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Discovery of 23 white dwarf photospheric metals

Data from Klein et al. 2021, Table 1
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Discovery of 23 white dwarf photospheric metals ???
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Figure 4. Emissivity spectrum of the dust around G29-38. The observed spectrum has been divided by a 930 K blackbody and fitted with a linear combination of
12 minerals. The shape of each mineral’s emissivity, normalized by its fitted amplitude to the G29-38 emissivity, is shown separately by a colored line (offset vertically
for clarity): red = amorphous carbon, bright green = carbonates (zero amplitude), yellow = PAH (zero amplitude), light orange = water vapor (zero amplitude), deep
orange = water ice, olive green = sulfides, represented here by niningerite, blue = phyllosilicates (zero amplitude), light blue = crystalline pyroxenes (ferrosilite,
diopside, and orthoenstatite, in order of 20 µm amplitude), purple = amorphous olivine, and dark blue = crystalline olivines (forsterite and fayalite, in order of 20 µm
amplitude).
(A color version of this figure is available in the online journal.)

Table 3
Composition of the Best-Fit Modela to the Spitzer/IRS G29-38 Spectrum

Species Weightedb Density Mol. Wt. Nmoles
c Td

max χ2 if
Surface Area (g cm−3) (Relative) (K) Excluded

Detections

Amorph Olivine (MgFeSiO4) 0.33 3.6 172 0.69 890 90.6
Fayalite (Fe2SiO4) 0.08 4.3 204 0.17 890 2.91
FerroSilite (Fe2Si2O6) 0.11 4.0 264 0.17 890 9.85
Diopside (CaMgSi2O6) 0.05 3.3 216 0.076 890 2.05
OrthoEnstatite (Mg2Si2O6) 0.04 3.2 200 0.064 890 1.98
Niningerite (Mg10Fe90S)e 0.10 4.5 84 0.53 890 1.49
Amorph Carbon (C) 0.28 2.5 12 5.83 930 >100
Water Ice (H2O) 0.29 1.0 18 1.61 220 5.82

Upper Limits and Nondetections

Forsterite[Koike](Mg2SiO4) 0.02 3.2 140 0.046 890 1.15
Amorph Pyroxene (MgFeSi2O6) 0.00 3.5 232 0.09 890 1.04
Smectite/Notronitef 0.00 2.3 496 0.03 890 1.04
Water Gas (H2O) 0.01 1.0 18 ! 0.00 220 1.04
Magnesite (MgCO3) 0.00 3.1 84 ! 0.00 890 1.04
Siderite (FeCO3) 0.00 3.9 116 ! 0.00 890 1.04
PAH (C10H14) 0.00 1.0 (178) ! 0.011 N/A 1.04

Notes.
a Best-fit model χ2

ν = 1.04 with power-law particle size distribution dn/da ∝ a−3.7, 5–35 µm range of fit, 336
degrees of freedom (dof).
b Weight of the emissivity spectrum of each dust species required to match the G29-38 emissivity spectrum.
c Nmoles(i) is the Density/Molecular Weight × Normalized Surface Area for mineral i. Errors are ±15% (1σ ).
d All temperatures are ±20 K (1σ ).
e We use the name niningerite to refer to MgxFe1−xS. A niningerite composition of Mg25Fe75S may fit the data
better.
f Na0.33Fe2(Si,Al)4O10(OH)2 · 3H2O.
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Figure 4. Emissivity spectrum of the dust around G29-38. The observed spectrum has been divided by a 930 K blackbody and fitted with a linear combination of
12 minerals. The shape of each mineral’s emissivity, normalized by its fitted amplitude to the G29-38 emissivity, is shown separately by a colored line (offset vertically
for clarity): red = amorphous carbon, bright green = carbonates (zero amplitude), yellow = PAH (zero amplitude), light orange = water vapor (zero amplitude), deep
orange = water ice, olive green = sulfides, represented here by niningerite, blue = phyllosilicates (zero amplitude), light blue = crystalline pyroxenes (ferrosilite,
diopside, and orthoenstatite, in order of 20 µm amplitude), purple = amorphous olivine, and dark blue = crystalline olivines (forsterite and fayalite, in order of 20 µm
amplitude).
(A color version of this figure is available in the online journal.)
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Figure 4. Emissivity spectrum of the dust around G29-38. The observed spectrum has been divided by a 930 K blackbody and fitted with a linear combination of
12 minerals. The shape of each mineral’s emissivity, normalized by its fitted amplitude to the G29-38 emissivity, is shown separately by a colored line (offset vertically
for clarity): red = amorphous carbon, bright green = carbonates (zero amplitude), yellow = PAH (zero amplitude), light orange = water vapor (zero amplitude), deep
orange = water ice, olive green = sulfides, represented here by niningerite, blue = phyllosilicates (zero amplitude), light blue = crystalline pyroxenes (ferrosilite,
diopside, and orthoenstatite, in order of 20 µm amplitude), purple = amorphous olivine, and dark blue = crystalline olivines (forsterite and fayalite, in order of 20 µm
amplitude).
(A color version of this figure is available in the online journal.)
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Figure 4. Emissivity spectrum of the dust around G29-38. The observed spectrum has been divided by a 930 K blackbody and fitted with a linear combination of
12 minerals. The shape of each mineral’s emissivity, normalized by its fitted amplitude to the G29-38 emissivity, is shown separately by a colored line (offset vertically
for clarity): red = amorphous carbon, bright green = carbonates (zero amplitude), yellow = PAH (zero amplitude), light orange = water vapor (zero amplitude), deep
orange = water ice, olive green = sulfides, represented here by niningerite, blue = phyllosilicates (zero amplitude), light blue = crystalline pyroxenes (ferrosilite,
diopside, and orthoenstatite, in order of 20 µm amplitude), purple = amorphous olivine, and dark blue = crystalline olivines (forsterite and fayalite, in order of 20 µm
amplitude).
(A color version of this figure is available in the online journal.)
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Figure 4. Emissivity spectrum of the dust around G29-38. The observed spectrum has been divided by a 930 K blackbody and fitted with a linear combination of
12 minerals. The shape of each mineral’s emissivity, normalized by its fitted amplitude to the G29-38 emissivity, is shown separately by a colored line (offset vertically
for clarity): red = amorphous carbon, bright green = carbonates (zero amplitude), yellow = PAH (zero amplitude), light orange = water vapor (zero amplitude), deep
orange = water ice, olive green = sulfides, represented here by niningerite, blue = phyllosilicates (zero amplitude), light blue = crystalline pyroxenes (ferrosilite,
diopside, and orthoenstatite, in order of 20 µm amplitude), purple = amorphous olivine, and dark blue = crystalline olivines (forsterite and fayalite, in order of 20 µm
amplitude).
(A color version of this figure is available in the online journal.)

Table 3
Composition of the Best-Fit Modela to the Spitzer/IRS G29-38 Spectrum

Species Weightedb Density Mol. Wt. Nmoles
c Td

max χ2 if
Surface Area (g cm−3) (Relative) (K) Excluded

Detections

Amorph Olivine (MgFeSiO4) 0.33 3.6 172 0.69 890 90.6
Fayalite (Fe2SiO4) 0.08 4.3 204 0.17 890 2.91
FerroSilite (Fe2Si2O6) 0.11 4.0 264 0.17 890 9.85
Diopside (CaMgSi2O6) 0.05 3.3 216 0.076 890 2.05
OrthoEnstatite (Mg2Si2O6) 0.04 3.2 200 0.064 890 1.98
Niningerite (Mg10Fe90S)e 0.10 4.5 84 0.53 890 1.49
Amorph Carbon (C) 0.28 2.5 12 5.83 930 >100
Water Ice (H2O) 0.29 1.0 18 1.61 220 5.82

Upper Limits and Nondetections

Forsterite[Koike](Mg2SiO4) 0.02 3.2 140 0.046 890 1.15
Amorph Pyroxene (MgFeSi2O6) 0.00 3.5 232 0.09 890 1.04
Smectite/Notronitef 0.00 2.3 496 0.03 890 1.04
Water Gas (H2O) 0.01 1.0 18 ! 0.00 220 1.04
Magnesite (MgCO3) 0.00 3.1 84 ! 0.00 890 1.04
Siderite (FeCO3) 0.00 3.9 116 ! 0.00 890 1.04
PAH (C10H14) 0.00 1.0 (178) ! 0.011 N/A 1.04

Notes.
a Best-fit model χ2

ν = 1.04 with power-law particle size distribution dn/da ∝ a−3.7, 5–35 µm range of fit, 336
degrees of freedom (dof).
b Weight of the emissivity spectrum of each dust species required to match the G29-38 emissivity spectrum.
c Nmoles(i) is the Density/Molecular Weight × Normalized Surface Area for mineral i. Errors are ±15% (1σ ).
d All temperatures are ±20 K (1σ ).
e We use the name niningerite to refer to MgxFe1−xS. A niningerite composition of Mg25Fe75S may fit the data
better.
f Na0.33Fe2(Si,Al)4O10(OH)2 · 3H2O.
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Figure 4. Emissivity spectrum of the dust around G29-38. The observed spectrum has been divided by a 930 K blackbody and fitted with a linear combination of
12 minerals. The shape of each mineral’s emissivity, normalized by its fitted amplitude to the G29-38 emissivity, is shown separately by a colored line (offset vertically
for clarity): red = amorphous carbon, bright green = carbonates (zero amplitude), yellow = PAH (zero amplitude), light orange = water vapor (zero amplitude), deep
orange = water ice, olive green = sulfides, represented here by niningerite, blue = phyllosilicates (zero amplitude), light blue = crystalline pyroxenes (ferrosilite,
diopside, and orthoenstatite, in order of 20 µm amplitude), purple = amorphous olivine, and dark blue = crystalline olivines (forsterite and fayalite, in order of 20 µm
amplitude).
(A color version of this figure is available in the online journal.)
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Figure 4. Emissivity spectrum of the dust around G29-38. The observed spectrum has been divided by a 930 K blackbody and fitted with a linear combination of
12 minerals. The shape of each mineral’s emissivity, normalized by its fitted amplitude to the G29-38 emissivity, is shown separately by a colored line (offset vertically
for clarity): red = amorphous carbon, bright green = carbonates (zero amplitude), yellow = PAH (zero amplitude), light orange = water vapor (zero amplitude), deep
orange = water ice, olive green = sulfides, represented here by niningerite, blue = phyllosilicates (zero amplitude), light blue = crystalline pyroxenes (ferrosilite,
diopside, and orthoenstatite, in order of 20 µm amplitude), purple = amorphous olivine, and dark blue = crystalline olivines (forsterite and fayalite, in order of 20 µm
amplitude).
(A color version of this figure is available in the online journal.)

Table 3
Composition of the Best-Fit Modela to the Spitzer/IRS G29-38 Spectrum

Species Weightedb Density Mol. Wt. Nmoles
c Td

max χ2 if
Surface Area (g cm−3) (Relative) (K) Excluded

Detections

Amorph Olivine (MgFeSiO4) 0.33 3.6 172 0.69 890 90.6
Fayalite (Fe2SiO4) 0.08 4.3 204 0.17 890 2.91
FerroSilite (Fe2Si2O6) 0.11 4.0 264 0.17 890 9.85
Diopside (CaMgSi2O6) 0.05 3.3 216 0.076 890 2.05
OrthoEnstatite (Mg2Si2O6) 0.04 3.2 200 0.064 890 1.98
Niningerite (Mg10Fe90S)e 0.10 4.5 84 0.53 890 1.49
Amorph Carbon (C) 0.28 2.5 12 5.83 930 >100
Water Ice (H2O) 0.29 1.0 18 1.61 220 5.82

Upper Limits and Nondetections

Forsterite[Koike](Mg2SiO4) 0.02 3.2 140 0.046 890 1.15
Amorph Pyroxene (MgFeSi2O6) 0.00 3.5 232 0.09 890 1.04
Smectite/Notronitef 0.00 2.3 496 0.03 890 1.04
Water Gas (H2O) 0.01 1.0 18 ! 0.00 220 1.04
Magnesite (MgCO3) 0.00 3.1 84 ! 0.00 890 1.04
Siderite (FeCO3) 0.00 3.9 116 ! 0.00 890 1.04
PAH (C10H14) 0.00 1.0 (178) ! 0.011 N/A 1.04

Notes.
a Best-fit model χ2

ν = 1.04 with power-law particle size distribution dn/da ∝ a−3.7, 5–35 µm range of fit, 336
degrees of freedom (dof).
b Weight of the emissivity spectrum of each dust species required to match the G29-38 emissivity spectrum.
c Nmoles(i) is the Density/Molecular Weight × Normalized Surface Area for mineral i. Errors are ±15% (1σ ).
d All temperatures are ±20 K (1σ ).
e We use the name niningerite to refer to MgxFe1−xS. A niningerite composition of Mg25Fe75S may fit the data
better.
f Na0.33Fe2(Si,Al)4O10(OH)2 · 3H2O.
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Figure 4. Emissivity spectrum of the dust around G29-38. The observed spectrum has been divided by a 930 K blackbody and fitted with a linear combination of
12 minerals. The shape of each mineral’s emissivity, normalized by its fitted amplitude to the G29-38 emissivity, is shown separately by a colored line (offset vertically
for clarity): red = amorphous carbon, bright green = carbonates (zero amplitude), yellow = PAH (zero amplitude), light orange = water vapor (zero amplitude), deep
orange = water ice, olive green = sulfides, represented here by niningerite, blue = phyllosilicates (zero amplitude), light blue = crystalline pyroxenes (ferrosilite,
diopside, and orthoenstatite, in order of 20 µm amplitude), purple = amorphous olivine, and dark blue = crystalline olivines (forsterite and fayalite, in order of 20 µm
amplitude).
(A color version of this figure is available in the online journal.)
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Water Gas (H2O) 0.01 1.0 18 ! 0.00 220 1.04
Magnesite (MgCO3) 0.00 3.1 84 ! 0.00 890 1.04
Siderite (FeCO3) 0.00 3.9 116 ! 0.00 890 1.04
PAH (C10H14) 0.00 1.0 (178) ! 0.011 N/A 1.04

Notes.
a Best-fit model χ2

ν = 1.04 with power-law particle size distribution dn/da ∝ a−3.7, 5–35 µm range of fit, 336
degrees of freedom (dof).
b Weight of the emissivity spectrum of each dust species required to match the G29-38 emissivity spectrum.
c Nmoles(i) is the Density/Molecular Weight × Normalized Surface Area for mineral i. Errors are ±15% (1σ ).
d All temperatures are ±20 K (1σ ).
e We use the name niningerite to refer to MgxFe1−xS. A niningerite composition of Mg25Fe75S may fit the data
better.
f Na0.33Fe2(Si,Al)4O10(OH)2 · 3H2O.
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Figure 4. Emissivity spectrum of the dust around G29-38. The observed spectrum has been divided by a 930 K blackbody and fitted with a linear combination of
12 minerals. The shape of each mineral’s emissivity, normalized by its fitted amplitude to the G29-38 emissivity, is shown separately by a colored line (offset vertically
for clarity): red = amorphous carbon, bright green = carbonates (zero amplitude), yellow = PAH (zero amplitude), light orange = water vapor (zero amplitude), deep
orange = water ice, olive green = sulfides, represented here by niningerite, blue = phyllosilicates (zero amplitude), light blue = crystalline pyroxenes (ferrosilite,
diopside, and orthoenstatite, in order of 20 µm amplitude), purple = amorphous olivine, and dark blue = crystalline olivines (forsterite and fayalite, in order of 20 µm
amplitude).
(A color version of this figure is available in the online journal.)

Table 3
Composition of the Best-Fit Modela to the Spitzer/IRS G29-38 Spectrum

Species Weightedb Density Mol. Wt. Nmoles
c Td

max χ2 if
Surface Area (g cm−3) (Relative) (K) Excluded

Detections

Amorph Olivine (MgFeSiO4) 0.33 3.6 172 0.69 890 90.6
Fayalite (Fe2SiO4) 0.08 4.3 204 0.17 890 2.91
FerroSilite (Fe2Si2O6) 0.11 4.0 264 0.17 890 9.85
Diopside (CaMgSi2O6) 0.05 3.3 216 0.076 890 2.05
OrthoEnstatite (Mg2Si2O6) 0.04 3.2 200 0.064 890 1.98
Niningerite (Mg10Fe90S)e 0.10 4.5 84 0.53 890 1.49
Amorph Carbon (C) 0.28 2.5 12 5.83 930 >100
Water Ice (H2O) 0.29 1.0 18 1.61 220 5.82

Upper Limits and Nondetections

Forsterite[Koike](Mg2SiO4) 0.02 3.2 140 0.046 890 1.15
Amorph Pyroxene (MgFeSi2O6) 0.00 3.5 232 0.09 890 1.04
Smectite/Notronitef 0.00 2.3 496 0.03 890 1.04
Water Gas (H2O) 0.01 1.0 18 ! 0.00 220 1.04
Magnesite (MgCO3) 0.00 3.1 84 ! 0.00 890 1.04
Siderite (FeCO3) 0.00 3.9 116 ! 0.00 890 1.04
PAH (C10H14) 0.00 1.0 (178) ! 0.011 N/A 1.04

Notes.
a Best-fit model χ2

ν = 1.04 with power-law particle size distribution dn/da ∝ a−3.7, 5–35 µm range of fit, 336
degrees of freedom (dof).
b Weight of the emissivity spectrum of each dust species required to match the G29-38 emissivity spectrum.
c Nmoles(i) is the Density/Molecular Weight × Normalized Surface Area for mineral i. Errors are ±15% (1σ ).
d All temperatures are ±20 K (1σ ).
e We use the name niningerite to refer to MgxFe1−xS. A niningerite composition of Mg25Fe75S may fit the data
better.
f Na0.33Fe2(Si,Al)4O10(OH)2 · 3H2O.
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GM⋆

·M
2R⋆

·MX = 2LX
R⋆

GM⋆

Mdot from X-ray luminosity:

Mdot from photospheric 

abundances, Xi:

Accretion-induced luminosity:

·M = Xi
Mcvz

τdiff, i

G29–38: the prototypical metal-polluted WD



X-rays as direct evidence of ongoing accretion

NASA/CXC/NGST



115 ksec (32 hr) Chandra observation of G29–38
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G29–38: a new class of X-ray source
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Confirmed to 4.5 – 5.9 σ
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Cunningham et al. (2022), Nature, 602, 219
G29–38: a new class of X-ray source

FX = 1.97+1.55
−0.48 ⋅ 10−15 erg s−1 cm−2

LX = 7.24+5.66
−1.76 ⋅ 1025 erg s−1

D = 17.53 ± 0.01 pc

kBT = 0.5 ± 0.2 keV



G29–38: an independent Mdot
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Measured X-ray Mdot 
agrees with spectroscopic 
inferred Mdot  

Lower limit appears favour 
models with enhanced 
mixing 

More observations needed 
to rule out no overshoot



- Unobserved X-ray flux 
- Cyclotron emission cooling (B<1.5 kG)
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Estrada-Dorado et al. (2023)

ApJL, 994, 6

Chandra ACIS-S

2020

XMM-Newton EPIC/MOS

2005 (PI: Muno)
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Jura et al. (2009)

Farihi, Fossati, Wheatley et al. (2018)

106 ks 24 ks
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Serendipitous discovery of a new metal-polluted white dwarf

JH
Cunningham+24, in prep. 

1”

XMM-PN

(0.5–1.0 keV)100”

JHK FourStar

(4XMM-DR13)



Two-temperature, optically-thin APEC model
kT1  0.07±0.01 keV

kT2  0.7±0.1/0.2 keV

norm1 3E-05

norm2 3E-07

FX (0.2-2.0) 3E-15 erg/s/cm2

LX (0.2-2.0) 7E27 erg/s

Mdot 1E11 g/s

nH

kT1

kT2

norm1

norm2

EPIC pn



Optical spectroscopy - confirms a new  
metal-polluted white dwarf
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Teff  6340±40 K
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Parent body composition
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Bulk Earth
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Effective temperature [K]
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Optical spectroscopy - confirms a new  
metal-polluted white dwarf

Teff  6340±40 K

RWD  0.0119±0.0002 R☉

E(B-V)  0.06±0.01 mag

MWD  0.63±0.02 M☉

logg  8.08±0.03

Cooling age  2.5±0.2 Gyr

Mdot ~1E8 g/s

MdotX 1E11 g/s

Keck LRIS



First epoch:  
Two x 15 mins

Second epoch:  
Four x 15 mins

six days



Serendipitous discovery of two new low-state polars
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Porb = 103.9 ± 2 minPorb = 95.3 ± 1 min

Cunningham et al. (2024), in prep.



Serendipitous discovery of two new low-state polars

Cunningham et al. (2024), in prep.

F(0.25−10.0 keV)
X = (1.4 ± 0.4) × 10−14 erg s−1 cm−2

L (0.25−10.0 keV)
X = (7 ± 2) × 1028 erg s−1

·MX ≈ 8 × 1011g s−1

F(0.25−10.0 keV)
X = (5 ± 1) × 10−14 erg s−1 cm−2

L (0.25−10.0 keV)
X = (3.4 ± 0.7) × 1029 erg s−1

·MX ≈ 2 × 1012g s−1

EPIC-PN EPIC-PN



Maheshwari, Cunningham et al. (2024), in prep.

Detection of H-band cyclotron emission

FourStar/Magellan

WD

WD

WD+BD



Conclusions

Recent Chandra observations confirm metal-polluted white dwarfs as a 
new class of soft X-ray source (4.5–5.9 ) - redetected with XMM


Measured X-ray flux ( ) provides first independent 
constraint on Mdot; consistent with spectroscopic inferred accretion rates


Ongoing search for similar systems, using 4XMM-DR13 source catalogue, 
and targeted observations, revealing interesting low accretion rate systems


σ

2 ⋅ 10−15 erg/s/cm2



Thanks for listening

Tim Cunningham 
tim.cunningham@cfa.harvard.edu 

warwick.ac.uk/timcunningham
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Serendipitous discovery of a new metal-polluted white dwarf
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M-dwarf sample (CARMENES; Cifuentes et al. 2020) scaled by distance to JHK mag

Saturated M-dwarfs
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Figure 4. Emissivity spectrum of the dust around G29-38. The observed spectrum has been divided by a 930 K blackbody and fitted with a linear combination of
12 minerals. The shape of each mineral’s emissivity, normalized by its fitted amplitude to the G29-38 emissivity, is shown separately by a colored line (offset vertically
for clarity): red = amorphous carbon, bright green = carbonates (zero amplitude), yellow = PAH (zero amplitude), light orange = water vapor (zero amplitude), deep
orange = water ice, olive green = sulfides, represented here by niningerite, blue = phyllosilicates (zero amplitude), light blue = crystalline pyroxenes (ferrosilite,
diopside, and orthoenstatite, in order of 20 µm amplitude), purple = amorphous olivine, and dark blue = crystalline olivines (forsterite and fayalite, in order of 20 µm
amplitude).
(A color version of this figure is available in the online journal.)

Table 3
Composition of the Best-Fit Modela to the Spitzer/IRS G29-38 Spectrum

Species Weightedb Density Mol. Wt. Nmoles
c Td

max χ2 if
Surface Area (g cm−3) (Relative) (K) Excluded

Detections

Amorph Olivine (MgFeSiO4) 0.33 3.6 172 0.69 890 90.6
Fayalite (Fe2SiO4) 0.08 4.3 204 0.17 890 2.91
FerroSilite (Fe2Si2O6) 0.11 4.0 264 0.17 890 9.85
Diopside (CaMgSi2O6) 0.05 3.3 216 0.076 890 2.05
OrthoEnstatite (Mg2Si2O6) 0.04 3.2 200 0.064 890 1.98
Niningerite (Mg10Fe90S)e 0.10 4.5 84 0.53 890 1.49
Amorph Carbon (C) 0.28 2.5 12 5.83 930 >100
Water Ice (H2O) 0.29 1.0 18 1.61 220 5.82

Upper Limits and Nondetections

Forsterite[Koike](Mg2SiO4) 0.02 3.2 140 0.046 890 1.15
Amorph Pyroxene (MgFeSi2O6) 0.00 3.5 232 0.09 890 1.04
Smectite/Notronitef 0.00 2.3 496 0.03 890 1.04
Water Gas (H2O) 0.01 1.0 18 ! 0.00 220 1.04
Magnesite (MgCO3) 0.00 3.1 84 ! 0.00 890 1.04
Siderite (FeCO3) 0.00 3.9 116 ! 0.00 890 1.04
PAH (C10H14) 0.00 1.0 (178) ! 0.011 N/A 1.04

Notes.
a Best-fit model χ2

ν = 1.04 with power-law particle size distribution dn/da ∝ a−3.7, 5–35 µm range of fit, 336
degrees of freedom (dof).
b Weight of the emissivity spectrum of each dust species required to match the G29-38 emissivity spectrum.
c Nmoles(i) is the Density/Molecular Weight × Normalized Surface Area for mineral i. Errors are ±15% (1σ ).
d All temperatures are ±20 K (1σ ).
e We use the name niningerite to refer to MgxFe1−xS. A niningerite composition of Mg25Fe75S may fit the data
better.
f Na0.33Fe2(Si,Al)4O10(OH)2 · 3H2O.
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diopside, and orthoenstatite, in order of 20 µm amplitude), purple = amorphous olivine, and dark blue = crystalline olivines (forsterite and fayalite, in order of 20 µm
amplitude).
(A color version of this figure is available in the online journal.)
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Surface Area (g cm−3) (Relative) (K) Excluded

Detections

Amorph Olivine (MgFeSiO4) 0.33 3.6 172 0.69 890 90.6
Fayalite (Fe2SiO4) 0.08 4.3 204 0.17 890 2.91
FerroSilite (Fe2Si2O6) 0.11 4.0 264 0.17 890 9.85
Diopside (CaMgSi2O6) 0.05 3.3 216 0.076 890 2.05
OrthoEnstatite (Mg2Si2O6) 0.04 3.2 200 0.064 890 1.98
Niningerite (Mg10Fe90S)e 0.10 4.5 84 0.53 890 1.49
Amorph Carbon (C) 0.28 2.5 12 5.83 930 >100
Water Ice (H2O) 0.29 1.0 18 1.61 220 5.82

Upper Limits and Nondetections

Forsterite[Koike](Mg2SiO4) 0.02 3.2 140 0.046 890 1.15
Amorph Pyroxene (MgFeSi2O6) 0.00 3.5 232 0.09 890 1.04
Smectite/Notronitef 0.00 2.3 496 0.03 890 1.04
Water Gas (H2O) 0.01 1.0 18 ! 0.00 220 1.04
Magnesite (MgCO3) 0.00 3.1 84 ! 0.00 890 1.04
Siderite (FeCO3) 0.00 3.9 116 ! 0.00 890 1.04
PAH (C10H14) 0.00 1.0 (178) ! 0.011 N/A 1.04

Notes.
a Best-fit model χ2

ν = 1.04 with power-law particle size distribution dn/da ∝ a−3.7, 5–35 µm range of fit, 336
degrees of freedom (dof).
b Weight of the emissivity spectrum of each dust species required to match the G29-38 emissivity spectrum.
c Nmoles(i) is the Density/Molecular Weight × Normalized Surface Area for mineral i. Errors are ±15% (1σ ).
d All temperatures are ±20 K (1σ ).
e We use the name niningerite to refer to MgxFe1−xS. A niningerite composition of Mg25Fe75S may fit the data
better.
f Na0.33Fe2(Si,Al)4O10(OH)2 · 3H2O.
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Cunningham et al. (2023), submitted.





Teff 6340±40 K

RWD 0.0119±0.0002 R☉
E(B-V)  0.06±0.01 mag

log(H/He) -3.5±0.1

log(Na/He) -9.5±0.1

log(Mg/He) -8.1±0.4

log(Ca/He) -9.2±0.3

log(Ti/He) -10.7±0.2

log(Fe/He) -8.4±0.3

log(Ni/He) -9.7±0.6

MWD 0.63±0.02 M☉
logg 8.08±0.03

Cooling age 2.5±0.2 Gyr

Ca/Fe = -9.2 + 8.4 = -0.8  
Ti/Fe  = -10.7 + 8.4 = -2.3 
Mg/Fe = -8.1 + 8.4 = 0.3


