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Abstract:�Understanding�the�viscosity�of�mantle�derived�magmas�is�needed�to�model�their�migration�
mechanisms� and� ascent� rate� from� the� source� rock� to� the� surface.� High� pressure–temperature�
experimental� data� are� now� available� on� the� viscosity� of� synthetic� melts,� pure� carbonatitic� to�
carbonate–silicate�compositions,�anhydrous�basalts,�dacites�and�rhyolites.�However,�the�viscosity�of�
volatile�bearing�melilititic�melts,�among�the�most�plausible�carriers�of�deep�carbon,�has�not�been�
investigated.�In�this�study,�we�experimentally�determined�the�viscosity�of�synthetic�liquids�with�~31�
and�~39�wt%�SiO2,�1.3�and�1.5�wt%�CO2�and�5.7�and�1�wt%�H2O,�respectively,�at�pressures�from�1�to�
4.7�GPa�and�temperatures�between�1265�and�1700�°C,�using�the�falling�sphere�technique�combined�
with�in�situ�X�ray�radiography.�Our�results�show�viscosities�between�0.1044�and�2.1221�Pa�s,�with�a�
clear�dependence�on�temperature�and�SiO2�content.�The�atomic�structure�of�both�melt�compositions�
was�also�determined�at�high�pressure�and�temperature,�using�in�situ�multi�angle�energy�dispersive�
X�ray�diffraction�supported�by�ex�situ�microFTIR�and�microRaman�spectroscopic�measurements.�
Our�results�yield�evidence�that�the�T–T�and�T–O�(T�=�Si,Al)�interatomic�distances�of�ultrabasic�melts�
are�higher�than�those�for�basaltic�melts�known�from�similar�recent�studies.�Based�on�our�experimental�
data,�melilititic�melts�are�expected�to�migrate�at�a�rate�~from�2�to�57�km�yr�1�in�the�present�day�or�
the�Archaean�mantle,�respectively.� �
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1.�Introduction�

Experimental�studies�show�that�low�degree�partial�melting�of�volatile�bearing�mantle�rocks�can�
produce� CO2�rich�melts� at�near� solidus� conditions� throughout� the�upper�and� lower�mantle� [1–3].�
There� is� also� experimental� evidence� for� the� origin� of� ultrabasic� magmas� at� high� P–T,� with� SiO2�
contents�up�to�about�40�wt%,�as�a�result�of�either�extensive�melting�of�carbonated�peridotite�(CaO�
MgO�Al2O3�SiO2�+�CO2;�[4])�at�pressure�(P)�between�2�and�4�GPa�and�temperature�(T)�>�1400�°C�or�
melting�of�a�pyrolite�in�the�presence�of�H2O�and�CO2�[5]�at�P�>�1�GPa�T�>�~1100�°C.�These�magmas�
were� shown� to� crystallize� SiO2�undersaturated� effusive� rocks� such� as� (olivine�)melilitites� and�
(olivine�)nephelinites�and�are�often�associated�with�carbonatite�and�kimberlite�rock�complexes,�thus�
playing�a�key�role�in�the�transport�of�C�stored�in�depth�[6].�Along�the�carbonatite–basalt�join,�these�
magmas�can�dissolve�amounts�of�CO2�up�to�about�10�wt%�despite�having�larger�melt�fractions�(>�0.1�
wt%)�than�carbonatitic�melts�at�conditions�of�low�P�and�high�T�[7].�For�this�reason,�it�is�likely�that�
magmas� formed� at� the� Archaean� hot� mantle� conditions� at� shallow� depths� and� reduced� redox�
conditions�beneath�mid�ocean�ridges�[8]�were�foiditic� (i.e.,�SiO2�<�41�wt%;� [9])� in�composition�and�
acted� as� early� carriers� of� CO2� from� the� interior� of� Earth� to� the� atmosphere.� Furthermore,� the�
association�of�foiditic�rocks�with�carbonatites�and�diamantiferous�kimberlites�worldwide�suggests�a�
common�origin�between�the�ultrabasic�magmas�by�melting�of�CO2�bearing�rocks�at�variable�depths�
in�the�Earth’s�mantle�[6].�However,�while�the�P–T�conditions�for�the�origin�and�stability�of�foiditic�
melts�are�well�constrained,�knowledge�of�the�viscosity�of�these�melts�at�conditions�of�the�upper�mantle�
is�needed�to�model�their�mobility�and�ascent�velocity.�These�parameters�have�been�recently�made�
available�for�pre�carbonate�compositions,�including�calcite,�dolomite�and�Na2CO3�[10–12],�and�more�
recently�on�carbonate–silicate�melts�with�~18�wt%�SiO2�[13].�

In� this� study,� we� extend� the� knowledge� of� the� rheology� of� CO2�bearing� silicate� melts� by�
investigating�the�viscosity�of�volatile�bearing�melilititic�melts�with�variable�SiO2�content�of�31�and�39�
wt%,�respectively.�

2.�Materials�and�Methods� �

Two�starting�materials�were�employed� in� this� study,�FOID1�and�FOID2�(see� [14]� for�a�general�
description� of� these� natural� rocks).� These� are� melilitite–olivine�bearing� rocks� whose� mineral�
assemblage�has�been�shown�to�consist�of�olivine�+�melilite�±�nepheline,�haüyne,�monticellite,�phlogopite,�
calcite,�perovskite,�spinels�and�apatite�[15].�Table�1�shows�the�bulk�rock�chemistry�of�these�two�starting�
materials,� determined� by� using� a� Spectro�XEPOS� benchtop� X�ray� Fluorescence� EDS� spectrometer�
(Geophysical� Laboratory,� Carnegie� Institution� of� Washington,� Washington,� DC,� USA).� These� two�
samples�are�characterized�by�39.45�wt%�SiO2�and�6.91�wt%�Na2O�+�K2O�(sample�FOID1),�and�~31�wt%�
SiO2�and�2.16�wt%�Na2O�+�K2O�(sample�FOID2),�on�an�average�of�5�measurements.�The�H2O�content�
was�determined�by�using�a�Thermo�Quest�Finnigan�DeltaPlus�XL�mass�spectrometer�(IRMS)�coupled�to�
a�Thermo�Finnigan�thermal�conversion�elemental�analyzer�(TC/EA)�(Geophysical�Laboratory,�Carnegie�
Institution�of�Washington),�and�it�resulted�in�concentrations�of�~1�and�6�wt%�in�FOID1�and�FOID2,�
respectively.�Protocols�for�H2O�analysis�by�IRMS�TC/EA�have�been�benchmarked�with�solid�state�1H�
Nuclear�Magnetic�Resonance�spectroscopy�in�hydrous�alumino–silicate�glasses�[16].�Finally,�the�CO2�
content� (1.42�and�1.60�wt%�FOID1�and� FOID2,� respectively)�was�determined�by� infrared� technique�
(Actlabs�Company,�Report�no.�A19�14431).�Due�to�their�chemical�compositions,�both�samples�can�be�
classified� as�melilitites� (Figure� S1� in� Supplemental� Materials;� [9])� and,� therefore,� can� be� considered�
analogues�of�mantle�volatile�bearing�ultrabasic�melts�[4,5].�

Viscosity�measurements�were�conducted�on�the�powdered�FOID1�and�FOID2�samples�by�using�
the�falling�sphere�technique�in�a�Paris–Edinburgh�large�volume�press.�In�situ�unfocused�white�X�ray�
radiography� was� conducted� at� beamline� 16BM�B� of� the� Advanced� Photon� Source� (Illinois,� USA)�
equipped�with�a�high�speed�camera�Photron�FASTCAM�SA3�[17,18].�
� �
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Table�1.�Chemical�composition�of�the�bulk�rocks�used�as�starting�materials�from�XRF�analyses.�

Oxides/Samples� FOID1� FOID2�
SiO2� 39.45(49)� 30.99(21)�
TiO2� 2.46(8)� 2.31(2)�
Al2O3� 11.32(10)� 7.43(2)�
Fe2O3� 9.96(49)� 14.31(10)�
MnO� 0.16(1)� 0.26�
MgO� 13.87(13)� 12.32(7)�
CaO� 13.99(17)� 27.77(27)�
Na2O� 3.53(7)� 0.43(4)�
K2O� 3.38(3)� 1.73(1)�
P2O5� 1.87(1)� 1.84(1)�
SO32�� 0.01� 0.61(1)�
Totals� 100.00� 100.00�
CO2� 1.42� 1.60�
H2O� 1.03(10)� 5.73(23)�

Notes:�the�volatile�content�(CO2�and�H2O)�is�added�to�the�normalized�major�elements�analyses�used�
for�classification�in�Figure�S1.�The�analytical�standard�deviation�(1�)�is�reported�in�terms�of�least�units�
cited�in�parentheses.�

The�starting�material�was�powdered�and�placed�in�a�cylindrical�graphite�capsule�with�an�inner�
diameter�of�1.2�mm�and�height�of�2�mm.�Eight�experiments�were�performed,�with�3�runs�using�FOID1,�
and�5�runs�with�FOID2,�at�pressures�between�1�and�4.7�GPa�and�temperatures�between�1265�and�1755�°C�
(Table�2).�Pt�spheres�prepared�by�arc�melting,�with�a�diameter�between�85�and�146��m,�were�placed�in�
the�upper�portion�of�each�capsule.�One�run�was�performed�by�using�two�Pt�spheres,�with�one�placed�at�
the�axial�center�and�the�other�closer�to�the�edge�of�the�graphite�capsule�(run�at�1.7�GPa/1265�°C),�to�
quantify�possible�wall�effects.�Details�on�the�cell�assembly�used�in�this�study�are�available�in�Reference�
[17]�and�are�the�same�as�those�used�by�Stagno�et�al.�[12,13].�The�pressure�was�monitored�by�collecting�
diffraction�patterns�on�the�MgO�sleeve�surrounding�the�graphite�capsule�and�using�the�equation�of�state�
of�MgO�(EOS;�[19])�on�(111),�(200)�and�(220)�diffraction�peaks.�After�compression�to�the�target�pressure,�
the� temperature� was� set� slowly� up� to� about� 200� °C� below� the� melting� T� by� using� the� power� vs.�
temperature�calibration�curve�corrected�for�the�proper�hydraulic�pressure�[17],�and�then�quickly,�until�
descent�of�the�Pt�sphere�was�observed.� �

The� Pt� sphere� begins� its� descent� once� the� material� is� totally� molten,� i.e.� above� its� liquidus�
temperature.�The�trajectory�of�the�falling�Pt�sphere�was�recorded�at�125–500�frames�per�second�(f.p.s.;�
see� Table� 2� and� Figure� S2).� The� image� resolution� of� the� ultrafast� camera� used� for� the� viscosity�
measurements�was�2.5��m/pixel.�The�radiographic�images�were�used�to�calculate�the�velocity�of�the�
sphere�at�each�corresponding�position�along�the�descent�path,�in�order�to�determine�its�terminal�velocity�
(Figures�S3–S18)�by�using�the�Tracker�plugin�in�the�ImageJ�software�[20].�From�the�velocity�of�the�falling�
sphere(s),�the�melt�viscosity�is�calculated�by�using�the�Stokes�equation:�

� �
�����	 
 ���




�

�
� (1)�

where���is�the�terminal�velocity�(mm/s);��s�and��l�are�the�densities�(g/cm3)�of�the�Pt�sphere�(~19.3�g�cm�3�

as�calculated�from�the�thermal�equation�of�state;�[21])�and�melt,�respectively;�and�d�is�the�diameter�of�
the�sphere�(mm)�determined�from�the�radiographic�images,�using�the�Prosilica�GC1380�high�resolution�
camera�with�pixel�size�of�0.945��m/pixel�(except�for�the�runs�at�1.7�GPa/1265�°C�and�4.2�GPa/1700�°C,�
with� a� resolution� of� 0.851� �m/pixel).� E� and� F� are� correction� factors� for� the� wall�� and� end�� effects,�
respectively.�A�fixed�value�of�2.5�g�cm�3�was�chosen�for�the�density�of�our�ultrabasic�melts�(�l).�This�
value�is�a�midpoint�between�the�density�of�2.3�g�cm�3�estimated�for�carbonate–silicate�liquids�[22]�and�
about�2.7�g�cm�3�measured�for�basalts�[23]�within�a�similar�P–T�range�of�our�experiments.�Despite�the�
relative�uncertainty�of�the�melt�density,�the�uncertainty�in�viscosity�can�be�minimized�by�our�choice�of�
the�much�denser�Pt�as�sphere,�such�that�relative�uncertainty�of�the�density�difference�between�sphere�
and�liquid�(�s����l,�Equation�(1))�remains�small.�After�the�fall�of�the�Pt�sphere,�as�shown�in�Figure�1,�the�
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experiments�were�terminated�by�shutting�down�the�power�to�the�furnace�in�order�to�instantaneously�
quench� the�sample.� In� three�of� the�runs,�however,� the�melt� structure�was�measured�by�multi�angle�
energy�dispersive�X�ray�diffraction�at�high�P–T�[17].�These�runs�are�listed�in�Table�3.�For�the�runs�with�
structure�measurements,�the�sample�remained�molten�for�3–4�h,�and�pressure�was�measured�before�and�
after�the�structure�measurements.�We�collected�X�ray�diffraction�patterns�from�the�molten�samples�at�
2��angles�of�3°,�4°,�5°,�7°,�9°,�12°,�16°,�22°�and�28°�(and�35°�in�case�of�run�FOID1�at�4.2�GPa�and�1700�°C).�
The�slit�sizes�of�the�incident�and�diffracted�X�rays�were�adjusted�at�every�2��angle,�to�fix�the�Ge�SSD�
dead�time�at�less�than�15%.�The�background�subtracted�EDXD�data�were�analyzed�by�using�a�software�
package�provided�by�the�beamline�(see�Reference�[17]�for�details).�The�recovered�quenched�samples�
were� analyzed� both� for� textural� observations� and� chemical� composition� (Tables� S1� and� S2� in� the�
Supplementary�Materials),�using�the�electron�microprobe�JEOL�8200�Superprobe�available�at�the�HPHT�
Laboratory� of� Experimental� Volcanology� and� Geophysics� of� National� Institute� of� Geophysics� and�
Volcanology� in� Rome� (Italy).� Additional� measurements� on� the� recovered� quenched� products� were�
conducted,�using�the�Vector�22�Bruker�interferometer,�equipped�with�a�broadband�MCT�detector�and�
a� Globar� infrared� source,� coupled� to� a� Hyperion� 1000� infrared� microscope� available� at� the� Physics�
Department�of�Sapienza�University�(Rome).�The�frequency�resolved�measurements�cover�the�spectral�
region�from�600�to�8000�cm�1,�with�resolution�of�2�cm�1�in�reflection�mode�within�selected�areas�from�50�
×�50�to�200�×�200��m.�Raman�spectra�were�acquired�by�using�the�Horiba�LabRam�HR�800�spectrometer�
at� the� Department� of� Science,� Roma� Tre� University� (Italy).� Data� were� collected� by� using� a� 600�
grooves/mm�spectrometer�grating�and�a�CCD�detector.�A�Nd�YAG�laser�at�532�nm�(green�laser)�was�
used�as�the�light�source�with�60�mW�laser�power,�with�a�confocal�hole�of�300��m,�slit�of�200��m�and�an�
exposure�time�of�60�s.�The�Raman�scattering�was�collected�by�a�100×�objective�and�~5��m2�spot�size�on�
the�polished�sample�surface�over�a�range�from�200�to�4000�cm�1.�About�four�to�five�measurements�were�
performed�on�each�glass�to�verify�its�chemical�homogeneity.� �

3.�Results�

3.1.�Melt�Viscosity� �

Results�of�our�experiments�are�listed�in�Table�2.� �

Table�2.�Experimental�conditions�and�results.�

Run� *P� �
(GPa)�

*T� �
(°C)�

ø�Pt�Sphere� �
(mm)�

Terminal�Velocity� �
(mm/s)�

Recording�Time� �
(f.p.s.)�

Viscosity�
(Pa�s)�

FOID1_RUN1� 2.5� 1580� 122� 0.097(±0.007)� 125� 1.0855(±0.1441)�
FOID1_RUN2� 4.7� 1755� 121� 0.441(±0.022)� 500� 0.2336(±0.0178)�

FOID1_RUN3_2018� 4.2� 1700� 85� 0.089(±007)� 500� 0.6334(±0.0738)�
FOID2_RUN1� 1� 1270� 146� 0.067(±0.007)� 125� 2.1221(±0.4253)�
FOID2_RUN2� 3.4� 1360� 142� 0.225(±0.012)� 250� 0.6021(±0.3802)�
FOID2_RUN3� 4.5� 1540� 120� 0.981(±0.093)� 500� 0.1044(±0.0320)�

FOID2_2018�center�bottom� 1.7� 1265� 134� 0.343(±0.013)� 250� 0.3526(±0.0136)�
FOID2_2018�edge� 1.7� 1265� 131� 0.349(±0.012)� 250� 0.3374(±0.0168)�

Note:�*�Typical�uncertainties�on�pressure�and�temperature�in�the�Paris–Edinburgh�cell�experiments�
are�less�than�0.4�GPa�and�60�°C�[17,24,25].�

Figure�1a,b�shows�selected�radiographic�images�of�the�Pt�sphere�descent�as�function�of�time�in�
FOID1_RUN2�and�FOID2_RUN2,�respectively.�Distance–time�profiles�for�all�viscosity�measurements�
are�available� in� the� Supplementary� Materials� (Figures� S3–S18).� The� calculated�viscosity� of� FOID1�
melts�varies�from�a�minimum�value�of�0.2336�Pa�s�at�1755�°C�and�4.7�GPa�to�a�maximum�value�of�
1.0855�Pa�s�at�1580�°C�and�2.5�GPa.�FOID2�shows�viscosities�ranging�from�0.1044�Pa�s�at�4.5�GPa�and�
1540�°C�to�2.1221�Pa�s�at�1�GPa�and�1270�°C�(Figure�2).�This�last�value�is�higher�than�expected�and�
corresponds�reasonably�well�to�the�viscosity�at�near�liquidus�conditions,�i.e.,�closer�to�the�glass–liquid�
transition�temperature�(see�Movie�SM1�in�Supplementary�materials).�In�a�laminar�flow�environment,�
the�terminal�velocity�of�a�particle�free�to�move�under�the�effect�of�the�gravitational�force�is�maximum�
along�the�cylindrical�axis�and�decreases�as�it�approaches�the�cylindrical�wall.�The�experiment�at�1.7�
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GPa�and�1265�°C�(FOID2_2018)�was�performed�by�using�two�Pt�spheres,�one�placed�at�the�center�and�
one�near�the�edge�of�the�capsule�(i.e.,�closer�to�the�graphite�furnace),�to�quantify�possible�wall�effects�
at�high�T.�This�experiment�resulted�in�two�very�similar�viscosities�of�0.3526(136)�and�0.3374(168)�Pa�s,�
respectively,�suggesting�that�possible�wall�effects�are�negligible�at�high�temperature.�

(a)� (b)�

Figure�1.�X�ray�radiography�images�of�the�Pt�sphere�falling�in�runs�(a)�FOID1_RUN2�(4.7�GPa/1755�°C)�
and�(b)�FOID2_RUN2�(3.4�GPa/1360�°C)�as�function�of�time.�

3.2.�Effect�of�Pressure�and�Temperature�on�the�Viscosity�

The� viscosity� data� (Table� 2)� are� shown� as� function� of� temperature� (Figure� 2a)� and� pressure�
(Figure� 2b).� The� experimental� data� are� compared� to� previous� studies� on� the� viscosity� of� pure�
carbonate�melts�and�carbonated�silicate�melts.�Our�data�range�between�0.2336�and�1.0855�Pa�s� for�
FOID1�and�between�0.1044�and�2.1221�Pa�s�for�FOID2�and�are,�therefore,�higher�than�those�previously�
determined� for� carbonated� melts� within� a� similar� temperature� and� pressure� range.� Figure� 2a,b�
includes�the�viscosity�of�carbonated�silicate�melts�performed�on�a�CaCO3–CaSiO3�mixture�with�22.6�
and�31.4�wt%�SiO2,�respectively�[11],�as�well�as�data�on�transitional�melts� [13].�These�experiments�
yielded�viscosities�near�those�resulting�from�our�experiments�at�higher�P�and�T.�In�case�of�FOID1,�
viscosities�decrease�with�P�and�T,�following�a�similar�trend�as�that�observed�for�carbonate–silicate�
melts.�Both�experimental�[11–13]�and�theoretical�[22]�studies�highlight�the�effect�of�temperature�in�
lowering�the�viscosity�of�the�melts.�This�effect�is�also�observable�in�Figure�2a,�where�our�data�show�a�
decrease� in� viscosity� at� increasing� temperature� by� one� order� of� magnitude.� The� runs� using� both�
FOID1�and�FOID2�can�be�used�to�infer�the�effect�of�pressure,�in�particular�those�at�4.2�and�4.7�GPa�at�
T�of�1700�and�1755�°C,�respectively.�For�runs�using�FOID2,�those�at�1�and�1.7�GPa�at�T�of�1270�and�
1265�°C�show�different�viscosities�that�result�from�melting�conditions�near�liquidus�and�well�above�
liquidus�T,�respectively.�The�effect�of�volatiles�is�expected�to�lower�the�viscosity�of�FOID2�more�than�
FOID1,�although�a�comparison�with�the�viscosity�of�similar�but�anhydrous�compositions�would�help�
to�address�the�roles�of�H2O�and�CO2.�
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Figure� 2.� Shown� are� the� obtained� viscosity� data� plotted� as� a� function� of� (a)� temperature� and� (b)�
pressure.� Data� from� literature� are� reported� for� comparison� [10–13,26,27].� The� uncertainty� in� our�
viscosity�measurements�is�reported�in�Table�2.�

3.3.�Melt�Structure�Measurements�

We�collected�X�ray�diffraction�patterns�of�FOID1�and�FOID2�melts�at�conditions�similar�to�those�
of�the�viscosity�runs�(Table�3).�Prior�to�acquisition�of�the�diffraction�patterns,�melting�of�the�sample�
is�verified�by�the�vertical�fall�of�the�Pt�sphere�used�to�determine�the�viscosity�and�confirmed�by�the�
diffraction�patterns�collected�before�structure�measurements�(Figures�S19–S21).�These�spectra�show�
the�presence�of�the�liquid�phase,�although�some�diffraction�peaks�can�be�seen�which�correspond�to�
the�surrounding�materials�within�the�cell�assembly.�An�EDXD�pattern�of�the�sample�FOID2_RUN2�
collected�after�the�melt�structure�measurement�and�just�before�quench�(Figure�S20)�shows�peaks�that�
are�relative�to�either�the�surrounding�cell�material�(graphite�capsule)�or�olivine�crystals.�In�contrast�
to�our�viscosity�measurements�at�quite�a�short�timescale�(<10s),�the�melt�structure�measurements�were�
made�over�a�much�longer�timescale�(3–4�h).�The�long�duration�may�lead�to�(re)crystallization�as�result�
of�P�and/or�T�variations�caused�by�softening�of�the�cell�(Table�3).�In�addition,�C�from�the�graphite�
capsule�can�oxidize�to�CO2,�with�consequent�dissolution�into�the�melt.�This�could�explain�the�low�
totals� in� Table� S1.� This� process,� and� the� crystallization� of� olivine,� can� explain� the� changes� in� the�
chemical�composition�observed�from�analysis�of�the�recovered�quenched�glasses�(Tables�S1�and�S2).�
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Nevertheless,� the� compositions� fall� within� the� field� of� melilitites,� with� the� exception� of�
FOID1_RUN3_2018�(nephelinite,�Figure�S1;�[9]).�Data�processing�protocols�are�shown�in�Figures�S22–
S24.�Figure�3�shows�the�interatomic�distances�determined�by�the�pair�distribution�function�G(r).�From�
our�results,�the�melt�structures�at�high�P–T�are�different�between�FOID1�and�FOID2.�The�first�sharp�
diffraction�peak�(FSDP)�in�the�structure�factor�S(Q),�which�is�related�to�the�intermediate�range�order�
of�the�melt�structure,�is�observed�at�~2.16�Å�1�for�FOID1_RUN3_2018�(Figure�3).�In�FOID_2�runs,�the�
position�of�the�FSDP�appears�at�2.18�Å�1�at�3.4�GPa/1360°C�and�2.22�Å�1�at�4.5�GPa/1540�°C,�showing�
a�positive�pressure�dependence.�These�values�are�higher�than�both�SiO2�glass�(1.5�Å�1;�[28,29])�and�
alkali�basalts�(~2�Å�1;�[30]),�as�it�can�be�noted�in�Figure�3.�Local�structure�in�real�space�determined�by�
the�Fourier�transformation�of�S(Q)�gives�T–O�interatomic�distance�of�1.69�Å�for�FOID1_RUN3_2018,�
which�is�lower�than�in�FOID2_RUN2�melt�where�the�T–O�is�at�1.70�Å,�then�increasing�to�1.73�Å�at�
FOID2_RUN3,�all�reflecting�the�Si–O�distance�with�fourfold�coordination,�as� it�has�been�shown�at�
1.63�Å�for�albite�[31]�and�1.62�Å�for�jadeite�[32]�liquids�and�at�1.59�Å�in�SiO2�liquid�[28].�The�broadness�
and�asymmetry�of�this�peak�suggests�contribution�from�the�Al–O�bond�[30].�The�second�peak�appears�
in�all�runs�between�2.27�and�2.40�Å�and�arises�from�the�Ca–O�correlation�(�2.4�Å�in�haplogranitic�
melt,�HPG;�[24]).�The�second�high�intensity�peak�at�3.20–3.26�Å�can�be�assigned�to�the�T–T�interatomic�
distance�and�matches�well�with�that�observed�at�3.2(3)�Å�in�other�studies�(3.08�Å�for�albite�liquids,�
[31];� 3� Å� for� basaltic� liquids,� [24,30]).� Interestingly,� the� increase� of� the� T–O� distance� for� FOID2�
indicates�either�an�increase�of�the�T–O–T�angle�or�a�change�in�the�Si�coordination�[33,34].� �

Table�3.�Experimental�conditions�of�melt�structure�measurements.�

Run� *Pinitial�

(GPa)�
*Pfinal�

(GPa)�
*Tinitial�

(°C)�

*Tfinal�

(°C)�

FSDP�
(Å�1)�

T–O�
(Å)�

M–O�
(Å)�

T–T�
(Å)�

Crystallized� �
Minerals�

FOID1_RUN3_2018� 4.2� 3.9+� 1700� 1685� 2.16� 1.69� 2.27� 3.20� ��
FOID2_RUN2� 3.4� 3.4� 1360� 1360� 2.18� 1.70� 2.35� 3.26� olivine�
FOID2_RUN3� 4.5� 4.5� 1540� 1540� 2.22� 1.73� 2.40� 3.26� ��

Note:�*�Pinitial�and�Pfinal�refer�to�the�pressure�determined�by�the�EoS�of�MgO�before�and�just�after�the�
multi�angle�X�ray�diffraction�measurement�to�determine�the�melt�structure.�+�This�P�is�determined�by�
averaging�the�pressures�obtained�from�the�(220)�and�(200)�diffraction�peaks�of�MgO�(4.1�and�3.7�GPa,�
respectively).�

� �
(a)� (b)�

Figure�3.�(a)�Structure�factor,�S(q),�and�(b)�the�reduced�pair�distribution�function�G(r)�measured�at�
high�P–T,�using�the�multi�angle�energy�dispersive�X�ray�diffraction�technique�on�FOID1�(gray�line)�
and�FOID2�(black�line)�compositions.�Dashed�lines�are�references�for�the�known�FSDP�position�and�
atomic�distances�from�literature�(see�text).�

 �
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3.4.�Infrared�Spectroscopy�Measurements�on�Quenched�Glasses�

FTIR�spectroscopic�analyses�were�performed�on�samples�quenched�to�glass�at�room�temperature�
after� the� melt� structure� measurements� (see� Table� 3)� and� the� chemical� composition� of� which� is�
reported�in�Table�S1.�An�additional�quenched�glass�(FOID2_RUN1)�was�analyzed�to�investigate�the�
possible�effect�of�different�P�and�T�of�quenching�(1�GPa�and�1270�°C;�Table�1),�where�loss�of�CO2�is�
expected�[4,7].�We�cannot�exclude�the�presence�of�either�un�melted�or�newly�formed�olivine�crystals�
in�some�of�our�experiments,�as�suggested�by�EPMA�analyses�of� the�recovered�quenched�samples�
(FOID2_RUN1�and�FOID2_RUN2�in�Table�S2)�and�supported�by�optical�and�back�scattered�electron�
images�(Figures�S25–S28).�However,�despite�the�compositional�shifts�from�the�starting�material,�these�
glasses�fall�in�the�field�of�foidites�for�which�spectroscopic�measurements�are�useful�and�information�
is�lacking�in�the�literature.�Samples�embedded�in�resin�epoxy�were�polished,�and�the�reflectance�was�
measured�with�respect�to�a�silver�mirror.�The�field�of�view�of�each�analyzed�sample�was�adjusted�by�
closing� variable� rectangular� apertures,� placed� between� the� objective� (15×)� and� the� MCT� detector,�
along�the�optical�path.�Five�spectra�for�each�sample�were�collected�by�using�128�scans�with�a�spectral�
resolution�set�at�2�cm�1.�To�check�potential�influence�of�the�aperture�diameter�on�the�spectra�and�the�
homogeneity�of�the�samples,�we�varied�the�effective�aperture�diameter.�Each�fixed�aperture�was�used�
to�collect�both�sample�and�the�background�spectra.�No�difference�was�noted�in�the�reflectance�spectra.�
Figure�4�shows�the�infrared�reflectance�spectra�of�the�recovered�glasses�dominated�by�three�broad�
bands�near�1000,�1300�and�1400�cm�1,�corresponding�to�the�stretching�modes�of�Si–O�and�carbonate�
species�CO32��according�to�King�et�al.�[35],�respectively.�The�shift�of�these�bands�to�lower�frequencies�
with�respect�to�those�reported�in�literature�(pink�shaded�areas)� indicates�the�more�depolymerized�
structure� of� both� quenched� FOID1� and� FOID2� glasses.� A� small� sharp� peak� at� ~2400� cm�1� can� be�
associated�with�the�presence�of�molecular�CO2�and�seems�to�be�more�intense�in�the�FOID2�spectra.�
On� the� other� hand,� chemical� analyses� of� the� glasses� show� quite� low� totals,� suggesting� that� the�
concentration�of�CO2�during�the�experiments�increased�likely�due�to�oxidation�of�the�surrounding�
graphite�capsule.�The�negative�slope�at�3300–3600�cm�1�[35]�characteristic�of�the�O–H�is�only�slightly�
visible�in�FOID2�runs,�those�having�higher�nominal�water�contents�(Table�1).�No�effects�referred�to�
the� different� P–T� of� quench� are� observed� between� FOID2� compositions,� excluding,� therefore,� the�
onset�of�decarbonation�during�the�experiments.� �

�
Figure� 4.� Background� subtracted� infrared� reflectance� spectra� of� the� recovered� glasses.� The� pink�
shaded�areas�are�taken�as�reference�by�King�et�al.�[35]�for�the�Si–O�and�CO32��bands.�The�blue�shaded�
area� refers� to� the� frequency� where� a� negative� peak� indicative� of� the� presence� water� molecules� is�
expected.�Moreover,�small�peaks,�appearing�near�to�3600�cm�1,�are�due�to�atmospheric�water�vapor�
not�fully�compensated.�
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3.5.�Micro�Raman�Spectra�of�Quenched�Glasses�

Confocal�micro�Raman�spectra�were�obtained�on�the�same�glass�samples�that�were�analyzed�by�
micro�FTIR�recovered�after�the�melt�structure�measurements.�The�spectra�(Figure�5)�are�dominated�
by�broad�overlapping�bands�ranging�from�700�to�1100�cm�1,�mostly�due�to�T–O�stretching�vibrations�
of� different� Qn�species� distributed� among� SiO4� and� AlO4� units.� A� weak� feature� appearing� as� a�
shoulder�near�1060�cm�1,�however,�is�more�likely�to�be�due�to�the�presence�of�CO32��species,�rather�
than�any�Q4�species�in�these�weakly�polymerized�glasses.�At�higher�frequency,�a�broad�peak�is�also�
observed�near�1400�cm�1,�corresponding�to�the�symmetric�stretching�vibration�of�dissolved�molecular�
CO2.�This�is�more�evident�in�FOID2�runs�in�agreement�with�that�which�was�observed�by�FTIR�(Figure�4).�
All�glasses�also�show�evidence�of�dissolved�H2O�(Figure�5�inset)�revealed�by�the�asymmetric�peak�
located�near�3600�cm�1.�Raman�spectra�of�the�FOID2�glasses�all�contain�narrow�peaks�near�200�and�
280�cm�1�having�the�same�relative�intensity�but�different�with�respect�to�the�broad�bands�belonging�
to�the�glassy�portion�of�the�spectrum.�These�peaks�are�clearly�indicative�of�a�nanocrystalline�phase�
that�formed�during�quench�of�this�lower�viscosity�melt�composition.�

�

(a)�

�

(b)�

Figure� 5.� (a)� Background� subtracted� Raman� spectra� of� the� recovered� glasses� in� the� Qn� and� C–O�
frequency� range.� (b)�Raw�Raman�spectrum�of� FOID2_RUN2�showing� the� silicate,� CO32�� and� O–H�
frequency�intervals.�

The�spectra�of�our�glasses�are�similar�to�those�reported�by�Moussallam�et�al.�[36]�for�low�SiO2�
compositions.�Some�of�the�glasses�investigated�by�Moussallam�et�al.�[36]�are�comparable�to�those�of�
the�present�study�in�terms�of�SiO2,�Al2O3�and�CO2�content;�however,�some�differences�between�our�
Raman�spectra�and�those�from�their�study�are�noted.�First,�a�shoulder�in�the�region�between�~700�and�
800�cm�1�is�observed�in�our�spectra�that�can�be�attributed�to�T–O�(where�T�is�Si�and/or�Al)�stretching�
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vibrations�with�a�possible�contribution�also�arising�from�TiO2�in�the�glass�(e.g.,�[37,38]�and�references�
therein).�The�presence�of�this�shoulder�cannot�result�from�any�method�of�baseline�correction�of�the�
raw�data�(see�inset�in�Figure�4).�Additionally,�in�all�of�our�spectra,�a�dominant�broad�peak�is�observed�
at�~950�cm�1,�whereas�Moussallam�et�al.�[36]�observed�the�major�contribution�near�~880�cm�1�for�SiO2�
contents�between�30�and�40�wt%�and�CO2�<�2�wt%�that�shifted�to�higher�wavenumbers�only�for�glasses�
with� considerable� amounts� of� CO2� dissolved� as� CO32�� species,� to� suggest� an� increase� in�
polymerization�as�more�CO2tot�is�present.�Conversely,�our�FOID�spectra�appear�more�depolymerized�
with� respect� to� those� of� both� anhydrous� and� carbonate�bearing� melilititic� glasses� investigated� by�
Mysen�and�Virgo�[39]�and�Sharma�et�al.�[40],�where�an�additional�peak�was�observed�at�~1010�cm�1,�
attributed�to�the�NBO/T�=�1�structural�unit.�

4.�Discussion�

Melt�Mobility�and�Ascent�Rate�of�Volatile�Bearing�Melilitic�Magmas�during�the�Archaean�and�Present�Day�
Earth’s�Upper�Mantle�

To�date,�determinations�of�the�viscosities�of�CO2�rich�melts�have�mostly�been�limited�to�pure�
carbonate� compositions� chosen� as� analogues� of� natural� carbonatitic� melts.� The� viscosity� was�
determined�for�Mg–K�and�Ca–K�carbonate�mixtures�([10];�viscosity�(�)�between�0.06�and�0.036�Pa�s),�
calcite�and�dolomite�([11];���of�0.006–0.010�Pa�s�and�0.008–0.010�Pa�s,�respectively)�and�Na2CO3�([12];�
�� of� 0.003–0.007� Pa�s).� More� recently,� Stagno� et� al.� [13]� conducted� an� experimental� study� on� the�
viscosity�of�synthetic�carbonate–silicate�melt�with�~18�wt%�SiO2�and�~22�wt%�CO2�as�representative�
of�natural�transitional�melts�at�pressures�between�2.4�and�5.3�GPa�and�temperatures�between�1565�
and�2155�°C.�Results�ranged�from�0.02�to�0.08�Pa�s�and,�when�compared�with�previous�results�on�
molten�carbonates�mentioned�above,�provided�the�first�experimental�evidence�of�the�effect�of�SiO2�on�
the�increase�in�viscosity.�Here,�we�take�an�important�step�forward�along�the�carbonatite–basalt�join�
to�provide�insight�into�the�time�associated�with�the�extraction�of�carbon�from�the�Earth’s�interior�via�
ultrabasic�magmas.�The�viscosity�in�this�study�is�determined�at�a�T�higher�than�that�expected�in�the�
upper� mantle� (Table� 2).� In� order� to� calculate� the� melt� mobility� and� ascent� rate� of� these� melilitic�
magmas� at� a� P–T� relevant� for� the� upper� mantle,� results� can� be� fitted� by� using� an� Arrhenius�like�
equation,�as�reported�by�References�[11,12]�(see�Equation�(4)�therein),�for�pure�liquid�carbonates�taken�
as�analogue�of�natural�carbonatitic�melts.�With�this�aim,�we�apply�the�parameters��0�=�0.0531�Pa�s,�Ea�
=�5318�kJ�mol�1,�Va�=�0.08�cm3�mol�1�and�T0�of�1370�K�as�best�fitting�to�be�used�in�order�to�scale�our�
experimental� data� from� FOID2� runs� down� to� mantle� P–T� conditions.� The� ascent� velocity,� w0,� is�
calculated�through�the�following�equation:�

��� �
����

�
� (2)�

where�

� �
����

�
� (3)�

The�permeability,�k,�depends�on�the�characteristic�mineral�grain�size,�a,�and�the�melt�fraction,��;�
and�n�and�C�are�numerical�constants�equal�to�2�and�3000,�respectively.�The�permeability�of�the�oceanic�
mantle� links� with� the� grain� size� that� is� a� function� of� the� thermal� regime.� Our� calculations� are�
performed�at�a�depth�of�about�90�km�at�Ts�of�1310�and�1450�°C�to�be�representative�of�the�present�
day�and�Archaean�T�[2],�implying�a�proposed�grain�size�for�the�asthenospheric�mantle�of�5�and�15�
mm,�respectively�[41,42].�For�simplicity,�the�melt�fraction�is�fixed�at�1%�[43]�and�the�	��(density�of�
the�solid�mantle�density�of�pure�carbonatitic�melt)�at�0.8�g�cm�3.�This�leads�to�an�average�mobility,�

�/�,�of�volatile�bearing�melilititic�melts�(e.g.,�FOID2)�of�0.75�g�cm�3�Pa�1�s�1�(present�day�mantle)�and�
2.46� g�cm�3�Pa�1�s�1� (Archaean� upper� mantle).� The� calculation� using� Equation� (2)� and� Equation� (3)�
results�in�the�melt�ascent�velocity�of�~1.9�km/yr�and�57�km/yr,�respectively,�implying�that,�at�the�high�
thermal�regime�>3�Ga,�the�extraction�of�volatiles�through�mantle�melting�beneath�mid�ocean�ridges�
was� more� efficient� than� it� is� today.� Similar� calculations� aimed� at� constraining� the� ascent� rate� of�
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melilitic�melts�followed�by�their�eruption�in�Archean�cratons�[6]�requires�a�typical�mineral�grain�size�
of�about�7�mm,�taken�as�the�average�observed�in�natural�xenoliths�[44,45],�and�a�T�regime�of�1300�°C�
that� results� in�an�ascent� velocity�of�3–4�km/yr.�This�ascent� rate� is� very�close� to� that�proposed� for�
transitional� melts� [13]� (~2� km/yr)� and,� along� with� similar� estimates� for� carbonatitic� melts� [11,12],�
represents�a�reference�value�for�better�understanding�the�emplacement�of�the�kimberlite�clan�rocks�
as�important�carriers�of�carbon�from�the�interior�of�Earth�to�the�surface—either�as�CO2�or�as�diamonds�
[46,47].� �

5.�Conclusions�

We�determined�that� the�viscosity�of�melilititic�melts� (~0.3–1�Pa�s)� is�higher�than�that�recently�
proposed� for� carbonate–silicate� melts� within� representative� P–T� conditions� of� the� Earth’s� upper�
mantle.�Recent�studies�point�out�the�possibility�that�SiO2�undersaturated�magma�might�be�invoked�
in�early�stage�plate�tectonics�and�be�among�the�first�melts�to�have�extracted�volatiles�like�water�and�
CO2� from� the� Archaean� upper� mantle.� Our� experimental� results,� combined� with� thermal� and�
rheological� parameters� of� mantle� rocks,� suggest� a� much� slower� ascent� rate� of� melilititic� melts�
compared�to�carbonatitic�melts,�but�similar�to�that�of�carbonate–silicate�melts.�Finally,�melt�structure�
measurements�confirm�the�comparatively�unpolymerized�nature�of�these�liquids�relative�to�basalts,�
as�reflected�in�the�greater�T–O�and�T–T�distances�in�melilititic�liquids.�
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