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BOSCORF core (CD166-19), recovered off northwest Africa. The core shows a 
sequence of pelagic nannofossil oozes (cream) and clays (light to medium brown) 
with interbedded turbidite sands (dark brown to black). Three logging parameters, 
magnetic susceptibility (dark blue), ITRAX measured Ca (green) and b* colour 
values (yellow) are overlaid and plotted downcore. These data were obtained using 
the BOSCORF ITRAX, MSCL-XYZ, core loggers and MSCL-S and displayed in 
CoreWall.
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Foreword

Over the last century, Earth sciences have evolved from disciplines mostly based 
on naked eye observations of rocks and sediments to a scientific field employing 
the most sophisticated tools developed in analytical physics and chemistry. The in-
troduction of quantitative instrumentation has thus played a major role in enabling 
advances in our knowledge of Earth history and processes. Because geological ar-
chives are so unique and complex, the geoanalytical refinements have often been 
pushed to their ultimate limits of resolution, precision and detection limits in order 
to extract crucial information from objects found in nature.

High-resolution core scanners incorporating X-ray fluorescence (XRF) spec-
trometry are arguably one of the most useful tools that have become available to 
the research community. Their impact is based on their ability to rapidly, non-de-
structively and automatically scan sediment cores. Not only do they rapidly provide 
important proxy data without damaging samples, but they can obtain environmental 
data at decadal, annual and even sub-annual scales. Micro-XRF core scanners can 
indeed be used at the limit of the inherent heterogeneity of sediments linked to the 
presence of grains of different nature, chemical composition and mineralogy. In ad-
dition to producing geochemical profiles along the core length, these scanners also 
allow study of spatial heterogeneities within the sediment through optical images, 
X-radiography or micro-XRF 2D images of elemental composition.

In a little over a decade, micro-XRF core scanners have made a substantive con-
tribution to paleoenvironmental research as evidenced by the exponential rise in 
the peer-reviewed scientific literature. For the field of paleoclimatology, the use of 
sediment cores from lakes and oceans had always been limited by the resolution of 
discrete sampling, but the introduction of XRF-scanners truly revolutionized the 
field allowing the study of similar details in sediments as in polar ice cores from 
Greenland and Antarctica. The versatility of XRF-scanners allows their application 
to other types of paleoclimate archives from diverse locations such as massive cor-
als from tropical reefs, speleothems from caves and subfossil woods.

The key initial strength of XRF core scanners was their ability to scan a meter 
of sediment core at high resolution in about 24 hours. Ongoing instrumental devel-
opments are already leading to further enhancements in sensitivity and speed and 
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throughput. High-resolution XRF core scanners produce a high data output, with 
potentially several thousand spectra acquired per meter of core.

The increasing speed of analyses has allowed researchers to dare tackling proj-
ects based on large amounts of cored material, the XRF-scanner being often the first 
analytical tool used after opening and splitting the cores. The resulting elemental 
profiles, derived from the non-destructive analysis of cores and often involving 
several thousand XRF spectra, are thus used for reconnaissance studies and ba-
sic stratigraphic correlations. XRF core scanners can also be used for insightful 
geochemical studies, provided that proper calibration is performed by means of 
discrete geochemical measurements with accurate techniques such as conventional 
XRF or ICP. Whereas with these conventional techniques, data are acquired from 
dry homogenized fine-grained samples, wet natural sediment cores measured with 
scanners present very different sample conditions. Grain-size and water content 
variations, core surface imperfections, presence of organic matter and water pooling 
on the sample surface will all impact on data quality. Hence interpretation of core 
scanner data is not trivial and guidance is often needed to discriminate environmen-
tally meaningful information from data artifacts.

As outlined above, the use of XRF core scanners is characterized by an inherent 
simplicity in acquiring useful elemental profiles, but making the best out of these 
sophisticated tools also requires experience and a deep knowledge in geochemistry 
and physical properties of sediments. XRF-scanner facilities are now used in about 
one hundred institutions spread throughout Europe, North America and Asia. This 
gave rise to a specific community of users with diverse technical expertise and sci-
entific expectations.

As an illustration, I will say a few words about the specific example of the XRF-
scanner installed in 2008 at CEREGE in Aix-en-Provence. We became interested in 
such analyses in the mid-2000s because of our tradition of working on deep-sea sed-
iments, notably the basic quantification of major phases such as carbonates, detrital 
minerals and organic matter, but also several detailed studies of trace elements scav-
enged in the water column or trapped in the sediments because of specific redox 
conditions. These variables were quantified with various techniques of organic and 
inorganic geochemistry on discrete samples. Since then, micro-XRF scanner pro-
files have allowed us to better understand the relationships between these various 
profiles and integrate them into a coherent and high-resolution framework. This 
truly brought a new dimension to our research in paleoceanography.

The other main consequence of our XRF-scanner acquisition was that it fostered 
collaboration with specialists of other sedimentary archives, notably those taken 
from modern and ancient lakes. Our experience is obviously not unique and it can 
be stated with confidence that the rise of XRF core scanning contributed to bridging 
the gaps between scientific communities, which were working in parallel.

Scientists of this new community often have similar needs and expectations. 
By considering ratios of XRF profiles it has been possible to develop proxies for 
particle sizes, mineralogical composition and organic matter content of sediments. 
Hopefully, more direct evaluation of these parameters may come from future in-
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novations in analytical core scanning based on other electromagnetic emissions and 
detecting systems.

This volume edited by Ian Croudace and Guy Rothwell, two pioneers and promi-
nent contributors in the field, presents a broad ranging view of instrument capability 
and points to future developments that will combine higher precision elemental data 
coupled with faster core analysis. It also presents specific application papers report-
ing on the use of XRF core scanners in a variety of marine, lacustrine and pollution 
studies, together with papers examining practical aspects of core scanner usage and 
data calibration and interpretation. It is a welcome addition to the literature and the 
first volume of its kind to focus specifically on this important technology. Given 
the importance of XRF core scanning in modern paleoenvironmental research, this 
is a timely publication which environmental investigators will find useful. It con-
tains essential reading for both experienced and new researchers using XRF core 
scanners.

Specific Publications from CEREGE that used XRF core scanning (by date)

Gasse F, Vidal L, Van Campo E, Demory F, Develle AL, Tachikawa K, Elias A, Bard 
E, Garcia M, Sonzogni C, Thouveny N. (2015) Hydroclimatic changes in north-
ern Levant over the past 400,000 years. Quaternary Science Reviews 111, 1–8

Tachikawa K, Vidal L, Cornuault M, Garcia M, Pothin A, Sonzogni C, Bard E, 
Menot G, Revel M (2015) Eastern Mediterranean Sea circulation inferred from 
the conditions of S1 sapropel Deposition. Climate of the Past 11, 855–867

Cartapanis O, Tachikawa K, Romero OE, Bard E (2014) Persistent millennial-scale 
link between Greenland climate and northern Pacific Oxygen Minimum Zone 
under interglacial conditions. Climate of the Past 10, 405–418

Brisset E, Miramont C, Guiter F, Anthony EJ, Tachikawa K, Poulenard J, Arnaud 
F, Delhon C, Meunier J-D, Bard E, Suméra F (2013) Non-reversible geosystem 
destabilisation at 4200  cal. BP: Sedimentological, geochemical and botanical 
markers of soil erosion recorded in a Mediterranean alpine lake. The Holocene 
23, 1863–1874

Simonneau A, Chapron E, Courp T, Tachikawa K, Le Roux G, Baron S, Galop 
D, Garcia M, Di Giovanni C, Motellica-Heino M, Mazier F, Foucher A, Houet 
T, Desmet M, Bard E (2013). Recent climatic and anthropogenic imprints on 
lacustrine systems in the Pyrenean Mountains inferred from minerogenic and 
organic clastic supply (Vicdessos valley, Pyrenees, France). The Holocene 23, 
1764–1777
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& Oceanography 58, 1395–1408

Soulet G, Ménot G, Bayon G, Rostek F, Ponzevera, Toucanne S, Lericolais G, Bard 
E (2013) Abrupt drainage cycles of the Fennoscandian Ice Sheet. Proceedings of 
the National Academy of Science 110 (17), 6682–6687
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evidences. Journal of Archaeological Science 40, 1636–1645
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Minimum Zones during the last glacial period. Quaternary Science Reviews 53, 
24–38
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past 400 ka. Quaternary Science Reviews 30, 3716–3727
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zone variability over the past 70 kyr: Impact of primary production and oceanic 
circulation. Paleoceanography 26, PA4208, 1–17

Soulet G, Ménot G, Garreta V, Rostek F, Lericolais G, Zaragosi S, Bard E (2011) 
Black Sea “Lake” reservoir age evolution since the Late Glacial-hydrologic and 
climatic implications. Earth and Planetary Science Letters 308, 245–258

Böning P, Bard E, Rose E (2007) Towards direct micron-scale XRF elemental maps 
and quantitative profiles of wet marine sediments. Geochemistry Geophysics 
Geosystems (G-cubed) 8 (5), 1–14

Edouard Bard
Professor at the Collège de France

Vice-Director of CEREGE (Aix-en-Provence)  
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Chapter 1
Micro-XRF Studies of Sediment Cores:  
A Perspective on Capability and Application  
in the Environmental Sciences

R. Guy Rothwell and Ian W. Croudace

R. G. Rothwell ()
National Oceanography Centre, Empress Dock, Southampton, SO14 3ZH, UK
e-mail: rgr@noc.ac.uk

I. W. Croudace
Ocean and Earth Science, National Oceanography Centre, University of Southampton, 
Waterfront Campus, European Way, Southampton SO14 3ZH, UK

Abstract  XRF core scanners represent a major innovation in the analysis of cored 
sediment sequences and have revolutionised palaeoenvironmental research over the 
last decade. Such scanners provide capability to rapidly and non-destructively record 
element proxy variations at decadal, annual and even sub-annual scales. Their use, 
initially by the marine science community, was soon taken up by lake core research-
ers, particularly after the advent of high-resolution models incorporating x-radi-
ography, particularly suited for analysis of varved sequences. Their impact on the 
environmental sciences is seen in the exponential rise in research papers published 
since 2005 involving their use. Although their main application has been in the 
study of Quaternary marine and lake cores, they have also been used in the analysis 
of terrestrial hard rock cores in mining applications, analysis of loess cores, speleo-
thems, cores from peat bogs and river banks and cores collected for environmental 
forensics and pollution studies. Further, an important cohort of papers has addressed 
interpretation and calibration issues, increasing the robustness of acquired datasets. 
In this paper we review marine and lacustrine applications of XRF core scanning, 
together with environmental forensics applications and research into data optimisa-
tion and calibration presented in the current volume. We provide synopses of the 
principal findings and a concise summary of the current work.

Keywords  XRF core scanners · Core scanner publications · Micro-XRF · Sediment 
cores · XRF core scanner data optimisation
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Introduction

Non-destructive, high-resolution, sediment core scanners incorporating X-fluo-
rescence (XRF) spectrometry and other sensors are now widely used in the earth 
and environmental sciences, and have radically improved our capacity to record 
environmental and process changes down to annual and even sub-annual scales. 
Such instruments measure down-core element variations, typically in the range Al 
( Z = 13) to U ( Z = 92), with detection limits down to several ppm under favourable 
conditions depending on acquisition count time and X-ray tube excitation efficien-
cy. Analysis is rapid (< 50 s per increment) with typically little user intervention and 
samples require little preparation prior to investigation.

Marine and lacustrine sediments have long been recognised as being excel-
lent recorders of environmental change. Such sequences may contain long records 
of earth processes such as climate change, local and regional events (e.g. floods, 
tsunamis, earthquakes, volcanic eruptions, landslides, storms) and anthropogenic 
changes (e.g. changing land use, pollution). A large number of element proxies have 
been recognised as important indicators of climate, weathering and erosion, redox 
conditions, organic productivity and water mass changes. Although the value of 
many of these proxies were recognised prior to the advent of XRF core scanners, 
these instruments have revolutionised our capability to extract high-resolution en-
vironmental data from sediment records.

The Development of XRF Core Scanners—A Boon  
to the Environmental Sciences

The recognition of climate change as a serious environmental and political concern 
from the 1980s onward and the growing collection of sediment cores for scientific 
research demanded fast, high-resolution instruments be developed to investigate 
environmental processes, particularly through element proxies. The origins of this 
new generation of instruments can be traced back to the CORTEX scanner devel-
oped by the Netherlands Institute for Sea Research (NIOZ) in the late 1980s (Jansen 
et al. 1998). This was commercialised as the AVAATECH core scanner by Avaat-
ech Analytical X-ray Technology with installation at the University of Bremen and 
NIOZ in 2002. However, the down-core resolution of early instruments was 1 cm 
at best, meaning researchers could only realistically measure element proxies down 
to centennial to decadal timescales. Reconstruction of past environmental changes 
at annual or sub-annual scales, for example, through study of annual varves, needed 
millimetric or sub-millimetric resolution. This led to the development of high-reso-
lution capability for the AVAATECH scanner (Richter et al. 2006). An independent 
enterprise headed by the Southampton Oceanography Centre (now National Ocean-
ography Centre), United Kingdom, and Cox Analytical Systems, Gothenburg, Swe-
den, led to the innovative ITRAX prototype core scanner which was delivered in 


