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Abstract

:

Weathering of soil minerals provides base cations that buffer against acidity, and nutrients that support plant growth. In general, direct observations of soil minerals are rare; however, their abundance can be determined indirectly through soil geochemistry using normative-calculation procedures. This study compiled a data set of major oxide content from published and archived soil geochemical observations for 1170 sites across Canada (averaged over the soil profile [A, B, and C horizons], weighted by depth and bulk density to a maximum depth of 50 cm). Quantitative soil mineralogy (wt%) was systematically determined at each site using the normative method, ‘Analysis to Mineralogy’ (A2M); the efficacy of the approach was evaluated by comparison to X-ray Diffraction (XRD) mineralogy available for a subset of the study sites. At these sites, predicted A2M mineralogy was significantly related to estimated XRD, showing a strong linear relationship for plagioclase, quartz, and K-feldspar, and a moderate linear relationship for chlorite and muscovite. Further, the predicted A2M plagioclase content was almost identical to the estimated XRD soil mineralogy, showing no statistical difference. The Canada-wide predicted quantitative soil mineralogy was consistent with the underlying bedrock geology, such as in north-western Saskatchewan and north-eastern Alberta, which had high amounts of quartz due to the Western Canadian Sedimentary Basin. Other soil minerals (plagioclase, potassium feldspar, chlorite, and muscovite) varied greatly in response to changing bedrock geology across Canada. Normative approaches, such as A2M, provide a reliable approach for national-scale determination of quantitative soil mineralogy, which is essential for the assessment of soil weathering rates.
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1. Introduction


Soil weathering results in the breakdown and release of nutrients such as base cations, i.e., calcium (Ca2+), magnesium (Mg2+), and potassium (K+), from primary and secondary minerals. In general, primary minerals are formed during the solidification and crystallization of magma or during metamorphism under high temperature and pressure. In contrast, secondary minerals (e.g., clay minerals) are formed when pre-existing primary minerals undergo chemical weathering, e.g., muscovite weathers to illite. The determination of soil weathering is crucial in the assessment of anthropogenic impacts on the environment, e.g., the buffering capacity of soils under acidic deposition [1,2], or the ability of soil minerals to replenish (base cation) nutrients under sustainable forest management, e.g., [3,4]. Direct determination of base cation weathering is difficult; as a result, various indirect methods have been used, such as the calculation of mass balances, immobile element depletion, watershed budgets [5,6,7], or the application of soil chemical models, e.g., PROFILE [8,9]. The most reliable and robust methods for determination of base cation weathering are based on soil mineralogy; however, wide-scale regional application of these methods is limited by the availability of quantitative soil mineralogy, which is a challenge in using PROFILE [10]. X-ray Diffraction (XRD), which is based on the crystallographic structure of minerals, is typically used to estimate quantitative soil mineralogy in conjunction with Reitveld fitting [11]. However, it can be a time-consuming procedure, especially if a large number of samples require analysis; furthermore, detection limits can hinder the identification of minerals that are low in abundance, or abundant minerals with low crystallinity and nearly amorphous minerals such as iron or aluminum oxyhydroxides.



Normative procedures, which incorporate bulk soil geochemical composition from total chemical analysis (major oxide content), are indirect techniques used to estimate (idealized) soil mineralogy based on the principles of geochemistry [12]. They are generally amenable to regional applications owing to their cost effectiveness and the wide availability of total chemical analysis data [13]. Originally developed to calculate mineral percentages of igneous rocks with the CIPW (Cross, Iddings, Pirsson, and Washington) method [14], normative procedures have expanded to include different rock types. For example, SEDNORM was developed to calculate normative mineralogy for clastic sedimentary rocks and coal ash [15]. Similarly, other programs used to determine mineralogy include MINLITH [16], an experience-based algorithm for predicting the likely mineral composition of sedimentary rocks from bulk chemical analyses, MINSQ [17], a least-squares spreadsheet method for quantitatively estimating the mineral proportions from whole rock analyses, and MODAN [18,19], which uses linear regression to estimate mineral quantities from bulk composition.



Analysis to Mineralogy (A2M) is a normative solver program developed to estimate all possible mineral modes from a given total chemical analysis and a pre-specified mineral stoichiometry list [20]. In general, there is no unique mineral-compositional solution for a given total chemical analysis, therefore A2M determines all extreme mineral modes, which form the corners of a finite convex polyhedron that defines all possible solutions, i.e., all mineral combinations that have the given total chemical analysis. Analysis to Mineralogy has been widely used to estimate quantitative soil minerals at a regional scale, and in particular to provide data for weathering models such as PROFILE [3,4,10,21,22,23,24]. However, few studies have evaluated the accuracy of the resultant mineralogical data despite its importance to weathering estimates. The objectives of this study were to evaluate the performance of A2M using sites with paired soil total chemical analyses (major oxide content) and quantitative XRD mineralogy data (n = 85) and ultimately to determine quantitative soil mineralogy for 1170 sites across Canada. It is important to note that our study focused on predicting bulk or major soil mineralogy specifically focusing on minerals that contribute to soil base cation weathering.




2. Materials and Methods


2.1. Study Area and Study Sites


This study primarily focused on provincial Canada (British Columbia, Alberta, Saskatchewan, Manitoba, Ontario, Quebec, New Brunswick, Nova Scotia, Prince Edward Island, and Newfoundland and Labrador; Figure 1). Study sites only included locations with observations of soil geochemistry (major oxide content), with an emphasis on sites with consistent (or comparable) soil sampling and analysis. All sites generally had multiple observations per soil profile, either measured by natural soil horizon or at a fixed depth representing A, upper and lower B, and C horizons. Data for this study were primarily obtained from two sources, the North American Soil Geochemical Landscapes Project (NASGLP) and Trent University’s Soil Archive (TUSA), housed within the School of the Environment.



The NASGLP was a tri-national survey coordinated by the United States Geological Survey (USGS), the Geological Survey of Canada (GSC), and the Mexican Geological Survey to systematically sample soils for geochemistry and mineralogy from 13,487 sites across North America [25]. An initial pilot project was conducted during 2004 that comprised two transects, north–south and east–west across North America with 29 sites located in Manitoba [26]. The USGS finished sampling and analysis in 2010, while the GSC sampled 577 sites (out of their planned 6018 Canadian sites) between 2007 and 2009, and released physical and geochemical data for 541 sites but did not continue with the survey thereafter [27]. Additional mineralogical analyses were carried out in the Maritime Provinces (New Brunswick, Nova Scotia, and Prince Edward Island) of Canada [28], where 85 sites (Figure 1) had quantitative XRD mineralogy on the A and C soil horizons (data obtained from the USGS).



The second set of data was primarily obtained from Trent University’s School of Environment, where soil oxide data were available from research projects conducted within several Canadian provinces [1,6,10,29,30,31]. These sites were sampled between 2005 and 2016 and analyzed for soil major oxide content; XRD mineralogical analyses were also carried out at a subset of sites (i.e., n = 66; 10 sites each in Ontario and Alberta, and 46 in Saskatchewan). In addition, published soil oxide data for the B horizon from 21 sites in Quebec [32] were included.



The total number of sites from NASGLP was 570, including (west to east) 10 sites from British Columbia, 32 from Alberta, 65 from Saskatchewan, 49 from Manitoba, 110 from Ontario, 39 from Quebec, 115 from New Brunswick, 69 from Nova Scotia, 9 from Prince Edward Island, and 72 from Newfoundland (Figure 1). The total number of sites from TUSA was 600, with 80 sites from British Columbia, 141 from Alberta, 22 from Northwest Territories, 192 from Saskatchewan, 139 from Ontario, 21 from Quebec, and 5 from Nova Scotia. The study sites (n = 1170) from the two sources covered all 10 provinces and 1 territory.




2.2. Sampling and Analysis


Harmonized field sampling as well as chemical and physical laboratory protocols were established for the NASGLP [27,33]. In Canada, site selection was based on a spatially balanced and consistent sample site density using a 40 km × 40 km grid system [34]; as previously noted, of the proposed 6018 sites, only 577 were sampled from 2007 to 2009 [33]. At each site, a pit of 60 cm × 70 cm was excavated, and soil samples were collected from topsoil (0–5 cm), termed the Public Health layer, 0–30 cm (2009 field season only), and the A, B, and C horizons [27]; in addition, soil bulk density was sampled (for details see [27,33]). In the laboratory, soils were air dried prior to a 4-acid digestion on two different size fractions (<2 mm and <63 µm). The 4-acid digestion method consisted of a mixed ratio of 2:2:1:1 using HCl, HNO3, HClO4, and HF; this ‘near-total’ digestion helped to break down most insoluble elements, with the exception of Ca2+ and Mg2+ [27]. Inductively coupled plasma-mass spectrometry (ICP-MS) was used to determine 58 major and trace elements. Total carbon content (in %) was analyzed by combustion with a Leco CR-412 Carbon Analyser and organic matter was estimated by loss on ignition (LOI) at 500 °C [27]. Further details on field sampling procedures and laboratory methods are described by GSC [27,33] and the USGS [26].



Region-specific research methods for TUSA were used for soil sampling, which included sampling of excavated soil pits at the approximate depths of the A, B, and C horizons or at fixed depths of 0–10, 25–35, and 40–50 cm (representing A, and upper and lower B horizons); in addition, sites were sampled for soil bulk density using a volumetric sampling ring and hammer corer. All samples underwent consistent laboratory methods, i.e., air drying and sieving to a <2 mm size fraction prior to X-ray Fluorescence (XRF) for the determination of major oxide content [1,29,30]. Additional laboratory analyses included the determination of organic matter content by LOI at 375 °C for 16 h in a muffle furnace.



In general, the two data sets (NASGLP and TUSA) had similar field sampling and laboratory protocols, i.e., samples were collected from multiple soil horizons, and the laboratory procedures included air drying prior to sieving at <2 mm (the 63 µm fraction from NASGLP was not used in this study). The significant difference between the two data sets was the analytical method for element detection; the NASGLP used ICP-MS to determine major and trace elements (converted to oxides in this study), whereas the TUSA soils were analyzed by XRF to determine major oxide content.




2.3. Soil Major Oxide Content


Major oxides (i.e., SiO2, Al2O3, Fe2O3, MnO, CaO, MgO, Na2O, and K2O) represent the dominant elements that make up (most) soil minerals. Reporting of major oxide content by weight percent (wt%) is widely used, and the TUSA data were already reported as soil oxide content. However, the NASGLP data were reported as major elements (wt%) and had to be converted to oxides (wt%) using the ratio of the molecular weight of the elements to the oxides. In addition, NASGLP did not include data for silicon; as such, it was calculated as the difference in the sum of the major oxides plus LOI from 100%. The calculated silicon is a simplified estimate as it also includes the sum of unmeasured elements (other than Si) and analytical errors.



Observations (by horizon or fixed depth) from 1170 sites were summarized into a consistent database representing average oxide content in the top 50 cm (at most) of mineral soil for each profile. The database included soil horizon depth (cm), weighted bulk density (g/m3), and weighted average soil oxide content. Average soil oxide data were weighted by depth (to a maximum of 50 cm) and bulk density for both the NASGLP and TUSA data sets (bulk density was only weighted by depth). For example, the NASGLP weighted average soil oxide content was calculated from the soil horizons for each site (n = 570) as follows:


    ∑    depth      cm   ×    bulk   density    ( g /  m 3  ) ×  soil   oxide       wt %        ∑ (  depth      cm   ×    bulk   density      g /  m 3  )      



(1)




where the sum runs over the soil horizons in a 50 cm profile. A number of survey sites (n = 262) did not have soil horizon depth information and thus average soil horizon depths for A, B, and C horizons (0–15, 15–40, and 40–75 cm, respectively) were derived from the study sites (n = 908) that had soil horizon depth information. Furthermore, for sites with missing bulk densities (n = 80), a predictive relationship based on observed bulk density and LOI (%) was developed following [35]:


   Bulk   density      g /  m 3    = −    0.716558   ×   log    10    ( LOI ) + 1.57989   



(2)




where the coefficients were derived from the best fit to observations (R2 = 0.72).



A comparison of soil oxide data between NASGLP and TUSA (based on opportunistic proximal location of sampling sites) was carried out to evaluate whether the data sets were statistically different. Soil oxide data from 12 paired sites in Ontario (NASGLP = 12 and TUSA = 12) were selected for analysis based on proximity (<20 km) and consistent bedrock geology. The results indicated that there were no statistical differences between the two data sets of soil oxide content (n = 12, paired t-test, p > 0.05) suggesting that they could be unified into one database (see Supplementary Materials Table S1, Figures S1 and S2).




2.4. Analysis to Mineralogy


Analysis to Mineralogy (A2M) is a solver program used to predict quantitative soil minerals from soil geochemical data [20]. For a given total analysis (major oxide content) and a prescribed list of minerals, A2M determines all possible mineral combinations that result in the given total analysis. Mathematically, they form a finite solution space in the shape of a convex polyhedron, characterized by the so-called extreme modes, i.e., the vertices (corners) of the polyhedron. The dimension of the polyhedron is the number of minerals minus the number of oxides. Every possible solution (i.e., valid mineral combination) is a linear combination (with the sum of coefficients equal to 1) of these extreme modes, a special case of which is the arithmetic mean. A2M is meaningfully applied when the number of minerals is greater than the number of oxides (which is a typical constraint of other normative procedures). Inputs required for A2M are the weight percentages of soil oxides (i.e., SiO2, CaO, etc.) and the stoichiometry of the potential minerals. In general, minerals such as quartz and feldspars (e.g., plagioclase or K-feldspar) are common in soil compositions, whereas minor amounts of other minerals (e.g., calcite or muscovite) may also be present, depending on the soil parent material. Minerals have a fixed stoichiometry based on their chemical formula (e.g., SiO2); nonetheless, some minerals have numerous stoichiometric possibilities, e.g., clay minerals (such as vermiculite, montmorillonite, and illite) have multiple endmembers due to the compositional variation of elements that form in solid solution.



In the current study, A2M was applied using a single list of minerals that focused on major soil minerals (i.e., quartz, plagioclase [albite and anorthite], K-feldspar, chlorite, muscovite, and illite) assumed to be common to all study sites (Table 1). Minerals with similar structures or multiple endmembers were either summarized as the weighted average of the stoichiometries involved (e.g., muscovite and illite) or the weighted average of the specific endmembers (e.g., albite and anorthite minerals of the plagioclase group). In instances where A2M was not able to obtain a solution for a specific site, additional minerals were added to the list. Knowledge of the site location and underlying bedrock geology influenced the selection of these additional minerals. In general, the additional minerals were primarily hornblende, kaolinite, calcite, and biotite. The arithmetic average of all possible mineral combinations (solutions) from A2M was assumed to best represent site-specific mineralogy.



The list of minerals and their associated stoichiometries were limited to major or dominant soil minerals and their idealized stoichiometry (Table 1); trace minerals were excluded. For the purpose of this study, the list of minerals and their stoichiometries were intended to be broad enough to accommodate the large study area and its varied bedrock geology or parent material. As noted, A2M was used to predict site-specific major soil mineralogy, specifically focusing on minerals that contribute to soil base cation weathering. Trace amounts of phosphorous and titanium oxides were reported for all soil samples from NASGLP and TUSA; however, they were not included in the A2M analysis as the associated minerals would either be minor (e.g., apatite) or not contribute to base cation weathering (e.g., rutile).




2.5. Evaluation of A2M Mineralogy


Sites with observations of both quantitative XRD and major oxide content were used to compare the predicted A2M mineralogies (average of all solutions for each mineral) against estimated XRD mineralogies (hereafter referred to as the ‘primary evaluation’). In total, 85 NASGLP sites had both quantitative estimates of the major minerals and observations of major oxides for the soil C horizon, with 52 sites in New Brunswick, 28 in Nova Scotia, and 5 in Prince Edward Island (see inset in Figure 1). The estimated XRD minerals (wt%) were compared to A2M mineralogies (average solution) predicted from soil oxide data (using the common mineral list across all 85 sites; see Table 1). Ultimately, the success of this analysis depended on the consistency between the A2M mineral list and the XRD mineralogy. While major minerals were present in both, the A2M mineral list did not contain trace minerals as these minerals need to be determined at an individual site level. The soil oxide data suggested that trace minerals were present at a number of sites, but they were not reported in the XRD results, most likely as levels were below detection for XRD or the minerals were not quantified, e.g., phosphorous and titanium oxides were observed at all sites, but apatite or rutile were not reported in the XRD analysis. As such, the evaluation of predicted mineralogy from A2M focused primarily on major minerals, which were compared to re-scaled XRD mineralogy (i.e., with trace elements removed). In reality this was an iterative ‘calibration’ step that allowed the ‘common’ list of minerals and their stoichiometry (Table 1) to be refined. It is important to note that XRD is not the ‘true’ mineralogy but rather, similar to A2M, an estimate of the potential mineralogy. As such, our goal was not to match XRD mineralogy but to show a correspondence between the two methods (A2M and XRD). We assumed that a strong correspondence suggested that the A2M solutions provided reliable estimates of mineralogy.



Following determination of quantitative mineralogy by A2M using the common mineral list (Table 1) across all study sites (n = 1170), a second evaluation (post-analysis) of the A2M predictions was carried out using an independent data set (hereafter referred to as the ‘secondary evaluation’). Estimated XRD mineralogy and predicted A2M mineralogy (average solution) were also available for 66 soil profiles from the TUSA data, with 10 sites in Ontario, 46 in Saskatchewan, and 10 in Alberta.



The comparison of A2M with XRD mineralogies included statistical summaries, e.g., mean, maximum, minimum, and relative standard deviation (RSD; percent of the standard deviation normalized by the mean). Further, data distributions were visualized as boxplots, the association between the two sets of mineralogy were evaluated using correlation (Pearson Product-Moment Correlation, r), and the linear relationship between predicted A2M and estimated XRD mineralogies was assessed using scatter plots (total least-square regression line fit [36]), with goodness-of-fit evaluated by the coefficient of determination (R2). A paired t-test (p < 0.05) was used to determine if there was a statistical difference between predicted A2M mineralogy (average solution) compared with XRD estimates.





3. Results and Discussion


3.1. Distribution of Observed Soil Oxides, Soil Depth, Loss on Ignition, and Bulk Density


The spatial distribution of sites covered the entirety of the Maritime Provinces (Nova Scotia, New Brunswick, Prince Edward Island; n = 270), whereas sites in Ontario and Quebec were primarily confined to the southern areas of the provinces (Figure 1). Alberta, Saskatchewan, and Manitoba had moderate site coverage across their provinces, but British Columbia and Northwest Territories only had coverage in select areas, generally associated with regional projects (i.e., Kitimat in western British Columbia and the southeast corner region, and 22 sites in southern Northwest Territories).



Average SiO2 content by province was highest (>80 wt%) in Saskatchewan and Alberta, whereas British Columbia had the lowest content (<60 wt%; Table 2). The higher contents in the central to north-western part of Saskatchewan and into Alberta (Figure 2) are associated with the Athabasca basin, which is a dominantly quartzose, Paleoproterozoic siliciclastic repository [37]. In general, calcium oxide was less than 0.62 wt% in the Maritime Provinces and the Athabasca basin and greater than 1.70 wt% in the southern regions of Ontario, Quebec, Manitoba, and Saskatchewan. Potassium oxide content was less than 1.09 wt% in northern Saskatchewan and Alberta (associated with the Athabasca basin) and greater than 2.40 wt% in Ontario, Quebec, and southern Nova Scotia (Figure 2). Higher concentrations of CaO and K2O indicate sites where the base cations of Ca and K have the greatest potential to be released through mineral weathering. Average oxide content across study sites (n = 1170) was ranked in the order (highest to lowest) SiO2 >> Al2O3 > Fe2O3 > CaO > K2O > Na2O > MgO >> MnO. Despite the wide range in content (Table 2), many oxides were significantly correlated (see Supplementary Material Figure S3), with the strongest associations for Al3O2 and Fe2O3 (r = 0.84), Al3O2 and K2O (r = 0.76), and CaO and MgO (r = 0.74) suggesting common source mineralogies. The spatial variation (RSD) in oxide content across the study sites was >100% for CaO (144%) and MgO (108%) compared with 20% for SiO2 (Table 2). In general, oxide data that had strongly right-skewed distributions (positive skewness; Table 2 and Supplementary Material Figure S4), showed the greatest spatial variation as they were primarily dominated by low content, but with regional ‘hot spots’. Furthermore, all oxide data were not normally distributed (Shapiro–Wilk, p < 0.05).



Soil sampling depth varied across the provinces, with a minimum pit depth of 4 cm in Saskatchewan and a maximum of 135 cm in Nova Scotia and Ontario (Supplementary Material Figure S5). Average sampling depth by province ranged from 48 cm (Alberta and Saskatchewan) to 74 cm (Prince Edward Island); however, weighted average oxide content per site was limited to a maximum depth of 50 cm. Average profile (50 cm) organic matter content (LOI) was less than 1.5% in northern Saskatchewan and Alberta (in the Athabasca basin), whereas in sites in New Brunswick and Newfoundland it was greater than 7.0%, with a maximum of 74.9% in Newfoundland; accordingly, LOI was highly spatially variable (101%; Table 2). Average LOI (%) across provinces was ranked in the order (highest to lowest) BC > NL > NB > NT > ON > NS > MB > QC > PE >AB > SK (Table 2 and Figure 3). Average soil bulk density for sites in British Columbia, New Brunswick, and Newfoundland was <0.8 g/cm3, whereas in Alberta and Saskatchewan it was >1.2 g/cm3 (Figure 3), as soils with lower organic matter content have higher bulk density [38,39,40].




3.2. Evaluation of A2M Predicted Quantitative Soil Mineralogy


In general, the predicted mineralogy (average solution for quartz, plagioclase, K-feldspar, chlorite, and muscovite) using A2M and observed soil oxides at the 85 sites (across New Brunswick, Nova Scotia, and Prince Edward Island; Figure 1) compared well with estimated soil mineralogy from XRD under the primary evaluation (see Table 3, Figure 4, Supplementary Materials Figure S6). The A2M and XRD mineralogies were significantly correlated (p < 0.05) for each individual mineral comparison (Pearson r: Quartz 0.89; plagioclase 0.91, K-feldspar 0.64, chlorite 0.80, and muscovite 0.66). The average plagioclase content across the evaluation sites was similar for A2M and XRD (15.48 and 15.12 wt%, respectively); further, the average relative percent difference between the two data sets was very low (15%; Table 3). Similarly, the RPD between predicted A2M and XRD quartz was low (14%) despite the larger difference between average quartz content across the sites (50.19 and 57.18 wt%, respectively, with XRD > A2M). In contrast, the largest difference in average A2M and XRD content was observed for chlorite (12.68 and 8.12 wt%, respectively, with A2M > XRD), which was consistent with its high average RPD of 56% (Table 3). The highest average RPD was observed between predicted A2M and XRD K-feldspar (84%).



The distribution of minerals from A2M and XRD was visually similar for most minerals (Supplementary Materials Figure S6), if not identical for plagioclase; chlorite showed the largest difference with the XRD interquartile interval (50% of the data) below the A2M median (Supplementary Materials Figure S6). There was a significant linear relationship between predicted A2M and XRD mineralogy (Table 3; Figure 4); plagioclase A2M and XRD mineralogy were strongly related (R2 = 0.83), followed by quartz (R2 = 0.80), whereas K-feldspar had a moderate relationship (R2 = 0.41), which was likely driven by the high number of sites with zero content estimated by XRD (see Figure 4). In general, predicted A2M can be qualitatively ranked in terms of similarity to XRD based on absolute and relative mineralogies in the order of plagioclase > quartz > muscovite = chlorite > K-feldspar, with plagioclase almost identical for predicted A2M and estimated XRD, showing no statistical difference (Table 3). All other minerals were significantly related, with a strong linear relationship for quartz (XRD > A2M) and strong to moderate linear relationships for chlorite, muscovite, and K-feldspar (A2M > XRD).




3.3. Canada-Wide Predicted Soil Mineralogy


Average predicted major mineralogy (w%) for all soil profiles (n = 1170; depth-weighted to 50 cm) ranked in the order of quartz > plagioclase > chlorite ≈ muscovite> potassium feldspar (Table 4), which is the typical order of abundance for these minerals in Canadian soils [41]. However, the ranking order varied slightly by province (Table 4), e.g., plagioclase was the dominant mineral across sites in British Columbia, and muscovite was the second dominant mineral in New Brunswick, Prince Edward Island, and Nova Scotia (13.67–18.17 wt%; Table 4, Supplementary Material Figure S7), which may be due to elevated weathering and the breakdown of muscovite into illite (clay minerals). Study sites in all provinces, with the exception of Prince Edward Island, required additional minerals in their prescribed mineral list (Table 1) for A2M to generate a solution. These minerals included hornblende (~30% of the sites), calcite (~21% of the sites), and kaolinite (~7% of the sites). The mineral data were not normally distributed (Shapiro–Wilk, p < 0.05); most minerals had right-skewed distributions (positive skewness) as sites were primarily dominated by low content, except quartz and plagioclase (Table 4 and Supplementary Material Figure S8). A number of the predicted minerals were significantly correlated (see Supplementary Material Figure S9), with the strongest associations for plagioclase and quartz (r = −0.81), calcite and hornblende (r = 0.77), and chlorite and kaolinite (r = 0.76) suggesting common parent material. Predicted quartz mineralogy had the lowest variation across the study sites (RSD = 42%), with the spatial variation for the other major minerals ranging from 65 to 79%, and K-feldspar (78%) and muscovite (79%) being the most variable (Table 4). The sites with lower quartz content, typically less than 40 wt%, were in regions with variable bedrock geology (Table 4), such as the Precambrian Shield in Ontario and Quebec, and therefore these sites had higher amounts of other minerals (e.g., plagioclase, K-feldspar) in their soil (Supplementary Material Figure S10 and Figure 5). Saskatchewan and Alberta had high quantities of quartz in the soil, due in part, to the Western Canadian Sedimentary Basin bedrock geology [42] and the high weathering resistance of quartz (Supplementary Material Figure S10).



In general, predicted plagioclase was lowest in Prince Edward Island at <9 wt% and highest in British Columbia at 31 wt% (Table 4). Sites in north-eastern Saskatchewan, Ontario, and Quebec also had higher plagioclase amounts (>30 wt%) due to the bedrock geology of the underlying Precambrian Shield. The Precambrian Shield, which is composed of crystalline igneous and metamorphic rock types, is associated with the higher amounts of plagioclase in soil (see yellow-filled circles in Figure 5). These sites also had the highest K-feldspar content (Supplementary Material Figure S10), which was significantly correlated with plagioclase (r = 0.57, Supplementary Material Figure S9). Plagioclase stoichiometric endmembers, albite and anorthite, had varying ratios of sodium and calcium across Canada (Figure 6). Albite was the dominant endmember of plagioclase across the study sites, particularly in Prince Edward Island, where the average stoichiometric ratio for sodium was 0.92, followed by New Brunswick at 0.88 and Nova Scotia at 0.87, suggesting that these provinces have lower calcium weathering in soil. In contrast, anorthite was proportionally higher in several provinces, such as Alberta at 0.31, Northwest Territories at 0.30, and Ontario 0.26 (Figure 6).




3.4. Evaluation of Canada-Wide Predicted Soil Mineralogy


Under the secondary evaluation, predicted A2M mineralogy compared well with estimated XRD mineralogy at the subset of sites (n = 66; post-analysis evaluation) with paired data sets in Alberta, Saskatchewan, and Ontario (Table 5, Supplementary Material Table S2). The A2M and XRD mineralogies were significantly (p < 0.05) correlated for each individual mineral comparison (Pearson r: Quartz 0.99; plagioclase 0.98, K-feldspar 0.84, chlorite 0.52, and muscovite 0.48), with stronger correlations in Saskatchewan (n = 46: Quartz 0.99; plagioclase 0.98, K-feldspar 0.91, chlorite 0.66, and muscovite 0.60). The average A2M and XRD contents across the 66 sites was similar for plagioclase (14.60 and 14.18 wt%, respectively) and quartz (71.51 and 68.46 wt%, respectively); further, the average RPD between the two data sets was low (39 and 8%, respectively; Table 5). The largest difference in A2M and XRD content was observed for chlorite (0.65 and 4.40 wt%, respectively) and muscovite (2.32and 4.78 wt%, respectively), which was consistent with their high RPD (chlorite 157% and muscovite 120%; Table 5). In general, all minerals were significantly related, with strong linear relationships for quartz, plagioclase, and K-feldspar (Table 5). Further, plagioclase was again almost identical for predicted A2M and estimated XRD, showing no statistical difference (Table 5), and similarities between predicted A2M and estimated XRD for quartz and K-feldspar were stronger compared to the initial evaluation (see Table 3 and Table 5).




3.5. Previous Studies That Evaluated Predicted A2M Mineralogy


The few studies that evaluated predicted A2M soil mineralogy primarily focused on the determination of weathering rates, i.e., the prediction of quantitative mineralogy for the PROFILE weathering model [8]. Further, these studies were regional scale, i.e., 1 study used A2M at 41 sites in southern Ontario [10], and another used A2M at 8 sites in 2 different regions of Sweden [3]. Similar to the current study, A2M was used in conjunction with XRD mineralogy (n = 10) to develop and optimize a common A2M mineral list for all sites [10]. This study found that the A2M mineral list provided reliable estimates of soil mineral compositions in southern Ontario for the determination of weathering rates [10]. The predicted mineralogy from A2M was in general agreement with the XRD observations, with absolute differences < 10% despite statistically significant differences between A2M and XRD. Similar to this study, plagioclase (albite and anorthite) was well predicted; however, predicted A2M mineralogy was lower than estimated XRD mineralogy for quartz, plagioclase, and K-feldspar [10], unlike the current study (Table 5).



A study in Sweden [3] evaluated two approaches to predict A2M mineralogy; a regional investigation that used a mineral list based on common soil minerals and knowledge of the local geology, versus site-specific A2M mineralogy, which used mineral lists that were tailored based on XRD and electron microprobe data. In general, the site-specific approach resulted in lower bias between predicted A2M and estimated XRD mineralogy. The regional approach had greater differences between predicted A2M and estimated XRD for K-feldspar and dioctahedral mica (muscovite in this study). This is consistent with the current study; predicted A2M > XRD for K-feldspar (RPD = 70%) and < XRD for muscovite (RPD = 120%); nonetheless, A2M and XRD mineralogy were both significantly correlated (Table 5), albeit moderately for muscovite (r = 0.48). Further, by province there was stronger coherence, i.e., for Saskatchewan (n = 46) predicted A2M and estimated XRD were strongly correlated for K-feldspar (r = 0.91) and muscovite (r = 0.60).





4. Conclusions


Few studies have estimated soil mineralogy on a national scale. Here we used readily available soil oxide data from the North American Soil Geochemical Landscapes Project and Trent University Soil Archive with the Analysis to Mineralogy (A2M) normative solver program to determine quantitative soil mineralogy across Canada. Predicted A2M results were significantly related to estimated XRD mineralogy at sites with paired data sets (n = 85 and 66), showing a strong linear relationship for plagioclase, quartz, and K-feldspar, and a moderate linear relationship for chlorite and muscovite. Notably, plagioclase content (wt%) was almost identical for predicted A2M and estimated XRD soil mineralogy, showing no statistical difference. Predicted A2M soil mineralogy across Canada was strongly influenced by the underlying bedrock geology of igneous, metamorphic, or sedimentary origins, such as the Precambrian Shield, the Athabasca basin, and the Western Canadian Sedimentary Basin. This study suggests that quantitative soil bulk mineralogy can be determined successfully using normative approaches, such as A2M, at the Canada-wide scale, providing data for the determination of soil weathering rates.
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Figure 1. Location of study sites across Canada (n = 1170) with soil major oxide content data from the North American Soil Geochemical Landscape Project (NASGLP) and Trent University Soil Archive (TUSA). Inset shows NASGLP sites (n = 85) with paired major oxide data and X-ray Diffraction (XRD) mineralogy data (Map projection: Lambert Conformal Conic). 
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Figure 2. Distribution of (a) silicon dioxide [SiO2], (b) calcium oxide [CaO], and (c) potassium oxide [K2O] across Canada (n = 1170) from the North American Soil Geochemical Landscapes Project and Trent University Soil Archive (see Figure 1). Average oxide content (wt%) for each profile was weighted by horizon depth and bulk density to a maximum soil depth of 50 cm. Legend boundaries were set to obtain an equal distribution of sites among five categories. 
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Figure 3. Boxplots showing the distribution of (a) soil loss on ignition (%), and (b) soil bulk density (g/cm3) by province for study sites (n = 1170) from the North American Soil Geochemical Landscapes Project and Trent University Soil Archive. 
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Figure 4. Scatter plots with total least-square regression line fit of estimated XRD versus predicted A2M quantitative mineralogy (for quartz, plagioclase, k-feldspar, chlorite, and muscovite) in soil (depth-weighted to a maximum of 50 cm) at 85 study sites across New Brunswick, Nova Scotia, and Prince Edward Island. 
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Figure 5. Predicted A2M (Analysis to Mineralogy) quantitative mineralogy (wt%) for (a) plagioclase and (b) muscovite in soils (depth-weighted to a maximum of 50 cm) for study sites across Canada from the North America Soil Geochemical Landscapes Project and Trent University Soil Archive (n = 1170). Legends were set to obtain an equal distribution of sites among five categories. 
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Figure 6. Distribution of the plagioclase stoichiometric ratio for sodium (Na) and calcium (Ca), from west to east by province across Canada from the North American Soil Geochemical Landscapes Project and Trent University Soil Archive (n = 1170). 
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Table 1. List of minerals used in Analysis to Mineralogy (A2M), the mineral group, its endmembers (where relevant), and their stoichiometry.
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	Mineral Group
	Mineral Endmember
	Mineral Stoichiometry





	Quartz
	Quartz
	SiO2



	Plagioclase
	Albite
	NaAlSi3O8



	Plagioclase
	Anorthite
	CaAl2Si2O8



	K-feldspar
	K-feldspar
	KAlSi3O8



	Chlorite
	Chamosite
	(Fe5Al)(AlSi3)O10(OH)8



	Chlorite
	Clinochlore
	(Mg5Al)(AlSi3)O10(OH)8



	Chlorite
	Pennantite
	(Mn5Al)(AlSi3)O10(OH)8



	Muscovite
	Muscovite
	KAl2(AlSi3O10)(F,OH)2



	Muscovite
	Illite
	(K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)]



	Hornblende *
	Hornblende
	Ca2(Mg,Fe,Al)5 (Al, Si)8O22(OH)2



	Kaolinite *
	Kaolinite
	Al2Si2O5(OH)4



	Calcite *
	Calcite
	CaCO3



	Biotite *
	Biotite
	K(Mg,Fe)3AlSi3O10(F,OH)2







* Denotes minerals not used at every site.













[image: Table] 





Table 2. Number of sites (n), mean soil oxide content (wt%), and loss on ignition (LOI in %) by province from the North American Soil Geochemical Landscapes Project and Trent University Soil Archive (n = 1170; see Supplementary Material Data S1). A summary across all sites is also provided (p05 is the 5th percentile, p95 the 95th percentile, and RSD the Relative Standard Deviation).
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	Province
	n
	SiO2
	Al2O3
	Fe2O3
	MnO
	CaO
	MgO
	Na2O
	K2O
	LOI





	AB
	173
	83.06
	6.46
	2.41
	0.04
	1.01
	0.69
	0.66
	1.25
	3.96



	BC
	90
	56.10
	13.17
	5.50
	0.08
	2.31
	1.59
	2.31
	1.56
	16.52



	MB
	49
	64.85
	9.96
	3.20
	0.06
	7.61
	4.43
	1.55
	1.92
	5.97



	NB
	115
	66.78
	11.95
	5.19
	0.07
	0.43
	1.30
	1.26
	1.85
	10.40



	NL
	72
	60.31
	10.97
	5.46
	0.10
	1.32
	1.55
	1.95
	1.84
	15.60



	NS
	74
	71.03
	12.36
	4.68
	0.12
	0.38
	0.92
	1.31
	2.26
	6.17



	NT
	22
	68.84
	8.13
	3.05
	0.04
	5.48
	2.18
	1.16
	1.79
	8.84



	ON
	249
	63.66
	12.09
	5.00
	0.09
	3.80
	1.65
	2.18
	2.30
	8.43



	PE
	9
	76.64
	9.65
	3.41
	0.09
	0.12
	0.90
	0.88
	2.78
	4.83



	QC
	60
	67.19
	12.68
	5.68
	0.09
	1.86
	1.71
	2.10
	2.64
	5.06



	SK
	257
	85.49
	5.55
	1.69
	0.03
	1.38
	0.79
	0.96
	1.17
	2.64



	Mean
	–
	71.7
	9.69
	3.86
	0.07
	2.10
	1.35
	1.48
	1.76
	0.12



	Median
	–
	70.1
	10.79
	3.90
	0.06
	1.02
	1.04
	1.30
	1.82
	0.11



	p05
	–
	52.1
	1.11
	0.49
	0.01
	0.04
	0.20
	0.10
	0.22
	0.03



	p95
	–
	96.9
	15.17
	7.31
	0.13
	8.70
	3.37
	3.17
	3.10
	0.27



	RSD
	–
	19.7
	44.7
	57.6
	91.7
	144
	108
	65.0
	47.3
	101



	Skewness
	
	0.14
	−0.68
	0.34
	5.08
	3.09
	4.71
	0.54
	−0.02
	3.08







AB = Alberta, BC = British Columbia, MB = Manitoba, NB = New Brunswick, NL = Newfoundland, NS = Nova Scotia, NT = Northwest Territories, ON = Ontario, PE = Prince Edward Island, QC = Quebec, SK = Saskatchewan.
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Table 3. Statistical summary (p05 is the 5th percentile, p95 the 95th percentile, and RSD the Relative Standard Deviation) for predicted A2M (Analysis to Mineralogy) and estimated XRD (X-ray Diffraction) mineralogy (wt%) at 85 study sites across New Brunswick, Nova Scotia, and Prince Edward Island (primary evaluation). Statistical comparison of the two data sets using coefficient of determination (R2), Relative Percent Difference (RPD), and paired t-test (p-value) is also shown for each mineral.
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Mineral

	
Quartz

	
Plagioclase

	
K-Feldspar

	
Chlorite

	
Muscovite




	
Source

	
A2M

	
XRD

	
A2M

	
XRD

	
A2M

	
XRD

	
A2M

	
XRD

	
A2M

	
XRD






	
Mean

	
50.19

	
57.18

	
15.48

	
15.12

	
5.00

	
3.80

	
12.68

	
8.12

	
16.39

	
14.05




	
Median

	
49.52

	
57.00

	
14.50

	
14.44

	
3.64

	
2.52

	
12.19

	
7.00

	
16.42

	
14.33




	
p05

	
36.27

	
39.91

	
5.54

	
4.53

	
0.53

	
0.00

	
6.03

	
2.19

	
5.25

	
5.12




	
p95

	
64.92

	
78.71

	
29.88

	
29.96

	
13.79

	
12.21

	
20.88

	
16.15

	
27.17

	
22.39




	
RSD

	
18

	
21

	
48

	
47

	
84

	
103

	
39

	
63

	
41

	
41




	
R2

	
0.80

	
0.83

	
0.41

	
0.63

	
0.44




	
RPD

	
14

	
15

	
84

	
56

	
33




	
p-value

	
<0.05

	
0.28

	
<0.05

	
<0.05

	
<0.05
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Table 4. Statistical summary of predicted mineralogy (n = 1170; see Supplementary Material Data S2) from A2M (average solution) by province and territory (wt%). A summary across all study sites is also provided (p05 is the 5th percentile, p95 the 95th percentile, and RSD the Relative Standard Deviation).
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	Province
	Quartz
	Plagioclase
	K-feldspar
	Chlorite
	Muscovite
	Hornblende
	Calcite
	Kaolinite





	AB
	72.76
	9.35
	3.65
	6.05
	7.15
	5.05
	5.05
	4.71



	BC
	30.54
	31.74
	5.73
	13.42
	9.00
	9.38
	1.50
	13.24



	MB
	44.62
	17.36
	5.76
	8.84
	10.31
	13.18
	12.34
	2.85



	NB
	49.21
	14.15
	2.73
	14.03
	17.10
	1.66
	0.08
	9.63



	NL
	40.08
	24.82
	7.61
	14.50
	9.19
	14.87
	3.72
	9.89



	NS
	50.80
	13.80
	3.94
	11.55
	18.17
	1.07
	0.06
	10.51



	NT
	50.11
	15.76
	7.38
	5.74
	7.05
	11.54
	7.32
	--



	ON
	36.54
	27.34
	9.58
	10.28
	8.78
	13.85
	7.91
	1.65



	PE
	59.82
	8.56
	9.04
	8.92
	13.67
	--
	--
	--



	QC
	37.71
	24.88
	10.94
	11.53
	9.17
	15.07
	--
	--



	SK
	73.05
	11.80
	5.04
	3.64
	3.51
	7.89
	4.48
	0.78



	n
	1170
	1170
	1170
	1170
	1170
	347
	242
	91



	Mean
	52.65
	18.39
	6.12
	9.06
	8.92
	9.88
	6.07
	8.58



	Median
	48.72
	15.91
	5.05
	8.33
	8.11
	9.93
	4.39
	9.82



	p05
	23.55
	1.05
	0.31
	1.30
	0.61
	0.36
	0.03
	0.53



	p95
	95.84
	39.53
	14.96
	19.06
	21.93
	20.91
	17.68
	15.60



	RSD
	42
	65
	78
	67
	79
	70
	120
	59



	Skewness
	0.55
	0.46
	0.93
	0.93
	0.84
	0.89
	2.66
	−0.39







AB = Alberta, BC = British Columbia, MB = Manitoba, NB = New Brunswick, NL = Newfoundland, NS = Nova Scotia, NT = Northwest Territories, ON = Ontario, PE = Prince Edward Island, QC = Quebec, SK = Saskatchewan.
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Table 5. Statistical summary (p05 is the 5th percentile, p95 the 95th percentile, and RSD is Relative Standard Deviation) for predicted A2M (Analysis to Mineralogy) and estimated XRD (X-ray Diffraction) mineralogy (wt%) at 66 study sites in Alberta, Saskatchewan, and Ontario (secondary evaluation). Statistical comparison of the two data sets using coefficient of determination (R2), Relative Percent Difference (RPD), and paired t-test (p-value) is also shown for each mineral.






Table 5. Statistical summary (p05 is the 5th percentile, p95 the 95th percentile, and RSD is Relative Standard Deviation) for predicted A2M (Analysis to Mineralogy) and estimated XRD (X-ray Diffraction) mineralogy (wt%) at 66 study sites in Alberta, Saskatchewan, and Ontario (secondary evaluation). Statistical comparison of the two data sets using coefficient of determination (R2), Relative Percent Difference (RPD), and paired t-test (p-value) is also shown for each mineral.





	
Mineral

	
Quartz

	
Plagioclase

	
K-feldspar

	
Chlorite

	
Muscovite




	
Source

	
A2M

	
XRD

	
A2M

	
XRD

	
A2M

	
XRD

	
A2M

	
XRD

	
A2M

	
XRD






	
Mean

	
71.51

	
68.46

	
14.60

	
14.18

	
6.45

	
4.77

	
0.65

	
4.40

	
2.32

	
4.78




	
Median

	
81.67

	
80.07

	
8.98

	
7.80

	
4.91

	
3.14

	
0.00

	
3.27

	
1.32

	
3.19




	
p05

	
34.33

	
26.54

	
0.73

	
0.07

	
0.20

	
0.04

	
0.00

	
1.17

	
0.00

	
0.66




	
p95

	
98.37

	
97.66

	
35.90

	
38.39

	
17.30

	
13.69

	
3.02

	
11.94

	
8.99

	
15.25




	
RSD

	
34

	
39

	
90

	
96

	
86

	
98

	
155

	
79

	
125

	
96




	
R2

	
0.98

	
0.96

	
0.71

	
0.27

	
0.23




	
RPD

	
8

	
39

	
70

	
157

	
120




	
p-value

	
<0.05

	
0.19

	
<0.05

	
<0.05

	
<0.05
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