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and Lackner  1998 ; Haywood et al.  2001 ; Kakizawa et al. 

 2001 ), but this alternative is less favorable because of its 

high acid consumption (Haywood et al.  2001 ). 

 The idea of applying enhanced weathering specifi cally 

in coastal areas likely gained traction as researchers sought 

innovative methods to address the challenges of rising  CO 2  

levels and ocean acidifi cation. This constitutes the primary 

operational method for both land-based and aquatic appli-

cations. The mineral grains undergo chemical weathering, 

wherein they dissolve and consequently capture  CO 2  directly 

from the atmosphere in terrestrial applications or enhance 

 CO 2  uptake from the aqueous medium by elevating water 

alkalinity or proton consumption (Montserrat et al.  2017 ) 

in coastal and open ocean applications. Since May 2022, 

Vesta (vesta.earth), a US-based company, has been carrying 

out such projects in various US states such as Massachu-

setts (Herring River), New York (Long Island) and North 

Carolina (Duck) in collaboration with various academic 

institutions for wetland restoration and blue carbon, beach 

nourishment and nearshore placement. Another nearshore 

placement project is planned for July 2024 in South Carolina 

(Jeremy Cay). 

 The ocean has proven to be an eff ective atmospheric 

 CO 2  sink by being able to absorb about 9.5 billion tons of 

 CO 2  annually between 1800 and 1994 (Friedlingstein et al. 

 2023 ; Watson et al.  2020 ; Gruber et al.  2019 ; Le Quéré 

et al.  2015 ). The ocean is currently undergoing a signifi -

cant change in its chemistry known as "ocean acidifi cation" 

(OA), which results in an increase in dissolved inorganic 

carbon (DIC) and bicarbonate ions as well as a decrease 

in the pH and carbonate ion  (CO 3  
2− ) concentrations of 

seawater (Orr et al.  2005 ). The marine ecosystem is also 

impacted by OA because it depends on specifi c carbonate 

chemistry parameters to survive (IPCC  2021 ; Riebesell et al. 

 2013 ; Gatusso and Hansson 2011). The strategies for car-

bon dioxide removal (CDR) that have been investigated to 

mitigate OA are enhanced weathering (EW) or ocean alka-

linity enhancement (OAE), a carbon capture technology 

that involves increasing ocean alkalinity by depositing rock 

particles in the ocean (Kantzas et al.  2022 ; Beerling et al. 

 2020 ,  2018 ; Fuss et al.  2018 ; Renforth et al.  2015 ; Hartmann 

et al.  2013 ; Schuiling and Krijgsman  2006 ). To mitigate the 

eff ects of OA on the marine ecosystem, it is suggested that 

both EW and OAE can be implemented (Taylor et al.  2016 ). 

It is simple to implement this strategy in coastal and open 

ocean areas with agricultural lands that provide additional 

benefi ts like higher crop yields and the prevention of soil 

erosion (Beerling et al.  2018 ; Dietzen et al.  2018 ; Köhler 

et al.  2010 ). In general, EW and OAE are potential OA and 

global warming mitigation strategies by lowering atmos-

pheric  CO 2  via carbonate formation for long-term secure 

storage (Gattuso et al.  2015 ; Doney et al.  2009 ). Glob-

ally, there is a guarantee of the supply of essential mineral 

resources, especially olivine, for the storage of carbon. This 

is especially true in Oman and Pakistan, which have coast-

lines of 3165 and 1365  km 2 , respectively, enabling coastal 

and open ocean applications. Sandy beaches are the major 

component of these coastlines, serving as buff er zones to 

protect the coast from marine attack and erosion. Beaches 

may lose sand during storms and subsequently regain it 

during calms, resulting in an equilibrium. Yet, address-

ing erosion issues, which vary in intensity, necessitates 

prompt implementation of sustainable management strate-

gies (Pilkey and Cooper  2004 ; Al-Hartushi et al. 2014). The 

ongoing rise in sea levels and the likely intensifi cation of 

extreme events could make circumstances in coastal areas 

especially sandy shores worse, according to the Intergovern-

mental Panel on Climate Change (IPCC) Fifth Assessment 

Report (Tignor and Allen  2013 ). These changes are linked 

to stresses imposed by humans and global warming caused 

by the use of fossil fuels (IPCC  2013 ). According to opti-

cal satellite images taken since 1984, 31 % of the world’s 

ice-free coastline is sandy. Data also show that 24 % of the 

world’s sandy beaches are degrading at rates > 0.5 m/year, 

28 % are accreting, and 48 % are stable (Luijendijk et al. 

2018). The bulk of the sandy shoreline in marine protected 

zones is degrading, which raises serious concerns. From 

1984 to 2015, roughly 28 000  km 2  of the world’s coastline 

experienced erosion, which is approximately twice the area 

that was formed through accumulation processes (Mentaschi 

et al.  2018 ). Given that beach erosion can act as a catalyst 

for the widespread use of large amounts of crushed olivine 

in coastal areas, where it can do two things: (1) help reduce 

coastal erosion and (2) naturally absorb  CO 2 . 

 In this study, we explored the application of coastal and 

open ocean enhanced weathering using ultramafi c rocks 

sourced from the Muslim Bagh Ophiolite (MBO) in Balo-

chistan, Pakistan. These rocks are notable for their abun-

dance of magnesium-rich minerals, such as olivine and 

pyroxene, found in mylonitic peridotite (MP3), as well as 

magnesium- and calcium-rich minerals like amphibole pre-

sent in amphibolite (MP7). Choosing these rocks is essential 

as magnesium oxide (MgO) proves highly eff ective in car-

bon sequestration, needing only 3.4 tons of MgO to capture 

the  CO 2  equivalent of 1 ton of carbon, whereas 4.7 tons of 

calcium oxide (CaO) are necessary (Lackner et al.  1995 ). 

     2   Experimental and�analytical methods 

    2.1   Samples 

 Two samples were collected from the Muslim Bagh Ophi-

olite (MBO) in Balochistan, Pakistan, to conduct a com-

parative analysis of the impacts of enhanced weathering on 

the chemical composition of ultramafi c rocks with distinct 
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mineralogy (Fig.  1 ). Sample MP3 is a mylonitic peridotite 

(coordinates: latitude: 30.7165116; longitude: 67.7724118) 

with major minerals such as forsterite  (Mg 2 SiO 4 ) and 

enstatite  (MgSiO 3 ), and sample MP7 is an amphibolite with 

major minerals such as tremolite  [Ca 2 Mg 5 Si 8 O 22 (OH) 2 ] 

and albite  (NaAlSi 3 O 8 ) (Fig.  2 ). Calcite forms the observed 

white crust on the sample MP7 (Fig.   2 d). Seawater was 

collected from the Seeb Beach in Oman (23º41′43.7″ N, 

58º09′27.9″ E). Thin sections of both samples were pre-

pared and examined at Kagoshima University in Japan to 

determine their petrographic features (see Results section 

for details).                 

     2.2   Experimental setup and�analytical methods 

 The experimental setup for conducting enhanced weather-

ing was designed around three components of the starting 

reaction material (Fig.  3 ). Component 1 represents seawa-

ter collected from Seeb Beach in Oman, which was fi ltered 

using Whatman® fi lter paper (hardened 50) to retain fi ne 

crystalline residue prior to pH testing (Fig.  3 a). The fi ltered 

saltwater was tested for alkali and alkaline earth metals such 

as Na (14 300 ppm), K (491 ppm), Mg (1600 ppm) and Ca 

(430 ppm) at ALS Arabia Biyaq-Oman, using the ICP-OES 

technique. Component 2 includes rock powders obtained 

from two distinct samples (MP3, MP7), which were used to 

form slurries with seawater (Fig.  3 b). The rocks were ground 

into powders using a HERZOG miller (HSM 100H) to per-

form ball milling. The procedure was carried out within a 

tungsten carbide vessel to prevent potential contamination 

attributable to the hardness of the rocks. During the mill-

ing process, intermittent breaks were introduced every 10 

min to prevent overheating of the sample. Ball milling was 

conducted for each sample for a total duration of 90 min, 

excluding the intermittent breaks. During the milling pro-

cess, specifi c amounts of the milled sample were collected 

at 30-min intervals to obtain powders with varying surface 

areas. The estimated specifi c surface areas of the powders 

  Fig. 1       A regional geological map illustrating an ophiolite formation, suture zones and fault lines, including international boundaries ( a ). A geo-

logical map of the Muslim Bagh Ophiolite (MBO) in Balochistan, Pakistan ( b ). A modifi ed geological map depicting diff erent rock units and the 

locations of collected samples within the MBO ( c ; Kakar et al.  2014 )  
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exposed to Cu Kα radiation, with a scanning speed set at 

2.5° 2θ∙min −1 . The resulting diff raction data were processed 

using PDXL basic software to determine peak characteristics 

such as position, height, integrated intensity and full width 

at half maximum (FWHM). The identifi cation of mineral 

phases was carried out using a licensed database (PDF-4 

Minerals, 2023) provided by the International Center for 

Diff raction Data (ICDD®). 

     2.2.2   Scanning electron microscopy (SEM) 

 Scanning electron microscopy (SEM) was used to get images 

of two selected samples, MP3 and MP7, at the Surface 

Laboratory within the College of Science at Sultan Qaboos 

University. The powdered samples were fi xed to a standard 

aluminum SEM stub using carbon paint. Furthermore, a thin 

layer of platinum was deposited as a coating to facilitate the 

imaging of surface morphologies. The SEM analysis was 

done utilizing a fi eld emission SEM (JEOL JSM-7600F, 

Japan) operating at 15 kV. 

     2.2.3   X-ray fl uorescence (XRF) 

 Major element analyses were conducted at the Central 

Analytical and Applied Research Unit (CAARU), Sultan 

Qaboos University, using a sequential wavelength dispersive 

x-ray fl uorescence (WDXRF) spectrometer. This spectrom-

eter, equipped with a rhodium (Rh) target x-ray tube, was 

operated at exciting voltages of 25 kV and current of 160 

mA. Prior to preparing the fused beads for XRF analysis, 

powdered samples (3 g) were ignited in ceramic crucibles 

at 850 °C for 2 h to determine the loss on ignition (LOI; 

Table  S1 ). LOI is a common technique used to assess vari-

ous properties of geological samples, including water con-

tent, organic , inorganic carbon and other volatile elements. 

For the fused beads, a 0.5 g portion of the powdered sample 

was mixed with 10 g of lithium borate fl ux in a platinum 

crucible and heated to 1000 to 1200 °C to produce a homo-

geneous glass disc. The SuperQ 5.3A software was used for 

spectrometer control and sample measurement, covering ele-

ments from sodium (Na) to uranium (U) and concentrations 

ranging from parts per million (ppm) to high percentages. 

     2.2.4   Thermogravimetric analysis (TGA) 

 Experiments on the decomposition characteristics of the 

samples were conducted using a PerkinElmer Pyris Series—

TGA 4000 thermogravimetric analyzer at Qatar University. 

The furnace was heated from 30 to 995 °C at a rate of 10 °C/

min. The gas fl ow, comprising oxygen, was set at 20 mL/

min. The sample’s weight was continuously monitored as a 

function of temperature. 

     2.2.5   Inductively coupled plasma-optical emission 
spectroscopy (ICP-OES) 

 The analysis of seawater and experimental fi ltrates was done 

by the ALS Arabia Biyaq-Oman using ICP-OES technique 

following the methods of USEPA (1994). 

       3   Results 

    3.1   Mineral characterization and�petrography 

 The mylonitic peridotite (MP3), mainly composed of olivine 

(e.g., forsterite) and pyroxene (e.g., enstatite) and amphibo-

lite (MP7), has amphibole (e.g., tremolite) and plagioclase 

(e.g., albite) as the main phases along with a white calcite 

layer on the surface (Fig.  2 d). For the study of EW and OAE, 

minerals rich in magnesium (Mg), calcium (Ca) and iron 

(Fe) play critical role by supplying the necessary divalent 

ions required for the carbonate formation process. For exam-

ple, chlorite envelops the olivine and is positioned between 

the olivine and serpentine in sample MP3 as shown in PPL 

and XPL photomicrographs (Fig.  4 a, b). It is important to 

observe a minor calcite vein in the images (Fig.  4 a, b). Dur-

ing serpentinization, olivine reacts with water to form ser-

pentine, which is a group of minerals having fi brous or scaly 

structures and is characterized by its green color (Fig.  4 b). 

This reaction can be written as follows (Eq.  1 ):

     

         

     3.2   Chemical characterization 

 MP3 and MP7 both contain minerals rich in Mg, Ca and Fe, 

such as forsterite, enstatite and tremolite (Fig.  2 e, f). Analy-

sis of the XRD data reveals that the MP3 sample exhibits 

a substantially greater abundance of forsterite, comprising 

over two-thirds of the enstatite content. These mineral com-

positions led to the selection of these samples for enhanced 

weathering experiments as they can release divalent ions of 

Mg, Ca and Fe, which can react with carbonate and bicar-

bonate species in seawater to form carbonates. Follow-

ing the EW experiment, notable texture variations in the 

experimental residues and the untreated samples are evident 

(Fig.  5 ). The untreated MP3 and MP7 powders exhibited 

distinct alterations in surface morphologies following the 

EW experiments, implying the occurrence of a chemical 

reaction (Fig.  5  a, f). Furthermore, the LOI and TGA data 

 (1)
Olivine (Mg2SiO4) + Water(H2O) � Serpentine[Mg3Si2O5(OH)4]

+ Chlorite [Mg5Al2Si3O10(OH)8]
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reveal a signifi cant change in mass loss of the residues com-

pared to the untreated samples (Figs.  6 ,  7 ). The LOI includes 

the release of  H 2 O and  CO 2  from various minerals formed 

during the EW process, including brucite, serpentine and 

carbonates (Figs.  6 ,  7 ).                         

 The pH value of the fi ltrate obtained from MP3-30 is 

higher at 8.77 compared to those of the fi ltrates from MP3-

60 and MP3-90, which measure 8.60 and 8.58, respectively. 

In contrast, when compared to the initial pH of the origi-

nal seawater (8.04), the pH of the MP7 fi ltrates increases 

(MP7-30 = 8.50; MP7-60 = 8.34; MP7-90 = 8.52) but 

remains relatively similar within the range of uncertainty. 

However, when observing multiple runs of control fi ltrates, 

there is a noticeable decrease in pH from 8.04 to the range 

of 7.50–7.80 (Fig.  8 ).         

      4   Discussion 

    4.1   Control “ ltrates 

 Like in the ocean, carbon dioxide in the reaction syringe is 

expected to exist in three distinct inorganic forms: as free 

carbon dioxide,  CO 2(aq)  (aqueous carbon dioxide), as bicar-

bonate,  HCO 3  
−  and as carbonate ion,  CO 3  

2− . A fourth form, 

carbonic acid  (H 2 CO 3 ), exists, but its concentration is typi-

cally much lower than that of  CO 2(aq)  (Eq.  2 ). The combined 

concentration of the two electrically neutral forms,  H 2 CO 3  

and  CO 2(aq) , which are chemically inseparable, is commonly 

represented as  CO 2  or  H 2 CO 3 . When  CO 2  reacts with seawa-

ter to form  H 2 CO 3 , the concentration of hydrogen ions (H +) 

increases (Eq.  2 ; Zeebe and Wolf-Gladrow  2001 ).

      

 The elemental compositions of alkali metals (e.g., Na, K) 

and alkaline earth metals (e.g., Mg, Ca) in seawater are com-

pared with those in the fi ltrates from control experiments 

involving  CO 2  absorption in seawater (Fig.  9 ). Following 

the reaction of seawater with  CO 2 , the elemental composi-

tions exhibit reductions of 75 % (Na), 76 % (K), 73 % (Mg) 

and 76 % (Ca), indicating the removal of these metals dur-

ing the fi ltration process. It is likely that alkali metals form 

bicarbonates because Na and K bicarbonates  (NaHCO 3  and 

 KHCO 3 ) are more stable and less soluble in water than their 

corresponding carbonates (Tro  2022 ). The carbonates are 

highly soluble in water, resulting in a strong alkaline solu-

tion containing Na�� and K�� ions, as well as  CO 3  
2 �	 ions. This 

suggests that the reduction of alkali metals in the control 

fi ltrates is caused by the formation of bicarbonates in the 

presence of  CO 2  (Fig.  9 ).         

 For alkaline metals,  CaCO 3  is more stable than calcium 

bicarbonate [Ca(HCO 3 ) 2 ]. Furthermore,  CaCO 3  has a low 

 (2)
CO2(gas) � CO2(aqueous) + H2O � H2CO3

� HCO−
3

+ H+ � CO2−
3

+ 2H+

  Fig. 4       Microphotographs of 

MP3 ( a.  PPL,  b.  XPL) and MP7 

( c.  PPL,  d.  XPL). The MP3 

shows olivine surrounded by 

chlorite, which is sandwiched 

between olivine and serpentine. 

Hornblende and epidote can be 

seen alongside quartz in MP7. 

Note that calcite veins can be 

seen in both samples. Abbre-

viations:  PPL  plane-polarized 

light,  XPL  cross-polarized light, 

 Chl  chlorite,  Cal  calcite,  Ep  
epidote,  Hbl  hornblende,  Ol  oli-

vine,  Qz  quartz,  Ser  serpentine  
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Conversely, in the experimental fi ltrates at pH 8.5, the order 

is  CO 2  <  CO 3  
2−  <  HCO 3  

−  (Zeebe 1999). The carbonate spe-

cies that are most dominant in both situations are  HCO 3  
−  and 

 CO 3  
2− , indicating that these species will produce alkali and 

alkaline earth metal bicarbonates and carbonates if they have 

access to Ca and Mg ions. When the pH falls within the 

range of 7.5 to 8.5,  CO 2  speciation occurs according to the 

following equation (Eq.  6 ).

      
 (6)CO2 + CO2−

3
+ H2O � 2HCO−

3
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  Fig. 7       TGA spectra of MP7 calcite ( a ), untreated sample and experi-

mental residues of MP3 ( b ) and MP7 ( c ). The pink and green shaded 

areas indicate the decomposition temperature ranges for brucite and 

serpentine, respectively  
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  Fig. 8       The pH change in experimental fi ltrates (circles) obtained 

from reaction charges of samples milled at 30, 60 and 90 min for 

MP3 ( a ) and MP7 ( b ). The pH of control runs (i.e., seawater +  CO 2 ; 

triangles) falls below the original seawater pH (8.04; squares) plot-

ted as a reference line. Note that the pH of control runs is shown for 

comparison and they are unrelated to milling times. For each run, the 

three pH values fl uctuate as follows: (1) the measurement obtained 

post-experiment, (2) the reading following a gentle shaking of the 

reaction syringe resulting in a slight pH increase and (3) subse-

quently, a further pH increase after vigorous shaking  
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     4.3   LOI and�TGA data 

 The rise in LOI in residues of MP3 and MP7, milled for 

diff erent times, compared to their untreated counterparts 

(Table  S1 ), implies that the reaction among rock, seawater 

and  CO 2  has led to the formation of minerals that contain 

either  H 2 O or  CO 2  (Fig.  6 ). Furthermore, the increase in 

LOI is correlated with an increase in the specifi c surface 

area of the rock powder, as demonstrated by the values 

observed in MP3-30 (14 wt%) and MP3-90 (21 wt%) sam-

ples. Previous studies have also shown that the reactiv-

ity of Mg-silicates can be signifi cantly enhanced through 

milling, leading to a reduction in particle size to > 1 μm 

correlated with increase in the specifi c surface area (Rigo-

poulos et al.  2018 , 2016a, b, 2015; Turianicová et al.  2013 ; 

Huag et al.  2010 ). The increasing trend in LOI demon-

strates a direct correlation with the specifi c surface area 

of both samples. The larger surface area promotes more 

extensive chemical reactions among the components (e.g., 

rock powder, seawater,  CO 2 ) of the experimental charge, 

as observed in MP3-30 and MP3-90 (Fig.  6 ). However, 

it is unclear which specifi c chemical reactions involving 

decomposition are responsible for the increase in LOI 

(Eqs.  7 ‒9).

     

where M = Ca, Mg, Fe etc.

     

      

 To estimate the contribution of each chemical reaction 

to the LOI, TGA data are obtained and plotted (Fig.  7 ). 

Initially, the calcite separated from the MP7 sample shows 

a two-step mass loss: 2.37% between 30 and 100 °C and 

41.3% between 100 and 800 °C (Fig.  7 a). The fi rst step 

is primarily the loss of physically adsorbed water (dry-

ing), while the second step involves the removal of  CO 2  

(calcination) from the calcite, leaving behind CaO. The 

main mass loss occurs between 600 and 800 °C, consist-

ent with calcite data, which diff ers from aragonite and 

vaterite (Siva et al.  2017 ). The TGA spectra of untreated 

MP3 and MP7 samples and their respective experimental 

residues of various particle sizes are compared in terms 

of mass loss during heating from 30 to 995 °C at a rate of 

10 °C per minute (Fig.  7 b, c). Untreated MP3 and MP7 

samples exhibit single-step mass losses of 12.9 and 3.2%, 

respectively, which diff er slightly from the LOI values 

(Table  S1 ). The diff erence in mineralogy between the two 

samples suggests that the variations in mass loss observed 

in LOI and TGA are primarily due to the presence of 

serpentine and calcite (Fig.  4 ). Serpentine decomposes 

at 450‒730 °C (Viti  2010 ), while calcite decomposes at 

650‒750 °C (Siva et al.  2017 ). The multistep decomposi-

tion of MP3 residues, in contrast to the single-step decom-

position of MP7 residues, indicates distinct chemical reac-

tions during EW. MP3-R30 and MP3-R90 residues exhibit 

mass losses of 14.0 and 21.2% in three and four steps, 

respectively. For MP3-R30, the mass losses occurred over 

temperature ranges of 30‒270 °C (6.7 %), 270‒500 °C 

(4.4 %) and 500‒980 °C (2.9 %). In the case of MP3-R90, 

the mass losses were observed over temperature ranges 

of 30‒120 °C (7.3 %), 120‒270 °C (5.2 %), 270‒630 °C 

(8.2 %) and 630‒980 °C (0.53 %). The fi rst step mass loss 

is likely due to the water adsorbed on the surface of the 

powder sample. On the other hand, the residues MP7-

R30 and MP7-R60 experienced mass losses of 6.85 and 

7.36%, respectively, in a single step when heated from 30 

to 980 °C (Fig.  7 c). Additionally, a slight increase in the 

mass of both residues after 800 °C is probably indicative 

of iron oxidation. 

 To summarize the data, it is evident that EW has gen-

erated carbonates, brucite and serpentine, as demonstrated 

by the chemical reactions above (Eqs.  7 – 9 ). The LOI and 

TGA data indicate that these reactions occur relatively 

faster with reduced grain size (Fig.  7 ). The proportion of 

 (7)MCO3 � MO + CO2(carbonate)

 (8)Mg(OH)2 � MgO + H2O (brucite)

 (9)

2Mg3Si2O5(OH)4 � 3Mg2SiO4 + SiO2 + 4H2O(serpentine)
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  Fig. 9       Comparison of the elemental compositions of seawater before 

and after  CO 2  absorption in control runs. The open symbols (top) 

attached to the solid lines represent seawater concentrations, while 

the bottom ones represent compositions of the control fi ltrates after 

 CO 2  absorption in seawater for 130 days at room temperature. The 

numerical values indicated by the upper and lower ends of the dashed 

lines denote the elemental concentrations in seawater and fi ltrates 

after  CO 2  absorption in the control runs, including percentage reduc-

tions in concentration. Filtrate concentrations are given as the average 

of four separate runs, along with their corresponding standard devia-

tions  
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  Fig. 10       A comparative XRD spectra illustrates carbonate peaks present in untreated (UT) samples, including MP3-UT ( a ) and MP7-UT ( b ), 
together with their experimental residues obtained after the EW experiment, which involved the interaction of rock powder and seawater in the 

presence of  CO 2 . The suffi  ces added to the sample names denote the milling durations at 30 min (MP3-R30 and MP7-R30), 60 min (MP3-R60 

and MP7-R60) and 90 min (MP3-R90 and MP7-R90)  
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