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Abstract Methods to isolate and analyze low concentrations of tephra—cryp-
totephra—are destructive, time consuming, and can be prohibitive when sample 
size is limited, when looking for tephra over long stratigraphic intervals, or when 
sediments are minerogenic. Therefore, a more rapid, non-destructive approach 
to detecting cryptotephra would allow for wider application of tephrochronology 
and for more complete evaluation of tephra content within sedimentary profiles. 
In this experiment, we test the ability of scanning X-ray fluorescence to detect 
tephra glass shards with different composition, concentration, and grain size in 
minerogenic lacustrine sediment. Synthetic sediment cores spiked with tephra were 
created in centrifuge tubes, which provided a simple means to introduce tephra 
in known positions and to replicate the process of analyzing real sediment cores. 
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Background sediment was added incrementally and spun in a centrifuge to create 
a series of 20 laminations in 4 synthetic cores. Rhyolitic and basaltic tephra were 
added between laminations with different concentrations and using two grain-size 
ranges (< 53 µm and 105–177 µm). The synthetic cores were split and analyzed 
on an XRF core scanner, which produced a signal of element composition every 
100 µm. Ti, Mn, and Si produced the strongest response to the rhyolitic tephra, 
and Ti, Mn, Fe, and Cu were most diagnostic of the basaltic tephra. Element ratios 
were also used to accentuate the difference in composition between tephra and the 
background sediment. We were able to identify a distinct elemental response across 
a few cryptotephra horizons, but in general the signal of tephra attenuated quickly 
with decreasing concentration. Comparison of the signal between different tephra 
grain size fractions showed that grain size was inversely related to the strength 
of the elemental response. We also compared these experimental results to XRF 
scans of a lake sediment core where basaltic and rhyolitic cryptotephra layers had 
previously been identified using conventional methods. The rhyolitic tephra did 
not produce a distinct elemental response, but the basaltic tephra was identified in 
the XRF data. These experiments provide new perspectives on the application and 
limitations of scanning XRF for cryptotephra studies.

Keywords Tephra · Cryptotephra · Lake sediment · Micro-XRF · Itrax

Introduction

Tephrochronology is a powerful geochronologic tool that can be used to correlate 
or determine precise ages of a variety of sedimentary archives, including: lake sedi-
ments, peat, soils, loess, marine sediments, and glacier ice. Tephra can provide age 
control in sediments void of material suitable for other dating techniques or supple-
ment existing chronologies. Tephrochronology has a broad range of applications in 
paleoenvironmental research (Turney and Lowe 2001; Alloway et al. 2007; Lowe 
2011). These encompass archaeology (Hall et al. 1994; Newnham et al. 1998; Dug-
more et al. 2000; Lowe et al. 2000; Balascio et al. 2011), human evolution (de 
Menocal and Brown 1999; WoldeGabriel et al. 2005; Deino et al. 2010), the study 
of landscape change (Manville and Wilson 2004; Dugmore et al. 2009, Streeter 
et al. 2012), the impact of volcanic eruptions on climate (Zielinski et al. 1994; Zie-
linski 2000; Gao et al. 2008), and the recurrence interval and hazard assessment of 
volcanic activity (Newnham et al. 1999; Palumbo 1999; Shane and Hoverd 2002; 
Wulf et al. 2004; de Fontaine et al. 2007; Molloy et al. 2009).

Recent advances have expanded the potential for using tephrochronology in en-
vironments far from volcanic source regions. These regions receive fallout from 
volcanic eruptions, but in very low concentrations so tephra layers are not visible to 
the naked eye in sedimentary profiles and are defined as cryptotephra layers (Lowe 
and Hunt 2001; Alloway et al. 2007). It should be noted that cryptotephra is an all 
encompassing term for tephra layers not visible in sedimentary profiles and can 
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11 Investigating the Use of Scanning X-Ray Fluorescence to Locate … 3

refer to a large range of shard concentrations, from single grains to thousands of 
grains per cm3, depending on the depositional environment and the distance from 
the source volcano. Improved techniques for extracting and geochemically ana-
lyzing tephra have made possible the use of cryptotephra horizons in paleoenvi-
ronmental research (Dugmore et al. 1995; Turney 1998; Hall and Pilcher 2002; 
Blockley et al. 2005). However, isolating cryptotephra from the background sedi-
ment requires detailed laboratory techniques. Generally, samples undergo ashing or 
acid digestion to remove organic matter. For organic-rich sediments such as peat, 
these steps are often enough to concentrate tephra. In more minerogenic sediments, 
fine sieving and multiple density separations are also performed. Samples are then 
mounted on slides and scanned using a polarized light microscope to identify tephra 
grains. These methods are destructive and time consuming, and can be prohibitive 
when sample size is limited, when looking for tephra over broad stratigraphic zones 
where little or no other age control is available, or when sediments are dominantly 
minerogenic. Therefore, a more rapid, non-destructive approach to detecting cryp-
totephra would allow tephrochronology to be applied in more investigations and 
allow for more complete evaluation of tephra content within sedimentary profiles in 
order to improve chronologies.

A range of alternative approaches have been attempted, all of which try to exploit 
unique properties of tephra that are distinguishable from the surrounding sediment. 
Gehrels et al. (2008) reviewed several non-destructive approaches for detecting 
tephra in peat cores including: spectrophotometry, x-radiography, magnetic suscep-
tibility, and X-ray fluorescence (XRF). Others have tried to use magnetic properties 
(Peters et al. 2010), X-ray diffraction (Andrews et al. 2006), and instrumental neu-
tron activation analysis (Lim et al. 2008). De Vleeschouwer et al. (2008) applied pe-
trography, scanning electron microscopy, and scanning XRF to resin-impregnated 
peat columns. Kylander et al. (2012) examined XRF scans of highly organic-rich 
sediment cores.

As part of the Volcanism in the Arctic System (VAST) project, teams at the Uni-
versity of Massachusetts and the University of Colorado investigated the use of 
scanning XRF to locate cryptotephra within lacustrine sediment. Scanning XRF 
uses an intense micro-X-ray beam to analyze the surface of sediment profiles at 
sub-millimeter resolution and identifies a range of relative elemental components 
(Croudace et al. 2006). It has been applied in paleolimnology as a rapid and non-
destructed approach to characterizing sediment cores. We designed a laboratory-
based experiment to test if tephra-bearing sedimentary layers produce a detectable 
geochemical signature with scanning XRF. In particular, we examine the ability of 
scanning XRF to locate cryptotephra within minerogenic sediments. Minerogenic 
sediments are typical in lacustrine environments and are more challenging to date 
because they often lack enough material for radiocarbon dating, making them ideal 
targets for tephrochronology. In the laboratory, we created synthetic sediment cores, 
spiked them with tephra glass shards, and analyzed them on an XRF core scanner. 
We examined how different tephra concentrations, compositions, and grain sizes 
are expressed in the scanning XRF elemental data. We also applied this approach 
to a sediment core from a lake in northern Norway, Sverigedalsvatn, where two 
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cryptotephra layers have been identified using conventional approaches, to test the 
applicability of our experimental results to an actual sediment profile.

Methods

Experimental Design

Synthetic sediment cores were made in 50 ml centrifuge tubes (Fig. 11.1). We used 
surface sediment from a glacially fed lake, Lake Tuborg, as the background mate-
rial. Lake Tuborg is located on Ellesmere Island adjacent to the Agassiz Ice Cap 
(Smith et al. 2004; Lewis 2009). Sediment input is from snowmelt and glacially fed 
streams (Lewis et al. 2005, 2007, 2009). The upper sediments are generally in the 
silt size range (9–17 μm) with some lenses of fine sand (Lewis et al. 2009). We used 
sediment from this lake because it is almost entirely minerogenic. In addition, Elles-
mere Island is located far from volcanic centers so it is unlikely that Lake Tuborg 
contains tephra in high concentrations.

Fig. 11.1  Synthetic sediment cores created in 50 ml centrifuge tubes ( left). Sediment was added 
and spun in a horizontal-rotor centrifuge to create multiple fining upward laminations visible in 
the split cores and in the X-radiographs of the cores ( center). Between some laminations, tephra 
was added in different concentrations to form 11 tephra layers, four as visible layers (T1–T4) and 
seven as cryptotephra layers (CT5–CT11) ( right)
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11 Investigating the Use of Scanning X-Ray Fluorescence to Locate … 5

Sediment from a surface core was homogenized in deionized water, pipetted 
into centrifuge tubes, and spun in a horizontal-rotor centrifuge to create distinct, 
fining upward laminations (Fig. 11.1). We made four synthetic sediment cores (R1, 
R2, B1, B2) with 20, ~ 0.5 cm-thick laminations (Table 11.1). Tephra was added 
between some of the laminations and spun in the centrifuge to create discrete layers 
(Fig. 11.1).

We created 11 tephra layers, T1–T4 and CT5–CT11. Cores R1 and R2 were 
spiked with a rhyolitic tephra sample from the Icelandic eruption of Askja in 1875 
(Sigvaldason 2002; Meara 2011) and cores B1 and B2 were spiked with a basaltic 
tephra sample from the Icelandic eruption of Grímsvötn in 2004 (Jude-Eton et al. 
2012) (Tables 11.1 and 11.2). Both tephra samples were first sieved and cores R1 
and B1 only contain tephra < 53 μm and cores R2 and B2 only contain tephra be-
tween 105 and 177 μm (Table 11.1). All four cores were made simultaneously so the 
number of laminations, their approximate thickness, and the position where tephra 
was added are similar.

Tephra was added in successively smaller amounts from the bottom of each core 
to the top. We started by adding 0.5 g of tephra, which created a ~ 0.5 mm-thick 
visible tephra layer, and then progressively reduced the amount of tephra with the 
smallest amount being 8 mg (Fig. 11.1). By volume, tephra ranged from 100 % of 
the sediment per 0.5-mm section of the core down to 13 %. Tephra layers T1–T4 are 
visible in the split cores and tephra layers CT5–CT11 are cryptic. The visible tephra 
layers allowed us to identify the elements with the greatest response to tephra within 
each core. Between some laminations no tephra was added so we could define the 
background variations. This method of tephra dispersal allowed us to identify the 
precise locations of each layer and to focus on elemental data across these intervals. 
However, it does not exactly replicate how most cryptotephra layers are deposited 
in natural environments, where slower rates of deposition, bioturbation, and land-
scape reworking often occur causing tephra to be more uniformly incorporated into 
background sediment and to span broader depth intervals within sediment sequenc-
es. For this reason, the amount of tephra added to these synthetic cores may not be 
directly comparable to tephra concentrations from some cryptotephra studies.

Cores were split, photographed, and analyzed on an ItraxTM XRF core scanner 
at the University of Quebec’s Institut National de la Recherche Scientifique, Centre 
Eau, Terre et Environnement with a first generation detector. The ItraxTM scans the 
surface of each core with a 22 mm × 100 μm beam. A range of elements from Al to 
Zr were detected and output as peak areas reflecting their relative concentration in 
the sediment. All of the split cores were scanned at 100-μm intervals using an expo-
sure time of 20 s, voltage of 40 kV, and current of 45 mA. We focused our analysis 

Synthetic core Tephra Grain size (μm)
R1 Askja 1875 < 53
R2 Askja 1875 105–177
B1 Grímsvötn 2004 < 53
B2 Grímsvötn 2004 105–177

Table 11.1  Name of syn-
thetic cores, the sample and 
grains size range of tephra 
glass shards added to each 
core
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11 Investigating the Use of Scanning X-Ray Fluorescence to Locate … 7

on the following elements: Al, Si, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Rb, Sr, 
and Zr. To avoid effects of the sediment matrix on the XRF signal, element peak 
areas were divided by the total counts per spectrum.

Application: Sverigedalsvatn Core SVP-207

We compared the scanning XRF signal across tephra layers in the synthetic cores 
to XRF scans of a sediment core from Sverigedalsvatn (69°12.91′N; 16°02.60′E), a 
lake in northern Norway, where two Icelandic cryptotephra layers have been iden-
tified. A 4.5 m core was recovered from the lake, but we focus our analysis on a 
section of the core between 230 and 300 cm. The sediment composition is charac-
terized by magnetic susceptibility that was measured every 0.2 cm using a Barting-
ton MS2E meter and by organic matter content measured by loss-on-ignition every 
0.5 cm.

Tephra samples were taken at 1-cm intervals from 245–247 cm and 283–287 cm, 
where tephra from specific Icelandic eruptions were suspected to be located based 
on a radiocarbon chronology. Samples were processed using conventional ap-
proaches to isolate volcanic glass shards (Turney 1998; Hall and Pilcher 2002). 
Samples were acidified, sieved to isolate grains between 20 and 63 μm, and then 
subject to heavy-liquid density separations with sodium polytungstate to isolate 
grains between 2.3 and 2.5 g cm−1. Samples were mounted in epoxy resin and 
tephra particles were counted using a light microscope. Two significant peaks in 
tephra concentration were found at 246–247 cm and 283–284 cm where more than 
500 shards were observed. Electron microprobe analysis of tephra grains from these 
samples shows that the lower horizon is a rhyolitic tephra and the upper horizon is a 
basaltic tephra (Table 11.2). ItraxTM core scans of the entire section were performed 
at the University of Bergen, Department of Earth Science. The core was scanned at 
a 200 μm interval using an exposure time of 10 s, voltage of 30 kV, and current of 
55 mA.

Results

Background Elemental Variations

There are significant variations in the scanning XRF element profiles of all four 
synthetic cores that are driven by the physical characteristics of the background 
sediment and not associated with the presence of tephra (Fig. 11.2). These features 
are related to the repeated fining-upward sequences within each lamination that was 
formed during centrifuging. K, Rb, Fe, Ca, and Sr exhibit the strongest variations 
across each lamination (Fig. 11.2). K, Fe, and Rb increase in value from the base 
to the top of each lamination, while Ca and Sr decrease across each lamination 
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(Fig. 11.2). Principal component analyses of the element matrix for each synthetic 
core demonstrate the strength of this signal (Table 11.3). The first principal compo-
nents account for 37–40 % of the variation and are mainly controlled by K, Ca, Fe, 
Zn, and Rb, which all have factor loadings greater than 0.8 or less than −0.8. These 
data establish the background XRF signal and help guide how the elemental data are 
analyzed for the presence of tephra.

Synthetic Cores Spiked with Rhyolitic Tephra (R1 and R2)

Eleven rhyolitic tephra layers were added between laminations within cores R1 and 
R2 with grain size ranges of <53 μm and 105–177 μm, respectively (Figs. 11.3 and 
11.4). In core R1, single element profiles of Ti, Mn, and Si show the strongest re-
sponses across the visible tephra layers (Fig. 11.3). Mn values have the most well 
defined peaks and clearly identify tephra layers T1, T2, T3, and T4 (Fig. 11.3). The 
peaks in Mn are larger across T1 and T2 than across T3 and T4. There is a small peak 
at cryptotephra layer CT6, but it is not as distinct and barely above background values. 
There is no clear signal in the Mn values of tephra layers with lower concentrations, 
CT7–CT11. Ti and Si also show slight increases at the positions of T1, T2, and T4.

Fig. 11.2  Example from core R1 of the background elemental response present in all of the syn-
thetic cores from fining-upwards of grain size within individual laminations. K, Rb, Fe, Ca, and Sr 
show the most significant variations across each lamination. Values for each element are presented 
as peak areas divided by the total counts per spectrum × 102
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Profiles of Ti, Mn, and Si relative to Ca exhibit the most distinct peaks across 
these tephra layers as compared with the single element profiles (Fig. 11.3). Ca 
responds strongly to changes in grain size associated with the artificial laminations. 

Synthetic core R1 R2 B1 B2
Eigenvalue 6.573 6.309 6.517 6.670
% Variability 41.084 39.430 40.733 41.689
Factor loadings
Al 0.229 0.281 0.374 0.375
Si -0.450 -0.411 -0.421 -0.468
Cl 0.014 0.000 -0.073 -0.051
K 0.930 0.936 0.766 0.927
Ca -0.836 -0.820 -0.872 -0.833
Ti 0.585 0.673 0.622 0.626
V 0.382 0.366 0.543 0.489
Cr 0.432 0.290 0.359 0.426
Mn 0.305 0.461 0.507 0.380
Fe 0.965 0.958 0.918 0.956
Ni 0.707 0.676 0.770 0.697
Cu 0.731 0.760 0.814 0.721
Zn 0.859 0.856 0.879 0.840
Rb 0.858 0.791 0.668 0.831
Sr -0.737 -0.555 -0.631 -0.691
Zr -0.057 0.100 -0.256 -0.064

Fig. 11.3  Scanning XRF data and X-radiograph for synthetic core R1, which was spiked with 
rhyolitic tephra less than 53 µm. Values for each element are presented as peak areas divided by 
the total counts per spectrum × 102. The highest background value is marked on each plot with 
a vertical bar. Tephra (T) and cryptotephra (CT) layers interpreted to have element peaks above 
background variations that indicate their presence in the sediment are underlined

 

Table 11.3  Principal 
component analysis results 
for scanning XRF elemen-
tal data for each synthetic 
core. Data are from the first 
principle component. Factor 
loadings greater than 0.8 are 
in bold
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Ca values decrease across the laminations while Ti, Mn, and Si values increase. 
These trends are expressed as the slight increases the element ratios that mark the 
top of each blank lamination. Peaks in these element ratios that are above these 
background variations occur at T1, T2, and T3 for Ti/Ca, Mn/Ca, and Si/Ca. Mn/Ca 
and Si/Ca values also show a response above background levels at T4, but none of 
the ratios indicate the presence of the cryptotephra layers (CT5–CT11).

In core R2, we also examined the response of Ti, Mn, and Si at each tephra 
layer (Fig. 11.4). Overall, the elemental response across the tephra layers is less 
pronounced. Si values show no clear signature of tephra at any position in the core. 
The Mn profile only shows a small peak above the background level at T1 and T4. 
Ti has peaks at T2, T4, and CT7 that are above the background, but show no varia-
tion in peak height that correspond with tephra concentration and do not seem to 
reliably represent the presence of tephra. Ratios of Ti, Mn, and Si to Ca only show 
a distinct response at T1 and the response across the other tephra layers are below 
the background variations.

Synthetic Cores Spiked with Basaltic Tephra (B1 and B2)

Eleven basaltic tephra layers were added between laminations within cores B1 and 
B2 with grain size ranges of < 53 μm and 105–177 μm, respectively (Figs. 11.5 and 
11.6). In core B1, single element profiles of Ti, Mn, Fe and Cu show the strongest 
responses across the tephra layers and indicate the presence of three of the cryp-
totephra layers (Fig. 11.5). A sharp increase in values for Ti, Mn, and Fe is clearly 
distinguishable from background variations across tephra layers T1–T4 and CT5. 
Cu values show clear peaks at T1–T4. Peaks that exceed background values are also 
present in the profiles of Mn across CT6, and Ti across CT6 and CT8. In general, 
the peak heights generally decrease with decreasing concentration of tephra.

Fig. 11.4  Scanning XRF data and X-radiograph for synthetic core R2, which was spiked with 
rhyolitic tephra from 105 to 177 µm. Values for each element are presented as peak areas divided 
by the total counts per spectrum × 102. The highest background value is marked on each plot with 
a vertical bar. Tephra (T) and cryptotephra (CT) layers interpreted to have element peaks above 
background variations that indicate their presence in the sediment are underlined
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The ratios of Ti, Mn, Fe, and Cu to K produce the most significant response 
across the basaltic tephra layers of core B1 (Fig. 11.5). K responds strongly to 
changes in grain size associated with the artificial laminations. K values increase 
across the laminations relative to Ti, Mn, Fe, and Cu. These trends are expressed 
as the slight decreases in the element ratios that mark the top of each blank lamina-
tion. Profiles of Ti/K, Mn/K, Fe/K, and Cu/K have sharp peaks at the tephra layers 
that are much greater than the background values. All four profiles show strong 
responses across the first five tephra layers. Plots of Ti/K and Fe/K also show peaks 
above background values across CT6. The response across tephra layers T1–T3 is 
greater than across T4–CT6.

In core B2, we also examined the response of Ti, Mn, Fe, and Cu (Fig. 11.6). 
The single element profile of Mn has the most distinct peaks. Significant increases 
in Mn values occur across tephra layers T1–T3 and there are peaks just above the 
background values at T4 and CT6, but overall the response is not as strong as in 

Fig. 11.6  Scanning XRF data and X-radiograph for synthetic core B2, which was spiked with 
basaltic tephra from 105 to 177 µm. Values for each element are presented as peak areas divided 
by the total counts per spectrum × 102. The highest background value is marked on each plot with 
a vertical bar. Tephra (T) and cryptotephra (CT) layers interpreted to have element peaks above 
background variations that indicate their presence in the sediment are underlined

 

Fig. 11.5  Scanning XRF data and X-radiograph for synthetic core B1, which was spiked with 
basaltic tephra less than 53 µm. Values for each element are presented as peak areas divided by 
the total counts per spectrum × 102. The highest background value is marked on each plot with 
a vertical bar. Tephra (T) and cryptotephra (CT) layers interpreted to have element peaks above 
background variations that indicate their presence in the sediment are underlined
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core B1. There are no peaks in Cu that indicate the presence of any of the tephra 
layers. The Ti and Fe profiles show slight increases at T1, T2, and T3, but lack clear 
evidence for the presence of any of the other tephra layers. Although Ti has peaks 
across T1–T3, there is a high background spike between CT6 and CT7 that is of 
similar height as at T1 and T3. This peak is only composed of a single data point 
and may be an aberrant value due to matrix effects or is possibly the signal of a 
small concentration of tephra that was introduced mistakenly during construction 
of the cores.

The ratio of Ti, Mn, Fe, and Cu to K in core B2 show distinct peaks and have low 
background variations (Fig. 11.6). Profiles of Ti/K, Mn/K, and Fe/K show distinct 
peaks at T1–T3 and Fe/K values also increase at T4 and CT5. These element ratio 
profiles more clearly define these tephra horizons compared to the single element 
plots. The Cu/K ratio only displays a significant peak at T2.

Sverigedalsvatn Core SVP-207

Two cryptotephra horizons were identified in Sverigedalsvatn with peaks in concen-
tration greater than 500 shards per cm3 occurring at 246–247 cm and 283–284 cm 
(Fig. 11.7). The lower tephra horizon is rhyolitic and has a high SiO2 (70.61 %) and 
low FeO (3.84 %) content and the upper tephra horizon is basaltic and has a lower 

Fig. 11.7  Section of the Sverigedalsvatn core where two cryptotephra layers were identified. The 
concentrations of tephra are compared to magnetic susceptibility and organic matter content pro-
files, which show significant changes in sediment composition, and scanning XRF profiles of Mn, 
Ti, Fe, and Si. Values for each element are presented as peak areas divided by the total counts per 
spectrum. Graphic log and core image are also shown
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SiO2 (49.68 %) and higher FeO (13.91 %) content, which are similar in composition 
to the two tephra used in making the synthetic cores (Table 11.2).

The section of the core from Sverigedalsvatn (230–300 cm), where the two cryp-
totephra horizons were found, contains significant compositional changes, reflected 
in organic matter content and magnetic susceptibility profiles (Fig. 11.7). The lower 
sediments, from 278 to 300 cm, are minerogenic with high magnetic susceptibility 
values and low organic content. There is a transition to more organic-rich sediment 
above 278 cm, where magnetic susceptibility decreases and organic matter values 
increase to an average of 24 %. There is an increase in magnetic susceptibility from 
244 to –250 cm at the location where the upper tephra was identified.

Element profiles that were most diagnostic of tephra in the synthetic core experi-
ment were examined in Sverigedalsvatn. Ti, Fe, and Si profiles across the entire 
core section show a response to the major compositional changes (Fig. 11.7). Val-
ues for these elements are highest from 278–300 cm, sharply decrease at 278 cm, 
and are low from 278 to 230 cm. These trends are similar to changes in magnetic 
susceptibility and are opposite the trend in organic content. Mn was also diagnostic 
of tephra in the synthetic core experiment, but varies independently with relatively 
constant high frequency, low amplitude fluctuations.

Across the rhyolitic tephra horizon, elemental values around 283–284 cm show 
no clear departures from the background (Fig. 11.8). There are slight increases in 
Si, Ti/Ca, and Si/Ca around this depth, but the changes in values are probably as-
sociated with other physical properties of the sediment. At the upper tephra horizon, 
elemental values immediately around 246–247 cm show a response that is likely 
related to the presence of tephra (Fig. 11.8). Ti values sharply increase and then 
slowly decline. Ti/K values exhibit a similar, but slightly more distinct trend. At 
both locations we also examined the response of other elements, but did not find any 
that showed a more significant response.

Discussion

Scans of tephra-spiked synthetic cores provide a better perspective on the XRF 
response to tephra composition, concentration, and grain size and how analysis of 
the data can be approached. There are a variety of background sediments and tephra 
that could have been used, but these experiments specifically target scenarios in 
lacustrine environments where sediments have variable grain sizes and are domi-
nantly minerogenic.

Elemental Signal of Tephra in Synthetic Cores

For each core we used single element profiles to examine elements with the stron-
gest response across the tephra layers as compared to background levels, which we 
defined as the range of values for a given element across the laminations where 
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no tephra was added. Visible tephra layers, T1–T4, produce the strongest response 
and show which elements should be examined to try and locate cryptotephra lay-
ers, CT5–CT11. We also use element ratios, which show a greater response across 
tephra layers and more clearly define deviations from background elemental varia-
tions. We present the elements identified as most diagnostic of tephra relative to Ca 
and K for the cores spiked with rhyolitic and basaltic tephra, respectively, which are 
the element ratios that showed the greatest difference between tephra layers and the 
background variations. We were not able to detect all 11 tephra layers in any of the 

Fig. 11.8  Expanded views of the sections of the Sverigedalsvatn core where the basaltic cryp-
totephra layer was identified ( upper panel) and where the rhyolitic cryptotephra layer was identi-
fied ( lower panel). The location of the basaltic tephra is compared to scanning XRF profiles of Ti, 
Mn, Fe, Ti/K, Mn/K, and Fe/K. The location of the rhyolitic tephra is compared to scanning XRF 
profiles of Ti, Mn, Si, Ti/Ca, Mn/Ca, and Si/Ca. Values for each element are presented as peak 
areas divided by the total counts per spectrum. Graphic log and core image are also shown
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four synthetic cores, but we were able to characterize conditions where the elemen-
tal response to tephra is greatest and we were able to identify a significant response 
to a few of the cryptotephra layers.

First, we consider the relative signature of the four visible tephra layers (T1–T4) 
to better understand how tephra grain size and composition are detected by scanning 
XRF. The different tephra compositions (rhyolitic and basaltic) had slightly differ-
ent diagnostic elements and relative responses. Synthetic sediment cores spiked 
with rhyolitic tephra show that Ti, Mn, and Si produced the strongest response to 
tephra, while Ti, Mn, Fe, and Cu are most diagnostic of the presence of the basaltic 
tephra. These results are a function of the compositional differences between rhyo-
litic and basaltic tephra (Table 11.1), as well as the relative difference between the 
composition of the tephra and the background sediment. Comparison between the 
relative response across tephra layers in the ‘B’ cores and the ‘R’ cores shows that 
the basaltic tephra layers in B1 and B2 produce the more distinct element peaks and 
at lower concentrations than the rhyolitic tephra layers in cores R1 and R2. Both 
of these properties reflect the greater compositional difference between the basaltic 
tephra and the background sediment as compared to the rhyolitic tephra. Similar 
results were found by Kylander et al. (2012) in their analysis of the response of 
basaltic and rhyolitic tephra in organic-rich sediment cores.

Tephra grain size was found to affect the elemental response across both ba-
saltic and rhyolitic tephra layers. Cores R1 and B1, spiked with tephra < 53 μm, 
had greater elemental responses compared to cores R2 and B2, spiked with tephra 
105–177 μm. There are no compositional variations of the tephra with grain size 
that would cause this response and this trend is likely the result of difference in 
grain packing and density. The XRF response is greater across finer grained layers, 
which have a tighter packing and greater surface area per volume that interacts with 
the X-rays and causes a stronger response.

We found that the elemental response is directly related to tephra concentration. 
The visible tephra layers, T1 and T2 generally had a greater response than T3 and 
T4, where less tephra was added. However, most cryptotephra layers (CT5–CT11) 
were undistinguishable from the background sediment. The most cryptotephra lay-
ers were observed in core B1, where fine grained basaltic tephra, even in extremely 
low concentrations, was able to affect the bulk geochemical composition and pro-
duce an elemental peak above background values.

We analyzed both single element and element ratio profiles across the synthetic 
cores. Element ratios exhibited greater differences between tephra layers and the 
background sediment. For these tephra and background sediment compositions, el-
ements relative to Ca provided optimum detection in cores R1 and R2, and elements 
relative to K in cores B1 and B2. This occurs because Ca and K are the elements 
with the greatest difference in concentration between the background sediment and 
the rhyolitic and basaltic tephra, respectively (Table 11.2). Ca and K do also re-
spond differently to the fining-upwards of grain size associated with each lamina-
tion, however the compositional difference of these two tephras had greater control 
on the element ratio than this background signal.
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Elemental Signal of Tephra in Sverigedalsvatn Core SVP-207

XRF scans of Sverigedalsvatn core SVP-207 provide a comparison of the elemen-
tal signal of cryptotephra in an actual sediment core to results from the synthetic 
core experiment. Scans of SVP-207 show a distinct signal of the basaltic tephra 
(Figs. 11.7, 11.8). This cryptotephra layer is associated with an increase in Ti and 
Ti/K values, but no other significant elemental response and no clear indication 
of the rhyolitic tephra was observed. The detection of the basaltic tephra shows a 
similar result as with the synthetic core experiment and is an expected trend since 
there is a greater difference between the composition of basaltic tephra and typical 
siliciclastic sediment.

This application also demonstrates the complicating factors that large changes 
in sedimentology have on detecting tephra with scanning XRF. In Sverigedalsvatn, 
there are significant changes in sedimentology and element values across this sec-
tion of the core (Fig. 11.7). The elemental response to the basaltic cryptotephra 
layer is much less than the elemental response to changes in lithology associated 
with natural environmental conditions (minerogenic versus organic) and incidental 
events such as the unexplained Ti peak around 265 cm depth (Fig. 11.7). The core 
from Sverigedalsvatn was scanned using slightly different analytical conditions, 
including shorter counting times, which does complicate direct comparison.

Application and Limitations of Scanning XRF to Locate 
Cryptotephra in Sediment Profiles

Here we present a systematic approach to exploring the use of scanning XRF to lo-
cate cryptotephra in sediment profiles, which allows us to assess the application and 
limitations of the method. We were able to identify a few cryptotephra horizons in 
this study. The elements and element ratios we found diagnostic of tephra can be ap-
plied in looking for tephra in natural sediment profiles, although these may vary de-
pending on the specific tephra being targeted and the background sediment compo-
sition. The success of this method is also likely to be greater where the background 
element variations are minimal, where there are large differences in geochemistry 
between tephra and the background sediment, and where tephra is in a high enough 
concentration to affect the bulk geochemical composition of the sediment.

Despite these positive results, many of the cryptotephra layers in this study did 
not produce a distinct elemental response highlighting some of the difficulty in 
applying this method. Our laboratory experiment allowed for idealized sedimen-
tary conditions. Specifically, the synthetic cores had a consistent background signal 
throughout, which is not the case in most sediment profiles where minor changes in 
sedimentology can result in large changes in the background XRF signal that can 
obscure a cryptotephra layer. In addition, we dispersed tephra as discrete layers be-
tween laminations, which allowed us to identify precise locations where tephra was 
located, but this is not representative of how tephra is naturally deposited. Another 
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complicating factor that may have affected this experiment is the XRF counting 
time (20 s) that we chose to use in analyzing all of the synthetic cores. By increas-
ing the counting time we might have been able to show a more distinct response 
across some of the lower concentration tephra layers and may have increased de-
tection of the lighter elements, specifically Al. Al2O3 is typically the second most 
abundant oxide in both basaltic and rhyolitic tephra and could be a diagnostic ele-
ment, assuming there is a significant difference between its concentration and the 
background sediment.

These results provide a first step in establishing protocols for the analysis of 
cryptotephra by scanning XRF. Further work could include improvements to this 
experimental design, including: varying how tephra are dispersed within the sedi-
ment matrix, using a range of background sediment types without strong grain-size 
effects, using of a wider range of tephra compositions, and examining the effects of 
varying counting times. Moreover, the new generation of scanners come with detec-
tors with lower detection limits, especially for light elements and would allow for 
the use of Al as a normalizer, hence an easier comparison with the results obtained 
by the tephra community with classical analysis techniques.

Conclusions

Tephra-spiked synthetic cores were created and analyzed on an XRF core scanner to 
examine the elemental signal of tephra with different compositions, concentrations, 
and grain size within a matrix of minerogenic lacustrine sediment. We were able 
to identify elements and element ratios diagnostic of basaltic and rhyolitic tephra. 
Synthetic sediment cores spiked with rhyolitic tephra showed that Ti, Mn, and Si 
produced the strongest response to tephra, while Ti, Mn, Fe, and Cu were most 
diagnostic of the presence of the basaltic tephra. The ratio of these diagnostic ele-
ments of tephra relative to Ca and K for the cores spiked with rhyolitic and basaltic 
tephra, respectively, showed the greatest difference between tephra layers and the 
background variations. We were not able to detect all of the tephra layers in any 
of the four synthetic cores, but we were able to characterize conditions where the 
elemental response to tephra is greatest and we were able to identify a significant 
response to a few of the cryptotephra layers. Our results also showed that finer 
grained tephra produced a larger elemental response. XRF scans of the synthetic 
cores were also compared to scans of an actual sediment profile, known to contain 
a basaltic and a rhyolitic cryptotephra to demonstrate how our controlled labora-
tory experiment might be applied. In addition to exploring the utility of scanning 
XRF to locating tephra in sedimentary sequences, the analytical approaches used in 
this experiment can be helpful for other studies examining discrete or exotic grains 
within a sedimentary matrix.
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