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Enhanced Weathering: Is It the Best Method of Removing 

CO2 from the Atmosphere 

 

 All of the premier organizations dedicated to combating climate change have concluded 

that in addition to reducing CO2 emissions, it will be necessary to also remove CO2 from the 

atmosphere to avoid an excessive rise in the earth’s temperature. This is not meant to minimize 

the need to cut emissions. Both approaches are needed. The concepts involved are called NET’s 

or Negative Emission Technologies and could remove up to 10 GtCO2/y globally by midcentury 

and 20 GtCO2/y globally by the century’s end (NAS 2018b). 

 

 CCS, CCUS. One of the most common proposals is Carbon Capture and Storage 

(CCS). This involves the capture of CO2 produced in association with the burning of fossil fuels 

involved the production of electricity, especially coal-based power plants followed by the 

sequestration of the CO2 into various underground storage sites. A modification of this approach 

is CCUS (Carbon Capture Use and Storge) where the captured CO2 is put to a variety of uses 

and the excess sequestered. A major problem with these approaches is that there are serious 

concerns about the permanence and safety of the sequestered CO2 . Some sites may be ideal, but 

others may leak, resulting in the sudden release of massive amounts of CO2 back into the 

atmosphere. This is reminiscent of the release of many tons of CO2 from Lake Nyos in Cameroon 

in 1986 that killed 1200 people. This was possible because CO2 is heavier than air and spreads 

over land like a carpet of death. 

 In addition, it is doubtful that there are sufficient geologically suitable sites to bury the 

billions of tons of CO2 produced by coal burning power plants each year. 

 As pointed out by Mann (2020) a common place for sequestering the CO2 is oil wells. 

The recovered oil, when burned, yields several times as much CO2 as was sequestered in the first 

place. 

 Finally, this process is only about 90% effective in removing the CO2 produced, leaving 

millions of tons still being released. (Mann, 2020). 

 

 DCCS A second major approach is Direct Carbon Capture and Storage. This approach 

is to directly remove CO2 from the atmosphere using one of several recent technologies such as 

Chimeworks, Carbon Engineering, Global Thermostat, and others. This has the advantage that 

the source of the CO2 is virtually unlimited and equal to the total amount in the atmosphere and 

not ties to power plants. However, this has some major disadvantages of its own. 

 First, the storage part has the same disadvantages as above, with CCS and CCUS, namely 

concerns about the safety and permanence of the CO2 storage. Injection of CO2 directly into 

mafic rocks (in situ sequestration) may be a way around this. 

 Second, these techniques are very expensive. 

 Finally, both CCS, CCUS and DCCS have the disadvantage that they do not address 

three other serious problems with climate change and greenhouse gases: 

  1. Ocean acidification.   

  2. Atmospheric NO2   

  3. Atmospheric Methane 
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What the Ideal CO2 removal technique should accomplish. 

 The follow are the characteristics of an ideal method of removing CO2  from the 

atmosphere. It needs to: 

 • Solve the problem of the permanent and safe long-term storage of captured CO2, i.e., 

for thousands of years. 

 • Help decrease ocean acidification. 

 • Decrease marine production of N2O. 

 • Decrease the soil production of N2O. 

 • Have the potential of removing the third serious greenhouse gas – methane. 

 • Be relatively cheap. 

 • Avoid the restrictions of regulatory groups compared, for example, to ocean fertilization 

and SRM (solar radiation management).  

 • If land based it should 

  a) not compete with regular croplands. 

  b) actually, improve existing croplands. 

 

 We believe that the NET that satisfies all of these conditions is: Enhanced Weathering 

using Croplands and Oceans 

 The following is a review of this technology as presented on our website – The Comings 

Foundation -> 3 Negative Emission Technology ->  

C Is Enhanced Weathering the Best Method of Removing CO2 from the Atmosphere?  

 While this technology is based on the work of many others, we are proposing to put it all 

different aspects together to start an actual working project in the Midwestern (for crops), at the 

coasts (for oceans) and possibly at other sites around the world. 

 
Enhanced Weathering using Cropland  

 A form of accelerated weathering (EW) that improves its desirability as a NET is 

spreading ground-up mafic rocks onto farmlands. This was proposed by Beerling et al (2018) 

and others (Hartman, et al 2008, 2012, 2013, Schuiling & Krijgsman 2006; Kohler et al, 2010; 

Taylor, et al, 2016, 2017) and is outlined in the following figure.  
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Concept of farming with crops and rocks by Beerling et al (2018)  

especially using olivine (Mg,Fe)2SiO4. 

 

 In soils, chemical breakdown of silicate rocks is accelerated during aqueous reactions 

with the elevated soil CO2 environment, releasing base cations (Ca++ and Mg++) and delivering 

bicarbonate (HCO3
-) anions via runoff to surface waters and eventually the ocean. Enhanced 

weathering, therefore, also uses the oceans to store atmospheric CO2 as these stable dissolved 

inorganic alkaline forms. Given the oceans worldwide store around 38,000 Pg* C (38,000 

gigatons) >45 times the mass of C in the current atmosphere. The residence time of dissolved 

inorganic carbon in the global ocean is around 100,000 – 1,000,000 years, making it essentially a 

permanent C-storage reservoir on human timescales. The residence time for enhanced 

weathering using croplands is many, many years.  

 

* Pg = pentagrams = 1015 grams = 109 tons or one gigaton. 

 

 There are two potential types of mineral for this use: carbonates and silicates. Silicates 

are best because carbonate weathering on acidic agricultural soils can lead to a net CO2 flux to 

air and carbonate minerals lack silica (Si) and other plant nutrient elements. Thus, the process of 

carbonate weathering on land delivers fewer benefits to climate, soils and crops. 

 The silicate rocks are igneous, which means that they formed from cooled volcanic 

magma. Granite and basalt are the most common igneous rocks. Basaltic magma is what comes 

out when the earth's crust is cut through. As an eruption ends, the basalt "scab" heals the wound 

in the crust. Since it cools very quickly, the minerals have very little opportunity to grow and are 
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very fine grained. Most of the ocean floor is basalt, and most of the continents are granite but 

there are continental areas (Deccan traps) where the basalt in on the surface. 

 

Is EW Sequestration of CO2 on Croplands Possible in the United States? 

 The emphasis in the present review is on the potential role of Enhanced Weathering using 

Cropland and Oceans in the United States. The US Geological Survey published two important 

documents: USGS (2019) and Blondes et al, (2018). These documents reviewed other techniques 

for CO2 storage in the United States. Based on those and current literature there are five 

approaches. 

 1. CO2 Storage: Injection of  CO2 underneath rock formations deep underground 

without mineralization. As noted above, these are potentially dangerous. 

 2. CO2 Mineralization: Injection of CO2 into rock formations deep underground for 

underground mineralization. This is termed in situ storage. 

 3. CO2 Mineralization: Exposure of CO2 to broken or pulverized pieces of rock at the 

surface, using leftovers from mining, called mine tailings. 

 4. CO2 Mineralization: Spreading pulverized mafic rocks onto croplands.  

 5. CO2 Mineralization: Spreading pulverized mafic rocks onto the beaches or ocean. 

 Because of the the potential danger of the escape of the CO2 for #1, our emphasis will be 

on 4 and 5. The relevant questions are: 

    Where are the relevant mafic and ultramafic rock deposits in the US? 

    Are they close enough to the crops to be treated to be economically viable? 

 

 As a note: Ma = magnesium  fic = ferric iron.  

 Mafic relates to  a group of usually dark-colored minerals rich in magnesium and iron. 

They are dominated by plagioclase and pyroxene.  

 Plagioclase is the name of a group of feldspar minerals that form a solid solution series 

ranging from pure albite, Na(AlSi3O8), to pure anorthite, Ca(Al2Si2O8). 

 Pyroxene minerals are defined by their chemical composition and crystal structure. 

Their generalized chemical composition is described by the formula XYZ2O6 where X can be 

Ca, Na, Fe++, Mg, Zn, Mn or Li. Y can be Mg, Fe+++, Cr, Al, Co, Mn, Sc, Ti or Vn. Z can be Si, 

Al or a combination of both. A wide range of cation substitutions  can occur in the X and Y 

positions. 

 

 Common mafic rocks include basalt, diabase and gabbro.  

 

 Ultramafic rocks have low silica content (less than 45%). They are dominated by olivine 

and/or pyroxene. They  are also known as ultrabasic rocks 

 

Olivine 

 The most common ultramafic rocks are olivine, dunite, periodite, and serpentine. 

Dunite is best because it is rich in olivine.  

 Olivine is one of the most abundant minerals on Earth, making up over 50% of the 

upper mantle. When magma cools, olivine typically is the first mineral to crystalize. These 

volcanic rocks are typically located in the upper mantle, which is around 410 km (255 miles) 

below the surface of the Earth, making it all but inaccessible. The good news, however, is that 
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due to tectonic forces there are areas of the upper mantle and seafloor that have been brought to 

the surface in a formation known as an ophiolite. 

 The following is a photo of my personal olivine-basalt that I purchased from a rock shop 

in Southern California. 

 
 The green crystalline olivine overlays a black, somewhat porous basalt.  

 

 For those doing research on olivine reserves, if one searches for olivine, they will 

typically find only limited results. What to look for instead are the ophiolites. Ophiolites have an 

entire layer of olivine as the 90% pure form, dunite. And to further make it complicated to find 

olivine reserves, on the ophiolite maps, instead of seeing dunite listed, it is typically lumped into 

the category of peridotites. When you look at an average ophiolite, olivine and periodite are 

typically found at the border between layers in the transition from the crust and the mantle, but 

this can vary depending on the specific formation (Project Vista). 

 An example of different types of ophiolite formation are shown in the following figure 

of the Bou-Azzer inlier of the northern margin of the Western African craton during the Pan-

African epic. The ophiolite is in green. 
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Model for the emplacement of the Bou-Azzer ophiolitic suite. 

 

 Olivine is one of the most rapidly weathering and thus CO2 adsorbing, rocks in 

existence. Its chemical composition is (Mg,Fe)2SiO4. Sub-types are forsterite (Mg2SiO4) and 

fayalite (Fe2SiO4).  
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 As shown above in green at the top of the image, olivine - dunite is the end-member of a 

group known as peridotites, which is a generic term used for coarse-grained volcanic 

(ultramafic) rocks that form from the cooling and crystallization of molten magma. For 

weathering or mineral carbonation, any of the peridotites can be used. Olivine is the best due to it 

being the fastest weathering silicate (see Goldrich Stability Series - below) with a ratio of up to 

1.25 tons of CO2 removed for each 1 ton of olivine weathered. (Project Vista) 
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The relevant equation for sequestration of olivine is: 

Mg2SiO4 + 4CO2 + 4H2O => 2Mg2
++ 4HCO3

- + H4SiO4 

Thus, one mole of olivine can sequester 4 moles of CO2. 

  
Effect of pH on Olivine Weathering 

 The following table shows the relative rate of weathering of olivine versus three other 

silicate minerals (basalt not included) at different pHs. Clearly olivine at pH 4 weathers very 

rapidly. 
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Rates of mineral dissolution (mg m2/day) obtained in the experiments of Franke & Teschner- 

Steinhardt (1994). 

 

 The three non-olivine rocks can serve as approximate stand ins for basalt. Like olivine, 

all three weather faster at lower pH and considerably more slowly than olivine.  

 The following figure shows more detail about pH and olivine weathering. 

 
Dependence of olivine (fosterite) dissolution on pH 

Figure from Hartman et al (2013) 
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The current average pH of ocean water is 8.1 while that of soil is 4 to 6. As can be seen, olivine 

dissociates ten to one hundred times faster at the pH of soil than the pH of seawater. Fosterite is a 

type of olivine that is rich in magnesium. It is the most abundant mineral in the mantle above a 

depth of about 400 km (250 mi). 

 

Where are Mafic and Ultramafic Deposits in the U.S.? 

 The following USGS map shows the National map of mafic and ultramafic rocks in the 

United States compiled from multiple sources.  

 
 U.S. Geological Survey (USGS) geologic carbon dioxide (CO2) storage assessment 

units (SAUs) were defined in the USGS national assessment of geologic CO2 storage 

resources (U.S. Geological Survey Geologic Carbon Dioxide Storage Resources 

Assessment Team, 2013) to estimate CO2 storage potential in saline reservoirs within 

sedimentary basins.  

It is clear that the vast majority of the surface mafic and ultramafic rock deposits are in the 

Western US – Washington, Oregon and California and Hawaii. The sites in the Midwest (in light 

brown) are deep underground and presumably not economically viable for ex situ mineralization. 

All of Hawaii has surface deposits of mafic rocks. The following is a higher resolution map of 

the Columbia River basalt 

https://en.wikipedia.org/wiki/Mantle_(geology)
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The following map is a clearer presentation of just the ultramafic (olivine) rocks in the U.S. 

 

Ultramafic rock deposits in the U.S. 

 

 

The map below shows in more detail the basalt deposits in the Columbia River Basin. 
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Columbia River Flood Basalt 

Additional detail about olivine deposits is shown in the U.S is shown in following map (Project 

Vista). 
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 This shows the olivine deposits on the west coast and the east coast. Goff et al (2000) 

describe in detail the location of deposits of olivine deposits in Vermont, Baltimore and Liberty 

Complexes (PA-MD-DC Region), Western North Carolina and Southwestern Puerto Rico. 

 These maps raise the question of  whether the distance between olivine deposits in the 

U.S. and Midwest farmland are too great to allow for the economic application of enhanced 

weathering in most of the U.S.  

 

Where are the Olivine Mines Worldwide? 

 The following map shows the location of olivine mines worldwide. 
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This is highly relevant to the fact that olivine weather more rapidly in warm, humid weather.  

 

Is the supply of olivine too limited for widespread EW? 

 A major sticking point for the use of olivine is “How much olivine is mined worldwide 

each year?” Total world production of dunite, serpentinite and olivine has been estimated to be 

over 8 Mt a year, of which about 4 Mt a year is estimated to be ‘pure olivine’ (Rudi 2001; 

O’Driscoll 2004). About 3.3 Mt of olivine is consumed annually in Europe. Most of this is 

supplied by Norway, which is the dominant producer. Other producers include Italy, Japan, 

Mexico, Pakistan, Spain and the USA.  

 If we need to remove up to 38 billion tons of CO2 per year, 8 Mt/year of olivine would 

not be enough. This could be a major reason why basalt also needs to be used. The supply of 

basalt is huge. However, due to low current demand for olivine relative to the proven reserves, 

many dunite reserves and ophiolites are currently not being mined. Many areas are not even 

fully mapped. Olivine is one of the most abundant minerals on earth. It seem clear that a shortage 

of olivine will not be a limiting factor for EW. 

 

Where to get Commercial Olivine or Basalt 

 The cost of commercially mined olivine is $50 to $110 per short ton (1.1 metric ton), 

depending on grade and size (Kramer, 2020). 
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 The U.S. production of olivine in 1999 was 90 metric tons/yr. The production in Norway 

was 6,300 metric tons/yr. It was mainly used in foundries for slag conditioning and foundry sand. 

The two U.S. companies that produce olivine are Unimin Corp (North Carolina and 

Washington) and Olivine Corp (Washington). The reserves in the Smokey Mountains, North 

Carolina are about 200,000 million metric tons, while the reserves in Washington are about 

17 million metric tons. The total world production of olivine was approximately 8 million 

metric tons in 1999. An additional large olivine site is Twin Peaks, OR (Lackner, 2002). Hugh 

deposits are in the Oman costal range. 

 In a study of the financial and carbon costs of enhanced weathering using ultramafic 

rocks such as dunite, Moosdorf et al (2014) concluded that terrestrial enhanced weathering 

consumes more CO2 than it emits for mining, crushing, grinding, transport, and application in 

most locations. On average, 0.5-1.0 ton of CO2 is sequestered per ton of rock.  

 They also stated that very large amounts of rock would be needed to control or reduce 

the atmospheric CO2 concentrations substantially with enhanced weathering. Before enhanced 

weathering could be applied at large scales, more research is needed to assess weathering rates, 

potential side effects, social acceptability, and mechanisms of governance. 

 Strefler et al (2018) showed that enhanced weathering is an option for carbon dioxide 

removal that could be competitive at 60 US $/t CO2 removed for dunite, but only at 200 US $/t 

CO2 removed for basalt. The potential carbon removal on cropland areas could be as large as 95 

Gt CO2/yr with dunite and 4.9 Gt CO2/yr with basalt. 

 

Weathering by Type of Land 

 It has been stated that weathering takes place faster in tropical and sub-tropical regions. 

But by how much? The following Table 3 is taken from Hartman and Kempe (2008) based on 

studies by Ludwig (1998).  
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 This shows that there is indeed a significant increase in sequestration of CO2 by location 

and type of land. Sequestration is 29 times greater in tropical wetlands than in temperate try 

lands, and 2.4 times greater in the tropic wetlands than temperate wetlands.  

 Is this a project killer for efforts to institute EW in the Midwest? Not necessarily. 

Application of the dunite-olivine in the warm summer months could maximize sequestration.  

 

Heavy Metals in Mafic Rocks 

 A synthesis by Beerling et al (2018) of published chemical analyses indicates that 

olivine-rich ultramafic rocks contain relatively high concentrations of chromium (Cr) or nickel 

(Ni) or both. Weathering experiments reveal fast release of bioavailable Ni from olivine, and 

suppression of plant calcium uptake, because of competition with magnesium. Experimental 

work with a soil-columns dosed with olivine suggested accumulation of Ni and Cr in the soil 

profile (Renford, et al, 2015). By contrast, Schuiling and Krijgsman (2006) proposed that 

nickel contamination would not be a problem and that most chromium would be tightly 

bound in very insoluble chromite grains and will not be bio-available. Further research is 

needed to decide which of these conclusions is the closest to being correct. 

 

 “Mining” of Nickel from Olivine.  

 Olivine contains 0.2 to 0.3% nickel. Olaf Schuiling (2018) demonstrated that by planting 

plants that are nickel hyper accumulators, such as those in the Alyssum family, in the same 

ground that is covered with olivine, at the end of the growing season the plants can harvested by 

cutting them close to the ground. When these plants are burned the ash contains about 10% 

nickel, which is higher than the richest nickel ores.  This is a very environmentally friendly way 

to mine nickel and can provide an income stream to help cover the costs of EW. The Alyssum 

can then re-grow for the next season with a new spread of olivine. 

 As discussed below, there are huge amounts of non-cropland in the U.S. Crushed olivine 

could be spread on this land and also planted with Alyssum plants to extract and sell nickel. This 

could make using non-croplands for EW economically feasible. One question that needs study is, 
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“How thick can the applied olivine non-noncropland be and still sequester CO2? If it could be up 

to 5 times the thickness of that applied to cropland, it could be up to 5 times the effectiveness 

of EW on crops. This would considerably enhance the effectiveness of EW. If preferentially 

done in southern areas of high mean temperature, the multiplier could be even greater.  

 

 “Mining” Chromite from Olivine 

 The chromium in olivine is in the form of chromite. According to Olaf Schuiling this can 

be recovered from pulverized olivine using shake tables or Humprey spirals. The recovered 

chromite also has some economic value. Using these two approaches it may be possible to 

remove most of the heavy metals from olivine before spreading it on the ground.  

 

Basalt: Advantages and Disadvantages  

 In contrast to ultramafic olivine-rich rocks, major continental flood basalts have lower 

concentrations of Ni and/or Cr but significantly higher concentrations of phosphorus, suggesting 

their greater utility for croplands. Cultivation of crops on rich fertile soils that develop on flood 

basalts across continents is consistent with fewer environmental risks associated with this rock.  

 Basalt is widely recognized as producing productive soils 

because it weathers rapidly releasing elements essential for plant growth (Hinsinger, et al. 2001), 

including P, K, Ca, Mg and Fe. In terms of comparative weathering rates, olivine dissolution 

rates at oceanic pH~8 are within the range of those for basalt dissolution rates at pH 4 and above, 

expected in soils. 

 Significant potential exists for deployment at scale to remove atmospheric CO2 with 

ground basalt. A maximum carbon capture potential of ~0.3t CO2/t is suggested for basalt, 

assuming a sufficiently fine particle size for effective dissolution on decadal time scales 

(Renforth, 2012). The actual particle size will depend upon the mineralogy of the basalt, climate 

and biological activity, and requires further investigation and verification, but initial calculations 

suggest particles of 10-30 µm diameter. 

 On this basis, basalt applications of 10 to 50 t/ha/yr to 70 × 106 ha of the annual crops of 

corn or soy in the corn-belt of North America could sequester 0.2–1.1 PgCO2, up to 13% of the 

global annual agricultural emissions, in the long run (Kantola, et al 2017).  

 Theoretical estimates of CO2 capture and sequestration schemes involving global 

croplands and silicate rocks are very uncertain. Provisional estimates (Smith, et al, 2016), 40 

suggest that amending two thirds of the most productive cropland soils (9 × 108 ha) with basalt 

dust at application rates of 10-30 t/ha/yr could perhaps extract 0.5-4 PgCO2/yr by 2100 

depending on climate, soil and crop type. These numbers still need to account for full life cycle 

assessment but suggest enhanced weathering could make a significant contribution to the 

negative emissions required by deep decarbonization strategies (Anderson & Peters, 2016; 

Rockstrom, et al. 2017; Field & Mach, 2017) and the ~1 Pg CO2 eq/yr reduction from agriculture 

by 2030.  

 A key issue affecting carbon capture efficiency is the energy cost associated with mining, 

grinding and spreading the ground rock, which could reduce the net carbon drawdown by 10-

30%, depending mainly on grain size. Relatively high energy costs for grinding, as influenced by 

rock mineralogy and crushing processes, call for innovation in the industrial sector, such as 

grinding and milling technology powered by renewable energy sources (solar, wind, 

microreactors or small nuclear reactors), to significantly increase the net CO2 benefit. The 

benefit will increase as future energy sources are decarbonized, the grinding process becomes 



 18 

more energy efficient, and by utilizing already ground waste silicate materials previously or 

currently produced by the mining industry. By driving down costs for grinding in this way, 

carbon sequestration costs would be correspondingly cheaper. 

 In regard to using waste materials, according to Renforth (2019) seven billion tons of 

alkaline materials are produced globally each year as a product or by-product of industrial 

activity. The aqueous dissolution of these materials creates high pH solutions that dissolves CO2 

to store carbon in the form of solid carbonate minerals or dissolved bicarbonate ions. He showed 

that these materials have a carbon dioxide storage potential of 2.9–8.5 billion tons per year by 

2100, and may contribute a substantial proportion of the negative emissions required to limit 

global temperature change to <2 °C.  

 Current cost estimates are uncertain and vary widely, and better understanding the 

economics involved is a priority. The most detailed analysis for operational costs drawn-up for 

using a basic rock, such as basalt, gives values of US$52-$480 t/CO2, with grinding and transport 

the dominant components (Renforth, 2012). This cost range falls below that estimated for 

bioenergy with carbon capture and storage (BECCS) of $504-$1296 t/CO2 ($140-$360 t/C) 

(Smith, et al, 2016). Deployment costs may be partially or completely offset by gains in crop 

productivity, and reduced requirements for lime, fertilizer, pesticide and fungicide applications. 

 Given that farmers routinely apply granular fertilizers and lime, annual applications of, 

for example, ground basalt (an abundant, weatherable Ca- and Mg-rich rock) is feasible at large 

scale with existing farm equipment. 

 Enhanced weathering strategies not only capture carbon but could also help restore soils 

and resupply impoverished reserves of trace elements important for human nutrition and crop 

production (Guntzer, et al 2012). The discovery of silicon transporters in several plants indicates 

the importance of this element.  There are multiple ways in which silica helps plants in 

various types of environmental stress. Si fertilization makes soil phosphorus more available to 

plants. Seven out of the top ten crops ranked according to global production data (sugarcane, 

rice, wheat, barley, sugar beet, soybean, and tomatoes) are classified as Si accumulators (> 1%) 

and intensive cultivation and repeated removal of harvested products from the field is seriously 

depleting plant available Si in soils.  In the US, for example, crop harvesting removes 19 million 

tons of Si annually (Tubana, et al (2016). Annual depletion of soil Si by continuous intensive 

farming, coupled with low solubility of soil Si, has led to calls for the development of viable Si-

fertilization practices in the near future to increase plant available pools and maintain crop 

yields.  

 Dissolution of crushed silicates, or Si-containing mining and industrial wastes, releases 

Si, replenishing the plant available form. The fate and transformation of enhanced weathering 

derived Si in the soil-plant continuum, and its long-term biogeochemical cycling, warrant future 

research in the context of mitigating Si-related yield constraints on agricultural crop production. 

 An example of the use of crushed basalt in improving crop yields came from sugarcane 

trials with crushed basalt applications in excess of 20 t/ha in combination with standard NPK 

fertilizer treatments increased yields by up to 30% over five successive crops on the highly 

weathered soils of Mauritius compared with plots receiving fertilizer and no basalt addition. 

 Rate of Chemical Weathering of the basaltic Deccan Traps shows CO2 consumption rates 

of 0.58–2.54 × 106 mol/km2/year (Dessert et al., 2001). Dissolved solid concentration in river 

waters, induced by basalt weathering on the Island of Réunion indicate CO2 consumption rates of 

1.3–3.4 × 106 mol/km2/year (Louvat and Allègre, 1997). Such values are equivalent to the 
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consumption of up to 130 tons of CO2 /km2/year. With mine dumps of crushed ultramafic rocks, 

consumption of more than 4,000 tons CO2/km2/year has been measured (Wilson et al., 2009). 

 

Norway 

 The table above(Kramer, 2020) showed that Norway is by far the greatest commercial 

producer of olivine at 6,300 thousand metric tons per year versus 90 thousand metric tons for 

the US. 

 

 
 

The above shows the world’s largest active olivine quarry, Gusdal Pit, in Norway. No 

chemicals are needed to extract the rock, nothing is underground, the process is not 

mining, it is surface extraction. This raises the possibility of purchasing olivine on site, 

ensuring it is finely ground, and immediately distributing it in the ocean. 

 

Massive Removal of Prehistoric Atmospheric CO2 by Weathering 

 An indication of the immense ability of weathering to remove CO2 from the atmosphere 

can be seen in geologic history. Oceanic anoxic events (OAEs) were times of abrupt carbon-

cycle perturbations, driven by increases in atmospheric CO2 largely the result of volcanic 

eruptions as evidenced by the emplacement of large igneous provinces (LIPs). The cause of 

oceanic hypoxia following marked increases in atmospheric CO2 is complex (Wignall, 2015), but 

an increase in the metabolism of ocean organisms due to warming plays an important role. 

 Between 55 and 200 million years ago there have been 9 OAEs (Percival et al, 2016). 

Sequestration of CO2 in organic‐rich black shales and by reaction with silicate rocks exposed on 

continents would ultimately restore climatic equilibrium but at the expense of significant 

chemical change in the oceans and over time scales of tens to hundreds of thousands of years. 

This long duration is a reflection of the amount of CO2 spewed into the atmosphere amounting to 
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upwards of 2000 ppm. Since the current CO2 levels are 410 ppm, a decrease in atmospheric CO2 

by weathering would not take as long. In addition, the process is markedly accelerated by the 

grinding and fine dispersal of the basalt. 

 

Cropland Abandonment and Expansion in the U.S. 

 Lark et al (2020) assessed annual land use change 2008–16 in the U.S. and its impacts on 

crop yields and wildlife habitat. They found that croplands have expanded at a rate of over one 

million acres per year, and that 69.5% of new cropland areas produced yields below the 

national average. Observed conversion infringed upon high-quality wildlife habitat especially 

relative to grassland milkweed critical for the Monarch butterfly. It also impacted on nesting 

opportunities for waterfowl in the Prairie Pothole Region of the Northern Great Plains. They thus 

demonstrated a pervasive pattern of encroachment into areas that are increasingly marginal for 

production, but highly significant for wildlife, and suggest that such tradeoffs may be further 

amplified by future cropland expansion. 

 
 

Net cropland conversion 2008–16. Rates of net conversion calculated as gross 

cropland expansion minus gross cropland abandonment and displayed as a 

percentage of total land area within non-overlapping 3 km × 3 km blocks. Net 

conversion was most concentrated in the eastern halves of North and South 

Dakota, southern Iowa, and western portions of Kansas, Kentucky, and North 

Carolina. 
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This figure summarizes the ratio of cropland 

abandonment (green) versus cropland expansion (red). 

 

 

Carbon Emissions from Cropland Expansion  

 In addition to the expanded cropland being less productive, an additional disadvantage is 

that such expansions release significant amount of the carbon stored in grassland (Spawn et al, 

2019).  

 So, how is this relevant to the use in EW on cropland. A major finding was that the 

expanded croplands performed more poorly than regular cropland. Could this be corrected by the 

use of ground olivine or basalt on these lands? The expanded cropland involved a total of over 

10 million acres. Such treatment might also reverse some of the negative effects on wildlife. 

Perhaps equally or more relevant would be the spreading of ground olivine or basalt on the 

abandoned cropland simply to sequester CO2 independent of improving cropland. 

 

Non-cropland in the US 

 The above showed the abandoned cropland in the US. The real issue is how much non-

forest non-cropland is there in the US?  The following map shows the cropland in the US. By 

default, also shows the non-cropland, which is extensive. 

 This map shows U.S. croplands in a nominal 30-m resolution derived primarily with 

Landsat imagery for the year 2015. The United States has 166 million hectares of net cropland 

area and is ranked second in the world after India, which has 180 million hectares of croplands. 

This is part of the GFSAD30 Project Landstat (USGS). 
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Cropland and non-cropland in the US 

 

 The following figure shows the power of the Landstat technology to investigate details of 

cropland and non-cropland. 
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 The resolution of Landstat allows the investigation at the level of individual farms. This 

will be invaluable in planning the sites and extent of ER on cropland. 

 The following figures cover the whole world. 

 

 The combined above figures  show that if EW needs to involve both croplands and non-

croplands, huge areas of land are potentially involved. 

Nitrous oxide N2O 

 One pound of N2O warms the atmosphere about 300 times the amount that one 

pound of carbon dioxide does over a 100- year timescale. Its potency and relatively long life 

make N2O a dangerous contributor to climate change. It also depletes the ozone layer. As shown 

below, about three fourths of N2O comes from the soil and agricultural sources. 
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 In this regard it is of interest that a further co-benefit that may arise from the agricultural 

application of crushed silicate rocks to soils is suppressing emissions of the powerful and long-

lived greenhouse gas N2O and averting CO2 emissions caused by liming. Liming with CaCO3 

can release CO2 when it is applied to acidic soils (pH <6) typical of agricultural lands. In the 

USA, liming contributes 2% of agricultural greenhouse gas emissions.  

 Beerling, et al (2018) concluded that substituting a weatherable silicate rock, such as 

basalt, or silicate waste, for limestone, and increasing application rates over those used in 

conventional liming operations, may offer a pragmatic, rapidly deployable global carbon cycle 

intervention strategy. 

 By increasing soil pH as they weather, silicates may also reduce emissions of N2O, as 

found with liming (Gibbons, et al.2014). Preliminary tests with a replicated field experiment 

support this suggestion with the soil N2O flux from heavily fertilized maize plots decreasing by 

~50% with the application 10 kg m2 of pulverized basalt with no effect on soil respiration 

(Kantola, 2016). Thus, basalt-treated arable fields may lower the current substantial global soil 

atmosphere flux from croplands of 4-5 Tg N2O-N/yr as a by-product of weathering. 

 Agriculture is the main source of anthropogenic N2O emissions, primarily through the 

application of synthetic nitrogen (N) fertilizers and manure on agricultural land. As the global 

amount of fertilizer used is expected to increase considerably over the next few decades, it is 

essential to establish reliable inventories of N2O in order to define effective mitigation strategies 

(Makowski, D. (2019). Writing in Nature Climate Change, Thompson and colleagues (2019) 

present new global estimates of N2O emissions and show that this greenhouse gas has increased 

substantially since 2009, at a faster rate than expected. Their result questions one of the main 

methods currently used for the inventory of N2O emissions at the global scale. 
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 To mitigate N2O emissions effectively, we must first understand their origin (Makowski, 

D. (2019). Emissions of N2O to the atmosphere are mostly caused by nitrification and 

denitrification reactions. In terrestrial ecosystems, the driving processes are soil microbial 

activities, which are influenced by both natural factors and human management, in particular the 

application of synthetic and organic fertilizers. Soil N availability plays a key role in these 

processes, and N2O emissions accelerated steadily during the twentieth and twenty-first centuries 

with the increasing use of nitrogenous fertilizer in crop fields. N fertilization is now recognized 

as a major source of anthropogenic emissions of N2O, having contributed significantly to global 

warming. 

 In the bottom up, IPCC approach, the hypothesis of a linear relationship between N2O 

emissions and applied N fertilizers has been questioned in several field studies. Instead, there 

may be a nonlinear response, with an acceleration of emissions as N application increases, 

probably because a higher proportion of N goes unused by crops in the case of high doses of 

fertilizer. 

  

 
Comparison of linear and nonlinear response of N2O emission to applied 

N. The linear response tends to underestimate emission for high levels of 

applied N. 

 

 

 Thompson and colleagues used a top-down method based on atmospheric measurements. 

Here the level of increase was substantially higher than previous estimates — more than double 

that of the IPCC default approach — indicating a faster N2O growth rate than expected.  

 The results also revealed contrasting emission trends among regions. Emissions increased 

sharply in China and, to a lesser extent, South Asia and Brazil. These results are consistent with 
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the large increases in N inputs and surplus N in crops that have occurred in these regions over the 

past two decades. On the other hand, N2O emissions remained stable in the United States and 

Europe over the same period. Thus, a substantial decrease in N2O emissions could occur if these 

regions avoided excessive N fertilization. This will require international agreements. 

 Breider, et al (2019) showed that when pH was reduced, the N2O production rate during 

nitrification measured at subarctic stations increased significantly while nitrification rates 

remained stable or decreased. Contrary to previous findings, these results suggest that the effect 

of ocean acidification on N2O production during nitrification and nitrification rates are probably 

uncoupled. Collectively, these results suggest that if seawater pH continues to decline at the 

same rate, ocean acidification could increase marine N2O production during nitrification in the 

subarctic North Pacific by 185 to 491% by the end of the century. 

 Enhanced weathering of cropland both decreases the production of N2O by cropland and 

combats ocean acidification which has a secondary effect of decreasing the marine production of 

N2O. Thus, this approach could decrease N2O both on land and in the sea. 

 

Advantages of Enhanced Weathering on Cropland 

 An additional consideration relating to the overall outlook of EW is the recent report by 

Bellamy and Geden (2019) who argued that contrary to widely held assumptions, methods for 

CO2 reduction do not have to be deployed at large global scales to be relevant for climate 

policy. In regard to governance, they suggest that it will primarily emerge ‘bottom up’ with 

companies, cities and countries utilizing these techniques and not be comprehensively 

coordinated ‘top down’ globally. Namely, since many NETs involve individual countries and 

areas, any governance should be local (ground up) and not globally (top down) (Lenzi, 2018). 

Such local governance will be small scale. Another way of putting it is: every little bit helps – 

monitor the bits locally. In this regard, we will initially focus on EW in the U.S. 

 A summary of the advantages of crop weathering is shown below. 
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From Beerling, et al (2018) 

 
 More broadly, if proven effective, and undertaken carefully to minimize undesirable 

impacts, enhanced weathering may have untapped potential for addressing the United Nations 

Sustainable Development Goals (SDGs) adopted by 193 countries in 2015. For example, we 

highlight how sequestering CO2 constitutes action on climate change (SDG 13), restoring soils 

and promoting sustainable agriculture contributes to zero hunger (SDG 2), helping protect the 

oceans from acidification conserves global resources in life below water (SDG 14), reducing 

agrochemical usage and recycling wastes helps with sustainable consumption and production 

(SDG 12), and improving agricultural production and restoring degraded soils contributes to land 

sparing (SDG 15) (see above figure) 
 

 After the above review was completed it led us to conclude that enhanced weathering on 

cropland was one of the best NETs. After this, two articles appeared in the July 9, 2020 issue 

Nature. The primary article was again by Beerling et al, (2020) entitled “Potential for large-scale 
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CO2 removal via enhanced rock weathering with croplands.” It was accompanied by a News and 

Views comment on the Beerling paper by Lehmann and Possinger (2020) entitled “Atmospheric 

CO2 removed by rock weathering.” Combined, this was a real kick for ERW (enhanced rock 

weathering).     

 Beerling et al, examined the potential of different countries to use ERW. They concluded 

that ERW would cost, on average, US$160–190 per ton of CO2 in the United States, Canada and 

Europe, and $55–120 per ton of CO2 in China, India, Mexico, Indonesia and Brazil. Furthermore, 

the authors report that China, the United States and India — the three largest emitters of CO2 

from fossil-fuel use — have the highest potential for CO2 removal using this method. One of 

their important conclusions was the relative cost of extraction, grinding, distribution and 

spreading. In the figure below, the Y axis was in terms of secondary emission (i.e. carbon cost) 

of these four processes. While not directly related to cost, it was a reasonable estimate of cost. 

 

 
 
 
 This showed that the cost of grinding contributed significantly to the total cost of this 

NET. The intriguing aspect of this analysis is that the use of dedicated solar, wind or even 

modular or micro-nuclear reactors could significantly reduce the cost of this NET. It is of interest 

that Terrestrial Energy anticipates that their Integrated Molten Salt Reactor will be approved in 

Canada by 2025 and in the US by 2030. These are super-safe reactors. 

 An additional reduction of costs could come from reducing the extraction part by the use 

of products of various industrial processes. For example, the use of artificial silicon and calcium-

rich cements used in construction and the by-product of slag from steel manufacturing could 
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provide and important source of these materials. It was predicted that these sources of silicates 

would increase over the century (see figure below). 

 
Forecast of increases in national bulk silicate production over the next century. 

Simulated future increases in bulk artificial silicate by products: slag, cement, 

kiln dust and cement demolition waste (orange), slag and kiln (blue) and slag 

(red). production during the twenty-first century are given for the USA. 

 

 Increasing soil pH alone by adding mafic rocks, would substantially boost crop yields in 

many regions of the world, because it is possible that low pH constrains crop production on more 

than 200 million hectares of arable and orchard soils (von Uexküll & Mutert, 1995). This area is 

equivalent to about 20% of the total extent of these soils (967 million hectares). Consequently, 

on a global scale, acidity is the most important soil constraint for agriculture (Wood, et al, 2000).  

 Co-deployment of enhanced rock weathering with other soil-based sequestration 

approaches might both reduce limitations and maximize synergies (Amann & Hartmann, 2019). 

It was proposed that carbon markets might be required to help finance this, and other, approaches 

(Lehmann and Possinger, 2020). 

 The note by Lehmann and Possinger included a photograph showing what the process of 

spreading finely ground basalt would look like. 
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Application of silicate material to cropland (Lehmann and Possinger, 2020). 

 

 In conclusion, by using zero carbon dedicated sources of energy for grinding, by using 

commercial waste sources of silicates, and by using carbon credits it is likely that the costs of 

enhanced weathering using cropland, per ton of CO2 sequestered, could be dramatically reduced.  

 
What About Methane? 

 We stated in the introduction that one of the advantages of Enhanced Weathering was its 

potential to remove N2O and methane as well as CO2. The effect on N2O was covered above. So 

where does the removal of methane come in” 

 Even if humans stop combusting fossil fuels and discharging CO2 into the atmosphere, 

the average global temperature of the earth will continue to increase for the rest of the century 

for several reasons.  

 First, the long lifetime of CO2 (estimated in the 100,000-year range) means that the 

excess atmospheric stocks (515 Gt Carbon) would continue to drive radiative forcing and global 

warming for many decades. 

 Second, even if atmospheric concentrations were to decrease, CO2 would out gas from 

the oceans and offset this decrease, because of the dynamic equilibrium between the CO2 in the 

atmosphere and the carbonates HCO3¡/CO3
2¡ dissolved in the oceans.  

 Third, there is the contribution of other GHGs, besides CO2, which together account for 

about 34% of radiative forcing. Even if all excess anthropogenic atmospheric CO2 were 

removed, radiative forcing would only be reduced by half. The following is a proposal on how to 

remove the other half, especially methane. 
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The Removal of Methane from the Atmosphere with Solar Chimneys 

 A hybrid of a Solar Chimney Power Plant (SCPP) and a Photo-Catalytic Reactor 

(PCR) has been proposed as a method of removing non-CO2 greenhouse gases. The concept is 

shown here (deRichter et al. 2017; Schlaich, 1995; Schlaich, et. al.2005). 

 
 

 
 
 
  The SCPP is an established concept that generates electricity in a solar updraft tower 

incorporating axial-flow turbines. Hot air is supplied to the tower by a large solar hot air 

collector. A conventional SCPP-PCR is composed of 4 principal components: 

1. A very large collector for the greenhouse effect.  

2. A tall chimney for the stack effect.  

3. A thermal energy storage layer (water) to store the solar radiation for night-time 

operation.  

4. Several turbines to generate renewable electricity which is carbon free. 

 
 PCR can be incorporated in the SCPP by coating its collector with a photo catalyst, 

such as TiO2, which is able to transform methane and other non-CO2 GHGs into less 

harmful products. Transformation of 1 kg of methane into 2.75 kg of CO2 reduces its climate 

change effect by 90% and is equivalent to removal of 25.25 kg of CO2 from the atmosphere. 

 The SCPP component could produce sustainable decarbonized renewable energy for 

grinding the rocks.  

 World-wide installation of 50,000 SCPPs, each of capacity 200 MW, would generate a 

cumulative 34 PWh of renewable electricity by 2050. These SCPP-PCP devices would reduce 

or stop the atmospheric growth rate of the non-CO2 GHGs and progressively reduce their 

atmospheric concentrations. 

 One of the research projects the Comings Foundation could support was determining if 

SCPP-PCR works as proposed above. 
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Scientific Studies of Olivine Weathering 
 A. Studies of Weathering of Olivine in Soil 

 There have been more experimental investigations of the reactivity of olivine than any 

other multi-oxide silicate mineral. For example, Oelkers et al (2018) review cites over 70 

references. In contrast with most other minerals, olivine reactivities measured in different studies 

and using distinct experimental methods tend to be consistent with one another. Some of these 

studies will be reviewed here. 

 

 Wogelius and Walther (1992) In one of the early studies these authors found that the 

dissolution rate at a given pH at 25°C, for iron rich fayalite olivine (Fe2SiO4) was 6 times faster 

that magnesium rich forsterite olivine (Mg2SiO4). Clearly the type of olivine is an important 

factor. However, magnesium olivine is more common and most of the following studies were 

performed the magnesium rich olivine. 

 

 Schuiling and Krijgsman (2006) The title of this article is: Enhanced Weathering: An 

Effective and Cheap Tool to Sequester CO2. The question is, do others agree with this optimistic 

appraisal? He points out that weathering, until recently, has received little attention, although it is 

the most important way in which nature keeps the CO2-levels in the atmosphere down. 

 Olivine  (Mg2SiO4) is an abundantly available magnesium silicate which weathers 

according to the reaction 

(Mg, Fe) 2 SiO4 + 4 CO2 + 4H2O ⇒ 2(Mg, Fe)2 ++ 4 HCO3 + H4SiO4 

This formula indicates that 4 mol of CO2 are sequestered by 1 mol of olivine, equivalent to 1.25 t 

of CO2 (or 0.34 t of C) per ton of olivine.  

 Olivine is a cheap and widely available material. By the authors calculations, in order to 

neutralize the CO2 currently in the atmosphere, we need to spread a layer of olivine over the 

whole surface of the earth at about 0.12 cm thickness. If we limit the olivine spreading to the 

land mass, the thickness of the layer would become 0.4 cm. This is a huge amount, equivalent to 

1% of the total volume of rock moved by human civilization in its entire history, but even much 

smaller amounts of olivine could sequester substantial amounts of CO2. 

 As to the nickel in olivine the authors state that If we spread one ton of dunite, it contains 

1.4 kg of nickel. A hectare of soil with an average soil depth of 0.5 m weighs approximately 

10,000 tons. This means that we add only 0.14 ppm of nickel to such soils every 30 years. As 

nickel is the most abundant potential contaminant in olivine-rich rocks, it appears that heavy 

metal pollution is no issue with dunite applications and that there are no adverse environmental 

consequences if we substitute liming by the application of olivine. 

 The second commonest trace metal in ultramafic rocks like dunite is chromium, but most 

of it is tightly bound in very insoluble chromite grains and will not be bio-available. 

 In conclusion, they state that point sources of CO2 such as coal  generation of electricity, 

can be treated by reaction with reactive magnesium or calcium-silicates in autoclaves. The 

products, magnesium-carbonate or calcium-carbonate and precipitated silica should find 

application, in construction materials, and would make this process economically more 

attractive. In addition, since some of the reactions with olivine produce heat, this could be used 

constructively (Schuiling, 2006). 
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 Since many parts of the world are still susceptible to acid rain, it is also possible to use 

the concept of enhanced weathering by applying powdered olivine or crushed basalt to farmland 

and woodland that are threatened by acid rain; this is probably the cheapest way to sequester 

large volumes of CO2, while it provides at the same time an effective way of counteracting the 

effect of acid rain on forests and improving the quality of the forest soil. 

 In summary, he authors get their claim of a cheap tool by producing commercial products 

and mechanisms of protecting farmlands from acid rain. It still does not negate the huge amounts 

of olivine required. 

 

 Berge et al (2012) The author’s objectives were to assess weathering of olivine in soil, 

and its effects on plant growth and nutrient uptake. In a pot experiment with perennial ryegrass 

(Lolium perenne L.), weathering for 32 weeks, was inferred from bioavailability of magnesium 

(Mg) in soil and plant. Olivine doses were equivalent to 1630 (OLIV1), 8150, 40,700 and 

204,000 (OLIV4) kg/ha. Olivine increased plant growth (+15.6%) and plant K concentration 

(+16.5%). At all doses, olivine increased bioavailability of Mg and Ni in soil, as well as uptake 

of Mg, Si and Ni in plants. Olivine suppressed Ca uptake. Weathering estimated from a Mg 

balance was equivalent to 240 kg/ha (14.8% of dose, OLIV1) to 2240 kg/ha (1.1%, OLIV4). This 

corresponds to gross CO2 sequestration of 290 to 2690 kg/ha similarity with kieserite treatments 

ranged from 13% to 58% for OLIV1. Weathering appears fast enough to support the ‘enhanced 

weathering’ concept. In agriculture, olivine doses must remain within limits to avoid imbalances 

in plant nutrition, notably at low Ca availability; and to avoid Ni accumulation in soil and crop. 

 Note how much more understandable the Berge et al statement that the rate of weathering 

corresponds to gross CO2 sequestration of 290 to 2690 kg/ha versus the Renforth et al statement 

that the rate of weathering was between 10-16.4  and 10-15.5 moles(Mg)/cm2/s. Although the latter 

is based on the math of the Olsen model that does not make it clear to the average reader. Why 

use seconds instead of days or months? Why weird exponentials like 10-16.4 instead of a more 

understandable 2 x 10-16? 

 

 Renforth, (2012) The silicate resources in the UK are large and could theoretically 

capture 430 billion tons (Gt) of CO2. The majority of this resource is contained in basic rocks 

(with a carbon capture potential of ∼0.3 tCO2/t rock). There are a limited number of ultrabasic 

formations (0.8 tCO2/t rock) with a total carbon capture potential of 25.4 GtCO2. It is shown that 

the energy costs of enhanced weathering may be 656–3501 kWh/tCO2 for basic rocks and 224–

748 kWh/tCO2 for ultrabasic rocks. Comminution and material transport are the most energy 

intensive processes accounting for 77–94% of the energy requirements collectively. The 

operational costs of enhanced weathering could be £44–361/tCO2 ($70–578/tCO2 ) and £15–

77/tCO2  ($24–123/tCO2) for basic and ultrabasic rocks respectively. Providing sufficient 

weathering rates full exploitation of this resource is not possible given the environmental and 

amenity value of some of the rock formations. Furthermore, the weathering rate and 

environmental impact of silicate mineral application to the land surface is not fully understood, 

and further investigation in this area is required to reduce the uncertainty in the estimated costs 

presented here. 

 

 Moosdorf, N. et  al (2014) Terrestrial enhanced weathering consumes more CO2 than it 

emits for mining, comminution, transport, and application in most locations. The CO2-efficiency 

is dominated by the choice of source rocks and material comminution. CO2 emissions from 
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transport have a small effect on the overall budget (on average 0.5-3% of potentially sequestered 

CO2 and the emissions of material mining and application are negligible. After all emissions, 

0.5-1.0 t CO2 can still be sequestered on average per ton of rock. However, very large amounts of 

rock would be needed to control or reduce the atmospheric CO2 concentrations substantially with 

enhanced weathering. Before enhanced weathering could be applied at large scales, more 

research is needed to assess weathering rates, potential side effects, social acceptability, and 

mechanisms of governance. 

 

 Soldal (2015) The emphasis in this study is the role of olivine weathering in combating 

the low pH-based release of N2O. In this regard olivine, nepheline syenite and norite gave the 

highest pH increase of the silicates.  

 

 Renforth et al (2015) Despite considerable work in recent decades, significant gaps in 

understanding natural weathering remain. Dissolution rates determined from catchment scale 

investigations are generally several orders of magnitude slower than those predicted from kinetic 

information derived from laboratory studies. On the basis of these laboratory studies, 

temperature, mineral saturation, pH and surface area are important variables. In soil rainfall rate 

is also important. 

 The authors presented results from laboratory flow-through dissolution experiments 

which seek to bridge this observational discrepancy by using columns of soil returned to the 

laboratory from a field site. Continual addition of water to the top of the soil columns, and 

analysis of elemental composition of waters exiting at the base was conducted for a period of five 

months, and the solid and leachable composition of the soils was also assessed before and after 

the experiments. Chemical results indicate clear release of Mg+2 from the dissolution of olivine 

and, by comparison with a control case, allow the rate of olivine dissolution to be estimated 

between 10-16.4  and 10-15.5 moles(Mg)/cm2/s. This is based on the Olsen (2017) and TNO (2008) 

model of the rate of dissolution. The olivine dissolution rates are intermediate between those of 

pure laboratory and field studies and provide a useful constraint on weathering processes in 

natural environments, such as during soil profile deepening or the addition of mineral dust or 

volcanic ash to soils surfaces. 

 A number of workers have suggested that the release of potentially toxic elements during 

the dissolution of olivine may pose an environmental risk which would subsequently lower the 

potential of terrestrial enhanced weathering (Hartmann et al., 2013; Renforth, 2012). From the 

results of this study, there was elevated Cr in 5 of the solution samples from the olivine column, 

the remaining samples showed no difference compared to the control. Ni was measured but was 

below the detection limit in all of the effluent solutions. 

 This suggests that >99% of these trace elements are retained within the soil, which is 

unsurprising given the high concentration of these elements in very mature soils such as laterites 

(Lewis et al., 2006), implying that the short-term environmental impact of trace metals from the 

added olivine may be limited. However, the long-term accumulation of these elements may pose 

an environmental risk, which could eventually limit the application. 

 The largest uncertainty is the energy requirements of material pulverization. (Renforth, 

2012). Simple calculations indicate that it would be necessary to grind olivine to a particle size 

of 1 um or less to enable dissolution in 1–5 years, requiring grinding energy of around 1.5 GJ 

(electrical) per ton of rock (comparable with the more extensively studied alternatives for CO2 

uptake such as direct air capture).  
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 Oelkers et al. (2018) Olivine dissolution reactivity is relatively simple. Its structure is 

comprised of isolated Si-O4 4-tetrehedra linked by divalent cations. 

 

 
 

 Aqueous species that adsorb to these bonds apparently accelerate their destruction. For 

example, the absorption of H+, H2O and, at some conditions, selected aqueous organic species 

will increase olivine dissolution rates. Nevertheless, other factors can slow olivine dissolution 

rates. Notably, olivine dissolution rates are slowed by lowering the surface area exposed to the 

reactive aqueous fluid, by for example the presence and/or growth on these surfaces of either 

microbes or secondary phases.  

 A survey of the literature suggests that the major factors influencing forsterite olivine 

dissolution rates are 1) pH, 2) water activity, 3) temperature, and 4) mineral-fluid interfacial 

surface area. Evidence suggests that the effects of aqueous inorganic and organic species are 

relatively limited and may be attributed at least in part to their influence on aqueous solution pH. 

Moreover, the observed decrease in rates due to the presence of secondary mineral coatings 

and/or the presence of microbes can be attributed to their ability to decrease olivine surface area 

directly exposed to the reactive aqueous fluid. Each of these factors limits and or influences the 

application of forsterite dissolution to 1) enhanced weathering efforts, 2) mineral carbonation, 

and 3) the low temperature generation of hydrogen or hydrocarbons via the oxidation of its 

divalent iron. 

 Olivine dissolution can proceed by the breaking of just the ionic Mg-O bonds, liberating 

the SiO4 4− anions directly into solution. Due to both the absence of covalent Si-O-Si bonds and 

the relative weakness of the ionic divalent metal-oxygen bonds in its structure, olivine is among 

the fastest dissolving silicate minerals. 

 

 Philip A.E. et al (2021) This study presents lithium and magnesium isotope ratios of 

soils and their drainage waters from a well-characterized weathering experiment with two soil 

cores, one with olivine added to the surface layer, and the other a control core. The experimental 

design mimics olivine addition to soils for CO2 sequestration. At the start of the experiment, 

waters draining both cores have similar Mg isotope composition to the soil exchangeable pool. 

The composition in the two cores evolve in different directions as olivine dissolution progresses.  
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For Li, waters exiting the base of the cores initially have the same isotope composition, but then 

diverge as olivine dissolution progresses. For both Mg and Li, the transport down-core is 

significantly retarded and fractionated by exchange with the exchangeable pool. This observation 

has implications for the monitoring of enhanced weathering using trace elements or isotopes, 

because dissolution rates and fluxes will be underestimated during the time when the 

exchangeable pool evolves towards a new equilibrium. 

 
Putting Mafic Rocks in the Ocean 

 An alternative to spreading mafic rocks on cropland is spreading them into the ocean. 

The above maps on the location of mafic rocks in the US shows that some of the highest 

concentrations are close to the Pacific coast. By contrast, there are fewer sites in the Midwest 

where most of the farming is. This raises the question of whether to would be more efficient to 

dump finely ground mafic rocks directly into the ocean. Studies of the weathering of mafic rocks 

in seawater are reviewed below. 

 
 B. Studies of Weathering of Olivine in Oceans (Seawater) 

 Kheshgi, (1995). Ocean alkalinity might be raised by introducing the dissolution 

products of alkaline minerals into the oceans. Naturally occurring soda ash (Na2CO3) is 

readily soluble and easily mined. The world’s production of soda ash in 2019 was 57 million 

metric tons. Increasing ocean alkalinity might have the environmental benefit of chemically 

buffering the oceans to the increased concentration of CO2, although there might be impacts by 

contaminants or local pH effects which would have to be evaluated. Increasing ocean alkalinity 

is a means by which CO2 might be sequestered from the atmosphere.  

 
 Lackner (2002) has expanded on the alkalinity approach. Sequestration of waste 

carbon dioxide will require methods that can safely store several trillion tons of carbon 

dioxide. Long-term storage of a gaseous substance is fraught with uncertainty and hazards, but 

carbonate chemistry offers permanent solutions to the disposal problem. Carbonates can be 

formed from carbon dioxide and metal oxides in reactions that are thermodynamically favored 

and exothermic, which result in materials that can be safely and permanently kept out of the 

active carbon stocks in the environment. Carbonate sequestration methods require the 

development of an extractive minerals industry that provides the base ions for neutralizing 

carbonic acid. 

 For carbon management applications, the most important independent variable is 

alkalinity because it very directly controls the amount of stored inorganic carbon. One may want 

to control its value by titrating ocean water with sodium carbonate (Kheshgi, 1995). (see above).  

By adding alkalinity to the surface water, one could maintain a constant PCO2 over the water. 
This strategy would minimize greenhouse gas impacts by effectively removing excess 

carbon dioxide from the air. Changing the alkalinity would raise the uptake capacity of the 

surface ocean and ultimately of the full ocean. Any carbon management strategy that is based on 

increasing alkalinity could have the ocean take up 10,000 Gt of carbon with changes in PCO2, 

[CO-3] and [H+ ] that could be held below 25%. It is remarkable that these changes, which could 

accommodate the disposal of most of the available fossil carbon, are smaller than those that have 

already occurred in surface waters due the increase in PCO2. 

 Controlling the alkalinity of the ocean may be motivated not so much by a desire to 

eliminate the climate change impact of fossil fuel consumption but by the desire to correct the 
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chemical imbalances caused by the dissolution of carbonic acid in the world’s oceans. As a by-

product of maintaining the oceans’ carbonate ion concentration and pH as close to constant as 

possible, the increased carbon uptake capacity of the oceans would remove nearly all the 

excess carbon dioxide from the atmosphere and retain it on geological timescales. 

 The Lackner (2002) paper is very detailed. If we concluded that increasing the alkalinity 

of the ocean in the area of the Great Barrier Reef would help to save the reef, we would need to 

bring Lackner on as a consultant. 

 
 Rigopoulos et al (2017) The following figure is from Rigopoulos et al: Carbon 

sequestration via enhanced weathering of peridotites and basalts in seawater (2017). 

 

 This study was designed to assess the potential drawdown of CO2 directly from the 

atmosphere by the enhanced weathering of peridotites and basalts in seawater. Experimentally 

measured dissolution rates by Wolff-Boenisch et al. (2011) suggested that ground mafic and 

ultramafic rocks could lead to the efficient carbon dioxide mineralization in seawater.  

 In the Rigopoulos et al (2017) study, pulverized, and ball-milled dunite, harzburgite and 

olivine basalt were reacted in artificial seawater in batch reactor systems open to the atmosphere 

for two months. The results demonstrate that the ball-milled dunite and harzburgite changed 

dramatically the chemical composition of the seawater within a few hours, inducing CO2 

drawdown directly from the atmosphere and ultimately the precipitation of aragonite (see 
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above figure). In contrast, pulverized but un-milled rocks, and the ball-milled basalt, did not 

yield any significant changes in seawater composition during the two-month experiments.  

 Zhang et al (1997) reported that ball mill results in a structural change from a 

crystalline state into an amorphous one. This change is attributed to local disordering around 

magnesium in the structure. This disordering leads to enhancement of extraction of both 

magnesium and silicon from the mechanically activated serpentine by the acid solutions. 

Concentrations of both elements in the mother solutions increase with an increase in grinding 

time. 

 These results demonstrate that ball-milling can substantially enhance the weathering 

rate of peridotites in marine environments, promoting the permanent storage of CO2 as 

environmentally benign carbonate minerals through enhanced weathering. The precipitation of 

Mg-silicate clay minerals, however, could reduce the efficiency of this carbon sequestration 

approach over longer timescales.  

 

 What is ball-milling? 

 
 

 A ball mill is a type of grinder used to grind or blend materials for use in paints, 

pyrotechnics, ceramics, and selective laser sintering. It works on the principle of impact and 

attrition: size reduction is done by impact as the balls drop from near the top of the shell. 

 A ball mill consists of a hollow cylindrical shell rotating about its axis. The axis of the 

shell may be either horizontal or at a small angle to the horizontal. The grinding media are the 

balls, which may be made of steel (chrome steel), stainless steel, ceramic, or rubber. The inner 

surface of the cylindrical shell is usually lined with an abrasion-resistant material such as 

manganese steel or rubber lining. Less wear takes place in rubber lined mills.  

 The effect of various times in the ball-mill was measured by the BET method (adsorption 

of N2 at 77 K) and was carried out in a Micromeritics Gemini III Surface Area and Pore size 

Analyzer in order to determine the specific surface area (m2/g). 
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BET (m2 /g ) specific surface area versus ball milling time for the studied 

rock materials  (red circles show the milled samples used during the 

experiments). The BET values for the  milled basalt and dunite samples 

were acquired from Rigopoulos et al. (2015) and Rigopoulos et  al. (2016), 

respectively.  

 
 This showed that it takes about 12 hours to grind these rocks to a size that maximizes the 

desired effect. 

 The following figure shows that in seawater milled dunite (a) and milled Harzburgite (b) 

show a pH of 8.7 to 9.0. Milled basalt and the controls showed a pH of 8.0 to 8.2. This is the pH 

range of natural seawater (Marion et al., 2011). 
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Temporal evolution of the reactive fluid pH: (a) Control experiment, and experiments 

with unmilled and milled dunite; (b) Control experiment, and experiments with unmilled 

and milled basalt and harzburgite.  

This indicated that only the 20-hr milled dunite (olivine) showed an increase in alkalinity to 

pH 9.0. This is relevant to the relative effect of these three milled minerals in combating ocean 

acidification. 

The conclusions of this study were: 

• Peridotites induced CO2 drawdown directly from the atmosphere via mineralization. 

• The basalt did not yield any significant changes in seawater composition. 

• The precipitation of sepiolite could reduce the carbon sequestration efficiency. 

 So, what is sepiolite? It is also known as meerschaum, is a soft white clay mineral, often 

used to make tobacco pipes (known as meerschaum pipes). It is a complex magnesium silicate, a 

typical chemical formula for which is Mg4Si6O15(OH)2·6H2O, it can be present in fibrous, fine-

particulate, and solid forms. Only small amounts of it were formed in the grinding process. 

 

 Kohler et al (2013) concluded that if dissolved in the surface ocean, olivine sequesters 

0.28 g carbon per g of olivine dissolved, similar to land-based enhanced weathering. Silicic acid 

input, a byproduct of the olivine dissolution, alters marine biology because silicate is in certain 

areas the limiting nutrient for diatoms. As a consequence, their model predicted a shift in 

phytoplankton species composition towards diatoms, altering the biological carbon pumps. 

Enhanced olivine dissolution, both on land and in the ocean therefore needs to be considered as 

ocean fertilization. From dissolution kinetics they calculate that only olivine particles with a 

grain size of the order of 1 µm sink slowly enough to enable a nearly complete dissolution. The 

energy consumption for grinding to this small size might reduce the carbon sequestration 

efficiency by ∼30%. 

 The following figures shows the effect of ocean pH of the placement of 3 Pg or 3 billion 

tons of olivine per year. 
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 The placement of large amounts of olivine into the ocean is not without potential 

problems, listed as follows. Its limitations are: distributing 3 Pg olivine per year: full-time 

commitment of more than 300 large ships. This would sequester approx. 9% of anthropogenic 

CO2 emissions.  

 Some of the risks are: Dissolution of heavy metals possible - toxicity? Impact on marine 

species distribution. Potential for extension of anoxic or sub-oxic regions. Environmental and 

social problems with mining of olivine. 

 

 Griffioen (2017) examined the effect of Fe rich versus Mg rich olivine. They concluded 

the efficiency of olivine weathering depended on the Mg/Fe fractions of olivine and precipitation 

of secondary minerals. For Fe-rich olivine, CO2 may be released to the atmosphere and ocean pH 

might decrease during oxic olivine weathering. Ocean alkalinization only happens when more 

than 1 mol/kg H2OMg-rich olivine weathers. The abundance of Mg compared to Fe depends on 

the rock but is about 90% in the most abundant dunite.  

 Maintenance of supersaturation for calcite or aragonite as holds in seawater reduces the 

efficiency by about a factor of two compared to the efficiency without secondary precipitation. 

Precipitation of sepiolite as Mg silicate reduces the efficiency even more.  

 

 Meysman FJR and Montserrat F. (2017) These authors discuss the potential of 

applying ESW in coastal environments, both beaches and shelf, as a climate change mitigation 

option. By deliberately introducing fast-weathering silicate minerals onto coastal sediments, 

alkalinity is released into the overlying waters, thus creating a coastal CO2 sink. Compared with 

other NETs, coastal ESW has the advantage that it counteracts ocean acidification, does not 
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interfere with terrestrial land use and can be directly integrated into existing coastal management 

programmer with existing (dredging) technology.  

 
 

 Two ESW application scenarios have been proposed: (a) spreading coarse particles into 

high-dynamic shelf environments where particles are crushed during bedload transport (‘shelf 

milling’) and (b) spreading finer olivine sand onto beaches and shallows, where dissolution is 

enhanced through biotic processes in the seabed (‘benthic weathering engine’). 

 The seabed is characterized by various forms of biological activity, which could induce 

higher dissolution rates compared with sterile laboratory conditions. Such biological 

enhancement of silicate weathering has been extensively documented in terrestrial soils, giving 

rise to the ‘mycorrhizal weathering engine’ concept. The authors propose the concept of the 

‘benthic weathering engine’, where both microorganisms and invertebrate fauna act as agents of 

enhanced weathering in marine sediments. Together, the interplay of microbial metabolism and 

macrofaunal bioturbation could substantially increase the rate of olivine dissolution under in situ 

conditions. 

 Dedicated experiments are needed (i) to more precisely determine the weathering rate 

under in situ conditions within the seabed and (ii) to evaluate the ecosystem impacts—both 

positive and negative—from the released weathering products. 
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 Montserrat, F. et al (2017) The authors specifically address a number of questions 

related to the application of enhanced silicate weathering in natural coastal environments: (1) 

What is the rate of olivine dissolution in natural seawater and how does this differ from artificial 

seawater? (2) Does olivine dissolve stoichiometrically in natural seawater? (3) What dissolution 

products can be used to efficiently monitor the dissolution rate of olivine in coastal sediments, 

i.e., quantify the efficiency of enhanced silicate weathering? (4) To what extent does secondary 

mineral formation diminish the CO2 sequestration efficiency of olivine dissolution in seawater? 

 Commercially available olivine sand (Mg2−xFex SiO4 ) and lab-grade quartz (SiO2) were 

used in slurry dissolution experiments. The olivine sand (particle size quantiles: D10 = 91 μ m, 

D50 = 143 μ m, D90 = 224 μ m) had a molar Mg-to-Fe ratio of 0.94:0.06, characterizing the 

olivine as forsterite-94 (Fo94 ). The Ni content was estimated at 0.0075 mol Ni/mol olivine. The 

olivine or quartz were placed as a slurry of into borosilicate glass bottles and placed on a rotating 

shaking platform. The fluids were filtered seawater (FSW), artificial seawater (AFW)  with or 

without Ca or Mg. The following figure shows the rate of silicon release over a period of 100 

days for olivine and quartz. 

 
The ordinate is measured in umol/kg 

 

 The main consequences of forsterite olivine dissolution are increases in Mg2+ , Si, TA 

(total alkalinity), DIC (dissolved inorganic carbon), Fe+2, and Ni+2 , and their ecosystem effects 

should be thoroughly assessed. 

 While increases in alkalinity and DIC are a desired effect for climate engineering 

purposes, the increase in Mg+2 is not expected to pose a significant threat because of the high 

background concentration in seawater. Increases in dissolved Si and dissolved Fe can stimulate 

primary production and thus lead to additional CO2 sequestration, as recently assessed by model 

analysis· However, the ultimate impacts on coastal food webs of fertilizing by olivine dissolution 

are uncertain and need further investigation. 

 

 Nickel Issues The impact of increased nickel flux on marine ecosystems is a matter of 

potential concern. Ecosystems is summarized on the Web site of the UK Marine Special Areas of 

Conservation (http://www.ukmarinesac.org. uk/) and established for the UK at a chronic 

concentration of the ecotoxicology of nickel in marine organisms and 0.25 μ mol/L. Nickel 

toxicity has been reported in a number of cases: negative effects on spawning in mysiid shrimps 

at 2.4 μ mol/, DNA damage with associated physiological and cytotoxic effects in the blue 

mussel Mytilus edulis at 0.3 μ mol/L, disrupting ionoregulatory functions in the green crab 

Carcinus maenas between 8.5 and 51 μ mol/L in very low-salinity seawater (0.006 PSU), and 

organ oxidative stress in the killifish Fundulus heteroclitus.  

 The potential toxicity of nickel, combined with rather large uncertainties about the 

magnitude and direction of its response effects, make it paramount to further investigate its 
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ecotoxicological effects within the framework of large-scale application of olivine in coastal 

environments. 

 Before beginning any field-scale application, there should be proper field trials in quasi-

contained conditions, such as mesocosm setups, which can be upscaled in, e.g., tidal harbor 

basins. In the case that a mesoscale field trial (∼100 m2 ) would be undertaken, common 

dredging equipment would be used to apply the olivine into the (coastal) environment. The same 

equipment and expertise can be used to remove the olivine sand, should any acute unforeseen 

situation develop. 

 The CO2 sequestration induced by ESW is governed by the acid−base thermodynamics of 

seawater, which are well understood, therefore rendering the containment of CO2 in the ocean 

highly predictable. The central premise of ESW is that it increases the ocean’s alkalinity, 

enabling more CO2 to be dissolved into seawater at any given pCO2 compared to the situation in 

which no alkalinity is added to the ocean. 

 If ESW is ever to be applied in a geo-engineering framework, it is of paramount 

importance to investigate the effects of all of these natural processes on the dissolution of olivine 

in coastal environments. 

 

 Hangx and Spiers (2009) The feasibility of spreading olivine on coast lines  depends on 

the rate of olivine dissolution, the sequestration capacity of the dominant reaction, and its CO2 

footprint. Kinetics calculations show that offsetting 30% of worldwide 1990 CO2 emissions by 

beach weathering means distributing of 5.0 Gt of olivine per year. For mean seawater 

temperatures. To obtain useful, steady state CO2 uptake rates within 15-20 years requires a grain 

size of < 10 um.  

However, the preparation and movement of the required material poses major economic, 

infrastructural and public health questions. We conclude that coastal spreading of olivine is not a 

viable method of CO2 sequestration on the scale needed. 

 This “Green Beaches” proposal entails the spreading of crushed olivine rock along large 

parts of the Earth’s coastlines, above the wave base, using coastal dumper barges and/or beach 

bulldozer equipment. Weathering is a slow process much skepticism exists in the scientific 

community regarding CO2 sequestration by weathering approaches. 

 In contrast to the optimistic cheap tool of Schuiling and Krijgsman (2006), Hang and 

Spiers point out that with the sand grain size of the Schuiling report it would take 370 to 6,010 

years for the complete dissolution of olivine. Dissolution is significantly accelerated with grain 

sizes of >10 um but achieving that small size adds considerable expense to EW. Thus, one of 

their conclusions is that mining, crushing and grinding of olivine to a grain size of <10 um will 

reduce process efficiency by 5-11% for pure olivine and by 10-20% for typical olivine rock. This 

does not seem unsurmountable. An additional 0.1 to 1% efficiency reduction will be generated 

per 100 km of transport of one ton of crushed olivine rock by ship, train, or truck. Typical 

transport distances in Europe would be ~1000 km. 

 They concluded that coastal spreading of olivine sand is not a viable method of CO2 

sequestration on the scale needed. The method certainly cannot replace CCS technologies as a 

means of controlling atmospheric CO2 concentrations.  

 Terrestrial spreading of crushed olivine in tropical areas is more promising than beach 

reaction, especially on land with acidic soils. However, beach weathering could contribute 

perhaps a 1% equivalent reduction as a niche activity, particularly in tropical regions where 
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reaction rates are accelerated. More research on costs, logistics and seawater reaction rates is 

needed to clarify the possible contribution. 

 It is surprising that the grinding of olivine would only decrease efficiency by 5 to 20%. 

This seems doable. 

 

How much of the Problem of Removing CO2 from the Atmosphere can be solved by 

Enhanced Weathering? 

 

 A. What are the Annual CO2 Emissions due to Fossil Fuels? 

 A common complaint about Enhanced Weathering and indeed any NET is that it 

accounts for only a small fraction of the total CO2 emitted per year. Thus, to understand the 

magnitude of the problem it is first necessary to determine the amount of CO2 emitted per 

year, world-wide. The following shows the yearly, global rates for fossil fuels from 2010 to 

2018. 

 

 
 
The rate of emissions appeared to be leveling off from 2014 to 2016, but then increased 

significantly from 2016 to 2018. The levels in 2019 were 36.8 gigatons. They were anticipated 

to drop by at least 7% in 2020 due to the pandemic. 

 In his book How to Avoid Climate Disaster Bill Gates quotes a figure of 51 

gigatons/year. This includes all greenhouse gases and land use emissions of CO2. 
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 The following figure shows the contribution of each major country. 

 
 
 Based on these figures a rate of emissions from fossil fuels of approximately 37 billion 

tons/year provides a reasonable estimate. 

 

 Before progressing further, it is informative to know the meaning of various metric terms. 

 

Unit     Symbol          Order of             Amount 

                                 Magnitude 

peta   P   1015      quadtrillion
       

tera   T   1012      trillion
  

giga   G   109       billion
 

mega   M   106       million

  

kilo   k   103       thousand
 

milli          m         10-3      thousandth 

micro          u         10-6       millionth 

nano         n           10-9       billionth 

picro         p            10-12      trillionth 

 

In general use of the term picro refers to trillionth (10-12) and the use of the term giga refers to 

billions (109). The variable use of grams versus tons can also be confusing. One metric ton = one 

million 106 grams.  

 

 
So, how much is a PgCO2? 
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 As shown below, we often see a statement like “could perhaps extract 0.5–4 PgCO2/yr, 

by 2100.”  It is not immediately obvious how much a PgCO2 is. Did the P stand for pentagram 

(1015) or picogram (1012)? The table above indicates that the symbol for a pentagram is P, while 

the symbol for 1012 is T. The definitive answer came from Canadell and Schulze (2013). They 

stated that: 

 “PgC per year (petagrams of carbon per year equals 10
15

g equals a billion (giga) (109) 

metric tons)” Finally, an author (or editor?) made this term clear. 

 

So how much is a ton of C? 

 The atomic weight of carbon is 12 atomic mass units, while the weight of carbon dioxide 

is 44, because it includes two oxygen atoms that each weigh 16. So, to switch from one to the 

other, use the formula: One ton of carbon equals 44/12 = 11/3 = 3.67 tons of carbon dioxide.  

 One ton of carbon (C)  = 3.67 tons of carbon dioxide 

 

 B. Estimates of the Amount of CO2 that could be removed by EW. 

          a. Beerling et al. The Beerling et al (2020) paper has been widely quoted in this 

review. In this paper Beerling estimated that annually EW could remove 0.5 to 2 Gt CO2/yr. This 

was similar to other NET technologies such as direct air capture and storage, biochar, soil 

organic carbon sequestration, and afforestation/reforestation.  

 Beerling et al (2018) and Kantola, et al (2017) On the basis of basalt applications of 10 

to 50 t ha –/yr to 70 × 106 ha of the annual crops corn/soy in the corn belt of North America 

could sequester 0.2–1.1 PgCO2, 0.2 or 1.1 gigatons up to 13% of the global annual agricultural 

emissions, in the long run. 

 Beerling, D. J. et al. (2016) Provisional estimates suggest that amending two-thirds of 

the most productive cropland soils (9 × 108 ha) with basalt dust at application rates of 10–30 

t/ha/yr  could perhaps extract 0.5–4 PgCO2/yr, or 0.5 to 4 gigatons by 2100 depending on 

climate, soil and crop type. 

 
  b. Renforth (2012) A maximum carbon capture potential of ~0.3 tCO2/t is 

suggested for basalt, assuming a sufficiently fine particle size for effective dissolution on decadal 

timescales. 

 

  c) Strefler et al (2018). Our results show that enhanced weathering is an option 

for carbon dioxide removal that could be competitive already at 60 US $/ t  CO2 removed for 

dunite, but only at 200 US $/t CO2 removed for basalt. The potential carbon removal on cropland 

areas could be as large as 95 Gt CO2/year for dunite and 4.9 Gt CO2/year for basalt. The best 

suited locations are warm and humid areas, particularly in India, Brazil, South-East Asia and 

China, where almost 75% of the global potential can be realized. 

  d) Hartmann & Kempe (2008) report a theoretical global maximum potential of 

65 x 106 t sequestered C/year if applied homogenously on all agricultural and forested areas of 

the world. This is equal to 3.67 x 65 or 238 x 106 tons of CO2. 

  e) Moosdorf et al (2014) They stated that very large amounts of rock would be 

needed to control or reduce the atmospheric CO2 concentrations substantially with enhanced 

weathering. Before enhanced weathering could be applied at large scales, more research is 

needed to assess weathering rates, potential side effects, social acceptability, and mechanisms of 

governance. 
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Some Approaches to EW Short of Massive Spreading of Rocks on Soils 

 The above review shows that the approach to EW that involves spreading rocks of 

cropland is a massive undertaking. This raises the question: Are there some approached to EW 

that are not as difficult? Two possibilities come to mind- attempting to save the great barrier 

reefs and improving yields of rice farms. 

 

 A. Addressing the Problem of the Destruction of the Great Barrier Reef in 

Australia. Because of the distances involved, this problem would be best addressed by placing 

olivine into the waters near the Great Barrier Ref. To do this, we will need to get the olivine from 

Australia. Researching this was not easy. The following is why. 

 1. The first search response was: Mortlake is one of the world's hotspots for olivine 

and Australia's olivine capital. The olivine of Mortlake formed around 70 - 80 kilometers 

below the ground and was brought to the surface during volcanic eruptions. Much of the olivine 

around Mortlake is contained in what are called 'bombs' which look like tear drop shaped lumps 

of rock. These 'bombs' range in size from something as small as a pigeon's egg to ones as big as a 

car. When searching for olivine it's merely a matter of finding a 'bomb' and then cracking it open 

with a hammer. About 90 per cent of olivine is an olive-green color.  

 2. A second search response was: The only known olivine occurrence in New South 

Wales is the Doonba deposit near Barraba This body was identified during regional 

exploration for chrysotile asbestos as one of numerous discrete bodies of relatively 

unserpentinised harzburgite within an extensive zone of serpentinised harzburgite. Later, Breyley 

(1990) identified the rock type as dunite. Consequently, additional fresh, commercially 

acceptable olivine deposits could occur in this or other ultramafic belts, even among bodies 

mapped as harzburgite.  

 3. A third possibility was referenced in NAS (2018) showing the following figure and 

where the source is mine tailings. 

 

 
Cementation of tailings originally deposited as water-sand slurry. 

LOCATION: Mt. Keith Nickel Mine, WA, Australia. Greg Dipple 
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 4. A fourth search response was: The Doonba dunite deposit, north of Tamworth, is the 

only known New South Wales olivine deposit of commercial potential. This belt is dominated by 

harzburgite that is variably sheared and extensively to completely serpentinized. The Doonba 

mass is important in being more olivine-rich and significantly less-serpentinized than is typical 

of ultramafic rocks elsewhere in that belt. The economic potential of the Doonba deposit was 

recognized during the Manilla–Narrabri Metallogenic Map project (Brown et al. 1992). The 

resource is currently being explored and tested for various refractory applications in the steel 

industry and for use in agriculture.  

 So, what is the problem? Although both are north of Sydney, Barraba and Tamworth are 

an hour apart. When I search under “commercial mining of dunite or olivine in Australia” I get 

response #2 above. When I search under commercial mining in Australia, many different 

minerals are listed but not olivine or dunite. It looks like there is not much in the way of 

mineable olivine or dunite in Australia. 

 However, if the supply of olivine is too limited in Australia to combat ocean acidification 

what about the surrounding areas? The following is a map showing the worldwide distribution of 

olivine.  

 
 

 It is clear that there are a number of olivine deposits immediately north of Australia that 

could be used for this purpose. 
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 B. Improving the Yield of Rice Farms. The net rice yield can be increased by 10%–

50% by application of silicon fertilizers, depending on the local conditions (Alvarez and Datnoff, 

2001). Powdered silicate rocks have even been considered as an alternative to conventional 

fertilization in areas where fertilizers are not available or are too expensive for many farmers. 
The benefits include dramatic increases in rice yields, prevention of Fe and Mn toxicity, and 

better uptake of P. In Chine rice yields have increased up to 400% following treatment with Si 

containing materials. It also decreases the impact of several diseases. As such it can reduce the 

need for fungicides. It also decreases the effects of various arthropod pests. Si sources have 

residual effects that persist over time. Thus, yearly applications may not be needed. This would 

be an important accomplishment, since production increases will, come from yield increases 

because of lack of available land. 

 We could start with the rice farms in the U.S. These four regions produce almost the 

entire U.S. rice crop: 

• Arkansas Grand Prairie; 

• Mississippi Delta, (parts of Arkansas, Mississippi, Missouri, and Louisiana); 

• Gulf Coast (Texas and Southwest Louisiana); and 

• Sacramento Valley of California. 

 

Who can do the research and answer the questions listed below? 

 Three of the co-authors of the Beerling et al paper, Stephen P. Long, Evan DeLucia and 

Ilsa Kantola were from the Carl R. Woese Institute for Genomic Biology and/or the Department 

of Plant Biology, both at the University of Illinois at Urbana-Champaign, Urbana, IL 61801, 

USA. (which happens to be where I took my undergraduate work) We could use grant funds to 

enlist them to study the above questions. The more long-term goal is to implement the 

widespread use of finely ground basalt or olivine on large tracts of cropland in the United States 

Midwest. 

 An additional person to contact would be Joshua West, second author on the Hartman et 

al (2013) paper. He is located just around the corner from the Comings Foundation at the 

Department of Earth Sciences, University of Southern California, Los Angeles, California, USA. 

 
 

Questions about mafic rock weathering on cropland  

 
 The Comings Foundation is interested in activating the use of EW on croplands in the 

United States switching from theory to practice. However, based on the above review it is clear 

that to totally correct for the CO2 emissions would be a massive job and it is likely we could only 

take on bits and pieces. But what bits and pieces? While there are many questions, there are 

two major ones. 

 1. How can a modest sized foundation, currently with $1 to $5 million to distribute 

each year, and possibly more million later, best contribute to getting enhanced weathering 

of either crops or the ocean, started in the United States? 

 2. If our consultants had these funds what are the initial and subsequent steps they 

would take? 

 To begin this process, we propose to provide grant funds or funds for consultants, to 

answer the above questions, and many more below. Beerling et al (2020) stated - there is an 

urgent need to address unanswered technical and social questions and develop rigorous audited 
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testing in the field where the full elemental cycles can be closed, efficacy of CO2 capture 

quantified, and the risks, benefits, socioeconomics, techno-economics, and ethics assessed. This 

is what we would like to assist with. 

 

 Below is a list of some of the additional questions. 

• Can we elicit the cooperation of the U.S. Dept of Agriculture to help? 

• Which is better to use, olivine of basalt, in EW of crops in the U.S.? 

• Where are stockpiles of aggregate waste mafic rocks that can be used? 

• As stated by Beerling et al (2020) national inventories of the location, availability and extent of 

this resource are required to assess the potential contribution of this resource for ERW. We need 

to develop a US inventory. 

• Where in the US can olivine be obtained? The above provided only a partial answer.  

• Would it be cheaper to purchase commercially available olivine in the United State or Norway? 

• How much would cost per ton CO2 be if solar or wind energy, or other renewable, was used for 

grinding? 

• Should there be a centralized facility for mining and processing olivine or basalt? If so, where? 

• Could carbon free sources of energy (solar, wind) be made available in these areas?  

• How to get farmers to switch from lime to basalt? 

• Can we use the same companies that distribute lime to distribute crushed olivine? 

• Schuiling and Krijgsman (2006) proposed mixing olivine or basalt with fertilizer. Is this 

reasonable? Would this increase farmers acceptance of weathering? 

• What are the governing (regulation) issues, if any? 

• If non-cropland is used, what is the thickness of the spread olivine or basalt that still effectively 

sequesters CO2? 

• Once we answer some of these questions, what are the prospects of spreading this technology 

to other countries? 

• Some countries have better supplies of olivine. Would it be better to start in those countries? 

• Hartman et al (2013) proposed that EW takes place much more rapidly in humid tropical 

countries. This would require setting up a lot of new infrastructure in humid lands. What are the 

implications of this for doing EW in the U.S.? 

• As described below, one source of power to grind the rock could come from a Solar Chimney 

Power Plant (SCPP). This also has the potential of combining this with a Photo-Catalytic Reactor 

(PCR) to also remove methane. Question: Can we engage an engineering company to build and 

test SCPPs. Will they work in the Midwest? Will using PCR really remove methane? If so, how 

much? 

• The map on page 16 shows the worldwide distribution of olivine mines. Given that olivine 

weathers much rapidly in warm humid weather would it be possible to pick areas that a) mine 

olivine and b) are located in regions with warm humid weather to focus on EW of crops or non-

croplands? 

• In warm and humid areas, how thick can one coat non-croplands with olivine and still have 

efficient weathering? If the answer is a significant multiplier of the amount spread on cropland, 

this could dramatically enhance to prospects of EW as a solution to global warming. If carbon 

credits are in place, that could pay for using noncroplands. 

• What role can cooperative working with the U.S. Dept of Agriculture play in assisting with 

EW? 
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Questions about putting mafic rocks  

directly into the ocean. 

 
• The major question is: Which will be a more efficient way to use enhanced weathering – 

applying mafic rocks to croplands or by spreading finely ground olivine directly into the ocean?  

• A second important question who can we support to help us with a project of putting mafic 

rocks directly into the ocean? Can the University of Illinois group help us with that? 

• The ocean approach has the advantage of directly combating ocean acidification and of by-

passing the potential problems of obtaining the cooperation of farmers and spreading the rocks 

over large areas of cropland. Of course, both approaches can be used. 

• Dissolution of olivine is 10 to 100 times slower at ocean pH than soil pH. Does this seriously 

impair the use of placing olivine directly in the ocean, or does it simply take longer?  

• Hartman et al (2013) emphasized the need for infrastructure to transport basalt or olivine over 

distances and the carbon cost of this. Isn’t this a good reason to emphasize direct spreading 

pulverized olivine in the ocean? 

• If olivine was ground up and spread in the ocean off the west coast of the U.S. how long 

would it take for the decrease in acidification to spread to, for example, the Great Barrier Reef? 

• In the Rigopoulos et al (2017) study, pulverized, and ball-milled dunite, harzburgite and olivine 

basalt were reacted in artificial seawater in batch reactor systems open to the atmosphere for two 

months. In contrast, pulverized but un-milled rocks, and the ball-milled basalt, did not yield any 

significant changes in seawater composition during the two-month experiments. Is this 

conclusion valid? Does that rule out using basalt? 

•As an example of an assessable ophiolite, in the area from North Carolina to Georgia, there are 

at least “25 large forsterite olivine deposits, remarkably sound and free from alteration minerals, 

occurring in a belt 175 miles long and 15 miles wide“ (Project Vista). Can these be used? 

• Since the largest deposits of olivine in the U.S. are on the West and East coast of the U.S. 

would these be  better sites to begin our ocean projects? 

• Can one or both of the U.S. olivine companies be of assistance? Utilizing these companies 

could solve the problem of where to get the olivine for enhanced weathering using the ocean or 

croplands. 

• An overriding major question is: How much CO2 can be sequestered per year combining the 

use of cropland and non-cropland in the US, India and China, and other countries, plus the 

oceans? Beerling et al (2020) hopes to achieve an average global goal of 0.5 to 2 gigatons of 

carbon dioxide (CO2) per year by Enhanced Weathering of Croplands worldwide. Worldwide 

38 gigatons of CO2 were released in 2019. (Bill Gates says the figure is 51 gigatons). Thus, EW 

using croplands would account for only about 4% to 6% of the needed CO2 sequestration. How 

much more can be sequestered by using the oceans? Or, by using non-croplands. 

• The world’s largest active olivine quarry is the Gusdal Pit in Norway (see above). No 

chemicals are needed to extract the rock, nothing is underground, the process is not mining, it is 

surface extraction. This raises the possibility of purchasing olivine on site, ensuring it is finely 

ground, and immediately distributing it into the ocean. Is this reasonable? 

• One of the most pressing reasons to place olivine directly into the ocean is to combat ocean 

acidification and, among others, save the Great Barrier Reefs off Australia. Would it make more 

sense to disperse the olivine near the Great Barrier Reef itself?  If so, are there adequate olivine 

deposits in or near Australia to accomplish this? 
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A Short Course in Mineralogy 

 Because of the wide number of minerals mentioned the following is a short course in the 

relevant mineralogy. 

 

  Mafic rocks  Ma = magnesium  fic = ferric iron containing. 

Most mafic minerals are dark in color, and common rock-forming mafic minerals include 

olivine, pyroxene, amphibole, and biotite. Common mafic rocks include basalt, diabase and 

gabbro. 

 

Ultramafic rocks are igneous and meta-igneous rocks with a lower silica content (less than 

45%), generally >18%, MgO high FeO, low potassium, and are composed of usually greater than 

90% mafic minerals (dark-colored, high magnesium and iron content). The Earth's mantle is 

composed of ultramafic rocks.  

 

Peridotite is a dense, coarse-grained igneous rock consisting mostly of the minerals olivine and 

pyroxene. Peridotite is ultramafic, as the rock contains less than 45% silica. It is high in 

magnesium (Mg2+), reflecting the high proportions of magnesium-rich olivine, with appreciable 

iron. 

 

Pyroxenes are a group of dark-colored rock-forming minerals found in igneous and 

metamorphic rocks throughout the world. They form under conditions of high temperature 

and/or high pressure.  

 Pyroxene minerals are defined by their chemical composition and crystal structure. Their 

generalized chemical composition is described by the formula XYZ2O6 where X can be Ca, Na, 

Fe++, Mg, Zn, Mn or Li. Y can be Mg, Fe+++, Cr, Al, Co, Mn, Sc, Ti or Vn. Z can be Si, Al or a 

combination of both. A wide range of cation substitutions  can occur in the X and Y positions. 

 

Augite, diopside, jadeite and spodumene are four of the best-known members of the pyroxene 

group; however, the pyroxene group has many other members.  

 

Augite is a rock-forming mineral that commonly occurs in mafic and intermediate igneous rocks 

such as basalt, gabbro, andesite, and diorite. It is found in these rocks throughout the world, 

wherever they occur. Augite is also found in ultramafic rocks and in some metamorphic rocks 

that form under high temperatures. Augite has a chemical composition of (Ca,Na) (Mg,Fe,Al) 

(Si,Al)2 O6. 

 

Andesite is the name used for a family of fine-grained, extrusive igneous rocks that are usually 

light to dark gray in color. They often weather to various shades of brown, and these specimens 

must be broken for proper examination. 

 

Aragonite is a carbonate mineral, one of the three most common naturally occurring crystal 

forms of calcium carbonate, CaCO3 (the other forms being the minerals calcite and vaterite). It is 

formed by biological and physical processes, including precipitation from marine and freshwater 

environments. 

https://en.wikipedia.org/wiki/Igneous_rocks
https://en.wikipedia.org/wiki/Metamorphic_rocks
https://en.wikipedia.org/wiki/Silica
https://en.wikipedia.org/wiki/Iron(II)_oxide
https://en.wikipedia.org/wiki/Potassium
https://en.wikipedia.org/wiki/Mafic
https://en.wikipedia.org/wiki/Magnesium
https://en.wikipedia.org/wiki/Iron
https://en.wikipedia.org/wiki/Mantle_(geology)
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Basalt is a dark-colored, fine-grained, igneous rock composed mainly of plagioclase and 

pyroxene minerals. It most commonly forms as an extrusive rock, such as a lava flow, but can 

also form in small intrusive bodies, such as an igneous dike or a thin sill. It has a composition 

similar to gabbro. The difference between basalt and gabbro is that basalt is a fine-grained rock 

while gabbro is a coarse-grained rock. 

Diopside is a rock-forming pyroxene mineral with a chemical composition of MgCaSi2O6. It 

occurs in igneous and metamorphic rocks at many locations around the world. 

Diabase  The name "diabase" is used for a dark gray to black, fine-grained, intrusive igneous 

rock that has a composition similar to basalt and gabbro. The difference between basalt, diabase, 

and gabbro is in their grain size - which was determined by their cooling rates. 

 

Diorite is the name used for a group of coarse-grained igneous rocks with a composition 

between that of granite and basalt. It usually occurs as large intrusions, dikes, and sills within 

continental crust.  

 

Dunite is an igneous rock, of ultramafic composition, with coarse-grained texture. 

 

Feldspar is the name of a large group of rock-forming silicate minerals that make up over 50% 

of Earth’s crust. They are found in igneous, metamorphic, and sedimentary rocks in all parts of 

the world. Feldspar minerals have very similar structures, chemical compositions, and physical 

properties. Common feldspars include orthoclase (KAlSi3O8), albite (NaAlSi3O8), and anorthite 

(CaAl2Si2O8). 

 

Fosterite is a form of white olivine rich in magnesium, with the formula Mg2SiO4 

 

Jadeite is an aluminum-rich pyroxene, while nephrite is a magnesium-rich amphibole. Both can 

form jade. The two minerals have very similar physical properties in the eye of the average 

person. The chemical composition of jadeite is  NaAlSi2O6 or Na(Al,Fe3+)Si2O6 

 

Gabbro is composed mainly of calcium-rich plagioclase feldspar (usually labradorite or 

bytownite) and pyroxenes (usually augite). Minor amounts of olivine might also be present in the 

rock. 

 

Harzburgite, is an ultramafic, igneous rock. It is a variety of peridotite consisting mostly of the 

two minerals olivine and low-calcium (Ca) pyroxene (enstatite); it is named for occurrences in 

the Harz Mountains of Germany. 

Olivine is the name of a group of rock-forming minerals that are typically found in mafic and 

ultramafic igneous rocks such as basalt, gabbro, dunite, diabase, and peridotite. They are 

usually green in color and have compositions that typically range between Mg2SiO4 and Fe2SiO4. 

Many people are familiar with olivine because it is the mineral of a very popular green gemstone 

known as peridot. 
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Plagioclase is the name of a group of feldspar minerals that form a solid solution series ranging 

from pure albite, Na(AlSi3O8), to pure anorthite, Ca(Al2Si2O8). 
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