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Triple oxygen isotope values of xylem water were measured along the length of smooth
horsetail stems (Equisetum laevigatum). Extreme isotope enrichment is observed mov-
ing from base to stem tip. 8'°0 values range from -8.3%o at the base to 82.6%o at the
tip. A0 values range from 0 to ~1,797 per meg. The §'°0 and A’"7O values are the
most extreme measured for any terrestrial material and expand the known range of
A0 values by fivefold for mass-dependent fractionation on Earth. The extreme isotope
enrichments are explained using a hybrid evaporation/chain-of-lakes model, allowing us
to refine the leaf respiration coefficient to 6, = 0.511 + 0.001. This new value is required
to explain the low A’"7O values previously measured in desert plants and animals and
is critical when using fossil samples for paleoclimate reconstruction. Coexisting phy-
toliths and stem water were also measured. The 100042'%0 ., ... value at the plant
base (35.89%o) appears to be in isotopic equilibrium, with far smaller fractionations
of 10.3%o near the tip. The smaller fractionations at higher levels are explained by
continual silica deposition as the plant elongates and the 5'°O values of each segment
become higher. The overall integrated phytolith value is a combination of early and late
silica growth. The A" O, - A’VO,.... values are not in equilibrium, explained by a
kinetic isotope effect, with a A value of 0.5205 vs. 0.5244 for equilibrium. Phytolith

isotope values may lead to erroneous interpretations for paleoclimate reconstruction.

triple oxygen isotopes | extreme isotope fractionation | plant physiology | phytolith isotope chemistry |
paleoclimatology

Transfer of water from soil into the atmosphere via plant transpiration accounts for up to
80% of water loss from land (1). In a simple sense, water is taken up by the roots, trans-
ferred upward by the stems, and either combined with carbon dioxide to form carbohy-
drates during photosynthesis, or released to the atmosphere through the stomata in the
green leaves and stems. It is generally accepted that water uptake by roots occurs with
negligible isotopic fractionation (2). Similarly, water movement through xylem occurs in
a partially closed system absent of any isotope fractionation. In contrast, there is a large
isotope fractionation across plant tissues as water is lost as water vapor through the stomata
(e.g., ref. 3). In terms of equilibrium mass balance, the product of the water flux and
isotopic composition of water vapor diffusing though the stomata must be equal to the
input in the root system (4). Because of the preferential loss of light isotopes in water
vapor, the water in aerial organs becomes heavier than that taken up by the roots. To a
first approximation, water approaches isotopic steady state (5, 6) and can be modeled as
such (7).

Apart from small fraction of water used in photosynthetic reactions, the majority of
water loss from leaves or green stems occurs through stomata. Isotope fractionation occurs
because the vapor pressure of H,'"®O is less than H,'°O, such that evaporation tends to
favor the light isotopologs (3, 4, 8). The isotope effect is primarily controlled by the dif-
ference in the partial pressures of water within the leaf (¢) and at the leaf surface (¢,).
While a constant isotopic composition of leaf water is expected in most leaves, long, linear
leaf blades, such as grasses, have more enrichment toward the leaf tip. Here, transpiration
occurs with diffusive isotopic exchange between evaporating surfaces and xylem along the
entire leaf length (7, 9, 10). In grasses, there can be a 20%o increase in the oxygen isotope
ratio of leaf water from the leaf base to its tip (9). The magnitude of isotopic enrichment
is greater under conditions of lower relative humidity.

Equisetum, commonly known as horsetails, belongs to one of the oldest known vascular
plant lineages, dating back to the Devonian period (11, 12), where ancestor heights
reached 15 to 20 m (13, 14). Modern Equisetum species range in height from ~12.9 cm
(Equisetum scirpoides) to 8 m (Equisetum giganteum and Equisetum myriochaetum) (12).
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Significance

Isotopic enrichment in Equisetum
is extreme due to evaporative
water loss along the entire plant
stem. The Equisetum data extend
the known oxygen isotope range
of samples from Earth and our
entire solar system by a factor of
five. Bulk oxygen isotope values
of phytoliths (amorphous silica)
are not representative of xylem
water, so that caution is needed
when interpreting phytolith
isotope data for paleoclimate
reconstruction. Existing models
for plant water and by extension
animal water isotope data can
explain the extreme fractionation
that occurs in arid environments
using a revised triple oxygen
isotope diffusion fractionation
factor 6k =0.511 £ 0.001. This
new value explains low A"'’0
values of natural materials,
particularly in arid environments.
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‘The morphology and anatomy of Equisetum are unique among
living land plants; the upright aerial stems grow as a series of
jointed segments (Fig. 1), each of which has the capacity to tran-
spire (15). Each segment contains rows of stomata along the entire
length of the stem (16-18) with each segment thought to have
equivalent conductance to water loss (15, 19). The simple cylin-
drical geometry of Equisetum combined with over a million sto-
mata along the meter-long stalk (Fig. 1) manifests as an extreme
distillation column that can be modeled to determine the funda-
mental isotope fractionation parameters for transpiration.

In this contribution, we measured the triple oxygen isotope com-
position of stem water and silica phytoliths in Equisetum along the full
length of the jointed and segmented stem in order to estimate the
isotope effects during this extreme “distillation” process. Three samples
of horsetail (Equisetum laevigatum) collected in different years (2021,
2023, and 2024) were analyzed and found to have nearly identical
isotope profiles (Table 1). Samples were collected 100 m west of the
Rio Grande in Albuquerque, NM. The field site is in the cottonwood
forest that borders the river. It is partially shaded with an average sum-
mer relative humidity of ~25% (see SI Appendix for further details).

Results

Xylem Water. The 8'°0 and 87O values of Equisetum stem
water increase regularly with distance from the base to the tip
of the aerial stem (Fig. 2 and Table 1). The 8'%0 values increase

Stem oSS Sechon

~& ":ii ‘

from the ambient soil water values of ~-8%o0 (VSMOW) at the
ground surface to 82%o at the tip. The A’"O values of stem
water decrease from 20 to 30 per meg at the base to 1,797 per
meg at the stem tip. There is a regular change within individual
nodes as well as between nodes, suggesting that the nodes do
not present a significant restriction to water transport. The lowest
A" O values are a factor of five more negative than anything
previously measured on Earth (20-23), explained by the extreme
kinetic fractionation associated with continual water loss along
the plant stem.

To a first order, the stem water of Equisetum can be modeled
as simple Rayleigh fractionation, where R,/ Ry, iat tiguia = ol
In the case of Equisetum, Rayleigh fractionation is akin to contin-
uous removal of vapor from the plant stem with a fixed isotope
fractionation. Each isolated parcel of water moves upward through
the stem, continuously losing isotopically light water through the
stomata. In the Rayleigh equation, R is the ratio of the heavy to
light isotope (i.e., 7O/1°0O or '80Q/1°0), Fis the fraction of water
remaining in the sample, and a is the isotope fractionation factor
between the water remaining in the leaf relative to the water vapor

that is lost by transpiration, given by @5 uuser = szp Z. (Al
water

isotope equations in this paper are equally valid for "*0/'°0 and
170/160. The a values for '"O/1€O fractionation are given by
170160 o - (189M1694)%. @ values are determined experimentally or
theoretically (e.g., refs. 25-27). The common delta notation is

Fig. 1. Longitudinal and cross-section sketch of an Equisetum stem. External water loss (transpiration) occurs through stomatal rows in each of the photosynthetic
stem segments. While xylem cells and carinal canals supply water to cells within a stem segment, the limited number of mesophyll cells between the evaporating
surfaces and xylem (/nset) provides a mechanism for back diffusion between isotopically enriched evaporating cells and xylem. Photo shows the size and regular

distribution of stomata (st). lllustration by E. Stiles.
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Table 1. Triple oxygen isotope composition of stem segment water, phytoliths, and atmospheric water vapor

relative to Vienna Standard Mean Ocean Water (VSMOW)

Segment_ Mid-segment 870 %o 8'80%o 5'70%o 5'80%0
number distance (cm) VSMOW VSMOW A0 permeg VSMOW VSMOW A0 permeg
Stem water Phytolith
Sample 1 (2024)
1 2 -4.41 -8.34 0
2 7 -3.95 -7.45 -7
3 14 -3.03 -5.71 -11
4.4 235 -1.42 -2.63 -31
4.8 27 -0.24 -0.37 -50
5 31.5 0.01 0.16 =77
55 36.5 1.17 2.36 -80
7 55.5 3.05 6.04 -135
8 71.25 8.36 16.30 -208
9 83 12.22 23.80 -270
10 95 16.38 32.12 -446
11 106 20.92 41.21 -621
12 115.5 24.62 48.44 -660
13 124.5 29.50 58.32 -852
14 132.75 35.56 70.85 -1,200
15 139.25 40.90 82.55 -1,797
Sample 2 (2023)
4 n.d. -0.28 -0.58 29
8 8.10 15.63 -119
12 21.14 4112 -357
14 28.70 56.16 -548
19 45.73 91.84 -1,674
Sample 3 (2021)
2 -6.37 -12.10 34 -12.29 24.00 =232
30 12.30 24.40 -433 20.64 40.60 -369
39 19.62 39.30 -735 25.26 50.10 -555
Water vapor in
air (2024)
-10.09 -19.21 56

related to Rby & = (R, 1/ Riandara — 1) * 1,000 in per mil notation.
A0 is given by 8'70-0.528 x 8'°0). Using an a value of
0.9727 based on diffusion rates of H,'*O and H,'"°O in dry nitro-
gen (25), Rayleigh fractionation results in an imperfect fit to the
data (Fig. 2). This is due in part to not considering the contribu-
tion of back-diffusion of atmospheric H,O through the stomata
and dispersion of water within the xylem.

A better model involves a more complete treatment of leaf
transpiration related to the leaf-air vapor pressure difference and
the atmospheric composition of the water vapor in air (4). The
equation is given by ref. 8

R =a* R ¢ ¢ ¢ Z
;= a (L7%3e% +(Ik/7Rx +Rﬂ — . [1]
€ ¢ €

181 .

R R, and R, are the $0/"°0 ratio of the source water, leaf
water (for Equisetum, this would be stem water), and water vapor
in air, respectively. o is the equilibrium water—water vapor

PNAS 2025 Vol. 122 No.44 2507455122

fractionation at ambient temperature, a, is the kinetic isotope
fractionation across the stomata, @, is the kinetic fractionation
across the boundary layer which is given by ay,= @, (28). ¢, e,
and ¢, are the partial pressure of water vapor in the leaf intercellular
air spaces, atmosphere, and leaf surface. Eq. 1 can be modified to
include a chain-of-lakes model (29, 30) where the incoming stem
water is partitioned between water vapor lost from the leaf and
water that moves up into the next segment given by

R, =x(R,) +(1-x)(R,). [2]

x is the fraction of water vapor entering the segment that is lost by
transpiration and can be approximated as being equal to 1/(1 +
Peggments remaining)- FOT €xample, if we assume 20 equal segments, 1/(1
+ 19), or 2% of the water entering the first segment is lost by tran-
spiration. For the 5th segment 1/(1 + 15), or 6.25% is lost as water
vapor. For the uppermost segment 1/(1 + 0) or 100% of the water
is lost by transpiration. We consider the possibility that the amount

https://doi.org/10.1073/pnas.2507455122 3 of 7
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Fig. 2. 5'°0,5'70, and A0 along the length of an Equisetum stalk, fitted by
Bayesian methods, to a model based on Eq. 4 (solid blue), with y = 1, and the
following estimated parameters: e;= 3.20 at 25.2 + 1.0°C (10), &, = 1.15 £ 0.36,
€,=0.91 +0.10, o, = 1.020, and o = 1.035 (taken from 31), 6, = 0.511 + 0.001,
0eq = 0.529 (taken from ref. 24), n = 57 + 22. Light blue shaded areas indicate
95% prediction intervals of a model based on Eq. 4, from the Bayesian analysis.
Ellipses show samples from within the same segment. Rayleigh fit shown by
the dashed line does not fit the data well. Total stem length = 142 cm. The
best fit §'°0,,; value was ~8.0 + 0.9%o, which implies a 8'°0,,er vapor Value of
=17.2%o (VSMOW), compared to a measured value of —19.0%o.

of water vapor lost at each segment varies regularly along the length
of the stem, by raising the x value to an exponent such that

y
1

14+n 3]

segments remaining

The exponent y is varied to achieve a best fit to the measured
data. Combining Egs. 1 and 2 yields:

R e, R,x
x A —e ap—e, Ay, +e oy
R, = : —— , (4]
l—x+ :

(Ei Ap—e; Ap—e, Ay +eg al’}/)aeq

where x is given by Eq. 2.

https://doi.org/10.1073/pnas.2507455122

The measured data were fit to Eq. 4 for 8§70, 880, and A'O
using a Bayesian parameter estimation (31) (Fig.2 and
SI Appendix). Best fits are obtained with: 80, vapor = ~17.2%0
(VSMOW) compared to a measured value of =19.0%o, ¢, = 3.20
at25.2°C (R, = 100%), ¢, = 1.15 £ 0.36 (10), ¢, = 0.91  0.10,
oy, = 1.02 and oy = 1.035 (taken from ref. 32), 6, = 0.511 =
0.001, 8, = 0.529 (24), 7 = 57 + 22, y = 1. The trends in §'’O
and 8'°0 are captured by Eq. 4, showing the reduction in cur-
vature at higher delta values, and demonstrating the
back-diffusion from the air into the stems. The 6, value is at the
low end of some previous estimates (26, 32), but in good agree-
ment with others (27, 33). We note that the A, values given
in some studies (e.g., ref. 32) are not comparable to our 8 because
they are a function of multiple, independent variables
(SI Appendix). The low 0 value determined here has profound
implications for modeling leaf water, particularly in arid envi-
ronments. Previous modeling attempts were unable to match
the low A’"7O values of animals from arid environments using
assumed 0, values of 0.518 (22, 26). Low A0 values measured
in desert plants cannot be modeled unless our low 0, value is
used (87 Appendix). The new 0, value better explains the low
A" values of plants from arid environments, and by exten-
sion, coexisting animals, ultimately allowing for better paleocli-
mate reconstructions to be made using fossil material.

Phytoliths. Phytoliths are accretions of solid hydrated opaline
silica (silicon dioxide, SiO,*#H,0) that are deposited in the
tissues of some plants, including horsetails and grasses. Studies
suggest that the 8'°0O values of phytoliths are directly related
to the leaf water value and therefore indirectly provide an
estimate of relative humidity during plant growth (23, 34-36).
We analyzed coexisting phytoliths and leaf water along the
length of an Equiserum stem (Fig. 3). The 1000/ ot acer
value of 35.89%o0 for the lowest segment corresponds to a
reasonable formation temperatures of 26 °C using a quartz—
water fractionation equation (37). Moving up the stem, the
fractionations decrease dramatically (Fig. 4). The upper part
of the stem has a 1000/z'* value of only 10.3%o, clearly out
of equilibrium. The regular 1000/2'*Oa decrease with height
is explained by the continuous deposition of silica as the stem
grows and elongates. At the beginning of the growing season,
the upper segments are only a few cm above the ground surface,
and the leaf water isotope value is low, similar to that of the
soil water. The phytolith deposition at this stage would be in
equilibrium with this light water. However, as the stem elongates,
the upper segments attain increasingly higher leaf water isotope
values and the developing phytoliths have correspondingly
higher isotope values. The integrated triple oxygen isotope value
of the phytolith carries both the isotopically light early growth
and the extremely heavy overgrowth, resulting in integrated
values that are between the two extremes. The example of the
Equisetum phytoliths is extreme but clearly illustrates that
equilibrium between xylem water and phytoliths is rarely
or never attained. Nevertheless, there are clear relationships
between relative humidity and the triple oxygen isotope values
of phytoliths that can be used qualitatively to constrain relative
humidity (35, 36).

Our phytolith triple isotope data along with previously pub-
lished values are shown in Fig. 5. The data define a trend that
does not go through the equilibrium triple oxygen isotope value
for quartz—water fractionation. The I000171180()tphymli[h_wa[er values
for the lowest segment measured in our study match the

pnas.org
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Fig. 3. Secondary electron microscopy (SEM) images of the inner epidermal
surface in our E. laevigatum samples. The stomata are clearly visible in parallel
rows, showing prominent silicified thickenings in the subsidiary cells.

quartz—water 8'°O fractionation but fall below the equilibrium
1OOOZn170((xphymlhh_wam) value given by 0. awer = 0.524 at 25 °C
(37). Dodd et al. (38, 39) have shown that silica diatom frustules
form out of equilibrium with ambient water. If we assume a similar
kinetic fractionation for phytoliths, then agreement is attained
with a 0 value of 0.5205, similar to other published kinetic isotope
fractionation factors (e.g., refs. 22 and 40).

100
S 0= © phytolith
60

g 100 9244 (e)quilibrium

i RO “Oat 25°C
g pase ~*~252 a
= <05
& -200 |
= 8
> -300 |
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O e00 | r
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-800 . ) ) ‘ . .
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Fig. 4. Triple isotope composition of paired phytolith silica and corresponding
stem water. The lowermost segment appears to be in isotopic equilibrium
based on the 5'®0 values alone but clearly shows a kinetic isotope effect when
A0 values are included. Upper segments have an integrated isotope value
attained over the course of the plant's growth.
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Fig. 5. Triple oxygen isotope fractionation between phytolith and stem
water. The data plot on a smooth curve related to the integrated silica
isotope composition and do not pass through the equilibrium silica-water
fractionation at 25°C (yellow circle) demonstrating a kinetic effect. Data from
this study and (23, 36). AA""70 (per meg) is equivalent to A" Ogica - A O\ater-

Discussion

The extreme oxygen isotope composition of Equisetum is related
to the stagnant environment in the air spaces in the plant, which
amplify the diffusional isotope effect (22). Linear enrichment is
greater in Equisetum relative to Poaceae grass (9), likely related to
slower water transport along the Eguisetum stem. Overall, our data
can be modeled using a leaf transpiration equation (7) with chain-
of-lakes transport included. In Equisetum, the 8'°O values are the
highest, and the A""7O values lowest of any known materials on
Earth, exclusive of stratospheric gases produced by mass independ-
ent ultraviolet photolysis (41). To illustrate the extreme values,
Fig. 6 shows a compilation of previous triple-isotope data for all
Earth materials and Equisetum. The Equisetum data are such out-
liers that, on the basis of the A’"O values alone, one would rea-
sonably conclude that this sample is of an extraterrestrial origin.
The 8'°0 values are far higher than any material from our Solar
System (exclusive of extra-solar grains).

In contrast to the xylem water, Equisetum phytoliths do not
show the same extreme isotopic enrichment as the stem water
because silica deposition occurs over an extended period of time
as segments expand. At an early growth stage (when the aerial stem
is short and close to the ground), xylem water has far lower 8'%0
and higher A'Y0 values compared to later stages, when the aerial
stem has elongated and xylem water has much higher §'°O and
lower A’"O values. High spatial resolution isotope analyses of
phytoliths should resolve the large variations expected to be pre-
served within a single phytolith.

Our approach could be applied to many other taxa known to
have both high silica contents, spanning land-plant groups from
ferns to angiosperms (43—46), and similar structures that would
lead to evaporative oxygen isotope enrichment along photosynthetic
and transpiring tissues. It is the loss of water from stems along the
entire length of an Equisetum plant that results in the extreme §'°0
and A’"O values. Low conductance for water from transpiring
stems and vascular constraints between segments accentuate this
effect (12, 15, 19). It is likely that a similar, though less extreme,
isotope fractionation occurs in other plant groups (7). For example,
among the closest living relatives of Equisetum are the ferns (e.g.,
ref. 47), which are also high silica accumulators.

Plant taxa that have long linear leaves and/or photosynthetic stems,
such as commelinid monocots (e.g., palms, grasses, bananas) and
some ferns (e.g., Pteridaceae), which also contain silica deposits (48),
are also expected to experience oxygen isotopic enrichment along the
length of an evaporating leaf, needle, or stem. This is especially so in

https://doi.org/10.1073/pnas.2507455122 5 of 7
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Fig. 6. Plot of published triple isotope data for terrestrial materials (20, 23), air O, (42), and Equisetum (this work). Two Equisetum isotope profiles are shown
(circles and hexagons) and have similar trends. The Equisetum stem water 520 values are higher than any other measured samples from within our Solar System.

monocots where Helliker and Ehleringer (7) established that in grasses
a similar progressive leaf water 8'°O enrichment exceeding 30%o
occurred along the length of a grass blade and that an equivalent §'*0
enrichment was also recorded in cellulose. While silica bodies were
not measured in their studies, we would expect a similar axial oxygen
isotope enrichment in grasses as well. Paleoclimate applications to
fossil phytoliths should be used with caution, recognizing that the
measured 8'*O values of phytoliths are a time-integrated average and
that the water within a leaf or stem may be extremely modified from
the local precipitation values.

Our results demonstrate that simple leaf water models may not
adequately explain the range of A""’O values found in some plants
unless a chain-of-lakes model is included. Published fractionation
equations for body water and leaf water clearly underestimate the
magnitude of kinetic isotope effects in some cases. The effect is
particularly apparent in plants and animals from arid environments
where evaporation leads to extreme fractionation (S Appendix,
Fig. S5). The data can only be modeled using a 6, value of 0.511,
far lower than the generally accepted value of 0.518. The use of
triple oxygen isotope data on fossil animal remains must consider
the appropriate 6 values when used for paleoclimate applications.

Materials and Methods

Equisetum stem segments were separated on site in the field and immediately
placed in rubber-septum vacutainers. They were returned to the lab and keptin
a constant temperature block at 25 °Cto allow the stem water and newly formed
(O, to equilibrate. After 24 to 48 h, CO, was quantitatively extracted by passing
ultrapure He through the vacutainers for 5 min. The CO, was passed through a
cold trap held at -80°C to remove traces of water and collected on a four-way
valve cooled with liquid nitrogen. The CO, was admitted into a mixing line where
the sample was diluted to 450 =+ 2 ppm CO, with dry N, gas and measured on a
tunable infrared laser direct absorption spectroscopy (TILDAS) system (see ref. 49
for details). Sample gas was alternated with a tank CO,/N, reference gas with an
isotope composition calibrated to VSMOW2-SLAP 2 scale (49). The o 7O(c02,water)
value for our CO,-water equilibrations was determined by measuring YSMOW?2
and SLAP2 and found to be 1.0212. 12 alternating measurements were made
of reference and sample gas. Analytical precision for 50 and A""70 values
are £0.15%0 and =10 per meg, respectively. In order to test the equilibration
method, several segments of Equisetum were splitlongwise, with one half being
equilibrated in a vacutainer as above and the second cryodistilled to quantita-
tively remove all water vapor. The extracted water was transferred to a vacutainer
and 0.7 mL(STP) of CO, was injected into the vacutainer to equilibrate with the
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H,0. Samples were allowed to equilibrate for 24 h at 25 °C. Both samples were
measured using the same conditions on the TILDAS and found to be identical
within analytical precision.

Phytoliths were isolated from plant tissues through wet chemistry oxidation
procedures modified from ref. 34. Dry Equisetum stems were first reacted with
1M HCl for 30 min for carbonate removal and then rinsed with DI water three
times. Subsequently, 99% sulfuric acid was added, and samples were placed on a
hot plate for 3 to 4 h to dissolve organic matter. The hot plate was turned off, and
the reaction was allowed to proceed overnight at room temperature. After ~10
h of reaction, 30% H,0, was added to each sample to react all dissolved organic
matter until the solution became clear. The samples were then vacuum filtered
and rinsed with DI water. The filter was placed in a 60 °C drying oven overnight.
Purified phytoliths were transferred to a small containerand stored until analyzed.
Purified samples were imaged in Tescan Vega 3 Scanning Electron Microscope
with no noticeable organic contaminants observed.

Triple oxygen isotope measurements were performed on a laser fluorination
line (50). About 3 mg of phytoliths were loaded onto a nickel sample plate.
Samples were loaded into a vacuum chamber on the fluorination line and allowed
to pump down for 10 h. Samples were prefluorinated with BrF at ambient tem-
perature for 30 to 40 min to remove structural water (38). For analysis, samples
were reacted with excess BrFs using a 60W CO, laser. After the reaction, O, was
separated from excess BrF; and other byproducts through a series of cryogenic
traps. Purified O, was consolidated on a 13x mol sieve, further purified in a
stream of He through a gas chromatographic column, and collected in a Thermo
MAT 253+ on another mol sieve trap. Sample gas was analyzed 30 times using
28 sintegration in dual inlet mode againstan inhouse O, reference gas calibrated
to VSMOW2-SLAP2 (51). Precision is 0.15%o for 8'°0 and 5 per meg for A”"70.

High-resolution Secondary Electron (SEM) images of selected carbon-coated
phytoliths were taken with University of New Mexico's FEI Helios NanoLab 650
Dualbeam® Secondary Electron Microscope/Focused lon Beam operating at 5 kV
in high vacuum mode with a beam current of 0.10 nA.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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