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Abstract. Soil mineral weathering represents an essentialabove ground vegetations. It raises concern about the liabil-
source of nutrient base cation (Ca, Mg and K) for forestity of the PROFILE model to provide reliable values of Na
growth in addition to provide a buffering power against pre- weathering rates. Overall, we concluded that the PROFILE
cipitation acidity for soils and surface waters. Weatheringmodel is powerful enough to reproduce spatial geographical
rates of base cations were obtained for 21 catchments logradients in weathering rates for relatively large areas as well
cated within the temperate and the boreal forest of the Canaas adequately predict absolute weathering rates values for the
dian Shield with the geochemical model PROFILE. Weather-sum of base cations, Ca and Mg.
ing rates ranged from 0.58 to 4.46 kmabb 1 yr—! and their
spatial variation within the studied area was mostly in agree-
ment with spatial variations in soil mineralogy. Weathering
rates of Ca and Mg were significantly correlate¢t0.80and 1 Introduction
0.64) with their respective lake concentrations. Weathering
rates of K and Na did not correlate with lake concentrationsAtmospheric deposition and weathering of soil minerals rep-
of K and Na. The modeled weathering rates for each catchfesent the two major (primary) sources of nutrient base
ment were also compared with estimations of net catchmengations (Ca, Mg and K, later referred as BC) and phospho-
exportations. The result show that modeled weathering rategus to forest ecosystems. For this reason, weathering rates
of Ca were not significantly different than the net catchment(WRs, thereafter) are often estimated in a variety of studies
exportations while modeled weathering rates of Mg wereon tree BC nutrition, BC cycling and mass balance of BC
higher by 51 %. Larger differences were observed for K andat the forest plot, stand and the watershed scales (e.g., April
Na weathering rates that were significantly different than netet al., 1986; Taylor and Velbel, 1991; Likens and Bormann,
catchment exportations being 6.9 and 2.2 times higher thard995; Anderson et al., 2002ganger et al., 2004). Weather-
net exportations, respectively. The results for K were ex-ing rates are also crucial in the equation used for calculating
pected given its high reactivity with biotic compartments and acidic critical loads for forest soils and surface waters (Hod-
suggest that most of the K produced by weathering reactionson and Langan, 1999a). Chemical weathering of silicate
was retained within soil catchments and/or above groundminerals also involves the consumption of £@hich is re-
biomass. This explanation does not apply to Na, however|eased as HCDin surface waters and could eventually reach
which is a conservative element in forest ecosystems becaudbe oceans where it could precipitate as carbonates (Garrels
of the insignificant needs of Na for soil microorganisms andand Mackenzie, 1971; Gislason et al., 2009). Due to their
critical importance, several quantification methods have been
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developed, but these require more refinement (e.g., Hodsomalues obtained with other approaches for three watersheds
etal., 1996, 1997). in the province of Quebec. Kolka et al. (1996) compared
Among those methods, the pedological mass balance agfour different approaches for five different forested sites, and
proach (Brimhall and Dietrich, 1987; Kirkwood and Nesbitt, again, estimates from PROFILE fell within the range ob-
1991) provides estimates of WRs by analysing the enrichtained with other approaches. Hodson et al. (1997) suggested
ment (or depletion) factor of certain elements as comparedhat unrealistic constraints imposed with the soil surface area
to non-mobile elements (Ti or Zr) in the soil profile, taking input parameter may be responsible for the model's success
into account changes in soil horizon thickness and densityn reproducing field-measured WRs in most systems. The
due to pedogenesis since the parent material was emplacedbove studies have in common that only a few sites were
This method provides long-term (thousands of years) averecompared together at the same time as a means to validate
ages of WRs. It has been shown, however, that WRs mayhe model. As a result, the robustness of the statistical com-
vary over such long periods of time (Hodson and Langan,parisons was suffering from the low number of replication
1999b), making the use of long-term averages questionabland correlation analysis between different methods was not
for detailed studies of BC budget in the present time. possible. In addition, comparison of weathering rates of-
The catchment mass balance approach is based on the a&n focused on total BC while weathering rates of individual
sumption that steady state conditions exist in BC fluxes duecation (Ca, Mg, K and Na) received less attention. Although,
to relatively stable tree uptake rates and weathering fluxeshe total BC weathering rates values provided by PROFILE
and that the size of the soil exchangeable BC pools does natere suggested to be adequate in some studies, it does not
change significantly over time. In these conditions, the netensure that weathering rates of individual BC are. This point
BC output from the catchment (exports at the stream outleis important since each cation has different behaviors in for-
minus atmospheric inputs) is equal to the WRs. est ecosystems. For example, Na, because of its conserva-
Another common approach is the use of biogeochemicative behavior, can be used as an index of weathering and/or
models that can calculate weathering rates based on mineraks a reference element to which other nutritive base cation
ogy and sites characteristics data. Among them, the WITCHcan be expressed in the form of a ratio (Bailey et al., 2002).
model has been used to model weathering rates on a se&lso, impoverishment of soil exchangeable reservoirs and
sonal basis at the catchment scale for the Strengbach wdimitation of forest growth is often associated with a specific
tershed in France (Goéds et al., 2006). One of the best cation such as Ca (Houle et al., 1997) or K (Duchesne and
known geochemical model is PROFILE which has been ini-Houle, 2006, 2008). In consequence, to test the reliability
tially developed to estimate WRs for granitic soils with rel- of modeled values to adequately represent absolute values
atively low weathering potential in Sweden (e.g., Sverdrupand spatial variability in WR of total BC and of individual
and Warfvinge, 1993, 1995). Since then, it has been usedation within a large area and for many sites is important. In
for studies of weathering or BC cycling, at the plot or the the present study, the PROFILE model was used to estimate
catchment scale (Eggenberger and Kurz, 2008laBger et  WRs for 21 forested catchments on the Canadian Shield of
al., 2004; Whitfield et al., 2006: Duchesne et Houle, 2006,Quebec. This model was chosen because of its flexibility and
2008; Houle et al., 2010) and at a much larger regional scalavailability and also because it is a component of the SAFE
(Akselsson et al., 2004). One advantage of these types ahodel which can be used afterwards to provide a dynamic
models is that they can be used to provide weathering ratemodeling of forest soils responses to management scenarios
on a regional basis for large scale studies of critical loador to changes in acid deposition as was done, for example, for
mappings for instance. PROFILE is a steady-state modethe UK (Langan et al., 2009). The modeled WRs obtained
that calculates the soil solution chemical composition basedvith PROFILE were compared with independent variables
on a complex mathematical and schematic description of &uch as the lake’s BC concentrations and net catchment BC
forest soil. The model follows kinetic rate laws (Sverdrup, exports. Such comparisons with a relatively high number of
1990) that generate yearly WRs for individual BC, Na, P, sites provides a robust approach to test the capability of the
Al and Si. Input variables for which PROFILE is sensitive PROFILE model to yield WRs and take into account spatial
are mineralogy, specific surface area, soil water content, andariability in soil mineralogy, temperature and precipitation
soil temperature. These input variables have significant im-within the large study area.
pacts on the model output because they determine the amount
and type of weatherable surfaces available as well as the ki-
netics of the weathering reactions. Previous comparison® Methods
of the model's performance with independent estimations
of weathering showed that the error associated with simu2.1 Sites description
lated WRs was below 40% for three Nordic sites in Sweden
(Jonsson et al., 1995). Ouimet and Duchesne (2005) alsdhe 21 catchments of the Quebec lake network are located
compared different approaches for estimating WRs and conen the Canadian Shield within-a90 000 knf area defined
cluded that PROFILE values were relatively similar with the as a 150 km wide strip, parallel to the St. Lawrence River,
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Fig. 1. Locations of the 21 studied catchments in the province dftige.

between the city of Ottawa and the Saguenay River (Fig. 1)More details on the Quebec lake network can be found in
In this region, the Canadian Shield is composed of bedrockd1oule et al. (2004, 2006).
formed during the Precambrian Eon, which consists mainly
of igneous (granite, syenite, anorthosite) and metamorphi@.2 Soil sampling
(gneiss, granitic gneiss, paragneiss) rocks (Lachance et al.,
1985). The catchments were selected to ensure they ark the summer and fall of 2001 and 2002, three soil pits were
forested and free of major human activity and also of peatdug to a depth of 1 m within each catchment. The soil pits
bogs, to minimize the influence of organic acids. The catch-were dug approximately 50 m from the lake shore and were
ments are all characterized by a first order lake with a well-evenly distributed around the lake perimeter. All soil hori-
defined stream outflow. The vegetation ranges from forestgons with a thickness greater than 4 cm were sampled indi-
dominated by sugar maplé¢er saccharunMarsh.) in the vidually, the maximum depth of the rooting zone was mea-
southwest, to balsam fiApies balsamed.) or black spruce  sured, and a field estimate of percent volume of large stones
(Picea marianaMill.) in the northeast of the study area. Was made based on diagrams in the Munsell book. Core
The soils in the watersheds are mainly orthic humo-ferricsamples were taken from each main soil horizon (diameter:
or ferro-humic podzols. These types of soils are typically 53 mm, length: 60 mm) to determine bulk density. Samples
shallow, covered with a humus layer of 7—10 cm followed by were air dried and sieved to 2 mm (see Houle et al., 1997 for
a thin (sometime discontinuous) illuviated Ae horizon and more details on soil sampling). Prior to analysis, the distinct
with a B horizon average thickness of 49.7 cm that is quiteB horizons sampled (typically 3 to 4) from the soil pits were
constant among the catchments as illustrated by the low starpooled together, taking into account horizon thickness and
dard error of 2.4cm (Table 1). The thickness of the till de- bulk density of each horizon. It is assumed that the sum of
posit is not exactly known for each catchment but it typically the B horizons contributes for the vast majority of the weath-
reaches 2—4 m (including the developed soil profile) at mid-ering of the whole soil profile for those podzolic soils. This
slope. The C horizon that gets rapidly heavily compactedassumption is based, as mentioned above, on the fact that the
with depth, lies on the impermeable rock of the Canadiantill deposit is relatively shallow for these types of catchment.
shield. As a result, ground water losses can be neglected anl# addition, the soil solution pH, as observed in intensively
all the water leaving the catchment (except for evapotran-monitored calibrated forested catchment in Quebec (Houle et
spiration) is assumed to be evacuated by the stream outpudl., 1997; Duchesne and Houle, 2006, 2008), is often one or-
der of magnitude (one pH unit) higher in the C horizon than

www.hydrol-earth-syst-sci.net/16/685/2012/ Hydrol. Earth Syst. Sci., 16, 68597, 2012



688 D. Houle et al.: Soil weathering rates in 21 catchments of the Canadian Shield

Table 1. Catchment and soil charactheristisc for the 21 sites studied. The SE for a given element of a given lake is based on 3 soil profiles
per catchment.

Lake Catchment and lake variables Climatic variables Soil variables

Alt.  Latit Longit Lakearea Catchment Airtemp  Precip. B horizon Soiltemp  Soil water pH Specific area

(m) ©) ©) (ha) area (ha) °C) (mm) thickness (cm) °C) (%) (mPm=3)
112 975 47.47 -70.98 11.2 88.2 -1.02 1434 51 2.81 21.6 5.02 7.90E+05
113 671 47.37 -71.67 25.2 100.2 0.89 1602 39 8.22 231 4.85 9.93E+05
114 366 47.04 —72.08 9.2 80.2 2.74 1327 55 4.74 25.0 5.17 9.27E+06
201 320 46.86 —73.00 17.2 42.2 3.02 1074 67 5.27 24.4 4.72 1.33e+06
202 549 47.72 —-71.77 8.2 81.2 1.54 1356 45 6.88 26.1 5.22 1.07E+06
203 533 46.15 -74.08 8.2 78.2 3.44 1299 56 4.88 21.3 5.53 9.50E+05
212 396 47.34 -73.23 48.2 249.2 25 1058 42 5.67 24.6 4.61 1.48E+06
213 594 46.81 -74.33 15.2 112.2 1.61 962 50 4.59 26.9 4.63 9.60E+05
214 472  46.76 —74.04 21.2 168.2 2.78 964 39 5.82 15.9 4.67 1.09E+06
301 412 47.83 -72.22 9.2 51.2 2.39 1135 43 4.44 25.1 4.86 1.04E+06
302 625 47.88 —-70.24 9.2 93.2 0.69 1165 33 3.33 25.1 5.25 6.97E+05
311 533 4779 -71.81 11.2 120.2 1.62 1202 32 4.34 21.2 4.88 1.11E+06
313 305 47.64 -73.04 8.2 90.2 2.59 1187 48 4.42 21.2 5.36 1.30E+06
314 457 46.48 —74.20 14.2 59.2 3.12 1124 36 5.57 21.0 4.80 1.12E+06
411 366 46.75 —73.38 12 79.0 3.7 1119 47 6.63 20.8 4.86 1.28E+06
412 366 46.37 —74.68 30.2 218.2 3.98 1064 55 5.64 20.8 4.96 1.20E+06
414 412 46.11 -75.33 6.2 38.2 3.66 1072 59 6.17 20.7 4.78 1.09E+06
501 244 4593 -75.17 46.2 129.2 4.68 1073 50 5.24 19.4 4.57 1.27E+06
502 213 46.31 -75.58 34.2 172.2 5.13 988 64 6.67 19.9 4.46 1.23E+06
514 244 4560 -76.07 11.2 61.2 5.02 994 73 5.09 19.1 4.72 1.29E+06
515 335 45.84 -75.86 7.0 68.0 4.52 1221 59 5.55 20.8 4.62 1.64E+06
Average 447 17.3 103.8 2.79 1163 48.8 5.33 221 4.88 1.14E+06

37) (2.7) (11.9) (0.33) (35) (2.3) (0.26) (0.6) (0.06) (4.72E+04)

in the B horizon thus considerably slowing down the weath-the minerals in soils of granitic origin (Precambrian Shield

ering reactions. of Sweden). The minerals are grouped into assemblies of
minerals with similar composition and dissolution rates. In
2.3 Soil analyses UPPSALA, chlorite is composed of trioctahedral chlorite,

) ) primary illite, trioctahedral vermiculite of primary type, and
Soil texture was determined on8; pretreated samples pjotite, whereas epidote includes all epidotes and pyroxenes.
by wet sieving, followed by sedimentation analysis us- consistency between semi-quantitative X-ray diffraction re-

ing an Analysette 22 COMPACT (Fritsch GmbH) laser syits and UPPSALA norms was verified as a form of model
sizer. Sodium hexametaphosphate was used to disperse thgjigation.

silt + clay samples before analysis. Bulk chemistry (or ele-

mental composition) of the samples was determined on 322.4 Monthly hydro-climatic variables, soil water

mm-diameter fused beads prepared from a 1:5 soil-lithium contents and soil temperatures

tetraborate mixture using an automated X-ray fluorescence

spectrometer system (Philips PW2440 4kW) with a RhodiumAverage monthly precipitation and temperature were gener-

60-kV end window X-ray tube. Mineralogy of the clay frac- ated for each catchment with the BioSIM modek(Rere,

tion (<2 pm) was determined by X-ray diffraction on Mg- 1996; Regnire and St-Amant, 2007). BioSIM was orig-

and K-saturated samples separated from the sedimentationally developed to simulate insect development at the re-

analysis and centrifugation. Oriented samples were analyzegional scale as a function of time-series of weather data. It

at 25°C, after glycolation and heating treatments (369, operates by matching the geo-referenced sources of weather

using Cukx radiation. Powders produced for X-ray fluores- data (120 monitoring stations including the last 30 years of

cence were also mounted as non-oriented slides and analyzet#ta) to the specified location, and then adjusts the selected

by X-ray diffraction. sources of weather data to the specified latitude, longitude,
Results of the elemental analysis were used to assign eklevation, slope, and aspect. The correlation between esti-

ements to their respective minerals using the UPPSALAmMated and measured values is generally over 98é&giigre

model (Sverdrup and Warfvinge, 1992). UPPSALA is a and Bolstad, 1994). The hydroclimatic data generated for

normative back-calculation model developed for the recon-each catchment in this study are robust as they are averages

struction of empirical mineralogy using bulk chemistry. It is calculated from four climatological stations.

based on assumptions of the stoichiometric composition of
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The monthly hydroclimatic variables were then used to Ry, =weathering rate of the soil horizon (keqis1);
simulate soil moisture and soil temperature with the mod-r; = dissolution rate of minergl (keq m3s1:;
els FORHYM and FORSTEM, respectively (Arp and Yin, Ay =total exposed mineral surface are%ﬁﬂaralms_o?il);
1992; Yin and Arp, 1993; Houle et al., 2002). A different x; =the surface area fraction of soil mineya{m? m-2);
model was built for each soil pits taking into account its spe-¢'= 5ojl moisture saturation Frm=3);

cific characteristics, i.e., horizon depth and thickness, bulkz = soj| Jayer thickness (m).

density, texture and rooting depth. These models were used The mineralogy calculated from UPPSALA was used as
to generate water fluxes within the soil and at the stream outinpyt to PROFILE and as mentioned above, consistency be-
let, which, when combined with the measurement of elementyeen X-ray diffraction results and UPPSALA norms were
concentrations, can yield element fluxes (Houle et al., 1997¢necked as a form of model validation. Other model inputs
Duchesne and Houle, 2006, 2008). Average annual ttmpeincluded, annual precipitation amounts and yearly averages
ature and precipitation values from 1997 to 2002 were useg sojl moisture content and temperature. Specific surface
for the purpose of comparison with lake BC concentrationsgrea was calculated from an algorithm developedidmsdon
and catchment exports, which were measured during this pegt al. (1995) from measured grain size distribution, dry bulk
riod (see below). density, and coarse fragments. Partial pressure of @&
estimated following the values used in Warfinge and Sver-
drup (1995). A value of 5mgT was used for dissolved or-

Release rates of BC via soil mineral weathering were esganic carbon (DOC) concentration in the soil solution. This

timated using the PROFILE v5.0 model (Becker, 1999) value was based on the results of soil solution chemistry in
It is a steady-state model that calculates the soil solutiorfi"® B horizons originating from three calibrated catchments
chemical composition based on a complex mathematical anéP" Wh'Ch detailed measurements are available (Houle etal.,
schematic description of a soil. Although many approachest997: Duchesne and Houle, 2006, 2008). The model out-
or models have been developed to address weathering r@ut sensibility to DOC variations was analysed and within

actions at large (Brantley and White, 2009), the pPROE|LEhe range of DOC concentrations that can be encountered in
model has been specifically built for calculating weathering SUch mineral soils, the effect on weathering rates estimation
rates for relatively thin forest soils which are water conduc-/aS Negligible (data not shown). Precipitation amounts were

tive and for which the erosional component of weathering is°Pt@ined from BioSIM, whereas soil moisture and temper-
negligible. The basic equations underlying the model were2tUré Wwere respectively generated from the FORHYM and
first described in Sverdrup and Warfvinge (1988). An in- FORSTEM models.

sightful critical review of the theory behind the model as
well as of the principal equations was later provided by Hod-
son et al. (1997). The model has been developed to estimate

WRs for granitic soils with relatively low weathering poten-

tial in Sweden (e.g., Sverdrup and Warfvinge, 1993, 1995).1, pRoFILE BC WRs were first compared with the lake

The m_odel generates yearly V_VRS for Ca, Mg, K, Na P. AlB¢c concentrations taken from Houle et al. (2006). Also, es-
and Si. Input variables for which PROFILE is sensitive are imates of annual catchment BC exports were obtained by
mineralogy, specific surface area, soil water content, and soi ultiplying BC lake concentrations by the estimated annual

temperature. These input variables have significant impact§ noff obtained from the EFORHYM model for each of the
on the model output because they determine the amount anglul catchments divided by the terrestrial area of the catch-

type of weatherable surfaces available as well as the kineticﬁwents The FORHYM model used to generate streamflow
of the wgatherllng reactions. o . ._and soil moisture have been validated on three watersheds in
The dissolution rates of 14 individual minerals present IN 5uebec similar to those used in this study (Houle et al., 2002,
a given soil horizon calculated taken into account soil tem- 011) and at other sites (Arp and Yin, 1992) and it has been
perature and soil solution composition are summed to yiel hown that this model reproduces with great accuracy the

the weathering ”f‘tef' for that given horlzo_n. Weatherlng rate ariables cited above, especially when annual estimates are
on a surface basis is then calculated taking into account, thg

2.5 Simulation of weathering rates with PROFILE

2.6 Comparison of the modeled BC weathering rates
with lake BC concentrations and estimated net
catchment BC exports

. . ; . onsidered. Despite the error that could be associated with
relative proportions of the 14 minerals, soil surface area, an

h ' t th d surf hich i nnual runoff estimation, it should be noted that the great-
the proportion of the exposed surface area which Is wettequg; g rce of variation between watershed’s BC exportations
(Hodson et al., 1997):

is not the range in runoff but the range in cation concentra-

minerals tion in the lakes. So the small errors that could be associated
Ry = Z rjAw x; 0 Z with the runoff estimations have almost no impacts on our
j=1 correlation analysis. This is why PROFILE estimated weath-
where ering rates of Ca and Mg correlate well with both, BC lake

concentrations and BC watershed exportations (see below).
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Table 2. Total element concentrations (weight %) of the B horizons for each catchment. Standard errors are shown in parentheses.

Lake Si® TiOy Al;03 FeO3 MnO MgO CaO NaO Ko0 P,Osg > Trace
metals

112 63.83(2.24) 1.39(0.16) 15.80(0.40) 7.43(1.39) 0.09(0.02) 1.02(0.28) 3.11(0.37) 3.14(0.08) 3.64(0.24) 0.54(0.14) 0.01(0.01)
113 65.77 (2.92) 1.47(0.35) 15.50(0.79) 6.47(3.85) 0.09(0.02) 0.91(0.05) 2.61(0.20) 3.17(0.17) 3.52(0.20) 0.42(0.07) 0.11(0.03)
114 70.53(0.74) 0.66(0.16) 14.30(0.26) 4.50(0.88) 0.07(0.01) 0.79(0.13) 2.48(0.27) 3.21(0.11) 3.26(0.33) 0.18(0.04) 0.01(0.00)
201 64.17 (0.38) 1.03(0.09) 16.13(0.45) 6.98(0.40) 0.10(0.01) 1.51(0.06) 3.21(0.06) 3.66(0.14) 2.91(0.10) 0.23(0.02) 0.07 (0.00)
202 66.23 (4.27) 0.98(0.28) 15.70(1.55) 6.05(2.88) 0.08(0.01) 1.00(0.20) 2.89(0.35) 3.36(0.16) 3.24(0.36) 0.45(0.31) 0.01(0.00)
203 70.30(0.99) 0.99(0.03) 14.50(1.41) 5.88(0.15) 0.15(0.10) 1.53(0.18) 2.65(0.24) 1.15(0.04) 2.52(0.01) 0.24(0.09) 0.08(0.01)
212 63.00 (0.36) 1.24(0.02) 15.63(1.40) 7.29(0.47) 0.11(0.02) 2.12(0.47) 3.84(0.77) 3.53(0.04) 2.80(0.09) 0.33(0.23) 0.08(0.01)
213 65.30 (2.26) 0.92(0.03) 16.90(1.85) 6.64(0.33) 0.08(0.00) 1.22(0.12) 2.45(0.12) 3.24(0.05) 2.93(0.18) 0.23(0.02) 0.07 (0.01)
214 68.87 (2.33) 0.83(0.06) 14.57(1.15) 5.63(0.78) 0.08(0.01) 1.46(0.14) 2.59(0.30) 2.86(0.24) 2.91(0.03) 0.23(0.06) 0.01(0.00)
301 65.40 (5.29) 0.86(0.06) 17.43(4.22) 6.21(1.92) 0.08(0.01) 0.98(0.02) 2.52(0.33) 3.20(0.36) 3.05(0.28) 0.28(0.05) 0.01(0.00)
302 62.60(1.90) 1.15(0.03) 17.17(1.39) 8.20(0.97) 0.09(0.01) 1.37(0.03) 2.86(0.11) 3.21(0.11) 2.99(0.19) 0.26(0.01) 0.08(0.02)
311 66.35(0.21) 0.97 (0.05) 16.15(0.21) 5.82(0.08) 0.07(0.00) 1.09(0.08) 2.64(0.01) 3.38(0.07) 3.26(0.09) 0.27(0.00) 0.01 (0.00)
313 63.20 (0.87) 1.13(0.06) 16.47 (0.06) 7.22(0.41) 0.10(0.00) 1.59(0.21) 3.51(0.25) 3.60(0.02) 2.76(0.07) 0.34(0.05) 0.08(0.00)
314 67.53(0.70) 1.03(0.10) 13.93(1.15) 6.90(0.68) 0.08(0.02) 1.41(0.24) 2.62(0.31) 2.82(0.23) 3.42(0.64) 0.17(0.03) 0.07 (0.01)
411 66.50 (1.35) 1.03(0.21) 14.97(0.58) 6.66(0.85) 0.11(0.02) 1.25(0.07) 3.06(0.03) 3.33(0.08) 2.76(0.06) 0.27(0.07) 0.09 (0.02)
412 65.17 (0.81) 0.97(0.13) 15.97(0.21) 7.07(0.48) 0.10(0.02) 1.96(0.11) 2.77(0.06) 2.74(0.13) 2.91(0.21) 0.29(0.10) 0.06 (0.01)
414 67.13(1.55) 0.99(0.14) 15.20(0.66) 6.88(0.79) 0.09(0.01) 1.93(0.27) 3.34(0.19) 1.36(0.06) 2.78(0.24) 0.24(0.06) 0.08 (0.01)
501 71.35(1.48) 0.78(0.16) 13.60(0.14) 5.00(0.84) 0.12(0.06) 1.60(0.16) 3.32(0.21) 1.28(0.00) 2.65(0.04) 0.22(0.14) 0.07 (0.01)
502 67.90 (2.35) 0.85(0.04) 14.47(1.07) 6.78(0.77) 0.09(0.01) 2.34(0.26) 3.61(0.38) 1.30(0.15) 2.41(0.21) 0.25(0.07) 0.07 (0.01)
514 65.23(2.82) 0.92(0.08) 15.87(0.81) 7.17(1.82) 0.11(0.03) 2.00(0.42) 4.10(0.64) 1.41(0.12) 2.82(0.21) 0.27(0.08) 0.08(0.02)

515 68.17 (0.40) 0.80(0.06) 14.73(0.40) 5.78(0.46) 0.10(0.01) 2.33(0.19) 3.67(0.18) 1.26(0.05) 2.70(0.06) 0.39(0.19) 0.07 (0.01)
Average 66.41(2.48) 1.00(0.20) 15.48(1.05) 6.50(0.87) 0.09(0.02) 1.50(0.47) 3.04(0.49) 2.68(0.93) 2.96(0.32) 0.29(0.09) 0.06 (0.03)

This approach to estimate BC exportation also assumes thdte,O3 and low amounts of CaO, MgO, 40 and NaO.
BC concentrations at the center of the lake are similar to BCOverall, Si@ and ALOs contents, the two largest con-
concentrations exported at the stream output. In fact, constituents in the soils, vary less across the sites than the other
trary to nitrate or phosphate, which are limiting nutrient in constituents. Magnesium varies the most amongst the alkali
these oligotrophic lakes of the Canadian Shield, BC cationearth elements, followed by Ca and then Na and K. Phospho-
are generally far in excess of nutritional needs for planktonrus varies equally to MgO. Metals, Mn and Ti also suggest
or macrophytes and their behaviour is relatively conservativesignificant variability across the 21 sites.
in lakes. This was verified for the lake Laflamme, one of the The normative mineralogy produced from the UPPSALA
network lake which is intensively monitored for element bud- model is shown for each catchment in Table 3. For a given
get on a weekly basis at the stream output and occasionally afatchment, the normative mineralogy calculated from three
the center of the lake (Duchesne and Houle, 2008). The rootoil profiles show very small variation as illustrated by the
square between mean annual values of Ca measured at tRenall standard errors. Quartz, albite, K-feldspars, horn-
center of the lake and at the stream output was 0:9125) blende, plagioclase and muscovite form the bulk of the soils
and the average difference between both was 9.6 % (data netith average contents of 32, 19, 17, 13, 10 and 2.8 %, re-
shown). spectively. Other minerals such as pyroxene, garnet, biotite,
The atmospheric deposition fluxes of BC (Ouimet and vermiculite and apatite form on average between 0.7 t0 1.9 %
Duchesne, 2009) were then subtracted from the export valef the soils, whereas chlorite, vermiculite and kaolinite repre-
ues to yield net exportations that correspond to WRs. Thissent less than 0.5 % of the bulk soils. The norm did not yield
method assumes steady state conditions for BC cycling in thepidote in any of the sites. The overall variability of quartz,
catchments, i.e., no accumulation in (or losses from) the soiK-feldspars, plagioclase, pyroxene, apatite and hornblende is
exchangeable pools and/or in the vegetation end-member. low compared to the other minerals. Amongst the minerals
that vary the most across the sites are chlorite, calcite, biotite
and kaolinite, while muscovite, vermiculite, garnet and albite

3 Results and discussion varied moderately.
On the one hand, there is a general trend with the data
3.1 Soil elemental chemistry and mineralogy set which shows that sites with high CaO contents have high

hornblende and calcite contents. These soils also show lower
The soil elemental compositions of the whole B horizon areplagioclase and albite contents because they have lower
presented in Table 2. These are typical of soils developedNaO contents and higher mCa/mNa ratios. The model
in such lithologies with large amounts of SIQAI,O3 and therefore produced hornblende and calcite first, followed by
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692 D. Houle et al.: Soil weathering rates in 21 catchments of the Canadian Shield

plagioclase using the remaining Ca, and finally albite USingTable 4. Weathering rates obtained with the PROFILE model for
the remaining Na. This trend can be associated to the southya 21 individual catchments.

western part of the study area which is known for the pres-
ence of marble from the metamorphosis of limestone and page cation  PROFILE Weathering rates (kgL yr—1)
dolomite. The tills therefore have a mixed petrography ac-

quired through the glacial transport of the felsic rocks and Average  SE Min-max
marbles that abound in the surrounding area (Houle et al., Ca 0.91 0.19 0.22-3.46
2004). On the other hand, the arbitrary minerals such as ap- Mg 0.39 0.04 0.16-0.78
atite, pyroxene, garnet, and phyllosilicates do not show clear K 0.12 0.01 0.05-0.18
regional patterns, suggesting that these are governed by sub-Na 028  0.04 0.07-0.65
tle changes in bedrock composition at the local scale and/or y~pgc 171 022 0.58-4.46

pedogenesis.
Despite their high Ca levels, the UPPSALA norms did
not yield epidote, an easily weathered Ca-rich mineral (Pet-

tijohn, 1941) that is often formed from the hydration of show not regional trend) are positively correlated to Mg WRs
hornblende by a hydrothermal fluid once the granitic rocks(Taple 5). Muscovite is negatively correlated to K WRs, but
are emplaced. The UPPSALA norms failed to account forpjtite is not correlated with K release. On the one hand,
this alteration reaction because Ca is first allocated to hornyscovite is a highly recalcitrant mineral to weathering and
blende/calcite/plagioclase and then to epidote. The allocats not thought to release large quantities of K to the plants
tion of Ca to hornblende also tends to decrease the norewallander, 2000). Also, biotite (or its chlorite/vermiculite

mative phyllosilicate (e.g., Fe-chlorite and Mg-vermiculite) intergrades) is often considered a crucial source of K to
abundances because this makes the allocation of Mg to horryjants (Wallander, 2000). In UPPSALA, chlorite is com-

blende priority relative to phyllosilicates. posed of trioctahedral chlorite, primary illite, trioctahedral
) vermiculite of primary type, and biotite. Finally, a gradient
3.2 Modeled weathering rates can also be observed in the clay content (and in the specific

] surface area) which is higher in the southwest than in the
The average WR of BC+Na smula}ed tl)y PROFILE for hortheast portion of the studied area. The coarser grain size
the 21 watershedslwasi 1.71 krglod™ = yr— f”d lranged fractions (sands) probably do not differ much in bulk chem-
from 0.58kmotha™yr™= to 4.46kmotha “yr= (Ta-  jsiry and mineralogy relative to the finer particles (silt and
ble 4).  Calcium was clearly the dominant contribu- ¢jay) put differences in specific surface area and reactivity to
tor to the total amount of BC+Na released (average ofycigic solutions may be large (Stillings and Brantley, 1995).
0.91 kmot ha~tyr~*) followed by Mg, Na andlK V‘{'th re- The sum of the modeled BC+Na weathering average
spective values of 0.39, 0.28 and 0.12kgt@ “yr= (Ta-  y5)yes (1.71kmelhatyr-1) and the average net catch-
ble 4). The WRs of total BC +Na varied spatially, being yent exportation values (1.20 krgblatyr—1) are two to
higher in the southwest of the study area and decreasing tQ4ce times higher than previous WRs reported by Ouimet
ward the northeast, as illustrated by the significant correlay; g1 (2006) for the soils of a vast area of the province of
tions (data not shown) with Iatit_ude £-0.72) and longi- Québec (typically lower than 0.5kmghatyr=1). In this
tude ¢=-0.77). The decrease in WRs from the southwest|atier study, a relationship using soil texture was used to gen-
to the northeast may therefore be partly caused by decreagyare soil WRs. It strongly suggests that this relationship was
ing average annual temperature along the latitudinal gradiy, o totally adequate at least for Quebec soils and as a result,
ent, given the influence of temperature on WRs (White etgimet et al. (2006) probably underestimated WRs. Koseva
al., 1999). This is also possibly due to the spatial varia-g; g1, (2010) recently reported that WRs estimated with PRO-
tions in the petrography of the tills within the studied area, || £ \were seven times higher than WRs estimated from a

which is also reflected in the mineralogical composition of relationship with soil texture, in good agreement with our
the B horizons (Table 3). To support this further, the Ca ogits.

and Mg WRs for the entire 21 catchments are positively cor-

related to calcite and hornblende contents (Table 5), whictB.3  Comparison of the modeled BC weathering rates

are more abundant in the soils of the southwest study area.  with BC concentrations in lakes and BC watershed
Conversely, the Na WRs are negatively correlated to horn- exports

blende and calcite (Table 5). Also, Ca and Mg WRs are

negatively correlated to albite contents and (Table 5), whichThe BC +Na WR was significantly correlated (0.71, Ta-
is less abundant in the southwestern soils. The release dile 6 and Fig. 2) to the BC + Na lake concentration. The
Mg by weathering also seems to be influenced by more sub€a and Mg lake concentrations were significantly corre-
tle local changes in soil mineralogy as both Mg-containinglated ¢ =0.80 and 0.64, Table 6) with WRs of Ca and Mg.
phyllosilicates (i.e., Fe-chlorite and Mg-vermiculite which Weathering rates of Ca and BC + Na were also significantly
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Table 5. Correlation coefficients-) between ions weathering rates and soil mineralogy. No significant relationship was observed between
garnet, biotite, muscovite, Fe-chlorite, Mg-vermiculite, and apatite and any of ions weathering rates.

Weathering Mineralogy

rate K-Feldspath  Plagioclase Albite Hornblende Pyroxene Kaolinite Calcite
BC+Na —0.497 nst —0.697%* 0.89¢ 0.664 0.452 0.874

Ca —0.442 —0.564 —0.79¢ 0.918 0.593% nst 0.95¢
Mg —0.556 nst —0.68% 0.884 0.67¢ 0.615 0.750"

K nst nst nst nst nst 0.446 nst

Na ng 0.807 0.78¢¢  —0.49¢ nst nst —0.619

Ins: not significant? p < 0.05;3p < 0.01;4p < 0.001

Table 6. Correlation coefficients-) between ions weathering rates Table 7. Average of weathering rate and net catchment exportation
estimated with PROFILE and pH, alkalinity, ion concentrations in for BC + Na, Ca, Mg, K and Na and results of paired t-test between

lakes, and net catchment exportations. the two variablesi{=21).

Weathering Lake concentrations Net catchment Weathering Net t-test p-value
rate pH Alkalinity ion(s) exportations rate catchment

(mgl~Y)  (meqrl) kmolchalyr—1t kmolc exportations

ha lyr—1 kmolc
BC+Na 0578 0.71¢ 0.708 0.59¢ ha-lyr—1
Ca 0598 0.75% 0.804 0.71%
Mg 0.58¢ 0.673 0.636 0.563 BC+Na 1.710 1.200 2.833  0.010
K nst nst nst nst Ca 0.915 0.798 0.856  0.402
Na ng —048% ng nst Mg 0.389 0.258 3.523 0.002
K 0.125 0.018 12.97 <0.001

Ins: not significant?p < 0.05;3p < 0.01;4p < 0.001 Na 0.282 0.126 4.331 <0.001

correlated to lake alkalinity-(=0.75 and 0.71, respectively,

+ . . .

Tabl_e 6) suggest!ng that WR.‘C’ of BC +Na in catchments (_but Given all the uncertainties in, both the WR and the
particularly Ca) is a determinant process for lake alkalin- . -
; : i . i catchment budget calculations, and the possibility that the
ity generation and that in-lake alkalinity generation was not .

. o - catchment BC budgets may not be in steady state, these
the major factor for determining lake alkalinity for the lakes ~. L . -

differences are surprisingly small. For instance, Withfield

studied. . et al. (2006), when comparing the catchment mass balance
Lake concentrations of Na and K were not correlated to . . .
method with other methods that estimate weathering rates on

their respective WRs. The absence of significant correlatlona soil profile basis, found that PROFILE WRs were one or-

for K was expected since, for most forest ecosystems (DUChaer of magnitude lower than net catchment exportations for

esne and Hou_Ie, 2008, 2006; Likens ?t al, 1.994)’ K Ieachmgﬁve catchments in Nova Scotia, Canada. The WRs calculated

is usually low in absence of perturbation. This is not the CaSs§ e for the 21 catchments with both methods are one order

however for Na which has a conservative behaviour in forest . .

soils (see the discussion below) of magnitude higher than the PROFILE WRs calculated by

o » (}Nithfield et al. (2006) while they are fairly similar to their

There were significant correlations between the modele het catchment exportations values. Our PROFILE WRs val-

WRs of Ca (=0.71) and Mg £ =0.56) and their respective ues (average of 1.71 kmdia-Lyr-1) .are also comparable to

net catchment exports (Table 6) while net catchment export%he average valué of 0.8 kmdia 1 yr—L reported by Ouimet

of K and Na_v\_/ere nqt correlated to the modeled WRs. There{amd Duchesne (2005) for three catchments in Quebec. Over-

was no significant difference between modeled WR and Nl “the PROEILE WRs reported by Withfield et al. (2006)

catchment export for Ca, whereas WRs of Mg, K, Na, and .
BC + Na were significantly higher than the catchment exports"’lppeared to be particularly small. Most of the PROFILE

(Table 7), although with relatively small absolute di1°ferences|r1pUt values that have an lm'portant p03|t|ve.|'mpact on €s-
timated WRs such as soil moisture, and specific surface area

0 0,
for BC +Na (42.%) and Mg (51 %). were higher in Withfield et al. (2006) than in our simulations.
However, one major difference was the hornblende content
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in their reconstructed mineralogy (average of 0.6 %) whichin providing reliable absolute values of Ca and Mg WRs, its
was 20 times lower than the average of our 21 catchmentsapability to provide reliable Na WRs must be questioned.
(13.4%, Table 3) which certainly had an important impact PROFILE is a very flexible model in regards to integrating
on the estimated PROFILE WRs as shown by the high correplagioclase feldspar mineralogy. It has an albite compo-
lation between the hornblende content and BC + Na and Caent (90 to 100 % NaAlg0g) as well as a plagioclase com-
and Mg weathering rates (Table 5). Withfield et al. (2006) ponent in which the increasing Ca/Na ratios of oligoclase,
potentially attributed the huge difference between their PRO-andesine, labradorite, bytownite and anorthite (90 to 100 %
FILE estimation and catchment mass balance method to th€aAl,Si,Og) can be specified. On the one hand, the difficul-
poor representativeness of the soil profiles sampled and/or tes in simulating Na WRs with PROFILE could be associ-
an important contribution of the deep till or bedrock weath- ated with the kinetic rate laws used to generate Na fluxes. On
ering which is not taken into account by weathering soil pro-the second hand, the method limitations for estimating the
file methods. Although we cannot evaluate the representacomplex assemblage of plagioclase feldspar minerals could
tiveness of the soil profiles sampled in our catchments, theyalso be a problem due to the method constraints in deter-
were highly reproducible in terms of total element contentmining the Ca/Na ratios of the plagioclase minerals present
(Table 2) and mineralogy (Table 3) within a given catchmentin the soils studied, the Na release rates could be overesti-
as illustrated by the small standard errors. We also assumenhated if Na-rich plagioclase feldspars such as albite, oligo-
that the sum of the B horizons contributes for the vast major-clase and andesine are overestimated in the assemblage. Be-
ity of the weathering of the whole soil profile based on the cause Ca can come in large part from hornblende and some
fact that the till deposit is relatively shallow for these types other accessory minerals such as apatite, calcite and epidote
of catchment. Moreover, the soil solution pH, as observed in(Bélanger and Holmden, 2010), the uncertainties with Na re-
intensively monitored calibrated forested catchment in Quedease from weathering in PROFILE are not necessarily re-
bec (Houle et al., 1997; Duchesne and Houle, 2006, 2008)flected for Ca.
is often one order of magnitude (one pH unit) higher in the
C horizon than in the B horizon which would considerably
slow down the rates of weathering reactions. 4 Conclusions

Despite a relatively good agreement between PROFILE
and net catchment exportations for BC+Na, Ca and MgGiven the importance of weathering processes in element
weathering rates, for K and Na, the average ratios ofcycling and particularly for forest nutrition, WRs of BCs
the PROFILE WRs divided by net catchment exportationswere obtained for 21 forested catchments with the geo-
were 6.9 and 2.2, respectively. We suggest that the huge difehemical model PROFILE. Weathering rates of BC+Na
ference observed for K is due to the fact that the catchmentsovered one order of magnitude ranging from 0.58 to
were not in steady state for K, being currently accumulating4.46 kmok ha~t yr— within the study area. PROFILE WRs
the latter element, within and above the soil rooting zone. Infor BC + Na, Ca and Mg were significantly correlated with
fact, in the absence of major perturbations, K is efficiently lake BC + Na, Ca and Mg concentrations as well as with net
retained (limited leaching losses) by tight recycling within catchment exportations for the same variables. We conclude
the upper soil layers and the above ground vegetation (Duchthat the PROFILE model was able to adequately reproduce
esne and Houle, 2008, 2006; Likens et al., 1994). On thehe spatial gradient in WRs within the study area. Although
long-term, periods of net retention and net losses would béghe range in annul air temperature may possibly account for
alternating as dictated by the intensity and frequency of in-a part of the observed gradient, difference in soil mineralogy
sect infestations, forest fires or wind straws. A good exam-was the main cause of the spatial variations. PROFILE WRs
ple is the case of the spruce budworm outbreaks (that havef Ca were not significantly different than the net catchment
a recurrence time of 32 years) on the K dynamics of boreakexportations. Although the assumption of steady state condi-
forests (Houle et al., 2009). tions for Ca cycling within the catchments cannot be tested,

Contrary to K, Na is considered as a conservative elementhe good agreement between these two totally independent
within soils of forested catchments due to its very low affin- approaches (PROFILE and net exportations) for calculating
ity for soil-adsorbing surfaces and the minor requirementsWRs suggests that PROFILE can provide reliable estimation
of biota for this element (Bailey et al., 2003; Duchesne andof WRs for Ca. On the other hand, PROFILE Mg WRs were
Houle, 2008). For these reasons, net Na catchment exportsignificantly higher than net catchment exportations but by
tion is normally seen as a good surrogate to estimate Na W1 % which was considered a relatively small difference.
(Bailey et al., 2003; Duchesne and Houle, 2006, 2008). The PROFILE WRs of K and Na did not correlate with neither,
important discrepancy between WRs and net catchment extheir respective lake concentrations or their net catchment
portations of Na, as well as the absence of a significant corexportations. Weathering rates of K and Na were also sig-
relation between these variables, is a matter of concern. Alnificantly higher than their net catchment exportations being
though the PROFILE model is successful in predicting the6.9 and 2.2 times higher, respectively. The huge differences
spatial variation in Ca and Mg lake concentrations as well agor K should not be necessarily interpreted as a failure of the
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PROFILE model to correctly estimated K WRs. It is possi- Becker, R.: Critical load — PROFILE 4.2, Manual for the interna-
ble that that most of the K produced by weathering reactions tional PC version, OEKO-DATA, Strausberg, 46 pp., 1999.

was retained within soil catchments and/or above groundBélanger, N., Pd, D., Bouchard, M., and Daoust, G.: Is the use of
biomass. This explanation is in agreement with the low K trees with superior growth a threat to soil nutrient availability? A
catchment exportations observed in absence of perturbations Safi étffggy'glngrg%%mee' Can. J. Forest Sci., 34, 560-572,
(Duchesne and Houle, 2006, 2008). The Na weathering rateg, Or:10). x03-21, ’

of PROFILE were significantly different (2.2 times higher) élanger, N. and Holmden, C.: Influence of landscape on the
than net catchment gexportatigns This diﬁerence coguld be apportionment of Ca nutrition in a Boreal Shield forest of

h 3 . T - Saskatchewan (Canada) using 87Sr/86Sr as a tracer, Can. J. Soil
interpreted as relatively small given the uncertainties associ- g¢j 90, 267-288, 2010.

ated with the CaICUIationS Of bOth approaches. HOWeVer, th%rar]ﬂeyl S.L.and Wh|te’ A. F: Approaches to Mode"ng Weath-
lack of agreement in terms of correlation between PROFILE  ered Regolith, in: Thermodynamics and Kinetics of Water-Rock
Na WRs and net catchment exportations remains a matter of Interaction, edited by: Oelkers, E. H. and Schott, J., Rev. Min-
concern. Because Na is considered as fairly conservative in eral. Geochem., 70, 435-484, 2009.

forest ecosystems, PROFILE was expected to be able to reéBrimhall, G. H. and Dietrich, W. E.: Constitutive mass balance rela-
produce the spatial variability of Na WRs within the studied ~ tions between chemical composition, volume, density, porosity,

area. Further works should investigate this particular aspect 2nd strain in metasomatic hydrochemical systems: Results on
of the PROFILE model. weathering and pedogenesis, Geochim. Cosmochim. Acta, 51,

. . . . 567-587, 1987.
Since PROFILE can provide reliable weathering ralteS’Duchesne, L. and Houle, D.: Base cation cycling in a pristine wa-

for BC+Na, Ca and Mg and was able to account for the  (ersheq of the Canadian boreal forest, Biogeochemistry, 78, 195—
spatial variability within a relatively large geographical 216, 2006.

ensemble, it would be relevant in future attempts, to testpuchesne, L. and Houle, D.: Impact of nutrient removal through
the ability of PROFILE to reproduce long term temporal harvesting on the sustainability of the boreal forest, Ecol. Appl.,
variation in weathering rates for selected catchments. Such 18, 1642-1651, 2008.

an effort would permit to explore in more details the impact, Eggenberger, U. and Kurz, D.: A soil acidification study using
on weathering rates calculations, of variables such as soil the PROFILE model on two contrasting regions in Switzerland,
moisture and soil temperature that may substantially vary €hem. Geol., 170, 243-257, 2000. _ _
between years. In a context of global change, the |atterGarreIs, R. M. and Mackenzie, F. T.: Evolution of Sedimentary

. . . . Rocks, W. W. Norton, New York, 1971.
variable could be critical to predict WRs in the future ..\ ‘0" "2 Gelkers, E. H., Eiriksdottir, E. S., Kardjilov, M. I,
hydro-climatic environment of forest soils.

Gisladottir, G., Sigfusson, B., Snorrason, A., Elefsen, S., Hardar-
dottir, J., Torssander, P., and Oskarsson, N.: Direct evidence of
the feedback between climate and weathering, Earth Planet. Sc.
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