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ABSTRACT: The important active and passive role of
mineral dust aerosol in the climate and the global carbon
cycle over the last glacial/interglacial cycles has been
recognized. However, little data on the most important aeolian
dust-derived biological micronutrient, iron (Fe), has so far
been available from ice-cores from Greenland or Antarctica.
Furthermore, Fe deposition reconstructions derived from the
palaeoproxies particulate dust and calcium differ significantly
from the Fe flux data available. The ability to measure high
temporal resolution Fe data in polar ice-cores is crucial for the
study of the timing and magnitude of relationships between
geochemical events and biological responses in the open
ocean. This work adapts an existing flow injection analysis
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(FIA) methodology for low-level trace Fe determinations with an existing glaciochemical analysis system, continuous flow
analysis (CFA) of ice-cores. Fe-induced oxidation of N,N’-dimethyl-p-pheylenediamine (DPD) is used to quantify the
biologically more important and easily leachable Fe fraction released in a controlled digestion step at pH ~1.0. The developed
method was successfully applied to the determination of labile Fe in ice-core samples collected from the Antarctic Byrd ice-core

and the Greenland Ice-Core Project (GRIP) ice-core.

B INTRODUCTION

Glaciochemical data from ice-core records represent key
information on past long-term atmospheric changes but also
on interannual to decadal atmospheric variability, seasonal
variations, and past abrupt climate change. For example, time
series for major ion (e.g,, Na¥, Ca*", and Mg*") concentrations
reveal dramatic and abrupt changes in sea salt and mineral dust
aerosol production during glacial and interglacial periods' >
and provided insight into their forcing mechanisms.* On the
other hand, analyses of air bubbles trapped in Antarctic ice-
cores reveal that atmospheric CO, increased by up to 20 ppmv
during Antarctic warm events,”® and atmospheric CO,
concentrations are generally anticorrelated to dust flux and
temperature in Antarctica.”

At global scales, dust is a major source of minerals® and
associated nutrients’ to the ocean. Dissolved Fe concentrations
are believed to play a key role in controlling biological
productivity'® despite the abundance of major nutrients in
high-nutrient low-chlorophyll (HNLC) regions such as the
Southern Ocean.'' Iron limitation in the remote ocean may
influence many phytoplankton physiological processes: includ-
ing photosynthetic energy conversion efﬁciency,12 nitrate
assimilation,™ chlorophyll synthesis,14 and elemental stoichi-
ometry."> Therefore, the change in aerosol-derived Fe flux to
the ocean during glacial/interglacial transitions is believed to
play a relevant role in controlling oceanic phytoplankton uptake
of atmospheric CO,. Accordingly, high quality Fe records from
ice-cores can shed light on the influence of dust fertilization on
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atmospheric CO, changes.'® In this respect, the seasonal
phasing of biological productivity, sea ice coverage, and Fe
input by aeolian mineral dust aerosol may become crucial,
requiring seasonally resolved Fe records from ice-cores over
glacial/interglacial time scales.

The Division for Climate and Environmental Physics (CEP)
at the Physics Institute, University of Bern, has developed a
unique CFA system for the spectrometric analysis of ionic
tracers and for specific gas tracers on ice-cores.'’>° Records
have added substantially to our understanding of changes in
past atmospheric circulation, the climate conditions in aerosol
source areas,””' and the change in biogeochemical cycles®* over
the last 800000 years. The Bern-CFA method provides
contamination-free meltwater and allows for very high (often
seasonal) resolution. In contrast, sample preparation of discrete
sampling techniques for leachable trace elements™ utilize
lengthy digestion procedures (>24 h), have relatively coarse
depth resolution, and introduce sample handling and sample
bottle storage artifacts. In addition, CFA inductively coupled
plasma mass spectrometry (ICP-MS) techniques™* and discrete
sample procedures do not separate insoluble and soluble
fractions before ICP-MS analysis. Elemental analyses of the
combined insoluble and soluble fractions made with ICP-MS
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are method dependent, with particles as large as 0.1 ym being
vaporized before the ions produced from the particle are
sampled by the mass spectrometer.>>*¢

The ability to measure biologically important trace elements
with high temporal resolution will allow for investigation of
high-frequency phenomena observed in the ice-core record
(ie, seasonal cycles and year-to-year variation) and rapid
climate change events such as those during the Holocene—
Younger Dryas transition, when Greenland ice-core records
suggest that ma';or changes in climate occurred over a few
decades or less.”” Thus, assessing the Fe fraction available for
biological productivity or the easily leachable labile fraction of
aeolian metal depositions in ice-cores is essential to constrain
the carbon cycle/climate feedback and provide data necessary
to improve our understanding of biogeochemical processes in
the palaeocean and to model past and future changes.

Accordingly, in this study we concentrated on the
methodological aspects to quantify the labile fraction of Fe in
a sensitive, continuous, and field-deployable CFA setup using
the Fe-induced oxidation of N,N’-dimethyl-p-phenylenedi-
amine (DPD). In our approach, the CFA methodology for
sample treatment and digestion in a dilute acid over a discrete
period of time operationally defines the leachable fraction of Fe
and represents our methodological definition of the labile
fraction of Fe. This easily leachable fraction at pH ~1.0 (0.024
M Q-HCI) represents all but the most refractory metal species
released into dissolved form (Fep). A similar approach by
Spolaor et al.*® based on previous work by Traversi et al.”® was
developed contemporaneously with our investigation. In our
study we made significant improvements in the detection
chemistry that allow for stable and high precision Fe detection
in a completely field-deployable setup. Here we present our
new Fe analytical method in detail, providing a rigorous
quantification of the figures of merit of this method, and explain
the improvements made compared to previous attempts. We
test our method on selected ice-core segments from Greenland
and Antarctica; however, a more systematic study of the pH
dependence of Fe release in our online digestion method and
the issue of which Fe fraction is best reflecting bioavailable iron
in aeolian dust fertilization is beyond the scope of this paper
and will be tackled in future studies.

B METHOD

The analytical method for measuring Fe is based on a
spectrophotometric determination and takes advantage of the
ability of the Fe* ion to oxidize the N,N’-dimethyl-p-
phenylenediamine (DPD) to the semiquionic form (DPDQ)
in the presence of hydrogen peroxide (H,0,). Determinations
of DPDQ_concentration are quantified by spectrophotometer
absorbance measurements at a wavelength of 514 nm and yield
a signal proportional to the amount of the sum of both
dissolved Fe** and Fe®* species present in the sample. Surface
dissolution of Fe from dust particles suspended in ice-core
meltwater is developed in the reaction coil, and dissolved iron
concentrations, [Fep], are determined in the analytical module.

The protocols using the CFA sampling system, the analytical
techniques for measuring Fep, and the cleaning procedures are
comparable with other currently accepted sampling method-
ologies, analytical techniques, and protocols utilized during the
NSF-sponsored Sampling and Analysis of Iron (SAFe)
intercomparison cruise.”®>' All solutions were prepared in
acid-cleaned low-density polyethylene (LDPE) plastic ware
with ultrahigh purity water (UHP-H,0) of resistivity >18
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MQ-cm. All sample handling and reagent preparation were
carried out in a Class-100 environment using trace metal clean
techniques. Details for the reagents [trace metal grade
hydrochloric acid (Q-HCl); Fe Standards; ammonium acetate
(NH;/HAc) solution; hydrogen peroxide (H,0,); and N,N'-
dimethyl-p-phenylenediamine (DPD) in a sodium sulfite
(Na,SO;) solution with triethylenetetramine (TETA) and
later referred to as preserved DPD (pDPD)] are provided in
the Supporting Information.

Bern-CFA. The Bern-CFA system is able to resolve transient
climate signals in ice-core layers of ~1 cm thickness for
insoluble particles and their size distribution (dust), Na*, Ca**,
NH,*, NO;~, SO,*~, H,0,, HCHO, and specific electrolytic
conductivity (¢). The Bern-CFA system consists primarily of a
melting unit in a freezer, a debubbler, sample/standard valves,
and various analytical modules in a lab at normal room
temperature (~+20 °C). Details and a schematic (Figure S1) of
the Bern-CFA system are provided in the Supportin
Information and have been previously described in detail.*>*

Labile Fe Detection. To evaluate the bioavailability and
environmental mobility of aeolian Fe deposition archived in ice-
cores, the easily leachable fraction is analyzed; ice-core samples
are digested for leachable Fe and determined for the dissolved
Fe (Fep). The CFA methodology sample treatment and
digestion operationally define what fraction of the total Fe
(Fer) contained in the ice-core is being measured. Samples are
acidified in-line with Q-HCI to form a final concentration of
0.024 M Q-HCl (pH ~1.0). The digestion acid (0.1
mL-min~"), sample (0.9 mL-min~"), and air (0.1 mL-min™")
are combined and maintained as a segmented flow in a 0.2 m
reaction coil at +25 + 0.1 °C for approximately 30 s (Figure
S1). The chemical method of analysis distinguishes between the
free and labile complexed forms of dissolved Fe species
available for measurement from the undetectable refractory Fe
contained within suspended particulate matter. The analyte and
the definition for Fep in the study is therefore operationally
defined as the free Fe species and labile complexed Fe species
available and release from bound refractory Fe resulting from
the sample pretreatment described above. Note that in
principle the degree of digestion and Fe release could be
varied by appropriate acid addition, temperature increase, and
period of digestion prior to spectrometric quantification.

Precleaning of the DPD solution is a critical procedure, as
DPD is documented to be contaminated with Fe.**™>® The
H,0, reagent (0.1 mL-min~'), acidified sample (0.4
mL-min™"), and pH-adjusted DPD/NH;/HAc mixture (0.2
mL-min~") are combined and flow through two reaction coils at
elevated temperatures. Absorbance is measured over a 10 mm
optical path length at 514 nm. Details of the labile Fe detection
system are provided in the Supporting Information.

B RESULTS

Sensitivity Optimization. The visible absorption spectrum
for DPDQ _presents two equal maxima at 514 and 552 nm.
Determination of DPDQ_concentrations at 514 nm yield a
signal proportional to the [Fep] present in the digested water-
suspended-solid sample of ice-core meltwater. The sensitivity
and reproducibility of absorbance measurements are enhanced
through the optimization of analytical parameters. Reaction
temperature and stability contribute significantly to sensitivity
and reproducibility of absorbance measurements. Increasing the
reaction temperature in the primary reaction coil accelerates the
catalyzed reaction rate of DPD. The reported reaction coil
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temperatures represent the temperature set point for the heated
primary reaction coil. Figure S2A (Supporting Information)
shows increasing reaction coil temperature (°C) yields
increasing sensitivity. The expanded uncertainty (30) for
measurements is found to be high at lower temperatures,
where depressed reaction rates lead to little color development,
lower concentrations of DPDQ, and therefore increased
variability. The expanded uncertainty for measurements is
found to be also high at elevated reaction coil temperatures
greater than +70 °C. Erratic reaction mixture behavior
specifically results from the accelerated decomposition of
H,0,, which occurs via complicated reaction mechanisms and
dependent on several parameters (i.e., reaction media, temper-
ature, pressure, contact surfaces, etc.). Maintaining the primary
reaction coil temperature at +70 °C minimizes the decom-
position of H,0O, and microbubble formation, while maintain-
ing high sensitivity and low expanded uncertainty.

The effect of reaction mixture pH on the sensitivity and
uncertainty of the reaction of DPD in the presence of the Fe®*
and H,O0, is depicted in Figure S2B. Investigations examine the
pH range 4.0—7.0, with pH measured in the effluent after
absorbance measurements and at +20 °C. The final reaction
mixture pH results in variations in the reaction rate of DPD to
the semiquionic form DPDQ and ultimately the sensitivity of
the analytical method. The expanded uncertainty of the
standards and sensitivity of the reaction shows a wide pH
range (4.5—5.5) with similar sensitivity and uncertainty. The
optimal reaction mixture pH is 5.1 + 0.1 determined by
analytical sensitivity (y = b,/o, where b, is the absorption
sensitivity in absorption units per nM Fe), which includes
precision in sensitivity definition. Therefore, the optimal pH
was found at the confluence of high sensitivity and low
uncertainty. Results in Figure S2B are obtained with a 0.5 M
NH;/HAc solution, a reaction mixture concentration of 0.12 M
H,0,, and 0.0015 M DPD. Results investigating the optimal
pH are in agreement with the more recent results investigating
Fep, in water by FIA.*

The effect of the H,O, concentration on the sensitivity and
uncertainty of the reaction DPD in the presence of the analyte
Fe is depicted in Figure S2C. The reaction sensitivity increases
linearly with the log[H,0,], for reaction mixture concentration
below 0.44 M H,0,. At reaction mixture concentrations above
0.44 M H,0,, there is an appreciable decrease in reaction
sensitivity. The strong oxidizing power of H,O, activated with
the catalyst Fe can rapidly destroy easily oxidized organic
compounds (i.e, DPD) with free radicals. Alternatively, the
strong oxidizing power of H,0, may also force the colored
intermediate product from the long-lived resonance stabilized
semiquinoid structures to the relatively unstable quinonoid
structures and final colorless reaction product, similar to the
oxidation intermediates and reaction products of N,N’-diethyl-
p-phenylenediamine.®® Whatever the mechanism, reaction
mixture H,0, concentrations above 0.44 M result in decreased
reaction sensitivity. Results show that reaction mixture H,O,
concentrations above 0.15 M show increasing sensitivity;
however, uncertainty in the measurement increased as the
short reaction time and high absorbance produced a less stable
signal. Optimal sensitivity in conjunction with lowest
uncertainty occurs at a reaction mixture H,O, concentration
of 0.123 M for results obtained with a 0.2 M ammonium acetate
solution and a reaction mixture concentration of 0.0030 M
DPD.
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The sensitivity and uncertainty of measurements for the
determination of Fep for varying reaction mixture concen-
trations of DPD are investigated in a 0.5 M ammonium acetate
solution and reaction mixture concentration of 0.25 M H,0,.
Solutions of DPD are prepared by the addition of crystalline
DPD to 500 mL of 2.0 X 107> M Na,SO; solution. The effect
of reaction mixture DPD concentration on the oxidation rate of
DPD in the presence of the homogeneous catalysts Fe>* and
H,0, is depicted in Figure S2D. The reaction sensitivity
increases linearly with reaction mixture concentrations <1.5 X
10~* M DPD. As the reaction is occurring in a closed system,
the increased reaction rate is explained by collision theory. At
reaction mixture concentrations above 1.5 X 107> M DPD,
there is a clearly defined plateau in reaction sensitivity. The
reactants in the closed system are consumed, resulting in the
observed plateau in reaction sensitivity. The expanded
uncertainty or 3¢ for measurements is found to be higher at
concentrations above 1.5 X 107 M DPD due to erratic
behaviors caused by the accelerated decomposition of H,0,
and high absorbencies producing a less stable signal; optimal
analytical sensitivity occurs at a reaction mixture concentration
of 1.5 x 10 M DPD.

Novel DPD Reagent Chemistry. Maintaining DPD in a
reduced (colorless) form before quantitative reaction with the
analyte Fe is an important condition for reliable measurements
with this method and limited its use in previous attempts.*®
Over the course of the analytical sequence, a decrease in
sensitivity, a narrower linear dynamic range, and an increase in
baseline is usually observed, as the uncatalyzed reaction persists
in the DPD reagent solution. DPD in an acidic medium
(aDPD) and Fe?* as the dominant hydrolysis species minimize
the reagent blank value by inhibiting the formation of DPDQ.
Earlier methods have typically prepared a 0.050 M DPD
solution in 0.002 M Q-HCl and pH ~2.2,°° fresh at the
commencement of an 8 to 12 h analytical sequence.
Nevertheless, color development and oxidation of DPD
solutions occur and largely result from the uncatalyzed redox
reaction, which proceeds at pH ~2.2. The uncatalyzed redox
reaction is pH dependent with an optimum range of pH 2—3.*
Here sodium sulfite, Na,SO;, an oxygen scavenger agent, is
used to protect DPD solutions from oxidation.

Long-term storage of solid DPD before reagent preparation
is another weakness for shipboard analysis and fieldwork, a
prerequisite that presents additional problems. The condition
of stored DPD solid reagent used to prepare reagent solutions
at the beginning of each analytical sequence significantly affects
sensitivity, with the sensitivity of stored DPD solid reagent
varying as much as 10% between different preparations for
analytical sequences. The reducing environment of a Na,SO;
solution and the acidic medium preserves the DPD, with pDPD
solutions of 0.020 M DPD in 2 X 10™* M Na,SO; stored in the
dark at +4 °C in sealed LDPE bottles showing no observable
color development and no measurable reduction in reaction
sensitive after 280 days.

Although Na,SO; as an oxygen scavenger agent protects a
DPD solution from oxidation and maintains the prepared
dissolved DPD reagent in a reduced form, commercially
available DPD-2HCI is notoriously contaminated with divalent
metals. The presence of Fe impurities in DPD results in the
oxidation of DPD and the immediate color development upon
pH adjustment and introduction of H,0,, which result in
significant reagent blanks and elevated baselines despite
preservation efforts. The reducing environment of a Na,SO;
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Figure 1. CFA measurements of conductivity (), Ca®*, dust, and Fep, determined on ice-core sections from the Antarctic Byrd ice-core (1968) and
the GRIP ice-core (GRIP 1992): The solid horizontal line represents the median of 1 mm ice-core depth bin averages for Fe, determined over the
analyzed core length. The solid black lines represent replicate measurements. The gray area represents a region of an ice-core section, where not all
particulate dust events and the corresponding conductivity and Ca®* peaks vary equally with [Fep]. Conductivity (c), blue. Ca**, orange. Dust, green.

Fep, red.

solution enables the efficient immobilization of trace metal
contaminates from the preserved DPD reagent (pDPD)
solution with the Toyopearl-AF-Chelate-650 resin, minimizing
the increase in the analytical baseline before catalytic reaction
with H,0,. A concentration <3.0 X 107> M Na,SO; preserves
the DPD from oxidation and is efficiently oxidized to sulfate
(SO,%7) in the reaction solution by the strong oxidizing
capacity of H,O,.

The Na,SO; in the pDPD ultimately has no effect on the
reaction sensitivity, as increasing the reaction mixture H,O,
concentration counterbalances any decrease in reaction
sensitive resulting from the oxidation of sulfite (SO,>7) with
H,0,. Furthermore, results indicate that a concentration <3.0
X 107 M Na,SO; in the reaction solution presents no
interferences with the catalytic reaction or absorbance measure-
ments. The resulting concentrations of SO, in the reaction
mixture is significantly lower than the ~0.01 M SO,>~ found in
the reaction solutions of previous methods utilizing seawater
(0.0282 M SO,>, S = 35) as a carrier solution.>* ® Results
indicate that the sensitivity, uncertainty, and baseline maintain a
tight range over a period of 100 days. The variation in
sensitivity and uncertainty between different analytical
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sequences is dramatically reduced in comparison to the method
utilizing aDPD (Figure S3, Supporting Information).

Method Validation. Quality assurance and quality control
(QA/QC) of data and methods were validated by measure-
ments prepared from the primary stock standard solution, a
traceable certified reference material. Metal concentrations
were quantified by calibrations against acidified working
standards (0.002 M Q-HCl) prepared from a serial dilution
of the secondary stock standard solution (50.05 ng-kg™’, 1003.7
nM Fe in 0.024 M Q-HCl). A standard curve for calibrating the
analytical chemical determinations for typical CFA analyses
utilized four working standards (0, 0.056, 0.279, and 2.668
ng-g”' Fe in 0.002 M Q-HCI). Blanks were prepared in the
same manner as that for the sample to ensure experimental
quality. Time series and calibration curves of an eight-point
calibration are depicted in Figure S4, Supporting Information.
A least-squares linear regression analysis provides a calibration
curve and data for the limit of linearity, the limit of detection
(LOD), sensitivity, and expanded uncertainty for the analytical
method (Table S1, Supporting Information). The continuous
meltwater technique of the Bern-CFA system is capable of
chemical analysis at slow ice-core melting rates (1.5 to 4
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cm'min™"), and results demonstrate high depth resolution for
Fe analysis. The determinations of Fe, equate to a depth
resolution of 2.38 cm and are calculated from a Fep time
resolution of 43 s + 5% (Figure S4) and the ice-core melt speed
of 3.34 + 0.24 cm'min™". The temporal resolution value is an
average calculated from the time difference as the signal
changes from 10% to 90% signal height for the measurement of
standards of different concentration. In comparison, the depth
resolution of the electrolytic conductivity is 4X greater and the
depth resolution of Ca®" is 2X greater than the depth resolution
for Fe analysis.

Baseline and standard measurements utilizing the CFA
sample delivery system are comparable to measurements
bypassing the CFA sample delivery system. Baseline measure-
ments of synthetic ice-core samples prepared from degassed
UHP-H,O0 and sampled from the ice-core melthead are
comparable to those from UHP-H,O bypassing the ice-core
melthead. Baseline measurements of Fep, in synthetic ice-core
samples yield a LOD = 0.028 ng-g™' and 36 = 0.033 ng-g”".
The test measurements on synthetic ice-core samples
demonstrate typical run behaviors in comparison with true
ice-core samples; i.e., anomalous analysis peaks correlating with
the start of an ice-core melt sequence, recorded breaks between
ice-core samples, and the termination of an ice-core melt
sequence.

Measurements of Fep were performed on real ice-core
samples from the Antarctic Byrd ice-core and from the GRIP
ice-core. Ice-core sections were prepared for CFA analysis in a
—20 °C freezer. The first determinations of [Fep] using our
new CFA method were performed on ice-core sections from
the Antarctic Byrd ice-core for three time intervals: preboreal
ice (~11 kaBP), ice from the LGM (~22.6 kaBP), and glacial
ice (~43 kaBP) (Figure 1). The Antarctic Byrd ice-core
represents a low dust regime, and for the preboreal ice-core
section, Fep concentrations are found in a narrow range (0.03—
0.09 ng-g™") with the lower end of the measured concentration
range just above the LOD. Even with the low particulate dust
counts for this low dust regime, [Fep] show a close
correspondence in depth variation with dust counts. [Fep]
are found over a wider range (0.03—0.40 ng-g”') for ice-core
sections from the LGM. Replicate measurements performed on
duplicate ice-cores show remarkable agreement with an average
offset 0.023 + 0.024 ng-g~' (Figure 1), which is less than the
expanded uncertainty (36) of 0.05 ng-g™". Moreover, this offset
could be corrected for by applying a drift correction to the
baseline. Additionally, the measured [Fep] profiles from the
LGM show that not all particulate dust events and the
corresponding conductivity and Ca** peaks vary equally with
[Fep] (Figure 1); nonuniformities are further revealed by
Fep:dust and Ca’":dust ratios (Figure S5, Supporting
Information). The nonuniformities suggest that [Fep] are
independent of the magnitudes of individual dust events and
justify the increased analytical effort for direct Fe quantification
as presented in this study.

Further analyses of [Fep] are completed on Holocene ice
(brittle zone) and glacial ice (~28.8 kaBP) during a
Dansgaard—Qeschger (D-O) event from the GRIP ice-core
(Figure 1). The Greenland ice-cores represent a much higher
dust regime compared to the Antarctic Byrd ice-core, with dust
events 2 orders of magnitude greater than the measured
Antarctic ice-core sections. [Fep ] for GRIP Holocene are found
in a narrow range (0.05—0.50 ng-g™"), [Fep] for GRIP glacial
ice during a D-O event are found over a wide range (0.20—2.40
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ng-g”'), and [Fep] are in close correspondence with the depth
variations in 6, Ca** and particulate dust.

Bl DISCUSSION
12829

The developed method expands upon earlier wor with
improved chemistry and simplification of the reaction manifold.
Chemical parameters are optimized within the constraints of
established operating protocol for system variables of the
existing Bern-CFA methodology. Methodological constraints
include a predetermined constant peristaltic pump speed of
~300 cm'min~’, a maximum sample introduction flow rate of
0.9 mL-min"’, and a reaction manifold with a short transit time
(<2 min.). Furthermore, the method was developed, assembled,
and optimized by only utilizing existing, standardized, and
interchangeable Bern-CFA components in the reaction
manifold (i.e., primary heated reaction coil —1 m and a
secondary cooled reaction coil —0.5 m).

The developed method provides precise determination of
labile Fe present in ice-core samples at nanomolar levels (1.0
nM Fe = 0.056 ng-g™', 56 ppt) without the analytical
requirement of preconcentration, greatly simplifying the
reaction manifold and reducin% the reagent requirements.
Compared to previous work,”*’ our method includes
precleaning of the DPD reagent. The presence of Fe impurities
in DPD results in the oxidation of DPD and immediate color
development, which would result in significantly higher reagent
blanks and elevated baselines. Moreover, our chemically
stabilized DPD reagent allows for much improved long-term
measurement stability and makes the time-consuming prepara-
tion of fresh DPD reagent unnecessary. This becomes a crucial
issue for the long-term field deployability of this method.
Removal of the sample preconcentration step in the FIA
method®*** eliminates the requirement for strong eluting acid
and demands a smaller buffering capacity for NH;/HAc
solution. The developed CFA method for Fe relies on
improved temperature stabilization throughout the manifold.
A series of temperature-regulated mixing coils enhance the
reaction rate and generate a reproducible reaction rate. An
accurate adaptation of FIA methods,**** improved temperature
stabilization, and the implementation of standardized, well-
known trace element protocols also improve our method.

A chelating resin derivatized with iminodiacetic acid
(Toyopearl-AF-Chelate-650) is used to immobilize metals for
the extraction and precleaning of DPD. The primary reason for
utilizing Toyopearl resin is the commercial availability, thus
yielding consistent and reproducible results for the efficiency of
extraction and recovery of trace elements as compared to 8-HQ_
chelating resin. Second is the widely accepted utilization of this
resin for the analysis of trace elements, i.e., Toyopearl-AF-
Chelate-650 resin is employed to process seawater for the
preconcentration trace element and matrix elimination in flow
injection ICP-MS analysis*® and isotope dilution ICP-MS
analysis.*' The Toyopearl resin displays high extraction
efficiency at room temperatures (~20 °C) and small resin
volumes (700 pL), which result in less back-pressure and
baseline modulation. Adsorption of Fe on Toyopearl-AF-
Chelate-650 resin is highest at the pH range of 6.1—6.5 and in
agreement with the reported optimal Fe extraction pH 6.4 +
0.1.” The mildly reducing environment of the 2 X 10™* M
Na,SO; DPD solution and the optimized resin extraction pH
6.2 results in a lower reaction rate and lower concentration
DPDQ _during the in-line precleaning procedure of the DPD
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reagent, ultimately resulting in a lower, more stable baseline for
the analytical method and for the determination of Fe.

The reaction chemistry is optimized for the water-suspended
solid matrix of ice-core meltwater as compared to the low Fe
seawater matrix of the FIA method. Optimization for a pure
H,O matrix and removal of the preconcentration step altered
the requirements of the reaction mixture concentration for
most reagents, specifically the reagent TETA. Results show that
a reaction mixture concentration of TETA typical of FIA
methods with a seawater matrix decreased the sensitivity of Fep,
determinations in the CFA method, where Fe is contained in a
pure H,O matrix with lower contaminate divalent metal ion
concentrations. The optimized concentration of 4.0 X 1077 M
TETA in the reaction mixture preserves the sensitivity and
detection limit of the method. Second, investigations
scrutinizing the optimal pH of the reaction mechanism for
the catalytic oxidation of DPD in the presence of Fe** and
H,0, are inconsistent with earlier FIA methods. The optimal
reaction mixture pH is 5.1 + 0.1, significantly lower and outside
the reported range (pH 5.5—6.0) of earlier results.*

Preservation of DPD allows for the preparation, stand-
ardization, and long-term storage of DPD reagent. The
introduction of the oxygen scavenging agent/reducing agent
Na,SO; to the DPD reagent preserves DPD in a reduced
colorless form. Solutions of 0.010 M DPD in 1 X 107* M
Na,SO; stored in the dark at room temperature in sealed LDPE
bottles show no observable color development and no
measurable reduction in reaction sensitive after 280 days.
Therefore, the variation in sensitivity and uncertainty of the
data set are dramatically reduced for a series of analytical
sequences and the ability to quality control the data set, discern
contributions of systematic error, and assist in the diagnosis of
problems is improved. The addition of Na,SO; to the DPD
reagent is also directly applicable to the current FIA method
used in the field for seawater analysis,® halting the uncatalyzed
redox reaction and successfully preserving DPD solutions for
the duration of an 8—12 h analytical sequence. Furthermore,
the preservation of the DPD reagent provides the potential for
the offline precleaning of the DPD reagent, while advancing the
possibility of automated Fe determinations and its suitability for
long-term remote deployment. We also investigated the oftline
precleaning of contaminate trace elements in DPD by
coprecipitation, providing a DPD reagent that is not only
stable but further simplifies existing FIA.** Preliminary results
are promising, and the method utilizing a DPD oxalate
represents a possible breakthrough for autonomous and long-
term measurement campaigns. The bulk precipitate, calcium
oxalate, coprecipitates contaminate trace elements and
produces a stable DPD reagent with low Fe reagent blank
from the commercially available DPD oxalate. Additional
studies could build on the initial exploratory work by
investigating high purity calcium sulfite as primer for the
calcium oxalate bulk precipitate in a DPD oxalate solution and
by investigating increasing time of contact of the DPD solution
with the bulk precipitate. However, the online precleaning of
the DPD solution using the Toyopearl chelating resin provided
sufficient results within the time frame of this study. While
there is a need within palaeogeochemistry to be able to obtain
data sets for the biogeochemically active fraction of trace
elements in ice-cores, the novel chemistry utilized for the
preservation of the DPD reagent introduces the possibility of
adapting the spectrophotometric method for use on long-term
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autonomous buoys and the ability to monitoring pelagic,
littoral, and estuarine environments.

Results demonstrate the successful adaptation of a
colorimetric method for the determination of Fep operating
in parallel with existing methodologies used by the Bern-CFA
system for ice-cores. The continuous meltwater technique of
the Bern-CFA system is demonstrated to have the advantage to
avoid contamination of samples for trace Fe analysis and, with
its improved figures of merit (see Table S1), allows for reliable
continuous analyses of trace levels in polar ice-cores. The LOD
(0.031 ng-g™") is 40% lower but still in the same range as the
one given by Spolaor et al.*® However, we expect a significant
improvement in continuous long-term stability of the results
due to our improved reagent chemistry. Our method also
features an extended limit of linearity ranging up to 4 ng-g~'and
allows for reliable quantification of the dynamic Fe signal of
Greenland ice-cores during glacial periods.

Validation of the method is supported by the coregistration
of CFA measured analytes and shown by the close
correspondence in depth variation of conductivity (), Ca®"
and dust on archived ice-core sections from the Antarctic Byrd
ice-core (1968) and GRIP ice-core (1992). No correlation
between ice-core breaks and chemical measurements are found,
suggesting that existing ice-core handling and cutting
procedures at the University of Bern are also sufficient for
trace metal analysis. Further validation is provided by the
reproducibility in analyses on duplicate ice-cores prepared from
the same ice-core sections. Replicate ice-core analyses of
measured [Fep] profiles with depth show a close correspond-
ence in depth variation and a high degree of correlation.
Determinations of [Fep] from the Antarctic Byrd ice-core, a
low dust regime, yields a median of 0.033 ng-g™"' for preboreal
ice, a median of 0.084 ng-g_1 for glacial ice, and a median of
0.131 ng-g™" for LGM ice (Table S2). The Greenland ice-cores
represent a much higher dust regime compared to the Antarctic
ice-core sections, with a median of 0.134 ng~g_l for Holocene
ice and a median of 0.466 ng-g”" for glacial ice.

For the described technique, we only quantify the bio-
logically more important and easily leachable Fe fraction
released in a controlled digestion step at pH ~1.0. However,
the degree of digestion varies with similar methods***° using
the same measurement principle and with methods using ICP-
MS.® Therefore, a review and comparison of data from
different operational methods for the determination Fey is
difficult and further complicated by the limited determinations
on temporally and spatially disparate ice-core samples. For
example, the discrete digestion procedure and the elemental
analyses of the combined insoluble and soluble fractions made
with ICP-MS™ yield [Fep] for Antarctic interglacial and glacial
Talos Dome ice-core sections a magnitude greater than Fep
determined by our methodology for preboreal, LGM, and
glacial Byrd ice-core sections (Table S3, Supporting Informa-
tion). In our measurements, determinations of Fep for
Antarctic interglacial and glacial ice-core sections are below
or closely azpproaching the 0.050 ng-g~' LOD of earlier CFA
methods.”®* For the case of Greenland ice the comparable
DPD method by Spolaor et al.?® shows preindustrial, late
Holocene concentrations in the range of 0.0S (the LOD of
their method) to 0.4 ng-g™". Although their ice-core segment is
much younger than our measurements on early to mid
Holocene ice samples, it is interesting to note that the
concentration ranges are identical. Moreover, we also see no
significant concentration change within the three Holocene
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time periods analyzed in our study (4.51, 6.5S, and 7.61 kaBP).
The very good agreement with the concentrations measured by
Spolaor et al.*® cannot be taken for granted, as they used a
digestion step at pH 2, while we acidified to pH 1. Given the
constant Fe levels in our three ice segments and the rather
constant mineral dust-derived Ca®* concentrations measured in
Greenland over the entire Holocene,**™*® we may assume also
rather constant Fe concentrations. In this case the good
correspondence of the values by Spolaor et al.*® and our study
suggests that a change in digestion pH from 2 to 1 does not
influence the measurement results and that the release of the
easily leachable fraction of Fe does require only modest
acidification.

The solubility of aerosol metals in aqueous media (ie.,
seawater, rainwater, cloudwater, and fresh water) are affected by
a number of controlling factors, including solution pH,47—51
crustal enrichment factor value of certain metals,>>>> particle
loading in solution,™ aerosol type and size,*”*****> photo-
reduction,’*™>® and the presence of organic, acidic, or
carbonaceous substances.”® ®' Accordingly, the amount of
bioavailable Fe from aerosol deposition into the surface ocean
is not only dependent on the pH of the surface ocean water bur
largely controlled by the complex interplay of aerosol aging
processes taking place in the atmosphere. Utilization of a
specific aerosol metal solubility is further hindered by reference
to a wide range of seawater solubility in 6previ0us studies,
especially for Fe for studies by Hand et al.*> and references
therein. Evidence confirms that not all aeolian Fe, but only a
dissolved fraction or s(?eciﬁc speciation, is available for
phytoplankton growth.®*** Recent studies have demonstrated
that aeolian dissolvable Fe as well as Zn derived from long-
range transport can stimulate marine production that is closely
related to atmospheric CO, concentrations and thus also to
climate change.'”**™%" This relationship has also been
confirmed by studies on marine sediment and ice-cores and
by a series of in situ Fe-fertilizing experiments.®* "> However, a
more systematic investigation of the dependence of Fe
digestion and the optimum pH to quantify bioavailable Fe is
beyond the scope of this methodological paper and will be
performed in the future.

The results demonstrate the successful adaptation of a
colorimetric method for the determination of Fep concen-
trations in the low dust regime of the Antarctic Byrd ice-core
and the high dust regime of the GRIP ice-core. The developed
method employs a digestion step, which involves acidification
of the aerosol dust in the ice-core sample. This mild digestion
step involving a dilute Q-HCI decomposes Fe-hydroxides and
Fe-complexes into dissolved free Fe, representing the easily
leachable labile fraction and the working definition of the
biological active fraction. This method will facilitate the
quantification of acid leachable aerosol Fe flux to polar-regions
via deposition and will eventually result in the improved
assessment of the potential impacts of the biogeochemically
active fraction of Fe on marine biogeochemistry in
paleoclimatic studies.

The future usefulness of this and similar methods analyzing a
fraction of Fey in a suspended dust sample hinge on the ability
of the scientific community to arrive at a consensus for a
methodological definition and singular description of the easily
leachable labile Fe fraction, the analyte Fep, and the fraction
representative of the biological available Fe. The degree of
digestion could easily be modified and therefore allow for
varied definitions of the easily leachable labile fraction of Fer in
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particulate dust particles in the ice-core to be analyzed. The
primary factors controlling solubility of aerosol metals in
digestion over a few minutes or less are solution pH, aerosol
type, and aerosol size. Additional sample digestion experiments
using standard reference material (ie, AGV-1) are needed to
determine if all but the most refractory metal species are being
released into dissolved form. A single definition of Fep,
representing the easily leachable labile fraction and the working
definition of the biological active fraction, will allow the
quantitative interlaboratory comparison of measurements.
Dedicated studies of the bioavailable Fe and the pH
dependence of its release during sample digestion have to be
performed to validate the methodological definition of the
easily leachable Fe fraction and the analyte Fep. The
development of a standard/certified reference material (i.e., a
dust suspension, AGV-1, in a low concentration buffer at a
neutral pH representative of the matrix of ice-core meltwater) is
a prerequisite to constructive interlaboratory comparison
measurements.

Using our continuous CFA system, we were able to not only
reliably quantify the mean Fep concentration for glacial high
dust and interglacial low dust regimes both in Greenland and
Antarctica but also to clearly resolve seasonal variations in Fep
concentrations. These seasonal variations are on the order of a
factor of 2—3 of the minimum seasonal values and are
synchronous to the seasonality of other dust-derived aerosol
tracers during all the studied climate periods. The resolution of
our measurement could benefit from deconvolution of the
measured signal, an algorithm-based process used to reverse the
effects of dispersion, and memory effects by the CFA system in
the recorded data. Further investigation of Fep, non-sea-salt
Ca® (nssCa®), and dust correspondence in depth variation
and degree of correlation may resolve and implicate
nonuniformities depicted in Figure 1 and Figure S5 for the
Antarctic Byrd ice-core during the LGM, further justifying the
increased analytical effort for direct Fep determinations and
providing detail not available with Fe deposition reconstruc-
tions calculated from the palaeoproxies dust and calcium.
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