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1.1 Treatment of analytical uncertainties 
 
Every elemental concentration measurement made is associated with an analytical uncertainty that 
is dependent on treatment of a sample from field through laboratory (e.g. pipetting), the type of 
analysis (e.g. ID-ICP-MS), the instrumentation used (e.g. quadropole vs magnetic sector ICP-MS), 
and treatment of data (e.g. sample-standard bracketing). This uncertainty may be reported one of 
several ways; most commonly; (1) the % deviation of one or multiple reference standards, 
measured alongside samples, from their reported values. Alternatively; (2) the standard deviation 
(σ) of multiple replicates of a reference standard as a % of their reported values may be used. 
Replicates of samples can also be measured, either (3) from the same prepared aliquot of sample, 
which gives a measure of uncertainty associated with instrumentation and data treatment, or (4) 
from a separately prepared aliquot of sample, which also includes laboratory-associated 
uncertainty. Analytical uncertainty is generally reported as a % of a sample concentration; as such, 
the same uncertainty is greater in absolute terms, the larger the concentration of a sample. This 
scenario is shown in Fig. S1a, in a theoretical case (where i is an immobile element, and j is a 
mobile element). 
 
Analytical uncertainty pertains to a single measurement – however, uncertainty on a measured 
value can also be reduced by repeating single measurements on replicate samples sufficiently that 
a mean can be calculated for those samples with standard deviation (σ) that is smaller than 
analytical uncertainty. This can be applied to the bulk feedstock composition, which can be 
assumed as homogeneous on the scale of field deployment; thus it is likely cost-effective to repeat 
measurements of feedstock elemental composition. A feasible outcome when plotted in a mixing 
diagram is shown in Fig. S1b. Using the scenario in Fig. S1b, we can plot a theoretical mixture 
(cm) that has [i] and [j] exactly halfway between the endmember concentrations. Loss of j due to 
weathering will cause this sample to plot below the mixing line (cn). The measurement uncertainty 
is shown in Fig. S1c. 
 
 
1.2 Full derivation of expressions for minimum resolvable feedstock application, a, and 
dissolution, b 
 
We first derive an uncertainty, ej, for the theoretical mixture, cm: 
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The limit of resolvability for Δ[j] due to dissolution is given by the expression: 
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And therefore, substituting (1) into (2): 
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We can define a (mass ratio of feedstock in a mixture based on application) and b (the fraction of 
feedstock dissolved), such that the following holds: 
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Combining (4) and (2) – see Main Text – gives an expression for the minimum resolvable a and b 
given uncertainty, which we can solve with respect to either variable: 
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Assuming uncertainty on the soil endmember and the sample end composition (cn) are purely 
analytical uncertainty of the same magnitude, meaning absolute uncertainty is dependent on 
concentration [j], we can relate 𝑒!
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This can be expressed both in terms of a and in terms of b. The expressions for [j]m and [j]n in 
terms of a and b are as follows: 
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Substituting for 	[𝑗]! from (S3) into (S1): 
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Then, substituting for 𝑒!
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And, substituting for 	[𝑗]$ from (S2) into (S5): 
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Simplifying and rearranging, this gives expressions for b and a purely in terms of 	[𝑗]#, 	[𝑗]%, 𝑒#

", 
𝑒%
", and a or b respectively:  
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We can multiply 	[𝑗]# in both sides, knowing that 	[𝑗]# > 0 and therefore > is not flipped: 
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Rearranging: 
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Rearranging, we derive an expression for b in terms of a: 
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We can solve for a by rearranging (6a): 
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Evaluating the numerator on the left-hand side of this equation: 
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1.3 Full derivation of a metric, Φ, for elemental tracer resolvability 
 
To compare between the efficacies of different elemental tracers in a mass-balance framework, we 
can define a metric, Φ, which demonstrates whether a signal from ERW is sufficient to overcome 
analytical uncertainty. We define Φ as: 
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For [i], as for [j]: 
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Then, substituting (S7) into (S9): 
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Simplifying: 
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In the case where we consider a ratio of immobile trace elements, e.g. 
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We can rewrite (S7) as follows: 
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We can rewrite (1i) with error propagation as follows: 
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Then, substituting from (S12) into (S13): 
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Propagating error for soil: 
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Substituting (S12) into (S11): 
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Then, substituting (S14) and (S15) into (S16): 
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Figure S1: Theoretical two-endmember mixing plots showing an immobile element, i, plotted 
against a mobile element, j. (a) The same uncertainty (in %) for the feedstock endmember (cf, red 
circle) is 2x greater in absolute terms than for the soil endmember (cs, black circle) if the 
concentration of the feedstock is 2x that of the soil. In this case, the greater the concentration of 
feedstock in a homogeneous mixture that falls on the mixing line, the larger the uncertainty 
envelope for [i] and [j]. (b) As in (a), but here absolute uncertainty for the feedstock endmember 
is the same as for the soil endmember, due to theoretical replicate analyses. Here, uncertainty as a 
% of concentration for feedstock is 1/2x that of soil. (c) Here the mixture after weathering (grey 
circle) has absolute uncertainty in [i] that is 1.5x the soil endmember, but absolute uncertainty in 
[j] that is only 1.1x the soil endmember, given its lower absolute concentration [j] than that of a 
mixture plotting onto the mixing line pre-weathering (white circle). 
  



 

 
Figure S2: Cross-plots of sum mobile cation concentrations vs. the concentrations of additional 
(compared to Figure 1) different (partially) immobile elements that may be used as tracers in mass-
balance MRV approaches for ERW. Soil data are from the USGS ‘Geochemical and mineralogical 
data for soils of the conterminous United States’ database (n = 4,841) (Smith et al., 2013). Basalt 
and peridotite (including Almklovdalen Olivine) data are extracted from the GEOROC database 
(Lehnert et al., 2000); see main text for more details on selection criteria and Datasheet 1 for 
feedstock compositions. 
  



 

 
Figure S3: Mixing lines between soil and feedstock endmembers in mobile cation vs. immobile 
element space for REE elements as well as Zr not contained in the USGS database. Shown are 
specific feedstock compositions and average soil concentrations. The panels demonstrate the lever 
between soil and feedstock compositions; the larger the difference in both cation and i space; the 
easier it is to quantify feedstock addition. These REE (and Zr) data are not contained in the USGS 
database; data shown are global average (± 1SD) soil concentrations based on data from 32 
countries (Laul et al., 1979; Markert, 1987; Markert & De Li, 1991; Diatloff et al., 1996; Öhlander 
et al., 1996; Yoshida et al., 1998; Smith et al., 2000; Tyler & Olsson, 2002; Lijun W. et al., 2004; 
Takeda et al., 2004; Salminen et al., 2005; Caspari et al., 2006; Uchida et al., 2007; Miao et al., 
2008; Zhang et al., 2008; El-Ramady, 2010; Loell et al., 2011; Smidt et al., 2011; Cheng et al., 
2012; Marques et al., 2012; Oliveira et al., 2012; Li et al., 2013; Sadeghi et al., 2013; Moreira, 
2014) compiled in (Ramos et al., 2016). Zirconium concentration is based on compiled data 
(Bowen, 1979; Pais & Jones Jr, 1997; Kabata-Pendias & Pendias, 2003; Fodor et al., 2005) 
reported in (Shahid et al., 2013). Soil cation data are mean soil concentrations based on the USGS 
‘Geochemical and mineralogical data for soils of the conterminous United States’ database (n = 
4,841; shown is mean ± 1SD) (Smith et al., 2013). Almklovdalen Olivine data are extracted from 
the GEOROC database (Lehnert et al., 2000). Composition of Pioneer Valley Basalt and Blue 
Ridge Basalt feedstocks can be found in Datasheet 1. 
 
 
  



 

 
 

Figure S4: Same data as in Figure S3 (and Figure 2 For Al, Th, Y, Nb, Ni, Cr, Ti), but using ratios 
of immobile elements that may be useful at detecting EW signals. Shown are specific feedstock 
compositions and average soil concentrations of 32 countries (Ramos et al., 2016); see main text 
for all references for individual countries. Mixing lines for immobile element ratios form curves 
(note that Cr/Th and Cr/Ti have a different shape due to the logarithmic x-axis), as would be 
expected for soil-feedstock mixing with different concentrations of both immobile elements. The 
shape of the mixing curve has important implications for resolvability; the more vertical its 
trajectory from the mean soil composition, the more difficult feedstock addition resolvability based 
on φ because the immobile element ratio changes little in '

:

';
 space at low mixing ratios. See also 

Figure S3 for additional i not contained in the USGS database.  



 
 
Figure S5: Maps of concentrations of Ti, Al, Mg, Ca, Na, as well as sum of Mg, Ca, and Na in 
topsoils (0-5cm) throughout the US. Data is based on the semi-gridded USGS ‘Geochemical and 
mineralogical data for soils of the conterminous United States’ dataset (Smith et al., 2013). 
 
 

 
 
Figure S6: Maps of Th, Nb, Cr, and Ni concentrations in topsoils (0-5cm) throughout the US. Data 
is based on the semi-gridded USGS ‘Geochemical and mineralogical data for soils of the 
conterminous United States’ dataset (Smith et al., 2013). 
 
 
 
  



 
 
Figure S7: Distribution of soil carbonate (dolomite + carbonate) and clay (total clays; sum of 
kaolinite, and 10 and 14 Å clays; see Smith et al. (2013) for discussion on uncertainties) content 
in in different soil horizons throughout the conterminous US. Data are sourced from the 
‘Geochemical and mineralogical data for soils of the conterminous United States’ database (Smith 
et al., 2013). 
 
 
  



 
 
Figure S8: Requisite mean basalt feedstock application for enhanced weathering to be detectable 
through mobile cation loss based on assumed values of feedstock dissolution (b = 5, 15, and 30%) 
and (aggregated analytical and sampling) uncertainty (e = 1, 2, 5, 10, and 25%). For low dissolution 
rates and high uncertainties, feedstock dissolution cannot be resolved (panel with b = 5%, e = 5%; 
see main text for more detail).  

 
  



 
 
Figure S9: Requisite Blue Ridge Basalt feedstock application for enhanced weathering to be 
detectable through mobile cation loss based on assumed values of feedstock dissolution (b = 5, 15, 
and 30%) and (aggregated analytical and sampling) uncertainty (e = 1, 2, 5, 10, and 25%). For low 
dissolution rates and high uncertainties, feedstock dissolution cannot be resolved (panel with b = 
5%, e = 5%; see main text for more detail). 
  



 

 
 
Figure S10: Requisite Pioneer Valley Basalt feedstock application for enhanced weathering to be 
detectable through mobile cation loss based on assumed values of feedstock dissolution (b = 5, 15, 
and 30%) and (aggregated analytical and sampling) uncertainty (e = 1, 2, 5, 10, and 25%). For low 
dissolution rates and high uncertainties, feedstock dissolution cannot be resolved (panel with b = 
5%, e = 5%; see main text for more detail). 
  



 
 
Figure S11: Requisite mean peridotite feedstock application for enhanced weathering to be 
detectable through mobile cation loss based on assumed values of feedstock dissolution (b = 5, 15, 
and 30%) and (aggregated analytical and sampling) uncertainty (e = 1, 2, 5, 10, and 25%). For low 
dissolution rates and high uncertainties, feedstock dissolution cannot be resolved (panel with b = 
5%, e = 5%; see main text for more detail). 
  



 
 
Figure S12: Requisite Almklodalen Olivine feedstock application for enhanced weathering to be 
detectable through mobile cation loss based on assumed values of feedstock dissolution (b = 5, 15, 
and 30%) and (aggregated analytical and sampling) uncertainty (e = 1, 2, 5, 10, and 25%). For low 
dissolution rates and high uncertainties, feedstock dissolution cannot be resolved (panel with b = 
5%, e = 5%; see main text for more detail). 
  



 
 
Figure S13: Required mean basalt feedstock dissolution for enhanced weathering to be detectable 
through mobile cation loss based on assumed values of feedstock addition (a = 10, 20, 50, and 100 
t ha-1) and (aggregated analytical and sampling) uncertainty (e = 1, 2, 5, 10, and 25%).  
  



 
 
Figure S14: Required Blue Ridge Basalt feedstock dissolution for enhanced weathering to be 
detectable through mobile cation loss based on assumed values of feedstock addition (a = 10, 20, 
50, and 100 t ha-1) and (aggregated analytical and sampling) uncertainty (e = 1, 2, 5, 10, and 25%). 
 
  



 
 
Figure S15: Required Pioneer Valley Basalt feedstock dissolution for enhanced weathering to be 
detectable through mobile cation loss based on assumed values of feedstock addition (a = 10, 20, 
50, and 100 t ha-1) and (aggregated analytical and sampling) uncertainty (e = 1, 2, 5, 10, and 25%). 
 
  



 
 
Figure S16: Required mean peridotite feedstock dissolution for enhanced weathering to be 
detectable through mobile cation loss based on assumed values of feedstock addition (a = 10, 20, 
50, and 100 t ha-1) and (aggregated analytical and sampling) uncertainty (e = 1, 2, 5, 10, and 25%). 
 
  



 
 
Figure S17: Required Almklovdalen Olivine feedstock dissolution for enhanced weathering to be 
detectable through mobile cation loss based on assumed values of feedstock addition (a = 10, 20, 
50, and 100 t ha-1) and (aggregated analytical and sampling) uncertainty (e = 1, 2, 5, 10, and 25%). 
 
  



 

 
Figure S18: Resolvability of mean basalt feedstock addition (φ) when using Ti as a proxy (i) of 
the addition of mean basalt to US top soils for different assumed values of feedstock addition (a = 
10, 20, 50, and 100 t ha-1) and (aggregated analytical and sampling) uncertainty (e = 1, 2, 5, 10, 
and 25%). The resolvability increases with higher a and lower e. 

 
  



 
 
Figure S19: Resolvability of Blue Ridge Basalt feedstock addition (φ) when using Ti as a proxy 
(i) of the addition of mean basalt to US top soils for different assumed values of feedstock addition 
(a = 10, 20, 50, and 100 t ha-1) and (aggregated analytical and sampling) uncertainty (e = 1, 2, 5, 
10, and 25%). The resolvability increases with higher a and lower e.  
  



 
 
Figure S20: Resolvability of Pioneer Valley Basalt feedstock addition (φ) when using Ti as a proxy 
(i) of the addition of mean basalt to US top soils for different assumed values of feedstock addition 
(a = 10, 20, 50, and 100 t ha-1) and (aggregated analytical and sampling) uncertainty (e = 1, 2, 5, 
10, and 25%). The resolvability increases with higher a and lower e. 
  



 

 
 
Figure S21: Resolvability of mean peridotite feedstock addition (φ) when using Ti as a proxy (i) 
of the addition of mean basalt to US top soils for different assumed values of feedstock addition 
(a = 10, 20, 50, and 100 t ha-1) and (aggregated analytical and sampling) uncertainty (e = 1, 2, 5, 
10, and 25%). The resolvability increases with higher a and lower e. The apparent resolvability for 
mean peridotite (and Almklovdalen Olivine) presents an overestimation of resolvability φ when 
the enrichment of i in post-weathering soil+feedstock samples is taken into account – see Figure 
S36 (and caption) for more detail. In general, the framework presented here only applies for soil-
feedstock combinations where i is larger in feedstocks than soils. Solid-based mass balance 
approaches are not feasible for soil-feedstock combinations where i is lower in feedstock than soils 
– at least not accurately (Reershemius & Suhrhoff, 2023; Reershemius & Kelland et al., 2023) 
Figure S21 demonstrates the importance of taken this into account; if not resolvability φ is 
overestimated. 
 
  



 
 
Figure S22: Resolvability of Almklovdalen Olivine feedstock addition (φ) when using Ti as a 
proxy (i) of the addition of mean basalt to US top soils for different assumed values of feedstock 
addition (a = 10, 20, 50, and 100 t ha-1) and (aggregated analytical and sampling) uncertainty (e = 
1, 2, 5, 10, and 25%). The apparent resolvability for Almklovdalen Olivine (and in fact mean 
peridotite) presents an overestimation of resolvability φ when the enrichment of i in post-
weathering soil+feedstock samples is taken into account – see Figure S36 (and caption) for more 
detail. In general, the framework presented here only applies for soil-feedstock combinations 
where i is larger in feedstocks than soils. Solid-based mass balance approaches are not feasible for 
soil-feedstock combinations where i is lower in feedstock than soils – at least not accurately 
(Reershemius & Suhrhoff, 2023; Reershemius & Kelland et al., 2023) Figure S22 demonstrates 
the importance of taking this into account; if not resolvability φ is overestimated. 
  



 
 
Figure S23: Resolvability of Blue Ridge Basalt feedstock addition (φ) when using Ti/Th as a 
proxy for the addition of mean basalt to US top soils for different assumed values of feedstock 
addition (a = 10, 20, 50, and 100 t ha-1) and (aggregated analytical and sampling) uncertainty (e = 
1, 2, 5, 10, and 25%). The resolvability increases with higher a and lower e. 
  



 
 
Figure S24: Resolvability of Pioneer Valley Basalt feedstock addition (φ) when using Ti/Th as a 
proxy for the addition of mean basalt to US top soils for different assumed values of feedstock 
addition (a = 10, 20, 50, and 100 t ha-1) and (aggregated analytical and sampling) uncertainty (e 
= 1, 2, 5, 10, and 25%). The resolvability increases with higher a and lower e. 
  



 
 
Figure S25: Comparison of the resolvability of feedstock addition (φ) for mean basalt based on 
different proxies of feedstock addition (i), assuming a = 50 t ha-1 and e = 2%.  
  



 
 
Figure S26: Comparison of the resolvability of feedstock addition (φ) for Blue Ridge Basalt based 
on different proxies of feedstock addition (i), assuming a = 50 t ha-1 and e = 2%. 
  



 
 
Figure S27: Comparison of the resolvability of feedstock addition (φ) for Pioneer Valley Basalt 
based on different proxies of feedstock addition (i), assuming a = 50 t ha-1 and e = 2%. 
  



 
 
Figure S28: Comparison of the resolvability of feedstock addition (φ) for mean peridotite based 
on different proxies of feedstock addition (i), assuming a = 50 t ha-1 and e = 2%. 
  



 
 
Figure S29: Comparison of the resolvability of feedstock addition (φ) for Almklovdalen Olivine 
based on different proxies of feedstock addition (i), assuming a = 50 t ha-1 and e = 2%. 
  



 
 
Figure S30: Comparison of the resolvability of feedstock addition (φ) for mean peridotite based 
on different proxies of feedstock addition (i), assuming a = 50 t ha-1 and e = 2%. The figure has a 
different color scale compared to Figure S28 to resolve variability for φ > 10. While φ values for 
Cr and Ni, as well as their ratios with Ti and Th, are promising, viability of these proxies depends 
on the ability to demonstrate immobility at the EW field site (see main text section 4.4). 
 

 
 
Figure S31: Comparison of the resolvability of feedstock addition (φ) for Almklovdalen Olivine 
based on different proxies of feedstock addition (i), assuming a = 50 t ha-1 and e = 2%. The figure 
has a different color scale compared to Figure S28 to resolve variability for φ > 10. While φ values 
for Cr and Ni, as well as their ratios with Ti and Th, are promising, viability of these proxies 
depends on the ability to demonstrate immobility at the EW field site (see main text section 4.4). 
  



 
 

Figure S32: The immobile tracer i with the highest value of φ at each site contained in the USGS 
‘Geochemical and mineralogical data for soils of the conterminous United States’ database. (Smith 
et al., 2013) for all feedstocks. See main text for a detailed analysis. Potential caveats for Ni and 
Cr in terms of mobility in the weathering zone are discussed in section Error! Reference source 
not found.. 

 



 
 

Figure S33: Violin plots for all feedstock addition proxies (i) for the five considered feedstocks 
assuming a = 50 t ha-1 and e = 2%. The best proxy for each data site is shown in Figure S34. 
  



 

 
 
Figure S34: CDR potential for the basalts and peridotites contained in the GEOROC database 
(Lehnert et al., 2000). See main text for more details on the selection criteria of samples from the 
GEOROC database. The CDR potential was calculated using a modified Steinour equation 
(Renforth, 2012, 2019) – essentially this approach assumes that cations released from EW are 
charge balanced by bicarbonate ions. This calculation of CDR potential does not take any sort of 
downstream carbon leakage or emissions in the EW process into account. 
 
 
  



 
 
Figure S35: Violin and box plots of the resolvability of EW feedstock addition (φ) for i = Ti and 
Ti/Th for mean basalt, and i = Ni and Cr for mean peridotite. The data are grouped by relevant 
categories in the sections “Landcover1” (left) and “Landcover2” (right) columns of the USGS 
‘Geochemical and mineralogical data for soils of the conterminous United States’ dataset (Smith 
et al., 2013).  



 
Figure S36: In the simplest formulation of soil-based mass-balances approaches, the addition of 
feedstock to soil samples is estimated from the concentration of an immobile element i in the 
soil+basalt mixture (when i in soil and feedstock endmembers is known; panel a). In this case, 
feedstock addition is estimated from the additional i in the soil+feedstock mix relative to the soil 
baseline. However, in reality, the dissolution of feedstock will cause an enrichment of i in the post-
weathering soil+feedstock mix relative to its initial pre-weathering (post-application) composition, 
because while the immobile elements of the feedstock remain in the mix, the volume of the 
soil+feedstock mix decreases as feedstock dissolves (panel b). In panel b, i and j with a “*” 
superscript refer to apparent feedstock additions and resulting estimates of additions of i and j, 
which still need to be corrected for this enrichment process to yield true dissolution rates. A more 
detailed analysis of this processes can be found elsewhere (Reershemius & Suhrhoff, 2023; 
Reershemius & Kelland et al., 2023). The study presented here does not account for this process 
for two reasons; first, in the context of EW resolvability it increases the resolvability of EW signals 
because the post-weathering soil+feedstock data point falls further away from the mixing line. Not 
accounting for this in the framework here is conservative because it assumes the initial ([i]0) 
concentration of i, which falls closer to the mixing line, providing a stricter criterion for 
resolvability. Second, for elements that are enriched in the feedstock – which are the focus of this 
study – this process can be corrected for accurately (Reershemius & Kelland et al., 2023). 
However, enrichment of immobile elements does have important consequences for feedstock-soil 
combinations where i concentrations are lower in the feedstock than in the soil. Here, the 
enrichment will cause the post-weathering soil+feedstock mix to fall closer or onto the mixing line 
defined by soil and feedstock endmembers (c). Hence, for these soil-feedstock combinations, not 
accounting for immobile element enrichment will overestimate resolvability. This is for example 
an issue when calculating φ for Almklovalen Olivine based on i = Ti (Figure S22). The apparent 
resolvability is a result of extremely low Ti concentrations in Almklovdalen Olivine. However, the 
process laid out in panel c (see also main text) prevents feedstock addition to actually be resolvable 
in this scenario. In general, the framework introduced here should only be applied to soil-feedstock 
combinations where i is larger in feedstock than soils. In these settings, the framework used here 
is appropriate and conservative. As a result, the online tools accompanying this paper does not 
compute calculation of φ values for soil-feedstock where i is smaller in feedstocks than soils to 
prevent erroneous overestimation of resolvability φ for unsuitable soil-feedstock combinations. 
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