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Abstract. We propose an analytical approach for (U–
Th) /He dating of Fe-(oxyhydr)oxides that includes seal-
ing samples in quartz ampoules and demonstrates its suit-
ability as a reliable tool for the investigation of geologi-
cal processes. The (U–Th) /He ages of goethite clasts and
veins from Fe- and Mn-oxide cemented rocks recovered from
the slope of the Chukchi Borderland in the Amerasia Basin
demonstrate reproducibility, yielding a weighted mean age of
8.6± 0.3 Ma (n= 4) and 4.8± 0.4 Ma (n= 2), respectively,
providing insights into the Neogene mineralization history of
the region. This study also focuses on the sample preparation
technique, which might influence the (U–Th) /He ages. Our
data indicate that some of U can be leached from the goethite
during sonication by distilled water, which might result in er-
roneous (U–Th) /He ages of multi-mineral grains. However,
the analyzed goethite samples were formed in a specific un-
derwater environment; so far it is not clear whether the same
behavior of U would be observed in a terrestrial supergene
goethite.

1 Introduction

The (U–Th) /He dating method is based on the α decay
of U and Th that produce helium atoms. Traditionally, the
4He isotopic systems have been successfully applied to low-
temperature thermochronology (Farley and Stockli, 2002).
Recent developments in understanding how helium behaves
in various minerals have extended the method applicabil-
ity in geochronological studies (Yakubovich et al., 2019;
Shukolyukov et al., 2012a; Flowers et al., 2023, and refer-
ences therein).

Fe-oxides and Fe-hydroxides, including goethite (α-
FeO(OH)), lepidocrocite (γ -FeO(OH)), hematite (α-Fe2O3),
maghemite (γ -Fe2O3) and magnetite (Fe2+Fe3+

2 O4), typi-
cally contain trace amounts of U and Th and therefore have
been recognized as a potential geochronometer tool from the
early days of geochronology (Strutt, 1908, 1909).

Goethite is one of the most common iron oxyhydroxide
minerals formed during the hydrolyzation of rocks, making it
a desirable mineral for dating various surface and subsurface
geological processes. Helium diffusion studies (4He/3He
spectra) revealed sufficient 4He retentivity in goethite an the
range of the near-surface temperatures, making the mineral
suitable for (U–Th) /He weathering geochronology (Shus-
ter et al., 2005). However, the accurate determination of He
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diffusion parameters is complicated by the dehydration of
goethite during vacuum step-heating experiments (Farley et
al., 2023).

The (U–Th) /He dating of goethite was applied success-
fully in dating of weathering profiles (e.g., Monteiro et al.,
2014; Riffel et al., 2016; Ansart et al., 2022), supergene
ore formation (e.g., Vasconcelos et al., 2013; Heller et al.,
2022; Verhaert et al., 2022) and diagenetic transformations
(Reiners, 2014). The approach was also implemented suc-
cessfully in dating deep-sea hydrothermal Fe-oxide miner-
alization (Benites et al., 2022). However, the dating of hy-
drogenetic Fe–Mn crusts is not robust due to the significant
content of extraterrestrial He-rich dust and their high poros-
ity, which prevent the accumulation of radiogenic He (Basu
et al., 2006).

The (U–Th) /He dating of surface processes is challeng-
ing due to the multistage Fe-hydroxide formation. Several
generations of the same phase intimately intergrow in a time
span of millions of years (Vasconcelos et al., 2013; Monteiro
et al., 2014; Heller et al., 2022). The presence of small inclu-
sions of U- and Th-bearing contaminants may add difficul-
ties to the interpretation of the isotopic results. Thus, high-
resolution mineralogical and paragenetic characterization of
the sample is required, which typically includes optical ob-
servations accompanied by XRD, SEM and chemical analy-
ses (e.g., Monteiro et al., 2014; Hofmann et al., 2017; Deng
et al., 2017).

From the analytical point of view, (U–Th) /He dating of
goethite is challenging as well. The distribution of U and Th
in the mineral is inhomogeneous (Shuster et al., 2005); there-
fore parental and daughter isotopes should be measured in
the same sample. Helium release from the goethite must be
carried out under strictly controlled laboratory heating condi-
tions; otherwise, U and Th may be lost from the grains during
He extraction, rendering the results inaccurate (Vasconcelos
et al., 2013). There are several approaches to overcome this
issue such as heating in the presence of oxygen (Hofmann
et al., 2020) or using double-aliquot (Wernicke and Lippolt,
1993; Pidgeon et al., 2004) or multi-aliquot procedures (Wu
et al., 2019). The last two require a remarkably larger amount
of material.

Here, we propose an alternative (U–Th) /He dating
methodology using an example of goethite from the
Chukchi Borderland, Arctic Ocean. The technique was orig-
inally developed for the (U–Th) /He dating of native gold
(Yakubovich et al., 2014) and pyrite (Yakubovich et al.,
2020).

2 Samples

The Amerasia Basin of the Arctic Ocean remains one of the
Earth’s least explored region (Brumley et al., 2015). The
Chukchi Borderland and Mendeleev Ridge are known as
Paleozoic continental blocks that occur within the Amera-

sia Arctic Ocean. During US and Russian research cruises,
fragments of Fe- and Mn-oxide mineralized rocks were col-
lected from several sites of the northern Chukchi Borderland
and central Mendeleev Ridge (Fig. 1a; (Hein et al., 2017;
Konstantinova et al., 2017). The subject of this study is the
age dating of samples from dredge haul DR7 collected from
3400 m water depth (coordinates 78.53° N, 156.68° W).

The DR7 dredge haul consists of rock fragments that are
extensively altered and finely sheared. Two different rock
types were found. The first one shows alternating yellow-
brown and dark-brown layers, with dendrites of the dark-
brown material in the yellow-brown laminae (Fig. 1b). Both
layer types mainly comprise Fe-(hydro)oxides, but the dark-
brown layers have a higher Mn-oxide content. Another rock
type in DR7 is a breccia with poorly sorted predominantly
angular to subangular clasts (Fig. 1c) that include pure Fe
oxyhydroxide, basalt and altered metasedimentary rocks.
Mn- or Fe-oxides are found in some larger clasts. The brec-
cia cement is composed predominately of dark-brown Fe-
oxyhydroxides with submetallic-gray areas. The microstruc-
ture varies from bladed to nodular to massive. The breccia
is predominantly cement-supported, indicating replacement
during Fe- and Mn-oxide mineralization. Thus, these sam-
ples do not represent the widespread underwater hydrogenic
Fe–Mn mineralization (Hein et al., 2000). Their morphology,
structure, mineral and chemical composition (especially high
abundance of Fe-(hydro)oxides) indicate that they likely have
a hydrothermal origin (Hein et al., 2024).

The dominant mineral in the mineralized samples based on
X-ray diffractions is goethite and possibly lesser amounts of
feroxyhyte (δ-FeOOH) and the ferrihydrite [Fe3+

4−5(OH,O)12]
(Table 1; Fig. 2). The darker-colored goethite has better crys-
tallinity than the paler ones.

Based on SEM–EDS studies (Fig. 3), Fe-oxide crystallite
sizes of cement and replacements vary from a submicrom-
eter to a few micrometers, rarely up to 120 µm. Birnessite
and 10 Å manganates (todorokite, buserite or asbolane) and
δ-MnO2 (vernadite) occur as well. Relict host-rock minerals
include quartz, feldspar, mica and clay minerals. Clinochlore
(chlorite) is ubiquitous in the DR7 samples. Among the U-
bearing minerals, single grains of zircon and monazite were
observed (Fig. 3).

3 Methodology and sampling strategy

For (U–Th) /He dating fragments of goethite mineraliza-
tion were manually extracted from the DR7-001 sample:
dark-brown clasts of breccia and yellow-brown vein mate-
rial (Fig. 1b). According to the SEM and XRD data, samples
mainly consist of pure crystalline goethite (Figs. 2, 3) with
a possible admixture of birnessite and quartz. Therefore, the
samples represent a standard material which is used for (U–
Th) /He dating. But samples themselves are not typical for
(U–Th) /He studies. Most of the goethite grains that are used
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Figure 1. (a) Regional setting of the Amerasia Basin (inset) and location map of the DR7 dredge haul and (b) cut section images of the main
sample types (modified from Hein et al., 2024). All subsamples for age dating are from DR7-001.

Table 1. XRD mineralogy of the crystalline phases of the DR7 sample from the Amerasia Arctic Ocean.

Sample ID Description Major Moderate Minor

DR7-001-L1A Cement from breccia Goethite Quartz, birnessite TAM
DR7-001-L1B Glassy Fe-rich clast Goethite – –
DR7-001-L2B Fe-rich dark-brown lamina Goethite, birnessite Clinochlore, quartz, plagioclase δ-MnO2, TAM
DR7-001-L2D Reddish vein Goethite, quartz Clinochlore, plagioclase, mica Birnessite, TAM(?)
DR7-001-L2E Fe–Mn lamina Birnessite, goethite TAM(?), quartz Plagioclase

Major > 25 %, moderate 5 %–25 %, minor < 5 %. TAM is 10 Å manganates: todorokite, buserite or asbolane. Goethite may also include feroxyhyte or ferrihydrite
(modified from Hein et al., 2024).
Comment: X-ray diffraction mineralogy was completed using a Malvern PANalytical X’Pert Powder X-ray diffractometer (XRD) with CuKα radiation and graphite
monochromator run from 4 to 70° 2θ with a step size of 0.02° 2θ at 40 kV and 45 mA at USGS, PCMSC lab in 2017. Digital scans were analyzed using Philips
X’Pert High Score Plus software to analyze X-ray reflections and identify possible mineral phases.

for He geochronology are from terrestrial supergene environ-
ment (Monteiro et al., 2024). The low-temperature steady
and deep underwater environment (∼ 0 °C) prevented ther-
mal loss of He from the analyzed samples during their geo-
logical history.

3.1 Sample preparation

In order to exclude possible U loss during the sample prepa-
ration when goethite grains are sonicated in distilled water,
leaching experiments were conducted. Millimeter-size frag-
ments of goethite were manually extracted from the DR7-001
sample, which represented a dark-brown clast of the breccia
and a yellow-brown vein material (Fig. 1b, c). In the first
stage the massive single fragments in the closed Teflon vials
with 3 mL of distilled deionized water (Barnstead) were son-
icated for 15 min at room temperature (the temperature was
not stabilized by extra cooling). The solution was removed
by the mechanical pipette for subsequent chemical analy-
sis. In the second stage the remained grains were dried at

room temperature for 24 h and crushed in the Teflon vial by
the molybdenum stick (< 300 µm) to increase their specific
surface area. The crushed grains were sonicated in distilled
deionized water (Barnstead; 3 mL) for extra 15 min at room
temperature without extra cooling. After, the solutions were
left for 24 h for the sinking of the small floating particles.
The uppermost 1 mL of the solution was carefully moved to
a new beaker, and nitric acid was added: up to 5 % HNO3
solutions (50–150 µL). Uranium and Th contents were mea-
sured by an Element 2 ICP mass spectrometer at the Institute
of Precambrian Geology and Geochronology, RAS. The full
procedural blanks were obtained by the parallel procedures
with an empty beaker. The total U and Th content of the sam-
ple was determined in the same way after its complete disso-
lution in the mixture of aqua regia (200 µL) with HF (250 µL)
and HClO4 (10 µL) for 15 h at 110 °C in a closed Teflon vial
with a thermostat. Due to the described analytical procedure,
the obtained U and Th contents in the leaching solutions are
semi-quantitative.
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Figure 2. X-ray diffraction mineralogy of the dark-brown clast (a)
and yellow-brown vein material (b) from the DR7-001 sample. Im-
ages modified from Hein et al. (2024).

3.2 (U–Th)/He dating

Eight millimeter-size fragments of goethite mineralization
were manually extracted for (U–Th) /He dating from three
different parts of the DR7-001 sample: two dark-brown clasts
of the breccia and a yellow-brown vein from the completely
altered rock (Fig. 1b, c; Table 2). Subsamples from the
yellow-brown vein material and from dark-brown gains were
treated as separate samples (1–8). Samples were derived
from the inner part of the original sample, had no visible in-
clusions of other minerals under the binocular microscope
and were not washed.

3.2.1 Measurement of radiogenic 4He contents

For each measurement, ∼ 1–3 mg fragments of goethite
grains were placed in a quartz ampoule (∼ 1 cm long) and
sealed under a 10−3 Torr vacuum (Fig. 4). The sealing was
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Figure 3. Backscatter SEM photomicrograph images of sample DR7-001 and DR7-002 from polished thin sections. (a) Fan-shaped (26 %
Fe, 17 % Mn for box 1), needle (28 % Fe, 15 % Mn for box 2), and massive cement of Fe and Mn oxides in the breccia part of sample DR-001
(note the schist grain in the lower left quadrant with a bright monazite grain (Mnt)). (b) Cement of breccia: bladed (box 3: 29 % Fe, 35 %
Mn), nodular (white arrow: 33 % Fe, 25 % Mn), and film type (white dot: 68 % Fe; black x: 35 % Fe, 29 % Mn) Fe- and Mn-oxide cement;
bladed cement consists of discrete Mn-oxide and Fe-oxyhydroxide blades, and Fe and Mn contents vary for each laminae in the micronodule.
Polished thin sections were carbon-coated and used for SEM–EDX analyses of samples DR7-001 and DR7-002 using a TESCAN VEGA3
scanning electron microscope (SEM) at operating conditions of 30 kV and 15 nA for imaging. The energy-dispersive spectroscopy (EDS)
chemical characterization and element mapping were done using a JEOL 8900 operating at 15 kV and 40 nA for quantitative analyses of
oxides. Counting times were 30 s peak and 15 s background at the USGS lab in Menlo Park in 2017.

done by the distilled water-based torch LIGA (Vasileostro-
vsky Electrochemical Plant). The torch has a narrow flame
that prevents heating of the sample during the sealing. The
Durango apatite (n= 3) sealed in a quartz ampoule by the
same technique did not show any sign of He loss (Fig. S1 in
the Supplement). The sealed ampoule, via a special gateway,
was placed in a high-temperature high-vacuum furnace of the
magnetic sector MSU-G-01-M mass spectrometer equipped
with two SAES getter pumps (Spectron Analyt, IPGG, RAS;
(Shukolyukov et al., 2012a, b). During heating, He easily dif-
fuses through the thin quartz walls while U and other prod-
ucts of the sample decomposition remain in the ampoule. A
Secondary Electron Multiplier (SEM) was used to determine
the 4He+ beam intensity (cps). Calibration of the mass spec-
trometer was done using Knyahinya meteorite (Schultz and
Franke, 2004) and RS-Pt reference material (Yakubovich et
al., 2023).

Goethite samples were step-heated at temperatures of
350 °C for 30 min, 550 °C for 10 min, 900 °C for 10 min,
1100 °C for 15 min and 1150 °C until He stopped being re-
leased (5 min in average). Samples 1 and 2 (ID 966, 969,
Table 2) were step-heated under slightly different conditions,
starting with a temperature of 240 °C. This step-heating ap-
proach allows for monitoring the He release pattern from the
goethite grains as well as the excess hydrogen (ion HD+) in
the chamber of the mass spectrometer. The diffusion of He
through the thin quartz walls of the ampoule is fast (Shuster

and Farley, 2005; Yakubovich et al., 2014), but it does not al-
low one to obtain the accurate diffusion kinetics of He from
the goethite grains.

Following the extraction of He, the ampoule was removed
from the mass spectrometer for subsequent separation of U
and Th.

The total procedural blank, determined by heating
the empty quartz ampoules to 1100 °C, corresponds to
4.4± 1.6× 10−10 cm3 He at STP.

3.2.2 Measurement of U and Th contents

The quartz ampoule with degassed samples was spiked with
a 230Th–235U tracer and dissolved in a mixture of aqua regia
(0.4 mL), concentrated hydrofluoric acid (0.5 mL) and per-
chloric acid (0.05 mL) in closed Teflon vials for 2 h at 200 °C
on a hot plate followed by 15 h at 110 °C in a thermostat.
The solution was dried on a hot plate at 200 °C. During this
step, perchloric acid prevented the formation of low-soluble
fluorine complexes, while most of Si evaporated in a form
of SiF4. The remaining precipitate was dissolved in 1.5 mL
of 5 % nitric acid and heated up to 80 °C in an ultrasonic
bath for 15 min prior the measurement of U and Th contents.
235U/238U and 230Th/232Th isotope ratios were measured on
an Element XR ICP mass spectrometer at the Vernadsky In-
stitute of Geochemistry and Analytical Chemistry, RAS. The
total chemical procedure blank, determined by dissolution of
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Figure 4. Fragments of goethite in a sealed quartz ampoule (a) before heating and (b) after heating. Scale bar: 1 mm.

the empty quartz ampoules (n= 4) using the same settings,
corresponds to 1.30± 1.26 and 5.8± 4.4 1010 atoms of 238U
and 232Th respectively.

The (U–Th) /He ages were calculated using IsoplotR soft-
ware (Vermeesch, 2018). The combined analytical uncer-
tainty was estimated based on the U, Th and He measurement
uncertainties and the uncertainty based on the blank determi-
nations. The α-recoil corrections were not applied, because
all analyzed samples are the fragments of large grains.

4 Results

4.1 Leaching experiments

Chemical analyses of the distilled water leachates revealed
the partial loss of U and Th from the subsamples (Table 3).
The leaching of U and Th from the crushed subsample is
more intensive than from a massive grain and reaches up to
8 % for U and less than 2 % for Th. Because the samples are
not water-soluble but the leachates contain also some amount
of Mn, Fe and Co, some tiny floating particles of the original
sample might be in the solution. The ICP-MS measurements
were calibrated only for U and Th, thus determining that the
concentration of Mn and Fe in the solutions was not possi-
ble. However, the notable shift of the Th/U ratio in the solu-
tion relative to the Th/U ratio of the residual goethite (from
0.06 to 3; Table 3) indicates that some part of U was leached
from the samples. These findings are in an agreement with
previous results of Fe- and Mn-oxides leaching experiments
by a weak acids with an acetate buffer (Konstantinova et al.,
2018; Koschinsky and Hein, 2003), which implies U- and
Th-adsorbed behavior.

4.2 (U–Th)/He dating results

The (U–Th) /He ages for eight fragments of goethite from
sample DR-7-001 included fragments of two sets of dark
grains from two separate breccia goethite clasts (grains 1–
4 and 5–6) and one set of yellow-brown vein samples (grains
7–8) (Table 2; Fig. 5). The signals of He, U and Th of all
samples were markedly higher than the background level
(empty quartz ampoule). The concentrations of U in the dark
goethite grains range from 2.2–2.8 ppm, with Th/U ratios of

0.3–0.8. The concentration of U in the two vein subsam-
ples is lower (1.36 and 1.8 ppm), and Th prevails over U
(Th/U 2.4–2.7). Concentrations of 4He range from 2.6 to
4.3× 10−6 cm3 STP g−1 for the dark-brown grains and from
1.1 to 1.8× 10−6 cm3 STP g−1 for vein samples. Among the
six dark goethite grains analyzed, one had an atypically low
U concentration (1.86 ppm; Table 2). Sample 5 (ID 1031) had
an unusual high-temperature He release pattern (> 1100°,
Fig. 7), which likely indicates the presence of He-retentive
mineral inclusions. These anomalous samples (ID 969; 1031)
revealed (U–Th) /He age in a range of 12.2–13.8 Ma (Ta-
ble 2). The coincidence of their (U–Th) /He ages might in-
dicate that we were wrong when we decided to exclude these
grains from consideration. However, in a lack of confidence
we are not going to interpret this age value.

The (U–Th) /He age of the remaining dark grains is con-
sistent within the uncertainty of the measurements with a
weighted mean value of 8.6± 0.3 Ma (2σ ). The two yellow-
brown vein samples had significantly younger reproducible
ages, with a mean of 4.8± 0.4 Ma (2σ ).

5 Discussion

5.1 Methodological implications

5.1.1 Sample preparation

Due to the leaching experiments, around 8 % of U and 1.7 %
of Th can be remobilized from the sample by the freshly
deionized distilled water, which is known to became chemi-
cally active after contact with the atmosphere (pH 5–6; Gurr,
1962). Goethite is not a water-soluble mineral. Therefore, U
release likely indicates its position beyond the crystal lattice
or in some unstable phases. Th/U ratios of the grains (0.3
and 1.3 for dark grains, 2.5 and 3.0 for a vein material) are
remarkably higher than those of leachates (0.06 and 0.6 for
dark grains and 0.6 and 1.7 for vein material; Table 3), which
implies that U is easier to mobilize. This is in favor of the
adsorbed form of some of the U, rather than the presence of
unstable phases with different Th/U ratios. The higher per-
cent of U loss from the crushed samples is also in agreement
with this suggestion (Table 3).
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Table 3. Results of the leaching experiments of goethite subsamples of DR7-001.

Sample Stage Weight, mg U, ng Th, ng Th/U Fraction of U loss Fraction of Th loss

Dark grain first 5.628 0.03 0.01 0.26 0.3 0.3
second 0.38 0.02 0.06 3.5 0.6
residual 10.7 3.4 0.32 – –

Dark grain-2∗ second 2.462 0.03 0.02 0.6 0.5 0.23
residual 5.4 7.3 1.3

Vein grain first 6.212 0.01 0.02 1.4 0.12 0.10
second 0.6 0.40 0.6 7.8 1.6
total 8.4 24.7 2.5 – –

Vein grain-2∗ second 1.890 0.11 0.19 1.7 3.0 1.7
residual 3.6 10.9 3.0

Blank first – 0.004 0.002 0.5 – –
second – 0.01 0.005 0.7 – –
residual – 0.01 0.02 1.8 – –

∗ Grains were crushed and sonicated without a prior step (first stage).

Figure 5. Results of (U–Th) /He dating of goethite from DR7-001
subsamples. Error bars are 2σ . Weighted mean plot constructed us-
ing IsoplotR software (Vermeesch, 2018).

The possible adsorbed behavior of U in goethite from
the weathering environment was discussed by Shuster et
al. (2005) and Vasconcelos et al. (2013). The leaching experi-
ments are also in agreement with the results of radiochemical
experiments that revealed that during the crystallization of
hematite and goethite from ferrihydrite (Fe3+)2O3

q0.5H2O,
which is the least stable iron (oxyhydr)oxide, only part of
uranium becomes leaching-resistant (Payne et al., 1994).

The proportion of U in adsorbed form relative to the U,
which is incorporated into crystal lattice, can differ from
sample to sample. This is indirectly confirmed by the discus-
sion in Vasconcelos et al. (2013), who suggest that various
patterns of U loss during the He release from the goethite
samples possibly indicated a different U position of the ana-
lyzed samples. Adsorbed behavior of some of the U does not
strongly affect the applicability of the (U–Th) /He method
due to the long α-stopping distances (Shuster et al., 2005).
However, sonication of the samples in distilled water prior to
(U–Th) /He dating might result in U loss and subsequent er-
roneous and/or over-dispersed ages of multi-mineral grains.
Large grains (crystals> 50–70 µm) are unlikely to lose a sig-
nificant amount of U as their surface-to-volume ratio is low.

5.1.2 Justification of the technique

(U–Th) /He ages of goethite subsamples are reproducible.
Measured concentrations of U in the samples that were de-
gassed in the quartz ampoules (1.4–2.8 ppm; Table 2) are in
the range of their concentrations in the unheated grains (1.5–
2.5 ppm; n= 5; ICP MS). This indicates that the proposed
analytical approach is well suited for (U–Th) /He dating of
goethite and likely other Fe-oxyhydroxides. Encapsulating
the individual goethite grains into the quartz ampoule ex-
cludes any U loss during the sample degassing, which is one
of the major analytical concerns (Vasconcelos et al., 2013;
Hofmann et al., 2020; Wu et al., 2019). The approach al-
lows overheating of the sample with plenty of reserve. Based
on our experience with He release from isoferroplatinum
(Pt3Fe), quartz ampoules are robust in temperatures up to
1450 °C (Shukolyukov et al., 2012b). One of the main dis-
advantages of the proposed technique is the relatively high
blank of the quartz ampoule, which complicates analysis
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of grains that are very small and/or too young. The tech-
nique is quite sufficient for (U–Th) /He dating of milligram-
weighted samples of Neogene age as tested here and requires
a remarkably lower amount of the material than double- or
multi-aliquot approaches (Pidgeon et al., 2004; Wu et al.,
2019). The technique also does not require the moderniza-
tion of the He extraction line, which is needed for degassing
in the presence of O2 (Hofmann et al., 2020).

5.1.3 Future developments

In order to determine the analytical limitations of the pro-
posed methodological approach, additional tests and im-
provements should be done in the future. The technique is
based on several key assumptions. The first assumption (a) is
that no He loss occurs from the sample when sealing a quartz
ampoule with a torch. Several experiments support this as-
sumption, conducted on Durango apatite (Fig. S1) and more
He-retentive minerals such as isoferroplatinum (Yakubovich,
2013) and pyrite (Yakubovich et al., 2020). However, it
would be necessary to date Fe-oxyhydroxides with this tech-
nique with independent age constraints in order to confirm
the suitability of the procedure. Measurement of a compre-
hensive set of Durango apatite grains with the same approach
is another possible way to confirm the absence of He lost by
the grains during the sealing procedure.

The second assumption (b) is that heating at 1150 °C is
sufficient to release all He from the goethite grains. This is
based on the observed He release pattern, but further verifi-
cation is needed. Future experiments should involve heating
goethite to higher temperatures to confirm the complete re-
lease of He.

The third assumption (c) is that the quartz ampoule pre-
vents U loss. This is based on the relatively slow diffusion
of uranium (U) in quartz. However, to validate this, it is nec-
essary to compare the results with U and Th measurements
from unheated aliquots to demonstrate complete recovery of
volatilized U. Since goethite is opaque, and mineral inclu-
sions could affect (U–Th) /He ages, pre-screening the grains
using micro-CT would be important for these tests and would
enhance the proposed methodological approach.

This study also identified that U can leach from goethite
during sonication in distilled water. The hypothesis of U mo-
bilization from goethite is primarily based on the shift in the
Th/U ratio in the solution compared to the residual goethite
(Table 3). However, this observation is indirect, as other fac-
tors, such as intrinsic variability in the Th/U ratio of the
goethite, may contribute to this shift. To confirm U mobiliza-
tion, a series of experiments comparing the (U–Th) /He ages
of washed and unwashed goethite grains is necessary. It re-
mains unclear whether this U behavior is specific to underwa-
ter hydrothermal multi-mineral goethite or whether a similar
pattern could be observed in terrestrial supergene goethite.

Figure 6. Helium release pattern from the mainly (> 95 %) goethite
grains sealed in quartz ampoules. All measurements (with the ex-
ception of samples 966 and 969; dotted line) were carried out under
the same time–temperature conditions. Values are the sample IDs in
Table 2.

5.2 Geological implications

The results of the (U–Th) /He age dating of goethite grains
from the slope of the Chukchi Borderland produce a Neo-
gene age formation. There are several factors that might po-
tentially affect the mineral age results, such as He loss, radi-
ation damage, recrystallization, and fluid and mineral inclu-
sions, which we discuss below.

5.2.1 Helium thermal retentivity

Goethite is predominantly He-retentive under surface condi-
tions (Cooperdock and Ault, 2020). The mineral is able to re-
tain around 80 %–95 % of its radiogenic 4He for millions of
years (Shuster et al., 2005; Deng et al., 2017; Hofmann et al.,
2017). The water temperature at 3400 m water depth within
the Chukchi Borderland slope is about −0.3 °C (Zhang et
al., 2021). Therefore, any thermal loss of He seems unlikely,
though it could be induced by local hydrothermal events.

Heating the sample in a quartz ampoule does not allow the
measurement of the He diffusion parameters. Nevertheless, it
does reflect the He retentivity of the sample. Despite different
He release patterns (Fig. 6) the (U–Th) /He age of the same
group is quite uniform, which likely indicates insignificant
thermal loss of 4He (Fig. 6). What is remarkable is that the
He release pattern of sample 3 (ID 1015) significantly differs
from the patterns of the other grains, despite its (U–Th) /He
age being consistent with other measurements.

5.2.2 Radiation damage

The He diffusivity of a mineral can be strongly affected by
the amount of accumulated radiation damage (Flowers et al.,
2023). The standard technique that is used to investigate the
role of radiation damage and elemental substitution is not ap-
plicable to goethite due to its dehydration during vacuum step
heating (Farley et al., 2023). Numerical simulations, which
combined the density functional theory (DFT) and kinetic
Monte Carlo (KMC) simulations, predict that He loss from
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Figure 7. Goethite (U–Th) /He ages versus eU concentration of
the samples. The effective modern uranium concentration (eU) was
calculated based on the formulas given by Flowers et al. (2023).
Index is the sample ID in Table 2.

goethite is strongly controlled by radiation damage and some
other impurities (e.g., Al) (Bassal et al., 2022).

The samples have close values of eU content, and in the
limited range of its variation there is no correlation with (U–
Th) /He age values (Fig. 7). The uniform (U–Th) /He ages
of the petrological groups (clasts and vein) indicate limited
impact of the radiation damage on the dispersion of He ages.

5.2.3 Mineral and fluid inclusions and impurities

The studied samples contain rare U- and Th-rich mineral in-
clusions, such as zircon and monazite, with sizes ranging be-
tween < 1 and 40 µm (e.g., Fig. 3). If there were incomplete
dissolution within the chemical procedure, the U-loss would
result in erroneously old and unreproducible ages, which
might be the case of sample 5 (ID 1031).

Helium concentration of mineral fluid inclusions that
formed during magmatic and hydrothermal processes typi-
cally does not exceed 10−8 cm3 STP g−1 (Stuart et al., 1994;
Graupner et al., 2006), which is less than 1 % of the total He
of the studied samples and insignificant for our (U–Th) /He
dating procedure.

Incorporation of Sm can be an additional source of 4He in
goethite. Sm contents of the DR7-001 samples vary from 5.5
to 6 ppm (ICP-MS data; lithium metaborate fused disks; n=
3), which implies that Sm would produce less than 0.25 % of
the He sample budget.

XRD data indicate that goethite from yellow-brown vein
material has lower crystallinity and a higher abundance
of mineral inclusions such as quartz, plagioclase and illite
(Fig. 2; Table 1). These factors might potentially decrease
the (U–Th) /He age of the samples. Thus, we cannot exclude
that the younger age of goethite from the yellow-brown vein
is related to some He loss.

5.2.4 Recrystallization

Goethite is the most thermodynamically stable Fe-
oxyhydroxide in the near-surface environment. However, it
can undergo dissolution–recrystallization processes during
interaction with acidic solutions that reset its (U–Th) /He
age (Monteiro et al., 2014). These processes enrich samples
with low-soluble components that increase the Th/U ratios.
This might be initiated by the presence of Fe2+ ions in
aquatic systems (Handler et al., 2014). Given that the
vein has higher Th/U ratios (2.5–2.7 vs. 0.3–0.8 of the
dark grains) and younger (U–Th) /He age (4.8± 0.9 Ma
vs. 8.6± 1.2 Ma; Table 2), its new formation due to the
recrystallization of goethite cannot be ruled out.

5.2.5 Interpretation of (U–Th)/He ages

In addition to assessment of the all factors that might impact
the (U–Th) /He ages, we include 10 % (2σ ) uncertainty to
the primary analytical uncertainty of the measurements based
on the suggestion of Monteiro et al. (2014). Thus, the dense
dark-brown goethite has an age of 8.6± 1.2 Ma (2σ ), and the
vein material is younger, 4.8± 0.9 Ma (2σ ). These values do
not overlap within the extended uncertainty.

The (U–Th) /He ages reflect the time of mineral forma-
tion, recrystallization or cooling below the closure temper-
ature. Closure temperature of goethite varies over a wide
range, from ∼ 20 to 150 °C, depending on the diffusion do-
main sizes and distribution of the defects in the crystal lattice
(Bassal et al., 2022). Thus, the uniform (U–Th) /He ages of
the dark-brown grains accompanied by remarkably different
He release patterns (Fig. 6) might be explained by cooling,
only with the assumption of fast (1–2 Myr) host rock up-
lift from ∼ 2–4 km depth that took place at ∼ 9 Ma. How-
ever, that assumption is inconsistent with the tectonic evo-
lution of the Arctic region (e.g., (Chian et al., 2016; Crad-
dock and Houseknecht, 2016). Therefore, (U–Th) /He ages
of the dark grains of pure crystalline goethite reflect a Neo-
gene mineralization event in the Chukchi Borderland, Arctic
Ocean. More data are required in order to check the possi-
ble presence of fragments of older Fe- and Mn-mineralized
rocks (12–14 Ma; Table 2), as well as to confirm the young
(∼ 4.8 Ma) mineralization event.

6 Conclusions

Reproducible (U–Th) /He ages are achieved using our pro-
posed analytical approach, which involves sealing the sam-
ple in a quartz ampoule for He release, which is well suited
for (U–Th) /He dating of Fe-oxyhydroxides; this technique
allows for the determination of U, Th and He on the same
subsample aliquot. Our data also indicate a fraction of U can
be leached from multi-grain goethite samples during soni-
cation in distilled water, implying that this step of goethite
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sample preparation for (U–Th) /He dating should be taken
with caution.

(U–Th) /He ages of goethite from the slope of the
Chukchi Borderland formed during a Neogene mineraliza-
tion event (8.6± 1.2 Ma). The younger age of the yellow-
brown vein material (4.8± 0.9 Ma) can be explained by an
episode of later-stage mineralization, recrystallization or by
its lower crystallinity. Further investigations and a larger
sample set are recommended for a comprehensive under-
standing of the geological evolution of the region.
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