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Abstract. Quantifying how C fluxes will change in the future ~ The carbonate reaction front can be likened to a terrestrial
is a complex task for models because of the coupling betweetysocline because it represents a depth interval over which
climate, hydrology, and biogeochemical reactions. Here wecarbonate dissolution rates increase drastically. However, in
investigate how pedogenesis of the Peoria loess, which hasontrast to the lower pH and shallower lysocline expected in
been weathering for the last 13 kyr, will respond over the nextthe oceans with increasing atmospheric C@e predict a

100 yr of climate change. Using a cascade of numerical moddeeper lysocline in future soils. Furthermore, in the central
els for climate (ARPEGE), vegetation (CARAIB) and weath- Mississippi Valley, soil lysocline deepening accelerates but
ering (WITCH), we explore the effect of an increase in£O in the south and north the deepening rate slows. This result
of 315 ppmv (1950) to 700 ppmv (2100 projection). The in- illustrates the complex behavior of carbonate weathering fac-
creasing CQresults in an increase in temperature along theing short term global climate change. Predicting the global
entire transect. In contrast, drainage increases slightly for aesponse of terrestrial weathering to increased atmospheric
focus pedon in the south but decreases strongly in the northCO, and temperature in the future will mostly depend upon
These two variables largely determine the behavior of weatheur ability to make precise assessments of which areas of the
ering. In addition, although C£production rate increases in globe increase or decrease in precipitation and soil drainage.
the soils in response to global warming, the rate of diffusion
back to the atmosphere also increases, maintaining a roughly

constant or even decreasing £€€édncentration in the soil gas

phase. Our simulations predict that temperature increasing id  Introduction

the next 100 yr causes the weathering rates of the silicates to

increase into the future. In contrast, the weathering rate offoday, continental weathering consumes about 0.3 Gt of at-
dolomite — which consumes most of the £0decreases in mospheric C@each year (Gaillardet et al., 1999). This value
both end members (south and north) of the transect due to it close to the preindustrial net carbon exchange between
retrograde solubility. We thus infer slower rates of advancethe atmosphere and the terrestrial biosphere (0.4 Gt yr

of the dolomite reaction front into the subsurface, and faste{Solomon etal., 2007). Continental weathering is sensitive to
rates of advance of the silicate reaction front. However, addi/and use change (Raymond et al., 2008) and ongoing climate
tional simulations for 9 pedons located along the north—souttfhange (Gislason et al., 2009; Beaulieu et al., 2012). De-
transect show that the dolomite weathering advance rate wilpPite its magnitude, apparent sensitivity, and acknowledged
increase in the central part of the Mississippi Valley, owing importance over geologic timescales, continental weathering

going climate change. the global carbon cycle and climate over century timescales.

Continental weathering is a function of the mineralogy of
the exposed surfaces (Amiotte-Suchet et al., 2003), among
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136 Y. Godckris et al.: Rates of consumption of atmospheric CQ

many other parameters such as physical erosion (West et alof the aeolian deposits 10 kyr ago. It reproduced the time evo-
2005), climate (White and Blum, 1995), and vegetation coverlution of the mineralogical composition of the two pedons,
(Le Hiretal., 2011; Taylor et al., 2012). This multi-parameter simulating mineralogical concentrations close to measured
dependence makes it difficult to assess the response of contiralues (Godéris et al., 2010). Features that were simulated
nental weathering to climate change on a global basis. Pardancluded the deepening of the reaction fronts of dolomite,
metric laws can be used to predict weathering from mean analbite, and potassium feldspar. These results suggest that the
nual temperature and runoff for several average lithologicalcalculated weathering rates of the pedons were correctly sim-
types (Hartmann et al., 2009). These laws were establishedlated as a function of climate by the WITCH model. They
from field observations. However, as pointed out in Gaékd  also show that the present mineralogical composition of the
et al. (2009), such a parametric method only gives a snapshdbessic formation is the result of the weathering of the loess
of the weathering system, and does not capture the decadal tsnder variable climatic conditions. In other words, climate
centennial dynamics. In this contribution, we use mechanishas left its imprint on the loessic profiles. The question we
tic models to predict the response of weathering to increasingsk in this contribution is: what will be the effect of the cli-
CO, in the future by focusing on the natural experiment of mate during the next century on the weathering processes at
loess that was deposited approximately 13 kyr ago along th@lay in the Peoria loess? We thus start the numerical model-
Mississippi valley transect in the USA. We have previously ing from the present-day state of the weathering system and
shown that mechanistic weathering models could successproject it forward to 2100 for the same two pedons to explore
fully reproduce mineralogical patterns observed in the loesshow weathering of Mississippi Valley loess will respond to
along the climosequence (Williams et al., 2010; Garislet  future climate changes.

al., 2010). This latter modeling effort lends credibility to our

attempt here to predict weathering forward in time.

In addition, loess and loess-derived sediments cover large  Methods
areas of the continents, especially in the Northern Hemi-
sphere. Ten percent of the continents are presently covereg.1 Model settings
by loessic formations derived from glacial eolian deposits
(Rousseau, 2001; Haase et al., 2007). Given their abundanc® project weathering into the future, we ran an atmospheric
at the Earth’s surface, they should contribute significantlyglobal circulation model (ARPEGE, Salas yéla et al.,
to the global weathering flux in the ocean for at least two 2005; Gibelin and Bqle, 2003) under the A1B IPCC car-
reasons: (1) loess minerals often have only slightly weath-ton emission scenario (Solomon et al., 2007). The output of
ered surfaces, and (2) the specific surface area is high owinthis simulation (mean air temperature and diurnal tempera-
to the fine-grained nature of loess. Furthermore, since loesglire range, rainfall, relative air humidity, cloud cover and sur-
contains highly reactive carbonate phases, loess weatherinfgce horizontal wind speed) was then used to force a global
could potentially respond rapidly to environmental change.dynamic vegetation model (CARAIB, Dury et al., 2011).
Indeed, researchers have suggested that the high surface at@ARAIB predicts the vegetation cover, the biospheric pro-
of loess may cause fast weathering that can be an imporductivity, the below-ground hydrology and G@roduction
tant cause for the long-term drawdown of £@nderson et  along the N-S transect of the Mississippi Valley. These phys-
al., 1997). Understanding how these loessic formations arécal variables were then used to force WITCH, a process-
weathered might thus be key toward quantifying the futurebased model of weathering reactions (Gexdsl et al., 2006;
evolution of the global carbon cycle. Godckris et al., 2010; see Appendix A for more details).

In North America, loess is one of the most extensive sur- The three numerical models have been previously vali-
ficial deposits, especially in the central Great Plains regiondated. The climate model ARPEGE has been part of the inter-
where it is known as the Peoria loess (Rousseau, 2001; Muhsational stretched-grid model intercomparison project (SG-
et al., 2008). Minerals include primary silicates (potassiumMIP). ARPEGE was able to reproduce the North Ameri-
feldspar, plagioclase feldspar, quartz), secondary clay minerean climate evolution over 12 yr (1987-1998 period) (Fox-
als (dominated by smectites), and carbonate phases (calcieabinovitz et al., 2006). The CARAIB biospheric model is a
and dolomite) (Muhs et al., 2008). Given this mixed min- dynamic vegetation model initially developed for the global
eralogy, a quantitative description of the evolution of loessscale (Warnant et al., 1994). As such it has been used and val-
weathering as a function of climate change is not an easydated over all continents (Nemry et al., 1996, 1999). Model
task. vegetation distribution maps have also been validated glob-

Using the WITCH numerical model forced by the GENE- ally (Otto et al., 2002). Here, a globally validated classifi-
SIS climate model, we previously calculated the weatheringcation of plant functional types (PFT) is used (updated from
rates of the Peoria loess over the last 10 kyr for two sitesFrancois et al., 2011). Finally, the WITCH weathering model
one located at the northern end of the Mississippi Valley, anchas been used to simulate water—mineral interactions in vari-
the other located at the southern end (Garildlet al., 2010).  ous environments, from polar to tropical settings (Gariklet
The model starts with the initial mineralogical composition al., 2006; Roelandt et al., 2010; Violette et al., 2010; Beaulieu
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etal., 2011). WITCH was able to reproduce the concentratiorple (from 350 cm depth in pedon 20) that was large enough
in base cations and silica in soil solutions and at the outlet offor micro-XRD revealed the presence of dolomite.
the simulated catchments. Given these observations, here we chose to follow

The available ARPEGE climate simulation covers the Godckris et al. (2010) by modeling pedons 1 in the north and
1950-2100 period. Instead of running the model cascad®0 in the south. In both cases, we used mineralogy based on
only into the future (from 2012 to 2100), we decided to per- the mineral model of Williams (2008) (Table 1). This model
form the simulation over the whole 1950-2100 period for predicts a small concentration of calcite; however, Godderis
two reasons: (1) since the weathering response is a priori agt al. (2010) documented that calcite removal in the WITCH
sumed to be low (specifically for silicate minerals), a longer model was rapid. Given that such small amounts of calcite
run will maximize the weathering changes, and (2) the sim-might simply reflect error in the model attribution of miner-
ulation must be started from the less anthropogenically peralogy, we removed all calcite from the starting pedon miner-
turbed state, for the purpose of relaxation of the initial con-alogy. For both pedons, the initial porosity was set equal to
dition. 43 % (Bettis et al., 2003). Furthermore, because the samples
reported by Muhs et al. (2001) only allowed us to estimate
that the dolomite reaction front was located between about
200cm and 350 cm depth in pedon 20, whereas it was lo-
cated at approximately 350 cm in pedon 1, we decided to fix
In our previous study (Godylis et al., 2010), we relied on the dolomite weathering front at 280 cm depth for both pe-
published chemical analyses and X-ray diffraction data fordons. By locating the two fronts at the same depth, we can
the Peoria loess sampled from pedons along the Missiseompare weathering in the north and south directly. Further-
sippi transect (Muhs et al., 2001). Williams et al. (2010) more, moving this front by a few tens of cm up or down is
also reported new quantitative X-ray diffraction (XRD) anal- not critical for this study. The front was also assumed to be
yses of Muhs’ samples from pedons 1 (Clayton County,a sharp front, meaning that we assume the total absence of
IL), 13 (Lauderdale County, TN), and 22 (St. Francisville, dolomite above this depth, and an abundance of 11 % vol be-
LA). Those samples were interpreted to contain montmoril-low this level (i.e. dolomite comprises a completely devel-
lonite, illite, plagioclase, potassium feldspar, quartz, and mi-oped reaction front; Brantley and White, 2009).
nor kaolinite. In addition, dolomite was observed with XRD
in the deepest sample of the northern-most pedon but not in
pedons 13 or 22 (i.e. in those latter pedons, dolomaitzor 3 Results
3wt %).

Williams (2008) developed a mineral model to calculate 3.1 Complex behavior of the driving parameters of
mineral abundances from bulk elemental analyses for the  weathering
samples from pedons 1, 13, and 22 that matched the miner-
alogical data derived from quantitative X-ray diffraction. The Itis generally assumed that weathering increases with runoff
mineral model included montmorillonite, illite, plagioclase, (runoff being the difference between rainfall and evapotran-
potassium feldspar, quartz, dolomite, and kaolinite plus mi-spiration) and with air temperature, at least for silicate rocks
nor calcite, chlorite, ferrihydrite. Using this mineral model, (White and Blum, 1995; Oliva et al., 2003; Dessert et al.,
we calculated the mineralogy of the bulk elemental data from2003). Our simulation shows that the link between climate,
Muhs et al. (2001) for all the pedons along the north—southvegetation and weathering is complex, especially when con-
transect. Based on these calculations, the extent of depletiosidered over a short timescale (here centuries).
of plagioclase feldspar along the transect was observed to For example, the overall temperature rise from 4 €6
increase from north to south (Williams et al., 2010). In addi- calculated for the 1950-2100 period along the north—south
tion, evidence for a dolomite reaction front at depths betweertransect, as predicted by ARPEGE, should promote silicate
200 and 400 cm was strong for pedons 1 through 6 (Mam-dissolution and slow carbonate dissolution because carbon-
moth, IL) and 8 (Greenbay Hollow, IL). The model was also ates are generally at equilibrium with soil solutions and,
consistent with a small amount of dolomite at depth in pe-unlike silicates, their solubility decreases with temperature
dons 9, 17, 20-22. Consistent with this, other researcher§Schott et al., 2009).
have observed dolomite in deep loess samples near pedonsHowever, increases in temperature are accompanied by a
21 and 22 (Ruhe, 1984; Pye and Johnson, 1988; Muhs ethange in rainfall which is likely to also play a role. For the
al., 2001). To ascertain definitively if dolomite was present simulations, rainfall was predicted to rise moderately from
in any of these more southern profiles, we attempted to ge120 to 140 mm month! in the southern part of the Missis-
samples in collaboration with D. Muhs (US Geological Sur- sippi valley (3® N) over the same time period, and from 75
vey). Sample volume limitations precluded analysis of mostto 85 mm month? for the northern area (4N). The vertical
of the deepest samples from the southern part of the transeatrainage through the loess formation will also vary as rainfall
In agreement with the mineral model, however, the one samincreases. However, drainage does not vary in a simple way

2.2 Mineralogical composition of the pedons

www.biogeosciences.net/10/135/2013/ Biogeosciences, 10,14852013
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Table 1. Pedon mineralogy (%) assumed for pedon nortit$#N) and pedon south (3@7 N).

Pedon north

Depth (cm) Quartz Albite K-spar Montmorillonite Dolomite  Kaolinite

5.0 54.5 11.4 14.6 6.6 0.5 8.6
19.0 55.6 11.3 145 6.2 0.5 8.8
39.0 53.3 10.6 141 6.8 0.8 11.2
57.0 47.9 9.4 13.0 7.6 0.7 16.5
84.0 43.3 9.5 13.0 7.9 11 19.0

127.0 43.4 10.8 13.2 8.1 14 17.8
181.0 43.9 10.4 13.0 7.9 15 17.8
237.0 46.4 121 12.6 7.9 1.4 14.6
280.0 45.4 12.8 14.5 8.1 1.3 12.9
330.0 46.4 125 135 8.9 1.6 125
377.0 41.2 11.8 12.6 7.8 115 10.7

Pedon south

1.0 63.1 6.8 10.0 4.7 0.1 11.0
4.0 63.6 7.0 10.7 4.6 0.1 10.8
19.0 62.9 6.6 115 4.5 0.1 11.2
42.0 50.9 5.5 10.9 6.9 0.0 19.7
66.0 48.6 6.2 11.2 7.6 0.0 20.1
86.0 51.0 7.5 10.4 7.7 0.0 17.8
103.0 50.1 8.4 11.9 7.4 0.0 16.8
119.0 50.1 8.7 11.6 7.5 0.0 16.6
144.0 49.8 9.2 11.7 8.1 0.0 16.2
178.0 51.1 9.8 111 8.1 0.3 15.0
350.0 43.7 9.6 10.4 7.7 11.3 10.2

since it also depends on changes in the actual evapotranspiraet primary productivity and hence both autotrophic and het-
tion, which responds in a complex fashion owing to the rise inerotrophic respiration. In contrast, this compensation does
temperature and atmospheric £cluding fertilization ef-  not occur in the northern site where the temperature effect on
fects, stomatal closure, etc.). In the south, the yearly averagediffusion outweighs the fertilization effect causing soil £0
vertical drainage calculated at the base of the pedon increase&®ncentrations to decline from 30 x to 20x atmospheric
by 14 % (from about 350 mm y#) to a value slightly above levels over the 1950—-2100 period. This £d&cline happens
400mmyr! — over the simulation period (1950—-2100). In despite a calculated increase in the soilxg@®oduction rate
contrast, the deep drainage decreases in the north by moffeom 70 to 110 g C m?yr~—1 (Fig. 2).
than 40 % (from 170 te< 100 mmyr 1) despite an increase
in rainfall. Drainage decreases in the north because evap3.2 Weathering results
otranspiration (AET) increases significantly as temperature
increases by 6C (Fig. 1). 3.2.1 CQ consumption by dolomite weathering

In addition to changes in temperature and precipita- _ . i
tion, the soil CQ concentrations also change in a com- |N€ instantaneous atmospheric S@nsumption by weath-
plex fashion as global temperature and atmospherie CO €ring is calculated as the flux of HGUrequired to precisely
increase. As calculated by the CARAIB model, the tem- balanc_e the cation release by the d|ssolut!on of S|!|cate min-
perature rise promotes soil respiration, but the higher tem&'als, integrated over the whole weathering profile. In ad-
perature also accelerates £@iffusive loss to the atmo- dltlon,_ the occa_15|onal prec_lpltatlon of _smectlte contributes
sphere (Van Bavel, 1951). Therefore, even though the mode[negatively to thlszbudget. Finally, the b_lcark_Jonate_qux equal
calculated soil C@production rate rises from a mean annual t©© the C&" +Mg** release by dolomite dissolution must
value of 95gCm2yr-!to > 130g C nT2yr—Lin the south, also b(_a added to _account for atmospheric@@nsumed by
the soil CQ concentration increases only from20x to ~ dolomite weathering.
22 % atmospheric levels. This lack of change in the south is D€Spite the increase in temperature, the totab @On-
the outcome of faster CQdiffusion to the atmosphere that sumption due to weathering decreases in both the north and

competes with the Cfertilization effect, which promotes the south from 1950 to 2100. In the south, the model predicts
a slight decrease from 1 to 0.9 motdyr—! (trend calcu-

Biogeosciences, 10, 13548 2013 www.biogeosciences.net/10/135/2013/
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Fig. 1. The calculated water budget for the southdg) &nd(b)) and northern(c) and(d)) sites. The increase in evapotranspiration driven
by the temperature rise offsets the drainage response to the global warming. The 1-yr running means of the monthly outputs are plotted. The
dotted lines are the mean square linear fits of the vertical drainage evolution at the basis of the pedons.
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Fig. 2. Calculated yearly averaged G@oncentrations below the root zone (plotted in units of PAL, i.e., Pre-industrial Atmospheric Level)
for the southern and northern sites (solid line). The dotted lines are the 10-yr running average of the annual output.

lated from a root mean square linear fit of the yearly averagedo dolomite begin to dissolve this mineral. The sharp reaction
modeled CQ consumption). In the north, CQ&onsumption  front and the close-to-equilibrium porefluids with dolomite
goes down by a factor of 2.3, from 0.7 to 0.3 motfyr—1 are consistent with transport-controlled dissolution. Changes
(Fig. 3). in the integrated dolomite weathering rate (in moles of min-
Dolomite dissolution is the main weathering reaction eral dissolved per time unit, summed over the whole weath-
that largely controls these net GQonsumption trends: ering profile) are strongly correlated to the vertical drainage
the CQ consumption flux by dolomite dissolution is about at both locations. In fact, as drainage increases over any time
10 x greater than consumption by any silicate phase in thdnterval, dolomite dissolution responds linearly. This behav-
pedons. In all the pedons, dolomite is absent at shallowior is explained by the fact that waters draining the pedons
depths and present only beneath 2.80 m depth. This 2.80 rare equilibrated with respect to dolomite below the dolomite
depth therefore represents the sharp reaction front wheréont. Thus, the dissolution flux of dolomite is essentially
downward-flowing fluids that are undersaturated with respecequal to the product of the solubility of dolomite and the

www.biogeosciences.net/10/135/2013/ Biogeosciences, 10,14852013
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drainage flux (Brantley and White, 2009). If drainage in- @ Pedon South
creases, the flux increases, i.e., more water implies more | B
dissolution. On the other hand, yearly averaged dolomite

Albite saturation index
T T

dissolution is negatively correlated to the temperature as 0
dolomite solubility decreases with temperature. Since tem-
perature displays a clear increasing trend from 1950 to 2100 |
period (4°C warming) while drainage only increases slightly |
in the south or decreases drastically in the north (Fig. 1), the
overall effect is a decrease in the €&nsumed by dolomite
dissolution at both locations.

3.2.2 CQ, consumption by primary silicate phases

In contrast to dolomite, the GQronsumption by dissolution

of the primary mineral phases albite and K-feldspar either in-

crease or stay at roughly constant values from 1950 to 2100.

In the south, equilibrium with respect to albite in the soil so-

lution is episodically reached below 1 m depth, and perma- v Pedon North

nently reached below the dolomite front-at2.80 m depth.

In the plots of soil solution saturation state with respect to

albite versus time, pulses of high drainage are observed to

be interspersed with periods of low drainage. High-drainage

spikes lead to dilution below equilibrium in pore fluids down

to the dolomite front, but the soil solution remains saturated

with respect to albite below 2.80 m depth (Fig. 4a). The rate

of occurrence of the dry events (low drainage periods when

albite may effectively stop dissolving high in the profiles)

increases after 2000 (Fig. 4a). But at the same time, the

annually averaged drainage slightly increases in the south

over the 1950-2100 period (14 % increase), promoting al-

bite dissolution. The temperature rise°(@) forces albite T A

dissolution to further increase. This results in an increasing

trend in the calculated Naexport for the pedon from about Fig. 4. Calculated time evolution of the saturation state of the soll

380 mol halyr—1 (1950) to 470 mol hat yr—1 (2100). solutions with respect to albite, plotted as a function of desh:
For the northern pedon, the soil solution gets saturatec@uthem pedor(p) northern pedon.

with respect to albite mainly at the dolomite front even be-

fore 2000, i.e., at 2.80 m depth (Fig. 4b). This saturation level

Biogeosciences, 10, 13548 2013 www.biogeosciences.net/10/135/2013/
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m® soil /yr)
R A ——

0

is reached at shallower depth after 2000. Several drought I [ [ | [ Do
events strongly inhibit the vertical drainage, and these events ~ = ™% ° ot ommommomm oo
become more and more common after 2000, owing to the _ . Gosmectite weathering (mol Si/
overall decrease in drainage. As a result, the models predict M ' mm |U“| M
an almost permanent rise of the saturation depth by about 2 m ‘
after 2030. However, this line cannot rise above the rooting NAIAAI MWA\\ Y’A‘i Y
zone because the through-flux of water is higher in that zone, | W | f‘
as water that enters at the land surface is taken up by roots in<
creasingly with depth. In contrast, beneath the rooting zone, § *
the water flux is smaller and the water quickly equilibrates /“J\M‘j!_*
with respect to the low-solubility feldspar minerals (Fig. 4b).
Like the dolomite behavior described above, the albite
dissolution flux varies directly with vertical drainage in the
north and in the south. In other words, just as dolomite dis-
solution is driven by the drainage flux, because dolomite is dote ()
maintained at chemical equilibrium at the base of the pedonsr__i 5. Calculated smectite dissolution rates plotted as a function of
the deep-soil solutions are at chemical equilibrium or evendegp;th'and time for the northern pedon P
oversaturated with respect to albite. Any increase in drainage '
thus enhances the observed dissolution flux. In the north, the
calculated decrease in drainage over the next century comy, o mmyr-2 below the root zone (Fig. 1b). As a conse-
pensates for the temperature rise and the yearly average(ijence, C@consumption falls to 0 mol M2 yr—2 during ex-
albite dissolution fluxes stay constant (or even slightly de'tremely dry events such as the one indicated around 2025
crease) from 1950 to 2100. In contrast, in the south, where([:ig_ 3b).
the drainage flux increases over the simulation period, the The aridity developing in the north of the Mississippi val-
albite dissolution flux rises as the global temperature rises. |ey promotes a general increase in the pH of the soil solu-
Similar arguments can be made for the behavior of K-ions (Fig. 6) (from 6.5 to 6.8 over 150yr). There is a strong
feldspar dissolution. For both pedons, soil solutions are satuygsitive correlation between temperature and mean pH of
rated with respect to K-feldspar below the root zone at aboutne \weathering profile. The correlation between mean annual
1 m. In the northern profile, dissolution increases from 195Odrainage and mean annual pH is conversely negative, i.e.,
to 2100 and C@consumption rises by 15 %, whereas in the |oyy.draining periods are characterized by higher pH. Both
south it rises by 259%. the temperature rise and the drainage decrease from 1950
Not surprisingly, the flux from K-feldspar dissolution is 4 2100 thus promote a pH rise in the soil solutions in the
positivgly correlated with vertical drainage qt both sites. In- orth. On the contrary, pH oscillates around an average value
deed, like many two-feldspar systems (White et al., 2001).of .65 over the whole simulation period for the south pe-
the saturation states of the draining waters with respect tQyon |t is also interesting to note that porewaters available
K-feldspar are much higher than the saturation state with res plants change in composition and pH forward in time. In
spect to albite. As a consequence, the dissolution flux fromyiper words, the chemistry at rooting depth is affected by
K-feldspar depends directly on the availability of water be- ¢jimate change and plants have access to fluids of different
cause everywhere in the profile dissolution occurs close tQpemistry over time. Of course, there is no feedback of the
equilibrium with respect to the mineral phase: K-feldspar ggj| chemistry on the biospheric model in the present study,
shows transport-controlled behavior. and such feedback should be considered in the future.

3.2.3 CQ consumption by secondary silicate phases 3.2.4 Relative contribution of the dissolution of each
mineral to CO, consumption

Draining waters of both northern and southern sites are gen-

erally undersaturated with respect to smectite. EquilibriumOverall, the relative contribution of each mineral phase

with this phase is only attained during dry events in theto total CQ consumption depends largely on the vertical

northern site. For this site, the saturation state of the draindrainage at both sites. The dolomite contribution to total

ing waters generally increases from 1950 to 2100 becaus€O, consumption is generally above 90 % but can decrease

of the occurrence of dry events related to the decreasingo less than 40 % during dry events in the north (Fig. 7).

rainfall (Fig. 5). These dry events have a strong impact onConversely, the relative silicate contribution increases during

the overall C@ consumption. As smectite precipitates, baselow drainage events. Indeed, the associate@d €ahsump-

cations are removed from the solution, limiting the atmo- tion flux goes down when drainage decreases, but at a slower

spheric CQ consumption. Furthermore, these dry events re-rate than the flux due to dolomite alone.

duce dolomite dissolution because drainage decreases down
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Results can be also compared with the modeled values
(using parametric laws calibrated on field data) from Moos-
dorf et al. (2011). For unconsolidated sediments of North
America, including loess, CfOconsumption is estimated
at 0.2molCQm~2yr~1 for the southern pedon using the
Moosdorf et al. (2011) correlation between £€bnsump-
tion and runoff (taken as the difference between rainfall and
evapotranspiration), and about 0.05mol Qo 2yr—1 for
the northern pedon. For carbonate rocks of North America,
these numbers rise to 0.8 and 0.25 mob@D2yr—1, re-
spectively, in Moosdorf et al. (2011). These numbers are of
the same order of magnitude as our results.

depth (m)

1960 1980 2000 2020 2040 2060 2080 2100 e .
dete () 4 Sensitivity tests
Fig. 6. Calculated soil solution pH plotted as a function of depth

and time for the northern pedon. The key role of temperature on dolomite dissolution and

the associated trends in GQ@onsumption can be illus-
trated by a simulation where monthly air temperature is

mo; * ,,‘ ‘ ::;;.;.., - . e ] fixed at its monthly averaged 1950-1960 value. In the south,
L .:.,.l", . i the overall CQ@ consumption now increases at a secular
R A ] rate of 1mmolC@m~2yr—2, while it was decreasing at
4}0’- | a rate of—1mmolCQ m~2yr—2 in the reference run. In
§ e ] the north, the decreasing trend-62.5 mmol CQ m~2yr—2
2 :.." * ] (reference run) is converted into an increasing rate of
s ] 0.25 mmol CQ m~?yr—2 (sensitivity test; Fig. 3).
£ O e N This does not mean that temperature is a stronger driver of
P 1 the CQ consumption by weathering than drainage for these
50 ] soil profiles. Indeed, for both sites, the base cation export
S 8 fluxes at the base of each pedon are strongly correlated to the

i | vertical drainage. But the vertical drainage only slightly in-
TS creases in the south while it strongly decreases in the north,

droinoge (em/yr) owing to enhanced evapotranspiration in a warmer world.
Fig. 7. Relative contribution of calculated dolomite dissolution to The resp_onse n tem.]s of W(.aathermg IS strqngly dependent
the CGQ consumption in the north plotted as a function of vertical on the climate and biospheric model behavior: temperatqre
drainage. Each point stands for a yearly averaged value. appears as a key factor because the ARPEGE GCM predicts
a rather strong global warming in the Mississippi valley (4 to
6°C), which impacts the biospheric model in such a way that
3.2.5 Calculated CQ consumption compared to the evapotranspiration increase compensates for the rainfall
previous estimates increase, limiting the drainage response.

Our simulations predict a GO consumption of about
1molCO;m~2yr~! for the southern pedon and 5 Carbonate fronts along the Mississippi transect
0.3-0.7molC@m~2yr—1 for the northern pedon. Since
most of the CQ consumption is the result of dolomite The detailed analysis presented above was focused on the
dissolution, these numbers can be compared to the COmost southern and northern pedons because those are the two
consumption by outcropping carbonate globally. Carbon-sites where a precise mineralogical composition has been cal-
ate outcrops (including marls, dolomites, and limestonesculated as a function of depth. Nevertheless, these two min-
predominantly) cover about 13.4% of the continental sur-eralogical profiles are not widely different (see Table 1). We
face (20.1x 10°km?) (Amiotte-Suchet et al., 2003). They thus expand our calculations to the whole Mississippi lati-
consume 12.% 10?mol of atmospheric Ceyr~1 (Gail- tudinal transect, assuming the mineralogical composition of
lardet et al., 1999). This gives a mean area-averagegl COthe southern pedon for all sites. As discussed by Williams et
consumption of 0.62moln?yr~2, close to our estimated al. (2010), the Peoria loess is fairly invariant in composition.
values for the loess. Our goal is to explore the response to climate change of the
most reactive mineral phase with respect to the ®Gdget
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(here dolomite, as demonstrated above), along a latitudinabver the next century? We first calculated the time derivative
transect. of the depth of the terrestrial lysocline for 9 pedons. These
The dolomite front corresponds to the depth below whichrates of retreat display ample fluctuations as a function of
soil solutions are supersaturated with respect to dolomitetime for each location. We isolate the long-term trends by
and above which they are undersaturated. The dolomite refitting these rates (in cm yt) with a linear fit. The slope of
action front can be viewed as a “terrestrial lysocline”, i.e. this linear fit (cm yr2) is a measurement of the long-term ac-
a depth in the soil where the rate of dissolution of carbon-celeration or deceleration of the retreat rate of the terrestrial
ate changes rapidly, like the oceanic lysocline. But contrarylysocline (Fig. 8). Over the 1950-2100 period, the acceler-
to the downward-flowing soil solutions, seawater is over-ation of the retreat rate is maximum in the central part of
saturated with respect to carbonate phases (either calcite @he transect. In contrast, it is at a minimum, reaching a neg-
aragonite) above the oceanic lysocline and undersaturated ative value, in the north, suggesting that the dolomite front
depth. With the ongoing oceanic acidification process drivenis still retreating downward, but at a rate that decreases over
by the rising CQ, the oceanic lysocline is moving upward, the 1950-2100 period. In the south, the downward shift of
reducing the thickness of the ocean layer saturated with rethe dolomite front is decelerating, but at a moderate rate.
spect to carbonate minerals (Archer et al., 1997; Boudreau et The causes for this contrasting behavior are multiple. In
al., 2010). the north, temperature is increasing at the fastest rate for
However, the two lysoclines are coupled. When the ocearany of the sites along the transect, soil £i® decreasing
lysocline shallows, the terrestrial lysocline is deepening suchrapidly, and drainage is decreasing. All these factors tend to
that after some time lag, a new steady-state ocean pH and asiow down the dolomite dissolution and hence the downward
mospheric C@ concentration must be achieved. In effect, rate of retreat of the terrestrial lysocline. In the central part of
the enhanced continental carbonate dissolution produces the watershed, in contrast, the drainage increase is at a max-
flux of alkalinity to the oceans which eventually can counter- imum, accelerating the rate of retreat of the dolomite front.
act acidification (Archer, 2005). In other words, under someln the south, processes are more intertwined, with the rate of
conditions, the depth of carbonate depletion on the continentfcrease in soil CQ playing an important role for this en-
would increase to compensate for the thinning of the carbonvironment where the changes in drainage and temperature
ate stability zone in the oceans. Such a feedback is commoare similar. It is important to note that the drainage rise in
in studies of the geological evolution of the climate, where the extreme south is not large enough to compensate for the
the surficial ocean stays oversaturated with respect to catemperature rise. As a consequence, the dolomite front is re-
bonate despite atmospheric €@vels reaching 10 times or treating there at a decreasing rate for the 1950-2100 period.
more the present-day level. The question is whether this feed- We note again that the initial position of the dolomite front
back can work at the secular or millennial timescale. The anwas fixed at 2.8 m depth for all pedons. Moving this initial
swer to this question is not obvious, since carbonate dissoluposition upward or downward does not alter significantly our
tion (here dolomite) is heavily dependent on the temperaturecalculated retreat rates. Indeed, dolomite front retreat rates
and drainage evolution into the future, and this latest paramare mostly affected by changes in pH (Fig. 6) and drainage,
eter displays contrasting behavior along the Mississippi tran-and these changes largely occur within the root zone. pH and
sect. drainage remain fairly constant with depth below the root
Model calculations for pedons over the entire transectzone (until the dolomite front where pH rapidly rises). As
document that the dolomite front deepens 1.9 cm over thdong as the dolomite front is located below the root zone,
1950-2100 period in the northern part of the Mississippiwhich is the case for all pedons according to Williams et
(40.9 N), and 6.1 cm over the same time period in the cen-al. (2010), the geographical pattern of the terrestrial lyso-
tral part of the transect (34 }) (the greatest value observed cline retreat rate is not dependent on the initial dolomite front
for the transect). These rates correspond to a retreat ratgepth.
of 13cmkyr! in the north, and 41 cmkyt in the central These factors (drainage, temperature and soib)aBus
part. The amplitude of the retreat is approximately constanfproduce complex behavior that cannot easily be integrated
(~51to 6 cm retreat over 150yr) from 30l to 37 N. Above  or averaged over the transect to answer the question we have
37° N, the dolomite front retreat rate suddenly decreases beasked. In the central part of the watershed, dolomite weather-
low 2cm over the 150yr of the study. This sudden dropingis accelerating, while it is slowing rapidly in the north and
correlates well with a marked decrease in rainfall aroundmoderately in the extreme south. The response of the terres-
37° N. The averaged rainfall over the whole period of sim- trial lysocline to the ongoing climate changes is not straight-
ulation falls from about 105—-130 mm monthbelow 37 N forward. Indeed, Fig. 8 illustrates the high sensitivity of the
to 80 mm month! above this latitude. terrestrial lysocline deepening to parameters which are them-
This rate of retreat of the front is correlated to the local selves sensitive to the modality of climate change (drainage,
climatic conditions, but does not carry any information abouttemperature and soil GQevels).
the response of the terrestrial lysocline to climate change. But
the question remains: does the rate of retreat accelerate or not
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Fig. 8. Increasing rates of vertical drainage (below the root zone), ground temperature, and sdév€ver the Mississippi transect,
simulated for the 1950-2100 period. In red, acceleration of the dolomite retreat rate along the transect simulated over the same period. The
dolomite front is moving downwards at each location, but this retreat rate either accelerates (positive value) or decelerates (negative value).
Maximum acceleration of the retreat rate is reached in the central section of the Mississippi Valley, owing to the rate of change in climatic
and geochemical conditions.

6 Limitations and perspectives nial timescale (Beaulieu et al., 2012). An upward movement
of the terrestrial lysocline would negatively impact the short
Contrary to the temperature and soil hydrology, the soipCO term atmospheric C&consumption by weathering.
level does not emerge amongst the critical driving factors of Here, below the dolomite front in both north and south
weathering in the future in our simulations. However, our sites, the saturation state of the soil solution with respect to
model for soil CQ is rather basic. Diffusion only depends on calcite is predicted to increase in the future (Fig. 9). In the
air temperature (Van Bavel, 1951; Gad et al., 2010). The south, the mean annual saturation state of the soil solution
impact of soil hydrology on diffusion is not included, e.g. the with respect to calcite below the dolomite front is seldom
expected decrease in air-filled porosity with increasing waterabove 1 before about 2015. Then the occurrence of satura-
content, which would limit diffusion back to the atmosphere tion increases rapidly after 2015. In contrast in the north,
when the profiles get more humid. A better model should besaturation of the soil solution stays generally below 1, be-
implemented in the future. However, a striking output of the cause temperature is lower, although it increases with time.
simulation is the decrease in soil @ the future for the  Although not critical here, future work should account for
northern pedon, as diffusion rises with temperature. As thecalcite precipitation.
simulated profile also dries out, upward diffusion would be  Finally, our work shows that the weathering of carbon-
further promoted. Thus the soil GQrend will still display  ate lithologies may respond quickly to climate change in the
a decrease into the future even if the role of hydric state omear future. Because of the very high reactivity of carbonates,
diffusion is included. their dissolution is mainly controlled by transport, stressing
Another limitation arises when considering the terres-the need for an accurate modeling of the water fluxes in these
trial lysocline behavior. In our simulation, we do not allow environments. Modeling of carbonate precipitation, which
dolomite to precipitate when solutions become supersatumay occur more often in a drier and warmer future world,
rated. Indeed, the kinetics of dolomite precipitation is very would require accurate knowledge of the carbonate precipi-
low at ambient temperature. Globally, dolomite precipitation tation kinetics close to equilibrium.
is usually only observed where promoted by bacterial activity
in specific environments (Vasconcelos et al., 199 @ ez-
Roman et al., 2011), but calcite is not allowed to precipitate 7 Conclusions
either. Supersaturation might occur in the future, especially
since the weathering profiles get warmer and possibly dryWWe use a cascade of humerical models (simulating climate,
out, as shown in the simulations. If calcite were to precipi- the continental biosphere, and the weathering processes) to
tate, the terrestrial lysocline might cease deepening and actiextrapolate the weathering of the Mississippi Valley loess
ally move upward, consuming alkalinity and releasing2CO forward in time to 2100. Our interest in the weathering of
back to the atmosphere. Although atmospheric carbon wouldhose loessic formations arises because they are globally im-
be trapped in mineral form if calcite precipitates, there would portant due to their high surface area and due to the fact
be less capture of carbon in the dissolved HOOrm. This  that they contain both carbonate and silicate mineralogies,
latter capture stores carbon in the world oceans at the millenthus exemplifying the contrasting behaviors of weathering
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Fig. 9. Calculated saturation state of the soil solutions with respect to calcite plotted as a function of depth ata) 8meth pedon(b)
north pedon.

for these two dominant rock-forming mineral types. How- The dolomite front defines a terrestrial lysocline for the

ever, loess is also of importance in that it represents a fastMississippi Valley loess. The deepening of this lysocline

weathering component of the terrestrial surface that is prodefines the way carbonate weathering responds to climate

duced in response to glaciations worldwide (Anderson et al.change. The deepening accelerates only in the central part

1997). The simulations we present here are an outgrowth obf the watershed, and decelerates elsewhere. Acceleration of

our previous investigation of the Peoria loess deposited alonghe retreat of the terrestrial lysocline is equivalent to increas-

the Mississippi valley of the USA interpreted as a natural ex-ing rates of delivery of alkalinity to the oceans. Defining how

periment for pedogenesis over the last 13 kyr (Williams et al.this lysocline will respond at continental or global scales is

2010; Godéris et al., 2010). thus a key issue regarding predictions of impacts of processes
We found that yearly averaged drainage is expected tasuch as ocean acidification that are occurring as a result of in-

slightly increase in the southern end of the Mississippi Val-creasing atmospheric GO

ley (14 % increase), while it will decrease drastically in the

northern end (40% decrease). The decrease in the north )

is triggered by the rise in evapotranspiration driven by en-APPendix A

hanced temperatures. Coupled to the rise in temperature ]

linked to the rise in C@ (700 ppmv in 2100), the dolomite Model details

dissolution rate slows down in the northern and southern end _

of the Mississippi Valley. Dolomite dissolution is further re- il WITCH general description

duced by the accelerated diffusion of soil £0 the atmo-  \\ 1c js a vertical box model that calculates the time evo-
sphere l_Jnder awarmer climate. Conversely, prlmary_feldsparution of the soil solutions as a function of time. Soil solution
dissolution rates are enhanced by the temperature rse. chemical composition is calculated for 40 vertical levels ex-
_ Dry events occur more often after about 2025, particularly g ging from the surface down to 4 m depth. The vertical res-
n the nprth, forcmg pH tq rise by O.3un|ts in the Wea}ther- olution is 0.2 m in the upper horizons, and decreases below
ing profile. Smectite precipitates during very low drainage yhe golomite weathering front to match the fluctuations in the
events. . o .. advance rate of this front correctly. A differential equation
When simulating the whole Mississippi transect (9 sites, jesqripes the budget of the main conservative species (not

from 30.7 to 42.2 N), we found that the dolomite front re- 4 ueq in fast speciation reactions) and is solved at each
treat decelerates at both ends of the transect, but acceleratﬁﬁ]e step for each box:

in the middle part of the watershed. This area experiences

the strongest enhancement in vertical drainage as dictated by(z -6 - C;)

the delicate balance between rainfall and evapotranspiration  dr

along the transect. In the middle part of the watershed, this

balance maximizes the drainage increases. North of3%.4 WhereC; is the concentration of the specigsWITCH in-

the drainage rapidly decreases, forcing the dolomite retreag¢ludes a budget equation for &a Mg?t, K+, Na*, SG;,

rate to slow down into the future. total alkalinity, total aluminum, total silica, and total phos-
phorus.z is the thickness of the layer under consideration,

nm nm
= Fiop— Fpot + Z F\:veath,j - Z F;l)rec,j TRy, (A1)
i=1 i=1
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andé is the water volumetric contenfiop is the input of Once the mass balance is calculated, the speciation of the
species from the layer above the given layer in moles pesoil solutions is calculated at each time step together with
unit time through drainage, ankl o is the removal of wa-  pH. In addition, WITCH includes a mass balance for each
ter through downward drainagey, is the total number of mineral phase, accounting for the amount of mineral being
minerals considered in the simulatioR; is the exchange dissolved and precipitated within each time step.

term between the soil solution and the clay—humic complex.

F! is the release of speciggo solution through disso- A2  Soil hydrology

weath, j
: , . i ,
lution of the mineral in the box, andye ; is the removal g \ater volumetric contentt at each weathering profile

of j through- precipitation when the SOIL.’t'On bgcorpes SUPEMeyvel and the vertical drainage as a function of depth are taken
saturated with reSPeCt to minevalThe d'ssomt'omweath,j for each location from the simulation of the global dynamic
and precipitationf, .. ; terms for silicate minerals are cal- yegetation model CARAIB, as mentioned in the main text
culated using kinetic laws and parameters derived from tran{pury et al., 2011). CARAIB accounts for only one level be-
sition state theory (TST; Eyring, 1935) and laboratory eX- |ow ground, spanning the whole root zone, while the ver-
periments, respectively (Schott et al., 2009; Gariilet al.,  tical resolution of WITCH is much finer. Regardig we
2010): fix the water volumetric content of the first layer of WITCH
_E! below ground at the water volumetric content calculated by
Fg=Ay- [Zkz, g ~eXp( R .a’Tg) ‘a)"? finh:| : (1— Qi/s), (A2)  CARAIB. At the base of the root zone (a depth which is cal-

! culated at each time step by CARAIB), we fixat the field
where F, is the overall dissolution rate of minerglinside  capacity. Inside the root zone, the water volumetric content
a given layer. The sum accounts for the four parallel rate-is linearly interpolated.
controlling elementary reactions that are assumed to describe Regarding the vertical drainage, the water flux at the
dissolution promoted by H, OH~, H,O and organic ligands. ground level and entering the weathering profile is fixed at
In these relationsy; andn;, , stand for the activity and the the rainfall calculated by the ARPEGE GCM minus the di-
reaction order with respect to the i-th species, respectivelyrect evaporation. At the base of the root depth, the drainage in
For organic ligandsy; equals the activity of a generic organic WITCH is fixed at the drainage calculated by CARAIB, ac-
species RCOO (conjugate of RCOOHY;, , is the rate con-  counting for the water uptake by the roots. Below that level,
stant of mineral g dissolution reaction promoted by spegies drainage is held constant. Inside the root zone, drainage is
andE’a, . IS the activation energy of this reactiofisn stands  linearly interpolated at each time step. Apart from the surfi-
for inhibitory effects (i.e. by aqueous Al). The last factor in cial runoff at the top of the weathering profile, the model does
Eg. (A2) describes the effect on the rate of the departure fronnot account for horizontal transfer inside the profile. Once
equilibrium, whereQ, is the solution saturation state with re- entering the profile, the water is either taken up by roots or
spect to minera¢ (2, = Q/K, where is the activity quo-  transferred downward.
tient andK, is the equilibrium constant for minergl dis- ) )
sociation reaction), and s, the Temkin’s coefficient number,A3 ~ Calculating soil CO; levels
is the stoichiometric number of moles of activated complex .
formed from one mole of the mineral. Precipitation terms are ' "¢ CARAIB model calculates autotrophic and het-
calculated in the same way, b, is then> 1 (only clay erotr.opk.nc respiration. We assume tha_t all thg hgterotrophlc
secondary phases are allowed to precipitaté)is the reac- respiration and 1/3 of the autotrophic respiration occurs
tive surface. Dolomite dissolution has been added to WITCHPElOW ground. The sum of these two terms defines the CO
and modeled within the framework of TST and surface Co_productlon inside the root_zone, the_ thickness of Wh'c.h IS
ordination chemistry concepts (Pokrovsky and Schott, 1999,calculated by CARAIB. This production allows calculation

2001: Pokrovsky et al., 1999). Dolomite dissolution r&ge, of soil CO, at the base of the root zone, accounting for the
is mo’deled as: ’ temperature effect on GOupward diffusion, as detailed

in Godceris et al. (2010). We then assume that the,CO

Fuol = [kgou,ag.vsH% ( . 1575-10°° )] pressure at ground level (0 m depth) equals the atmospheric
1.575-107%+3.5-10° - aco, +aco; - dca pressure. C@is assumed to increase linearly inside the root
(1— ot A3 zone until it reaches its maximum at the base of the root
dol ) » ( )

zone. Below this level, it is held constant.
whereay, aco;, aca stands respectively for the™H COZS‘,
and C&* activities.k%°' equals 10° molm~2s-1, and!
10-82molm2s~! at 25°C. The activation energy fdl®
andkﬁ,,%,' is set to 40 and 60 kJ mot, respectively (Pokrovsky
and Schott, 1999, 2001; Pokrovsky et al., 1999). Dolomite is
not allowed to precipitate.

Edited by: J. Middelburg
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