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A B S T R A C T 

In recent years, observations with the James Webb Space Telescope ( JWST ) have started to map out the rapid metal enrichment 
of the early Universe, while (sub)millimetre observations have simultaneously begun to reveal the ubiquity of dust beyond 

z � 6. However, the pathways that led to the assembly of early dust reservoirs remain poorly quantified, and require pushing our 
understanding of key scaling relations between dust, gas, and metals into the early Universe. We investigate the dust build-up in 

twelve 6 . 5 � z � 7 . 7 galaxies drawn from the Reionization Era Bright Emission Line Survey (REBELS) that benefit from (i) 
JWST /NIRSpec strong-line metallicity measurements, (ii) Atacama Large Millimetre/submillimetre Array (ALMA) [C II ]-based 

redshifts and gas masses, and (iii) dust masses from single- or multi-band ALMA continuum observations. Combining these 
measurements, we investigate the dust-to-gas (DtG), dust-to-metal (DtM), and dust-to-stellar mass (DtS) ratios of our sample as 
a function of metallicity. While our analysis is limited by systematic uncertainties related to the [C II ]-to-H2 conversion factor and 

dust temperature, we explore a wide range of possible values, and carefully assess their impact on our results. Under a fiducial 
set of assumptions, we find an average log (DtG ) = −3 . 02 ± 0 . 23, only slightly below that of local metal-rich galaxies. On the 
other hand, at fixed metallicity our average log (DtS ) = −2 . 15 ± 0 . 42 is significantly larger than that of low-redshift galaxies. 
Finally, through a comparison to various theoretical models of high-redshift dust production, we find that assembling the dust 
reservoirs in massive galaxies at z ≈ 7 likely requires the combination of rapid supernova enrichment and efficient interstellar 
medium dust growth. 
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 I N T RO D U C T I O N  

n recent years, the Atacama Large Millimetre/submillimetre Array 
ALMA) has revealed the widespread presence of massive dust 
eservoirs in galaxies in the Epoch of Reionization (EoR; e.g. D. 
. Riechers et al. 2013 ; D. Watson et al. 2015 ; R. A. A. Bowler et al.
018 , 2022 , 2024 ; D. P. Marrone et al. 2018 ; J. A. Zavala et al. 2018 ;
. Hashimoto et al. 2019 ; Y. Tamura et al. 2019 , 2023 ; Y. Harikane
t al. 2020 ; T. J. L. C. Bakx et al. 2021 , 2024 ; Y. Fudamoto et al.
021 ; Y. Sugahara et al. 2021 ; H. B. Akins et al. 2022 ; H. Inami
t al. 2022 ; S. Schouws et al. 2022 ; J. Witstok et al. 2022 , 2023 ; H.
. B. Algera et al. 2023 , 2024a , b ; R. Decarli et al. 2023 ; A. P. S.
ygate et al. 2023 ; R. Tripodi et al. 2023 , 2024 ; I. Mitsuhashi et al.
024 ; F. Valentino et al. 2024 ; I. F. van Leeuwen et al. 2024 ). 1 In
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 The exact timeline of reionization has not yet been fully mapped out, but 
he latest observational estimates place its endpoint at z ≈ 5 . 5 (e.g. S. E. I. 
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articular, ALMA has unambiguously revealed the presence of dust 
s early as z = 8 . 31, corresponding to just 0 . 6 Gyr after the big bang
Y. Tamura et al. 2019 , 2023 ; T. J. L. C. Bakx et al. 2020 ). At even
arlier cosmic epochs, the James Webb Space Telescope ( JWST )
as indirectly inferred the presence of dust through its effect on
he observed photometry and spectra of distant galaxies, suggesting 

odest levels of dust attenuation in some UV-luminous galaxies even 
t z � 9 (e.g. F. Cullen et al. 2023 ; K. Boyett et al. 2024 ; S. Carniani
t al. 2024 ; A. Ferrara, A. Pallottini & L. Sommovigo 2025a ). 

These observations suggest early galaxies undergo rapid chemical 
nrichment, followed by a similarly swift build-up of dust. Several 
tudies have attempted to quantify the dust masses ( Mdust ) of high-
edshift galaxies through multi-band ALMA observations, resulting 
n dust masses as high as Mdust ∼ 107 −8 M� by z ≈ 7 (T. Hashimoto
t al. 2019 ; T. J. L. C. Bakx et al. 2021 ; H. B. Akins et al. 2022 ;
osman et al. 2022 ; B. Spina et al. 2024 ). In this work, however, we simply 
efer to the EoR as z > 6, when reionization was mostly complete. 
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. Witstok et al. 2022 , 2023 ; H. S. B. Algera et al. 2024a ). For
arger galaxy samples, dust masses have been estimated based on
 single-band ALMA detection, which requires the assumption of
n underlying dust spectral energy distribution–in particular the dust
emperature ( Tdust ; e.g. L. Sommovigo et al. 2022a , b ). While more
ncertain, these single-band ALMA studies infer comparable dust
asses to works benefiting from multi-band ALMA photometry (e.g.
. Ferrara et al. 2022 ; S. Schouws et al. 2022 ; L. Sommovigo et al.
022a ). 
To quantify the dust enrichment of distant galaxies, inferred dust
asses are generally compared to galaxy stellar masses, suggesting

ypical ratios of Mdust /M� ∼ 0 . 001–0 . 01 (J. Witstok et al. 2023 ; H. S.
. Algera et al. 2024a ). Supernovae (SNe) have long been considered

he main dust producers at high redshift (e.g. P. Todini & A. Ferrara
001 ), owing to the short time-scales on which they can begin to
nrich the interstellar medium (ISM). As such, this dust-to-stellar
ass ratio is often converted into an effective SN dust yield ySN ,

nder the assumption of some initial mass function (IMF; e.g. M.
. Michałowski 2015 ; A. Leśniewska & M. J. Michałowski 2019 ).
iven a fiducial G. Chabrier ( 2003 ) IMF, a ratio of Mdust /M� ∼ 10−2 

orresponds to a dust yield of approximately ySN ≈ 0 . 8 M� SN 

−1 . 
Observationally, SN yields have been estimated in the local

niverse, suggesting a wide range of values (see e.g. A. Sarangi et al.
018 ; R. Schneider & R. Maiolino 2024 for reviews). However, these
ields are plagued by the unknown level of dust destruction due to
he SN reverse shock (e.g. S. Bianchi & R. Schneider 2007 ; C. Gall &
. Hjorth 2018 ; E. R. Micelotta, M. Matsuura & A. Sarangi 2018 ; F.
irchschlager et al. 2019 ), which could range anywhere from a few

o nearly a hundred per cent (e.g. T. Nozawa et al. 2007 ; S. Martı́nez-
onzález et al. 2019 ; J. D. Slavin et al. 2020 ; F. Kirchschlager

t al. 2023 ). In an attempt to circumvent this uncertainty, F. Galliano
t al. ( 2021 ) perform an extensive study of the combined dust, gas
nd metal contents of z = 0 galaxies, and empirically determine
he effective SN yield post-reverse-shock destruction, suggesting
SN � 0 . 1 M� SN 

−1 . If this low yield is also typical for high-redshift
alaxies, SNe alone are likely insufficient to account for all the
bserved dust in the early Universe (e.g. M. J. Michałowski 2015 ; A.
eśniewska & M. J. Michałowski 2019 ; H. S. B. Algera et al. 2024b ).
owever, utilizing a different local galaxy sample and modelling

pproach, I. De Looze et al. ( 2020 ) infer significantly higher SN
ields, highlighting that such empirical approaches remain limited
y degeneracies between the various dust production and destruction
rocesses (see also F. Calura et al. 2023 ; H.-J. Park et al. 2024 ). 
If SNe are indeed not sufficient to produce all the observed early

ust, additional mechanisms must be at play. In the low-redshift
niverse, Asymptotic Giant Branch (AGB) stars are known to be

mportant sources of dust (e.g. R. Valiante et al. 2009 ). The most
assive AGB stars have lifetimes as short as ∼ 40 Myr (e.g. F.
ell’Agli et al. 2019 ), which may be shorter than the average ages
f massive galaxies at z ≈ 7 (L. Whitler et al. 2023 ). Regardless,
iven their long typical time-scales, the contribution of AGB stars
o global dust production is generally assumed to be subdominant at
 � 6 (M. Mancini et al. 2015 ; A. Leśniewska & M. J. Michałowski
019 ; P. Dayal et al. 2022 ). Similarly, other more ‘exotic’ methods
f dust production, such as Wolf–Rayet stars or quasar winds, are
oo believed to be unimportant at these early times (R. Schneider &
. Maiolino 2024 ). 
Instead, dust growth through metal accretion in the ISM is a more

ikely production pathway competing with SNe as the dominant
echanism of dust build-up at high redshift. This process requires

ome prior dust and metal enrichment – likely from the aforemen-
ioned SNe – after which gas-phase metals can deplete on to existing
NRAS 545, 1–22 (2026)
ust grains thereby increasing the total dust mass (e.g. H. Hirashita
012 ). ISM dust growth is known to be particularly efficient in dense
edia (e.g. J. C. Weingartner & B. T. Draine 1999 ; R. S. Asano

t al. 2013 ; J. Roman-Duval et al. 2014 ; S. Zhukovska et al. 2016 ),
nd given that high-redshift galaxies appear significantly denser than
ocal galaxies (e.g. Y. Isobe et al. 2023 ; Y. Ono et al. 2023 ), it could
e an efficient dust production pathway in the early Universe. On
he other hand, the strong radiation fields and turbulence at high
edshift may also limit the effectiveness of dust growth in the ISM
nd enhance dust destruction processes (e.g. H. Hirashita & H. Yan
009 ; A. Ferrara, S. Viti & C. Ceccarelli 2016 ). 
From a theoretical perspective, various (semi-)analytical models

nd hydrodynamical simulations of high-redshift galaxies are now
quipped with a framework tracking the production and destruction
f dust (e.g. R. McKinnon, P. Torrey & M. Vogelsberger 2016 ; R.
cKinnon et al. 2017 ; G. Popping, R. S. Somerville & M. Galametz

017 ; Q. Li, D. Narayanan & R. Davé 2019 ; A. P. Vijayan et al.
019 ; L. Graziani et al. 2020 ; D. P. Triani et al. 2020 ; P. Dayal et al.
022 ; C. J. Esmerian & N. Y. Gnedin 2022 , 2024 ; M. Parente et al.
022 ; C. Di Cesare et al. 2023 ; J. S. W. Lewis et al. 2023 ; S. Lower
t al. 2023 , 2024 ; V. Mauerhofer & P. Dayal 2023 ; C. R. Choban
t al. 2025 ; E. Garaldi et al. 2024 ; K. Matsumoto et al. 2024 ; D.
arayanan et al. 2025 ; G. Nikopoulos & P. Dayal 2024 ; M. Palla

t al. 2024 ; P. Sawant et al. 2025 ). These models and simulations
hus predict the dust enrichment of the Universe both across time,
nd as a function of galaxy parameters, such as metallicity and stellar
ass. Nevertheless, some of the key parameters characterizing dust

rowth, such as the SN yield or ISM growth time-scale, are essentially
nconstrained and often highly degenerate parameters in these dust
roduction frameworks, and various combinations that match the
imited number of observations available at early cosmic epochs can
e devised (e.g. C. J. Esmerian & N. Y. Gnedin 2024 ; M. Palla et al.
024 ). As such, testing their various predictions requires observations
hat target new regions of the parameter space, for example by
xtending observations to galaxies of lower dust and stellar masses
e.g. F. Valentino et al. 2024 ), and by tying in information of galaxy
etallicities (e.g. K. E. Heintz et al. 2023b ). 
With the advent of the JWST it has now become possible to measure

he gas-phase metallicities of large samples of distant galaxies (e.g.
. E. Heintz et al. 2023a ; K. Nakajima et al. 2023 ; I. Chemerynska

t al. 2024 ; M. Curti et al. 2024 ; R. L. Sanders et al. 2024 ; A. E.
hapley et al. 2025 ). At the same time, the number of galaxies in the
poch of Reionization with ALMA-based dust mass measurements
ontinues to increase (e.g. T. J. L. C. Bakx et al. 2021 ; J. Witstok et al.
022 ; H. S. B. Algera et al. 2024a ). Comparing the dust contents of
alaxies at various metallicities is crucial to understand the overall
roduction pathways of dust, given that different mechanisms have a
ifferent metallicity dependence. For example, the dust-to-gas ratio
epends roughly linearly on metallicity for SN dust production, but
ncreases more rapidly in metal-rich galaxies when dust growth in
he ISM is included (e.g. R. S. Asano et al. 2013 ; A. Rémy-Ruyer
t al. 2014 ; S. Zhukovska 2014 ; F. Galliano et al. 2021 ). 

By constraining scaling relations between dust, gas and metals
t high redshift, we may therefore begin to disentangle the various
ust production avenues in the early Universe. In the pre- JWST era,
uch studies have been carried out up to Cosmic Noon ( z ∼ 1 −
; e.g. A. E. Shapley et al. 2020 ; G. Popping et al. 2023 ). While
imited to small samples and high metallicities ( � 0 . 5 Z�), these
orks suggest the z ∼ 2 scaling relation between dust-to-gas ratio

nd metallicity to be consistent with the local relation. Moreover,
tudies of Damped Lyman- α Absorbers (DLAs) are able to probe the
ust-to-gas versus metallicity relation out to z ∼ 5 (e.g. A. De Cia



Dust build-up at z ∼ 7 3
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t al. 2016 ; C. Péroux & J. C. Howk 2020 ), and also find agreement
ith the local trends, at least at the high metallicity end. With the

WST , direct studies of the dust, gas and metal contents of galaxies
re now possible all the way into the Epoch of Reionization (e.g. K. E.
eintz et al. 2023b ; S. Fujimoto et al. 2024 ; F. Valentino et al. 2024 ),

nd can begin to constrain these fundamental scaling relations at even 
arlier times, where dust has had significantly less time to assemble. 
o date, however, the number of reionization-era galaxies benefiting 
rom both JWST /NIRSpec spectroscopy and ALMA observations of 
heir dust and gas contents remains severely limited, which has thus
ar prevented any statistical insights into dust production pathways 
n the z > 6 Universe. 

To address this limitation, we investigate the joint dust and metal 
ontents of 12 galaxies drawn from the ALMA Reionization Era 
right Emission Line Survey (REBELS; R. J. Bouwens et al. 2022 )

hat benefit from new JWST /NIRSpec spectroscopy, in order to shed 
ight on the dust build-up in massive galaxies in the EoR. In Section 2 ,
e introduce the ALMA and JWST observations of our sample, and 

n Section 3 we discuss how their dust and metal contents are inferred.
e present our results in Section 4 , and subsequently discuss them

n the context of high-redshift dust production in Section 5 , before
oncluding in Section 6 . Throughout this work, we assume a standard
 CDM cosmology, with H0 = 70 km s −1 Mpc −1 , �m 

= 0 . 30 and 
� 

= 0 . 70. We further adopt a G. Chabrier ( 2003 ) IMF. 

 DATA  

.1 ALMA data 

ur sample consists of 12 galaxies drawn from the Cycle 7 ALMA
arge Program REBELS, described in detail in R. J. Bouwens 
t al. ( 2022 ). REBELS – following the approach of its successful
ilot studies (R. Smit et al. 2018 ; S. Schouws et al. 2022 , 2023 )
carried out ALMA spectral scans targeting the [C II ] 158 μm line

nd underlying dust continuum emission in 36 UV-luminous galaxies 
ith photometric redshifts zphot > 6 . 5. 2 For details on the calibration

nd imaging, we refer the reader to R. J. Bouwens et al. ( 2022 )
nd H. Inami et al. ( 2022 ). In total, 25 galaxies were detected in
C II ] emission (Schouws et al. in preparation), of which 15 were
lso detected in dust continuum (H. Inami et al. 2022 ). The [C II ]
uxes were measured through a 2D Gaussian fit to the moment- 
 maps, collapsed across 2 × the line full-width at half maximum 

Schouws et al. in preparation; see also S. Schouws et al. 2023 ). The
ust continuum flux densities are the peak intensities obtained from 

ASA task IMFIT , as detailed in H. Inami et al. ( 2022 ). 3 

In this work, we focus on the 12 [C II ]-detected REBELS
alaxies with follow-up JWST /NIRSpec Integral Field Unit (IFU) 
pectroscopy, hereafter referred to as the ‘REBELS-IFU’ sample 
see below). These galaxies have spectroscopic redshifts in the 
ange 6 . 5 � z � 7 . 7, [C II ] luminosities between log ( L[C II ] / L�) =
 . 2 − 9 . 3, and stellar masses spanning log ( M� / M�) = 9 . 2 − 9 . 8
Table 1 ). Moreover, 10/12 galaxies are detected in ALMA Band 
 continuum emission, probing rest-frame 160 μm (H. Inami et al. 
 An additional four galaxies were targeted in [O III ] 88μm and underlying 
ontinuum emission, although none were detected in [O III ]; see R. J. Bouwens 
t al. ( 2022 ) and I. F. van Leeuwen et al. ( 2025 ). 
 Only for REBELS-25 the integrated flux density was adopted in H. Inami 
t al. ( 2022 ), though we here utilize the peak flux density measurements 
xtracted in tapered continuum images for this galaxy by H. S. B. Algera 
t al. ( 2024b ); see also Section 3.1 . 

o  

4

e
o
w
f
u
B

022 ). For the remaining two galaxies, we adopt 3 σ upper limits on
heir continuum emission, where σ is the root-mean-square (rms) 
oise in the naturally weighted Band 6 continuum image. 4 

.2 JWST data 

welve of the most [C II ]-luminous REBELS galaxies were followed
p in a Cycle 1 JWST program (GO 1626 [PI Stefanon] targeted 11/12
alaxies, while REBELS-18 was observed as part of GO 2659 [PI
eaver]). These observations made use of low-resolution ( R ∼ 100) 

WST /NIRSpec IFU prism spectroscopy, covering a 3′′ × 3′′ area 
n the sky across a wavelength range of 0 . 6–5 . 3μm. This set-up
nsures coverage of many of the key rest-frame UV and optical
mission lines, such as Lyman- α, the [O II ]3727 , 29 doublet, H β and
he [O III ]4959 , 5007 lines. For the 8/12 sources at 6 . 5 � z � 7, we

oreover cover the H α line, while at higher redshift this line moves
ut of the NIRSpec wavelength range. Details on the NIRSpec data
eduction, emission line extraction, and metallicity measurements 
re presented in papers accompanying this work (L. E. Rowland 
t al. 2025 ; Stefanon et al. in preparation), while we provide a brief
ummary in Section 3.4 . 

While overall representative of the 25 [C II ]-detected galaxies 
ithin REBELS, we note that the REBELS-IFU targets were selected 
ith a preference towards [C II ]-luminous and continuum-detected 

ources (Stefanon et al. in preparation). This may bias their selection
owards the most metal- and dust-rich galaxies among the parent 
ample, and should be borne in mind when discussing their dust
uild-up in Section 5 . 

 M E T H O D S  

.1 Dust mass measurements 

mong the ten dust continuum-detected galaxies in the REBELS- 
FU sample, two have been detected in more than one ALMA band:
EBELS-25 has been targeted in six unique bands, and as such has
 well-constrained dust mass, temperature and emissivity index ( βIR ; 
. S. B. Algera et al. 2024b ). REBELS-38 has been detected in
LMA Bands 6 and 8, enabling a dual-band dust mass measurement

H. S. B. Algera et al. 2024a ). While REBELS-12 was also followed
p in Band 8, it was not detected, and the data were of insufficient
epth to facilitate a robust dust mass measurement (H. S. B. Algera
t al. 2024a ). This thus leaves eight dust-detected galaxies for which
nly a single-band dust mass measurement is available. 
Dust masses for the continuum-detected REBELS galaxies have 

reviously been determined by L. Sommovigo et al. ( 2022a , b ),
everaging the [C II ]-based method introduced in L. Sommovigo et al.
 2021 ). Briefly, this method adopts [C II ] as both a gas and a star
ormation rate (SFR) tracer, and assumes a priori that the dust-to-gas
atio depends linearly on metallicity. Combined with a single-band 
ontinuum detection, these assumptions enable an estimate of the 
ust mass. 
Because of the implicit assumption on the metallicity dependence 

f the dust-to-gas ratio, however, we opt not to use the L. Sommovigo
MNRAS 545, 1–22 (2026)

 One of these two galaxies is REBELS-34, for which R. A. A. Bowler 
t al. ( 2022 ) obtain a 4 . 5 σ continuum detection using more sensitive ALMA 

bservations (REBELS-34 is known as ID 169850 in their work). However, 
e here focus on the continuum observations taken as part of REBELS, 

ollowing e.g. H. Inami et al. ( 2022 ) and R. J. Bouwens et al. ( 2022 ); our 3 σ
pper limit is fully consistent with the faint continuum detection in R. A. A. 
owler et al. ( 2022 ). 
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M

Table 1. Physical properties of the 12 REBELS galaxies with combined ALMA and JWST /NIRSpec observations, a.k.a., the REBELS-IFU sample. 

REBELS ID z[C II ] log ( L[C II ] / L�) 12 + log (O / H ) log (M� / M�) log (Mdust / M�) log (MH2 / M�) log (Mdust / MH2 ) log (Mdust / MZ ) log (Mdust / M� ) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

REBELS-05 6.4963 8 . 84+ 0 . 05 
−0 . 06 8 . 51 ± 0 . 16 9 . 42+ 0 . 10 

−0 . 10 7 . 09+ 0 . 55 
−0 . 28 10 . 32+ 0 . 31 

−0 . 30 −3 . 16+ 0 . 56 
−0 . 47 −1 . 13+ 0 . 58 

−0 . 50 −2 . 30+ 0 . 53 
−0 . 32 

REBELS-08 6.7495 8 . 87+ 0 . 06 
−0 . 07 8 . 22 ± 0 . 20 9 . 33+ 0 . 07 

−0 . 06 7 . 27+ 0 . 58 
−0 . 29 10 . 35+ 0 . 31 

−0 . 30 −3 . 01+ 0 . 59 
−0 . 47 −0 . 68+ 0 . 61 

−0 . 52 −2 . 04+ 0 . 57 
−0 . 31 

REBELS-12 7.3459 9 . 01+ 0 . 15 
−0 . 22 8 . 23 ± 0 . 13 9 . 54+ 0 . 03 

−0 . 04 7 . 27+ 0 . 62 
−0 . 29 10 . 47+ 0 . 36 

−0 . 37 −3 . 10+ 0 . 67 
−0 . 54 −0 . 79+ 0 . 68 

−0 . 55 −2 . 26+ 0 . 61 
−0 . 31 

REBELS-14 7.0842 8 . 57+ 0 . 11 
−0 . 15 7 . 90 ± 0 . 12 9 . 24+ 0 . 07 

−0 . 06 7 . 07+ 0 . 60 
−0 . 29 10 . 03+ 0 . 33 

−0 . 33 −2 . 89+ 0 . 62 
−0 . 50 −0 . 24+ 0 . 62 

−0 . 52 −2 . 15+ 0 . 59 
−0 . 32 

REBELS-15 6.8752 8 . 28+ 0 . 09 
−0 . 11 7 . 78 ± 0 . 30 9 . 31+ 0 . 02 

−0 . 01 < 7 . 10 9 . 75+ 0 . 31 
−0 . 31 < −2 . 58 < 0 . 19 < −2 . 21 

REBELS-18 7.6750 9 . 03+ 0 . 03 
−0 . 04 8 . 50 ± 0 . 13 9 . 71+ 0 . 06 

−0 . 04 7 . 19+ 0 . 64 
−0 . 29 10 . 52+ 0 . 31 

−0 . 30 −3 . 26+ 0 . 63 
−0 . 49 −1 . 21+ 0 . 64 

−0 . 51 −2 . 52+ 0 . 62 
−0 . 31 

REBELS-25a 7.3065 9 . 20+ 0 . 03 
−0 . 03 8 . 62 ± 0 . 17 9 . 30+ 0 . 12 

−0 . 14 8 . 20+ 0 . 60 
−0 . 40 10 . 69+ 0 . 31 

−0 . 30 −2 . 45+ 0 . 63 
−0 . 54 −0 . 53+ 0 . 65 

−0 . 57 −1 . 07+ 0 . 60 
−0 . 44 

REBELS-29 6.6847 8 . 74+ 0 . 07 
−0 . 08 8 . 73 ± 0 . 15 9 . 69+ 0 . 07 

−0 . 05 7 . 05+ 0 . 56 
−0 . 28 10 . 22+ 0 . 31 

−0 . 30 −3 . 11+ 0 . 57 
−0 . 47 −1 . 29+ 0 . 59 

−0 . 50 −2 . 63+ 0 . 55 
−0 . 30 

REBELS-32 6.7290 8 . 89+ 0 . 04 
−0 . 05 8 . 48 ± 0 . 13 9 . 57+ 0 . 10 

−0 . 08 7 . 05+ 0 . 57 
−0 . 28 10 . 38+ 0 . 31 

−0 . 30 −3 . 26+ 0 . 57 
−0 . 46 −1 . 19+ 0 . 58 

−0 . 49 −2 . 50+ 0 . 55 
−0 . 32 

REBELS-34 6.6335 8 . 84+ 0 . 11 
−0 . 15 8 . 33 ± 0 . 29 9 . 45+ 0 . 03 

−0 . 02 < 7 . 14 10 . 31+ 0 . 33 
−0 . 33 < −3 . 10 < −0 . 88 < −2 . 30 

REBELS-38a 6.5770 9 . 23+ 0 . 04 
−0 . 04 8 . 28 ± 0 . 18 9 . 75+ 0 . 09 

−0 . 06 7 . 90+ 0 . 39 
−0 . 35 10 . 72+ 0 . 31 

−0 . 30 −2 . 81+ 0 . 48 
−0 . 48 −0 . 55+ 0 . 52 

−0 . 51 −1 . 87+ 0 . 39 
−0 . 36 

REBELS-39 6.8449 8 . 90+ 0 . 12 
−0 . 17 8 . 02 ± 0 . 29 9 . 35+ 0 . 09 

−0 . 08 7 . 17+ 0 . 58 
−0 . 29 10 . 37+ 0 . 34 

−0 . 34 −3 . 12+ 0 . 61 
−0 . 50 −0 . 59+ 0 . 67 

−0 . 59 −2 . 16+ 0 . 56 
−0 . 32 

Notes: Col. (1): Galaxy identifier. Col. (2): [C II ] 158μm-based spectroscopic redshifts from S. Schouws et al. (in preparation). Col. (3): [C II ] luminosities from S. Schouws et al. (in 
preparation). Col. (4): Metallicities, expressed as oxygen abundances, from L. E. Rowland et al. ( 2025 ). Col. (5) Stellar masses from M. Stefanon et al. (in preparation). Col. (6): Dust 
masses. Col. (7): [C II ]-based molecular gas masses, assuming the A. Zanella et al. ( 2018 ) conversion. Col. (8): dust-to-gas ratio. Col. (9): dust-to-metal ratio. Col. (10): dust-to-stellar 
mass ratio. a Dust masses obtained from multi-band ALMA photometry (H. S. B. Algera et al. 2024a , b ). 

Figure 1. The physical properties of the 12 targets with combined JWST + ALMA observations studied in this work. Left: dust mass versus redshift. We show 

the two galaxies for which we have multi-band dust mass estimates – REBELS-25 and REBELS-38 (H. S. B. Algera et al. 2024a , b ) – twice; once using the 
measured dust mass (large symbols with thick outline), and once assuming the same fiducial Tdust = 45 ± 15 K as for the rest of the sample (fainter symbols; 
offset in redshift by �z = 0 . 01 for clarity). The two REBELS-IFU targets without a continuum detection are shown as empty markers. For these, only upper 
limits on Mdust are available. Right: [C II ]-based molecular gas mass versus metallicity. The gas mass is inferred using the calibration from A. Zanella et al. 
( 2018 ), who determined a mass-to-light ratio of α[C II ] = 31M� L−1 

� . The solar metallicity [12 + log (O / H )� = 8 . 69] is indicated via the vertical dashed line. 
Our 6 . 5 � z � 7 . 7 sample spans ∼ 1 dex in dust mass, gas mass, and metallicity. 
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t al. ( 2022a ) dust masses in this work, as this is one of the scaling
elations that we are interested in constraining directly. Instead, we
ssume a fixed dust temperature of Tdust = 45 ± 15 K for the 10
alaxies where we have only a single-band ALMA detection, or
o continuum detection at all (REBELS-15, REBELS-34). In the
ust mass determination, we furthermore adopt a fixed emissivity
ndex ( βIR = 2 . 0) and opacity coefficient ( κ0 = 10 . 41 g−1 cm 

2 at
0 = 1900 GHz ), following e.g. A. Ferrara et al. ( 2022 ). H. S. B.
lgera et al. ( 2024a , b ) adopted the same dust model in their

nalysis of the two sources with multi-band ALMA continuum
etections, REBELS-25 and REBELS-38, and we therefore adopt
heir measurements of the dust temperature and mass for these two
alaxies directly. In the dust mass determinations, we furthermore
NRAS 545, 1–22 (2026)
ccount for heating by as well as attenuation against the CMB
ollowing E. Da Cunha et al. ( 2013 ). 

Focusing on the 8 single-band dust-detected galaxies in common
etween the REBELS-IFU and L. Sommovigo et al. ( 2022a ) samples,
e find good agreement between our dust masses with a mean offset
f � log ( Mdust ) = 0 . 02 ± 0 . 12 dex , where the error represents the
tandard deviation. This is unsurprising, as the mean dust temperature
f the 13 sources analysed in L. Sommovigo et al. ( 2022a ) is Tdust ≈
6 K, very similar to the value adopted in this work. We discuss the
ffect of our assumed dust temperature in further detail in Section 3.5 .

We show the range of dust masses spanned by our sample,
og ( Mdust / M�) ≈ 7 . 0–8 . 2, as a function of redshift in the left panel
f Fig. 1 . We note that, except for the two sources with multi-band
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LMA detections, the dust masses of the continuum-detected sample 
pan a relatively narrow range of 7 . 0 � log ( Mdust / M�) � 7 . 3. This
s partially because the two sources with multi-band ALMA follow- 
p are the most luminous among the REBELS sample at rest-frame
60 μm, suggesting a high dust content, but mostly because we infer
 lower dust temperature for them compared to what we assume for
he rest of the sample (see Section 3.5 ). Had we assumed the same
dust = 45 ± 15 K for REBELS-25 and REBELS-38, their estimated 
ust masses would be lower by ∼ 0 . 4 dex (semi-transparent symbols 
n Fig. 1 ), although still consistent with the multi-band measurements 
ithin the uncertainties. 

.2 Gas mass measurements 

o investigate the pathways of early dust build-up, the dust-to-gas 
DtG) and dust-to-metal (DtM) ratios are particularly important 
uantities. We note that these are related via DtM = Mdust /MZ = 

 Mdust /Mgas ) × ( Mgas /MZ ) = DtG /Z, where MZ = Mgas × Z is the 
otal mass of gas-phase metals. Crucially, these quantities require 
nowledge of the total gas mass, Mgas . This, in turn, is a combination
f molecular and atomic gas ( Mgas = MH2 + MHI ). Atomic gas 
s notoriously difficult to measure in the early Universe, and we 
herefore neglect it in our analysis. 5 We justify this assumption in 
ection 3.5 . 
To infer molecular gas masses at lower redshifts, CO or [CI]

re typically used as tracers (e.g. M. Hagimoto et al. 2023 ; M.
rias Castillo et al. 2025 ). However, these lines are too faint to be
etected in all but the brightest galaxies and quasars in the Epoch of
eionization (e.g. M. L. Strandet et al. 2017 ; Y. Ono et al. 2022 ;
. Decarli et al. 2022 ; T. Hashimoto et al. 2023 ; M. Kaasinen
t al. 2024 ). Moreover, even if sufficiently bright, generally only 
he higher rotational transitions of CO are available. These higher-J 
ines typically do not trace the full, cold molecular gas reservoir, but
nstead a denser, warmer component (e.g. L. Vallini et al. 2018 ). 

To homogeneously estimate the gas masses of our sample, we 
herefore adopt the [C II ] line as a tracer. In particular, we follow
he work by M. Aravena et al. ( 2024 ), who previously investigated
he molecular gas masses of REBELS galaxies, by adopting the 
onversion proposed by A. Zanella et al. ( 2018 ). A. Zanella et al.
btained a relation between [C II ] luminosity and molecular gas mass
cross a heterogeneous sample of local and intermediate-redshift 
 z ∼ 0 . 5–6) main-sequence galaxies and starbursts. We reproduce 
heir relation here for reference: 

log 

(
L[C II ] 

L�

)
= −(1 . 28 ± 0 . 21) + (0 . 98 ± 0 . 02) log 

(
MH2 

M�

)
. (1) 

ince this [C II ]-to-H2 relation is nearly linear, we follow A. Zanella
t al. ( 2018 ) by expressing it as a mass-to-light ratio, evaluating
he expression at the median luminosity of the REBELS-IFU 

ample, 〈 L[C II ] 〉 = 108 . 9 L�. This results in α[C II ] = MH2 / 〈 L[C II ] 〉 ≈
1+ 31 

−15 M� L−1 
� . We further note that A. Zanella et al. ( 2018 ) do not

nd evidence that α[C II ] varies with metallicity. While the subset 
f their sample for which metallicity measurements are available 
s relatively enriched ( Z � 0 . 2 Z�), this matches the metallicities
nferred for the REBELS- IFU sample (Section 3.4 ). 

We propagate the uncertainty on the [C II ]-to-H2 conversion 
hroughout our analysis, resulting in typical uncertainties on MH2 of 
 We note, however, that the JWST has enabled studies of Lyman- α damping 
ing absorption beyond z � 7 which provides information on atomic hydro- 
en along the line of sight (see e.g. E. Curtis-Lake et al. 2023 ; K. E. Heintz 
t al. 2024 ; H. Umeda et al. 2024 ). 

6

f
a
i

0 . 3 dex (Table 1 ). We note that–despite being adopted in numerous
igh-redshift studies (e.g. M. Dessauges-Zavadsky et al. 2020 ; M. 
éthermin et al. 2023 ; M. Aravena et al. 2024 ) – the [C II ]-to-H2 

onversion factor is poorly constrained, and we discuss this further 
n Section 3.5 (see also B. Casavecchia et al. 2025 for a recent
iscussion). While kinematically inferred gas masses could be used 
o circumvent this uncertainty, the resolution of the REBELS [C II ]
bservations (1 . 2–1 . 6′′ ) is insufficient for robust constraints on the
ynamical states and sizes of our targets (see also the discussion in M.
ravena et al. 2024 ). Consequently, these dynamical estimates are 

imilarly (if not more) uncertain, and we do not use them in this work.
owever, Algera & Herrera-Camus et al. (in preparation) find that, 

or two z > 5 galaxies for which detailed kinematic modelling of
heir high-resolution [C II ] observations is possible, the [C II ]-based
nd dynamical gas mass estimates are in good agreement. 

We furthermore note that our [C II ] luminosities (and thus molec-
lar gas masses) are not corrected for attenuation against the 
MB. While the exact magnitude of this effect depends on the gas

emperature and density (e.g. E. Da Cunha et al. 2013 ; G. Lagache,
. Cousin & M. Chatzikos 2018 ; M. Kohandel et al. 2019 ), it is

ikely to be small for the REBELS-IFU sample. On the basis of
N II ]205 non-detections in three REBELS-IFU galaxies, Y. Fudamoto 
t al. ( 2025 ) argue that most of their [C II ] emission originates from
hoto-dissociation regions (PDRs), while [O I ]145 detections in the 
ame sample suggest high PDR densities of log ( n/cm 

−3 ) > 3 . 5.
f these densities are also typical for the rest of our sample, no
ignificant CMB attenuation is expected ( < 10 per cent ) even if gas
emperatures are modest (e.g. G. Lagache et al. 2018 ; M. Kohandel
t al. 2019 ). 

We show the inferred molecular gas masses of our sample in Fig. 1
right panel), as a function of their rest-frame optical metallicity 
Section 3.4 ). Our targets span roughly 1 dex in molecular gas mass,
anging from log ( MH2 / M�) = 9 . 7–10 . 7. However, most sources
re clustered around log ( MH2 / M�) ≈ 10 . 4, which is due to the
arent REBELS sample essentially being [C II ]-selected (see also 
he discussion in M. Aravena et al. 2024 ). 

.3 Stellar mass measurements 

wo separate studies derive stellar masses for the REBELS-IFU 

ample: Stefanon et al. (in preparation) and R. Fisher et al. ( 2025a ).
e here adopt the former as fiducial, for consistency with the work

n the mass-metallicity relation of REBELS-IFU galaxies by L. E. 
owland et al. ( 2025 ). While both Stefanon et al. and R. Fisher et al.
 2025a ) adopt a similar approach – summarized below – the key
ifference is that the latter adopt a flexible dust law in their analysis,
hile the masses used here adopt a fixed D. Calzetti et al. ( 2000 )
ust attenuation curve. Regardless, R. Fisher et al. ( 2025a ) find that
ost of the REBELS-IFU sources are consistent with the Calzetti 

urve, and the two mass measurements are therefore in good overall
greement. 

To estimate the stellar masses, Stefanon et al. (in preparation) run
AGPIPES (A. C. Carnall et al. 2018 , 2019 ) on the extracted IFU

pectra using the 2016 version of the G. Bruzual & S. Charlot ( 2003 )
tellar population models. 6 The redshifts of the sources are fixed to
he [C II ]-based values, and for the metallicities a Gaussian prior is
MNRAS 545, 1–22 (2026)

 Stefanon et al. (in preparation) adopt a P. Kroupa ( 2001 ) IMF, while we 
ollow M. J. Michałowski ( 2015 ) by adopting a G. Chabrier ( 2003 ) IMF in our 
nalysis of dust-to-stellar mass ratios in Section 5.1 . However, stellar masses 
nferred using these two IMFs agree to within � 0 . 04 dex (e.g. P. Madau & 
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dopted using the measurement and corresponding uncertainty from
. E. Rowland et al. ( 2025 ) as the mean and standard deviation,

espectively. Stefanon et al. provide fits with two distinct star
ormation histories (SFHs): either a constant SFH plus a single
urst, or a non-parametric SFH. For consistency with L. E. Rowland
t al. ( 2025 ), we adopt the non-parametric SFH as fiducial in our
nalysis. If we were to instead adopt the constant + burst SFH,
he average stellar mass of our sample would slightly increase, by

log ( M� ) = 0 . 10 ± 0 . 13 dex . However, this has no effect on our
onclusions. 

In modelling the non-parametric SFH, the formation time of the
alaxy is set to z = 30, and the SFH is divided into four distinct
ime bins. The width of the first two bins is fixed, and is defined to
apture recent star formation in the galaxy across the last 0–3 Myr
nd 3–13 Myr . The final two bins are equally divided in time back to
he formation epoch. To link the different time bins, Stefanon et al.
in preparation) assume a continuity prior following, e.g. J. Leja et al.
 2019 ) and S. Tacchella et al. ( 2022 ). 

The stellar masses of the REBELS-IFU sample are presented in
able 1 , and span a range of log ( M� / M�) = 9 . 2–9 . 8. We note that

n some instances the masses have decreased with respect to the
. W. Topping et al. ( 2022 ) values that were previously adopted in

everal REBELS publications (e.g. L. Sommovigo et al. 2022b ; H.
. B. Algera et al. 2023 ; M. Aravena et al. 2024 ). These differences
re mainly due to the improved S/N and spectral sampling provided
y the NIRSpec observations with respect to previous ground-based
nd Spitzer /IRAC data, as well as the improved spatial resolution
educing contamination from neighbouring sources (see Stefanon
t al. in preparation for details). 

.4 Metallicity measurements 

as-phase metallicities have been measured for our 12 targets by L.
. Rowland et al. ( 2025 ), and we refer to their work for details while
ummarizing the procedure in the following. 7 Briefly, the metallici-
ies are obtained from the R23 = ([O III ] 4959 , 5007 + [O II ] 3727 , 29 ) / H β,
3 = [O III ] 5007 / H β, or O 32 = [O III ] 5007 /[O II ] 3727 , 29 line ratios
sing the strong-line metallicity calibrations from R. L. Sanders et al.
 2024 ). However, L. E. Rowland et al. ( 2025 ) show that consistent
esults are obtained when other calibrations are adopted, such as
hose from K. Nakajima et al. ( 2022 ). 

To measure the gas-phase metallicities of the REBELS-IFU
argets, we first extract the 1D spectra from the IFU cubes by
umming all pixels showing significant emission (fig. 1 in L. E.
owland et al. 2025 ). The stellar continuum is fitted with a third-
rder polynomial, and is subsequently subtracted. Following this,
arious emission lines are fitted, including but not limited to the
O II ] 3727 , 29 doublet – unresolved, and therefore fitted with a single
aussian – H β, the [O III ] 4959 , 5007 doublet – resolved and fitted with

wo Gaussians – and H α. The latter is deblended from the [N II ] 6548 , 84 

oublet by a triple-Gaussian fit. 
For our targets at z � 7 (8/12), we detect both the H β and
 α lines, and use the resulting Balmer decrement to correct the

mission line fluxes for dust attenuation. At higher redshifts, the
 α line moves out of the NIRSpec coverage, preventing robust dust
NRAS 545, 1–22 (2026)

. Dickinson 2014 ), which is well within the observational uncertainties; as 
uch, we do not correct for this. 
 We use metallicity, denoted by Z, interchangeably with Oxygen abundance 
denoted 12 + log (O / H )]. To convert between the two, we adopt solar 
bundance ratios (M. Asplund et al. 2009 ). 

f  

y  

fi  

m  

E
 

p  
orrections. While in theory the H γ /H β ratio could be used to apply
ust corrections, the H γ line is blended with both the [Fe II ] 4360 and
O III ] 4363 lines, and is moreover only detected at low significance (see
he discussion in L. E. Rowland et al. 2025 ). As a result, we do not
pply dust corrections to the emission line fluxes for our four targets
t z > 7. Accordingly, we use a metallicity indicator insensitive to
ust attenuation to infer their level of metal enrichment, as detailed
elow. 
To determine the metallicities of the REBELS-IFU sample, we use

he R23 calibration where possible, which is generally regarded as the
ost reliable strong-line indicator given its incorporation of two dif-

erent ionization states of oxygen (R. Maiolino & F. Mannucci 2019 ).
owever, given the significant difference in wavelength between the

O II ] 3727 , 29 and [O III ] 4959 , 5007 doublets, the effects of dust extinction
re potentially significant, and we therefore do not apply the R23
iagnostic to z > 7 sample. Moreover, the relation between R23
nd metallicity is double-valued, and shows a maximum around an
xygen abundance of 12 + log (O / H ) ≈ 8 (R. L. Sanders et al. 2024 ).
e therefore use the O32 and Ne 3O2 = [Ne III ] 3869 /[O II ] 3727 , 29 

iagnostics to decide whether to use the lower or upper branch of
he R23-metallicity relation (and do the same for the double-valued
3 diagnostic, see below). While for the z > 7 sample we cannot

eliably dust-correct the O32 diagnostic, L. E. Rowland et al. ( 2025 )
nd that using the upper limits obtained from the dust-uncorrected

ine fluxes is already sufficient to break the degeneracy between the
wo branches. Moreover, consistent results are found when using the
e3O2 diagnostic, which is not significantly affected by dust. 
We note that three of our z < 7 sources – REBELS-15, REBELS-

4, and REBELS-39 – have R23 (and R3) ratios in excess of the
aximum value calibrated by R. L. Sanders et al. ( 2024 ), preventing
 metallicity measurement using the R23 diagnostic. This could
oint towards the presence of an active galactic nucleus, although
. E. Rowland et al. ( 2025 ) find that this cannot be conclusively
stablished based on the inspection of several relevant emission line
iagnostics. We therefore adopt the single-valued O32 calibration to
nfer the metallicities for these three sources. Finally, for the z > 7
ample, we adopt the R3 calibration, which makes use of two lines
hat are closely separated in wavelength and thus does not require a
ust correction. 
Overall, our fiducial metallicity measurements thus use R23 ( O32)

or 5 (3) galaxies at z < 7, and R3 for 4 galaxies at z > 7. However, in
ppendix A we explore the effects of using only the O32 diagnostic,
hich is single-valued and available for the full REBELS-IFU

ample, albeit also without dust corrections for the z � 7 sources. For
hese four galaxies, the O32 diagnostic therefore yields a lower limit
n their metallicity. For the five galaxies at z � 7 for which we use
he R23 calibration as fiducial, adopting O32 instead yields oxygen
bundances that are, on average, 0 . 17 ± 0 . 24 dex lower, which does
ot significantly impact our results. 
As a further consistency check, L. E. Rowland et al. ( 2025 ) have

lso remeasured the metallicities of the REBELS-IFU sample using
ust corrections obtained from SED-fitting, which yields the stellar
 -band attenuation AV , ∗. By scaling this to the nebular attenuation
V ,neb via AV , ∗ = 0 . 44 AV ,neb based on D. Calzetti, A. L. Kinney &
. Storchi-Bergmann ( 1994 ), we recompute the metallicities for the
our z > 7 sources based on the dust-corrected R23 diagnostic. This
ields metallicities that are, on average, 0 . 09 dex larger than our
ducial values. This is, however, fully consistent with the fiducial
easurements within their uncertainties (see also section 3.1 in L.
. Rowland et al. 2025 ). 
We show the fiducial metallicities of our sample in the right

anel of Fig. 1 . The REBELS-IFU targets span a range of 7 . 8 �



Dust build-up at z ∼ 7 7

1  

b  

e
b  

M  

o
fl  

u
t  

t
m
H
r
m  

2

3

3

P  

I  

u  

1  

w  

v  

e  

s
p
t  

f  

S
i
R
(

e  

t
a  

2  

g  

h
b  

e  

t  

a
t  

b
o
(  

m
m
i  

S

t  

±  

m
o
s
f

3

A
[  

α

e  

v  

α

s  

f  

i
l
t  

(
e  

n
e  

m  

a
r

f  

r  

p  

g  

e  

a  

r  

C  

o

c  

a  

c  

t
i

t  

p  

r  

t
r  

t  

i  

v
s
c
l  

t

3

O
i  

(
v
o  

w

8 All quoted values of α[C II ] are interpolated/extrapolated to the mean [C II ] 
luminosity of the REBELS-IFU sample. 
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2 + log (O / H ) � 8 . 7 (corresponding to ∼ 0 . 1–1 . 1 Z�), though all
ut two of the 12 galaxies have 12 + log (O / H ) > 8 . 0. For ref-
rence, the solar metallicity and oxygen abundance are taken to 
e Z� = 0 . 014 and 12 + log (O / H ) = 8 . 69, respectively, following
. Asplund et al. ( 2009 ). The uncertainty on the metallicities,

btained from propagating the errors on the relevant emission line 
uxes, ranges from 0 . 1 to 0 . 3 dex (Table 1 ). We note that this
ncertainty does not include any systematic errors in the calibrations 
hemselves (e.g. L. J. Kewley & S. L. Ellison 2008 ). As such,
he derived metallicity for any individual galaxy is likely to be 

ore uncertain than suggested by the formal measurement errors. 
owever, on average the REBELS-IFU galaxies are more metal- 

ich than the typical z ∼ 7 galaxy population, irrespective of which 
etallicity diagnostic is adopted (section 4.2.1 in L. E. Rowland et al.

025 ). 

.5 Error budget 

.5.1 Dust temperatures 

rior to discussing the dust and gas properties of the REBELS-
FU sources in detail, it is worth re-iterating some of the key
ncertainties in our analysis. First of all, the dust temperatures of
0/12 of our targets are unknown, and as detailed in Section 3.1 ,
e therefore assume a fixed temperature of Tdust = 45 ± 15 K. This
alue is similar to the average dust temperature obtained by J. Witstok
t al. ( 2023 ), who determined Tdust = 53 ± 13 K for a heterogeneous
ample of z � 4 galaxies and quasars with multi-band ALMA 

hotometry. Moreover, our adopted value is similar to the average 
emperature of Tdust = 41+ 10 

−9 K obtained by I. Mitsuhashi et al. ( 2024 )
or a sample of UV-luminous galaxies at z ∼ 6 drawn from the
ERENADE survey. The assumed dust temperature of Tdust = 45 K 

s, however, slightly higher than what was directly measured for 
EBELS-25 and REBELS-38 using multi-band dust continuum data 
 Tdust ≈ 30–35 K; H. S. B. Algera et al. 2024a , b ). 

We note that at lower redshifts, galaxy dust masses are commonly 
stimated using a fixed dust temperature of Tdust = 25 K. This
emperature is thought to be typical for their cold dust reservoir which 
ccounts for most of the overall dust mass (e.g. N. Scoville et al.
016 ; F. Pozzi et al. 2021 ). However, this is likely not appropriate for
alaxies at higher redshifts ( z � 4), where the resulting dust masses
ave been found to greatly exceed what can reasonably be produced 
y theoretical models (L. Sommovigo et al. 2022b ; C. R. Choban
t al. 2025 ). Moreover, at the characteristic redshift of our sample,
he CMB temperature reaches TCMB ( z = 7) = 21 . 8 K, which means
 25 K dust reservoir would suffer significant attenuation against 
he warm CMB (E. Da Cunha et al. 2013 ), and would thus need to
e especially massive to have been detected in the current ALMA 

bservations. Finally, recent work by L. Sommovigo & H. Algera 
 2025 ) demonstrates that while the dust temperatures obtained from
odified blackbody fitting do not necessarily correspond to the true 
ass- or luminosity-weighted values, they can still be used to reliably 

nfer the dust masses of z ≈ 7 galaxies (see also L. Liang et al. 2019 ;
. Lower et al. 2024 ). 
To account for both the spread and systematic uncertainties in 

he dust temperatures of our sample, we adopt a fixed error of
15 K on the assumed Tdust , and propagate this into our dust mass
easurements. We note that upcoming ALMA Band 8 observations 

f the 8 remaining single-band continuum-detected REBELS-IFU 

ources will provide more robust dust mass measurements in the 
uture (2024.1.00406.S; PI Algera). 
.5.2 Molecular gas masses 

nother systematic source of uncertainty is the conversion from 

C II ] luminosity to molecular gas mass, for which we adopt
[C II ] = 31+ 31 

−15 M� L−1 
� as fiducial (Section 3.2 ) following A. Zanella 

t al. ( 2018 ). Different studies, however, have suggested a range of
alues for α[C II ] . For example, S. C. Madden et al. ( 2020 ) suggest
[C II ] ≈ 72 M� L−1 

� for a sample of local dwarf galaxies (though 
ee L. Ramambason et al. ( 2024 ), who revise their conversion
actor downwards to α[C II ] ≈ 53 M� L−1 

� ). 8 D. Vizgan et al. ( 2022 )
nvestigated the [C II ]-to- MH2 conversion factor by post-processing 
ow-mass z ≈ 6 galaxies drawn from the SIMBA simulations. For 
hese simulated galaxies, which are comparatively faint in [C II ]
 L[C II ] ≈ 105 −7 L�), they find an average α[C II ] ≈ 18 M� L−1 

� . How- 
ver, extrapolating their sub-linear relation to the mean [C II ] lumi-
osity of our sample, we infer α[C II ] ≈ 87 M� L−1 

� . B. Casavecchia 
t al. ( 2025 ) recently determined a relation between molecular gas
ass and [C II ] luminosity for the COLDSIM simulations, for which
 similar extrapolation yields α[C II ] ≈ 24 M� L−1 

� at the median 
edshift and [C II ] luminosity of our sample. 

We note that a dynamical measurement of α[C II ] = 62+ 68 
−40 M� L−1 

�
or REBELS-25 by L. E. Rowland et al. ( 2024 ), based on high-
esolution [C II ] imaging, is more or less consistent with all of the
rescriptions in the literature. On the other hand, in a study of
ravitationally lensed dusty star-forming galaxies at z ∼ 4 . 5, F. Rizzo
t al. ( 2021 ) infer a lower average α[C II ] ≈ 7 M� L−1 

� . Similarly, in
 study of z ≈ 6 quasar host galaxies, M. Kaasinen et al. ( 2024 )
ecently found the A. Zanella et al. ( 2018 ) conversion to overestimate
O-based gas masses by a factor of ∼ 7, which thus implies a value
f α[C II ] ≈ 4 . 5 M� L−1 

� . 
Summarizing, the scatter in literature values for the [C II ]-to- MH2 

onversion factor is thus more than an order of magnitude. We here
dopt the A. Zanella et al. ( 2018 ) conversion as fiducial not only for
onsistency with most previous works, but also because it is roughly
he average among the aforementioned α[C II ] values when expressed 
n logarithmic units. 

We parametrize the two key uncertainties – Tdust and α[C II ] – and 
heir effect on the dust-to-gas ratio in Fig. 2 . Compared to our fiducial
arameter set of ( Tdust , α[C II ] ) = (45 K, 31 M� L−1 

� ), the inferred DtG
atio increases by 0 . 55 dex (decreases by 0 . 3 dex) if the true dust
emperature is 15 K colder (warmer). Similarly, the inferred DtG 

atio decreases by 0 . 5 dex (increases by 0 . 65 dex ) if we adopt
he extrapolated α[C II ] from D. Vizgan et al. ( 2022 ) (dynamically
nferred value by F. Rizzo et al. 2021 ), compared to our fiducial
alue. Based on these considerations, and because source-to-source 
catter is expected in both the dust temperature and [C II ]-to-H2 

onversion factor, we estimate a typical systematic uncertainty of at 
east ±0 . 5 dex on the dust-to-gas and dust-to-metal ratios quoted in
he following sections. 

.5.3 Atomic gas 

n top of the aforementioned uncertainties, the DtG ratio quoted 
n studies at z ≈ 0 generally includes the contribution from atomic
HI) gas. However, this is typically traced through 21 cm -line obser- 
ations, which are currently limited to individual unlensed galaxies 
ut to z � 0 . 4 (X. Fernández et al. 2016 ; H. Xi et al. 2024 ), or to z ≈ 1
hen averaging across galaxy ensembles through stacking (e.g. A. 
MNRAS 545, 1–22 (2026)
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M

Figure 2. The effect of the adopted α[C II ] and Tdust on the inferred dust- 
to-gas ratio of a hypothetical galaxy at the median redshift ( z = 6 . 8) and 
[C II ] luminosity [log ( L[C II ] / L�) = 8 . 9] of our sample. The thickest contour 
corresponds to log (DtG /DtG 0 ) = 0, where the fiducial DtG 0 is represented 
by the white star and assumes Tdust = 45 K and the [C II ]-to-H2 conversion 
factor from A. Zanella et al. ( 2018 ). The white, shaded region shows the un- 
certainties adopted on the dust temperature ( ±15 K) and α[C II ] (approximately 
±0 . 3 dex ). Increasingly thinner contours show offsets of ±0 . 5 , 1 . 0 , 1 . 5 dex 
with respect to the fiducial DtG ratio. Various α[C II ] determinations from the 
literature are furthermore overplotted (S. C. Madden et al. 2020 ; F. Rizzo 
et al. 2021 ; D. Vizgan et al. 2022 ; B. Casavecchia et al. 2025 ; M. Kaasinen 
et al. 2024 ; L. Ramambason et al. 2024 ). 
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howdhury et al. 2020 ). Absorption line spectroscopy against bright
ackground sources, such as quasars or gamma-ray bursts, has further
een employed to measure the H I contents of individual foreground
alaxies out to z ∼ 5 (see C. Péroux & J. C. Howk 2020 for a
eview). While benefiting from a more or less unbiased selection,
uch observations typically probe a more extended H I reservoir not
ell-traced by [C II ] (M. Neeleman et al. 2019 ; K. E. Heintz et al.
022 ). 
Motivated by these difficulties in measuring the atomic gas

ontents of high-redshift galaxies, K. E. Heintz et al. ( 2021 ) have
uggested [C II ] 158μm can additionally be used as a tracer of the
 I reservoir in galaxies in the Epoch of Reionization. Applying

heir metallicity-dependent calibration to our sample, we infer H I

as masses of MHI ≈ (0 . 9 − 6 . 0) × MH2 , with a median value of
HI ≈ 2 . 1 × MH2 . Taken at face value, this suggests that our dust-

o-gas ratios could be overestimated by a typical ∼ 0 . 5 dex, due to
n underestimation of the total gas mass by an equivalent amount.
owever, in their chemical and dust evolution framework, M. Palla

t al. ( 2024 ) suggest that the K. E. Heintz et al. ( 2021 ) calibration
ay be overestimated at the typically high metallicities of the
EBELS sample. Moreover, in their analysis of a metal-poor galaxy
t z = 8 . 50, K. E. Heintz et al. ( 2023b ) find that the HI mass implied
y the K. E. Heintz et al. ( 2021 ) calibration exceeds the dynamical
ass of the system, as traced by [C II ], possibly because the HI

eservoir extends to much larger radii. Finally, based on a comparison
f [C II ]-based gas masses to the dynamical masses of z ∼ 5 main-
equence galaxies, M. Dessauges-Zavadsky et al. ( 2020 ) suggest that
he gas mass inferred from the A. Zanella et al. ( 2018 ) conversion
orresponds to the combined molecular and atomic gas masses, as
pposed to just the molecular one. This would imply that – if a
ubstantial atomic gas reservoir is present – most of its mass is likely
ound at radii beyond those traced by [C II ]. 9 
NRAS 545, 1–22 (2026)

 We note the possibility that dust may also extend to larger radii (e.g. B. 
énard et al. 2010 ; M. S. Peeples et al. 2014 ). However, as it receives 

i
1

t
R

Taken together, these studies thus suggest that the [C II ]-to-H I

alibration may not be fully appropriate for (massive) galaxies
n the Epoch of Reionization, and/or that the adopted [C II ]-to-

2 conversion may already trace the full gas reservoir. In light of
hese uncertainties, we do not directly account for atomic gas in the
emainder of our analysis. We note that a minor contribution of H I gas
s implicitly accounted for by our previously quoted systematic error
f ∼ 0 . 5 dex. In the future, high-resolution [C II ] observations of
EBELS galaxies will enable dynamical constraints on their atomic
nd molecular gas masses (c.f., the existing dynamical constraints
y L. E. Rowland et al. 2024 for REBELS-25; see also Phillips et al.
n preparation). 

 RESULTS  

.1 Gas fractions 

e start by investigating the gas fractions [ fgas = MH2 / ( MH2 + M� )]
f our sample as a function of metallicity in Fig. 3 . This comparison
erves two purposes: first of all, galaxies are expected to trace out
n evolutionary pathway in this parameter space, with the formal
tarting point being a gas fraction of unity and zero metallicity (e.g.
. M. Tinsley 1980 ; K. Finlator & R. Davé 2008 ). As they evolve,
alaxies move along a path shaped by star formation – which reduces
heir gas fractions and increases their metallicities – as well as by
primordial) gas inflows and (metal-enriched) outflows. For a given
etallicity, the gas fraction is maximized in a simple model without

n- and outflows known as the closed box model . In addition to
roviding insight into the evolutionary pathways of our sample, the
gas – metallicity diagram also provides a useful practical check on

he accuracy of our gas mass and stellar mass measurements, as a
ombination of both a high fgas and high metallicity is unphysical –
his would suggest that the gas mass or metallicity is overestimated,
he stellar mass is underestimated, or a combination of the above. 

Fig. 3 shows that the REBELS-IFU galaxies are characterized
y high gas fractions of fgas ≈ 0 . 73 − 0 . 96, with a mean value of
 fgas 〉 = 0 . 87 ± 0 . 06 where the error represents the standard devia-
ion among the sample. These values are broadly consistent with the
andful of z � 6 galaxies with [C II ] and metallicity measurements
n the literature (see Appendix B for details), although the REBELS-
FU sample is on average more metal-enriched. 

We compare the gas fractions of the REBELS-IFU and literature
alaxies to the chemical evolutionary tracks from M. Palla et al.
 2024 ), who use the non-parametric SFHs derived for three REBELS
alaxies (REBELS-15, REBELS-25 and REBELS-29) as an input
o investigate their dust and metal build-up (labelled ‘fiducial’ in
ig. 3 ). 10 Moreover, we include a re-run of the M. Palla et al. ( 2024 )
odels without in- and outflows, i.e. a closed box model. 
We furthermore compare to the D. K. Erb ( 2008 ) evolutionary

racks in Fig. 3 . Their simple analytical prescription adopts inflow
nd outflows rates that are proportional to the SFR by a factor fi and
o , respectively. Comparing the M. Palla et al. ( 2024 ) and D. K. Erb
 2008 ) closed box models, the latter predict lower gas fractions at
 fixed metallicity. This is primarily because of the different stellar
ields adopted: while D. K. Erb ( 2008 ) adopt a fixed metal yield
t undetectable against the (warm) CMB (see also e.g. A. Ferrara et al. 2025b ). 
0 Note that these SFHs, taken from M. W. Topping et al. ( 2022 ), predate 
he JWST observations of the REBELS sample. Updated SFHs of the full 
EBELS-IFU sample will be presented in Stefanon et al. (in preparation). 



Dust build-up at z ∼ 7 9

Figure 3. Gas fraction as a function of metallicity for the REBELS-IFU sample (orange), six z > 6 literature galaxies with [C II ] observations and metallicity 
measurements (light blue; Appendix B ) and local galaxies from P. De Vis et al. ( 2019 ). We overlay the model tracks from M. Palla et al. ( 2024 ), both using 
their fiducial model, and a closed-box model. The latter, lacking in- or outflows, provides the theoretical maximum gas fraction for a given metallicity. The 
width of the model tracks represents the variation in fgas based on the adopted star-formation history. Moreover, we overlay tracks from the analytical model 
by D. K. Erb ( 2008 ), whereby fi ( f0 ) represents the inflow (outflow) rate in units of the SFR. The effect of in- and outflows on the gas fraction and metallicity 
is shown schematically by the arrows in the lower left corner, under the simplifying assumption that outflows deplete molecular gas and metals equally. At 
low metallicities [12 + log (O / H ) ∼ 7 . 8 ∼ 0 . 1 Z�], the REBELS and literature samples show lower gas fractions than the model predictions, while at high 
metallicities [12 + log (O / H ) � 8 . 5 ∼ 0 . 6 Z�] their gas fractions match or even exceed the closed box model. 
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f y = 0 . 02 per unit of formed stellar mass, M. Palla et al. ( 2024 )
se yields specific for low-intermediate mass stars and core-collapse 
Ne (see also E. Spitoni et al. 2017 ). 
Regardless of the precise assumptions regarding stellar yields 

nd outflows, the D. K. Erb ( 2008 ) and M. Palla et al. ( 2024 )
odels predict similar global trends: unsurprisingly, as galaxies 

ecome more enriched, their gas fractions decrease. Interestingly, 
his prediction is not mirrored by the REBELS-IFU and literature 
amples. At low metallicities, both REBELS-15 and several literature 
alaxies such as COS-3018, JD1 and GN-z11 appear to have low gas
ractions, while some of the most metal-rich sources seemingly have 
 high fgas . In particular, some of the most metal-rich REBELS-IFU
alaxies have gas fractions in excess of even the closed box model
redictions, which should constitute a stringent upper limit. Barring 
ome contrived scenario involving metal-rich inflows and/or metal- 
oor outflows, this suggests that the gas masses and/or metallicities 
f (some of) the REBELS-IFU sources may be overestimated, or 
hat their stellar masses are underestimated. We discuss this in the 
ollowing subsections. 

.1.1 Underestimated stellar masses? 

ne potential avenue of resolving the seemingly unphysical combi- 
ation of high metallicities and gas fractions, is if the stellar masses of
he REBELS-IFU sources are underestimated (i.e. their gas fractions 
re overestimated). However, for only one of our targets do we have
vidence that this may be the case: the source with fgas most strongly
n excess of the closed box models is the well-studied z = 7 . 31
alaxy REBELS-25 (A. P. S. Hygate et al. 2023 ; H. S. B. Algera
t al. 2024b ; L. E. Rowland et al. 2024 ). This source benefits from
 dynamical mass measurement (L. E. Rowland et al. 2024 ), and
he dynamically inferred α[C II ] ∼ 60 M� L−1 

� suggests the gas mass 
s unlikely to be significantly overestimated using the A. Zanella 
t al. ( 2018 ) prescription, unless REBELS-25 is strongly dark-matter-
ominated. Instead, several pieces of evidence suggest its stellar mass 
ay be underestimated. First of all, REBELS-25 shows a peculiar 
orphology, with an IR-luminous, centrally peaked dust distribution, 

urrounded by three UV-luminous clumps (A. P. S. Hygate et al. 2023 ;
. E. Rowland et al. 2024 ). This makes it plausible that its stellar
ass is underestimated due to outshining by these UV-bright regions 

c.f., C. Giménez-Arteaga et al. 2024 ). An underestimated stellar 
ass is independently supported by the high dust mass measured 

or REBELS-25 by H. S. B. Algera et al. ( 2024b ), which suggests
 dust-to-stellar mass ratio of ∼ 6 per cent , in strong tension with 
odels of dust production (see the discussion in H. S. B. Algera et al.

024b , and Section 5.2 ). 
On the other hand, none of the other REBELS-IFU sources 

how such a striking offset between their UV and dust emission,
uggesting that REBELS-25 may be unique in this regard (although 
igh-resolution ALMA observations of the full sample are required 
MNRAS 545, 1–22 (2026)
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o verify this). In addition, recent works at slightly lower redshift
 z ∼ 5) have shown that the effects of outshining may be limited
t relatively high stellar masses [log ( M� / M�) � 9], based on a
omparison of spatially resolved and integrated SED modelling (J.
i et al. 2024 ; N. E. P. Lines et al. 2025 ). As these studies span a
imilar mass range as the galaxies in our work, this could suggest
utshining not to be a major issue for the REBELS-IFU sample as
 whole. However, we stress that the exact magnitude of outshining
n resolved versus integrated photometry remains a topic of debate
n the high-redshift literature (e.g. M. Mosleh, M. Riahi-Zamin &
. Tacchella 2025 ; T. Harvey et al. 2025 ). For this reason, Laza-
amos et al. (in preparation) carry out spatially resolved SED-fitting
n the NIRSpec/IFU observations of the twelve targets presented
n this work. Their analysis suggests that, while resolved stellar

asses indeed slightly exceed those from integrated photometry, the
verall effect is minor, with an average offset of < 0 . 3 dex . This
odest increase in the average stellar masses of our sample does not

ignificantly affect our conclusions. 
In addition to the above, the magnitude of outshining can also

epend on the assumed star formation history (e.g. J. Leja et al.
017 , 2019 ). For example, M. W. Topping et al. ( 2022 ) compare the
tellar masses obtained for the REBELS sample by fitting constant
nd non-parametric SFHs to their integrated (pre- JWST ) photometry.
hey find that the non-parametric SFH yields consistently higher
asses, by an average of ∼ 0 . 4 dex (see also e.g. D. Narayanan et al.

024 ; R. K. Cochrane et al. 2025 for recent work on this topic). In our
nalysis, however, we already rely on non-parametric stellar masses
n an attempt to circumvent this issue. This makes it unlikely that
ur stellar masses are currently significantly underestimated due to
ssumptions regarding the star formation history, although we note
he possibility that deeper IFU observations could reveal a faint, older
tellar population beyond the current surface brightness limits of our
ata. 
We note that – in addition to the aforementioned spatially resolved

ED-fitting – future observations using JWST /MIRI would also
nable more accurate stellar mass determinations for our targets
c.f., T. Wang et al. 2025 ). For now, however, we proceed with
he fiducial stellar mass measurements from Stefanon et al. (in
reparation), as presented in Table 1 and also used in L. E. Rowland
t al. ( 2025 ). While the potential systematic uncertainties on these
easurements should be borne in mind, we emphasize that the core

f our analysis focuses on the dust-to-gas and dust-to-metal ratios of
he REBELS-IFU sample, and hence does not rely on stellar mass 
stimates. 

.1.2 Overestimated metallicities? 

he high fgas of the metal-rich REBELS-IFU sources could also
e the result of their metallicities being overestimated. Indeed, L.
. Rowland et al. ( 2025 ) find that the average metallicity of the
EBELS-IFU galaxies decreases slightly when the O32 diagnostic

s adopted for the full sample (see also Appendix A ). Such lower
etallicities would reduce the tension with the models somewhat,

lthough would not resolve it completely. Moreover, it would
ot significantly affect the galaxies with low fiducial metallicity
easurements; these would still appear gas-poor with respect to

he M. Palla et al. ( 2024 ) models. Observations of auroral lines such
s [O III] 4363 (e.g. M. Curti et al. 2023 ; K. E. Heintz et al. 2023b )
ould provide more robust metallicity estimates, and would enable

nvestigating whether the current strong-line metallicities are indeed
eing overestimated. 
NRAS 545, 1–22 (2026)
.1.3 Overestimated gas masses? 

inally, it is possible – and perhaps most likely – that the gas masses
f the REBELS-IFU sample are overestimated. We extensively
iscussed the effect of α[C II ] on our analysis in Section 3.5 , and recall
hat it shows over an order of magnitude of scatter in the literature.
ne way of reconciling the REBELS-IFU + literature sources with

he expected fgas -metallicity relation, is to suppose α[C II ] varies with
etallicity. This would not be too far-fetched: studies of local dwarf

alaxies find relatively large values of α[C II ] (e.g. S. C. Madden et al.
020 ; L. Ramambason et al. 2024 ), although within their limited
ynamic range they do not find any clear trends with metallicity. On
he other hand, dynamical studies of dusty star-forming galaxies and
igh- z quasars – likely metal-rich populations – find significantly
ower values (e.g. F. Rizzo et al. 2021 ; M. Kaasinen et al. 2024 ).
owever, direct observational evidence for a metallicity-dependent
[C II ] is currently lacking (see also A. Zanella et al. 2018 ). 
Among theoretical studies, there is similarly no clear consensus on

hether α[C II ] varies with metallicity. For instance, D. Vizgan et al.
 2022 ) and A. Gurman et al. ( 2024 ) find no or only a weak metallicity
ependence, while recent works by B. Casavecchia et al. ( 2025 )
nd L. Vallini et al. ( 2025 ) find that α[C II ] increases for metal-poor
alaxies. Within the metallicity range spanned by the REBELS-IFU
ample, however, the variation in α[C II ] predicted by these studies is
t maximum a factor of two. We therefore proceed with our fiducial
as mass measurements assuming the fixed A. Zanella et al. ( 2018 )
onversion for the entire sample. 

We emphasize that if the gas masses of our metal-rich sample
re currently overestimated, our dust-to-gas and dust-to-metal ratios
ould instead be underestimated; higher DtG and DtM ratios would

urther reinforce our conclusions in Section 5 that dust build-up in
he REBELS-IFU sample proceeds in a highly efficient manner. 

With these caveats mind, we prefer not to overinterpret the possibly
nverted trend between fgas and metallicity with respect to the

odels. We therefore proceed with our fiducial stellar and gas masses
nd metallicities, and use these to investigate key scaling relations
etween dust, gas and metals in the next section. 

.2 Dust scaling relations 

e consider three key scaling relations as a function of metallicity:
he dust-to-gas, dust-to-metal and dust-to-stellar mass (DtS) ratios
Figs 4 and 5 ). Fig. 4 includes a comparison of the REBELS-IFU
ample to observations at low ( z ≈ 0), intermediate ( z ≈ 1–5) and
igh ( z � 6) redshifts, while Fig. 5 includes predictions from a set
f theoretical models at z ≈ 7. We discuss these comparisons to
bservations and simulations in detail in Section 5 , while we first
ocus on some of the general properties of the REBELS-IFU sample.

The top panels of Figs 4 and 5 demonstrate that the REBELS-
FU sources span nearly 1 dex in DtG ratio, ranging from −3 . 3 �
og (DtG ) � −2 . 4. However, the dust-to-gas ratio does not appear to
ary strongly with metallicity above 12 + log (O / H ) � 8, although
or our lowest-metallicity target we can only provide an upper limit
n its dust mass, and thus on the DtG ratio. The source with the largest
tG ratio is REBELS-25 at z = 7 . 31, which is simultaneously the
alaxy with the highest dust mass among the REBELS sample (H. S.
. Algera et al. 2024b ). Among the 10 dust-detected galaxies, we find
 mean dust-to-gas ratio of 〈log (DtG ) 〉 = −3 . 02 ± 0 . 23, where the
ncertainty represents the standard deviation among the sample and
oes not include any systematic errors on the dust and gas masses. 
In the middle panels of Figs 4 and 5 , we plot the dust-to-metal

atio against metallicity. Because of the flat trend in dust-to-gas
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Figure 4. The dust-to-gas (DtG; top panel ), dust-to-metal (DtM; middle ) and dust-to-stellar mass (DtS; bottom ) ratios as a function of gas-phase metallicity, 
drawn from a variety of low-, intermediate-, and high-redshift observational studies. The REBELS-IFU sources, as well as additional high-redshift galaxies with 
constraints on their dust and metal contents (Appendix B ), are shown in orange and light blue, respectively. Galaxies with filled markers are dust-detected in 
either a single band (narrow black outline) or multiple bands (thick black outline and larger marker). Open markers represent galaxies without a dust continuum 

detection. At low and intermediate redshifts, we show either individual galaxies (P. De Vis et al. 2019 ; C. Péroux & J. C. Howk 2020 ), or average trends (A. 
Rémy-Ruyer et al. 2014 ; F. Galliano et al. 2021 ). The REBELS-IFU galaxies, at relatively high metallicities of Z ≈ 0 . 1–1 . 1 Z�, show similar or slightly lower 
DtG and DtM ratios compared to local galaxies. Conversely, their DtS ratios are larger than those for galaxies at z ≈ 0. 
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M

Figure 5. The dust-to-gas ( upper ), dust-to-metal ( middle ), and dust-to-stellar mass ( bottom ) ratios as a function of gas-phase metallicity. Similar to Fig. 4 , we 
overplot the twelve REBELS-IFU sources and other z � 6 galaxies in the literature. Moreover, we compare to a variety of studies modelling the production and 
evolution of dust at z ≈ 7 (G. Popping et al. 2017 ; A. P. Vijayan et al. 2019 ; D. P. Triani et al. 2020 ; P. Dayal et al. 2022 ; M. Palla et al. 2024 ). Overall, our 
measurements are best reproduced by models predicting rapid dust build-up, resulting in high DtG, DtM and DtS ratios across the metallicity range spanned by 
the REBELS-IFU sample. 
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11 While this manuscript was in the refereeing stage, the results of these 
observations were presented in S. Schouws et al. ( 2025b ), with [C II ] 
remaining undetected in GS-z14-0. 
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atio versus metallicity, the DtM ratio shows an apparent decrease 
ith 12 + log (O / H ) (we recall that DtM = DtG /Z). We demarcate 

he line with the expected maximum possible dust-to-metal ratio of 
tM = 0 . 6 (M. Palla et al. 2024 ; see also C. Konstantopoulou et al.
024 ). Encouragingly, our entire sample is consistent with this strict
pper limit. Focusing once more on the 10 dust-detected galaxies, 
e calculate the total fraction of metals locked up in dust as DtM 

′ =
dust / ( Mdust + MZ ) = DtM / (1 + DtM ). Our sample spans a range

f DtM 

′ = 0 . 05–0 . 36, with an average value of DtM 

′ = 0 . 16 ± 0 . 10.
his highlights how a substantial fraction of metals can be locked up

n dust, even in galaxies at z ≈ 7. 
Finally, the bottom panels of Figs 4 and 5 plot the ratio of dust-

o-stellar mass against metallicity. With the exception of REBELS- 
5, whose stellar mass may be underestimated (Section 4.1 ), the 
EBELS-IFU sample spans a range of −2 . 7 � log (DtS ) � −1 . 8, in
greement with a previous investigation of this quantity by P. Dayal 
t al. ( 2022 ) (see also L. Sommovigo et al. 2022a ). The DtS ratio does
ot show a clear trend with metallicity, at least for the relatively metal-
ich REBELS-IFU sample with 12 + log (O / H ) � 8 . 0. We tabulate
he DtG, DtM, and DtS ratios of our targets in Table 1 . 

 DISCUSSION  

.1 A comparison to observations 

n Fig. 4 , we compare the DtG, DtM, and DtS ratios of the REBELS
ample to a broad range of observations spanning z ≈ 0 to z ≈ 14.
e start by briefly introducing these comparison samples. 
In the local Universe, we compare to observations from A. Rémy-

uyer et al. ( 2014 ), P. De Vis et al. ( 2019 ), and F. Galliano et al.
 2021 ). We note that their samples partially overlap, and are therefore
ot fully independent. Each of the local studies find an increase in
he DtG ratio towards more metal-rich galaxies, with both A. Rémy-
uyer et al. ( 2014 ) and F. Galliano et al. ( 2021 ) preferring a rapid

ncrease with metallicity for 12 + log (O / H ) � 8, while above this
urnover metallicity the increase in DtG ratio becomes approximately 
inear. As a result, in these studies the DtM ratio does not depend
trongly on metallicity above the turnover. 

Some of the first direct constraints on the DtG ratios of galaxies at
igher redshift ( z ∼ 1 . 5–2 . 5) were obtained by A. E. Shapley et al.
 2020 ), who presented Keck/MOSFIRE follow-up of four ALMA- 
etected galaxies from the ASPECS program (F. Walter et al. 2016 )
o measure their rest-optical metallicities. Both their study and later 
ork by G. Popping et al. ( 2023 ), who studied the dust and CO

mission in 10 galaxies with rest-optical spectra drawn from the 
OSDEF survey (M. Kriek et al. 2015 ; see also I. Shivaei et al. 2022 ),

ound good agreement with the local relation between DtG ratio and 
etallicity. This suggests the local scaling relation to already be in 

lace at Cosmic Noon – at least at the high-metallicity end to which
he aforementioned studies are limited [12 + log (O / H ) � 8 . 4]. 

Also at intermediate redshifts ( z ≈ 1–5), C. Péroux & J. C. Howk
 2020 ) have compiled DtG and DtM measurements for DLAs. These
amples appear to show a linear trend between DtG and metallicity 
cross the full parameter space, without clear evidence for a turnover 
t intermediate metallicities. While the reason for this difference with 
espect to z ≈ 0 galaxies is not fully clear, the discrepancy could be
elated to systematic differences between studies using absorption- 
nd emission-line spectroscopy (A. Hamanowicz et al. 2020 , 2024 ; 
. J. R. Clark et al. 2023 ; H.-J. Park et al. 2024 ). 
At even earlier epochs, combined studies of dust and metals are 

carce. We here compare to eight z > 6 galaxies with dust and
etal observations in the literature, six of which were moreover 
argeted in [C II ] emission enabling insight into their gas properties.
etails of our literature sample are provided in Appendix B . Briefly,
owever, our sample consists of RXCJ0600-z6.3 at z = 6 . 07 (a.k.a.
he ‘Cosmic Grapes’; S. Fujimoto et al. 2025 ; C. Giménez-Arteaga 
t al. 2024 ; F. Valentino et al. 2024 ); COS-3018 at z = 6 . 85 (R. Smit
t al. 2018 ; J. Witstok et al. 2022 ; J. Scholtz et al. 2025 ); B14-65666
t z = 7 . 15 (T. Hashimoto et al. 2019 ; Y. Sugahara et al. 2021 ; G.
. Jones et al. 2024 ); S04950 at z = 8 . 50 (K. E. Heintz et al. 2023b ;
. Fujimoto et al. 2024 ); JD1 at z = 9 . 11 (T. Hashimoto et al. 2018 ;
. Tokuoka et al. 2022 ; C. Marconcini et al. 2024 ; T. Morishita et al.
024 ); GN-z11 at z = 10 . 60 (P. A. Oesch et al. 2016 ; A. J. Bunker
t al. 2023 ; S. Tacchella et al. 2023 ; Y. Fudamoto et al. 2024 ); GHZ2
t z = 12 . 33 (M. Castellano et al. 2022 , 2024 ; R. P. Naidu et al.
022 ; T. J. L. C. Bakx et al. 2023 ; A. Calabrò et al. 2024 ; J. A.
avala et al. 2025 , b ); and GS-z14-0 at z = 14 . 18 (S. Carniani et al.
024 , b ; S. Schouws et al. 2025a ). The 6 . 07 ≤ z ≤ 7 . 15 sample are
ll detected in [C II ] and dust continuum, while S04950 is [C II ]- but
ot dust-detected. The [C II ] lines in JD1 and GN-z11 were targeted
ut not detected, and neither was their dust continuum; for those
ources we can therefore not place any meaningful constraints on 
heir DtG and DtM ratios. Finally, GHZ2 and GS-z14-0 have not been 
argeted in [C II ] emission, although for the latter ALMA Director’s
iscretionary Time (DDT) was recently awarded to observe the line 

2024.A.00007.S, PI Schouws). 11 

.1.1 Dust-to-gas and dust-to-metal ratios 

n the top and middle panels of Fig. 4 , we see that the DtG and
tM ratios of the REBELS-IFU sources are broadly consistent with 

hose of local galaxies at similar gas-phase metallicities. While we 
o not see evidence for a linear trend between DtG and metallicity
unlike the local studies – this could simply be due to the fixed

ust temperature and α[C II ] we adopt to obtain the dust and gas
asses. This appears plausible when considering only the z � 6

alaxies with multi-band dust mass and metallicity measurements 
points with a thick black outline in Fig. 4 , which are in order of
ncreasing redshift: z6.3, REBELS-38, COS-3018, B14-65666, and 
EBELS-25). Between just these five sources, there does appear to 
e an increasing trend of DtG with metallicity. 
As described in Section 3.5 , we adopt a fixed dust temperature

f Tdust = 45 ± 15 K for the remainder of the REBELS-IFU sample
o infer their dust masses. However, the theoretical model by L.
ommovigo et al. ( 2022a ) suggests that dust temperatures may be

ower for metal-rich galaxies, which would consequently increase 
heir dust mass and DtG ratio compared to our fiducial values. Indeed,
s discussed in Section 3.5 , if the metal-rich sample has a lower dust
emperature of Tdust ≈ 30 − 35 K, their DtG and DtM ratios increase
y ∼ 0 . 5 dex , bringing them into better agreement with the low-
edshift relations. On the other hand, for local galaxies there does
ot appear to be a clear relation between dust temperature and gas-
hase metallicity (e.g. I. Lamperti et al. 2019 ). Recently approved
LMA Band 8 observations of the single-band continuum-detected 
EBELS-IFU galaxies will shed light on this by enabling dual- 
and dust temperature and mass measurements (2024.1.00406.S; PI 
lgera). 
Consistent with the flat relation between DtG and metallicity, we 

ee a slight decreasing trend between DtM and 12 + log (O / H ) (the
MNRAS 545, 1–22 (2026)
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iddle panel of Fig. 4 ). This trend is not seen in lower redshift
alaxies, and may again be the result of uncertain dust and gas
ass measurements. However, if taken at face value, there are a

ew possible explanations for this low DtM at high metallicity.
irst of all, observations at low-redshift suggest that dust growth

n the ISM should be especially efficient at high metallicities (e.g.
. Mattsson et al. 2014 ; F. Galliano et al. 2021 ; C. Konstantopoulou
t al. 2024 ). However, the characteristic time-scale of dust growth
s poorly constrained, and likely depends on the physical conditions
ithin the galaxy. If the time-scale is sufficiently long, a galaxy

ollowing a recent starburst may have enriched its ISM with metals,
ithout having yet locked these metals into significant amounts of
ust. F. Galliano et al. ( 2021 ) attempt to empirically constrain the
ime-scale for dust growth in local galaxies, finding it to be between
 . 1 and 1 Gyr . Even at the lower end of this range, this is comparable
o the typical ages of high-redshift galaxies (e.g. L. Whitler et al.
023 ). 
On the other hand, given the higher characteristic ISM densities

n the early Universe, it is plausible that dust growth time-scales are
ignificantly shorter in distant galaxies. H. S. B. Algera et al. ( 2024b )
rgued this is likely the case for the z = 7 . 31 galaxy REBELS-25,
hich possesses a particularly high dust mass and moreover shows
 steep dust emissivity index that could point towards a dense ISM
here dust growth is particularly efficient (see also e.g. B. Stepnik

t al. 2003 ; M. Köhler, N. Ysard & A. P. Jones 2015 ). Clearly, more
etailed modelling of ISM grain growth physics in dense or otherwise
xtreme physical conditions is necessary to test this scenario. 

Another possible explanation is that dust destruction becomes
ncreasingly dominant in metal-rich galaxies at high redshift. Indeed,
ome models have suggested that SNe may be net dust destroyers
hen embedded in a dust-rich ISM (e.g. M. Bocchio et al. 2016 ;
. Kirchschlager, L. Mattsson & F. A. Gent 2024 ). Assuming that
ach SN is capable of sweeping up a fixed ISM mass, the total swept
p dust mass will be proportional to the dust-to-gas ratio (e.g. R.
. Asano et al. 2013 ; P. Dayal et al. 2022 ), which would imply
N dust destruction to become increasingly important in more dust-
ich galaxies. Given that these SNe would simultaneously release
etals previously locked up in dust grains back into the gas phase, a

udden increase in SN dust destruction could potentially produce a
opulation of metal-rich yet dust-poor galaxies. In the local Universe,
 slight decrease in galaxy dust masses and DtM ratios is indeed seen
t the high metallicity end (e.g. P. De Vis et al. 2019 ; F. Galliano et al.
021 ), which is due to older, quiescent galaxies where little dust is
xpected to be produced, and dust destruction becomes dominant
see also F. Calura et al. 2023 ; D. Donevski et al. 2023 ; M. M.
ee et al. 2024 ). However, the rest-optical spectra of the REBELS-

FU sources demonstrate these are all clearly star-forming galaxies,
here this behaviour is not expected. Indeed, none of the models

hown in Fig. 5 (and discussed in Section 5.2 ) predict a trend of
his nature, despite otherwise being successful in reproducing a wide
ange of properties of the high-redshift galaxy population. As such,
e disfavour this interpretation. 
Instead of completely destroying the dust, it is also possible

hat dust is effectively ejected from the galaxy (e.g. A. Ferrara,
. Pallottini & P. Dayal 2023 ; M. Otsuki & H. Hirashita 2024 ).
owever, if dust and gas are well-mixed, outflows should leave

he DtG and DtM ratios unchanged, and as such this interpretation
equires the preferential ejection of dust. One possibility is that the
ust is ejected due to strong radiation pressure (e.g. A. Ferrara et al.
023 ; F. Ziparo et al. 2023 ). However, as shown by A. Ferrara ( 2024 ),
his scenario requires highly compact galaxies with large specific
tar formation rates (sSFRs), whereas the REBELS-IFU galaxies are
NRAS 545, 1–22 (2026)
oth spatially extended (L. E. Rowland et al. 2025 ), and have lower
SFRs (M. W. Topping et al. 2022 ; Fisher et al. 2025b ). Moreover,
he outflow interpretation is disfavoured by the high gas fractions
nferred for the REBELS-IFU sample (Section 4.1 ). Similarly, while
nflows of primordial gas could be invoked to explain a reduction
n the DtG ratio, these cannot reduce the DtM ratio. This suggests
hat, if the lower DtM ratios at high metallicities are real, efficient
ust destruction or inefficient ISM dust growth are more plausible
xplanations. 

For now, however, we take this trend as rather tentative – the metal-
ich galaxies showing low DtM ratios are the same ones showing gas
ractions in excess of the closed box model (Section 4.1 ). As such,
e deem it more likely that their gas masses are currently being
verestimated, which would bring their DtG and DtM ratios in better
greement with the local relations. 

.1.2 Dust-to-stellar mass ratio 

he lower panel of Fig. 4 reveals that the dust-to-stellar mass ratios of
he REBELS-IFU sample span a range of −2 . 7 � log (DtS ) � −1 . 8,
fter excluding REBELS-25 with log (DtS ) ≈ −1 . 1 for which the
tellar mass is likely underestimated (Section 4.1 ). These DtS ratios
re in agreement with previous determinations for the REBELS
ample adopting the [C II ]-based dust temperature estimated by L.
ommovigo et al. ( 2022a ). Moreover, the inferred DtS ratios are
imilar to those observed in the typical z � 4 galaxy population
J. Witstok et al. 2023 ), and are furthermore similar to the what is
bserved in dusty star-forming galaxies at cosmic noon (e.g. E. da
unha et al. 2015 ; D. Donevski et al. 2020 ; U. Dudzevičiūtė et al.
020 ; C.-L. Liao et al. 2024 ). However, the DtS ratios measured
or the REBELS-IFU galaxies are larger than those of the local
ample from P. De Vis et al. ( 2019 ), which includes a mixture
f dwarf, spiral and elliptical galaxies (see also J. I. Davies et al.
017 ). 
The fact that the DtS ratio does not appear to scale with metallicity

ithin the REBELS-IFU sample could suggest that the dust is
roduced solely through Type II SNe (though see the discussion in the
ollowing Section). Following the framework by M. J. Michałowski
 2015 ), we convert the measured DtS ratios of the REBELS-IFU
ample to a Type-II SN yield assuming a G. Chabrier ( 2003 ) IMF.
ocusing on the dust-detected galaxies and excluding REBELS-25
ue to its likely underestimated stellar mass, we infer an average yield
f ySN = 0 . 52 ± 0 . 28 M� SN 

−1 . This is consistent with the values
reviously reported for the continuum-detected REBELS sample,
hich partially overlaps with the REBELS-IFU sample (A. Ferrara

t al. 2022 ; L. Sommovigo et al. 2022a ), as well as for literature
amples at z � 4 (e.g. J. Witstok et al. 2023 ). 

However, we recall that the dust continuum detections among
he REBELS-IFU sample are limited to relatively high metallicities
12 + log (O / H ) � 8, corresponding to Z � 0 . 2 Z�]. Several studies
ave suggested that this exceeds a ‘critical metallicity’ threshold
here dust growth in the ISM starts to become particularly efficient

e.g. R. S. Asano et al. 2013 ; S. Zhukovska 2014 ; M. Parente et al.
022 ; C. R. Choban et al. 2024 ). Indeed, at metallicities far below this
xpected threshold, the low DtS ratio of S04950 [log (DtS ) � −2 . 8]
ould point towards lower supernova yields. The DtS ratios of GHZ2
nd GS-z14-0 are similarly low, and these galaxies are found at
n epoch ( z � 12) where dust growth in the ISM is less likely to
ignificantly contribute to overall dust build-up. Based on these three
ources alone, the inferred SN yield is therefore significantly lower,
SN < 0 . 1 − 0 . 15 M� SN 

−1 given a Chabrier IMF. 
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We caution, however, that the dust masses of these sources 
re upper limits based on ALMA non-detections, which require 
ssuming a dust temperature. As detailed in Section 3.5 , this can
ignificantly affect inferred dust masses. Moreover, the stellar masses 
f these high-redshift galaxies are similarly uncertain (e.g. J. M. 
elton et al. 2025 ). In addition, converting the DtS ratio into a

upernova yield implicitly assumes that all produced dust still resides 
ithin the galaxy, whereas for these ultra-high-redshift sources dust 
ay be efficiently expelled (A. Ferrara et al. 2023 ; A. Ferrara

t al. 2025a ). This would cause the observationally inferred dust
ass to underestimate the total amount of dust the galaxy has 

roduced across its lifetime, and thus result in underestimated SN 

ields. As the above discussion suggests, and as we will see in
he following Section, it is (unfortunately) not straightforward to 
istinguish between supernova and ISM dust production in the early 
niverse. 

.2 A comparison to models 

o gain further insight into the dust production and destruction 
athways of the REBELS-IFU sample, we proceed by comparing 
o several models of early dust build-up (Fig. 5 ). Specifically, we
ompare to two different prescriptions by G. Popping et al. ( 2017 ),
ho include dust production and destruction on top of the semi-

nalytical Santa Cruz models: we focus on their fiducial model, 
nd an alternative prescription that does not include ISM dust 
rowth (labelled ‘no GG’ in Fig. 5 ). Moreover, we compare to
he L-Galaxies semi-analytical models from A. P. Vijayan et al. 
 2019 ), the DustySAGE models introduced by D. P. Triani et al.
 2020 ), and the DELPHI models by P. Dayal et al. ( 2022 ). The
atter study considers two scenarios: a fiducial model whereby most 
ust is created by SNe, and a maximal model with rapid ISM
ust growth and no dust destruction, which ensures that effectively 
ll metals are found inside dust grains. Finally, we consider the 
odels by M. Palla et al. ( 2024 ), which couple the observationally

onstrained star formation histories of REBELS galaxies from M. 
. Topping et al. ( 2022 ) to a chemical evolutionary framework. We

onsider both the metal-rich/dust-rich and metal-rich/intermediate- 
ust (labelled ‘med-dust’ in Fig. 5 ) scenarios described by M. Palla
t al. ( 2024 ). For each of the models, we focus on the predictions
ade at z ≈ 7. While not an exhaustive list of works investigating

arly dust build-up (see also e.g. the recent studies by C. Di Cesare
t al. 2023 ; J. S. W. Lewis et al. 2023 ; C. R. Choban et al. 2025 ;
. J. Esmerian & N. Y. Gnedin 2024 ; D. Narayanan et al. 2025 ),

he selected comparison studies span a large range of predictions in 
erms of the DtG and DtM ratios, and thus provide insight into
hat may be the dominant processes governing the production 

nd evolution of dust at z ≈ 7. Where relevant, we moreover 
nclude a qualitative comparison to other works not shown in 
ig. 5 . 

.2.1 Dust-to-gas and dust-to-metal ratios 

n terms of the DtG and DtM ratios, the majority of the REBELS-IFU
ample is in good agreement with the dust-rich scenario in M. Palla
t al. ( 2024 ), or either of the two dust production scenarios from G.
opping et al. ( 2017 ). Both of these studies predict high dust-to-gas
atios [log (DtG ) ∼ −3] at the metallicity range of the REBELS- 
FU sample [12 + log (O / H ) � 8]. In the case of the fiducial model
y G. Popping et al. ( 2017 ), the large DtG and DtM ratios are
redominantly due to dust growth in the ISM, although their ‘no 
G’ model suggests efficient supernovae can produce similarly 
igh values. Constraints on the DtG and DtM ratios for galaxies
t lower metallicities are essential to distinguish between these two 
cenarios; at metallicities below 12 + log (O / H ) � 8, the predictions 
rom the two models differ by ∼ 1 dex , while at higher metallicities
hey predict similar DtG ratios (c.f., the dashed and solid green
ines in Fig. 5 ). Observationally, however, this is an expensive
ask, given that low-mass, metal-poor galaxies in the EoR typically 
ppear faint in [C II ] (e.g. L. Vallini et al. 2015 ; K. Glazer et al.
024 ). 
A few of the REBELS-IFU galaxies with 12 + log (O / H ) � 8 . 5

how log (DtG ) � −3, which is in better agreement with the models
rom D. P. Triani et al. ( 2020 ). Their models predict dust build-up at
 ≈ 7 proceeds mostly through SNe, and yield lower DtG and DtM
atios than the M. Palla et al. ( 2024 ) and G. Popping et al. ( 2017 )
odels. On the other hand, our measurements appear inconsistent 
ith the models from A. P. Vijayan et al. ( 2019 ), which yield DtG

nd DtM ratios that are ∼ 0 . 5–1 dex lower than what we infer for
he REBELS-IFU sample. While A. P. Vijayan et al. ( 2019 ) predict
SM dust growth to be dominant already at z ≈ 7, their grain growth
ime-scale may still be overestimated. Indeed, A. P. Vijayan et al.
 2019 ) show in their Appendix that further reducing the characteristic
rain growth time-scale would better reproduce observed dust masses 
t high redshift ( z � 5) compared to their fiducial model, while
etaining their agreement with dust mass measurements at Cosmic 
oon and lower redshifts. 
When comparing to the P. Dayal et al. ( 2022 ) models, we find

hat they do not produce large numbers of galaxies with metallicities
imilar to the REBELS-IFU sources at z ≈ 7. This was previously
oted by G. Ucci et al. ( 2023 ) regarding the related ASTRAEUS

imulations, who ascribe this to the relatively low star formation 
fficiency in the models, in combination with perfect coupling of dust
nd metals in outflows, and potentially underestimated metallicities 
f inflowing gas. Nevertheless, an extrapolation of the fiducial P. 
ayal et al. ( 2022 ) model would seem to be in reasonable agreement
ith the high-DtG subset of our sample. Their ‘maximal’ model 
roduces DtM ratios significantly larger than what is observed either 
n the REBELS-IFU or z � 6 literature samples. While P. Dayal et al.
 2022 ) originally introduced this model to reproduce the high dust
asses observed in some of the REBELS galaxies with low stellar
asses, they added a caveat that the underlying assumptions are 

ather unrealistic (e.g. no dust destruction). As a result, the mismatch
ith the ‘maximal’ models by P. Dayal et al. ( 2022 ) is not particularly

urprising. 

.2.2 Dust-to-stellar mass ratio 

ot all of the models introduced above provide predictions for the
tS ratio as a function of metallicity. Therefore, we compare only

o the models by G. Popping et al. ( 2017 ), P. Dayal et al. ( 2022 ),
nd M. Palla et al. ( 2024 ) in the bottom panel of Fig. 5 . While at
igh metallicities the REBELS-IFU sample agrees with both the 
ducial and ‘no GG’ model from G. Popping et al. ( 2017 ), the
pper limit on the dust mass from REBELS-15 – the source with
he lowest metallicity in our sample – is in better agreement with
he fiducial scenario. Albeit at slightly higher redshift ( z ∼ 8 . 5), the
pper limit on the dust mass of S04950 is also consistent with their
ducial model, while being in tension with the model without ISM
ust growth. The deep upper limits on the DtS ratios for GHZ2 at
 = 12 . 33 and GS-z14-0 at z = 14 . 18 also suggest DtS ratios to be
ower for metal-poor galaxies, although the G. Popping et al. ( 2017 )
MNRAS 545, 1–22 (2026)
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redictions are limited to z < 9, preventing a detailed comparison at
uch early epochs. 

Interestingly, a recent study by D. Narayanan et al. ( 2025 )
uggests an evolutionary link between the blue and apparently
ust-poor galaxies observed at z � 10 and the massive, dust-rich
EBELS-IFU-like galaxies observed at later cosmic times. While
. Narayanan et al. ( 2025 ) do not provide a relation between the
tS ratio and metallicity in their work, their models are successful at

eproducing the population of galaxies with −3 � log (DtS ) � −2 . 5
y z ∼ 6–7. They predict that the progenitors of these galaxies have a
ignificantly lower log (DtS ) ∼ −4 at z � 10, while between z ∼ 10
o z ∼ 7 efficient ISM dust growth is responsible for rapidly building
p their dust mass. This is in qualitative agreement with the high
tS ratios observed for the REBELS-IFU galaxies, compared to

he stringent upper limits on the DtS ratios for the z � 10 galaxy
opulation, although more data especially for these very high-redshift
ources is essential to confirm this prediction. 

Returning to the models shown in Fig. 5 , we find that the REBELS-
FU data are also in good agreement with the dust-rich model from M.
alla et al. ( 2024 ), while their intermediate-dust model predicts DtS
atios that are ∼ 0 . 5 − 1 dex lower than observed. However, neither
odel predicts strong variations in DtS with metallicity, which may

e in slight tension with the aforementioned metal-poor galaxies in
he literature at z ≈ 8 . 5–14 . 2. Finally, the REBELS-IFU sample is

ore metal-rich than the bulk of the galaxies in the P. Dayal et al.
 2022 ) models, and appear to agree better with (an extrapolation of)
heir ‘maximal model’ in terms of the predicted DtS ratios. However,
s mentioned, this model predicts far higher DtM ratios than inferred
or the REBELS-IFU sample, and is thus overall inconsistent with
ur measurements. 
In summary, the REBELS-IFU data are in best agreement with
odels predicting swift dust build-up by z ≈ 7 through a combina-

ion of supernova dust and rapid ISM dust growth (i.e. the fiducial
nd dust-rich models by G. Popping et al. 2017 and M. Palla et al.
024 , respectively), or efficient supernovae alone (the ‘no grain
rowth’ model by G. Popping et al. 2017 ). Upon also including low-
etallicity galaxies from the literature, we find that the fiducial model

y G. Popping et al. ( 2017 ) can best reproduce the observations,
lthough we caution that this metal-poor comparison sample lies
t higher redshifts than the REBELS-IFU sources. Nevertheless,
eproducing the full suite of high-redshift observations appears to
equire a combination of modest SN yields to reproduce the upper
imits on the DtS ratios of metal-poor galaxies, and rapid ISM dust
rowth to match the high DtG, DtM, and DtS ratios of the REBELS-
FU sources. 

Our conclusions do not change significantly if we adopt O32-
ased metallicities for our entire sample, as discussed in Appendix A .
n fact, since this diagnostic yields slightly lower metallicities on
verage while leaving the DtG and DtS ratios unchanged, it further
einforces our conclusions that the dust contents of the REBELS-IFU
ample are best reproduced by models predicting rapid dust build-up
y z ≈ 7. 

 C O N C L U S I O N S  

e performed a detailed study of the dust, gas and metal contents of
welve galaxies at 6 . 5 � z � 7 . 7 observed as part of the REBELS-
FU survey. Our sample benefits from [C II ] and dust continuum
bservations from the ALMA REBELS program (R. J. Bouwens
t al. 2022 ; H. Inami et al. 2022 ), as well as metallicity measurements
rom JWST /NIRSpec IFU observations (L. E. Rowland et al. 2025 ;
tefanon et al. in preparation). We adopt dust masses for our
NRAS 545, 1–22 (2026)
argets obtained from multi-band ALMA observations (2 sources;
. S. B. Algera et al. 2024a , b ), or from a single-band continuum
atapoint assuming a fixed dust temperature of Tdust = 45 ± 15 K
10 sources, 2 of which are upper limits). Moreover, we infer
olecular gas masses from the [C II ] luminosity following the

alibration by A. Zanella et al. ( 2018 ). Our key results are as
ollows: 

(i) We find that the REBELS-IFU sources have high gas fractions,
anging from fgas ≈ 0 . 73–0 . 96. A subset of the sample shows
as fractions fgas ∼ 0 . 9 while simultaneously possessing a high
etallicity 12 + log (O / H ) � 8 . 0. This is in tension with closed box

volutionary models, which should yield the maximum possible fgas 

or a given metallicity. The most likely interpretation for this is that
heir gas masses are overestimated; if indeed the case, our dust-to-
as and dust-to-metal ratios will be larger than the fiducial values
uoted in the following, which further strengthens our conclusion
hat dust build-up is highly efficient in massive galaxies at z ≈ 7 
see below). 

(ii) We measure a typical dust-to-gas ratio of log (DtG ) = −3 . 02 ±
 . 23 for the dust-detected REBELS-IFU sample across a metallicity
ange of 7 . 9 � 12 + log (O / H ) � 8 . 7. This value does not show
 strong dependence on metallicity, in contrast to observations at
 ≈ 0 finding an approximately linear relation in this regime. This
ould plausibly be due to systematic uncertainties in our dust masses:
onsidering only the five z ≈ 6 − 7 . 3 sources with accurate multi-
and dust mass measurements (two from REBELS + three literature
alaxies), we see evidence for an increasing trend between the
tG ratio and metallicity. If confirmed through multi-band ALMA
bservations of additional high-redshift galaxies, this would suggest
he local scaling relation between dust-to-gas ratio and metallicity
oes not evolve significantly between z ≈ 0 − 7. 
(iii) We measure dust-to-metal ratios spanning −1 . 3 �

og (DtM ) � −0 . 2 for the REBELS-IFU galaxies, which implies that
5–36 per cent of all metals are locked up in dust grains in massive

alaxies at z ≈ 7. 
(iv) We determine dust-to-stellar mass ratios of −2 . 7 �

og (DtS ) � −1 . 8, in agreement with previous studies of z ≈ 7
alaxies. These values are consistent with those of dusty star-forming
alaxies at cosmic noon, but are larger than those of local galaxies
ith similar metallicities as the REBELS-IFU sample. We do not
nd evidence for an increase in log (DtS ) with metallicity, which
ould be taken as evidence for dust production through SNe alone,
ithout the need for grain growth (though see the next bullet point).
ssuming this to be the case, we infer an average supernova dust
ield of ySN = 0 . 52 ± 0 . 28 M� SN 

−1 . 
(v) Our DtG, DtM, and DtS ratios are in best agreement with

heoretical models predicting rapid dust production in the early Uni-
erse. Using the REBELS-IFU sample alone, we cannot distinguish
etween the two key processes most likely responsible for building
p this dust; SNe or efficient ISM dust growth. However, stringent
pper limits on the dust masses of three metal-poor galaxies at higher
edshifts ( z � 8 . 5) may argue against very high SN yields, which
uggests ISM dust growth to be important in building up the dust
eservoirs of massive galaxies in the Epoch of Reionization. 

Overall, our observations thus suggest that dust build-up is highly
fficient in the early Universe. However, several open questions
emain. While REBELS provides the first statistical insights into the
ust contents of massive galaxies at z ≈ 7, our study is limited by
izable systematic uncertainties in both dust and gas masses. Multi-
and ALMA observations are needed to better constrain the former,
hile high-resolution studies of [C II ] can be used to dynamically
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nfer the total gas budget in light of uncertainties in the [C II ]-to-H2 

onversion factor. The REBELS sample is moreover relatively metal- 
nriched, and similar observations of lower-metallicity galaxies are 
ssential to fully constrain the pathways of dust production and 
estruction at z ≈ 7. Finally, comparatively little is known about 
ust in the z � 8 Universe, and dedicated observing campaigns are
eeded to explore the gas and dust contents of galaxies at the earliest
osmic times. 
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PPENDI X  A :  T H E  O32 META LLI CI TY  

I AG NOSTI C  

s discussed in Section 3.4 , we use different metallicity indicators
or our sample, depending on the availability of dust corrections, and
hether the relevant line ratio falls within a previously calibrated 

ange. While this ensures we use the ‘most robust’ metallicity 
iagnostic on a case-by-case basis, the various diagnostics each have 
heir own systematic uncertainties (e.g. L. J. Kewley & S. L. Ellison
008 ). To address this problem, we merge Figs 4 and 5 into one, and
his time adopt a single, standardized metallicity indicator for the 
EBELS-IFU sample: O32 (Fig. A1 ). 
We note that for our four targets at z � 7, we cannot apply any dust

orrections to the emission line fluxes as H α has redshifted out of
he NIRSpec coverage. As a result, metallicities inferred from O32 
re taken to be lower limits for these four galaxies, as [O II ]3727 , 29 

ill be more attenuated than [O III ]5007 . Consequently, this results in
pper limits on the dust-to-metal ratios for these sources. 
As can be seen from Fig. A1 , our conclusions remain unchanged

y adopting the O32 metallicity diagnostic: dust-to-gas and dust- 
o-stellar mass ratios are not affected, and in fact the lower average
etallicities inferred using O32 yield a higher DtG at fixed metallic-

ty compared to our fiducial analysis. As before, we find a more or less
at relation between DtG and metallicity, and therefore a tentative 
ecrease between DtM and 12 + log (O / H ), albeit now across a more
imited dynamic range. 
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M

Figure A1. Same as Figs 4 and 5 merged together, now consistently using O32 as a metallicity indicator for the REBELS-IFU sample. For the four galaxies 
at z � 7, this yields lower limits on the oxygen abundance, given the absence of dust corrections. Overall, our conclusions do not change if we use O32-based 
metallicities in favour of our fiducial ones. 
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PPEN D IX  B:  L I T E R ATU R E  SAMPLES  WI TH  

UST,  GAS,  A N D  META L  OBSERVATIONS  AT  

z > 6 

hile REBELS-IFU is the first homogeneously selected sample with 
bservations of cold gas (through [C II ]), dust (ALMA continuum) 
nd metals ( JWST /NIRSpec) at z � 6, a few individual galaxies at
his epoch have amassed similarly detailed observations. We note 
hat, even when such measurements all exist in the literature, in most
ases they have not been analysed in the context of scaling relations
etween dust and metals (the exceptions are presented in K. E. Heintz
t al. 2023b and F. Valentino et al. 2024 ), and we thus present this
nalysis for the first time here. 

We provide details on the literature sample below, in order of
ncreasing redshift. For [C II ]-detected galaxies, we adopt α[C II ] = 

1 M� L−1 
� to maintain consistency with the REBELS-IFU sample. 

e note that no galaxies beyond z > 8 . 5 have currently been detected
n [C II ] or dust emission (c.f., Y. Tamura et al. 2019 ; T. J. L. C.
akx et al. 2020 ; S. Fujimoto et al. 2024 ), and for galaxies at these
arly cosmic times we thus have no detailed information on their 
as contents, and are furthermore limited to upper limits on their 
ust-to-stellar mass ratios. 
RXCJ0600-z6.3 (hereafter z6.3; also known as the ‘Cosmic 

rapes’) is a gravitationally lensed galaxy at z = 6 . 07 first identified
hrough its bright [C II ] emission in the ALMA Lensing Cluster
urvey (S. Fujimoto et al. 2021 ; N. Laporte et al. 2021 ). It was
ecently studied with JWST , leading to an accurate measurement 
f its stellar mass [log ( μM� / M�) = 10 . 2 ± 0 . 2, where μ ≈ 32
s the magnification due to gravitational lensing] (C. Giménez- 
rteaga et al. 2024 ) and metallicity [12 + log (O / H ) = 8 . 11 ± 0 . 2]

S. Fujimoto et al. 2025 ). 12 Moreover, F. Valentino et al. ( 2024 ) used
ulti-band ALMA observations to robustly constrain the dust mass 

f z6.3 to be μMdust = 4+ 4 
−2 × 107 M�. 

COS-3018 is a Lyman-break galaxy at z = 6 . 85, first identified
hrough its high [O III ]4959 , 5007 + H β equivalent width by R. Smit
t al. ( 2014 ). It was detected in [C II ] emission by R. Smit et al. ( 2018 ),
nd in ALMA Band 6 continuum emission by S. Schouws et al.
 2022 ). Subsequently, J. Witstok et al. ( 2022 ) determined its dual-
and dust mass leveraging a stringent non-detection of its continuum 

mission in ALMA Band 8. For consistency with the REBELS- 
FU sample analysed in this work, we adopt the dust mass from
. S. B. Algera et al. ( 2024a ) who refitted the SED of COS-3018

o find log ( Mdust / M�) = 7 . 7+ 0 . 6 
−0 . 5 . Recently, J. Scholtz et al. ( 2025 )

ndertook a detailed study of COS-3018 using NIRSpec observations 
rom the GA-NIFS program, finding the galaxy to consist of three 
eparate components. J. Scholtz et al. ( 2025 ) measure the total
tellar mass of the system to be log ( M� / M�) = 9 . 7 ± 0 . 1, while
ts metallicity ranges from 12 + log (O / H ) = 7 . 9 − 8 . 2. Since we
ocus on the global properties of COS-3018 in this work, we adopt an
verage value of 12 + log (O / H ) = 8 . 05 ± 0 . 15, with the uncertainty
epresenting the observed spread between the components. 

B14-65666 , also known as the ‘Big Three Dragons’, is a UV-
uminous merging galaxy system at z = 7 . 15 first photometrically
dentified through ground-based imaging by R. A. A. Bowler et al. 
 2014 ), and subsequently studied in detail with both ALMA and later
he JWST in various works (R. A. A. Bowler et al. 2018 ; T. Hashimoto
t al. 2019 ; Y. Sugahara et al. 2021 , 2025 ; G. C. Jones et al. 2024 ).
elevant for our analysis is the [C II ] detection by T. Hashimoto
2 As we are interested in ratios of various quantities, such as the dust-to-stellar 
ass ratio, any uncertainties due to lensing magnification cancel out. 

C

k  

m  
t al. ( 2019 ), from which we obtain a gas mass estimate (see also T.
ashimoto et al. 2023 ). B14-65666 is moreover continuum-detected 

n three ALMA bands (Y. Sugahara et al. 2021 ), which H. S. B. Algera
t al. ( 2024a ) re-fit to obtain a dust mass of log ( Mdust / M�) = 7 . 0+ 0 . 6 

−0 . 5 .
e adopt the stellar mass of B14-65666 from Y. Sugahara et al.

 2025 ), who measure log ( M� / M�) = 9 . 8 ± 0 . 2. Finally, G. C. Jones
t al. ( 2024 ) find that the global metallicity of B14-65666 ranges
rom 12 + log (O / H ) = 8 . 07 − 8 . 28, depending on which metallicity
iagnostic is adopted. We simply adopt the average here with 
he uncertainty spanning the possible range, i.e. 12 + log (O / H ) = 

 . 18 ± 0 . 11. 
S04950 is a gravitationally lensed galaxy at z = 8 . 50 studied by

. E. Heintz et al. ( 2023b ) and S. Fujimoto et al. ( 2024 ). It was
nitially spectroscopically confirmed by JWST /NIRSpec, which also 
ielded a metallicity measurement of 12 + log (O / H ) = 7 . 26 ± 0 . 18
S. Fujimoto et al. 2024 ). S04950 was thereafter targeted in both
C II ] and [O III ]88 emission with ALMA, yielding a tentative [C II ]
etection and an upper limit on its dust mass of log ( μMdust / M�) <
 . 0 (S. Fujimoto et al. 2024 ). We moreover adopt the (magnified)
tellar mass from their work of log ( μM� / M�) = 8 . 72+ 0 . 31 

−0 . 29 (see also
. Giménez-Arteaga et al. 2023 ). 
MACS1149-JD1 , hereafter JD1, is a gravitationally lensed galaxy 

t z = 9 . 11 first spectroscopically confirmed through its [O III ]88 

mission by T. Hashimoto et al. ( 2018 ). Deeper observations of the
O III ] line were presented by T. Tokuoka et al. ( 2022 ), who also
easured a sensitive upper limit on the dust continuum emission 

f JD1. They do not, however, provide an upper limit on the dust
ass of JD1, and we therefore derive one assuming a temperature of

dust = 45 ± 15 K as we did for the REBELS-IFU sample to obtain
dust < 1 . 6 × 105 M� after accounting for gravitational magnifica- 

ion ( μ = 10, following T. Hashimoto et al. 2018 ). Given that dust
emperatures may increase with redshift (e.g. L. Sommovigo et al. 
022a ; I. Mitsuhashi et al. 2024 ), this is likely a conservative upper
imit. [C II ] emission from JD1 was targeted but not detected by N.
aporte et al. ( 2019 ). We adopt the stellar mass measurement of
D1 by C. Marconcini et al. ( 2024 ) of log ( M� / M�) = 7 . 47 ± 0 . 05,
nd use the metallicity measured by T. Morishita et al. ( 2024 ) of
2 + log (O / H ) = 7 . 82 ± 0 . 07. 
GN-z11 is a UV-luminous Lyman-break galaxy at z = 10 . 60 (P. A.

esch et al. 2016 ; A. J. Bunker et al. 2023 ). Its [C II ] and underlying
ust continuum emission were recently targeted by Y. Fudamoto et al. 
 2024 ) using the Northern Extended Millimeter Array (NOEMA), 
hough neither was detected. As a result, Y. Fudamoto et al. ( 2024 )
nferred an upper limit of log ( Mdust / M�) < 6 . 9 on the dust mass of
N-z11. We adopt the stellar mass measured by S. Tacchella et al.

 2023 ) [log ( M� / M�) = 9 . 1+ 0 . 3 
−0 . 4 ], while we use the metallicity from

. J. Bunker et al. ( 2023 ) of 12 + log (O / H ) = 7 . 77+ 0 . 06 
−0 . 05 . 

GHZ2 is another UV-luminous galaxy at z = 12 . 33, first spec-
roscopically confirmed by JWST using both its NIRSpec and MIRI
nstruments (M. Castellano et al. 2024 ; J. A. Zavala et al. 2025 ).
t was subsequently detected in [O III ]88 emission by J. A. Zavala
t al. ( 2024 ) using ALMA, while the dust continuum in GHZ2
emained undetected. These sensitive dust continuum observations 
ere recently presented by I. Mitsuhashi et al. ( 2025 ), though in our

nalysis we use the less sensitive ALMA continuum observations 
f GHZ2 from in T. J. L. C. Bakx et al. ( 2023 ). We furthermore
dopt a stellar mass of log ( M� / M�) = 9 . 05+ 0 . 10 

−0 . 25 from M. Castellano
t al. ( 2024 ) and a metallicity of 12 + log (O / H ) = 7 . 47+ 0 . 12 

−0 . 08 from A.
alabrò et al. ( 2024 ). 
JADES-GS-z14-0 , hereafter GS-z14-0, is one of the most distant 

nown galaxies at z = 14 . 18. Following its spectroscopic confir-
ation with NIRSpec (S. Carniani et al. 2024 ), it was detected in
MNRAS 545, 1–22 (2026)
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O III ]88 emission with ALMA (S. Carniani et al. 2025 ; S. Schouws
t al. 2025a ). These observations also yielded an upper limit on
he dust mass of GS-z14-0 of Mdust < 106 M�. We adopt the stellar

ass [log ( M� / M�) = 8 . 78+ 0 . 09 
−0 . 10 ] and metallicity [12 + log (O / H ) =

 . 94 ± 0 . 03] of GS-z14-0 as measured by S. Carniani et al. ( 2025 )
see also J. M. Helton et al. 2025 ). 
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