 1.0 (F0 =

195 ± 108 mgC m− 2 d− 1; ± standard error; R2 = 0.30, p < 0.001, n =
18), based on the air temperatures delayed by 2 h (Fig. 5C). Interest
ingly, this is similar, albeit slightly higher, to the OCpetro oxidation Q10 
value of 2.2 ± 0.5 reported for the Laval catchment, based on daily- 
averaged chamber temperatures (Soulet et al., 2021). It is well within 
the global range of CO2 fluxes from soil respiration with a mean Q10 
value of 3.0 ± 1.1 for the 0–20 ◦C temperature range (Bond-Lamberty 
and Thomson, 2010). However, when considering only the “dry” fluxes 
(Fig. 5D), which were measured in the range of around 10–16 ◦C, the Q10 
temperature coefficient is higher, at 4.8 ± 2.5 (R2 = 0.61, p < 0.001, n =
9). 

The similarity of Q10 values of petrogenic CO2 fluxes and of soil 
respiration suggests a microbial control on the kinetics of the oxidation 
of OCpetro, analogous to soils (Bond-Lamberty and Thomson, 2010; 
Oertel et al., 2016). Since microbial enzymes have the potential to 
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increase the rate of breakdown of organic matter by several orders of 
magnitude, small changes in microbial activity (e.g., by changes in hu
midity) have the potential to induce large changes in the associated CO2 
production (Leifeld and von Lützow, 2014). The number of enzymatic 
steps that are required to release a carbon atom from organic matter as 
CO2 is assumed to depend on its reactivity, which in turn is controlled by 
various factors such as solubility, molecular size and functionalization, 
and association with fine-grained minerals (Bosatta and Ågren, 1999; 
Schmidt et al., 2011). Accordingly, it can be expected that oxidative 
weathering of OCpetro depends not only on environmental and microbial 
variables but also on the characteristics of the organic matter and its 
surrounding rock matrix (i.e., its mineral association) (Hemingway 
et al., 2019). This could explain differences in CO2 emissions in con
trasting lithologies. Overall, as highlighted by Soulet et al. (2021), our 
Q10 value identifies oxidative weathering of OCpetro as a positive feed
back to warming, most relevant to the geological carbon cycle. At pre
sent, models of chemical weathering fluxes in the geological carbon 
cycle do not attempt to parametrize OCpetro oxidation with a tempera
ture control (Caves Rugenstein et al., 2019; Isson et al., 2020) and the 
measurements here support the finding of Soulet et al. (2021) that this 
modification is necessary. 

4.3. Wider implications for understanding Earth’s carbon cycle 

We have identified the oxidation of OCpetro as the source of rapid 
rates of CO2 release measured in rock outcrops of the Waiapu catchment. 
We find environmental controls on these fluxes that are analogous to 
those reported in a setting with contrasting bedrock (Soulet et al., 2021, 
2018). Thus, we propose that the studied gully complex should not only 
be representative of a large portion of the Waiapu catchment and 
neighboring watersheds in New Zealand (Gomez et al., 2004; Hicks 
et al., 2000; Leithold et al., 2006; Mazengarb and Speden, 2000; 
Thompson, 2009), but also for similar lithologies in rapidly eroding 
settings elsewhere. However, future research is needed to investigate 
contrasting lithologies, for example, in respect to differences in the 
mechanical state of the bedrock that may impact the reacting surface 
areas and the diffusive movement of CO2 and O2 in the weathering zone 
(Gu et al., 2020). 

4.3.1. Feasibility of short-term investigations to reveal environmental 
controls on rock-derived CO2 fluxes 

There have been only two studies that attempt to establish long-term 
records (months to years) of directly measured rock-derived CO2 fluxes 
to help constrain their environmental controls (Keller and Bacon, 1998; 
Soulet et al., 2021, 2018). Using gas sampling wells over ~7 m depth in 
shallow soil underlain by glacial till dominated by shales, Keller and 
Bacon (1998) provided the first in situ evidence for petrogenic CO2, 
differentiating it from soil respiration over a 1-year period at monthly 
intervals. More recently, at the Draix-Bléone CZO, CO2 flux measure
ments were made on seasonal visits over 2.5 years (Soulet et al., 2021) 
from rock chambers drilled into rock outcrops undergoing weathering 
(the design used in this study). 

Here, we show that the design for in situ CO2 measurements of Soulet 
et al. (2018) can be applied in stand-alone investigations without a 
conceptual framework of repeated visits. The potential to capture sig
nificant short-term changes in temperature and hydrology, which can be 
linked to changes in CO2 fluxes (Figs. 2B and 5), was previously indi
cated by findings in the Draix-Bléone CZO (Soulet et al., 2021). The 
approach used in this study is feasible even in remote locations. The 
general location of the field site was explored from remote sensing im
agery prior to fieldwork. The first 2 days of the trip were used to search 
for a suitable location within the study area and install the chambers 
(using only portable drilling equipment). At the end of the measurement 
period, the setup can be easily dismantled within a few minutes and all 
material removed from the environment. To exclude the possibility of 
contamination of the molecular sieves used for trapping the CO2, we 

recommend starting CO2 collection approximately 1 week after the 
chamber setup when using a sealant containing drying agents (Fig. 7). In 
the future, automation of the flux measurements, for instance using 
electrically-actuated valves, could allow several recordings in parallel 
and provide further detail in the dataset. 

One drawdown of a stand-alone trip is the limited range in envi
ronmental variables that can be observed, which could potentially be 
extended significantly by repeated visits over various seasons (depend
ing on the seasonality in the study area), as performed in the Draix- 
Bléone CZO (Soulet et al., 2021). Nevertheless, our work shows that 
short field campaigns are viable and provide new insight on the envi
ronmental controls on OCpetro oxidation for a given substrate. This 
approach can now be used to study in situ CO2 emissions and their 
controls across climatic, lithological and biological variables. 

4.3.2. Rock pCO2 and silicate weathering 
The oxidation of OCpetro in the critical zone also bears relevance to 

other chemical weathering processes because it can influence the partial 
pressure of CO2 within the weathering zone. At our study site in the 
Waiapu catchment, the temperature and humidity combine to control 
the accumulation of CO2 within the chambers (Figs. 4 and 5), and thus 
the pCO2 in the surrounding rock pores (Fig. 6). Since the sampled 
mudstones have low inorganic carbon contents (<0.2 wt%), the con
sumption of CO2 produced by OCpetro oxidation cannot be negated by 
the dissolution of carbonate minerals as it would in carbonate-rich li
thologies (Calmels et al., 2014). In contrast, the high pCO2 values that 
we measured could have the strong potential to drive the weathering of 
co-occurring silicate minerals, which can contain >25 wt% feldspar 
(mostly plagioclase) and 15 wt% chlorite (Kenny, 1984), by acid- 
hydrolysis reactions. In this process, a high pCO2 is expected to be 
associated with a low pH, which facilitates the dissolution of silicate 
minerals by carbonic acid, which itself is transformed into bicarbonate 
(Drever, 1994; Ebelmen, 1845). The dissolution should be further 
amplified by organic acids formed by microorganisms during the 
breakdown of OCpetro as it is within soils (Stasiuk et al., 2017; Waksman 
and Starkey, 1931). 

We found that almost all the CO2 within the pore space of the studied 
mudstones in the Waiapu River gully complex is rock-derived. Thus, 
atmospheric CO2 is not likely to have been involved in any silicate 
weathering reactions in the shallow subsurface of these bare rock out
crops. There, chemical weathering of silicate minerals cannot act as an 
atmospheric CO2 sink mechanism (Berner, 1999; Gaillardet et al., 1999; 
Moon et al., 2014). Instead, rock-derived carbon that is transformed 
during silicate weathering is likely to be exported by the Waiapu River 
as bicarbonate. This may be released as CO2 during river transport 
(Raymond et al., 2013), and/or eventually precipitate as CaCO3 in the 
oceans (Berner, 1999; Walker et al., 1981). If the newly precipitated 
carbonates form from carbon originally derived from OCpetro, their for
mation would represent no modern-day carbon transfer to the carbonate 
mineral. In fact, half of the exported bicarbonates would return to the 
atmosphere as CO2 based on the stoichiometry of this process (Berner, 
1999). This would minimize the overall carbon sink linked to silicate 
weathering in locations that share similarities with our studied setting, 
with high erosion rates, sedimentary rocks and oxidative weathering 
(Bufe et al., 2021). Furthermore, this would also mean that the dissolved 
cations derived from silicate weathering, which are transferred from 
similar weathering zones into the Waiapu River, could in fact be linked 
back to oxidative weathering of OCpetro. 

For the study area, we can explore this further using our one-time 
estimates of OCpetro oxidation to compare with those of silicate weath
ering and carbonate weathering. There are several caveats to be noted 
here. First, our chamber-based measurements show systematic variation 
between chambers (linked to their topographic position; Fig. 4) and 
within a chamber over 6 days due to ambient temperature and precip
itation conditions (Fig. 2). Therefore, it is difficult to provide an estimate 
of flux that would be representative of a longer-term flux. Second, it is 
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unclear in how far weathering fluxes in less erosive settings (e.g., with 
pronounced soil and vegetation cover), which are present in the wider 
area (Fig. 1), differ from those in highly erosive settings similar to the 
study site. Furthermore, we normalize the measured fluxes to the 
chambers internal area, which allows chambers to be compared mean
ingfully. However, this is not the same as normalizing fluxes to the 
surface area exposed in a catchment (Soulet et al., 2021). Finally, the 
published silicate and carbonate weathering fluxes for the Waiapu 
catchment are based on only a single assessment (Lyons et al., 2005). 
Nevertheless, the comparison is informative. The published CO2 draw
down associated with silicate weathering is 5.7 × 105 mol CO2 km− 2 

yr− 1, which translates to an average of ~18.8 mgC m− 2 d− 1 over the 
catchment area. Similarly, the carbonate weathering flux is 1.2 × 105 

mol CO2 km− 2 yr− 1, which translates to an average of ~4 mgC m− 2 d− 1. 
These catchment-wide estimates are much lower than the OCpetro 
oxidation fluxes we measured in chambers of the gully complex, which 
ranged from 222 mgC m− 2 d− 1 to 1590 mgC m− 2 d− 1 (Table 2). 
Depending on the wider rates of OCpetro oxidation that occur throughout 
the catchment, for which trace metal proxies such as rhenium in river 
water could shed light (Hilton et al., 2014), it appears that the CO2 
supply from OCpetro oxidation could play a major role in silicate and 
carbonate weathering fluxes by carbonic acid in this type of setting. 

Overall, a direct impact of the oxidation of OCpetro on silicate and/or 
carbonate dissolution suggests that differentiating the carbon cycle into 
a silicate‑carbonate subcycle and an organic matter subcycle as it has 
been suggested by Berner (1999) oversimplifies the complexity of 
chemical weathering and calls for a more holistic view. Together with 
identifying the carbon sources associated with oxidative weathering, the 
parallel dissolution of silicate minerals needs to be considered in any 
overall assessment of chemical weathering of sedimentary rocks 
(Blattmann et al., 2019; Bufe et al., 2021; Hilton and West, 2020; Jin 
et al., 2014). However, while the high rock-derived CO2 fluxes and pCO2 
values identify the mudstones studied here as a clear carbon source, 
future research is needed to constrain weathering pathways at larger 
scales, and through the inorganic carbon pool of river catchments. 

5. Conclusions 

We have measured CO2 release during weathering of mudstones in 
the Waiapu catchment, New Zealand, using a short-term installation of 
accumulation chambers installed directly into exposed rock outcrops. 
They reveal rapid instantaneous fluxes that range from 222 mgC m− 2 

d− 1 to 1590 mgC m− 2 d− 1 over the study period of 6 days. The setting 
experiences rapid erosion rates, and these measurements confirm that 
steep mountain catchments comprised of sedimentary rocks can act as 
hotspots of carbon cycling between the lithosphere and the atmosphere. 

Based on the magnitude of the CO2 fluxes and the stable and radio
active carbon isotopic composition of CO2 sampled from the chambers, 
OCpetro is the sole contributor of carbon in this setting. There is a 
depletion of ~3.6 ‰ in the δ13C values of CO2 when compared to OCpetro 
in rocks. We suggest this may reflect carbon isotope fractionation 
associated with microbial respiration of OCpetro. In addition, CO2 fluxes 
responded quickly to changes in temperature and humidity. Together, 
this supports the importance of environmental controls on chemical 
weathering and climate change feedbacks. 

We measured very high pCO2 in the shallow weathering zone of these 
rock outcrops, with negligible input from atmospheric CO2. This high 
pCO2 could induce the weathering of silicate minerals using the rock- 
derived CO2. Any subsequent transfer of carbon in the bicarbonate 
pool of rivers would represent a leak of carbon derived from OCpetro 
oxidation to the atmosphere elsewhere, and the local silicate weathering 
would not act as an atmospheric CO2 sink. This suggests the need to 
consider a direct connection of OCpetro oxidation and silicate weathering 
in rapidly eroding mudstones, and for how these play out in the wider 
carbon cycle. Overall, this study provides a framework for future work 
regarding a better understanding of the chemical weathering of 

sedimentary rocks and their climatic, lithological and biological in
terrelations which can now be addressed with short field campaigns 
even in remote areas following the presented methodology. 
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Beaupré, S.R., Mahmoudi, N., Pearson, A., 2016. IsoCaRB: a novel bioreactor system to 
characterize the lability and natural carbon isotopic (14C, 13C) signatures of 
microbially respired organic matter. Limnol. Oceanogr. Methods 14, 668–681. 
https://doi.org/10.1002/lom3.10121. 

Bergman, N.M., Lenton, T.M., Watson, A.J., 2004. COPSE: a new model of 
biogeochemical cycling over Phanerozoic time. Am. J. Sci. 304, 397–437. https:// 
doi.org/10.2475/ajs.304.5.397. 

Berlendis, S., Beyssac, O., Derenne, S., Benzerara, K., Anquetil, C., Guillaumet, M., 
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