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ABSTRACT

The partial molar volume of CO, (;co2 ) in silicate melt was determined for a
komatiite composition using high pressure sink/float experiments in a multi-anvil press.
The density of the experimental melt at pressure was determined by observing sinking
and floating of pure forsterite (Fo100) and 90% forsterite (Fo90) buoyancy markers.
Values for ;co2 were bracketed at 4.3 GPa (23.71 cm’/mol) and at 5.5 GPa
(22.06 cm’/mol), normalized to 1850°C. Combining the current data with previous work
we now more accurately constrain the compression curve of ?co2 over the pressure
range of 1 bar to 20 GPa. These data allow the calculation of density at pressure of

carbonated silicate melts, such as kimberlite and silica undersaturated alkali basalts, and

the determination of their buoyancy and eruptibility.



Table of Contents

LiSt Of FIUIES..ccicuiiiiiiiiniiriniiiininniinsnniensnnncsssnicsssnscsssnscssssessssesssssnesssssssssssssssssssssssssssssses vii
LISt Of TADIES cccuuuereeiineiiiiiniiiiiitiiiiinsenneicseccnessnnisssesssssssnsssssssesssssssssssssssssesssssssansss viii
CRAPLET 1 auconeierieniinnieninennnensensnesssessssssssesssnssssesssnsssssssssssssssssssssssssssssssssssssssssssssssssessassss 1
Carbon in the Earth...........ooooiiii e 2
COMPOSILION. ...ttt ettt ettt ettt ettt b et st sb e et et e s bt et e s et e sbeeaeessesbeenbesanenaeens 4
Previous StUAIES ....cc.eiiiiiiiiieriieiece ettt sttt et st 6
Chapter 2 EXperimental PrOCEAUTES .......eeeeeonneeosnercssuvrossvniossssrosssssossssssssssesssssssssssssnns 9
Chapter 3 Analytical TECRRIGUES .......uueeeeseuueereosssunricssssssricssssssosssssssassssssssssssssssssssssssess 16
EleCtron MICTOPIODE. .....cc.vieiiiieiieiiieieeciie ettt ettt ettt eteeeabeesseeenbeesaeeenseeees 17
Fourier Transform Infrared SpectroSCOPY ...cccvvveeiuiiieiiieeiiieeieeceeeeee e 20
EXPerimental COg..o..ei it ettt st 22
Chapter 4 EXperimental RESUILS ........eeuueeneeeeneensuvensuensnensaensnesssessssessassssssssesssssssssssssesns 24
Chapter 5 EFror ARGIYSIS ..ceeeccevsrecsssresssarsssssrssssrsssssssssssssssssssssssssssssssssssssssssssssasssssasssss 34
DIBNISIEY ...ttt ettt ettt et ettt e st e e bt e et e et e e abe et ee et e e teeeabe e beeenbeennaeenbeenaaeenes 34
MOIAr VOIUIME. ...t 39
Chapter 6 Application to the Earth and other Terrestrial Planets.............ueeceueeeenenne. 44
KAMBETIIEES ..ottt et sttt ettt 44
APPECIAICES cueeinnrriirnrensnrcssssnesssnessasnossssesssssesssssesssssssssssssssssssssssosssssossssssssssssssssssssssssssssss 50
APPENAIX A EXPEFIMEHLS c.uuuuvereessssarsiosssssssosssssssasssssssssssssssssssssssssssssssssssssssssssssssssssess 51
Appendix B EIectron MiCrOPFODE..........eeeeceeeeeouevissuveisssrosssrcssssiossssiossssssssssssasees 58
APPENAIX C FTIR......uuuuueeennnunriesssrnniiossssssiosssssssassssssssssssssssssssssssssssssssssssssssssssssssssssss 75
REfEIENCES . .ccueeiniiitininiiitinitinstenstentinstennensnecsesssesssesssssssessssssssesssssssssssssssssassssessasssns 86

vi



List of Figures

Figure 2-1. BSE images of experimental run products ............coceeiirienieniieieeie e 13
Figure 3-1. EPMA for CO; of Ag-coated eXPeriment. .........cccueeuiriirienieniienieeieete et et et eeeeseeesieens 18
Figure 4-1. DG-5 experiments and best fit Birch-Murnaghan curve: p, = 2.59 g/cm®; DG-N experiments
and best fit Birch-Murnaghan curve: pg = 2.75 /CIMN ...........ccoovvoreoreereeeeeeeeeeeeeeeeeseeeeeseee s 26
Figure 4-2. DG-5 experiments and best fit Birch-Murnaghan curve: p, = 2.32 g/cm’; DG-N experiments
and best fit Birch-Murnaghan curve: pg=2.46 g/CIN> ...........cocoooirereoeeeeeeeeeeeeeeeeeesee s 27
Figure 4-3. Compression curves for CO; fit to ideal data.........coccooiiieiiiiiiiiniiiiiie 32
Figure 4-4. Vinet EOS compression curves for V' co, and V' g,0...cccoveveveiieiiiiii 33
Figure 6-1. Kimberlite melt Birch-Murnaghan compresSion CUIVES............eevveeveeveiieriereenieenseereeeesenenseens 46
Figure 6-2. Birch-Murnaghan compression curves for a kimberlite melt with only 10.0 wt% CO,............. 48
Figure A-1. Cross section of ceramic octahedron with experimental Set Up.........cceeeeevievieiieieeiirieeeee 51
FAGUIE A2 DIG=5-9.. e ettt ettt et b e bbbttt e ate st e satesbe e b et et eas 52
FAGUIE A3, DIG=5-11 ittt ettt st et e be et e e saeesaeese e saesseesseessesssesssesssesssenseenseensenns 52
FAGUIE A4, DIG=5-14 ...ttt ettt sttt et e et e et e s st e s st et e e st e enseenseessesnsesnnesneaseenseanseans 53
FAGUIE A5 DIG=5-16. ... ettt ettt ettt e et e bt et e et e enteeseesmeeentesneesaeenneeteens 53
FAGUIE A-6. DIG=5-17 ettt ettt et b ettt et st e s bt e st e satesbeenaeenteenteens 53
FAGUIE A-7. DIG=5-19. ittt ettt sttt e b e et e e st e s st e sse e saesseesseessesssesssesssesssenseenseensenns 53
FAGUIE A8, DIG=5-21 .ottt b e et e et e e st e esa e s st et e enseenseensesssesnsesnsesseanseanseenseans 53
FAGUIE A-0. DIG=5-22.... ettt ettt ettt et ettt e e st e e st et e et e et e enteenee st e ente et e naeenaeeteens 53
FIgUIE A-T0. DG=5-23 ...ttt sttt sttt sttt s b ettt st be e 54
FAGUIE A-T1. DG N=T ittt s e e be e be et e e sae e st e esa e baesseesseassesssesssesssesssasseenseenseans 55
Figure A-12. DG-N-14 ettt et e e st st 55
FIGUIE A-13. DG N=17 ittt ettt sttt st b ettt be st be et ene 55
FAgUre A-14. DG-IN-19 .. ettt ettt e bt e b e bt et e et satesbeesbeenteenteens 55
FAigUIe A-15. DG-IN-20......cocieiieiieiteiteteete ettt e et e s ae st e steesae e beesbeesseesseassesssesseesseesseessesssesssesseenseeseans 55
FIUIe A-16. DG-N-22 ..ottt sttt 55
FIGUIE A-17. DG-N-23 . ittt sttt sttt b e st b et b e st b st be st et e bt ene 56
FIgure A-18. DIG-N=33 ... ittt sttt sttt sttt sttt st b e st be e 56
FAGUIE A-19. ANA-5-1 oottt ettt ettt s bt e s te e beesbeesbeesbeesbesssesseeseesseassesssesssesseenseensenns 56
Figure C-1. Micro-FTIR analyses of carbonated experiment DG-5-1 using 100 pm spot size .................... 76
Figure C-2. Micro-FTIR analyses of carbonated experiment DG-5-1 using 170 pm spot size .................... 76
Figure C-3. Spectra of dolomite, calcite crystal and pressed powder of the same crystal .............ccccceeenee 77
Figure C-4. Micro-FTIR analyses of non-carbonated experiments DG-N-3 and DG-N-7 ........cccccceeeenene 78
Figure C-5. Micro-FTIR analyses of carbonated experiments DG-5-4, DG-5-9, DG-5-11, and DG-5-17 ..79
Figure C-6. Transmission results of powdered and pressed carbonated experiment DG-5-7 ...........ccc......... 79
Figure C-7. Micro-FTIR analyses of carbonated experiment And-5 ..........cccceoieieieiieninenieieieieee e 80
Figure C-8. Micro-FTIR analyses of carbonated natural andesites...........ccevvvereerieiiieiienienieeie e 81
Figure C-9. Reflected light image of carbonated experiment DG-5-1 ........c.cccceeoveieiiininiinininiiieiercnienns 82
Figure C-10. Reflected light images of carbonated experiment DG-5-1 FTIR analysis spots..........c...c...... 82
Figure C-11. Reflected light image of carbonated experiment DG-5-4 ...........cccoiiiiiiiiiniiiieeeee e 83
Figure C-12. Reflected light images of DG-5-4 FTIR analysis SPOLS .......ccecvverveeriieieiierienieenieereereseneneens 83
Figure C-13. Reflected light image of carbonated experiment DG-5-9 .........ccccceviiiiininininininiincncne &3
Figure C-14. Reflected light image of DG-5-9 FTIR analysis SPOt ........cccverieiiriieiieiieneeieee e 83
Figure C-15. Reflected light image of DG-5-11 FTIR analysis SPOt .......cccceceeieieierienieniese e 84
Figure C-16. Reflected light image of DG-5-17 FTIR analysis SPOt .......ccccecvevveicieiceerieneeie e eeeeeeesveeniens 84
Figure C-17. Reflected light image of non- carbonated experiment DG-N-3..........ccccocevininininiinenenenens 84
Figure C-18. Reflected light images of DG-N-3 FTIR analysis SPOtS ........cccceereererierienienieeeeieeeeeie e 84
Figure C-19. Reflected light image of non- carbonated experiment DG-N-7.........ccccccoeivininiiniiniinnenenene 85
Figure C-20. Reflected light image of DG-N-7 FTIR analysis SPOt ........cccceeveruiecieieerienienieeieeeeenesieeneens 85
Figure C-21. Reflected light images of three And-5 FTIR analysis SPOtS. .....c..cocceerereneneninieieienienienens &5

vil



List of Tables

Table 1-1. Calculated partial molar volumes of CO, from previous Studies. .........ccceevvieiieierienieerieeeennennnn 7
Table 2-1. Composition of peridotite KLB-1, PERC, and our simplified starting compositions.................. 10
Table 2-2. Elastic parameters for endmember olivines used to calculate density ..........cccceevveveriinieneennnnne 14
Table 4-1. Carbonated experimental run conditions and reSults............ccccvevieviiciiiciiiieniee e 25
Table 4-2. Non-carbonated experimental run conditions and result ............cccoeeeveieiiieriieneenie e 25
Table 4-3. Best fit Birch-Murnaghan EOS parameters used for ¥ ¢, , caleulation ..o 28
Table 4-4. Composition used to calculate I7co S 29
Table 5-1. Zero pressure density and thermal expansion parameters used to calculate DG-5 and DG-N
COTMIPIESSION CUTVES. .. teeuvtenteeueeeueeeneanseaseanteaneeaseesseeaseaseanseamseeaeeaseaaseanseanseanseensenseenseanseensesneesneesseesneenseanseans 35
Table 5-2. Birch-Murnaghan EOS parameters for different neutral buoyancy results...........cccceoererenenene 36
Table 5-3. Mineral sphere elastic PArAMELETS. .........cuevverieeriieriieieeeeeeesteereereeaesaesseesseessesssesssesseessaesseensenns 37

Table 5-4. Neutral buoyancy density values at experimental pressures and 1850°C for DG-5 and DG-N ..38
Table 5-5. Best fit Birch-Murnaghan K7 values to different neutral buoyancies for DG-5 and DG-N......... 38

Table 5-6. Composition sets used in calculating 17502 ¢ ettt ettt et e st eea bt e st e et e sbeeebee s 40
Table 5-7. ;002 values for each composition and each NB at pressure .........ccocvevvveeveeienieneenieecieseeseene 40
Table 5-8. Vcoz values for each composition using Mo instead of MoOs.......cocceeiieiiiiiiniinieiieeeee 42
Table 5-9. 7002 values for each COMPOSItION At PIESSUIE......ccuverrierreeieiiereerieesteereeeesseesseeseeseessessaesseennes 43
Table 6-1. Kimberlite Melt COMPOSTLIONS ......eeviiiieieieieiieeitiete et et et esteebeeteeaesteesteesaeesseesnessnesseesseesseeseans 45
Table 6-2. Birch-Murnaghan EOS elastic parameters for kimberlite melt with only 10.0 wt% CO, ........... 47
Table A-1. Experimental run conditions and results for carbonated experiments. ........c..cccceceeveevererenennns 52
Table A-2. Experimental run conditions and results for non-carbonated experiments. .............cccoeceeeueennene 54
Table A-3. Experimental run conditions for “andesite” eXperiment. ............ceecveevereereenreerieeeeeeeseesreennens 56
Table B-1. EMPA operating conditions, standards, and experiments analyzed with an Ag-coat................. 60
Table B-2. EMPA operating conditions, standards, and experiments analyzed with an Au-coat................. 61
Table B-3. Average electron microprobe values for carbonated experiments DG-5-1,4, 7, 8, 9................ 63
Table B-4. Average electron microprobe values for carbonated experiments DG-5-11, 14, 16, 19............. 64
Table B-5. Average electron microprobe values for carbonated experiments DG-5-17..........ccccveveevennns 65
Table B-6. Average electron microprobe values for carbonated experiments DG-5-22, 23..........cccccevveneene 66

Table B-7. Average electron microprobe values for non-carbonated experiments DG-N-3, 7, 9, 13, 14.....67
Table B-8. Average electron microprobe values for non-carbonated experiments DG-N-17, 19, 21, 24, 25,

3L, 33 ettt h e bt h bt h b h et b ettt a et aena e enen 68
Table B-9. Average electron microprobe values for non-carbonated experiment DG-N-22. ...........c..ccc..... 69
Table B-10. Average electron microprobe values for non-carbonated experiment DG-N-22. ..................... 70
Table B-11. Starting composition for carbonated "andesite" MiX. .......c.cceooeerierirniiiiiinieniee e 71
Table B-12. Average electron microprobe values for carbonated experiment And-5..........cccceceevievenenennene 72
Table B-13. Average electron microprobe oxide values for C-coated carbonated experiments DG-5-9, 14,

16, 19, 21, 22, 23 1ottt h bbbttt b bbbt 74
Table B-14. Average electron microprobe oxide values for C-coated non-carbonated experiments DG-N-7,

14, 20, 22, 231 ettt ettt bbbttt a e e b et eb e n e n e a e enes 74
Table C-1. Micro-FTIR analytical conditions with approximate amount of CO5> present in sample. ......... 75

viii



Chapter 1

Carbon dioxide is present in the mantle of the Earth and as one of the most
abundant volatile species in the Earth, its effect on melt behavior needs to be well
understood. The presence of carbon dioxide affects the behavior of mantle melts by
lowering their density and solidus and liquidus temperatures; therefore how CO; interacts
with mantle melts must be studied and understood so that mantle processes can be
quantified. One way to quantify the effect of CO, on a mantle melt is by determining its
partial molar volume (?coz ), and how this value changes with pressure. Using an
average upper mantle composition, derived from a peridotite partial melt, we have
experimentally determined I7co2 at upper mantle pressures.

Molar volume cannot be measured directly so we must use a modified version of
Equation (1-1), and simple compositions with known densities to calculate I7co2 . In

order to accurately do this, two simple peridotite-derived komatiite compositions were
synthesized with similar major element abundances except that one composition had an

added 5.7 wt% CO,. We experimentally determined the densities of each melt, and were
able to approximate the ?co2 from the differences between the densities of the two
compositions.

Molar volume (17) is an intensive variable that, ideally, is not controlled by the
amount of the component, i.e. the number of moles of the component in the system, but
can be controlled by changes in the system such as in temperature and pressure. When a

melt consists of many liquid oxides, the change in volume that 1 mole of each oxide



imparts on the melt is its partial molar volume (7). If the ¥, s of all components and

their amounts (X;) are known then the melt density can be calculated using:
p=2 XM [XV, (1-1)

where p is the density of the melt, X; is the mole fraction of liquid oxide component i, M;

is its gram formula weight, and ¥, is its partial molar volume (Bottinga and Weill, 1970).

For example: CO; is a gas at Standard Temperature and Pressure (STP, 25°C and 1 atm)
and 1 cm’ of this gas contains approximately 2.5x10" CO, molecules, whereas 1 cm® of
Si0,, a solid at STP, consists 2.7x10** molecules: three orders of magnitude more than

CO,. In order to compare CO, and SiO, they are converted to molar volumes (cm’/mol)

o= 1 . ) ..
using V, =—V,, where n; is the number of moles of component i and V; is its volume.
n.

1

At these conditions, the calculated molar volumes are approximately 24,500 cm®/mol for
CO,, and 22.8 cm’/mol for SiO,, which makes sense because CO, under these conditions
is a gas and 1 mole of a gas has a larger volume than 1 mole of a solid.

Carbon in the Earth

As CO; is one of the most abundant volatile species in mantle-derived magma
source regions (Anderson, 1975; Canil and Scarfe, 1990), it is vital to understand the
effect it has on melt behavior. Carbon dioxide’s effect on a melt’s density and
eruptibility must be quantified in order to fully detail mantle processes. Carbon dioxide
is found outgassing from volcanoes and is seen as carbon in the form of graphite and
diamonds. Carbon entered the mantle during the accretion of the planet and/or by
meteorite impact on the early Earth’s magma ocean (i. e. late veneer when volatile-rich

bodies impacted the Earth after accretion creating a volatile layer on the Earth’s surface



see Kuramoto, 1997; Turekian and Clark, 1975 for discussion), and enters the mantle
today by subduction of ocean slabs in minerals such as magnesite and dolomite. The
actual amount of CO; in the interior of the Earth is unknown, but estimates can be made
based on element ratios, volcanic gas measurements, recycling models, and through
analysis of mantle rocks (McDonough and Sun, 1995; Taran et al., 1998). Depending on
which mantle rock is analyzed (peridotite, basalt, kimberlite, komatiite) estimates of the
amount of CO; in the primitive mantle range from 230-550 ppm (Wyllie and
Ryabchikov, 2000; Zhang and Zindler, 1993), and <50 to >500 ppm carbon in the Earth’s
upper mantle today (McDonough and Sun, 1995).

The presence of CO; in the mantle affects properties such as liquidus and solidus
temperatures, melt density, and the behavior of partial melts in the mantle (Bourgue and
Richet, 2001; Eggler, 1978; Hirose, 1997; Liu and Lange, 2003; Wendlandt and Mysen,
1980). To explore the behavior of CO; at elevated pressures and temperatures, numerous
studies have been carried out. Many studies have focused on the solubility of CO; in
various mantle compositions, measuring the amount of CO; dissolved in different partial
melt compositions (Dobson et al., 1996; Pan et al., 1991; Stolper and Holloway, 1988;
Thibault and Holloway, 1994). The findings from this previous work show that pressure,
temperature, and composition have a significant effect on the solubility of CO; in silicate
melts (Brooker et al., 2001a; Dasgupta and Hirschmann, 2007; Dixon et al., 1995; Eggler
and Rosenhauer, 1978; Mysen et al., 1976; Taylor, 1990), with pressure increasing
solubility dramatically, temperature decreasing solubility, and melts with non-bridging
oxygen (NBO) to tetrahedral network-forming cation (T, e.g. Si*" and Al’") ratios greater

than zero showing the highest CO, concentrations.



Carbon dioxide is most soluble in mafic and ultramafic melts because of the
increased NBO/T ratios most affected by lower amounts of Si0,. The silica tetrahedra
polymerize the melt creating bridging oxygens. In order for CO, to enter a melt there
must be non-bridging, or “free”, oxygens for the molecule to bond with (Brooker et al.,
2001a). This creates the carbonate anion in the melt, the most common form of carbon in
mantle melts (Mysen et al., 1976). Studies done on the forms of CO, in basaltic melts
using Raman spectroscopy and Infrared spectroscopy found that while CO3” is most
common, molecular CO, and CO are also possible in melts with lower NBO/T ratios such
as andesite or rhyolite (Brooker et al., 2001a; Dixon and Pan, 1995; Fine and Stolper,
1985; Lange, 1994) These studies determined that the form of carbon in the melt is
affected by the availability of non-bridging oxygens. Non-bridging oxygens are created
when network modifying cations (e. g. Mg*", Ca*") enter the melt and break the bonds of
Si0, and Al,Os tetrahedra. Those melts with NBO/T < 0.5 will tend to contain dissolved
CO,, while melts with NBO/T > 0.5 are more likely to contain C032', along an
approximately linear relationship. An ultramafic composition, such as komatiite, will
dissolve CO,, as CO5”, and is appropriate as an upper mantle analog, and therefore is our
choice for this study.

Composition

The upper mantle of the Earth is thought to be roughly peridotitic in composition.
Peridotite was first proposed by Bowen (1928) based on mantle seismic velocity and
basaltic magma compositions which are thought to be partial melts of peridotite. Since
that time, peridotite has been further investigated and found to fit the geochemical and

geophysical properties of the mantle (Palme and O'Neill, 2003; Ringwood, 1966). Many



peridotite xenoliths exist on or near the Earth’s surface and have been studied thoroughly.
Such xenoliths are present in southern New Mexico at Kilbourne Hole. A sample from
this site, KLB-1, was studied by Takahashi (1986) because it was thought to represent an
undepleted, upper mantle composition and is similar to the pyrolite composition for the
mantle proposed by Ringwood (1966).

A simplified version of a partial melt of this peridotite sample — a komatiite,
containing only major elements, was used for these experiments because of its standing
as a good upper mantle average and its ability to take large (~5 wt%) amounts of
dissolved CO; into its melt structure. As stated above, CO; should dissolve in the melt as
COs5> due to the ultramafic nature and the NBO/T value of the experimental composition.
The NBO/T value for our composition is approximately 0.93 and, as shown in Figure 3 of
Brooker et al. (2001a), this NBO/T value indicates that ~6.0 wt% CO, can dissolve in the
melt at 1.5 GPa for simple, Fe-free compositions. Dixon (1997) modeled CO, solubility
in Fe-bearing, more Mg-rich compositions and determined a compositional parameter, I1,
to describe CO, solubility. This parameter is based on melt depolymerization (i. e. the
amount of Si*” and AI*" present in the melt) and the potential of cations to react with
carbonate (i. e. network modifying cations that form non-bridging oxygens), where
I =-6.50(Si*" + A’") +20.17(Ca*" 0.8K'" + 0.7Na'" + 0.4Mg*" + 0.4Fe"), with the
cations in molar proportions. The I1 parameter for our experimental composition is
approximately 1.48. This indicates, from Figure 2B of Dixon (1997), that our melt will
dissolve ~4.0 wt% CO; at 2.0 GPa. Due the pressure affect on CO; solubility, our

experiments done at pressures above 3.5 GPa, should easily dissolve > 5.0 wt% COs.



Previous Studies

Earlier studies indicated that dissolved CO, should have a large effect on silicate
liquid density (Bourgue and Richet, 2001; Dasgupta et al., 2007), however there are few
experimental data at high pressure on possible mantle compositions. Here we contribute
to this database by determining the densities of carbonated komatiite melt and the same
melt with no CO; at high pressure. Using these data, we were able to derive the partial
molar volume of CO, (Vcoz) by difference in the silicate melt as a function of pressure
using a modified version of Equation (1-1). Our results bridge the large gap between
1 bar and 19.5 GPa, where Vco2 has been measured.

Previous studies have determined the partial molar volumes of other liquid oxides
(e.g. Ca0O, MgO, H,0) in order to better determine the origin and behavior of magmatic
systems (Agee, 2008a; Lange and Carmichael, 1987). Using a Equation (1-1) and the
molar volumes of melt components, the density of the melt can be determined using
thermal expansivity (0V/0T) values at a given temperature. By knowing the density and
composition of carbonated and non-carbonated silicate melts of similar major element
abundance, the difference between the melt molar volumes will be Vcoz- Determining
;COZ values at various pressures will lead to the derivation of a compression curve,
which describes how Vcoz changes with pressure. This curve can then be used to explain
the behavior of carbonated silicate melts in the upper mantle.

Studies done on carbonated compositions that measured the density of the melt
can be used to estimate T7co2 for those compositions (Table 1-1). Since most of these

studies were done with carbonate compositions rather than silicate, it may not be

appropriate to apply the ?coz values determined to carbonated silicates, such as in the

6



mantle. Also, many of these experiments were performed at 1 bar, and cannot be used to

constrain the V co, compression curve at high pressure.

Table 1-1. Calculated partial molar volumes of CO, from previous carbonate and
carbonated silicate studies.

" V P

Composition (cmsironzol) (GPa) (°C) Reference
CaCO; 25.81 1.0x10* 827 Liuand Lange (2003)
Na,COs 28.73 1.0x10* 827 Liu and Lange (2003)
K>CO3 32.35 1.0x10™ 827 Liu and Lange (2003)
CaCO; 33.36 0.1 1364 Genge et al. (1995)
K>Ca(COz3), 3520 1.0x10™ 1677 Dobson et al. (1996)
K>Ca(COz3), 31.76 2.5 1677 Dobson et al. (1996)
K>Ca(CO3), 29.92 4.0 1677 Dobson et al. (1996)
Tholeiite 23.14 0.1 1200 Pan et al. (1991)
MORB 33.00 0.1 1200 Stolper and Holloway (1988)
Ca-rich Leucitite 22.03 0.1 1200 Thibault and Holloway (1994)
Alkaline silicate melts 19.90 2.0 1400 Liu and Lange (2003)
Carbonated MORB 20.98 19.5 2300 Ghosh et al. (2007)

A preliminary compression curve for ;co2 was determined by Ghosh et al.
(2007). They used sink/float experiments at 19 and 20 GPa with a diamond buoyancy
marker and determined the VCOZ for a mid-ocean ridge basalt (MORB) to be
20.98 cm’/mol at 19.5 GPa and 2300°C. In order to calculate an equation of state for
;COZ’ Ghosh et al. (2007) calculated 1 bar, 2.5 GPa, and 4.0 GPa Vco2 values from the
carbonate liquid density studies of Genge et al. (1995) and Dobson et al. (1996),
correcting for temperature using 0V co,/0T = 4.0 x 10~ cm*/mol-K (Liu and Lange, 2003)
(Table 1-1). They then derived values for the isothermal bulk modulus (K7= 3.7 GPa)
and its pressure derivative (K’ = 9.0) from the Vinet equation of state (EOS).

Since the effect of composition on ;coz is thought to be negligible only for
silicate melts in the range of 40 to 80 mol% SiO, (Bockris et al., 1956; Bottinga and

Weill, 1970; Shartsis et al., 1952; Tomlinson et al., 1958), carbonate melt compositions



with no Si0, may not accurately describe ;COZ for silicate melts. Because the presence of

Si0, in a melt will alter melt structure from that of a carbonate melt, it follows that the

1 bar, 2.5 GPa, and 4.0 GPa Vco2 values, which were calculated from carbonate

compositions and not silicate, may not be accurate to apply to Si-bearing mantle analogs.
Our experiments on carbonated silicate melt now fill in the gap between 1 bar and
19.5 GPa thus removing the need to rely on non-silicate-bearing melt high pressure data.

With an updated Vco2 compression curve, based on carbonated silicate melts, the

densities of these melts can be defined more accurately at upper mantle pressures. These
densities are important to know so that the physical properties and behaviors of
carbonated silicate melts, e.g. kimberlite buoyancy and eruption, can be described more

accurately.



Chapter 2
Experimental Procedures
A simplified komatiite starting composition was chosen for the experimental runs
based on the composition of Dasgupta et al. (2007) (Table 2-1). This composition
(PERC) was a carbonated partial melt derived from peridotite KLB-1. The KLB-1
sample is a good representation of an undepleted, average upper mantle (Takahashi,

1986), and therefore a good analog to determine Vcoz in a carbonated silicate melt. The
simplified composition was used to ensure there was no compositional control on Vcoz ,

which may be influenced by the form of carbonate present in the melt (CaCOj; rather than
K,COs3, Na,COs: Liu and Lange, 2003). Two komatiite mixes were made with the same
major element abundances using reagent grade powdered oxides. One mix, DG-5,
contained CaCOs which translates to approximately 5.7 wt% CO, (Table 2-1). This
amount is more than is found in partial melts derived from peridotite compositions (~90-
134 ppm in the MORB source region: Shaw et al., 2010), but was chosen because it
should be detected easily by analytical methods. The other mix, DG-N, only contained
CaO so that a non-carbonated baseline density could be determined, which allows for a

more accurate calculation of V co, -



Table 2-1. Composition of peridotite KL.B-1, its
carbonated experimental partial melt (PERC) at 3 GPa,
and our simplified starting compositions based on
PERC + 5 wt% CO,.

Oxide KLB-1 PERC  starting Material
(Wt%) Takahashi Dasgupta
°)  (1986) etal (20077 DG-5 DG-N

SiO, 4448 4319 4336  46.69
TiO, 0.16 0.47
AlLO;  3.59 7.27 6.97 7.30
Cr,0;  0.31 0.33
FeO 8.10 9.64 10.02 10.60
MnO 0.12 0.20
MgO 39.22 2592 26.63 28.29
CaO 3.44 7.30 7.29 7.13
Na,O  0.30 0.57
KO 0.02 0.04

NiO 0.25

CO; 5.09 5.72

Total 99.99 100.00 100.0 100.00
NBO/T n/a 0.93 n/a
1 n/a 1.48 n/a

Mg# 89.62 8262 8258 8264

The sink/float experimental method (Agee and Walker, 1988, 1993) was used in
order to determine the density of the melt in each experiment. This was accomplished by
loading the powdered starting composition into molybdenum (Mo) capsules along with
two mineral spheres. Molybdenum capsules were used because of the oxygen fugacity
(foz ~1+ Iron-Wustite oxygen buffer) they impart on the charge and for the lack of
influence that dissolved Mo has on the melt structure (Agee and Walker, 1988). The
capsule, lid, and both mineral spheres were cleaned with ethanol in a sonicator for
50 seconds and allowed to dry before use to ensure no contamination of the experimental
melt composition. Approximately 10 mg of the powered mix was loaded into the capsule
with spheres; the capsule contents were layered: mix-sphere-mix-sphere-mix, so that
there was no contact between the spheres and capsule walls to which the spheres could

adhere during the run which would restrict their movement. This layering was also done
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to ensure that one sphere was near the bottom of the capsule, while the other was near the
top, to allow for enough space for their movement and making any movement easier to
determine after the run.

Mineral spheres of known density were used to calculate the density of the

experimental melt, which in turn allowed for the calculation of Vcoz . These mineral

spheres, or density markers, have well defined density/pressure (compressibility) curves
with constant temperature. Starting with forsterite 100 (Fo100), which was the lowest
density mineral used, the compressibility curves of the two melts was constrained at low
pressure (~4 GPa). San Carlos olivine, approximately forsterite 90 (Fo90), was used to
constrain the compressibility curves of the silicate melts at increasingly higher pressures
(between 4 and 6 GPa) to begin to fill in the gap between 1 bar and 19.5 GPa. Melt
density was determined by relative sphere placement at the end of the run. If the mineral
spheres were denser than the experimental melt, they sank, while if they were less dense
they were located at the top of the capsule at the end of the run. The ideal pressure and
temperature conditions need to be reached where the spheres and melt have the same
density — a neutral buoyancy — where the relative sphere positions remain unchanged
from their initial placement.

A brief note on olivine sphere size — mineral spheres were made using the Bond
air mill technique which uses air pressure to push mineral fragments around a chamber
that is lined with carbide paper thereby grinding them into “spheres” (Bond, 1951). Ideal
size is between 400 and 650 microns determined from these experiments. We found that
spheres bigger than ~700 um do not have enough space to move in the capsule and yield

false neutral buoyancy results. We also found that spheres smaller than ~350 um melted
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completely during the experiment and consequently their relative positions could not be
determined.

Experiments were run in a Walker style multi-anvil press at the University of
New Mexico using 8 mm truncated edge length (TEL) WC cubes, suitable for
experimental run pressures of this study. Once the capsule was loaded and capped with a
friction fit Mo lid, it was placed in a 14 mm octahedral edge length ceramic octahedron
with crushable alumina spacers above and below it to keep the capsule centered in the
heater next to the W26%Re and W5%Re thermocouple connection, and a hard-fired
alumina sleeve around the capsule to ensure no contact with the rhenium heater
(Figure A-1). The octahedron was then surrounded by the WC cubes connected by
circuit boards to ensure no contact with the metal anvils of the pressure vessel.

The charge was then pressurized to the appropriate value for the run and held
there while temperature was applied using a Eurotherm 3504 temperature controller. The
temperature was set above the liquidus of the experimental composition to ensure
complete melting, and the ramp rate was fast, approximately 350°C/minute in order to
keep the mineral spheres from melting. Once the target temperature was reached, the
experiment was held at pressure and temperature for 20-60 seconds. This is enough time
to ensure melting without the formation of equilibrium crystals which would affect
sphere movement (Agee and Walker, 1993). After time elapsed, the experiment was
quenched by turning off the temperature controller. Once the experiment depressurized,
the capsule was removed from the press and octahedron, mounted in epoxy and allowed

to set overnight.
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Once set, the experimental charge was ground into to expose the inside of the
capsule. This allows for confirmation of melting by the presence of quench crystals

visible under the optical microscope, and the determination of relative sphere position

(Figure 2-1).
: - Fo100
] e 1
Melt
Fo100 g 3

Figure 2-1. BSE images of experimental run products with Fo100 spheres. a) Sink DG-5-9,
b) Float DG-N-7

For each melt composition and each mineral density marker, a neutral buoyancy,
sink and float are required to ensure the accuracy of the density measurement. The
exception is when the sink and float are within a few tenths of a GPa of each other in
which case a neutral buoyancy is not required. From the neutral buoyancy result, the
density of the melt can be calculated using the density of the mineral spheres. The
density of the melt at neutral buoyancy run conditions was calculated using elastic
properties for the mineral spheres (Table 2-2), assuming linear mixing of the olivine

endmembers, and the third order Birch-Murnaghan EOS:
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where P is pressure in GPa, K7 is the isothermal bulk modulus of the mineral spheres, K’
is its pressure derivative, p is the density of the spheres at experimental pressure, and py

is the zero pressure density at the experimental temperature, which can be written as:

T
Pro = pPas(D)exp [a(T)dT 2-2)
298

in which the thermal expansion « is defined as:
al)=a,+ao,T + a,T™ 2-3)

Table 2-2. Elastic parameters for endmember olivines used to calculate density with the
3" order Birch-Murnaghan EOS.

Mineral  Kr(GPa) K' dKAT a,(x10°) a;(x107) ar Vo (cm®mol)
Forsterite ~ 127.5° 4.8% -0.02° 3.034 7.422 -0.5381° 43.68°
Fayalite 134.6° 52" -0.024° 2386 1153 -0.0518%""  46.22'

# (Jacobs and de Jong, 2007), ® (Liu and Li, 2006), ¢ (Suzuki, 1975), ¢ (Hushur et al., 2009),
¢ (Graham et al., 1988),  (Isaak et al., 1993), ¢ (Suzuki et al., 1981), " (Smyth, 1975),
' (Hazen, 1977)

Once sphere position was determined using the optical microscope, the run
products were analyzed using the JEOL JXA-8200 electron microprobe and Fourier
Transform micro-Infrared Spectroscopy (FTIR). This was done to ensure CO, was
retained during the run, and acted as a check on the melt composition. (See Chapter 3
and Appendices B and C for complete discussion on analytical techniques.)

After melt density was calculated and composition was confirmed with the

microprobe, the partial molar volume of CO, (Vco2 ) of the carbonated melt was

determined at the pressure and temperature of the experimental run using a modified
version of the equation of Bottinga and Weill (1970) (see Appendix A for conversion

steps):
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I7C}SZT = {(ZMI‘XI'//O?OZJ_KZMI‘XI‘ —M o, X co, j/pﬁ’T}}/Xcoz (2-4)

where Xco> is the mole fraction of CO, in the melt, Mo, is the molar mass of CO,, pg’OTZ

is the density of the carbonated melt (DG-5) at the neutral buoyancy pressure and

temperature, p." is the density of the non-carbonated melt (DG-N) at neutral buoyancy
pressure and temperature. The Vcoz was calculated at every neutral buoyancy pressure

and at 1850°C to create the compression curve from 1 bar to 19.5 GPa, using our data

combined with literature data.
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Chapter 3
Analytical Techniques

The run products were analyzed with the electron microprobe (EMPA) for major
elements to verify consistency with starting composition and to quantify Mo ingress. In
previous studies (Dalton and Presnall, 1998; Ghosh et al., 2007) the CO, content of
quenched melt run products were determined by difference from 100% electron
microprobe totals. Although this method has been widely used previously, it is not an
ideal way to determine volatile content, so in this study we attempted to determine bulk
carbon content using a JEOL JXA 8200 electron microprobe with silver or gold coatings
on the sample and standard surfaces. Overall, our analyses for carbon were broadly
consistent with the starting CO, content, as well as the CO, content estimated by
difference from 100% totals, confirming that CO; loss during the experiments was
negligible or minor.

We also attempted to analyze the run products using Fourier Transform micro-
Infrared Spectroscopy (FTIR) in reflectance and transmission modes, which detects
carbon-bearing species such as CO, CO, and COs>. While this technique is proven for
homogeneous glasses, it was not successful for our run products because they contained
heterogeneous quench crystals distributed with glass domains. An added complication is
tiny, highly reflective Mo blebs dispersed in our quenched melts that may induce scatter
or interference of the FTIR beam, masking the C-O signal. Future work may improve this
technique by employing high spatial resolution IR spectral maps which would aid in

characterizing small heterogeneous samples from high pressure solid media devices.
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We note that earlier work by Dixon (1997) predicts that our melt composition
should readily take 5.7 wt% CO, (most likely as COs*: Mysen et al., 1976) into solution
at the high pressures of our experiments (see Chapter 1-Composition). Supporting
evidence for complete solubility of CO, comes from lack of bubbles or supercritical fluid
phases in our run products. To test this we ran some experiments with 5.7 wt% CO, at
low pressure (1 GPa) and observed fluid phase bubbles in our quench melt, consistent
with the expectation of lower CO, solubility at modest pressures.

Electron Microprobe

The convention for determining the amount of CO, in carbonated samples with
the electron microprobe is to calculate it by difference. In this procedure, a sample is
analyzed for all oxides except CO; and it is assumed that the deficit from a total of 100%
is due to CO,. Carbon is usually analyzed directly by some other means (e. g. FTIR,
Raman spectroscopy) thereby confirming that the microprobe deficit is due to CO,. This
method has been used repeatedly with some success, but is not ideal. However, the
samples analyzed are typically natural or experimentally quenched glasses. In these
experiments the quench product is quench crystals containing small areas of glass, not a
clear glass, which is typical for ultramafic compositions. Because the quench crystals
cause the sample to be extremely heterogeneous, and can become large (~10-50 pm wide
and a few 100 pm long) creating abrupt grain boundaries that a glass does not have,
microprobe analysis is difficult. Nevertheless, we tried to detect carbon directly with the
microprobe.

Clearly when analyzing for carbon in the electron microprobe, the samples cannot

be carbon-coated. We began by using a silver-coat (Ag-coat) which we applied to the
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experiments and standards (McGuire et al., 1992). The first set of standards were SiC for
C; olivine for Si, Mg, and O; and andradite for Fe, Al, and Ca. The standard for Mo was
the capsule of an experiment, because there was no readily accessible Ag-coated Mo
standard. We began with an accelerating voltage of 15 kV, a current of 2.5x10® A, and a
beam diameter of 20 um, which are ideal operating conditions to analyze silicate glasses.
All analyses were done using the Wavelength Dispersive Spectrometer (WDS) on a metal
basis using @pz correction and a LDE2 crystal to detect carbon. There was some
difficulty accurately detecting carbon — it was present in non-carbonated samples in

similar amounts as those found in the carbonated samples (Figure 3-1).
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Figure 3-1. EPMA for CO, of Ag-coated experiments. The amount of CO, was calculated two ways:
1. Based on the amount of C detected by the microprobe (Probe Carbon), 2. Based on the by
difference method described above (By Difference). The carbonated experiments (DG-5) Probe
Carbon amounts are turquoise, and the By Difference are purple. The non-carbonated experiments
(DG-N) Probe Carbon amounts are red, and the By Difference are orange. On average, the amount
of CO, determined from Probe Carbon is the same for the DG-5 and DG-N experiments.
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We then tried using a gold-coat (Au-coat) along with different carbon standards
and different operating conditions to see if we could reduce the background amount of
carbon (the carbon detected in non-carbonated samples) which could then be subtracted
from the carbon amount detected in the carbonated samples. See Table B-1 for all
Ag-coated operating conditions and the experiments analyzed, Appendix B for our other
attempts at detecting carbon directly, and Tables B-3 through B-10 and B-12 through
B-14 for the analytical results.

We have not yet definitively detected carbon accurately with the electron
microprobe. For these particular samples — which contain heterogeneous quench
crystals — it seems that there is no difference between the Ag- and Au-coats when
analyzing for carbon, although the Ag-coat seems to work better for oxygen detection.
For the Au-coated samples, for which there is more variation in analytical operating
conditions, it appears that a spot size of 50 pm gives a better average over the sample,
along with a lower accelerating voltage 10-12 kV and an increased current of 4.0x10™® to
8.0x10™® A. Dasgupta and Walker (2008) used the electron microprobe to analyze for
carbon in Fe-Ni-carbides and found that a reduced peak counting time reduced the
background carbon detected (10 second peak measuring time, 5 second background
measuring time). We have not been able to replicate these results most likely due to the
state of carbon in our samples: carbonate rather than carbide. The limited success we had
with the Ag-coats and conditions needs to be reproduced and more conditions need to be

tested to try and reduced the carbon background.
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Fourier Transform Infrared Spectroscopy

Due to the ambiguity in the electron microprobe analyses and the different
analytical conditions of FTIR, we also tried FTIR in our quest to detect carbon in our
samples. This method is much more accurate than EMPA when analyzing for light
elements such as carbon, oxygen and hydrogen, but will also detect silicon, aluminum
and iron. FTIR has been used on many natural and experimental carbonated glasses with
success. We therefore utilized this method to analyze our carbonated quenched melts.

Carbon can take many forms in magma; the most common form is the carbonate
anion (Mysen et al., 1976) though CO; and CO are also possible (Brooker et al., 2001b;
Dixon and Pan, 1995; Fine and Stolper, 1985; Lange, 1994). The form that carbon
should take in these experimental melts should be CO;” due to the ultramafic
composition (see Chapter 1-Composition). The carbonate anion’s v3 antisymmetric
stretch usually appears as a doublet in IR spectra located approximately at 1550 and
1420 cm™. The exact location, shape, and size of this doublet depend on the state of the
anion in the melt. The typical splitting of the doublet, the distance between the peaks
measured as Av3, in silicate melts is between 70 and 100 cm’! (Brooker et al., 2001b;
Fine and Stolper, 1986; King and Holloway, 2002). This splitting largely depends on the
distortion of CO3>. With more depolymerized silicate melts such as the one in this study,
the distortion is less and Av3 becomes smaller. This may be due to the presence of Ca*"
which depolymerizes the melt and bonds with CO5”, in which case there should be a
peak around ~1461 cm™ with Av3 <80 cm™ in our samples (Brooker et al., 2001b).
Although for “poorly quenched” samples, i. e. samples that are not glasses such as our

experiments, a single peak (Av3 =0 cm™") may exist at ~1440 cm’™.
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We used micro-FTIR in reflectance mode to analyze the experiments with a KBr
beamsplitter. The metal coating necessary for the electron microprobe analyses was
removed and the samples were cleaned with acetone before being placed under the FTIR
microscope. In order to have the microscope in focus while still keeping a seal around
the sample to minimize the background, the epoxy mounts had to be cut down
significantly with a diamond saw to < 3 mm thick. Spectra were collected either before
or after a background was collected on an Au plate, which was necessary in order to
subtract out any atmospheric signal in the sealed chamber under the microscope. The
resultant reflectance spectra that were collected were smoothed using either a 21 or 11
point window, depending on the resolution, and converted into absorbance spectra using
Kramers-Kroning conversion. Absorbance spectra are quantitative, so from the intensity
of the peaks the amount of carbonate in the quenched melt can be calculated.
Unfortunately, we were not able to detect carbon in any form in our samples, see
Appendix C for full details.

There are several possibilities that may preclude our ability to find the carbonate.
The potential of a Si overtone is unlikely because the peak we detected in some
carbonated and non-carbonated experiments at ~1420 cm™, disappeared in the smoother
samples. If the peak had been caused by the presence of Si, it would have been present in
all spectra because each experiment contained the same amount of Si. If the carbon is not
in an oxidized form, perhaps as a carbide instead of COs>, FTIR would not detect it.
Because the Mo capsules impart an f, approximately one log unit above IW, the carbon
should be in an oxidized form at the pressures and temperatures of the experiments. The

carbon could be leaking out of the capsule after the experiment is run — during

21



depressurization — as the capsule is not sealed. An experiment was run to be tested on a
sealed gas line where any carbon present could be frozen out and measured (DG-5-20).
The most likely problem is the presence of small Mo blebs in the melt from the capsule.
These metal blebs reflect the IR beam randomly, scattering it so that any carbonate signal
that is present does not reach the detector. Although it would be ideal to re-run the
experiments in sealed Pt capsules, this is beyond the scope of this project.

Experimental CO,

Because we could not accurately detect the amount of CO; in our experiments
with either the microprobe or FTIR, we began to wonder if it was even there, and if so
how much. To be sure that the carbon was actually present during the runs, we ran an
experiment at low pressure where a vapor phase should be present (DG-5-17, see
discussion in Chapter 1-Composition for details). To know the low pressure accurately
for this experiment, a Depths of the Earth quickpress was used. The DG-5 mix was
placed in a Mo capsule without spheres so that any bubbles present would be obvious.
The experiment was held at 1 GPa and ~1780°C for 30 seconds and then quenched
isobarically. During the grinding process, using kerosene and alcohol, the sample was
checked at short intervals using an optical microscope and bubbles were visible
throughout the melt, as well as a high amount of Mo, confirming that CO, was present
during the run.

We are in the process of synthesizing better carbon standards using the same
reagent grade starting powders used in this study to create carbonated silicate glasses
(nephelinite and basalt) by melting and quenching them at low pressure in the piston

cylinder. Once completed, these compositions should give better standard calibrations
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for carbon in a silicate composition, compared to the carbon in carbonates that were used
for this project.

The microprobe values used to calculate Vco2 were collected using Ag-coated
experiments with an accelerating voltage of 15 kV, a current of 2.5x10™® A, and a beam
diameter of 20 um (Table 4-4). These data were used because the oxide totals were much
closer to 100% than those of the Au-coated samples. Between 20 and 30 analyses were
taken for each experiment, and their results averaged to get a bulk composition.
Unfortunately, there is still error when the samples are analyzed, and therefore the

composition used to calculate Vcoz is ideal.
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Chapter 4
Experimental Results

The densities of carbonated silicate melt (DG-5, Table 4-1) and non-carbonated
silicate melt (DG-N, Table 4-2) of the same major element composition were bracketed
by observing the sinking and floating of gem quality olivines Fo100 and Fo90 at high
pressure (Figure 2-1). Detailed run conditions for all successful DG-5 and DG-N
experiments are presented in Appendix A.

A zero pressure density was calculated for each melt (DG-5 py = 2.59 g/em’,
DG-N py = 2.75 g/em’) using molar volumes for the liquid oxides determined by Lange
and Carmichael (1987; Lange and Carmichael, 1990) and combined with our neutral
buoyancy densities at high pressure to derive elastic constants (K7 and K’) for DG-5 and
DG-N Birch-Murnaghan compression curves at 1850°C. The densities were corrected to
1850°C using dp/0Tpg-s = -2.10 x 10™* g/em’*C, and dp/0Tpen = -2.11 x 107 g/em™C.
The DG-5 densities used to calculate the compression curve were the neutral buoyancies
at 4.7+0.1 GPa (3.14+0.05 g/cm3) and 5.9+0.1 GPa (3.31+0.05 g/cm’). The best fit
Birch-Murnaghan elastic constants were K7 = 17.22+0.01 GPa and K’ =3.1. The DG-N
densities used were the neutral buoyancies at 4.0+0.1 GPa (3.12+0.05 g/cm’) and
5.140.1 GPa (3.28+0.05 g/cm’). The best fit Birch-Murnaghan elastic constants were
Kr=22.89+0.01 GPa and K’ = 3.1 (Figure 4-1, Table 4-3). These values are exact, three-
point solutions of the Birch-Murnaghan EOS, however given the small number of
pressure-density data points for each melt, a wide array of possible combinations of Kr

and K’ are also allowable, see Chapter 5.
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Table 4-1. Carbonated experimental run conditions and results, where p is the density of
the melt from the mineral sphere density and p,ss is that density corrected to 1850°C. The
experiments with * are those used for compression curve calculation.

. Pressure Temp Time - o 01850
Experiment (GPa) (°C)  (sec) Spheres Position (g /cm3) (9 /cm3)
DG-5-19 4.1 1800 30 Fo100 Sink <3.13 <3.12
DG-5-9 4.3 1800 30 Fo100 Sink <3.14 <3.13
DG-5-7 4.6 1805 30 Fo 100 NB 3.15 3.14
DG-5-21* 4.7 1800 30 Fo 100 NB 3.15 3.14
DG-5-1 4.7 1815 25 Fo 100 NB 3.15 3.14
DG-5-4 4.8 1825 30 Fo100 Float >3.15 >3.14
DG-5-18 4.8 1850 30 Fo100 Float >3.15 >3.15
DG-5-11 5.6 1850 30 Fo 90 Sink <329 <3.29
DG-5-23 5.7 1950 45 Fo 90 NB 3.27 3.29
DG-5-22* 5.9 1950 35 Fo 90 NB 3.29  3.31
DG-5-14 6.1 1950 30 Fo 90 NB 3.29 3.31
DG-5-16 6.3 1950 30 Fo 90 Float >3.29 > 3.31

Table 4-2. Non-carbonated experimental run conditions and results, where p is the density
of the melt from the mineral sphere density and p,ss is that density corrected to 1850°. The
experiments with * are those used for compression curve calculation.

. Pressure Temp Time " o} P1850
Experiment (GPa) (°C)  (sec) Spheres Position (g/cm3) (g/cms)
DG-N-20 3.9 1850 30 Fo100 Sink <312 <312
DG-N-3 3.9 1850 30 Fo100 Sink <312 <312
DG-N-23 4.1 1850 30 Fo100 NB 3.13 3.3
DG-N-7 4.1 1850 30 Fo100 Float >3.13 >3.13
DG-N-26 4.3 1850 45 Fo100 Float >3.13 >3.13
DG-N-22 4.5 1925 45 Fo 90 Sink <324 <3.26
DG-N-17 4.8 1925 30 Fo 90 NB 3.25 3.26
DG-N-14* 5.1 1925 30 Fo 90 NB 3.27 3.28
DG-N-33 54 1975 23 Fo 90 NB 3.26 3.29
DG-N-13 5.6 1925 30 Fo 90 Float >3.27 >3.29
DG-N-32 5.7 1975 45 Fo 90 Float >3.27 >3.30
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Figure 4-1. Experimental results: up arrow = float, down arrow = sink, circle = neutral buoyancy,
turquoise symbols = DG-5 experiments and best fit Birch-Murnaghan compression curve:

K;=17.22 GPa, K’ = 3.1, p, = 2.59 g/cm’; red symbols = DG-N experiments and best fit Birch-
Murnaghan compression curve: K7 = 22.89 GPa, K’ = 3.1, p, = 2.75 g/cm’, note the “neutral
buoyancy” of the DG-N experiments at 4.0 GPa is not from an experiment, but the midpoint between
the sink at 3.9 GPa and the float at 4.1 GPa. Compression curves for the olivine density markers
(Fo100 and Fo90) were determined at 1850°C.

As shown in Figure 4-1, the carbonated compression curve fits the experimental
data well, but the DG-N (non-carbonated) curve does not. In order to see if the fit could
be improved, we adjusted the py value of the DG-N curve until it passed through the
experimental data (py = 2.46 g/cm’). The DG-5 py was then adjusted by the same amount
(po = 2.32 g/em’) and new compression curves were determined. The best fit elastic
constants then became K7=11.60+0.01 GPa and K’ = 3.1 for the DG-N melt, and
K7r=9.95+0.01 GPa and K’ = 3.1 for the DG-5 melt (Figure 4-2). Even though the new
compression curves are good fits for both melts, a value of py = 2.46 g/cm’ for a non-

carbonated komatiite is comparatively too low when compared to calculated values of
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peridotites and komatiites (py = 2.65-2.85 g/em’, e.g. Agee and Walker, 1988; Suzuki and

Ohtani, 2003), which may indicate that forcing the fit this way is not a valid treatment.

3.45
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3.35 -
o5-3.30 -

E 3.25 A

2
> 3.20 -

D 315 -
N 3.15

Peridotite

3.05 - R
oo 1850°C
295 . T . T .
3.5 4.0 4 5.5 6.0 6.5

5 5.0
Pressure (GPa)

Figure 4-2. Experimental results: up arrow = float, down arrow = sink, circle= neutral buoyancy,
turquoise symbols = DG-5 experiments and best fit Birch-Murnaghan compression curve:

Kr=9.95 GPa, K’=3.1, py=2.32 g/cm3; red symbols = DG-N experiments and best fit Birch-
Murnaghan compression curve: Kr=11.60 GPa, K’ = 3.1, p, = 2.46 g/cm3, note the “neutral
buoyancy” of the DG-N experiments at 4.0 GPa is not from an experiment, but the midpoint between
the sink at 3.9 GPa and the float at 4.1 GPa. Compression curves for the olivine density markers
(Fo100 and Fo90) were determined at 1850°C.

The densities used to create the compression curves were not corrected for slight
differences in the melt composition of each experiment, mostly resulting from the amount
of Mo dissolved in the melt. The presence of Mo, dissolved in the melt mostly as MoOj3,
will change the density of the melt. Based on the average of the variation in melt
composition, more accurate values of py for the DG-5 and DG-N melts are 2.57 g/cm’
and 2.73 g/em’ respectively, similar to those densities used in the above calculations.
This may indicate that the K7 and K’ determined for the poorly fitting curves (Figure 4-1,

Table 4-3) are most accurate in describing the melt behavior of these experiments.
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Table 4-3. Best fit Birch-Murnaghan EOS
parameters used for ;C"z calculation and

their R? values.

DG-5 DG-N
oo (glcm®)  2.59 2.75
Kr(GPa) 17.22 22.89
K' 3.10 3.10
R? 0.9957 0.9842

The most important result from the experiments is the density difference (Ap)
between the two melts at their neutral buoyancies at each olivine compression curve
crossover: Ap =0.025 (Fo100) and 0.021 (Fo90), which are much smaller than the zero
pressure Ap of 0.143. The calculated density difference between the carbonated and non-

carbonated silicate melts allowed calculation of Vcoz using Equation (2-4):

I7C}SZT = {[ZMiXi/pg’OTZ]_KZMiXi _]\/[cozXco2 j/pﬁj}}/)(coz
i i (2_4)

where Xco> 1s the mole fraction of CO, in the melt, Mo, is the molar mass of CO,, pg(’)i
is the density of the carbonated silicate melt (DG-5) at the neutral buoyancy pressure and
temperature, p;" is the density of the non-carbonated silicate melt (DG-N) at neutral

buoyancy pressure and temperature. The use of this equation requires accurate
knowledge of the densities of the melts (Tables 4-1, 4-2, 4-3) and their CO,

concentrations (Table 4-4).
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Table 4-4. Composition used to calculate Va;z .

Oxide DG-5 DG-N
SiO, 4325 44.90
AL,O; 640  6.97
FeO 950 11.23
MgO 2560 27.65
CaO 870 5.71
MoO; 3.05  4.01
Co, 479 0.00
Total 101.2 100.4

Assuming all the CO; (~5 wt%, Xco, = 0.0593, Table 4-4) was present in the melt
during the run, the resulting Vcoz values are 23.711.30 cm’/mol at 4.3£0.1 GPa and
22.06+1.29 cm’/mol at 5.5+0.1 GPa, both at 1850°C. These values are considered to be
minimum, ideal values of VCO2 since they represent the maximum possible amount of
CO; (i.e. the starting material CO, concentration) dissolved in the silicate melt. Our CO;
concentration estimates in the run products based on Ag-coated electron microprobe by
difference totals give lower CO, contents (~3.5 wt%, Xco2> = 0.0441) and thus slightly
higher values of Vcozwhich are 25.14 cm*/mol at 4.3 GPa and 24.39 cm*/mol at 5.5 GPa.

Because of the extremely low solubility of CO; at 1 bar, determining its molar
volume is difficult. For this reason, we have calculated a zero pressure value of
Vco2 =36.57+1.54 cm’/mol using the zero pressure melt densities determined above
(Lange and Carmichael, 1987; Lange and Carmichael, 1990). This value is similar to the
calculated zero pressure value of 35.28 cm’/mol corrected to 1850°C determined by
Ghosh et al. (2007) using carbonate composition values, which may indicate a lack of

compositional control on ;coz at very low pressure.
Compositional effects on VCOZ have been seen in previous studies (Dobson et al.,
1996; Genge et al., 1995; Liu and Lange, 2003; Pan et al., 1991; Stolper and Holloway,
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1988; Thibault and Holloway, 1994) (Table 1-1), though some of the variation can be
attributed to different temperatures and pressures of the estimates. For example, melts
containing potassium, sodium, or calcium carbonates yield significantly different values
for Vco2 at the same temperatures and pressures. Furthermore it is possible that Vcoz
derived from studies on non-silicate carbonated liquids are unsuitable for application to
carbonated silicate melts such as partial melts of upper mantle peridotite.

In order to calculate K7 and K’ for ;COZ using our data, we follow the convention
proposed by Ghosh et al. (2007) for highly compressible materials and used the Vinet

EOS (Vinet et al., 1989):

-2 1 1
El 3 3
P=3K, (1] 1- [KJ exp é(K'—l 1- (Lj
v, v, 2 v,

where P is pressure in GPa, V' is the volume, V) is the zero pressure volume, K7 is the

@-1)

isothermal bulk modulus, and K is the pressure derivative of the bulk modulus.
Combining the experimentally determined values from Equation (2-4), the

calculated zero pressure value, and the 19.5 GPa value of 19.18 cm’/mol at 1850°C from

Ghosh et al. (2007), we used least square regression to obtain a best fit Vinet EOS curve

for ?CO2 of K7=0.36+0.01 GPa and K'= 15.124+0.30 (Figure 4-3). Given the reasonably

good fit of the Vinet EOS (R = 0.9927), we are confident that it can adequately explain

the compression of V ¢o,.

We also fit our data to the 3™ order Birch-Murnaghan EOS which yielded
Kr=0.1 GPaand K’ =192.3 (Figure 4-3). Both of these curves are meant for use in

describing the compressibility of solids, not for liquids, and therefore do not fit ideally.

30



Unfortunately, there is no equation of state for liquids as yet. In search of a curve that
better fits the liquid data, we fit the data to a 3-parameter hyperbolic curve that has been

shown to fit experimental data (Agee, 2008b), of the form:

ab
f:y0+(b+xj

where f'is equivalent to 17025 , X 1s equivalent to P in GPa, and a, b, and y, are constants

(4-2)

that describe the shape of the curve. When this equation is fit to our data it becomes

(Figure 4-3):

4-3)

Vcog,lsso _17334+ (19.246 X 1.985]

1.985+ P
We have not, as yet, been able to determine elastic parameters to explain the compression
of ;COZ from the hyperbolic curve.

Figure 4-3 shows our updated compression curve for Vcoz, which is now much
better constrained for pressures below 10 GPa than the earlier version of Ghosh et al.
(2007). The curve shows a rapid decrease in Vcoz in the pressure range 0-3 GPa which

indicates extremely high compressibility of CO, in melts in the shallow upper mantle. In
the pressure range 3-5 GPa, the steepness of the curve levels off indicating a much lower

compressibility of Vcoz in the deeper mantle.
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Figure 4-3. Compression curves for CO; fit to ideal data, Vinet: K7 = 0.36 GPa, K'=15.12,
R, =0.9927; Hyperbolic: a =19.25,b =1.98, y, = 17.33, R’ =0.9985, Birch-Murnaghan:
K;=0.1 GPa, K’ =192.3, R? = 0.9594.

The values we determined for the Vinet EOS (K7=0.36 GPa and K’ = 15.12) are
different from the values of Kr= 3.7 GPa and K’ = 9.0 calculated by Ghosh et al. (2007),

but the K7 value is similar to that determined for 74 0. Kr=0.6 GPaand K" = 4.5 (Agee,

2008b) for the Vinet EOS. This may indicate that dissolved water and carbon dioxide
have comparable compression behavior in mantle melts at high pressure (Figure 4-4).
Both compression curves of CO, and H,O decrease rapidly at low pressure (<5 GPa) and
then level off as a function of pressure (Figure 4-4) indicating that compression of both
species reaches a maximum — a point beyond which they cannot be compressed any
further. The maximum of CO; (~15 cm’/mol) is comparable to the molar volumes of the
other liquid oxides (e. g. MgO~12 cm*/mol, CaO~17 cm’/mol both at 1600°C: Lange and

Carmichael, 1987), which are fairly constant with pressure. Also visible in Figure 4-4 is
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that H,O is more compressible than CO, likely due to the smaller size of the H,O

molecule.

- 30
35 4

1850°C

1 ] I I 5
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Figure 4-4. Vinet EOS compression curves for } co ,(K7r=0.36 GPa, K' = 15.12, V, = 36.57 cm3/mol)

and V H,0 (Kr= 0.6 GPa, K’ =4.5, V, = 30.01 cm’/mol). Notice the different scales of the y-axes, this
is to make the curves start at the same point.
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Chapter 5
Error Analysis
There were several sources of error in this project the largest being compositional
variation, see the error bars in Figure 4-3. In order to determine the error in melt density

and ;COZ’ several factors were considered: the error from the experiments due to the

variation in neutral buoyancy position, the error from different mineral sphere
parameters, and the error from the analyzed melt composition. The experimental and
mineral sphere parameter errors directly affect the determination of melt density, though
it is relatively small. These errors also affect the molar volume calculations, although the
compositional error due to the unknown amount of CO; in the melt is much more
significant.

Density

Because there were several neutral buoyancy results between each sink and float
result, different best fit, compression curves were calculated using different melt
densities. Four different curves were chosen for each composition based on the
placement of the neutral buoyancies. The first set of curves determined was based on the
middle of the neutral buoyancy results and used the Birch-Murnaghan EOS. The second
set of Birch-Murnaghan curves used the same neutral buoyancy result for the Fo100
crossover due to the smaller amount of scatter, and the highest pressure Fo90 crossover.
The third set fit a Birch-Murnaghan curve to all of the neutral buoyancy results, while the
forth set used the same neutral buoyancies as the first set, but fit the Vinet EOS rather

than the Birch-Murnaghan EOS. They are outlined below in detail:
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For DG-5:
1. 55.9 —used the neutral buoyancies at 4.7 GPa and 5.9 GPa
2. 56.1 —used 4.7 GPa and 6.1 GPa neutral buoyancy values
3. 5 All —used all experimental neutral buoyancy values (Table 4-1)
4. 5V —used 4.7 GPa and 5.9 GPa values fit to the Vinet EOS
For DG-N:
1. N 5.1 —used the neutral buoyancies at 4.0 GPa and 5.1 GPa
2. N 5.4 —used 4.0 GPa and 5.4 GPa neutral buoyancy values
3. N All — used all neutral buoyancy values (Table 4-2)
4. NV —used 4.0 GPa and 5.1 GPa values fit to Vinet EOS
All DG-5 and DG-N compression curves were calculated using the same zero
pressure density and thermal expansion (0p/0T) parameters (Table 5-1) calculated from
Lange and Carmichael (1987), based on the ideal melt composition (Table 4-4). All
densities were corrected to 1850°C, before determining the Birch-Murnaghan curve

parameters and V' co, values, using:

op

Pr =Py ([~ T, )a_T (5-1)

where pris the density at the reference temperature, 7, p.., is the density at the

experimental temperature, 7., and 0p/07 is the thermal expansion parameter.

Table 5-1. Zero pressure density and thermal expansion
parameters used to calculate DG-5 and DG-N compression
curves.

DG-5 DG-N
0o (g/cm®) 8p/3T (glcm**C) Po (g/cm®)  9p/dT (g/ecm®C)
2.59 -2.10x10™ 2.75 -2.11 x10™
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The first set of curves calculated (Table 5-2) were determined from the mineral

sphere parameters presented in Chapter 2 (Table 2-2).

Table 5-2. Birch-Murnaghan EOS parameters for different neutral buoyancy results.
55.9 and N 5.1 are the results presented in Chapter 4.

DG-5 DG-N
5569 56.12 5AIl 5V N51 N&54 NAI NV
Kr(GPa) 17.22 17.62 17.32 17.10 22.89 23.56 22.89 22.83
K' 3.10 3.10 3.10 3.10 3.10 310 3.10 3.10

The K7 values for the DG-5 melts vary within 0.52 of each other indicating the
robustness of the compression curve for each melt. The DG-N K7 values have slightly
more variance (0.73), indicating a worse fit, visible in Figure 4-1. For both melts, these
variances are smaller than the symbols on Figures 4-1 and 4-2, and are too small to

influence the calculation of ¥ co , "

The density of the melt at the neutral buoyancy point also depends on the density
of the mineral spheres. Due to the different analytical techniques used in different
studies, the values used to calculate sphere density vary. I used five additional sets of
values for the elastic parameters (K7, K’, dK/dT), the thermal expansion (ay, a;, a>), and
the zero pressure molar volumes of endmember forsterite and fayalite from different

sources (Table 5-3), hereafter 1-4, used the following equations:

a(T)=oa, +a,T +a,T™

(5-2)

Vor =Vo0s(T)exp LT% a(T)dT (5-3)

po =M )7, | (5-4)

p0,0livine = pO,Fn XMg + pO,Fa XFe (5'5)

K; =[KT(T_T0)dI%]T]XMg +[KT(T_To)d%T]XFe (5-6)
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K'=K'X,, +K'X, 57)
where oy, a;, a, are thermal expansion parameters for the endmember olivine (Table 5-3),
Vor1s the zero pressure volume at experimental temperature 7, V) 295 1S the zero pressure
volume at 298 K in cm’/mol, MW is the molecular weight of the mineral, pg r, is the zero
pressure density of the forsterite endmember, p r, is the zero pressure density of the
fayalite endmember, Xj, is the Mg number of the olivine, Xz, = 1 — Xy, Ty is the

reference temperature 298 K, Kr is the isothermal bulk modulus of the endmember,

dK/dT is its temperature derivative, K is its pressure derivative (Table 5-3).

Table 5-3. Mineral sphere elastic parameters

Kr(GPa) K'  dKAT ay(x10%) a; (x10°) ar Vo (cm®mol)
Forsterite 127.5° 4.8° -0.02° 3.034  7.422  -0.5381° 42.99° 1
127.84° 5.34° -0.02272° 2.635 14.036  -0.0000' 4361 2
“ “ “ 2.854 10.08 -0.38429 “ 3
“ “ “ 3.407  8.674  -0.7545" “ 4
Fayalite 1346 52 -0.024' 2.386 11.53 -0.0518%"™ 46.22' 1
137.24" 50" -0.02768" “ “ “ 46.38" 2,34
Fo/Famix 128.544 5.3 -0.02176° 5

* (Jacobs and de Jong, 2007), ® (Liu and Li, 2006), ¢ (Suzuki, 1975), ¢ (Suzuki et al., 1983), © (Kumazawa
and Anderson, 1969), " (Hazen, 1976), & (Kajiyoshi, 1986), " (Matsui and Manghnani, 1985), ! (Graham et
al., 1988), (Isaak et al., 1993), * (Suzuki et al., 1981), ' (Smyth, 1975), ™ (Hazen, 1977), " (Sumino, 1979),
° (Circone and Agee, 1996)

The fifth set of values (5) is not for endmember olivines, but for olivines of any
composition along solid solution lines (Agee and Walker, 1988; Hazen, 1977). For these
values the following equations were used (see Agee and Walker, 1988 for details and full

references):

(954.2X , +535.4X,,, +399)
(289.45 +17X,, +0.00856T +2.01x10°°T*

Por =

) (5-8)

K, = [KT (T-T1, o)d%T] (5-9)
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Each of these sphere parameters were used to calculate melt density at each
neutral buoyancy result (Table 5-4). Then, using the same technique described at the
beginning of this chapter for the variation in neutral buoyancy position, compression
curves were determined for each sphere parameter (Table 5-5).

Table 5-4. Neutral buoyancy melt density values at experimental pressures and 1850°C for
carbonated (DG-5) and non-carbonated (DG-N) runs for each set of olivine values. 1-5 indicate
which sphere parameter was used, see Table 5-3.

DG-5 DG-N
P (GPa) p (glcm®) P (GPa) p (g/cm®)

NB 1 2 3 4 5 NB 1 2 3 4 5
46 3.19 3.12 3.14 312 3.13 40 317 3.11 312 3.11 3.12
47 319 3.12 3.14 312 3.13 41 318 3.11 3.13 3.11 3.12
47 319 3.12 3.14 312 3.13 48 3.31 324 326 3.24 3.26
57 3.34 3.28 3.29 3.28 3.29 51 3.33 3.26 3.28 3.26 3.28
59 3.35 3.29 3.31 3.29 3.30 54 333 3.27 3.29 3.27 3.28
6.1 3.35 3.29 3.31 3.29 3.30

The densities that vary most from the ones calculated in Chapter 4 are set 1 which
are 0.04-0.05 g/cm’ lower. Set 3 matches exactly, and sets 2, 4 and 5 vary from 0.01 to
0.02 g/cm’ above the values used in Chapter 4. These differences do not change the K7
and K’ determined for their compression curves (Table 5-5) drastically from those

determined previously for the Chapter 2 sphere parameters.

Table 5-5. Best fit Birch-Murnaghan K; (GPa) values to different neutral buoyancies for DG-5 and
DG-N keeping K’ = 3.1. 1-5 indicate which sphere parameter was used, see Table 5-3.

Kr (GPa) DG-5 DG-N

Olvine 559 5612 5all 5V N51 N54 Nall NV

parameter
1 1584 16.20 1592 1575  20.56 21.20 20.63 20.51
2 17.80 18.21 17.91 17.71  23.94 24.67 23.93 23.88
3 17.21 17.61 17.31 1712 22.91 23.58 22.91 22.85
4 17.78 18.19 17.88 17.69  23.91 24.61 23.89 23.86
5 17.38 17.79 17.48 1729  23.16 23.87 23.14 23.10

As with the density calculations, Set 1 had the most difference from the values in
Table 5-2, with K7 values about 1.4 GPa lower for the DG-5 melt and 2.3 GPa lower for
the DG-N melt. Accordingly, Set 3 matches best with Table 5-2, while sets 2, 4, and 5

38



were ~0.6 GPa above the DG-5 K7 values and ~1.0 GPa above the DG-N K7 values.
These curves were calculated because they influence the molar volume calculation and

induce error onto V co,.

Molar Volume

Due to the ambiguity of the electron microprobe results for carbon, three different

composition sets (DG-5 and DG-N, Table 5-6) were used to determine Vcoz at each
experimental pressure, the best fit Vinet EOS compression curves, and hyperbolic curves

from the calculated zero pressure ;COZ to 19.18 cm’/mol at 19.5 GPa and 1850°C from

Ghosh et al. (2007) (Tables 5-7 through 5-9). The composition sets were:

1. Ag-— averaged probe totals from Ag-coated analyses using the carbon detected by the
microprobe for the carbonated composition and the By Difference values for the non-
carbonated composition. This represents the maximum amount of CO, present in the

melt, resulting in the lowest Vcoz.

2. Start — not a melt composition, but the wt% of each powder added to create the
starting mixes with approximately 3 wt% MoO; added and normalized to 100%
3. By Diff — the By Difference microprobe results from the Ag-coated experiments
Each of the microprobe compositions (Ag, By Diff) used the averages of the same
Ag-coated experiments analyzed with the same conditions (6 carbonated experiments and
3 non-carbonated experiments). The averages for the carbonated experiments include
DG-5-1 (32 analysis points), DG-5-4 (27 analyses), DG-5-7 (17 analyses), DG-5-8 (35
analyses), DG-5-14 (23 analyses), and DG-5-16 (23 analyses). The averages for the non-
carbonated experiments used DG-N-3 (27 analysis points), DG-N-7 (24 analyses), and

DG-N-9 (23 analyses).
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Table 5-6. Composition sets used in calculating ;Coz .

. Ag Start By Diff

Oxide

DG-5 DG-N DG-5 DG-N DG-5 DG-N
SiO, 4325 4490 4199 4464 43.25 4490
Al,O; 6.40 6.97 6.75 6.98 6.40 6.97
FeO 9.50 11.23 9.70 10.13 9.50 11.23
MgO 25.60 27.65 25.79 27.05 25.60 27.65
CaO 8.70 5.71 7.07 6.81 8.70 5.71
MoO; 3.05 4.01 3.14 4.39 3.05 4.01
CO, 4.79 0.00 5.54 0.00 3.51 0.00
Total 101.2 100.4 100.0 100.0 100.0 1004

The ?coz values determined using the main set of sphere parameters (Table 2-2),

the calculated melt densities (Tables 4-1 and 4-2), and the calculated K7 values for the
DG-5 and DG-N compression curves are presented in Table 5-7.
Table 5-7. Vcoz values for each composition and each NB at pressure, with

the best fit Vinet K7 and K’ and hyperbolic curve parameters with R* values.
These values were calculated using sphere parameters presented in Table 2-2.

P (GPa) V co, (cm®mol)

1x10™ 36.57 35.05 37.22 36.57 36.57 36.57 36.57
4.3 23.71 2273 2530 23.71 23.68 23.88 23.91
5.5 2206 21.15 23.79 22.06 22.03 2243 22.29

Vinet EOS parameters
Kt (GPa) 036 0.08 200 036 034 057 0.51
K' 1512 2184 892 1512 15.32 13.545 13.925
R? 0.9927 0.9841 0.9988 0.9927 0.9924 0.9963 0.9942
Hyperbolic curve parameters

a 19.25 1723 21.06 19.25 19.23 19.38 19.38
b 1.98 155 3.22 198 196 217 214
Yo 1733 1783 16.17 1733 1735 17.20 17.20
R? 0.9985 0.9976 0.9997 0.9985 0.9985 0.9993 0.9988

The Vcoz variation based on different compositions (Ag, Start, By Diff, Table 5-7

columns 1-3) is much larger than the variation based on different DG-5 and DG-N

compression curves (Table 5-7, columns 4-7). Composition is therefore the largest
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source of error — the unknown amount of CO; in the melt. Using the Vco2 determined
from the Ag composition as the ideal, the value of Vcoz may be as much as 1.0 cm*/mol

lower if the amount of CO, is increased by 0.75 wt%, and as much as 1.7 cm’/mol higher
if the amount of CO; is decreased by 1.3 wt% (see error bars on komatiite data in
Figure 4-3).

The variation in Vcoz due to the different mineral sphere parameters (from
Table 5-3) was also calculated (Table 5-9), though the error is much less than that due to
the unknown amount of CO; present in the melt.

We also calculated Vcoz from compositions that contained Mo rather than MoOs.

Because we analyzed for elements with the electron microprobe, the By Diff method
required that oxygen be assigned to all cations, then the deficit from 100% was assumed
to be due to CO,. This is appropriate due to the fo,, ~ 1+IW; Mo should be MoO3; when
dissolved in the melt. However, the state of Mo in the quenched samples is more
commonly Mo therefore “giving” it oxygen decreases the size of the deficit from 100%
and decreases the amount of CO, calculated to be in the melt. As Table 5-8 shows,
calculating the Mo content of the melt as Mo rather than MoOs has little effect on the

Vcoz values for the Ag and Start melt compositions, while the By Diff values have an

increase of ~0.80 ¢cm’/mol.

41



Table 5-8. Vcoz values for each composition using Mo

instead of MoQ;, with the best fit Vinet K; and K' with R’
values. These values were calculated using sphere
parameters presented in Table 2-2.

Ag Start By Diff
CO; (wt%) 479 560 452

P (GPa) V co, (cm®/mol)

1x10* 3657 3505 37.22
43 2396 22.96 26.07
55 2233 2139 24.65

Vinet EOS Parameters
Kr (GPa) 0.55 0.15 3.50
K' 13.67 19.55 7.04
R? 0.9943 0.9876 0.9996

Of the various sources of error — the error from the experiments due to the
variation in neutral buoyancy position, the error from different mineral sphere
parameters, and the error from the analyzed melt composition — the unknown amount of
CO; had the largest effect. The experimental and mineral sphere parameter errors are
relatively small, slightly less than the size of the symbols on Figures 4-1 and 4-2. The
compositional error due to the unknown amount of CO; in the melt is much more

significant and is shown in the error bars of Figure 4-3.
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Chapter 6
Application to the Earth and other Terrestrial Planets
The information from the ;Coz compression curve enables more accurate

calculation of density and compressibility for carbonated magmas, such as kimberlites
and carbonatites. By being able to calculate magma density and knowing the depth of
origin of the magma, the minimum amount of CO, necessary to cause the magma to be
buoyant and possibly erupt can be established (Figure 6-1). This may also indicate
minimum lithospheric abundances of CO,, compared to the magma source region, and
give insight into the origin and behavior of these carbonated magmatic systems.

Kimberlites

We have used 0V/0T values from Lange and Carmichael (1987) and Liu and
Lange (2003) for the liquid oxides (CaO, MgO, SiO», etc), the I/ m,0 values from Agee
(2008b) and the Vcoz values from this study to calculate compression curves for primary
kimberlite melts using an expanded version of Equation (1-1). A proposed primary
kimberlite melt (Kopylova et al., 2007) contains 9.9 wt% H,0 and 9.1 wt% CO,. In
order to determine its compression curve using the new CO, data, we first determined a
“dry” kimberlite composition based on the primary melt above and then determined its
compression curve (without volatiles) using Kr=26.7 GPa, K’ = 4.0 (Agee and Walker,

1988, 1993) and p;’yT =2.90 g/cm’ calculated from Lange and Carmichael (1987).

These K7 and K’ values are for a komatiite melt because kimberlite has not been studied
for its elastic properties. We chose komatiite values because of the silicate melts studied,

it has a lower amount of SiO, and a higher amount of CaO, and is therefore the closest
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approximation of a kimberlite melt. From there we determined ;COZ and VHZO at four

given pressures and used:

VC%ZTXCOZ + I7HPZ’0TXH20 + (ZMiXi Mo Xco, ~MpoXpo ]/p;%f}

| (6-1)
to calculate the volatile-bearing kimberlite density, p.’", at those pressures and then fit a
Birch-Murnaghan curve to the points. Sparks et al. (2006) suggested that the kimberlite
source region could contain 5-20 wt% CO, and Brey et al. (1991) discovered that
kimberlitic melts could contain more than 20 wt% dissolved CO; at pressures greater
than 5-6 GPa. We added various amounts of CO, and H,O to the dry kimberlite melt
(Table 6-1) and used the above technique to determine the shape of their compression
curves (Figure 6-1).

Table 6-1. Kimberlite melt compositions including p,, K7, and K’ for
Birch-Murnaghan EOS.

K:F{lz%voa;t Dry H,Oonly CO,only Max CO,
SiO, 26.70 32.95 29.37 29.66 23.07
TiO, 1.73 2.14 1.90 1.92 1.49
Al,O5 1.57 1.94 1.73 1.74 1.36
Cry,0; 0.36 0.44 0.40 0.40 0.31
FeO 7.58 9.35 8.34 8.42 6.55
MnO 0.18 0.22 0.20 0.20 0.16
MgO 28.25 34.86 31.07 31.38 24.40
CaO 12.90 15.92 14.19 14.33 11.14
Na,O 0.10 0.12 0.11 0.1 0.09
K,0O 1.26 1.55 1.39 1.40 1.09
P,0s 0.40 0.49 0.44 0.44 0.35
H,O 9.88 0.00 10.87 0.00 10.00
CO, 9.07 0.00 0.00 10.00 20.00
Total 99.98 100.0 100.00 100.00 100.00
00 (g/cm?®) 1.94 2.90 2.06 2.56 1.76
Kr (GPa) 1.77 26.70 2.48 9.80 0.96
K' 11.2 4.0 8.5 9.6 16.7
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Figure 6-1. Kimberlite melt Birch-Murnaghan compression curves with varying amounts of CO, and
H,O0. The gray box indicates possible kimberlite source region, ~200-300 km. PREM is the average
mantle density (Dziewonski and Anderson, 1981).

The potential source region of kimberlites is approximately 200-300 km depth, so
believed due to the presence of diamonds (Canil and Scarfe, 1990). As shown in
Figure 6-1, the hypothetical “dry” kimberlite melt is predicted to be denser than a model
mantle (Preliminary Reference Earth Model — PREM: Dziewonski and Anderson, 1981)
at pressures >5 GPa, and would be too dense to rise from a depth greater than 200 km or
even 150 km. The proposed primary melt (9.9 wt% H,0 and 9.1 wt% CO,) would be
less dense than the average mantle (to pressures <13 GPa) and therefore could rise to the
surface from the kimberlite source region. The maximum amount of CO, that can be
dissolved in a kimberlitic melt, 20 wt%, could have a source region in the transition zone

(~16 GPa). The presence of majorite inclusions in some kimberlite-derived diamonds
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may support this theory, as these particular garnets have been shown to form at pressures
>13.5 GPa, the uppermost limit of the transition zone (Ringwood et al., 1992).

If the Vco2 compression curve used is not the ideal one (Kr= 0.36 GPa,

K’'=15.12, CO, = 4.8 wt%), but instead the curve based on the starting composition
(K7=0.08 GPa, K’'=21.84, CO, = 5.5 wt%) or the composition with CO, determined by
difference (K7 =2.00 GPa, K’'=8.92, CO, = 3.5 wt%), the elastic parameters of a
kimberlite compression curve change. To demonstrate this, we used the CO, only
kimberlite composition (Table 6-1) and calculated Birch-Murnaghan compression curves
based on the different values of Vco2 determined from the different ;co2 compression
curves (Table 6-2, Figure 6-2).

Table 6-2. Birch-Murnaghan EOS elastic parameters for kimberlite melt with
only 10.0 wt% CO, based on different 17502 compression curves.

Ideal Starting By Difference
0o (g/lcm®)  2.56 2.58 2.55
Kr (GPa) 9.80 8.87 13.07
K' 9.60 11.35 6.80
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Figure 6-2. Birch-Murnaghan compression curves for a kimberlite melt with only 10.0 wt% CO,
compared to the “dry” curve and the proposed primary melt — compositions in Table 6-1. The solid

green curve is based on the ideal Vcoz values, the dashed (- - -) green curve is based on the starting

composition CO, value, and the dashed/dotted (- - - -) green curve is based on the By Diff CO, value.

The differences in the 10.0 wt%CO, kimberlite compression curves determined
from the different VCOZ curves are very small (Figure 6-2). As could be expected, the
curve that used ?COZ calculated from a higher CO, content (Starting amount-5.5 wt%
CO,) is slightly above the ideal curve (4.8 wt% CO,), while the curve that used ?co2
calculated from a lower CO, content (By Diff amount-3.5 wt% CO,) is slightly below the
ideal curve. All three curves have similar compressional behaviors and crossover with
PREM at relatively the same point (~11 GPa).

We do not know how much CO; is present in our experiments during the run, but

we are confident that it is there. The Vcoz values we calculated are ideal, but given the

good fit of the compression curve to the density calculations of kimberlite melts, we feel
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that they are a good first approximation. Also, given the relatively small variance in the
kimberlite curves based on different possible CO; contents of experimental melts and
their Vco2 values, we are confident that the ideal values are close to reality. The ;COZ
values determined by these experiments can be used to calculate the density of
carbonated mantle melts. The density calculations can then be applied to magma mobility

in the mantle and planetary differentiation scenarios where CO; is present.
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Appendix A
Experiments

This appendix gives the details of the experiments. Included is a schematic
diagram of the interior of an octahedron (Figure A-1), tables summarizing the conditions
of carbonated (Table A-1), non-carbonated (Table A-2), and “andesite” (Table A-3)
experiments along with back-scatted electron (BSE) microprobe images of analyzed
carbonated (Figures A-2 through A-10), non-carbonated (Figures A-11 through A-18),
and “andesite” (Figure A-19) experiments. Following those are the conversion steps

from Equation (1-1) to (2-4) to calculate V co,.

Re heater— 7

34 mm Alumina spacer

375 mm
Alumina sleeve

Mineral spheres

15 mm

Mo capsule~]

34 mm
Alumina spacer

3.2mm
I : : [15.7 mm
Figure A-1. Cross section of ceramic octahedron with experimental set up. Drawn to scale.

51



Table A-1. Experimental run conditions and results for carbonated experiments.

Pressure Ramp Notes
Temp Time Spheres .. Spacers Sleeve
Sample (bars C Rate m Position mm mm
S Gpa) (C) (cminy S0 (M) (mm)  (mm) Alumina
of ail)
58.2- Fo 640x640
A457 DG-5-1 56.6 4.7 1815 n/a 25 100 600x640 NB Yes
59.0- Fo 650x480
A460 DG-5-4 577 48 1825 n/a 30 100 650x460 Float 3.44 3.78 Yes
1800- Fo 600x700 3.34
A464 DG-5-7 554 4.6 1810 n/a 30 100 750x500 NB 337 3.75
51.1- Fo 510x530 . 3.35
A488 DG-5-9 50.0 4.3 1800 450 30 100 480x450 Sink 345 3.75 No
440x370 . 3.40
A508 DG-5-11 699 5.6 1850 400 30 Fo90 390x370 Sink 320 3.70 Yes
500x460 3.40 )
A555 DG-5-14 76.7 6.1 1950 350 30 Fo90 250x520 NB 343 3.76 reseating Yes
500x380 3.34
A561 DG-5-16 79.2 6.3 1950 350 30 Fo90 530x430 Float 332 3.80 Yes
QP153DG-5-17 112 1.0 1779 30 none nfa  nfa nla nfa o0Kingfor
bubbles
58.4- Fo 600x520 3.25
A650 DG-5-18 58.5 48 1850 350 30 100 560x510 Float 399 3.84
48.4- Fo 570x430 . 3.38
A675 DG-5-19 48.2 4.1 1800 350 30 100 520x430 Sink 339 3.73
56.3- 3.31
A696 DG-5-20 56.5 4.7 1800 350 30 none n/a n/a 332 3.72
56.4- Fo 650x570 3.38
A707 DG-5-21 56.3 4.7 1800 350 30 100 630x590 NB 339 3.73 No
580x510 3.32
A718 DG-5-22 736 59 1950 350 35 Fo90 580x470 NB 333 3.82
70.9- 540x490 3.39
A725 DG-5-23 711 5.7 1950 350 45 Fo 90 500x480 NB 340 3.79

The following figures are back-scattered electron images of polished carbonated

experiments. Arrows indicate top of the capsule during run.

Figure A-2. DG-5-9
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Figure A-3. DG-5-11




Figure A-4. DG-5-14

Figure A-6. DG-5-17
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Figure A-8. DG-5-21

Figure A-9. DG-5-22



Figure A-10. DG-5-23

Table A-2. Experimental run conditions and results for non-carbonated experiments.

Pressure Ramp . Notes
Sample (bars T(?g)p oRatg g;nce) S?Ss:)e S Position S?;c;?)rs S(ﬁi\]/)e )

of oily (GF2) (°C/min) Alumina
Aa96 DG-N-3 400 39 1850 400 30 (O STMA0 sk 378 370 18451852 No
ASO1 DG-N-7 487 41 1850 400 30 O 99920 Fioat 530 380 No
A562 DG-N-8 658 53 1950 350 30 gg gggﬁgg Not sink g:ig 3.76 One sphere No
A591 DG-N-12 %22'3' 51 1925 350 30 gg gggﬁgg Not float g:g; 3.76 One sphere No
A592 DG-N-13 %00 56 1925 350 30 DO 200000 Float S0 370 Yes
A598 DG-N-14 621 51 1925 350 30 0O SOOD0 NB 335 363 No
A603 DG-N-15 %%ﬁ' 49 1925 350 30 gg ggiggg Not sink g:gg 3.82 One sphere
A608 DG-N-17 250 48 1925 350 30 O STOS0 NBiFioat 559 374 No
A612 DG-N-18 54 45 1925 350 30 gg iggiggg Not sink g:gg 3.89 One sphere No
A617 DG-N-19 02 42 1900 350 30 O SO0 NB 340 377 Zgraac(;epsule Yes
A626 DG-N-20 4% 39 1850 350 30 (O SOUON0 sk 531 380 No
A654 DG-N-22 2007 45 1925 350 45 [0 S2OS0 gine 370 380 No
A655 DG-N-23 450 41 1850 350 30 (O SOU4T0 NB 328 300 No
A670 DG-N-26 516 43 1850 350 45 (O 4400 Fioat 528 375 No
A724 DG-N-32 714 57 1975 350 45 0O 000 Notsink 390 379 Fumace overight No
A729 DG-N-33 0% 54 1975 350 23 [0 S9OT0 NB 33 375 Fumace 15hr
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The following figures are back-scattered electron images of polished non-

carbonated experiments. Arrows indicate top of the capsule during run.

‘B

Figure A-11. DG-N-7

Figure A-12. DG-N-14 [Figure A-15. DG-N-20

LAl !

Figure A-13. DG-N-17 Figure A-16. DG-N-22
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Figure A-17. DG-N-23

Figure A-18. DG-N-33

Table A-3. Experimental run conditions for “andesite” experiment.

Sample Pressure Temp r\;aTep Time Spheres Spacers Sleeve N0t
(bars of oil) (GPa)  (°C) (°Clmin) (sec)  (um) (mm)  (mm) Alumina
AG83 And-5-1 469-47.0 40 1900 350 60  nome a0 371 No

Figure A-19. And-5-1
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Conversion steps from the equation of Bottinga and Weill (1970) (Equation 1-1)

to the one used for calculating Vcoz (Equation 2-4).

p:inMi/XiVi

XV, +X,V, +...:ZX[Mi/p

7= (S o= x|,

V,= IZX,-M,-/p—XBMB/ij/XA

V, = _ZXiMi/p—(Zi:XiM,. —XAMA]/ B}/XA

17(31(;,? = {(ZMI'XI'//O?OZ)_HZMI'XI' _McozXcoz j/pzi’T}}/Xcoz
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Appendix B
Electron Microprobe

In this section we outline our attempts at using the electron microprobe to detect
carbon directly along with the results. For discussion of our Ag-coated attempts see
Chapter 3. After unable to accurately detect the carbon in out samples using the Ag-coat
and an accelerating voltage of 15 kV, a current of 2.5x10™ A, and a beam diameter of
20 um, we altered the operating conditions. Because we were also trying to detect O
directly, we altered operating conditions to an accelerating voltage of 12 kV, a current of
2.0x10" A, and a beam diameter of 20 pm, but to no avail.

Because we had some success detecting carbon in gold-coated (Au-coat)
carbonates, we then switched to an Au-coat for the experiments. The coat was applied
simultaneously to the samples and standards to bypass any issues with different coat
thickness between the standards and samples. However, we have not had much success
with the detection of carbon in quenched silicate melts. The wt% totals are extremely
high (110-130) for the Au-coated experiments, most obviously due to the high amount of
oxygen detected (50-55 wt% rather than 45 wt% expected, see Tables B-3 through B-10).

We also tried using different carbon standards (SiC, calcite and dolomite) and
different operating conditions, hoping to minimize the amount of carbon detected in
samples without carbon. This would then allow us to subtract out the background carbon
form the carbonated samples. This also has not yet worked. To ensure that the water
used in grinding the samples was not dissolving carbonates (Brooker, 1998; Brooker et
al., 2001a; Dasgupta et al., 2007; Wallace and Green, 1988), we used kerosene and

anhydrous alcohol in place of water for some carbonated experiments which we then
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analyzed with the microprobe and FTIR, but no difference in results were apparent. See
Table B-2 for all Au-coated operating conditions and the experiments analyzed and
Tables B-3 through B-10 for the analytical results.

Two ways to detect elements using the microprobe are by area and by time.
Analysis by area takes the first order peak determined on the standard and uses the upper
and lower background limits set around that peak and to determine how much of the
element is in the sample by calculating the area under the curve. This is most used when
analyzing for an element whose peak may move relative to the standard peak. Analysis
by time is more common and uses the first order peak determined on the standard and
searches for the same peak on the sample. One problem when analyzing for carbon with
the microprobe is the presence of oxygen. The Ka carbon peak using the LDE2
spectrometer is located at ~124 mm, but there is a shoulder in the peak that could be a
secondary oxygen peak at ~130 mm. Because the amount of oxygen is so much greater
than that of carbon, interference from this potential oxygen peak can raise the
background in the location of the carbon peak. When analyzing carbon by area, this will
increase the amount of carbon detected if the background for carbon analysis is placed
too high, but lower it if the background is set to exclude the oxygen peak. When
analyzing carbon by time, the effect of the oxygen peak is less obvious, but still may

cause the amount of carbon detected to be too large.
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Table B-1. Operating conditions, standards, and experiments analyzed with an Ag-coat by the
electron microprobe.

Accl. Probe i
Date AnE)I(yF;ed Standards Elements Test Volt C?f:'&e)nt Dia. itgai/cg]:éﬂo(rs Notes
(KeV) (Hm)
SiC C
DG-5-1 Andradite Fe, Al, Ca
3/7/08 DG-5-4 Olivine Mg, Si, O 15 25 20
DG-5-8
Capsule Mo
(DG-5-1)
SiC C
Chromite Cr Ag paste
. Fe, Al, Ca, Samples coated on
4/30/08 DC-0-7  Andradite 5"y 7o 15 25 20  Oastime 4/
DG-5-8
Olivine Mg, Si, O Standards coated
Capsule " separately
(DG-5-1) °
SiC C 30/10
Olivine Mg, Si, O 30/1150
DG-5-1 . 20/10 Mg, Si, Sample DG-5-4
5/22/08 2 r 4, Andradite Fe, Al, Ca 152 20 LA Ca Mo charging
Capsule .
(DG-5-1) Mo Time not area
SiC C
DG-5-4  Olivine Mg, Si, O Sgr;‘p'es coated on
8/29/08 Bg:ﬁ-_% Kaersutite Fe, Al, Ca 12 20 20 Castime g dards coated
Capsule Mo separately
(DG-5-4)
SiC C 1 12 20 20 Oon area
DZo4  Olvine Mg, S,0 2 12 25 20  Oastime
9/5/08 DG-N-3 Kaersutite Fe, Al Ca 3 12 20 20 Oonarea, noC
DG-N-7 Capsule
(DG-54) MO
DG-5-14 SIC © S I d
5. . . amples an
b127/09 DG-5-16  Ovine Mg, Si, O 15 25 20  Contime standards coated
DG-N-9 Kaersutite Fe, Al, Ca together
Capsule Mo
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Table B-2. Operating conditions, standards, and experiments analyzed with an Au-coat by the
electron microprobe. Experiments marked with * were ground and cleaned using kerosene and

anhydrous alcohol.

Accl. Probe i
Exp. Current * _>~~ Std Conditions
Dat Test Not
@€ Analyzed Standards Elements - (\ézl\t/.) (nA) Dia.  peak/Back (s) "Oe°
DG-5-11 SiC C
DG-5-14
DG-5-16 Olivine Mg, Si, O
8/27/09 DG-N-9 : 15 25 20
DG-N-13 Kaersutite Fe, Al, Ca
DG-N-14  Capsule Mo
DG-N-19 (DG-N-9)
DG-N-22  Dolomite C 1 15 20 10 30/10
DG-N-21  Olvine Mg, Si,0 2 15 20 10 15/10  Samples and
11/6/09 DG-5-17 . dard 11/6
DG-N-17 Kaersutite Fe, Al, Ca 3 15 25 20 10/5 standards on
DG-N-24 Capsule Mo 4 15 25 20 30/10
Dolomite C 1 12 20 10
Olivine Mg, Si, 0 2a 10 20 20
Kaersutite Fe, Al, Ca 2b 10 20 20 Calcite
Capsule
(DG-5-17) Mo 4 10 20 50
12/4/09 DG-5-17* 5a 10 40 50 Samples and
12 DG-N-22 12
/5/09 DG 55 10 40 50 C on Area standards on 12/3
6 10 60 50
7 10 80 50
8 10 100 50
9 10 80 50 10/5
Dolomite C 1 12 20 50 10/5
Olivine Mg, Si,O0 2 12 40 50 10/5
And-5-1* . T Samples and
1/22/10 DG-5-19* Kaersutite Fe, Al, Ca 3 12 10 10 20/10 standards on 1/21
Capsule Mo
(And-5-1)
DG-5-14 Dolomite C
DG-5-16 Olivine Mg, Si, O
DG-N-9  Kaersutite Fe, Al, Ca Samples and
3/25/10 DG-N-17 Capsule 15 25 20 20/10 standards on 3/25
DG-N-22  pG.5.14, Mo
DG-N-25  pG-5-16)
Dolomite C 1 15 25 20 20/10
Olivine Mg, Si,O0 2 10 40 50 20/10
DG-5-22 . T Samples and
3/26/10 5 N3¢ Kaersutite Fe,A,Ca 3 10 80 50 2010 gtandards on 3/26
Capsule Mo
(DG-5-22)
Dolomite C 1 15 25 20 20/10
DG-N-33  Olivine Mg, Si,0 2 10 80 50 20/10
4/16/10 PGN-22  Kaersutite Fe,AlLCa 3 10 60 50 20/10  Samples and
DG-5-23 Capsule standards on 4/15
DG-N-22  pgN22, Mo
DG-5-23)
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These tables show an average of microprobe data for each experiment analyzed
and calculated oxide amounts on a given date under the same conditions, i.e. an analysis
taken with an accelerating voltage = 15 kV, a current = 2.5x10™® A, a beam
diameter = 20 um, and SiC as the carbon standard were not averaged with an analysis
taken with an accelerating voltage = 12 kV, a current = 2.0x10™® A, a beam
diameter = 20 um, and carbonate as the carbon standard. Also shown are the CO,
amounts determined from microprobe analyses (Probe Carbon), and the amount of CO,
determined by the difference from at total of 100 (By Difference). The Peak/Back (s)
row indicates the amount of time spent analyzing for the carbon peak, and the time spent
analyzing the background. The analyses without a Peak/Back value used a peak of 30
seconds and background of 10 seconds. Experiments with an * are those that were

ground using kerosene and alcohol, rather than water.
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Table B-3. Average electron microprobe values and resultant oxides values including the wt% CO,
determined from the microprobe values and the amount when calculated by difference for

carbonated experiments DG-5-1,4,7, 8, 9.

Sample DG-5-1 DG-5-4 DG-5-7 DG-5-8 DG-5-9
Date/Coat 3-7 5-22 3-7 5-22 9-5 9-5 4-30 8-27  4-30 9-5
Ag Ag Ag Ag Ag1 Ag2 Ag Au Ag Ag1
Accel. Volt.
(KeV) 15 15 15 15 12 12 15 15 15 12
Current (nA) 25 25 25 25 20 25 25 25 25 20
Probe Dia. 20 20 20 20 20 20 20 20 20 20
(um)
C Std SiC SiC SiC SiC SiC SiC SiC SiC SiC SiC
Peak/Back (s)
# of Analyses 6 26 7 17 9 5 17 4 20 22
Meas. EIm %
Mg 1797 14.56 13.24 1433 1735 1719 15.02 1436 1519 16.46
Al 2.46 3.58 3.01 4.02 4.41 2.70 412 2.65 3.97 4.01
Si 1782 1943 22.01 18.18 2152 2425 20.13 19.28 19.03  20.08
Ca 3.01 6.20 9.11 5.30 6.81 6.18 6.33 6.67 5.60 5.69
Fe 13.50 7.83 6.02 6.26 8.62 7.65 7.98 8.13 8.93 7.82
Mo 1.60 1.63 1.56 1.74 1.70 1.61 1.81 2.76 3.09 2.37
o 38.93 4442 4231 4420 55.05 2996 4373 4233 4166 46.20
(o 0.95 2.00 0.99 2.74 2.07 1.97 1.41 1.32 1.19 1.31
Total 96.23 99.65 9825 96.76 117.53 91.52 100.52 97.48 98.67 103.94
MgO 29.81 2414 2196 23.77 28.78 28.51 24.91 23.81 2518 27.29
Al,O3 4.65 6.77 5.69 7.59 8.33 5.10 7.78 5.00 7.51 7.57
SiO, 38.11 4157 4710 38.89 46.03 51.88 43.06 41.24 40.72 4296
CaO 4.21 8.67 1275 7.41 9.53 8.65 8.85 9.33 7.84 7.96
FeO 17.37 10.08 7.75 8.05 11.09 984 1026 1046 11.49 10.06
MoO; 2.40 2.44 2.34 2.61 2.56 2.41 2.72 413 4.64 3.56
Probe Carbon
CO, 3.48 7.32 3.63 10.05 7.57 7.23 5.18 4.83 4.36 4.81
Total 100.02 100.99 101.20 98.36 113.89 113.63 102.76 98.80 101.74 104.21
By Difference
CO, 3.46 6.33 242 11.69 0.00 0.00 2.42 6.03 2.62 0.60
Total 100.00 100.00 99.99 100.00 106.31 106.40 100.00 100.00 99.99 100.00
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Table B-4. Average electron microprobe values and resultant oxides values including the wt% CO,
determined from the microprobe values and the amount when calculated by difference for
carbonated experiments DG-5-11, 14, 16, 19.

Sample DG-5-11 DG-5-14 DG-5-16 DG-5-19*
Date/Coat 8-27 2-27 827 325 2-27 827 325 1-22 122 122
Au Ag Au Au1 Ag Au Au1 Au1 Au2 Au3
Accel. Volt.
(KeV) 15 15 15 15 15 15 15 12 12 12
Current (nA) 25 25 25 25 25 25 25 20 40 10
Probe Dia. 20 20 20 20 20 20 20 50 50 10
(Hm)
C Std SiC SiC SiC Dol SiC SiC Dol Dol Dol Dol
Peak/Back (s) 20/10 20/10 10/5 10/5  20/10
# of Analyses 4 23 3 21 3 6 2 2 2
Meas. EIm %
Mg 1436 1582 1822 1693 1657 1579 17.72 16.89 16.76 19.16
Al 2.65 299 284 270 2.32 146 292 4.31 4.31 3.32
Si 19.28 2158 2124 2142 2163 2238 2255 20.64 2049 18.62
Ca 6.67 6.66 6.84 7.00 703 826 7.27 6.17 6.16  4.69
Fe 8.13 553 580 6.23 6.64 724 6.27 8.68 870 10.53
Mo 2.76 2.34 177 248 2.33 182 2.09 299 3.05 3.37
o 42.33 40.72 50.62 4811 4376 4413 5161 5237 51.83 50.31
C 1.32 063 090 4.75 0.79 1.27  6.19 646 694 6.12
Total 97.48 96.27 108.23 109.62 101.07 102.35 116.62 118.50 118.23 116.12
MgO 23.81 26.24 30.21 28.07 2748 26.18 29.38 28.01 27.79 31.76
Al,O; 5.00 564 537 5.10 438 276 5.51 813 814 6.27
SiO, 4124 46.17 4543 4583 46.27 47.87 4825 4416 43.83 39.83
CaO 9.33 9.31 9.57 9.79 9.84 1156 10.17 8.63  8.61 6.56
FeO 10.46 712 746  8.01 855 932 807 1117 1119 13.55
MoO; 413 3.51 265 3.73 350 273 3.13 449 458 5.06
Probe Carbon
CO, 4.83 230 331 17.40 288 464 2269 23.65 2543 2242
Total 98.80 100.29 104.01 117.94 102.89 105.07 127.19 128.24 129.57 125.46
By Difference
CO, 6.03 2.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.00 100.00 100.69 100.54 100.01 100.43 104.50 104.58 104.14 103.04




Table B-5. Average electron microprobe values and resultant oxides values including the wt% CO,
determined from the microprobe values and the amount when calculated by difference for
carbonated experiments DG-5-17.
Sample DG-5-17*

11-6  12-4/5 12-4/5 12-4/5 12-4/5 12-4/5 12-4/5 12-4/5 12-4/5 12-4/5 12-4/5

Date/Coat Aud  Aul Au2a Au2b Au4 Ausa AuSb Au6  Au7  Au8  Au9
Accel. Volt.
Kov) 5 12 10 10 10 10 10 10 10 10 10

Current (nA) 25 20 20 20 20 40 40 60 80 100 80

Probe Dia. 20 10 20 20 50 50 50 50 50 50 50

(um)

C Std Dol Dol Dol Cal Dol Dol Dol Dol Dol Dol Dol
Peak/Back (s) 30/10 10/5

# of Analyses 4 2 2 2 2 2 2 2 2 2 2
Meas. EIm %

Mg 1461 17.32 1818 1825 1836 17.83 17.82 17.80 18.18 1825 18.25
Al 430 457 478 476 472 479 481 482 449 447 451
Si 19.60 21.53 2244 2276 2231 2250 2279 2253 2238 2249 22.39
Ca 6.32 6.72 6.70 6.67 673 7.00 6.98 6.91 6.62 6.61 6.62
Fe 863 9.04 916 8.91 947 922 926 926 919 916 9.16
Mo 7.01 422 409 407 436 474 478 483 539 535 531
(0] 49.36 58.85 62.14 62.68 61.25 59.89 59.10 60.59 59.51 60.44 60.60
C 296 432 457 690 486 394 402 541 3.73 441 5.02
Total 112.78 126.56 132.05 134.99 132.04 129.89 129.55 132.13 129.48 131.16 131.84
MgO 2423 2872 30.15 30.26 30.44 2956 29.55 29.51 30.15 30.26 30.26
Al,O3 812 863 9.03 898 8.91 9.05 9.09 9.1 8.47 844 8.51
SiO, 4194 46.06 48.01 48.69 47.73 48.14 48.74 4820 47.88 48.11 47.90
CaO 884 940 937 933 941 979 977 966 9.26 925 9.26
FeO 11.10 11.63 1178 1146 1218 11.86 1191 1191 1182 11.78 11.78
MoO; 10.51 633 6.14 610 653 710 716 724 809 8.03 797
Probe Carbon

CO, 10.85 15.81 16.73 2528 17.79 14.44 1473 19.80 13.65 16.14 18.38
Total 115.58 126.58 131.20 140.11 132.99 129.93 130.96 135.43 129.31 132.00 134.05
By Difference

CO, 000 0.00 000 000 000 000 000 000 0.00 0.00 o0.00
Total 104.73 110.77 114.47 114.83 115.20 115.50 116.23 115.63 115.66 115.86 115.67

65



Table B-6. Average electron microprobe values and resultant oxides values
including the wt% CO, determined from the microprobe values and the

amount when calculated by difference for carbonated experiments DG-5-22, 23.

Sample DG-5-22 DG-5-23
Date/Coat A A2 AB Al A2 A
Accel. Volt. (KeV) 15 10 10 15 10 10
Current (nA) 25 40 80 25 80 60
Probe Dia. (um) 20 50 50 20 50 50

C Std Dol Dol Dol Dol Dol Dol
Peak/Back (s) 20/10 20/10  20/10 20/10 20/10 20/10
# of Analyses 8 3 3 5 3 3
Meas. EIm %

Mg 16.91 17.72 17.68 17.03 18.27 18.37
Al 2.78 2.63 2.59 3.35 3.58 3.66
Si 21.00 21.86 21.82 20.89 2238 22.17
Ca 6.91 7.10 7.03 6.98 6.92 6.77
Fe 7.22 7.62 7.60 6.89 7.39 7.16
Mo 2.00 2.18 212 2.64 2.57 2.57
(0] 4786 49.72 50.12 50.24 53.15 53.43
C 4.18 3.91 4.36 2.69 3.14 3.75
Total 108.84 112.74 113.34 110.71 117.39 117.87
MgO 28.03 29.38 29.32 28.25 30.30 30.46
Al,O3 5.25 4.96 4.90 6.33 6.76 6.91
SiO, 4492 46.76 46.69 4469 4787 47.42
CaO 9.66 9.94 9.84 9.76 9.68 9.47
FeO 9.28 9.81 9.78 8.86 9.51 9.21
MoO; 3.00 3.28 3.19 3.96 3.86 3.85
Probe Carbon

CO, 1530 14.31 15.98 9.87 1149 1375
Total 115.45 118.44 119.69 111.72 119.47 121.08
By Difference

CO, 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.15 104.13 103.72 101.85 107.97 107.32
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Table B-7. Average electron microprobe values and resultant oxides values including the wt% CO,
determined from the microprobe values and the amount when calculated by difference for non-
carbonated experiments DG-N-3, 7, 9, 13, 14.

Sample DG-N-3 DG-N-7 DG-N-9 DG-N-13 DG-N-14
Date/Coat 9-5 95 2 9-5 95 227 827 325 8-27 8-27
Ag1l Ag3 Agl Ag3 Ag Au  Au1 Au Au
Accel. Volt.
(KeV) 12 12 12 12 15 15 15 15 15
Current (nA) 20 20 20 20 25 25 25 25 25
Probe Dia. 20 20 20 20 20 20 20 20 20
(um)
C Std SiC SiC SiC SiC Dol SiC SiC
Peak/Back (s) 20/10
# of Analyses 10 10 5 7 10 5 23 2 6 7 6
Meas. EIm %
Mg 1545 1795 1793 15.24 1755 17.42 16.28 18.39 15.61 17.32 17.33
Al 3.88 427 445 399 405 420 281 194 270 2.08 3.83
Si 18.95 21.69 2147 18.89 2166 21.67 21.52 21.90 20.39 23.64 19.64
Ca 550 360 360 558 337 340 394 314 375 4.11 3.64
Fe 912 903 947 880 721 684 946 759 8.78 8.72 9.66
Mo 263 197 166 376 329 349 242 3.06 227 0.47 3.38
(o] 41.74 5194 51.28 41.65 4846 47.98 43.39 4848 41.70 52.34 50.79
C 1.25 110 na 1.05 0.88 na 0.60 0.97 5.36 1.17 1.08
Total 98.51 111.56 109.87 98.97 106.47 105.00 100.42 105.45100.54 109.84 109.34
MgO 25.63 29.77 29.73 25.27 29.11 28.89 27.00 30.49 25.88 28.72 28.73
Al,O; 733 806 842 754 766 794 531 366 5.09 3.92 7.24
SiO, 40.53 46.41 4594 4040 46.34 46.36 46.03 46.85 43.62 50.58  42.02
CaO 769 504 503 781 471 476 552 439 524 5.74 5.09
FeO 11.73 1162 1219 11.32 927 880 1217 976 11.29 11.22 12.42
MoO; 394 295 249 564 493 524 363 458 3.40 0.71 5.06
Probe Carbon
CO, 458 404 0.00 386 322 0.00 220 3.55 19.63 4.28 3.94
Total 101.42 107.89 103.79 101.85105.24 101.98 101.86 103.28 114.16  105.18 104.52
By Difference
CO, 316 000 0.00 201 000 0.00 0.35 027 547 0.00 0.00
Total 100.00 103.84 103.79 100.00 102.02 101.98 100.00 100.00 100.00 100.90 100.57
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Table B-8. Average electron microprobe values and resultant oxides values including the wt% CO,
determined from the microprobe values and the amount when calculated by difference for non-

carbonated experiments DG-N-17, 19, 21, 24, 25, 31, 33.

Sample DG-N-17 DG-N-19 DG-N-21  DG-N-24 DG-N-25 DG-N-31 DG-N-33
Date/Coat 11-6  3-25 8-27 11-6 11-6 11-6 3-25 3-25 3-26 3-26 4-16
Aud  Au1 Au Autl  Au2 Au4 Au1 Aul  Au2 Au3 Au1
Accel. Volt.
(KeV) 15 15 15 15 15 15 15 15 10 10 15
Current (nA) 25 25 25 25 25 25 25 25 40 80 25
Probe Dia. 20 20 20 20 20 20 20 20 50 50 20
(um)
C Std Dol Dol SiC Dol Dol Dol Dol Dol Dol Dol Dol
Peak/Back (s) 30/10 20/10 30/10 15/10 30/10 20/10 20/10 20/10 20/10 20/10
# of Analyses 3 8 5 4 1 1 7 9 3 3 5
Meas. EIm %
Mg 18.97 17.57 16.63 16.69 16.47 18.02 16.16 17.87 20.35 20.19 17.83
Al 3.83 3.96 3.92 257 341 2.80 3.02 279 256 251 3.17
Si 21.79 20.57 20.19 19.95 20.89 23.98 20.47 22.45 26.31 26.11 22.20
Ca 3.15 3.02 353 275 4.13 4.74 405 481 366 3.72 3.88
Fe 7.26 6.87 9.06 7.12 9.27 8.35 8.68 976 8.37 848 7.87
Mo 417 317 3.66 15.13 3.86 0.40 259 200 155 1.53 2.06
(0] 55.82 50.38 47.66 50.69 48.09 53.40 50.95 50.73 57.82 58.22 55.86
C 3.31 5.05 121 391 3.46 6.12 591 291 3.08 345 1.61
Total 118.30110.60 105.85 118.81109.58 117.81 111.82 113.31123.70124.21 114.47
MgO 31.46 29.14 27.58 27.68 27.31 29.88 26.79 29.63 33.75 33.48 29.56
AlL,O5 7.23 7.49 741 486 6.44 5.29 571 527 4384 474 5.99
SiO, 46.61 44.00 43.18 42.68 44.69 51.30 43.79 48.04 56.29 55.85 47.50
CaO 441 422 493 385 578 6.63 567 6.73 512 521 5.43
FeO 9.34 884 1166 9.16 11.93 10.74 11.16 12.55 10.77 10.91 10.13
MoO; 6.26 4.76 5.49 2270 5.79 0.61 3.88 3.00 232 230 3.08
Probe Carbon
CO, 12.14 18.52 442 14.33 12.68 22.42 21.67 10.66 11.29 12.65 5.91
Total 117.45116.97 104.67 125.25114.62 126.88 118.67 115.87 124.37 125.14 107.59
By Difference
CO, 0.00 1.55 0.00 0.00 0.00 0.00 3.00 0.00 0.00 0.00 0.00
Total 105.30 100.00 100.25 110.92101.94 104.45 100.00 105.21113.09112.49 101.68
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Table B-9. Average electron microprobe values and resultant oxides
values including the wt% CO, determined from the microprobe values
and the amount when calculated by difference for non-carbonated
experiment DG-N-22.

Sample DG-N-22
Date/Coat 16 116 116 3-25 4-16 4-16 4-16
Au1 Au2 Au3 Au1 Au1 Au2 Au3
Accel. Volt. (KeV) 15 15 15 15 15 10 10
Current (nA) 25 25 25 25 25 80 60
Probe Dia. (um) 20 20 20 20 20 50 50
C Std Dol Dol Dol Dol Dol Dol Dol
Peak/Back (s) 30/10 15/10 10/5 20/10 20/10 20/10 20/10
# of Analyses 5 2 1 7 5 3 3
Meas. EIm %
Mg 13.33 1293 1273 16.11 18.83 19.56 19.53
Al 282 281 244 372 408 463 452
Si 1452 13.84 13.37 19.11 22.09 23.64 23.83
Ca 164 154 143 314 336 3.80 3.71
Fe 260 237 223 9.02 885 940 9.12
Mo 266 291 277 322 3.06 337 371
(0] 5459 5555 55.64 4241 56.53 6143 62.17
C 328 511 658 516 2.07 3.01 294
Total 95.44 97.04 97.19 101.89 118.88 128.84 129.52
MgO 2210 2144 2111 26.71 31.23 3244 32.39
Al,O3 533 531 461 7.04 770 874 8.3
SiO, 31.07 29.60 28.60 40.89 47.27 50.57 50.98
CaO 229 215 200 439 470 532 519
FeO 334 305 287 1160 1139 1210 11.73
MoO; 399 436 416 484 460 506 5.57
Probe Carbon
CO, 12.02 18.72 24.11 1890 7.58 11.02 10.76
Total 80.15 84.63 87.46 114.36 114.46 125.25 125.16
By Difference
CO, 31.87 3410 36.65 4.54 0.00 0.00 0.00
Total 100.00 100.00 100.00 100.00 106.88 114.23 114.39
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Table B-10. Average electron microprobe values and resultant oxides values including the wt%
CO, determined from the microprobe values and the amount when calculated by difference for
non-carbonated experiment DG-N-22.

Sample DG-N-22 continued
Date/Coat 12-4/5 12-4/5 12-4/5 12-4/5 12-4/5 12-4/5 12-4/5 12-4/5 12-4/5 12-4/5
Aul  Au2a Au2b Au4 Auba Aubb Aub Au7 Au8 Au9
Accel. Volt. (KeV) 12 10 10 10 10 10 10 10 10 10
Current (nA) 20 20 20 20 40 40 60 80 100 80
Probe Dia. (um) 10 20 20 50 50 50 50 50 50 50
C Std Dol Dol Cal Dol Dol Dol Dol Dol Dol Dol
Peak/Back (s) 10/5
# of Analyses 2 2 2 2 2 2 2 2 2 2
Meas. EIm %
Mg 16.13 16.03 16.14 16.24 16.95 16.98 16.94 16.64 16.66 16.71
Al 389 413 420 406 374 378 376 399 4.00 4.03
Si 21.04 20.70 20.86 20.30 20.59 20.81 20.73 20.81 20.82 20.80
Ca 368 345 344 339 325 323 319 339 345 345
Fe 846 898 9.02 930 9.61 9.64 9.51 9.25 9.15 9.27
Mo 2.71 284 278 284 280 279 290 287 278 277
(o] 46.41 46.61 47.10 4568 44.44 4299 4517 43.42 4458 4482
C 5.01 569 7.81 649 569 531 6.60 552 593 6.32
Total 107.31 108.40 111.32 108.27 107.05 105.52 108.78 105.87 107.34 108.16
MgO 26.75 26.57 26.76 26.92 28.11 28.16 28.09 27.59 27.62 27.71
Al,O3 734 779 793 766 7.06 714 709 753 755 7.61
SiO, 45.01 4427 44.62 4342 44.04 4452 4435 4451 4453 4450
CaO 515 482 481 474 455 451 446 474 482 483
FeO 10.88 1155 1160 1196 12.36 1240 1223 1190 11.76 11.92
MoO; 406 426 416 425 420 418 434 431 417 415
Probe Carbon
CO, 18.34 20.85 28.60 23.78 20.83 1944 2416 20.21 21.71 23.16
Total 117.53 120.12 128.47 122.73 121.14 120.35 124.74 120.78 122.16 123.86
By Difference
CO, 0.81 073 0.13 105 000 0.00 0.00 0.00 0.00 0.00
Total 100.00 100.00 100.00 100.00 100.31 100.91 100.57 100.57 100.45 100.71

70



As stated previously, our samples contained metastable quench crystals which
complicate analysis. To avoid these, we created a carbonated “andesite” (And-5, Table
B-11) using the same materials used to create the synthetic komatiite mixes. Because of
the much higher Si and Al contents and lower Mg# of the andesite, this mix quenched to
a glass, much preferred in analysis. We placed the andesite mix in a Mo capsule, without
any mineral spheres, and melted it in the multi-anvil at 1900°C and 4.0 GPa for 60
seconds. The experiment was ground using kerosene and alcohol, coated with Au, and
then analyzed with the electron microprobe using various operating conditions (Table B-
12). The amount of C detected in the andesite (~4.5 wt% C) was similar to that detected
in the experimental melts (~5.7 wt% C), indicating that the problem of detecting C is
most likely not the presence of quench crystals.

Table B-11. Starting composition
for carbonated "andesite" mix.

Oxide And-5
SiO,  59.50
AlLO;  18.17
FeO 7.1
MgO 3.56
CaO 6.53
CO, 5.13
Total 100.00
Mg#  47.13
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Table B-12. Average electron microprobe values and resultant
oxides values including the wt% CO, determined from the
microprobe values and the amount when calculated by difference
for carbonated experiment And-5.

Sample And-5-1*
Date/Coat 1A512 1A522 1A532
Accel. Volt. (KeV) 12 12 12
Current (nA) 20 40 10
Probe Dia. (um) 50 50 10

C Std Dol Dol Dol
Peak/Back (s) 10/5 10/5  20/10
# of Analyses 4 4 4
Meas. EIm %

Mg 2.20 2.21 2.20
Al 10.98 10.95 10.98
Si 28.56 28.90 27.96
Ca 5.92 5.92 6.03
Fe 5.86 5.95 6.03
Mo 1.41 1.43 1.44
o 5451 5454 54.84
C 4.46 5.11 3.89
Total 113.89 115.00 113.36
MgO 3.64 3.66 3.65
Al,O; 20.75 20.68 20.75
SiO, 61.10 61.83 59.81
CaO 8.28 8.29 8.44
FeO 7.53 7.65 7.75
MoO; 212 215 2.16
Probe Carbon

CO, 16.33 18.71 14.24
Total 119.76 122.98 116.79
By Difference

CO, 0.00 0.00 0.00
Total 103.42 104.26 102.54
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In an effort to accurately determine the amount of CO; present in these
experiments with the electron microprobe, we used the conventional method of “by
difference.” Any deficit from an analytical total of 100 is assumed to indicate the
presence of a volatile, in this case CO,. Carbonated and non-carbonated experiments
were carbon-coated and analyzed with the microprobe using an accelerating voltage of
15 kV, a current of 2.5x10™ A, and a beam diameter of 20 pm. The standards used were
almandine for Si, Al, and Fe; diopside for Ca and Mg; and CaMoO4 for Mo; oxygen was
calculated by stoichiometry. The totals were all close to 100 wt% (98-102 wt%) for the
non-carbonated experiments (Table B-13) indicating that any carbon previously detected
by the microprobe is erroneous. The totals of the carbonated experiments (Table B-14)
were also close to 100 wt% except for DG-5-9 (98.81 wt%) and DG-5-19 (97.90 wt%).
This may indicate that the carbon detected for the carbonated experiments is also wrong.
Since two experiments did have deficits reinforces the idea that CO; is present in the melt
during the run but escapes after the run is completed. Unfortunately, there is no way of
knowing the amount of CO, present during the run, which directly affects the calculation

OfVCOZ.
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Table B-13. Average electron microprobe oxide values including the wt% CO, calculated by
difference for C-coated carbonated experiments DG-5-9, 14, 16, 19, 21, 22, 23.

Sample DG-5-9 DG-5-14 DG-5-16 DG-5-19 DG-5-21 DG-5-22 DG-5-23
Date/Coat 6—(;7 6_C1:7 6_C1:7 6_C1:7 6-(;7 6-(;7 6-(;7
Accel. Volt. (KeV) 15 15 15 15 15 15 15
Current (nA) 25 25 25 25 25 25 25
Probe Dia. (um) 20 20 20 20 20 20 20

# of Analyses 10 10 10 9 10 10 10
Meas. Ox%

MgO 27.09 30.25 29.03 27.92 28.03  29.68 29.31
Al,O; 7.72 4.69 4.45 7.12 6.89 5.32 6.18
SiO, 42.38 45.64 45.19 41.72 43.53 4455 44.04
CaO 8.16 9.24 9.65 7.92 8.74 8.51 8.63
FeO 10.41 7.45 8.89 9.90 7.90 8.79 8.50
MoO; 3.06 3.70 3.37 3.32 5.47 3.22 3.94
By Difference

CO, 1.19 0.00 0.00 2.10 0.00 0.00 0.00
Total 100.00 100.98 100.58 100.00 100.56 100.07 100.60

Table B-14. Average electron microprobe oxide values including the wt% CO, calculated by
difference for C-coated non-carbonated experiments DG-N-7, 14, 20, 22, 23.

Sample DG-N-7 DG-N-14 DG-N-20 DG-N-22 DG-N-23
6-17 6-17 6-17 -17 -17
Date/Coat c c c GC GC
Accel. Volt. (KeV) 15 15 15 15 15
Current (nA) 25 25 25 25 25
Probe Dia. (um) 20 20 20 20 20
# of Analyses 10 10 10 10 10
Meas. Ox%
MgO 28.26 30.31 29.36 28.61 29.40
Al,O; 7.58 6.63 7.66 7.25 7.34
SiO, 46.71 43.36 45.26 44.19 43.95
CaO 4.79 4.30 4.94 4.69 4.49
FeO 9.09 11.61 9.71 11.12 9.95
MoO; 5.32 4.64 3.48 5.46 5.19
By Difference
CO, 0.00 0.00 0.00 0.00 0.00
Total 101.74 100.84 100.42 101.32 100.33
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Appendix C
FTIR

Though we were not successful in detecting carbon in any form in our samples
with FTIR, the conditions we used and our attempts are presented here. All analytical
conditions are present in Table C-1 along with the amount of COs” calculated from

composition to be in each sample.

Table C-1. Micro-FTIR analytical conditions with approximate amount of CO;*
resent in sample.

Date Sample Scans Res. (cm™) Spot size (um) CO5;” (Wt%)
11/21/2008 DG-5-1 500 4 100 7.81
DG-5-1 500 4 170 7.81
8/19/2009 Dolomite 500 4 100 59.32
Calcite crystal 300 8 100 59.95
Calcite powdered 300 8 100 59.95
DG-5-9 300 8 170 7.81
DG-N-3 300 8 170 0.00
DG-5-7 50 8 transmission 7.81
8/28/2009 DG-5-4 300 8 170 7.81
DG-5-11 300 8 170 7.81
DG-N-7 300 8 170 0.00
2/4/2010 DG-5-17 300 8 100 7.81
And-5 300 8 100 6.99
MHA27 300 8 100 0.283
MHA26 300 8 100 0.373
MHA44 300 8 100 0.483
Juli12 300 8 100 0.575

We began with carbonated experiment DG-5-1 using 500 scans with a resolution
of 4 cm™, and a square spot size of 100 pm (Figures C-1, C-9, C-10). We later used a
170 um spot because it gave a better average of the heterogeneous run product (Figures
C-2, C-9, C-10). A single peak existed at approximately 1420 cm™, rather than a doublet.
This is possible if CO5” is in a lattice coordinated with a cation such as Ca, Mg, or Fe.

To be sure of our peak, we also analyzed natural carbonated andesites which actually had
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the carbonate doublet. Natural samples of dolomite and calcite, however, did have a
single peak in same area (Figure C-3).
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Figure C-1. Micro-FTIR analyses of carbonated experiment DG-5-1 using 100 pm spot size. Five
different analyses from different spots on the sample are shown. For the location of each spot see
Figure C-10. Arrow indicates potential carbonate peak.
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Figure C-2. Micro-FTIR analyses of carbonated experiment DG-5-1 using 170 pm spot size. Four
different analyses from different spots on the sample are shown. For the location of each spot see
Figure C-10. Arrow indicates potential carbonate peak.
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Figure C-3. Spectra were taken in micro-reflectance mode. Dolomite conditions were 500 scans, 4 cm
resolution, 100 pm spot. Calcite crystal and pressed powder of the same crystal conditions were 300
scans, 8 cm” resolution, and 100 pm spot. The pressed powder was analyzed to test the effect of
many different crystal orientations on the resultant peak position.

We then analyzed a non-carbonated experiment, DG-N-3, and found the same
peak (Figures C-4, C-17, C-18). We then thought the peak was not in fact a carbonate
signal but a Si overtone. To double check we then analyzed samples that had melted
more, as experiment DG-5-1 had small amounts of unmelted alumina (see Figure C-9),
and therefore had a smoother surface (DG-5-9, DG-5-11), and the peak all but
disappeared (Figures C-5, C-13, C-14, C-15). To be sure, we ground one experiment
using only kerosene and anhydrous alcohol to ensure that the water used for the other
experiments was not dissolving any carbonate present (DG-5-17), but no carbonate peak
was detected (Figures C-5, C-16). To ensure that the method we were using (reflectance)
was not the cause of the undetectable carbonate, we used transmission on the bench on a
carbonated sample, DG-5-7. In order to set up the sample for transmission, we used a

SiC pick to powder the quenched melt, avoiding the Mo capsule and the mineral spheres.
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The powder (0.128 mg) was then mixed with KBr (4.778 mg) and pressed into a disc and
placed in the bench transmission beam. There was not an obvious carbonate peak present
(Figure C-6). This method of plucking out the sample is not ideal due to the potential
loss and/or contamination of the sample. We tried doubly polishing some samples and
successfully got them to 120-360 pm thick, unfortunately this is not thin enough for the
beam to pass through. In order to be thin enough, the required thickness of the sample
would have to be ~80 um or less. We did not test this because the presence of Mo blebs
would still have distorted the beam.
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Figure C-4. Micro-FTIR analyses of non-carbonated experiments DG-N-3 and DG-N-7 using 300
scans, 8 cm™ resolution, 170 pm spot size. Two different analyses from different spots on DG-N-3
and one spot from DG-N-7 are shown. For the location of each spot see Figures C-17 through C-20.
Arrow indicates potential carbonate peak.
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Figure C-5. Micro-FTIR analyses of carbonated experiments DG-5-4, DG-5-9, DG-5-11, and DG-5-
17 using 300 scans, 8 cm™ resolution, 170 pm spot size, 100 pm spot size for DG-5-17. Three different
analyses from different spots on DG-5-4 and one spot from the other experiments are shown. For the
location of each spot see Figures C-11 through C-16. Experiments DG-5-9, DG-5-11, and DG-5-17
had smoother surfaces, while DG-5-4 had a rougher surface. Notice that the “carbonate” peak is
visible in all DG-5-4 analyses and in DG-5-9, but is not seen for DG-5-11 or DG-5-17.
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Figure C-6. Transmission results of powdered and pressed carbonated experiment DG-5-7, there was
no obvious carbonate peak present.

We then placed the carbonated “andesite” glass (And-5) under the microscope

(Figure C-21) to be analyzed in reflectance mode in case our inability to detect carbon
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was due to sample heterogeneity or surface roughness due to the quench crystals. No
carbonate peak was obvious (Figure C-7). In case the detection limit of CO3> was too
high, we analyzed some natural carbonated andesites with 0.283-0.575 wt% CO3”.
There were small but measurable carbonate peaks at 1430 and 1520 cm™, confirming a

very low detection limit (Figure C-8).
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Figure C-7. Micro-FTIR analyses of carbonated experiment And-5 using 100 pm spot size. Five

different analyses from different spots on the sample are shown. For the location of each spot see
Figure C-21.
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Figure C-8. Micro-FTIR analyses of carbonated natural andesites using 100 pm spot size. Four
different andesites with varying carbonate contents are shown. Arrow indicates carbonate peak.
The following images show micro-FTIR analysis spots for experiments analyzed.
The actual spot is shown for those available. The capsules are approximately 1100 pm
across and 1400 pm tall, all images are arranged so the top of the capsule is at the top of

the image, and the images of the analysis spot are roughly to scale and oriented with the
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Figure C-9. Reflected light image of carbonated
experiment DG-5-1, numbers indicate FTIR analysis spots.
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*
Figure C-10. Reflected light images of carbonated experiment DG-5-1 FTIR analysis spots. Spots 1
through 5 used 100 pm, 6 through 9 used 170 pm.
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Figure C-11. Reflected light image of
carbonated experiment DG-5-4, numbers
indicate FTIR analysis spots.

h..: .{_":'rg'*? o gt 1A
Figure C-12. Reflected light images of DG-5-4
FTIR analysis spots, 170 pm.

Figure C-14. Reflected light image of DG-5-9
FTIR analysis spot, 170 pm.

N S
Figure C-13. Reflected light image of
carbonated experiment DG-5-9, number
indicates FTIR analysis spot.
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Figure C-15. Reflected light image of Figure C-16. Rected light image of
carbonated experiment DG-5-11 FTIR analysis carbonated experiment DG-5-17 FTIR analysis
spot, 170 pm. spot, 100 pm.
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Figure C-17. Reflected light image of non-
carbonated experiment DG-N-3, numbers

indicate FTIR analysis spots.

Figure C-18. Reflected light images of DG-N-
3 FTIR analysis spots, 170 pm.
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Figure C-19. Reflected light image of non-

carbonated experiment DG-N-7, number
indicates FTIR analysis spot.

Figure C-21. Reflected light images
of three And-5 FTIR analysis spots,
100 pm.
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Figure C-20. Reflected light imae of DG-N-7
FTIR analysis spot, 170 pm.
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