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Analytical challenges and advancements in
measuring individual mineral nanoparticles
and microparticles entrapped in ice cores

Madeleine Lomax-Vogt'?, S. Kutuzov'?, P. Gabrielli* and J. W. Olesik'?

Ice cores provide a record of atmospheric particles that could have affected past climate. Single-particle inductively

coupled plasma time-of-flight mass spectrometry can measure size distributions, number concentrations, and

elemental chemical composition of many thousands of individual insoluble nanoparticles and microparticles.

Particles in Earth’s atmosphere and
climate

Atmospheric particles include sulfates,
nitrates, black/organic carbon, sea salt, and
mineral or other water-insoluble particles
with diverse natural and anthropogenic
sources (e.g. volcanic eruptions, desert dust,
biomass burning, fossil-fuel combustion,
sea spray). Compared to other climate forc-
ings like carbon dioxide (CO,) and meth-
ane, atmospheric particles are irregularly
distributed in the atmosphere, reflecting
diverse sources, short lifetimes, and complex
atmospheric transport conditions (Raes et
al. 2000).

The chemical (e.g. mineralogy/elemental
composition) and physical (e.g. size, solubil-
ity, density) properties of individual mineral
atmospheric particles affect climate directly
through absorption and scattering of solar
radiation, and indirectly through changes

in cloud and ice formation and structure
(Haywood and Boucher 2000). Bioavailable
iron-bearing particles can fertilize the ocean,
creating algal blooms, thus, reducing the
global CO, concentration (Martin 1990).
Particles with diameters <2.5 pm (“fine
particulates”) containing toxic metals have
negative impacts on human health (Shiraiwa
etal.2017).

Most particles in the atmosphere and en-
trapped in ice cores (by number concentra-
tion) are classified within the Aitken mode
size range (10 to 100 nm, nanoparticles), with
a smaller but significant number within the
accumulation mode size range (100 to 1000
nm, fine microparticles) (Seinfeld and Pandis
2006; see conceptual model particle size
distributions in Fig. 1). However, particles
within the Aitken mode contribute very little
to the total mass (and volume) of particles,
while most of the total mass (and volume) is
in coarser particles. Glaciers are excellent
archives of the Earth’s climate over hundreds
of thousands of years, including deposited
insoluble mineral atmospheric nanoparticles
and microparticles. The physical and chemi-
cal characteristics of particles are indica-
tive of the past atmosphere and can offer
insight into how the Earth’s climate changed
over time. Measuring particles entrapped

in remote Antarctic ice can also provide a
benchmark of comparison to the modern,
anthropogenically affected atmosphere.

Here, we first discuss analytical techniques
traditionally used to measure the particles
entrapped in glacial ice cores. While useful,
these methods cannot measure the elemen-
tal chemical composition of thousands of
individual nanoparticles and fine micropar-
ticles. We then highlight single-particle
inductively coupled plasma time-of-flight
mass spectrometry (splCP-TOFMS) as a
tool for measuring hundreds of thousands
of individual mineral nanoparticles and
microparticles.

Traditional techniques used to

measure mineral atmospheric

particles entrapped in glacial ice
Several analytical techniques, including
Coulter Counter and Abakus, bulk analysis
by inductively coupled plasma-sector field-
mass spectrometry (ICP-SFMS), and trans-
mission or scanning electron microscopy
(TEM or SEM) with energy dispersive X-ray
spectrometry (EDXS), are used to measure
atmospheric particles in melted glacial ice.

Coulter Counters and Abakus are widely
used to measure size distributions and
number concentrations of accumulation

3 - Mode: Aitken

and coarse mode insoluble particles larger
than 500 nm (Fig. 1, Delmonte et al. 2002;
Folden Simonsen et al. 2018) independent
of the elemental-chemical composition of
particles.

Bulk analysis by ICP-SFMS determines aver-
age elemental concentrations in an acidi-
fied sample (McConnell et al. 2018; Uglietti
etal. 2014). Itis impossible to differentiate
between contributions from chemically
digested insoluble mineral particles, water-
soluble particles, and dissolved ions in

the sample. Bulk analysis cannot measure
particle-number concentrations, size distri-
butions, or individual particle compositions.
Measuring low-abundance trace elements
(e.g. Ir, Pt)is challenging and requires ultra-
clean techniques in order to avoid contami-
nation (Gabrielli et al. 2004).

SEM/TEM-EDXS determines the shape,

size, and elemental chemical composition/
mineralogy of individual particles. SEM/
TEM-EDXS is a time-consuming technique
which requires locating and scanning each
individual particle. The time required to
measure a statistically significant population
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Figure 1: Theoretical lognormal size distributions of aerosol particles measured by spICP-MS displayed as (A) a
function of number concentration and (B) volume/mass. Figure adapted from Seinfeld and Pandis 2006.
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Figure 2: Amount (mass, femtograms -fg-) of each element detected in an individual particle from (A) 17 kyr
BP and (B) 11 kyr BP Taylor Glacier samples. 560,000 particles/mL were detected in the 17 kyr BP sample.
110,000 particles/mL were detected in the 11 kyr BP sample (m/z=mass/charge ratio of ion detected by mass
spectrometer; used to identify each element from a characteristic isotope).

(i.e. thousands or hundreds of thousands) of
particles in a sample is prohibitively long. A
limited number of studies have used TEM/
SEM-EDXS to measure mineral nanoparticles
and microparticles, with most focusing on
common particles containing elements
present at major or minor abundances in the
Earth’s crust (Ellis et al. 2015).

Techniques to measure elemental
composition and size of thousands

of individual particles

Single particle mass spectrometry (SPMS)
has been used since the 1990s to measure
particles in the modern atmosphere in real-
time (Noble and Prather 2000). In the only
reported use of SPMS to measure particles in
ice cores (Osman et al. 2017), long sampling
times (>1 hour) and more than 100 mL of
liquid sample were required, which can be

a limitation in analyzing ice cores with small
sample volume. Furthermore, SPMS typi-
cally does not quantify the amount of each
elementin a particle. Instead, the amount of
each elementis reported as a percentage of
the total ion current detected.

Single-particle inductively coupled plasma-
mass spectrometry (splCP-MS) is becom-
ing widely used to measure engineered
nanoparticles in the environment, biological
samples, and food (Montafo et al. 2016).
The particle suspension is nebulized and
introduced into the ICP ion source. Unlike
bulk ICP-MS which measures the aver-

age concentration of elements over a few
seconds, spICP-MS measures the ion signal
with a time resolution as short as 10 ps.
While spICP-MS using a quadrupole or
sector field MS can only measure one ele-
ment per particle, spICP-TOFMS measures
a complete elemental mass spectrum (up
to 70 elements excluding O, H, N, F, and
the noble gases) every 30 ps. Each particle
produces a discrete burst of signal ~500 ps
long (“particle event”); instrument software
identifies mass spectra due to a particle

event. The relationship between ion-signal
intensity and the mass of each detected
element is calibrated using solutions so that
the amount (femtograms -fg- =10"° grams) of
each detected element can be quantitated.
From the amounts of each detected ele-
ment, the percentage of each elementin the
particle can be estimated. There was only
one previous publication (Erhardt et al. 2019)
that used spICP-TOFMS to measure particles
in anice core to our knowledge.

Measuring insoluble mineral

particles by spICP-TOFMS

splCP-TOFMS is uniquely capable of quickly
(in ~30 minutes) measuring the estimated
mass equivalent size distribution, number
concentration, and elemental chemical
composition of more than 100,000 indi-
vidual insoluble mineral nanoparticles and
microparticles using only one milliliter of
melted ice.

The mass-equivalent particle diameter is es-
timated for each particle using the total mass
(in femtograms) of all detected element(s)
and an estimated density (i.e. average
crustal density, 2.7 g cm™). The shape of the
particle cannot be determined by splCP-
TOFMS. spICP-TOFMS can detect particles
as small as ~20 nm (that are too small to be
measured by a Coulter Counter; Fig. 1).

Figure 2 shows examples of mass spectra
produced from two individual insoluble-min-
eral particles detected in Taylor Glacier ice
samples by spICP-TOFMS. The top spectrum
is from a common particle composed mainly
of elements (e.g. Na, Al, Si, Fe, Zn, etc.) at
major or minor concentrations in the Earth’s
crust (Fig. 2a). The bottom particle contains
ultra-low amounts (<10 fg) of uncommon ele-
ments such as Os, Au, Pt, Ir, and Tl (Fig. 2b). It
would be difficult to measure these particles
by bulk ICP-MS because the signal each
element produces would be a very small

fraction of the background signal integrated
over several seconds.

Potential minerals and mineral groups can
be inferred for each particle by comparing
the ratio of the amounts of detected ele-
ments to known mineral elemental ratios.
Common minerals (e.g. quartz, ilmenite, ka-
olinite) can be differentiated from particles
with unusual compositions that would be
undetectable by bulk ICP-SFMS, or chal-
lenging to find by SEM/TEM-EDXS. These
particles can act as markers of very rare
environmental events (i.e. micrometeorites;
volcanic tephra from eruptions).

Conclusions and perspectives

Glacial ice cores contain crucial informa-
tion about the size, number concentration,
and elemental chemical composition of
hundreds of thousands of insoluble mineral
particles over Earth’s climatic and environ-
mental history that were unmeasurable
using conventional techniques. Measuring
additional ice-core samples from the gla-
cial-interglacial transition by spICP-TOFMS
will give us a better understanding of the
impact of mineral particles on past climate,
and answer questions about how particle
mineralogy, size, and number concentra-
tion changed over the glacial-interglacial
timescale.
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