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ABSTRACT:  Olivine is a dynamic and important mineral in 11 

the crust and mantle with relevance to processes important to 12 

climate change technology, such as geologic carbon storage and 13 

critical mineral recovery. In this work, we critically evaluated 14 

and compiled a new database of olivine diffraction data, lattice 15 

parameters, and composition to enable rapid Ni-Mg-Fe olivine 16 

composition determination. A compilation of olivine X-ray 17 

diffraction data and chemical compositions from both the 18 

literature and the International Centre for Diffraction Data 19 

(ICDD) powder database was assembled to plot both the 20 

forsterite-fayalite and forsterite-liebenbergite solid solution lines. We present an expanded dataset to delineate 21 

equations and relationships used for quantifying the correlations between olivine lattice parameters and chemical 22 

compositions in Mg2SiO4-Fe2SiO4 (forsterite-fayalite) and Mg2SiO4-Ni2SiO4 (forsterite-liebenbergite) olivine solid 23 

solution series. 24 

INTRODUCTION 25 

Olivine is one of the most abundant and important 26 

minerals in the Earth due it’s prevalence in the upper 27 

mantle and its involvement in natural geologic 28 

processes2 including: the rheology of the mantle3, 29 

formation of magmatic Ni-Cu sulfide deposits4-9, and 30 

sources of mantle derived magma10-12. Understanding 31 

olivine and olivine-type structures and their properties 32 

is also important for the development of energy 33 

storage materials13-19.  34 

Olivine dissolution20-23 and carbonation24-83 reactions 35 

have been extensively explored as a potential pathway 36 

for anthropogenic CO2 storage via mineralization and 37 

carbon dioxide removal (CDR) as the reaction of 38 

olivine and carbon dioxide produces stable carbonate 39 

minerals36, 48-50, 54, 64, 84-95. Olivine has been explored 40 

for CDR in multiple settings including: enhanced 41 

weathering96, ex situ mineralization of mine tailings97-
42 

99, and in situ mineralization of olivine-rich rocks27, 47, 
43 

87, 88, 91, 100-120 (e.g. peridotites). Overall, accurate 44 

compositional characterization of olivine is key to 45 

evaluating a reservoir for carbon mineralization 46 

potential as this can inform calculations for overall 47 

carbon mineralization potential as well as recovery of 48 

critical minerals based on the divalent cations present 49 

in the olivine structure121, since olivine carbonation 50 

reactions have also been shown to mobilize trace 51 

metals present within the olivine structure122-130. 52 

 

Figure 1. VESTA1 crystal structure of forsteritic olivine using a 

polyhedral model (A) with M1 and M2 cation sites labeled and 

using a ball and stick model (B) with the d130 lattice plane 

highlighted in green. Orange, blue and red spheres represent Mg, 

Si, and O, respectively. The grey inclusion within the Mg 

spheres represents Fe. 
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Natural olivine may contain up to ~7000 ppm Ni131 53 

in its structure by substitution with divalent metal 54 

cations (e.g. Mg and Fe) and Ni tends to preferentially 55 

substitute into the M1 cation site132-139, which is 56 

smaller and more distorted, compared to the M2 site 57 

(Figure 1A). Other divalent metals that can substitute 58 

into the olivine structure include Mn, Ca, Co, Be, and 59 

Zn, and these olivine structure minerals (Tephroite, 60 

Calcio-olivine, Co-olivine, Phenakite, and Willemite, 61 

respectively) are useful model minerals for unraveling 62 

mineral transformation reactions70, 140. Ni is of 63 

importance to this study as it has received the 64 

designation of a ‘critical mineral’ due to its depleted 65 

supply, high demand, and important role in many 66 

green technologies141, such as energy storage systems 67 

(i.e. batteries), wind, solar, and nuclear energy142-144. 68 

Although Mn is also considered a critical mineral141, 69 

olivine in mafic-ultramafic rocks targeted for carbon 70 

mineralization have higher abundances of Ni than 71 

Mn145-147, and Mn-olivine (Tephroite) primarily occurs 72 

in metamorphosed skarn deposits and Zn ores148. In 73 

general, the composition of olivine is such that the 74 

greater the Mg content of the olivine crystal or region, 75 

the greater the Ni content149, though there is some 76 

variation, primarily due to the presence or absence of 77 

sulfide minerals131. Therefore, determining the Mg 78 

content of an olivine sample can provide an indication 79 

of the Ni content of the olivine, and therefore guide the 80 

assessment of nickel recovery potential.  81 

Compositional characterization of olivine in a 82 

reservoir can be utilized to evaluate a site for carbon 83 

storage coupled with critical mineral recovery, which 84 

can lead to carbon negative mining and an additional 85 

source of revenue for carbon capture and storage 86 

projects. 87 

X-ray diffraction (XRD), and specifically powder 88 

XRD, are important tools for identifying minerals and 89 

determining the lattice parameters of a sample. XRD 90 

analysis and refinements allow for relatively fast 91 

characterization of these important mineral properties. 92 

Previous studies have compiled data from scans of 93 

olivine along the solid solutions of forsterite (Fo)-94 

fayalite (Fa) (Mg-Fe) and forsterite-liebenbergite 95 

(Lbb) (Mg-Ni). Schwab and Kustner 1977150 compiled 96 

data for Fo-Fa olivine and constructed an equation to 97 

relate the composition of an olivine to its d130 spacing 98 

(Figure 1B). Morrison et al, 2018151, performed a 99 

similar yet more extensive and statistically robust data 100 

compilation and constructed equations for determining 101 

Fe and Mg content based on the b lattice parameter of 102 

forsterite-fayalite. However, these two studies did not 103 

consider the effects of common cation substitutions152, 
104 

153 in olivine when constructing their structure-105 

composition relationships.  106 

In our present study, we compiled literature data and 107 

International Center for Diffraction Data (ICDD) 108 

powder diffraction database files to further quantify 109 

the relationships of olivine lattice parameters and 110 

chemical compositions for Fo-Fa and Fo-Lbb olivine 111 

solid solutions with an expanded database. These 112 

relationships are presented in the forms of equations 113 

relating the unit cell parameters and d130 spacings of 114 

the olivine lattice to the Mg content in atoms per 115 

formula unit (apfu, also known as atomic proportion 116 

Endmember 

Olivine 

d130 (Å) a (Å) b (Å) c (Å) Volume (Å3) Data Points 

Forsterite 

(Mg2SiO4) 

2.76529 ± 

0.00129 

4.75421 ± 

0.00215 

10.1981 ± 

0.0054 

5.98131 ± 

0.00264 

290.000 ± 0.325 23 

Fayalite  

(Fe2SiO4) 

2.82816 ± 

0.00145 

4.81925 ± 

0.00221 

10.4786 ± 

0.0074 

6.09030 ± 

0.00594 

307.547 ± 0.489 12 

Liebenbergite 

(Ni2SiO4) 

2.74603 ± 

0.00136 

4.72843 ± 

0.00262 

10.1205 ± 

0.0033 

5.91295 ± 

0.00265 

282.958 ± 0.350 6 

Table 1. Averaged cell parameters, d130 lattice spacing, and volume for the endmember olivine samples. 

 

Figure 2. Ternary plot of all data points used in this study, 

including both Fo-Fa (Mg-Fe) and Fo-Lbb (Mg-Ni) solid 

solutions. Vertices represent endmember minerals. Points are 

scaled by Mn content (apfu) in both color and size.  
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per formula unit) for both solid solutions. This value 117 

is equivalent to 2Mg/(Mg+Fe+Mn+Ni+other trace or 118 

major substituted cations) for both Fo-Lbb and Fo-Fa. 119 

Discussions of the effects and implications of cation 120 

substitution into these solid solutions are also 121 

included. This work may be used to determine the 122 

composition of olivine on earth and beyond151, 154-158 123 

relatively quickly, approximately one hour after 124 

receiving the sample, by powder XRD and therefore 125 

be used for exploration and evaluation of resources 126 

targeted for carbon mineralization and critical mineral 127 

recovery.  128 

METHODS AND MATERIALS 129 

Data Compilation and Curation. Data compilation 130 

began with extracting crystallographic parameters and 131 

chemical compositions from within the ICDD powder 132 

diffraction database (PDF-4+ 2023). Each data point 133 

was added into an excel spreadsheet to curate and 134 

remove obvious duplicates from within the data. 135 

Duplicates were observed when data from the same 136 

study was reported twice, or with slightly different 137 

chemical composition data that did not correlate to the 138 

literature source. Data was then plotted to pinpoint 139 

outliers within the set, and these were then re-checked 140 

in the database and literature to determine if the 141 

problem point was a result of scan quality or an 142 

incorrect or simplified reporting of chemical 143 

composition. Outliers were always explained by either 144 

of these two factors and were either corrected upon 145 

examination of the original literature or removed from 146 

the dataset. Approximately 7% of the original dataset 147 

Study 

Number of 

Data Points 

Used 

This Study 162 

Morrison et al. (2018)1 60 

Schwab and Kustner (1977)2 23 

Jahanbagloo (1969)3 16 

Louisnathan and Smith (1968)4 25 

Yoder and Sahama (1957)5 31 

Table 2: Comparison of data used between current study and 

previous studies focused on structure-composition 

relationships between the unit cell parameters and/or lattice 

plane spacings and the cation composition in Fo-Fa Olivine. 

 

Figure 3: Forsterite – Fayalite cell parameters a (A), b (B), c (C) and d130 lattice spacing (D) vs Mg content (apfu). Points are colored 

and sized by Mn atoms per formula unit. Black points are samples with no reported Mn. Lines of best fit (orange dashes) are plotted and 

surrounded by a grey 95% confidence interval. The equations for the lines of best fit are reported in top half of Table 3. 
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was either removed or edited to reflect their literature 148 

source. 149 

Plotting and Analysis Methods. The chemical 150 

impurity outliers informed a new method of plotting 151 

structure composition relationships. This includes 152 

plotting a third variable in a two dimensional plot in 153 

the programming language R, using the ggplot2 154 

package159, with different color and sized points based 155 

on the amount of the impurity. This approach allows 156 

for outliers to be easily observed and explained and 157 

creates new ways to view the structure-compositional 158 

relationships of olivine not directly on the solid 159 

solution line. Beyond this plotting technique, we 160 

modified the R code from Morrison et al.151 to perform 161 

a linear least-squares regression calculation for a line 162 

of best fit between the unit cell parameters and d130 163 

diffraction peak against the Mg composition for both 164 

Fo-Fa and Fo-Lbb olivine. This was then used to 165 

calculate a root mean squared error (RMSE) for the 166 

line of best fit. Finally, we removed all non-end 167 

member olivine with reported trace and major 168 

substituted cations (e.g. Co, Mn, Fe, etc.) to 169 

recalculate the equations and the RMSE for each of the 170 

solid solutions that had no reported impurities. A 171 

combination of the two solid solutions was also plotted 172 

in a ternary plot, using the ggtern package160 in R. 173 

RESULTS AND DISCUSSION 174 

Olivine Structure-Composition Dataset 175 

Characteristics. This study uses 217 data points132-136, 
176 

139, 148, 150, 161-218; 162 fall into the Fo-Fa solid solution 177 

and 78 are Lbb-Fo olivine, with each set sharing the 178 

endmember forsterite samples. For endmember 179 

olivines, our dataset contains 23 Fo, 12 Fa, and six Lbb 180 

samples. The averaged cell parameters, volumes, and 181 

d130 lattice spacings for Fo, Fa, and Lbb are presented 182 

in Table 1 and all collected literature data is attached 183 

as a Supporting Information spreadsheet. Table 2 184 

compares this study to previous studies that created an 185 

equation on the structure-composition relationships 186 

between the unit cell parameters and/or lattice plane 187 

spacings from XRD data and the cation composition 188 

of the Fo-Fa series. There have also been other studies 189 

that have focused on creating structure composition 190 

relationships for olivine by comparing the same 191 

structural parameters gathered from XRD but instead 192 

of cation composition, created relationships with the 193 

mean cation radius219, 220. Furthermore, other works 194 

have explored structure-composition relationships for 195 

Fe-Mn221, Mg-Mn221-224, Mg-Mn-Zn224, Mg-Zn, and 196 

Mg-Co223 olivine. The current dataset compiles over 197 

double the XRD scans from the next highest study on 198 

Fo-Fa olivine151, contains more than the combined 199 

total of all the major studies listed in Table 2, and 200 

introduces at least 90 new data points. The 201 

composition of both the Fo-Fa and Fo-Lbb series are 202 

shown in the ternary plot of Figure 2. The vertices of 203 

the plot show Fo, Fa, and Lbb and the points are both 204 

colored and sized based on the most common 205 

 

Figure 4: Olivine d130 lattice spacing vs Mg content for the Fo-Fa 

solid solution. Points are colored and sized by Ni content (apfu). 

Black points contain no reported Ni. 

Cell 

Parameters 

and d
130
 

Structure-Composition 

Equation for Fo-Fa with 

Substituted Cations 
RMSE 

a (Å) Mg = -28.7153a + 138.547 0.10 

b (Å) Mg = -6.89415b + 72.3078 0.065 

c (Å) Mg = -17.6449c + 107.554 0.087 

d
130 

(Å) Mg = -30.5803d
130

 + 86.5706 0.068 

Cell 

Parameters 

and d
130
 

Structure-Composition 

Equation for Fo-Fa without 

Substituted Cations 
RMSE 

a (Å) Mg = -29.4019a + 141.815 0.095 

b (Å) Mg = -7.07575b + 74.1607 0.052 

c (Å) Mg = -18.0860c + 110.191 0.077 

d
130 (Å) Mg = -31.3466d

130
 + 88.6910 0.057 

Table 3: Structure-composition equations and RMSE for Fo-Fa 

olivine with and without substituted cations. The first half of the 

table uses 162 data points, and the second half uses 131 data 

points. 
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substituted cation in the series, Mn. Most data points 206 

are grouped in the Fo-Fa series compared to Fo-Lbb 207 

and 101 of the 162 Fo-Fa samples are above Fo80.  208 

Additionally, in the Fo-Fa series, 31 non-endmember 209 

points contain trace and major substituted cations (Mn, 210 

Ni, Co, Cr, Ca), and the Fo-Lbb series contains five 211 

points with trace and major substituted cations (Fe, 212 

Co), however it is likely not every sample had the 213 

exact composition reported, and therefore some 214 

reported chemical formulas may be overly simplified. 215 

Forsterite-Fayalite (Mg2SiO4 – Fe2SiO4). In Figure 216 

3 there are clear, linear trends for all the cell 217 

parameters and d130 lattice spacings against the Mg 218 

composition of the Fo-Fa olivine samples. The 219 

equations for these lines are reported in the top half of 220 

Table 3, along with the RMSE associated with each. 221 

The lowest RMSE is associated with the b cell 222 

parameter. The bottom half of Table 3 shows new 223 

equations for the solid solution, disregarding any 224 

points that contain substituted cations, lowering the 225 

associated RMSE, as the effect of cations that are not 226 

Fe or Mg tends to move the sample off the linear best 227 

fit line.  228 

The plots in Figure 3 demonstrate the effect that Mn, 229 

which was the most abundant trace and major 230 

substituted cation in the Fo-Fa series, has on the 231 

positioning of points in relation to the overall line of 232 

best fit for the data. Since Mn2+ is larger than both Fe2+ 233 

and Mg2+, it increases the cell parameters and d130 234 

lattice spacing, as shown. Mn2+ is much closer to Fe2+ 235 

in size than Mg2+, and since it tends to substitute more 236 

often into fayalite149, it has a minimal effect on the 237 

series in comparison to the effect of Fe on the Fo-Lbb 238 

series. Figure 3 shows that even at 0.12 apfu Mn, the 239 

points are still close to the lines of best fit.  240 

Additionally, in Figure 4, we show the inclusion of 241 

substituted Ni in the Fo-Fa series. In accordance with 242 

previous studies131, 149, substituted Ni increases with 243 

Mg and decreases with Fe. This result has implications 244 

for critical mineral exploration and recovery, as the 245 

discovery and identification of Mg-rich olivine with 246 

 

Figure 5: Forsterite – Liebenbergite cell parameters a (A), b (B), c (C) and d130 lattice spacing (D) vs Mg content (apfu). Points 

are colored and sized by Fe atoms per formula unit. Black points are samples with no reported Fe. Lines of best fit (orange dashes) 

are plotted and surrounded by a grey 95% confidence interval. The equations for the lines of best fit are reported in the top half 

Table 4. 
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XRD and other tools likely indicates elevated Ni 247 

concentrations. Even ppm levels of Ni within the 248 

olivine structure, which would be deemed 249 

uneconomical for traditional critical metal mining, 250 

may provide a significant source of revue for 251 

commercial carbon storage and critical mineral 252 

recovery operations when recovered at a large enough 253 

scale121. 254 

Forsterite – Liebenbergite (Mg2SiO4 – Ni2SiO4). In 255 

Figure 5, there are again clear trends for d130 lattice 256 

spacing and the cell parameters against the Mg 257 

composition in the series. The top half of Table 4 258 

presents the equations associated with the lines of best 259 

fit in Figure 5. The associated RMSE with these 260 

points is high, with each equation being above 0.19. 261 

This is due in large part to the presence of substituted 262 

cations, with the most impactful being Fe2+. Iron 263 

causes an increase in cell parameters and d130 lattice 264 

spacing since it has a much larger cationic size 265 

compared to both Ni2+ and Mg2+. Thus, when points 266 

that only contain Mg and Ni are plotted, the RMSE 267 

drops substantially, seen in the bottom half of Table 268 

3, with the equation for the c cell parameter only 269 

having an RMSE of 0.085.  270 

A noticeable difference in Figure 5B compared to 271 

Figure 3B is the quadratic line of best fit for the b cell 272 

parameter and d130 lattice spacing plots. Previous 273 

studies132, 136, also noted the quadratic fit associated 274 

with the b cell parameter in Mg-Ni olivine. They 275 

indicated that the plateau or maximum at Ni amounts 276 

less than ~0.5 apfu and is likely associated with a 277 

crystal chemistry discontinuity related to Ni’s 278 

preference to occupy the M1 cation site, which has 279 

recently been supported by density functional theory 280 

ab initio molecular dynamic calculations225, and the b 281 

cell parameter’s dependence upon the disorder 282 

between the M1 and M2 sites in olivine. The same 283 

quadratic trend is observed in this study with the 284 

addition of the d130 lattice spacing in Figure 5D, 285 

indicating a similar mechanism causing this plateau 286 

for 0-0.5 apfu Ni content in the series. Other studies 287 

observed similar non-linearity for the b cell parameter 288 

in the Mg-Mn224 and Mg-Co223 olivine series. 289 

Additionally, Lumpkin et al (1983) notes that for 290 

Francis (1980), who looked at Mg-Mn olivine, it may 291 

be possible to fit the non-linear data with two straight 292 

lines226.  293 

The low-Ni olivine content discontinuity in the Fo-294 

Lbb series also manifests itself in plots of unit cell 295 

volume against the cell parameters. Figure 6 plots the 296 

a, b, and c cell parameters, against the unit cell volume 297 

for both the Fo-Lbb and Fo-Fa. Figure 6A, which 298 

plots the a cell parameter shows how the slope remains 299 

almost constant from Lbb to Fo to Fa, as the slope for 300 

Fo-Lbb is 263 and the slope of Fo-Fa is 239. In 301 

contrast, Figure 6B plots the b cell parameter, which 302 

is linear for the Fo-Fa series, but when it crosses over 303 

to the Fo-Lbb series, we again see a divergence from 304 

linearity for low Ni content, which manifests as an 305 

effect on the volume of the unit cell. The mechanism 306 

for this effect is due to the b cell parameter being 307 

highly dependent on the size of the M2 cation219, and 308 

since Ni is preferentially occupying the M1 site, the b 309 

cell parameter remains constant. Figure 6C, which 310 

plots the c cell parameter shows another scenario 311 

where, when the two solid solutions meet at Fo, they 312 

merely change slope, but both maintain a linear 313 

character. The slope of Fo-Lbb is 99 and the slope of 314 

Fo-Fa is 161, so there is a clear distinction between the 315 

two. 316 

Cell 

Parameters 

and d
130

  
Structure-Composition 

Equation for Fo-Lbb with 

Substituted Cations 
RMSE 

a (Å) Mg = 5.48098a + 1.20635  0.21 

b (Å) Mg = -0.285163b
2
 + 4.86330b + 

1.20635 
0.36 

c (Å) Mg = 5.54337c + 1.20635  0.19 

d
130 (Å) Mg = -0.149705d

130

2
 + 

5.02253d
130

 + 1.22550 
0.30 

Cell 

Parameters 

and d
130

  
Structure-Composition 

Equations for Fo-Lbb without 

Substituted Cations 
RMSE 

a (Å) Mg = 5.52081a + 1.23103 0.14 

b (Å) Mg = 0.974201b
2
 + 5.18762b + 

0.974201 
0.24 

c (Å) Mg = 5.60686c + 1.23103 0.085 

d
130 (Å) Mg = 0.897342 d

130

2
 + 5.23193 

d
130

 + 1.25469 
0.17 

Table 4: Structure-composition equations and RMSE for Fo-

Lbb olivine with and without substituted cations. The top half 

of the data uses 78 data points, and the bottom half uses 73 data 

points. For d130, the top half uses 70 points and the bottom half 

uses 65 points. 
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This preference for Ni partitioning into the M1 cation 317 

site has potential implications for critical mineral 318 

release via olivine dissolution. Preferential olivine 319 

dissolution occurs along specific crystallographic 320 

planes22, 227-231 which have different exposures of M1 321 

sites. For instance, Awad228 et al. demonstrated fastest 322 

dissolution rates along the b crystallographic axis, 323 

where M1 sites are prevalent. However, subsequent 324 

work showed dissolution rate variability along the 325 

same surfaces and that the primary control on 326 

anisotropic dissolution is the number of surface 327 

defects, regardless of crystallographic orientation229. 328 

To the best of our knowledge, the propensity for 329 

defects to form on specific olivine surfaces is not yet 330 

constrained232, so the first order controls on 331 

anisotropic olivine dissolution is still an open 332 

question. 333 

CONCLUSION 334 

Herein we present equations with the ability to predict 335 

the chemical composition of Mg-Fe and Mg-Ni olivine 336 

sample based on only XRD data and Rietveld 337 

refinement analysis. Previous studies largely focused 338 

on endmember examples without considering the 339 

common substitutions of minor elements for Mg and 340 

Fe. By expanding our dataset to include a variety of 341 

olivine compositions, both with and without cation 342 

substitutions, we provide equations that are more 343 

realistic in terms of the estimation and error inherent 344 

with calculating composition based on diffraction 345 

data. Additionally, we present the structural anomaly 346 

present in Fo-Lbb olivine, which results in a quadratic 347 

structure-composition equation, in contrast with the 348 

linear relationship present in Fo-Fa olivine. These 349 

quantitative structure-composition relationship results 350 

for the Ni-Mg-Fe olivine ternary will help inform 351 

predictive understanding of doping (metal 352 

substitution) and reactivity studies given the 353 

technologic and environmental importance of olivine. 354 

Our results also   have potential to enhance exploration 355 

and evaluation of assets for olivine-based carbon 356 

storage and critical mineral recovery, two linked 357 

technologies that may play an important role in the 358 

transition to renewable energy.  359 
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