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1.  INTRODUCTION

2.  THE EXPERIMENT

• Application of un-equilibrated OAE  

• Location: Raunefjord, Bergen, Norway

• Time: May – July 2022 (53 days)

3.  RESULTS
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of pulverized silicate and/or carbonate minerals onto warm
and humid land areas (EW) or onto the sea surface (OAE).
The increased exposure of these minerals enhances chemical
weathering reactions whereby atmospheric CO2 is consumed
(Box 1) (Kheshgi, 1995; Schuiling and Krijgsman, 2006).
Idealized Earth system model studies have shown that EW and
OAE can mitigate climate change significantly when operated
at a scale that is appropriate to the challenge (Caldeira and
Rau, 2000; Köhler et al., 2010, 2013; Paquay and Zeebe, 2013;
González and Ilyina, 2016; Hauck et al., 2016; Taylor et al., 2016;
Feng et al., 2017; Lenton et al., 2018).

EW and OAE may be more amenable to implementation
(Taylor et al., 2016). First, CDR through rock weathering is
a natural process which consumes 1.1 Gt CO2 year−1 already
today (Ciais et al., 2013). Second, neither EW nor OAE would
require their own land, nutrients, or freshwater (Smith et al.,

2016; although dust avoidance during EW may need freshwater,
Taylor et al., 2016). They could be applied on open ocean
regions or combined with agriculture with the additional benefit
of enhancing crop yields and preventing soil erosion (Köhler
et al., 2010; Beerling et al., 2018; Dietzen et al., 2018). Thus, in
contrast to many other NETs, they are generally not competing
with other Sustainable Development Goals like global food
and water security but are potentially even beneficial for them
(Beerling, 2017; Edwards et al., 2017; Heck et al., 2018). Third,
EW/OAE-related alkalinity additions would buffer the CO2-
induced decline in seawater pH (Köhler et al., 2010). Thus,
EW/OAE would not only mitigate global warming (and its
consequences such as sea level rise) by reducing atmospheric
CO2 but also specifically mitigate ocean acidification which is
considered a major threat for marine ecosystems (Doney et al.,
2009; Gattuso et al., 2015).

BOX 1 | CDR through alkalinity enhancement in aqueous media.

Total alkalinity (TA) is a complex chemical quantity composed of several ions and molecules (Zeebe and Wolf-Gladrow, 2001). TA is defined as the excess of proton
acceptors over proton donors with respect to a certain zero level of protons (Dickson, 1981; Wolf-Gladrow et al., 2007). In terms of chemical concentrations this
reads as:
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The dissolution of CO2 in seawater and the subsequent reaction with H2O have no effect on TA because the formation of proton donors and acceptors is balanced.

CO2 + H2O ↔ H2CO3 ↔ HCO−
3 + H+ ↔ CO2−

3 + 2H+ (2)

A shift of the carbonate chemistry equilibrium (Equation 2) toward HCO−
3 and CO2−

3 would coincide with decreasing CO2 concentration so that additional CO2 from

the environment could be absorbed and stored permanently. Such a shift toward HCO−
3 and CO2−

3 can be induced through the dissolution of minerals like olivine

(Mg2SiO4) or quicklime (CaO). H+ is consumed during the dissolution of these minerals and replaced by conservative ions with positive charges (in our cases Mg2+

or Ca2+) (Pokrovsky and Schott, 2000; Wolf-Gladrow et al., 2007; Oelkers et al., 2018):

Olivine : Mg2SiO4 + 4H+ = 2Mg2+ + H4SiO4 (3)
Quicklime : CaO+ 2H+ = Ca2+ + H2O (4)

The positive charges from Mg2+ and Ca2+ must be balanced by negative ones due to the constraint of electroneutrality (Wolf-Gladrow et al., 2007). This ultimately
forces the shift from CO2 to HCO−

3 and CO2−
3 (Figure 2) and is measurable as an increase in TA which is the name-giving feature of “ocean alkalinity enhancement.”

FIGURE 2 | Graphical summary of CDR through chemical weathering in aqueous media (e.g., soil pore water or seawater). When EW/OAE-relevant minerals (e.g.,
quicklime or olivine) dissolve they consume protons which shifts the carbonate chemistry equilibrium away from CO2 to HCO−

3 and CO2−
3 . Additional CO2 can

subsequently be absorbed by the aqueous media because the shift can cause CO2 undersaturation relative to the surrounding atmosphere. For EW/OAE it is
important that the dissolution occurs as long as the aqueous media is in contact with the atmosphere (e.g., in the surface mixed layer of the ocean) so that the
under-saturated medium can be replenished with atmospheric CO2.
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Figure 2. Experimental Design. Values show ∆TA in [µmol·kgSW-1]. 2 x 5-level alkalinity
gradient. CaCl2 and MgCl2 in proportion to OAE level (1:2) for Ca-based mineral simulation
and Si-based mineral simulation, respectively. Ambient TA ≈ 2180 µmol·L-1.
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• Approach: Increase of surface water alkalinity to 

enhance atmospheric CO2 uptake and storage.

• Little knowledge about potential environmental risks 

and co-benefits, yet.

• Impact expected especially on primary producers.

• Organic matter (OM) stoichiometry is a valuable tool 

to estimate changes in the ecosystem.
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Figure 4. Biogeochemistry of POM relative to alkalinity after nutrient addition. (A.) Ratio of particulate organic carbon (POC) to particulate organic nitrogen (PON) in the water
column (WC). (B.) Difference of POC:PON ratio between WC and sediment (Sed). (C.) Amount of POC in the Sed relative to WC. (D.) Amount of PON in the Sed relative to WC.

3.2. – Par ticulate Organic Matter (POM) Stoichiometry
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4.  CONCLUSIONS

1. Pigment analysis indicate no impact of alkalinity or mineral 

type on the biomass of the two major phytoplankton groups 
2. Alkalinity effects in the silicate-based OAE simulation during

high primary production:

• Alkalinity is affecting the C:N ratio of the suspended OM 
• The C:N ratio of the OM in the water column is increasing with 

alkalinity, potentially driven by enhanced organic carbon retention 

in the water column
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Figure 1. Main principle of Ocean Alkalinity Enhancement (OAE). Mineral dissolution
consumes hydrogen ions and releases cations, thereby inducing a shift of the
carbonate system towards bicarbonate and carbonate and decreasing the partial
pressure of CO2. Source: Bach et al. (2019)
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Figure 3. Phytoplankton pigment concentration response to enhanced alkalinity and mineral simulation. (A.) Temporal development of Chl-a concentration, proxy for
phytoplankton biomass. (B./C.) Phase II average pigment concentrations relative to alkalinity. (B.) Marker pigment diatoms. (C.) Marker pigment coccolithophores.

3.1. – Phytoplankton Community 


