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Abstract

Background and aims An innovative approach
“Herbarium Ionomics” used a handheld X-ray fluo-
rescence (XRF) device to non-destructively extract
quantitative elemental data (i.e., the metallome) from
herbarium specimens. This has led to the discovery
of numerous hyperaccumulator plants. Once a new
hyperaccumulator is identified through XRF screen-
ing, the next step is to verify whether this is in fact
‘real’ as there are numerous causes for anomalous
measurements caused by artefacts.

Methods Here we report on the use of a scan-
ning p-XRF for herbarium specimens to answer the
question whether the abnormal concentrations of a
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particular element truly represent hyperaccumulation
as well as reveal broad patterns of elemental distribu-
tion to provide the first hints at the ecophysiology of
the hyperaccumulated element.

Results and conclusions The use of p-XRF analysis
of herbarium specimens can form the starting point
for further studies using specimens properly prepared
for micro-analytical investigations.

Keywords Elementome - lonome - Metallome -
XRF

Introduction

Herbarium XRF Ionomics is a recently developed
approach to obtain elemental data herbarium speci-
mens to aid in the discovery of trace element hyperac-
cumulator plants (van der Ent et al. 2019a).

Since its inception, this approach has led to
a doubling of the number of hyperaccumulator
plants (Baker and Brooks 1989; van der Ent et al.
2013) known globally through scanning campaigns
in New Caledonia, Malaysia, and Central America
(McCartha et al. 2019; van der Ent et al. 2019b; Do
et al. 2020; Gei et al. 2020). Once abnormal concen-
trations of a particular element are identified in speci-
men, the next step is to verify whether this is obser-
vation in fact ‘real’. There are numerous causes for
anomalous measurements caused by artefacts. Princi-
pal among the reasons why apparent extremely high
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values may be obtained is dust contamination that
adheres to the outside of the leaves. Even stringent
washing of leaves (not typically done for herbarium
specimens) cannot fully remove all dust, particularly
if the dust is embedded in the waxy cuticle or between
trichomes (Reeves and Kruckeberg 2018; Paul et al.
2019). Bulk analysis of such ‘suspect’ specimens will
invariably reveal high concomitant chromium (Cr),
iron (Fe), and titanium (Ti) concentrations, which are
typical for most soils (Cary & Kubota, 1990). When
viewed using a light microscope these particulates are
often visible, or when analysed by micro-X-ray fluo-
rescence (pu-XRF) this contamination reveals itself as
high concentration hotspots dominated by the afore-
mentioned soil abundant elements. Other soil com-
mon elements, such as Al and Si, are also potentially
good indicators for soil contamination, but these very
light elements are difficult to detect with XRF due to
air-path absorption, unless vacuum or helium atmos-
phere is used (this is technically possible, but difficult
and expensive in the case of helium).

Highly anomalous results can also arise from spec-
imens that are not visibly dirty, for example, sub-mil-
ligram quantities of pure Cu minerals as dust incorpo-
rated with the analysis of plant material is sufficient
to make the plant appear as a Cu ‘hyperaccumulator’
(Reeves and Baker 2000). At a high-level of magni-
fication, scanning electron microscopy with energy
dispersive spectroscopy (SEM-EDS) can be used
to determine whether surficial contamination is the
cause for abnormal elemental concentrations in the
plant material (van der Ent et al. 2018). For instance,
this has unequivocally shown that Haumaniastrum
robertii and Aeolanthus biformifolius are genuine
hyperaccumulators, with exceptionally high concen-
trations of Cu and Co within cells inside tissues (van
der Ent et al. 2019b).

Older herbarium specimens have often been
treated with mercury chloride (HgCl,) for long-term
insect protection, which results in extremely high
apparent Hg concentrations in these specimens (i.e.,
>500 pg g7 !). In addition, some herbariums have
used arsenic (As) compounds as a pesticide on speci-
mens, similarly leading to very high As values. We
have also encountered zinc (Zn)-rich glue being used
to adhere specimens to cardboard which confounded
the handheld XRF results for this element in herbar-
ium specimens measured (van der Ent et al. 2019c).
In many tropical countries in particular, herbarium
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specimens may be temporarily stored in methylated
spirit during and immediately after collection to pre-
vent decomposition. Typically, specimens are packed
between old newspaper which is then soaked in
methylated spirit and the package encapsuled within
a large ZIP-lock bag. On arrival at the herbarium,
specimens are removed from the bag, the methylated
spirit is allowed to evaporate and the specimens are
then oven dried. It is not known to what degree ele-
ments (and which elements) are potentially leached
out from this process. Specimens treated in this way
are normally readily identifiable because of the char-
acteristic yellow discolouration (due to degradation
of chlorophyll).

The method of specimen preparation (dehydra-
tion using an oven) is evidentially not congruent for
observation of elemental distribution patterns at the
scale of cells (e.g., 10s-micron scale), as structures
and elemental redistribution occurred in the speci-
men. This has been forcefully shown in an example
in van der Ent et al. (2018) in which tissue cross-
sections were prepared by either air-drying or low-
temperature freeze-drying (lyophilization). It shows
the drastic differences with major shrinkage and
redistribution of elements. Problematically, the ele-
mental distribution in such specimens appear decep-
tively plausible, even though it is entirely artefactual.
Although there is a distinct lack of this type of meth-
odological studies, it seems highly unlikely that ions
(even those that are highly mobile, such as K) will
migrate more than a few cells spatially in distance.
Elements that are present in the form of insoluble
deposits, for example, as calcium-oxalate crystals,
will likely not migrate at all.

Laboratory p-XRF analysis can be used to deter-
mine elemental concentrations quantitatively and
non-destructively. The method relies on illuminat-
ing a sample with a microbeam of X-rays, which
excite electrons producing characteristic XRF of
elements from the sample that can be analysed for
understanding the composition of the sample/speci-
men. As such, p-XRF analysis of herbarium speci-
mens can be used to answer the question whether
the abnormal concentrations of a particular element
(from either bulk analysis or handheld XRF scan-
ning) truly represent hyperaccumulation, or whether
it is the result of artefacts. It can reveal broad patterns
of elemental distribution, such as localization of the
elemental distribution and provide the first hints at
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the ecophysiology of the hyperaccumulated element.
In this article we show three examples of laboratory
p-XRF analysis applied to herbarium specimens to
highlight the usefulness of this method and encour-
age other scientists to explore this approach in their
research.

Materials and methods

The UQ p-XRF facility is a custom-built sys-
tem manufactured by IXRF which consists of two
50 kV-1000 pA sources fitted with polycapillary
focusing optics including a microfocus Mo-target tube
producing 17.4 keV X-rays (flux of 2.2x10% ph s71)
focusing to 25 pm which was used here. The sys-
tem is fitted with two silicon drift detectors (SDD)
of 150 mm? coupled to a XIA Mercury X4 signal
processing unit. The fast motion stage can address
areas up to 300300 mm. Per pixel dwell times are
typically 50-100 ms and each elemental map took
24-30 hrs to acquire.

Herbarium specimens (Coelospermum decipi-
ens, Crotalaria novo-hollandiae, Denhamia cun-
ninghamii) were on loan from the Queensland Her-
barium (BRI). The herbarium specimens were not
removed from the herbarium sheet and mounted by

Fig. 1 The laboratory p-X-
ray fluorescence instrumen-
tation used in this study
showing the large sample
chamber with the motion
stage onto which samples
are mounted for the analysis

gently adhering them to the Perspex sample holder
frame with double-sided sticky tape The cardboard
was also scanned with the specimen, but this is of
no consequence in this case, as it contains very
low concentrations of transition elements (such as
Mn, Zn) and heavy elements (such As, Cd) that
could hyperaccumulated. However, the cardboard
does contain appreciable K and Ca, but the fluo-
rescent X-rays of these elements have a very low
energy and normally do not penetrate through the
herbarium specimen to the detector and are hence
invisible in the elemental map of the specimen. In
addition, leaves of Macadamia integrifolia (from a
tree growing at St Lucia, Brisbane) were scanned
in fresh hydrated state and following on immersed
in methylated spirit (95% ethanol) for 24 hrs and
then scanned again. The XRF spectra on the UQ
microXRF facility (Fig. 1) were acquired in map-
ping mode using the instrument control package,
Iridium (IXRF systems), and then imported into
the GeoPIXE software package version 7.5 s (beta).
The XRF spectra were subsequently fitted using the
Dynamic Analysis method (Reeves and Baker 2000;
Ryan and Jamieson 1993; Ryan et al. 1990, 2005).
This method generates elemental images in with
the Mo-tube Bremsstrahlung background has been
subtracted.

@ Springer



Plant Soil

Fig. 2 Laboratory p-X-ray
fluorescence elemental
map (1300 % 1129 pixels)
overlaid over a photograph
of an herbarium specimen
(Coelospermum decipiens)
that was found to hyperac-
cumulate Se. The brighter
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Results

Three examples are shown and discussed here that
have been analysed using the p-XRF facility. In the
first case, specimens of the genus Coelospermum
(Rubiaceae) were XRF scanned at the Queensland
Herbarium to determine selenium (Se) accumulation
(Fig. 2), as one taxon (C. decipiens) in this genus is
known to hyperaccumulate Se (Knott and McCray
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1959; Peterson and Butler 1971). The elemental
map derived from the p-XRF analysis clearly shows
that Se is most strongly enriched in the inflores-
cences, as well as in the stem, but is low in the leaves
and in the floral bracts. The extremely high enrich-
ment of Se in the flowers is characteristic for many
Se hyperaccumulators and is, for example also seen
in Astragalus bisulcatus (Valdez Barillas et al. 2012),
but was not known previously from C. decipiens.
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Fig. 3 Laboratory p-X-ray
fluorescence elemental map
(1900 % 983 pixels) overlaid
over a photograph of an
herbarium specimen (Cro-
talaria novo-hollandiae)
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The second example pertains to the facultative
Zn hyperaccumulator Crotalaria novo-hollandiae
(Fabaceae), shown in Fig. 3. Hyperaccumulation of
Zn in this taxon is restricted to a few occurrences
on Zn-Pb gossans that are naturally enriched in Zn
where it can attain up to 16,200 pg g~' Zn in its
leaves (Tang et al. 2022). This herbarium specimen
was originally collected in 1976 from the Dugald
River Zn-Pb mineralized outcrop near Cloncurry in

Dugnld River Lode in vicinity of One Tree

Mineralized lode with Tephrosia virens,
" Bulbostylis barbata, Cleome viscosa, Eriachne
PRAchera v, Gominii, EZ Giliota,

E. mucronata, Waltheria ;xica, Polycarpaea

[T

J6]t
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central Queensland, Australia. The p-XRF element
map shows that Zn is concentrated in the vascular
bundles and Zn concentrations are highest in older
leaves, and distinctly low in the floral spikes and very
low in the inflorescences. The last example (Fig. 4)
shows the distribution of Mn in Denhamia cunning-
hamii (Celastraceae), a species that can accumulate
up to 32,000 pg g~' Mn in its leaves (Abubakari
et al. 2021). The p-XRF elemental map illustrates
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Fig. 4 Laboratory p-X-ray

fluorescence elemental
"AQ0000868

map (2200 X 1660 pixels)

overlaid over a photograph « R Grimes " Lov0s
of an herbarium specimen o
(Denhamia cunninghamii) o T lslelslale [l
that was found to hyperac- T .~ Gilitingos:
cumulate Mn. The brighter i

shades in the Mn elemental
map denote higher concen-
trations

that Mn is highest towards the apex of each leaf,
with a clear concentration gradient towards the base
of the leaf. This is very similar to results of p-XRF
analysis of fresh hydrated material of D. cunning-
hamii (Abubakari et al. 2021). In the image it can be
seen that blobs of glue used to adhere the specimen
to then cardboard absorbed emitted Mn fluorescence
signal from the underlying leaf, resulting in apparent
circular Mn ‘depletion’ artefacts. Each of these three
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cases concerns hyperaccumulators in which shoot
metal(loid) concentrations are much higher than soil
concentration, thus excluding the possibility of any
important contribution from soil particle contamina-
tion. Moreover, in all of the specimens none had vis-
ible Fe or Cr dust contamination (data not shown).

It is common for herbarium specimens to be
preserved in methylated spirit after field collec-
tion to prevent decomposition. The specimens are



Plant Soil

then pressed and dried. It is highly probable that
this results in major elemental, re-distribution,
especially of ‘mobile’ (soluble) elements. There-
fore, we tested this by p-XRF analysis of fresh/
hydrated leaves of Macadamia integrifolia followed
by immersion in ethanol for 24 hrs and then p-XRF

analysis again. We did not dry the leaves prior to
the first scan so as to best emulate what happens
with actual herbarium specimens (which are also
immersed in ethanol when in hydrated state and
then dried). We show the distributions of a highly
mobile element (K), a non-mobile element (Ca)

Fig. S Laboratory p-X-ray
fluorescence elemental

scan prior to ethanol immersion

scan post to ethanol immersion

maps of K, Ca, and Mn
of leaves of Macadamia
integrifolia before after and

immersion in methylated
spirit (95% ethanol). Images
of the leaves are also
shown. The brighter shades
in the elemental map denote
higher concentrations

@ Springer
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and a trace element (Mn) with unknown mobility
in Fig. 5. It is apparent that for both K and Ca the
drying of the leaves resulted in lower absorption
of the low-energy fluorescence X-rays and scatter-
ing due to water. This results in better ‘definition’
in fine scale patterns of the distribution of these
elements. This is especially visible in the Ca maps
where Ca-crystalline deposits lining the fine vas-
culature of the leaves are more visible in the dried
ethanol immersed leaf. It is also clear that some K
is depleted in areas where there is damage in the
leaves, likely due to ‘leaking out’. The maps of Mn
look very similar. The changes induced by ethanol
immersion are less pronounced than we expected
and grosso modo overall patterns of elemental dis-
tribution are very similar before and after ethanol
immersion. That means that even herbarium speci-
mens treated with methylated spirit could be exam-
ined, but caution still applies when interpreting the
results.

Discussion

The use of laboratory p-XRF analysis of herbar-
ium specimens can form the starting point for fur-
ther studies using specimens properly prepared
for micro-analytical investigations. The examples
illustrated here provide a case in point on how this
approach may assist in investigating abnormal metal
accumulation in plants and rule out extraneous con-
tamination. Of course, the use of this method relies
on the (local) availability of this instrumentation.
However, costs are comparable to that of routinely
used analytical infrastructure, such as ICP-MS, it is
non-destructive and it is significantly cheaper than
SEM-EDS, and likely to become widely accessible
in the near future.
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