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ABSTRACT:   The Tamarack ultramafic intrusion in 14 

Minnesota, USA may be suited to host concurrent 15 

carbon sequestration and critical mineral recovery. 16 

These dual capabilities are vital to reduce carbon 17 

emissions and supply metals (e.g. nickel) necessary for 18 

electric vehicles and other rapidly upscaling energy 19 

technologies. To understand carbonation reaction 20 

pathways and assess carbon sequestration potential in 21 

the Tamarack Intrusive Complex (TIC), we reacted a 22 

suite of Tamarack Bowl intrusion olivine (BIO) 23 

samples with aqueous-dissolved and liquid or 24 

supercritical CO2 (scCO2) at 90 bar and 21-90 °C to simulate a range of subsurface conditions. Samples were 25 

characterized pre- and post-reaction with multiple geochemical and mineralogical techniques, and results indicate 26 

mineral dissolution followed by magnesite precipitation. Pseudo in situ Identical Location Transmission Electron 27 

Microscopy (IL-TEM) experiments revealed that a carbonation reaction of TIC BIO peridotite with water-saturated 28 

scCO2 formed aragonite nanocrystals on an altered plagioclase surface and induced dissolution of nickel-bearing 29 

forsteritic olivine. The presence of nanoscale-resolved carbonation products identified by IL-TEM, coupled with 30 

carbonate transformation rates quantified in batch reactions, suggests that the TIC BIO resource can conservatively 31 

store 320-1,070 million metric tonnes (MMT) of CO2 via mineralization while mobilizing 0.9-3.1 MMT of nickel if 32 

only 5% of the TIC rock volume is accessed.  33 

SYNOPSIS: Carbon-negative critical mineral mining can be implemented in the Tamarack Intrusive Complex 34 

peridotite, USA via deep in situ leaching with CO2-H2O fluids. 35 

  36 
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INTRODUCTION 37 

Carbon capture and storage (CCS) technologies are 38 

upscaling as part of a growing portfolio of energy 39 

security approaches. Carbon mineralization is an 40 

optimal carbon storage method because it is durable, 41 

permanent on geologic timescales1, 2, and 42 

thermodynamically favorable3. A growing body of 43 

work has identified carbon mineralization pathways 44 

and discussed opportunities and challenges for in situ4-
45 

6, ex situ7-9, and enhanced weathering10, 11 carbon 46 

sequestration. Pilot studies in the USA12, 13, Iceland14, 
47 

15, Oman16, 17, and Saudi Arabia18 have demonstrated 48 

that the injection of CO2 into mafic-ultramafic 49 

reservoirs has the potential to permanently store vast 50 

amounts of carbon in the form of stable carbonate 51 

minerals.  52 

Additionally, in situ carbon sequestration has the 53 

potential to supply value added products as an 54 

unconventional source of critical minerals19, 20. Critical 55 

materials such as nickel, cobalt, and rare earth 56 

elements are used to produce renewable energy 57 

technologies including durable batteries used in 58 

Artificial Intelligence data centers and electric 59 

vehicles21. The exploration and production of these 60 

materials must rapidly increase to meet the growing 61 

global need for widely deployable energy and 62 

computing technologies. As nickel demand alone is 63 

expected to triple by 203022, new mining and chemical 64 

recovery strategies must come into play to ensure a 65 

robust and sustainable use of diminishing natural 66 

resources. Recent work has investigated geochemical 67 

pathways to couple the dual climate goals of durable 68 

carbon storage and enhanced mineral recovery20, 23-26, 69 

an aim that would facilitate a carbon-negative critical 70 

mineral supply chain27.  71 

The Tamarack project is an undeveloped high-grade 72 

nickel deposit in Minnesota, United States.28 This site 73 

is of potential interest for demonstrating the 74 

integration of durable carbon storage with the Ni 75 

mining process, including in olivine-rich peridotite 76 

resources that lack what are traditionally considered to 77 

be high-grade economical sulfide-rich ores. Carbon 78 

captured from regional point sources could 79 

conceivably be transported to the Tamarack project 80 

and injected as liquid (l), supercritical (sc), and/or 81 

aqueous (aq) CO2 into the subsurface, leading to the 82 

dissolution of mafic-ultramafic host rock and the 83 

formation of stable carbonate minerals29, 30. Injected 84 

CO2 will also act to leach nickel from olivine in host 85 

rock, potentially allowing for enhanced critical 86 

mineral recovery from the aqueous fluid phase31. 87 

Herein, we investigate carbon mineralization reactions 88 

of Tamarack rocks as part of an effort to assess the 89 

potential for critical mineral recovery with carbon 90 

storage in ultramafic resources. We first investigated 91 

carbonation pathways in batch reaction experiments at 92 

a range of subsurface conditions before turning to 93 

state-of-the-art transmission electron microscopy 94 

reaction monitoring techniques32 to probe spatially 95 

resolved, nanoscale changes at the mineral-fluid 96 

interface.  97 

METHODS AND MATERIALS 98 

Geologic Background and Sample Preparation. 99 

The Tamarack Intrusive Complex (TIC) is part of the 100 

larger Midcontinent Rift system stretching across 101 

much of the midwestern United States. The TIC is 102 

comprised of two primary mafic-ultramafic magmatic 103 

intrusions: the “dike” intrusion to the north and the 104 

“bowl” intrusion to the south. The dike region hosts 105 

disseminated Ni-rich sulfide mineralization and 106 

records a history of multiple magmatic pulses that 107 

formed a coarse-grained olivine (CGO) unit and a 108 

fine-grained olivine (FGO) unit. The Tamarack Bowl 109 

is a potentially porous and permeable peridotite unit 110 

composed largely of fine-grained olivine (Figure S1). 111 

It is overlain by a gabbro-gabbronorite caprock33-35. In 112 

this work, we refer to the olivine retrieved from the 113 

Tamarack Bowl and discussed in this work as Bowl 114 

intrusion olivine (BIO) to distinguish it from FGO 115 

hosted in the TIC dike. 116 

Two sample sets were collected from the BIO region 117 

of the Tamarack Intrusive Complex (TIC) shown in 118 

Figure S1. The Tamarack Bowl-1 sample was 119 

retrieved from 588 m depth in the 10TK0128 120 

Tamarack borehole, and the Tamarack Hybrid sample 121 

was created from a mixture of three core samples 122 

collected from two historic boreholes (177-215 m 123 

depth) in the TIC’s BIO region. These cores were dry 124 

sieved into a 0.425- 2 mm size fraction and portions of 125 

the Bowl-1 and Hybrid samples were ground in an 126 

agate mortar and pestle to a fine powder for analysis.  127 

Sample Characterization Techniques. The 128 

characterization of unreacted Tamarack samples was 129 

accomplished with a suite of analytical techniques. 130 

First, Bowl-1 and Hybrid samples were analyzed with 131 

powder X-ray diffraction (XRD) to resolve original 132 

mineral phases, which were identified using the Eva 133 

software and quantified using the TOPAS software 134 

(Table S1). The samples’ carbonate mineral content 135 

was quantified with thermogravimetric analysis-mass 136 

spectrometry (TGA-MS). Helium pycnometry (Table 137 

S2) yielded a rock density of 3.31 g/cm3 (an average of 138 

the Bowl-1 and Hybrid sample densities of 3.27 g/cm3 139 

and 3.35 g/cm3, respectively). Electron probe 140 

microanalysis (EPMA) on the Bowl-1 sample yielded 141 

a spatially resolved geochemical composition for the 142 

grain surface (Table S3) and was particularly helpful 143 
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in identifying and visualizing critical metal 144 

distribution. These methods are further described in 145 

the Supporting Information.  146 

Batch Reactor Experiments and Carbonation Rate 147 

Quantification. After thorough characterization, the 148 

Bowl-1 and Hybrid samples were reacted in a static 149 

Parr vessel batch experiment with aqueous-dissolved 150 

CO2 and wet scCO2. For ease of notation, we designate 151 

scCO2 to refer to non-aqueous CO2 injected as a liquid 152 

for the 21 °C batch experiment and a supercritical fluid 153 

for the 50 and 90 °C experiments. Experimental 154 

conditions were chosen to simulate reservoir 155 

conditions and procedures are described further in the 156 

Supporting Information. Samples recovered at 157 

multiple reaction timesteps were mineralogically and 158 

compositionally characterized by XRD and TGA-MS. 159 

Carbonate mineral mass was determined by measuring 160 

samples’ evolved CO2 ion current with TGA-MS and 161 

comparing against a calcium oxalate monohydrate 162 

calibration curve, as recently described36. Carbonation 163 

efficiency was obtained by plotting Tamarack 164 

samples’ evolved CO2 ion current area against 165 

calibration curves37. Measurements were conducted in 166 

triplicate and yielded a standard deviation of 0.025 167 

wt%.   168 

Identical Location Transmission Electron 169 

Microscopy (IL-TEM). We used our recently-170 

developed IL-TEM methodology32 for evaluating 171 

carbonation reactions to understand dissolution-172 

precipitation reactions happening at the grain-fluid 173 

interface. Nanoscale-resolved crystallographic images 174 

of identical grain locations before and after reaction of 175 

a Bowl-1 sample with scCO2 in a Parr vessel at 50 °C 176 

and 90 bar were obtained with TEM and Energy-177 

Dispersive Spectroscopy. IL-TEM methods are further 178 

described in Li et al.32 and in the Supporting 179 

Information.  180 

RESULTS AND DISCUSSION 181 

Chemical Composition and Mineralogy of 182 

Unreacted Tamarack Samples. The geochemical 183 

and mineralogical analyses described in the methods 184 

revealed the unreacted Tamarack samples to be 185 

composed predominantly of un-serpentinized 186 

peridotite. XRD-probed mineral assemblages consist 187 

primarily of a forsteritic olivine phase (65 wt%) with 188 

significant pyroxene and calcic plagioclase feldspar 189 

(anorthite) and minor chlorite, hornblende, magnesite, 190 

and talc. These results are generally consistent with 191 

previously reported compositions for the TIC33, 35. 192 

EPMA analysis on the Bowl-1 olivine grains revealed 193 

a composition of Fo77 to Fo83 (Mg1.54Fe0.46SiO4 to 194 

Mg1.66Fe0.34SiO4), with 1651-2044 ppm Ni in the 195 

olivine. This forsteritic composition was consistent 196 

with our XRD results interpreted using structure-197 

composition relationships for olivine38, which resulted 198 

in an estimated composition of Fo82 199 

(Mg1.64Fe0.36SiO4). Spatially resolved geochemical 200 

and mineralogical data from XRD and EPMA are 201 

shown in Figures S2-S4. 202 

TGA-MS data for the unreacted Tamarack Bowl-1 and 203 

Hybrid samples show a 2.2% and 1.9% respective 204 

mass loss during heating coincident with a bimodal 205 

release of CO2 over a temperature range consistent 206 

with the presence of magnesite (MgCO3)39-41.  207 

Calculations indicate a 2.50 wt% and 2.45 wt% 208 

magnesite abundance for the Bowl-1 and Hybrid 209 

samples, respectively. No evidence for the presence of 210 

calcite, which decomposes at higher temperatures than 211 

magnesite (~900 °C42 compared to ~600-650 °C43), 212 

was observed in TGA-MS analysis.  213 

Magnesite Dissolution and Precipitation in Batch 214 

Reactor Experiments. Following 38- and 90- day 215 

batch reaction experiments, the Hybrid BIO samples 216 

were recovered and characterized to detect and 217 

quantify changes due to olivine dissolution, carbonate 218 

formation, and secondary mineral alteration. Subtle 219 

carbonate mineral changes observed via TGA-MS 220 

were the most salient indicator of carbon 221 

mineralization in our experiments. Weight loss due to 222 

preexisting carbonate decomposition and evolved CO2 223 

ion current peaks obtained from TGA-MS for Hybrid 224 

BIO samples reacted with scCO2 at 50-90 °C and 90 225 

bar are plotted in Figure 1. The results for the 38-day 226 

reacted samples indicate that magnesite dissolution 227 

occurred. In scCO2 experiments, magnesite 228 

reprecipitated and/or precipitated after 90 days. In CO2 229 

(aq) experiments, magnesite continued to experience 230 

net dissolution during the 90 days of reaction. 231 

An examination of evolved CO2 ion current curves 232 

reveals changes in carbonate mineral assemblages 233 

during early-stage carbonation. For Hybrid BIO 234 

samples reacted with CO2 (aq) for 90 days, a low 235 

temperature (~350-500 °C) evolved CO2 ion current 236 

peak was observed in the TGA-MS data (see Figure 237 

1c-d) in addition to the large peak at ~600 °C 238 

consistent with magnesite’s thermal decomposition 239 

range43. This broad CO2 ion current peak at ~400 °C 240 

potentially indicates the formation of an amorphous 241 

carbonate during the early precipitation phase, 242 

following from previous studies44, 45.  In unreacted 243 

Hybrid samples, a minor shoulder at the ~650 °C peak 244 

suggests the presence of a Ca-bearing carbonate which 245 

is reordered and/or dissolved by 38 days of reaction 246 

with scCO2 or CO2 (aq), based on the disappearance of 247 
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this shoulder in the reacted sample. The rapid 248 

dissolution rate of Ca-rich carbonates compared to 249 

Mg-rich carbonates46 further indicates that this phase 250 

is Ca-bearing. Because its decarbonation temperature 251 

is lower than that of a fully crystalline calcium 252 

carbonate42, we assume this phase is a unique Ca-Mg 253 

carbonate and/or a small sized, poorly crystalline Ca-254 

carbonate, noting that smaller crystal size also 255 

decreases decarbonation temperature in carbonates42.  256 

Figure 2 illustrates the changes in magnesite 257 

abundance as a function of reaction time and 258 

differentiates between Bowl-1 and Hybrid samples, 259 

scCO2 and CO2 (aq) reaction fluids, and 50 °C and 90 260 

°C experiments.  Bowl-1 sample grains were smaller 261 

in diameter than Hybrid sample grains and thus 262 

provided larger surface areas to host carbonation 263 

reactions. Because larger surface areas enable faster 264 

reaction times, the 56 day, 90 °C Bowl-1 batch reacted 265 

sample did not capture initial magnesite dissolution 266 

and post-reaction characterization identified only an 267 

increase in magnesite abundance from reprecipitation 268 

and precipitation. Similar trends were observed in the 269 

160 day, 50 °C reaction of the Bowl-1 sample with 270 

scCO2.   271 

Despite the trend of magnesite dissolution and 272 

precipitation in Hybrid scCO2-reacted samples as 273 

indicated by TGA-MS weight loss (shown in Figure 274 

S5) and evolved CO2 ion current curves (Figure 1), 275 

CO2 (aq)-reacted samples exhibit continuous 276 

magnesite dissolution up to 90 days of reaction. These 277 

distinct trends can be explained when considering the 278 

fluid component of batch reaction experiments. The 279 

carbonation of rock with wet scCO2 occurs within a 280 

thin water film formed at the mineral- fluid interface47. 281 

This thin water film hosts dissolved CO2 and functions 282 

as a reaction site that is continually replenished when 283 

kept at constant Parr vessel head pressure. At the same 284 

time, Ca, Mg, Fe, Ni, and other cation concentrations 285 

in these water films increase with reaction time. 286 

Assuming a thin water film thickness of 1 nm47, we 287 

calculate the water:rock mass ratio of scCO2 288 

experiments to be 0.0017 when using only the mass of 289 

water capable of grain contact, i.e. thin water films. In 290 

our batch reaction CO2 (aq) carbonation experiments, 291 

 
 

Figure 1. Evolved CO2 ion current curves for Parr vessel carbonation experiments of a Tamarack Hybrid sample (0.425- 2mm size fraction) 

reacted with supercritical CO2 (scCO2) and aqueous CO2 (CO2 (aq)) at 90 bar, 50 °C and 90 °C. Experiment details are found in Table S4. 

Sample mass loss in the 550-650 °C temperature range is due to magnesite decomposition to MgO and CO2. The coupled mass spectrometer 
measures CO2 (m/z 44) ion current and the amount of CO2 released is quantified by taking the area under the curve. (a, b) Plots of scCO2 

carbonation reactions indicate magnesite dissolution (38 days) followed by precipitation/reprecipitation (90 days), with total net precipitation. (c, 

d) Plots of CO2 (aq) carbonation reactions indicate net magnesite dissolution up to 90 days reaction time.  



non-peer reviewed preprint submitted to EarthArXiv 

Page 6 of 23 

 

the water:rock mass ratio is 6 and dissolved metal 292 

cations access the entire water volume. With a nearly 293 

3500 times smaller water:rock mass ratio for wet 294 

scCO2 compared to CO2 (aq) experiments, metal 295 

cations released from dissolving olivine reach 296 

saturation much faster in scCO2 thin water films than 297 

CO2 (aq) bulk water. As olivine dissolution persists, 298 

cations (e.g. Mg2+) react with bicarbonate to 299 

precipitate carbonate minerals. These distinct 300 

saturation paradigms with regard to carbonate 301 

saturation conditions likely explain why magnesite 302 

precipitation and/or reprecipitation is observed in 303 

scCO2 but not CO2 (aq) experiments.  304 

Though magnesite did not reprecipitate after 90 days 305 

of reaction with CO2 (aq), batch reaction results 306 

suggest that Tamarack sample grains can successfully 307 

dissolve in a CO2-rich system. Because olivine 308 

dissolves more readily than carbonate at reservoir 309 

conditions48, magnesite dissolution detected by TGA-310 

MS indicates that Tamarack olivine has dissolved to 311 

an equal or greater extent. Olivine dissolution provides 312 

the cations required to mineralize CO2 as carbonate 313 

minerals and is most often the rate-limiting step in 314 

successful in situ carbon mineralization experiments 315 

and projects49, 50. Although the observed magnesite 316 

dissolution and reprecipitation suggests successful 317 

mafic and ultramafic mineral-hosted cation 318 

mobilization, we turn to IL-TEM to understand 319 

carbonation reaction pathways at the mineral surface.  320 

Nanoscale Carbonation Pathways for Olivine and 321 

Plagioclase Feldspar Revealed with IL-TEM. The 322 

TEM images in Figure 3 were produced by probing 323 

two identical locations on the Bowl-1 surface before 324 

and after a 21-day reaction with scCO2 at 50 °C and 90 325 

bar. Images show clear alteration of the entire imaged 326 

mineral surface and reveal nanoscale, location-327 

specific carbonate mineral formation.  328 

An amorphous layer with a disordered and lowly 329 

crystalline structure formed on a Bowl-1 anorthite 330 

grain during batch reaction with scCO2 (Figure 3a-e). 331 

The presence of this ~4 nm thick layer aligns with 332 

recent literature observations of nanoscale passivation 333 

layers formed on carbon mineralization materials at 334 

mineral-fluid interfaces47 and could suggest successful 335 

mobilization of critical elements into the fluid phase. 336 

An aragonite crystal of ~5 nm diameter precipitated on 337 

top of the amorphous layer, emphasizing the carbon 338 

mineralization potential of non-olivine mineral 339 

constituents.   340 

At another imaging location, exposure to CO2 341 

produced an altered layer of ~10 nm depth on a 342 

previously ordered forsterite grain (Figure 3f-g). 343 

Recession of the forsterite edge from the lower left 344 

image boundary indicates olivine dissolution and 345 

suggests a release of cations to the reaction fluid. 346 

Again, these results point to the likely mobilization of 347 

critical elements such as nickel from the olivine 348 

structure upon interaction with scCO2.  We calculated 349 

a 0.02 nm/hr olivine dissolution rate and a 0.008 nm/hr 350 

plagioclase feldspar dissolution rate by coupling 351 

reaction time to the spatial extent of mineral alteration 352 

resolved by IL-TEM.  The overall differences between 353 

the olivine and anorthite reaction rates are consistent 354 

with the disparity between their respective dissolution 355 

rates.48 356 

Outlooks on Incipient Carbon Mineralization 357 

Reaction Pathways. Mafic-ultramafic mineral 358 

alteration and dissolution provides a key pathway for 359 

critical element mobilization. IL-TEM images of 360 

anorthite dissolution and forsterite alteration indicate 361 

the potential of these minerals to release energy-362 

relevant critical mineral elements such as nickel 363 

during exposure to CO2. In addition, carbonate crystal 364 

formation on olivine grain surfaces is observed with 365 

 
Figure 2.  (a) Magnesite weight percent calculations obtained from 
TGA-MS measurements indicate magnesite dissolution followed by 

precipitation in Hybrid samples reacted with scCO2 and continuous 

magnesite dissolution in Hybrid samples reacted with CO2 (aq). (b) 

Net magnesite precipitation occurs in both Bowl-1 experiments. 
Dashed arrows highlight inferred reaction paths.  

Hybrid 
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nanoscale IL-TEM and demonstrated by batch 366 

reaction experiments of Tamarack peridotite.  367 

We calculate a conservative CO2 storage capacity of 368 

the TIC BIO’s olivine component, assuming that an 369 

injected fluid accesses only 5% of the reservoir’s 370 

reactive surface area and all liberated Mg and Fe 371 

cations bind with CO2 to form Mg-Fe carbonate 372 

minerals. We determined a mineralization-based 373 

carbon storage potential range by varying potential 374 

accessible TIC BIO reservoir volumes from 18 km3 28, 
375 

33, 51, 52 to 12 and 6 km3. In a similar way, we 376 

incorporate estimated formation porosities of 5%, 377 

10%, and 15%. A rock density of 3.31 g/cm3, an 378 

olivine abundance of 65 wt%, and an olivine 379 

composition of Fo83 (Mg1.66Fe0.34SiO4) were used in all 380 

calculations. These resource estimate calculations for 381 

CO2 mineralization and Ni recovery indicate that the 382 

olivine component of the Tamarack Bowl intrusion 383 

can conservatively store 320-1,070 million metric 384 

tonnes (MMT) of CO2 (Table S5). For context, this far 385 

surpasses the goal of the US Department of Energy’s 386 

CarbonSAFE program to geologically store 50 MMT 387 

of CO2 over 30 years53. Dissolution of merely 5% of 388 

the reservoir’s olivine could mobilize 0.9-3.1 MMT of 389 

Ni (Table S5), assuming an average of 1700 ppm Ni 390 

in the Tamarack BIO unit. Nickel recovery from only 391 

5% of an 18 km3 TIC BIO resource could supply 30-392 

60 times the USA’s annual 8,000-17,000 tonne nickel 393 

production54. Additionally, successful recovery and 394 

 
Figure 3. IL-TEM images for unreacted and reacted Tamarack BIO samples. Batch reaction with scCO2 ran for 21 days at 50 °C and 90 bar. (a) 

Unreacted anorthite in a Bowl-1 grain, with an insert of anorthite’s [2 -1 2] plane crystal structure. (b) TEM image of the identical grain location 

post-reaction shows a ~4 nm thick amorphous layer and nano-aragonite crystals forming on anorthite. (c, d) Closer image of aragonite atoms and 
structure and (e) aragonite crystal structure on the [1 2 6] plane.  (f) Forsteritic olivine in an unreacted Bowl-1 grain with (g) a ~10 nm thick 
surface alteration layer observed post-reaction. 
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processing of this nickel from what is traditionally not 395 

considered a target asset could sustain the USA’s 396 

nickel supply for 50-100 years, even when applying a 397 

300% production rate increase to meet the tripling in 398 

demand expected by 203022. 399 

When applying our geochemical characterization to 400 

estimate the theoretical outcomes of mineral-fluid 401 

interactions, the Tamarack site has potential to 402 

permanently sequester hundreds of millions of tonnes 403 

of CO2 via mineralization while mobilizing Ni for 404 

recovery. Geochemical and mineralogical 405 

characterization highlights the overall potential of the 406 

TIC BIO and batch reactions reveal coupled and 407 

overlapping dissolution-precipitation processes. 408 

Evidence of carbonate mineral formation concurrent 409 

with olivine dissolution identified by nanoscale 410 

resolved IL-TEM suggests that the BIO may be an 411 

ideal site to support the development of integrated 412 

carbon storage and enhanced mineral recovery. When 413 

scaled to a commercial level at the Tamarack and 414 

beyond, this process may enable the mining industry 415 

to support domestic energy security through the 416 

development of multiple current, emerging, and novel 417 

energy technologies (e.g., electric vehicles, batteries) 418 

for decades to come. 419 
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METHODS  749 

Helium Pycnometry. Helium pycnometry was performed with a Micromeritics AccuPyc II 1340 gas 750 

pycnometer on Tamarack grains with an aliquot mass of 2.2174 g in a 3.5 cm3 sample chamber that 751 

had been calibrated using the manufacturer’s standard.  Samples were measured 10 times and averaged 752 

to obtain the final density. 753 

Electron Probe Microanalysis (EPMA). EPMA was used for spot analysis (using a 10 µm defocused 754 

beam) and elemental mapping (using a focused beam) with 15kV accelerating voltage and 15nA probe 755 

current. Prior to measurement, grains were mounted in epoxy and polished using 400, 600, 800, and 756 

1200 grit SiC grinding paper and 1 µm diamond polishing compound. Natural and synthetic standards 757 

were utilized for peak position calibration and X-ray intensity calibration using ProbeforEPMA 758 

software. For quantification, a time-dependent intensity (TDI) correction was applied to Na.  759 

Thermogravimetric Analysis – Mass Spectrometry (TGA-MS). Unreacted and reacted Tamarack 760 

Bowl-1 and Hybrid powders were analyzed with TGA-MS to detect and quantify 761 

hydrated/hydroxylated and carbonate minerals. Measurements were conducted on a 2022 Netzsch TG 762 

209 F1 Libra Thermo Micro Balance coupled to a Netzsch QMS 403 Aëolos Quadro mass spectrometer 763 

with a 300 °C heated capillary inlet system. Prior to measurement, the crucible was run under a TGA-764 

MS heating regimen of 10 °C min-1 from ~30 °C to 1,000 °C to create a correction file for buoyancy 765 

factors associated with unique crucible weights. ~20 mg of powdered sample was placed in an 85 μl 766 

corundum crucible and run under the heating regimen described above, and ion currents for CO2 767 

(m/z=44) and H2O (m/z=18) were monitored simultaneously. The carbonation reaction extent was 768 

calculated by obtaining weight percent magnesite in two ways: 1) comparing the experimental TGA 769 

mass loss with the theoretical mass loss for a pure carbonate sample and 2) a modified method using 770 

calcium oxalate monohydrate calibration curves. The uncertainty in this quantification method is ≤ 0.5 771 

wt%1. 772 

Powder X-ray Diffraction (XRD). X-ray diffraction analysis was conducted on the pre- and post-773 

reaction Hybrid sample rock mixture with our Bruker D8 Discover TXS-HE XRD system. XRD scans 774 

were collected using a Bruker D8 Discover TXS-HE A25, equipped with a rotating Cu anode (Kα λ = 775 

1.54060 Å), 0.3 x 3 mm cassette tungsten filament, Atlas goniometer, and a UMC 1516 motorized 776 

xyzϕχ stage. Powdered Hybrid Tamarack samples prepared with an agate mortar and pestle were 777 

mounted in a low-background silicon powder mount on the stage and positioned using a laser-video 778 

alignment system. The power settings of the generator were set to 45 kV and 120 mA, and the source-779 

sample distance was 425 mm. The scans were collected with the instrument in Bragg-Brentano 780 

geometry with a Ni filter, a 0.6 mm divergence slit, and a 2.5° axial Soller. A panoramic 2.5° Soller 781 

attachment was placed on the Dectris EIGER2 R 500K detector, and the detector was placed in 1D 782 

mode with an active area of 65 x 20 mm. Scans were collected from 10-80 °2θ in coupled 2θ/θ mode 783 

with 3501 steps at an increment of 0.02 and continuous stage rotation (ϕ) at 360 °/min. Scans were 784 

then imported into Bruker EVA6.0 software for phase identification using the International Center for 785 

Diffraction Database (ICDD) powder diffraction file (PDF) 5+ 2024 database. Bruker AXS TOPAS 6 786 

was used for quantitative Rietveld Refinement of the sample using phases identified in EVA6. The 787 

background was calculated using a 10th order Chebychev polynomial and the crystallite size of the 788 

individual phases was modeled with a Lorentzian contribution to the peak width. Mineral abundances 789 

are generally accurate to within ~±5 wt% 2, 3.  790 

 791 
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Batch Reaction Carbonation Experiments. To simulate a range of potential reservoir conditions, 792 

Bowl-1 and Hybrid samples were reacted at 90 bar and 21, 50, or 90 ℃. Although the exact TIC 793 

reservoir conditions vary from these temperatures, higher temperatures were chosen to accelerate 794 

kinetics, and geochemical calculations suggest that the water-rock interactions are the same as those 795 

predicted at lower temperatures 4. This approach has also been used in similar experimental studies on 796 

CO2-water-rock interactions at supercritical conditions 2, 5-10. A pressure of 90 bar was chosen to 797 

maintain supercritical CO2 conditions and simulate a reservoir condition corresponding to a depth of 798 

~0.8-1 km. This pressure is also consistent with previous studies investigating reactivity of mafic-799 

ultramafic minerals in scCO2 2, 11, 12. For the aqueous-dissolved experiments, 2.5 g of sample was 800 

submerged in 15 mL of water in a 25 mL Parr vessel reactor. For the wet scCO2 experiments, 10 mL 801 

of water was put in the bottom of the reactor and a 2 g sample was set on a Teflon tripod out of direct 802 

contact with the water. Several samples reacted with wet scCO2 were set in individual 15 mL 803 

polypropylene centrifuge tubes which were collectively placed into a 300 mL Parr vessel reactor. All 804 

Parr reactors contain a valve, pressure gauge, and burst disc. 90 mL of water was added to the bottom 805 

of the vessel, out of contact with the samples. Each vessel used in 50 and 90 ℃ experiments was then 806 

sealed and kept at temperature in a laboratory oven (Quincy Model 10 or Lindberg/Blue Model 807 

MO1450A-1). Once the vessel had equilibrated to 50 or 90 ℃, it was then pressurized to 90 bar by 808 

CO2 gas (>99.999%) and sealed again. Reacted samples were removed from vessels and dried in an 809 

ambient temperature vacuum oven. 810 

Identical Location Transmission Electron Microscopy (IL-TEM). A suspension (~1 g/L) of the 811 

Tamarack Bowl-1 sample was prepared with Milli-Q water and sonicated for five minutes. 100 μL of 812 

sample was dropped onto 200 mesh gold TEM grids (Lacey Carbon, 300 mesh; Ted Pella, Inc) and air 813 

dried. An FEI Titan 80-300 Environmental TEM microscope with an objective lens corrector recorded 814 

initial images and locations of the sample on the grids as a Gatan 626 single tilt cryo-holder kept the 815 

sample temperature below -170 °C. The dose rate during imaging was maintained lower than 20 e-/Å2 816 

to ensure that the sample material was stable13. The nanoparticle-loaded TEM grids were then placed 817 

on a perforated Teflon tripod inside a 25 mL high-pressure Parr vessel, following the methods of Li, 818 

Nienhuis, Nagurney, Miller, Zhang and Schaef 13. 100 μL Milli-Q water, an amount sufficient to fully 819 

saturate the scCO2 at 50 °C and 90 bar 2, was dropped in the bottom of reactor out of direct contact 820 

with the mineral sample or TEM grid. The Parr vessels were sealed, preheated to 50 °C in an oven, and 821 

pressurized to 90 bar by CO2 gas (>99.999%), exposing the minerals to a scCO2 fluid with 0.354 822 

mol% H2O content 14 and a density of ~285 kg/m3 15. After the sample reacted with scCO2 for 21 823 

days, the Parr vessels were depressurized and TEM grids were immediately placed in a vacuum 824 

desiccator for one hour to desorb adsorbed CO2 and prevent quench reactions. Identical sample 825 

locations were imaged by TEM with a Gatan 626 liquid nitrogen cryo-holder, and Energy-Dispersive 826 

Spectroscopy (EDS) with a QUANTAX EDS detector (Bruker Inc.) to obtain nanoscale-resolved pre- 827 

and post-reaction crystallographic images.  828 

829 
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SUPPORTING INFORMATION FIGURES  830 
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 845 

 846 

 847 

 848 

 849 

 850 

 851 

 852 

 853 

 854 

 855 

Figure S1. The bowl-shaped peridotite intrusion in the Tamarack Intrusive Complex, Minnesota, USA. 856 

The Bowl-1 sample was retrieved from a 2010 legacy borehole, 10TK0128.  Two cores from borehole 857 

07L038 and one core from borehole 07L039 were combined to create the Hybrid sample. 858 

 859 

A 

B 
07L038 

07L038 

10TK0128 

10TK0128 

07L039 

07L039 



non-peer reviewed preprint submitted to EarthArXiv 

Page 16 of 23 

 

 860 

 861 

Figure S2. Geochemical and mineralogical characterization of the Tamarack Bowl intrusion olivine (BIO) 862 

samples was accomplished with a suite of techniques including EPMA (a-h) and XRD (i). (a, e) Bowl-1 863 

grains selected for EPMA geochemical mapping with (b, f) MgO abundance, (c, g) CaO abundance, and 864 

(d, h) SiO2 abundance reported in weight percent. (i) XRD mineralogical phase analysis reveal sample 865 

composition to be a peridotite with major forsteritic olivine content and lesser pyroxene and plagioclase 866 

feldspar content. 867 
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 868 

 869 

Figure S3. Electron Probe Microanalysis (EPMA) of the TIC Bowl-1 sample grain #1.  870 
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 871 

 872 

Figure S4. Electron Probe Microanalysis (EPMA) of the TIC Bowl-1 sample grain #2.  873 



non-peer reviewed preprint submitted to EarthArXiv 

Page 19 of 23 

 

 874 

Figure S5. (a, b, e, f) Thermogravimetric analysis – mass spectrometry (TGA-MS) sample weight loss 875 

curves for Parr vessel carbonation experiments of a Tamarack Hybrid sample reacted with scCO2 and CO2 876 

(aq) at 90 bar, 50 °C and 90 °C.  Sample mass loss in the 550-650 °C temperature range is due to magnesite 877 

decomposition to MgO and CO2. (c, d, g, h) Evolved CO2 ion current curves for the same experiments. The 878 

coupled mass spectrometer measures CO2 (m/z 44) ion current and the amount of CO2 released is quantified 879 

by taking the area under the curve.880 

Hybrid CO2 (aq) 50  C 

Hybrid CO2 (aq) 50  C 

Hybrid CO2 (aq) 90  C 

Hybrid CO2 (aq) 90  C 
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SUPPORTING INFORMATION TABLES  881 

 882 

Table S1. Quantitative mineralogy of the unreacted Tamarack Bowl-1 and Hybrid samples obtained from 883 

X-ray diffraction.  884 

 885 

Sample  Bowl-1 Hybrid  

Mineral (ICDD PDF#) (wt%) (wt%) 

Anorthite (00-041-1486) 9 8 

Clinochlore (01-089-6455) -- 5 

Enstatite (01-076-2426) 10 11 

Fe-bearing Forsterite (01-075-1556) 72 65 

Hornblende (01-085-2159) -- 2 

Magnesite (01-083-1761) 2 4 

Talc (04-010-7170) 7 5 

 886 

 887 

 888 

Table S2: Helium pycnometry-derived Tamarack sample densities.  889 

 890 

 
Density (g/cm3) 

Bowl-1  3.2665 

Hybrid  3.354 

 891 

 892 

  893 



non-peer reviewed preprint submitted to EarthArXiv 

Page 21 of 23 

 

Table S3. Oxide abundances derived from ten Electron Probe Microanalysis (EPMA) point scans of the 894 

TIC Bowl-1 sample. 895 

 896 

Point 1 2 3 4 5 6 7 8 9 10 

Na2O 0.037 -0.004 0.012 -0.007 0.319 0.029 2.925 0.008 0.874 1.71 

CaO 1.996 0.082 0.059 0.072 0.078 2.07 11.452 -0.002 0.166 0.016 

K2O 0.024 0.013 0.036 0.018 0.037 0.022 0.651 0.04 0.011 7.009 

MgO 29.586 44.003 0.007 43.408 28.709 29.872 15.761 4.348 30.063 19.293 

Al2O3 1.793 0.014 0.003 0.017 0.771 1.671 9.874 -0.027 2.075 13.739 

SiO2 58.179 41.476 0.022 41.616 58.877 57.707 45.888 0.032 56.995 40.065 

Fe2O3 10.632 17.741 47.308 17.541 5.346 10.694 7.461 45.194 3.987 6.564 

TiO2 0.289 0.042 0.014 0.033 0.043 0.302 3.735 53.769 0.074 6.091 

MnO 0.195 0.228 0.027 0.235 0.018 0.212 0.06 0.62 0.007 -0.015 

ZrO2 -0.02 -0.013 0.016 0.035 0.037 -0.026 0.154 0.03 0.03 -0.02 

P2O5 0.011 0 0.016 -0.01 0.013 -0.004 0.04 0.001 0.011 -0.005 

NiO 0.074 0.215 0.725 0.23 0.037 0.041 0.069 0.037 0.059 0.089 

Cu2O 0.044 0.016 38.839 0.042 0.002 -0.052 -0.008 -0.027 0.014 0.021 

SO3 -0.007 -0.021 56.913 -0.003 0.047 0.002 -0.04 -0.143 0.003 0 

Cr2O3 1.293 0.09 0.075 0.105 0.62 1.171 1.762 0.713 0.156 2.659 

Total 104.125 103.88 144.071 103.331 94.954 103.711 99.783 104.592 94.525 97.215 

 897 
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898 

  899 

Table S4. Experimental conditions and post-reaction magnesite abundance for Tamarack Bowl-1 and 

Hybrid (0.425-2 mm size fractioned) sample experiments conducted at 21-90 °C under aqueous-dissolved 

CO2 (CO2 (aq)) and supercritical CO2 (scCO2). 

Experiment a 
 Reaction 

fluid 
Temperature 

(°C) 

Reaction 

time (days) 

Sample 

mass (g) 

Water 

volume (mL) 

TGA-MS magnesite 

abundance b (wt%) 

Bowl-1 scCO2 

scCO2 

 

50 160 

 

 

2 

 

 

90 

2.8 

90 56 3.9 

21 270 3.4 

Hybrid scCO2 

50 

38 1.9 

90 3.2 

Hybrid CO2 (aq)  
CO2 (aq) 

 

38 
2.5 15 

1.8 

90 1.4 

Hybrid scCO2  
scCO2 

 

90 

38 
2 90 

2.0 

90 2.8 

Hybrid CO2 (aq)  
CO2 (aq) 

 

38 
2.5 15 

2.2 

90 1.7 

a All experiments were conducted at 90 bar CO2 pressure.  H2O solubility in 90 bar scCO2 (mol %) is 1.359 and 0.354 for 

90 °C and 50 °C, respectively, based on the solubility model of Spycher and Pruess.55  
b Magnesite abundance values were calculated from the TGA-MS’s mass spectrometer reading of evolved CO2 ion current.  

Table S5. CO2 storage potential and Ni mobilization potential of the Tamarack BIO. We assume that 

injected fluids access 5% of the BIO’s reactive surface area and that all Mg2+ and Fe2+ ions are released 

upon olivine dissolution, combining with fluid phase CO2 to form carbonate minerals. We also assume all 

olivine-hosted Ni is mobilized into the fluid phase during 5% BIO dissolution. BIO rock density is 3.3 

g/cm3 (obtained from helium pycnometry), weight percent olivine in the BIO reservoir is 65% (obtained 

from XRD), and concentration of Ni in olivine is 1700 ppm (obtained from EPMA). MMT = million metric 

tonnes. 

 

Reservoir volume  Porosity  CO2 storage potential  Ni mobilization potential  CO2 storage potential  Ni mobilization potential  

(km3) (%) (MMT) (MMT) (MMT) (MMT) 

18 5 1066 3.12 1066.111306 3.1177575 

18 10 1010 2.95 1010.000184 2.953665 

18 15 954 2.79 953.8890629 2.7895725 

12 5 711 2.08 710.7408704 2.078505 

12 10 673 1.97 673.3334562 1.96911 

12 15 636 1.04 635.9260419 1.859715 

6 5 355 1.86 355.3704352 1.0392525 

6 10 337 0.98 336.6667281 0.984555 

6 15 318 0.93 317.963021 0.9298575 
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