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A B S T R A C T   

Enhanced rock weathering (ERW) is a promising technology being actively investigated to ameliorate anthro
pogenic climate change. ERW accelerates atmospheric carbon dioxide (CO2) drawdown in agricultural soils 
following the addition of crushed, silicate rocks. The application of basalt, an abundant silicate rock, has widely 
been proposed for ERW. In order to measure and model the efficacy of ERW, it is critical to fully characterise the 
mineralogical composition of the basaltic materials being deployed in laboratory to catchment scale experiments. 

As previously demonstrated on analogous basaltic rock and soil materials on Mars, thermal analytical methods 
such as coupled thermogravimetric analysis-mass spectrometry (TGA-MS), provide a potentially rapid, effective 
technique to identify and also quantify the carbonate mineral species present in ERW basalts and their weath
ering products. 

Our study of six different basaltic materials used in ERW experiments, from widely different geological and 
geographical settings, suggests that TGA weight losses can provide useful information on the low-levels of car
bonate minerals present. Furthermore, carbonate mineral identification and quantification derived from the 
accompanying MS-detected CO2 evolution and corroborated by SEM-EDS mapping, is capable of detecting even 
lower concentrations with detection limits below 100 ppm for calcite. TGA-MS therefore offers significant ad
vantages over the traditionally-applied inorganic carbon analyses. 

Carbonate mineral weight losses encountered during TGA and their accompanying CO2-evolutions have 
previously been ascribed to relatively small, defined temperature ranges. However, crucially, this study has 
revealed the concentration-dependent, large-scale variation in the mass spectrometric peak CO2-evolution for a 
range of carbonate minerals. A knowledge of such parameters is imperative for the accurate interpretation of 
basalt TGA-MS output, the characterisation of these materials and assessment of ERW technologies.   

1. Introduction 

It is now widely accepted that the anthropogenic emission of 
greenhouse gases, including carbon dioxide (CO2), increases atmo
spheric heat absorption and is responsible for inducing global warming 
(Myhre et al., 2013). The 2015 Paris Agreement, signed by over 100 
countries, adopted the scientific advice of the Intergovernmental Panel 
on Climate Change (IPCC) and agreed to restrict future warming to 
within 2 ◦C of pre-industrial levels, and ideally below 1.5 ◦C (United 
Nations Framework Convention on Climate Change, 2015). 

While a dramatic reduction in CO2 emissions is imperative to curb 
climate change (IPCC, 2014, 2021), the removal of an additional 2–10 

Gt of atmospheric CO2 per yr is predicted to be required to curb 
anthropogenic global warming (Rockström et al., 2017; Mercure et al., 
2018). An array of different techniques for extracting CO2 from the at
mosphere (negative emission technologies, NETs) is being actively 
investigated to assess their ability to mitigate and ameliorate climate 
change in terms of feasibility, cost and acceptability (Beerling, 2017; 
Minx et al., 2018; Fuss et al., 2018; Nemet et al., 2018). These range 
from afforestation and reforestation, biochar and soil carbon seques
tration (SCS), ocean fertilisation, bioenergy with carbon capture and 
sequestration (BECCS), direct air capture (DAC) and enhanced rock 
weathering (ERW) (Minx et al., 2017; The Royal Society and Royal 
Academy of Engineering, 2018; IPCC et al., 2021). 

* Corresponding author. 
E-mail address: sjk@bgs.ac.uk (S.J. Kemp).  

Contents lists available at ScienceDirect 

Applied Geochemistry 

journal homepage: www.elsevier.com/locate/apgeochem 

https://doi.org/10.1016/j.apgeochem.2022.105465 
Received 10 June 2022; Received in revised form 13 September 2022; Accepted 13 September 2022   



Applied Geochemistry 146 (2022) 105465

2

ERW is a land-based NET strategy which addresses multiple UN 
Sustainable Development Goals (Smith et al., 2019) and involves 
amending agricultural soils with crushed abundant silicate rocks 
(particularly basalt and other mafic rocks) to accelerate carbon capture 
(Kohler et al., 2010; Hartmann et al., 2013; Taylor et al., 2016; Kelland 
et al., 2020) (Fig. 1). Natural weathering processes, largely controlled by 
climate and vegetation, decompose silicate minerals, releasing cations 
(particularly Ca and Mg), a portion of which reacts with and sequesters 
atmospheric CO2. Such weathering processes tend to be faster in tropical 
environments due to warmer climates, extensive rooting systems and 
ubiquitous root-associating symbiotic fungi (Taylor et al., 2009). The 
captured CO2, in the form of stable bicarbonate ions either (under some 
circumstances) precipitates as pedogenic carbonate, or is flushed into 
rivers and transported to the oceans, where it is stored (on human 
timescales) as bicarbonate ions or potentially permanently as carbonate 
minerals (Edwards et al., 2017). 

Consequently, ERW has the potential to not only lower atmospheric 
CO2 but also create an increased, alkaline land-ocean flux that might 
ameliorate ocean acidification (Hartmann et al., 2013; Taylor et al., 
2016; Vakilifard et al., 2021). ERW may also improve the productivity of 
agricultural land as a soil amendment by buffering soil pH (Swoboda 
et al., 2022), reducing nitrogen loss (Blanc-Betes et al., 2021) and 
releasing essential plant nutrients (Kantola et al., 2017; Beerling et al., 
2018; Kelland et al., 2020). Possible disadvantages of ERW include 
increased greenhouse gas emissions resulting from rock milling and 
transport (Lefebvre et al., 2019), the potential introduction of toxic el
ements to agricultural soils, biodiversity and water quality impacts and 
the expansion of the necessary mining and infrastructure (Edwards 
et al., 2017). 

In order to research the potential and consequences for the deploy
ment of ERW on tropical agricultural land, extensive experimental trials 
and carbon cycle modelling are required at laboratory to catchment 
scales (e.g. Beerling, 2017; Strefler et al., 2018; Lefebvre et al., 2019; 
Kelland et al., 2020; Lewis et al., 2021). 

Mineralogical characterisation of the applied silicate materials, the 
host soils and reacted products forms a vital part of all these experiments 
and is a critical input parameter for geochemical models, used to predict 
dissolution rates and CO2 removal potential (Lewis et al., 2021). As 
detailed above, Ca/Mg silicate weathering represents a sink for atmo
spheric CO2, e.g.:  

CO2 + 2H2O + CaAl2Si2O8 = Al2Si2O5(OH)4 + CaCO3                       (1) 

However, the weathering of carbonates in the applied silicate ma
terials or host soils does not involve a net loss of atmospheric CO2 
because CO2 taken up by carbonate weathering is soon returned to the 
atmosphere following oceanic carbonate precipitation (Berner, 1992; 
Thorley et al., 2014) e.g.:  

CaCO3 + CO2 + H2O = Ca2+ + 2HCO3
− (2) 

Moreover, carbonate weathering may represent a net source of CO2 if 
weathered by an agent not derived from atmospheric CO2, including 
nitric and sulphuric acids derived from anthropogenic atmospheric 
pollution or from nitrogen fertilizers (Thorley et al., 2014). 

Carbonate minerals are much more reactive than silicate minerals 
and different carbonate mineral species have varied dissolution rates 
(Palandri and Kharaka, 2004) which in turn will impact on rates of CO2 
removal. Understanding the nature and quantity of carbonate minerals 
present, often at low levels, is therefore critical to properly account for 
the actual silicate-derived cation flux and ultimately to help predict the 
long-term CO2 removal potential of ERW at a larger scale (Bach et al., 
2019; Lewis et al., 2021). 

Carbonate-bearing species (most commonly calcite (CaCO3), dolo
mite (CaMg(CO3)2), magnesite (MgCO3), ankerite (CaMgFe(CO3)2) and 
siderite (FeCO3)) are routinely identified and quantified in rocks and 
soils using techniques such as powder X-ray diffraction (XRD), exami
nation using optical or scanning electron microscopy (SEM) or via 
chemical digestion (calcimeter) for Total Inorganic Carbon (TIC) ana
lyses. However, the lowest possible detection limits afforded by XRD for 
such species are typically of the order of 0.1 wt% (1000 ppm), 
depending on the nature of the matrix (e.g. Kemp et al., 2016). Optical 
and scanning electron microscopy requires the prior preparation of thin 
sections or polished blocks, and although recent image analysis-based 
software routines enable non-attended analysis, these are still rela
tively expensive and time consuming. Quantification via acid dissolu
tion (either H+ consumption or CO2 production) suffers due to H+

consumption with non-carbonate components leading to significant 
underestimates of carbonate content (e.g. Wang et al., 2012; Pillot et al., 
2014). TIC values may also be obtained by leaching with various 
non-oxidative acids, in order to minimally affect organic carbon, prior to 
LECO total organic carbon (TOC) analysis. Here samples are combusted 
in an oxygen atmosphere; any carbon present is converted to CO2 and 
detected using a non-dispersive infrared (NDIR) cell. The quantity of 
CO2 is converted to %C and subtracted from the total %C from analysis 
of a non-leached sample to determine the TIC of the sample. The 

Fig. 1. Enhanced rock weathering in arid climates schematic.  
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accuracy of such TIC analyses is totally dependent on the questionable, 
exclusive separation of each type of carbon (TIC v TOC) (Wright and 
Bailey, 2001). The technique was commonly used for soil and sediment 
analysis but has now largely been replaced by the more detailed 
Rock-Eval pyrolysis (e.g. Pillot et al., 2014; Cooper et al., 2021). During 
Rock-Eval pyrolysis, samples are heated to 300 ◦C for 3 min, then 
ramped to 650 ◦C at a rate of 25 ◦C min− 1 in an inert N2 atmosphere. Any 
hydrocarbons released during pyrolysis are detected by a flame ionisa
tion detector with an infrared cell detecting the release of CO and CO2 
during the thermal cracking of organic matter. 

Thermal analysis techniques, such as coupled thermogravimetric 
analysis-mass spectrometry (TGA-MS) have the ability to not only 
rapidly identify but also quantify carbonate species and so complement 
XRD analysis, particularly where lower levels of detection are required 
(Charsley et al., 1987; Morgan et al., 1988). For these reasons, thermal 
analysis instruments have formed an important part of the analytical 
tools on the Viking, Phoenix and MSL (Curiosity) research missions to 
Mars (e.g. Sutter et al., 2012, 2017; Archer et al., 2013). In this paper, we 
highlight the use of TGA-MS for the detection and quantification of low 
levels of carbonate mineral species in basaltic samples being actively 
employed in both ERW laboratory experiments and large-scale field 
demonstrators. 

2. Thermal analysis of carbonate minerals 

The International Confederation for Thermal Analysis and Calorim
etry (ICTAC) defines ‘thermal analysis’ (TA) as a group of techniques in 
which a physical or chemical property of a sample is monitored against 
time or temperature while the temperature of the sample, in a specified 
atmosphere, is programmed (Hill, 1991). Probably the most common of 
these techniques are thermogravimetry/thermogravi-metric analysis 
(TG/TGA) measuring mass, differential thermal analysis (DTA) 
measuring temperature difference, differential scanning calorimetry 
(DSC) measuring heat flow and evolved gas analysis (EGA) measuring 
gases evolved or reacted (Haines, 2002). In order to gain the maximum 
information about the behaviour of a particular sample, instrumentation 
may be configured to provide two or more types of measurement at the 
same time (Simultaneous Thermal Analysis, STA) e.g. TG-DTA, TG-DSC, 
TG-DTA-EGA. 

TA techniques are widely employed across a range of disciplines 
including chemistry, materials science, foods and pharmaceuticals but 
are more rarely found in geological/environmental laboratories. How
ever, TA methods frequently provide very useful complimentary data on 
the mineralogy and behaviour of geological and soil materials (e.g. 
Morgan, 1977; Morgan et al., 1988; Parsons et al., 1997; Manning et al., 
2005). 

Carbonate minerals (such as calcite, dolomite, magnesite, stron
tianite (SrCO3) and witherite (BaCO3)) lend themselves to TA as they 
decompose via relatively simple, temperature-specific, endothermic 

reactions (Table 1, Fig. 2). Importantly, Warne (1986) discovered that 
running carbonate species TA experiments in flowing CO2, rather than 
N2 or air, provided improved individual peak and reaction definition. By 
adopting the same purge gas as that released during sample decompo
sition, the carbonate species must overcome the increased CO2 partial 
pressure before decarbonation. This ‘variable atmosphere thermal 
analysis’ results in increased decomposition temperatures and faster, 
more vigorous reactions over a smaller temperature range. However, the 
use of a CO2 reactive gas negates the possible detection of evolved CO2 
by linked mass spectrometry (MS) or Fourier transform infrared spec
trometry (FTIR). 

The decarbonation reactions undergone by carbonate minerals are 
all endothermic but their precise temperature(s) are subject to variation 
depending not only on instrumental run conditions but also on 

Table 1 
Carbonate mineral decomposition reactions in flowing N2 atmosphere (data 
from Morgan, 1971; Smykatz-Kloss, 1974; Frost et al., 2009; Földvári, 2011).  

Carbonate 
species 

Reaction Temperature 
range (◦C) 

Weight 
loss (%) 

Step Equation 

Calcite Total CaCO3→CaO+ CO2 800–950 43.97 
Dolomite 1. CaMg(CO3)2→CaCO3 +

MgO+ CO2 

600–800 23.48 

2. CaCO3→CaO+ CO2 800–950 43.97 
Total CaMg(CO3)2→CaO+

MgO+ 2CO2 

600–950 47.77 

Magnesite Total MgCO3→MgO+ CO2 620–650 52.20 
Strontianite 

(synthetic) 
Total SrCO3→SrO+ CO2 924–1233 29.00 

Witherite 
(synthetic) 

Total BaCO3→BaO+ CO2 800–1300 22.30  
Fig. 2. TGA (black line), DTG (magenta line) and evolved CO2 profiles (blue 
integrated area) for (a) calcite, (b) dolomite and (c) magnesite standards. Nu
merical labels relate to peak maxima on the CO2 evolution profiles. 
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differences in particle-size, crystallinity and ionic substitution. Finer 
particles typically produce a lower temperature onset of dissociation, 
due to their greater surface area and increased number of broken bonds 
(Rodriguez-Navarro et al., 2009; Archer et al., 2013). Similarly, smaller 
crystallite-size distributions also produce lower onset temperatures than 
larger crystallite-sizes (Földvári, 2011; Pillot et al., 2014). Ionic substi
tution, typically by other alkaline earth metals, leads to distortion of the 
crystal lattice and variations in peak temperatures (Frost et al., 2009). 

For the present study, we have considered three of the most common 
carbonate minerals in rocks and soils: calcite, dolomite and magnesite 
together with two rarer forms: strontianite and witherite, all with end- 
member compositions. Other carbonate minerals such as ferroan dolo
mite and ankerite have more variable chemistries as they form part of a 
solid solution series resulting from Fe2+ (with subordinate Mn2+) 
substituting for Mg2+ in the dolomite lattice. Similarly, siderite forms a 
solid solution series with magnesite and rhodochrosite (MnCO3). Ex
amination of the behaviour of these species was beyond the scope of the 
present study. 

The thermal decomposition of calcite, commonly known as calcining 
or calcination, has been studied for many years (e.g. Faust, 1950; Boy
nton, 1980; Rodriguez-Navarro et al., 2009). In inert atmospheres, the 
peak decarbonation occurs between 800 and 900 ◦C (Table 1) but 
samples with smaller crystallite-size distributions show peak tempera
tures 20–50 ◦C lower than those samples with larger distributions 
(Smykatz-Kloss, 1974; Földvári, 2011). Calcite’s stoichiometric decar
bonation weight loss is 43.97% (Table 1). 

Thermal analysis has shown that dolomite decomposes in two stages 
with maxima at ~800 and ~900 ◦C (Table 1) (Smykatz-Kloss, 1974; 
Otsuka, 1986; Engler et al., 1989; Shahraki et al., 2009; Földvári, 2011). 
As for calcite, both dolomite decomposition temperatures are sensitive 
to atmospheric CO2 partial pressure. Increasing the CO2 partial pressure 
results in the higher temperature feature shifting to a higher tempera
ture and the lower temperature feature shifting to a lower temperature. 
Such shifts can be advantageous to the TGA-identification and quanti
fication of dolomite, particularly in the presence of calcite (Kemp et al., 
2010). Although, dolomite typically produces a two-stage CO2 evolu
tion, in an unconfined sample environment and/or at low concentra
tions, dolomite yields a single CO2 evolution peak that is 
indistinguishable from calcite (Milodowski and Morgan, 1980). The 
theoretical total dolomite decarbonation weight loss is 47.77% 
(Table 1). 

The endothermic decomposition of magnesite occurs at a lower 
temperature than calcite and dolomite, between 620 and 650 ◦C, the 
peak of which decreases with increasing Fe content (Smykatz-Kloss, 
1974; Földvári, 2011). Magnesite loses 52.20% of its weight during this 
decomposition reaction (Table 1). 

Two endotherms were noted in the DTA curve of strontianite (Mor
gan, 1971). The first at 927 ◦C represents the transition from ortho
rhombic to hexagonal form and the second peaks at 1233 ◦C, where 
dissociation is accompanied by CO2 release. Dissociation may 
commence as low as 850 ◦C (Morgan, 1971). Synthetic strontianite 
produced a lower dissociation temperature range between 709 and 
869 ◦C, with an expected mass loss of 29.00% (Table 1, Frost et al., 
2009). 

The high temperature decomposition of witherite has not been so 
extensively studied as such temperatures were typically beyond the 
scope of early TGA furnaces. Dissociation begins at ~800 ◦C with a 
polymorphic transition from orthorhombic to tetragonal (Frost et al., 
2009; Földvári, 2011) and peaks at 1195 ◦C (Földvári, 2011) with an 
expected, stoichiometric mass loss of 22.30% (Table 1). 

TGA weight losses therefore have excellent potential to rapidly 
detect and measure low levels of carbonate minerals in geological ma
terials. However, the even greater sensitivity resulting from the addition 
of MS evolved gas analysis (Haines, 2002; Sutter et al., 2017) offers the 
potential to detect carbonate minerals at significantly lower levels. 

2.1. Detection and quantification 

Previous studies have shown that thermal analysis techniques can 
detect low levels of carbonate minerals in natural or synthetic mixtures. 
Differential thermal analysis (DTA) using flowing CO2 detected amounts 
as low as 0.25% (2500 ppm), a significant improvement over static air 
DTA (Warne, 1977; Warne and Mitchell, 1979). Later developments 
suggested that certain carbonates might be detected in the hundreds of 
ppm concentration range using DTA linked to non-dispersive infrared 
(NDIR) detectors (Milodowski and Morgan, 1980). 

However, over 40 years of technological improvements have helped 
to further reduce these lower detection limits. The 1970’s thermal 
analysis systems analysed single samples and produced analogue output 
to paper charts from which peak areas were tediously measured by 
planimeter (introducing some inaccuracy) and amounts of CO2 were 
determined either by empirical calculation or by comparison with 
standards of known volatile content. Due to the limitations of the 
equipment of the time (typically 0.1 mg), the 1970s papers also used 
carbonate minerals mixed with alumina to achieve low concentrations 
of standard (e.g. Milodowski and Morgan, 1980). This involved signifi
cant weighing and homogenisation issues and introduced further errors. 
Less accurate, faster heating rates (15◦C/min) were also employed. 

Modern thermal analysis equipment is digital, more accurate (with 
the best thermobalances now reading to 1e-7 g, 0.0001 mg) and there
fore enables the direct weighing of mineral standards, without dilution. 
Robotic sample changers are routinely specified, enabling continuous 
analytical runs of batches of, for example, up to 34 samples in the case of 
the Mettler-Toledo system used in this study, substantially improving 
laboratory efficiency. Baseline drift, a significant problem in earlier 
systems, has been eradicated by replacing resistance wound furnaces 
with, for example infrared heating. Such new technologies maintain 
excellent temperature control in the balance chamber with fluctuations 
of less than 0.005 ◦C measured during ambient to 1200 ◦C experiments 
(Dallas, 2006). Exceptional heating rate stability and reproducibility 
(<0.1%) over the full experimental temperature range has also been 
demonstrated (Dallas, 2006). Peak areas are now more accurately 
measured following deconvolution and integration using computer 
software algorithms. Owing to the small mass analysed, there is a 
continuing need to ensure sample homogeneity and representivity 
before TGA (e.g. Robinson et al., 2016). 

3. Materials 

In order to produce TGA-MS calibration curves, mineral standard 
samples for the carbonate minerals most likely to be present in the ERW 
basalts (calcite, dolomite, magnesite, strontianite and witherite) were 
sourced from the British Geological Survey’s internal reference collec
tion. The standards were variously characterised using XRD and 
geochemical analysis prior to TGA-MS (Table 1S (Supplementary 
Material)). 

Basalts are common, dark-coloured, mafic, finely-crystalline, 
generally extrusive igneous rocks that typically form as lava flows or 
small intrusive bodies (USGS, 2015). The International Union of 
Geological Sciences (IUGS) classify basalts as comprising 45–53% silica 
(SiO2) with less than 10% feldspathoid by volume, and where at least 
65% of the rock is plagioclase feldspar (Le Bas and Streckeisen, 1991). 
Basalts may be further sub-divided into alkali basalt and subalkali basalt 
according to the state of silica saturation (Gillespie and Styles, 1999). 

Mineralogically, basalts essentially contain calcic plagioclase feld
spar and pyroxene, with or without olivine, often with accessory min
erals including magnetite, ulvospinel and ilmenite (Shelley, 1992). 
Basaltic glass may also form a significant component of a basalt’s 
composition (Allen et al., 1981). The originally-crystallised basalt 
mineralogy may then undergo modification via relatively high temper
ature metamorphism, lower temperature hydrothermal alteration and 
weathering. Carbonate minerals are most commonly formed during 
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basalt alteration with seawater (e.g. Seyfried and Bischoff, 1974; Alt and 
Honnorez, 1984; Zhang and Smith-Duque, 2014), groundwater (Möller 
et al., 2016; Kanakiya et al., 2017) or surface weathering (Gislason et al., 
1996; Schaef et al., 2009; Li et al., 2016) and pedogenesis (e.g. Capo 
et al., 2000; Sayyed, 2014). 

A suite of six, globally-relevant basaltic samples, undergoing 
research as possible ERW materials (Lewis et al., 2021), was selected for 
this study (Table 2). The samples were sourced from various 
geographical locations and represent different basalt types and mineral 
compositions that have subsequently undergone different degrees of 
metamorphic and weathering alteration (Table 2). As the basalt samples 
represent quarried fines (suitable for ERW application), these may 
therefore include ’contaminants’ such as other rock fragments (e.g. 
limestone), soil, or anthropogenic materials (including organic matter). 
Full details of the mineralogical and geochemical characterisation of the 
basaltic samples is provided in Lewis et al. (2021). Briefly, however, the 
basalts formed during crustal extension (Tichum, Hillhouse, Cragmill 
and Oregon) are composed of greater proportions (46.7–82.0 wt%) of 
faster weathering minerals (Palandri and Kharaka, 2004), including 
olivine, augite and plagioclase when compared to those formed at 
convergent margins (Tawau) which contain a significant proportion 
(24.9 wt%) of slower weathering minerals such as quartz and clay 
minerals. The Blue Ridge metabasalt contains a smaller proportion of 
fast weathering minerals (19.6%) compared to the other samples, as a 
result of its metamorphic alteration. Fast-weathering basaltic glass 
forms a significant component (24.9 wt%) of the Oregon basalt. 

Typically, basalts are therefore rich in divalent cations and poor in 
silica (compared to other igneous rocks), usually containing 7–10 wt% 
Ca, 5–6 wt% Mg and 7–10 wt% Fe which are readily liberated by re
action with CO2-rich water (Oelkers et al., 2008). The dissolution rate of 
Mg and Ca is two orders of magnitude greater than reaction with other 
more crystalline or silica-rich rocks (Wolff-Boenisch et al., 2006). 

4. Methods 

4.1. Thermogravimetric analysis-mass spectrometry 

Representative sub-samples of each mineral standard or basaltic 
material were ball-milled to <0.125 mm to produce homogeneous 
powders for analysis. TGA-MS analyses were carried out using a Mettler- 
Toledo TGA/DSC 3+ thermobalance connected to a Pfeiffer Vacuum 
ThermoStar mass spectrometer via a heated (150 ◦C), 0.3 mm OD, 
quartz capillary. Although the MS offers the ability to measure gases in 
the range 1–200 amu, only selected gases (H2O, m/z 18 and CO2, m/z 

44) were monitored for this study. Prior to commencing sample ana
lyses, the TGA/DSC system was calibrated using the manufacturer’s 
specified Indium/Aluminium (In/Al) melting test. Zero runs were then 
completed for empty 150 μl platinum crucibles. The TGA was controlled 
and TGA output traces were interpreted using the Mettler-Toledo STARe 

software suite (v16.10). The linked MS was triggered by the TGA but 
otherwise programmed and MS output displayed using Quadera soft
ware (v4.62). Where necessary, overlapping peak areas were decon
volved using PeakFit software (v.4.12). Prior to measurements, the MS 
was calibrated using the manufacturer’s standard procedures to account 
for drift in the current amplifier, SEM gain and mass scale adjustment. 

In order to establish calibration curves and the lower detection limit 
(LDL) of the different carbonate species, a series of TGA/DSC runs were 
performed on decreasing amounts of each carbonate species, generally 
in the range 0.01–75 mg. Samples were accurately weighed directly into 
150 μl platinum crucibles using a 5 decimal place Sartorius R200D 
balance. In addition, to test the LDL, small quantities of calcite standard 
were added to an inert, milled corundum (American Elements - PN:AL- 
OY-03-P) matrix and mixed using prolonged reciprocal shaking. 

The standard TGA run commenced with a 10 min-isotherm at 30 ◦C 
to allow CO2 levels to decrease and stabilise following opening of the 
furnace and insertion of the sample crucible. The samples were then 
subjected to a ramped heating program of 30–500 ◦C at a heating rate of 
50 ◦C/minute (ramp 1), followed by heating from 500 to 1000 ◦C at a 
rate of 10 ◦C/minute (ramp 2). The analytical run time was ~69 min per 
sample with ~30 min required to cool the furnace between runs. The 
faster heating rate of ramp 1 was employed to reduce the analysis time 
by 28 min per sample, without compromising the detection and quan
tification of carbonate minerals. The initial isotherm and both ramp 
stages were completed under N2 flowing at 40 ml/min, which proved 
both sufficient to maintain an inert atmosphere, and to quickly escort 
reaction gases to the mass spectrometer, preventing unwanted second
ary reactions. Due to their higher decomposition temperatures, the 
strontianite and witherite standards were run on an extended program: 
10 min-isotherm at 30 ◦C, 30 to 700 ◦C at a heating rate of 50 ◦C/minute 
(ramp 1) followed by heating from 700 to 1300 ◦C at a rate of 10 ◦C/ 
minute (ramp 2). 

The presence and quantification of the different carbonate species 
was determined by comparison with empirically-derived standard 
weight losses and temperatures (Table 1). 

Portions of the ERW basaltic samples (~75 mg) were run on the same 
standard analytical program and the output interpreted in comparison 
to the calibration samples. 

Table 2 
Enhanced rock weathering (ERW) experimental materials. [Contains Data © University of Sheffield].  

Locality Geological setting (age) Reference Classification* (Lewis 
et al., 2021) 

LECO analyses (wt%) Coulometric 
analyses (wt%) 

TOC TIC Equivalent 
calcite 

Cragmill, 
Northumberland, UK 

Whin Sill (dolerite) emplacement, 
Pennsylvanian (Carboniferous) 

Sabine et al. 
(1954) 

Basalt (TAS) 
Basalt/andesite (QAPF) 

0.013 0.046 0.38 na 

Tichum Creek, 
Queensland, Australia 

Associated with continental-mantle plume 
magmatism (Miocene) 

Whitehead et al. 
(2007) 

Basanite (TAS) 
Phonolitic tephrite 
(QAPF) 

na na na na 

Oregon, USA Prineville Chemical Type Unit, Columbia 
River Basalt Group. (Middle Miocene) 

Smith and 
Hayman (1987) 

Basanite (TAS) 
Latite (QAPF) 

0.015 0.019 0.16 na 

Hillhouse, Troon, UK Intrusive analcime gabbro 
(Carboniferous–Permian) 

Kirstein et al. 
(2006) 

Basalt (TAS) 
Basalt/andesite (QAPF) 

na na na na 

Tawau, Sabah, Malaysia Associated with magmatic-arc volcanism 
(Pleistocene) 

Tahir et al. 
(2010) 

Basaltic andesite (TAS) 
Dacite (QAPF) 

0.013 0.077 0.64 na 

Blue Ridge, Illinois, USA Catocin Greenstone, Virginia, USA (Neo- 
Proterozoic) 

USGS (2019) Chlorite-actinolite 
metabasalt (Robertson, 
1999) 

0.020 0.411 3.43 0.68 

Classification schemes*. 
TAS: Total Alkaline Silica (Le Bas et al., 1986) 
QAPF: Quartz, Alkaline feldspars, Plagioclase feldspars and Feldspathoid (Streckeisen, 1974) 
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4.2. Scanning electron microscopy 

For corroboration of the TGA-MS analyses, further portions of the 
crushed basaltic samples were mounted and polished in blue-dye- 
impregnated (to highlight porosity) resin blocks and examined using a 
Zeiss Sigma 300 field emission scanning electron microscope (SEM). The 
SEM was fitted with twin Bruker Xflash 6|30, 30 mm2, 129eV resolution, 
energy dispersive X-ray (EDX) detectors running with Bruker Esprit (v2) 
software and Zeiss’ Mineralogic phase-mapping software (V1.6.2). Prior 
to analysis, a thin film (approximately 25 nm thick) of electrically 
conductive carbon was applied to the polished surfaces using an AGAR 
Turbo Carbon Coater, evaporation-coating unit. Samples were examined 
under high vacuum conditions (10− 4 Pa), at an accelerating voltage of 
15 keV and a working distance of 10 mm. 

SEM hosted EDX systems determine the energies of characteristic X- 
rays that are emitted where the electron beam interacts with the sample 
and can be used to identify elemental compositions and host phases. The 
EDX system used is capable of detecting elements from atomic numbers 
4 (B) to 92 (U), and has detection limits of the order of 0.2–0.5 wt% for 
most common elements. 

Digital photomicrographs were obtained using the backscatter elec
tron (BSE) technique, recorded as 8-bit greyscale TIF format images 
using Zeiss’ high definition backscatter detector (HDBSD). The bright
ness of a phase under BSE imaging is proportional to its mean atomic 
number. 

Mineralogic phase maps were run with the SEM operating with a 
120 μm aperture and ‘beam boost’ activated to give a nominal beam 
current of 10 nA. Mapping was performed over a grid of frames using 
BSE images and EDX data were captured in turn for each frame, with a 
beam step size of 7.5 μm and a dwell time of 10 ms. BSE images were 
captured at a 0.47 μm resolution, with a per pixel dwell time of 0.9 μs. 
Phase identifications were based on the per pixel normalised quantita
tive EDX data (using ZAF quantification protocols) passed through 
expert-user-defined compositional filters. Outputs were formed by 
combining data from multiple adjacent fields of view, mosaicked into 
phase map images with associated BSE images. Additional single frame 
X-ray elemental and phase maps were obtained under the same SEM 
operating conditions using the Bruker Esprit software at full resolution 
(i.e. the same as the accompanying BSE image), to resolve specific fea
tures of interest at higher spatial resolution. 

4.3. LECO and coulometric analyses 

TIC was calculated as the difference between the TC and TOC con
tents of a subset of the basaltic samples using a LECO CS225 elemental 
analyser (University of Aberdeen). TIC contents were assessed following 
prior treatment of powdered samples with mineral acid and TOC 
determined by CO2-evolution following combustion under excess oxy
gen. Veracity of TC analyses was verified by analysis of certified refer
ence materials (JGb-1 and LECO standards); the TC content of aliquots 
measured at the same time as the samples was within the range of the 
certified values. This analysis was unreplicated. 

The TIC of one of the basaltic samples (Blue Ridge) was also deter
mined using a CM5015 coulometer with an AutoMate autosampler at 
the SEAPORT Stable Isotope Laboratory (University of Southampton/ 
National Oceanography Centre). The instrument has detection limits 
between 0.11 and 0.22 wt% CaCO3. Data was collected on four aliquots 
and mean and standard deviation values calculated. 

5. Results 

5.1. Carbonate mineral standards 

The TGA curves for the ~75 mg standard carbonate samples indicate 
differing decarbonation temperatures and weight losses (Fig. 2), 
commensurate with literature sources. In order of increasing 

decarbonation (inflexion) temperature, magnesite decomposes at 
~642 ◦C (51.59% weight loss), calcite at ~805 ◦C (43.97% weight loss), 
dolomite at ~807 ◦C (46.20% total weight loss), strontianite at 
~1071 ◦C (29.56% weight loss) and witherite at ~1245 ◦C (19.47% 
weight loss). 

Mass spectrometer CO2 evolution profiles present broad, generally 
asymmetric peaks with flat backgrounds and are compared in Fig. 2. The 
different carbonate species produce different peak CO2 evolution tem
peratures, although these are generally similar for calcite and dolomite, 
reflecting their shared reaction (Table 1), except for the additional 
shoulder to the lower temperature side of the dolomite profile. For all 
the standard samples, the time lag measured between the TGA inflected 
registration of the decarbonation reaction and detection of CO2 at the 
MS is very small (typically <±1 ◦C, maximum ±2 ◦C). 

The TGA trace for the Eire calcite standard shows a single weight loss 
event (~500–900 ◦C, inflexion at 805 ◦C) of 43.97% (Fig. 2a), equiva
lent to a stoichiometric calcite content of 100%, corroborating the XRD 
and XRFS analyses (Table 1S (Supplementary Material)). A single, 
Gaussian-like CO2 evolution peak with a similar inflexion temperature 
of 805 ◦C and a marked asymmetry to the low temperature side ac
companies the weight loss (Fig. 2a). 

The Malawian dolomite standard also shows a single weight loss of 
46.03% between ~500 and 900 ◦C (inflexion at 807 ◦C, Fig. 2b) 
equivalent to a dolomite concentration of 96.4%. This composition 
concurs with XRD analysis that identified small quantities of calcite and 
quartz in the standard (Table 1S (Supplementary Material)). Both the 
dolomite MS CO2 evolution and DTG (differential thermogravimetric) 
profiles show a similar single major peak (inflexion at ~805 ◦C) taken to 
represent the decomposition of the CaCO3-component. Both profiles also 
show a noticeable, lower temperature shoulder at ~765 ◦C attributed to 
the initial dolomite decomposition reaction (Fig. 2b, Table 1). 

In comparison to the calcite and dolomite samples, the Greek 
magnesite standard shows a lower temperature, major weight loss of 
52.10% between ~200 and 800 ◦C (inflexion at 608 ◦C), equivalent to 
99.8% magnesite. Again, this composition is consistent with the trace 
quantities of quartz and calcite identified in the standard by XRD anal
ysis (Table 1S (Supplementary Material)). The weight loss is associated 
with a concomitant major peak on the MS CO2 evolution profile (608 ◦C, 
Fig. 2c), again showing an asymmetry towards the lower temperature. A 
smaller weight loss between ~400 and 520 ◦C (inflexion at 503 ◦C) is 
clearly shown on the DTG and CO2 evolution profiles (Fig. 2c) but its 
cause remains unknown. 

The single TGA weight loss event of 29.64% for the strontianite 
standard sample (~700–1200 ◦C, inflexion at 1028 ◦C, not figured) is 
equivalent to a stoichiometric strontianite content of 99.4%, corrobo
rating the XRD analysis (Table 1S (Supplementary Material)). The 
weight loss is again accompanied by a Gaussian-like CO2 evolution peak 
from the MS with an identical inflexion temperature (1028 ◦C) and 
marked asymmetry to the low temperature side. 

The witherite sample shows a single, high temperature TGA weight 
loss of 22.30% between 800 and 1300 ◦C (inflexion at 1196 ◦C, not 
figured), indicating that it is a pure sample, as also suggested by XRD 
analysis (Table 1S (Supplementary Material)). The MS output records a 
single CO2 evolution (peak maximum at 1195 ◦C). 

The measured MS profile CO2 peak areas vary in proportion to the 
stoichiometric CO2 content of each of the mineral standards i.e. with
erite (22.30%), strontianite (29.81%), calcite (43.97%), dolomite 
(47.73%) and magnesite (52.20%). This means that the smallest 
measurable peak areas produce the lowest LDL for magnesite and the 
highest LDL for witherite. 

Small quantities of calcite diluted with much greater quantities of 
inert corundum consistently produced measurable quantities of evolved 
CO2, even at ~100 ppm calcite concentrations. Although, due to diffi
culties in producing homogeneous mixtures outlined above, this was the 
lowest concentration tested, these results suggest that the technique is 
capable of distinguishing and quantifying even smaller (<100 ppm) 
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concentrations. Such dilutions were not prepared for the other 
carbonates. 

Strikingly, both the decarbonation temperatures and the mass 
spectrometric peak CO2-evolution temperatures also vary depending on 
the quantity of carbonate mineral present (Fig. 3). Smykatz-Kloss (1974) 
noted similar behaviour when using DTA and produced differing 
gradient ’curves of sample amount dependence’ = PA-curves, from the 
German, ’Proben-Abhängigkeit’ for >1 mg sample. For a range of 
masses (<0.1–~75 mg), the peak MS CO2-evolution temperatures for 
each carbonate standard vary dramatically: magnesite 501–608 ◦C, 
calcite 590–805 ◦C, dolomite 618–805 ◦C, strontianite 788–1057 ◦C and 
witherite 969–1224 ◦C. This obviously has a critical effect on the 
interpretation of sample CO2-evolution profiles and particularly the 
identification of carbonate mineral species and their quantification 
using TGA-MS. 

Example evolved CO2 vs mass carbonate mineral calibration curves 
are shown for calcite, dolomite and magnesite (Fig. 1S (Supplementary 
Material)). These show excellent linear trends and correlation co- 
efficients (>0.99). Replicate analyses indicate small standard de
viations (e.g. calcite ±3% at ±3σ) and demonstrate the reproducibility 
of the technique. Generally, the lower the decarbonation temperature of 
the carbonate mineral, the greater the slope of the calibration curve. 
Magnesite therefore shows the greatest slope and witherite the shal
lowest slope for the analysed carbonate minerals. The following equa
tions (3)–(6), also shown in Fig. 1S (Supplementary Material)) were used 
to determine the carbonate contents of the basaltic samples: 

Integral CO2(calcite) (nsA)= 223.45wt. calcite (mg) + 4.95 (3)  

Integral CO2(dolomite) (nsA)= 276.35wt. dolomite (mg) + 0.21 (4)  

Integral CO2(magnesite) (nsA)= 345.52wt. magnesite (mg) − 2.47 (5)  

Integral CO2(strontianite)(nsA)= 178.63wt. strontianite (mg) + 1.78 (6)  

5.2. Basaltic samples 

CO2 evolution profiles for the ERW basaltic samples (Figs. 4 and 5) 
are more complex than those recorded for the individual carbonate 
mineral standards (Fig. 2). Relatively low temperature peaks (maxima at 

<100 and ~300–500 ◦C) were attributed to the decomposition/oxida
tion of small quantities of organic matter present in the basaltic samples. 
Oxidation of organic matter is possible as the flowing N2 (99.998% pure) 
contains small quantities of O2. Comparison of higher CO2-evolution 
peak temperatures (>500 ◦C) with the evolution temperatures for the 
mineral standards were used to determine the nature and quantify the 
presence of any carbonate mineral(s) present (Table 3). 

SEM analysis combined with Mineralogic microgeochemical map
ping highlighted the complex mineralogy and grain inter-relationships 
of the basaltic samples (Figs. 6–9, 2S, 3S (Supplementary Material)). 
As anticipated from previous XRD analyses, the samples were composed 
of various proportions of plagioclase feldspar, pyroxene, quartz, K- 
feldspar, amphibole, Fe–Ti oxide, basaltic glass, apatite, chlorite, 
smectite, analcime and epidote (cf. Lewis et al., 2021). The micro
geochemical mapping also successfully identified small quantities of 
various carbonate minerals in the basaltic materials. 

Fig. 3. Peak CO2 evolution temperatures vs mass of carbonate standard.  

Fig. 4. TGA (black line), DTG (magenta line) and evolved CO2 profiles (blue 
integrated area) for the ERW basaltic samples I. Numerical labels relate to peak 
maxima on the CO2 evolution profiles. [Contains Data © University 
of Sheffield]. 
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5.2.1. Cragmill, UK 
The Cragmill material produces the simplest of the CO2 evolution 

profiles for the basaltic samples (Table 3, Fig. 4a). Two minor events at 
91 and 501 ◦C (and a small shoulder at 335 ◦C) were attributed to the 
oxidation of labile and more recalcitrant organic matter respectively. 
Applying the carbonate calibration curves and peak evolution temper
atures, the intense CO2 evolution at 655 ◦C is equivalent to 12528 ppm 

calcite, the largest carbonate-mineral content of the basaltic sample 
batch. A minor shoulder to the main CO2 evolution peak was also 
detected (peak maximum at 778 ◦C) and was interpreted as representing 
the presence of 318 ppm strontianite. A broad, low intensity hump in the 
CO2-evolution profile peaking at 887 ◦C could not be definitively 
ascribed to the decomposition of any particular carbonate mineral 
phase. 

SEM analysis and Mineralogic mapping identified very rare, coarse- 
grained (>200 μm) rhombs of calcite that form ~0.8 wt% sample with 
even rarer fine-grained (<10 μm) fragments of dolomite (Fig. 6). No 
strontianite was detected by SEM/microgeochemical mapping. 

5.2.2. Tichum Creek, Australia 
Seven events were identified at ~105, 355, 437, 500, 587, 641 and 

729 ◦C on the complex CO2 evolution profile for the Australian basalt 
(Table 3, Fig. 4b). The four lower temperature events (~105, 355, 437 
and 500 ◦C) were attributed to the decomposition/oxidation of organic 
matter. The DTG trace indicates three major events in this range at 
slightly different peak temperatures (~119, 232 and 434 ◦C), being 
augmented by the larger-scale evolution of H2O (not shown), most likely 
also resulting from organic matter but potentially also clay mineral 
decomposition. The major CO2 event at 587 ◦C, with a high temperature 
shoulder at 641 ◦C, was attributed to the presence of 1880 ppm calcite. A 
minor, higher temperature event at 729 ◦C was ascribed to the presence 
of 325 ppm strontianite, although this represents a lower peak evolution 
than the equivalent quantity of the strontianite standard. Triplicate 
analysis of the Australian basalt sample indicates an error of ±62 ppm 
(±3σ) for the calcite concentration. 

SEM analysis/Mineralogic mapping of the Tichum sample again 
identified only rare, coarse-grained (>250 μm) crystals of calcite that 
form ~0.5 wt% material. The internal texture of the crystals suggest that 
they most likely represent fragments of fracture-fill mineralisation in the 
basalt (Fig. 7). 

5.2.3. Oregon, USA 
The Oregon basalt CO2 evolution profile shows the most intense low 

temperature, organic matter oxidation peaks for the sample batch at 92, 
352 and 501 ◦C (Table 3, Fig. 4c). The two carbonate mineral CO2 peak 
evolutions at 679 and 577 ◦C represent equivalent calcite concentrations 
of 2845 and 2115 ppm respectively. However, these peak evolution 
temperatures appear higher and lower than those measured for equiv
alent masses of calcite standard. 

SEM analysis/Mineralogic mapping identified rare crystals of calcite 
but these were exceptionally large (~800 μm) compared to the other 
basaltic samples (Fig. 2S (Supplementary Material)). This heterogeneity 
resulted in Mineralogic estimating the calcite concentration to be the 
highest for the sample batch at ~4.0 wt%. No other carbonate-bearing 
minerals were identified in this sample by SEM analysis or geochem
ical mapping. 

5.2.4. Hillhouse, Ayrshire, Scotland 
The CO2 evolution profile for the Hillhouse basalt shows four major 

events at 93, 500, 597 and 715 ◦C together with less distinct events at 
354, 540 and 881 ◦C (Table 3, Fig. 5a). The two, major low temperature 

Fig. 5. TGA (black line), DTG (magenta line) and evolved CO2 profiles (blue 
integrated area) for the ERW basaltic samples II. Numerical labels relate to peak 
maxima on the CO2 evolution profiles. [Contains Data © University 
of Sheffield]. 

Table 3 
Summary of >500 ◦C evolved CO2 features and carbonate mineral attribution for the ERW basaltic samples. [Contains Data © University of Sheffield].  

Locality CO2 evolution 1 CO2 evolution 2 Comments 

Peak temp (◦C) Attributed to Peak temp (◦C) Attributed to 

Cragmill, Northumberland, UK 655 12528 ppm calcite 778 318 ppm strontianite – 
Tichum Creek, Queensland, Australia 587 1880 ppm calcite 729 325 ppm strontianite Shoulder at 641◦C 
Oregon, USA 679 2845 ppm calcite 577 2115 ppm calcite – 
Hillhouse, Troon, UK 597 2374 ppm calcite 715 614 ppm strontianite Shoulder at 540 ◦C 
Tawau, Sabah, Malaysia 629 8497 ppm calcite 728 1069 ppm strontianite Shoulder at 543◦C 
Blue Ridge, Illinois, USA 626 6706 ppm calcite 764 481 ppm strontianite –  
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features (93 and 500 ◦C) are relatively sharp and were attributed to the 
oxidation of organic matter. The 597 ◦C event represents the greatest 
mass of evolved CO2, equivalent to 2374 ppm calcite. A subordinate 
event at 715 ◦C was ascribed to the decomposition of 614 ppm stron
tianite. Again, the TGA and DTG curves show an additional weight loss, 
peaking at ~320 ◦C, which was attributed to the dehydroxylation of clay 

minerals in the altered basalt and evidenced on the MS H2O evolution 
profile (not shown). A small shoulder at 540 ◦C on the CO2 evolution 
profile could not be definitively explained. 

SEM analysis/Mineralogic mapping suggest that the Hillhouse basalt 
contains small quantities of calcite (~0.1 wt%) together with elongate 
Fe-dolomite crystals (~0.04 wt%) with Fe-rich inclusions (Fig. 8). 

Fig. 6. Cragmill sample. a. Montage of Mineralogic microgeochemical mapping images (coloured, left) and equivalent backscattered scanning electron photomi
crographs (monochrome, right) for three selected areas. Inset boxes indicate areas shown in higher magnification in b. and c. b. Backscattered scanning electron 
photomicrograph of very rare, fine-grained (<10 μm) irregular, angular dolomite fragment (right of centre, intermediate brightness, no growth zoning visible). c. 
Backscattered scanning electron photomicrograph of rare, coarse-grained (>200 μm) calcite rhomb. The variation in backscatter brightness reflects variations in Fe 
and Mn content.[Contains Data © University of Sheffield]. 
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5.2.5. Tawau, Malaysia 
The features of the CO2 evolution profile for the Malaysian basalt 

(Table 3, Fig. 5b) are similar to those observed for the Hillhouse basalt. 
Although less intense, the organic matter oxidation features have 

maxima at very similar temperatures (major features at 94 and 502 ◦C, 
minor feature at 370 ◦C). The most intense evolution at 629 ◦C, repre
sents an equivalent calcite concentration of 8497 ppm. The smaller 
event at 728 ◦C was attributed to the decarbonation of 1069 ppm 

Fig. 7. Tichum Creek, Australia sample. a. Montage of Mineralogic microgeochemical mapping images (coloured, left) and equivalent backscattered scanning 
electron photomicrographs (monochrome, right) for three selected areas. Inset boxes indicate areas shown in higher magnification in b. and c. b. Backscattered 
scanning electron photomicrograph of rare, coarse-grained (>250 μm) crystals of calcite. The internal texture of the crystals suggest that they are in situ and most 
likely represent fragments of fracture-fill mineralisation in the basalt. The calcite in this sample is notable for typically containing >2 wt% Mg. c. Coloured PhaseMap 
of equivalent area to b. [Contains Data © University of Sheffield]. 
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strontianite. No conclusive explanation could be found for the shoulder 
in the CO2 profile at 543 ◦C, other than it is very similar to that shown by 
the Hillhouse basalt. 

Only very rare calcite crystals (~0.1 wt%) were identified by SEM 
analysis and Mineralogic mapping (Fig. 3S (Supplementary Material)). 

5.2.6. Blue Ridge, Illinois, USA 
Triplicate CO2 evolution profiles for the Illinois basalt shows similar 

features to the Malaysian and Hillhouse samples (Table 3, Fig. 5c). 
Minor, low temperature maxima at 501, 357 and 88 ◦C with a shoulder 
at 238 ◦C were taken to represent the oxidation of organic matter. The 
major feature of the profile has a maximum at 626 ◦C and was therefore 
ascribed to calcite decarbonation, representing an average concentra
tion of 6706 ± 430 ppm (±3σ). A minor feature at 764 ◦C represents the 
presence of 481 ± 43 ppm (±3σ) strontianite in this basalt. 

SEM analysis/Mineralogic mapping identified small quantities of 
calcite in this basalt (~0.9 wt%). The calcite predominantly occurs as a 
replacive cement (<40 μm) but also rarely as larger, discrete crystals 

(~150 μm) (Fig. 9). 

5.2.7. TIC, TOC analyses 
LECO data also indicates the presence of low levels of total organic 

carbon (TOC, Table 2) in the basalt samples (0.013–0.020 wt%) which 
appear to be similar to those indicated by the low temperature CO2- 
evolutions shown by TGA-MS. Total inorganic carbon (TIC) values 
(0.019–0.411 wt%, Table 2) from LECO analysis suggest equivalent 
calcite contents in the range 0.16–3.42 wt%, generally greater than the 
proportions predicted by TGA-MS. Coulometric analysis of the Blue 
Ridge basalt suggests a carbonate (calcite) content of 0.68 ± 0.12 wt%, 
based on four aliquots. 

6. Discussion 

6.1. Detection and quantification 

Since straight-line calibration curves were generated for the evolved 

Fig. 8. Hillhouse, Troon sample. a. Montage of Mineralogic microgeochemical mapping images (coloured, left) and equivalent backscattered scanning electron 
photomicrographs (monochrome, right) for three selected areas. b. Backscattered scanning electron photomicrograph of Fe-dolomite and plagioclase crystals. 
c. Backscattered scanning electron photomicrograph of elongate Fe-dolomite crystals with Fe-rich inclusions (shown bright). d. Backscattered scanning electron 
photomicrograph of a rare calcite-bearing particle. The calcite has formed by encircling chlorite (centre), possibly replacively. The chlorite itself has formed through 
alteration of pyroxene, remnants of which are also enclosed by the calcite (right of top). [Contains Data © University of Sheffield]. 
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Fig. 9. Blue Ridge, Illinois sample. a. 
Montage of Mineralogic micro
geochemical mapping images (coloured, 
left) and equivalent backscattered scan
ning electron photomicrographs (mono
chrome, right) for three selected areas. 
Inset boxes indicate areas shown in 
higher magnification in b., c. and d. b. 
Backscattered scanning electron photo
micrograph of replacive calcite cement 
(<40 μm). c. Coloured PhaseMap of 
equivalent area to b. d. Backscattered 
scanning electron photomicrograph of 
rare, larger, discrete calcite crystal 
(~150 μm). [Contains Data © University 
of Sheffield].   
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CO2 (R2 > 0.99), the lowest limit of detection is determined by the 
ability to measure a peak area. In practice, the smallest measurable peak 
area is the smallest one that can be unambiguously distinguished from 
baseline noise and is described in terms of the signal to noise ratio (S/N). 
ACS guidelines suggest that a S/N = 10 defines the smallest peak whose 
area can be measured with acceptable precision for quantification pur
poses (MacDougall and Crummett, 1980). 

SEM microanalysis of polished block mounts has corroborated the 
presence of the different carbonate minerals (calcite and dolomite) in 
the ERW basaltic samples, but we have demonstrated that the TGA-MS is 
capable of detecting much lower (~100 ppm) concentrations. Although 
not proven, it is likely that the technique is capable of detecting even 
lower (<100 ppm) carbonate mineral concentrations. A consistent, high 
temperature TGA-MS CO2 evolution has here been attributed to the 
decomposition of strontianite, which is feasible for basaltic lithologies. A 
close overlap of the silicon K-alpha and strontium L-alpha X-ray lines 
makes identification of strontium-bearing mineral phases in a silicate- 
rich rock very challenging when using SEM-EDX techniques. This is 
particularly so for the short beam dwell times used in the large area 
mineral phase mapping protocol applied here. These factors together 
with the suggested low (318–1069 ppm) concentrations, most likely 
explain why strontianite was not detected by SEM microanalysis. 

The generated CO2 evolution profiles for the ERW basaltic samples 
have been attributed to a range of different organic compounds and 
carbonate minerals at different concentrations. 

6.2. Organic matter decomposition 

The slow thermal oxidation of soil organic matter in flowing air/ 
oxygen gas streams has been well characterised as labile organic matter 
(’cellulose’, 200–380 ◦C), recalcitrant organic matter (’lignin’, 
380–475 ◦C) and refractory organic matter (475–650 ◦C) including 
black carbon (e.g. Lopez-Capel et al., 2005). However, organic matter 
thermal decomposition in a N2 atmosphere is less well understood and 
can be difficult to interpret due to the complexity of a range of fusion, 
decomposition and polymerization reactions (Guo et al., 2016). Never
theless, Boguta et al. (2017) distinguished approximately similar tem
perature ranges (volatile and labile groups, 220–430 ◦C and recalcitrant 
and refractory structures, 430–650 ◦C) for soil-derived natural poly
mers, fluvic and humic acids. Further data has been produced by ther
mal instrumentation on the Phoenix and MSL spacecraft employing inert 
(N2 or He) carrier gas (e.g. Archer et al., 2013; Sutter et al., 2017). Here, 
the authors ascribed CO2 evolution to organic compound decomposition 
including the combustion of simple organic carbon (<350 ◦C), re
fractory macromolecular carbon (300–600 ◦C) or the decarboxylation of 
organic compounds (carboxylic acids, oxalates etc, 150–800 ◦C) (Mu 
and Perlmutter, 1981; Sutter et al., 2017). 

Based on similar CO2 evolution temperatures, small quantities of 
organic matter have been detected in all of the ERW basaltic samples in 
this study. Since fresh basalt does not contain organic matter, it is most 
likely that the detected organic matter represents contamination with 
soil or anthropogenic materials. 

6.3. Carbonate mineral decarbonation 

Although it is acknowledged that a small proportion may be due to 
the higher-temperature decomposition of organic matter, the >500 ◦C 
CO2 evolution from the ERW basaltic samples is here attributed to the 
decarbonation of carbonate minerals. 

Despite their differing geographic locations, basalt types, mineral 
compositions and subsequent alteration histories, TGA-MS analyses 
suggest that the basaltic materials examined in this study all contain 
small quantities of various carbonate minerals. 

The Cragmill basalt has the greatest concentration of carbonate- 
mineral (12528 ppm calcite and 318 ppm strontianite). Full mineral
ogical analysis (Lewis et al., 2021) indicates that, although this sample is 

predominantly composed of feldspar (plagioclase and K-feldspar) as 
would be expected of a basalt, it also contains appreciable clay minerals 
(~10% chlorite-smectite) and ~7% quartz. The presence of significant 
carbonate minerals together with clay minerals and quartz suggest that 
this basalt has undergone hydrothermal alteration following initial 
crystallisation (e.g. Seyfried and Bischoff, 1974). Brief SEM examination 
also identified coarse-grained rhombic crystals of calcite, most likely to 
have formed from hydrothermal fluid interaction and precipitated as 
fracture-fill. As for all the quarried basalt samples, contamination of the 
Cragmill basalt with other rock fragments (e.g. limestone) represents a 
further potential source of carbonate minerals in these materials. 

The greater concentrations of quartz (~19%) together with clay 
minerals (saponite) identified in the Tawau basalt (Lewis et al., 2021) 
suggests that it has undergone a greater degree of hydrothermal alter
ation/weathering but this has not resulted in a similar scale of carbonate 
mineral precipitation (8497 ppm calcite and 1069 ppm strontianite). 

Even smaller quantities of calcite were identified in the other basalts; 
in descending concentration: Blue Ridge (6706 ppm), Oregon (2845 
ppm), Hillhouse (2374 ppm) and Tichum Creek (1880 ppm). SEM 
observation of replacive calcite cement (<40 μm) and rare larger, 
discrete grains together with full mineralogical analyses (Lewis et al., 
2021) again suggest that hydrothermal alteration/weathering was 
responsible for the precipitation of carbonates in these basalts, but that 
these processes were less advanced than for the Cragmill and Tawau 
basalts. 

The co-incidence of the peak CO2 evolution for calcite and dolomite 
(Fig. 2), with the exception of the shoulder at ~765 ◦C recorded for 
dolomite, means that the small quantities of calcite identified in the 
basalts could equally wholly or partially be ascribed to dolomite. 
Comparison of the temperatures of peak CO2 evolution for the basalt 
samples with those obtained from carbonate mineral standards (Fig. 3) 
confirm that these should be ascribed to calcite with the possible 
exception of the Oregon basalt where a higher evolution temperature 
(679 ◦C) would appear closer to dolomite. 

SEM analysis identified possible trace quantities of Fe-dolomite in 
only one of the samples (Hillhouse) and failed to detect ankerite or 
siderite in any of the samples. Consequently, the CO2-evolution profiles 
of the solid-solution series Fe-dolomite, ankerite and siderite have not 
been considered as part of this study. Previous studies indicate that 
siderite decarbonates between 500 and 550 ◦C and both ankerite and Fe- 
dolomite dissociate via three reaction steps between 700 and 950 ◦C (e. 
g., Milodowski and Morgan, 1980; Földvári, 2011). However, decom
position temperatures are dependent on the species chemistry and the 
nature of Fe2+, Mg2+ and Mn2+ substitution. For these reasons, further 
work would be required to discriminate subordinate amounts of these 
species in the presence of other carbonates. 

Strontianite is a rarely-described component of basalts (e.g., Meix
ner, 1964), most likely reflecting its low–very low concentration. 
However, as the average Sr concentration of basalts is ~400 ppm (Gale 
et al., 2013), coupled with the very recent discovery of celestine (SrSO4) 
in moderately altered recent oceanic Hawaiian basalts (Garcia and 
Hellebrand, 2020), the quantities of strontianite suggested by TGA-MS 
analysis appear plausible. Strontium, along with Eu and to a lesser 
extent Ba, can substitute for Ca in plagioclase feldspar. Hydrothermal 
experiments have observed the liberation of Sr to solution during albi
tization reactions (e.g. Hövelmann et al., 2010). A low temperature 
(<100 ◦C) hydrothermal vein-fill development would appear most likely 
for strontianite. 

This study has demonstrated that mass spectrometric peak CO2 
evolution temperature is related to the mass of carbonate mineral pre
sent, with large ranges in peak evolution temperatures measured for 
different carbonate species e.g. magnesite 501–613 ◦C, calcite 
583–813 ◦C, dolomite 618–808 ◦C, strontianite 788–1057 ◦C and 
witherite 969–1224 ◦C. Smykatz-Kloss (1974) previously published 
similar PA curves for DTA of >1 mg mineral but did not offer any reason 
for the noted behaviour. Most likely this phenomenon reflects reaction 
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kinetics, whereby if more carbonate mineral is present, the time taken 
for complete decarbonation is extended, increasing the peak evolution- 
and weight loss-temperatures. Such peak evolution temperature ranges 
certainly complicate the interpretation of CO2-profiles, but the present 
study provides a basis for more precise identification and quantification. 
The range in peak evolution temperature also explains why the trace 
quantities of calcite identified by XRD in both the dolomite and 
magnesite standards, did not produce discriminatory CO2 evolution 
peaks, as these were ‘hidden’ beneath the more substantial evolution of 
the dominant carbonate species. 

6.4. TGA-MS of carbonates in other basaltic materials 

Small amounts of carbonate-group minerals have often previously 
been described in basalts, most usually as vesicle- or cavity-fillings (e.g. 
Lavoie, 1995; Otterns et al., 2019), hydrothermal veins (Brandstätter 
et al., 2018; Hernández-Uribe et al., 2020) or as weathering/alteration 
products replacing phenocrysts (e.g. Churchman and Lowe, 2012; 
MacDonald et al., 2019). However, these have rarely been quantified; 
and certainly not at the low levels discussed in this study. 

Calcite is also a common reaction product in basalt carbonation 
studies, for example in situ mineralisation where supercritical CO2 is 
injected into basalt formations (McGrail et al., 2006; Pogge von 
Strandmann et al., 2019) or reacted in laboratory experiments (e.g. 
Schaef et al., 2009; Kumar and Shrivastava, 2019). Modelling of the 
reaction of basalt with carbonated water suggests that dolomite and 
magnesite are amongst the precipitates formed after ~1 year, with 
substantially greater mineralisation after 10–100 years (Marini, 2007). 
Batch experiments produce magnesite from olivine dissolution at faster 
timescales (e.g. Rosenbauer et al., 2012; Sissmann et al., 2014). 

The detection and quantification of carbonate minerals in ’starting’ 
and ’end-product’ materials is therefore clearly important to ongoing 
modelling and experimental studies (e.g. Lewis et al., 2021). 

Interestingly, NASA has deployed similar technology to analyse 
rocks and soils on its robotic missions to Mars since 2008. The 1976 
Viking 1 and 2 spacecraft first carried gas chromatograph-MS systems 
but failed to detect organic compounds in the Martian soil (Fenselau 
et al., 2003). 

The later Phoenix Lander’s Thermal and Evolved Gas Analyser 
(TEGA), consisting of a calorimeter coupled to an MS, first detected a 
high-temperature endotherm (~725–820 ◦C) and associated CO2 evo
lution which was assigned to either calcite or aragonite in the Wicked 
Witch soil (Boynton et al., 2009). A lower temperature (~400–680 ◦C) 
CO2 evolution was tentatively apportioned to some combination of 
Mg-carbonate, Fe-carbonate, adsorbed CO2 from a zeolite-like phase 
and/or organic molecules converted to CO2 by soil oxidants (Boynton 
et al., 2009). Later, low-pressure experiments (more accurately simu
lating the Mars atmosphere) suggested that the high temperature 
endotherm might represent calcite, ankerite, dolomite or a calcium-rich 
carbonate with Fe and/or Mg solid solution chemistry. Siderite and 
magnesite were candidates for the lower-temperature CO2 release 
(Sutter et al., 2012). 

The Curiosity rover exploration of Gale crater (2012–present) carried 
the Sample Analysis at Mars (SAM) instrument including an MS to 
analyse evolved gases (including CO2) from basaltic sediments and 
bedrock samples following heating to ~870 ◦C (Sutter et al., 2017). The 
samples were typically composed of feldspar, pyroxene, olivine, iron 
oxides and clay minerals, similar to weathered basaltic soils on Earth. 
CO2 was detected over most of the temperature interval and attributed 
to atmospherically adsorbed CO2, organic carbon, CO2 inclusions in 
mineral/glass phases and carbonate minerals. Most CO2 was evolved 
below 450 ◦C, consistent with derivation from organic material. Evolved 
CO2 between 450 and 800 ◦C was attributed to low concentrations (<0.7 
± 0.1 wt%) of various different carbonate minerals (Fe-rich, Mg-rich and 
Fe–Mg carbonate) that were undetected by Curiosity’s CheMin 
(XRF/XRD) instrumentation (Sutter et al., 2017). 

6.5. TGA-MS compared to other methods 

The calculated TGA-MS carbonate mineral concentrations are lower, 
sometimes substantially lower than those derived from LECO TIC mea
surements for the Oregon, Malaysian and Blue Ridge basalts (Tables 2 
and 3). Exceptionally the Cragmill sample has a higher TGA-MS car
bonate mineral content compared to the LECO TIC determination, but 
although these two samples were taken from the same quarry, they are 
actually different samples. For example, TGA-MS suggests that the Blue 
Ridge basalt contains 0.54% calcite while LECO TIC determinations 
indicated an equivalent 3.43% calcite. 

Literature sources suggest that LECO TOC measurements for 
geological samples provide results within ±5% value at the 95% confi
dence limit (e.g. Mahoney et al., 2019). However, since LECO TIC de
terminations are produced from the difference between TC and TOC 
determinations, accurate TIC values are therefore reliant on both ac
curate TC and accurate TOC determinations. As noted by Weliky et al. 
(1983), the issue with such LECO analyses lies not with the conversion of 
TC to CO2 or the detection of CO2 evolved, but with the techniques used 
to partition TC between OM and carbonate minerals. Organic C can be 
removed by burning at 500 ◦C for 2 h or carbonate minerals can be 
removed with acid but neither technique is sufficiently selective as to 
not affect the carbon in the remaining phase. As we have demonstrated, 
some carbonate minerals may begin to decarbonate at or below 500 ◦C, 
negating differentiation between organic and inorganic carbon on a 
decomposition temperature basis. Acid removal of mineral carbonates is 
also unsatisfactory since firstly, different carbonate species have 
different dissolution reaction rates (e.g. Peng et al., 2016) and secondly 
some organic carbon may also be removed (Froelich, 1980). The 
dependence of the measured quantity of each carbon phase on the other, 
using either technique, can lead to multiple and compounding errors 
and misleading correlations between TIC and TOC (Weliky et al., 1983). 

Low TOC values (causing major errors in TIC) have previously been 
recognised, particularly where samples are not homogenised (Raja and 
Barron, 2020), where drying or pre-treatment to remove carbonates may 
result in the loss of volatile organic compounds or the decomposition 
and loss of other organic compounds (Schumacher, 2002) or where re
fractory ’cokes’ are present and incomplete decarbonisation occurs (Liu 
et al., 2019). High TOC values can be produced if carbonate or 
sulphur-bearing compounds or water have not been removed prior to 
LECO analysis. 

If the TIC value obtained from coulometric analysis of the Blue Ridge 
basalt is wholly attributed to calcite (0.68 ± 0.12 wt%), this represents a 
very similar value and again corroborates the concentration obtained by 
TGA-MS (0.67 wt%). 

TGA-MS data, corroborated by SEM/Mineralogic mapping and 
coulometric analysis, suggests that TGA-MS offers a more precise tech
nique than LECO for the quantification of carbonate species, particularly 
at low levels. Unlike coulometric analysis, TGA-MS also uniquely offers 
the ability to speciate the nature of the carbonate species present. 

7. Conclusion 

This study has confirmed that coupled TGA-MS analysis provides a 
relatively rapid, effective technique for the detection and quantification 
of carbonate mineral species in ERW basaltic materials. Analysis only 
requires small (<75 mg) sample mass and is therefore ideal for homo
genised laboratory experimental residues and field demonstrator 
samples. 

As corroborated by SEM-EDS mapping, TGA weight losses can pro
vide accurate information on carbonate mineral speciation and quanti
fication. However, MS-detected CO2 evolution provides such data at 
even lower concentrations with a proven LDL of ~100 ppm for calcite. It 
is likely that the technique can detect even lower (<100 ppm) concen
trations of carbonate minerals. 

TGA-MS analyses have determined small (<12528 ppm) but 
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consistent carbonate contents in six different basaltic materials from 
widely different geological and geographical settings, employed as ERW 
materials. Such information is an important input for reactive transport 
modelling to critically assess ERW and the efficacy of different potential 
basalt resources. 

As demonstrated on analogous basaltic rock and soil materials from 
Mars, TGA-MS provides a very useful technique for an even wider range 
of research. 
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Möller, P., Rosenthal, E., Inbar, N., Magri, F., 2016. Hydrochemical considerations for 
identifying water from basaltic aquifers: the Israeli experience. J. Hydrol.: Reg. Stud. 
5, 33–47. https://doi.org/10.1016/j.ejrh.2015.11.016. 

Morgan, D.J., 1971. The dissociation of strontianite and its quantitative estimation by 
thermogravimetry. Thermal Analysis 3, 675–682. https://doi.org/10.1007/978-3- 
0348-5775-8_57. 

Morgan, D.J., 1977. Simultaneous DTA-EGA of minerals and natural mineral mixtures. 
J. Therm. Anal. 12, 245–263. https://doi.org/10.1007/BF01909481. 

Morgan, D.J., Warrington, S.B., Warne, S.S.T.J., 1988. Earth sciences applications of 
evolved gas-analysis - a review. Thermochim. Acta 135, 207–212. https://doi.org/ 
10.1016/0040-6031(88)87387-8. 

Mu, J., Perlmutter, D.D., 1981. Thermal decomposition of carbonates, carboxylates, 
oxalates, acetates, formats, and hydroxides. Thermochim. Acta 49, 207–218. 
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