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Abstract—Cosmic dust particles originate from a wide variety of solar system and interstellar
objects, including sources not identified among meteorite collections. Particles that survive
atmospheric entry are retrieved on the Earth’s surface as micrometeorites. The recovery of
these micrometeorites has recently advanced to rooftop sites. Here, we present the results of
an extensive isotopic study on this type of rooftop micrometeorite from the Budel
collection, the Netherlands, accreted to the Earth between October 31, 2018 and June 16,
2021. The triple oxygen isotopic compositions of 80 silica-dominated cosmic spherules (CSs)
with diameters ranging between 105 and 515 pm are obtained relying on 213 in situ spot
analyses determined using ion microprobe. Our analyzed population spans a large range of
isotopic compositions and is dominated by carbonaceous chondritic sources. In situ
measurements on several CSs support a possible continuum between '°O-rich and '°O-poor
compositions following the CM mixing line, showing that '°O-poor CSs may be genetically
related to aqueously altered carbonaceous chondrites. We demonstrate that weathering in
the terrestrial environment has negligible effects on the isotopic compositions of the studied
CSs and attempt to quantify the effects of kinetic mass-dependent fractionation and
admixture of terrestrial oxygen during atmospheric entry. The results further corroborate
previously suggested relations between CS texture and the duration and intensity of the
heating pulse experienced during atmospheric deceleration. Finally, the young and well-
constrained terrestrial age of the collection provides insights into the most recent flux of
cosmic dust. Our results indicate no major recent changes in the global flux compared with
collections sampled over thousand- to million-year time scales and demonstrate that '°O-
poor material is still represented in the modern-day cosmic dust flux at a relative abundance
of ~13%-15%. As such, rooftop micrometeorites represent a valuable reservoir to study the
characteristics of the contemporary cosmic dust flux.

INTRODUCTION experience frictional heating. If peak temperatures remain
sufficiently low, then micrometeorites may retain some of
Micrometeorites are particles of extraterrestrial their preatmospheric textures and mineralogy, forming

unmelted and partially melted scoriaceous micrometeorites,
or relict-bearing spherules (Genge et al., 2008). Higher peak

atmospheric entry, micrometeoroids decelerate and temperatures will result in melting and degassing, leading to
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the formation of cosmic spherules (CSs; Love & Brownlee,
1991; Toppani et al., 2001). CSs are subdivided into several
types according to their composition. Following the
classification of Genge et al. (2008), these include the S-type
(chondritic), I-type (Fe-dominated), and G-type (magnetite
and silicate glass). According to their quench textures, S-
type CSs are further subdivided into coarse-grained (CG),
porphyritic  olivine  (PO), barred olivine (BO),
cryptocrystalline (Cc), vitreous (V), and Ca-Al-Ti-rich
(CAT) spherules (Brownlee et al., 1997; Taylor et al., 2000).

According to Love and Brownlee (1993), the Earth
accretes roughly 30,000 + 20,000t of cosmic dust each
year. However, flux estimates based on Antarctic
micrometeorite collections indicate that each year only a
few thousand tons of these particles accumulate on the
Earth’s surface (Rojas et al., 2021; Suttle & Folco, 2020;
Taylor et al., 1998). These numbers imply that ~50%-—
90% of the mass of cosmic dust particles entering the
Earth’s atmosphere breaks up and evaporates.
Nonetheless, the micrometeorite flux to the Earth’s
surface is about two orders of magnitude larger than the
meteorite flux (Bland et al., 1996). Cosmic dust particles
sample a wide range of parental sources distinct from
meteorites and thus provide additional means to study
the diversity of solar system objects.

Meteorites record a large variation in isotopic
compositions reflecting fundamental processes operating
during the solar system’s formation, including
condensation and modification of a heterogenecous nebula,
and later reprocessing by differentiation, brecciation,
melting, aqueous alteration, and thermal metamorphism
of agglomerated bodies (Franchi, 2008). Various major
and trace elemental compositions and isotopic systems,
including isotopes of O, Mg, Si, Fe, Cr, Ni, and K, are
used to gain insights into these processes as well as the
relationships between meteorites and micrometeorites and
the effects of heating during atmospheric entry (e.g.,
Alexander et al., 2002; Brownlee et al., 1997; Cordier
et al., 2011; Engrand et al., 2005; Herzog et al., 1999; Imae
et al., 2013; Lampe et al., 2022; Rudraswami, Prasad,
Babu, et al., 2016; Taylor et al., 2005).

Triple oxygen isotopic compositions of micrometeorites
are reminiscent of their source material and can be used
to explore the relationship with meteorite groups.
Clayton et al. (1986) first used bulk oxygen isotope
analyses on large numbers of CSs and concluded that,
contrary to most meteorites, micrometeorites primarily
show affinities with carbonaceous chondrites (CCs).
Several subsequent studies have corroborated this finding
(Cordier et al., 2011, 2012; Cordier & Folco, 2014;
Engrand et al., 1999, 2005; Goderis et al., 2020; Gounelle
et al., 2005; Lampe et al., 2022; Rudraswami et al., 2020;
Rudraswami, Suttle, et al., 2022; Suavet et al., 2010;
Taylor et al., 2005; van Maldeghem et al., 2023; Yada

et al., 2005), although a few studies indicated a significant
contribution of ordinary chondrites (OC) among the
larger size fractions (Suavet et al., 2011; Suttle et al.,
2020; van Ginneken et al., 2017). The compiled results
from these studies show that the relative contribution of
OC parent bodies to the micrometeorite flux increases
with particle size, from ~7% below 500 pm to 38% above
500pum (van Ginneken et al., 2017) and ~70%
above 800 pum (Suavet et al., 2011), indicating a gradual
transition between CC-dominated micrometeorites and
OC-dominated meteorites (Cordier & Folco, 2014).
Particles >50 pm in size are commonly thought to be
predominantly sourced from asteroids (Cordier &
Folco, 2014). In contrast, some models suggest that
Jupiter-family comets (JFCs) may be the main source of
carbonaceous dust particles ~10-1000 pm in size
contributing to the zodiacal dust cloud (Nesvorny et al.,
2010). The survival of these micrometeoroids upon
entering the Earth’s atmosphere is ensured by the
generally low entry velocities resulting from Poynting—
Robertson light drag.

Within the triple oxygen isotope diagram, Suavet
et al. (2010) assigned micrometeorites to four distinct
groups. Micrometeorites from groups 1 and 2 are
genetically related to CCs with group 1 being attributed
mainly to CO/CV chondrites and their refractory
components, including Ca-Al-rich inclusions (CAls), and
group 2 to CM/CR chondrites. Group 3 correlates to
OCs LL/L/H. Finally, group 4 is used to describe '°O-
poor micrometeorites that to date have not been observed
among larger meteorite collections. The lack of a group 4
isotopic signature in meteorite collections could be
caused by the friability of the parent body, which only
produces small particles upon impact or causes the
disintegration of the meteoroids during atmospheric
entry (Matrajt et al., 2006).

Two main processes alter the primordial oxygen
isotopic composition of cosmic dust particles during
atmospheric entry heating (Clayton et al., 1986; Engrand
et al., 2005; Rudraswami et al., 2020; Soens et al., 2022;
Suavet et al., 2010; Taylor et al., 2005; Yada et al., 2005).
A kinetic mass-dependent fractionation effect is caused
by the preferential evaporation of '°O because of its
lower nuclide mass. As the micrometeoroid loses
mass, this process enriches the particle in heavier
isotopes, shifting values in a triple isotope plot to higher
8'70 and 8'%0 parallel to the terrestrial fractionation line
(TFL, defined as 8'70=0.52x8'80; Clayton, 1993).
Simultaneously, the mixing of intrinsic oxygen with
atmospheric oxygen brings values closer to the isotopic
composition of the upper atmosphere. Hence, the
variation of oxygen isotopes in CSs can be used as a
proxy for the thermal reprocessing of micrometeoroids in
the atmosphere.
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Micrometeorites have frequently been recovered from
Antarctic sites, deep-sea sediments, and hot deserts with a
wide variety of terrestrial ages (Brase et al., 2021; Duprat
et al.,, 2007; Genge et al., 2018; Goderis et al., 2020;
Maurette et al., 1991; Prasad et al., 2013; Rudraswami,
Parashar, et al., 2011; Taylor et al., 1998; van Ginneken
et al., 2017; Yada et al, 2004). More recently, an
abundance of CSs has been found in populated areas by
sampling rooftop sites (Genge, Larsen, et al., 2016; Jonker,
van Elsas, et al., 2023; Suttle, Hasse, et al., 2021). We
present the results of the first extensive oxygen isotope
study on a representative population of rooftop
micrometeorites from the Budel collection (Jonker, van
Elsas, et al., 2023), which represents the present-day
micrometeorite flux. 80S-type CSs of all textural subtypes
except CAT were analyzed for their triple oxygen isotopic
composition based on 213 individual analyses using
secondary ion mass spectrometry (SIMS). Previous isotope
studies have often focused on large particles with
diameters >250 pm. Few studies have primarily targeted
smaller CSs (e.g., Rudraswami et al., 2020). The Budel
collection, which consists mostly of CSs <300 um in size,
allows us to study these smaller size fractions. Within the
collection, all major oxygen isotopic groups are
represented. We demonstrate that the isotopic values have
not been noticeably altered in the terrestrial environment
and attempt to quantify the extent of oxygen evaporation
and atmospheric mixing. Our findings corroborate
previously suggested relations between CS texture,
parentage, and degree of mass-dependent fractionation.
Finally, the young and well-constrained terrestrial age of
the rooftop micrometeorites in comparison with other
collections provides insights into the most recent cosmic
dust flux.

METHODS
Sample Selection

The micrometeorites analyzed in this study were
obtained from the gutter of a large barn in Budel, the
Netherlands (P. Beerten B.V.; 51°15'56.7" N, 5°35'55.8"
E; constructed in 2006; Jonker, Schipper, et al., 2023).
The roof has a total surface area of ~3600 m?, of which
~3220 m? could be sampled. The CSs in this study are
selected from the first of two sample batches collected on
June 16, 2021 and May 15, 2022. The owners had
previously emptied the gutter on October 31, 2018. The
extraction of micrometeorites from the gutter samples
involved the use of instruments from the Mineral
Separation Laboratory (VU Amsterdam), including
shape separation using a Faultable with an asymmetric
vibrator and heavy liquid density separation using
laboratory overflow centrifuges (Faul & Davis, 1959;

IJist, 1973). A detailed description of the extraction
methods is provided in Jonker, van Elsas, et al. (2023).

Micrometeorite  identification  was  performed
nondestructively with the JEOL Neoscope-11 JCM-6000
benchtop scanning electron microscope (SEM) equipped
with standardless energy-dispersive x-ray spectroscopy
(EDS) at VU Amsterdam. The Budel collection consists
of 1006 micrometeorites. One hundred fifteen spherules
representing all CS textures except CAT were mounted in
epoxy resin and polished, of which 80 were selected for
oxygen isotope analysis (Table 1; Table S1). Average
whole particle diameters were obtained from backscattered
electron (BSE) images through a MATLAB code and
range from 105 to 515 pm for the analyzed CSs, with most
being <300 um (Table 1; Jonker, Schipper, et al., 2023).

Rooftop micrometeorites are generally thought to be
well-preserved due to young terrestrial ages compared to
micrometeorites from most other collections (Genge,
Larsen, et al., 2016, 2020; Suttle, Hasse, et al., 2021).
Opposingly, the Budel micrometeorite collection contains
several particles, especially V-type spherules, that display
high degrees of alteration despite extremely short
terrestrial residence times of <2.6years (Jonker, van
Elsas, et al.,, 2023). Sectioning of these particles has
shown that this physical alteration is mostly superficial.
For the oxygen isotope analyses, we deliberately selected
six V-type spherules that display severe surface alteration
resulting from weathering in the terrestrial environment
to study the extent to which this alteration impacts the
isotopic signatures.

Oxygen Isotope Measurements

The oxygen isotopic compositions of the CSs were
measured in situ using the Cameca 1270 E7 secondary
ion mass spectrometer at the Centre de Recherches
Pétrographiques et Géochimiques (CRPG; Nancy,
France). Oxygen ions ('°O~, '"O~, and '"807) were
released from the sample by an incident Cs* primary ion
beam (~15 pm spot size and ~2.5nA beam current) and
were simultaneously monitored in multicollection mode
using two off-axis Faraday cups for 'O~ and '*O~ and
the axial Faraday cup for '"O~. Samples were probed for
275s per spot including 90s of presputtering. A mass
resolving power of 2500 for 'O~ and 'O~ and 7000 for
70~ was applied to avoid "®OH ™~ interference in the 'O~
peak. Between two and six spots were analyzed per
spherule.

Repeated analyses of several reference materials (San
Carlos olivine, CLDR0O1, MORB glass, JV1 diopside,
BHVO magmatic glass, Burma spinel, and Charoy
magnetite) at the start and at the end of each session were
used to define the instrumental mass fractionation line, to
correct for instrumental mass fractionation due to matrix
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TABLE 1. Size and average oxygen isotopic composition of different S-type cosmic spherules from coarse-grained
to vitreous with possible parentage and group affinity.

Size 8'%0 8'70 A0

Specimen  Type (pm) N (%o) 2SE 2SD  (%o) 2SE 2SD  (%o) 2SE 2SD Parent body Group
GMM71 CG 297 4 525 06 144 -259 08 9.1 -532 08 1.7 CC 1

GMMS87 CG 279 2 1393 04 393 3.07 0.5 330 —417 0.5 12.5 CC/*®O-poor Ambiguous
GMMI112 CG 197 3 570 0.8 229 -—-048 07 109 -344 08 14 CC Ambiguous
GMMI118 CG 251 6 084 07 107 -290 09 5.7 -334 10 14 CC Ambiguous
GMMI137 CG 204 2 1.67 06 179 —-426 05 109 -513 0.6 1.5 CC 1

GMM245 CG 145 3 581 08 39 353 1.0 09 0.51 1.0 2.1 OC/EC 3
GMM318 CG 172 3 534 08 46 —-0.63 09 138 —341 1.0 0.6 CC 1
GMM409 CG 155 2 813 06 0.7 428 0.8 0.8 0.05 08 04 CC/OC/EC/ 3

Ach

GMM3592 PO-c* 108 31.56 - 09 3.0 16.06 1.1 1.9 -036 12 09 CC/"®0-poor Ambiguous

GMM415 CG 167 3 1478 08 2.0 690 10 09 —078 1.0 05 CC 2
GMM424 CG 145 3 300 08 106 —0.11 10 53 —167 1.1 02 CC 2
GMM451 CG 137 4 491 10 47 —-155 11 27 -410 12 05 CC 1
GMM483 CG 112 3 698 08 73 412 1.0 3.7 048 1.1 02 OCJEC 3
GMM4 PO 222 2 1759 06 09 844 05 08 —071 0.6 03 CC 2
GMM7  PO* 202 4 1912 08 177 629 0.7 112 -365 08 20 CC 1
GMM38 PO* 203 3949 08 09 1.18 07 1.0 =375 09 09 CC 1
GMM59 PO* 300 3 21,10 0.8 234 1054 0.7 147 —043 08 25 CC/'®O-poor Ambiguous
GMM69  PO? 261 4 1461 08 140 628 08 66 —131 09 1.0 CC 2
GMMS80 PO? 300 5 078 0.7 348 —6.18 09 313 —659 10 13.5 CC/CAI 1
GMM92 PO* 212 3 483 09 109 —035 07 52 -28 09 06 CC Ambiguous
GMM102 PO* 243 3701 05 49 413 06 2.6 049 07 03 OCJEC 3
GMMI110 PO 235 2 880 05 22 361 05 15 —09 06 03 CC 2
GMM113 PO* 208 3 85 07 2.7 228 06 13 —-217 07 07 CC 2
GMMI120 PO 208 2 637 05 24 -179 05 09 —510 06 04 CC 1
GMM148 PO? 199 4 505 08 233 -—152 0.7 147 -414 08 26 CC 1
GMM173 PO* 222 3 1299 07 387 341 07 231 =334 07 30 CC 1
GMM?208 PO* 197 4 458 08 100 -218 0.7 56 —456 08 05 CC 1
GMM216 PO? 185 3 1861 07 1.1 627 06 03 —341 07 05 CC 1
GMM217 PO 186 2 2122 05 1.8 969 05 22 —135 05 13 CC 2
GMM218 PO* 234 5 1174 09 212 226 08 129 -385 10 19 CC 1
GMM231 PO 243 2 788 04 0.1 422 05 04 0.12 06 04 OCJEC 3
GMM443 PO 156 3 3574 08 27 2075 10 1.5 217 1.0 02  '®O-poor 4
GMM75 PO-¢* 294 3 3714 05 30 2038 06 1.3 1.07 07 03  '°O-poor 4
GMMI136 PO-¢* 194 3 2631 08 105 1507 07 62 139 08 1.1  '®O-poor 4
GMM422 PO-c 148 3 4228 08 1.3 2388 1.0 09 190 1.0 03  '"®O-poor 4
4
GMM629 pPO-c* 106 2 2606 07 0.7 11.16 08 03 —-239 09 0.7 CC 1
GMM128 pPo 186 2 1779 06 09 574 0.6 0.8 -351 06 03 CC 1
GMMI29 uPo? 183 32078 09 43 705 07 36 -376 09 16 CC 1
GMM398 pPo? 138 3 2395 08 46 1046 1.0 26 —199 1.0 03 CC Ambiguous
GMM633  pPo? 116 3 78 08 8.1 1.74 10 68 -233 10 48 CC Ambiguous
GMM46 BO 400 2 1944 04 03 751 05 01 —-259 05 03 CC 1
GMM52 BO 288 2 3174 04 1.0 17.10 05 1.4 0.60 0.5 09 'O-poor 4
GMM61  BO 282 2 3024 04 3.6 1274 05 26 —-298 0.5 07 CC 1
GMM66 BO 284 2 2989 04 04 1248 05 05 -3.06 05 03 CC 1
GMM67 BO 287 2 2855 04 1.5 1195 05 04 —-290 05 03 CC 1
GMM140 BO 203 2 2569 05 0.2 1277 05 04 —059 05 05 CC 2
GMM160 BO 197 2 2220 05 0.0 794 05 05 -360 05 05 CC 1
GMMI171 BO 228 2 2644 05 20 1125 05 08 —-250 06 02 CC 1
GMMI172 BO 235 2 665 05 13 —051 05 06 -397 05 01 CC 1
GMM177 BO 248 2 2210 04 0.7 723 05 09 —426 05 05 CC 1
GMMI182 BO 206 2 3175 05 22 1429 05 14 —222 05 02 CC 1
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TABLE 1. Continued. Size and average oxygen isotopic composition of different S-type cosmic spherules from
coarse-grained to vitreous with possible parentage and group affinity.

Size 3%0 5170 A0
Specimen  Type (um) N (%o) 2SE 2SD  (%o) 2SE 2SD  (%o) 2SE 2SD Parent body Group
GMM185 BO 239 2 2974 04 1.7 1226 05 06 —321 06 03 CC 1
GMM225 BO 246 2 4431 04 23 2487 0.5 0.6 182 0.5 06  'O-poor 4
GMM37 Cem 297 2 2856 04 5.5 1255 05 39 -231 05 1.1 CC 1
GMM50 Ce-m 298 2 3053 04 8.1 1350 05 41 —-238 05 01 CC 1
GMM53  Cem 319 2 1895 04 82 718 05 39 -267 05 04 CC 1
GMM68 Cem 302 2 11.03 04 02 645 05 0.3 071 05 04 OCJ/EC 3
GMMI122 Cem 203 2 850 05 1.1 .12 05 09 —-330 06 03 CC Ambiguous
GMM36 Ccn 279 2 3544 04 14 18.69 0.5 0.6 026 05 00 '®O-poor 4
GMM44  Cecn 515 2 1182 04 24 412 05 07 -203 06 05 CC 2
GMM48 Cecn 400 2 2222 04 26 712 06 1.6 —444 06 02 CC 1
GMM115 Cc-n 225 2 322 05 03 —141 05 04 —-308 05 03 CC Ambiguous
GMM127 Cen 225 2 1280 05 132 725 0.6 6.1 060 06 07 OC/EC 3
GMM64  Ce-t 283 2 3229 04 16 1288 05 07 —391 05 01 CC 1
GMM98  Ce-t 190 1 064 04 NA -08 05 NA -123 05 NA CC 2
GMM105 Ce-t 213 3 13.63 06 1.7 747 06 1.0 038 07 04 OCJ/EC 3
GMM117 Ce-t 206 2 188 05 14 940 04 03 —-04 05 04 CC 2
GMM161 Ce-t 208 2 3162 05 08 1334 05 09 3.1 06 05 CC 1
GMM397 Ce-t 150 3 2806 08 06 1382 1.0 03 —077 1.1 01 CC 2
GMM49 V 406 3918 05 06 522 06 03 045 07 0.1 OCJEC 3
GMM84 vV 308 3599 05 23 272 07 07 —039 08 0.7 CC/OC/EC/ Ambiguous
HED

GMMS85 V 317 2 826 04 20 490 0.5 1.1 060 05 01 OCJEC 3
GMM109 V° 253 3 3709 05 53 1797 07 33 —132 07 06 CC 1
GMM114 V° 201 2 3718 05 14 1655 05 09 -278 05 02 CC 1
GMM116 VP 218 33990 0.7 64 1865 0.6 33 -210 07 04 CC 1
GMM233 VP 207 3 2436 0.7 1.1 11.79 06 06 —087 07 05 CC 2
GMM234 VP 203 2 5365 05 29 2924 05 0.7 135 06 08  'O-poor 4
GMM414 V 146 3 4594 08 0.7 2564 1.0 04 1.76 1.0 03  'SO-poor 4
GMM429 V° 158 3 5012 08 29 2781 09 13 1.75 1.0 03  '®O-poor 4
GMM648 V 112 3 3222 08 27 1595 1.0 11 —08 1.0 07 CC 2

Note: Isotopic values are given in permil (%o) relative to V-SMOW:; given sizes are average diameters of the spherules. Textural type: CG,
coarse-grained (S-type); BO, barred olivine; Cc, cryptocrystalline (—m, microcrystalline; —n, normal; —t, turtleback); PO, porphyritic olivine (,
microporphyritic; —c, cumulate); V, vitreous. Precursor affinity: Ach, achondrite; CC, carbonaceous chondrite; EC, enstatite chondrite; HED,
howardite/eucrite/diogenite-like; OC, ordinary chondrite. 2SE represents propagated analytical errors; 2SD represents the internal variation.
Large 2SD is the result of internal heterogeneity, commonly associated with the presence of relicts. Each spherule is affiliated with possible
precursors and isotopic groups taking into account particle heterogeneity, relict minerals, analytical uncertainties, and atmospheric entry effects.
Ambiguous spherules cannot be assigned to an isotopic group with certainty.

“Relict-bearing porphyritic olivine spherule.
Vitreous spherule with weathering characteristics.

effects, and to check the reproducibility of the data. The
analytical 2 standard error (2SE) of in situ measurements
during these sessions was determined to be ~0.4-0.5%o
for 8'%0 and ~0.4-0.6%. for 8’0 and A'’O. The results
are expressed in permil (%o) using standard & notation
relative to Vienna Standard Mean Ocean Water (V-
SMOW) as 8'*0 =[(**0/ Iéo)sample/(lgo/ "O)y.smow — 11X
1000 (%o), and using '"0/*°O for &'70. The deviation from
the TFL is expressed as A'’0 =5'70-0.52 x 8'%0 (Clayton,

1993; Criss & Farquhar, 2008). In situ data are provided in
Table S1. Averaged values for the analyzed spherules with 2
standard deviation (2SD) and propagated 2SE are reported
in Table 1. The 2SD values represent the repeatability of
multiple analyses on the same particle and are in some cases
considerably larger than the 2SE as a result of the internal
heterogeneity of these particles, commonly related to the
presence of relict minerals. Uncertainties reported in the
text are 2SE unless specified otherwise.
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(a) : > (c)  a O
: g W

GMM87 GMM451 GMM409 #

GMM245 |

FIGURE 1. Polished-section backscattered electron images of representative CG-type and relict-bearing PO-type spherules with
relict minerals that survived atmospheric entry. (a) Large partially melted forsterite relicts surrounded by matrix; fractures in the
forsterite relicts point to shock fragmentation by a large thermal gradient, indicating the presence of preatmospheric hydrated
phyllosilicates in the matrix. (b) Euhedral Fe-rich olivine and orthopyroxene relicts and a small chromite crystal; small anhedral
olivines enclosed by orthopyroxenes may point to multiple crystal growth generations. (c) Partially melted plagioclase and Fe-
rich olivine relicts and several Fe-Ni-S droplets; light-colored mesostasis is similar in composition to the olivine, while dark-
colored mesostasis is similar to the plagioclase with enrichment of sodium. (d) Large partially melted Fe-rich olivine relict with
several distinct concentric zones of magnetite formed by interaction with oxygen in the atmosphere; a K-rich feldspar sits in the
bottom-right corner. (e) Fe-rich olivine and orthopyroxene relicts surrounding a large inner void. (f) Adjacent Mg-rich and Fe-
rich olivine relicts with secondary growth; the latter are comparatively vesiculated. (g) PO-type spherule with several Mg-rich
olivine relicts and a ring of beads at the exterior, of which one is visible in the section. (h) Detail of GMMS80 exhibiting globules
rich in calcium, aluminum, and titanium poikilitically enclosed in an olivine relict; combined with the '°O-rich composition, they

indicate a genetic relation to CAls in carbonaceous chondrites.

RESULTS
Petrography

All CSs analyzed in this study (Table 1) were
classified following the classification system proposed by
Genge et al. (2008). Figures 1 and 2 show representative
examples of the various textural types, which include CG
(n=12), PO (n=28), BO (n=13), Cc (n=16), and V
(m=11). The Cc-type is further subdivided into three
textural groups: microcrystalline (n=5), normal (n=75),
and turtleback (n = 6) following Suttle and Folco (2020).
We also differentiate two distinct textures among PO-
types, differing from the regular PO texture: microporphyritic
(WPO; n=5) with small (less than a few pm) anhedral crystals
and cumulate (PO-c; n=35). One spherule displayed a
combination of both textures. These textures have been
suggested to reflect sources distinct from regular PO-type
spherules (Genge, Suttle, et al., 2016; van Ginneken et al.,
2017). An additional rb- (relict-bearing) prefix is used for PO-
type spherules to indicate the presence of relict minerals that
survived melting in the atmosphere (n = 19).

Relict anhydrous phases frequently encountered in
the analyzed CSs (Figure 1) include Mg-rich olivine
(Foos.100), Fe-rich olivine (Fog7.94), and Mg-rich
orthopyroxene (Eng,.g6). Additionally, rarer relict phases
include chromite, Fe-Ni metal droplets enclosed in relict
minerals, and refractory inclusions poikilitically enclosed
in forsterite (GMMS80; Figure 1h). GMM451 (Figure 1c)
consists predominantly of partially melted relict
plagioclase feldspar with minor Fe-rich olivine. GMM409
(Figure 1d) contains an enigmatic potassium-rich
feldspar. Mg-rich olivine, Fe-rich olivine, orthopyroxene,
and plagioclase relicts were in some cases sufficiently
large (>20 pm) to be analyzed for their oxygen isotopic
composition without interference from surrounding
phases.

Oxygen Isotopic Compositions

In total, 80 CSs were analyzed by 213 in situ
measurements. Individual analyses are shown in Figure 3
and available in Table S1. Averaged isotopic compositions
are summarized in Table 1 and Figure 4. The isotopic
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FIGURE 2. Polished-section backscattered electron images of representative examples of various types of CSs. (a) Normal PO-
type with skeletal olivine crystals and a small forsterite relict with a Fe-Ni droplet. (b) PO-type with a cumulate texture. (c) PO-
type with a microporphyritic texture consisting of small equidimensional crystals. (d) BO-type. (e¢) Cc-type with microcrystalline
texture. (f) Cc-type with normal texture. (g) Cc-type with turtleback texture and morphology. (h) V-type with partial
crystallization around a Fe-Ni-S bead; the bead displays segregation of S-rich (dark) and S-poor (light) phases.

compositions are commonly heterogeneous in CG- and
PO-type spherules due to the presence of relict phases,
while mostly homogeneous in BO-, Cc-, and V-type
spherules that experienced complete melting
and subsequent homogenization. The average 8'°0 for all
CS:s increases as CG < PO < Cc < BO < V with respective
values of 6.4 +8.5%0, 16.8+21.8%0, 19.3+21.9%o,
26.8 £ 17.3%0, and 31.3+34.2%. (2SD). The average
A0 increases as CG<BO<PO<Cc<V with
respective  values of —2.5+4.3%., —2.3 %+ 3.6%o,
—2.0 +4.5%0, —1.7 +3.4%o0, and 0.6 + 3.1%0 (2SD). The
highest isotopic value is recorded in a V-type spherule with
3'°0=547+  04%, 8''0=29.5+04%,  and
A7=1.1+04% (GMM234; Figure 3). The lowest
isotopic value was measured in a rb-PO-type spherule with
8'°0=-277+£ 04%, 870=-329+0.5%0, and
A0 =—18.5+0.5%0 (GMMS0; Figure 3).

Relict minerals that were large enough (>20 pm) to
be measured without interference from adjacent
recrystallized phases plot mostly on or close to the
Primitive Chondrule Minerals (PCMs) line with slope
0.987 (Ushikubo et al., 2012) and the Carbonaceous
Chondrite Anhydrous Mineral (CCAM) line with slope
~0.94 (Clayton & Mayeda, 1977, 1999), or near the OC
LL/L/H fields (Figures 3 and 5). For these relict minerals,
the collective ranges of isotopic compositions are §'%0
from —64+04% to 154£0.5%, 8’0 from
—8.6+£04% to 73£0.5%, and A0 from
—8.6 +0.4%o0 to 1.5 £ 0.5%0. The analyzed relicts include

eight Mg-rich olivines (Fogg.99), 13 Fe-rich olivines
(Fo73.91), three orthopyroxenes (Engsgs), and a single
plagioclase (Angy), deriving from 15 different CSs. For
Mg-rich olivines, 8'%0 ranges from —4.7+0.4%0 to
15.4 £ 0.5%o, 8'7O from —8.6 + 0.4%0 to 6.9 + 0.6%o, and
A0 from —8.6 +0.4%o0 to —0.6 + 0.6%.. Ranges of Fe-
rich olivines are comparable to those of Mg-rich olivines,
with 8'%0 from —6.4 + 0.4%0 to 15.3 £ 0.5%, 8'’O from
—64+04% to 73£0.5%, and A0 from
—3.7+04%0 to 0.5+£0.4%.. Within the three
orthopyroxene grains, 8'%0 ranges from —5.4 + 0.3%o to
3.6 +0.4%0, 8''0 from —6.3 £ 0.4%o to 3.4 £ 0.6%o, and
A0 from —4.0 +0.4%0 to 1.5 4 0.6%0. The plagioclase
relict yields values of 580 =5.4 4 0.5%0,
8'"0=—1.1+0.5%0, and A'’O = —3.9 £ 0.6%o.

To study the effect of weathering in the terrestrial
environment on rooftop micrometeorites and the extent
to which oxygen isotopic compositions may be altered,
we deliberately selected six V-type spherules that
displayed pronounced surface alteration (Jonker, van
Elsas, et al., 2023). Following the weathering scale of
van Ginneken et al. (2016), these can be assigned to the
1b to 2c scales, partial to complete encrustation with
minor to moderate loss of primary material. Analyses
near the weathered rim of these spherules show &'°0
values that differ from core values by 0.0%0 to —3.3%o.
The remaining pristine V-type spherules show differences
between rim and core values of +1.8%0 to +0.2%0, and
cryptocrystalline domains differ from glassy domains by
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FIGURE 3. Plot of 880 versus 870 of 213 in situ analyses on relict minerals and recrystallized phases within 80 CSs of various
textural types. Relict minerals plot near the PCM line with slope ~0.987 (Ushikubo et al., 2012). Recrystallized phases, including
crystals and mesostasis, plot around the TFL with slope 0.52 (Clayton, 1993). The composition of atmospheric oxygen is
represented by an asterisk (5'%0 =23.5%0, 6'70=11.8%0; Thiemens et al., 1995). The inset shows a single measurement on
GMMS80 with an extremely '°O-rich composition associated with Ca-Al-inclusions. 2SE analytical uncertainties on the data

points are generally smaller than the symbols.

+2.6%0 to —5.9% in 8'%0. Note that the analytical error
on the data is up to £0.5%o, thus the difference between
two data points has an uncertainty of up to +1.0%e.

DISCUSSION
Parent Body Affinities of Budel CSs

Major Isotopic Groups

Within the triple isotope plot shown in Figure 4b, the
analyzed micrometeorites are clustered in isotopic groups
previously defined by Suavet et al. (2010), who reported
an apparent relation of spherules of group 1 to CO/CV
chondrites, group 2 to CM/CR chondrites, group 3 to
LL/L/H OCs, and group 4 to an unknown '°O-poor
source.

Our analyzed population includes CG- and PO-type
spherules which have experienced limited isotopic
alteration in the atmosphere, as well as V-type spherules
that experienced strong isotopic alteration. In
comparison, Suavet et al. (2010) based their isotopic
groups mostly on comparatively large (>500pum) BO-
type and a few PO- and V-type spherules (Figure 4b). As
a result, our data extend the ranges of the major isotopic
groups. The individual spherule affinities and group
allocations are reported in Table 1.

Group 1 CSs occur in a relatively narrow band with
A0 roughly between —3.5%0 and —5.5%o at §'%0 ~ 0%,
increasing to between —1%0 and —3%. at 8'°0 ~ 40%o.
Group 2 CSs plot between about —0.5%0 and —2%c for
A0 with 8'0 between 0%0 and 35%o. Groups 1 and 2

thus appear to overlap in part, and a few spherules plot
between these two groups. CSs belonging to group 3
plot around the TFL and above the atmospheric value
within analytical uncertainty with A'’O between 0.0%o
and 0.8%o, and 8'®0 between 5%0 and 15%.. Group 4
1%0-poor spherules with A'’O above the atmospheric
value describe a comparatively large isotopic range with
A0 between ~0.2%0 and ~2.2%., and 8'%0 between
25%0 and 55%o. Note that our results are based on
averaged spot analyses and may thus not be fully
representative of bulk spherule values.

Following these extended group definitions,
approximately 43.8% (n=35) of the analyzed spherules
belong to group 1, 17.5% (n=14) to group 2, 12.5%
(n=10) to group 3, and 12.5% (n=10) to group 4. 13.8%
(n=11) of the spherules are ambiguous and cannot be
affiliated to a specific group when analytical
uncertainties, internal heterogeneity, and atmospheric
entry effects are considered. Most of the ambiguous
spherules plot within or between groups 1 and 2. Despite
these outlier data points, the existence of these groups is
still justified by the distribution of various CS types, for
example, 10 out of 13 of the analyzed BO-type spherules
plot below A'7O=—-2% and only a single BO-type
spherule plots between A'’O=—2%c and A'’O =0%o.
Two spherules have data points plotting in both groups 2
and 4, suggesting a possible continuum between these
groups.

When only carbonaceous/ordinary/enstatite chondrite
and '°O-poor parentages are considered, approximately
71% of our CSs are related to CCs, ~11% to ordinary
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FIGURE 4. Plot of 6'"%0 versus A!'7O of the 80 CSs from the Budel collection analyzed in this study. (a) Chondrite fields are
adopted after Goderis et al. (2020) and Suavet et al. (2010) and based on literature data (Clayton et al., 1991; Clayton &
Mayeda, 1999). The approximate range of CY chondrites is based on data from King et al. (20192 and Suttle, Greshake,
et al. (2021). The composition of atmospheric oxygen is represented by an asterisk (6'%0 =23.5%0, A!"O = —0.42%; Thiemens
et al., 1995). The PCM line (Ushikubo et al., 2012), CCAM line, and CM mixing line (Clayton & Mayeda, 1977, 1999) with
slopes ~0.987, ~0.94, and ~0.7, respectively, connect different chondrite parent bodies. The gray shaded area indicates the
average annual oxygen isotopic composition of precipitation in De Bilt, the Netherlands (IAEA/WMO, 2022), which lies around
the TFL (Clayton, 1993). The 2SE inset shows the average propagated analytical uncertainty for the data points. (b) The dotted
line indicates the approximate trend along which spherules of group 1 evolve as a consequence of atmospheric mixing and mass-
dependent fractionation with increasing 8'*0 as CG < PO < BO < Cc < V. Gray ellipses show the major isotopic groups as
defined by Suavet et al. (2010). The analyzed spherules define extended ranges of these groups: %roup (1) A0 between —3.5%o
and —5.5%0 at 8'%0 ~ 0%, increasing to between —1%o and —3%o at 8'%0 ~ 40%o; fgroup, (2) A0 between —0.5%0 and —2%o,
and 8'80 between 0%c and 35%o; group, (3) A'7O between 0.0%0 and 0.8%o, and &°0 between 5%0 and 15%.; group, (4) A'7O
between ~0.2%0 and ~2.2%o, and 8'80 between 25% and 55%o. Groups 2 and 4 form a continuum of '°O-rich to 'O-poor
compositions dominated by the CM mixing line.
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FIGURE 5. Plot of 8'0 versus A'’O and Mg# versus A'7O of various relict minerals analyzed with no interference from
adjacent mineral phases. Mg-rich olivine relicts generally plot near the CM mixing line (Clayton & Mayeda, 1999) and display a
large range of A'”O values. Fe-rich olivine and Mg-rich orthopyroxene relicts mostly plot along the PCM line (Ushikubo
et al., 2012) and are clustered with A'’O between —2%0 and —4%o and between 0%o0 and 2%o.

and/or enstatite chondrites, ~15% to '°O-poor
parentages, and ~3% is ambiguous (Table 3). Note that
these values represent the parentage of the flux of CSs in
the 100-500 pm size range and may be affected by
selection bias. Ordinary/enstatite chondrites and HEDs
cannot be discriminated with certainty considering the
analytical uncertainties, but micrometeorites identified as
originating from enstatite chondrites are in general
exceedingly rare. Suttle et al. (2020) reported the first
composite-type micrometeorite recognized as an enstatite
chondritic micrometeorite but relied on an extensive study
of the petrological characteristics of the particle, which is
generally impossible in the case of melted CSs.
Furthermore, no HED-like spherules have been
confirmed. The low fractionation levels and vitreous
texture of GMMS84 (Table 1) are in accordance with a
HED-like precursor, but additional analyses would be
required to verify this (Cordier et al., 2012).

Relationships between Texture and Source

The abundances of different CS textures vary
between oxygen isotopic groups. BO-type spherules occur
predominantly, although not exclusively, in group 1
(Figure 4b). This indicates that the formation of a BO
texture requires specific conditions and precursor
characteristics. van Ginneken et al. (2017) suggested that
a BO texture forms primarily from fine-grained CC
matrices, which retain abundant submicron crystal nuclei
during melting that favor the growth of barred olivine
crystals. When few nuclei survive, a Cc texture is expected
to form. Surprisingly, the various textural groups of the

Cc-type (microcrystalline, normal, and turtleback) all
show equally large ranges for 8'70, 6'*0, and A'’O and
do not imply correlations to any specific precursor.
Similarly, V-type spherules are most equally distributed
among different isotopic groups (Table 3; Figure 4b),
showing that they form from any precursor type once
progressive heating destroys all nucleation sites
(Rudraswami et al., 2020; van Ginneken et al., 2017).

Although represented in all major isotopic groups,
the majority of our PO-type spherules, with diameters
between 100 and 300 pm, show affinity to CCs (Table 3).
In contrast, van Ginneken et al. (2017) found that PO-
type spherules >500 pm in diameter commonly originate
from OC precursors. As such, BO-type spherules appear
to be the only exception to the general observation that
the input of OC material becomes more dominant above
500 pm (Suavet et al., 2011; van Ginneken et al., 2017).
This supports the hypothesis that BO-type spherules have
one primary source material.

In accordance with these findings, micrometeorites of
the Budel collection show that BO-type spherules occur
as a unimodal size distribution with a major mode at
~170 pm. In contrast, both PO-type and Cc-type
spherules display multimodal distributions with major
modes at ~110 and ~130 pm, respectively, and several
smaller shoulder peaks (fig. 4 in Jonker, van Elsas,
et al., 2023). Separation biases are believed to be of minor
significance (Jonker, van Elsas, et al., 2023). The
occurrence of such shoulder peaks in the size distribution
of CSs was interpreted by Suttle and Folco (2020) to
indicate contributions from a variety of sources, each
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with distinct particle size distributions. Considering the
unimodal size distribution and the size-independent
relation to CCs, it is therefore likely that the majority of
BO-type spherules, or at least ~77%, originate from a
single type of dust-producing parent body, possibly
CO/CV/CK-like. JFCs that produce carbonaceous dust
particles ~10-1000 pm in size (Nesvorny et al., 2010)
could be a potential primary source for BO-type
spherules, and thus group 1 spherules in general.
Subsequently, if the remaining isotopic groups were to be
sourced from a variety of carbonaceous and ordinary
chondritic sources, either asteroids or comets, it could
explain the large variation of isotopic compositions as
well as the multimodal size distributions of most other
textural groups (Jonker, van Elsas, et al., 2023).

PO textural subgroups show values different from
normal PO-type spherules. We identified five pPO-type
spherules of which four plot closely together with §'%0
between 17.8+£0.6%¢ and 26.1+0.7%c and A''O
between —3.8 +0.9%0 and —2.0 + 1.0%0 (e.g., GMM128;
Figures 2c and 4). This is consistent with the hypothesis
that pPO-type spherules have a fine-grained precursor
similar to group 1 BO-type spherules and may thus be
related to CV/CK-like chondrites (Goderis et al., 2020;
van Ginneken et al., 2017). Additionally, we identified
five PO-type spherules with cumulate textures (e.g.,
GMM136; Figures 2b and 4) as described by Genge,
Suttle, et al. (2016), of which at least three have '®O-poor
compositions associated with group 4. This implies a
potential link between the cumulate PO texture and the
source of '®O-poor particles.

Relationships between Mineralogy and Source

Figure 5 shows the oxygen isotopic composition of
analyzed relict minerals of olivine and pyroxene and
demonstrates the relation between A'’O and Mg#,
expressed as mole% MgO/(FeO + MgO). Mg-rich olivine
relicts with Mg# >95 plot mostly near the CM mixing
line (Clayton & Mayeda, 1999). Fe-rich olivine and
orthopyroxene relicts with Mg# <95 generally plot along
the PCM line (Figure 5a). None of the Mg-rich olivine
relicts plot above the TFL, indicating that these are
generally related to CCs. Rudraswami, Suttle,
et al. (2022) analyzed a large number of relict minerals
in unmelted micrometeorites and PO-type spherules,
including 68 Mg-rich olivines and three orthopyroxenes,
and found that all anhydrous silicate relicts with
A0 > 0%0 have Mg# <85. Accordingly, our results
show the same pattern with relicts plotting on or above
the TFL having Mg# ~80-85 (Figure 5).

The general trend observed in Figure 5b of increasing
A0 with decreasing Mg# is consistent with the trend
found in minerals of various CCs and ferromagnesian
Wild 2 comet particles (Connolly & Huss, 2010;

Nakashima et al., 2012; Rudraswami, Ushikubo,
et al., 2011; Tenner et al., 2013; Ushikubo et al., 2012)
and earlier studies on CSs (Engrand et al., 1999;
Rudraswami et al., 2015). This trend is common in
carbonaceous chondrules that formed from several
reservoirs with distinct isotopic values in the outer solar
system but absent in ordinary chondrules that formed in
the inner solar system (Rudraswami, Suttle, et al., 2022).
More specifically, relict minerals in micrometeorites with
Mg# <90 are associated with type II chondrules, while
those with Mg# >95 are associated with both type I and
type II chondrules. Accordingly, spherules like GMM118
and GMM112 (Figure 1b,f) could be genetically related
to type II chondrules, whereas GMM87 (Figure la) may
be a typical example of type I. In addition, while relicts
with Mg# >95 are generally consistent with CO and
CM chondrules, the large range in A'’O for relicts with
Mg# <90 is the most consistent with CR chondrules
(Rudraswami, Suttle, et al., 2022). Relict minerals in CSs
thus sample a variety of primarily CCs that formed from
various isotopic reservoirs in the primordial solar nebula.
Several CSs exhibit atypical minerals. GMM451
(Figure 1c) is a CG-type spherule with minor Fe-rich
olivine relicts and a large partially melted plagioclase
relict, which are exceedingly rare in CSs (Taylor
et al., 2011). Accessory phases include magnetite and Fe-
Ni-S droplets. Oxygen isotope measurements show
general homogeneity with average 8'*0 =4.9 & 1.0%0 and
A""O=—-4.1+12% (Figure 4), excluding a genetic
relation with '®O-rich refractory inclusions, HED-like
parentages, or other previously recognized plagioclase-
rich basaltic achondritic parent bodies (Badjukov
et al., 2010; Soens et al., 2022; Taylor et al., 2007). The
mineralogy and isotopic signature indicate that this
particle may have originated from plagioclase—olivine
inclusions, which are isotopically less refractory than
typical CAls (Dai et al., 2021; Sheng et al., 1991).
GMMA409 (Figure 1d), a CG-type spherule, contains
a large Fe-rich olivine relict and a small (~10 pm) K-rich
feldspar with ~13wt% K,O (Jonker, van Elsas, et al.,
2023). The isotopic composition of the olivine relict plots
near the TFL with average 8'®0=8.1+0.6%c and
A0=0.1+£0.8%0 (Table 1; Figure 4). Considering
the analytical uncertainty, GMM409 may thus originate
from an ordinary, enstatite, carbonaceous (CR)
chondritic, or achondritic parent body. Partial melting of
the olivine relict and microtails at the surface indicate
extensive heating and degassing (Suttle, Hasse,
et al., 2021), while various concentric layers of different
concentrations and sizes of magnetite crystals around the
relict’s periphery indicate significant oxygen exchange
with the atmosphere (Taylor et al., 2011). Despite its
comparatively low melting temperature relative to
olivine, the K-rich feldspar shows limited signs of melting
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(Figure 1d). K-rich feldspars have only been reported in
iron meteorites (Bunch & Olsen, 1968; Wasserburg
et al., 1968), which is not compatible with the mineralogy
of the spherule. GMM409 could therefore have originated
from an unknown source material. Alternatively, the
feldspar crystal could have crystallized during atmospheric
entry as volatile potassium interacted with the molten
matrix of the particle. Although a terrestrial origin of
GMM409 remains possible in terms of oxygen isotopic
composition, the textural characteristics point to frictional
heating in the atmosphere.

We found mineralogical and isotopic evidence for a
genetic relation to meteoritic CAls in GMMS0, a rb-PO-
type spherule with several Mg-rich olivine relicts
(Figure 1gh). A single olivine relict contains small
(<5 pm) globules which were found to be highly enriched
in calcium (15.7wt% Ca0Q), aluminum (9.6 wt%
ALO3), and titanium (1.5wt% TiO,). All other EDS
measurements on the particle indicated concentrations of
these elements near or below detection limit. These
globules indicate a possible genetic relation to refractory
inclusions in CCs. Interestingly, a SIMS measurement
partially overlapping a Mg-rich olivine relict showed
strongly '®O-enriched values of §'%0 = —27.7 4+ 0.4%. and
870 = —32.9 + 0.5%0, which plots slightly to the right of
the PCM line (Figure 3). Other relicts and recrystallized
phases are characterized by compositions closer to the
TFL, demonstrating significant isotopic heterogeneity.
Such low oxygen isotope values have previously been
reported in micrometeorites and are commonly associated
with CAls in CCs (Greshake et al., 1996; Rudraswami
et al.,, 2015; Rudraswami, Suttle, et al., 2022; Soens
et al., 2020; Taylor et al., 2011; Yada et al., 2005).

Origin of "°0-Poor Micrometeorites

Group 4  micrometeorites  with  '®O-poor
compositions have not been correlated to any known
chondrite parent body with certainty yet. The R
chondrites or components of unequilibrated OCs (Choi
et al., 1998; Franchi et al., 2001) were initially suggested
by Suavet et al. (2010), but are unlikely based on the
mineralogical and textural variability observed among
group 4 particles (Goderis et al., 2020). Additionally,
these sources would require extreme mass-dependent
fractionation of oxygen, which is not indicated by the CS
textures, the general absence of micrometeorites with
compositions of A'’O > 1% and §'*0 < 20%o, and low
chemical and iron isotope fractionation (Lampe
et al., 2022; Suavet et al., 2011; Suttle et al., 2022). It is
therefore commonly assumed that the precursor of group
4 particles is already '°O depleted.

Suttle et al. (2022) found three low-heated relict-
bearing micrometeorites with '°O-poor compositions and
suggested a genetic link to the CM mixing line

(Figure 4a). This line with a slope of 0.70 and &'’0O
intercept at —4.23%o0 connects the CM, CO, and recently
identified CY chondrites, which reflect different extents of
thermal metamorphism and '®O depletion by aqueous
alteration (Clayton & Mayeda, 1999; Suttle, Greshake,
et al., 2021; Young, 2001). '®O-poor micrometeorites
frequently exceed the maximum A'’O values of ~0.5%¢
reported for CY chondrites (Figure 4a) and may thus
either extend the known range for CY chondrites or form
a new endmember on this CM mixing line (Clayton &
Mayeda, 1999; King et al., 2019; Suttle et al., 2022).

Consistent with earlier findings (e.g., Rudraswami
et al., 2020), we find a variety of textures with '®O-poor
compositions associated with group 4 plotting above the
TFL, including four PO-, a normal Cc-, two BO-, and
three V-type spherules (Figure 4). The occurrence of '°O-
poor spherules with BO textures, previously linked to the
fine-grained matrices of CCs (van Ginneken et al., 2017),
further supports the suggested genetic relation of group 4
particles to the CM mixing line and CCs in general. Three
of the four '°O-poor PO-type spherules analyzed in this
study display cumulate textures (Figure 2b), which were
interpreted by Genge, Suttle, et al. (2016) as an indication
of high eccentricity orbital parameters and high
atmospheric entry speeds of up to 16kms~'. This
apparent link between the cumulate texture and '®O-poor
compositions of some PO-type spherules provides clues
to the characteristics of the parental source.

Assuming a genetic relation of at least some group 4
particles to aqueously altered CCs (i.e., the CM mixing line),
with late overprinting of '°O-rich compositions by heavy
water, we may expect to find a continuum of '®O-rich to
1%0-poor micrometeorites. We found evidence of the
coexistence of '°O-rich and '®O-poor compositions in
GMMB&7, a CG-type spherule (Figure 1a). A measurement
on a forsterite relict yields 80 =0.0+0.3%c and
A0 =—-8.6+0.4%0, plotting below typical bulk CCs,
while the surrounding low-heated matrix yields '®O-poor
values of 8'®0=278+0.3% and A'70=0.3+0.3%.,
plotting near the CM mixing line and the group 4 field
(Figure 4). This latter composition cannot be explained by
mass-dependent fractionation and atmospheric mixing
effects with the forsterite relict as starting composition,
indicating that the matrix of this spherule must have been
%0-poor before atmospheric entry. Fractures in the
anhedral forsterite relicts indicate shock fragmentation
caused by a large thermal gradient during atmospheric
heating, which requires the presence of hydrated
phyllosilicates that act as a heat sink through endothermic
decomposition (Genge et al., 2017; Suttle et al., 2017). The
presence of phyllosilicates and associated '°O-depleted
matrix compositions are typical of aqueously altered CCs
(Zolensky et al., 2008). GMMS87 could therefore be an
example of extreme '°O depletion through aqueous
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alteration of the matrix of an originally '°O-rich CC
precursor.

A similar observation is made on GMMS59 where an
olivine relict gives 8'°0 =8.6 +0.5%0 and A0 = —1.8 +
0.5%o, while recrystallized phases show values as high as
6'%0=31.8403% and A'70=0.6+0.4%.. Again,
atmospheric mixing and fractionation with the relict as
the starting composition cannot explain the latter
composition, so the matrix must have been '°O-poor
before atmospheric entry.

These heterogeneous spherules demonstrate that
similar to meteorites, '°O-poor matrices coexist with
isotopically lighter anhydrous phases on a microscale and
can be preserved in low-heated micrometeorites. At least
some of the '®O-poor spherules associated with group 4
may thus originate from isotopically heavy parts of
aqueously altered CM/CO/CV/CK-like chondrites,
rather than representing a previously unidentified
chondrite group. This further supports the potential
genetic link between '®O-poor particles and the CM
mixing line as proposed by Suttle et al. (2022). Yet, this
does not fully explain why the most '®O-depleted values
are not encountered in larger meteorites. Finally, melting
and subsequent homogenization of such heterogeneous
micrometeoroids during atmospheric heating would
result in isotopic compositions intermediate between
groups 1, 2, and 4, demonstrating that averaged and bulk
CSs isotopic compositions should be interpreted with
care in terms of their relation to the major isotopic
groups and potential sources.

Oxygen Isotopic Alteration

Terrestrial Alteration

Before attempting to quantify atmospheric
alteration effects, it is important to assess the degree of
terrestrial weathering and the associated isotopic
alteration, which may obscure trends in atmospheric
mixing and mass-dependent fractionation (e.g., Goderis
et al., 2020; Suttle et al., 2020). The Dutch moderate
maritime climate, which may cause weathering to occur
within just a few years of exposure (Jonker, van Elsas,
et al., 2023), is characterized by year-round precipitation
with a long-term average oxygen isotopic composition
of 8'80=—7.4% (De Bilt; Figure 4a; IAEA/WMO,
2022).

To determine whether terrestrial weathering could
have altered the oxygen isotopic composition of the
spherules, we have analyzed both weathered and pristine
V-type spherules. The altered spherules are characterized
by Mg-depleted weathering rinds that likely formed
through contact with rainwater. Some spherules exhibit
scalloped surfaces that formed as a result of etching
underneath the weathering rinds and were exposed after

the rind was removed, either in the gutter or during
sample processing (Jonker, van Elsas, et al., 2023).

Considering the analytical uncertainty of ~0.4%c—
0.5%0 and the small heterogeneities resulting from
continuous isotopic fractionation during evaporation and
quench crystallization, we do not observe any significant
difference between values measured near the rim and the
core of weathered spherules compared to pristine
spherules. In addition, both pristine and altered V-type
spherules generally show the highest 8'*0 values of all
textural types (Table 2; Figure 4) consistent with heating
and evaporation models. Despite severe physical
alteration of the surface of several of the analyzed V-type
spherules, we thus find no evidence for any isotopic
alteration. Since the remainder of our analyzed CSs
population shows very little to no physical alteration, we
assume that their isotopic values have not been
significantly affected by terrestrial alteration.

Atmospheric Entry Effects

Within isotopic groups 1 and 2, Suavet et al. (2010)
observed two trends of increasing A'’O with increasing
6'%0. These trends relate the effects of kinetic mass-
dependent fractionation, which shifts values to higher
8’0 and 8'®0O parallel to the TFL, and mixing of
intrinsic oxygen with atmospheric oxygen, which brings
values closer to the isotopic composition of the upper
atmosphere, changing 8'’0, 8'%0, and A'’O (Figure 4b;
Clayton et al., 1986; Engrand et al., 2005; Rudraswami
et al., 2020; Soens et al., 2022; Suavet et al., 2010; Taylor
et al., 2005; Yada et al., 2005). Suavet et al. (2010)
subsequently generally assigned isotopic groups 1 and 2
to CO/CV and CM/CR chondrites, respectively. In our
analyzed population, we only observe such a correlation
among the spherules plotting within the redefined group 1
field (dotted line in Figure 4b). There appears to be a
general trend among group 1 spherules with A'’O around
—3.5%0 to —5.5%0 at 880~ 0%. increasing to A'’O
between —1%o0 and —3%. at 8'®*0~40%.. The large
scatter along this trend, likely resulting from the
large variation in precursor compositions combined with
the averaged spot data, complicates the determination of
a strict correlation among these data points. Nonetheless,
group 1 CSs show a general textural sequence with
increasing 8'*0 and A'’0O as CG <PO<BO~Cc<V
(Table 2).

We find no evidence in our data set for the existence
of a correlation among group 2 data points as indicated
by Suavet et al. (2010). Rather the variation of isotopic
compositions in these spherules seems to follow the CM
mixing line, which partially overlaps with the CR
chondrite compositions and continues into the group 4
field (Figure 4). Consequently, there is no consistent
sequence of textural types with increasing 8'%0 except for
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TABLE 2. Average A0 and §'80 with 2SD of different spherule types belonging to group 1, and estimated extent
of atmospheric mixing and evaporative oxygen loss uncorrected (f*) and corrected (f°) for atmospheric mixing (see

main text).

Type n A0 (%) 2SD  Mixing (%)  2SD 5'%0 (%) 2SD  f*(%) 2SD f° (%)  2SD
CG 4  —45 1.8 0 [0-44] 43 35 17 [3-29] 17 [3-28]
PO 11 -38 1.4 18 [0-52] 13.9 142 45 [0-70] 34 [0-64]
BO 10 =31 1.3 34 [2-65] 24.7 152 65 [34-82] 51 [7-74]
Cc 6 -3.1 1.7 34 [0-76] 27.4 110 69 [50-80] 57 [31-73]
\% 30 21 1.5 60 [24-95]  38.1 32 80 [77-83] 64 [59-69]

Note: Isotopic values are given in permil (%) relative to V-SMOW; mixing and oxygen loss are given in percent (%). Numbers between
brackets are likely ranges for mixing and evaporation estimates based on 2SD uncertainties. Average 8'°0 values are relative to the starting
composition SISOpb for which we adopt 0.0%.. Textural type: CG, coarse-grained (S-type); BO, barred olivine; Cc, cryptocrystalline; PO,

porphyritic olivine; V, vitreous.

V-type spherules that generally plot farthest to the right
of the CM mixing line.

Atmospheric Oxygen Exchange

Several attempts have been made to determine
the extent of atmospheric oxygen admixture in S-type
CSs using changes in 8'®0 (Cordier et al, 2012;
Soens et al., 2022). However, 8'%0 is affected by both
atmospheric mixing and mass-dependent fractionation,
making it difficult to differentiate between these
two processes without any additional analyses such as
iron isotope ratios (Lampe et al., 2022; Soens et al.,
2022). Based on such analyses, OC-derived spherules
were shown to generally experience a ~8%o shift in
8'%0 as a result of atmospheric mixing (Lampe et al.,
2022).

By focusing on A'’O instead, which is only
influenced by atmospheric mixing and 1is largely
independent of kinetic fractionation effects (Young
et al., 2002), and assuming that no weathering has
occurred, we have attempted to quantify the average
extent of mixing for different CS types. We have only
focused on the spherules of group 1 since most other
isotopic groups cluster too close to atmospheric A'7O
values to distinguish between atmospheric mixing and
precursor heterogeneity. The calculation of the
atmospheric admixture requires that the average starting
composition of the CSs and the atmospheric composition
are known. Modern atmospheric isotope values have
been obtained directly by Thiemens et al. (1995) using a
rocket-borne cryogenic whole air sampler for altitudes up
to ~60 km and indirectly by Pack et al. (2017) using I-
type micrometeorites, which incorporate oxygen through
oxidation during atmospheric entry. These studies
consistently indicate an atmospheric composition around
880,m ~ 23.5%0, 8Oum~11.8%0, and A0~
—0.42%o. However, the actual 8'®0 of atmospheric
oxygen that is incorporated into CSs during mixing may

be ~8%o0 lower than the true atmospheric value as a result
of a kinetic isotope effect (Engrand et al., 2005), but this
likely would not affect A'7O. As bulk starting
composition of the parent bodies, we assume that
8'%0,, ~ 0.0 and A'"O,p, ~ —4.5%0, which plots within the
CO/CV/CK fields and near the CCAM and CM mixing
lines.

Assuming an open-system exchange of oxygen from
CSs with the atmosphere, we can use the average A'’O of
different CS textural groups (A'’Ocs) to quantify the
extent of mixing as:

Atmospheric mixing(%)
= [(A”Opb_A”OCS)/(A”Opb_A”Oatm)] (1)
x100%.

Average AY0 values with 2SD for CG-, PO-, BO-,
Cc-, and V-type spherules belonging to group 1 are
—4.5+1.8%0, —3.8 £1.4%0, —3.1 £ 1.3%0, —3.1 £ 1.7%o,
and —2.1+ 1.5%o, respectively. Using these values, we
estimate atmospheric mixing components to be on
average around 0% [0%-44%] for CG-type, 18% [0%—
52%] for PO-type, 34% [2%-65%] for BO-type, 34%
[0%-76%] for Cc-type, and 60% [24%-95%] for V-type
spherules (Table 2). Numbers between brackets are based
on 2SD uncertainties. These results provide a general
indication of the amount of terrestrial oxygen within each
CS. Changing the A”Opb by 0.1%0 only changes the
mixing estimates by ~1%-2%. The results show that
the average degree of atmospheric oxygen admixture
increases as CG < PO < BO ~ Cc <V, which is consistent
with the heating sequence proposed by Taylor
et al. (2000). This demonstrates that, at least for group 1
spherules, the extent of atmospheric mixing is linked to
the quench texture and subsequently increases as a
function of peak temperature and duration of heating
during atmospheric entry.
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Evaporation and Kinetic Mass-Dependent
Fractionation

The extent of evaporation and associated mass loss
responsible for mass-dependent fractionation has
frequently been discussed. Love and Brownlee (1991)
suggested total mass losses of 70%-90% for CSs based
on atmospheric entry models. By applying the Rayleigh
equation to isotopes of Fe, Mg, and Si, Alexander
et al. (2002) found total evaporative mass losses of up to
50% for the most heated CAT spherules, while Engrand
et al. (2005) derived oxygen losses of 50%-70% for BO-
type spherules of groups 1 and 2, or 10%-20% for BO-
and PO-type spherules originating from CI chondrites.
Using a comparative study of major and trace elements,
Cordier et al. (2011) concluded total evaporative losses of
50%-70% for CAT-like spherules and 40%-50% for
normal V-type spherules, while Goderis et al. (2020)
reported ~50% mass loss for CAT-like and >75% for
high Ca-Al spherules. Chemical fractionation may,
however, be an inadequate proxy for evaporation due to
biases resulting from precursor heterogeneity, metal bead
segregation and ejection, or terrestrial alteration (Lampe
et al., 2022).

For our calculations, we have based our approach on
the methods of Cordier et al. (2012), who calculated the
oxygen loss by evaporation (f) using the Rayleigh
fractionation equation:

%) = (1_(6'80cs/1000 + 1)(”/“*“”) % 100%.  (2)

6'%0cs indicates the degree of mass-dependent
fractionation relative to the bulk starting composition,
for which we assume 8'*0,;, #0.0%¢ (CO/CV/CK fields)
for group 1 CSs. We use a kinetic fractionation factor
a=1.0237 for '*0/'°0, as experimentally determined for
high-temperature evaporation of materials with a solar
composition (Wang et al., 2001).

Average 8'%0 values with 2SD for CG-, PO-, BO-,
Cc-, and V-type spherules belonging to group 1 are
4.3 +3.5%0, 13.9 £ 14.2%o0, 24.7 + 15.2%0, 27.4 £+ 11.0%o,
and 38.1 £+ 3.2%o, respectively. Using Equation (2), the
oxygen loss through evaporation would thus be on
average 17% [3%-29%] for CG-type, 45% [0%—-70%]
for PO-type, 65% [34%—-82%] for BO-type, 69% [50%—
80%] for Cc-type, and 80% [77%-83%] for V-type
spherules. Numbers between brackets indicate the likely
ranges based on 2SD uncertainties. Changing the starting
composition (6180pb) by 1%0 changes the estimates by at
most ~3%, decreasing as total fractionation increases.
The uncertainty of the precursor composition therefore
does not significantly alter the estimated oxygen
evaporation. The propagated 2SE analytical uncertainties
of ~0.6%c0 will have an equally limited effect on our

estimates. Note that the results for CG-type spherules are
questionable since the Rayleigh equation assumes a
homogeneous material, which is usually not the case due
to the presence of abundant relicts.

The admixture of atmospheric oxygen affects 8'30 of
a micrometeoroid, which should also be considered.
According to Clayton et al. (1986), atmospheric mixing
results in an increase in 8'%0 of ~8%o in the fusion crusts
of meteorites, which has previously been used to correct
for mixing effects (Cordier et al., 2012; Lampe et al.,
2022; Soens et al., 2022). However, this correction was
shown by Lampe et al. (2022) to be at least in part
unsuitable for CSs, partly because various types of CSs
experience different degrees of mixing.

The shift in 8'*0 by atmospheric mixing depends on
the composition of the CS relative to the atmospheric
composition and thus depends on its concurrence with
mass-dependent fractionation. The increase in 8'°0
through mixing will be most pronounced when mixing
occurs prior to mass-dependent fractionation. Thus, to
obtain lower bound estimates of oxygen evaporation, we
use our mixing estimates to determine the maximum shift
in 6'"%0 possible, which we subsequently subtract from
6'%0cs in Equation (2). This correction provides lower
bound estimates of average oxygen evaporation of 17%
for CG-type, 34% for PO-type, 51% for BO-type, 57%
for Cc-type, and 64% for V-type spherules (Table 2).
However, since mixing most likely concurs with mass-
dependent fractionation, the actual effect of atmospheric
mixing is presumably less. In addition, as demonstrated
by Engrand et al. (2005), the actual 8'*0 of atmospheric
oxygen incorporated into CSs may be ~8%o lower than
the true §'%0,,, as a result of a kinetic isotope effect, in
which case §'%0 shift from mixing would be even more
reduced. To conclude, the true values of oxygen
evaporation are expected to lie in between our corrected
and uncorrected estimates.

Our results for BO-type spherules with on average
51%-65% oxygen evaporation are in close agreement
with the results of Engrand et al. (2005), who derived
oxygen losses of 50%-70% for BO-type spherules of
groups 1 and 2. The results are also consistent with
Suavet et al. (2010), who found fractionation levels of up
to ~50%o for group 1 BO-type spherules associated with
up to ~60% atmospheric mixing. The evaporative
oxygen losses shown here are linked to, but not indicative
of, total mass loss since the fractionation behavior of
different elements varies (Alexander et al., 2002; Engrand
et al., 2005; Lampe et al., 2022; Rudraswami, Pandey,
et al., 2022; Wang et al., 2001).

The trend in group 1 of increasing oxygen
evaporation with CS texture as CG < PO < BO < Cc <V
is consistent with the general notion that CSs textures
reflect the peak temperature reached during atmospheric

5US01 7 SUOWILIOD BAIR1D) 3|gedl|dde ay Ag pausenob afe Sapaie YO ‘9sn JO S3NJ Jo) AReiq 1T aUlUQ ASIAA UO (SUO I IPUOD-PUR-SLLLIBY 0D A3 | IM" Afe.q U 1UO//:Sd1Y) SUO I IPUOD pUe SWid 18Ul 89S *[7202/20/60] Uo Akiqiaulluo AS|IM ‘591 AQ SyTHT sdew/TTTT 0T/I0p/wod Ao |Im AReiq 1 pul|uo//:sdny wouy papeolumod ‘0 ‘00TSSY6T



16 G. Jonker et al.

deceleration (Engrand et al., 2005; Rudraswami et al.,
2020; Taylor et al., 2000, 2005).

For groups 2, 3, and 4, the effects of mixing are
unknown and the starting compositions are less well-
defined. Hence, evaporative loss estimates carry large
uncertainties. Nonetheless, for comparison, we determined
the evaporative loss of V-type spherules of the remaining
groups without mixing correction. For this, the respective
8'%0 starting compositions of V-type spherules from
groups 2, 3, and 4 are assumed to be around 0.0%0—20.0%o
(CR or CM mixing line), 5.0%0 (LL/L/H), and 32.5%0
(CM mixing line), respectively. Average evaporative losses
using these starting compositions are ~30%-70%, ~15%,
and ~53%, respectively. Losses for groups 2 and 3 are
upper bounds, while the loss determined for group 4 is a
lower bound since mixing will only lower 8'®0. Thus,
while evaporative losses within groups 2 and 4 are
comparable with group 1, evaporative losses within group
3 are much smaller. Our ~15% oxygen evaporation
estimate for group 3 V-type spherules is consistent with the
10%-40% reported by Lampe et al. (2022) for OC-derived
V-type spherules of group 3, but lower than the 30%-50%
reported by Cordier et al. (2012) and 30%-80% reported
by Soens et al. (2022) for HED-like CSs. The
comparatively limited evaporation of group 3 CSs may be
related to pronounced petrological and chemical
differences between carbonaceous, ordinary, and enstatite
chondrites and HEDs such as the volatility, with high
volatilities enhancing evaporation (Rudraswami et al.,
2020). This could explain why cosmic dust particles
sourced from hydrated CC precursors usually experience
stronger fractionation during atmospheric entry than
particles sourced from mostly anhydrous precursors.

A comparative study by Engrand et al. (2005)
concluded that I-type spherules experience more oxygen
evaporation than S-type spherules as a result of (1)
reduced heating of S-type CSs with highly volatile
contents; (2) higher evaporation temperatures of
anhydrous/refractory silicates relative to iron metals and
oxides; (3) faster deceleration with shorter heating pulse
of comparatively low-density S-type CSs. Engrand
et al. (2005) reported evaporative losses of ~55%-77% in
I-type spherules, similar to earlier results of Herzog
et al. (1999) of ~62%-73%. However, our results of
evaporative losses of group 1 BO-, Cc-, and V-type
spherules (on average 65%, 69%, and 80%, respectively),
as well as V-type spherules of groups 2 and 4 (~30%-—
70% and ~53%, respectively) are comparable to the
results on I-type spherules. Note that Engrand et al.
(2005) primarily targeted S-type spherules with PO
textures which consistently experience comparatively
lower fractionation levels. The level of oxygen
evaporation of I-type spherules therefore corresponds to
the most heated S-type spherules.

Contemporary Micrometeorite Flux

The CSs of the Budel collection used for this study
were accreted to the Earth between October 31, 2018 and
June 16, 2021, and thus provide a direct sample of the
present-day flux of micrometeorites. Table 3 reports
the parentage statistics of this work compared to
compiled literature data (references in caption). Taking
into account that assigning CSs to specific precursors
comes with significant uncertainties, our results are
broadly compatible with earlier studies on older
collections, in particular the similarly extensive study by
Rudraswami et al. (2020). This demonstrates that the
cosmic dust flux to the Earth does not change
significantly over thousand- to million-year time scales.

The contribution of CR clan chondrites as the main
source of group 2 particles was discussed by Goderis
et al. (2020), who reportedly found only ~4% of their
analyzed population to belong to group 2. A comparison
to the ~21% (Suavet et al., 2010) and ~17% (van
Ginneken et al., 2017) of comparable collections with
large >500 pm CSs indicated a potential change in the
micrometeorite flux. However, with the much larger
isotopic range of group 2 defined by our measurements
on CSs <500pm in size, about 14%-21% of CSs
analyzed by Goderis et al. (2020) could be assigned to
group 2. These results are compatible with the ~17.5% of
group 2 spherules reported herein. In addition, we have
shown that many group 2 spherules may be genetically
related to both CR chondrites as well as the CM mixing
line and that the boundaries of group 2 are somewhat
ambiguous in relation to groups 1 and 4. Considering
these uncertainties, the relative abundances of group 2
spherules in various collections do not suggest significant
fluctuations in the contribution of CR clan chondrites to
the micrometeorite flux over the last several million years.

The existence of '°O-poor particles in micrometeorite
collections has long been acknowledged by multiple
independent studies (Goderis et al., 2020; Lampe et al.,
2022; Rudraswami, Prasad, Dey, et al., 2016;
Rudraswami et al., 2020; Suavet et al., 2010, 2011; Suttle
et al., 2020, 2022; van Ginneken et al., 2017, 2022; van
Maldeghem et al., 2023; Yada et al., 2005). The
micrometeorites analyzed in these studies originate from
various collections that record a large variation in terms
of size fractions, geographic locations, and terrestrial
ages. Cordier and Folco (2014) showed that '®O-poor
particles occur in most size fractions, but are generally
most abundant in the smaller size fractions <250 pm.
The oldest collection to record 'O-poor compositions
consists of micrometeorites recovered from the Atacama
Desert, which has collection times of >5Myr (Hutzler
et al.,, 2016; van Ginneken et al., 2017). Antarctic
collections of intermediate age include the Widergefjellet
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TABLE 3. Statistics of parent body affinity for various size fractions and different spherule textures.

Affinity oC CC 1%0-poor Ambiguous HED Total
# of spherules (this study) 9 57 12 2 0 80
% all sizes 11 71 15 3 0

% 100-250 11 73 14 2 0 56
% 250-500 13 65 17 4 0 23
% 500-1000 0 100 0 0 0 1
% CG 17 75 0 8 0 12
% PO 7 71 21 0 0 28
% BO 0 85 15 0 0 13
% Cc 19 75 6 0 0 16
% V 18 45 27 9 0 11
# of spherules (literature) 50 128 21 26 6 231
% all sizes 22 55 9 11 3

% <100 7 66 17 10 0 29
% 100-250 12 59 11 18 0 39
% 250-500 20 68 6 6 0 66
% 500-1000 30 46 7 10 7 86
% >1000 36 18 18 27 0 11

Note: Totals are expressed as number of spherules. Textural type: BO, barred olivine; Cc, cryptocrystalline; CG, coarse-grained (S-type); PO,
porphyritic olivine; V, vitreous. Parent affinity: CC, carbonaceous chondrite; HED, howardite/eucrite/diogenite; OC, ordinary chondrite.
Literature data are derived from Cordier and Folco (2014) and references therein, and Goderis et al. (2020), Lampe et al. (2022), Suttle

et al. (2020), and van Ginneken et al. (2017).

collection of ~1-3 Ma (Goderis et al., 2020), the TAM
collections of ~1Ma (Rochette et al., 2008), and
micrometeorites recovered from the Yamato Mountains,
dating from the last glacial maximum (Machida et al.,
1996; Yada & Kojima, 2000). Rudraswami et al. (2020)
performed an extensive oxygen isotope study on
micrometeorites from several relatively young collections
and found '°O-poor signatures in each. These
collections include CSs recovered from the Indian Ocean
with collection times of up to ~50 kyr (Prasad et al., 2013),
Antarctic blue ice (Rudraswami et al., 2018), and the
Antarctic South Pole water well, which has the youngest
terrestrial age of 430 £ 50 years (Taylor et al., 1998).

With a relative abundance of ~13%-15%, we here
show for the first time that '*O-poor particles still occur
in the contemporary flux of cosmic dust accreted to the
Earth between October 31, 2018 and June 16, 2021. While
their exact origin remains yet unresolved, the occurrence
of '®O-poor spherules in our analyzed population
illustrates that the reservoir from which they originate
remains an important contributor to the Zodiacal cloud
and that the accretion of '®O-poor material was not
an isolated event in Earth’s history, but continues to
this day.

CONCLUSIONS
We present the results of an extensive oxygen isotopic

study on rooftop micrometeorites of the Budel collection
through 213 in situ analyses on both relict and

recrystallized phases using SIMS on 80 S-type CSs
representing all textural groups except CAT. In situ
measurements are characterized by a large range in
isotopic compositions from highly '®O-rich (8'%0=
—27.7%0) to "®O-poor (8'30 = 54.7%0). Our results extend
the ranges of the isotopic groups previously defined by
Suavet et al. (2010). Roughly 71% of our analyzed
population is associated with CC precursors, 11% with
ordinary or enstatite chondrites, and 15% with a '°O-
poor origin. ~3% of the spherules are ambiguous and
cannot be correlated to a specific precursor.

The unimodal size distribution of BO-type spherules,
combined with their primarily CO/CV/CK-like isotopic
signature associated with group 1, has been used to argue
that this type of spherule is likely predominantly sourced
from a single type of parent body, possibly JFCs.
However, two BO-type spherules exhibit '®O-poor
compositions, suggesting a genetic link between group 4
particles and CCs. '®O-rich and '°O-poor compositions
are also found to coexist within relict-bearing CSs,
demonstrating that at least some group 4 particles may
originate from the aqueously altered matrices of initially
'%Q-rich chondritic bodies.

PO-type spherules with microporphyritic textures,
previously interpreted to form from a similar type of
precursor material as BO-type spherules, show isotopic
values close to those of BO-type spherules. PO-type
spherules with cumulate textures frequently record '°O-
poor compositions, possibly indicating high eccentricity
orbits and high entry velocities for some of the '°O-poor
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particles. Cc- and V-type spherules show the widest range
in isotopic compositions and form from any type of
precursor.

Within  V-type spherules selected for their
pronounced characteristics of terrestrial weathering, we
found no evidence of significant isotopic alteration. The
effects of terrestrial alteration in rooftop micrometeorites
are therefore assumed to be generally negligible.
However, the oxygen isotopic compositions of CSs
record progressive stages of kinetic mass-dependent
fractionation and atmospheric mixing which is reflected
in their quench textures. For group 1 CSs, the extent of
mixing increases up to ~60% for the most heated V-type
spherules. The degree of kinetic fractionation of group 1
CSs increases as CG<PO<BO < Cc<V, with
respective estimated evaporative oxygen losses of 17%,
45%, 65%, 69%, and 80%. CSs of groups 2 and 4 likely
experienced evaporative losses similar to the CSs of
group 1. CSs derived from OCs are shown to have
experienced much lower levels of mass-dependent
fractionation than CSs derived from CCs.

The extremely young and well-constrained terrestrial
age of the Budel collection, which accreted to Earth
between October 31, 2018 and June 16, 2021, allows us to
assess the oxygen isotopic data in relation to thousand- to
million-year-old collections. Our results indicate no
major changes in the cosmic dust flux compared to the
long-term average and demonstrate that '®O-poor
material is still accreting to the Earth up to the present
day. The Budel rooftop micrometeorite collection
complements existing collections of different origins and
offers the opportunity to study the most recent cosmic
dust accreted to the Earth.
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