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Abstract

The weathering of calcium and magnesium silicates is the main natural mechanism limiting
atmospheric CO2 levels. The weathering process transforms CO2 into bicarbonate, which
washes down to the oceans where it ultimately precipitates as carbonate.

However weathering at its natural pace is unable to keep up with current and prospective
anthropogenic CO2 production. Thus we propose to mitigate excess CO2 by increasing the rate
of weathering: olivine, volcanic ash and similar silicate rocks should be mined, milled, and spread
widely, mainly in the humid tropics where weathering rates are highest.

This may produce important additional benefits, reversing the acidification of soils, rivers and
oceans, and enriching soils with mineral nutrients. Oceans would receive additional fluxes of
orthosilicic acid, a limiting nutrient for marine diatoms: the consequent increase in diatom
phytoproductivity could increase carbon fluxes to deep ocean, or support the production of
biofuels in 'diatom farms'.

Carbon capture and storage (CCS) technology attached to power stations is currently being
pursued as a solution to climate change. However CCS costs are estimated as $50-$100/t CO2,
while there are fears as to the long term security of reservoirs. Using accelerated rock
weathering, by contrast, CO2 could be securely and rapidly sequestered for about €10/t CO2,
while bringing benefits to agriculture and forestry, and restoring ocean alkalinity.

With key countries including India, China, Brazil, Indonesia and Canada rich in exploitable olivine
deposits, international acceptance of CO2 mitigation by accelerated weathering would advance
the prospect of achieving an encompassing climate agreement.
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Introduction

The world public is desperately looking for safel @ost-effective solutions to counteract
climate change by reducing the £@vels of the atmosphere. The solution proposed he
is not new, but is literally as old as the worldnrely to use olivine or similar rocks not

in a technology, but in the way it works in nati¢éeathering of calcium and / or
magnesium silicate rock has kept the,@0ntent of the atmosphere within reasonable



bounds throughout geological history. Weatheriniipésneutralization of an acid (usually
carbonic acid) by rocks, turning G@to the innocuous bicarbonate ion in solutior. Fo
the abundantly available magnesium-silicate olivthe reaction is as follows:

Mg,SiOs +4 CQ+4 HO 2 Mg +4 HCQ + HSiO,

These bicarbonate solutions are carried by rivethe sea, where they are ultimately
deposited as limestones and dolomites. These catideadiments form the ultimate sink
for CO,. They contain 1,500 times more €han the amounts of G@n biomass,
atmosphere and dissolved €@ the oceans combined (Table 1).

Amount (x 10° kg) Relative amount (%)
Limestones (CaCg) 35.000 46.6 %
Dolomites 25.000 33.3%
Sedimentary carbon 15.000 20 %
Recoverable fossil fuels 4 0.005
Oceanic CQ 42 0.056
Atmospheric CQ 3 0.004
Biomass 0.056 0.0007
Anthropogenic emission 0.03 /year
Input from Earth’s interior 0.0025/year

Table 1: Distribution of carbon on Earth. Modifiaffer Dunsmore (1992)

It is proposed here to enhance the rate of weaiesind store the GQ@s bicarbonates in
solution. This will be a safe and cost-effectiviealative to expensive and energy-
intensive technologies. It can also deliver adddidbenefits to agriculture and forestry.

The approach

Mankind burns at considerable economic, socialeanironmental cost in a few hundred
years the fossil fuels that have formed over huthsld millions of years. Weathering
cannot keep up with this greatly increased, @@duction, and the atmosphere's,CO
content is rapidly rising. Many of the most weattide rocks are now covered by a thick
weathering crust - called lateritic soils - whidfeetively prevents them from further
contributing to CQ capture (Fig.1).

The preferred response to date has been to rekdeicate at which fossil fuels are burnt —
in principle at least. However despite widespregr@@ment as to this objective, there has
been little actual progress to this end (IPCC 260ifs & Rayner 2007). It therefore



makes sense to prepare to deploy ‘geoengineerihgtiens. As noted by the Royal
Society (2009):

“The safest and most predictable method of modegatimate change is to take
early and effective action to reduce emissionsreéghouse gases. No
geoengineering method can provide an easy or yeaddeptable alternative
solution to the problem of climate change. Geoesgyiimg methods could
however potentially be useful in future to augmeonitinuing efforts to mitigate
climate change by reducing emissions, and so sHmuilibject to more detailed
research and analysis.”

Two broad families of geoengineering solutions hlagen proposed. First is to alter the
Earth’s thermal balance by reflecting more incidesiair radiation out to space. Second is
the direct removal of C&from the atmosphere. Both approaches have thessedut

note that the first category does not addressdheuss issue of ocean acidification.
Accordingly it would be unwise to rely on enhanceflectivity alone.

Of the second category of geoengineering approatdmesnost logical is to increase the
rate of weathering (Schuiling & Krijgsman, 200@)c this is a natural process whose
enhancement may be considered “benign in princi@&yal Society 2009). This can be
done by mining abundantly available and easily ivexatble rocks, milling them and
spreading the grains over the surface of the land shallow seas.

Another way of applying this approach is to inj€&, into peridotite rocks that are rich
in the easily weatherable olivine (Schuiling, 2006blemen & Matter, 2008). The heat
of reaction is considerable, and this may helpatlkcthe rock thermally, and increase
the rate of reaction. It has even been proposeuuifay, 2006b) to recover the heat of
reaction from large and thermally well isolated/mle reactors at locations where a point
source of CQis available.

In order to capture Crom such point sources, it has been widely propdseconstruct
‘Carbon Capture and Storage’ facilities at powatishs, cement factories and other
concentrated sources of @0 hese CCS facilities would chemically remove, Gom
the exhaust gas stream and pump it into undergroesetvoirs such as depleted gas
fields and saline aquifers. However there are carscas to:

- the high cost of operating CCS;

- the additional fuel that needs to be burnt fonegielectrical output;

- the security of these reservoirs in the long term.

Sequestration of C{as oceanic bicarbonate and carbonate rock isdee m
dependable and can be achieved, our calculatigggest) at considerably lower cost



Figure 1: The dunite at Conakry, Guinea, igeted by a thick laterite crust.

Fe Cr03 NiO P->0s5 SIOZ A|203 MgO
% % % % % % %
A layer |53 1.7 0.15 0.2 1.5 9.0 nil
(49.6) | (1.0) (0.06) (0.7) (3.8) (11.2) |(0.18)
Clayer |57 0.4 0.4t0 0.5 | 0.05 2 3to4 | nil
(49.8) | (1.5) (0.7) (0.05) (3.9 (7.7) (0.36)
Conakry | 12.5 0 0.3 n.a. 39.2 n.a. 43.9
Olivine

Table 2: Chemical composition of the Conakry laésti Results of 2 samples taken in
2008 by the author near Mount Kakoulima added nmemheses. Olivine analysis by
microprobe at the Institute of Geosciences, Utrecht

The example of the dunite body at Conakry, Guisabustrative. It stands out in pink
color on the satellite image (Fig.1) as an elorgyatdy of 50 by 5 km extending from
the tip of the peninsula in a northeast directiime laterite cover is between 30 and 100
meters thick (Golightly, 1981). The underlying dienconsists for 80 to 85 % of MgO
and SiQ, but these elements are virtually absent in ttegita. (Table 2, Percival, 1965
and own analyses)



This means that 1 meter of the weathering resislae least equivalent to 10 meters of
source rock. This ratio will be even larger if théras been some erosion, or if some of
the iron has also been removed in solution, aloiig mragnesium and silica.

Percival (1965) presents convincing evidence tbateserosion has indeed taken place,
and that iron was fairly mobile and was partly leeat out. The dunite intrusion is dated
at 195 million years before present (Deckart etl&97). This permits us to calculate a
minimumrate of weathering. 50 Meters of laterite areiegjant to 500 meters of dunite.
Five hundred meters equals 500 million micronsidgigt by 195 million years is 2.5
micron/year.

This is already considerably faster than indicdtgdhboratory data from abiotic
chemical-only experiments, which show rates of Wweanhg of a few tenths of a micron.
The real rate of outdoor weathering must have lseesiderably higher, for the
following reasons:

195 million years is the age of th@rusion so even if the rock was intruded at a
shallow depth of 3 km, it must have taken a hundanélion years before erosion
had completely exposed the dunite at the Earthfasge, assuming an average
erosion rate of 3 cm/1000 years for the Africantoc@ant. This number is
corroborated by data for the sum of dissolved arsppended loads transported by
rivers from the continent, and the rate of sediragon in the ocean basins. Only
after denudation could it begin to weather.

The dunite is now covered by a laterite crust d fteter, which effectively
shields it from virtually any interaction with G@nd water, so the average rate of
weathering must have been much higher earliesihigtory.

A conservative estimate is that the rate of weatlganust have been at least 10 microns
/ year. This, however, is for a solid rock, witB-alimensional front of attack for
weathering. In the case of loose mineral grainschvare attacked by soil solutions from
all sides, we must double the rate of weatherir@0tonicrons/year.

A similar result is reached for the dunite in tleupiranga complex in Brazil (Oliveira et
al., 1988). The dunite intrusion is overlain byatelitic caprock of over 40 meter
thickness. The age of the intrusion is 130 milly@ars. Here again some of the major
elements from the dunite have been completely kxholut during weathering, Assuming
again that 1 meter of laterite represents at E@dsheters of fresh rock, the minimum
weathering rate for the solid rock should have Ii&&mmicron/year, but again, this
number should be increased for the same reasdhe gseceding example from Guinea,
namely that at the time of its formation the intomswas not yet exposed to weathering,
and that under its present cover of > 40 meteratlveging must have come to a virtual
standstill. This indicates that weathering of loofeine grains in a tropical soil proceeds
at least at a rate of 20 microns / year.

Another astonishing example of rapid and massivahexing comes from olivine-rich
mining wastes in Canada (Wilson et al., 2009). Tim&y that the tailings of some



ultramafic-hosted chrysotile mines weather fastdpcing a host of newly formed
magnesium carbonate minerals. One of the mine dimapsaptured at least 82,000 tons
of CO,in less than 20 years. This amount is exclusii@imagnesium bicarbonate
solutions that have been emitted by the dumps.dewe for this is the abundant growth
of diatoms in the pit lake at one of the localitiesused by the silica-rich waters that are
formed during olivine or serpentine weathering. Téed author (Wilson, pers.comm.,
2009) confirmed that both tailing dumps showed enat of seepage through the tailings
of water with a high pH. Wilson et al. concludetttiee annual sequestration of €& a
large mine hosted in olivine-rich rocks can easigeed its annual emissions of
greenhouse gases. A similar observation was madadpf us (RDS) on the tailing
dumps of the abandoned asbestos mine at Amiantjyms/€ Water, passing through the
tailings, had a pH value of 9.04, and a bicarbooatgent of 392 mg HC{/liter. At an
estimated outflow of 500 liter/minute, this meahattthis small brook, draining less than
1 kn? captures annually 75 tons of g®ithout requiring any human intervention.

What causes this discrepancy between weatheriag astmeasured under abiotic
conditions in the laboratory as compared to thewead, where the weathering rates are
10 to 100 times faster? Laboratories are (hopgftige of fungi, but fungi and lichens
play an important role in the dissolution of mirisrédigher plants live in symbiosis with
mycorrhizal fungi. These secrete an acid and dnelaigent that rapidly attacks mineral
grains. The mineral nutrients that are liberatedhgyfungi are taken up by the plants that
‘reward' the fungi by providing them with sugars.

This is a major reason why laboratory measuremardgssolution rates of minerals are
irrelevant to obtain rates of weathering of mingialtropical soils. Fig.2 shows fungi in
the process of digesting a mineral grain (van Sahdall., 2008)



Figure 2:Scanning electron micrograph showing a fungal hypdreetrating a mineral
grain (bar size, 10m). With thanks to van Scholl et al., 2008.

Lichens are also able to attack rock surfacesgbyesing oxalic acid (Wilson et al.,
1981). Initial products are Mg-oxalates and a ged-silica substance.

Weathering and climate

It has been claimed by Raymo & Ruddiman (1992) tiatrapid exposure of large
volumes of fresh rock in Eocene times in the Hiryataand the Tibet plateau has caused
an enhanced weathering coupled to decreasing&®ls of the atmosphere. According
to these authors, this has led to a gradual glodialing, and ultimately to the onset of the
current Quaternary Glaciation, approximately 2.8iom years ago.

A very similar conclusion was reached by Saltzmaoh doung (2005) who explain the
late Ordovician glaciation by the uplift of the Agpchians, which increased the area of
fresh exposed rocks, and the resulting decreasgrnaspheric Cglevels. In a later paper
(Young et al. 2009) the authors discuss the role@tased volcanism. Briefly
summarized, while during the most active periog@tanism CQemission levels and
increased weathering of volcanic rocks more or edanced, after the end of the period
of active volcanism the huge volumes of fresh walcaock captured huge volumes of
CO, lowering its atmospheric level and causing a neatigtion period.



In a small way we can do the same by exposing hogenes of fresh rock to the
elements, but the advantage is that we are indhitign to select the most suitable rock
types, and the most favorable climates for weatigei®livine-rich rock types like
dunites that occur in large massifs in a great remobcountries, are the most suitable.

A world map (Fig.3) shows the distribution of denihassifs. By removing their lateritic
overburden, mining the underlying dunite (a roct ttonsists of > 90% olivine),
grinding the rock and finally spreading the olivigiins in a thin layer over the surface
of the surrounding land, large volumes of &fas can be captured as bicarbonate in
solution.

When the olivine grains are plowed under, the wexatly rate is further enhanced,
because the soil atmosphere is on average huridresd ticher in C@than air
(Schachtschabel et al. 1982, Sumner, 2000).Thiaaego the fact that plant material is
decaying, and soil fauna is breathing, both inérggthe local CQ@ content. As the CO
level of the atmosphere has been rising, it idyikieat the pace of weathering has already
increased in recent years.

Figure.3: Distribution of dunites in the world. Odet often represents several dunites.

Because most tropical soils are very poor in minau&rients, including magnesium, the
addition of fine magnesium-silicate grains will &&onus to the local population who
lack money to buy fertilizers.

There will also be a case for the use of othersdigside olivine, based on local
considerations, even where they are less effi€&®tcaptors on a per ton basis. Factors
influencing the use of such rocks would include:



the local availability of rock, reducing transpodsts and energy inputs, while also
creating local employment;

the consistency of rock — friable rocks or depaalitsady in powder form (such as
volcanic ash deposits) would reduce or eliminageri®ed for milling, reducing costs
and energy input;

the presence of other mineral nutrients in rockherg local soils would be improved
by the addition of those nutrients.

Considering the last point, the presence of othaeral nutrients besides magnesium, it
is worthwhile to make maximum use of the pulveribedt-rock of diamonds, a rock
called kimberlite. In addition to olivine, kimbeds contain the mineral phlogopite,

which carries potassium as a main component. Wrfately, diamond mines are
considerably less abundant than normal dunite rdtkas been shown that nesquehonite
forms in the tailings of the Diavik diamond mine i(8dn, 2010). Its carbonate has been
dated by*‘C and turns out to be recent, meaning that it ivelé from atmospheric CO

In addition to mineral nutrients, it is also adWkato add biochar (Lehmann, 2007,
Reinders, 2009) particularly on plantations. Thisopized product, a form of charcoal,
can store carbon over medium long times, and aoldsiderably to the fertility and
water- retaining capacity of the soil. However nibtat Reinders and others have voiced
doubts about the net greenhouse gas emissiongassiowith the biochar life cycle.

In order to make this macro-engineering approactkywaonumber of large open pit
olivine mines must be started in different courstr@nd principally in the tropics. This
has the following advantages:

Weathering is most rapid in humid tropical climates

To reduce transport costs, distances from the toitiee point of use should be
limited to < 300 km.

Large mines ( > 100 million tons/year) profit frahle economy of scale
Wages in developing countries are low, so mininggliatively cheap.

It will bring employment for millions, and boostateconomies of developing
countries.

Some dunites contain sub-economical contents afneite, nickel or platinum
minerals. By mining them for olivine, it may becoe®nomical to recover
these by-products as well. This holds also for larites, the host rock of
diamonds, where marginal diamond grades may beewam@omical, if the rock
is mined and crushed to spread kimberlite.

Many of the lateritic cap rocks of dunites are riicimickel, and these nickel laterites are
mined in a number of countries (e.g. New CaleddPialippines. Indonesia, Cuba,
Brazil). Nickel laterite mines are favorable locats to mine the underlying dunites as
well. It will minimize the ecological damage becauiswill not be necessary to clear
forest to start a new mine, and the infrastructacgiired for mining is already in place.



Maximum use should also be made of the tailing dupfgexisting or abandoned mines
in olivine-rich rocks. Such mines include nickdiyamite, PGE-elements, magnesite,
asbestos and diamond mines. All these commoditeeb@sted in olivine-rich rocks,
which makes these mine dumps attractive targetshieap C@removal.

Collateral benefits

If farmers, foresters or fishermen experience dibenefits from olivine spreading, they
will be more prone to collaborate. In the precedegtion we have mentioned already a
few possibilities, like spreading a mineral dusthsa broader compositional range than
only olivine, in order to provide a balanced mixnoiheral nutrients. This would be
similar to the effect of volcanic dust. As Buttrdh®14) said:

“It is a well known fact that volcanic dust is axcellent fertilizer. Wherever this
dust has spread over an area with an averagelrah@ee is a very abundant and
prolific vegetation. Along certain parts of the RgdMountain plains and over
scattered areas of the Great Basin the countriagep is literally covered with
volcanic dust, and wherever this volcanic soilubject to irrigation no better or
more fertile soil can be found. The very beautyafa, the 'garden spot of the
world' is due to the rich, fertile soil formed latg from volcanic dust and other
eruptive matter that have fallen over the islandif¢rent periods in former
volcanic eruptions.”

On a joint expedition in Kenya, Dutch soil sciet#ti®ld the first author that they had
observed a similar positive response of soils aondscto volcanic ash falls in East
Africa.

There is thus a role for Ca/Mg/Na/K aluminosilicate be used for combined €O
drawdown and soil improvement on farmland, foresid plantations as they will provide
a richer mix of mineral nutrients. Suitable rockslude anorthosites, basalts, zeolitized
tuffs, volcanic ash and kimberlites, the choiceadepng on their local availability. Chalk
is also often mentioned, but after the calciumeemitates, the net G@ffect is zero.
Zeolites or zeolitized tuffs are particularly uddfecause they can be loaded with
ammonium, which will be slowly released, and thayiove the water retention capacity
of the soil. Soils over kimberlite pipes are alsdife. As noted by Alexander and
Shrivastava (1984) “The entire tree layer overdipe area is characterized by a more
healthy growth of several species than over thaguock”.

Olivine can also help to buffer the pH in acid atéfsoils as found in the Mekong delta,

or in estuarine inlets in Eastern Australia. Thil loost their rice and sugar production.

At the same time the ambient acidity will, in gealecause the more rapid weathering of
the mineral particles.

This approach can be extended to forest soilsatteadften acid and poor. Many boreal
and temperate forests are suffering from tree diebasociated with acidification and

10



demineralization (Klinger 1996, Klinger & Zingar@@6). Olivine dust, mixed with
aluminium-silicates, may be spread over the stapflirest. The process will be most
easily carried out in planting new forests or iplamting logged areas. The result will be
to enhance forest growth, raise wood productioniammtove the health of trees. Note
that faster tree growth also creates benefitserdtawdown of atmospheric GO

Figure 4: Underwater picture of a lugworm field.eTipper few centimeters of the mud
pass the guts of the lugworm on average three tanyesr.

Along coasts the use of olivine dust can have gadaantages. It was found that the top
few cm of tidal flats pass each year around 3 tithesugh the guts of the lugworm
(Arenicola marinafig.3).Mineral grains weather up to 1,000 times fastemduthe
digestion by lugworms (Needham et al. 2006, Wortesl. 2006). When we spread a
thin layer of olivine dust over tidal flats, thisasmbecome a significant contribution to
carbon capture, not only directly, but also by @aging the living biomass

The solutions that are produced by the digestiaslivine grains are rich in silica, which
is a limiting nutrient for diatoms — which haveibcs skeleton (Fig.5). When silica
becomes available in larger quantities, the digtopulation will increase, providing
food for fishes and birds further up the food chain
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Figure 5: Diatoms have a silica cell, and are nichpids.

It has also been reported (Smetacek, 1985) thdatbe scale sinking of oceanic diatom
blooms is responsible for the transfer of consibleraolumes of geological and
biological material into deep ocean — a possiblganant mechanism of carbon
sequestration. The enhancement of oceanic silimatecreate an additional synergistic
benefit in reducing atmospheric @@his is a potentially important effect but has ras,
yet, been adequately characterized.

This could also be used for the industrial producof diatoms in 'diatom farms' —
artificial lagoons separated from the sea by aobalivine sand. We can introduce silica-
rich solutions derived from the weathering of ali@ion one side of the lagoon. These
solutions could be from a G@apture technology. It is also possible to depa4itick
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layer of olivine grains on the beach along the tag@nd let sea water infiltrate into that
layer during high tide, and be drained during etie.t

If we were to make a U-shaped tube through the bandn the other side, connecting
the lagoon with the sea, we could operate suclmidgrms as follows. When the
nutrient limitation for diatoms is eliminated bygwiding silica-rich solutions, the

diatoms will have a competitive advantage over iotliganisms and their population will
rapidly increase. If a plankton net is mountedha -tube on a perforated metal support,
during ebb the diatoms will be carried outwardea,ut will be retained on the

plankton net, and can be harvested mechanicallginBthe following high tide,

seawater will surge into the human-controlled laga@mnd bring a small but sufficient
supply of other required nutrients.

Diatoms are rich in lipids, and the technology dowert these to biofuels is well known
(Bozarth et al. 2009, Dismukes et al. 2008, HU.e2@08). It is claimed that diatoms
produce more lipids when they are nitrogen-stareednore generally when they are in
stressful conditions.

Contrary to land-based biofuel crops, the productibbiofuels from marine diatoms
does not compete with human or animal food prodactor does it require large
guantities of irrigation water. Indeed the phenoareaf diatom fertilization by silica
enrichment could stimulate marine fish productiatyd help maintain supplies of this
important and nutritious foodstuff.

Spreading: it is an ill wind that blows nobody amyod

A major part of the olivine operation will involest-effective, low-impact transport
and spreading of olivine over land or shallow Sdas is the reason why a maximum
distance of 300 km from the mine site to the poinise is recommended.

Classically one would think of trucks transportthg olivine inland, where it will be
distributed either as grains by machinery that afgeads fertilizer, or as slurries mixed
with pesticides. However transport by truck witjsificantly contribute to the cost, so
one should also make good use of location-speajffortunities. In cases like Guinea,
rail transport inland offers a good possibility,ta® railroads for bauxite transport from
the interior pass close by the likely location &dfiuture olivine mine. The empty trains
can carry loads of olivine inland on their returarh the port at the tip of the peninsula.

(Fig.1)

Most of the new olivine mines will be in the wedpics. This means that they will often
be situated in an area rich in rivers and creg¢ksal be possible, then, to load barge-
type boats with olivine, mount a pump on each laoat spray the passing river banks
with an olivine slurry. The boats could also bedisetransport loads of olivine more
cost-effectively than by truck. If olivine is trgmsrted by barge-boats, transport distances
are less critical than with trucks.
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For olivine mines situated inland well above se@leone can await a time in the wet
season that the rivers are swollen and have thestlianks after heavy monsoon rains.
The rivers carry heavy silt loads, up to 7 kg¥/imthe rainy season, and this is the
perfect time to release large volumes of olivingipkes in the river. When the peak flow
reaches the low lands, the olivine grains will sgrand mingle with the other overbank
sediments at no further costs.

Mindful of the saying “It's an ill wind that blowsobody any good”, we can also think of
the following unusual use of climatic conditionstéd a large part of sub-Saharan West
Africa, the harmattan blows in the period Novemtilemid-March. The harmattan is a
hot sandstorm originating in the Sahara, and aagriarge volumes of mineral dust,
sometimes limiting visibility to less than 45 meteAt the olivine mine sites, or on top of
hills nearby, one could mount large vertical tuaed blow olivine powder into the air
during sandstorms.

Each sand storm transports several million tonfiesist, so an addition of olivine grains
on the order of 1 % of the total dust load will reato difference for dust content and
visibility. This will be a very cheap way of olivenspreading by which one can save
around 1,500 truck transports during a single son. In North Africa one can profit
similarly from the haboobs, severe sandstormsrttagt last a few days and throw up a
wall of dust (Oliver 2005).

A further approach to spreading olivine is to irpamate it into animal feeds, and
fertilizers or soil improvers intended for use andssoils. The olivine would then be
spread to the land during fertilizer applicatior amuck-spreading’. Such methods could
be widely employed where farmers perceived benigfitse health and productivity of
their crops and animals.

Volumes and costs

In order to compensate the complete anthropogenission of CQ by olivine, 7 kni of
olivine must be spread each year on appropriaiems®f the Earth’s tropics and oceans.
Distributed over 10 million ki this is equivalent to a layer of 0.7 mm. The fte
weathering of olivine in tropical climates is araubO to 20 microns per year, so olivine
grains with a diameter of 100 micron will dissolmearound five years.

For logistical reasons it will be more favorablesfwead a layer of 3.5 mm in the first
year over 2 million krfy then move to the next 2 million Krand so on, and come back
to the first 2 million km after a lapse of only five years. One can evemktbf adding a
thicker layer of 1 cm to an area of 700.00Ckifithis brings considerable savings.
Considering the fact that weathering rates of ntioa@ 4.000 times average weathering
rates were found on mine tailings of olivine roagk€anada (Wilson et al., 2009), one
could also construct piles of olivine, similar tan@ dumps over much more restricted
areas, preferably in conjunction with phytominihgit elevated nickel content.

14



In this scenario for geoengineering the climatejimé must change from a minor
commodity into the third largest sector of miniaffer construction materials and coal.

The proposed scale of olivine mining is large bithim the range of modern mining
operations. The largest open pit mine (the famopper mine at Bingham, Utah in the
USA, opened in 1904) for example has an excavatdne of 25 k.

As well as spreading on land, olivine grains cao &e applied in the tidal zone along
seacoasts. As the olivine grains are abraded iautethey will rapidly capture CO
also contributing to the restoration of the pHte bceans while adding bicarbonate to
the sea water — required for the healthy, normahgr of corals such as Australia’s
Great Barrier Reef.

Crushed olivine in bulk from a small mine in Gresaxd costs 28/ ton in the port of
Rotterdam. It is expected that the cost of oliwink drop below 15 / ton for large
mines in low-wage countries and limited transpdstathces. The cost per ton of £@ill
then be around 1€'ton, as one metric ton of olivine captures 1.2%tof CO2. This
compares very favorably with the cost of S&@pture by CCS, which is 60 to 80ton
according to a recent report by McKinsey & Compé208).

The total CQ expenditure of the whole olivine operation (mininglling and transport)
has been calculated to be 4% of the amount of @& is captured by that olivine
(Koornneef & Nieuwlaar, in prep.). The cost of nmigj milling and grinding of 1 ton of
rock in large scale mining is estimated by SteehBaorg (2002) to be about 6 Euro/ton.
If average transport costs can be limited to alamaimount, the price per ton of C®ill
drop to 10 Euro or slightly less.

Intermezzo

It is widely supposed that one has to capture efdm the flue gases of coal-fired
power plants, cement factories or oil refinerigsisTis misconception. All molecules of
CO; are identical, so one should aim for the most ecooal way to capture as much
CO; as possiblanywheren the world, independent of location or origirmer
atmosphere is a well mixed reservoir, so captu@@faround a dunite mine in a
tropical country reduces the G@vel of the entire atmosphere of Earth just ashhmas
capturing the same amount of £€f@dom the flue gases of a power plant in Western
Europe.

Implications for climate policy

Many nations, like China, India and Brazil, areugént to join international efforts to
limit CO, emissions. As these nations have large reservas/ofe rocks on their
territories, their resistance to join is likelydominish, as the cost of joining will be
considerably less than with CCS, and they can reasdy participate to solve their
emission problems by using their own resourcesnaapower.
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It may also be possible to seek the inclusion of @liatements arising from accelerated
weathering in the flexibility mechanisms of the Kgd’rotocol or a successor climate
agreement, to offset emissions from Annex 1 indaisted countries. For example,
countries, landowners or other parties could creatbon credits such as Certified
Emissions Reductions (CERS) under the Clean Dewgop Mechanism is this way.

This approach would need to be backed by a roba#tadology backed by appropriate
experimentally derived scientific evidence. Howethare is little difference in principle
between this and the capture of J@growing trees, which is already acceptable unde
the CDM. Indeed the main difference is that thendte geological deposition as
carbonate of the C{raptured by olivine weathering is far more set¢has the storage
of carbon in trees.

There are already several olivine mines operatinghina. Brazil has a number of
lateritic nickel mines in the weathering crust ad¢arge deposits of olivine rock. So for
Brazil, mining is a matter of continuing to mineetbnderlying olivine rock after the
nickel laterite crust is mined out: the mining adtructure already in place; no new
mining sites need to be cleared; and employmesttsnded for people who may
depend on a working mine site for their livelihoods

India can likewise profit from the fact that thelhrromite mines in Orissa are hosted by
olivine rocks: they can use the huge volumes @&aaly crushed olivine rocks lying on
their mine dumps and tailings. India has many dudéposits, among others in the Kolar
and Chittadurga greenstone belts in South Indial@@aa Mani et al, 2008), and in the
Chalk Hills near Salem.

The choice

Contrary to general supposition, solving the argbgenic climate crisis does not
automatically require the development and use wf teehnologies. Moreover even the
rapid and effective deployment of new technologie$or example, renewable energy
production, energy efficiency and CCS may not leasufficiently deep or rapid
reductions in atmospheric G@ prevent serious adverse impacts on climatelesea
and ocean acidity.

We may therefore make use of Nature’s own techryoldgch has been in operation
since the dawn of time and which has always plalgednajor role in the sustainable
capture of CQ This concept has first been proposed under tllee'tiet the Earth help us
to save the Earth” to the Virgin Earth Challengeh(@8ling, 2007). It makes use of the
process of chemical weathering of calcium and msignesilicates.

Even when researchers have considered olivinerolasirock-types, they have typically
coupled it to a technology (Huygens & Comans, 2006gse include technologies to
activate the olivine surface by thermal or chemiczdtment, or to subject the olivine
grains to high temperatures and pressures in induatitoclaves with chemicals added,
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or to calcine serpentine. However such operatiddst@a the costs, are energy-intensive
and make these solutions unsuitable to solve aglwoblem.

Kelemen & Matters' idea (2008) of using the olivioekin situto inject CO2 comes
close to a natural solution. The idea was firstlighled by Schuiling (2006 b), who had
also calculated the heat of hydration of olivinel{&ling, 1964). A large heat of reaction
is important, because it will enhance the ratesattion. However our considered view is
that such operations are relatively expensive,@nmtensive, and unsuitable to solve a
global problem, although they may be feasible wiadigrge coal-fired power plant is
situated at close distance from a dunite maskd,iear Orhaneli, NW Turkey.

The olivine mining and spreading option is a simgka, but its implementation is
certainly not simple or inconsequential. It will:
require a global and evenly distributed system@fd350 new olivine mines in the
wet tropics, from New Caledonia to Brazil.
cause a dramatic shift in the mining sector, mowligne from a minor commodity
into third place behind construction materials aadl.
involve the spreading of olivine grains over lasgeas for a number of years, as well
as the monitoring of these operations.

Technology-based options to solve the climatesasid associated problems are likely
to cost of the order of US $1,000 billion per yé€Eckell, 2008). However even rapid
reductions of C@emissions may nonetheless leave the climate ajextory of
increasing warming. It is prudent to explore geae®ering options to deal with this
possibility, however existing approaches may haaletdrious side effects, and few if
any collateral benefits. In particular geoenginagproposals that rely on raising the
solar albedo, causing the increased reflectiomlair sadiation, do not address the
problem of rising soil and ocean acidity.

We are therefore well advised to include the obvaption among our responses to
climate change. On the basis that the entire exafemsthropogenic C&On the

atmosphere could be neutralized via the olivinéoopfior US $250 billion annually this

is a low cost approach to solving the climate srigihile also bringing significant
collateral benefits to soils, forests, agricultarel ocean ecology. The resulting diatom
fertilization with silica can also be expectedriorease the benefit, by an as yet unknown
factor.

Constraining factors

The principal constraint on the scale of accelerateathering that could be put into
effect is environmental. The widespread distributd olivine powder will have impacts
on terrestrial, riverine / lacustrine, and maringionments. Practiced with good sense
and discrimination, the impacts will generally lmsipive. However we need to
characterize the impacts in specific areas befayegeding to large scale deployment,
and to be sensitive to the environmental limitagiarhich apply.
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Biodiversity must be a principal consideration. Somportant ecosystems are adapted
to acid conditions, and if the acidity is reducetiaadapted communities will suffer.
Olivine should not be applied on important examplieacid-adapted ecosystems in any
region in order to conserve their biodiversity. #&mconsiderations apply to rivers and
lakes where reduced acidity will also affect thesstem balance. However we note that
the problem that is currently widely experienceddsglification and accompanying
nutrient depletion. Application of olivine powdeilMcounter this serious existing
environmental assault.

Another impact highlighted by Lee Klinger (pers.curi009) is that conservation of
biological carbon in peatlands depends in parheir ecidity. The spreading of basic
silicate rock power on peatlands would thereforex@ected to induce the breakdown of
the peat and cause potentially large scale rel@a8€, and methane. Application of
olivine in peatlands should therefore be avoided.

There are also limits to how much bicarbonate svaerd lakes can accommodate. As a
general guide, we consider that the pH of riveramsashould be limited to <9. But at this
pH, can the rivers of the world carry the requibézhrbonate load? In a paper to be
submitted soon (Kohler et al., 2010), it is conelddhat the maximum carrying capacity
of the world rivers will be exceeded if all the hamemissions of C{are compensated
by enhanced weathering.

This can be deduced from the consideration of timepositions of natural waters issuing
from olivine rocks (Fig. 6). This graph represemtsumber of water analyses of springs
in dunites (olivine-rich rocks) (Schuiling and Pgagan, in press). It can be seen that the
CO, contents can rise to over 500 ppm, whereas thef @i these waters was between
7.6 and 8.6. If we accept 500 mg / liter as an uppet, the world’s rivers, discharging
3.6 x 16° liters annually, could transport 18 billion torfs@0, as bicarbonate, whereas
they would need to transport almost 30 billion tdrenhanced weathering were to
compensate the totality of human £€missions.

The large volume of additional magnesium-bicarbematching the oceans will also
have an impact. This impact appears likely to b@adgwe given that ocean waters are
currently suffering from acidification, and thattiaipated future C@emissions are
expected to raise the acidity of oceans to dangdexels with severe implications for
coral reefs and a multitude of organisms that beglidbonate shells. Under the (unlikely)
assumption that over the next 100 years all antigepic CQ emissions will be
compensated by olivine weathering, and that altéisalting solutions will reach the
oceans, the Mg-concentration will change from 1206296.8 ppm and the bicarbonate
content from 42 to 45 ppm. Both changes are witténnormal range of ocean water
compositions. As for the silicic acid that is afeomed by the weathering reaction, one
anticipated result is to extend the lifetime oftdma blooms, at the expense of
dinoflagellate blooms. Such a biotic shift wouldlpably be benign from a climatic point
of view, causing an increased drawdown of atmospl@®, and diminishing the risk of
red tides. The wider implications of such a shifocean chemistry and biology need to
be carefully considered.
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We therefore need to consider how we can put irdotjge a large scale program of
enhanced weathering of olivine, while operatingwatenvironmental constraints. Thus:
- Olivine powder should also be spread on tidal flaesaches and in the high-energy
environment of coasts. In this way the weatheriraglipcts will reach the sea
immediately, without requiring rivers as an intethiate storage.
Although spreading in the humid tropics is optirfftalmaximal weathering, we will
also need to spread olivine in temperate zonesraackas of lower rainfall where
the sequestration of atmospheric £/l take place more slowly.
Part of the weathering, particularly in dry climgtehould end with the formation of
solid carbonate minerals (such as magnesite, nbegite and lansfordite), as
observed in mine dumps of former asbestos min€aimada (Wilson et al, 2009).
It may be useful to construct vast artificial “midemps” (flat hills of crushed
olivine, mixed with broken nickel laterite, occupgismall areas) which will absorb
large volumes of COwhile at the same time serving as sites for phiorg of
nickel.
CO, may be directly injected into dunitic or basafbemations.

If we adopt such measures, enhanced weathering difierent forms would be able to
solve the problem of anthropogenic climate chapgeicularly if combined with the
spreading of biochar. This should be seen, howegean ultimate solution, but it is
better to diminish our dependence on fossil fugksteby reducing emissions. The
development of green energy, or at least energyumtimn without CQ emission should
be prioritized, in combination with a large arrdyn@easures to make the transition to a
less wasteful way of living. These developments bellargely the responsibility of the
industrialized nations, whereas industrializingaerag should benefit longer from the
advantages of cheap energy from coal. As the napilpus nations of this group
(China, India and Brazil) also possess huge resavelivine, it will be more attractive
for them to compensate their emissions by usinig ttieine reserves than to cut their
emissions, thereby curbing their economic developnido less important is the
reduction of land-based emissions from deforestatand clearance, peatland
degradation and the oxidation of carbon in soitsl the enhancement of terrestrial
carbon sinks by ecosystem restoration and impragedultural practice.

Conclusions

Enhanced weathering holds a great promise to sbé/elimate change problem, and it
will restore the carbonate cycle in the oceangataned by the lowering of the pH,
which may damage ocean life, in particular the thgajrowth of coral reefs. The use of
olivine, or similar weatherable basic rocks hasiaber of collateral benefits for farmers,
foresters and fishermen. The cost of enhanced weathas a mitigation technology is in
the order of 10% of the costs for a number of ofiteposed mitigation technologies.
Even so, it will require an operation on a glolls that will bring olivine mining from

a minor commodity to the world’s third largest nmgisector, with correspondingly large
employment opportunities to people in developingntages. But even if its full potential
within reasonable environmental constraints is @gdl, accelerated weathering may not
be able to sequester all the £@at is emitted by the burning of fossil fuelswitl
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therefore be better used alongside other measugeséliorate climate change and its
impacts.
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