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A B S T R A C T 

White dwarfs accreting planetary debris provide detailed insight into the bulk composition of rocky exoplanetesimals. However, 
only one Kuiper Belt analogue has been identified in that way so far. Here, we report the accretion of an icy extrasolar planetesimal 
on to white dwarf WD 1647 + 375 using ultraviolet spectroscopy from the Hubble Space Telescope . The accreted material is rich 

in the volatiles carbon, nitrogen, and sulphur, with a chemical composition analogous to Kuiper belt objects (KBOs) in our Solar 
system. It has a high nitrogen mass fraction (5 . 1 ± 1 . 6 per cent) and large oxygen excess (84 ± 7 per cent), indicating that the 
accreted planetesimal is water-rich (a water-to-rock ratio of � 2 . 45), corroborating a cometary- or dwarf planet-like composition. 
The white dwarf has been accreting at a rate of ≈2 × 108 g s−1 for the past 13 yrs, implying a minimum mass of ∼1017 g for the 
icy parent body. The actual mass could be several orders of magnitude larger if the accretion phase lasts ∼105 yr as estimated in 

the literature from debris disc studies. We argue that the accreted body is most likely a fragment of a KBO dwarf planet based 

on its nitrogen-rich composition. However, based on the chemical composition alone, it is difficult to discern whether this icy 

body is intrinsic to this planetary system, or may have an interstellar origin. 

Key words: techniques: spectroscopic – exoplanets – planets and satellites: composition – white dwarfs – ultraviolet: stars. 
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 I N T RO D U C T I O N  

he Solar system contains a vast number of icy bodies, including 
omets and the moons of giant planets. These bodies originate in 
istant regions of the Solar system, such as the Kuiper belt and the
ort cloud, where temperatures are sufficiently low for volatile ices 

o remain in solid form. These objects are predominantly composed 
f water, CO2 , and NH3 , and are representative of the primitive 
nd unaltered matter from the early solar nebula. They offer key 
nsights into the composition of protoplanetary discs and thus are 
mportant for understanding the delivery of water (and potentially 
he origins of life Anders 1989 ; Anslow, Bonsor & Rimmer 2023 )
n to terrestrial planets. The source of water on Earth remains an
ntensively debated topic (see e.g. Piani et al. 2020 ; Kral et al.
024 ; Barrett, Bryson & Geraki 2025 ), where a few recent studies
uggest that water could be produced by the chemical reactions of
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rimordial hydrogen-dominated atmospheres with magma oceans 
Young, Shahar & Schlichting 2023 ; Rogers et al. 2025 ). 

Beyond the Solar system, a small number of exo-comets (see the
eview by Strøm et al. 2020 ) have been discovered via high-resolution
pectra of transient absorption features (such as Ca II , Fe II ) caused by
he dusty tails of comets while transiting the star (Kiefer et al. 2014a ,
 ; Welsh & Montgomery 2018 ). These observations are challenging,
s these icy exoplanetary bodies are small and faint. Since typically
nly gases are detected, our insight into the detailed chemical 
omposition of the exo-comets remains limited. In this respect, white 
warfs have the potential to serve as powerful diagnostic tools for
nvestigating the bulk composition of exoplanetary icy bodies. 

White dwarfs with Teff < 25 000 K typically have simple atmo- 
pheres dominated by hydrogen or helium, as heavy elements formed 
uring earlier evolutionary stages sink to the core under the influence
f their high surface gravities (Schatzman 1945 ). The sinking time-
cales for these metals are always short (ranging from days to millions
f years, depending on whether the atmosphere is dominated by H or
is is an Open Access article distributed under the terms of the Creative
h permits unrestricted reuse, distribution, and reproduction in any medium,
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Table 1. Comparison of line velocities derived from two COS observing 
programmes of WD 1647 + 375 with exposure times of 780 s (snapshot) and 
2164 s (deep). 

Vr (km s−1 ) 
Metal Wavelength region (Å) Snapshot Deep

C III 1175–1177 14.37 ± 0.55 13.04 ± 0.36 
C II a 1334–1335 12.24 ± 0.38 13.74 ± 0.26 
N I a 1199–1200 14.84 ± 6.18 7.18 ± 2.75 
N I 1242–1245 15.29 ± 3.59 1.42 ± 2.81 
O I 1151–1153 18.40 ± 0.93 13.01 ± 0.64 
O I a 1302–1306 19.75 ± 0.38 19.1 ± 0.23 
Al III 1379–1384 12.67 ± 1.05 12.39 ± 0.69 
Si II 1260–1265 18.41 ± 0.29 10.95 ± 0.19 
Si III a 1298–1301 20.10 ± 0.26 17.92 ± 0.18 

a These photospheric features are contaminated by lines from the interstellar 
medium (ISM). 
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e, (see Koester 2009 ) compared to the time the star has spent in the
hite dwarf phase. The detection of metals in their atmospheres is

herefore attributed to external sources, primarily from the accretion
f planetary debris (Jura 2003 ), as confirmed by many studies in
he past two decades (Farihi et al. 2010 ; Klein et al. 2010 ; Kawka
 Vennes 2012 ; Hollands et al. 2017 ; Izquierdo et al. 2021 ). This

henomenon makes them powerful probes of the bulk composition
f exoplanetary bodies (Zuckerman et al. 2007 ). 
Optical and ultraviolet spectroscopic surveys have shown that

etween 25 per cent (Zuckerman et al. 2003 ) to 50 per cent (Koester,
änsicke & Farihi 2014 ) of white dwarfs exhibit photospheric metals.
mong the heavy elements, O, Mg, Si, Ca, and Fe are typically

he most abundant, consistent with the accretion of rocky bodies.
etailed analyses of a small number of heavily metal-enriched white
warfs have revealed abundance patterns that closely resemble those
f bulk Earth or CI chondrites (Gänsicke et al. 2012 ; Melis & Dufour
017 ; Doyle et al. 2023 ). In contrast, only a handful of systems have
een found accreting volatile-rich material containing elements such
s C, N, S, or excess oxygen that is indicative of water-rich bodies
Farihi, Gänsicke & Koester 2013 ; Raddi et al. 2015 ; Gentile Fusillo
t al. 2017 ; Xu et al. 2017 ). 

Given the ubiquity of icy bodies in our Solar system, the obser-
ational findings discussed above raise an important question: Why
s the detection of white dwarfs accreting volatile-rich material so
are? Whereas comets and Kuiper belt-like objects are numerous in
he Solar system, and very likely also in exoplanetary systems, a large
raction of them are likely to be ejected during the metamorphosis
f their host stars into white dwarfs (Veras, Shannon & Gänsicke
014a ; Stone, Metzger & Loeb 2015 ). In addition, there is a strong
bservational selection effect: cool white dwarfs (< 13 000 K) usually
ominate the spectroscopic surveys which are less sensitive to
etecting volatiles (such as C, N, O) due to their weaker transitions
n optical wavelengths (Williams et al. 2024 ). Furthermore, recent
tudies have highlighted other possible explanations, including ob-
ervational biases due to asynchronous accretion (Malamud & Perets
016 ; Brouwers et al. 2023 ), and the shielding effect of white dwarf
agnetospheres, which can prevent the accretion of volatile vapours

produced by sublimating comet fragments) within the co-rotation
adius (Zhou, Liu & Lin 2024 ). 

To identify and characterize the volatile-enriched white dwarf
ystems, measuring the abundance of nitrogen is crucial as it serves
s a key indicator of exoplanetary ices or primitive material enriched
ith volatile elements, similar to those found in comets, interstellar
bjects (Oumuamua Jackson & Desch 2021 ), Kuiper Belt objects
KBOs), and the crusts of icy moons of the outer Solar system. The
etection of nitrogen requires far-ultraviolet spectroscopy, and has
o far only been reported for three of the white dwarfs with He (Xu
t al. 2017 ; Klein et al. 2021 ) and H-rich atmospheres (Johnson et al.
022 ). The overall chemical composition of the debris accreted by
hese three white dwarfs indicates that they accreted Kuiper belt-like
bjects. 
Here, we report nitrogen detection in a warm (22 040 K) hydrogen-

ich atmosphere of WD 1647 + 375 using far-ultraviolet spectroscopy
btained with Hubble Space Telescope ( HST ). In addition to nitrogen,
e detect other volatile elements (C, O, S) which, combined with its

arge oxygen excess, imply that this white dwarf is accreting an icy
xoplanetesimal. 

 OBSERVATION  A N D  DATA  ANALYSIS  

e obtained ultraviolet and optical spectroscopy to measure the
etal abundances in the atmosphere of WD 1647 + 375. Below,
NRAS 543, 223–232 (2025)
e provide details on these observations and describe the fitting
echnique as well as the computation of the accretion rates calculated
rom the best-fitting abundances. 

.1 Ultraviolet spectroscopy 

D 1647 + 375 was observed twice with the Cosmic Origins Spectro-
raph (COS) onboard HST . An initial observation with an exposure
ime of 780 s was obtained on 2011 October 5 as part of the snapshot
rogramme 12474, followed by a deep exposure using a 2164 s
ntegration on 2012 December 16 under programme 12 869 (PI Boris
änsicke for both programmes). On both occasions, we used the
130M grating with a central wavelength of 1291 Å which covers

he wavelength range 1130 −1435 Å, with a gap at 1278 −1288 Å due
he space between two detector segments. The resolving power of
he grating is R = 16 000. The spectra were processed with the COS
ipeline CALCOS 3.1.8. 
The snapshot spectrum was acquired with the lifetime position

P1, and the deeper exposure spectrum at LP2. Since the COS
avelength accuracy corresponds to a velocity of 15 km s−1 , we used

he spectra of WD 1647 + 375 to check for differences between the
easurements arising from the wavelength calibration in different
P settings. Comparing line velocities, we find that there is an
verage velocity offset of ≈10–12 km s−1 between the N I 1243 Å
oublet and other strong absorption lines of C, Si, and O within
he deep exposure. In contrast, all line velocities are consistent in
he case of snapshot spectrum (Table 1 ). Inspecting the two COS
pectra, we find a relative shift in the wavelength calibration of
eep exposure (≈0 . 04 Å), particularly in the 1200–1300 Å spec-
ral region. This velocity difference may arise due to an error
n COS wavelength calibration, which depends on wavelength
ccuracy, geometric distortions, and drifts (Oliverira et al. 2010 ). 

The O I triplet (1302–1306 Å) in the spectra can be affected by
he geocoronal lines whose intensity varies as a function of HST ’s
rbital position (i.e. the observatory’s ‘day’ and ‘night’ time). Both
ST spectra of WD 1647 + 675 are strongly affected by airglow. We
sed community-generated templates for COS (Bourrier et al. 2018 )
o remove this feature from the spectra (Williams et al. 2025 ) as
hown in Fig. 1 . The corrected spectra for both exposures were used
or determining the oxygen abundance. 

.2 Optical spectroscopy 

 low resolution ( R ≈ 1000) spectrum of WD 1647 + 375 obtained
y Gianninas, Bergeron & Ruiz ( 2011 ) is available in the Montreal
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Figure 1. Airglow correction of WD 1647 + 375 of the deep exposure where 
the raw spectrum and the best-fitting airglow template are shown in black 
and red, respectively. The airglow-corrected spectrum is shown in blue and 
arbitrarily shifted in flux for clarity. The strong absorption lines of Si II and 
O I affected by the airglow are marked in the plot. The dashed black line 
shows the average continuum flux in the wavelength region 1300–1309 Å. 

Table 2. Summary of parameters for WD 1647 + 375. 

Parameters Value 

Name WD J164920.30 + 372821.25 
G (mag) 14.986 (0.003) 
Parallax (mas) 12.74 (0.03) 
Teff (K) 22 040 (31) 
log ( g[cm s−2 ]) 7.88 (0.03) 
M (M�) 0.57 (0.01) 
R (R�) 0.0144 (0.0003) 
Cooling age (Myr) 30 (2) 

Note. Astrometric parameters are from Gaia Collaboration ( 2023 ) and 
spectroscopic parameters are from Sahu et al. ( 2023 ). 
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hite Dwarf Data Base (Dufour et al. 2017 ), which does not exhibit
ny metal lines. A more recent spectrum ( R � 2500) was obtained
s part of the Data Release 1 of the Dark Energy Spectroscopic
nstrument (DESI Collaboration 2025 ), again not showing any metal 
ines. 

We therefore observed WD 1647 + 375 on 2025 April 23 with the
-shooter spectrograph (Vernet et al. 2011 ) mounted on the Very 

arge Telescope (VLT), using slit widths of 1.0, 0.9, and 0.9 arcsec
nd exposure times of 2 × 200 s, 2 × 150 s, and 4 × 100 s in the UVB,
IS, and NIR arms, respectively. The resulting spectral resolutions 

re 5400 (UVB), 8900 (VIS), and 5600 (NIR). The data were reduced
sing the REFLEX pipeline and the telluric correction was carried out 
sing MOLECFIT (Kausch et al. 2015 ). The only metal absorption line
etected in the X-Shooter spectrum is the Mg II triplet at 4481 Å. 

.3 Metal abundances 

D 1647 + 375 has Teff = 22 040 K, log g = 7 . 88, and a hydrogen-
ominated atmosphere (Table 2 ; Sahu et al. 2023 ). Fixing these
arameters, we generated 1D synthetic spectral model grids for 
he elements C, N, O, Mg, Al, Si, P, S, Ca, Fe, and Ni using the
tmosphere code of Koester ( 2010 ) but with numerous updates and
mprovements in the equations of state and absorption coefficients 
Koester, Kepler & Irwin 2020 ). The model grids span abundances 
rom −10 to −4 dex in steps of 0.25 dex. The analysis of the
OS and X-Shooter spectroscopy of WD 1647 + 375 followed the
ethodology described in Williams et al. ( 2025 ). 
Since WD 1647 + 375 is located at a distance of 78.5 pc (Table

 ; Gaia Collaboration 2023 ), some of the photospheric lines in the
OS spectrum are contaminated by absorption lines arising from the 

SM, affecting the abundance measurements. We therefore included 
SM lines in the fits to the COS spectrum, where each ISM line
as modelled with a Gaussian profile using velocity, amplitude, and 
idth as free parameters. The model ISM lines were then combined
ith the atmospheric model, convolved with the COS line spread 

unction, 1 and fitted to the observed spectra using χ2 minimization. 
n these fits, we used a spectral window of 3 Å centred around the
acuum (COS) and air (X-Shooter) wavelengths of the detected metal 
ines, and allowed for a local flux scaling factor to match the continua
f the data and the model. 
In addition to the ISM lines, the spectral region 1290–1310 Å

ontains many strong photospheric Si II, III lines that affect the level
f the continuum and thereby the oxygen abundance determination 
sing O I 1302.17, 1304.86 and 1306.03 Å. To resolve this, we
xed the Si abundance to the initial best-fitting value and generated
odels varying each element relative to Si (one at a time) to find

he best-fitting measurement. The difference between the abundance 
etermined from the O I triplet and that from the unblended line at
152 Å is comparable to the 1 σ uncertainties noted in the case of
ther elements, suggesting that the measured oxygen abundance is 
eliable. 

For nitrogen, we considered the spectral regions covering the N I

riplet at 1200 Å and the doublet at 1243 Å which is a blend of
our lines with the strongest transitions at 1243.18 and 1243.31 Å. 

e do not detect phosphorus or nickel absorption lines, hence, we
etermined upper limits considering the transitions P III 1344.33 Å, 
i II 1370.12 Å and following the procedure of Hollands et al. ( 2020 ).
ig. 2 shows the best-fitting model to the spectrum of WD 1647 + 375,
here the determined abundances are given in Table 3 . We note

hat the ISM lines are resolved from the photospheric lines with
verage line velocities of −19.5 and + 11 km s−1 , respectively. We 
omputed the final abundance values as the weighted average of 
he measurements derived from multiple lines of each element, and 
he uncertainties are adopted as the standard deviation for the COS
pectrum. 

We determined the best-fitting abundances for both COS spectra 
o (1) probe for temporal variations in the abundances, and (2) assess
otential systematic uncertainties. The results are provided in Table 3 .
e find that the abundances agree well within the 1 σ uncertainties

or all elements. There is a difference of 0.14 dex in the oxygen
bundance between the two COS spectra which is most likely related
o the different levels of correction for airglow. Overall, the deeper
xposure provides the best signal-to-noise ratio and thus the smallest 
ncertainties in detected lines (especially nitrogen, which has only 
eak lines) and tighter upper limits for non-detections. Hence, the 

bundance measurements of the deep spectrum were used to study 
he bulk composition of the accreted body. The results of the snapshot
pectrum are provided in the Appendix A . 

The snapshot exposure of WD 1647 + 375 has been previously
nalysed (Koester et al. 2014 ), yielding stellar parameters Teff = 

2803 ± 310 K, log g = 7 . 90 ± 0 . 09, log (Si / H ) = −6 . 20 ± 0 . 10,
nd log (C / H ) = −5 . 50 ± 0 . 20. We find Si and C abundances larger
y 0.4 and 0.3 dex, respectively, which agree within 2 σ with
MNRAS 543, 223–232 (2025)
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M

Figure 2. The airglow-corrected deep HST COS spectrum of WD 1647 + 375 (black) and the best-fitting model (red) with the line velocities from Table 1 , 
and the weighted average abundances from Table 3 . Since we have plotted the average abundances, the individual fits to the Si lines look poor. The ISM lines 
are fitted with a Gaussian profile and are shown in blue. Several transitions of C, N, O, S, Si, Al, and Fe are labelled, where ∗ denotes a blend of Si with Fe 
lines. 
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he earlier work. Using the deep exposure, Wilson et al. ( 2016 )
erived log (C / O ) = −1 . 12 ± 0 . 25, which is lower than our value
f −0 . 50 ± 0 . 23. The abundance differences with these studies are
ttributed to the newer models, methods, and atomic data used in the
urrent analysis. 

The COS spectrum does not contain detectable transitions of
agnesium and calcium, and we analysed the X-shooter spectrum

o determine the abundances of these two elements. We fitted the
pectral region covering the unresolved Mg II 4481 Å triplet, and
a II K. We normalized the observed and model fluxes and varied

he model abundances to find a best fit to the spectrum using χ2 

inimization. The X-Shooter spectrum and the best-fitting model
or the Mg II are shown in Fig. 3 , where we find a systemic velocity
f 15 . 5 ± 5 . 0 km s−1 , consistent with the line velocities from COS.
e do not detect Ca II absorption and hence we determined an upper

imit as outlined above (Table 3 ). 
NRAS 543, 223–232 (2025)

(  
.4 Accretion rates 

he bulk composition of the accreted material can be determined
rom the measured photospheric abundances by accounting for
he different diffusion velocities of the individual elements. As
he accreted material diffuses out of the warm and hydrogen-rich
tmosphere of WD 1647 + 375 on time-scales of days (Koester 2009 ),
t is safe to assume that there is a steady state between accretion
nd diffusion, and that the diffusion flux is constant throughout the
tmosphere and is equal to the accretion rate, which in turn reflects
he elemental composition of the parent body. 

We computed the diffusion fluxes for each detected element
ollowing the procedure of Koester et al. ( 2014 ) which is applicable
o warm, hydrogen-atmosphere white dwarfs with Teff ≥ 17 000 K.
ote that the assumption of constant diffusion flux can lead to small

hanges in the photospheric abundances of the best-fitting model
Koester et al. 2014 ). We compared the spectrum emerging from an
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Table 3. Summary of abundances of WD 1647 + 375. The abundances determined from the two COS spectra are reported 
separately. 

log ( Z / H ) Mass fraction (per cent) 
Element Snapshot Deep ṀZ (g s−1 ) WD 1647 + 375 Halley 

HST COS 

C −5.22(0.15) −5.18(0.21) 1 . 71 × 107 9.8 (4.6) 24.1 
N −5.66(0.29) −5.68(0.12) 9 . 23 × 106 5.1 (1.6) 1.5 
O −4.83(0.04) −4.69(0.10) 1 . 28 × 108 67.1 (6.6) 35.2 
Al −6.57(0.10) −6.56(0.10) 1 . 35 × 106 0.7 (0.2) 0.5 
Si −5.76(0.29) −5.74(0.21) 1 . 01 × 107 5.9 (2.9) 12.8 
P < −7 . 59 < −7.80 < 1 . 17 × 105 

S −6.32(0.12) −6.30(0.10) 5 . 01 × 106 2.7 (0.8) 5.7 
Fe −6 . 20(0.15) −6.20(0.13) 1 . 28 × 107 7.0 (2.3) 7.2 
Ni < −7 . 11 < −7.56 < 6 . 45 × 105 0.6 

X-shooter 

Mg −6 . 12 (0.14) 2 . 99 × 106 1.6 (0.5) 6.0 
Ca < −7 . 13 < 7 . 78 × 105 0.6 
Total 1 . 88 × 108 

Note. The error in magnesium abundance is adopted from Williams et al. ( 2024 ). The accretion rates and mass fraction are 
computed using the deep exposure spectra (exposure 2). The mass fraction of heavy elements in Halley’s comet (Jessberger, 
Christoforidis & Kissel 1988 ) is provided for comparison. 

Figure 3. X-shooter spectrum of WD 1647 + 375 (black) and the best-fitting 
model (red) with an upper limit of log (Ca / H ) (left panel) and log (Mg / H ) 
(right panel) abundance from Table 3 . 
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Figure 4. Comparison of log number abundance ratios of WD 1647 + 375, 
relative to silicon and normalized to CI chondrites, with the bulk Earth, 
Halley’s comet (Jessberger et al. 1988 ) and WD 1425 + 540 (Model 1 from 

Xu et al. 2017 ). 
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tmosphere with a constant abundance and a constant diffusion flux, 
nd found no noticeable difference. In addition, we assessed whether 
adiative levitation may affect the measured abundances. For the Teff 

nd log g of WD 1643 + 375, the study by Koester et al. ( 2014 ; fig. 5
nd 6) suggests that the effect of radiative levitation is small. We
erified this by computing an atmosphere model including radiative 
evitation for silicon and carbon following the procedures in Koester 
t al. ( 2014 ), and found that the implied changes in the diffusion
uxes are well below the 1 σ uncertainties in the measurements. The 
ccretion rates for each element are provided in Table 3 . 

 RESULTS  A N D  DISCUSSION  

hereas wind-accretion from a close stellar or substellar companion 
ould explain the volatile-rich nature of the material accreted by 
D 1647 + 375 (Debes 2006 ), we rule out that scenario for two

easons: (1) Spitzer photometry of WD 1647 + 375 does not reveal
ny infrared excess (Wilson et al. 2019 ). (2) Nitrogen is overabundant
ompared to solar abundances. For example, Gänsicke et al. ( 2012 )
eported COS spectroscopy of three white dwarfs accreting stellar 
ind from M-dwarf companions and found that the abundances of 

arbon, oxygen, and sulphur are quasi-solar, with nitrogen remaining 
elow the detection threshold. Mass-loss from sub-stellar compan- 
ons are expected to be extremely low, with only one optical detection
Walters et al. 2023 ). This leaves us with the accretion of planetary
aterial as the only option. Below we discuss the composition of the

lanetary body, as well as its potential nature and origin. 

.1 The composition of the planetary body 

e compared the parent body number abundances (see equation 
 of Gänsicke et al. 2012 ) derived from spectroscopy, relative to
ilicon and normalized to CI chondrites with the abundances of the
ulk Earth (McDonough & Sun 1995 ), comet Halley (Jessberger 
t al. 1988 ); the Sun (Lodders 2003 ), and WD 1425 + 540 (Xu et al.
 2017 ); the first case of volatile-dominated material detected in a
olluted white dwarf) as shown in Fig. 4 . This comparison suggests
hat the parent body accreted by WD 1647 + 375 closely resembles
olar composition, Halley’s comet, and the parent body polluting 

D 1425 + 540. Notably, the accreted planetesimal is rich in carbon,
MNRAS 543, 223–232 (2025)
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M

Figure 5. Log number abundance ratios of the volatiles carbon, nitrogen, and 
sulphur relative to oxygen in WD 1647 + 375 (red square) compared with the 
other three white dwarfs that have nitrogen detections (WD 1425 + 540 = blue 
triangle, Xu et al. 2017 ; GD 378 = yellow triangle, Klein et al. 2021 ; 
G 238 −44 = green star, Johnson et al. 2022 ), and with well-studied comets 
(cyan): Halley; 67P/Churyumov-Gerasimenko (Rubin et al. 2019 ), Garradd 
(Paganini et al. 2012 ), 2I/Borisov (Bodewits et al. 2020 ), CI chondrites, 
Sun (Lodders 2003 ), and, bulk Earth (McDonough & Sun 1995 ). Note that 
2I/Borisov is an interstellar comet. 
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Figure 6. Mass fraction (left) and oxygen budget (right) for the detected 
heavy elements in WD 1647 + 375. The error bar represents the total uncer- 
tainty on the oxygen budget. 

Table 4. Oxygen budget of WD 1647 + 375. 

Component Fraction of oxygen (per cent) 

Al2 O3 1.0 (0.3) 
SiO2 10.4 (6.0) 
FeO 3.1 (1.2) 
MgO 1.6 (0.5) 
Excess 83.9 (7) 
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xygen, and nitrogen, with O/Si and N/Si being ∼5 and 8 times
igher, respectively than the comet Halley. We further compared
he volatile element ratios N/O, C/O, and S/O in Fig. 5 , alongside
olar system and interstellar comets (Paganini et al. 2012 ; Rubin
t al. 2019 ; Bodewits et al. 2020 ), and the three white dwarfs with
hotospheric nitrogen detections: WD 1425 + 540, G238 −44, and
D 378. Fig. 5 places WD 1647 + 375 closer to the Sun in N/O than to

he other, volatile-rich white dwarfs. WD 1647 + 375 exhibits N / O =
 . 08, which is higher than in comets, which have N/O between
.003 and 0.05. In contrast, the S / O = 0 . 02 of WD 1647 + 375 falls
ithin the range observed for the comets 67P and Halley, S / O =
 . 016–0 . 08. Overall, the volatile element ratios and high N/O suggest
hat WD 1647 + 375 is accreting icy material analogous to KBOs. 

The three white dwarfs with published nitrogen detections span a
ange of compositions and interpretations: WD 1425 + 540 is thought
o accrete a KBO analogue (Xu et al. 2017 ), G238 −44 two distinct
lanetary bodies, one being an icy KBO analogue and the other
eing a rocky body (Johnson et al. 2022 ), and GD378 an icy exo-
oon formed in the giant exoplanets’ radiation belts (Doyle, Desch
NRAS 543, 223–232 (2025)
 Young 2021 , though recent studies suggest that this hypothesis is
nlikely, Trierweiler et al. 2022 ; Kaiser et al. 2025 ). 
To investigate in more detail the composition of the parent body

ccreting on to WD 1647 + 375, we calculated the mass fractions of
he detected elements, which are provided in Table 3 and illustrated
n Fig. 6 . Oxygen is the most abundant element, comprising nearly
wo-thirds of the total mass. Notably, the volatile nitrogen accounts
or � 5 per cent of the total mass, the highest value among all white
warfs with nitrogen detections (Xu et al. 2017 ; Klein et al. 2021 ;
ohnson et al. 2022 ). This nitrogen abundance is also higher than
he values determined for the surface of KBOs and other outer Solar
ystem bodies (Jessberger et al. 1988 ; Rubin et al. 2019 ). 

Following the prescription of Klein et al. ( 2010 ), we calculated the
ater fraction by evaluating the oxygen budget using the standard

toichiometric ratios within common minerals containing the rock-
orming elements Mg, Al, Si, and Fe (Table 4 ). We considered a
cenario similar to that of the bulk Earth – namely that oxygen is
rimarily bound in MgO, Al2 O3 , SiO2 , and FeO. Since Fe can also
e metallic (such as in the Earth’s core), we allowed the oxidation
tate of Fe to vary from being all in the form of FeO to all as metallic.
ssuming that all Fe is metallic, we find that excess oxygen is 87 ± 6 
er cent. If Fe is entirely locked within FeO, which is a more likely
tate for a cometary body, the excess oxygen is 84 ± 7 per cent, as
hown in the right panel of Fig. 6 . This large oxygen excess indicates
hat the bulk of oxygen was carried as water, and thus the planetary
ody is rich in water ice. This again supports that WD 1647 + 375 is
ccreting an icy exoplanetesimal. 

The water-to-rock ratio is a crucial parameter to constrain the
nterior structure, composition, and formation history of ice-rich
lanetary bodies (Vazan, Sari & Kessel 2022 ). From Table 5 , the mass
raction of Mg, Al, Si, and Fe, representative of the rocky material in

D 1647 + 375, constitutes ≈15 per cent. From the oxygen budget
alculated above, 83.9 per cent are associated with the accretion
f water, and 16.1 per cent were accreted in the form of minerals.
onsequently, the mass fraction of oxygen contained in either water
r minerals is 56.4 per cent and 10.7 per cent, respectively. The mass
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Table 5. Water and rock mass fraction of icy body accreted by 
WD 1647 + 375. 

Component Mass fraction (per cent) 

Metals (Mg, Al, Si, Fe) 15.2 (3.7) 
O in oxides 10.7 (1.1) 
O in water (H2 O) 56.4 (5.5) 
H in water a 7.1 (0.7) 
Total H2 O 63.5 (5.6) 
Total rock (metal + oxide) 25.9 (3.9) 

a As the atmosphere of WD 1647 + 375 is composed of hydro- 
gen, our observations are not sensitive to the accretion of this 
element, and therefore it is not included in the mass fractions 
of the detected elements in Table 3 . The overall mass fractions 
including C, N, and S (from Table 3 ) with the above estimates 
(excluding H in water) amounts to 100 per cent. 
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raction of rock is hence the sum of the oxygen and Mg, Al, Si, and Fe
ass fractions, i.e. 25.9 per cent. Accounting for the mass fraction of

ydrogen associated with the accreted water, 7.1 per cent, results in 
 water mass fraction of 63.5 per cent, and finally in a water-to-rock
atio 2 . 45 ± 0 . 43. This ratio is around six times higher compared
o the KBOs in our Solar system that appear to have water-to-rock
atios of 0.43 (Bierson & Nimmo 2019 ). 

.2 The nature of the planetary body 

he bulk composition and mass distribution of elements detected 
n the atmosphere of WD 1647 + 375 demonstrate that the accreted
bject is either a comet or a fragment of the surface of an icy
warf planet similar to Pluto (Biver et al. 2018 ). The observed
itrogen enhancement, relative to typical comets, supports the latter 
cenario, as it can be explained if the accreted material constitutes 
he mantle and crust of a dwarf planet in a Kuiper belt location.

D 1647 + 375 is accreting at a rate ≈ 2 × 108 g s−1 for at least
3 yrs (spanned by our observations). Assuming a water-like density 
f ρ = 1 g cm−3 gives firm lower limits on the mass (7 . 7 × 1016 g)
nd radius (2.6 km) of the parent body accreting on to the star. If we
ssume that the accretion phase lasts for 105 –106 yr, as estimated 
rom statistical studies of white dwarfs with infrared dust disks 
Girven et al. 2012 ; Cunningham et al. 2021 , 2025 ) 2 , the parent
ody would be much larger with a mass of ∼6 × 1020–21 g and 
 radius of about � 50–100 km. These values are large compared 
o Solar system comets (e.g. Hale–Bopp’s mass is ∼1019 g), but 
ould be typical for a KBO. On the other hand, a shorter accretion
hase of ∼104 yr would permit a body more comet-like in its 
ass. 
In the context of the origin of this planetary object, it is interesting

o note that the discussions of white dwarfs accreting KBO-like 
bjects (Xu et al. 2017 ; Johnson et al. 2022 ) implicitly assumed
hat these bodies were formed in a planetary system around the 
hite dwarf progenitor. However, given that three interstellar comets 

1I/Oumuamua, 2I/Borisov, and 3I/ATLAS) were identified in the 
olar system within a few years (Meech et al. 2017 ; Jewitt & Luu
019 ; Bolin et al. 2025 ), a tantalizing possibility is that some white
warfs may accrete such interstellar comets, rather than their own. 
 Note that these estimates of the accretion phase duration were derived from 

he statistical analysis of white dwarfs with dusty per cent circumstellar discs 
etected in the infrared. It is not evident if the accretion of volatile-dominated 
aterial would proceed on the same or similar time-scales. 

s
c
d
c  

W  

r

he likelihood of accreting an interstellar object can be investigated 
rom both dynamical and chemical perspectives. 

Dynamically, consider an interstellar comet, composed of many 
articles, that is initially in a hyperbolic orbit around a white dwarf.
his orbit may be changed by non-gravitational decelerations on 
pproach to periastron, assuming that the interstellar object contains 
olatiles to be released (Veras, Eggl & Gänsicke 2015 ) as noted
n the cometary orbits in the Solar system. Independent of these
etails, if the comet passes through the white dwarf Roche sphere,
hich has an approximate radius of RRoche = 1R�, it will tidally
isrupt. This process is similar to the well-studied scenario of 
tars being tidally disrupted by black holes, where roughly half of
he material remains bound, and the other half is ejected (Lacy,
ownes & Hollenbach 1982 ; Rees 1988 ). Numerical simulations 
ave demonstrated that a similar ratio of bound to ejected material
s true for the tidal disruption of solid planetary bodies (Veras et al.
014b ; Malamud & Perets 2020 ).The resulting tidal disruption of
he interstellar object would create a debris disc that eventually is
ccreted on to the white dwarf over a time-scale tdisc . The upper
ound of tdisc is, as stated above, ∼Myr (Girven et al. 2012 ;
unningham et al. 2021 , 2025 ), while the lower bound is poorly
onstrained (Veras & Heng 2020 ). Then the expected number of
ccretion events per white dwarf is ∼ ( πR2 

Roche ) nvtdisc , where v 
s the stellar velocity dispersion in the relevant local patch of the

ilky Way, and n is the number density of interstellar objects. The
alues of n and tdisc are highly uncertain. However, generating an 
nterstellar object pollution rate of one out of every few hundred
hite dwarfs can be obtained with reasonable assumptions (e.g. 
 = 0 . 2 au −3 ; Do, Tucker & Tonry 2018 , tdisc = 102 yr, and v =
0 km s −1 ). For comparison, Dehnen, Hands & Schönrich ( 2022 ) 
stimate the rate of interstellar bodies hitting the Sun as 17 in
000 yr. 
Alternatively, an interstellar object may be gravitationally captured 

y the white dwarf (Napier, Adams & Batygin 2021a , b ; Dehnen &
ands 2022 ; Dehnen et al. 2022 ; Belbruno & Green 2024 ). Once

n the system, the object could experience a combination of non-
ravitational forces and close encounters with any existing planets, 
ventually leading to accretion on to the white dwarf (Bonsor &
yatt 2012 ; Wyatt et al. 2017 ; Marino et al. 2018 ; Rodet & Lai

024 ). However, the capture rate of interstellar objects by a Sun–
upiter like system is small (∼2 objects per 1000 yr) and can only
ccur at low incoming speeds (typically v∞ 

≤ 4 km s −1 ; Dehnen 
t al. 2022 ). 

Chemically, 2I/Borisov has many characteristics of a KBO (Jewitt 
 Seligman 2023 ). The nature of 1I/’Oumuamua is less well

nderstood, but is either likely to be a small (diameter < 100 m)
ragment of N2 ice from the surface of an exo-Pluto (Desch &
ackson 2021 ) or a dark comet arising from the cold and distant
egions of the extrasolar system (Seligman et al. 2022 ). There are
imilar fragments of crusts of differentiated Pluto-like dwarf planets 
bserved in our Solar system (Biver et al. 2018 ). For example,
he comet C/2016 R2 is thought to sample the N2 ice-rich crust
f a differentiated Pluto-like body, and such larger objects could 
e expected among comets ejected from stellar systems. Thus, 
ompositionally, interstellar objects are likely to resemble other 
ntrinsic comets, but there is a distinct possibility, based on ob-
ervations like C/2016R2 in our Solar system, that some interstellar 
omets could be N2 rich. The chemical composition of the recently 
iscovered interstellar comet, 3I/ATLAS is not yet sufficiently well- 
onstrained to be discussed within the context of our study of
D 1647 + 375 (Jewitt et al. 2025 ; Puzia et al. 2025 ). Nevertheless,

egardless of their actual origin, white dwarfs have the potential 
MNRAS 543, 223–232 (2025)
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o provide an important tool for measuring the abundances of icy
xoplanetesimals. 

 C O N C L U S I O N  

he detection of nitrogen alongside other heavy elements indicates
hat WD 1647 + 375 is accreting an icy, Kuiper Belt-like body with
 large (63.5 per cent) water content. WD 1647 + 375 is the first
ydrogen atmosphere white dwarf confirmed to be purely accreting
 KBO analogue, similar to the helium atmosphere white dwarf
D 1425 + 540. Given the fact that helium-rich atmospheres have

inking time-scales orders of magnitude longer than their hydrogen-
ich counterparts, and since their accretion history is therefore often
ncertain (Koester 2009 ; O’Brien et al. 2025 ), the discovery of
D 1647 + 375 provides an unambiguous measurement of metal

bundances and accretion rates for a planetary body with comet-
ike composition. 

The origin of the body accreting on to WD 1647 + 375 remains
ncertain, and we raise the possibility that it may be of interstellar
rigin, rather than belonging to a planetary system formed around the
rogenitor of the white dwarf. The relative probabilities of different
cenarios (an intrinsic comet, a KBO fragment, or an interstellar
omet) are subject to a number of uncertain parameters, including
he fraction of intrinsic comets lost during the (post) main-sequence
volution, and the space density, mass distribution, and lifetime
f interstellar comets. It is difficult to distinguish between these
cenarios solely from its chemical composition, and it will require
ore detailed dynamical simulations to explore the likelihood of the

ifferent possible origins. 
Our study of WD 1647 + 375 demonstrates the existence of icy

xoplanetesimals that could deliver water and other volatiles to
errestrial planets in extrasolar systems – a pre-requisite for the
evelopment of life in other worlds. This discovery is based on the
ar-ultraviolet spectroscopic capabilities of HST , emphasizing the
mportance for future ultraviolet missions in exploring other worlds
nd the origins of life. 
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APPENDI X  A :  ANALYSI S  O F  T H E  SNAPSHOT  

SPECTRUM  

The airglow correction (Fig. A1 ) and abundance analysis (Fig. A2 ) 
for the snapshot spectra of WD 1647 + 375 was performed following 
the same procedure as for the deeper exposure, see Section 2 in the 
main text for details. 

Figure A1. Airglow correction of the snapshot spectrum of WD 1647 + 375 
where the raw and airglow fitted template spectra are shown in solid black 
and red lines, respectively. The initial fit (top panel) partially removed the 
airglow feature in the spectral region 1304 −1305 Å. Therefore, a second fit 
(bottom panel) was applied to the output of the first correction to get the final 
spectra for abundance analysis. For more description, refer Fig. 1 .`
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Figure A2. The airglow-corrected HST COS snapshot spectrum of WD 1647 + 375 (black) and the best-fitting model (red) with the line velocities from Table 1 
and the weighted average abundances from Table 3 . Since we have plotted the average abundances, the individual fits to the Si lines look poor. The ISM lines 
are fitted with a Gaussian profile and are shown in blue. Several transitions of C, N, O, S, Si, Al, and Fe are labelled, where ∗ denotes a blend of Si with Fe lines. 
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