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Abstract

We present polar ice core organic matter (OM) fluorescence signatures to reconstruct ancient and
modern atmospheric compositions and relate OM signals to past ecological changes. OM com-
position from three Arctic ice cores (Canada and Greenland) was characterized by fluorescence
spectroscopy and compared to an Antarctic OM record. Diverse OM was measured in ancient
and modern ice in both hemispheres and similarities existed across vast spatiotemporal scales.
We determined three OM markers, indicating paleoclimate and modern carbon trends:
(i) ‘humic-like’, detected in Holocene ice of more complex and aromatic character, supporting
trends of higher plant influences in warmer climates, (ii) monolignol- and non-amino acid-
like, describing simple, lignin-like OM precursors ubiquitous in the environment and the micro-
bial degradation products of more complex materials from plants/soils, and (iii) amino acid- and
tannin-like, indicating microbial degradation of simple OM chemical species, compared to the
other markers. Concentration trends were inferred from fluorescence intensities of individual
OM types and related to warmer temperatures. No indicators of freshly produced OM by
microbes were detected; signals were interpreted as materials externally produced from the ice
and transported to polar regions. This marks the first global comparison of atmospheric recon-
structions from OM across vast spatiotemporal scales.

Introduction

Ice cores are valuable archives of paleoclimate information. Reconstruction of atmospheric
composition with respect to gases, elements, and particles and also with respect to transport
mechanisms during distinct climate periods are central foci of ice core research (Dansgaard
and others, 1993; Mahowald and others, 1999; Petit and others, 1999; Johnsen and others,
2001; Lüthi and others, 2008). The detection of microorganisms and other biological material
in ice cores across climate periods (Priscu and others, 1998; Christner and others, 2000;
Abyzov and others, 2001; Christner and others, 2003; Priscu and Christner, 2004) has opened
new avenues for the analyses of organic matter (OM) in ice cores at high temporal resolution
(D’Andrilli and others, 2017a; King and others, 2019). These works have advanced our under-
standing of ice sheets in three important ways: (i) they are preserved records of diverse OM
components, (ii) OM data integrates well with other geochemical and biological ice core
data, and (iii) OM composition can be used to reconstruct atmospheric composition within
and across climate periods. Therefore, OM composition, though the newest addition to paleo-
climate ice core research, holds great potential to advance our understanding of Earth’s carbon
(C) cycling patterns across ancient and modern scales.

Ice sheets across the world are beginning to be recognized as important reservoirs in global C
budgets (Hood and others, 2015; Wadham and others, 2019), with both OM characterization at
the bulk and molecular level at the forefront of the exploration of pivotal ecological changes of
our past and impact in the future (e.g. Grannas and others, 2006; Bhatia and others, 2010;
D’Andrilli and others, 2017a; Brogi and others, 2018). However, incorporating OM analyses
in paleoclimate ice core research at high temporal resolution is still in its infancy and few datasets
exist that combine ongoing geochemical measurements with quantitative and qualitative OM
characterization at high temporal resolution (D’Andrilli and others, 2017a; King and others,
2019). The first report presented diverse OM fluorescence signatures of ancient and modern
Antarctic ice cores driven by paleoclimate trends of past C production in the Southern
Hemisphere (D’Andrilli and others, 2017a). In that work, OM markers were identified unique
to the last glacial maximum (LGM), deglaciation, and the early to mid-Holocene, which set the
foundation for further Antarctic fluorescence OM investigations from new and archived ice cores
(D’Andrilli and others, 2017b). Together, both studies reported distinct OM composition unique
to each climate period, though only related to regional influences of the Southern Hemisphere. If
we are to truly realize the potential of OM characterizations in surface-to-deep ice core research
in both hemispheres, we need to begin with descriptions from Northern Hemisphere ice cores,
compare across datasets, and eventually expand OM research to include ice cores that cover vast
spatiotemporal scales of other polar and alpine environments.
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Continuous (surface-to-deep) ice core records are required for
detailed paleoclimate research. As ice core research is highly col-
laborative, continuous measurements are restricted to small sam-
ple volumes to maintain high temporal resolution; therefore,
characterizing ice core OM requires doing a lot with little
volumes. Fluorescence spectroscopy is a bulk optical technique
that offers a way to measure chromophoric (absorbing) and fluor-
ophoric (fluorescing) OM pools rapidly, with minimal sample
volumes required (∼5 mL), maintaining the possibility to preserve
relatively high temporal resolution necessary for ice core research.
Fluorescence spectroscopy generates a wealth of information use-
ful to characterize OM composition, origin and reactivity in the
environment (Coble and others, 1990; Coble and others, 1998;
Stedmon and others, 2003). Thus far, this technique has shown
promising results in paleoclimate research (D’Andrilli and others,
2017a), and remains the most sensitive technique to discern
diverse OM compositions with minimal sample volumes when
employing continuous flow analysis systems.

Our objectives were to (i) chemically characterize OM fluores-
cence in Arctic ice cores at high temporal resolution, (ii) compare
fluorescent OM composition within and across ice cores over
space (regionally and globally) and time (ancient and modern
scales), and (iii) reconstruct atmospheric OM compositions across
ancient and modern scales with age and temperature data. We
used Excitation Emission Matrices (EEMs) (Coble and others,
1990) and parallel factor (PARAFAC) analysis (Stedmon and
Bro, 2008; Murphy and others, 2013) to identify OM composi-
tions of Arctic ice cores and determine possible source origins.
Trends of OM compositions, fluorescence intensities and relative
concentrations within and across different climate periods are
presented as a function of temperature and compared with an
established record from Antarctica. Quantitative comparisons of
each OM composition type were used to identify similar chemical
species in both hemispheres. We used these data to infer modern
and ancient paleoclimate fluorescent OM markers useful for
future atmospheric reconstructions and potentially for other ice-
sheet and/or low-C environmental studies. Here, we present
ancient and modern Arctic ice core OM fluorescent composition
and temperature records from the Arctic Circle Traverse 2010
(ACT-10), the Greenland Ice Sheet Project 2 (GISP2) of
Greenland, and the Agassiz Ice Cap (hereafter, Agassiz) of
Canada, and their comparisons with ice core OM from the
West Antarctic Ice Sheet Divide (WD, Antarctica), advancing
our understandings of OM records from ice sheets on a global
scale and propelling collaborative OM characterization research
in the paleoclimate community.

Methods

Sample locations

The three Arctic ice coring sites were in Greenland and Canada
(Fig. 1; ACT-10, GISP2 and Agassiz). Ice core locations, collection
dates, range of depths, ages and temporal scales are provided in
Table 1. Modern ACT-10 ice was collected in 2010 from three
spatially separated basins and descriptions of the ice cores, eleva-
tions, spatial distances from the coast and annual accumulation
rates were reported in Miège and others (2013). GISP2 ice cores
were collected in 1988 and archived at the National Science
Foundation Ice Core Facility (NSF-ICF). Though the full core
spanned depths to 3258 m, only 23 m were melted in 2012 for
this work, capturing the end of the LGM in the Northern
Hemisphere. The ice accumulation rate at GISP2 (Meese and
others, 1997; Stuiver and Grootes, 2017) was comparable to that
of WD (WAIS Divide Project Members, 2013). Agassiz ice
cores were collected in 2011 from the Agassiz Ice Cap,

Ellesmere Island, Nunavut Territory, Canada, and a portion of
the modern ice (2.72–15.63 m) was melted for this work.
Detailed records of surface temperatures, seasonal changes and
precipitation trends were previously reported (Fisher and others,
2016; Lecavalier and others, 2017). WD data are included for
an Antarctic OM comparison to the Northern Hemisphere ice
core records presented here. Detailed records of its environment
and OM characterization were previously reported (WAIS
Divide Project Members, 2013; D’Andrilli and others, 2017a).

Ice core collection, preparation and melting

Ice cores (ACT-10 and GISP2) were collected and transported to the
NSF-ICF in Denver, Colorado, USA, for core processing. ACT-10
and GISP2 cores were cut into 3 × 3 × 100 cm sections and trans-
ferred to the Desert Research Institute in Reno, Nevada, USA, for
continuous melting (4.5 mLmin−1) in a closed continuous flow ana-
lysis (CFA) melting system (McConnell and others, 2002;
McConnell and others, 2007; McConnell and others, 2014).
Agassiz ice cores were processed at the Geological Survey of
Canada, shipped to the Desert Research Institute, and cut into
3 × 3 × 100 cm sections just prior to melting. Ice core samples con-
taining visible cracks or fractures were removed prior to melting and
discarded from further analyses. Deionized water blanks were rou-
tinely run through the CFA melting system (every 6m of ice core)
to minimize contamination and monitor instrument performance.

Discrete samples for OM analyses by EEMs were collected
using a sample collector (Model 223; Gilson). Meltwater from
the CFA system was directed to the sample collector and dis-
pensed into combusted amber glass vials with septa lids, main-
tained at 4 °C. A detailed description of CFA melting settings,
discrete meltwater collection for OM analyses and system main-
tenance was previously reported (WAIS Divide Project

Fig. 1. Ice core sites in Canada and Greenland, showing the Agassiz Ice Cap (Agassiz),
the Greenland Ice Sheet Project 2 (GISP2) and the Arctic Circle Traverse 2010
(ACT-10). The ACT-10 basins are labeled A, B and C, and represent the traverse
route (70 km) starting at A and ending at C. Figure generated with QGIS software.
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Members, 2013; D’Andrilli and others, 2017a). Samples were not
filtered to avoid filter contamination. Amber glass vial lids were
tightened after meltwater allotment (each vial filled to ∼5 mL)
and samples were stored in the dark at 4 °C prior to shipment
and analysis. ACT-10, GISP2 and Agassiz ice cores were essential
components to the WD project for preparation, method optimiza-
tion and data interpretation and were melted either just before or
at the conclusion of the WD project (2010–2012). Water isotopes
(δ18O [‰]) were collected for GISP2 and Agassiz ice following
reported protocols outlined for WD in Marcott and others
(2014) as a proxy for air temperature. To evaluate changes in
air temperatures for ACT-10 ice cores, we used available data
through the NOAA-ESRL Physical Sciences Laboratory,
Boulder, Colorado, USA, from their website (https://www.esrl.
noaa.gov/). Temperature data were normalized to the 1981–
2010 average (Model NCEP/NCAR Reanalysis 1; Kalnay and
others, 1996; Kistler and others, 2001) using the 2 m air tempera-
ture boundaries as follows: 65.7125–88.542 latitude and 290.625–
320.625 longitude.

Ice core OM absorbance and fluorescence spectroscopy

All samples were measured for absorbance at a single excitation
wavelength (254 nm) and then scanned from 190 to 1100 nm
using a Genesys 10 Series (Thermo-Scientific, Massachusetts,
USA) Spectrophotometer with a 1 cm pathlength microvolume
(70 μL) cuvette and VISIONlite software. This was a necessary
step prior to the fluorescence spectroscopy measurements. All sam-
ples had measured absorbance values at 254 nm below the daily
Milli-Q water blank, and so no sample dilution was required
prior to fluorescence spectroscopy measurements at the same path-
length. Therefore, all OM absorbance characteristics from each ice
core were inferred from the excitation spectra of the fluorescence
measurements. For further investigation of optically active OM
absorbance properties, future studies may benefit from longer path-
length cuvettes when larger sample volumes are available. A

detailed description of the absorbance method and its importance
prior to fluorescence measurements is provided in D’Andrilli and
others (2017a) and referenced within.

EEMs were generated by a Horiba Jobin Yvon Fluoromax-4
Spectrofluorometer equipped with a Xenon lamp light source
and a 1 cm pathlength quartz cuvette. Excitation wavelengths
were scanned from 240 to 450 nm in 10 nm (GISP2 and
Agassiz) and 5 and 10 nm (ACT-10) wavelength intervals, and
emission wavelengths were recorded between 300 and 560 nm
in 2 nm increments. We used ACT-10 to optimize excitation
wavelength data acquisition across 5 and 10 nm increments,
prior to GISP2 and Agassiz data collection. Data integration
time was 0.25 s and data acquisition was carried out in signal/ref-
erence mode using a 5 nm bandpass on both excitation and emis-
sion monochromators, normalizing the fluorescence emission
signal with the excitation light intensity. Fluorescence output
was normalized to the area under the Raman peak of a Milli-Q
water sample each day at excitation: 350 nm and emission: 365–
450 nm. EEMs were blank corrected with Milli-Q water placed
in a combusted amber glass vial with a pierced septa lid and sha-
ken for 2 min at 4 °C. Post processing of the fluorescence data was
completed in MATLAB to generate corrected EEMs which
included sample corrections for Raman scattering and the
method blank subtraction. Milli-Q water samples were scanned
each day of experimentation to monitor instrument performance
and cuvette contamination. Total EEMs sample numbers for each
ice core site are provided in Table 1.

PARAFAC analysis

EEMs are commonly modeled with PARAFAC analysis to identify
specific fluorescence regions that characterize the variation in OM
composition from aquatic and terrestrial environments (Stedmon
and Bro, 2008; Murphy and others, 2013). Put simply, PARAFAC
analysis models the EEMs data by decomposing the overlapping
fluorescence signatures in each EEM into individual regions of

Table 1. Ice core location descriptions, collection years, depths from the surface (meters; m), ages (year; yr, and kiloyears; kyr), categorical temporal scales and
fluorescence data organization of Excitation Emission Matrices (EEMs) sample numbers, parallel factor (PARAFAC) analysis model names and sample numbers used
in PARAFAC analysis

Polar
region Country Ice coring location

Collected
(year) Depth (m) Age (yr and kyr)

Temporal
scale

EEMs
sample
No.

PARAFAC
model
names

PARAFAC
sample No.

Arctic Greenland Arctic Circle Traverse
(ACT-10): Basins A-Ca

2010 Modern 316 ACT-10 305

A: 65.69 N, 41.48 W 1777–0 33–11 yr ago
(dated 1988–2010)

103 100

B: 65.78 N, 41.87 W 1995–0 41–11 yr ago
(dated 1980–2010)

119 114

C: 66.00 N, 42.78 W 2200–0 48–11 yr ago
(dated 1973–2010)

94 89

Greenland Ice Sheet
Project 2 (GISP2)b

1988

72.6 N, 38.3 W 1895–1872 18.845–17.844 kyr BP Ancient 18 GISP2 18
Canada Agassiz Ice Cap, Ellesmere

Islandc
2011

80.7 N, 73.1 W 15.63–2.72 79–21 yr ago
(dated 1942–2000)

Modern 8 Agassiz 8

Antarctic Antarctica West Antarctic Ice Sheet
Divide (WD)d

2010–2012

79.467 S, 112.085 W 2700–1400e 26.95–6.076 kyr BP Ancient 1,191 WD 140
2473–2149f 19.304–17.664 kyr BP Ancient 25 WDsupp 24

aDating scale from Miège and others (2013).
bDating scale from Meese and others (1997).
cDating scale from Fisher and others (1995) and Lecavalier and others (2017).
dDating scale from WAIS Divide Project Members (2013).
eOrganic matter data reported in D’Andrilli and others (2017a).
fSupplementary PARAFAC model using WD data collected not reported in D’Andrilli and others (2017a).
PARAFAC sample numbers refer to the number of EEMs used for each model.
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fluorescence (identified components). This assists with OM
chemical characterizations as the modeled components are easy
to visualize, outliers are identified, and trends can be tracked
across datasets more conveniently. Individual PARAFAC models
were generated by Decomposition Routines for Excitation
Emission Matrices (drEEM) (Murphy and others, 2013) and the
N-way toolbox (Stedmon and Bro, 2008) scripts in MATLAB to
identify fluorescent OM markers for each ice core and compari-
sons across ice core sites (Table 1). The ACT-10 PARAFAC
model included data collected at excitation wavelength increments
of 10 nm. Non-negativity constraints were applied, and the mod-
els were validated by split half analysis having a Tucker correlation
coefficient (TCC) > 0.95, and subsequently re-validated using the
least-squares model in the final output (Murphy and others,
2013). The modeled results list components in numerical order
according to highly variable and dominant signatures in the
EEMs dataset such that C1 > C2 > C3 >… > Cn. In general, the
component labels do not indicate a characteristic OM type, rather
it is an arbitrary label used to delineate one fluorescence region
from another. The results were then used to characterize OM
composition as a record of past and recent C sources transported
to polar regions.

In the event that PARAFAC only produces one component,
the component, ‘C1’, then represents the complete fluorescence
description of the EEMs dataset analyzed. We acknowledge that
this may arise from a lack of statistical power due to smaller sam-
ple sizes and/or from a lack of variation in OM composition in
the dataset. Additionally, a supplemental WD PARAFAC model
(a subset of the larger WD dataset from D’Andrilli and others
(2017a); WDsupp, Table 1) was generated to directly compare
OM trends with the Northern Hemisphere GISP2 ice core record
of the same dates (∼19.0–17.0 kyr BP 1950; radiocarbon years
[hereafter BP]). WD data were available from D’Andrilli and
others (2017a), but not published in that work. Individual
PARAFAC component fluorescence intensities for ACT-10,
GISP2, Agassiz and WD ice cores were calculated by drEEM
and reported in Raman Units (R.U.).

OM fluorescence characterization

Fluorescing OM peaks from the ACT-10, GISP2 and Agassiz
PARAFAC models were characterized by the commonly labeled
fluorophore regions and descriptions (Table 2; Coble and others,
1990; Coble and others, 1998) and with peaks from laboratory

chemicals, freshly collected ecosystem samples, and more pro-
cessed and commercially available environmental samples
(Fig. S1). EEMs of laboratory chemicals included phenylalanine,
tyrosine, tryptophan and vanillic acid, representing simpler, less
aromatic organic acids. The chemical structures of those chemi-
cals are also provided in Figure S1 for reference. EEMs of
International Humic Substances Society (IHSS) fulvic acids repre-
sented different terrestrial and microbial end-members
(Suwannee River [Georgia, USA] and Pony Lake [Antarctica]).
EEMs of freshly collected environmental samples represented
unprocessed, natural, and complex organic materials compared
to laboratory standards, including semi-arid Montana soils and
the upper reach of the Yellowstone River, western Montana,
USA (Fig. S1).

Arctic and Antarctic OM fluorescence comparison calculations

All models were quantitatively compared to reveal similar OM
signatures and therefore chemical species over space and time.
Comparing separate models was specifically chosen to reduce
sample biases when using a single PARAFAC model approach
(D’Andrilli and others, 2017a, Mostofa and others, 2019) and
allows for quantitative comparisons using Tucker’s correlation
calculations. Significant PARAFAC model component compari-
sons were determined from three calculations: (1) joint excitation
and emission loading shift- and shape-sensitive congruence coef-
ficients (SSC) (Wünsch and others, 2019), (2) TCC calculated on
excitation loadings (Tucker, 1951; Lorenzo-Seva and ten Berge,
2006), and (3) SSC calculated on emission loadings (Wünsch
and others, 2019). The SSC is a modified calculation of
Tucker’s for data obtained by fluorescence spectroscopy
(Wünsch and others, 2019). Three separate calculations were
used to statistically compare the PARAFAC components’
chromophoric (light-absorbing), fluorescing (light-emitting) and
combined optically active OM fractions. Loading scores were
modeled during PARAFAC analysis and normalized to 1. For
detailed descriptions of TCC and extensions to the SSC calcula-
tions for EEMs and PARAFAC data, see Wünsch and others
(2019). The minimum requirement for significantly similar fluor-
escent OM components from one or more PARAFAC models is
TCC and SSC ⩾0.9. TCC and SSC > 0.95 describes nearly identi-
cal fluorescent chemical species from components of different
models. The hierarchical clustering of PARAFAC component
excitation and emission spectra loadings was conducted using

Table 2. EEMs fluorescence descriptions of aquatic organic matter markers, potential sources, reactive nature types and possible fluorescence chemical species
overlapping with commonly used peak regions

Peak
label Ex/Em (nm) Description Peak label reference Potential OM source Reactive nature Fluorescence species overlap

B 270–275/300–310 Tyrosine-like Coble and others (1998) Plants, soils, microbial
production and/or
transformed products

Bioreactive Low molecular weight phenolic
compounds; e.g. phenylalanine,
vanillic acid, monolignols,
degraded peptides

T 270–280/330–370 Tryptophan-like Coble and others (1990) Plants, soils, microbial
production and/or
transformed products

Bioreactive Low molecular weight phenolic
compounds; e.g. tannins, vanillic
acid, degraded peptides

N 280/370 Autochthonous OM Coble and others (1998) Phytoplankton Bioreactive Low molecular weight phenolic
compounds; e.g. tannins, vanillic
acid

M 290–320/370–430 Marine humic-like or
wastewater OM

Coble and others (1990, 1998) Plants, soils, microbial
production and/or
transformed products

Bio- and
photo-reactive

Fulvic acids

A 240–260/400–480 Humic-like Coble and others (1990, 1998) Plants and/or soils Photoreactive High molecular weight aromatic
compounds and fulvic acids

C 320–360/420–480 Humic-like Coble and others (1990, 1998) Plants and/or soils Photoreactive High molecular weight aromatic
compounds and fulvic acids
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the complete linkage method. Dendrograms visually expressed
this clustering. Clustering and dendrograms were constructed
using the ‘heatmap.2()’ function within the ‘gplots’ package in
R version 3.6.3 (R Core Team, 2020).

Results and discussion

PARAFAC model results and organization for OM
characterization

Results of the individual PARAFAC models explained 96.5%
(ACT-10), 96.6% (WD), 92.0% (GISP2) and 95.0% (Agassiz) of
the EEMs variation per dataset, respectively. Organizing the
four models in a table format (Fig. 2), structured by individual
models as rows and component order as columns, created a sim-
ple visual mechanism for initial comparison among different OM
signatures and models. Here, the component listing labels corres-
pond to the dataset variability of each model, i.e. the higher the
number of components, the more variation in the data. We
used this organized scheme to show different types of OM listed
sequentially, a metric of OM dominance in each core. The
PARAFAC analysis results showed similar OM fluorescence sig-
natures (C1, C2 and C3; Fig. 2) to each other and a variety of
OM across aquatic and terrestrial environments (Fig. S1), describ-
ing diverse OM compositions from simple to complex chemical
species. The four models differed in total component number

(1 versus 3) and ordering sequence of OM type, describing vary-
ing dominant chemical species likely related to their spatial influ-
ences over time (Table 1). Based on the EEMs data (examples in
Fig. S2), two-component PARAFAC models were also attempted
for the GISP2 and Agassiz datasets; however, no successful valid-
ation was achieved within acceptable statistical conditions. The
WD PARAFAC model results, reproduced in Figure 2b, repre-
sented the Southern Hemisphere OM record spanning three dif-
ferent climate periods used for comparison (D’Andrilli and
others, 2017a). Figure 2 summarizes naturally occurring OM
fluorescence descriptions and characterizations from Table 2
(Coble and others, 1990; Coble and others, 1998; Stedmon and
others, 2003; Coble and others, 2014) to visually compare each
PARAFAC component’s OM signature and description within a
model and among models.

Since naturally occurring OM is a ‘supermixture’ of diverse
heterogeneous species, it may be uncommon to generate one
PARAFAC component from a dataset. Such a result suggests
one viable outcome of one fluorescence region, describing a
lack of qualitative variability in OM type (Murphy and others,
2013); however, recent evidence suggests it is more frequent
than we tend to expect across diverse OM ecosystems (Wünsch
and others, 2019). Therefore, the use of individual PARAFAC
models and their results created a mechanism for direct compar-
isons across models, regardless of the number of components.
Individual model comparisons target different research questions

Fig. 2. A global perspective of ice core organic matter
fluorescence (components one, two and three [C1, C2
and C3]) identified by individual multivariate parallel
factor (PARAFAC) analysis models for ice cores: (a)
Arctic Circle Traverse 2010 (ACT-10), (b) West
Antarctic Ice Sheet Divide (WD) (reproduced from
D’Andrilli and others (2017a)), (c) Greenland Ice
Sheet Project 2 (GISP2) and (d) Agassiz Ice Cap.
Fluorescence data were reported in Raman Units.
Each PARAFAC component is accompanied by chem-
ical description labels (i–vi), with summarized defini-
tions of OM type and reactive nature in the legend.
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than a joint model can answer, without confounding biases aris-
ing from different datasets (D’Andrilli and others, 2017a, Mostofa
and others, 2019). The WD OM record showed examples of the
strength of both approaches, specifically targeting different
research questions to decipher ice core OM and its contribution
in paleoclimatology (D’Andrilli and others, 2017a). Here, we
highlight the strength of individual modeling efforts and target
what types of OM are in ice cores from different regions over
vastly different temporal scales to contribute a new approach to
ecosystem understanding from C cycling events of our past.
Importantly, our descriptions of OM character are provided as
a record of the past and recent atmospheric composition, treating
OM the same way as other materials that are deposited and pre-
served in ice. Where applicable, trends potentially related to
atmosphere exposure in the firn ice prior to preservation are
reported and discussed.

Arctic modern OM fluorescence characterization: Greenland
ACT-10

ACT-10 ice cores contained three fluorescence components
(Fig. 2a). These cores represented a record of late Holocene C
deposited from the recent past. ACT-10 contained a dominant
‘humic-like’ component (C1; Fig. 2a), a signature associated
with complex OM production and degradation found worldwide,
but most prevalent in terrestrial forested and wetland environ-
ments (peak A; Table 2) (Coble and others, 1990; Coble and
others, 1998; Parlanti and others, 2000), potentially representing
C produced from surrounding continents and transported via
Northern Hemisphere and Arctic air circulation patterns.
Within the ‘humic-like’ category, there exists a gradient of OM
that is commonly characterized by the peak A label. To further
describe this material, we evaluated this signature with our catalog
of diverse OM from terrestrial environments (Fig. S1). This signa-
ture shares similarities with naturally collected OM of semi-arid
soils (Romero and others, 2017) and the Yellowstone River
(Fig. S1 bottom panel), environments that receive allochthonous
inputs from higher plants/soils and are highly impacted by
microbes. Notably, this signature was considerably different
than Suwannee River fulvic acid OM (Fig. S1) where the peak
maximum for Suwannee River exists at higher emission wave-
lengths. It also shared more commonalities with microbially pro-
duced Pony Lake fulvic acid OM (Fig. S1), suggesting that it may
reflect terrestrial OM of plant/soil origin as well as the biode-
graded products of that complex material. OM fluorescence signa-
tures at higher emission wavelengths (>350 nm) are generally
linked to larger, more aromatic and complex chemical species sus-
ceptible to photooxidation when exposed to sunlight. Therefore,
these data provided strong evidence of complex OM of terrestrial
influence, transported to southeast Greenland from environments
rich with plants, soils and microbes.

ACT-10 C2 contained OM fluorescence at low excitation and
broad emission wavelengths (250/300–560 nm), representing a
mixture of simple and more complex OM. Its presence in
ACT-10 may describe effective Aeolian transport of diverse biode-
graded OM chemical species also found in terrestrial soils (Zhao
and others, 2012; Romero and others, 2017; Romero and others,
2019). This component represents fluorescence from multiple
OM types in ACT-10 due to the common fluorescence across mul-
tiple samples at low excitation wavelengths (240–260 nm)
(Fig. S2a). Since this signature does not yet have a commonly
used corresponding peak label, we characterized the OM by split-
ting the fluorescence into two sections and comparing them with
other ice core and environmental fluorescence data from the litera-
ture. We used the monolignol-like OM characterization for WD C1
reported in D’Andrilli and others (2017a), reproduced in Figure 2b,

to characterize the low emission (300–320 nm) wavelength region
of ACT-10 C2. This fluorescence region is characteristic of simple
phenolic chemical species known to be ubiquitously found in the
environment that are characteristically different from tyrosine-like
(peak B) fluorescence (Aiken, 2014) (Table 2, Fig. S1). The longer
emission fluorescence signature (>350 nm) was characteristic of
Northern Hemisphere soils undergoing decomposition with vari-
ous land management schemes (Zhao and others, 2012; Romero
and others, 2017; Romero and others, 2019) providing more evi-
dence beyond ACT-10 C1 of transported terrestrial OM to south-
eastern Greenland. Ice-sheet environments without surface
meltwater pools, ponds and/or lakes that lack higher plant vegeta-
tion can only have these types of signatures as a result of Aeolian
transport of C produced in external environments, supporting
the use of OM signatures in ice cores as a record of regional and
global C over time.

ACT-10 C3 was characteristic of tyrosine-like OM (peak B;
Table 2) and also with phenylalanine and tyrosine fluorescence
(Fig. S1). This signature represents microbially altered OM
(Coble and others, 1990; Coble and others, 1998) with low aro-
matic nature, the chemical species of which are commonly
favored in biological processing mechanisms (Parlanti and others,
2000). OM character defined as ‘amino acid-like’ (peaks B and T;
Table 2) is linked with microbial processes in aquatic and terres-
trial environments (a review of diverse examples in Coble and
others, 2014). Of the two amino acid-like OM fluorescence
peak labels, B refers to more degraded microbial products or
other peptide material and is less commonly associated with
freshly produced material. Therefore, its presence may indicate
heterotrophic microbial degradation pathways, though delineating
degradation of terrestrial versus marine origin was not possible
with these data. We acknowledge the potential influence of mar-
ine OM from local wind patterns to the southeastern region of
Greenland (Proshutinsky and others, 2015); however, we were
not able to confirm a more marine-like OM signature (peak M;
Table 2) within this dataset. The lack of tryptophan-like OM
fluorescence (peak T; Table 2, Fig. S1) suggests ACT-10 did not
contain freshly produced OM, which may indicate low contribu-
tions from in situ autotrophic processes after deposition.

Arctic ancient and modern OM characterization: Greenland
GISP2 and Canadian Agassiz

GISP2 and Agassiz PARAFAC models produced one component
each with similar fluorescence. These components (Figs 2c, d)
shared fluorescence regions with multiple types of chemical spe-
cies such as monolignol-, tannin- and amino acid-like (phenyl-
alanine and tyrosine) OM, describing two major classes of OM
found in the environment over different climate periods, simple
phenolic lignin precursors or degraded products, e.g. vanillic
acid (Fig. S1) and amino acids. Our Agassiz OM character results
that suggested amino acid-influenced OM (similar to peak B;
Table 2) were consistent with another report from Ellesmere
Island on John Evans Glacier that also detected amino acids
and other small molecular weight compounds by EEMs and 1H
nuclear magnetic resonance spectroscopy (Pautler and others,
2012). Two fluorescence maxima are observed for Agassiz C1,
compared to GISP2. These differences suggest varying contribu-
tions of characteristically-distinct OM in each ice core on different
temporal scales – higher contributions from simple phenolic,
amino acid- and tannin-like chemical species in Agassiz and
lower contributions from tannin-like chemical species in GISP2.

It is likely that the amino acid-like OM of each ice core was
influenced by microbial communities shaped by location and cli-
mate. Pautler and others (2012) speculated that microbial vari-
ation of the Canadian Arctic was not only a function of
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atmospheric deposition but the differential incorporation of
microbes into the ice of its environment, though variation may
be more apparent in the surface or basal ice under different ther-
mal regimes (Dubnick and others, 2020). Even within the late
Holocene, regional wind patterns across the Arctic Ocean show
different sources reaching Ellesmere Island than eastern
Greenland (near ACT-10) and it is possible that the location of
Agassiz is most locally influenced by coastal winds of Baffin
Bay (Proshutinsky and others, 2015). Thus, these OM fluores-
cence variations can be influenced by multiple regional and
local environmental factors including coastal proximity, regional
air circulation, local wind patterns, and resident and transported
microbial communities. Like ACT-10, the lack of resolved
tryptophan-like OM signatures (peak T; Table 2) suggested min-
imal contributions of freshly produced OM by microbes, and fur-
ther biological investigation would be required to identify the
extent of microbial transformations following deposition.

Spatiotemporal comparisons of fluorescent OM character

Similar OM fluorescence signatures and therefore chemical char-
acterizations (OM type and potential source origin) were detected

for these ice cores (Fig. 2, Fig. S1) suggesting similarities across
regional and global spatiotemporal scales. To compare the
PARAFAC components with similar fluorescence in more detail,
we selected three groups to evaluate that had characteristically dif-
ferent signatures: Group 1, exclusive to OM type ‘vi’, Group 2, at
least containing the type ‘i’, and Group 3, a mixture of OM con-
taining types ‘ii’, ‘iii’, and ‘iv’ (Fig. 2). For these groups, the
PARAFAC model spectral loadings for excitation and emission
were superimposed to show their magnitudes and wavelength
ranges (Figs 3a–c). In Figures 3a–c, the superimposed excitation
and emission spectra represented comparisons of chromophoric
and fluorophoric OM, respectively. Excitation spectra described
absorbing chemical species (chromophoric OM) whereas emis-
sion spectra described fluorescing chemical species (fluorophoric
OM). Additionally, pairwise clustering was used to confirm near-
identical OM species across all ice core components (Figs 3d, e).
In general, the data clustered separately for OM fluorescence at
higher emission wavelengths from lower excitation and emission
wavelengths (Figs 3d, e), and variations at low excitation and
emission wavelengths were observed (Figs 3b, c). Fluorescence
similarities were regional (Greenland and Canada) and global
(Arctic to Antarctic) across ancient and modern scales. From

Fig. 3. Comparisons of PARAFAC analysis component excitation and emission spectral loadings for ice core organic matter of (a) ACT-10 C1 and WD C3, (b) ACT-10
C2, WD C1, GISP2 C1 and Agassiz C1, and (c) ACT-10 C3, WD C2, GISP2 C1 and Agassiz C1. Components are listed as C1, C2 and C3. Quantitative comparisons were
calculated based on the component (d) Tucker congruence coefficients (TCC) (Tucker, 1951; Lorenzo-Seva and ten Berge, 2006) for excitation loadings and (e) shift-
and shape-sensitive congruence coefficients (SSC) (Wünsch and others, 2019) for emission. The colorscale for (d–e) indicates the TCC and SSC values with a max-
imum value of 1. Cluster analyses of the PARAFAC components were calculated from the TCC and SSC results (Tables S2a, b).
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these comparisons, we identified specific fluorescence features
that can be used for future paleo- and modern climate assess-
ments of OM.

Group 1: mid- to large-size humic-like OM of the Holocene
Fluorescence for ACT-10 C1 was more broadly distributed over
emission wavelengths compared to WD C3 although the peak
maxima were located at the same wavelength (418 nm). While
comparisons between ACT-10 and WD OM were not possible
on the same late Holocene timescale, these ‘humic-like’ signatures
indicate strong evidence for more complex materials being pro-
duced in our modern past, that we identify as a unique
Holocene OM marker. These two components were significantly
similar (SSC = 0.95; Table S1) and clustered together, describing
identical OM in both polar regions (Figs 3d, e). We note that
‘humic-like’ OM was more dominant in the ACT-10 record and
speculate that the Greenland ice sheet receives more terrestrially
derived OM due to its proximity to other continents compared
to Antarctica. Therefore, this OM type and amount in the
Arctic may be more indicative of Arctic air circulation patterns
when forested, soil and wetland ecosystems are nearby. If any
chemical composition differences of these two components
(SSC = 0.05) exist, they were considered minor over large spatial
(global) and temporal (ancient to modern) scales.

Group 2: monolignol-like OM and its linked fluorescence
signatures across large spatiotemporal scales
This group contained OM having at least one fluorescence signa-
ture characteristic of monolignols (type ‘i’; Fig. 2) and we recog-
nize that other fluorescing OM are present for ACT-10 C2,
GISP2 and Agassiz within this group. We used the characterized
WD C1 OM type from D’Andrilli and others (2017a) to establish
this description of similar monolignol-like OM fluorescence in
the Arctic ice cores. Monolignols are the small molecular com-
pound precursors to larger lignin molecular chains of vascular
plants and are ubiquitously found in the environment.
Excitation spectra clustered more similarly than emission spectra
across all ice cores. The excitation spectra for ACT-10 C2 and WD
C1 were more significantly similar (TCC = 0.96) than when com-
paring ACT-10 C2 to GISP2 (TCC = 0.92) and Agassiz (TCC =
0.85) (Fig. 3d and Table S2a). Highly congruent excitation spectra
(TCC > 0.95) that vary in loading scores represent a proxy of the
relative quantity of the same OM chromophoric species among
ice cores. These results indicate that Arctic ice cores contain
very similar, but not identical monolignol-like chromophores
regionally distributed over ancient and modern temporal scales.
More identical monolignol-like chromophores, determined for
ACT-10 and WD OM, describe global distribution across vast
temporal scales. It is likely that they represent more bioreactive
than photoreactive species in diverse environments, compared
to larger lignin moieties, based on their chemical nature.
However, further analysis of microbes using monolignols in het-
erotrophic degradation processes would be needed to confirm
its bioreactivity in the environment.

The similarities of fluorescing OM within this group existed
only at the lowest excitation and emission wavelengths (250/
300 nm), but only comparisons between WD C1 and GISP2 C1,
and WD C1 and Agassiz C1 produced emission correlations of
SSC > 0.9 (Fig. 3e and Table S2b). Furthermore, at the same tem-
poral scale, the comparisons between WDsupp data (characteristic
of group 2; a subset of the WD data, Figs S3a–c) and GISP2 C1
yielded SSC = 0.95, describing nearly identical OM chemical char-
acter of the same climate period in opposite polar regions. This
suggests abundant monolignol-like OM was produced in both
hemispheres and circulated throughout Aeolian global conveyor
belts. Most likely, the weak correlation of all the ice core

comparisons for this group was due to the longer emission feature
for ACT-10 C2 (i.e. the fluorescence ‘tail’). In our data, this fea-
ture was a unique Greenland Holocene signature and may
represent a marker for microbial decomposition occurring in
soils before being transported to southeastern Greenland.

Across both excitation and emission loadings, no pairwise
component coefficients were greater than the 0.9 threshold for
this group (Table S1), indicating no determination of identical
species across the group’s features. However, the variability of
this group having monolignol-like character and other OM fluor-
escence distinguishes it as a separate marker. From the original
WD ice core, monolignol-like fluorescence was detected in all
climate periods (D’Andrilli and others, 2017a) and the non-
monolignol characteristic fluorescence, across varying wave-
lengths, was influenced by ecological changes of deglaciation
and the Holocene. Therefore, this group may be characteristic
of large and small ecological changes of our past (e.g. transition
periods after the LGM, warming and cooling periods within the
Holocene).

Group 3: amino acid- and tannin-like OM across large
spatiotemporal scales
This group contained fluorescence at low excitation and emission
wavelengths that were different from the monolignol-like category
(group 2). Here, fluorescence of types ‘ii’, ‘iii’, and ‘iv’ (Fig. 2) are
discussed without the inclusion of monolignols, though other sim-
ple phenolic compounds may fluoresce in this region (e.g. vanillic
acid). Group 3 therefore spans the phenylalanine-, tyrosine- and
tannin-like characterized OM fluorescence signatures (Fig. S1).
Since group 3 was not characterized by resolved tryptophan-like
OM fluorescence, it therefore represents an OM marker involving,
but not exclusive to, microbial degradation of simple OM, as evi-
dent by the resolved tyrosine-like signature of ACT-10 C3 and
the similar signatures for WD C2, GISP2 C1 and Agassiz C1.
Additionally, this marker is easily discernable from the fluorescence
‘tail’ feature of ACT-10 C2, the proposed marker for microbial
decomposition of simple and complex OM in soils.

The spectral loadings clustered most similarly (TCC and SSC
> 0.90) across all ice cores for ACT-10 C3, WD C2, GISP2 C1 and
Agassiz C1 (Figs 3c–e, Tables S1 and S2a, b) describing nearly
identical bioreactive chemical species were globally distributed
across ancient and modern scales. Analysis of components in
Figure 3c showed more closely related OM of this type in the
Arctic compared to Antarctic OM (Table S1). When specifically
comparing Arctic Greenland and Canada data across the same
temporal scale, Agassiz lacked more complex OM fluorescence,
compared to ACT-10. These differences may be driven by local
and regional influences; regional influences may extend to differ-
ent OM sources and air circulation patterns and local influences
may include coastal proximity, coastal winds, surface snow pro-
cesses, OM/microbial consortia and ice preservation conditions.
However, these are just suggestions based on the OM fluorescence
differences from these data and more extensive OM and geo-
chemical surveys of Holocene Arctic ice (either newly cored or
from available ice storage repositories) would be needed to con-
firm such detailed information. From our data, when comparing
across spatial and temporal scales, and despite similarities in both
polar regions, this fluorescence technique can be used to target
points for future inquiry.

Implications for Arctic and Antarctic OM concentrations from
fluorescence data

All ice core data, when coupled with historical climate period data
(end of the LGM, warming and cooling periods of the Holocene),
revealed time-specific changes in OM quality. Such changes over
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time may also have characteristic changes in C quantity. While
organic C concentrations were not available for this work, we
used fluorescence intensity trends to discern relative increases
and decreases in concentrations within the individual PARAFAC
components (Murphy and others, 2013). In the following sections,
we compare the individual components and their intensities among
ice cores based on their similar fluorescent OM composition (e.g.
ACT-10 and WD, and GISP2 and Agassiz) rather than based on
their spatial or temporal contexts. Where applicable, intensity sig-
nals that may relate to in situ OM transformations in the firn prior
to preservation are discussed.

ACT-10 and WD
The ACT-10 basins differed in distance from the coastline, eleva-
tion and snow accumulation (Miège and others, 2013), which
have an influence on OM type and fluorescence intensities over
space and time. To evaluate relative changes in C concentration
from OM fluorescence trends over the longest time period, we
present fluorescence intensities from basin C (Fig. 4a) having
the lowest accumulation rates and being the farthest inland
(Miège and others, 2013) (Fig. 1). OM fluorescence intensities
across ACT-10 basins A and B are provided in Figure S4, however
basin-to-basin comparisons were beyond the scope of this work.
Overall, ACT-10 C3 had the highest fluorescence intensities com-
pared to C1 and C2, although those values (>0.01 R.U.) were
characteristic of years 2000–2010 only. For C1 and C2, fluores-
cence intensities were variable over time, with an increase around
1996, describing increases in more humic- or lignin-like OM from
plant and soil materials and their microbial breakdown products
from Northern Hemisphere continents of the late Holocene. C3
fluorescence intensities showed a strong increasing trend over
time, describing increases in tyrosine-like OM concentrations

and larger contributions of microbially altered materials for the
most recent years. It is likely that the last decade of data (2000–
2010) describes an increase in microbial influences due to firn
warming by increasing air temperature; notable increase in fluor-
escence intensities near the end of 1997. Before 1997, average
fluorescence intensities were an order of magnitude lower,
0.00149 R.U., compared to 0.01041 R.U. after 1997. Therefore,
we speculate that the fluorescence intensity trends may provide
insight into surface decomposition processes occurring within
the firn.

Each climate period of WD contained fluctuating fluorescence
intensities indicating varying concentrations of C1 and C2
(Fig. 4b; data generated from D’Andrilli and others (2017a) but
not reported in that work). C3 fluctuations are shown across
the 21.0 kyr record, however, the first observation of a resolved
‘humic-like’ signature of plant/soil origin was detected in the
Holocene ∼11.0 kyr BP (Fig. 4b). Overall, the largest fluorescence
intensities were reported for C1 across all climate periods in the
WD ice core and the Holocene contained the largest intensities
of each OM type (C1, C2 and C3) comparatively. The Holocene
was also characterized by having the lowest dust concentrations,
lower sea-ice influence and the warmest temperatures (WAIS
Divide Project Members, 2013), suggesting a potential correlation
of OM concentration with temperature (D’Andrilli and others,
2017a). Holocene photosynthetic productivity rates (Pg C a−1)
were estimated to be more than double that of the LGM (Ciais
and others, 2012), which linked increased biosphere C productiv-
ity to warmer temperatures. Using fluorescence intensities as a
proxy for relative OM concentration changes, we explored these
fluorescence intensity changes with relative temperatures further
to infer how changes in past C productivity might be preserved
in the ice core record.

Fig. 4. Parallel factor component organic matter fluor-
escence intensities over time for ice cores: (a) Arctic
Circle Traverse 2010 for basin C and (b) West
Antarctic Ice Sheet Divide. Component labels are pro-
vided as C1, C2 and C3. For (a) time is provided as
dated years of the late Holocene (Miège and others,
2013) and for (b) time is provided in kiloyears (kyr)
before present (BP) (WAIS Divide Project Members,
2013). Fluorescence intensities are reported in Raman
Units (R.U.). The (*) symbol refers to the first observa-
tion of a resolved ‘humic-like’, plant/soil signature in
the Holocene. LGM, Last Glacial Maximum; LD, last
deglaciation.
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GISP2 and Agassiz
GISP2 OM fluorescence intensities generally increased (more
than doubled) from ∼19.0 to 17.8 kyr BP, describing relative
increases in OM concentrations from the transition of the LGM
to Henrich Stadial 1 (Fig. 5a). This climate transition was marked
with simultaneous changes in certain ecological responses asso-
ciated with warming temperatures, such as sea-level rise and
atmospheric methane concentrations (Mayewski and others,
1997; Petit and others, 1999; Clark and others, 2009; Stuiver
and Grootes, 2017). In that context, it is likely that those eco-
logical changes also resulted in increased OM production from
different sources (terrestrial, microbial, marine) with climate
warming, as regional environments became more ice-free.

These paleoclimate implications were similar to that inferred
from WD OM trends at the end of the LGM (D’Andrilli and
others, 2017a) with similar OM signals. GISP2 C1 contained dif-
ferent types of simple chemical species (Fig. 2c), however, without
separately resolved fluorescence signatures, we can only report
increases for it as a group of characteristically ‘simple’ OM con-
centrations, and not individual types. We use the term ‘simple’
to separate a category of low molecular weight and low aromatic
molecular compounds from more complex, highly aromatic and
larger compounds. Further molecular-level analysis and concen-
tration measurements would be required to identify the different
compositions and amounts linked to climate period changes since
the LGM.

Fluctuations in Agassiz fluorescence intensities spanned an
order of magnitude (0.0075–0.0136 R.U.) across a period of 60
years, and intensities from the oldest to youngest samples showed
an initial increase after 1940, followed by a decrease (near 1980),
and rebound by years 1990 and 2000. These temporal shifts could
indicate changing OM concentrations of Agassiz’s simple OM
types despite this dataset having very few samples. Assuming
these fluctuations are related to OM concentration over time for
Agassiz, we explored temperature and other ecological variables
that may drive such changes in the literature. Other reported
Agassiz Ice Cap ice core data (e.g. temperature, elemental concen-
tration and trapped gas) are commonly compared with Greenland
ice cores on the same temporal scale because of their proximity

and consistent findings (Koerner and others, 1999; Vinther and
others, 2009; Lecavalier and others, 2017). Following that
framework, it is possible that their general OM trends may also
be similar, following similar regional influences.

Mean annual temperatures reported in the literature observed
a cooling period in Greenland from 1950 to 1980 (Chylek and
others, 2006), which was consistent with average temperature
trends inferred from Agassiz water isotope data (Fig. 5b).
Decreasing fluorescence intensities were also observed after
1950, suggesting that decreasing OM concentrations potentially
were a result of these temperature changes. Moreover, Agassiz
(C1) and ACT-10 (C1 and C3), two ice cores in the Arctic having
similar OM character in the late Holocene, both displayed
decreasing fluorescence intensities similarly prior to 1980.
Similar increasing trends in fluorescence intensities after 1980
were also apparent for Agassiz and ACT-10, although further
investigations would be required to assess the strength of correla-
tions over time. Arctic regional wind patterns indicate a shift in
terrestrial origin and transport across the Arctic ocean around
1980, which may also affect OM at both Agassiz and ACT-10
(Proshutinsky and others, 2015). Considering these ice core
data, there are indications of OM trends with temperature
changes.

OM fluorescence intensity and temperature trends: inferences
of shifts in C production

Correlations using water isotopes across Arctic and Antarctic
ice cores
Coupling OM fluorescence intensities (Fig. 5) with water isotope
data provided a unique perspective on relative changes with tem-
perature. We used fluorescence data for GISP2, Agassiz and
WDsupp and the water isotope data to measure correlation coeffi-
cients individually and grouped together. The WDsupp dataset was
used to target changes since the LGM across the same temporal
record as GISP2 (Fig. 5c). Different correlations were measured
for GISP2, Agassiz and WDsupp (Figs 5a–c), describing weak to
strong associations of OM trends with temperature over time.
For these correlations, water isotope ratios were averaged over

Fig. 5. Organic matter fluorescence intensities from PARAFAC analysis (component one; C1) and water isotope temperature records (δ18O) for (a) Greenland Ice
Sheet 2 Project (GISP2); isotope data smoothed over 100 point average, (b) Agassiz, and (c) the West Antarctic Ice Sheet (WD) subset supplemental (WDsupp)
data. Insets for each panel show the relationship of C1 fluorescence intensity as a function of water isotopic value with correlation coefficients provided. The
dashed line in (a) represents a weak association between variables. Error bars represent the range of years of each sample. Fluorescence intensities are
provided in Raman Units (R.U.); kiloyears before present 1950 as kyr BP.
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the range of years matching each EEM sample (x-axis error bars
in Figs 5a–c). The correlation coefficients were ranked as GISP2 <
Agassiz <WDsupp. The GISP2 fluorescence intensity record
showed a characteristic increase near the end of the LGM, a
trend that is not mirrored in its δ18O record (r = 0.14). Water iso-
tope data for Agassiz displayed stronger correlations with fluores-
cence intensities (r = 0.69), compared to GISP2. The strongest
relationship was reported for WDsupp, where both water isotope
and fluorescence intensity increased steadily near the end of the
LGM and into the last deglaciation period (r = 0.82). These rela-
tionships may suggest markedly different regional and polar influ-
ences on OM trends; relative indicators of temperature may be
more tightly correlated in the Southern Hemisphere with
Antarctica being surrounded by ocean waters, farther from con-
tinental inputs, compared to various locations in the Arctic.

Combined fluorescence and water isotope data across GISP2,
Agassiz and WDsupp were moderately correlated (r = 0.45;
Fig. 6a). For this comparison, fluorescence intensities were aver-
aged per year or across multiple years and then normalized to
their maximum value within each ice core. Annual water isotope
data were averaged and mean-centered (δ18O offset in Fig. 6a).
Overall, this relationship is positive across ancient and modern
scales, describing that temperature has some impact on OM qual-
ity and quantity. From this relationship, we can only speculate
that increases in temperature correspond to increases in types
and amount of OM produced externally from the ice cores and
not on the extent of transport. However, these trends open the
door for further investigation tracking past ecological influences,
precipitation trends and air circulation patterns with temperature
changes.

Correlations using mean air surface temperatures across
modern Arctic ice cores
Extending beyond water isotope data as a proxy for relative tem-
perature changes, we used Greenland annual mean temperature
data modeled from 1948 to 2020 to test the strength of the correl-
ation with fluorescence intensities (model calculations from
‘NCEP/NCAR Reanalysis 1’; Kistler and others, 2001). For this
exercise, we examined fluorescence data (C3) from the ACT-10
basin C (years 1973–2010) and Agassiz (years 1940–2000) ice
cores (Fig. 6b). Similar to the calculations necessary for
Figure 6a, fluorescence intensities were averaged per year
(ACT-10) or provided as the discrete value across multiple years
(range of years in Agassiz for each EEMs sample) and then nor-
malized to their maximum value within each ice core.
Temperature data were normalized to the 1981–2010 average
(Model NCEP/NCAR Reanalysis 1; Kalnay and others, 1996;
Kistler and others, 2001). We set our temporal scale to 1948–
2010 to encompass both Arctic Holocene records. Using mean-
centered air surface temperatures (K) from the available modeled
data, the correlations were moderate: r = 0.58 for ACT-10, r = 0.57

for Agassiz and r = 0.51 for the grouped data. Although different
amounts of samples over smaller versus larger scales were used in
this exercise (ACT-10: ∼38 years and Agassiz: ∼60 years), the
results suggested that temperature has an impact on OM trends
in different Arctic locations.

Comparing the Agassiz record across water isotope and air
surface temperatures resulted in a stronger correlation using the
water isotope data (Fig. 5b; r = 0.69), than the modeled air surface
temperatures (Fig. 6b; r = 0.57). Also, these data emphasize the
strength of OM comparisons with other geochemical datasets dir-
ectly measured on the same ice core. This provides the paleo- and
modern climate community with a benchmark of information in
order to associate OM fluorescence changes with temperature
regionally and globally. When C concentration data are unavail-
able, ecological explanations for OM fluctuations are possible
when fluorescence is paired with water isotope data and/or avail-
able air surface temperature datasets. However, it is clear that fac-
tors other than temperature are involved in OM fluorescence
fluctuations.

The way of the future: OM interpretation challenges, caveats
and impact

Challenges with OM interpretations related to paleoclimate
implications
Extending OM fluorescence knowledge from the aquatic and ter-
restrial communities to ice core OM characterizations has been
challenging. Resolved, yet deemed ‘unconventional’ fluorescence
signatures, i.e. those without available peak labels or having over-
lapping fluorescence with ‘peak labeled’ regions (Coble and
others, 1990; Coble and others, 1998; Stedmon and others,
2003), may indicate qualitatively different OM chemical moieties.
As Murphy and others (2011) and Aiken (2014) described, the
use of the broad category of ‘amino acid-like’ provides an incom-
plete characterization of OM having low excitation and emission
wavelength fluorescence (emission < 400 nm). Other fluorescing
OM species in aquatic and terrestrial environments besides
tyrosine- and tryptophan-like material may be responsible for sig-
natures in this region; thus, OM characterizations and interpreta-
tions must be made in the ecological context of a system (Aiken,
2014; D’Andrilli and others, 2017a). This is especially important
for ice core paleoclimate research, a new frontier for OM charac-
terization across ancient and modern scales.

For example, characterizing OM fluorescence as amino acid-
like may have resulted in an inaccurate conclusion, namely that
microbial production and transformation is continuously chan-
ging the nature of OM over time. Based on recent deep ice core
reports of microbial and OM paleoclimatology, signatures of
OM, nutrients, biomass quantity and microbial metabolic func-
tion were identified as distinct signals from different climate per-
iods suggesting strong evidence for concurrent preservation of

Fig. 6. Normalized organic matter fluorescence inten-
sities from PARAFAC analysis and relative temperature
changes of (a) component one (C1) and mean-centered
water isotope data (δ18O) for GISP2, Agassiz and WDsupp

and (b) Agassiz C1 and ACT-10 (basin C) component
three with Arctic mean-centered air surface tempera-
tures (K). Correlation coefficients are provided for com-
bined ice core data in (a) and combined and
individual ice core data in (b; black and gray lines,
respectively). Fluorescence intensities are provided in
Raman Units (R.U.). Arctic annual mean surface air tem-
perature data were obtained from the ‘NCEP/NCAR
Reanalysis 1’ model and calculated for 1948–2010 (avail-
able from the NOAA-ESRL Physical Sciences Laboratory,
Boulder, Colorado, USA (https://www.esrl.noaa.gov/)).
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materials (Miteva and others, 2016; D’Andrilli and others, 2017a,
2017b; Santibáñez and others, 2018). In our work, we dispute the
use of ‘amino acid-like’ as the only plausible characterization
because englacial ice cores do not contain endless supplies of
OM for microbial turnover; they are finite. Also, if microbial turn-
over was occurring continuously, the products would be measur-
able (e.g. CO2 and CH4 gases, increased biomass growth, OM
degradation products). Moreover, it is important to assess why
OM and microbes would not be preserved to a similar degree
than other materials during preservation that seals the ice away
from further atmospheric exposure. Therefore, if we accept that
heterotrophic microbes are constantly transforming OM in situ,
even in glacial ice below the brittle zone, this questions the plausi-
bility of atmospheric reconstructions from ice core records that
have used CO2, CH4, nutrient concentrations and microparticle
counts and is ultimately in contrast with the paradigm of preser-
vation in ice core records. We contest that glacial ice preservation
mechanisms do not exclude OM. More likely, differential incorp-
oration of materials is driven by local variables, individual
thermodynamic favorabilities, and exposure to the atmosphere,
and none that challenge the ability to reconstruct past atmos-
pheric compositions from ice across these scales.

Resolved tyrosine-like fluorescence, while an indicator of
amino acid-like OM, only can be used as a suggestion of micro-
bially influenced and likely degraded OM when other analyses
are unavailable. The first deep ice coring OM study from WD,
Antarctica, acknowledged the possibility of microbially influenced
OM; however, the lack of a resolved tyrosine-like peak was an
indicator of lower overall microbial influence in the record
(D’Andrilli and others, 2017a). ACT-10 C3 provided a strong
example of a resolved tyrosine-like OM signature that contributed
the least to its overall ice core character, comparatively. Recent
firn studies described CH4 concentration trends that may indicate
in situ processes near the surface (Rhodes and others, 2016)
where the microbes and nutrients in snow interact with atmos-
pheric gases in the surface layers. However, without the identifi-
cation of corresponding microbial, nutrient concentration, and
gas anomalies, the tyrosine-like signature cannot solely be used
as a surrogate for microbial changes occurring after deposition
and/or below the brittle ice zone (i.e. no longer in atmospheric
contact). Taken together, we acknowledge the possibility of OM
transformations by microbes during deposition and within these
ice cores near the surface and speculate that its influence may
be highly variable across local environments. In firn ice, in situ
OM production and transformation will require identifying out-
gassing signals against background measurements, microbial
community activity, and available nutrients. Detecting in situ sig-
nals in deep ice will require more fine scale temporal analyses
than currently available (<22 years), especially because microbial
metabolism is known to occur far more rapidly, even at relatively
low temperatures of the Arctic and Antarctic. Advancements of
biological and chemical techniques coupled with CFA melting
are needed to move beyond discrete OM fluorescence measure-
ments, discrete microbial abundances and develop complemen-
tary field-to-laboratory-based experiments to confirm in situ
microbially-derived changes and their potential magnitudes.

For future ice core and other cryosphere research, extending
OM interpretations beyond the peak labels (Table 2) with accom-
panying ecological data will be paramount. Overlapping regions
of fluorescence are worth noting to avoid limited perspectives of
OM understanding. However, we recommend caution with
reporting long lists of possibilities of OM fluorescence signatures
without complementary analyses or ecosystem variable consider-
ation. We stress the importance of understanding a complete sig-
nal, and not just a portion of one. Combining complementary
analysis of materials in the ice cores will help reduce speculations

on diverse influences without supporting ecological information.
In so doing, ice core OM can be evaluated more comprehensively
to reveal past ecological changes, understand modern influences
and make predictions for the future with ice-sheet melt as tem-
peratures rise. Specifically, OM fluorescence data analyzed using
this approach and combined with environmental influences, cir-
cumpolar air circulation schemes and local wind patterns provide
insights into geographical origins. Recent work conducted on
backward trajectories of storm precipitation (rain and snow) has
shown links to specific OM fluorescence types likely influenced
by their marine and terrestrial origins in the Northern
Hemisphere across polar and non-polar regions (Joyce and
others, 2019). Based on the approach of Joyce and others
(2019), it may benefit researchers to incorporate cloud type, ice
nucleating particle formation, atmospheric temperatures and
backward trajectories of precipitation events to specifically iden-
tify where ice core materials originate. This would also advance
how we understand the influences of ice surface processes follow-
ing deposition prior to preservation mechanisms at different ice
core sites.

Steps toward understanding future impacts of ice-sheet OM
Ice core OM biogeochemistry is gaining more attention, using C
characterization techniques commonly applied for aquatic and
terrestrial ecosystems globally (Grannas and others, 2006;
D’Andrilli and others, 2017b; Brogi and others, 2018; Xu and
others, 2018; Vogel and others, 2019) and newly engineered sys-
tems designed for astrobiological research (Malaska and others,
2020). Engineering these techniques for flow through capabilities
and/or in situ detection will advance ice core CFA measurements
of C quality and quantity at high temporal resolution. In effect,
this will propel the field of paleoclimatology and bring together
researchers from diverse communities. Evidence of recent warm-
ing in the late Holocene compared to the early Holocene from a
large paleotemperature compilation effort suggested that warming
was consistently detectable from glacial ice, marine sediments,
lake sediments, peats and other environments from around the
world (Kaufman and others, 2020). Kaufman and others (2020)
showed convincing examples of compiled datasets over multidis-
ciplinary environmental fields, a necessary next step to advance
our understanding of C-based materials in ice sheets and their
impact in the future. Following that lead, more ice core OM
work is needed over broad and fine scales in concert with paleo-
climate and modern ecosystem studies across diverse scientific
fields as we prepare for future C cycling changes on Earth.

Conclusion

Ice coring of ancient and modern ice over small and large spatial
and temporal scales continues to develop a more detailed under-
standing of Earth’s past. Interpreting the data from the Arctic ice
cores, across all spatial and temporal scales, and with the inclusion
of WD, advanced the understanding of these OM signatures and
their ecological relevance as important early steps in paleoclimat-
ology. The benchmark WD OM characterizations in D’Andrilli
and others (2017a) provided a unique perspective on what OM
signatures to expect in other ice cores, how to interpret them
and how to make inferences related to climate changes. The
diverse OM chemical species of ACT-10, GISP2, and Agassiz
ice cores were used to indicate Northern Hemisphere trends
over ancient and modern scales. Our work was useful for recon-
structing past atmospheric compositions using comparisons from
both hemispheres, understanding unique environmental changes
on a global scale, and identifying regions of similar or different
OM signatures for further targeted biological or chemical
analyses.
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Individually, the ACT-10, GISP2 and Agassiz ice cores con-
tained OM fluorescent chemical species from different locations
of the Arctic, yet when analyzed over broad spatiotemporal scales
had similar OM character and was also similar to WD OM from
the Southern Hemisphere. Within the same climate period, OM
compositions were distributed regionally on modern scales and
globally on ancient scales. Interestingly, modern Agassiz OM
also shared significant fluorescence overlap with ancient records
(WD and GISP2), supporting globally distributed materials on
vastly different temporal scales. These comparisons revealed
unique OM markers for atmospheric reconstructions of C from
different sources. A Holocene marker was identified from the
nearly identical OM chemical species in ACT-10 C1 and WD
C3. Amino acid- and tannin-like OM chemical species indicated
a globally distributed marker of microbial degradation of more
simple material across all the ice cores. The deviations from
monolignol-like OM fluorescence within a component became
an OM marker indicative of climate transitions and increased
contributions from microbial degradation of OM in soils.
Armed with this catalog, these results are the beginning of
regional and global OM ice core intercomparisons that will propel
future studies of cryosphere or other paleoclimate OM character-
ization, quantification and biogeochemical interpretations.

Fluorescence intensities of each modeled OM type were used as
a proxy for relative increases and decreases in OM concentrations,
encapsulating descriptions of diverse chromophoric and fluoropho-
ric OM over regional and global spatial scales extending back to the
LGM. These data indicate changes in C production pathways and
rates over time. The greatest intensities were reported in the
Holocene, comparatively, leading to an investigation of temperature
dependence on OM trends. OM trends were related to past eco-
logical changes, though various strengths across spatiotemporal
scales with similar OM types were apparent. Correlations with rela-
tive temperature shifts may be stronger or weaker depending on
OM type, and more or fewer environmental variables, highlighting
another avenue for future investigations. We speculate that fluores-
cence signals and OM concentrations corresponding to simple OM
may be more strongly related to temperature shifts over short and
long temporal scales. While more complex, terrestrial OM may also
be positively related to temperatures (potentially larger scale bio-
mass increases), the reflected OM trends, if any, in ice cores may
be more challenging to tease apart.

Though challenges with fluorescence interpretations of OM
exist, these records set new benchmarks for broadening OM char-
acterizations when other data are not available. With examples of
diverse OM from ancient and modern extreme environments,
researchers will have a more extensive catalog of diverse signatures,
extending beyond common peak labels to apply in order to better
interpret OM fluorescence. Remembering that OM fluorescence
should only be characterized in the context of its ecological vari-
ables, the fluorescence ecological community (aquatic, cryosphere,
terrestrial and atmospheric) will greatly benefit from more diverse
understandings of OM from Earth’s past to better understand what
signals to expect in the future. All ice cores contain potentially
reactive material upon release within surface snow and across
vast ecosystems of our global environment, therefore predicting
its impact may rely on the amount of each. Ice sheets represent a
significant store of organic C, estimated at 6 Pg of C globally
(Hood and others, 2015; Wadham and others, 2019). However,
that estimate fails to describe the amount of reactive OM. As ice
sheets retreat, C is being released and exposed to various physical,
chemical and biological processes that may stimulate a positive C
cycling feedback loop of greenhouse gases. Therefore, determining
the OM types becomes essential in order to predict its fate in the
future. This is another aspect of where OM chemical characteriza-
tion assays in surface-to-deep ice coring research will be

paramount. As we move into the next realm of ice core OM
research using surface-to-deep continuous records, more extensive
comparisons with archived and newly drilled ice cores will trans-
form our understanding of environmental OM proxies of our
past in order to predict future biogeochemical cycling events as
Earth’s temperatures rise.

Supplementary material. Supporting information includes supplemental
tables and figures (Tables S1–2 and Figs S1–4) used for data interpretation
of all ice core OM, comparisons and spatiotemporal overlaps of WDsupp

with GISP2 used for comparisons in Figures 5 and 6. The supplementary
material for this article can be found at https://doi.org/10.1017/jog.2021.51.

Data. ACT-10, GISP2, Agassiz and WDsupp OM PARAFAC model descrip-
tions were uploaded to OpenFluor (www.openfluor.org) (Murphy and others,
2014), which is an online repository of organic compound fluorescence found
in environmental samples and engineered systems worldwide that can be used
for comparison for future work.
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