BG-2016-545 Response to referees and marked-up manuscript

Response to Referee #1 (Dr. C.A. Sierra)

Response to the general comments

First, we would like to thank Dr. Sierra for his constructive remarks and reassure him about the
interpretation of radiocarbon data. We used the F, radiocarbon data for modelling. In order to compare
the Bh between profiles, we calculated a conventional, uncalibrated apparent age from the Fa
radiocarbon values. The paragraph from line 86 to 91 is actually confusing: the Poznan Radiocarbon
Laboratory has indeed provided both the values of F, and calibrated ages, the latter having not been
used. Regarding the topsoil horizons, the bomb carbon should not be neglected so that we
retrocalculated a pre-1950 F, value that we used for modelling. The paragraph has been modified
(lines 90-97), as well some column legends in Table 1 that were incorrect, and we added the reference
to Sierra, 2014 because of the good synthesis given in this paper. The Fa values were added in Tables
land 2.

Regarding the second concern, and as was pointed out by the reviewer, we used the concept of
minimum time and time to steady-state to compare the different soils within the context of this
analysis.

e The value we used for the minimum time (8 sn = 109 is not arbitrary: we used a value different
from zero for numerical reasons, in order to avoid denominators equal to zero (see for example
equ. 12). We checked that the difference between the minimum times obtained using S gn = 1010
and B en = 10 is negligible (lower than 0.0005%). We clarified this point in the new version of
the manuscript (lines 227-229).

e \We agree with the reviewer that the proportion of the steady-state value set to 99% is arbitrary.
Values closer to 100% would give a dramatic increase of the time needed to form the profile, as
shown on Fig. 8. We used 99% because, as shown on Fig. 8, this value gives a result sufficiently
close to the horizontal asymptote to give a reasonable evaluation of the time necessary to reach a
steady state. This is now explained on lines 209-211.

Response to the technical comments.
Reviewer comments are given in bold, our response in normal font

* The 14C ages presented in the abstract are misleading because you do not meet the closed
system assumption. | would rather not present these values, or if you decide to present them,
mention that you calculated them even though you do not meet the assumptions of the dating
method.

We specified in the abstract that the given ages are calculated apparent ages.

* Line 63. What database? Is it publicly available? Can you provide a reference or a doi?
This is a database of 80 podzol profiles which have been studied in detail and of which 11 have been
dated, this database will be the subject of a further publication. This is now indicated on lines 61-65.

* Line 75. ‘Conventional age calibration’ is a contradiction. Conventional radiocarbon age is the
age assuming Libby’s half life, and does not use a calibration curve. What you probably mean is



‘age calibration’, but as I mentioned above, this step is not needed for your modeling setup so
you may consider eliminating this section from your methods.
This was corrected — see response above.

e Line 112. T had problems understanding this step and the corresponding Fig 5. You may need
to provide additional details.
We explained better this step: in eq (7), we give the expression of the F, ;. value (Fa value of the

topsoil OM on year i) as a function of the F, ., value (Fa value of the topsoil OM on year | +1), and
we explained on lines 146-148 the iterative retrocalculation.

* Section 2.3. It is not clear from the description of the simulation setup what is the calendar year
corresponding to t = 0. In other words, did you always started your simulations at a specific
calendar year or did this varied for the different soils. This information is important because the
atmospheric radiocarbon value corresponding to t = 0 influence the forward trajectories for the
soil radiocarbon values.

The simulations did not started at a specific year. We used the present day atmospheric carbon value to
simulate the Bh formation. This is an approximation, as it is known that atmospheric radiocarbon
value was higher than at present (see for example Kitagawa and Van der Plicht, 1998; Reimer et al.,
2009), which likely leads to a systematic underestimation of development durations, although this
underestimation remains low compared to uncertainty. We addressed this question in section 3.3, lines
349-352.

* Equation 8. Why is P a subscript of _ and C? Is this a typo?
It was a "copy and paste" error and was corrected.

* Line 171. These numbers are in reverse order. Curve 1 in Fig 7 has a time required to reach
99% of the steady state of 43 103, while curve 2, 345 103. This also makes sense since Montes et
al. suggests a much higher value of vertical C C3 transfers than Sierra et al., therefore the values
from Montes et al. should reach the steady-state faster.

OK, this was corrected.

* Line 184. This is a very arbitrary definition of minimum time. if _Bh is 10—-20, or 10-30, the
‘minimum time’ would change drastically, and there is not any relevant reason for why it should
be 10—10. I would recommend not using this concept of minimum time.

See explanation above — this minimum time is really significant, we used 10 in place of 0 for
numerical reasons but the result is the same as if 0 is used. We also checked this using equations
rewritten for g, = 0.

* Line 189. What is this maximum absolute error propagation? Did you define this before?
This is the maximum absolute error, this was corrected in the text (line 241).

* Lines 247 and 252. Are these decimal numbers? Change comma for point.
This was corrected.

* Tables. I’m missing a table with the obtained values of the parameters of the model of Fig 4
obtained for the four different soils. This information is somehow imbedded in Fig 12, but as
total stocks and fluxes, and not with the values of the parameters used to obtain these numbers.
We added a table to give the values of the parameters (Table 4).

* Figures. Figure captions are very poor. Please provide enough information in the caption to
better interpret the figures.

This problem corresponded to a poor framing of the figures, which cut some of the legend given
within the figures. It was corrected in the new version.



Response to Referee #2

The referee comments are given in quotation marks. As a preamble, we emphasize that most of the
answers to the referee's questions can be found in the original manuscript. We agree, however, with
the referee that several explanations were unclear and we have improved the manuscript in this regard.

Response to the general comments

"This study used the measurements of carbon stock and 14C of soil carbon at different soil layers to
constrain the carbon fluxes into and out of the Bh layer and its carbon turnover rate. Even for a single
—pool model of soil carbon in Bh layer at non-steady state, there are three unknowns: influx, efflux
and turnover rate, with only two observations for each site (total amount of carbon and carbon age).
Theoretically, the optimization problem is under-determined, there will be infinite number of
solutions. However only a unique solution was found in this study. Therefore I must have missed
additional data constraint used in the optimization by the authors."

Response: In a first step (8 3.1.2) we used the single-pool model to determine two particular solutions
for which there are only two unknowns, the conditions for obtaining the stationary state (input =
output) and the minimum formation time (output = 0). This first step showed that the output fluxes
from older Bhs were too low compared to the measures reported by previous studies and that it is
therefore necessary to consider two Bh pools. In the second step (§ 3.2.2) we clearly stated that " there
is an infinity of solutions for modelling the Bh formation" (line 225 of initial manuscript) and that "We
therefore carried out a sensitivity analysis to determine how the main parameters (size of the fast pool
of the Bh, C flux input and output C rates for the Bh pools) affected the profile genesis time and to
understand the relationships between these parameters” (lines 226-228 of initial manusript). This
analysis and data from literature allowed to exclude unrealistic values and to constrain C fluxes and
mineralization rates, as explained on lines 245 to 251 of old manuscript. To better explain the data
constraint we modified the manuscript on lines 263-266 and lines 316-326 of the new version of the
manuscript.

"In general | found that the manuscript provides quite a lot of details and reasoning for the approach
taken in this study. However the key message was somehow buried by detail as presented. Significant
modifications should be made to distil wealth of information to highlight the key message. That is what
are the magnitudes of carbon influx and efflux from the Bh soil layer and its turnover rate."

Response: The magnitude of carbon influx and efflux to the Bh pools are given on Fig. 12. We did not
specify the turn-over rates because the slow pool of the Bh is not in a steady state. However, we agree
with the referee that it would be informative to give instantaneous turnover times at present day, so we
added these values on lines 318-319.

"Estimates of carbon influxes by previous studies varied by one order of magnitude, and result from
this study suggests that a lower estimate of the carbon influx is more likely."

Response: It is indeed our conclusion, which is even more important for us that several authors of the
present study were also authors of the previous study which gave a higher estimate.

"After presenting the modelling results of the one-pool model for the Bh layer, the section was
unfortunately ended with one sentence “These observations are not consistent with very low A to Bh
rates, suggesting that a single Bh C pool is incorrect and that two pools of Bh C are required to
adequately represent Bh C dynamics”. I find that quite disappointing.”

Response: The ending sentence cited by the referee was preceded by another sentence (lines 201-203
of old manuscript, ), which, based on data from the literature, explained that the Bh output flow should
be at least 2 mgC L-1, which is not consistent with the 1-pool model. We think we need to



demonstrate to the reader that the one pool model was not suitable. For more clarity, we changed the
text in the new version (lines 257-259).

"The authors went on to model the formation of the whole profiles with soil carbon Bh being
represented using a two-pool model. My question is then how the results in Section 3.1 were used in
Section 3.2, ie how the fluxes and turnover rates of the two-pool model for the Bh soil layers are es-
timated? This is quite unclear to me. In presenting optimization problem, you need to state clearly:
observations, optimizing model parameters, the model and optimization method including cost
function. This has not been done adequately in this manuscript. Therefore I recommend major
revisions."

Response: Section 3.1 was necessary to show, from a simplified system, the conditions for obtaining
the stationary state and the minimum formation time. These notions seem indispensable to us to
understand the sensitivity study given in § 3.2.2. As explained above, to improve the presentation of
the problem, we better explained at the end of section 3.1 why the one pool model is incorrect (lines
257-259) and, agreeing with the referee that observations, optimizing model parameters and cost
functions were not clearly presented, we amended the text accordingly: lines 263 to 266 for the
topsoil modelling, lines 316-326 for the Bh modelling.

"Some additional comments.

The results are quite specific to the sites you studied. What are more broad implications? L56 and
L58. In L56, you stated that data from 11 test areas were used to constrain a model of C fluxes, but
you actually only presented results of four profiles (see L58). Inconsistent!""

Response: We agree with the referee (as well with referee #1) that this is unclear. For more clarity, we
explained now on lines 61-65 that four podzol profiles were selected from a database of 80 podzol
profiles (from 11 test areas) which have been studied in detail and of which 11 have been dated. This
database will be the subject of a further publication dedicated to the podzolic system genesis. These
profiles were selected as representative both from the point of view of the profile characteristics and
the 14C apparent age of the Bh organic matter stock (lines 73-74).

"Section 2.3 Would it be simpler to assume that soil carbon pools at different layers were at steady
state before 1950 and solve the model analytically at 1950, then integrate the model forward after
1950 to match both the observed carbon pool and age using optimization?"

Response: As stated in section 3.1.2, there is no evidence that a steady state has been reached,
especially in the case of the two youngest profiles. Considering the possible C influx values in the Bh,
which are very small with regard to the C stock, no correction for the bomb carbon was needed. This
is not true for the topsoil horizons, which show Fa values greater than 1: a correction for bomb carbon
was therefore necessary to calculate the steady state conditions and the Fa values to be used for the
carbon transferred for topsoil to the Bh pools.
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Modelling the genesis of equatorial podzols: age and implications
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Abstract. Amazonian podzols store huge amounts of carbon and play a key role in transferring organic matter to the
Amazon river. In order to better understand their C dynamics, we modelled the formation of representative Amazonian
podzol profiles by constraining both total carbon and radiocarbon. We determined the relationships between total carbon

and radiocarbon in organic C pools numerically by setting constant C and !“C inputs over time. The model was an

effective tool for determining the order of magnitude of the carbon fluxes and the time of genesis of the main carbon-
containing horizons, i.e. the topsoil and deep Bh. We performed retro calculations to take in account the bomb carbon in
the young topsoil horizons (calculated apparent 4C age from 62 to 109 y). We modelled four profiles representative of
Amazonian podzols, two profiles with an old Bh (calculated apparent “C age 6.8 10% and 8.4 10° y) and two profiles with
a very old Bh (calculated apparent *C age 23.2 103 and 25.1 103 y). The calculated fluxes from the topsoil to the perched
water-table indicates that the most waterlogged zones of the podzolized areas are the main source of dissolved organic
matter found in the river network. It was necessary to consider two Bh carbon pools to accurately represent the carbon
fluxes leaving the Bh as observed in previous studies. We found that the genesis time of the studied soils was necessarily
longer than 15 10% and 130 10° y for the two younger and the two older Bhs, respectively, and that the genesis time
calculated considering the more likely settings runs to around 15 108 - 25 108 and 150 103 - 250 103y, respectively.

1 Introduction

Podzols are soils characterized by the formation of a sandy, bleached horizon (E horizon) overlying a dark horizon with
In wet tropical areas podzols can be

illuviated organic matter as well as Fe- and Al-compounds (spodic or Bh horizon).

with E horizons thicker than 10 m and Bh horizons thicker than 4 m (Chauvel et al., 1987; Dubroeucg and Volkoff, 1998;

Montes et al., 2011). This means that they can store huge guantities of organic matter: Montes et al. (2011)estimated the

C stocks in Amazonian podzols to be around 13.6 Pg C.

{ Mis en forme : Portugais (Brésil)

{ Mis en forme : Portugais (Brésil)
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Figure 1. Schematic of the main C fluxes in a podzol.

This C constitutes a non-negligible portion of the C stored in the Amazonian basin. Indeed, the carbon stored in the
aboveground live biomass of intact Amazonian rainforests is estimated to be 93 + 23Pg23 Pg C (Malhi et al., 2006). Such
large amounts of carbon may play a central role in the global carbon balance (Raymond, 2005), which raises the question
of the magnitude of the carbon fluxes during podzol genesis and in response to drier periods that might occur in the
future due to climate change. A schematic of the main carbon fluxes in Amazonian podzols (Leenheer, 1980; Lucas et al.,
2012; Montes et al., 2011) is presented in Fig. 1. It should be noted that the organic matter (OM) released by the topsoil
horizons can be transferred downwards to the Bh horizons, but may also be rapidly transferred laterally to the river
network via a perched water-table on top of the Bh that circulates in the E horizon. The OM stored in the upper part of
the Bh can also be remobilized and be transferred to the river network by the perched water-table. Some of these fluxes
have been estimated in a small number of case studies or extrapolated from studies of the chemistry of large rivers (Tardy
et al., 2009), but most of them remain unknown. Studies measuring carbon budgets at the profile scale or during soil
profile genesis in temperate, boreal or tropical podzols are rare (Schaetzl and Rothstein, 2016; Van Hees et al., 2008).
Schwartz (1988) studied giant podzol profiles in the Congo that began to form 40 103 y ago but where carbon
accumulation in Bh was discontinuous because of a drier climate between 30 and 12 ky BP. The 4C age of organic C
from the Bh horizon of podzol profiles situated in the Manaus region (Brazil) was found to range from 1960 to 2810 y
and it was concluded that the podzols developed in less than 3 10% y (Horbe et al., 2004). As pointed out by Sierra et al.
(2013), in order to corroborate this conclusion it is necessary to produce a model that accounts for C additions and losses
over time. Montes et al. (2011) roughly estimated the C flux to the Bh horizon to be 16.8 gC m- yL. Sierra et al. (2013)
used a compartment model that was constrained by 1“C dating to estimate the carbon fluxes in a Colombian shallow
podzol (Bh upper limit at 0.9- m). They showed that the C fluxes from topsoil horizons to the Bh horizon were smaller
(2.1 gC m2 y1) than the fluxes estimated in Montes et al. (2011). However, they did not account for the age and genesis
time of the Bh horizon.

In order to better understand the fluxes of C in Amazonian podzols and in particular to determine the rate of carbon
accumulation in Bh horizons during podzol genesis, the size of the C fluxes to rivers via both the perched and the deep

water-tables and the vulnerability of the podzol C stocks to potential changes in the moisture regime due to global
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constrain-the-simulations-ef-C—fluxes-four representative podzol profiles from the high Rio Negro Basin were used to

constrain a model of C fluxes. The high Rio Negro basin was chosen because it is a region that has the highest occurrence

of podzol in the Amazon (Montes et al., 2011) (Fig. 2). The four representative profiles were selected from a database of

80 podzol profiles issued from 11 test areas which have been studied in detail and of which 11 have been dated; this

database will be the subject of a further publication. The four profiles were used to constrain the simulations of C fluxes.

We used a system dynamics modelling software package (Vensim) to simulate the formation of representative
Amazonian podzol profiles by constraining both total carbon and radiocarbon with the data collected.
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Figure 2. Location of the studied profiles. Grey areas in the detailed map indicate hydromorphic podzol areas. Orange spots
identify test areas.



80

85

90

2 Methods
2.1 Podzol profiles and carbon analysis

Four podzol profiles were selected from our database as representative both from the point of view of the profile
characteristics and the *4C age of the Bh organic matter (Table 1 and Fig. 3). The MAR9 profile was developed on the Ica
sedimentary formation, has a water-logged A horizon, a thin eluvial (E) horizon, a sandy-clay loam Bh with young
organic matter (OM) and a low C content; the DPQT profile was developed on a late quaternary continental sediment
younger than the Ic& formation, has an E horizon of intermediate thickness, a sandy Bh with young OM and a low C
content; the UAU4 profile was developed on the Ica sedimentary formation, has an thick E horizon, a sandy Bh with old
OM and the C content is high; the P7C profile was developed on crystalline basement rock, has a thick, water-logged O
horizon, a E horizon of intermediate thickness, a silt-loam Bh with old OM and a high C content. It should be noted that
in the cases of the DPQT and the UAU4 profiles, the lower limit of the Bh was not reached because of the auger hole
collapsed, meaning that for these profiles the Bh C stock is an under-estimate.



Table 1. The main characteristics of the podzol profiles used in the study. C stock and ages are given + maximum-abselute
errorerror. Faand Fagn - measured Fraction Modern of topsoil and Bh organic matter, respectively. Apparent *C age of OM

were calculated assuming Libby's half life (after correction for bomb carbon for the topsoil horizons as explained hereafter).
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Figure 3. Sketch of the studied profiles.
Soil samples were analysed for C content with a TOC-LCPN SSM-5000A, Total Organic Carbon Analyzer (Shimadzu).
Radiocarbon measurements and-conventional-age-ealibration-were carried out at the Poznan Radiocarbon Laboratory,
Poland. Fhe-conventionalWe assumed that the proportion of bomb carbon in the Bh organic matter was negligible and

calculated a conventional, uncalibrated age from the radiocarbon pMC (percent Modern Carbon) value. As the Bh
organic matter is an open system mixing organic carbon of different ages, this age ealibration-was-performed-using-the
program-OxCal-ver—4-2-against-the INTCAL13calibration-eurve-is an apparent age. Samples from the topseistopsoil
had a pMC {percent-Medern-Carben)-higher than 100%, which indicates that a significant part of the carbon in the topsoil
is post-bomb—\A/e-calibrated-the-age and therefore should not be neglected. Assuming that the topsoil horizons reached a
steady state before 1950, we retrocalculated the pre-1950 pMC value of these samples using a dedicated model described

in section 2.2.

The data given in Table 1 were calculated by linear extrapolation of values measured on samples taken at different
depths: between 11 and 28 samples per profile were used for the C stocks calculation and between 6 and 8 samples per
profiles were used for radiocarbon measurements.

2.2 Model design

We used an approach comparable to previous studies which dealt with carbon budgets and radiocarbon data (e.g. Baisden

et al., 2002; Menichetti et al., 2016; Sierra et al., 2013, 2014; Tipping et al—., 2012). The model structure, based on the
schematic shown in Fig. 1, and the names of compartments and rate constants are given in Fig. 4. As the turn-over time
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of the OM in the topsoil horizons is short relative to the average OM turn-over time in the Bh, only one topsoil carbon
pool was used, whereas two pools (fast and slow) were used to describe organic carbon dynamics in the Bh horizon. The
C can leave the topsoil pool by mineralization, transfer to the Bh pools or to the river by the perched water-table; it can
120 leave the Bh pools by mineralization, transfer to the river by the perched water-table or via the deep water-table. We
chose to neglect the flux of C from the fast Bh pool to the slow Bh pool in order to facilitate the numerical resolution of

the system comprising equations describing both the carbon and radiocarbon contents.
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The equations describing changes in the carbon content of the different pools are presented below (see Fig. 4 to see the
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135  where C; is the C input from litter and roots into the topsoil C pool; C; the amount of C stored in the topsoil C pool; Csgn
and Csgn the amount of C stored in the fast and the slow Bh C pools, respectively; ki, kisn and ks sy the C mineralization
rate constants in the topsoil, the fast Bh and the slow Bh SpeelsC pools, respectively; ash and asgn the transfer rates
from the topsoil pool to the fast and the slow Bh C pools, respectively; @, asnr and o senr the transfert rates from
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respectively the topsoil, the fast Bh and the slow Bh pools to the river by the perched water-table; & en-q and o sgn-a the

transfer rates from the fast Bh and the slow Bh pools to the deep water-table, respectively.

The equations describing changes in the radiocarbon content of the different pools are the following:

AFa¢Ce _

dt

dFq rprCrBh
dt

4Fq sBhCsBh
dt

= CFyy — (ke + @e_ppn + Qe_spn + @ ey )Fo (G — AF (e

= ar_ppnfFa ¢ Cr — (kah + & rppr + ath—d)Fa r8nCran — Mg renCrpn

= ar_spnFatCe — (kspn + @ spnr + @ spn—a)Fa s6nCspn — Ao senCspn

@
®)
(6)

where Z is the 14C radioactive decay constant, Fay the radiocarbon fraction in the organic matter entering the topsoil C

pool and Fa ;i the radiocarbon fraction in each pool i, the radiocarbon fractions being expressed as absolute fraction

modern, i.e. the #C/*2C ratio of the sample normalized for 1°C fractionation to the oxalic acid standard 4C/*2C

normalized for 3C fractionation and for radio decay at the year of measurement (Stuiver and Polach, 1977).
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Figure 5. Evolution of the 14C pool in a topsoil that reached a steady state before 1955.

With regard to the apparent age-eatibration of the topsoil organic matter enriched in post-bomb carbon, we considered a
single pool that reached a steady state before 195081955 (Fig. 5), which allowed the retrocalculation of the radiocarbon
fraction Fat in 295061955 based on the following equation:

CeFarppy = CeFae, = ACeFae + (Fav,—Far ) G A Fae, =

CtFat; ,—CrFav; 0
Ce—ACe+Cy

where F, ., and F, ., are the radiocarbon fraction of the topsoil C pool in year i and i+1, respectively, and F, ,,, the

i+1
radiocarbon fraction in the organic matter entering the topsoil C pool in year i. Starting from the F, ., . value (value at

the year of measurement), the F, value (pre-bomb value) is calculated by successive iterations, giving an expression

t 1955

as a function of C,, which is then computed by approximation to satisfy the steady state condition. We used the

tropospheric D*#CO; record from 1955 to 2011 at Wellington (NIWA, 2016) to estimate the annual value of F, ,, .

An underlying assumption of this work is that soil formation processes remained constant over time. An alternative
assumption might be, for example, that all the Bh organic matter had accumulated in very short time, after which the Bh
was no longer subjected to external exchanges. This scenario could also produce a profile ages close to the observed 4C
profile ages. Such a case, however, is unlikely. The climate of the high Rio Negro region is likely to have remained
humid and forested since the Pliocene, although less humid episodes may have occurred during the Holocene glacial
episodes (Colinvaux and De Oliveira, 2001; Van der Hammen and Hooghiemstra, 2000). It is also possible that the rate

at which soil formation proceeded decelerated over time. This will be commented on below.

2.3 Model running and tuning

We used the Vensim ® Pro (Ventana Systems inc.) dynamic modelling software to simulate the C dynamics. After
setting the initial values for C pools, the model was run in the optimize mode, leaving the model to adjust the rate
constants in order to minimise the difference between simulated and measured C pool values and ages. However,
frequently the model did not converge when run in this way. We found that it was because of the great difference
between the convergence times between the topsoil C pool and the slow Bh C pool. The long times required to model the
genesis of the Bh horizons resulted in numerical errors when modelling the topsoil behavior, because of the values of
exponential exponents exceeded the maximum values that the computer could handle (see for example eq. 12 below). To
circumvent this technical problem, we optimized the model separately for the topsoils and for the Bh horizons and we
found that at the time scale of the formation of Bh, the topsoil C pool and the topsoil C fluxes to river and Bh horizons
could be considered constant.

Although the model structure in Fig. 4 contains two C pools in the Bh horizon, we calculated the numerical solutions of
equations considering both carbon budget and radiocarbon age for a single pool Bh in order to determine whether the
model could be simplified. Furthermore, this approach allowed us to better assess the weight of the different rate

constants in the long-term behaviour of a given pool. The calculation in the simplified configuration is shown in Fig. 6.

10
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Figure 6. Simplified design for one pool.

In this configuration, the carbon content of the pool is given by:

dCh _

i @;—nCe — PrerCrsrPrnCan
®

where C; is the amount of C stored in the topsoil pool, o sen the transfer rates from the topsoil pool to the Bh pool, Cgn

the amount of C stored in the Bh pool and 8 gn the transfer rate of C leaving the Bh pool. The solution of this equation
with the initial condition Cgh = Cogh When t = 0 is:

Con = @-BnCt | (Co on = ar-BhCr) e~Bant ©)
Ben Ben

The equation related to radiocarbon content is the following:

dF, C

% = &_pnC; Far — (Ben + DFa pnCon (10)
where Fagn is the radiocarbon fraction in the Bh.

Considering that the C input from the topsoil to the Bh and its radiocarbon fraction are constant with time, it comes from

the two previous equations:

Bgh a-BhCt Fat —FaBh (Ban at—phCe+ l(ar-ahcr—(a:-ahcr—ﬂahco Bh) 6_35'1[))

AFaBh
&%aBh _ 11
at ar_pnCt—(a_pnCe—BpnCo pn) e FBRE an
The analytical solution of this equation with the initial condition Fagn = Fat whent = 0 is:
BehFat e ( BanCo n+ar—pnCe (eBBRNE-1)+ 2oy,
Fopp = ( ( ) ) (12)

(BBnH)(BBhCu Br+ar-pnCe( eﬂ‘”’t—l))

3 Results and discussion
3.1 Modelling the formation of a single pool Bh

This section presents conceptual results on the basis of the simplified diagram given on Fig. 6 and in which the flux
leaving the Bh is described by a single rate f gn. This single rate represents loss from the pool both through the
mineralization of organic carbon, through lateral flow in the perched water-table to the river and through percolation of
dissolved organic carbon (DOC) to the deep water-table.

11
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3.1.1 Obtaining the carbon stock

Unsurprisingly, the greater the difference between input and output C fluxes, the faster a given Cgn stock is reached. With
a constant input flux and a constant output rate, the output flux progressively increases with time because Cgnincreases,

until the input and output fluxes become equal, after which the Cgp reaches a steady state.
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200 10° / a 28410
] ]
150 10° | ‘ ‘
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Bsn=1.0610"] .o =284 10"
5010° - [ T | Ben=1.3310
D 2 3 4 5 6 ‘ 7
1 10 10 10 10° | 10 10 10
— . Time
4310'y 7.710'y 34510y »

Figure 7. Single-pool modelling of Cgh of the P7C profile; Cogn set to 0.

When the model is constrained only by the measured values of C stocks, a number of solutions are possible (Fig 7). The
example given in Fig. 7 is based on data from the P7C profile (Table 1). Curves 1 and 2 describe the evolution of Cgn
with time when the Bgn rate is constrained to reach a steady state for the currently observed C stock (158 465 gC m-2).
The input flux was set at 2.1- g m?2 y* and 16.8-g m2 y* for curves 1 and 2, respectively, values proposed by Montes et
al. (2011) and Sierra et al. (2013), respectively. The resulting constrained values of a-gn and fgn rates are given in the
figure. The times required to reach 99% of the steady state values are 43 10° and 345 103 and-43-10%-y for curve 1 and 2,
respectively. We used here and thereafter an arbitrary 99% threshold because, as shown on Fig. 8, this value gives a

result sufficiently close to the horizontal asymptote to give a reasonable evaluation of the time necessary to reach a

steady state.
The currently observed C stock can be reached in a shorter time, however, if for a given input flux the value of fgn is

reduced below the value needed to obtain the currently observed C stock at a steady state. An example is given by the
curve 3: the input flux is set at 2.1-.g m?2 y%, as for curve 1, but the B g rate is reduced by one order of magnitude. In such
a case, it would require 78 10° y to obtain the currently observed C stock. A value of g set to 0 gives the minimum time
required to obtain the carbon stock (50 103 y if the input flux is set to 2.1-g m2 y1).

12
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3.1.2 Obtaining both carbon stock and *C age
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Figure 8. Single-pool modelling of both CBh and Bh '“C age of the P7C profile. Corresponding values of C input fluxes and £ gn+
rates are given in Table 2,

When the model was constrained by both carbon stock and 4C age, then a unique solution for reaching the steady state
was obtained. This is shown for the P7C profile in Fig. 8 (solid lines), where 99% of the measured values of Cgh and
apparent C age (158465 gC m2 and 25096 vy, respectively),~which-represent-more-than-99%-of the-measured-values;
were obtained in approximately 590 10° y; carbon input flux to the Bh and S gn rate were constrained to very low values,
0.95-g m? y* and 5.9 10y, respectively. Note that for higher values of the Sgn rate, there was no solution because the
14C age could never be reached.

The simulation of the minimum time required for the observed carbon stock and “C age to be reached is also shown in
Fig. 8 (dashed lines). This simulation was obtained by adjusting the input fluxrate with an output flux close to 0-{, but

different from zero for numerical reasons. We used fgn = 1019 after checking that the difference between the minimum

time obtained using gy = 100 and B = 10-2° was negligible (lower than 0.0005%).
The minimum time required for the C stock and 4C age to be reached and the time required to reach 99% of the C stock

and 4C age at a steady state are given, along with the associated C input fluxes and S rates, in Table 2 for each of the
studied profiles. Under each of the conditions, the time required is an exponential function of the apparent 1C age of the

Bh (Fig. 9).

Table 2. Results of simulation for a single pool Bh:: minimum genesis time and time to steady state..
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Figure 9. Relationship between the 1“C age of the Bh and the time needed to form the Bh (single pool modelling).

Taking into account the maximum absolute error propagation-does not significantly change the simulation results: the
maximum absolute error on the genesis times is lower than 1;.0%, 0.9%, 3;.5% and 2;.9% for MarSMAR9, DPQT, UAU4
and P7C, respectively. Since such percentages do not alter the orders of magnitude and trends discussed below, the error
propagation-will not be considered in the following.

The time taken for the Bh horizon of a given profile to form is likely between the two values shown in Table 2 and Fig. 9.
The minimum time required for obtaining C stock and “C age is an absolute minimum which assumes that the C output
from the Bh was zero, which is not likely. On the other hand, there is no evidence that a steady state has been reached,
especially in the case of the two youngest profiles (MAR9 and DPQT). Consequently, the time taken for the formation of
the Bh horizons is very likely comprised between 15 102 and 65 108 y for the two youngest profiles and between 140 10°
and 600 10°% y for the two oldest:, durations compatible with rough estimates given in Du Gardin (2015). These results

also show that the input C fluxes to the Bh and correspondingly the output C fluxes are 3 to 5 times higher for younger
than for older profiles and that the older profiles would have an output rate of one order of magnitude lower than the
younger profiles. It is not immediately clear why such large differences would exist. Previous studies have shown (1) that
a part of the accumulated Bh OM is remobilized and exported towards the river network (Bardy et al., 2011); (2) that the
water percolating from the Bh to deeper horizons OM contains significant amounts of DOC, even in older profiles
(around 2-mg L%, Lucas et al., 2012). These observations are not consistent with the obtained very low S gn rates,
suggestingwhich give input and output C fluxes lower than 1 gC m? y-* for profiles UAU4 and P7C. This suggests that a

single Bh C pool is incorrect and that two pools of Bh C are required to adequately represent Bh C dynamics.
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3.2 Modelling the formation of the whole profile with a two-pools Bh
3.2.1 Topsoil horizons

As explained in section 2.3., the topsoil horizons were simutatedmodelled separately because the time needed to reach a

steady state is very much shorter for the topsoil horizons than for the Bh horizons. The steady state condition was given

by B+=C, C¢t. Observations data were C, Fav, Fatand k.. The ki mineralization rate was set to 2.57 10- y%, following

preliminary mineralization experiments (unpublished data). Optimizing parameter was £ and a multiple cost function

was minimizing the differences between modelled and observed value for C; and Fa:. The model outputs for the topsoil

horizons of the studied profiles are given in Table 3.

Table 3. Modelling the topsoil horizons. Ct: topsoil C stock; ClI: C input flux from roots and litter; Time to steady state: time
required to reach 99% of the steady state values for Ct and 14C age; #: sum of the output rates (Bt =K+ @ tr + @ 1—fan + ay).

MAR 9 DPQT UAU4 pP7C <
Ci(gm?) 17722 8056 7519 74129
Apparent 1C age (y) 62 108 65 109
Fatvalue 0.9923 0.9866 0.9919 0.9865
Ci(gm2y?) 286 74 116 676 <
Time to steady state (y) 399 696 420 705
) 161102 9.2310%| 1.5410%| 9.1210°%

A

The results suggest that the topsoil OM in the four profiles needed only between 400 and 700 y to reach a steady state, if
the present day topsoils are indeed in a steady-state. The total C flux through the topsoil (C)) is high for the MAR9 profile
(286-.g m2 y1) and very high for the P7C profile (676-.g m?2 y1), in accordance with their high topsoil C stock (17722
and 74129- g m2, respectively) and the very young age of their organic matter. Note that the topsoil OM ages are younger
than ages reported by Trumbore (2000) for boreal, temperate or tropical forests. Differences between modelled fluxes
through the topsoil are consistent with the field observations: the lowest fluxes (UAU4 and DPQT) correspond to well-
drained topsoil horizons, with a relatively thin type Mor A horizons, when the highest fluxes (P7C) corresponds to a
podzol having a thick O horizon in a very hydromorphic area. The MAR9 profile is intermediate. It should be noted that
the flux through the P7C topsoil would correspond to more than 3%-6f1.5 times higher than the commonly accepted value
for the C annually recycled by the aboveground litter in equatorial forests (around 850-g425 gC m2 y1 — (Wanner;
1976(Wanner, 1970; Cornu et al., 1997; Proctor, 2013)-

. indicating a strong contribution of the belowground litter (root litter).

3.2.2 Bh horizons

The partitioning of the C flux leaving the topsoil between the river (rate a+.r), the fast pool of the Bh (rate o n) and the
slow pool of the Bh (rate o sen) is unknown. This is also the case for the partitioning of the C flux from the Bh pools
between the river (rates o en.r and assn.r) and the deep horizons (rates a sn.a and assn-d). Consequently, the system is not
sufficiently constrained with the “C age of the bulk Bh and there is an infinity of solutions for modelling the Bh

formation.
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We therefore carried out a sensitivity analysis to determine how the main parameters (size of the fast pool of the Bh, C
flux input and output C rates for the Bh pools) affected the profile genesis time and to understand the relationships

between these parameters.
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Figure 10. Effect of the fast Bh pool size on the whole Bh genesis time and the 14C age of the fast Bh. Left graph: absolute
values; right graph: values expressed in %.

Sensitivity to the size of the fast Bh pool-; Fig. 10 shows simulation results with an output C flux from Bh set to be 2-g m-

2 y1at end of the genesis time and with values for Csgh ranging from 2.5 108 to 40 10%- g m2, through 5 103, 10 10°% and
20 108 In most configurations, the presence of a fast pool in the Bh extends the time taken for the whole Bh genesis
relative to a single-pool Bh. This lengthening of the genesis time increases as a function of the 24C age of the whole Bh
and as a function of the size of the fast Bh pool (Crsn)._A size of the fast Bh pool set to 5% of the whole Bh stock would

give a low estimate of the Bh genesis time.
Sensitivity to the C fluxes leaving the Bh pools; the genesis time of the profile lengthens with increasing C flux from the

bulk Bh. The lengthening of the genesis depends, however, on how the C fluxes leaving the Bh C pools vary and on the
source of the variation (Fig. 11). In the situation where there is a progressive increase of the Bh output beginning from 0,

and this increase is due to the fast Bh pool, the lengthening of the genesis time is fast at first and then slows. An example
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is given in Fig. 11 for the UAU4 profile for two values of Cisn. When the increase is due to the slow Bh pool, the
lengthening of the genesis time is slow at first and then becomes very high. An example is given in Fig. 11 for the MAR9
and P7C profiles, respectively.
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Figure 11. Effect of constraining the ouput C fluxfluxes from the Bh on the genesis time. UAU4: effect of the fast Bh output
flux. MAR9 and P7C: effect of the slow Bh output flux.

A

The conclusion of this sensitivity study is that, when the size of the fast Bh pool or the C output fluxes from the Bh pools
begin to grow from zero, the genesis time of the profiles increases rapidly by a factor of 5 to 20% for the two youngest
profiles and 15 to more than 60% for the two oldest profiles.

Modelling the formation of the whole profiles: we-medeHed-the-formationobservation data were C gy (sum of thefeur

value of the bulk Bh), a tign, K 18n, K sgn, @ 8h-d, o seh-a. The fast Bh pool was constrained to steady state condition. The Fa;

value was given by the topsoil horizon modelling, The C flux from topsoil to the fast Bh pool was set to-beat 1- g m2 y-1,

to get a total C flux from the topsoil to Bh horizons close to the value obtained by Sierra et al. (2013) (2.1-g m?2 y-1).
Ihe&mine#aﬁzaﬁen#atewasse%te%?—l@éw, olowingpreliminary-mineralization-experimen unpublished-data)-
Fhe-The size of the present-day observed fast Bh (Cisn) was arbitrarily set teat 5% of the total Bh—As—the—kin
mineralization rate-had-to-be set to-a value below 1.5-10-4y' for solutionsto-be possible,a value of 5105y was-chosen-
Fhe-C_(see above). The present day output, flux from slew-Bh to, the—riverdeep horizons was constrained to a-value
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Results-are-shown-in—Fig—12As the k sn_and the k ssn_mineralization rate had to be set below 1 104 and 1 106 y1,
respectively, for solutions to be possible, values of 5 10° and 5 107 y!, respectively, were chosen. Optimizing

parameters were o wsgh, enh and SBsen and a multiple cost function was minimizing the differences between modelled and

observed value for Cgny and Fagn. Results are shown in Fig. 12 and corresponding parameters in Table 4. The resulting
present day instantaneous turnover times of C in the whole Bh are 12940, 16115, 67383 and 98215 gC for profiles
MAR9, DPQT, UAU4 and P7C, respectively.
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Figure 12. Modelled C fluxes, **C ages and C stock in the four studied profiles,

Table 4. Parameters used for the modelling shown in Fig. 12.

Rates (y)  MAR9 DPQT UAU4 P7C
B 161102  94910° 154102  9.210°
K 25710°  25710%  25710° 257100
o 564105  1.2410°  1.3310%  1.3510°
Crsen 18510%  29010% 86110  1.0110°
air 133102  62010° 126102 653107
e 35910%  3.7610%  1.8610%  1.2610°
Kien 500105  50010° 50010  5.0010°
iohr 101104  1.0810% 27910  3.0110°
dna 20910%  21810%  1.0810%  7.3210°
Bsen 20010° 20010  1.2010°  1.5710°
Ksen 500107 500107 500107  5.00107
Lsbir 635107 886107  1.83107  7.62107
spig 946107 990107  4.88107  3.32107
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3.3 Age, carbon fluxes and carbon turnover

Considering that the forest aboveground litter production is around 850-g425 gC m2 y, the proportion of the litter
aboveground OM produced by the forest transferred to the river network is 28,6-1156, 12, 22 and 57114% for profiles
MARSY, DPQT, UAU4 and P7C, respectively. Fhis-large-range-of The high values for MAR9 and P7C profiles indicates a
significant contribution of belowground litter and indicates how waterlogging of the podzol surface horizons affects the

transfer of carbon from atmosphere to dissolved organic carbon.

With regard to the Bh horizons, it should be noted that the total C flux leaving these horizons can be distributed in any
manner between mineralization, transfer to depth and transfer to the river. However, at least two pools are required for
the total C flux leaving the Bh to be sufficiently large to match the measured values. Obtaining the measured old ages
requires a long genesis time (around 195 10°% y for UAU4 and 274 10° y for P7C) and very small input and output carbon
fluxes. Because younger profiles, such as MAR9 and DPQT, can form with higher fluxes, it is likely that the flux rates
changed during the development of the profile, reducing progressively with time. Higher flux rates during the earlier
periods of profile development, however, would lengthen the profile genesis time (Fig. 11), so that the genesis time
estimated here for the slow Bh (around 17 103, 22 103, 195 10° and 274 103 for MAR9, DPQT, UAU4 and P7C,
respectively) can be considered as a good estimate of the minimum time required to form the presently observed soils.
This is especially true for the DPQT and UAU4 profile as their Bh C stock value is a low estimate (cf. §2.1).

SuehAnother source of overestimation of the genesis time is that, to simplify the calculations, we have not considered

changes in atmospheric C content over the past 50,000 years when it was shown that for most of this period

conventional ages have to be corrected by more than 10% (Reimer et al., 2009). The estimated ages are very old when

compared to temperate mature podzol that developed in 1 103-6 10° y (Sauer et al., 2007; Scharpenseel, 1993).

4 Conclusion

Modelling the carbon fluxes by constraining both total carbon and radiocarbon was an effective tool for determining the
order of magnitude of the carbon fluxes and the time of genesis of the different carbon-containing horizons. Here
modelling the upper horizons separately was necessary because of numerical constrains due to the great differences in
carbon turnover time between topsoil horizons and Bh. Steady-state values obtained for the topsoil horizon could
subsequently be introduced in Bh modelling. The approach we used can be applied to a wide range of situations, if
necessary with simplifying assumptions to sufficiently reduce the degree of freedom of the system.

The results obtained showed that the organic matter of the podzol topsoil is very young (*C age from 62 to 109 y), with
an annual C turnover, i.e. the carbon flux passing annually through the horizon, that increases if the topsoil is
hydromorphic. This indicates that the most waterlogged zones of the podzolized areas are the main source of dissolved
organic matter to the Amazonian hydrographic network.

The model suggests that the Amazonian podzols are accumulating organic C in the Bh horizons at rates ranging from
0.54 and 3.17 gC m2 y1, equivalent to 0.005 to 0.032 tC ha* y* of very stable C. Climate models predict changes in
precipitation patterns, with greater frequency of dry periods, in the Amazon basin (Meehl and Solomon, 2007), possibly
resulting in less frequent waterlogging. The change in precipitation patterns could have a dramatic effect on the C

dynamics of these systems with an increase in the mineralisation of topsoil OM and an associated reduction in DOC

20



405

410

|415

420

425

430

435

transfer to both the deep Bh and the river network. -1t may be noted that a 4C dating of the river DOC would help to
determine the proportion of DOC topsoil origin and of Bh horizon origin. The topsoil horizons reached a steady-state in
less than 750 y. The organic matter in the Bh horizons was older (**C age around 7 ky for the younger profile and 24 103
y for the older). The study showed that it was necessary to represent the Bh C with two C pools in order to replicate a
number of carbon fluxes leaving the Bh horizon that have been observed in previous studies. This suggests that the
response of the Bh organic C to changes in water regime may be quite complex. The formation of the slow Bh pool
required small input and output C fluxes (lower than 3.5 and 0.8-.g cm2 y! for the two younger and the two older Bhs,
respectively). Their genesis time was necessarily longer than 15 102 and 130 103 y for the two younger and the two older
Bhs, respectively. The time needed to reach a steady state is very long (more than 48 102 and 450 108 y, respectively) so
that a steady state was probably not reached. The genesis time calculated by considering the more likely settings runs
around 15 108 - 25 10% and 180 10° - 290 108y, respectively; the determination of these ages, which can be considered as

low estimates, can help to constrain the dating of the sedimentary formations on which podzols have developed. Finally,

a greater frequency of dry periods during the year might also possibly result in an increase in Bh mineralization rates and
therefore of CO> degassing from the Bh, this question will be the object of a further publication.
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