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Abstract

Basalt carbonation has gained traction as a key technology for avoiding the worst consequences of human-driven climate change.

However, our understanding of this method’s promise is likely inflated by the specialized conditions used in many of the most

well-known laboratory studies and demonstration projects. For technological, hydrogeologic, and energetic simplicity, many

basalt CO2 storage projects will likely inject supercritical, not dissolved, CO2. Thus, fluids in these systems are likely to have

low alkalinity and low pH, in contrast to many experimental and demonstration studies. Here, we present a series of geochemical

models that explore the dependence of carbon mineralization efficiency on alkalinity and therefore pH at conditions relevant

to these proposed operations. We modelled the interaction of basalt with CO2 enriched, seawater-derived aquifer fluid with

varying initial alkalinities at 60°C using a custom thermodynamic database incorporating updated thermodynamic data for

relevant primary and secondary minerals. The results reinforce the notion that alkalinity is an important driver for carbonate

precipitation, ultimately because carbonate minerals are up to an order of magnitude more soluble at pH <5 than they are at pH

>6. Alkalinity increases of 5 to 10% proportionally increase carbonate precipitation in the models. Our results thus demonstrate

that the elevated alkalinity found in many of the most well-known basalt carbonation studies yield disproportionately high rates

of carbon mineralization, which, in turn, frames basalt carbonation as an extremely rapid and exceptionally effective CO2 storage

method. Although supercritical CO2 injection operations such as those we explore here are likely to achieve high fractions of

CO2 mineralization over their lifetimes, this will likely take considerably longer and potentially be ultimately less effective, due

to sluggish rates of CO2 dissolution and alkalinity generation.
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1. BAC.G5281D

FigXUe 1. TZR PeWhRdV Rf baVaOW caUbRQaWiRQV. a_ IQjecWiRQ Rf diVVROYed CO  iQWR Whe baVaOWic URcN. ThiV ZaV Whe PeWhRd XVed fRU CaUbfi[.
b_ IQjecWiRQ Rf VXSeUcUiWicaO CO  iQWR Whe baVaOWic URcN. MaQ\ baVaOW CO  VWRUage SURjecWV ZiOO OiNeO\ XVe WhiV PeWhRd aV Whe iQjecWiRQ Rf
VXSeUcUiWicaO CO  iV OeVV eQeUg\-iQWeQViYe. The figXUe iV QRW WR VcaOe. (FigXUe iV WaNeQ fURP SQ bj|UQVdyWWiU eW aO., 2020).

 

MLQHUDO FDUERQDWLRQ LV D FOLPDWH PLWLJDWLRQ-VWUDWHJ\ WKDW PLPLFV PLQHUDO ZHDWKHULQJ DQG VWRUHV
DWPRVSKHULF CO  LQ D JHRORJLF UHVHUYRLU E\ FRQYHUWLQJ CO  JDV LQWR FDUERQDWH PLQHUDOV (FLJ. 1).
MLQHUDO FDUERQDWLRQ SURFHHGV WKURXJK WKH UHDFWLRQ RI ZDWHU FRQWDLQLQJ GLVVROYHG CO  ZLWK URFN. MDILF
EDVDOW LV DQ LGHDO OLWKRORJ\ IRU PLQHUDO FDUERQDWLRQ GXH WR LWV ODUJH DEXQGDQFH DV WKH PRVW FRPPRQ
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URFN DW WKH EDUWK¶V VXUIDFH, WKH KLJK FRQFHQWUDWLRQ RI FDWLRQ-ULFK VLOLFDWH PLQHUDOV DQG LWV SRURVLW\,
SHUPHDELOLW\ DQG LQMHFWLYLW\ . :DWHU FKDUJHG ZLWK CO  ZLOO EH DFLGLF DQG WKH GLVVROXWLRQ RI SODJLRFODVH
(H.J., CD ND AO 6L O ) DQG ROLYLQH (H.J., MJ FH 6LO ) ZLOO EH SURPRWHG:

 

 

7KH GLVVROXWLRQ RI SODJLRFODVH DQG ROLYLQH JHQHUDWHV DONDOLQLW\ WKURXJK WKH FRQVXPSWLRQ RI DFLGLW\.
OQFH VHFRQGDU\ FOD\V DQG FDUERQDWHV EHFRPH VXSHUVDWXUDWHG WKH\ ZLOO SUHFLSLWDWH DQG EHJLQ WR
UHGXFH WKH DELOLW\ RI WKH GLVVROXWLRQ RI SULPDU\ PLQHUDOV WR SURGXFH DONDOLQLW\. OQFH VHFRQGDU\ FOD\V
DQG FDUERQDWHV EHJLQ WR SUHFLSLWDWH, DONDOLQLW\ JHQHUDWLRQ GHSHQGV RQ ERWK WKH UDWH RI GLVVROXWLRQ RI WKH
SULPDU\ PLQHUDOV DQG WKH UDWH DW ZKLFK VHFRQGDU\ FOD\V DQG FDUERQDWHV UHPRYH WKH SULPDU\ PLQHUDOV
GRQDWHG LRQV IURP WKH VROXWLRQ.

 

7KH GLVVROXWLRQ RI SODJLRFODVH DQG ROLYLQH SURPRWHV PLQHUDO FDUERQDWLRQ E\ LQFUHDVLQJ WKH SH DQG
DONDOLQLW\, VLJQLILFDQW GULYHUV RI PLQHUDO FDUERQDWLRQ, DQG E\ UHOHDVLQJ FDWLRQV WKDW FDQ UHDFW ZLWK
GLVVROYHG CO WR IRUP FDUERQDWH PLQHUDOV, SHUPDQHQWO\ IL[LQJ CO  DV D VWDEOH VROLG PLQHUDO SKDVH .
7KLV W\SH RI IL[DWLRQ LV DSSHDOLQJ DV LW LV OHVV SURQH WR OHDNDJH DQG KDV D ORQJHU UHVLGHQFH WLPH WKDQ
CO  VWRUDJH LQ VHGLPHQWDU\ EDVLQV .
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2. 027I9A7I21 BEHI1D 7HE 5E6EA5CH

FigXUe 2. SH aQd caOciWe VROXbiOiW\ iQ caOciWe-VaWXUaWed VeaZaWeU aV a fXQcWiRQ Rf WePSeUaWXUe aQd fXgaciW\ Rf CO . AW higheU
CO  fXgaciWieV, aV ZRXOd be VeeQ iQ PRVW CO  VWRUage SURjecWV, iW caQ be VeeQ WhaW Whe SH iV ORZeU WhaQ 5.5. CaOciWe VROXbiOiW\ iV higheU aW
ORZeU WePSeUaWXUeV, higheU CO  fXgaciWieV, aQd ORZeU SH PeaQiQg caUbRQaWe SUeciSiWaWiRQ ZiOO decUeaVe iQ WheVe cRQdiWiRQV.

 

7KHUH DUH WZR UHQRZQHG ODUJH VFDOH FDUERQ PLQHUDOL]DWLRQ ILHOG H[SHULPHQWV, WKH :DOOXOD :DVKLQJWRQ
H[SHULPHQW  DQG WKH CDUEIL[ H[SHULPHQW LQ IFHODQG . IQ ERWK H[SHULPHQWV, CO  ZDV LQMHFWHG
XQGHUJURXQG DQG WKH SURJUHVV RI CO  PLQHUDOL]DWLRQ ZDV PRQLWRUHG. CDUEIL[ IRXQG RYHU 95% RI WKH
LQMHFWHG CO  ZDV PLQHUDOL]HG ZLWKLQ WZR \HDUV  ZKHUHDV WKH :DOOXOD H[SHULPHQW DOVR UHVXOWHG LQ
PLQHUDOL]DWLRQ EXW DV RI \HW KDV QRW EHHQ TXDQWLILHG . 

 

BRWK H[SHULPHQWV KDG SH UDQJHV WKDW IHOO ZLWKLQ WKH UDQJH RI �.4-�.� . 7KLV LV DQ DEQRUPDOO\ KLJK SH
UDQJH IRU CO  HQULFKHG DTXLIHU ZDWHU ZKLFK KDV D SH RI DSSUR[LPDWHO\ �.� . MDQ\ ODE H[SHULPHQWV
DOVR KDYH DEQRUPDOO\ KLJK SH UDQJHV GXH WR WKH XVH RI NDHCO  DV D SH EXIIHU DQG CO VRXUFH.
NDHCO  DGGV ERWK VRGLXP DQG ELFDUERQDWH WR WKH ZDWHU DQG DUWLILFLDOO\ LQFUHDVHV DONDOLQLW\ .

 

MRVW CO VWRUDJH SURMHFWV ZLOO OLNHO\ LQMHFW VXSHUFULWLFDO CO  UDWKHU WKDQ GLVVROYHG EHFDXVH LW LV OHVV
HQHUJ\-LQWHQVLYH . 7KH LQMHFWLRQ RI VXSHUFULWLFDO CO  ZLOO UHVXOW LQ ORZHU DONDOLQLW\ DQG SHV WKDQ WKH ILHOG
DQG H[SHULPHQWDO VWXGLHV. AV VHHQ LQ FLJ 2., KLJKHU SH YDOXHV UHVXOW LQ KLJKHU VROXELOLW\ RI FDOFLWH. 7KLV
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VKRZV WKDW D KLJK SH (DQG FRQVHTXHQWO\ KLJK DONDOLQLW\) LV D VLJQLILFDQW GULYHU RI FDUERQ PLQHUDOL]DWLRQ
PHDQLQJ WKH SURPLVLQJ UHVXOWV RI WKHVH ILHOG DQG ODE H[SHULPHQWV PD\ QRW EH DSSOLFDEOH WR D EURDGHU
VXLWH RI HQYLURQPHQWV.

 

7KLV SRVVLEOH RYHUVLJKW LV ZKDW SURPSWHG RXU UHVHDUFK E\ EULQJLQJ XS WKH LPSRUWDQW TXHVWLRQ: HRZ
HIILFLHQWO\ FDQ QDWXUDO CO -ZDWHU-URFN LQWHUDFWLRQV LQFUHDVH WKH SH DQG DONDOLQLW\ RI KLJK-SCO
UHVHUYRLUV? :H KRSH WR DVVHVV WKH HIILFLHQF\ RI PLQHUDO FDUERQDWLRQ LQ D ZLGHU DUUD\ RI HQYLURQPHQWV
E\ H[DPLQLQJ KRZ DONDOLQLW\ LQ D V\VWHP DIIHFWV FDUERQ PLQHUDOL]DWLRQ.

2 2



3. 0E7H2D2/2G<

 

7R H[SORUH WKH GHSHQGHQF\ RI FDUERQ PLQHUDOL]DWLRQ HIILFLHQF\ RQ DONDOLQLW\ (DQG SH) ZH PRGHOOHG WKH
LQWHUDFWLRQ RI EDVDOW ZLWK WZR GLIIHUHQW CO HQULFKHG, VHDZDWHU-GHULYHG DTXLIHU IOXLGV. 7KH FRPSRVLWLRQ
RI ATXLIHU A LV IURP JXDQ GH FXFD RLGJH 6LWH 1301  DQG WKH FRPSRVLWLRQ RI ATXLIHU B LV IURP
LXKPDQQ HW DO¶V GLUHFW FDUERQDWLRQ H[SHULPHQW .
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FigXUe 3. SH, caUbRQaWe aONaOiQiW\, aQd VRdiXP cRQceQWUaWiRQ aV a fXQcWiRQ Rf Whe WRWaO PaVV Rf VRdiXP UeacWed. AV PRUe VRdiXP UeacWV,
Whe cRQceQWUaWiRQ Rf VRdiXP, SH aQd caUbRQaWe aONaOiQiW\ aOO iQcUeaVe.

 

7KH LQLWLDO DONDOLQLWLHV ZHUH YDULHG E\ FKDQJLQJ LQLWLDO VRGLXP FRQFHQWUDWLRQ E\ 5-10% (FLJ. 3). 7KH
PRGHO ZDV UXQ DW 60�C ZLWK D CO  IXJDFLW\ RI 100 EDU DQG XVHG D FXVWRP WKHUPRG\QDPLF GDWDEDVH
WKDW LQFRUSRUDWHG XSGDWHG WKHUPRG\QDPLF GDWD IRU WKH UHOHYDQW SULPDU\ DQG VHFRQGDU\ PLQHUDOV.
KLQHWLFV ZHUH DSSOLHG WR WKH GLVVROXWLRQ RI WKH SULPDU\ PLQHUDOV DQG WKH R[LGDWLRQ RI IHUURXV LURQ. 
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4. .E< I16IGH76, 5E68/76 A1D DI6C866I21

OXU PRGHOV GHPRQVWUDWHG D QRWDEOH GHSHQGHQFH RI FDUERQ PLQHUDOL]DWLRQ HIILFLHQF\ RQ DONDOLQLW\ DQG
SH FRQGLWLRQV WKDW DUH UHOHYDQW WR VXSHUFULWLFDO CO  VWRUDJH SURMHFWV. FLJ. 4 VKRZV WKDW IRU ERWK DTXLIHU
A DQG B, D KLJKHU LQLWLDO VRGLXP FRQFHQWUDWLRQ, PHDQLQJ KLJKHU LQLWLDO DONDOLQLW\, UHVXOWV LQ DQ HDUOLHU
RQVHW RI FDUERQDWH SUHFLSLWDWLRQ DQG DQ RYHUDOO KLJKHU DEXQGDQFH RI FDUERQDWHV LQ URFN.
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FigXUe 4. CaUbonaWeV in Whe Uock aV a fXncWion of WoWal mineUal maVV UeacWed. 

 

7KH 5 DQG 10% LQFUHDVHV LQ DONDOLQLW\ UHVXOWHG LQ SURSRUWLRQDO LQFUHDVHV LQ FDUERQ PLQHUDOL]DWLRQ. 7KLV
GHPRQVWUDWHV WKDW KLJKHU SH UDQJHV ZLOO UHVXOW LQ PRUH HIILFLHQW PLQHUDO FDUERQDWLRQ. 7KHUHIRUH, LW FDQ
EH FRQFOXGHG WKDW WKH KLJK SH UDQJHV WKDW DUH IRXQG LQ PRVW ZHOO-NQRZQ EDVDOW FDUERQDWLRQ VWXGLHV
UHVXOW LQ GLVSURSRUWLRQDWHO\ KLJK UDWHV RI FDUERQ PLQHUDOL]DWLRQ. 7KH LQFUHDVHG UDWHV IUDPH FDUERQ
PLQHUDOL]DWLRQ DV D KLJKO\ HIILFLHQW DQG UDSLG CO VHTXHVWUDWLRQ PHWKRG.

 

7KH VORZ UDWH RI CO  GLVVROXWLRQ EHFRPHV VLJQLILFDQWO\ PRUH LPSRUWDQW ZKHQ VXSHUFULWLFDO CO  LV
LQMHFWHG UDWKHU WKDQ GLVVROYHG CO . PURMHFWV WKDW XVH VXSHUFULWLFDO CO LQMHFWLRQ ZLOO UHVXOW LQ FDUERQ
PLQHUDOL]DWLRQ, KRZHYHU, LW ZLOO OLNHO\ WDNH PXFK ORQJHU DQG PD\ EH OHVV HIIHFWLYH RYHUDOO WKDQ LV
LQVLQXDWHG E\ SRSXODU VWXGLHV.

 

 

2 

2 2

2 2 



5. C21C/86I216

FigXUe 5. IPage Rf JXaQ de FXca WUaiO beach. (FigXUe iV WaNeQ fURP WiNiPedia CRPPRQV).

 

PRSXODU PLQHUDO FDUERQDWLRQ VWXGLHV RIWHQ KDYH D SH UDQJH WKDW LV PXFK KLJKHU WKDQ WKH H[SHFWHG SH
RI 5.5 IRU CO  HQULFKHG DTXLIHU ZDWHU. 7KHUHIRUH, WKH KLJK DONDOLQLWLHV IRXQG LQ WKHVH VFHQDULRV GR QRW
DSSO\ WR CO  VWRUDJH SURMHFWV WKDW LQMHFW VXSHUFULWLFDO CO . MRVW CO  VWRUDJH SURMHFWV ZLOO OLNHO\ XVH
VXSHUFULWLFDO CO2 LQMHFWLRQ RYHU GLVVROYHG CO  EHFDXVH LW LV OHVV HQHUJ\-LQWHQVLYH WR LQMHFW DQG XVHV
OHVV ZDWHU. 

7KURXJK PRGHOOLQJ, ZH GHPRQVWUDWHG WKDW FKDQJHV LQ DONDOLQLW\ SURSRUWLRQDOO\ FKDQJHG WKH HIILFLHQF\ RI
PLQHUDO FDUERQDWLRQ. 7KLV PHDQV WKDW WKH KLJK SH UDQJH IRXQG LQ SRSXODU VWXGLHV UHVXOWV LQ KLJKHU
HIILFLHQF\ RI PLQHUDO FDUERQDWLRQ WKDQ ZRXOG EH IRXQG LQ SURMHFWV ZLWK ORZHU SH UDQJHV.
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AB67RAC7
BaValW caUbonaWion haV gained WUacWion aV a ke\ Wechnolog\ foU aYoiding Whe ZoUVW conVeTXenceV of hXman-dUiYen climaWe
change. HoZeYeU, oXU XndeUVWanding of WhiV meWhod¶V SUomiVe iV likel\ inflaWed b\ Whe VSeciali]ed condiWionV XVed in man\ of
Whe moVW Zell-knoZn laboUaWoU\ VWXdieV and demonVWUaWion SUojecWV. FoU Wechnological, h\dUogeologic, and eneUgeWic
VimSliciW\, man\ baValW CO  VWoUage SUojecWV Zill likel\ injecW VXSeUcUiWical, noW diVVolYed, CO . ThXV, flXidV in WheVe V\VWemV
aUe likel\ Wo haYe loZ alkaliniW\ and loZ SH, in conWUaVW Wo man\ e[SeUimenWal and demonVWUaWion VWXdieV. HeUe, Ze SUeVenW a
VeUieV of geochemical modelV WhaW e[SloUe Whe deSendence of caUbon mineUali]aWion efficienc\ on alkaliniW\ and WheUefoUe SH
aW condiWionV UeleYanW Wo WheVe SUoSoVed oSeUaWionV. We modelled Whe inWeUacWion of baValW ZiWh CO  enUiched, VeaZaWeU-
deUiYed aTXifeU flXid ZiWh YaU\ing iniWial alkaliniWieV aW 60�C XVing a cXVWom WheUmod\namic daWabaVe incoUSoUaWing XSdaWed
WheUmod\namic daWa foU UeleYanW SUimaU\ and VecondaU\ mineUalV. The UeVXlWV UeinfoUce Whe noWion WhaW alkaliniW\ iV an
imSoUWanW dUiYeU foU caUbonaWe SUeciSiWaWion, XlWimaWel\ becaXVe caUbonaWe mineUalV aUe XS Wo an oUdeU of magniWXde moUe
VolXble aW SH <5 Whan Whe\ aUe aW SH >6. AlkaliniW\ incUeaVeV of 5 Wo 10% SUoSoUWionall\ incUeaVe caUbonaWe SUeciSiWaWion in
Whe modelV. OXU UeVXlWV WhXV demonVWUaWe WhaW Whe eleYaWed alkaliniW\ foXnd in man\ of Whe moVW Zell-knoZn baValW
caUbonaWion VWXdieV \ield diVSUoSoUWionaWel\ high UaWeV of caUbon mineUali]aWion, Zhich, in WXUn, fUameV baValW caUbonaWion aV
an e[WUemel\ UaSid and e[ceSWionall\ effecWiYe CO  VWoUage meWhod. AlWhoXgh VXSeUcUiWical CO  injecWion oSeUaWionV VXch aV
WhoVe Ze e[SloUe heUe aUe likel\ Wo achieYe high fUacWionV of CO  mineUali]aWion oYeU WheiU lifeWimeV, WhiV Zill likel\ Wake
conVideUabl\ longeU and SoWenWiall\ be XlWimaWel\ leVV effecWiYe, dXe Wo VlXggiVh UaWeV of CO  diVVolXWion and alkaliniW\
geneUaWion.
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